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Abstract 
 

The leguminous tree, Millettia pinnata (L.) Panigrahi syn. Pongamia pinnata (L.) Pierre 

produces oilseed suitable for biodiesel production. It is targeted for planting on marginal 

lands associated with salinity, waterlogging and nitrogen-poor soils. Superior genotypes 

are required for oil production and in this study genetic diversity, seed traits and salinity 

tolerance were assessed. Seeds from the Forest Products Commission trials in 

Kununurra, northern Western Australia were compared with those from Queensland and 

the Northern Territory in Australia, India and Indonesia. Genetic diversity, examined 

using the internal transcribed spacer region, indicated distinctiveness of genotypes from 

Java, Indonesia.  

Seed traits varied between trees with the smallest seeds from Indonesia and the 

biggest from Western Australia. Oil content also varied with a minimum of 28% in an 

Indonesian accession and the highest of 45% from Kununurra. Across trees, fatty acid 

composition was predominantly oleic acid (51%) with linoleic (19%), palmitic (11%) 

stearic (6%), behenic and linolenic (4.5% respectively), and small amounts of lignoceric 

(1.4%), 11-eicosenoic and arachidic acids (both at 1.2%), and this composition is 

suitable for biodiesel. At 11 months after flowering, seed had reached maximum weight, 

they contained the highest oil content, seed oil had the highest proportion of oleic acid, 

and this was an ideal time for harvest.  

Waterlogging and salinity tolerance were assessed. Four month-old seedlings from 

Kununurra and India were exposed to four treatments: non-saline drained control, saline 

drained, non-saline waterlogged and saline waterlogged. Salt was applied in weekly 

increments of 50 mM NaCl. Salt treatment reduced survival, height growth rate, leaf 

number and stomatal conductance and increased concentrations of Na
+
 and Cl

-
 in 

leaves. Salinity tolerance was 200 mM NaCl under saline drained and 150 mM NaCl 

under saline waterlogged conditions. Seedlings tolerated non-saline waterlogged 

conditions. Millettia pinnata could be suitable for biodiesel production on marginal land 

under these conditions. 

Symbiosis of M. pinnata with root nodule bacteria for nitrogen fixation was 

investigated. Soil samples were collected from the base of M. pinnata grown in 

plantations in Kununurra, tropical northern Western Australia and rhizobia were trapped 

and isolated. Forty pure isolates were obtained and optimum growth conditions were pH 

7 – 9, temperatures of 29 - 37
o
C and salinity less than 1% NaCl. Most isolates had 

optimal growth on mannitol, arabinose or glutamate as a single carbon source, a few 

grew on sucrose and none grew on lactose. Ten isolates with relative effectiveness of 60 
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- 86% were selected for genotyping using sequencing of 16S rRNA, atpD, dnaK and 

recA genes. Six slow-growing isolates were assigned to Bradyrhizobium yuanmingense, 

two were unknown Bradyrhizobium closely related to Bradyrhizobium sp. DOA10 and 

Bradyrhizobium sp. ORS305 and B. liaoningense LMG 18230
T
. The two fast-growing 

isolates were related to Rhizobium sp. 8211, R. miluonense CCBAU 41251
T
, R. 

miluonense CC-B-L1, Rhizobium sp. CCBAU 51330 and Rhizobium sp. 43015. 

Yield is one of the most important components for biodiesel production and an 

understanding of flower phenology and pollination are crucial to maximize seed set and 

yield. In 2009, flowering occurred for one month from early October and flowering was 

asynchronous within and between trees. Two legitimate, native bee pollinators, 

Megachili sp. and Nomia sp. had very low visitation rates of 6 and 13 visits 

respectively, during the peak period from 0900-1000 h and short foraging activity (from 

0600-1200 h) possibly due to the small nectar reward and high summer temperatures in 

Kununurra. High pollen viability (85 ± 3%) decreased substantially following storage 

for 360 days at 4
o
C to 10 ± 3%, but only slightly to 62 ± 4% at either -20

o
C or -80

o
C. 

Introduced honey bees (Apis mellifera) increased seed yield from 296 ± 121 g/tree to 

4981 ± 2318 g/tree, but it remained relatively low and highly variable.  

Trees were vigorous, pruning one year-old trees to 50 cm did not reduce stem 

elongation but increased shoot number compared with pruning to 20 cm. Pruning 10 

year old trees resulted in serious disease and wood rot. Plant growth regulators were 

ineffective for growth management. Vigorous growth will be difficult to manage. 

In conclusion M. pinnata provides a tree with advantages for biodiesel production on 

marginal land including salinity and waterlogging tolerance and nitrogen fixation but 

aspects of growth management for harvest and pollination for seed set require further 

investigation.  

 

 

 

 

 

 

 

 

 

 



 iii 

Acknowledgements 

 

 
I would like to acknowledge the Department of Higher Education in the Republic of 

Indonesia and the School of Plant Biology for my postgraduate scholarship and the 

possibility of studying at the University of Western Australia. I give my sincere thanks 

for funding to the Forest Products Commission (FPC) of Western Australia, the Rural 

Industries Research Development and Corporation (RIRDC), the Center for Legumes in 

Mediterranean Agriculture (CLIMA), and School of Plant Biology who made my 

research and field trips to Kununurra possible.  

My grateful appreciation goes to Professor Julie A. Plummer, Associate Professor 

Guijun Yan and Dr Elizabeth Barbour for their tremendous supervision, expert advice, 

support and encouragement throughout my study at the University of Western Australia. 

I also thank Associate Professor Elizabeth Watkin from Curtin University for her 

generous assistance with the root nodule bacteria research.  

I would like to thank the administrative staff at the School of Plant Biology: Alan 

Luks (school manager), Barbara Jamieson, and Natalie Jagals who provided support and 

friendship during my study.  

My sincerely thanks go to Kevin Murray from the School of Mathematics and 

Statistics for his valuable help in statistical analysis, thanks also to Dr Terry Houston, 

Curator of Entomology at the Western Australian Museum for insect identification, Dr 

Robert Manning from the Department of Agriculture and Food, Western Australia for 

the provision of pollen traps and discussions on bee pollination, and Kevin and Marlene 

for their bee hives and assistance with hive placement. 

I wish to thank Dr Chris Jones for his valuable assistance in laboratory techniques, 

for always being there when I need him, and his discussions and friendship, Dr Xuan Li 

Ma for her help with DNA extraction, analysis of molecular data using PAUP software, 

discussions and friendship. 

I thank Dr Naidu Bodapati and Mr Marshall Mackay from Australian Phytofuel for 

provision of seed samples from Queensland. 

I sincerely thank Mr Greg Cawthray, Dr Antony Reeder and Dr Gavin Flematti for 

their great help in oil analysis using GC and fatty acid identification using GC-MS.  

My appreciation goes to Garry and Susie Cass for accommodating me in their lovely 

house in Noolamara, Western Australia for one month at the beginning of my study 

when it was extremely hard to find somewhere to live. I also appreciate Gary’s 

assistance during my laboratory experiments. 



 iv 

Special thanks go to staff of the Forest Products Commission, especially Len Norris 

for his valuable help in setting up the salinity experiment and trapping rhizobia at the 

Shenton Park Field station, helping to look after my plants and technical assistance 

during the experiments. Thanks to John Streatfield for his assistance during my field 

trips in Kununurra, and Monica Dalton for organizing seeds from Munjimup and 

importation of seeds from India. 

Thanks to my friends: Hui Liu, Nadia, Jessie, Acwin Dwijendra, Diana and Yoga, 

Septa and Made, Wahyu and Liana, for their great friendship and eternal willingness to 

listen, share a laugh, and help with the tough times. Life was so much fun with you and 

your companionship made me feel at home. I will always remember our outings to 

explore the beauty of Western Australia, sharing cooking, and our gatherings in Perth’s 

parks. 

I am deeply indebted to my parents Bapak I Ketut Suwinda and Ibu Ni Made 

Kasning, my sisters Mbok Win, Dek Ti, Mang Unik, Tut Ari and my late brother I 

Made Winaya for their prayer and love.  

Thanks to my endless love, I Made Sumawan, for being a great husband during my 

studies, now and forever. No words can convey your dedication and commitment that 

enabled me to continue through the hard times of my PhD study. Thanks to my 

awesome boys, Amar and Ozzy, for being patient and waiting for me, even when I came 

home late almost everyday. I love you both dearly. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 v 

 
 

DECLARATION 

 

DECLARATION FOR THESES CONTAINING PUBLISHED WORK AND/OR 

WORK PREPARED FOR PUBLICATION 

 
This thesis contains publish work and / or work prepared for publications. The 

bibliographic details of the works and where they appear in the thesis are set out bellow. 

(Where the thesis includes work to which others have contributed, the thesis must 

include a statement that makes the student’s contribution clear to the examiners. This 

may be in the form of a description of the precise contribution of the student to the work 

presented for examination and/or a statement of the percentage of the work that was 

done by the student). 

 

The following manuscripts have either in pressed or have been prepared for publication 

to scientific journals. 

 

1. Arpiwi NL, Yan G, Barbour EL, Plummer JA (2012) Genetic diversity, seed traits, 

and salinity tolerance of Millettia pinnata (L.) Panigrahi, a biodiesel tree. Genetic 

Resources and Crop Evolution (in press). doi: 10.1007/s10722-012-9866-y  

2. Murphy HT, O’Connell DA, Seaton G, Raison RJ, Rodriguez LC, Braid AL, Kriticos 

DJ, Jovanovic T, Abadi A, Betar M, Brodie H, Lamont M, McKay M, Muirhead 

G, Plummer J, Arpiwi NL, Ruddle B, Saxena S, Scott PT, Stucley C, 

Thistlethwaite R, Wheaton B, Wylie P, Gresshoff PM (2012). A common view of 

the opportunities, challenges and research actions for Pongamia in Australia. 

Bioenergy Research 5:778–800.  

3. Arpiwi NL, Yan G, Barbour EL, Plummer JA, Watkin E (2012) Phenotypic and 

genotypic characterization of root nodule bacteria nodulating Millettia pinnata 

(L.) Panigrahi, a biodiesel tree. Plant and Soil (in press). doi: 10.1007/s11104-012-

1472-4. 

4. Arpiwi NL, Yan G, Barbour EL, Plummer JA. Phenology and management of 

Millettia pinnata (L.) Panigrahi to increase seed production in Kununurra, north-

Western Australia. Prepared for Silvae Genetica 

 



Contribution of each author

All of the research including collection of materials, setting up experiments,

measurements and data collection, statistical analysis, data interpretation and writing

up of my first-authored manuscripts were undertaken by me. Any assistance e.g. with

field work is acknowledged at the end of each paper.

I was a minor contributor (5Vo) to the review paper by Murphy et al. 2012. This is

included in appendix 2 page.

Professor Julie A. Plummer is the coordinating supervisor providing academic

advice, assisting with research direction and discussions, and providing assistance

with field trails in Kununurra. She is the main editor of papers/chapters in this thesis.

Dr Elizabeth Barbour of Forest Products Commission (now UWA) provided funds,

equipment and access to the filed sites in Kununurra. FPC also provided technical

assistance in their nursery and in the field at Kununurra and assisted with importation

of seeds from India. Dr Barbour provided valuable discussions on my research.

Associate Professor Guijun Yan provided advice on molecular genetic diversity

analysis and statistical analysis.

Associate Professor Elizabeth Watkin from Curtin University was the main advisor

for the chapter on "Phenotypic and genotypic characterization ofroot nodule bacteria

nodulating Millettia pinnata (L.) Panigrahi, a biodiesel tree". She provided valuable

advice on both lab and glasshouse experiments and assisted with editing the

manuscript/chapter.

Candidate, Ni Luh Arpiwi

Co-ordinating supervisor, Julie

viii

4



 vii 

Statement of authorship 
 

I hereby certify that all work contained in this thesis is original work of Ni Luh Arpiwi 

except where stated on the contrary. I contributed to the review by Murphy et al. 2012 

but this does not form part of this thesis. Two of the experimental chapters have been 

published (in press) with co-authorship with my supervisors and advisor (Elizabeth 

Watkin). Important contributions especially from my supervisors in developing the 

research topic, forming the hypothesis and writing up the thesis are acknowledged. The 

thesis was completed during the course of my enrolment in the degree of Doctor of 

Philosophy at School of Plant Biology, the University of Western Australia and has not 

previously been accepted for a degree at this or another institution.  

 

 

 

 

Ni Luh Arpiwi 

January 2013 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 viii 

Table of contents 

 
 page 

Thesis title………………………………………………………………………  

Abstract………………………………………………………………………… i 

Acknowledgements…………………………………………………………….. iii 

Declaration …………………………………………………………………… v 

Statement of authorship………………………………………………………. vii 

Table of contents………………………………………………………………. viii 

List of abbreviations…………………………………………………………... x 

Chapter 1: General introduction...…………………………………………… 1 

Chapter 2: Literature review...……………………………………………….. 5 

                  Biofuels, a general perspective……………………………………... 5 

                  The world energy scenarios and the world trends in transport 

biofuels 

8 

                  Alternate biodiesel crops to be grown in marginal land……………. 9 

                  Millettia pinnata : taxonomy, distribution, morphology and uses….. 12 

                  Biodiesel in Australia and in Indonesia……………………………. 16 

                  Millettia pinnata as a biodiesel feedstock…………………………... 18 

                  Seed yield, oil content, fatty acid composition and biodiesel quality  19 

                  Salinity and waterlogging tolerance………………………………… 24 

                  Nodulation…………………………………………………………... 28 

                  Research on nodulation of M. pinnata to date……………………… 30 

                  Phenotypic characterisation of RNB……………………………....... 31 

                  Genotypic characterisation of RNB………………………………… 33 

                  Phenology and reproductive biology……………………………….. 36 

                  Conclusion and hypothesis………………………………………….. 36 

                  References…………………………………………………………... 38 

Chapter 3: Genetic diversity, seed traits and salinity tolerance of Millettia 

pinnata (L.) Panigrahi, a biodiesel tree 

53 

                  Abstract……………………………………………………………... 55 

                  Introduction…………………………………………………………. 56 

                  Materials and methods…………………………………………….... 58 

                  Results…………………………………………………………….. 64 

                  Discussion…………………………………………………………... 72 

  



 ix 

                  Conclusion………………………………………………………….. 78 

                  Acknowledgements…………………………………………………. 79 

                  References…………………………………………………………... 79 

Chapter 4: Phenotypic and genotypic characterization of root nodule 

bacteria nodulating Millettia pinnata (L.) Panigrahi , a biodiesel tree 

85 

                  Abstract……………………………………………………………... 87 

                  Introduction…………………………………………………………. 88 

                  Materials and methods……………………………………………… 89 

                  Results………………………………………………………………. 94 

                  Discussion…………………………………………………………... 105 

                  Conclusion………………………………………………………….. 108 

                  Acknowledgements………………………………………………… 109 

                  References…………………………………………………………... 109 

Chapter 5: Phenology and management of Millettia pinnata to increase 

seed production in Kununurra, northern Western Australia 

113 

 

                  Abstract……………………………………………………………... 115 

                  Introduction…………………………………………………………. 115 

                  Materials and methods……………………………………………… 121 

                  Results………………………………………………………………. 117 

                  Discussion…………………………………………………………... 125 

                  Conclusion………………………………………………………….. 130 

                  Acknowledgements…………………………………………………. 131 

                  References…………………………………………………………... 131 

Chapter 6: General discussion and future research directions…………… 137 

Complete list of references……………………………………………………. 147 

Appendix: Publications……..………………………………………………...     

                    

     169 

      

  

 

 

 

 

 

 

 

 

 



 x 

List of abbreviations 

 
Units 
bp   basepair 
o
C   degrees Celcius 

cm   centimeter 

cst   centistokes 

dS m
-1

   desi-Siemen per meter 

EC   electrical conductivity 

ECe   electrical conductivity of saturated soil extract  

g   gram 

g/cm
3
   gram per centimeter cubic 

g/g   gram per gram 

g L
-1

   gram per liter 

Gt   giga tone 

Gt/yr   giga tone per year 

h   hour 

kb   kilo basepair 

kb/d   kilo barel per day 

kg   kilogram 

kg/ha   kilogram per hectare 

kg/ha/yr  kilogram per hectare per year 

kg/tree   kilogram per tree 

km
2
   kilo meter square 

l/ha   liter per hectare 

m   meter 

mg   milligram 

mg kg
-1

  milligram per kilogram 

Mh   million hectar 

min   minute 

mL   milliliter 

Ml   million liter 

mm   millimeter 

mM   milimolar 

ng   nanogram 

pH   potential of hydrogen 

ppm   parts per million 

rpm   revolution per minute 

sec   second 

Tg   million tonne 

t/ha   tonne per hectare 

t/ha/yr   tonne per hectare per year 

t/yr   tonne per year 

uv   ultraviolet 

v/v   volume per volume 

w/v   weight per volume 

µl   microliter 

µM   micro molar 

%   percent 

 

Treatments 

C   control 



 xi 

NP   no pruning 

PAC   paclobutrazol 

Pro   promalin 

P20   pruned to 20 centimeter 

P50   pruned to 50 centimeter 

S   saline drained 

SW   saline waterlogged 

W   non-saline waterlogged 

 

Chemicals 

CaCl2   calcium chloride 

dNTP   deoxyribonucleotide triphosphate 

EDTA   ethylenediamine tetra-acetic acid 

HOMOPIPES  (Homopiperazine-1,4-bis(2-ethanesulfonic acid) 

HEPES [4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid sodium 

salt] 

KNO3   potassium nitrate 

N   nitrogen 

NaCl   sodium chloride 

NCBI   national center for biotechnology information  

NH4   ammonium 

NO2   nitrogen dioxide 

NaOCl   sodium hypochlorite 

Tris-HCl  tris (hydroxymethyl)-aminomethane-hydrogen chloride 

TRIZMA  (tris (hydroxymethyl) aminomethane hydrochloride) 

 

Others 

AFLP   amplified fragment length polymorphism 

ANOVA  analysis of variance 

APNI   australian plant name index 

ASTM   american society for testing and materials 

ATP   adenosine triphosphate 

BLAST  basic local alignment search tool 

BNF   biological nitrogen fixation 

CI   consistency index 

CN   cetane number 

CO   carbon monoxide 

CO2   carbon dioxide 

CPT   candidate plus tree 

DI   deionised water 

DNA   deoxyribonucleic acid 

FAME   fatty acid methyl ester 

FID   flame ionisation detector 

GC   gas chromatography 

GC-MS  gas chromatography mass spectrophotometry 

GRIN   germplasm resources information network 

HC   hydrocarbon 

HGR   height growth rate 

H2O   hydrogen dioxide 

ICRISAT  international crops research institute for the semi-arid tropics 

IEA   international energy agency 

IPCC   intergovernmental panel on climate change 



 xii 

IPNI   international plant name index 

ISSR   inter-simple sequence repeat 

ITS   internal transcribed spacer 

KN   Kununurra 

LA   lupin agar 

LSD   least significant difference 

M   molar 

MAF   month after flowering 

MEGA   molecular evolutionary genetics analysis 

MgSO4   magnesium sulfate 

ML   maximum likelihehood 

MLSA   multi locus sequence analysis 

MP   Madhya Pradesh 

MSM   minimum salts medium 

NCBI   national center for biotechnology information 

NT   northern territory 

OECD   organization for economic cooperation and development 

ORIA   ord river irrigation area 

P   phosphorous 

PCR   polymerase chain reaction 

PAUP   phylogenetic analysis using parsimony 

PJ   Punjab 

QLD   Queensland 

RAPD   random amplified polymorphic DNA 

recA   recombinase A 

RI   retention index 

RNB   root nodule bacteria 

rRNA   ribosomal ribonucleic acid 

TE_AFLP  tree endonuclease amplified fragment length polymorphism 

TN   Tamil Nadu 

UPGMA  unweighted pair-group method using arithmetic averages 

WB   West Bengal 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 

 1 

 

Chapter 1: General introduction 

 

The world oil production reached a peak in 2006 and the depletion of fossil fuels 

coupled with increasing demand from a growing population will result in increased 

prices and reduced supply. In addition the burning of fossil fuels produces greenhouse 

gasses which have caused global warming. Consequently the search for alternative 

renewable and carbon-neutral energy sources has begun world wide. Biodiesel is liquid 

energy derived from animal fats or vegetable oils via a process of transesterification. 

Biodiesel is a suitable transportation energy used alone or blended to extend petroleum 

diesel.  

Millettia pinnata is a tropical legume tree originally from India and across south-east 

Asia which produces seed-oil suitable for biodiesel. The oil is unsuitable for human 

consumption and it  can be grown on marginal lands. Thus production of biodiesel from 

M. pinnata would avoid competition with food production on arable lands. Trees can 

produced seed from 4 to 7 years of age and continue to produce seeds up to 100 years, 

reducing inputs and ensuring long term seed supply. Therefore M. pinnata is highly 

regarded as a potential feedstock for biodiesel production.  

Millettia pinnata is a new crop and research on genetic diversity, physiology, 

phenology and pollination is required to support the development of commercial 

biodiesel production. Genetic diversity needs to be examined to identify variability in 

seed traits, oil content and fatty acid composition in order to select superior trees. The 

ability of seedlings to cope with salinity, waterlogging and the combined stresses 

requires examination as the plant is targeted for planting on marginal land. Phenology 

under plantation conditions, pollination and the role of pollinators needs to be 

elucidated for successful seed set. In addition symbiosis with root nodule bacteria 

should be explored for plantation production on nitrogen poor soils. 

Research on domestication of M. pinnata is very limited. Selection to date has focused 

on its use as an ornamental tree. Further identification and assessment of traits to 

optimise biodiesel production are urgently required to select superior trees, establish 

orchards and supply propagation material for plantings in marginal lands and dedicated 

plantations. Whilst initially this will predominantly be seed, clonal mass propagation of 

elite genotypes selected from high-yielding seed oil trees may also be needed to support 

broadacre plantations. 

Currently little has been achieved in the selection of superior genotypes, breeding and 

development of systems for large-scale plantation management. In order to begin this 



Chapter 1 

 2 

process, plantations were established in Kununurra, in tropical northern Western 

Australia via direct sowing and seedling transfer with seeds sourced from India. The 

plantation is the oldest collection in Australia and it is managed by Forest Products 

Commission of Western Australia. Survival, growth, pod and seed yields were 

measured under these plantation conditions.   

Phenotypic and genetic diversity of this valuable tree collection in Kununurra were 

assessed so trees could be used for selection of superior phenotypes and to allow 

commencement of a breeding program for improvement. Materials from India, 

Indonesia, Queensland and the Northern Territory were also included in this study for 

comparison. Seed traits such as length, breadth, thickness, weight, oil content and fatty 

acid composition were measured. High variation within these traits would indicate 

phenotypic and potentially genetic variation, which is the basis for selection. Oil content 

is considered the most important trait in selection and commercial success of a biodiesel 

crop. Fatty acid composition influences biodiesel properties and oleic acid is the most 

suitable and desirable component for good biodiesel quality.  

The ability to grow on marginal lands needs to be assessed to identify potential 

growing environments that do not conflict with food production on arable land. There 

are many types of marginal land including land affected by salinity, waterlogging and 

their combined impacts, such as marshes, riverside and estuarine areas. Infertile land 

and areas with limited rainfall and extreme temperatures are other types of marginal 

lands. M. pinnata are commonly found along waterways and seashores indicating 

potential salinity and waterlogging tolerance. However, research on salinity, 

waterlogging and the combined stresses are lacking especially during seedling 

development, which is the most critical stage of plant growth for establishment. More 

comprehensive studies are required on salinity tolerance using seed from different 

sources to assess survival and growth rate. Assessment of physiological attributes, such 

as stomatal conductance, leaf ion concentration and root structures may elucidate the 

mechanisms of salinity and waterlogging tolerance and provide further tools for 

screening for superior trees.  

Millettia pinnata is a leguminous tree and in symbiosis with root nodule bacteria 

commonly known as rhizobia, it has the ability to fix atmospheric nitrogen and to 

change it into useable forms, such as ammonium. Nitrogen is a very important nutrient 

for plants but its availability in soils is limited due to much lost via leaching and 

emission. The use of industrial nitrogen fertilisers to increase plant production creates 

serious problems for the environment. Production and transportation of industrial 
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nitrogen fertilisers requires large amounts of fossil fuels. This is costly and harmful for 

the environment due to CO2 release. Excessive application of nitrogen fertilisers 

pollutes waterways and this contaminates drink water supplies and euthrophication of 

rivers and lakes. Decomposition of nitrogen releases nitrous oxide which is about 300 

times more harmful than CO2, in terms of greenhouse gas emissions. Biological 

nitrogen fixation is a relatively cheap and sustainable source of nitrogen that needs to be 

explored especially for the biodiesel tree M. pinnata. Isolation, physiological 

characterisation and species identification of root nodule bacteria nodulating M. pinnata 

were performed to select effective species for nitrogen fixation. This will assist plant 

growth in nitrogen poor soils. 

Pollination plays important role in seed set and hence seed production. M. pinnata has 

an explosive pollen release mechanism which requires legitimate pollinators for 

successful pollination and fruit set to occur and this was investigated, along with the 

rate of outcrossing. The influence of honey bees (Apis mellifera) on seed production 

was examined by placing bee hives in the plantation. Yield with and without bees was 

compared. The period of flowering and seed development vary and maturation can take 

several months. Identification of seed maturity and optimum oil content and quality will 

be critical for harvest, especially if it coincides with flowering. This will provide useful 

information for breeding programs and plantation management.   

Plant survival and growth need to be examined under plantation conditions. Plant size 

management by pruning and application of plant growth regulators such as promalin


 

and paclobutrazol will need to be assessed. It is important to manage plant size in order 

to keep plant at manageable size by machine harvester.  

This thesis is organized into this General Introduction, a Literature Review, three 

research chapters that were prepared as scientific papers for publication and a General 

Discussion. 
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Chapter 2: Literature Review 

 

Biofuels, a general perspective  

 

The main source of world energy is fossil fuels, which are non-renewable and will be 

depleted in a few decades if the trend of consumption continues to increase. This is due 

to rapid increases in energy demand and related services worldwide (IPCC 2012). 

Burning fossils fuels releases CO2 which is the major contributor to global warming 

(IPCC 2007). In anticipation of the decline in crude oil reserves, supply for future 

energy demand and protection of environment from greenhouse gas emissions from 

burning of fossil fuels, research into suitable alternate fuels has increased worldwide 

(IEA 2011b).  

Although solar, wind, geothermal, other renewable energy sources and nuclear power 

provide promise for base load electricity supply, suitable fuel sources for the transport 

industry are still lacking (IEA 2011a). Biofuels, whether solid, liquid or gas, are 

produced from renewable biofeedstocks. These feedstocks are directly or indirectly 

produced from photosynthesis, which uses atmospheric CO2 and so, at least to some 

extent, burning biofuels reduces CO2 emissions and its impact on global warming (IEA 

2011a; IPCC 2012). Biodiesel and bioethanol provide two options which readily 

substitute for gasoline and diesel fuel in current machinery and transport vehicles 

(Dermibas 2009). However production of sufficient biomass for future requirements is a 

challenge (Simmons et al. 2008) and research is required into the development of 

suitable crops and production systems (Henry 2010; Pinzi et al. 2009; Reddy et al. 

2008; Upham et al. 2009).  

First generation biofuels use food sources such as grains, sugarcane, sugar beet, 

vegetable oils and animal fats to produce bioethanol, biogas and biodiesel using 

conventional technologies (Demirbas 2009). Sugarcane in Brazil has been produced and 

used for bioethanol since 1970 (Martinelli and Filoso 2008) and oilseed rape has been 

used for biodiesel in Europe (Stephenson et al. 2008) and these are still among the 

world’s largest biofuel producers. Bioethanol is produced by direct conversion of sugar 

crops such as, sugar beets or sugarcane, and indirect conversion of starch from corn, 

wheat, potatoes or cassava. Biomass are fermented and converted to ethanol via 

distillation. Biodiesel is produced via transesterification of fatty acids in vegetable oils 

or animal fats with an alcohol in the presence of a catalyst, resulting in methyl esters 

(biodiesel) with glycerol as a byproduct. Small and large scale plants are in operation 
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worldwide using these crops and technologies (Canaki and Sanli 2008; Sharma and 

Singh 2008). The focus in this thesis will be on development of new feedstock for the 

biodiesel industry. 

Vegetable oils provide alternate biofuel sources for diesel engines. Plant species 

utilised vary from country to country depending on climate, soil conditions and many 

other factors. Soybean and peanut oils are used in the United States, rapeseed and 

sunflower oil are used in Europe and palm oil is used in South East Asia (Srivastava and 

Prasad 2000). Production of alternate fuels must be technically possible and acceptable, 

sustainable and economically competitive (Srivastava and Prasad 2000). Initially biofuel 

production commenced with crops that were known, inevitably these were food crops 

and this caused consternation due to the demands of feeding seven, soon to be nine 

billion people. These food crops were labeled first generation biofuel crops and 

subsequently research and development has moved towards second, third and even 

fourth generation crops which have potential improvements in terms of their production 

technology, sustainability, economic competitiveness and where possible reduced 

competitiveness with food production. However, these new systems come with new 

problems and each requires resolution. 

Approximately one billion of the world’s seven billion people are undernourished 

(UN News Center 2011; World Food Program 2012) and from 2005 to 2008 when 

world food prices rose substantially (OECD 2008), there was increased pressure to find 

alternate production systems for biofuels that would not compete with food, feed or 

fiber production, export and availability. This growing conflict means that except in rare 

circumstances, like sugarcane production in Brazil, it is unlikely that first generation 

feedstock will be a substantial replacement for fossil fuels (Naik et al. 2010). However 

their production has kick-started construction of biofuel infrastructure, research and 

development into alternate feedstock, and better use of waste streams from the food, 

feed and fiber sectors. 

Second generation biofuels use feedstocks from non-food crops and more advanced 

technologies to produce fuels (Antizar-Ladislao and Turrion-Gomez 2008; Demirbas 

2009). Inevitably many of these plants are new to commercial production and a 

substantial effort is underway to select appropriate species, superior genotypes and 

develop efficient production systems, preferably on land unsuitable for food production 

(Moser 2009). Lignocellulosic biomass is the most abundant organic matter on earth. It 

can be obtained from cereal and forest residues, bagasse and other organic waste and 

specific energy crops including herbaceous perennials, predominantly grasses, short-
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rotation woody perennials, such as eucalypts and poplar, and perennial C4 grasses, such 

as Miscanthus giganteus. Lignocellulose is a complex structure and a combination of 

physical, chemical and enzymatic processes are being developed to improve the 

breakdown of lignocellulose to lignins and sugars for conversion to fuels including 

bioethanol, biogas, and bio-Fisher-Tropsch diesel (Carroll and Somerville 2009; 

Demirbas 2009). Production of biofuels from lignocellulosic materials requires 

substantial inputs including pre-treatment of woody biomass and conversion to 

fermentable sugars using suitable enzymes, which are still in the developmental stage 

given the diversity and complexity of chemical bonds in lignocellulose (Carere et al. 

2008).  

Second generation biodiesel is obtained from oilseeds of non-food crops, herbaceous 

perennials, such as castorbean (Ricinus communis), and more recently a range of woody 

perennials, such as physic nut (Jatropha curcas), ballnut (Calophyllum inophyllum) and 

pongamia (M. pinnata) (Ashwath 2010; ICRISAT 2007). Conversion of fatty acids from 

oils to diesel is a much simpler process than conversion of lignocellulose. Research on 

second generation biodiesel plants has concentrated on crop selection and production 

and this will be the focus of this thesis with the oilseed-bearing tree, M. pinnata.  

Third generation biofuels utilise microalgae and simpler methods of feedstock 

processing. Microalgae contain the simpler compound cellulose rather than 

lignocellulose and hence require less inputs and have a high efficiency in conversion, 

which may prove to be cheaper than earlier generation biofuels (Borowitzka and 

Moheimani 2010; Brennan and Owende 2010; Carere et al. 2008). Microalgae can be 

used to produce liquid fuels, such as biodiesel and bioethanol. Microalgae have high 

growth rates and with appropriate infrastructure can produce 15-300 times more oil on 

an area basis than higher plants. Microalgae have very short life cycles (1-10 days) 

which could translate to rapid turnover and all year round oil production (Mata et al. 

2010). Most research has been conducted at relatively small scales (Borowitzka 1999) 

but this is improving and the world’s largest production areas are over 750 ha 

(Borowitzka 2005). Research is still underway to improve production and conversion 

efficiencies and to scale-up operations to commercial capacity. 

Fourth generation biofuels advance from second and third generation technologies by 

improving feedstocks and their conversion technologies to biodiesel, biogasoline and 

other energy products using genetic engineering of crops, biological fermentation agents 

and their enzymes. This includes genetic engineering of enzymes in algae and higher 

plants to increase the efficiency of photosynthesis, such as the incorporation of C4 genes 
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into C3 crops to improve CO2 assimilation efficiency and drought tolerance (Lu et al. 

2011; Sage and Zhu 2011). Other chemical, physical and mechanical engineering 

technologies, such as improved pyrolysis and gasification, and solar-to-fuel efficiency 

are also regarded as fourth generation (Demirbas 2011).  

 

The world energy scenarios and the world trends in transport biofuels 

 

So what are the pressures to replace fossil fuels and how are they linked to global 

climate change? There are three scenarios proposed by the International Energy Agency 

for energy consumption and CO2 emissions based on the levels in 2005 and projections 

for 2050. In 2005 energy consumption was 7748 Mtoe/yr and CO2 emission was 27 

Giga tones (Gt) (2008). In the first scenario, the Baseline scenario, by 2050 energy 

consumption will double and CO2 emissions will increase to 62 Gt compared to the 

levels in 2005. (IEA 2008). The greatest increase in CO2 emissions and energy demand 

comes from the developing countries of China and India (IEA 2007). 

Under the Accelerated Technology or ACT scenario, energy consumption will be 

about 77% of the Baseline scenario and energy-related CO2 emissions will reduce to the 

2005 level by 2050 (IEA 2008). This will require adoption of a range of existing and 

advanced technologies which is difficult, costly and to date most of the world is badly 

lagging behind this objective (IEA 2011a; IPCC 2012).  

The Blue Map Scenario targets a 50% reduction in CO2 emissions by 2050 compared 

to levels in 2005, however energy consumption is projected to increase to 10,553 

Mtoe/yr. This would require increasing the use of biofuels from 2% of the total 

transport energy in 2005 to 27% by 2050. This substantial increase in the use of biofuels 

to stabilize the level of CO2 in the atmosphere at 450 parts per million (ppm) is required 

to limit the rise in global temperature to less than 2
o
C. In all these scenarios biofuels 

play an important rule in future energy demands, especially for the transport sector.  

Current scenarios of consumption and greenhouse gas emissions are worse than the 

Baseline models (IEA 2011a; IPCC 2012). Therefore action is urgently needed and 

biofuels have a crucial role. 

Biodiesel is second only to bioethanol and in 2009 the European Union led the world 

in biodiesel production with 10,187 million liters (Ml), which equated to 55-60% of 

world production. This is followed by the USA at 2,060 Ml, Brazil at 1,535 Ml, 

Argentina at 1,340 Ml, and Asian countries (Thailand, China, Korea, India, Malaysia, 

Philippines, and Indonesia) are predicted to produce about 2,000 Ml (Biofuels Platform 
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2012). This indicates the increasing importance of biodiesel production around the 

world.  

Palm oil and soybean dominate first generation biodiesel production. Palm oil yield is 

20.6 tonnes per hectare (t/ha) in Malaysia and 17.8 t/ha in Indonesia, and the biofuel 

potential of these crops would be 4736 liters per hectare (l/ha) and 4092 l/ha 

respectively. Soybean yield in the USA is 2.7 t/ha and 2.4 t/ha in Brazil yielding 552 

and 491 l/ha of biodiesel respectively (Naylor et al. 2007). However inputs and outputs 

of production are not equal. The energy balance of palm oil indicates that a liter of this 

oil has about 9 times the energy required for its production, whereas the energy balance 

for soybean is ~3 (Worldwatch Institute 2006).  

Production efficiency is exacerbated by the types of inputs required, in particular high 

energy products like N fertiliser and products derived from minerals with a limited 

resource, such as P (Vitousek et al. 2010). Land availability is also problematic as most 

arable land is already utilised for agriculture leaving other less arable or marginal land 

for biofuel production (Cai et al. 2011). 

Palm oil and soybean are major world food crops produced and sold predominantly 

for human consumption either directly or indirectly as in the case of soybean, which is 

also a feed for intensive animal production. The IEA (2007) estimates of 5% of world 

transport fuels being replaced by biofuels by 2030, is not only very hopeful given the 

impacts of CO2 emissions on climate change (IPCC 2007; IPCC 2012), but with the 

demands on these crops for food it requires a considerable shift to production of non-

food crops which can be grown on land unsuitable for food production. This is the 

dilemma of decreasing oil reserves and other mineral resources (Garnaut 2011; IPCC 

2007; IPCC 2012), amidst climate change and world population growth, which will be 

addressed in this thesis by the examination of a potentially suitable alternate biodiesel 

crop. 

 

Alternate biodiesel crops to be grown in marginal land 

 

The traditional edible oilseed feedstocks such as soybean, canola, palm, corn, 

sunflower, peanut, cottonseed and coconut oils, will not be able to supply the growing 

need for biodiesel (Moser 2009; Naik et al. 2010) as the use of edible oilseed feedstocks 

raises issues of food security (Gressel 2008). Promising alternatives include plants 

which produce non-edible oils suitable for biodiesel, that can be grown in areas where 

cropping is not possible and where they will not compete with food production, that 
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have low agricultural inputs (water, fertiliser, pesticides) and contain high oil content, 

with good fatty acid composition for biodiesel (Moser et al. 2009). Biodiesel is required 

worldwide as a transport fuel, both in tropical and temperate regions and inevitably 

crops must be matched with climatic zones. Targeted areas for plantation of biodiesel 

feedstock are marginal lands to avoid competition on arable lands for food production 

(Gressel 2008) 

Marginal lands are lands with poor climate, poor physical characteristics and difficult 

cultivation (Milbrandt and Overend 2009) so that they have least economic value 

(Gressel 2008). There are three major categories of marginal land, namely bares and 

herbaceous areas, land with moderate (8-6%) to steep (16-30%) slopes and land with 

various soil problems. The latest category includes shallow soils (<50 cm depth), 

waterlogged soils, infertile soils, saline soils, coarse or sandy soils, soils with heavy 

cracking clays, acidic soils, peat soils and soils with high calcium and a high gypsic 

horizon (Milbrandt and Overend 2009).  

Using the above categories, there are about 400 million hectares (Mha) of marginal 

land in the Asia-Pacific Economic Cooperation (APEC) region potentially available for 

alternate use, which is about 6.5% of the total area. Within the APEC region, Australia 

has the largest area of marginal land (1,036,239 km
2
) which accounts for 13.5% of total 

area and it is distributed mainly in the east, north and west of the continent (Fig. 2.1; 

Milbrandt and Overend 2009). This is followed by the proportions of marginal land in 

Canada (4%), China (5%), Russia (2%) and the United States (12%). In tropical 

Indonesia there are 37,123 km
2
 of marginal land which accounts for 2% of the total area 

of 1,847,033 km
2
. Available marginal land in Indonesia is distributed in Kalimantan, 

Java, East Nusa Tenggara and Sumatera (Fig. 2.2; Milbrandt and Overend 2009). These 

marginal tropical regions could be used for biofuel production and several trees have 

been proposed, such as M. pinnata, Jatropha curcas and Callophyllum inophyllum 

(Aswath 2010; Azam et al. 2005; ICRISAT 2007).  

Jatropha curcas is a shrub or small tree belonging to the family Euphorbiaceae. It is 

originally from Central America and it is distributed cross the tropical regions of the 

world (ICRISAT 2007). Seed production commences after 2.5 to 5 years (Achten et al. 

2008) and continues for up to 30 years, with seed yield varying from 0.5 to 12 tonnes 

per hectare per year (t/ha/yr) (Francis et al. 2005). Oil content of Jatropha seed is highly 

variable from 25 to 40% (Wani et al. 2006) and it has approximately 42% oleic acid 

(Achten et al. 2008). It can be grown on marginal land with nutrient poor soil but it 

requires high nitrogen and phosphorus fertilisers for high biomass production (Foidl et 
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al. 1996). Seeds mature 90 days after flowering but maturation does not occur at the 

same time, such that harvest can extend for up to two months in certain regions. This 

makes harvesting very labor intensive (Achten et al. 2008).  

 

 

 

Fig. 2.1 Distribution of marginal land in Australia (Milbrandt and Overend 2009) 

 

 

 

 

Fig. 2.2 Distribution of marginal land in Indonesia (Milbrandt and Overend 2009) 

 

Callophyllum inophyllum (ball nut) is a medium to large tree (8-20 m height) native to 

east Africa, India, South East Asia, Australia and the South Pacific. It is distributed in 

coastal forests of these tropical regions. Oil content of mature kernels is 43% with 70% 

unsaturated and 30% saturated fatty acids indicating good biodiesel quality 

(Hathurusingha et al. 2011). Callophyllum inophyllum is regarded as a species with 
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definite potential for biodiesel feedstock with estimated oil yield of 3833 kg/ha/yr. This 

estimation is based on oil content of seed which is 0.46 g/g of dry seed and 208 trees/ha 

(Ashwath 2010).  

 

Millettia pinnata : taxonomy, distribution, morphology and uses  

 

Millettia pinnata (L.) Panigrahi is commonly known as Pongamia and it is also known 

as Karanja or Karanj (Hindi), Ponga or Pongam (Tamil) and Indian beech (English). 

The botanical name has undergone several changes and it is synonymously known as 

Pongamia pinnata (L.) Pierre, M. novoguineensis Kaneh. & Hatus, Pongamia glabra 

Vent, Pongamia pinnata var. typica Domin, Pongamia pinnata (L.) Pierre, Cytisus 

pinnatus L. (Australian Plant Name Index 2012) available at 

http://www.cpbr.gov.au/apni/apniM.html. Millettia pinnata belongs to family Fabaceae 

sub family Faboideae according to Germplasm Resources Information Network (2012) 

available at http://www.ars-grin.gov/cgi-bin/npgs/html/tax_search.pl.  

Millettia pinnata is originally from India, across Asia (Japan, China, Pakistan, 

Myanmar, Malaysia and Indonesia) and into the Pacific (The Philippines and Polynesia) 

and it has been introduced to Australia, New Zealand and the USA as an ornamental 

tree (Fig. 2.3, Ashwath 2010; Morton 1990; Murphy et al. 2012; Scott et al. 2008). It 

grows naturally in most parts of India and plantings are widespread (Kesari and Rangan 

2010). In Australia, M. pinnata grow in the northern tropics of the Northern Territory 

(Darwin) and Queensland (Cape York, Gulf of Carpentaria), and subtropical, northern 

coast of New South Wales (Murphy et al. 2012).  
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Fig. 2.3 Distribution of M. pinnata in the world (Murphy et al. 2012) 

 

Millettia pinnata grows in humid and subtropical climates in alluvial and coastal areas 

up to 1200 m altitude (Kesari and Rangan 2010). Trees grow on rocky, sandy and clay 

soils including limestone, and will tolerate most soil types in areas with an annual 

rainfall of 500 – 2500 mm, temperatures from slightly below 0°C up to 38°C (Sangwan 

et al. 2010). It is an evergreen tree in equatorial latitudes but is deciduous for short 

periods outside the tropical zone.  

In terms of its morphology, M. pinnata is a fast growing, medium-sized perennial tree 

up to 8-10 m tall with a trunk diameter of ≤ 50 cm (Fig. 2.4a). It has thin greyish-brown 

bark and thick spreading branches. Dark green, compound leaves are pinnate with 5-7 

leaflets arranged in 2-3 pairs with one terminal leaflet. The thick tap root grows down to 

10 m depth, which makes it possible to extract ground water beneath other crops (Kesari 

and Rangan 2010; Sangwan et al. 2010).  
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Fig. 2.4 a Millettia pinnata trees in a plantation in Kununurra, northern Western 

Australia. Insert: branches with leaves and pods. b Flowers are arranged in an 

inflorescence, c Flowers showing characteristics of legume, d Flower consists of big 

standard petal, two wing and two keel petals (Scott et al. 2008). e pods and seed 

morphology, f pod with single and double seeds, g the oil with brown-yellow in colors 

 

The inflorescence is a long raceme (Fig. 2.4b). Flowers are bisexual, zygomorphic 

and consist of one large standard petal, two light-purple wing petals and two white keel 

petals (Fig. 2.4c, d). The standard petal has a hook like structure at the base where 

nectar is held. The standard petal firmly clasps the margins of the wing and keel petals 

and the 10 stamens and single stigma are enclosed within the keel petals. The small, wet 

stigma protrudes 2 mm beyond the anthers. The semi-inferior ovary usually contains 

two ovules (Raju and Rao 2006), and it develops into an indehiscent pod with hard, 

thick walls and seeds are brown and elliptical (Fig. 2.4e). Pods usually contain one and 

rarely two seeds (Fig. 2.4f). 

Many products are derived from M. pinnata but they are dominated by seed oil. 

Across its natural range, the thick non-drying oil was originally extracted from seed for 

use in tanning leather, soap making, as a liniment, lubricant and for illuminating oil 

(ICRISAT 2007). Oil is pale-yellow in color (Fig. 2.4g), bitter in taste, has repulsive 

odor, is non-edible (Karmee and Chadha 2005) and contains karanjin and pongamol 

(Vismaya et al. 2010). Seed oil is utilised in traditional remedies for scabies, leprosy, 

pile, ulcers, chronic fever, lever pain and lumbago (Arote and Yeole 2010).  

In India, pods are crushed, oil is extracted using an expeller and sold in the local 

market to fuel lamps in houses as a substitute for kerosene. The oil is also used to fuel 

generators for irrigation and fuel for cooking (Shrinivasa 2001). Villagers are aware of 

the importance of M. pinnata as a source of income. Production of oil generates 
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employment in rural India including pod harvesting, crushing and oil extraction 

(Pandravada et al. 2006). 

Millettia pinnata has definite potential as a biodiesel feedstock but yields are 

calculated with many untested assumptions. Oil yield varies and is projected to be 2.5 

t/ha/yr with oil content of 0.30 g/g of dry seeds and 417 trees/ha by Ashwath (2010) but 

only 2 t/ha/yr using the assumptions of 8-24 kg seed/tree/yr and 350 tree/ha (Farine et 

al. 2012). Climatic estimates for optimal growth and seed set of M. pinnata indicate 

tropical and sub-tropical production areas. Indeed, plantation production has 

commenced in India (Kesari and Rangan 2010) and tropical northern Australia (Seaton 

2011). In Australia there is 15.6 Mha in the 40-60% productivity zone and it is assumed 

that 3% of this land could be used for M. pinnata plantations which are 458,000 ha. 

Based on this model the oil yield of M. pinnata (without irrigation) in Australia is 

estimated at 916,000 t/yr (Farine et al. 2012).  

Millettia pinnata is a multi-purpose tree. In sub-tropical areas they are used as 

windbreaks in tea plantations, they are planted along roadsides and railway tracts, 

besides streams, canals and shorelines to reduce erosion (Dwivedi et al. 2011) and are 

used as ornamental trees, including street trees in Brisbane (Scott et al. 2008) and 

Hawaii (Morton 1990). Their deep and extensive lateral root system makes them ideal 

for soil erosion control (Sangwan et al. 2010). Other vegetative parts, such as leaves are 

used for green manure and dried leaves repel insects in stored grains. The timber is 

yellowish-white, coarse, hard and beautifully grained. The wood is not durable limiting 

its use to cabinet-making, farm tools and implements. Roots are used to make fish 

poison and the bark for cordage. Trees have been used these purposes for some time but 

there has been inadequate selection for domestication of this species as a biodiesel 

feedstock (Kesari and Rangan 2010).  

In addition to biodiesel, other seed-based products could be important for M. pinnata 

plantations and production system profitability. Cake and meal are by-products after 

seed oil extraction and they can be useful for animal feed (Chandrasekaran et al. 1989), 

fertiliser (Chaturvedi et al. 2009) and as a fungicide or insecticide (Vinay and Kanya 

2008). Oil seedcake has pesticidal properties against nematodes (Dwivedi et al. 2011). 

Nutritive values of the cake are 25% crude protein with 21% digestibility, 0.74% 

calcium, 0.89% phosphorous and 6% crude fibre (Chandrasekaran et al. 1989). 

However detoxification to remove anti-nutritional components, such as phytates, 

tannins, protease inhibitors, glabrin and karanjin, which also confer a bitter taste, is 

required before it can be used in animal feed. Water removes karanjin, but can also 
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lower protein content. Washing with mild acid removes most anti-nutritional 

components and does not influence protein quality and digestibility (Soren and Sastry 

2009). Detoxified cake is a rich source of essential amino acids, such as lysine, leucine, 

tyrosine, and phenylalanine (Vinay and Kanya 2008). Millettia pinnata cake can replace 

soybean meal for growing lambs (Soren and Sastry 2009). Seed cake contains nitrogen 

and other important nutrients and it can be used as organic fertiliser (Chaturvedi et al. 

2009).  

Glycerol is a byproduct when the extracted oil is converted to fatty acid methyl esters 

by transesterification with methanol in the presence of potassium hydroxide as a catalyst 

(Ahmad et al. 2009). In the reaction, one triglyceride is converted to three esters and one 

glycerol (Srivastava and Prasad 2000). The yield of pure glycerol is about 10% of 

biodiesel. For example, production of one tonne of biodiesel is accompanied by 

production of 100 kg of pure glycerol. Glycerol can be used to make soap, toothpaste, 

cosmetics (hair and skin) and sweetening for candies. Its use in industry includes the 

synthesis of esters, polyether and alkyd resins (Behr et al. 2008). 

 

Biodiesel in Australia and in Indonesia 

 

Mineral oil production in Australia reached a peak in 2000 at some 687 kilo barrels per 

day (kb/d). Since then mineral oil production has reduced and it was 441 kb/d in 2010 

with oil demand being 960 kb/d in the same year. Mineral oil imports are predicted to 

increase over the next 20 years. In 2009 the transport sector consumed 60% of all oil 

used and this was followed by the industrial sector at 20%, commerce, agriculture and 

others at about 5%, and transformation energy at about 10%. Diesel is a major 

component of this transport oil consumption and demand for diesel increased from 

218.3 kb/d in 2000 to 330.9 kb/d in 2010 (IEA 2011c).  

Biodiesel production in Australia is in its infancy compared to Brazil, Europe and the 

USA. Climatic and soil conditions permit production of many annual crops for biodiesel 

in Australia, including Indian mustard, canola, soybean, sunflower, linseed, safflower, 

peanuts, cottonseed and castor beans. Indian mustard is a good candidate since it 

produces good quality biodiesel and can be grown under rainfed conditions in most of 

the Australian grain belt (Australian Agricultural Crop Technologies 2007). However, 

Indian mustard is an annual crop and it grows in food production areas. Indeed, this 

feedstock is generally not feasible due to its high cost of production, food, feed and 

export value. Perennial crops that can grow in non-arable lands are more feasible 
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options for long term oil supply as they would not compete with crops on currently 

productive land (Gressel 2008; Gui et al. 2008) and may require fewer inputs for 

establishment than annual crops. Even within agricultural regions and farms, there is 

less productive land that could be utilised for biofuel feedstocks. Biofuel trees may 

provide an on-farm fuel and other ecological and agricultural benefits (Pannell 2001, 

Pannell and Ewing 2006).  

Leguminous trees may be useful as biodiesel feedstocks as nitrogen availability is 

often limited in soils and N fertiliser is a costly and high energy input (Ferguson et al. 

2010). Of the 27 plant species examined for their oil content in Central Queensland 

including native and naturalized species, there were 11 w ith potential for use as 

biodiesel feedstock with an estimated oil yield varying from 500 to 3833 kg/ha/yr. The 

species include C. innophyllum, Aleurites moluccana, M. pinnata, Cocos nucifera, 

Santalum acuminatum, Syagrus romanzoffiana, Santalum album, Ricinus communis, 

Atalaya hemiglauca, Argemone mexicana and Azadirachta indica (Ashwath 2010). 

Indonesia is the fourth most populated country in the world (with 239 million people 

in 2010) after China, India and the USA (Population Reference Bureau 2010). Indonesia 

used to be a net oil exporter but changed to a net oil importer in 2007 indicating the 

country faces serious energy problems. The Mix Energy Policy (Fig. 2.5a) was ratified 

in 2006 to reduce fossil oil consumption by utilizing a mixture of energy sources 

including local renewable plant and animal material to produce biofuel with the 

projection up to  2025 (Fig. 2.5b). The aim of the policy is to reduce consumption of 

fossil oil from 52% of total energy consumption in 2006 to 20% by 2050 (Jupesta 

2010).  

 

 

 

 

 

 

 

 

 

Fig. 2.5 a Indonesia’s Mix Energy Policy in 2006 and b projection for 2025, modified 

from Jupesta (2010) 
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The soaring price of fossil-based oil in the world, decreasing domestic crude oil 

production and increasing oil consumption triggered the development of a biodiesel 

industry in Indonesia in 2006 (Silitonga et al. 2011). Indonesia is second among the 

world’s top ten countries in their absolute biodiesel potential. This is calculated from 

existing lipid exports which have a potential volume of 7,595 Ml, with palm oil as a 

primary and Jatropha as a secondary feedstock. Production of biodiesel increased from 

14,500 to 16,200 barrels per day from 2008 to 2009 with an average increase of 11.7%. 

Production is projected to increase in the future due to the availability of bulk 

feedstocks, such as palm oil and Jatropha (Silitonga 2011) and use of other feedstocks 

such as M. pinnata. Indonesia is the biggest palm oil producer in the world (20,550,000 

MT in 2009) and this is followed by Malaysia, Thailand and Nigeria. Production of 

palm oil in Indonesia accounts for 44.5% of the world’s production. The development 

of oil palm in Indonesia has improved the livelihoods of smallholders (Rist et al. 2010). 

However palm oil is edible and the use of it for biodiesel creates controversy in relation 

to food supply and the risks of deforestation for production. Therefore the use of non-

edible oil feedstocks that are able to grow on marginal land, such as Jatropha curcas, 

Calophyllum inophyllum and M. pinnata, is gaining more attention worldwide 

(ICRISAT 2007; Johnston and Holloway 2007; Ong et al 2011).  

Total plantation area for Jatropha curcas in Indonesia in 2010 was 375,000 ha. 

Jatropha is drought resistant and it can be grown in most areas of Indonesia. The 

potential areas for plantations include Sumatera, Java, Kalimantan, Sulawesi and 

Maluku (Wirawan and Tambunan 2006).  

 

Millettia pinnata as a biodiesel feedstock 

 

In several studies Milletia pinnata has been highlighted as a potential candidate for 

large-scale biodiesel production in tropical regions (Azam et al. 2005; ICRISAT 2007; 

Moser 2009). Millettia pinnata has several advantages. Trees grow in most soil types 

including stony, sandy and clayey soils, and they are commonly found along waterways 

and the seashore. So trees can grow on a wide range of soil types, including less fertile 

soils. They are leguminous and drought tolerant and appear to require low inputs of 

fertiliser and irrigation (Gui et al. 2008). Their ability to grown in estuarine areas 

indicates some salt and waterlogging tolerance and the possibility that they could be 

produced on marginal, saline land (Bringi and Mukerjee 1987). Trees are long lived, 

reducing establishment costs and reportedly produce seed for up to 100 years (Katwal 
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and Soni 2003). Seed oil content varies from 10 to 47% (Kaushik et al. 2007; Mukta et 

al. 2009; Sunil et al. 2009). The highest conversion oil to biodiesel is 92% when oil: 

methanol ratio used is 1: 10 at 60
o
C (Karmee and Chadha 2005). So it appears possible 

that trees could be grown on a large scale in marginal or waste lands, perhaps with less 

crop husbandry than other tropical oil seed crops like Jatropha (Mukta et al. 2009) and 

provide long-term production of a renewable and sustainable biodiesel supply.  

Several properties have been proposed for good biodiesel quality and it is greatly 

influenced by fatty acid composition of biodiesel feedstock. Generally feedstocks with a 

high amount of monounsaturated acids, reduced amounts of polyunsaturated acids and 

limited saturated acids are desirable (Pinzi et al. 2009). Therefore, characterisation of 

fatty acid composition of seed oil for biodiesel is extremely important to meet 

specifications of biodiesel standards. There are two most commonly accepted biodiesel 

standards in the world, namely the American Society for Testing and Materials (ASTM) 

biodiesel standard, i.e. ASTM D6751 and the European standard, i.e. EN 14214: 2003 

(Knothe 2005) and they are usually adopted or adapted by other countries. Australia 

predominantly uses ASTM D6751 and includes criteria from EN 14214 (Ng et al. 

2009). The Biodiesel Standard in Indonesia is SNI 04-7182-2006 which is also adapted 

from the existing European (ASTM D6751) and US standards (EN 14214; 2002) 

(Wirawan and Tambunan 2006).  

Pod and seed sizes are among morphometric traits that are frequently used to measure 

phenotypic diversity. Correlation studies on pod and seed traits, such as length, breadth, 

thickness and weight may reveal useful relationships with yield (Kaushik et al. 2007). 

Most studies of pod and seed traits show high variation within and between populations 

indicating phenotypic and potentially genetic variation (Divakara et al. 2010; Kaushik et 

al. 2007; Kesari et al. 2008; Sunil et al. 2009). This genetic variation is the basis for 

selection.  

 

Seed yield, oil content, fatty acid composition and biodiesel quality 

 

Seed yield is one of the most important components of total oil yield. The success of 

seed set is influenced by factors that occur before, during and after pollination and 

fertilization. These include flowering, stigma receptivity, pollen viability and 

compatibility, pollinators and seed development. Therefore knowledge of phenology 

and floral biology is extremely important. Seed and oil development need to be 
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examined to determine an appropriate time for harvesting when seed has accumulated 

the highest oil content.  

Seed yield and oil content are highly variable depending on location and genotype. 

For example, in India reports of seed yield vary from 9 - 90 kg per tree 

(Lakshmikanthan 1978) to 8-24 kg of seed per tree per annum (Bringi and Mukerjee 

1987). Indian oil content varies from 10 to 47% (Divakara et al. 2010; Kaushik et al. 

2007; Kesari et al. 2008; Mukta et al. 2009; Rao et al. 2011; Sunil et al. 2009). There 

are few reports from trees growing in Australia, and in Queensland seed oil content of 

naturalized trees is 22 ± 3% (Ashwath 2010) with estimations of up 40% for street trees 

(Scott 2008).  

Fatty acid composition is important for biodiesel quality and storage as it influences 

viscosity, melting point, cold flow, cetane number and oxidation stability (Knothe 

2005). These qualities are influenced by fatty acid chemical structure, in particular the 

carbon number and degree of saturation. Millettia pinnata seed predominantly contains 

(about 40 – 55%) oleic (C18:1) acid. Other fatty acids including linoleic (C18:2), palmitic 

(C16:0), stearic (C18:0), linolenic (C18:3), arachidic (C20:0), 11-eicosenoic (C20:1), behenic 

(C22:0) and lignoceric (C24:0) acids (Scott et al. 2008) also make up the oil. In addition, 

Bala et al. (2011) recently detected erucic acid (C22:1) in M. pinnata seed oil grown in 

the state of Rajasthan, India. Differences in fatty acid composition are probably due to 

genetic variation within the species and local ecological conditions which create unique 

phenotypes in specific regions (Bala et al. 2011). Since fatty acid composition greatly 

influences biodiesel properties, characterisation and selection of superior genotypes is 

critical. In order for this to be determined, phenotypic variation from environmental 

factors has to be minimized, such as in a common garden experiment.  

Biodiesel is produced by a standard process whereby the methyl esters of the fatty 

acids in vegetable oil or animal fat are subjected to transesterification in the presence of 

a catalyst and glycerol is produced as a byproduct. Alkaline catalysts, such as sodium 

hydroxide, potassium hydroxide and their mixture with pure methanol methoxide are 

effective (Meher et al. 2006). Methanol and potassium hydroxide are commonly used 

and result in 92 – 98% conversion of crude M. pinnata oil to biodiesel (Karmee and 

Chadha 2005; Meher et al. 2006; Nabi et al. 2009). Where oil contains a high amount of 

free fatty acids, a dual-step transesterification with acid and base catalysts, can be 

performed and this results in 97% conversion of oil to biodiesel (Naik et al. 2008).  

Biodiesel produced from M. pinnata oil has a viscosity of 4.8 cst at 40
o
C and a flash 

point of 150
o
C. These are the two most important fuel properties and they meet the 
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American Standard Testing Materials (ASTM) and German biodiesel standards 

(Karmee and Chadha 2005). Other fuel properties, such as iodine value and cetane 

number, are also met (Azam et al. 2005; Bala et al. 2011; Sharma et al. 2010). A 

detailed study by Ahmad et al. (2009) indicates that blends (B5, B10 and B20) of 

biodiesel produced from M. pinnata oil have fuel properties very close to high speed 

diesel (Table 2.1).  

 

Table 2.1 Biodiesel properties of M. pinnata oil and its blends compared with high 

speed diesel according to American Standard Testing Materials for biodiesel (Ahmad et 

al. 2009) 

 
Fuel properties B5% B10% B20% B100% Diesel 

          ASTM D975 

Dynamic viscosity at 40
o
C 3.1037 3.1639 3.5072 4.926 3.2642 

Kinematic viscosity at  40
o
C 3.7258 3.7959 4.1849 7.532 1.3-4.1 

Density at 40
o
C 0.833 0.8335 0.8381 0.9054 0.8295 

Color comparison 1.5 1.5 1.5 2 2 

Flash point 75 80 85 90 60-80 

Pour point -10 -10 -16 -13 -35 to -13 

Cloud point -4 -5 -5 -6.5 -15 to 6 

Specific gravity 0.851 0.855 0.856 0.925 0.847 

Sulfur contents 0.5678 0.5691 0.5283 0.0084 0.5862 

Cetane number 44 48 51 53 40-55 

 

 

Performance of biodiesel from M. pinnata in combustion engines is similar to diesel 

from fossil fuels. Raheman and Phadatare (2004) and Sureshkumar et al. (2008) 

compared engine performance with diesel and various blends of M. pinnata biodiesel. 

Blends up to 40% biodiesel (B40) have better brake specific fuel consumption and 

brake specific energy consumption than diesel in unmodified combustion engines. In 

addition biodiesel up to B40 produces less CO, CO2, NOx, SOx and HC (hydrocarbon) 

emissions than diesel, potentially making a substantial impact on greenhouse gas 

emissions from combustion engines. Similar results are obtained with up to B50 in 

single cylinder diesel engines that are commonly used in agriculture in developing 

countries (Agarwal and Rajamanoharan 2009). Thus biodiesel has equivalent or better 

performance than fossil fuels in combustion engines across the developing and 

developed world and its use could reduce greenhouse gas emissions from combustion 

engines.  

Oils must be liquid for most uses. The major components of vegetable oils are 

triglycerides (90 to 98%) which are esters of three fatty acids and one glycerol 

(Srivastava and Prasad 2000). Fatty acids are long, unbranched chains of hydrocarbon 

either with double bonds (unsaturated) or without double bonds (saturated). The 
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physical properties of triglycerides are greatly influenced by their fatty acid 

components. Triglycerides containing high amounts of unsaturated (having double 

bonds) fatty acids, such as oleic and linoleic acids are liquid at room temperature whilst 

triglycerides containing high amounts of saturated fatty acids (without double bonds), 

such as palmitic and stearic acids, are semisolid or solid at room temperature (Knothe 

2009), reducing or preventing flow.  

Kinematic viscosity indicates the flow of oil through pipelines, nozzles and orifices 

and is thus an important parameter of biodiesel quality. Fuels with high viscosity are 

difficult to inject and cause engine deposits. Viscosity of biodiesel increases with 

increasing chain length and degree of unsaturation of fatty acid components (Knothe 

and Steidly 2005). Viscosity can be reduced by transesterification or alcoholysis, termed 

methanolysis when methanol is used (Srivastava and Prasad 2000). Viscosity of 

biodiesel from M. pinnata is 4.8 – 5.7 cst at 40
o
C (Karmee and Chadha 2005; Sharma 

and Singh 2008) and this is within the range (1.9 – 6.0 cst) of the American Standard 

Testing Materials D445 biodiesel standard (Naik et al. 2008).  

Cold-flow properties indicate the performance of fuels under low temperatures which 

is defined by cloud and pour points. The cloud point is the temperature where cloud wax 

crystals become visible in fuels. The pour point is the lowest temperature where fuels 

can still flow and this is usually lower than cold point (Knothe 2009). Oleic acid 

produces low cloud point fuel, which is ideal for biodiesel in low temperature 

environments (Scott et al. 2008) and about half of the fatty acid composition of oil from 

M. pinnata is oleic acid. 

Cetane number (CN) indicates ignition quality of biodiesel and a higher number 

indicates better ignition quality (Meher et al. 2006). It is greatly influenced by the 

degree of saturation of fatty acid components and the higher degree of saturation the 

higher the CN (Knothe 2008). Increasing chain length also increases cetane number. 

Esters of saturated palmitic and strearic acids have high CN, esters of linoleic and 

linolenic acids have low CN, ester of oleic has medium CN (Knothe 2008) and these 

contribute to the acceptable CN of biodiesel derived from M. pinnata which is 51.4 

(Bala et al. 2011). 

Iodine value reflects total unsaturation with higher values associated with low 

oxidative stability. Biodiesel produced from feedstocks with a high proportion of 

unsaturated fatty acids are less stable than those with a low proportion of unsaturated 

fatty acids. Monounsaturated fatty acids, such as oleic acid, provide low iodine values 

and therefore have good oxidative stability. When biodiesel reacts with oxygen in air, 
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the unsaturated fatty acid compounds undergo autoxidation (Knothe 2009). 

Autoxidation results in formation of peroxides, hydroperoxides, aldehydes and ketones 

which create deposits on nozzles, piston rings and piston ring grooves that inhibit 

engine operation (Pinzi et al. 2009). Millettia pinnata oil is predominantly 

monounsaturated oleic acid and also contains unsaturated palmitic and stearic acid so 

that the methyl ester from M. pinnata has an iodine value of 75 – 101 (Mukta et al. 

2009). This is within the limits of the European biodiesel standard (EN 14214), which 

has a maximum iodine value of 120 (Pinzi et al. 2009). It is clear that several biodiesel 

properties depend on their fatty acid components.  

Biodiesel feedstocks have different oil content and fatty acid composition. In most 

cases, the high proportion of unsaturated oleic acid in M. pinnata oil is favorable for 

good biodiesel quality, such as appropriate viscosity, performance under cold 

temperature conditions and acceptable cetane number. Unsaturated fatty acids, such as 

palmitic, stearic and archidic acids, cause high viscosity, high cloud point and low 

iodine value. However, they provide high cetane number and long oxidative stability. It 

is therefore recommended that biodiesel is produced from feedstocks with a high 

content of monounsaturated fatty acids, such as oleic and palmitic acids, low content of 

polyunsaturated acids and an acceptable content of saturated acids (Knothe 2008; Pinzi 

et al. 2009). Oil from M. pinnata usually fulfills these requirements but selection for the 

best proportion of suitable fatty acids would be desirable.  

Many species have been screened for their potential as feedstocks for the emerging 

biofuel industry. In some countries, first generation feedstocks such as corn, soybeans 

and palm oil are providing substantial proportions of the diesel market (Demirbas 2007; 

Naylor et al. 2007). However we are reaching or may have reached a limit of 

production, due to the conflicting needs of an increasing population requiring 

agricultural land for food production and demand for food at a price that people can 

afford to buy it (Canaki and Sanli 2008). The goal for second and indeed third 

generation biofuel is to provide feedstocks that do not compete but may compliment 

agricultural enterprises. In many comparisons of species for the sub-tropical and semi-

arid areas (Azam et al. 2005; Moser 2009) M. pinnata has shown favourable attributes 

for its use as a feedstock. However many traits are required for success and the 

development of a new crop is a complex process requiring inputs from plant 

physiologists, geneticists and breeders, farmers and managers of farming systems who 

provide mechanisms for harvest, transport and storage, industrial engineers responsible 

for biodiesel production and distribution, and economists to determine if all this is 
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profitable. The following sections deal with those aspects associated with reducing 

inputs and maximising outputs at the single tree or plantation level.  

 

Salinity and waterlogging tolerance 

 

Millettia pinnata is targeted for marginal lands which are unproductive, often because 

of salinity and/or waterlogging. Millettia pinnata commonly occurs along river banks 

near the sea coast with roots either in fresh or salt water (Kesari and Rangan 2010; 

Mukta and Sreevalli 2010). It is claimed to be highly salt tolerant (Divakara et al. 2010; 

Kaushik et al. 2007; Sharma et al. 2010) and as such is used for reforestation in the dry, 

saline wasteland of Karnataka, India (Bringi and Mukerjee 1987). Its coastal habitat 

indicates that M. pinnata could cope with waterlogging and the salt concentration of sea 

water, which is 500 mM NaCl (Flowers et al. 1986). If M. pinnata is targeted to be 

planted in marginal land, the ability to withstand salinity, waterlogging, and the 

combined stresses should be studied in more detail. A better understanding of salinity 

and waterlogging tolerance of the species is required for potential production in saline 

tropical areas around the world. In particular, knowledge of salinity and waterlogging 

tolerance will be very useful in choosing the appropriate marginal lands for planting. 

This will alleviate competition with crop production in arable lands.  

Saline soils occur in more than 100 countries of the world and salinity is generally 

more pronounced in the arid and semi-arid zones. There are 5.7 Mha of Australian lands 

are salt-affected and this is predicted to increase to 17 Mha by 2050 (National Land and 

Water Resource Audit 2001). Many saline areas pruned to waterlogging due to shallow 

water tables and decrease infiltration surface water in sodic soils (Ghassemi et al. 1995). 

Salts are mainly sodium chloride, which has accumulated to high levels in Australian 

subsoils from rock weathering and intrusion of sea water (Rengasamy 2006). So in 

Australia, like many countries, M. pinnata could provide an opportunity for biodiesel 

production in tropical saline wastelands.  

There are two types of salinity, natural or primary salinity and secondary or human-

induced salinity. Primary salinity occurs over a long period of time through 

accumulation of salts in the soil or ground water. A main source of salt is weathering of 

parental rocks which release soluble salts, such as sodium chloride, calcium chloride, 

magnesium chloride and to a lesser extent, sulfates and carbonates (Munns and Tester 

2008). Among these, sodium chloride is the most abundant. Another source of salt is the 
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ocean, where salts are brought inland by wind and rain. Rain water contains 6 to 50 mg 

kg
-1

 of salt, depending on the distance from the coast (Munns 2009).  

Secondary salinity is induced by human activities that alter hydrologic balance in the 

soil between precipitation and transpiration. Land clearing and irrigation schemes are 

the major causes of secondary salinity (Munns 2009) and the former can cause dryland 

salinity. Secondary dryland salinity refers to salinity in non-irrigated areas due to human 

activities, such as clearing perennial native vegetation and replacing it with annual crop 

and pasture species. This happened during European settlement in Australia when deep-

rooted vegetation was replaced by shallow-rooted crops for agriculture. Shallow-rooted 

plants do not intercept water and therefore a large proportion of rainfall enters the 

ground and recharges the naturally saline ground water. Consequently, water tables 

have risen close to the soil surface and this brings dissolved salts to the surface causing 

soil salinity and contaminating water resources (Pannell and Ewing 2006). 

There are two phases of plant responses to salinity stress, osmotic and ionic. The 

osmotic phase occurs immediately after exposure of roots to salts at a threshold level, 

which reduces the ability of plants to take up water. Therefore plants suffer from water 

stress leading to a rapid decrease in growth of young leaves (Munns et al. 2006). The 

ionic phase is due to excessive salt accumulation in leaves up to toxic levels and this 

causes injury and early senesce of mature leaves.  

Salts are continuously taken up by plants and transported to leaves for long periods of 

time. Transpiration occurs continuously leaving salts in the leaves in which accumulate 

to high concentrations over time. Na
+
 and Cl

-
 concentrations in leaves exceeding storage 

capacity of vacuoles accumulate in cytoplasm. This inhibits enzyme activity and causes 

death of leaves (Munns et al. 2006).  

Some plants are able to minimize the entry of salts into cells (salt exclusion) and 

others are effective at compartmentalizing salts in vacuoles (Munns 2002). Plants with 

salt exclusion mechanisms can exclude 98% of salts allowing only 2% to be transported 

to shoots. This prevents gradual build up of Na
+
 and Cl

-
 in shoots over time as the plant 

transpires. There are three factors influencing concentration of NaCl accumulation in 

shoots, namely concentration of soluble salt in soil, the percentage of salt taken up by 

roots and the percentage of water retained by leaves (Munns et al. 2006). 

A common approach to studying salinity, waterlogging and the combined stresses on 

tree species is to control the environment as much as possible by using tanks filled with 

salt solutions (Akilan et al. 1997; Marcar 1993; Meddings et al. 2001; Van der Moezel 

et al. 1989; Van der Moezel et al. 1991). Generally the following procedures are 
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employed. Treatments are a drained control, saline drained, waterlogged with fresh 

water and salt waterlogged. Seedlings from different families, provenances or species 

are planted in pots and they are placed randomly in tanks where each tank represents a 

treatment. Waterlogging is achieved by flooding the tanks with either fresh or saline 

water up to the pot surface while the drained treatment is applied by trickle irrigation. 

The common salt used is NaCl or combined salts of NaCl, MgSO4 and CaCl2 with a 

certain molar ratio (Craig et al. 1990; Van der Moezel et al. 1989). Complete nutrients 

are added to the tank to all treatments to support plant growth. Salt is applied in weekly 

increments and solutions are changed and flushed with fresh water weekly to prevent 

build up of salts in the tanks.  

Generally increasing salinity reduces survival and growth with more severe effects 

under saline waterlogged conditions (Meddings et al. 2001). This is due to a 

considerable increase in the concentration of Na
+
 and Cl

-
 in leaves (Barret-Lennard 

2003). Plants under saline waterlogged conditions reduce their ability to exclude Na
+
 

and Cl
-
 from roots. This is because less energy (ATP) is available under waterlogged 

conditions and ion exclusion requires high energy. Selectivity of K
+
 is decreased over 

Na
+
 under salt waterlogged conditions. This leads to higher transport of Na

+ 
and Cl

- 
in 

the symplasm in xylem towards the shoot (Barret-Lennard 1986). A reduction in growth 

due to salinity is accompanied by reduced stomatal conductance, transpiration and 

photosynthetic rates and relative water content in most trees, such as in Eucalyptus 

camaldulensis and E. lesouefii (Marcar 1993; Van der Moezel et al. 1989).  

In very highly salt tolerant species, such as Casuarina obesa and C. glauca, seedlings 

can survive at salinity up to 560 mM both under drained and waterlogged conditions 

although growth rate is slightly reduced. Concentration of Na
+ 

in leaves is not 

influenced by saline drained treatment due to the ability of these species to exclude most 

salts. Concentration of Cl
-
 is higher and K

+ 
is lower in both species under saline drained 

and saline waterlogged conditions. In salt sensitive species such as C. cunninghamiana, 

survival decreases under saline drained conditions and nearly all plants die under saline 

waterlogged conditions. This is accompanied by substantial increases in Na
+
 and Cl

-
 

concentration in leaves. This species is not able to exclude Na
+ 

and Cl
- 
(Van der Moezel 

et al. 1989). However, C. cunninghamiana is classified as a moderately tolerant species 

which tolerates 200 mM NaCl (Bell 1999).  

There are several mechanisms of salt tolerance in plants, namely tolerance to osmotic 

stress, Na
+
 or Cl

-
 exclusion, and tissue tolerance. Tolerance to osmotic stress can be 

distinguished by increased leaf growth and stomatal conductance. Exclusion of Na
+
 or 
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Cl
-
 by roots ensures shoots do not accumulate ions to toxic levels. Premature death of 

older leaves is a sign of ion toxicity due to failure to exclude Na
+
. Tissue tolerance is the 

ability of plant cells to compartmentalize Na
+
 or Cl

-
 in vacuoles (Munns and Tester 

2008) and/or store salts in bark, ray cells, tracheid walls and lumen, and senescent 

leaves. Another strategy requires salt excretion via salt glands, found in such species as 

Tamarix articulata (Nicknam and McComb 2000). 

Waterlogging causes hypoxia, a condition of low oxygen supply to cells due to 

reduced oxygen concentration in the soil. Oxygen usually flows through air-filled pores 

in the soil but under waterlogged conditions oxygen must diffuse through water. 

Oxygen has low solubility in water, is rapidly used by roots and bacteria, and it diffuses 

slowly through water-filled pores. Under hypoxia production of adenosine triphosphate 

energy, which is required for nearly all cellular processes, is about 95% lower than 

under aerobic conditions. Consequently growth is reduced under waterlogging (Barret-

Lennard 1986; 2003). One adaptation to waterlogging is the formation of aerenchyma, 

interconnected air-filled channels in the cortex of root tissue, which allow for oxygen 

diffusion from parts of the root/shoot above the waterlogged soil (Barret-Lennard 2003). 

This common adaptation to waterlogging is found in many species including Casuarina 

cristata, C. cunninghamiana, C. obesa, Eucalyptus camaldulensis, (Van der Moezel et 

al. 1988; Van der Moezel et al. 1989), Lotus tenuis (Teakle et al. 2007) and Hordeum 

marinum (Malik et al. 2009). Formation of adventitious roots above the waterlogged 

zone is another adaptation for waterlogged conditions (Akilan et al. 1997). For M. 

pinnata to be planted on a large scale for biodiesel production, use of marginal lands 

which do not compete for food production, would be advantageous. Hence the ability of 

M. pinnata to withstand salt and waterlogging needs to be investigated.  

Earlier salinity studies focused on survival and generally did not explore the causes of 

death. In a forest tree field study examining seasonal variation in soil salinity, only 13% 

of 16 month-old saplings of M. pinnata survived at ECe of 12 – 19 mmhos cm
-1

 (~120-

190 mM NaCl) (Tomar and Gupta 1985). Similarly pot experiments using saline soil 

indicates that M. pinnata has moderate salinity tolerance at ECe of 4.6 mmhos/cm (~46 

mM NaCl) and poor salinity tolerance at ECe of 26 mmhos/cm (~260 mM) (Tomar and 

Gupta 1985). No other parameters were measured and mechanisms of salinity tolerance 

were not investigated. Only narrow ranges of salinity were investigated, waterlogging 

was not discussed, and therefore the limits of tolerance were not determined. In another 

pot experiment with varying levels of salinity, 9 month-old M. pinnata seedlings 

survive at ECe of 16.3 dS m
-1

 (~163 mM NaCl) but fail at 32.5 dS m
-1 

(~325 mM NaCl) 
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(Singh 1990). Increasing salt concentration decreases plant fresh and dry weights, plant 

height and concentration of K
+
 while Na

+
 concentration increases in plants. The critical 

Na
+
 concentration in plants that causes 50% reduction in growth is 0.21% (Singh 1990). 

This study only investigated the influence of salinity on plant growth, but not 

waterlogging or the combination of salinity and waterlogging commonly found in saline 

areas.  

There is one longer-term field experiment (9 years) using 31 tree species including M. 

pinnata, where plants are irrigated with saline water with EC of 85 – 100 mM for the 

first three years (Tomar et al. 2003). Survival decreases slightly from 100% in the first 

year to 89% in the third year, then further decreases to 29% in the 8
th

 year. Plant height 

increases until the end of experiment. Again only a narrow range of salinity was 

examined and the limit of salinity tolerance was not determined.  

There are also variations in response to salinity and waterlogging between and within 

families, provenances and genotypes (Akilan et al. 1997; Marcar et al. 2002). Acacia 

provenances from most saline sites accumulate less Na
+ 

than genotypes from moderate 

saline sites (Craig et al. 1990). Therefore it is important to use plant material that is 

diverse genetically and geographically. Millettia pinnata is widely distributed in most 

states of India, several Asian countries including Indonesia, Australia and the USA 

(Scott et al. 2008). Diverse plant material of M. pinnata will give a better understanding 

of salinity and waterlogging tolerance of the species. In addition, the conflicting 

evidence to date (Singh 1990; Tomar and Gupta 1985; Tomar et al. 2003) suggests that 

investigation of salinity and waterlogging tolerance under controlled conditions with 

incremental increases in NaCl and regular assessment of survival and growth is required 

to provide useful information for the further development and expansion of this 

biodiesel tree crop. 

 

Nodulation 

 

Marginal land commonly has low nutrient soils. Millettia pinnata is a leguminous tree 

capable of forming symbiotic relationships with root nodule bacteria (RNB) known as 

rhizobia (Scott et al. 2008; Ferguson et al. 2010). RNB are soil bacteria which infect 

roots of legumes and fix atmospheric nitrogen, converting it into useable forms for 

plants, such as ammonium (Willems 2006).  

Host plants attract RNB by releasing phenolic flavonoids into the rhizosphere. Once 

RNB have infected roots they activate the nod gene (Ferguson et al. 2010). The nod 
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gene produces nod factors which are strain-specific, lipo-chito-oligosaccharides 

responsible for triggering nodule development. The root hairs curl to form pockets with 

RNB trapped inside. An infection thread, initiated in the pocket, progresses into the 

outer and inner cortex and towards the nodule primordium. RNB then invade the nodule 

primordium and differentiate into nitrogen-fixing bacteroids. 

There are two types of nodules, indeterminate and determinate which are determined 

by the host plant. Indeterminate nodules are elongated and have persistent meristems 

and obvious developmental stages. Formation of indeterminate nodules begins with 

anticlinal cell division in the inner cortex then periclinal divisions in the endodermis and 

pericycle leading to formation of nodule primordia. The nodule primordia are infected 

by rhizobia and further develop new nodule tissue as they mature (Gage 2004). Mature 

nodules contain heterogeneous nitrogen-fixing bacteroids due to persistent cell division 

(Ferguson et al. 2010). Plant species that produce indeterminate nodules include 

Medicago sativa, M. tranculata, Pisum sativum, Vicia sp. and Trifoium sp. (Gage 2004) 

and Acacia saligna (Marsudi et al. 1999). 

In contrast, determinate nodules are spherical, have no persistent meristem and no 

obvious developmental stages. Initial cell division takes place sub-epidermally in the 

outer cortex. Mature nodules contain relatively homogenous nitrogen-fixing bacteroids 

due to synchronous cell infection. Determinate nodules live for a few weeks and 

formation of new nodules occurs in new sections of the root after old nodules senesce. 

Some tropical and sub-tropical legumes, such as soybean, bean (Phaseolus vulgaris) 

and M. pinnata form determinate nodules (Ferguson et al. 2010). 

Nitrogen is an essential component of all amino and nucleic acids and is the most 

important nutrient for plant growth. Modern agriculture relies heavily on chemical 

nitrogen fertiliser to increase crop productivity. Production of nitrogen-based fertilisers 

requires substantial energy from fossil fuels, releasing CO2, NO2 and NH4 and these 

contribute at about 1% of global greenhouse gasses emissions (Andrews et al. 2009). In 

terms of greenhouse gas emissions, the global warming potential of nitrous oxides is 

about 300 times that of CO2 (Jungkunst and Fiedler 2007). In addition, only 20-40% of 

applied chemical N fertiliser is used by crop plants (Andrews et al. 2009) and the 

remainder is leached out to waterways causing eutrophication of lakes and rivers and 

contaminating drinking water supplies (Sprent and Sprent 1990).  

Biological nitrogen fixation (BNF) is sustainable, environmentally friendly alternative 

for nitrogen input into agroecosystem and plays significant roles in the world 

agriculture. BNF is a process of dinitrogen reduction into biologically useful form such 
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as ammonia with an aid of nitrogenase carried out by prokaryotes such as rhizobia 

(Zahran 1999). It is estimated that the total nitrogen fixed via BNF from natural 

terrestrial landscape is 128 Tg (million tonnes) N annually (Galloway et al. 2004) which 

is free source of N for the host plants and subsequence crops. More current and specific 

estimates on BNF is 50-60 Tg N may be fixed annually into agricultural system with 

21Tg N by crop legume-rhizobia symbioses, 12-25 Tg N by forage and fodder legume-

rhizobia symbioses and <18 TgN by other symbioses (Herridge et al. 2008). There are 

substantial contributions of BNF in cropping and pasture system and it plays important 

role in remediation of degraded lands. Here are some examples of estimated nitrogen 

fixed (kg/ha) by several legumes: alfalfa 100-300, black gram 100-150, clover 100-150, 

soybean 49-450, lentil 35-100 and pigeonpea 4-200 (Wani et al. 1995).  

 

Research on nodulation of Millettia pinnata to date  

 

There is very little information on isolation, characterisation and species identification 

of RNB that nodulate M. pinnata. In a preliminary study, effective nodulation has been 

achieved following inoculation by three available strains of RNB, namely 

Bradyrhizobium japonicum strain CB1809, Bradyrhizobium sp. strain CB564 and 

Rhizobia sp. strain NGR234 (Scott et al. 2008). Bradyrhizobium japonicum strain 

CB1809 is a major commercial inoculant for soybean in Brazil and Australia, and it is 

widely used in other countries (Materon and Vincent 1980; Van Soom et al. 1993). 

Rhizobia sp. strain NGR234 is a fast-growing strain isolated from Lablab purpureus in 

Papua New Guinea (Trinick 1980), however in earlier trials inoculation failed to 

produce nodules on M. pinnata (Pueppke and Broughton 1999). Further research is 

required to characterise naturally occurring rhizobia and the diversity of rhizobia 

capable of forming effective nitrogen fixation with M. pinnata (Murphy et al. 2012; 

Scott et al. 2008).  

The standard approach usually commences with collection of RNB from diverse soil 

types where target plants grow or nodules are collected from targeted plants followed by 

physiological and molecular characterisation. Isolates are then authenticated by 

inoculation back to host plants with only authentic rhizobia forming nodulations. 

Authentic isolates then need evaluation for their effectiveness in nitrogen fixation 

(Elbanna et al. 2009; Marsudi et al. 1999; Rahmani et al. 2011; Ruiz-Díez al. 2011). 

Selection of effective strains is required for M. pinnata, as plantations are targeted for 

waste lands and marginal lands which usually have low nutrient availability.  
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Symbiotic effectiveness assesses nitrogen fixation and it is quantified by comparing dry 

weight and nitrogen content of inoculated over uninoculated plants (Jaiswal and Dhar 

2011; Rahmani et al. 2011). Effective symbiosis is indicated by higher plant dry mass, 

higher leaf nitrogen content, greener leaves with higher chlorophyll content and pink 

nodules which contain leghemoglobin (Elbanna et al. 2009). Relative effectiveness is 

the ratio, expressed as a percentage, of dry weight of inoculated over nitrogen-fed 

control plants (Fterich et al. 2011). Symbiotic effectiveness is a useful trait to compare 

and select suitable rhizobia for M. pinnata. 

 

Phenotypic characterisation of RNB 

 

Classical phenotypic characteristics of root nodule bacteria (RNB) include 

morphological, physiological and biochemical features. Morphological characteristics 

include bacterial shape, presence/absence of flagella, inclusion bodies and Gram 

staining. RNB cells are Gram negative, rod-shaped and with sudan black staining they 

appear as abundant small granules. Cultured RNB have circular colonies with entire 

margins and are convex in elevation. They are opaque to white and the mucoid-to-

finely-granular surface glistens (Graham and Parker 1964; Elbanna et al. 2009). There 

also may be useful differences in colony colour, size and form. Biochemical 

characteristics include culture growth in the presence of substances, such as antibiotics, 

and activity of various enzymes. Isolates can also be distinguished by their growth 

under different pH, temperature, salt concentration and carbon source utilization. Large 

sets of phenotypic data can be used to generate a similarity matrix and cluster analysis 

can be expressed using dendrograms. The phenotypic approaches here and outlined 

below could be used in M. pinnata studies to elucidate genetic relatedness among RNB 

isolates (Vandamme et al. 1996).  

RNB isolates are categorized as fast or slow growing, based on their growth on 

particular media. In half lupin agar (half LA) media, fast isolates are visible within 3 

days and slow growing isolates are usually only visible within 7 days (Yates et al. 

2004). In yeast mannitol agar medium, fast and slow growing isolates are visible within 

2-3 or 5-7 days respectively (Marsudi et al. 1999). More detailed categories can be 

based on colony size diameter and number of days taken to reach this size.  For 

example, fast growing could be 2-4 mm in 3-5 days, intermediate 1 - 2 mm in 5 days, 

slow growing may be 1 mm in 15 days  and very slow growing <1 mm after 14 days 

(Barnet and Catt 1991).  
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Temperature influences the persistence of RNB in inoculants during shipment and 

storage, and survival in soils. It is also a limiting factor for nodulation and nitrogen 

fixation. Generally the optimum temperatures for growth of RNB under culture are from 

28 to 31
o
C and many are not able to grow below 10

o
C or at 37

o
C (Graham 1992). 

However, some RNB that are isolated from high temperature areas, such as the 

Gascoyne and Pilbara regions of north west of Western Australia and north western 

China (Wei et al. 2008; Yates et al. 2004), are able to grow at 35 – 40
o
C, or even 60

o
C 

for isolates from hot dry regions of India (Kulkarni and Nautiyal 1999). The tolerance is 

an adaptation to the high temperatures of these environments. Millettia pinnata is a 

tropical to sub-tropical tree, purportedly tolerant of high temperatures, and the ability of 

RNB to also tolerate these conditions would be advantageous for production in the dry 

to semi-arid tropics. 

RNB can tolerate certain ranges of pH and vary from acid tolerant to sensitive. For 

example, isolates of Sinorhizobium meliloti and S. medicae are tolerant of pH ranging 

from 3.5 to 9.5, and more of them are alkaline tolerant (Elboutahiri et al. 2010). Isolates 

of Ensifer (Sinorhizobium) from Tunisia that nodulate the woody legume Prosopis 

farcta, are acid sensitive and alkaline tolerant and they grow well over a pH range of 6 

to 10 (Fterich et al. 2011). Highly alkaline tolerant isolates that can grow well at pH 12 

have been isolated from alkaline soils (Kulkarni and Nautiyal 1999). Conversely an acid 

tolerant and effective symbiont of S. meliloti tolerates pH of 5, and it is isolated from 

acidic soils (Langer et al. 2008).  

RNB have a wide range of salinity tolerance. Some isolates are very salt sensitive with 

salinity tolerance of only 0.5% NaCl (Elbanna et al. 2009) but many RNB isolates 

tolerate higher concentrations (1-3%) of NaCl (Fterich et al. 2011; Safronova et al. 

2004; Yates et al. 2004). Some isolates of Mesorhizobium loti can tolerate highly saline 

conditions of 150 to 500 mM NaCl, which is equivalent to 0.87% to 2.92% NaCl 

respectively (Lorite et al. 2010). Isolates of Sinorhizobium meliloti, isolated from highly 

salt affected areas in southern Morocco, can tolerate 1711 mM NaCl or equivalent to 

6.8% NaCl (Elboutahiri et al. 2010). Highly salt tolerant RNB isolates are used in the 

re-establishment of legume plantations, such as Acacia, in saline environments (Thrall 

et al. 2009). Selection of saline tolerant rhizobia isolates would also be very useful in 

the establishment of M. pinnata on saline land.  

Tolerance to abiotic stresses is frequently related to adaptation of RNB isolates to their 

environment, in particular soil conditions (Elboutahiri et al. 2010). Therefore, isolation, 

characterisation and species identification of RNB from soils where the targeted hosts 
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are growing are required to provide effective, competitive and useful inocula for hosts. 

Millettia pinnata reportedly grow in a wide range of soil conditions including saline 

areas, within temperature ranges with maxima of 27 - 38
o
C and minima from 1 to 16

o
C 

(Scott et al. 2008; Mukta and Sreevalli 2010). RNB will need to be able to either 

tolerate all these soil conditions or a range of RNB with different tolerances would be 

desirable. 

 

Genotypic characterisation of RNB 

 

Molecular identification of bacteria has advanced taxonomic classification. It is 

commonly based on variations in the small subunit ribosomal RNA (16S rRNA) gene 

sequences, which are 1500 bp long. Phylogeny of this gene has provided the backbone 

of bacteria classification for the past two decades. Another application of variation in 

the 16S rRNA gene is to estimate the diversity of bacteria in environmental samples 

(Willems 2006). Identification of new bacteria isolates is conducted by blasting the 16S 

rRNA gene sequence to the existing sequences in GenBank (Rajendhran and 

Gunasekaran 2011) such as in the National Center for Biotechnology Information 

(NCBI) to identify sequence similarity. The 97% sequence similarity of 16S rRNA gene 

is used to differentiate species (Vos 2011).  

Currently, there are more than 70 species of rhizobia of 12 genera belongs to alpha 

and betaproteobacteria which is refer to α- and β-rhizobia (Fig. 2.6, Masson-Boivin et 

al. 2009). Αlphaproteobacteria has ten genera; Rhizobium, Bradyrhizobium, 

Sinorhizobium (Ensifer), Mesorhizobium, Azorhizobium, Methylobacterium, 

Ochrobactrum, Shinella, Phyllobacterium and Devosia. There are two genera within 

betaproteobacteria, namely Burkholderia and Cupriavidus (Masson-Boivin et al. 2009).  
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Fig. 2.6 Unrooted phylogenetic tree of 16S rDNA sequences of α, β and γ 

proteobacteria. Genera with bold print contain rhizobia (Masson-Boivin et al. 2009) 

 

 

RNB infecting M pinnata will need to be taxonomically classified but only Rhizobium 

and Bradyrhizobium are outlined here as commercial strains of these genera have been 

used with M. pinnata (Scott et al. 2008). Rhizobium is characterized by fast growth and 

acid production on yeast mannitol agar medium (Willems 2006). They have either 

peritrichous or peritrichous/subpolar flagella and they are capable to forming symbiotic 

relationships for nitrogen fixation (Sawada et al. 2003). Rhizobium utilise a wide range 

of carbon sources including arabinose, glucose, glutamate, D-galactose, fructose, 

sucrose, lactose, mannitol, D-mannose, D-maltose, D-ribose, raffinose, L-rhamnose, D-

sorbitol, sucrose, trehalose and xylose (Elbanna et al. 2009; Graham and Parker 1964; 

Marsudi et al. 1999; Yates et al. 2004). In addition, strains of R. elti and R. 

leguminosarum can utilise citrate, erythritol, dulcitol and lactate as the sole carbon 

source (Elbanna et al. 2009) whilst strains of R. agrobacter can utilise D-amygdalin, 

D(+)-arabitol, dulcitol, salicin, trehalose and glycine (Wei et al. 2008). Indeed members 

of the genus Rhizobium can utilise the most diverse carbon sources. Here are several 

species within genus Rhizobium: R. elti, R. galegae, R. gallicum, R. giardini, R. 

hainanense, R. huautlense, R. indigiforae, R. leguminosarum, R. mongolense and R. 

tropici (Sawada et al. 2003). The current complete list of rhizobia species can be found 

at http://www.rhizobia.co.nz/taxonomy/rhizobia. 

Bradyrhizobium are slow growing. This genus originally contained a single species, 

Bradyrhizobium japonicum, which is capable of nodulating soybean, although there are 

now several strains able to nodulate diverse legume genera (Willems 2006). 
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Bradyrhizobium species have either a polar or subpolar flagellum, produce alkali on 

yeast mannitol agar medium (Sawada et al. 2003). They utilise glutamate and L-

arabinose as a sole carbon source and do not grow on lactose or sucrose (Yates et al. 

2004). The inability of Bradyrhizobium to utilise lactose and sucrose as a single carbon 

source is possibly due to lack of an active uptake system or hydrolytic enzymes for the 

disaccharides (Glenn and Dilworth 1981) and is a useful distinguishing feature. 

Bradyrhizobium is genetically diverse, consisting of several named and also unnamed 

species (Willems et al. 2001; Zhang et al. 2008). The first species identified was B. 

japonicum, which nodulates soybean (Jordan 1982) and then ten years later B. elkanii 

was identified and it also nodulates soybean (Kuykendall et al. 1992). Since then B. 

liaoningense, a particularly slow growing nodulating bacteria from soybean, was 

identified in China (Xu et al. 1995). Bradyrhizobium yuanmingense, also isolated in 

China, nodulates annual and perennial wild legumes of the genus Lespedeza (Yao et al. 

2002). Bradyrhizobium betae was isolated from Beta vulgaris (Rivas et al. 2004) and B. 

canariense nodulates genistoid legumes in the Canary Islands, Morocco and Spain 

(Vinuesa et al. 2005). Bradyrhizobium iriomotense was isolated from the legume 

Entada kushonensis in Japan (Islam et al. 2008) and B. pachyrhizi and B. jicamae were 

isolated from a tuberous-root legume, Pachyrhizus erosus, in America (Ramirez-Bahena 

et al. 2009). So this genus now has several species. 

There are some limitations with the use of 16S rRNA gene as a tool to identify and to 

elucidate phylogenetic relationships of Bradyrhizobium species.  The sequences of 16S 

rRNA gene are very similar among Bradyrhizobium species and the gene is highly 

conserved, therefore taxonomic information based solely on sequences of the gene may 

be non-informative for delineation of bradyrhizobial species (Rajendhran and 

Gunasekaran 2011; Willems et al. 2001).  

Sequencing of housekeeping genes such as dnaK, recA, atpD, is an option to solve 

problems with relationships using the 16S rRNA gene (Kalita and Malek 2010; Munoz 

et al. 2011; Rivas et al. 2009; Stepkowski et al. 2012). The genes are useful in 

discriminating species of genera Ensifer, Bradyrhizobium and Rhizhobium (Martens et 

al. 2008). A concatenated sequence of some housekeeping genes is powerful to 

discriminate species within Bradyrhizobium (Rivas et al. 2009). 
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Phenology and reproductive biology 

 

Millettia pinnata produces oil in its seeds and so knowledge of its phenology and 

reproductive biology are essential to maximise yield. Trees take about 4-7 years to 

mature from seedlings to flowering adults (Azam et al. 2005). This time may be reduced 

if clonal material propagated from mature trees is used (Mukta and Sreevalli 2010). In 

mature trees, the cycle from flowering to mature pods takes up to 10 to 11 months 

(Dhillon et al. 2009; Kazakoff et al. 2011) but along this path there are potentially many 

issues influencing final seed yield.  

Species within Fabaceae have different pollen release mechanisms but pollination 

always occurs when compatible pollen is transferred to a receptive stigma and 

germinates. Millettia pinnata has an explosive pollen release mechanism whereby 

pollination vectors depress the wing-keel petal complex in order to get access to nectar, 

and in doing so release anthers and pollen (Raju and Rao 2006). The pollen cloud lands 

on the ventral side of pollinators and pollen from other flowers can be transferred to the 

stigma, resulting in cross-pollination. Stigmas may also receive their own pollen 

resulting in self pollination, but this is less likely due to the relative positions of stigma 

and stamens.  

The presence of legitimate pollinators is usually crucial for successful pollination in 

plant species with explosive pollen release mechanisms. Several pollinators for M. 

pinnata in India have been identified (Raju and Rao 2006). There are over 1500 species 

of bees in Australian, which range in size from 2-24 mm and they are largely solitary 

(Dollin and Batley 2000). Pollination and seed set should be examined under Australian 

conditions as native and introduced pollination vectors may not be as effective in cross-

pollination as the original pollinators and pollination is usually an essential step in seed 

production. 

 

Conclusion and Hypotheses 

 

In conclusion M. pinnata is a potential candidate as an oilseed feedstock for biodiesel 

production. It is a sustainable, non-food crop that can possibly grow on marginal or 

waste land with low crop husbandry, providing a long term supply of seed with high oil 

content. Millettia pinnata seed oil appears to meet requirements for biodiesel standards. 

Biodiesel is a useful alternative to mineral diesel and for combating climate change, 

because it is from a renewable source, it is biodegradable, non-toxic, free of sulphur and 
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aromatics and reduces hydrocarbon emissions. The challenging tasks of developing the 

plant as a feedstock for biodiesel production include establishing the genetic diversity, 

collection and selection for genetic improvement and domestication. Diversity can be 

assessed using molecular tools and by examination of phenotypic characteristics, such 

as seed morphology and physiology and adaptations to stress, such as salinity. 

Plantations need to be established as a part of domestication, and survival, growth and 

yield need to be examined. Studies on seed traits, oil content and fatty acid profiles will 

aid in the selection of superior trees. Salinity and waterlogging tolerance need to be 

examined as the plant is targeted for marginal land which is frequently associated with 

salinity and waterlogging. The ability to form symbioses with root nodule bacteria is 

also important to take advantage of potential nitrogen fixation from this leguminous 

species. Collection, characterisation, authentication and identification of effective root 

nodule bacteria are needed to help maintain growth with reduced fertiliser inputs and 

support growth on nutrient poor soils. Knowledge of phenology and reproductive 

biology are required to improve pollination and fruit set. Since the plant has an 

explosive pollen release mechanism, it may require legitimate pollinators, such as honey 

bees, for successful pollination to occur. A study of the influence of pollinators on seed 

yield is required, in particular the influence of hives containing honey bees Apis 

mellifera. The pattern of visitation and bee activity during the day should also be 

monitored. 

This thesis investigates five main hypotheses for development and deployment of M. 

pinnata as a viable and sustainable source of biodiesel feedstock on marginal lands of 

the tropics and sub-tropics of the world. 

 

Hypothesis 1. Millettia pinnata is geographically diverse and currently extends from 

India, through Indonesia to Australia and the Pacific and this has resulted in genetic 

diversity which is captured in the Forest Products Commission collection at Kununurra, 

the oldest and largest collection in Australia. 

 

Hypothesis 2. Seed morphological (size) and physiological traits (oil content and fatty 

acid composition), vary with geographical, and presumably genetic variation within the 

species. There will be correlations between seed traits and oil content. Selection of 

superior trees based on oil content and fatty acid composition will be possible.  
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Hypothesis 3. Millettia pinnata is highly salt and waterlogging tolerant. There will be 

variations in salt and waterlogging tolerances between provenances.  

 

Hypothesis 4. Millettia pinnata is a legume, which is able to form effective symbiosis 

with root nodule bacteria for nitrogen fixation.  

 

Hypothesis 5. Trees have high survival and have high yield under plantation conditions. 

Site management influences survival, growth and seed yield  
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Abstract The leguminous tree, M. pinnata (pongamia) produces oilseed suitable for 

biodiesel production. Assessment of oil production and genetic, morphological and 

physiological traits are required. Collections from the Forest Products Commission in 

Kununurra, northern Western Australia were compared with accessions from India, 

Indonesia, Queensland and the Northern Territory in Australia. 

Molecular diversity, examined using the internal transcribed spacer (ITS) region, 

indicated distinctiveness of genotypes from Java, Indonesia. Seed traits varied across 

trees with the smallest seeds from Indonesia and the largest from Kununurra. 

Oil content varied across trees with a minimum of 28% in an Indonesian accession 

and the highest of 45% from Kununurra. Major fatty acids across trees were oleic 

(51%), linoleic (19%), palmitic (11%) stearic (6%), linolenic (4.5%) and behenic (4.5%) 

acids. Seed weight and oil content per seed of developing seeds increased with a 

sigmoid pattern and oleic acid was the major fatty acid throughout seed development.  

Waterlogging and salinity tolerance were assessed. Four month-old seedlings from 

Kununurra, northern Western Australia and India were exposed to: non-saline drained 

control, saline drained, non-saline waterlogged and saline waterlogged treatments. 

Seedlings were waterlogging tolerant. Salt, applied in weekly increments of 50 mM, led 

to reduced survival, height growth rate, leaf number and stomatal conductance and 
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increased concentrations of leaf Na
+
 and Cl

-
. Salinity tolerance was 200 mM NaCl 

under saline drained and 150 mM NaCl under waterlogged conditions. 

Milletia pinnata diversity could be exploited for selection of superior genotypes for 

oil production on marginal land. 

 

Keywords:  Fatty acid composition · Genetic resources ·  ITS region · Oil content ·  

Pongamia · Salinity tolerance  

 

Introduction 

 

M. pinnata (L.) Panigrahi syn. Pongamia pinnata (L.) Pierre is a medium sized 

leguminous tree. M. pinnata seed contains oil, which is inedible but useful for biodiesel. 

With the depletion of world oil reserves, this biodiesel tree could contribute to 

renewable energy (Scott et al. 2008) especially if it could be grown on marginal land 

unsuitable for food production. 

M. pinnata grows in India, across Asia (China, Malaysia, Indonesia, Japan, the 

Philippines), Polynesia and tropical regions of Australia (Queensland and the Northern 

Territory) and it has been introduced into New Zealand and the USA as an ornamental 

tree (Scott et al. 2008). Many biodiesel crops have had previous uses, often as 

ornamentals, but as they emerge as biofuel crops, selection, breeding and production 

systems for feedstock are essential to gain maximum economical and environmental 

benefits (Azam et al. 2005). Initial steps require procurement of a germplasm collection, 

establishment and then phenotypic characterization for selection of important traits. The 

Forest Products Commission of Western Australia has a substantial collection of 

mature, seed bearing trees which were established from an Indian collection at the Frank 

Wise Research Station, in 1999 in Kununurra, in northern Western Australia. Studies of 

genetic diversity are limited to trees within certain states of India (Sahoo et al. 2010; 

Sharma et al. 2010) and a broader investigation of diversity is required. 

Previous molecular genetic studies of M. pinnata used AFLP, ISSR, RAPD and TE-

AFLP (Kesari et al. 2010; Sahoo et al. 2010; Sharma et al. 2010). Sequencing of the 

internal transcribed spacer (ITS) region of nuclear ribosomal DNA has been used for 

phylogenetic study of the Tribe Millettieae including Pongamia pinnata (Hu et al. 

2002). The ITS region evolves rapidly, has high sequence variation and contains many 

informative sites. It is relatively small, being under 700 bp (Baldwin et al. 1995), and 

therefore is suitable for species comparison between (Stappen et al. 1998) and within 



Chapter 3 

 57 

species (Ritland et al., 1993). Both TE-AFLP and AFLP indicate a high level of genetic 

diversity of M. pinnata collected from different locations in Delhi, India (Sharma et al. 

2010) whilst ISSR indicates narrow genetic diversity within the trees from several 

regions of Orissa, India (Sahoo et al. 2010). Identifying and capturing the genetic 

diversity across M. pinnata is essential for future exploitation of this species and 

analysis of the ITS sequence is a suitable approach. 

Seed oil quantity and quality are essential characters for biodiesel feedstock 

production. In particular, seed size, oil content and fatty acid composition are important 

criteria for selection of superior trees. Seed traits need to be characterized across a broad 

range of phenotypes and compared with molecular genetic diversity. In other crops, 

seed oil and fatty acid content vary during development (Hathurusingha et al. 2011; 

Saldivar et al. 2011; Saoussem et al. 2009). This needs to be investigated in M. pinnata 

to determine peak oil and the optimum fatty acid composition for biodiesel quality. This 

information is very important in determining an appropriate time for harvesting. 

Second generation biofuel production targets marginal lands to avoid the conflict 

between food production and first generation biofuel crops (Gressel 2008). Saline and 

waterlogged soils are typical of marginal lands as they reduce plant growth and 

productivity (Rengasamy et al. 2003). M. pinnata is found in coastal habitats (Kesari 

and Rangan 2010; Mukta and Sreevalli 2010) indicating it should cope with 

waterlogging and salt concentrations equivalent to sea water, which contains about 500 

mM NaCl (Flowers et al. 1986). It is purportedly highly salt tolerant (Divakara et al. 

2010; Kaushik et al. 2007; Kesari and Rangan 2010) however preliminary pot and field 

experiments examining salinity tolerance have yielded mixed results (Singh 1990; 

Tomar and Gupta 1985; Tomar et al. 2003). Studies of tolerance of waterlogging are 

lacking (Mukta and Sreevali 2010). Knowledge is needed of the response to salt and 

waterlogging across a range of provenances. 

A standard approach for salinity tolerance experiments under glasshouse conditions is 

to increase salinity until the maximum concentration is reached which is marked by salt 

injury (older leaves turning yellow, wilting, senescence, necrosis) or 50% death of 

plants, then they are held for several more weeks at this concentration (Craig et al. 

1990; Meddings et al. 2001; Van der Moezel et al. 1991). The gradual increase of 

salinity would mimic field conditions where soils seasonally dry out and salt 

concentration increases (Nikman and McComb 2000). 

The aims of the present study were: firstly to investigate genetic diversity of M. 

pinnata from the Forest Products Commission collection in Kununurra in tropical, 
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northern Western Australia and compare them with natural populations in Australia, 

India and Indonesia; secondly, to assess the existence of variability of important 

biodiesel parameters such as seed traits, oil content and fatty acid composition to select 

high oil yielding  trees; thirdly, to determine the appropriate time of harvest as indicated 

by the oil content and fatty acid composition in developing seeds; and finally, to 

investigate the tolerance of seedlings to salinity, waterlogging and the combined stress  

conditions and evaluate their suitability for planting in marginal land. 

 

Materials and methods 

 

Molecular genetic diversity using sequencing of ITS region 

 

Plant material  

 

The M. pinnata trees used were planted in 1999 at the Frank Wise Research Institute 

located in the Ord River Irrigation Area of Kununurra (Lat 15° 46´ S, Long 128° 44´ E) 

in tropical, northern Western Australia. Seed was purportedly sourced from Indian 

collections. In 1999 seedlings were grown under nursery conditions and transplanted 

into laser-leveled irrigated plots at 3.6 m x 6 m spacing. Two young leaves per tree were 

harvested from 30 mature trees from Kununurra for DNA extraction.  

Seeds were also collected from natural populations in Australia (9 trees) using single 

tree collections per location. These included trees from Brighton, Gladstone, Graceville, 

Indooroopilly, Mackay, Toowong and two sites at Kelvin Grove in Queensland and at 

Katherine in the Northern Territory. To compare these with seeds from known 

international provenances, seeds were purchased from six Indian states including 

Andhra Pradesh, Madhya Pradesh, Punjab, Tamil Nadu, Uttar Pradesh and West Bengal 

and three provinces of Indonesia namely Sumatera, West Java and two sites in East 

Java. Seeds from Australia, India and Indonesia were germinated in a tray with potting 

mix, grown for 6 weeks and fully expanded leaves were harvested for DNA extraction.  

 

DNA extraction and quantification 

 

Genomic DNA was extracted using DNeasy Plant Mini Kit (Qiagen, Clifton Hill, 

Victoria Australia). Approximately 100 mg of either frozen or fresh leaf samples were 

ground in liquid nitrogen with a mortar and pestle to fine powder. DNA was isolated 
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according to manufacturer’s instructions and examined by gel electrophoresis using 1% 

agarose gel in Tris acetate-EDTA buffer with ethidium bromide at 120 V for 40 min. 

DNA was quantified using a nanodrop spectrophotometer (ND 10000, Biolab). 

 

PCR amplification and purification  

 

The ITS region consists of three components, namely the 5.8S subunit and two spacers 

(ITS 1 and ITS 2) (Baldwin et al. 1995) and the techniques used here were modified 

from Hu et al. (2002). The ITS regions were amplified via the polymerase chain 

reaction (PCR) using HotStarTaq Plus Master Mix Kit (Qiagen, Clifton Hill, Victoria, 

Australia) with ITS 4 (reverse) and ITS 5 (forward) primers (Integrated DNA 

Technologies, Coralville IA, USA). Sequence of the reverse primer ITS 5 was 5’-GGA 

AGT AAA AGT CGT AAC AAG G-3’ and the forward primer ITS 4 was 5’-TCC TCC 

GCT TAT TGA TAT GC-3’. Reaction mixtures (20 µl) containing 10 µl master mix (1 

unit HotStarTaq Plus DNA polymerase, 1 x PCR buffer, 200 µM of each dNTP), 0.1 

µM of each primer, 40 ng of DNA template and known volume of RNase-Free water 

were run in a thermocycler (Multigene Gradient, Edison, NJ, USA). A negative control 

containing all components of the reaction mixture except DNA template (replaced with 

water) was included to test reagents for DNA contamination. The temperature program 

for PCR had an initial denaturation step of 5 min at 95
o
C, followed by 35 cycles of 30 

sec at 94
o
C, 30 sec at 51

o
C for annealing, one minute extension at 72

o
C and 10 min final 

extension at 72
o
C. Amplification products were visualized in 1.5% agarose gel 

electrophoresis stained with ethidium bromide. 

PCR products were purified using QIAquick
®

 PCR Purification Kit (Qiagen) 

according to manufacturer’s instructions and were visualized in 1.5% agarose gel 

following electrophoresis and staining with ethidium bromide at 120 V for 1h. A DNA 

marker, 100 bp ladder (Axygen, Union City, California, USA) was run in each gel to 

examine the size of products. Concentrations of PCR products and purified PCR 

products were examined using a nanodrop spectrophotometer (ND 10000 Biolab). 

 

DNA Sequencing 

 

The purified double-stranded PCR products were used as templates in sequencing 

reactions. The forward (ITS 5) and reverse (ITS 4) primers used for PCR amplification 

were also used for sequencing. Sequencing reactions (20 µl) contained 14-20 ng DNA 
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template, 2 µl primer at 1 pmol/µl, 1 µl ABI PRISM big dye terminator mix, 7 µl 2.5x 

buffer and 8 µl of culture sterile water. The reaction was performed in a thermocycler 

(Multigene, Edison, NJ, USA) using a program with an initial activation step at 96
o
C for 

5 min followed by 35 cycles of 30 sec at 94
o
C, 30 sec at 51

o
C, 1 min at 72

o
C with a 

final 10 min extension at 72
o
C. Products were cleansed and then sequenced using an 

automated sequencer ABI Prism 3500 Genetic Analyzer (Applied Biosystem) according 

to manufacturer’s protocol. In addition to M. pinnata, DNA sequences of outgroup 

species were obtained from the gene bank (NCBI database). These included M. pulchra 

Kurz (accession # AF467479) and M. thonningii Baker (accession # AF467481). 

 

Data analyses  

 

The DNA sequences were aligned using ClustalW (Thompson et al. 1994). Parsimony 

analysis was performed using PAUP 4.0 (Center for Biodiversity, Illinois Natural 

History Survey, Illinois, USA). Heuristic searches were employed with tree bisection-

reconnection branch-swapping by step-wise addition and closest addition sequence. 

Five trees were held at each step and only the best tree was kept. Bootstrap analysis was 

performed to estimate the relative levels of support to individual clades with 1000 

replications using heuristic search. 

 

Seed traits and oil content in mature seeds 

 

Seed traits  

 

Seed for seed traits, oil content and fatty acid composition in mature seeds were taken 

from the same sources as DNA extraction. Ten seeds per tree were weighed and their 

length, breadth and thickness measured using a digimatic caliper (Mitutoya, Japan). 

 

Oil extraction and quantification  

 

Seeds were dried in an oven at 45
o
C until constant weight was obtained before grinding. 

Oil was extracted in n-hexane using the soxhlet method (Meher et al. 2006) in 

triplicates. Dry ground seeds (1 g) were packed in a thimble, placed in a soxhlet 

extractor and extracted under constant heat (65
o
C) for 2 h. Hexane was removed using a 
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rotary evaporator and crude oil content was measured and expressed as a percentage of 

dry seed weight.  

 

Transesterification and fatty acid analysis  

 

Transesterification and fatty acid methyl ester (FAME) analysis was adapted from 

Mukta et al. (2009) with heptadecanoic acid methyl ester (Sigma Aldrich, Sydney, 

Australia) as an internal standard. Fatty acid profile was determined using a Shimadzu 

GC-2010 gas chromatograph fitted with flame ionization detection (FID) and a BPX 70 

column (50 m x 0.22 mm inner diameter, 0.25 µm film thickness; Alltech Australia). 

Initial oven temperature was 200
o
C held for 15 min, then increased by 5

o
C per minute to 

220
o
C and held for 10 min with total run time of 30 min. Detector and injector port 

temperatures were maintained at 250
o
C and 285

o
C respectively. Helium was used as a 

carrier gas with a flow rate of 0.65 ml min
-1

 and a split ratio of 49.9. Injection volume 

for GC analysis was 2 µl. Manual peak integrations were performed using GC post run 

analysis. Identification of FAMEs was confirmed using gas chromatography - mass 

spectrometry (GC-MS) on a Shimadzu GC 2010 using the same column and same 

temperature program as GC FID. Fatty acid methyl ester contents were expressed as 

percentage of total fatty acid in each sample.  

 

Data analysis  

 

Seed traits, oil content and fatty acid composition, were subjected to general analyses of 

variance (ANOVA) using Genstat 14
th

 edition (VSN International Ltd) to check overall 

significant differences. Oil content across trees were categorized into low (<x-1s), 

medium (x-1s to x+1s) and high (>x+1s) oil content groups, where x and s are mean and 

standard deviation respectively (Mukta et al. 2009). A correlation coefficient between 

seed traits and oil content was generated using Microsoft Excel, t and P values were 

calculated for each correlation. Fatty acid composition was reported as proportion of 

each fatty acid to the total fatty acid in each sample. The diversity of fatty acid 

composition was examined by cluster analysis using Primer 6 software. Euclidean 

distance matrix was used for cluster analysis based on unweighted pair-group method 

using arithmetic averages (UPGMA).  
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Seed traits and oil content in developing seeds 

 

Changes in seed weight, oil content and fatty acid composition of developing seeds 

were measured by harvesting 10 pods from three trees monthly from six to eleven 

months after flowering (MAF) during year of 2009. In 2008, flowering in Kununurra 

occurred in October and seeds matured in September 2009. At six MAF, seeds were 

large enough to accurately measure morphological traits, oil content per seed and fatty 

acid composition. 

 

Salinity and waterlogging tolerance 

 

Plant material  

 

Seeds of M. pinnata from the Forest Products Commission collection in Kununurra 

(KN) and four states of India including Madhya Pradesh (MP), Punjab (PJ), Tamil Nadu 

(TN) and West Bengal (WB) were germinated and four month-old seedlings were used 

in the experiment. 

 

Experimental design  

 

The salinity experiment was conducted in the Forest Products Commission Research 

Nursery at the University of Western Australia, Shenton Park Field Station (Perth, WA) 

in a screenhouse. There were four treatments, five provenances and six plants per 

provenance in a tank experiment. Each plant was treated as a replicate. Treatments were 

control, i.e. non-saline drained (C), saline drained (S), non-saline waterlogged (W) and 

saline waterlogged (SW). Six seedlings of the same height and leaf number from each 

provenance were randomly arranged in the tanks for acclimatization two weeks before 

imposing treatments. The initial salt concentration was 50 mM NaCl and this was 

increased in weekly increments of 50 mM to up to the concentration when salt injury 

symptoms, such as older leaves turning yellow, necrosis, wilting and senesce were 

observed. This approach was adapted from Craig et al. (1990) and Van der Moezel et al. 

(1991). Plants were held at this concentration for 3 weeks before salt solutions were 

leached from the media with fresh water. Control and saline drained tanks were 

connected to pumps which circulated water from reservoirs. Plants were watered for 15 

minutes (2x/day) using an automatic watering system. Waterlogging was achieved by 
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filling tanks up to 1 cm below the surface of potting media. A soluble fertilizer solution 

(quarter strength, Advance Grow, Dutch Master, Adelaide, Australia) was applied 

during the first and the second week of acclimation. This was increased to half strength 

for the rest of experiment and changed weekly. The soluble liquid fertilizer contained 

nitrogen (N, 2.6%), soluble potash (K, 6%), calcium (Ca, 2.20%), iron (Fe, 0.045%), 

phosphoric acid (P2O5, 0.75%), magnesium (Mg, 0.70%), sulphur (S, 0.005%), copper 

(Cu, 0.004%), manganese (Mn, 0.015%), molybdenum (Mo, 0.004%) and zinc (Zn, 

0.005%).  

Measurements for salinity and waterlogging tolerance 

Survival and height of the main stem were measured weekly. Dead plants were 

recognized when all foliage permanently wilted (Craig et al. 1990). Growth rate was 

calculated from plant height per week (Meddings et al. 2001). Stomatal conductance 

was measured in week 4 at noon on a sunny day on the youngest fully expanded leaf 

using a Leaf Porometer (Decagon Devices, Pullman USA). The youngest fully 

expanded leaves were harvested at week 5 for ion analysis (Na
+
, K

+
 and Cl

-
). Leaf 

samples were oven dried at 65
o
C for 72 h and ground with a ball mill. Ions were 

extracted in 0.5 M HNO3 by shaking for 48 h at 20 – 25
o
C. Na

+
 and K

+
 were determined 

in dilutions of the extracts using a flame photometer (PFP7, Jenway, Essex, UK) and Cl
-
 

using a Buchler-Cotlove Chloridometer (Buchler Instruments, Model 4-2000, NJ, 

USA). Three lateral roots were removed per plant at week 5 to examine aerenchyma at 4 

to 10 cm from the root tips. Roots were transversely sectioned and mounted onto a glass 

slide and examined under a microscope. 

 

Data analysis  

 

Analysis of variance was performed using Genstat 14
th

 edition (VSN International Ltd) 

to identify overall significant differences between treatments, provenances and 

interactions. Percentage of survival was calculated based on 30 replications. Results of 

each treatment were compared pairwise with the rest following a simple t-test (Johnson 

and Bhattacharyya 1996).  
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Results 

 

Genetic diversity 

 

The nucleotide sequence of the ITS region indicated genetic diversity across the species. 

The aligned ITS sequences of 49 genotypes from M. pinnata and two out-groups (M. 

pulchra and M. thonningii) consisted of 661 base pairs (bp). Among these, 509 bp were 

constant, 105 bp were parsimony uninformative and 47 bp were parsimony informative. 

A heuristics search of nucleotide characters from the entire ITS region generated a 

parsimony tree with length of 207, which contained five clades with more than 50% 

bootstrap supports and 33 single individuals (Fig. 3.1). The two out-group species, M. 

pulchra and M. thonningii, were separated from the in-group with 99% bootstrap 

support. Clade I consisted of two individuals (# 12 and 13) from Kununurra. Clade II 

included five individuals from Kununurra namely # 2, 11, 14, 15, and 16. Clade III 

contained individual # 56 from Kununurra and a tree from Sumatera (Indonesia). Clade 

IV included four individuals from Indian accessions, namely Andhra Pradesh, Tamil 

Nadu, Madhya Pradesh and Punjab. Clade V was the most distinct among trees studied 

and only contained trees from Indonesia (West Java, East Java 1 and East Java 2). 

 

Seed traits and oil content of mature seeds 

 

There was very high variation in seed traits across trees (P<0.001; Table 3.1). 

Generally, the shortest and the lightest seeds were from Indonesia which were 18.29 

mm and 1.17 g respectively while the heaviest seeds were from India. Oil content varied 

(Table 3.2) with the lowest range of 28-36% in Indonesia, through the mid-range 

collections from India (30.3 - 38.0%) and Queensland and the Northern Territory in 

Australia (33.0 - 40.3%) to trees with high oil content (# 3, 5, 14 and 80) and the highest 

oil content of 45% (# 4) in Kununurra.  

There was a high positive correlation (all P<0.001) between seed weight and seed 

length (r = 0.67), seed breadth, (r = 0.53) and seed thickness (r = 0.7). There was no 

significant correlation between these seed traits and oil content (Table 3.3). 
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Fig. 3.1 Phylogenetic parsimony tree generated from PAUP 4.0 based on Internal 

Transcribe Spacer (ITS) nucleotide sequence data. Tree length = 207, CI = 0.8937 and 

RI = 0.8151. Numbers above branches indicate branch length and numbers below 

branches in italics indicate bootstrap values of 1000 replications. The 49 genotypes of 

M. pinnata were from four accessions: Kununurra WA (Western Australia), elsewhere 

in Australia (QLD = Queensland and NT = Northern Territory), India and Indonesia.  
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Table 3.1 Seed traits (length, breadth, thickness and weight) of M. pinnata from four 

accessions  

Accession Length (mm)  Breadth (mm)  Thickness (mm) Weight (g)  

Kununurra 21.79 ± 0.28 15.61 ± 0.21 6.74 ± 0.13 1.31 ± 0.04 

Australia (QLD and NT) 21.06 ± 0.85 14.70 ± 0.47 7.00 ± 0.21 1.44 ± 0.13 

India  22.28 ± 2.11 14.54 ± 0.87 7.85 ± 0.70 1.53 ± 0.11 

Indonesia 18.29 ± 1.03 13.35 ± 1.04 7.06 ± 0.65   1.17 ± 0.17 

Values are mean of ten seeds plus minus standard errors   

QLD = Queensland, NT = Northern Territory 

 

 

Table 3.2 Oil content of M. pinnata seeds from four accessions 

 

Each oil content was determined as grams of oil per gram dry ground seed sample 

expressed as the mean percentage ± standard error and values for each tree were 

categorized into low (<33.9%), medium (33.9 – 40.6%) and high (>40.6%) 

QLD = Queensland, NT = Northern Territory  

 

 

Table 3.3 Correlation matrix for seed traits and oil content 

 

*** indicates very high significance of interaction (n = 49, P<0.001) 

 

Peaks detected by GC-FID consistently indicated nine fatty acid methyl esters 

(FAMEs) present in the oil (Fig. 3.2). The FAMEs were identified by GC-MS and listed 

according to their retention time from the earliest to the latest as follows: palmitic 

(C16:0), stearic (C18:0), oleic (C18:1),  linoleic (C18:2), linolenic (C18:3), arachidic 

(C20:0), 11-eicosenoic (C20:1), behenic (C22:0) and lignoceric (C24:0) acids 

respectively. The internal standard peak (heptadecanoic acid methyl ester) appeared at 

9.8 min between palmitic and stearic acid peaks. 

Fatty acid methyl ester composition varied across trees (P<0.001). The major fatty 

acid was oleic (51%), followed by linoleic (19%), palmitic (11%), stearic (6%), 

linolenic and behenic (both 4.5%), lignoceric (1.4%) and 11-eicosenoic and arachidic 

Number of trees in category Accession Number of  trees 

 (n) 

Oil content 

(% w/w) low medium high 

Kununurra 30 38.57 ± 0.56 1 24 5 

Australia (QLD & NT) 9 37.22 ± 0.52 1 8 0 

India 6 34.06 ± 0.47 4 2 0 

Indonesia 4 32.50 ± 0.89 2 2 0 

 Seed 

length 

Seed 

breadth 

Seed 

thickness 

Seed 

weight 

Oil content 

(%) 

Seed length (mm) 1.00     

Seed breadth (mm) 0.37 1.00    

Seed thickness (mm) 0.30 0.18 1.00   

Seed weight (g)      0.67***      0.53***      0.70*** 1.00  

Oil content (%)  0.22 0.38 -0.11 0.15 1.00 
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acid (both 1.2%). The range in the proportion of major fatty acids was 36.8 – 62.7% for 

oleic, 40 - 24.1% for linoleic, 8.9 – 15.2% for palmitic and linolenic was 2.3 – 8.8%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2 Chromatogram of fatty acid profile of M. pinnata seed. Fatty acid identity 

indicated adjacent to each peak and the internal standard used was heptadecanoic acid 

methyl ester. 

 

Cluster analysis of the euclidean distance matrix of fatty acid composition indicated a 

dendrogram consisting of 3 groups (Fig. 3.3), with a distance value greater than 12. The 

first group contained three individuals from Indonesia including East Java 1 and 2, and 

West Java. The second group was the largest and contained individuals from all other 

accessions. The third group contained a single tree (# 63) from Kununurra.  

 

Seed traits and oil content in developing seeds 

 

Increases in seed weight (Fig. 3.4a) oil content (Fig. 3.4b) in developing seed followed a 

sigmoidal curve. Seed weight at 6 MAF was 0.37 g, this nearly tripled by 7 MAF, there 

was no increase at 8 MAF, but then it resumed growth from 9 MAF and substantially 

increased to 1.45 g prior to maturity at 11 MAF. Oil content was 19% g at 6 MAF and it 

increased to 28% at7 MAF, then remained relatively constant for 3 months with a final 

increase to 38% at maturity (11 MAF).   

The composition of fatty acid methyl esters changed during seed development (Fig. 

3.4c). Oleic acid increased from 42% 6 MAF to 52% 7 MAF, was relatively stable until 

9 MAF and then increased to 61% 11 MAF. Linoleic acid varied between 13 and 20% 

up to 9 MAF then decreased to 13% at maturity. Palmitic and stearic acid tended to 
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decline from 6 MAF and were 13% and 9% respectively at maturity. Linolenic 

decreased from 7% at 6 MAF to 3% at maturity. Other FAMEs were minor components 

which also slightly increased during seed development except arachidic which remained 

unchanged at <1%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3 Dendrogram of Euclidean distance matrix based on group average of fatty acid 

methyl ester composition (%) of 49 individual trees of M. pinnata from four accessions: 

Kununurra WA (Western Australia), elsewhere in Australia (QLD = Queensland and 

NT = Northern Territory), India and Indonesia 
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Fig. 3.4 a Seed weight, b oil content in developing seeds and, c fatty acid methyl ester 

composition from 6 to 11 months after flowering (MAF) 

 

Salt and waterlogging tolerance 

 

Waterlogging alone did not reduce plant survival but it was influenced by salt 

concentration (P<0.05). There was no influence of provenance and no interaction 

between provenances and treatments for survival. Saline drained seedlings survived up 

to 250 mM NaCl held for one week, while survival for saline waterlogged seedlings was 

reduced at 200 mM NaCl and higher concentrations (Table 3.4). Holding seedlings in 

saline drained conditions at 250 mM NaCl for two weeks reduced survival to 80% and 

holding the plants for three weeks further reduced survival to 37%. After one week 

under saline waterlogged conditions at 200 mM NaCl survival declined to 86%, and 

after two weeks at 250 mM NaCl survival reduced substantially to 34% and after three 

weeks most plants were killed leaving only 3% alive. 



Chapter 3 

 70 

Table 3.4 Survival of M. pinnata under different salt and waterlogging treatments  
 

Treatments Survival (%) at different NaCl concentration (mM) / time (week) 

  50/1 100/2 150/3 200/4 250/5 250/6 250/7 

Control 100 a 100 a 100 a 100 a 100 a 100 a 100 a 

Saline drained 100 a 100 a 100 a    94 ab    91 ab   80 b   37 c 

Non-saline waterlogged 100 a 100 a 100 a 100 a 100 a 100 a 100 a 

Saline waterlogged 100 a 100 a 100 a   86 b    77 b   34 c     3 d 

 

Treatments were imposed for 1 week except the highest NaCl (250 mM) concentration 

which was kept for 3 weeks. Different letters following the means indicate significant 

differences according to t test (n=30, P<0.05) 

 

Control height growth rate (HGR) was fairly constant at approximately 9 mm/week. 

Treatments reduced HGR (P<0.001) but there was no influence of provenance (P>0.05). 

Waterlogging reduced HGR by about a third. Generally HGR decreased with increasing 

NaCl concentration or prolonged salt treatment (Fig. 3.5a). Under saline drained 

conditions of 50-150 mM NaCl, HGR was halved to about 4.5 mm/week. When NaCl 

concentration was increased to 250 mM plant growth was reduced to about 2 mm/week. 

Combined salt and waterlogging conditions resulted in more severe growth reduction. 

At 50 mM NaCl HGR was again halved, it decreased to a third at 100 mM and 150 mM 

NaCl, and plants did not grow at 200 mM NaCl and above. 

Treatments influenced leaf number (Fig 3.5b; P<0.01). Control plants commenced the 

experiment with 8 leaves and finished with 10 leaves. Non-saline waterlogged plants 

reduced leaf number slightly with more reduction by salt treatment. Increasing NaCl 

concentration under saline drained conditions gradually reduced leaf number and it 

halved after one week at 250 mM NaCl. Combined salt and waterlogging conditions 

reduced leaf number more than salt or waterlogging alone and prolonging the treatment 

caused more reduction in leaf number. For example, leaf number reduced by 6 and 7 

leaves at 200 and 250 mM NaCl respectively. Leaf number further reduced so that after 

3 weeks at 250 mM NaCl most plants had no leaves. 

Stomatal conductance, measured at week 4 (salt at 200 mM NaCl), was influenced by 

treatment (P<0.001) but not by provenance (P>0.05). Control stomatal conductance was 

176 mmol m
-2

s
-1

 and it decreased by 64% in non-saline waterlogged conditions and was 

further decreased by 86% in saline drained and by 94% in saline waterlogged 

conditions. There was only an interaction between treatment and provenance under non-

saline waterlogged conditions on stomatal conductance (Fig. 3.5c; P<0.001). Plants 

from Kununurra and Tamil Nadu had the smallest reduction of 55% in stomatal 

conductance, this was further reduced in plants from Punjab and Madhya Pradesh (66% 

reduction) and plants from West Bengal (80% reduction).  
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Fig. 3.5 a Height growth rate and b leaf number under non-saline drained control (C), 

saline drained (S), non-saline waterlogged (W) and saline waterlogged (SW) treatments 

with weekly increment of 50 mM NaCl. Each treatment was imposed for one week 

except at 250 mM NaCl which was held for three weeks. c Stomatal conductance of leaf 

from different provenances (KN = Kununurra, MP = Madhya Pradesh, PJ = Punjab, TN 

= Tamil Nadu, WB = West Bengal) at week 4 for control (C), saline drained (S), non-

saline waterlogged (W), and saline waterlogged (SW) treatments at 200 mM NaCl. d 

Concentration of Na
+
, Cl

-
 and K

+
 in the youngest fully expanded leaf in week 6, one 

week after application of 250 mM NaCl. Values are means ± standard errors  

 

Leaf ion concentrations were measured at week 5, one week after imposition of 250 

mM NaCl and treatment influenced concentrations of Na
+
, Cl

-
 and K

+
 (Fig. 3.5d; 

P<0.01). Leaf Na
+
 concentration increased 4.5-fold in saline drained and 10-fold under 

saline waterlogged conditions. Leaf Cl
-
 concentration increased about 3-fold in both 

saline drained and saline waterlogged conditions. Neither leaf Na
+
 nor Cl

-
 

concentrations were influenced by non-saline waterlogging. Leaf K
+
 concentration was 

not influenced by either saline drained or saline waterlogged conditions and it reduced 
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by 22% under non-saline waterlogging. No aerenchyma was observed in the roots under 

non-saline waterlogged and saline waterlogged conditions.  

 

Discussion 

 

The sequences of ITS region of 49 individuals indicated genetic variation between 

accessions of M. pinnata. Three Indonesian accessions from across Java were placed in 

one clade, which was very distinct from the remaining individual trees especially those 

from India where the species is thought to originate (Sujatha et al. 2008). The genetic 

distance between Indonesian, Indian and Australian genotypes indicated that M. pinnata 

did not disperse naturally from India to Australia via the Indonesian archipelago. Scott 

et al. (2008) suggests that M. pinnata were probably introduced from India to Australia 

early in human history. The isolation of Javanese clades possibly suggests that the 

genotypes could have originated in Java but this requires further investigation.  

Trees from Andhra Pradesh, Tamil Nadu, Madhya Pradesh and Punjab in India were 

in the same clade indicating they were closely related. Geographically, Andhra Pradesh 

and Tamil Nadu are adjacent coastal states. Coastal-grown M. pinnata may drop pods 

into estuarine rivers or directly into the sea. Pods can float for up to three months on 

saline water and then germinate under laboratory conditions and seedlings are often 

observed growing on beaches (Nakanishi 1988). Flotation is probably an effective 

dispersal method and the coastal proximity of Andhra Pradesh and Tamil Nadu could 

facilitate gene flow between populations. Seeds were also probably dispersed by 

humans along the coast as these plants have multiple uses in India including a 

traditional source of medicine (Chopade et al. 2008), fuel, fish poison, animal fodder, 

green manure and making farm implements (Mukta and Sreevalli 2010). The distance 

between Punjab in far north-western India and inland Madhya Pradesh may restrict 

natural gene flow, but not necessarily human dispersal. Further sampling within and 

between these states would be required to clarify these relationships. 

None of the trees from Forest Products Commission collection in Kununurra were in 

the Indian clade of Andhra Pradesh, Tamil Nadu, Madhya Pradesh and Punjab, 

indicating their distinctiveness from these states in India. Improvement of the genetic 

diversity of the collection would require future seed sourcing from these regions in 

addition to a wide range of other geographic and climatic conditions from across the M. 

pinnata range. 
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Seed traits and oil content were also useful in establishing genetic variation, especially 

as they are important components of yield (Kaushik et al. 2007; Kesari et al. 2008). 

Seed weight was naturally highly correlated with length, breadth and thickness and 

indicated as expected that all three parameters were important in determining seed size. 

Sunil et al. (2009) and Divakara et al. (2010) claim oil content and seed weight are 

under substantial genetic control, based on heritability in the broad sense but further 

research is required to estimate the narrow sense heritability of these traits in M. pinnata 

and to determine any influence from particular environmental factors.  

Oil content was highly variable across trees. Among 30 trees from the Forest Products 

Commission collection at Kununurra, it ranged from 31 to 45%. The lowest oil content 

of seed from Kununurra trees was much higher than in previous studies under Indian 

conditions. Across 21 accessions from Andhra Pradesh oil content ranges from 9.5 to 

46% (Mukta et al. 2009), and across 123 accessions from Andhra Pradesh and Orissa oil 

content ranges from 15 to 47% (Sunil et al. 2009).  

Based on oil content, the Forest Products Commission tree collection has seed which 

represent the high oil content range across M. pinnata. Trees # 3, 4, 5, 14 and 80 had 

high oil content (40.7- 45%). In addition to oil content, these trees also possessed high 

seed weight (1.3 – 1.7 g) and therefore they could potentially be used for mass 

propagation or for utilization in a breeding program. Oil yield is one of the most 

important traits determining the commercial success of M. pinnata as an energy crop.  

Fatty acid composition of M. pinnata is suitable for biodiesel according to USA, 

German and European standards (Azam et al. 2005; Karmee and Chadha 2005), 

however quality can be improved. Oleic acid, a mono-unsaturated 18-carbon chain, is 

the most desirable fatty acid for good quality biodiesel, due to its low viscosity, low 

melting point of -20
o
C, which makes it suitable for use under cold climatic conditions 

(Knothe 2008), and an acceptable cetane number of 57.6 (Naik et al. 2008), which 

indicates good ignition quality (Meher et al. 2006). Oleic acid was the major fatty acid 

across trees and generally constituted about half of the oil with a range from 

approximately one to two thirds. 

The other major fatty acids, palmitic, stearic and linoleic, also possess good biodiesel 

properties (Knothe 2008). Among the nine fatty acids in M. pinnata oil, the only fatty 

acid not suitable for biodiesel is linolenic acid, which should not exceed 12%. Linolenic 

acid has three double bonds and in engines this unsaturated fatty acid can be harmful 

(Azam et al. 2005) and its low cetane number of 22.7 indicates poor ignition quality 

(Knothe 2008). All trees had seed oil with less than 12% linolenic acid.  
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Cluster analysis of fatty acid composition indicated close relationships among 

Indonesian genotypes. Trees from Java clustered together and were quite distinct from 

all other genotypes, whereas Sumatera grouped with trees from Kununurra, Australia 

and India. This supported the relationships indicated by genetic diversity of the ITS 

region, where trees from Java were also distinct from the remaining accessions. The 

Kununurra tree collection does not appear to include any Javanese material, but the 

small seed size and low proportion of oleic acid would make them less desirable for 

selection. 

Agreement between the cluster analyses derived from molecular genetic data and 

differences in fatty acid composition supports research in other crops indicating genetic 

control of fatty acid composition. The stearic acid content of sunflower (Helianthus 

annuus L.) (Perez-Vich et al. 1999) and the fatty acid content of peanut (Arachis 

hypogaea L.) (Norden et al. 1987) are primarily influenced by genotype. The high oleic 

acid content of oilseed rape (Brassica napus L.) has a very high heritability of 0.99 and 

is environmentally stable across different growing regions (Schierholt and Becker 

2001), which supports selection of superior trees for breeding from this analysis. 

Seed weight and oil content in developing seeds followed a similar sigmoidal curve 

where gains were substantial up to 7 MAF, relatively stable for two months with a final 

increase towards maturity at 11 MAF. The highest seed weight and oil content per seed 

was at maturity similar to other crops, such as safflower (Carthamus tinctorius L., 

Gecgel et al. 2007), sunflower, winged bean (Psophocarpus tetragonolobus (L.) DC., 

Khor and Chan 1988) and almond (Prunus dulcis (Mill.) D.A.Webb, Soler et al. 1988) 

where oil content also generally increases towards maturity. 

Fatty acid composition in developing seeds varied (P<0.001). Oleic acid was the 

dominant fatty acid constituting about half the oil from 6 DAF to maturity, however 

oleic acid content increased substantially in the last months before harvest. This was at 

the expense of palmitic (C16:0) and stearic (C18:0) and to a lesser extent linoleic and 

linolenic (C18:3) acids.  

Similarly in almond, increases in oleic acid from 85 days after fruit set to maturity at 

176 days are accompanied by decreases in saturated fatty acids, especially linoleic acid 

(Soler et al. 1988). Fatty acid synthesis in M. pinnata, probably follows a similar 

pathway to other higher plants (Ohlrogge 1997; Thelen and Ohlrogge 2002), where 

palmitic acid (C16:0) is the precursor of stearic acid (C18:0), which is further 

desaturated to oleic (C18:1) then linoleic (C18:2) and linolenic acid (C18:3). Stearic 

acid is also a precursor for very long chain fatty acids, such as arachidic (C20:0), 
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behenic (C22:0), and lignoceric (C24:0) acids. Fortunately in M. the fatty acid 

biosynthetic pathway favors accumulation of oleic acid over the other compounds on 

this pathway, at least under the conditions examined.  

Environmental conditions may alter the progress of seed development and fatty acid 

synthesis. This might be favorable and in Brassica napus warm and wet conditions can 

increase oleic acid content (Pritchard et al. 2000). In other oil seed species the influence 

of genotype, environment and their interaction also influence fatty acid composition, 

including oleic, linoleic and linolenic acids in soybean (Glycine max (L.) Merr, Primono 

et al. 2002; Zhe et al. 2010). 

Under some circumstances the environment, in particular temperature, influences oil 

biosynthesis during seed filling. In sunflower, oleic acid increases in response to 

minimum night temperatures from 12.5 to 21.5
o
C whereas it has little impact outside 

these temperatures (Izquierdo and Aguirrezaba 2008). In Brassica napus, wet conditions 

increase oleic acid content, but whereas Pritchard et al. (2000) report high temperatures 

increase oleic acid, Aslam et al. (2009) claim high temperatures decrease it. Thus the 

impact on fatty acid biosynthesis depends on the species and possibly the temperature 

range that plants are exposed to during seed development. Importantly, they highlight 

the significance of genotype comparisons within the proposed environment. The 

influence of the interaction between genotype and environment on oil content and fatty 

acid composition in M. pinnata was not investigated, and it will require examination of 

selected material across environments to distinguish genotype and environmental 

effects. 

The best time for harvest of M. pinnata was at maturity (11 MAF) because at this time 

seed had reached maximal weight, the highest oil content and seed oil contained the 

highest proportion of oleic acid.  Oleic acid is the most suitable fatty acid for good 

biodiesel quality as mentioned earlier. It can also be used to enrich biodiesel for better 

biodiesel fuel properties (Knothe 2008). In addition mechanical harvesting would need 

to occur before the next flowering season 12 months after the previous flowering. In 

another biodiesel tree, Calophyllum inophyllum L., the highest oil content is also at 

maturity 77 days after anthesis and this is suggested for harvest time (Hathurusingha et 

al. 2011). However, in corn (Zea mays L.) kernels the highest oil accumulation occurs 

20 days before maturation and it decreases at maturity (Saoussem et al. 2009). In five 

soybean genotypes, rapid oil accumulation occurs three to seven weeks after flowering, 

then remains constant until maturity at 11 weeks after flowering (Saldivar et al. 2011). 
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This emphasizes the importance of investigation on changes in oil accumulation during 

seed development and their impact on the appropriate time for harvest. 

M. pinnata was non-saline waterlogging tolerant. Survival under non-saline 

waterlogged conditions was similar to controls but it was accompanied by a reduction in 

growth. Waterlogging causes hypoxia which reduces production of ATP leading to 

slower growth (Barret-Lennard 2003). A common plant adaptation to waterlogging is 

formation of aerenchyma which provides interconnected air-filled channels in the root 

cortex for oxygen diffusion. This reduces the effects of waterlogging in woody plants, 

such as Casuarina obesa Miq. and Eucalyptus camaldulensis Dehnh. (Van der Moezel 

et al. 1988; Van der Moezel at al. 1989). The absence of aerenchyma in the root of M. 

pinnata indicated that an alternate mechanism of waterlogging tolerance may exist, such 

formation of long, superficial lateral roots (Mukta and Sreevalli 2010).  However these 

would be less efficient than the adventitious roots of Melaleuca cuticularis Labill. and 

Casuarina obesa, which contain aerenchyma and confer substantial waterlogging 

tolerance (Carter et al. 2006).  

Millettia pinnata was less able to survive and grow in controlled salt conditions than 

expected, given earlier claims of high salt tolerance (Divakara et al. 2010; Kaushik et al. 

2007; Kesari and Rangan 2010). It survived for short periods at 250 mM NaCl under 

drained conditions and at 200 mM NaCl under salt waterlogging. Combined salt and 

waterlogging resulted in higher plant death compared to either stress alone as is 

commonly observed (Craig et al. 1990; Meddings et al. 2001; Van der Moezel et al. 

1991). In other moderately salt tolerance species, such as Casuarina cunninghamiana 

Miq., survival decreases substantially both under salt drained and salt waterlogged 

conditions with more deaths under combined treatment (Van der Moezel et al. 1989). 

There was also little to no difference in salt tolerance between provenances, which was 

unexpected given the geographical and genetic diversity of genotypes. It may be that 

there was a lack of either salt tolerance or diversity for this trait, however further 

collection from saline areas is warranted given ecological (Kesari and Rangan 2010; 

Mukta and Sreevalli 2010) and field-based (Tomar and Gupta 1985; Tomar et al. 2003) 

evidence for salt tolerance within the species. In other species, such as Acacia redolens 

Maslin, A. patagiata R.S.Cowan & Maslin, Eucalyptus occidentalis Endl., E. 

camaldulensis and Casuarina obesa salinity tolerance varies between provenances and 

it is often an adaptation to the salinity of the original provenance habitat (Craig et al. 

1990; Van der Moezel and Bell 1990; Van der Moezel et al. 1991). 
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Salinity reduces plant growth by osmotic factors and ionic toxicity within the plant 

(Munns and Tester 2008). Reduced osmotic potential caused by salt outside the root 

inhibits water uptake leading to slower growth, an effect similar to drought. An 

immediate consequence of reduced osmotic potential is stomatal closure (Munns and 

Tester 2008) as seen in reduced stomatal conductance in M. pinnata under saline 

conditions. Increased concentrations of Na
+
 and Cl

-
 in young leaves grown under saline 

drained and saline waterlogged conditions indicated poor ability to exclude these ions. 

Under saline-waterlogged conditions concentrations of Na
+
 and Cl

-
 increased further 

due to increases in their rate of transport to the shoot, and this severely reduced plant 

growth and survival (Barret-Lennard 2003; Teakle et al. 2007).  

Growth reduction in M. pinnata occurred even under low salt concentrations of 50 

mM NaCl. This early growth reduction indicated the powerful osmotic effect of salt 

outside the roots (Munns and Tester 2008). Reduction in growth and leaf number was 

more pronounced as the salt concentration increased. This longer term effect usually 

occurs when ionic toxicity exceeds the threshold levels that influence plant growth, due 

to accumulation of salt in plant tissue. Presumably more salts accumulated in older than 

in younger leaves because older leaves were no longer expanding and diluting salts, and 

this resulted in the death of older leaves. Even under 200 mM NaCl drained and 150 

mM NaCl waterlogged conditions, the production of new leaves was slower than the 

death of old leaves, which reduced photosynthesis and the ability to supply 

carbohydrates for plant growth (Munns and Tester 2008). 

M. pinnata was moderately salt tolerant, and may be able to be grown under drained 

conditions of 200 mM NaCl and waterlogged conditions of 150 mM NaCl. This salinity 

tolerance was substantially less than earlier claims (Divakara et al. 2010; Kaushik et al. 

2007). In other species, such as Eucalyptus botryoides Sm. and E. kondininensis Maiden 

& Blakely, salt tolerance in the field is greater than under glasshouse conditions (Blake 

1981) perhaps due to temporal and spatial variations in salinity. While there have been 

reported observations that M. pinnata is found along the seashore (Kesari and Rangan 

2010; Mukta and Sreevalli 2010), survival may be enhanced by pockets of fresh water 

or less saline water, for example after dilution with rainwater or subterranean aquifers 

(Mensforth and Walker 1996). Alternatively, M. pinnata has less salinity tolerance as a 

seedling than at later, more mature stages when its deep roots can tap into fresher water 

supplies. Mature trees have a thick tap root that can grow down to 10 m depth, making 

it possible to extract deep ground water, even beneath other crops (Kesari and Rangan 

2010). 
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The present study supports the salinity tolerance reported by Singh (1990) where M. 

pinnata survive well at 16.3 dS m
-1

 (~163 mM NaCl) but growth is reduced. The young 

seedlings (4 months old) investigated here are appropriate for plantation establishment. 

Seedlings are transplanted to the field at this age, and this represents a critical stage of 

development in saline and waterlogged production areas (Tomar and Gupta 1985). The 

salinity tolerance under drained conditions was 200 mM NaCl, under saline waterlogged 

was 150 mM and the non-saline waterlogging tolerance of the species is a good guide in 

selecting suitable planting areas for M. pinnata in marginal land. Areas with moderate 

salinity in the tropical, arid and semi-arid regions of the world are probably suitable. 

Lower salinity (150 mM NaCl) in waterlogged areas may also be suitable. Areas which 

are periodically or seasonally waterlogged with fresh water, such as along riverbanks 

and low-lying landscapes, would be preferable. 

 

Conclusion 

 

Genetic diversity of M. pinnata based on sequencing of the ITS region, revealed 

Indonesian genotypes were distinct from the rest of the genotypes. All seed oil 

contained nine fatty acids and by weight more than half was oleic acid. Seed traits, oil 

content and fatty acid composition varied across trees. Five trees from the Forest 

Products Commission collection in Kununurra (#3, 4, 5, 14 and 80) had large seed size 

and high oil content, and could be used as a source for mass propagation and breeding 

purposes. Seed weight, oil content per seed and proportion of oleic acid in developing 

seeds increased following a sigmoidal pattern. Eleven months after flowering seeds had 

maximum weight, the highest oil content and the greatest oleic acid proportion, 

indicating this was the ideal time for harvest. M. pinnata had moderate salinity tolerance 

of 200 mM NaCl under saline drained, 150 mM NaCl under waterlogged conditions and 

non-saline waterlogging tolerance. It is probably suitable for plantations in marginal 

lands along fresh water river banks exposed to periodic waterlogging, low-lying areas 

which are seasonally waterlogged, and in arid and semi-arid regions of the world where 

soils are moderately saline. 
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Abstract 

Aims Milletia pinnata is a leguminous tropical tree that produces seed oil suitable for 

biodiesel and is targeted to be planted on marginal land associated with nitrogen poor 

soil. This study aimed to identify effective rhizobia species for M. pinnata.  

Methods Soil samples were collected from M. pinnata grown in Kununurra, Australia. 

Rhizobia were trapped on M. pinnata, isolated and physiologically characterized. 

Effective authenticated isolates were genotyped by sequencing 16S rRNA, atpD, dnaK 

and recA genes.  

Results Forty pure isolates were obtained with optimum growth conditions of pH 7 – 9 

and temperatures 29 – 37
o
C. Isolates tolerated salinity at less than 1% NaCl and had 

optimal growth on mannitol, arabinose or glutamate as a single carbon source, a few 

grew on sucrose and none grew on lactose. Slow-growing isolates were closely related 

to Bradyrhizobium yuanmingense, Bradyrhizobium sp. DOA10, Bradyrhizobium sp. 

ORS305 and B. liaoningense LMG 18230
T
. The fast-growing isolates related to 

Rhizobium sp. 8211, R. miluonense CCBAU 41251
T
, R miluonense CC-B-L1, 

Rhizobium sp. CCBAU 51330 and Rhizobium sp. 43015  

Conclusions M. pinnata was effectively nodulated by slow-growing root nodule bacteria 

related to Bradyrhizobium yuanmingense, Bradyrhizobium sp. DOA10 Bradyrhizobium 

sp. ORS305, B. liaoningense LMG 18230
T
 and fast-growing isolates related Rhizobium 

sp. 8211, R. miluonense, Rhizobium sp. CCBAU 51330 and Rhizobium sp. 43015  

  

Keywords: Bradyrhizobium ·  Housekeeping genes · Pongamia · Rhizobia ·  Rhizobium ·  

16S rRNA gene  

 

 

 

 



Chapter 4 

 88 

Introduction 

 

M. pinnata (L.) Panigrahi syn Pongamia pinnata (L.) Pierre, is a potential candidate for 

large-scale biodiesel production in tropical regions as it produces seeds with high oil 

yield and good fatty acid composition for biodiesel. M. pinnata is a member of the 

family Fabaceae which is able to form symbiotic relationships with nitrogen-fixing 

bacteria (Scott et al. 2008). This ability may contribute to the low nitrogen requirement 

of M. pinnata compared to other non-legume tree crops and its ability to be cultivated 

on nutrient-exhausted land, alleviating competition with food production on arable land 

(Gui et al. 2008).  

Nitrogen is an important nutrient for plant growth and yield however, its availability 

in soils is limited. Modern agriculture depends on chemically synthesised N fertilizers 

which are expensive and require fossil fuels for production, adding to greenhouse gas 

emissions. Biological nitrogen fixation is a useful and important alternative (Sahgal and 

Johri 2003), especially in biofuel production (Scott et al. 2008; Murphy et al. 2012). The 

nitrogen-fixing ability of rhizobia symbiotic with M. pinnata also makes this tree a good 

host for sandalwood (Santalum album L.), which is hemiparasitic, that is it obtains 

water, carbon and nitrogen from the host via root haustoria (Tennakoon and Pate 1996; 

Tennakoon et al. 1997)  

Root nodule bacteria (RNB) are soil bacteria capable of nodulation and nitrogen 

fixation in association with roots of legumes and they are collectively known as rhizobia 

(Willems 2006). RNB are diverse bacteria containing 12 genera and more than 70 

species, and this number regularly increases as more hosts are examined (Masson-

Boivin et al. 2009). There is a lack of information about species of root nodule bacteria 

nodulating M. pinnata, particularly characteristics of these bacteria that make them 

effective in fixing nitrogen and further study is required. Symbiotic effectiveness is the 

ability of nodules to fix nitrogen (Fterich et al. 2011). Shoot dry weight of host is one of 

the indicators of effective nodules (Fterich et al. 2011; Rahmani et al.2011).  

The 16S rRNA sequence is a universal genetic marker (Rivas et al. 2009) which plays 

an important role in identification, classification and construction of phylogenetic 

relationships of bacteria, including root nodule bacteria and it is essential for 

descriptions of new bacterial species (Willems et al. 2001). However there are 

limitations to the 16S gene, including high sequence similarity among Bradyrhizobium 

species and a high level of gene conservation which make it difficult to distinguish 

between closely related species, especially with the possibility of horizontal gene 
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transfer and gene recombination (Rajendhran and Gunasekaran 2011). In addition to 

16S, multilocus sequence analysis (MLSA) is recommended for better resolution of 

phylogenetic relationships and species identification of novel rhizobial strains (Menna 

et al. 2009; Rivas et al. 2009). MLSA combines analysis of several housekeeping genes 

such as atpD, dnaK, and recA, which are frequently used for Bradyrhizobium (Menna et 

al. 2009; Ramirez-Bahena et al. 2009; Rivas et al. 2009; Stepkowski et al. 2005; 

Stepkowski et al. 2012; Vinuesa et al. 2005; Zhang et al. 2011). Housekeeping genes are 

protein coding genes, amongst others, atpD gene encodes the ATP synthase beta-chain, 

dnaK gene encodes the conserved Hsp70 chaperone protein and recA gene encodes 

recombinase A (Menna et al. 2009).  

A preliminary examination indicates that M. pinnata’s seedlings can be inoculated by 

rhizobia and produces effective nodules. Three strains of rhizobia are used, namely 

Bradyrhizobium japonicum strain B1809, Bradyrhizobium sp. strain CB564 and 

Rhizobium sp. strain NGR234 resulting in nodulation of M. pinnata roots. However, the 

effectiveness of the nodules to increase shoot dry weight of the seedlings is not 

quantified (Scott et al. 2008). In addition, there has been no detailed study of phenotypic 

characteristics and symbiotic effectiveness of rhizobia isolates which naturally nodulate 

M. pinnata. Isolation and identification of authentic and effective rhizobia isolates is 

required to support M. pinnata plantations in nitrogen poor soils. M. pinnata trees are 

purportedly able to grow under a wide range of environments in the tropics, with 

temperatures from 13 - 45
o
C, saline soils and soils with a range of pH including sodic 

soils (Mukta and Sreevalli 2010; Murphy et al. 2012). The ability of rhizobia to grow in 

these diverse environmental conditions will be important for the establishment and 

success of M. pinnata plantations on these marginal lands.  

The hypotheses here was that the RNB from plantation soils could be identified and 

would be effective microsymbionts and might be used in future as inoculums. The aims 

of this study were to collect, characterized and identify effective RNB from soils of 

plantation-grown M. pinnata in Kununurra northern Western Australia  

 

Materials and methods 

 

Soil sampling and trapping rhizobia 

 

Soil samples were collected at 10 cm depth from beneath M. pinnata stands at the Forest 

Products Commission plantations located at the Frank Wise Institute in the Ord River 
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Irrigation Area (ORIA) of Kununurra (15°46´S, 128°44´E) in tropical, northern Western 

Australia. The physiochemical characteristics of the soil samples were as follows: 5 mg 

kg
-1

 ammonium nitrogen, 3 mg kg
-1

 nitrate nitrogen, 2 mg kg
-1

 phosphorus Colwell, 258 

mg kg
-1 

potassium Colwell, 0.58 mg kg
-1

 organic carbon, 6.3 pH level CaCl2, 7.1 pH 

level H2O, and 0.050 dS m
-1

conductivity. Three soil samples were taken from each of 

five sites across a 5 km
2
 area to give 15 soil samples. Soils were placed in zip-lock 

plastic bags and transported to the University of Western Australia (UWA) in an ice-

cooled container.  

Rhizobia were trapped from soil samples in an enclosed sterile system using two 

replicates of each soil sample in separate sterile polyethylene plastic pots (30 in total). 

Pots were layered with 3 cm sterile course sand on the bottom, 3 cm sample soil, 2 cm 

sterile course sand sown with four surface sterilised seeds, covered with 1 cm sterile 

plastic beads as the top layer and enclosed with a plastic container lid. Seed was surface 

sterilised by dipping them in 70% (v/v) ethanol for 1 min, followed by 4% (w/v) NaOCl 

for 1 min and washing with sterile deionised (DI) water (7 x 1 min) before sowing. Pots 

were fitted with an automatic irrigation system and plants were watered twice daily. 

Pots were randomly located on a bench in a screen house at the Forest Products 

Commission’s Research Nursery at the University of Western Australia, Shenton Park 

Field Station (Perth, WA). After eight weeks the pots were thinned to two plants. 

 

Isolation of rhizobia 

 

Nodules were harvested after 18 weeks. Pots were immersed in a tray of water and 

excess soil was gently washed from roots avoiding nodule damage. Soil-free roots were 

washed (3x) in sterile DI water and two nodules per plant were excised from roots. A 

total of 40 nodules were harvested. Nodules were re-imbibed in sterile DI water (1 h) 

immediately after harvest and surface sterilised in 70% (v/v) ethanol (1 min), followed 

by immersion in 4% (w/v) NaOCl for 30 - 45 min and washed in sterile DI water (7 x 1 

min). Each nodule was crushed gently in a drop of sterile DI water and a loopful of the 

suspension was streaked onto half lupin agar (half LA) plates (Howieson et al. 1988) 

and incubated at 29
o
C for 10 days. A single colony from each plate was re-streaked onto 

new half LA plates until pure isolates were obtained and they were Gram-stained. A 

total of 40 pure isolates were named with NA followed by number from 1 to 40 (e.g. 

NA1, NA40) and maintained in 20% glycerol at -80
o
C for long term storage. 
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Phenotypic characterisation of isolates 

 

Phenotyphic characterisation of the 40 isolates was conducted following a method by 

Yates et al. (2004) which refers to physiological characterization. The growth of isolates 

was assessed for pH (5, 7 and 9) tolerance buffered with 10 mM HOMOPIPES 

(Homopiperazine-1,4-bis (2-ethanesulfonic acid), Research Organics, Cleveland, OH, 

USA) for pH 5, 10 mM HEPES [4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid 

sodium salt] for pH 7.0 and 10 mM TRIZMA (Tris (hydroxymethyl) aminomethane 

hydrochloride) for pH 9 (both from Sigma Aldrich, Castle Hill, NSW, Australia). 

Temperatures (29, 37, 41, and 45
o
C) tolerance of the isolates was assessed on a half LA 

media. Growth of all isolates was also tested for salinity (0, 1, 2 and 3% NaCl) tolerance 

on minimum salt medium (Brown and Dilworth 1975). The growth of isolates with a 

single carbon sources was measured on MSM media at 29
o
C at pH 7 containing 10 mM 

NH4Cl and 20 mM of one of the following carbon sources: lactose, sucrose, L-

arabinose, L-glutamate, D-glucose or mannitol were assessed and MSM plate without 

carbon sources was included for negative control.  Plates were incubated at 29
o
C except 

for temperature tolerance was according to their temperature treatments. Growth of fast-

growing isolates was examined on days 3 6 and 9 while slow-growing on days 7, 11 and 

15. Their growth was rated using a hedonistic scale as per Yates et al. (2004) with: 0 = 

no growth, 1 = poor growth, 2 = average growth and 3 = abundant growth, compared to 

the corresponding control. 

 

Authentication and symbiotic effectiveness under glasshouse conditions 

 

The ability of the 40 RNB isolates to form nodules and quantify their level of 

effectiveness for nitrogen fixation with M. pinnata seedlings was investigated under 

sterile conditions in a glass house at the University of Western Australia. The 

experiment was conducted during summer and autumn from January to April 2011 

following method by Yates et al. (2007) with slight modification in which pots were 

used instead of closed vial. The mean of monthly temperatures ranged from 22 to 24
o
C 

during the experiment. Seeds were surface sterilized, germinated and transferred to free-

draining pots (113 mm) filled with fine grade sterilized vermiculite for the 

authentication test. The forty pure isolates of bacteria were removed from -80
o
C and 

cultured into half LA plates. When the bacteria had grown sufficiently, they were 

washed using 1% (w/v) sucrose solution (10 mL) and used to inoculate seedlings. There 
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were three treatments with four replications each, namely 1) inoculated with rhizobia, 2) 

nitrogen-fed control and 3) un-inoculated control. These made 160 pots plus 10 extra 

pots inoculated with isolates for nodulation check to make a total of 170 pots with 2 

plants per pot. Germinating seeds were covered with sterile plastic beads to avoid air-

bone bacterial contamination. Treatments were arranged in a randomised block on the 

bench in a glasshouse and re-randomised weekly. Plants were watered every second day 

via two hoses fitted in each pot to avoid contamination from air borne bacteria. 

Nitrogen- fed control plants were watered with 10 ml of KNO3 at 4.8 g L
-1

. Plants were 

inspected weekly for fungal contamination. Nodules were harvested after 16 weeks, 

isolated and purified on half LA plates to obtain pure and fresh authentic isolates for 

genotyping. Shoots were harvested and oven dried at 70
o
C until constant weight. 

Relative effectiveness was determined by comparing shoot dry weight of inoculated 

plants over N-fed control plants, expressed as a percentage (Fterich et al. 2011).  

 

DNA extraction, PCR amplification and sequencing 

 

Ten effective isolates with relative effectiveness more than 60% were selected for 

genotyping including two fast growing (NA1 and NA28) and eight slow growing 

isolates (NA4, 7, 15, 26, 31, 35, 36 and 38). Cells were scraped off a half LA plate, 

suspended in 100 µl of 10 mM Tris-HCl pH 8.2 and then 8 µl of 1 mg L
-1 

proteinase K 

was added. These were incubated at 55
o
C for 2 h followed by 96

o
C for 10 min and 

finally placed on ice for 10 min. DNA was stored at -20
o
C for further use.  

PCR amplification was conducted following the method of Rivas et al. (2009) with 

appropriate primers (Table 4.1). PCR products were visualized on 1% (w/v) agarose gel 

electrophoresis stained with ethidium bromide. A 100 bp ladder DNA marker (Axygen 

Biosciences, California, USA) was included to determine the size of amplicons. PCR 

products were cleaned using Wizard® SV Gel and PCR Clean-Up System (Promega, 

Madison, WI, USA) according to the manufacturer’s instructions and sequenced using 

Big Dye® Terminator v3.0 Cycle Sequencing Kit in accordance with ABI protocols 

(Applied Biosystems, Foster City, CA, USA).  
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Table 4.1 Oligonucleotide primers used for PCR amplification of target genes 

 

 

Data analysis 

 

Growth of isolates under different temperatures, pH, salinity and carbon source were 

subjected to cluster analysis using Primer 6 software (Hewlett-Packard Company, UK) 

to aid in selection of isolates for genotyping. A Bray-Curtis similarity matrix was 

assembled for phenotypic characteristics of 40 isolates and a dendrogram was plotted 

using group average cluster mode. Data on nodule number/plant, shoot dry weight and 

relative effectiveness (shoot dry weight of inoculated over N-fed plants) were subjected 

to general analysis of variance to find the overall significant difference among isolates 

at 5% least significant different (LSD) using Genstat 14
th

 edition, VSN International, 

UK. Sequences of 16S rRNA, atpD dnaK and recA genes of the 10 selected, effective 

isolates were subjected to a BLAST search against the NCBI GenBank database 

(http://www.ncbi.nlm.nih.gov) to identify similarities and then aligned using Clustal W 

in BioEdit software package. The lengths of genes used for alignment were 1348, 438, 

284 and 412 bp for 16S, atpD, dnaK and recA respectively and their concatenated 

sequence was 2478 bp long. Phylogenetic analysis of the 10 isolates was applied with 

the four genes and reference strains from NCBI GenBank were also included in 

phylogenetic tree constructions (Table 4.2). Maximum likelihood (ML) phylogenetic 

trees for each gene and concatenated genes were constructed using the best fit model 

and bootstrapped at 500 replications using MEGA 5 software (Tamura et al. 2011). 

Caulobacter cescentus CB15 with GenBank accession number AE005673 was used as 

an outgroup because a complete genome sequence of this species is available in the 

GenBank.  

Primer  Target gene (position ) Sequence 5'-3' Reference 

16S A1F1 16S (1-20) AGAGTTTGATCMTGGCTCAG Lane et al. 1991 

16S A2F1 16S (88-107) GGCAGACGGGTGAGTAACG This study 

16S A3F1 16S (459-487) GCTAACTTCGTGCCAGCAG This study 

16S A4F1 16S (841-857) CGCCTGGGGAGTACGG This study 

16S A5F1 16S (900-916) GCGGTGGAGCATGTGG This study 

16S A1R1 16S (468-487) TTACCGCGGCKGCTGGCAC This study 

16S A2R1 16S (656-677) CGAATTTCACCTCTACACTCG This study 

16S A3R1 16S (955-975) CAAGGGCTGGTAAGGTTCTG This study 

16S A4R1 16S (1324-1347) CGATTACTAGCGATTCCAACTTC This study 

16S A5R1 16S (1481-1501) TTACGACTTCACCCCAGTCG This study 

atpD352F atpD (352-372) GGCCGCATCATSAACGTSATC Rivas et al. 2009 

atpD871R atpD (890-871) AGMGCCGACACTTCMGARCC Rivas et al. 2009 

dnaK1466F dnaK (1466-1488) AAGGARCANCAGATCCGCATCCA Rivas et al. 2009 

dnaK1777R dnaK (1777-1799) TASATSGCCTSRCCRAGCTTCAT Rivas et al. 2009 

recA63F recA (63-85) ATCGAGCGGTCGTTCGGCAAGGG Rivas et al. 2009 

recA504R recA (504-523) TTGCGCAGCGCCTGGCTCAT Rivas et al. 2009 
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Table 4.2 GenBank accession numbers of reference sequences used for alignment and 

phylogenetic tree construction 

B = Bradyrhizobium, R = Rhizobium, M = Mesorhizobium, S = Sinorhizobium
 

T
 = type strain, - = not available 

 

Results 

 

Trapping and isolating RNB 

 

Forty nodules, 2-3 mm in diameter, were harvested from 20 M. pinnata plants. Nodules 

were brown in color, occurred both on main and lateral roots and were lobed or 

elongated in shape. A total of 40 isolates were obtained and numbered from NA1 to 

NA40. Among these five isolates were fast growing (NA1, 2, 3, 27 and 28) with growth 

visible within 3 days and 35 isolates were slow growing and visible within 7 to 9 days, 

on half LA plates incubated at 29
o
C. Colonies were typical of rhizobia (Yates et al. 

Strain 16S rRNA atpD dnaK recA 

R. tropici CIAT 899
T
 EU488752.1 - AJ431170.1 - 

R. mongolense USDA 1884
T
 U89820.1 AY907372.1 AJ431168.1 AY907358.1 

R. miluonense CC-B-L1 JN896360.1 - - - 

R. miluonense CCBAU 41251
T
 EF061096.1      HM047116.1 HM142765.1 HM047131.1 

R. indigoferae strain CCBAU 71042
T
  AY034027.3 GU552925.1 - EF027965.1 

R. leguminosarum bv. viciae  USDA 

2370
T
 U29386.1 AJ294405.1 - AJ294376.1 

Rhizobium sp. 8211  FJ870550.1 -  HM063967.1 HM064002.1 

Rhizobium sp. CCBAU 51330 - GU433485.1 - - 

Rhizobium sp. CCBAU 43015  - HM047117.1 - - 

M. albiziae CCBAU 61158
T
 DQ100066.1 DQ311090.1 - EU249396.1 

M. loti LMG 6125
T
 X67229.2 AM946552.1 AM062699.1 EU039875.1 

S. fredii USDA 205
T
 AY260149.1 AJ294402.1 - AJ294379.1 

S. meliloti LMG 6133
T
 X67222.2 AM418760.1 AM182089.1 AM182133.1 

S. xinjiangense LMG 17930
T
 AM181732.1 AM418745.1 AM182104.1 AM182148.1 

B. yuanmingense strain LMTR 28  AF485365.2 - AY923032.1 - 

B. yuanmingense CCBAU 10071
T
 AF193818 AY386760.1 AY923039.1 AM168343 

B. yuanmingense M11 AB601666.1 - - - 

B. yuanmingense TTC4 FJ540937.1 - - - 

B. japonicum USDA 6
T
 AB231927.1 AM168320.1 AM168362.1 AM168341.1 

B. betae PL7HG1
T
 AY372184 - AY923046.1 FJ70378.1 

B. jicamae PAC68
T
 AY624134 FJ428211.1 - - 

B. pachyrhizi PAC48
T
 AY624135 FJ428208.1 - - 

B.canariense bv. genistearum BC-C2 AY577427 AY386736 AJ431135.1 AY591541 

B. elkanii USDA 76
T
 U35000.3 AY386758.1 AY328392.1 AY591568.1 

B. liaoningense LMG 18230
T
 AJ250813.1 FM253137.1 AY923041.1 FM253180.1 

Bradyrhizobium sp. MPSR052  - - JF896812.1 - 

Bradyrhizobium sp. DOA10  JN578817.1 - JN695933.1 - 

Bradyrhizobium sp. NBRC 101120 AB681387.1 - - - 

Bradyrhizobium sp. M16 AB601671.1 - - - 

Bradyrhizobium sp. LMG 10677 - FM253143.1 - - 

Bradyrhizobium sp. ORS 305  -  FJ347212.1 - - 
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2004) as they were slightly raised, mucoid, opaque and entire and the cells were Gram 

negative rods. 

 

Phenotypic characterisation of isolates 

 

Temperature tolerance  

 

All 40 isolates had abundant growth at 29 – 39
o
C. At 41

o
C 10 isolates (NA17, 18, 24, 

25, 26, 30, 31, 34, 35 and 40) had poor growth, one isolate (NA36) had average growth 

and none grew at 45
o
C.  

 

pH tolerance 

 

At pH 5, 14 isolates did not grow, 23 isolates had poor growth and three isolates had 

average growth. At pH 7 all isolates had average growth. At pH 9, most isolates had 

abundant growth and 15 isolates had average growth.  

 

Salinity tolerance 

 

All isolates had average growth in media without NaCl. At 1% NaCl, 22 isolates did not 

grow, and 18 isolates grew poorly. At 2% NaCl most isolates did not grow and 10 

isolates grew poorly. None of the isolates grew in media with 3% NaCl.  

 

Carbon source utilization 

 

No isolates grew in media without a carbon source (control). In media containing 

glucose 22 isolates had poor growth, 18 isolates had average growth and none grew in 

media containing lactose. Most isolates did not grow in media containing sucrose except 

isolates NA1, 2, 3, 27 and 28, which grew poorly. In media containing arabinose 14 

isolates had poor growth and 25 isolates had average growth. In media containing L-

glutamate four isolates did not grow, 13 isolates had poor growth and 23 isolates had 

average growth. 

Cluster analysis of the 40 isolates using physiological characteristics for temperature, 

pH and salinity tolerance and carbon source utilisation produced three clusters with 

89.5% similarity (Fig.4.1). Cluster I contained 12 isolates, cluster II contained 23 
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isolates and all these isolates were slow growing. Cluster III contained 5 fast growing 

isolates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 Dendrogram of cluster analysis based on Bray-Curtis similarity matrix of 

physiological characteristics of the 40 rhizobia isolates (NA1-NA40) nodulating M. 

pinnata using group average  

 

Authentication and symbiotic effectiveness under glasshouse conditions 

 

Effectiveness of the 40 RNB isolates was assessed by inoculation of the isolates on M. 

pinnata seedlings grown in pots under glasshouse conditions. Assessments are shown in 

Table 4.3. Seedling growth with N-fed (Fig. 4.2a), inoculated with fast-growing isolate 
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(Fig. 4.2b) inoculated with slow-growing isolate (Fig. 4.2c) and un-inoculated (Fig. 

4.2d). Nodules formed on crown and lateral roots of inoculated plants with fast- 

growing (Fig. 4.2e) and slow-growing (Fig. 4.2f) isolates, whilst those N-fed (Fig. 4.2g) 

or un-inoculated (Fig. 4.2h) plants remained nodule free. Only nodules on the crown 

roots were counted. The fast-growing isolates NA1, 2, 3, 27 and 28 formed nodules with 

a pink interior as indicated in a cross section (Fig. 4.2i) while the remaining isolates 

produced nodules with brown interiors. There were large variation in nodule 

number/plant, shoot dry weight and relative effectiveness (P<0.001). Relative 

effectiveness (shoot dry weight of inoculated over N-fed plants) of un-inoculated and N-

fed control plants were 36.6% and 100% respectively. Nodule number per plant ranged 

from 0.9 to 49.8. The highest number of nodules (mean of 47.5) was induced by isolates 

NA3, 4 and 12 and these had a relative effectiveness of 76.8 %, 74.3 %and 50 % 

respectively. Several isolates induced ineffective nodules that resulted in shoot dry 

weight statistically equal to un-inoculated control plants. These ineffective isolates were 

NA5, 9, 16, 20, 21, 22, 23, 24, 29, 30, 32and 34.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2 Growth of M. pinnata’s seedlings with a N-fed, b inoculated with fast-growing 

and c slow-growing isolates and d un-inoculated. Nodulation of roots 16 weeks after 

inoculated with e. fast-growing and f slow-growing isolates indicating brown color 

nodules. Both g N-fed and h un-inoculated plants were nodule free. e A cross section of 

a nodule induced by fast-growing isolates showing pink interior.  
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Table 4.3 Nodule number on the crown root and shoot dry weight per plant and relative 

effectiveness of rhizobia symbiosis with M. pinnata. Values are mean of 8 replicates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There were large variations in nodule number/plant, shoot dry weight and relative of 

effectiveness of isolates (P<0.001). Both un-inoculated and N-fed control plants were 

nodule free with a relative effectiveness (shoot dry weight of inoculated over N-fed 

plants) of 38.6% and 100% respectively. Nodule number per plant ranged from 0.9 to 

49.8. The highest number of nodules (mean of 47.5) was induced by isolates NA3, 4 

and 12 and these had a relative effectiveness of 76.8%, 74.3% and 50% respectively. 

Isolates Crown nodule number  Shoot dry weight Relative effectiveness 

  (plant
-1

) (g plant
-1

) (%) 

NA1 36.9 1.6 85.9 

NA2 32.9 1.3 71.9 

NA3 45.3 1.4 76.8 

NA4 49.8 1.4 74.3 

NA5 9.0 0.7 35.2 

NA6 34.6 1.0 56.8 

NA7 31.0 1.4 75.1 

NA8 24.9 1.0 56.0 

NA9 22.5 0.8 44.1 

NA10 19.6 0.9 50.3 

NA11 23.8 1.2 64.6 

NA12 47.6 0.9 50.2 

NA13 31.4 0.9 49.7 

NA14 38.8 1.2 63.7 

NA15 37.9 1.4 76.8 

NA16 13.6 0.7 40.1 

NA17 30.6 1.1 57.4 

NA18 14.6 1.1 56.1 

NA19 29.1 1.0 54.9 

NA20 2.9 0.5 29.7 

NA21 3.4 0.7 36.8 

NA22 2.1 0.8 42.6 

NA23 3.3 0.6 31.6 

NA24 13.8 0.7 35.8 

NA25 23.1 0.8 45.9 

NA26 19.0 1.3 71.5 

NA27 22.1 1.5 81.7 

NA28 32.4 1.5 81.4 

NA29 1.9 0.8 42.2 

NA30 19.8 0.7 38.2 

NA31 23.1 1.2 63.4 

NA32 0.9 0.7 35.0 

NA33 37.6 1.3 70.6 

NA34 1.6 0.5 26.5 

NA35 26.6 1.4 76.2 

NA36 28.1 1.3 69.9 

NA37 23.1 0.9 48.9 

NA38 24.8 1.5 78.7 

NA39 26.9 1.1 60.9 

NA40 22.6 1.0 56.8 

Un-inoculated  0.0 0.7 38.6 

N-fed control 0.0 1.9 100.0 

lsd (P=0.05) 5.7 0.1 8.2 



Chapter 4 

 99 

Several isolates induced ineffective nodules that resulted in shoot dry weight 

statistically equal to un-inoculated control plants. The ineffective isolates were NA5, 9, 

16, 20, 21, 22, 23, 24, 29, 30, 32 and 34.  

 

PCR amplification 

 

PCR amplification of the entire region of 16S gene of the 10 selected isolates resulted in 

a single band with a mean length of 1413 bp. PCR amplification of housekeeping genes 

resulted in fragments of 520, 301 and 448 bp for atpD, dnaK and recA genes 

respectively.  

 

Phylogenies of 16S rRNA gene  

 

The sequences of the 16S rRNA gene for the 10 isolates (NA1, 4, 7, 15, 26, 28, 31, 35, 

36, and 38) were 89-99% similar. Alignment of 1348 bp 16S gene sequences of the 10 

isolates together with reference strains from GenBank resulted in a maximum likelihood 

(ML) tree that indicated phylogenetic relationships between the isolates and existing 

RNB species (Fig. 4.3).  
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Fig. 4.3 Maximum likelihood phylogenetic tree of 16S rRNA gene sequences of 10 

RNB isolates (in bold print) nodulating M. pinnata and associated strains and type 

strains (
T
) retrieved from GenBank. The tree was constructed using MEGA 5 software 

with T92+G+I model and bootstrapped with 500 replications. Scale bar represents the 

number of inferred nucleotide substitutions per site. B = Bradyrhizobium, M = 

Mesorhizobium, S = Sinorhizobium, R = Rhizobium 
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The 10 isolates were divided into two groups with 100% bootstrap support, the slow-

growing isolates of NA4, 7, 15, 26, 31, 35, 36 and 38 with genus Bradyrhizobium, and 

the fast-growing isolates NA1 and 28 with genus Rhizobium. Five slow-growing 

isolates (NA4, 7, 15, 26, and 38) were grouped with Bradyrhizobium yuanmingense 

TTC4, B. yuanmingense LMTR 28, B. yuanmingense M11 and B. yuanmingense 

CCBAU 10071
T
 with sequence similarities ranging from 99 to 100%. Slow-growing 

isolates NA31, 35 and 36 were grouped with Bradyrhizobium sp. M16 and 

Bradyrhizobium sp. DOA10 with sequence similarities ranging from 99 to 100%. The 

fast-growing isolates NA1 and NA28 were grouped with R. miluonense CC-B-L1, 

Rhizobium sp. 8211 and Rhizobium sp. CCBAU 51330 with sequence similarities 

ranging from 99 to100%. 

 

Phylogenies of housekeeping genes 

 

Phylogenetic position of the 10 isolates based on the atpD gene (Fig. 4.4) indicated that 

isolates NA26 and NA38 were grouped with Bradyrhizobium sp. LMG 10677 with 

sequence similarities of 98% and 99% respectively. The two isolates were also related 

to B. yuanmingense CCBAU 10071
T 

as they shared sequence similarities of 97% and 

99% for NA26 and NA38 respectively. Isolates NA4, 7, 15 and 35 were grouped and 

they were related to B. yuanmingense CCBAU 10071
T
 with sequence similarities of 

97% for NA4 and 96% for the rest. Isolates NA31 and NA36 diverged from the other 

six slow-growing isolates and they shared sequence similarity of 98% with 

Bradyrhizobium sp. ORS 305. The fast growing isolate NA1 was closely related to 

Rhizobium sp. CCBAU 51330 with 100% sequence similarity and NA28 was closely 

related to Rhizobium sp. CCBAU 43015 with 99% sequence similarity. 

The dnaK phylogenetic tree of the 10 isolates with reference strains indicated more 

divergent groups within genus Bradyrhizobium (Fig. 4.5). One group consisted of 

isolates NA4, 7, 15 and 35, and a sub-group of NA26 and NA38 were related to B. 

yuanmingense CCBAU 10071
T
 and B. yuanmingense LMTR 28 and they shared 98-

99% sequence similarity. In a divergent group within slow-growing isolates, NA31 and 

NA36 shared 99% sequence similarity with Bradyrhizobium sp. DOA10. The fast-

growing isolate NA1 had no clear position and isolate NA28 was grouped with 

Rhizobium sp. 8211 with 99% sequence similarity. 
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Fig. 4.4 Maximum likelihood phylogenetic tree of atpD gene sequences of 10 RNB 

isolates (in bold print) nodulating M. pinnata and their associated strains and type 

strains (
T
) retrieved from GenBank. The tree was constructed using MEGA 5 software 

with TN93+G model and bootstrapped with 500 replications. Scale bar represents the 

number of inferred nucleotide substitutions per site. B = Bradyrhizobium, M = 

Mesorhizobium, S = Sinorhizobium, R = Rhizobium 
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Fig. 4.5 Maximum likelihood phylogenetic tree of dnaK gene sequences of 10 RNB 

isolates (in bold prints) nodulating M. pinnata and their associated strains and type 

strains (
T
) retrieved from GenBank. The tree was constructed using MEGA 5 software 

with TN93+G model and bootstrapped with 500 replications. Scale bar represents the 

number of inferred nucleotide substitutions per site. B = Bradyrhizobium, M = 

Mesorhizobium, S = Sinorhizobium, R = Rhizobium 

 

In the recA phylogenetic tree (Fig. 4.6) isolates NA4, 7 15, 35 were grouped with 

100% bootstrap support and they were related to B. yuanmingense SR 42 with 97% 

sequence similarity and to B. yuanmingense CCBAU 10071
T
 with 95% sequence 

similarity. Isolates NA26, 31, 36 and 38 were grouped with 73% bootstrap support and 

they were related to B. yuanmingense SR 42 with sequence similarities of 97 – 98% and 

to B. yuanmingense CCBAU 10071
T
 with 96 – 97% sequence similarities. Isolates NA1 

and NA28 were closely related to Rhizobium sp. 8211 with 99 and 97% sequence 

similarities respectively 
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Fig. 4.6 Maximum likelihood phylogenetic tree of recA gene sequences of 10 RNB 

isolates (in bold prints) nodulating M. pinnata and their associated strains and type 

strains (
T
) retrieved from GenBank. The tree was constructed using MEGA 5 software 

with T92+G model and bootstrapped with 500 replications. Scale bar represents the 

number of inferred nucleotide substitutions per site. B = Bradyrhizobium, M = 

Mesorhizobium, S = Sinorhizobium, R = Rhizobium 
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were related to B. yuanmingense CCBAU 10071
T
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were related to B. liaoningense LMG 18230
T
 with 98% sequence similarity. The fats-

growing isolates NA1 and NA28 were related to R. miluonense CCBAU 41251
T
 with 97 

sequence similarity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7 Maximum likelihood phylogenetic tree of 2040 bp concatenated 16S rRNA, 

atpD, dnaK, and recA genes of 10 RNB isolates (in bold print) nodulating M. pinnata 

and their associated strains and type strains (
T
) retrieved from GenBank. The tree was 

constructed using MEGA 5 software with GTR+G+I model and bootstrapped with 500 

replications. Scale bar represents the number of inferred nucleotide substitutions per 

site. B = Bradyrhizobium, M = Mesorhizobium, S = Sinorhizobium, R = Rhizobium 

 

Discussion  

 

Temperature is known to influence survival, growth and nitrogen fixation of RNB 
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high temperature range of 29
o
C – 39

o
C and a few isolates grew poorly at 41

o
C. Earlier 

studies of RNB isolated from native legumes of north-western Western Australia also 

indicate some isolates of Bradyrhizobium are able to grow at 37
o
C (Yates et al. 2004) 

but higher temperatures have not been examined. Generally, rhizobia collected from 

high temperature areas are resistant to high temperatures, for example, Ensifer meliloti 

from arid regions of Tunisia grow at 40
o
C (Fterich et al. 2011). Isolates from Libya are 

able to grow at higher temperatures of 40 - 46
o
C (Mohamed et al. 2000). High 

temperature tolerance of isolates was probably due to their adaptation to the extreme air 

temperatures of Kununurra where the mean of annual maxima was 34.66
o
C and highest 

temperatures raging from 42 to 44
o
C for 5 years from 2005 to 2009 (Australian Bureau 

of Meteorology 2012) available at http://www.bom.gov.au/climate/data/. Further, soil 

temperatures can exceed air temperatures and in Western Australia when the maximum 

air temperature during summer is 39
o
C exposed soil temperatures are 59, 47 and 39

o
C at 

1.3, 5.1 and 10.2 cm depths respectively (Chatel and Parker 1973).  

Isolates tolerated salinity less than 1% NaCl. This was slightly lower than salinity 

tolerance of M. pinnata which was 200 mM (~1.2% NaCl) under drained condition 

(Arpiwi et al. 2012). Salinity tolerance of the host is often the limiting factor in 

determining symbiosis effectiveness of compatible rhizobia under saline conditions, 

such as with Rhizobium strains and Acacia cyclops Cunn. Ex Don and A. rodolens 

Maslin (Craig et al. 1991). Both selected rhizobia and hosts require confirmation of 

salinity tolerance under the relevant field conditions.  

All of the 40 isolates were able to induce nodulation indicating that they are authentic 

rhizobia isolates for M. pinnata. Authentication and effectiveness tests were conducted 

in pots under glasshouse conditions and this method was preferred over closed vials as 

suggested by Yates et al. (2004). Heavy fungal contamination of seeds in closed 

systems led to rot and seedling death (data not shown). M. pinnata has large seeds of 1 - 

1.5 g (Arpiwi et al. 2012), rich in starch (17%), mucilage (13%) and moisture (Kumar et 

al. 2007), which provide a suitable food source and the high moisture conditions of a 

closed vial system create a good environment for fungal infection. 

Symbiotic effectiveness indicates the ability of nodulated plants to fix nitrogen and 

isolates varied in their ability to match shoot dry weight of inoculated plants over plants 

fed with a nitrogen source (Elbanna et al. 2009; Fterich et al. 2011). Fast-growing 

isolates generally had higher relative effectiveness (71.9% - 85.9%) than slow-growing 

isolates (26.5% - 78.7%). The relative effectiveness of these RNB isolates was slightly 

higher than other rhizobia species which nodulate woody legumes, such as Ensifer 
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meliloti which nodulates Prosopis farcta J.F.Macbr. and has 52 - 80% relative 

effectiveness (Fterich et al. 2011). All fast-growing isolates and several slow-growing 

isolates, with more than 60% relative effectiveness were potentially suitable inocula to 

support the growth of M. pinnata. While the use of inocula under glass house 

experiment with minus nitrogen media showed promising results in increasing shoot dry 

weigh, the possibility to replace nitrogen-based fertilisers needs to be tested in the fields 

of nitrogen poor soils. This has important implications for biofuel production where 

reducing inputs, especially high energy inputs like urea-based fertilisers, is highly 

desirable for production on nutrient exhausted land (Gui et al. 2008; Murphy et al. 

2012).  

Phylogenetic analysis of 16S, atpD, dnaK, recA and their concatenated sequences 

clearly indicated that six slow-growing isolates of NA4, 7, 15, 26, 38 and 35 were 

assigned as B. yuanmingense with a minimum sequence similarity of 97%. The other 

two slow-growing isolates, NA31 and NA36, always grouped together but their 

phylogenetic positions switched between alignment with Bradyrhizobium sp. M16, 

Bradyrhizobium sp. DOA10, Bradyrhizobium sp. ORS305, B. yuanmingense SR42 and 

B. liaoningense LMG 18230
T
. Additional character analysis will be required to 

precisely position these isolates 

The phylogenetic position of fast-growing isolates NA1 and NA28 were less resolved 

as they were closely related to different reference strains depending on the gene 

analysed. Phylogenetic analysis of 16S rRNA, atpD, dnaK or recA genes placed the 

isolates closely to R. milounense CC-B-L1, Rhizobium sp. CCBAU 51330, and 

Rhizobium sp. 8211 with sequence similarity ranging from 97 to 100%. However, this 

cannot be confirmed by concatenated sequence analysis due to the absence of 

comprehensive sequences in GenBank (see Table 4.2). Instead, the isolates NA1 and 

NA28 were related to R. miluonense CCBAU 42151
T
 in the concatenated sequence. 

Regardless of their identity, these two fast-growing isolates were effective 

microsymbionts with 85.9% and 81.4% relative effectiveness respectively. They were 

potential inocula for M. pinnata production systems.  

Bradyrhizobium yuanmingense dominated Kununurra’s soil where M. pinnata are 

growing and this is the first rhizobia species isolated from and effective with M. 

pinnata. Bradyrhizobium yuanmingense CCBAU 10071
T
 is the type strain initially 

found by Yao et al. (2002), which grows optimally at 25 - 30
o
C but does not grow at 

40
o
C. Since then B. yuamingense has been found in areas with diverse climatic 

conditions, from the extreme cold of the Himalayan Mountains in Nepal (Risal et al. 
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2010), mild humid forests of southern Japan (Sarr et al. 2009), sub-tropical regions of 

China (Zhang et al. 2008) and Peru (Ormeno-Orrillo et al. 2006) to semi-arid areas of 

India (Appunu et al. 2009) and Africa (Gueye et al. 2009) which have hot-dry and hot-

wet seasons similar to Kununurra. It was also recently found in Cordoba, Argentina 

(Munoz et al. 2011) and in the temperate areas of Western Australia (Stepkowski et al. 

2012). Thus B. yuamingense is ubiquitous and adapted to diverse climatic conditions. 

This may mean the species is tolerant of a wide range of conditions or different strains 

are adapted locally. Either way, suitable B. yuamingense strains could be identified for 

production in a wide range of climatic regions. 

Bradyrhizobium yuanmingense is also not host-specific in that it can nodulate many 

plant species including annuals, biennials and perennials. It was originally isolated from 

a perennial herbaceous legume Lespedeza cuneata G.Don in China (Yao et al. 2002). 

Since then B. yuanmingense has been shown to be an effective microsymbiont for many 

herbaceous legume crops within the Fabaceae subfamily Faboideae, such as mung bean, 

cowpea (Appunu et al. 2009), peanut (Munoz et al. 2011) and soybean (Risal et al. 

2010), and legumunous trees within the Fabaceae subfamily Mimosiodeae, such as 

Acacia accuminata Benth (Stepkowski et al. 2012). The broad host range together with 

the broad climate adaptation of B. yuanmingense has resulted in this species being 

widespread. This is an advantage for M. pinnata where an appropriate RNB is not 

limited by climate and host.  

 

Conclusion 

 

In conclusion, in the present study the effective isolates of RNB for M. pinnata were 

obtained from soils of the host growing in ORIA at Kununurra, with the slow-growing 

Bradyrhizobium yuanmingense was a dominant microsymbiont. Other slow-growing 

species related to Bradyrhizobium sp. DOA10, Bradyrhizobium sp. ORS305 and B. 

liaoningense LMG 18230
T
, and fast-growing isolates related to Rhizobium sp. 8211, R. 

miluonense CCBAU 41251
T
, R miluonense CC-B-L1, Rhizobium sp. CCBAU 51330 

and Rhizobium sp. 43015 were also presented as effective microsymbionts. These 

rhizobia could provide inocula for M. pinnata production systems that would reduce N 

fertilizer inputs on marginal land. 
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Chapter 5: Phenology and management of Millettia pinnata (L.) 

Panigrahi to increase seed production in Kununurra,  

northern Western Australia 

 

 
This Chapter has been prepared as a paper for publication to Silvae Genetica. 

  

Arpiwi NL, Yan G, Barbour EL, Plummer JA. Phenology and management of Millettia 

pinnata (L.) Panigrahi to increase seed production in Kununurra, northern Western 

Australia. 

  

My research included a field trip to Kununurra north of Western Australia for 

observation of flowering phenology and pollinator foraging activities, measurement of 

floral traits, pollen and nectar collection, catching pollinator for genus identification, 

and growth measurement after pruning and application of plant growth regulator. I also 

measured pollen viability under fluorescence microscope following storage at different 

temperatures and data analysis. I wrote the manuscript and the other three co-authors are 

my PhD supervisors who assisted with discussion of the research, its interpretation and 

editing 
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Abstract Millettia pinnata (L.) Panigrahi syn. Pongamia pinnata (L.) Pierre is a 

leguminous tree, which produces seed oil suitable for biodiesel. Reproductive 

phenology and pollination were monitored and manipulated to increase seed set and 

yield. Flowering in Kununurra occurred for one month from early October and 

flowering was asynchronous within and between trees. Two legitimate, native bee 

pollinators, Megachili sp., and Nomia sp., had very low visitation rates of 6 and 13 

visits during the peak period from 0900-1000 h and short foraging activity (from 0600-

1200 h) possibly due to the small nectar reward (1.0 ± 0.04 µl/flower) and high summer 

temperatures in Kununurra (daily maxima of 35.9 - 40.8
o
C). High pollen viability (85 ± 

3%) decreased substantially following storage for 360 days at 4
o
C to 10 ± 3%, but only 

slightly to 62 ± 4% at either -20
o
C or -80

o
C. Introduced honey bees (Apis mellifera) 

increased seed yield from 296 ± 121 g/tree to 4981 ± 2318 g/tree, but it remained 

relatively low and highly variable. Trees were vigorous, pruning one year-old trees to 

50 cm did not reduce stem elongation but increased shoot number compared with 

pruning to 20 cm. Heavy pruning of 10 year-old trees resulted in serious disease and 

wood rot. Plant growth regulators were ineffective for growth management. Pollination 

was critical for M. pinnata seed set, pollen could be stored but vectors were required for 

good seed yield. Vigorous growth will be difficult to manage. 

 

Key words Flower morphology · Honey bee · Pongamia · Pruning · Seed yield · Pollen 

viability  

 

Introduction 

 

Millettia pinnata (L.) Panigrahi syn Pongamia pinnata (L.) Pierre is one of the few 

leguminous trees that produce seeds with a high oil content useful for biodiesel. This 

new tree crop has multiple uses, including many by-products and extracts from the seed, 

which could improve profitability of farming systems and commercial plantations (Scott 



Chapter 5  

 116 

et al. 2008). Information gathered from natural and ornamental trees indicates this crop 

has substantial potential for successful biodiesel production (Murphy et al. 2012). 

However, little is known about growth and yield of M. pinnata in plantation 

environments, in particular the impact of factors such as flowering, pollination and 

introduced honey bees and these were investigated in mature trees in plantations in 

Kununurra northern Western Australia, which are the oldest in Australia.  

In addition to good quality seed oil for biodiesel (Arpiwi et al. 2012) the meal, which 

remains after seed oil extraction, contains 33% protein. It can be used as animal feed 

after removal of anti-nutrients, including phytates, tannins, karanjin and glabrin (Vinay 

and Kanya 2008) or prepared as a fungicide or insecticide (Scott et al. 2008). Millettia 

pinnata is one of few legumes moderately tolerant of salinity (Arpiwi et al. 2012), and 

the direct use of meal as fertilizer may be particularly beneficial in marginal lands 

which are typically low in N (Rogers et al. 2006). Transesterification, required to 

prepare seed oil for biodiesel results in the by-product glycerol, which can be used to 

make soap, cosmetics and sweetening for candies (Behr et al. 2008).  

Millettia pinnata originates from India (Sujatha et al. 2008) and across Asia into the 

Pacific (Morton 1990; Scott et al. 2008). Flowering time varies with individual trees 

across locations (Dhillon et al. 2009; Raju and Rao 2006) but the diversity of flowering 

time is poorly understood. The main flowering season in Andhra Pradesh, India is at the 

end of the dry summer (April - May) with daily maxima of 29-35
o
C (Raju and Rao 

2006). In Hisar, Haryana, North-Western India with subtropical-monsoonal climate, 

flowering occurs from May to June (Dhillon et al. 2009). The monsoonal tropics of 

northern Australia have a distinct hot wet and cooler dry season. and phenology will 

need to be determined under these climatic conditions. Knowledge of reproductive 

phenology would assist with timing of pruning, spraying and mechanical harvest. 

Millettia pinnata trees are 8-10 m tall (Kesari and Rangan 2010) and up to 15-25 in the 

wild (Pandravada et al. 2006) and flowers take 11 months to develop into mature seeds 

(Arpiwi et al. 2012). In India seed is hand-harvested but mechanised methods are being 

investigated (Murphy et al. 2012). These large trees will need to be managed for 

mechanical harvesting but unlike most temperate fruit and nut trees which tolerate 

pruning, factors limiting pruning in tropical M. pinnata are not known. In addition, 

harvesting with machinery needs to avoid damage to floral buds and blossoms for the 

next season’s crop. Hence reproductive phenology and responses to pruning require 

investigation. 
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Millettia pinnata belongs to Family Fabaceae subfamily Faboideae which have unique 

floral architecture. Bisexual, zygomorphic flowers have one large standard petal, two 

light-purple wing petals and two white keel petals. Standard petals have a hook-like 

structure at the base to hold nectar. Anthers and stigma are enclosed but separated in the 

boat-shaped keel petals. Nine stamens are united into a bundle which forms a staminal 

tube at the base, one stamen is free and the stigma sits higher than the anthers (Raju and 

Rao 2006). Fabaceae have four main pollen release mechanisms, namely brush, piston, 

valvular and explosive (Galloni et al. 2007). Millettia pinnata has an explosive pollen 

release mechanism which requires tripping agents to bring about pollination and the 

most common, legitimate pollinators are bees (Raju and Rao 2006). Legitimate insects 

probe flowers from the front, landing and depressing keel petals downwards while 

seeking nectar on the base of the standard petal. This force releases the stigma and 

anthers from keel petals and pollen is ejected in clouds, dusting the ventral surface of 

the insect who then carries and transfers pollen to another flower. In contrast 

illegitimate flower visitors steal nectar and do not transfer pollen (Borges et al. 2009; 

Suzuki 2003). Legitimate pollinators will need to be identified and managed for M. 

pinnata plantations. 

Many species within Fabaceae are self-incompatible or self-pollination results in low 

seed set (Borges et al 2009; Suzuki 2003). So both self-compatible and incompatible 

species require legitimate vectors for cross pollination and high seed yield. Some 

species within this family have different maturation/receptive times for their sex organs, 

for example Corolina emerus L. is protandrous (Aronne et al. 2012), and again cross-

pollination is required for good seed set.  

Good seed set leading to high seed yield is essential for an oil seed-based crop. 

Millettia pinnata was introduced to Kununurra in 1999 (Barbour 2008) and whilst 

native bees and other local pollinators are likely to be present in the Ord River Irrigation 

Area in Kununurra, which is surrounded by natural bush and pastoral rangelands, their 

success as pollinators of M. pinnata is not known. Other pollinators, in particular honey 

bees (Apis mellifera) increase seed set and yield of many perennial crops, such as 

kiwifruit, apple, pear, blueberry and apricot (Austin et al. 1996; Gonzalez et al 1998; 

Westerkamp and Gottsberger 2000). It is expected that honey bees will be legitimate 

pollinators of M. pinnata and will increase yield over local pollinators.  

Pollen viability can limit cross-pollination. Viability can be reduced by temperature 

extremes in the field (Austin et al. 1996; Kakani et al. 2005) or prolonged low 

temperatures suitable for storage (Astarini et al. 1999). Superior genotypes of M. 
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pinnata are being sought (Arpiwi et al. 2012) and controlled cross-pollination required 

for breeding is assisted by pollen storage. Viable pollen can usually be distinguished 

from dead pollen using fluorescence microscopy (Astarini et al. 1999; George at al. 

2009).  

Plant survival and growth under tropical field conditions are critical for plantation 

establishment, however tree size may require management. Millettia pinnata is 

potentially a large tree and its size will need to be managed, for example as a hedge, to 

be able to use current or modified fruit harvesting machinery. Pruning and application 

of plant growth regulators, such as paclobutrazol and Promalin
®

 (gibberellins A4+7 + 6-

benzyladenine) may assist in managing tree size and shape (Arzani and Roosta 2004; 

Rossi et al. 2004). In addition, giberellins A4+7 may promote flowering and increase 

seed yield (Eriksson et al. 1998).  

The aims of the present study were: 1) to determine flowering time and floral traits, 2) 

to identify legitimate pollinators, 3) to assess pollen viability at different storage 

temperatures, 4) to measure yield under plantation conditions with and without 

introduced honey bees and 5) to assess the influence of pruning and application of plant 

growth regulators in managing plant size for mechanical harvest.  

 

Materials and Methods 

 

Flowering penology and floral traits 

 

Plants (20) were randomly selected within the Forest Products Commission collection at 

the Frank Wise Research Institute located in the Ord River Irrigation Area of Kununurra 

(15°46´S, 128°44´E) in tropical, northern Western Australia. In addition to M. pinnata 

the plantation contained sandalwood (Santalum album) and other tropical timber trees 

(Barbour 2008). During the hot season, in October 2009 (Fig. 5.1), the average 

minimum and maximum temperatures were 21
o
C and 38

o
C with a maximum 

temperature of 40.8
o
C, and the total rainfall received was 26.4 mm and mean relative 

humidity was 27% (Astralian Bureau of Metereology 2012) Soil at the plantations was 

Cununurra clay, a dark brown, heavy cracking clay. Typical topsoil (0 - 150 mm) has a 

mechanical analysis of 44% sand, 18% silt and 38% clay with 2.5% organic matter, and 

a pH (1:5 soil : water) of 7.4 and bulk density of 1.26 g/cm
3
 (Barbour 2008). Fields 

were laser leveled to ensure efficient flood irrigation and mounds were prepared for tree 

planting with resulting channels for water drainage. Herbicide was sprayed to control 
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weeds before tree establishment. Sites were watered monthly during the dry season. 

Flowering phenology was observed from the beginning (first week of October 2012) 

until the end (first week of November 2012) of the flowering season on 20 selected 

trees. Flower characteristics, including length of inflorescences and number of flowers 

and buds in an inflorescence, were examined on 30 inflorescences from three trees. 

Timing and duration of flower opening were noted by removing open flowers from 

inflorescences to avoid recounting. Time of dehiscence, when anthers began to disperse 

pollen, was measured on 20 mature buds (one day before flower opening) in hourly 

intervals from 0600 to 1000 h. Buds were opened and anthers removed and observed 

over paper using a 10x hand lens. Stigma receptivity was measured in mature buds (20) 

and open flowers (20) at 0700 h, 1200 h and 1600 h using Peroxtesmo Ko indicator 

paper (Macherey-Nagel GmbH & Co, Germany). Following the method by Dafni and 

Maues (1998) indicator paper was dipped in 1 mL DI water, a drop was applied to 

stigmas, and blue coloration indicated peroxidase activity and stigma receptivity. Nectar 

was collected from bagged inflorescences before flower opening to avoid insect 

removal of nectar. When flowers opened bags were removed and nectar was collected 

using a micropipette and the volume measured from 30 flowers from 3 trees. 
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Fig. 5.1 Daily minimum and maximum temperatures in Kununurra during the hot 

season in October 2009. Data were obtained from Australian Bureau of Meteorology 

(2012).  

 

Flower visitors 

 

Flower visitors to three selected trees were observed. Their activities, including mode of 

approach, forage collected and contact with anther and stigma were recorded. The 

number of visits by each visitor was monitored at hourly intervals for 30 min from 0600 
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to 1700 h. Visitors were captured and identified in the Entomology Section of the 

Western Australian Museum. Three honey bee (Apis mellifera) hives fitted with pollen 

traps were placed in mature (10 year-old) M. pinnata plots in the plantation at 6 m apart. 

Bees carrying pollen pellets entered the hives and the pollen pellets were trapped but 

bees could freely in and out. Pollen pellets were removed from pollen traps, counted and 

identified to give an indication of plant species visited by honey bees.  

 

Pollen viability  

 

Pollen viability and storage potential were examined using a method by George et al. 

(2009). Nine inflorescences were harvested from three trees and air dried over paper for 

4 h. Anthers were cut from flowers, bulked and air dried (48 h) in a dessicator 

containing silica gel. Samples were placed in eppendorf tubes kept in zip-lock bags 

containing silica gel and stored at 4
o
C, -20

o
C or -80

o
C for 0, 90, 180, 270 and 360 days. 

Day 0 was regarded as the day after 48 h desiccation over silica gel. Following storage, 

anthers were suspended in 1 mL of 20% sucrose and agitated to release pollen, then left 

for 10 min to hydrate pollen grains. A microscope slide was prepared with a drop of 1% 

flourescein diacetate in acetone, evaporated and then a drop of pollen suspension was 

added. Staining was viewed under a Zeiss Axioplan MC 80 fluorescence microscope 

with a blue filter combination. Viable pollens fluoresced bright yellow-green while non-

viable pollens were opaque green or did not fluoresce. Viability was calculated as 

percentage of fluorescent pollen over total pollen grains. 

 

Pod and seed yield 

 

Pod and seed were harvested in two consecutive years to study the influence of 

introduced honey bees on pod and seed set. Ten hives were introduced to a M. pinnata 

plot containing 133 mature, nine year-old trees planted into laser-leveled irrigated plots 

at 3.6 m x 6 m spacing. Bee hives were placed 6 m apart from the trees early in October 

2008. Pods were hand harvested from 20 randomly selected trees in September 2008 

and 2009 and weighed.  
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Pruning and plant growth regulator treatments 

 

Millettia pinnata seeds (616) collected from the Forest Products Commission site were 

sown directly in April 2008 into 3 rows 3.6 m apart at 1 m spacing within the row to 

create a hedge. Survival was recorded one and four years later. After one year (April 

2009) two pruning treatments were applied, pruned to 20 cm (P20) and 50 cm (P50) 

within 3 rows of two plots (15 trees each) per row (90 trees/treatment). Plant height and 

shoot number were measured after six months (October 2009) when trees were 1.5 years 

old to asses the influence of pruning on growth. In December 2009 pruning treatments 

(no pruning = NP, pruned to 20 cm = P20, pruned to 50 cm = P50) were combined with 

application of plant growth regulators, paclobutrazol (1000 mg L
-1

 PAC, Payback® 

paclobutrazol, Crop Care Australasia, Pinkenba QLD Australia) and Promalin (500 

mg L
-1

 Pro, active ingredients GA4+7 + 6-benzyladenine, Valent BioSciences, Illinois) 

There were six treatment combinations (NP+Pro, NP+PAC, P20+Pro, P20+PAC, 

P50+Pro, P50+PAC). Each treatment was applied to seven trees and these are regarded 

as replicates. Either DI water, Pro or PAC (0.1 mL solution) were placed into 0.5 mm 

deep holes drilled 10 cm from the tree base. Shoot number at 30 cm from the based was 

counted and the dominance measured using a hedonic scale (0 = missing, 1 = dead, 2 = 

runt < 2.0 m, 3 = sub-dominant tree ≤ 2.8 m, 4 = co-dominant tree ≤ 3.3 m, 5 = 

dominant ≤ 3.7 m) in February 2012, when trees were about 4 years old. Mature trees 

(10 years old, n=35) were pruned back to a height of 120 cm by removing large 

branches and growth was measured four years after pruning.  

 

Data analysis 

 

Mean and standard errors of floral traits were calculated using Microsoft Excel. Pollen 

viability at different storage temperatures and durations, pruning and plant growth 

regulator treatments were subjected to analysis of variance using Genstat 14
th

 (VSN 

International, UK). Means and standard errors of means were determined. 

 

Results  

 

Flowering phenology and floral traits 
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Flowering in Kununurra commenced in the first week of October and lasted until the 

first week of November and it varied within and between trees. Within a tree flowering 

commenced within 10 days and flowering on all trees commenced within 15 days. 

Inflorescences were 16.5 ± 0.3 cm long with 78 ± 1 flowers. Flowers opened from 0600 

to 1000 h in the morning and they remained open until 1700 h. Each flower opened for 

one day only, there were 10-15 flowers open per inflorescence per day, and flowers 

opened in acropetal order (from base to tip) within the inflorescence. All flowers within 

an inflorescence opened within 9 ± 0.3 days and the ovary began to swell into a pod 8 ± 

0.5 days after the flower opened. Anthers started to dehisce at the mature bud stage, one 

day before flower opening. Stigmas were receptive in mature buds just before opening 

and in open flowers from 0600 to 1700 h. Nectar volume was 1.0 ± 0.04 µl per flower 

and it was available from 0600 to 1100 h with only a negligible amount detected after 

this time. 

 

Flower visitors 

 

Three species of local insects visited flowers, and these were native bees, Megachili sp. 

and Nomia sp., and a wasp Polistes sp. (Fig. 5.2). During the monitoring period from 

0600 to 1700 h more visits were recorded of Apis mellifera than Megachili sp., followed 

by Nomia sp. and Polistes sp. (Fig. 5.3). Foraging activities started at 0600 h and most 

flower visitors had their peak activity of 6-12 visits between 0900 and 1000 h on bright, 

sunny days. Flower visits began to decrease after 1000 h and there were no visits after 

1200 h.  

Apis mellifera, Megachile sp. and Nomia sp. visited both mature buds and open 

flowers, where keel petals provided a platform for landing. In mature floral buds these 

bees tripped the keel petals from the front without side-working and moved toward the 

base of the standard petal for nectar collection. Their weight freed the stigma and 

stamens and these contacted the ventral side of bees carrying pollen from previously 

visited flowers, and a cloud of pollen was ejected explosively dusting the ventral sides 

of bees. Apis mellifera collected pollen and carried it in the pollen baskets on their hind 

legs but Megachili sp. and Nomia sp. carried pollen on the underside of their abdomens. 

The wasp (Polistes sp.) foraged on petals for nectar droplets with side-working but 

without body contact with the stigma. Wasps foraged for nectar by perforating the calyx 

and very rarely tripped the keel. There was a maximum of seven wasp visits at the peak 

time of 1000 h. 
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Pollen pellets collected by honey bees were taken from pollen traps in hives and 

identified. In total there were 250 pollen pellets of M. pinnata and 60 pellets of 

sandalwood. Millettia pinnata pollen was yellow, weighed 0.2 - 0.9 mg with a diameter 

of 1 - 5 mm. The red sandalwood pollen weighed 0.1 - 0.7 mg with a 0.5 - 4 mm 

diameter.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.2 Flower visitors to M. pinnata in plantations at Kununurra: a Apis mellifera, b 

Megachile sp., c Nomia sp., and d Polistes sp. 
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Fig. 5.3 Activities of flower visitors Apis mellifera, Megachile sp., Nomia sp. and 

Polistes sp. from 0600 to 1700 h on M. pinnata grown in plantations at Kununurra 
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Pollen viability 

Pollen viability was influenced by storage temperature (P<0.01, Fig. 5.4) at different 

durations. Viability of fresh pollen was 85 ± 3%. Within 90 days of storage at 4
o
C 

viability decreased substantially to 58 ± 4% and this further decreased to 33 ± 4% after 

180 days, to 20 ± 3% after 270 days and to 10 ± 4% after 360 days. At lower 

temperatures viability declined at a slower rate and it did not change within 90 days but 

reduced to 67 ± 4% after 180 days (-20
o
C) and 270 days (-80

o
C). In pollen stored for a 

year viability decreased slightly to 62 ± 4% at both low temperatures. 
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Fig. 5.4 Millettia pinnata pollen viability after storage for 0, 90, 180, 270 and 360 days 

at 4
o
C, -20

o
C and -80

o
C. Values are mean ± SE, n=3 

 

Seed and pod yield 

 

Seed were produced by 49 trees (37%, n=133 trees) of 9 year-old M. pinnata trees in 

2008 when there were no bee hives. After placement of beehives 109 trees (82%) 

produced seeds. Yields of 20 randomly selected trees were highly variable between 

trees (P<0.001) both with and without bees. In 2008 without bee hives, seven trees did 

not produce any pods, and the remaining trees had a pod yield of 715 ± 288 g/tree and 

seed yield of 296 ± 121g/tree. In 2009 after the introduction of bee hives all 20 trees 

produced pods with 12,443 ± 5,338 g pods/tree and seed yield of 4,981 ± 2,318 g/tree. It 

should be noted that trees were also one year older. 
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Pruning and plant growth regulator treatments 

 

One year following plantation establishment from seed, tree survival was 92% (567 out 

of 616 seeds sown) but this decreased to 73% after 4 years. One year-old trees were 

pruned at the beginning of the dry season to either 20 cm or 50 cm above the ground 

and there was no influence of pruning treatment on subsequent shoot length (P>0.05) 

but it influenced shoot number (P<0.001). Trees pruned to 20 and 50 cm both had 

similar new shoot elongation length of 35 ± 5 cm 6 months after treatment. Pruning to 

50 cm resulted in more shoots (4.9 ± 0.2) than pruning to 20 cm (3.7 ± 0.2) after 6 

months. When trees were 4 years old, three years after pruning and plant growth 

regulator treatments were applied, tree form was variable but most trees had similar 

stem number at 30 cm (2.0 ± 0.4, P>0.05) and dominance (2.8 ± 0.4, P>0.05). Pruning 

10 year-old trees to 120 cm resulted in new shoot growth with a length of 2.7 ± 0.2 m 

but most stems and trunks rotted due to pathogen infections and few trees had any pods 

and those that had pods had few pods per tree (<20) four years after pruning.  

 

Discussion 

 

With some variation between trees, flowering in Kununurra in the monsoonal tropics of 

northern Western Australia, commenced in the first week of October and ended during 

the first week of November. This coincided with the end of the dry season, similar to 

flowering in Andhra Pradesh in India (Raju and Rao 2006). There was considerable 

overlap in the duration of flowering between trees, even though the first flowers in 

inflorescences opened at different times within a tree. In some tree crops, such as 

apricot, asynchrony of flowering reduces fruit set (Austin et al. 1998b) but the limited 

asynchrony in M. pinnata should not limit cross pollination as there were some flowers 

open on several trees at any one time.  

Millettia pinnata flowers had several mechanisms to encourage out crossing. 

Protandry, where anthers dehisced before the stigma became receptive, occurred in the 

mature bud stage one day before the standard and wing petals opened. Bees visiting 

mature buds, tripped the mechanism and received a pollen load on their ventral side and 

potentially cross pollinated flowers with visits to flowers on different plants. Protandry 

promotes outcrossing (Galloni et al. 2007), it does not prevent selfing (Bertin 1993) but 

it is frequently associated with self incompatibility (Barrett 2003). Self incompatible 

species, such as Prunus armeniaca L. cv. Sundrop, require cross pollination for high 
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seed/fruit set (Austin et al. 1998a), but whether this is the case for M. pinnata is 

unknown and requires further study. The stigma protruded higher than anthers and it 

contacted pollinators first to receive pollen from previously visited flowers.  

Nectar was partially protected at the base of the standard petal within the mechanical 

barrier of the keel petals and flower visitors often had to trip the keel petals to gain 

access to nectar, again promoting cross pollination. Visitations by legitimate pollinators 

began with probes to the flower from the front to seek nectar at the base of the standard 

petal, but usually pollinators landed on and depressed keel petals to gain a better 

position for access to the nectar. This released the stigma and stamens, and pollen was 

ejected in clouds covering the ventral side of pollinators.  

Native pollinators were very rare in the Ord River Irrigation Area in Kununurra, and 

only two species of legitimate pollinators were observed on M. pinnata trees, namely 

two bees Megachili sp. and Nomia sp. Both native bees triggered the pollen release 

mechanism when they landed on enclosed keel petals and depressed them whilst 

seeking nectar at the base of the standard petal. These bees grasped the flower and their 

abdomens always made contact with the stigma while foraging, allowing for transfer of 

pollen from previously visited flowers. Bees are common, legitimate pollinators and in 

Andhra Pradesh India, six species of local bees are legitimate pollinators for M. pinnata, 

namely Apis dorsata, A. cerana indica, Amegilla sp., Xylocopa latipes, X. pubescens 

and another species within Megachili (Raju and Rao 2006). So local native bees were 

legitimate pollinators, who probably transferred pollen resulting in cross fertilisation 

and seed set. 

A single species of wasp, Polistes sp. also visited flowers but this insect was an 

illegitimate pollinator and although of similar size to the native bees it did not trigger 

the pollen release mechanism. In India, species of small bees, wasps and thrips also visit 

M. pinnata flowers but they produce insufficient force to release stamens and stigma 

from the keel (Raju and Rao 2006). Visits by Polistes sp. had the additional 

disadvantage that they foraged by side-working without contacting the stigma in 

previously triggered flowers, and robbed nectar thus reducing the reward available for 

later legitimate pollinators.  

Apart from other insects, there are about 2000 species of native bees in Australia, 800 

of which reside in Western Australia (Houston 2011). The low number of species 

visiting M. pinnata flowers was unexpected given the diversity of Australian insect 

species and proximity of the Ord River Irrigation Area to natural bush and rangelands. 

Several factors may have contributed to this but one of them is the use of pesticides in 
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crop production. Crops, such as sugar cane, sorghum (Muchow and Coates 1986) and 

cotton (Strickland et al. 2003) are grown in the area. During the early years of cotton 

production, it was frequently sprayed with insecticides against Heliothis armigera 

(Wilson 1974). Since then use of transgenic Bt cotton has reduced spraying, in part to 

increase survival and effectiveness of the biological control agent Trichogramma 

(Davies et al. 2009), but some pesticide use remains. Herbicides are also applied for 

weed control which may influence insect habitat, in particular alternative forage in field 

margins (Westerkamp and Gottsberger 2000). Pesticides and herbicides reduce nesting 

habitats and contaminate pollen and hives resulting in pollinator death, and native bees 

including Megachile pacifica and Nomia melanderi are particularly vulnerable 

(Johansen 1977). Hence the low number of visiting species may be due to prolonged 

pesticide use, but analysis of chemical residues and their impact is required to support 

this. 

Insects foraged on flowers with an hour of peak activity between 0900 h and 1000 h. 

During the peak foraging activity, more Megachili sp. visited flowers than Nomia sp. 

and Polistes sp. but visits remained low at 6-12 pollinator bee visits per hour compared 

with over 80 visits in India (Raju and Rao 2006). Flowers were open and stigmas 

remained receptive till 1700 h but foraging activity quickly dropped after 1000 h and 

flowers were not visited by pollinators after 1200 h. In India, insect foraging continued 

till 1400 h (Raju and Rao 2006), extending the period when flowers could be cross-

pollinated. Foraging behavior was supported by the provision of nectar, common in bee 

pollinated flowers (Arroyo 1981; Herrera 1990; Tandon et al. 2003).  

The rarity of pollinators and low foraging activity was possibly due to the low volume 

of nectar and high daytime temperatures in Kununurra during flowering. High diversity, 

abundance and activity of pollinators are usually related to copious nectar availability 

(Bhattacharya 2004). In Kununurra only 1.0 ± 0.04 µl of nectar was available per flower 

from 0600 to 1100 h and negligible amounts were detected thereafter, which contrasts to 

3.7 µl nectar in M. pinnata flowers in Indian (Raju and Rao 2006). This may be due to 

the extreme temperatures in Kununurra where the highest maximum was 40.8
o
C in 

October, which could lead to evaporation of nectar (Herrera 1990) and reduced insect 

activity. Bee foraging activity is temperature dependent and each species has a suitable 

microclimate for sustained flight (Corbett et al. 1993). Thermal constraints may have 

reduced the length of foraging activity and limited the effectiveness of bee pollination 

(Stone and Willmer 1989). Honey bees (Apis mellifera) for example, return to their 
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hives at the high ambient temperatures of 40
o
C (Cooper et al. 1985) experienced in 

Kununurra.  

Overall the activity of introduced honey bees was much greater than native bees. 

Whilst there are 800 bee species in Western Australia, most of them are solitary 

(Houston 2011). Solitary bees are more specialised pollinating particular species of 

flowers. They have shorter lifespan and have morphological and behavioral traits that fit 

the host plants but often make them ineffective pollinators for non-host plants. In 

contrast, honey bees live in hives of thousands of individuals (Austin et al. 1996), 

colonies live year-around and they are generalists and rely on many flower species for 

survival (Westerkamps and Gottsberger 2000). Honey bees made about 100 visits 

during the peak hour, about 8 times more than the solitary native bee Megachili sp. and 

12 times more than Nomia sp. In all cases individual bees were not identified so how 

many bees made these visits was not determined. Sandalwood flowered at the same time 

as M. pinnata and its pollen was also found in the pollen trap indicating that honey bees 

visited this plant, but it was the only competitor for their activities. Certainly honey bees 

visited more intensely during the flowering season, probably cross-pollinated more 

frequently and played a substantial role in fertilisation, and provision of hives would 

increase cross-pollination during this period and enhance seed set and probably seed 

yield.  

Pollen viability was high at 85 ± 3% and this should have been adequate for cross-

pollination and seed set (Astarini et al. 1999). The number and viability of pollen grains 

deposited onto the stigma was not a limiting factor for seed set in M. pinnata (Arathi et 

al. 1999) but whether the flower is visited by a legitimate pollinator at all, may be.  

Low pollen viability and its deterioration during storage are problematic for dispersal, 

geneflow and breeding for crop improvement (Dafni and Firmage 2000). Pollen 

viability usually remains high over the short periods of time required for dispersal and 

cross-pollination (Astarini et al. 2009; Sahai 2009) and is not likely to be of concern in 

M. pinnata. Pollen storage for breeding purposes was possible at freezing temperatures 

and it was well maintained at -20
o
C and -80

o
C. Storage at -20

o
C is frequently used for 

pollen storage of a wide range of species including Prunus dulcis (Martinez-Gomez et 

al. 2002), several Boronia species (Astarini et al. 1999) and Brassica rapa (Sato et al. 

1998). Facilities for -20
o
C are more readily available and given there was no difference 

in viability between -20
o
C and -80

o
C after a year, -20

o
C is recommended. Storage at 

4
o
C is possible for short periods of less than 90 days as it retains viability at about 60%. 

Similarly in almond, 4
o
C is recommended for short-term storage and -20

o
C for long 
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term storage up to a year (Martinez-Gomez et al. 2002). Pollen storage at -20
o
C is 

recommended here as it would preserve pollen within and between flowering seasons or 

in transit to one or more distant regions. Long term storage of viable pollen is important 

to preserve resources that can be utilised for breeding programs and genetic engineering 

(Alba et al. 2011). 

Pod and seed yield were low and highly variable, they improved with the introduction 

of honey bees but remained problematic. Pod and seed yields were about 17-fold higher 

with than without honey bees. Reliance on local pollinators was not a viable option for 

high yields in Kununurra and the provision of additional honey bees was required to 

increase pollination and seed set. However, yield remained substantially lower than 

estimates of 8-24 kg for mature, natural trees under Indian climatic conditions (Bringi 

and Mukeerje 1987) and 36 kg for trees grown with some management under landscape 

conditions in Queensland (Scott et al. 2008). Results here were for relatively young (9-

10 year old) M. pinnata trees grown in a monoculture or in limited mixed species 

plantations with Santalum album and other sandalwood hosts. Pollination is obviously a 

critical factor for seed or fruit set in most plants, especially for commercial production 

of seed from M. pinnata.  

Only a third of M. pinnata trees produced seeds under plantation conditions 

indicating inadequate pollination in Kununurra. Similarly in India, observations indicate 

a large proportion of trees do not produce any seeds in natural populations, however 

lack of quantitative data for seed number and tree age makes comparisons difficult 

(Sharma et al. 2011). Presumably insects are present in natural forests in both countries 

but there may be competition, climatic or other factors influencing their activity on M. 

pinnata in Western Australia.  

Seed yield is used to identify high yielding candidate plus trees (Divakara et al. 2010, 

Rao et al. 2011), but this may be dependant on pollinators or other environmental 

factors rather than the genetic quality of trees. Yield may vary substantially with 

location, due both to the abiotic and biotic environment. Certainly even within India 

different criteria are used for candidate plus trees, so in Andhra Pradesh 20 kg of seed 

from 10 year-old trees is regarded as high-yielding (Rao et al. 2011), whereas in 

Jharhkand high-yielding trees aged 20-100 years produce 35-300 kg/tree (Divakara et 

al. 2010). So seed yield may indicate an elite genotype in the wild, but this assessment 

should be used with caution. Elite genotypes are used as sources of propagation, but 

they may not deliver these high yields. So elite genotypes should be clonally propagated 

and planted in a range of environments in well designed long-term experiments to 
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assess yield traits. These yield assessments across environments can then quantify G x E 

interactions (Murphy et al. 2012). 

Tree survival by direct seed sowing under irrigated field conditions after one year 

was high (92%) although survival decreased to 72% after four years. Currently there is a 

lack of data on survival of M. pinnata under plantation conditions and appropriate 

methods for large-scale propagation, establishment and management are required. The 

present experiment is the first report on survival of seed-sown plants up to 4 years under 

plantation conditions, as a means of propagation for domestication.  

Trees are vigorous and shoots on young trees grew the same amount whether pruned 

to 20 cm or 50 cm, although more shoots formed on 50 cm plants probably due to the 

greater availability of axillary buds for shoot development. Plant growth regulators were 

not helpful in regulating tree size. Pruning of large branches on 10 year-old trees 

resulted in serious disease and wood rot in these tropical regions. So whilst these 

treatments were not useful, frequent pruning of small branches may be appropriate to 

manage tree size. This is suggested with caution however, due to the 11 month-long 

period between flowers and mature pods (Arpiwi et al. 2012). Pruning would need to be 

done in such a fashion as to not damage or remove the reproductive structures for the 

next season’s harvest. 

 

Conclusion 

 

In conclusion, flowering in northern Western Australia occurred at the end of the hot, 

dry season. Flowers contained several mechanisms for out-crossing and legitimate 

pollinators were required. Few local legitimate pollinators visited flowers and seed yield 

was consequently low. This may have been due to pesticide use, high temperatures and 

low nectar availability. Honey bees were legitimate pollinators, and they substantially 

increased pollination and seed yield and are recommended for commercial production 

systems. Pollen viability was high and it could be stored short term at 4°C and long term 

at -20°C. Seed yield was variable and low. Tree size management remains problematic. 

So whilst M. pinnata remains a strong candidate for future biodiesel production, there 

are many aspects of its agronomy that require resolution.  
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Chapter 6: General discussion and future research directions 

 

General discussion 

There is growing interest worldwide in the use of Millettia pinnata as a viable feedstock 

for biodiesel production. However many key traits are required for the development of 

this tree crop and these were investigated. In this study, a collection of Australia’s most 

mature M. pinnata trees growing under plantation conditions were examined in 

Kununurra in tropical, northern Western Australia and where possible and appropriate 

these were compared with genetic material gathered from elsewhere across the natural 

range of M. pinnata.  

Key results in the present study were: 

1. The Forest Products Commission’s tree collection in Kununurra had the highest oil 

content compared to accessions from elsewhere in Australia (Queensland and 

Northern Territory), India and Indonesia and superior trees were selected. Fatty acid 

composition confirmed good biodiesel quality with the oleic acid component at 

51%. 

2. Molecular diversity, examined using the internal transcribed spacer (ITS) region, 

indicated distinctiveness of genotypes from Java, Indonesia and most genotypes 

grouped in clades according to their geographical origins.   

3 Oil content and proportion of oleic acid in developing seeds reached a peak at 

maturity 11 months after flowering and this was recommended as an appropriate 

time for harvest. 

4. Millettia pinnata’s seedlings had moderate salinity tolerance of 150 and 200 mM 

NaCl under waterlogged and drained conditions respectively and it was non-saline 

waterlogging tolerant. 

5. Millettia pinnata in Kununurra was nodulated by root nodule bacteria (RNB) from 

the genera Bradyrhizobium and Rhizobium and one species was closely related with 

B. yuanmingense which dominated the soils. Inoculation of seedlings with RNB 

isolates in the nitrogen-minus media increased shoot dry weight indicating 

effectiveness in nitrogen fixation. This was the first RNB species isolated from and 

effective on M. pinnata. 

6. Survival of plants in the field via direct seed sowing was high after one year 

although it decreased after four years.  
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7. Floral traits and pollination syndromes supported outcrossing. Pollen could be 

stored at 4
o
C for the short term and at -20

o
C for longer terms of one year with 

viability maintained. 

8 Seed yield was limited by the rarity and short foraging activity of native bee 

pollinators and it improved with introduction of honey bees, Apis mellifera. 

9. Growth management via pruning of young and mature trees and application of plant 

growth regulators were not effective in regulating tree size.  

These add to the existing knowledge about M. pinnata and indicate potential yield 

could be improved with appropriate site management. Traits for growing on saline and 

waterlogged soils and nitrogen poor soils supported production on marginal land. The 

significance and limitations  of these would be discussed in the following sections.  

The Forest Products Commission’s tree collection in Kununurra had high oil content 

and superior trees based on high oil content were selected (Chapter 3). Seed oil content 

ranging from 31% to 45% was recorded from trees grown in Kununurra. Oil content of 

45% from Kununurra was the highest oil content compared to seeds from natural 

populations across Queensland and Northern Territory in Australia, India and Indonesia. 

Oil content in India varies from 10 to 47% (Divakara et al. 2010; Kaushik et al. 2007; 

Kesari et al. 2008; Mukta et al. 2009; Rao et al. 2011; Sunil et al. 2009). The lowest oil 

content in seed from India was only a third of the lowest oil content in seed from 

Kununurra.  

Analysis of the fatty acid composition indicated that oleic acid was the most abundant 

component and this is highly desirable for good biodiesel quality. High oil content, 

coupled with a high proportion of oleic acid, is a key requirement for biodiesel 

feedstock. The proportion of palmitic, stearic, linoleic and linolenic acid methyl esters 

across trees were 11%, 6%, 19% and 4.5% respectively indicating good biodiesel 

quality. According to Pinzi et al. (2009) the ideal fatty acid methyl ester composition for 

biodiesel is a high amount of monounsaturated fatty acids (oleic and palmitoleic), 

minimum amount of polyunsaturated acids (e.g. linolenic) and a controlled amount of 

saturated (e.g. palmitic, stearic) acids. The fatty acid composition of M. pinnata falls 

within this category and resultant biodiesel quality matches the requirement of current 

biodiesel standards: European EN 14214 and US ASTM D 6751 02 (Pinzi et al. 2009).  

Genetic diversity of Kununurra’s tree collection was studied using sequencing of the 

internal transcribed spacer (ITS) region of nuclear ribosomal DNA (Chapter 3). 

Materials from elsewhere in Australia (8 genotypes from Queensland and one genotype 

Northern Territory), India (6 genotypes) and Indonesia (4 genotypes) were included for 
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comparison. A phylogenetic parsimony tree was constructed using ITS region 

sequences of 49 genotypes together with sequences of two outgroup species of M. 

pulchra and M. thonningii from GenBank (http://www.ncbi.nlm.nih.gov/genbank/). The 

phylogenetic tree indicated separation of genotypes into five clades with >50% 

bootstrap support. Clade I and II contained genotypes from Kununurra. Clade III 

contained genotypes from Kununurra and Sumatera (Indonesia), clade IV contained 

genotypes from India (Andhra Pradesh, Tamil Nadu, Madhya Pradesh, and Punjab) and 

clade V contained genotypes from elsewhere in Indonesia (East and West Java). 

Indonesian genotypes were the most distinct, possibly indicating that they originated 

from Java and/or diverged there, although this warrants further investigations involving 

more genotypes from several islands of Indonesia. Generally the clades correlated with 

geographic origins of genotypes, except clade III. There were 33 individuals from 

Queensland, Northern Territory, India (Uttar Pradesh and West Bengal) and Kununurra 

that did not make any clades, however, these were members of a big branch separating 

the Javanese clade from the rest with 74% bootsrap support. The use of more genotypes 

representative of each accession might improve delineation of the species.  

Few molecular markers have been used to analyse genetic diversity of M. pinnata 

including amplified fragment length polymorphism (AFLP), three endonuclease 

amplified fragment length polymorphism (TE-AFLP), inter simple sequence repeats 

(ISSR) and random amplified polymorphic DNA (RAPD) (Kesari et al. 2010; Sahoo et 

al. 2009; Sharma et al. 2011). Among these dominant markers TE-AFLP and AFLP are 

suitable for estimating the levels of genetic diversity of M. pinnata candidate plus trees.  

Seed yield and oil content are among common criteria to select candidate plus trees 

from natural populations. Research toward selection of high oil content and high 

yielding trees from a wide genetic background is required as sources of propagation and 

for breeding materials. However genotypes need to be planted in a range of 

environments in well designed and long term experiments. Selection of candidate plus 

trees from local natural populations has some use as these plants have at least coped and 

potentially adapted to the local environment. However maximum benefit from genetic 

advantage may not be found. Yield should be assessed across environments to measure 

G x E effects. Overall yield was also reduced by the high proportion of mature trees that 

did not produce seed. Similar trends are noted in India where a high proportion of trees 

in natural populations do not produce seed, but there is a lack of quantitative data 

supporting this (Sharma et al. 2011).  
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Appropriate time for harvest was defined at 11 months after flowering (Chapter 3). 

This is extremely important for M. pinnata because flowering occurs within a few 

weeks of last season’s seed maturity (Kazakoff et al. 2011). At 11 months after 

flowering seeds contained the highest oil and the highest oleic acid. Flower buds were 

probably initiated by this time as a month later flowers began to open for the following 

year’s pod set. This narrow window of opportunity could be used for harvesting to 

avoid damage of new developing floral buds. Mechanical harvesting is probably 

possible if it is done at an appropriate time where seeds are mature enough but just 

before initiation of flower buds so that no buds are damaged or removed by the 

harvester. 

Millettia pinnata has moderate salinity tolerance of 150 mM NaCl under waterlogged 

conditions, 200 mM NaCl under drained conditions and it is non-saline waterlogging 

tolerant. There was no difference between provenances in salinity tolerance (Chapter 3). 

This means that the species is probably able to grow on marginal lands affected not only 

by salt but also waterlogging. The present study supports the salinity tolerance reported 

by Singh (1990) where M. pinnata survive well at 16.3 dS m
-1

 (~163 mM NaCl) 

Establishment of huge plantations to supply enough seeds for biodiesel production 

requires broad acre plantations. Selection of areas to grow feedstock should be on 

marginal lands where other crops have low productivity or can not be produced. This 

anticipates the expansion of biodiesel crops which should not take over arable lands 

suitable for food production. Some saline and/or waterlogged marginal lands were 

suitable for growth of M. pinnata.  

Quantitative measurements were performed on survival, height growth rate, leaf 

number, stomatal conductance and leaf ion concentrations to indicate the mechanisms of 

salt tolerance in M. pinnata. Mechanisms of salinity tolerance in plants are of three main 

categories, osmotic tolerance, ion exclusion from leaf blades and tissue tolerance, which 

requires ion compartmentation in vacuoles (Munns and Tester 2008). Tolerance to 

osmotic stress is indicated by higher stomatal conductance and greater leaf expansion 

under salt treatment, however in M. pinnata, stomatal conductance was reduced by 86% 

in saline drained and by 94% in saline waterlogged conditions. Ion exclusion is 

indicated by low Na
+
 or Cl

-
 in leaves, but leaf Na

+
 concentration increased 4.5-fold in 

saline drained and 10-fold under saline waterlogged conditions. Leaf Cl
-
 concentration 

increased about 3-fold in both saline drained and saline waterlogged conditions. So the 

mechanism of salinity tolerance in M. pinnata is not via osmotic tolerance or salt 

exclusion. The alternate mechanism is intracellular ion compartmentation in vacuoles 
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and this can only occur if the osmotic balance between cytoplasm and vacuole is 

achieved via synthesis of compatible organic solutes in the cytosol and organelles, such 

as prolene, glycine, betaine and polyols. These low molecular mass compounds act as 

osmotic balance (Parida and Das 2005). In future studies the production of compatible 

organic solutes needs to be confirmed in M. pinnata. 

These findings are important as guidance in selecting suitable marginal lands for 

plantations of M. pinnata to support biodiesel production. In tropical, arid and semi-arid 

regions of the world with salinity up to 200 mM NaCl or areas which are periodically or 

seasonally waterlogged with fresh water, such as along riverbanks and low-laying 

landscape are possibly suitable. However, plantations in soils with high salt content 

(>200 mM NaCl) should be tested. This is because salinity and waterlogging in the 

landscape varies spatially and temporally. Many saline soils have patches with 

heterogeneous salinity which ranges from near to fresh water to ten-fold higher than sea 

water (Bazihizina et al. 2012).  

Plants can germinate and establish during periods of heavy rainfall, when soils are 

less saline. Mature plants with extensive root systems can extract deeper, less saline 

groundwater and grow when fresh water is available and reduce growth when only 

saline water is available. These trees appear to be more salt tolerant than they really are 

(Craig et al. 1990) and this may explain the reports of high salinity tolerance in M. 

pinnata. Suitable sites for M. pinnata may be related to salinity of soil solutions above 

the water table but it is more likely constrained by their access to less saline water, 

access to ground water with their deep roots or seasonal monsoonal conditions where 

fresh water is plentiful. In saline landscapes, the availability of less saline water depends 

on soil texture, distance to water table and volume of rainfall received and these factors 

may need to be considered when selecting sites for M. pinnata. This might partly 

explain the existence of M. pinnata in coastal habitats, with roots either in fresh or sea 

water (Sangwan et al. 2010). In addition, the thick tap root can grow up to 10 m deep 

into the soil and this is an adaptation to extract water ground water beneath other crops 

(Kesari and Rangan 2010; Sangwan et al. 2010). The ability of plants to source less 

saline water supply in saline landscapes might encourage development of plantations of 

M. pinnata in more saline sites with preferred planting times when more rain water is 

available. This means more marginal areas could potentially be utilised for plantations 

of M. pinnata. 

Saline landscapes have low fertility, nitrogen deficiency and are hence unproductive. 

This is due to toxicity from high NaCl levels, lack of a legume base and lack of adaptive 
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species (Rogers et al. 2006). Legumes have the ability to fix nitrogen via symbiosis with 

root nodule bacteria, commonly known as rhizobia. Biological nitrogen fixation is a 

sustainable, alternative for nitrogen input into agroecosystems and this is a critical 

savings with regards to inputs to biofuel feedstock systems (Ferguson et al. 2010). 

Therefore planting the leguminous tree M. pinnata, for biodiesel production would 

reduce chemical fertilizer inputs, thereby reducing greenhouse gas emissions. Nitrogen 

fixing leguminous trees commonly contributes to soil fertility, especially in arid regions 

which experience environmental stresses such as salinity and drought (Zahran 2001). 

Plantations of M. pinnata in saline soils similarly would increase soil fertility. 

Millettia pinnata was able to grow on nitrogen-minus media with inoculation of root 

nodule bacteria (RNB) trapped from Kununurra’s soils where M. pinnata were growing. 

The most abundant species had slow-growing isolates closely related to Bradyrhizobium 

yuanmingense, which was identified using sequencing of 16S rDNA, atpD, dnaK and 

recA genes. Other Bradyrhizobium and Rhizobium were also effective microsymbionts 

(Chapter 4). This was the first RNB species isolated from and effective on M. pinnata. 

The effectiveness of the symbiosis between RNB isolates was assessed using the 

proportions of shoot dry weight of inoculated over nitrogen-fed plants which were 60-

85%. The increase in shoot dry weight of inoculated plants was evidence of nitrogen 

gain. Bradyrhizobium yuamingense is a ubiquitous species adapted to wide ranges of 

climatic conditions and it can nodulate many plant species. The implication of this 

finding is that M. pinnata can be grown in nitrogen-poor soils which can be 

supplemented following inoculation with rhizobia. RNB isolates obtained in the present 

study only tolerated salt far below 1% (~171 mM NaCl) as indicated by poor isolate 

growth at this concentration.  

Asynchronous flowering occurred for one month during the hot season from early 

October to early November in Kununurra. There was temporal separation in maturation 

of sex organs where anthers dehisced one day before the stigma became receptive. 

Tripping agents were required for pollination to occur and natural and introduced honey 

bees were legitimate pollinators. Asynchrony of flowering, protandry and pollination 

mechanisms were among traits that encouraged cross pollination. Pollen viability was 

85 ± 3% soon after harvest and it decreased slightly to 60% following storage at 4
o
C for 

90 days. Storage at -20
o
C was recommended for one year storage as viability was 

maintained at 62 ± 4%. Since M. pinnata is a perennial which commonly flowers once a 

year, pollen preservation is important for utilization in breeding programs and for 

genetic engineering.  
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The number of fruiting trees and seed under irrigated plantation conditions were low 

but this improved with the introduction of honey bees, Apis mellifera (Chapter 5). Seed 

yield of 20 randomly selected trees was very low (296 ± 121g/tree) and most trees (84 

out of 133) did not produce any seed. The most obvious limiting factor for yield at the 

Ord River Irrigation Area (ORIA) in Kununurra was the lack of legitimate pollinators 

and there were only two, both species of solitary native bees, Megachili sp. and Nomia 

sp. These bees had a short duration of foraging activity of 6 h with peak visitation rates 

of 6-12/tree lasting only for one hour. This short foraging activity was due to the small 

nectar volume of 1µl/flower available over a short period from 0600 to 1200 h. In India 

nectar volume is more than three times this amount, solitary and communal bees visit 

flowers and visitation rates are in the order of 100 visits/h/tree (Raju and Rao 2006). 

This has a huge impact on pollination rates and fertilisation success, seed set and yield. 

The rarity of native bees may be related to pesticide use in the ORIA, and this could be 

a difficult problem to overcome. Alternatively it could be managed with the 

introduction of hives of honey bees, Apis mellifera, which increased seed yield to 5 

kg/tree and most trees (126 out of 133) produced yield. Apis mellifera was a legitimate 

pollinator, which triggered the explosive pollen release mechanism and always made 

contact with sex organs while visiting flowers.  

Managing tree size for mechanical harvest was difficult. Pruning young trees (one 

year old) and treatments with gibbererllin4/7 or paclobutrazol were not useful in 

managing tree size (Chapter 5). Heavy pruning of mature trees (10 year old) was not 

useful either due to substantial infestation by wood rots. Further investigation into 

pruning times is needed so that plant size can be maintained and to allow for mechanical 

harvesting.  

Marginal areas for growing M. pinnata have been identified in the present study 

which were related to salinity, waterlogging and the combined conditions, and nitrogen-

poor soils. The next question is how much land is available with these conditions? It is 

difficult to get global data on salinity and nutrient poor soils. The world total of salt-

affected areas is 831 Mha (Martinez-Beltran and Manzur 2005). There are 5.7 Mha of 

Australian lands that are salt-affected and this is predicted to increase to 17 Mha by 

2050 (National Land and Water Resource Audit 2001), however much of this land is at 

latitudes too high for M. pinnata production. In the wider context of marginal land 

proposed by Milbrandt and Overend (2009), who defined marginal lands as lands with 

poor climate, poor physical characteristics and difficult cultivation, there is estimated to 

be about 400 Mha of marginal land in the Asia-Pacific Economic Cooperation (APEC) 
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region available. Australia has the largest area of marginal land of 103,623,900 (Ha). 

Although not all these saline areas can be used for M. pinnata plantation, these figures 

give indication of potential marginal lands.  

 

Future research directions 

 

More diverse seed sources are required to widen the genetic base of the Kununurra 

collections. Procurement of genetic materials from across India as well as across 

Australia would enrich the genetic diversity of the species for utilisation in breeding 

programs for improvement. In Australia natural or naturalised populations of M. pinnata 

exist in the northern tropics and sub-tropical east coast including Darwin, Cape York, 

and along the eastern coast of Queensland and into northern New South Wales (Murphy 

et al. 2012). These potential genetic resources need to be further examined to determine 

if they represent more genetic diversity within the species.  

Future research should be directed towards the development of co-dominant markers, 

such as simple sequence repeats (SSR) markers, which might be able to demonstrate 

true intra-specific genetic variation. This is because inheritance is co-dominant, and 

these markers usually provide high levels of polymorphisms, have high reproducibility, 

indicate multialelic variation, and can be easily amplified by PCR and are commonly 

used for genetic diversity studies (Varshney et al. 2006). Another alternative is 

sequencing of M. pinnata’s genome. It is a new emerging crop and lacks genome 

sequence data (Kesari et al. 2010) and sequencing is rapidly becoming more accessible. 

Sequencing of ITS region separated genotypes based on their geographical origins, and 

deep sequencing or a full genome sequence would prove useful (Shendure and Ji 2008). 

Since there was no difference in salinity tolerance between provenances studied here, 

it is recommended that in future studies seeds from a range of saline sites where M. 

pinnata are growing, including coastlines, edges of saline lakes and estuaries be used to 

screen for saline-tolerant provenances. This can be done initially under glasshouse 

conditions followed by confirmation in plantations on saline sites. Salinity and 

waterlogging tolerance usually varies between and within families, provenances and 

genotypes within a species (Akilan et al. 1997; Marcar et al. 2002). Generally materials 

from saline provenances are more saline tolerant than those from non-saline 

provenances (Niknam and McComb 2000). This method could be adopted for selecting 

the most saline tolerance of M. pinnata. In the present experiment seeds were selected 

based on geographical positions in India to cover diverse genetic resources however, 
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this method did not consider the salinity of the chosen provenances, which may have 

resulted in the similar salinity tolerance of all provenances.  

Further research is required to trap rhizobia from M. pinnata populations in saline 

sites to obtain salt tolerant RNB. These would then need to be measured for nodulation 

and effectiveness in nitrogen fixation under glasshouse conditions followed by 

inoculation of M. pinnata seedlings for saline field production. 

Assessment of flower phenology, floral traits, and pod and seed yields with and 

without introduction of bee hives should be done in few consecutive years. This is 

because the traits are influenced by G x E interaction. 
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Abstract The leguminous tree, Millettia pinnata

(pongamia) produces oilseed suitable for biodiesel

production. Assessment of oil production and genetic,

morphological and physiological traits are required.

Collections from the Forest Products Commission in

Kununurra, Western Australia were compared with

accessions from India, Indonesia, Queensland and the

Northern Territory in Australia. Molecular diversity,

examined using the internal transcribed spacer region,

indicated distinctiveness of genotypes from Java,

Indonesia. Seed traits varied across trees with the

smallest seeds from Indonesia and the largest from

Kununurra. Oil content varied across trees with a

minimum of 28 % in an Indonesian accession and the

highest of 45 % from Kununurra. Major fatty acids

across trees were oleic (51 %), linoleic (19 %),

palmitic (11 %) stearic (6 %), linolenic (4.5 %) and

behenic (4.5 %) acids. Seed weight and oil content per

seed of developing seeds increased with a sigmoid

pattern and oleic acid was the major fatty acid

throughout seed development. Waterlogging and

salinity tolerance were assessed. Four month-old

seedlings from Kununurra, Western Australia and

India were exposed to: non-saline drained control,

saline drained, non-saline waterlogged and saline

waterlogged treatments. Seedlings were waterlogging

tolerant. Salt, applied in weekly increments of 50 mM,

led to reduced survival, height growth rate, leaf

number and stomatal conductance and increased

concentrations of leaf Na? and Cl-. Salinity tolerance

was 200 mM NaCl under saline drained and 150 mM

NaCl under waterlogged conditions. Milletia pinnata

diversity could be exploited for selection of superior

genotypes for oil production on marginal land.

Keywords Fatty acid composition � Genetic

resources � ITS region �Millettia pinnata �Oil content �
Pongamia � Salinity tolerance

Introduction

Millettia pinnata (L.) Panigrahi syn. Pongamia pin-

nata (L.) Pierre is a medium sized leguminous tree.
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Millettia pinnata seed contains oil, which is inedible

but useful for biodiesel (Mukta et al. 2009). With the

depletion of world oil reserves, this biodiesel tree

could contribute to renewable energy (Scott et al.

2008) especially if it could be grown on marginal land

unsuitable for food production.

Millettia pinnata grows in India, across Asia

(China, Malaysia, Indonesia, Japan, the Philippines),

Polynesia and tropical regions of Australia (Queens-

land and the Northern Territory) and it has been

introduced into New Zealand and the USA as an

ornamental tree (Scott et al. 2008). Many biodiesel

crops have had previous uses, often as ornamentals,

but as they emerge as biofuel crops, selection,

breeding and production systems for feedstock are

essential to gain maximum economical and environ-

mental benefits (Azam et al. 2005). Initial steps require

procurement of a germplasm collection, establishment

and then phenotypic characterization for selection of

important traits. The Forest Products Commission of

Western Australia has a substantial collection of

mature, seed bearing trees which were established

from an Indian collection at the Frank Wise Research

Station, in 1999 in Kununurra, in northern Western

Australia. Studies of genetic diversity are limited to

trees within certain states of India (Sahoo et al. 2010;

Sharma et al. 2011) and a broader investigation of

diversity is required.

Previous molecular genetic studies of M. pinnata

used AFLP, TE-AFLP (Sharma et al. 2011) and

ISSR (Sahoo et al. 2010). Sequencing of the internal

transcribed spacer (ITS) region of nuclear ribosomal

DNA has been used for phylogenetic study of the

Tribe Millettieae including P. pinnata (Hu et al.

2002). The ITS region evolves rapidly, has high

sequence variation and contains many informative

sites. It is relatively small, being under 700 bp

(Baldwin et al. 1995), and therefore is suitable for

species comparison between (Stappen et al. 1998)

and within species (Ritland et al. 1993). Both TE-

AFLP and AFLP indicate a high level of genetic

diversity of M. pinnata collected from different

locations in Delhi, India (Sharma et al. 2011) whilst

ISSR indicates narrow genetic diversity within the

trees from several regions of Orissa, India (Sahoo

et al. 2010). Identifying and capturing the genetic

diversity across M. pinnata is essential for future

exploitation of this species and analysis of the ITS

sequence is a suitable approach.

Seed oil quantity and quality are essential charac-

ters for biodiesel feedstock production. In particular,

seed size, oil content and fatty acid composition are

important criteria for selection of superior trees. Seed

traits need to be characterized across a broad range of

phenotypes and compared with molecular genetic

diversity. In other crops, seed oil and fatty acid content

vary during development (Hathurusingha et al. 2011;

Saoussem et al. 2009; Saldivar et al. 2011). This needs

to be investigated in M. pinnata to determine peak oil

and the optimum fatty acid composition for biodiesel

quality. This information is very important in deter-

mining an appropriate time for harvesting.

Second generation biofuel production targets mar-

ginal lands to avoid the conflict between food

production and first generation biofuel crops (Gressel

2008). Saline and waterlogged soils are typical of

marginal lands as they reduce plant growth and

productivity (Rengasamy et al. 2003). Millettia pin-

nata is found in coastal habitats (Kesari and Rangan

2010; Mukta and Sreevalli 2010) indicating it should

cope with waterlogging and salt concentrations equiv-

alent to sea water, which contains about 500 mM NaCl

(Flowers et al. 1986). It is purportedly highly salt

tolerant (Divakara et al. 2010; Kaushik et al. 2007;

Kesari and Rangan 2010) however preliminary pot and

field experiments examining salinity tolerance have

yielded mixed results (Singh 1990; Tomar and Gupta

1985; Tomar et al. 2003). Studies of tolerance of

waterlogging are lacking (Mukta and Sreevalli 2010).

Knowledge is needed of the response to salt and

waterlogging across a range of provenances.

A standard approach for salinity tolerance experi-

ments under glasshouse conditions is to increase

salinity until the maximum concentration is reached

which is marked by salt injury (older leaves turning

yellow, wilting, senescence, necrosis) or 50 % death

of plants, then they are held for several more weeks at

this concentration (Craig et al. 1990; Meddings et al.

2001; Van der Moezel et al. 1991). The gradual

increase of salinity would mimic field conditions

where soils seasonally dry out and salt concentration

increases (Niknam and McComb 2000).

The aims of the present study were: firstly to

investigate genetic diversity of M. pinnata from the

Forest Products Commission collection in Kununurra

in tropical, northern Australia and compare them with

natural populations in Australia, India and Indonesia;

secondly, to assess the existence of variability of
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important biodiesel parameters such as seed traits, oil

content and fatty acid composition to select high oil

yielding trees; thirdly, to determine the appropriate

time of harvest as indicated by the oil content and fatty

acid composition in developing seeds; and finally, to

investigate the tolerance of seedlings to salinity,

waterlogging and the combined stress conditions and

evaluate their suitability for planting in marginal

land.

Materials and methods

Molecular genetic diversity using sequencing

of ITS region

Plant material

The M. pinnata trees used were planted in 1999 at the

Frank Wise Research Institute located in the Ord River

Irrigation Area of Kununurra (Lat 15� 460 S, Long

128� 440 E) in tropical, northern Western Australia.

Seed was purportedly sourced from Indian collections.

In 1999 seedlings were grown under nursery condi-

tions and transplanted into laser-leveled irrigated plots

at 3.6 m 9 6 m spacing. Two young leaves per tree

were harvested from 30 mature trees from Kununurra

for DNA extraction.

Seeds were also collected from natural populations

in Australia (9 trees) using single tree collections per

location. These included trees from Brighton, Glad-

stone, Graceville, Indooroopilly, Mackay, Toowong

and two sites at Kelvin Grove in Queensland and at

Katherine in the Northern Territory. To compare these

with seeds from known international provenances,

seeds were purchased from six Indian states including

Andhra Pradesh, Madhya Pradesh, Punjab, Tamil

Nadu, Uttar Pradesh and West Bengal and three

provinces of Indonesia namely Sumatera, West Java

and two sites in East Java. Seeds from Australia, India

and Indonesia were germinated in a tray with potting

mix, grown for 6 weeks and fully expanded leaves

were harvested for DNA extraction.

DNA extraction and quantification

Genomic DNA was extracted using DNeasy Plant

Mini Kit (Qiagen, Clifton Hill, Victoria Australia).

Approximately 100 mg of either frozen or fresh leaf

samples were ground in liquid nitrogen with a mortar

and pestle to fine powder. DNA was isolated according

to manufacturer’s instructions and examined by gel

electrophoresis using 1 % agarose gel in Tris acetate-

EDTA buffer with ethidium bromide at 120 V for

40 min. DNA was quantified using a nanodrop

spectrophotometer (ND 10000, Biolab).

PCR amplification and purification

The ITS region consists of three components, namely

the 5.8S subunit and two spacers (ITS 1 and ITS 2)

(Baldwin et al. 1995) and the techniques used here

were modified from Hu et al. (2002). The ITS regions

were amplified via the polymerase chain reaction

(PCR) using HotStarTaq Plus Master Mix Kit

(Qiagen, Clifton Hill, Victoria, Australia) with ITS 4

(reverse) and ITS 5 (forward) primers (Integrated

DNA Technologies, Coralville IA, USA). Sequence of

the reverse primer ITS 5 was 50-GGA AGT AAA AGT

CGT AAC AAG G-30 and the forward primer ITS 4

was 50-TCC TCC GCT TAT TGA TAT GC-30.
Reaction mixtures (20 ll) containing 10 ll master

mix (1 unit HotStarTaq Plus DNA polymerase,

1 9 PCR buffer, 200 lM of each dNTP), 0.1 lM of

each primer, 40 ng of DNA template and known

volume of RNase-Free water were run in a thermo-

cycler (Multigene Gradient, Edison, NJ, USA). A

negative control containing all components of the

reaction mixture except DNA template (replaced with

water) was included to test reagents for DNA

contamination. The temperature program for PCR

had an initial denaturation step of 5 min at 95 �C,

followed by 35 cycles of 30 s at 94 �C, 30 s at 51 �C

for annealing, 1 min extension at 72 �C and 10 min

final extension at 72 �C. Amplification products were

visualized in 1.5 % agarose gel electrophoresis stained

with ethidium bromide.

PCR products were purified using QIAquick� PCR

Purification Kit (Qiagen) according to manufacturer’s

instructions and were visualized in 1.5 % agarose gel

following electrophoresis and staining with ethidium

bromide at 120 V for 1 h. A DNA marker, 100 bp

ladder (Axygen, Union City, California, USA) was run

in each gel to examine the size of products. Concen-

trations of PCR products and purified PCR products

were examined using a nanodrop spectrophotometer

(ND 10000 Biolab).
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DNA sequencing

The purified double-stranded PCR products were used as

templates in sequencing reactions. The forward (ITS 5)

and reverse (ITS 4) primers used for PCR amplification

were also used for sequencing. Sequencing reactions

(20 ll) contained 14–20 ng DNA template, 2 ll primer

at 1 pmol/ll, 1 ll ABI PRISM big dye terminator mix,

7 ll 2.59 buffer and 8 ll of culture sterile water. The

reaction was performed in a thermocycler (Multigene,

Edison, NJ, USA) using a program with an initial

activation step at 96 �C for 5 min followed by 35 cycles

of 30 s at 94 �C, 30 s at 51 �C, 1 min at 72 �C with a

final 10 min extension at 72 �C. Products were cleansed

and then sequenced using an automated sequencer ABI

Prism 3,500 Genetic Analyzer (Applied Biosystem)

according to manufacturer’s protocol. In addition to M.

pinnata, DNA sequences of outgroup species were

obtained from the gene bank (NCBI database). These

included Millettia pulchra Kurz (accession #AF467479)

and Millettia thonningii Baker (accession #AF467481).

Data analyses of sequences of ITS region

The DNA sequences were aligned using ClustalW

(Thompson et al. 1994). Parsimony analysis was per-

formed using PAUP 4.0 (Center for Biodiversity, Illinois

Natural History Survey, Illinois, USA). Heuristic searches

were employed with tree bisection-reconnection branch-

swapping by step-wise addition and closest addition

sequence. Five trees were held at each step and only the

best tree was kept. Bootstrap analysis was performed to

estimate the relative levels of support to individual clades

with 1,000 replications using heuristic search.

Seed traits and oil content in mature seeds

Seed traits

Seed for seed traits, oil content and fatty acid

composition in mature seeds were taken from the

same sources as DNA extraction. Ten seeds per tree

were weighed and their length, breadth and thickness

measured using a digimatic caliper (Mitutoya, Japan).

Oil extraction and quantification

Seeds were dried in an oven at 45 �C until constant

weight was obtained before grinding. Oil was

extracted in n-hexane using the soxhlet method

(Meher et al. 2006) in triplicates. Dry ground seeds

(1 g) were packed in a thimble, placed in a soxhlet

extractor and extracted under constant heat (65 �C) for

2 h. Hexane was removed using a rotary evaporator

and crude oil content was measured and expressed as a

percentage of dry seed weight.

Transesterification and fatty acid analysis

Transesterification and fatty acid methyl ester (FAME)

analysis was adapted from Mukta et al. (2009) with

heptadecanoic acid methyl ester (Sigma Aldrich,

Sydney, Australia) as an internal standard. Fatty acid

profile was determined using a Shimadzu GC-2010 gas

chromatograph fitted with flame ionization detection

(FID) and a BPX 70 column (50 m 9 0.22 mm inner

diameter, 0.25 lm film thickness; Alltech Australia).

Initial oven temperature was 200 �C held for 15 min,

then increased by 5 �C per min to 220 �C and held for

10 min with total run time of 30 min. Detector and

injector port temperatures were maintained at 250 �C

and 285 �C respectively. Helium was used as a carrier

gas with a flow rate of 0.65 ml min-1 and a split ratio

of 49.9. Injection volume for GC analysis was 2 ll.

Manual peak integrations were performed using GC

post run analysis. Identification of FAMEs were

confirmed using gas chromatography—mass spec-

trometry (GC-MS) on a Shimadzu GC 2010 using the

same column and same temperature program as GC

FID. Fatty acid methyl ester contents were expressed as

percentage of total fatty acid in each sample.

Data analysis

Seed traits, oil content and fatty acid composition,

were subjected to general analyses of variance

(ANOVA) using Genstat 14th edition (VSN Interna-

tional Ltd) to check overall significant differences. Oil

content across trees were categorized into low (\x-1 s),

medium (x-1 s to x ? 1 s) and high ([x ? 1 s) oil

content groups, where x and s are mean and standard

deviation respectively (Mukta et al. 2009). A corre-

lation coefficient between seed traits and oil content

was generated using Microsoft Excel, t and P values

were calculated for each correlation. Fatty acid

composition was reported as proportion of each fatty

acid to the total fatty acid in each sample. The

diversity of fatty acid composition was examined by
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cluster analysis using Primer 6 software. Euclidean

distance matrix was used for cluster analysis based on

unweighted pair-group method using arithmetic aver-

ages (UPGMA).

Seed traits and oil content in developing seeds

Changes in seed weight, oil content per seed and fatty

acid composition of developing seeds were measured

by harvesting 10 pods from three trees monthly from 6

to 11 months after flowering (MAF) during year of

2009. In 2008, flowering in Kununurra occurred in

October and seeds matured in September 2009. At six

MAF, seeds were large enough to accurately measure

morphological traits, oil content per seed and fatty

acid composition.

Salinity and waterlogging tolerance

Plant material

Seeds of M. pinnata from the Forest Products Com-

mission collection in Kununurra (KN) and four states

of India including Madhya Pradesh (MP), Punjab (PJ),

Tamil Nadu (TN) and West Bengal (WB) were

germinated and 4 month-old seedlings were used in

the experiment.

Experimental design

The salinity experiment was conducted in the Forest

Products Commission Research Nursery at the Uni-

versity of Western Australia, Shenton Park Field

Station (Perth, WA) in a screen house. There were four

treatments, five provenances and six plants per

provenance in a tank experiment. Each plant was

treated as a replicate. Treatments were control, i.e.

non-saline drained (C), saline drained (S), non-saline

waterlogged (W) and saline waterlogged (SW). Six

seedlings of the same height and leaf number from

each provenance were randomly arranged in the tanks

for acclimatization 2 weeks before imposing treat-

ments. The initial salt concentration was 50 mM NaCl

and this was increased in weekly increments of

50 mM to up to the concentration when salt injury

symptoms, such as older leaves turning yellow,

necrosis, wilting and senesce were observed. This

approach was adapted from Craig et al. (1990) and

Van der Moezel et al. (1991). Plants were held at this

concentration for 3 weeks before salt solutions were

leached from the media with fresh water. Control and

saline drained tanks were connected to pumps which

circulated water from reservoirs. Plants were watered

for 15 min (2x/day) using an automatic watering

system. Waterlogging was achieved by filling tanks up

to 1 cm below the surface of potting media. A soluble

fertilizer solution (quarter strength, Advance Grow,

Dutch Master, Adelaide, Australia) was applied during

the first and the 2nd week of acclimation. This was

increased to half strength for the rest of experiment

and changed weekly. The soluble liquid fertilizer

contained nitrogen (N, 2.6 %), soluble potash (K,

6 %), calcium (Ca, 2.20 %), iron (Fe, 0.045 %),

phosphoric acid (P2O5, 0.75 %), magnesium (Mg,

0.70 %), sulphur (S, 0.005 %), copper (Cu, 0.004 %),

manganese (Mn, 0.015 %), molybdenum (Mo, 0.004 %)

and zinc (Zn, 0.005 %).

Measurements

Survival and height of the main stem were measured

weekly. Dead plants were recognized when all foliage

permanently wilted (Craig et al. 1990). Growth rate

was calculated from plant height per week (Meddings

et al. 2001). Stomatal conductance was measured in

week 4 at noon on a sunny day on the youngest fully

expanded leaf using a Leaf Porometer (Decagon

Devices, Pullman USA). The youngest fully expanded

leaves were harvested at week 5 for ion analysis (Na?,

K? and Cl-). Leaf samples were oven dried at 65 �C

for 72 h and ground with a ball mill. Ions were

extracted in 0.5 M HNO3 by shaking for 48 h at

20–25 �C. Na? and K? were determined in dilutions

of the extracts using a flame photometer (PFP7,

Jenway, Essex, UK) and Cl- using a Buchler-Cotlove

Chloridometer (Buchler Instruments, Model 4-2000,

NJ, USA). Three lateral roots were removed per plant

at week 5 to examine aerenchyma at 4–10 cm from the

root tips. Roots were transversely sectioned and

mounted onto a glass slide and examined under a

microscope.

Data analysis

Analysis of variance was performed using Genstat

14th edition (VSN International) to identify overall

significant differences between treatments, prove-

nances and interactions. Percentage of survival was
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calculated based on 30 replications. Results of each

treatment were compared pairwise with the rest

following a simple t test (Johnson and Bhattacharyya

1996).

Results

Genetic diversity

The nucleotide sequence of the ITS region indicated

genetic diversity across the species. The aligned ITS

sequences of 49 genotypes from M. pinnata and two

out-groups (M. pulchra and M. thonningii) consisted

of 661 base pairs (bp). Among these, 509 bp were

constant, 105 bp were parsimony uninformative and

47 bp were parsimony informative.

A heuristics search of nucleotide characters from the

entire ITS region generated a parsimony tree with

length of 207, which contained five clades with more

than 50 % bootstrap supports and 33 single individuals

(Fig. 1). The two out-group species, M. pulchra and M.

thonningii, were separated from the in-group with 99 %

bootstrap support. Clade I consisted of two individuals

(# 12 and 13) from Kununurra. Clade II included five

individuals from Kununurra namely # 2, 11, 14, 15, and

16. Clade III contained individual # 56 from Kununurra

and a tree from Sumatera (Indonesia). Clade IV

included four individuals from Indian accessions,

namely Andhra Pradesh, Tamil Nadu, Madhya Pradesh

and Punjab. Clade V was the most distinct among trees

studied and only contained trees from Indonesia (West

Java, East Java 1 and East Java 2).

Seed traits and oil content of mature seeds

There was very high variation in seed traits across

trees (P \ 0.001; Table 1). Generally, the shortest and

the lightest seeds were from Indonesia which were

18.29 mm and 1.17 g respectively while the heaviest

seeds were from India. Oil content varied (Table 2)

with the lowest range of 28–36 % in Indonesia,

through the mid-range collections from India

(30.3–38.0 %) and Queensland and the Northern

Territory in Australia (33.0–40.3 %) to trees with

high oil content (# 3, 5, 14 and 80) and the highest oil

content of 45 % (# 4) in Kununurra.

There was a high positive correlation (all

P \ 0.001) between seed weight and seed length

(r = 0.67), seed breadth, (r = 0.53) and seed thick-

ness (r = 0.7). There was no significant correlation

between these seed traits and oil content (Table 3).

Peaks detected by GC-FID consistently indicated

nine fatty acid methyl esters (FAMEs) present in the

oil. The FAMEs were identified by GC-MS and listed

according to their retention time from the earliest to

the latest as follows: palmitic (C16:0), stearic (C18:0),

oleic (C18:1), linoleic (C18:2), linolenic (C18:3),

arachidic (C20:0), 11-eicosenoic (C20:1), behenic

(C22:0) and lignoceric (C24:0) acids respectively.

The internal standard peak (heptadecanoic acid methyl

ester) appeared at 9.8 min between palmitic and

stearic acid peaks.

Fatty acid methyl ester composition varied across

trees (P \ 0.001). The major fatty acid was oleic

(51 %), followed by linoleic (19 %), palmitic (11 %),

stearic (6 %), linolenic and behenic (both 4.5 %),

lignoceric (1.4 %) and 11-eicosenoic and arachidic

acid (both 1.2 %). The range in the proportion of

major fatty acids was 36.8–62.7 % for oleic,

40–24.1 % for linoleic, 8.9–15.2 % for palmitic and

linolenic was 2.3–8.8 %.

Cluster analysis of the euclidean distance matrix of

fatty acid composition indicated a dendrogram con-

sisting of 3 groups (Fig. 2), with a distance value[12.

The first group contained three individuals from

Indonesia including East Java 1 and 2, and West Java.

The second group was the largest and contained

individuals from all other accessions. The third group

contained a single tree (# 63) from Kununurra.

Seed traits and oil content in developing seeds

Increases in seed weight and oil content per seed in

developing seed followed a sigmoidal curve (Fig. 3a).

Seed weight at 6 MAF was 0.37 g, this nearly tripled

by 7 MAF, there was no increase at 8 MAF, but then it

resumed growth from 9 MAF and substantially

increased to 1.45 g prior to maturity at 11 MAF. Oil

content per seed was 0.07 g at 6 MAF and it increased

four-fold by 7 MAF, then remained relatively constant

for 3 months with a final increase to 0.51 g at maturity

(11 MAF).

The composition of fatty acid methyl esters

changed during seed development (Fig. 3b). Oleic

acid increased from 42 % 6 MAF to 52 % 7 MAF, was

relatively stable until 9 MAF and then increased to

61 % 11 MAF. Linoleic acid varied between 13 and
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20 % up to 9 MAF then decreased to 13 % at maturity.

Palmitic and stearic acid tended to decline from 6

MAF and were 13 % and 9 % respectively at maturity.

Linolenic decreased from 7 % at 6 MAF to 3 % at

maturity. Other FAMEs were minor components

which also slightly increased during seed development

except arachidic which remained unchanged at\1 %.

Salt and waterlogging tolerance

Waterlogging alone did not reduce plant survival but it

was influenced by salt concentration (P \ 0.05).

There was no influence of provenance and no inter-

action between provenances and treatments for sur-

vival. Saline drained seedlings survived up to 250 mM

NaCl held for 1 week, while survival for saline

waterlogged seedlings was reduced at 200 mM NaCl

and higher concentrations (Table 4). Holding seed-

lings in saline drained conditions at 250 mM NaCl for

2 weeks reduced survival to 80 % and holding the

plants for 3 weeks further reduced survival to 37 %.

After 1 week under saline waterlogged conditions

at 200 mM NaCl survival declined to 86 %, and

after 2 weeks at 250 mM NaCl survival reduced
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Fig. 1 Phylogenetic

parsimony tree generated

from PAUP 4.0 based on

internal transcribe spacer

(ITS) nucleotide sequence

data. Tree length = 207,

CI = 0.8937 and

RI = 0.8151. Numbers

above branches indicate

branch length and numbers

below branches in italics

indicate bootstrap values of

1,000 replications

Genet Resour Crop Evol

123



substantially to 34 % and after 3 weeks most plants

were killed leaving only 3 % alive.

Control height growth rate (HGR) was fairly

constant at approximately 9 mm/week. Treatments

reduced HGR (P \ 0.001) but there was no influence

of provenance (P [ 0.05). Waterlogging reduced

HGR by about a third. Generally HGR decreased with

increasing NaCl concentration or prolonged salt

treatment (Fig. 4a). Under saline drained conditions

of 50–150 mM NaCl, HGR was halved to about

4.5 mm/week. When NaCl concentration was

increased to 250 mM plant growth was reduced to

about 2 mm/week. Combined salt and waterlogging

conditions resulted in more severe growth reduction.

At 50 mM NaCl HGR was again halved, it decreased

to a third at 100 mM and 150 mM NaCl, and plants did

not grow at 200 mM NaCl and above.

Treatments influenced leaf number (Fig. 4b;

P \ 0.01). Control plants commenced the experiment

with 8 leaves and finished with 10 leaves. Non-saline

waterlogged plants reduced leaf number slightly with

more reduction by salt treatment. Increasing NaCl

concentration under saline drained conditions gradu-

ally reduced leaf number and it halved after 1 week at

250 mM NaCl. Combined salt and waterlogging

conditions reduced leaf number more than salt or

waterlogging alone and prolonging the treatment

caused more reduction in leaf number. For example,

leaf number reduced by 6 and 7 leaves at 200 and

250 mM NaCl respectively. Leaf number further

Table 1 Seed traits (length, breadth, thickness and weight) of M. pinnata from four accessions

Accession Length (mm) Breadth (mm) Thickness (mm) Weight (g)

Kununurra 21.79 ± 0.28 15.61 ± 0.21 6.74 ± 0.13 1.31 ± 0.04

Australia (QLD and NT) 21.06 ± 0.85 14.70 ± 0.47 7.00 ± 0.21 1.44 ± 0.13

India 22.28 ± 2.11 14.54 ± 0.87 7.85 ± 0.70 1.53 ± 0.11

Indonesia 18.29 ± 1.03 13.35 ± 1.04 7.06 ± 0.65 1.17 ± 0.17

Values are mean of ten seeds plus minus standard errors

QLD Queensland, NT Northern Territory

Table 2 Oil content of Millettia pinnata seeds from four accessions

Accession Number of trees (n) Oil content (% w/w) Number of trees in category

Low Medium High

Kununurra 30 38.57 ± 0.56 1 24 5

Australia (QLD & NT) 9 37.22 ± 0.52 1 8 0

India 6 34.06 ± 0.47 4 2 0

Indonesia 4 32.50 ± 0.89 2 2 0

Each oil content was determined as grams of oil per gram dry ground seed sample expressed as the mean percentage ± standard error

and values for each tree were categorized into low (\33.9 %), medium (33.9–40.6 %) and high ([40.6 %)

QLD Queensland, NT Northern Territory

Table 3 Correlation matrix for seed traits and oil content

Seed length Seed breadth Seed thickness Seed weight Oil content (%)

Seed length (mm) 1.00

Seed breadth (mm) 0.37 1.00

Seed thickness (mm) 0.30 0.18 1.00

Seed weight (g) 0.67*** 0.53*** 0.70*** 1.00

Oil content (%) 0.22 0.38 -0.11 0.15 1.00

*** Indicates very high significance of interaction (n = 49, P \ 0.001)
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reduced so that after 3 weeks at 250 mM NaCl most

plants had no leaves.

Stomatal conductance, measured at week 4 (salt at

200 mM NaCl), was influenced by treatment

(P \ 0.001) but not by provenance (P [ 0.05). Con-

trol stomatal conductance was 176 mmol m-2s-1 and

it decreased by 64 % in non-saline waterlogged

conditions and was further decreased by 86 % in

saline drained and by 94 % in saline waterlogged

conditions. There was only an interaction between

treatment and provenance under non-saline water-

logged conditions on stomatal conductance (Fig. 4c;

P \ 0.001). Plants from Kununurra and Tamil Nadu

had the smallest reduction of 55 % in stomatal

conductance, this was further reduced in plants from

Punjab and Madhya Pradesh (66 % reduction) and

plants from West Bengal (80 % reduction).

Leaf ion concentrations were measured at week 5,

1 week after imposition of 250 mM NaCl and

treatment influenced concentrations of Na?, Cl- and

K? (Fig. 4d; P \ 0.01). Leaf Na? concentration

increased 4.5-fold in saline drained and tenfold under

saline waterlogged conditions. Leaf Cl- concentration

increased about threefold in both saline drained and

saline waterlogged conditions. Neither leaf Na? nor

Cl- concentrations were influenced by non-saline

waterlogging. Leaf K? concentration was not influ-

enced by either saline drained or saline waterlogged

conditions and it reduced by 22 % under non-saline

waterlogging. No aerenchyma was observed in the

roots under non-saline waterlogged and saline water-

logged conditions.

Discussion

The sequences of ITS region of 49 individuals

indicated genetic variation between accessions of
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M. pinnata. Three Indonesian accessions from across

Java were placed in one clade, which was very distinct

from the remaining individual trees especially those

from India where the species is thought to originate

(Sujatha et al. 2008). The genetic distance between

Indonesian, Indian and Australian genotypes indicated

that M. pinnata did not disperse naturally from India to

Australia via the Indonesian archipelago. Scott et al.

(2008) suggests that M. pinnata were probably intro-

duced from India to Australia early in human history.

The isolation of Javanese clades possibly suggests that

the genotypes could have originated in Java but this

requires further investigation.

Trees from Andhra Pradesh, Tamil Nadu, Madhya

Pradesh and Punjab in India were in the same clade

indicating they were closely related. Geographically,

Andhra Pradesh and Tamil Nadu are adjacent coastal

states. Coastal-grown M. pinnata may drop pods into

estuarine rivers or directly into the sea. Pods can float

for up to 3 months on saline water and then germinate

under laboratory conditions and seedlings are often

observed growing on beaches (Nakanishi 1988).

Flotation is probably an effective dispersal method

and the coastal proximity of Andhra Pradesh and

Tamil Nadu could facilitate gene flow between

populations. Seeds were also probably dispersed by

humans along the coast as these plants have multiple

uses in India including a traditional source of medicine

(Chopade et al. 2008), fuel, fish poison, animal fodder,

green manure and making farm implements (Mukta

and Sreevalli 2010). The distance between Punjab in

far north-western India and inland Madhya Pradesh

may restrict natural gene flow, but not necessarily

human dispersal. Further sampling within and

between these states would be required to clarify

these relationships.

None of the trees from Forest Products Commission

collection in Kununurra were in the Indian clade of

Andhra Pradesh, Tamil Nadu, Madhya Pradesh and

Punjab, indicating their distinctiveness from these

states in India. Improvement of the genetic diversity of

the collection would require future seed sourcing from

Fig. 3 a Seed weight and oil content per seed in developing

seeds, b fatty acid methyl ester composition from 6 to

11 months after flowering (MAF)

Table 4 Survival of M. pinnata under different salt and waterlogging treatments

Treatments Survival (%) at different NaCl concentration (mM)/time (week)

50/1 100/2 150/3 200/4 250/5 250/6 250/7

Control 100 a 100 a 100 a 100 a 100 a 100 a 100 a

Saline drained 100 a 100 a 100 a 94 ab 91 ab 80 b 37 c

Non-saline waterlogged 100 a 100 a 100 a 100 a 100 a 100 a 100 a

Saline waterlogged 100 a 100 a 100 a 86 b 77 b 34 c 3 d

Treatments were imposed for 1 week except the highest NaCl (250 mM) concentration which was kept for 3 weeks

Different letters following the means indicate significant differences according to t test (n = 30, P \ 0.05)
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these regions in addition to a wide range of other

geographic and climatic conditions from across the

M. pinnata range.

Seed traits and oil content were also useful in

establishing genetic variation, especially as they are

important components of yield (Kaushik et al. 2007;

Kesari et al. 2008). Seed weight was naturally highly

correlated with length, breadth and thickness and

indicated as expected that all three parameters were

important in determining seed size. Sunil et al. (2009)

and Divakara et al. (2010) claim oil content and seed

weight are under substantial genetic control, based on

heritability in the broad sense but further research is

required to estimate the narrow sense heritability of

these traits in M. pinnata and to determine any

influence from particular environmental factors.
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Fig. 4 a Height growth rate and b leaf number under non-saline

drained control (C), saline drained (S), non-saline waterlogged

(W) and saline waterlogged (SW) treatments with weekly

increment of 50 mM NaCl. Each treatment was imposed for

one week except at 250 mM NaCl which was held for 3 weeks.

c Stomatal conductance of leaf from different provenances

(KN = Kununurra, MP = Madhya Pradesh, PJ = Punjab,

TN = Tamil Nadu, WB = West Bengal) at week 4 for control

(C), saline drained (S), non-saline waterlogged (W), and saline

waterlogged (SW) treatments at 200 mM NaCl. d Concentration

of Na?, Cl- and K? in the youngest fully expanded leaf in week

6, 1 week after application of 250 mM NaCl. Values are

means ± standard errors
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Oil content was highly variable across trees.

Among 30 trees from the Forest Products Commission

collection at Kununurra, it ranged from 31 to 45 %.

The lowest oil content of seed from Kununurra trees

was much higher than in previous studies under Indian

conditions. Across 21 accessions from Andhra Pra-

desh oil content ranges from 9.5 to 46 % (Mukta et al.

2009), and across 123 accessions from Andhra

Pradesh and Orissa oil content ranges from 15 to

47 % (Sunil et al. 2009).

Based on oil content, the Forest Products Commis-

sion tree collection has seed which represent the high

oil content range across M. pinnata. Trees # 3, 4, 5, 14

and 80 had high oil content (40.7–45 %). In addition to

oil content, these trees also possessed high seed weight

(1.3–1.7 g) and therefore they could potentially be

used for mass propagation or for utilization in a

breeding program. Oil yield is one of the most

important traits determining the commercial success

of M. pinnata as an energy crop.

Fatty acid composition of M. pinnata is suitable for

biodiesel according to USA, German and European

standards (Azam et al. 2005; Karmee and Chadha

2005), however quality can be improved. Oleic acid, a

mono-unsaturated 18-carbon chain, is the most desir-

able fatty acid for good quality biodiesel, due to its low

viscosity, low melting point of -20 �C, which makes

it suitable for use under cold climatic conditions

(Knothe 2008), and an acceptable cetane number of

57.6 (Naik et al. 2008), which indicates good ignition

quality (Meher et al. 2006). Oleic acid was the major

fatty acid across trees and generally constituted about

half of the oil with a range from approximately one to

two thirds.

The other major fatty acids, palmitic, stearic and

linoleic, also possess good biodiesel properties

(Knothe 2008). Among the nine fatty acids in M. pin-

nata oil, the only fatty acid not suitable for biodiesel is

linolenic acid, which should not exceed 12 %. Lino-

lenic acid has three double bonds and in engines this

unsaturated fatty acid can be harmful (Azam et al.

2005) and its low cetane number of 22.7 indicates poor

ignition quality (Knothe 2008). All trees had seed oil

with\12 % linolenic acid.

Cluster analysis of fatty acid composition indicated

close relationships among Indonesian genotypes.

Trees from Java clustered together and were quite

distinct from all other genotypes, whereas Sumatera

grouped with trees from Kununurra, Australia and

India. This supported the relationships indicated by

genetic diversity of the ITS region, where trees from

Java were also distinct from the remaining accessions.

The Kununurra tree collection does not appear to

include any Javanese material, but the small seed size

and low proportion of oleic acid would make them less

desirable for selection.

Agreement between the cluster analyses derived

from molecular genetic data and differences in fatty

acid composition supports research in other crops

indicating genetic control of fatty acid composition.

The stearic acid content of sunflower (Helianthus

annuus L.) (Pérez-Vich et al. 1999) and the fatty acid

content of peanut (Arachis hypogaea L.) (Norden et al.

1987) are primarily influenced by genotype. The high

oleic acid content of oilseed rape (Brassica napus L.)

has a very high heritability of 0.99 and is environ-

mentally stable across different growing regions

(Schierholt and Becker 2001), which supports selec-

tion of superior trees for breeding from this analysis.

Seed weight and oil content per seed in devel-

oping seeds followed a similar sigmoidal curve

where gains were substantial up to 7 MAF, relatively

stable for 2 months with a final increase towards

maturity at 11 MAF. The highest seed weight and oil

content per seed was at maturity similar to other crops,

such as safflower (Carthamus tinctorius L., Gecgel

et al. 2007), sunflower, winged bean (Psophocarpus

tetragonolobus (L.) DC., Khor and Chan 1988) and

almond (Prunus dulcis (Mill.) D.A.Webb, Soler et al.

1988) where oil content also generally increases

towards maturity.

Fatty acid composition in developing seeds varied

(P \ 0.001). Oleic acid was the dominant fatty acid

constituting about half the oil from 6 DAF to maturity,

however oleic acid content increased substantially in

the last months before harvest. This was at the expense

of palmitic (C16:0) and stearic (C18:0) and to a lesser

extent linoleic and linolenic (C18:3) acids.

Similarly in almond, increases in oleic acid from

85 days after fruit set to maturity at 176 days are

accompanied by decreases in saturated fatty acids,

especially linoleic acid (Soler et al. 1988). Fatty acid

synthesis in M. pinnata, probably follows a similar

pathway to other higher plants (Ohlrogge 1997;

Thelen and Ohlrogge 2002), where palmitic acid

(C16:0) is the precursor of stearic acid (C18:0), which

is further desaturated to oleic (C18:1) then linoleic

(C18:2) and linolenic acid (C18:3). Stearic acid is also
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a precursor for very long chain fatty acids, such as

arachidic (C20:0), behenic (C22:0), and lignoceric

(C24:0) acids. Fortunately in Millettia the fatty acid

biosynthetic pathway favors accumulation of oleic

acid over the other compounds on this pathway, at

least under the conditions examined.

Environmental conditions may alter the progress of

seed development and fatty acid synthesis. This might

be favorable and in B. napus warm and wet conditions

can increase oleic acid content (Pritchard et al. 2000).

In other oil seed species the influence of genotype,

environment and their interaction also influence fatty

acid composition, including oleic, linoleic and linole-

nic acids in soybean (Glycine max (L.) Mert., Primono

et al. 2002; Zhe et al. 2010).

Under some circumstances the environment, in

particular temperature, influences oil biosynthesis

during seed filling. In sunflower, oleic acid increases

in response to minimum night temperatures from 12.5

to 21.5 �C whereas it has little impact outside these

temperatures (Izquierdo and Aguirrezabal 2008). In B.

napus, wet conditions increase oleic acid content, but

whereas Pritchard et al. (2000) report high tempera-

tures increase oleic acid, Aslam et al. (2009) claim

high temperatures decrease it. Thus the impact on fatty

acid biosynthesis depends on the species and possibly

the temperature range that plants are exposed to during

seed development. Importantly, they highlight the

significance of genotype comparisons within the

proposed environment. The influence of the interac-

tion between genotype and environment on oil content

and fatty acid composition in M. pinnata was not

investigated, and it will require examination of

selected material across environments to distinguish

genotype and environmental effects.

The best time for harvest of M. pinnata was at

maturity (11 MAF) because at this time seed had

reached maximal weight, the highest oil content and

seed oil contained the highest proportion of oleic acid.

Oleic acid is the most suitable fatty acid for good

biodiesel quality as mentioned earlier. It can also be

used to enrich biodiesel for better biodiesel fuel

properties (Knothe 2008). In addition mechanical

harvesting would need to occur before the next

flowering season 12 months after the previous flow-

ering. In another biodiesel tree, Calophyllum inophyl-

lum L., the highest oil content is also at maturity

77 days after anthesis and this is suggested for harvest

time (Hathurusingha et al. 2011). However, in corn

(Zea mays L.) kernels the highest oil accumulation

occurs 20 days before maturation and it decreases at

maturity (Saoussem et al. 2009). In five soybean

genotypes, rapid oil accumulation occurs three to

7 weeks after flowering, then remains constant until

maturity at 11 weeks after flowering (Saldivar et al.

2011). This emphasizes the importance of investiga-

tion on changes in oil accumulation during seed

development and their impact on the appropriate time

for harvest.

Millettia pinnata was non-saline waterlogging

tolerant. Survival under non-saline waterlogged con-

ditions was similar to controls but it was accompanied

by a reduction in growth. Waterlogging causes

hypoxia which reduces production of ATP leading to

slower growth (Barrett-Lennard 2003). A common

plant adaptation to waterlogging is formation of

aerenchyma which provides interconnected air-filled

channels in the root cortex for oxygen diffusion. This

reduces the effects of waterlogging in woody plants,

such as Casuarina obesa Miq. and Eucalyptus cam-

aldulensis Dehnh. (Van der Moezel et al. 1988; Van

der Moezel et al. 1989). The absence of aerenchyma in

the root of M. pinnata indicated that an alternate

mechanism of waterlogging tolerance may exist, such

formation of long, superficial lateral roots (Mukta and

Sreevalli 2010). However these would be less efficient

than the adventitious roots of Melaleuca cuticularis

Labill. and C. obesa, which contain aerenchyma and

confer substantial waterlogging tolerance (Carter et al.

2006).

Millettia pinnata was less able to survive and grow

in controlled salt conditions than expected, given

earlier claims of high salt tolerance (Divakara et al.

2010; Kaushik et al. 2007; Kesari and Rangan 2010). It

survived for short periods at 250 mM NaCl under

drained conditions and at 200 mM NaCl under salt

waterlogging. Combined salt and waterlogging

resulted in higher plant death compared to either

stress alone as is commonly observed (Craig et al.

1990; Meddings et al. 2001; Van der Moezel et al.

1991). In other moderately salt tolerance species, such

as Casuarina cunninghamiana Miq., survival

decreases substantially both under salt drained and

salt waterlogged conditions with more deaths under

combined treatment (Van der Moezel et al. 1989).

There was also little to no difference in salt tolerance

between provenances, which was unexpected given

the geographical and genetic diversity of genotypes. It
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may be that there was a lack of either salt tolerance or

diversity for this trait, however further collection from

saline areas is warranted given ecological (Kesari and

Rangan 2010; Mukta and Sreevalli 2010) and field-

based (Tomar and Gupta 1985; Tomar et al. 2003)

evidence for salt tolerance within the species. In other

species, such as Acacia redolens Maslin, A. patagiata

R.S.Cowan et Maslin, Eucalyptus occidentalis Endl.,

E. camaldulensis and C. obesa salinity tolerance

varies between provenances and it is often an adap-

tation to the salinity of the original provenance habitat

(Craig et al. 1990; Van der Moezel and Bell 1990; Van

der Moezel et al. 1991).

Salinity reduces plant growth by osmotic factors

and ionic toxicity within the plant (Munns and Tester

2008). Reduced osmotic potential caused by salt

outside the root inhibits water uptake leading to slower

growth, an effect similar to drought. An immediate

consequence of reduced osmotic potential is stomatal

closure (Munns and Tester 2008) as seen in reduced

stomatal conductance in M. pinnata under saline

conditions. Increased concentrations of Na? and Cl-

in young leaves grown under saline drained and saline

waterlogged conditions indicated poor ability to

exclude these ions. Under saline-waterlogged condi-

tions concentrations of Na? and Cl- increased further

due to increases in their rate of transport to the shoot,

and this severely reduced plant growth and survival

(Barrett-Lennard 2003; Teakle et al. 2007).

Growth reduction in M. pinnata occurred even

under low salt concentrations of 50 mM NaCl. This

early growth reduction indicated the powerful osmotic

effect of salt outside the roots (Munns and Tester

2008). Reduction in growth and leaf number was more

pronounced as the salt concentration increased. This

longer term effect usually occurs when ionic toxicity

exceeds the threshold levels that influence plant

growth, due to accumulation of salt in plant tissue.

Presumably more salts accumulated in older than in

younger leaves because older leaves were no longer

expanding and diluting salts, and this resulted in the

death of older leaves. Even under 200 mM NaCl

drained and 150 mM NaCl waterlogged conditions,

the production of new leaves was slower than the death

of old leaves, which reduced photosynthesis and the

ability to supply carbohydrates for plant growth

(Munns and Tester 2008).

Millettia pinnata was moderately salt tolerant, and

may be able to be grown under drained conditions of

200 mM NaCl and waterlogged conditions of

150 mM NaCl. This salinity tolerance was substan-

tially less than earlier claims (Divakara et al. 2010;

Kaushik et al. 2007). In other species, such as

Eucalyptus botryoides Sm. and E. kondininensis

Maiden et Blakely, salt tolerance in the field is greater

than under glasshouse conditions (Blake 1981)

perhaps due to temporal and spatial variations in

salinity. While there have been reported observations

that M. pinnata is found along the seashore (Kesari and

Rangan 2010; Mukta and Sreevalli 2010), survival

may be enhanced by pockets of fresh water or less

saline water, for example after dilution with rainwater

or subterranean aquifers (Mensforth and Walker

1996). Alternatively, M. pinnata has less salinity

tolerance as a seedling than at later, more mature

stages when its deep roots can tap into fresher water

supplies. Mature trees have a thick tap root that can

grow down to 10 m depth, making it possible to

extract deep ground water, even beneath other crops

(Kesari and Rangan 2010).

The present study supports the salinity tolerance

reported by Singh (1990) where M. pinnata survive

well at 16.3 dS m-1 (& 163 mM NaCl) but growth is

reduced. The young seedlings (4 months old) inves-

tigated here are appropriate for plantation establish-

ment. Seedlings are transplanted to the field at this age,

and this represents a critical stage of development in

saline and waterlogged production areas (Tomar and

Gupta 1985). The salinity tolerance under drained

conditions was 200 mM NaCl, under saline water-

logged was 150 mM and the non-saline waterlogging

tolerance of the species is a good guide in selecting

suitable planting areas for M. pinnata in marginal land.

Areas with moderate salinity in the tropical, arid and

semi-arid regions of the world are probably suitable.

Lower salinity (150 mM NaCl) in waterlogged areas

may also be suitable. Areas which are periodically or

seasonally waterlogged with fresh water, such as along

riverbanks and low-lying landscapes, would be

preferable.

Conclusion

Genetic diversity of M. pinnata based on sequencing

of the ITS region, revealed Indonesian genotypes were

distinct from the rest of the genotypes. All seed oil

contained nine fatty acids and by weight more than
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half was oleic acid. Seed traits, oil content and fatty

acid composition varied across trees. Five trees from

the Forest Products Commission collection in Ku-

nunurra (# 3, 4, 5, 14 and 80) had large seed size and

high oil content, and could be used as a source for mass

propagation and breeding purposes. Seed weight, oil

content per seed and proportion of oleic acid in

developing seeds increased following a sigmoidal

pattern. Eleven months after flowering seeds had

maximum weight, the highest oil content and the

greatest oleic acid proportion, indicating this was the

ideal time for harvest. Millettia pinnata had moderate

salinity tolerance of 200 mM NaCl under saline

drained, 150 mM NaCl under waterlogged conditions

and non-saline waterlogging tolerance. It is probably

suitable for plantations in marginal lands along fresh

water river banks exposed to periodic waterlogging,

low-lying areas which are seasonally waterlogged, and

in arid and semi-arid regions of the world where soils

are moderately saline.
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Abstract
Aims Milletia pinnata is a leguminous tropical tree
that produces seed oil suitable for biodiesel and is
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nitrogen poor soil. This study aimed to identify effective
rhizobia species for M. pinnata.
Methods Soil samples were collected from M. pinnata
grown in Kununurra, Australia. Rhizobia were trapped,
characterised and sequenced for 16S rRNA, atpD, dnaK
and recA genes.
Results Forty isolates tolerated pH 7 – 9, temperatures
29 – 37 °C, salinity below 1 % NaCl, and had optimal
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carbon source, a few grew on sucrose and none grew
on lactose. Inoculation of isolates increased shoot dry
weight of M. pinnata’s seedlings in nitrogen minus
media. Slow-growing isolates were closely related to
Bradyrhizobium yuanmingense, Bradyrhizobium sp.
DOA10, Bradyrhizobium sp. ORS305 and B. liaonin-
gense LMG 18230T. The fast-growing isolates related
to Rhizobium sp. 8211, R. miluonense CCBAU
41251T, R miluonense CC-B-L1, Rhizobium sp.
CCBAU 51330 and Rhizobium sp. 43015
Conclusions Millettia pinnata was effectively nodu-
lated by slow-growing isolates related to Bradyrhi-
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Introduction

Milletia pinnata (L.) Panigrahi syn Pongamia pinnata
(L.) Pierre, is a potential candidate for large-scale
biodiesel production in tropical regions as it produces
seeds with high oil yield and good fatty acid compo-
sition for biodiesel.Millettia pinnata is originally from
India, native to south-east Asia and it has been intro-
duced to Australia, New Zealand and the USA. It is a
member of the family Fabaceae which is able to form
symbiotic relationships with nitrogen-fixing bacteria
(Scott et al. 2008). This ability may contribute to the
low nitrogen requirement of M. pinnata compared to
other non-legume tree crops and its ability to be culti-
vated on nutrient-exhausted land, alleviating competi-
tion with food production on arable land (Gui et al.
2008).

Nitrogen is an important nutrient for plant growth
and yield however, its availability in soils is limited.
Modern agriculture depends on chemically synthe-
sized N fertilizers which are expensive and require
fossil fuels for production, adding to greenhouse gas
emissions. Biological nitrogen fixation is a useful and
important alternative (Sahgal and Johri 2003), espe-
cially in biofuel production (Scott et al. 2008; Murphy
et al. 2012). The nitrogen-fixing ability of rhizobia
symbiotic with M. pinnata also makes this tree a good
host for sandalwood (Santalum album L.), which is
hemiparasitic, that is it obtains water, carbon and
nitrogen from the host via root haustoria (Tennakoon
and Pate 1996; Tennakoon et al. 1997)

Root nodule bacteria (RNB) are soil bacteria capa-
ble of nodulation and nitrogen fixation in association
with roots of legumes and they are collectively known
as rhizobia (Willems 2006). RNB are diverse bacteria
containing 12 genera and more than 70 species, and
this number regularly increases as more hosts are
examined (Masson-Boivin et al. 2009). There is a lack
of information about species of root nodule bacteria
nodulating M. pinnata, particularly characteristics of
these bacteria that make them effective in fixing nitro-
gen and further study is required. Symbiotic effective-
ness is the ability of nodules to fix nitrogen (Fterich et
al. 2011). Shoot dry weight of host is one of the
indicators of effective nodules (Fterich et al. 2011;
Rahmani et al. 2011).

The 16S rRNA sequence is a universal genetic
marker (Rivas et al. 2009) which plays an important
role in identification, classification and construction of

phylogenetic relationships of bacteria, including root
nodule bacteria and it is essential for descriptions of
new bacterial species (Willems et al. 2001). However
there are limitations to the 16S gene, including high
sequence similarity among Bradyrhizobium species
and a high level of gene conservation which make it
difficult to distinguish between closely related species,
especially with the possibility of horizontal gene transfer
and gene recombination (Rajendhran and Gunasekaran
2011). In addition to 16S, multilocus sequence analysis
(MLSA) is recommended for better resolution of phy-
logenetic relationships and species identification of
novel rhizobial strains (Menna et al. 2009; Rivas et al.
2009). MLSA combines analysis of several housekeep-
ing genes such as atpD, dnaK, and recA, which are
frequently used for Bradyrhizobium (Menna et al.
2009; Ramırez-Bahena et al. 2009; Rivas et al. 2009;
Stepkowski et al. 2005; Stepkowski et al. 2012; Vinuesa
et al. 2005; Zhang et al. 2011). Housekeeping genes are
protein coding genes, amongst others, atpD gene enc-
odes the ATP synthase beta-chain, dnaK gene encodes
the conserved Hsp70 chaperone protein and recA gene
encodes recombinase A (Menna et al. 2009).

A preliminary examination indicates thatM. pinnata’s
seedlings can be inoculated by rhizobia and produces
effective nodules. Three strains of rhizobia are used,
namely Bradyrhizobium japonicum strain B1809, Bra-
dyrhizobium sp. strain CB564 and Rhizobium sp. strain
NGR234 resulting in nodulation of M. pinnata roots.
However, the effectiveness of the nodules to increase
shoot dry weight of the seedlings is not quantified (Scott
et al. 2008). In addition, there has been no detailed study
of phenotypic characteristics and symbiotic effectiveness
of rhizobia isolates which naturally nodulateM. pinnata.
Isolation and identification of authentic and effective
rhizobia isolates is required to support M. pinnata plan-
tations in nitrogen poor soils. Millettia pinnata trees are
purportedly able to grow under a wide range of environ-
ments in the tropics, with temperatures from 13 – 45 °C,
saline soils and soils with a range of pH including sodic
soils (Mukta and Sreevalli 2010; Murphy et al. 2012).
The ability of rhizobia to grow in these diverse environ-
mental conditions will be important for the establishment
and success of M. pinnata plantations on these marginal
lands.

The hypotheses here was that the RNB from planta-
tion soils could be identified and would be effective
microsymbionts and might be used in future as inocu-
lums. The aims of this studywere to collect, characterised
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and identify effective RNB from soils of plantation-
grown M. pinnata in Kununurra northern Western
Australia

Materials and methods

Soil sampling and trapping rhizobia

Soil samples were collected at 10 cm depth from
beneath M. pinnata stands at the Forest Products
Commission plantations located at the Frank Wise
Institute in the Ord River Irrigation Area (ORIA) of
Kununurra (15°46′S, 128°44′E) in tropical, northern
Western Australia. The physiochemical characteristics
of the soil samples were as follows: 5 mg kg-1 ammo-
nium nitrogen, 3 mg kg−1 nitrate nitrogen, 2 mg kg−1

phosphorus Colwell, 258 mg kg−1 potassium Colwell,
0.58 mg kg−1 organic carbon, 6.3 pH level CaCl2, 7.1
pH level H2O, and 0.050 dS m−1conductivity. Three
soil samples were taken from each of five sites across
a 5 km2 area to give 15 soil samples. Soils were placed
in zip-lock plastic bags and transported to the University
of Western Australia (UWA) in an ice-cooled container.

Rhizobia were trapped from soil samples in an
enclosed sterile system using two replicates of each
soil sample in separate sterile polyethylene plastic pots
(30 in total). Pots were layered with 3 cm sterile
course sand on the bottom, 3 cm sample soil, 2 cm
sterile course sand sown with four surface sterilised
seeds, covered with 1 cm sterile plastic beads as the
top layer and enclosed with a plastic container lid.
Seed was surface sterilised by dipping them in 70 %
(v/v) ethanol for 1 min, followed by 4 % (w/v) NaOCl
for 1 min and washing with sterile deionised (DI)
water (7×1 min) before sowing. Pots were fitted with
an automatic irrigation system and plants were
watered twice daily. Pots were randomly located on a
bench in a screen house at the Forest Products Commis-
sion’s Research Nursery at the University of Western
Australia, Shenton Park Field Station (Perth, WA). After
8 weeks the pots were thinned to two plants.

Isolation of rhizobia

A total of 40 crown-root nodules were harvested from
20 plants after 18 weeks. Rhizobia were isolated from
nodules using a method by Yates et al. (2004). Briefly,
each nodule was crushed gently in a drop of sterile DI

water and a loopful of the suspension was streaked
onto half lupin agar (half LA) plates (Howieson et al.
1988) and incubated at 29 °C for 10 days. A single
colony from each plate was re-streaked onto new half
LA plates until pure isolates were obtained and they
were Gram-stained. A total of 40 pure isolates were
named with NA followed by number from 1 to 40 (e.g.
NA1, NA40) and maintained in 20% glycerol at −80 °C
for long term storage.

Phenotypic characterisation of isolates

Phenotyphic characterisation of the 40 isolates was con-
ducted following a method by Yates et al. (2004) which
refers to physiological characterization. The growth of
isolates was assessed for pH (5, 7 and 9) tolerance
buffered with 10mM HOMOPIPES (Homopiperazine-
1,4-bis (2-ethanesulfonic acid), Research Organics,
Cleveland, OH, USA) for pH 5, 10mM HEPES [4-(2-
Hydroxyethyl) piperazine-1-ethanesulfonic acid
sodium salt] for pH7.0 and 10mM TRIZMA (Tris
(hydroxymethyl) aminomethane hydrochloride) for pH
9 (both from Sigma Aldrich, Castle Hill, NSW, Aus-
tralia). Temperatures (29, 37, 41, and 45 °C) tolerance of
the isolates was assessed on a half LAmedia. Growth of
all isolates was also tested for salinity (0, 1, 2 and 3 %
NaCl) tolerance on minimum salt medium (Brown and
Dilworth 1975). The growth of isolates with a single
carbon sources was measured on MSM media at 29 °C
at pH7 containing 10mM NH4Cl and 20mM of one of
the following carbon sources: lactose, sucrose, L-
arabinose, L-glutamate, D-glucose or mannitol were
assessed and MSM plate without carbon sources was
included for negative control. Plates were incubated at
29 °C except for temperature tolerance was according to
their temperature treatments. Growth of fast-growing
isolates was examined on days 3, 6 and 9 while slow-
growing on days 7, 11 and 15. Their growth was rated
using a hedonistic scale as per Yates et al. (2004) with:
00no growth, 10poor growth, 20average growth and
30abundant growth, compared to the corresponding
control.

Authentication and symbiotic effectiveness
under glasshouse conditions

The ability of the 40 isolates of RNB to form nodules
and quantify their level of effectiveness for nitrogen
fixation with M. pinnata seedlings was investigated
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under sterile conditions in a glass house at the Univer-
sity of Western Australia during summer and autumn
from January to April 2011. This was conducted fol-
lowing a method by Yates et al. (2007) with modifi-
cation. Seedlings were grown in free-draining pots
(113 mm) filled with fine grade sterilized vermiculite
instead of closed vial system. The mean of monthly
temperatures ranged from 22 to 24 °C during the
experiment. There were three treatments with four
replications each, namely 1) inoculated with rhizobia,
2) nitrogen-fed control and 3) un-inoculated control.
These made 160 pots plus 10 extra pots inoculated
with isolates for nodulation check to make a total of
170 pots with 2 plants per pot. Germinating seeds
were covered with sterile plastic beads to avoid air-
bone bacterial contamination. Treatments were ar-
ranged in a randomised block on the bench in a glass-
house and re-randomised weekly. Plants were watered
every second day via two hoses fitted in each pot to
avoid contamination from air borne bacteria.
Nitrogen-fed control plants were watered with 10 ml
of KNO3 at 4.8 g L−1. Nodules were harvested after
16 weeks, isolated and purified on half LA plates to
obtain pure and fresh authentic isolates for genotyp-
ing. Shoots were harvested and oven dried at 70 °C
until constant weight. Relative effectiveness was de-
termined by comparing shoot dry weight of inoculated
plants over N-fed control plants, expressed as a per-
centage (Fterich et al. 2011).

DNA extraction, PCR amplification and sequencing

Ten effective isolates with relative effectiveness more
than 60 % were selected for genotyping including two
fast growing (NA1 and NA28) and eight slow growing
isolates (NA4, 7, 15, 26, 31, 35, 36 and 38). Cells
were scraped off a half LA plate, suspended in 100 μl
of 10mM Tris–HCl pH8.2 and then 8 μl of 1 mgL−1

proteinase K was added. These were incubated at 55 °C
for 2 h followed by 96 °C for 10 min and finally placed
on ice for 10 min. DNAwas stored at −20 °C for further
use.

PCR amplification was conducted following the
method of Rivas et al. (2009) with appropriate primers
(Table 1). PCR products were visualized on 1 % (w/v)
agarose gel electrophoresis stained with ethidium bro-
mide. A 100 bp ladder DNA marker (Axygen Bio-
sciences, California, USA) was included to determine
the size of amplicons. PCR products were cleaned

using Wizard® SV Gel and PCR Clean-Up System
(Promega, Madison, WI, USA) according to the manu-
facturer’s instructions and sequenced using Big Dye®
Terminator v3.0 Cycle Sequencing Kit in accordance
with ABI protocols (Applied Biosystems, Foster City,
CA, USA).

Data analysis

Growth of isolates under different temperatures, pH,
salinity and carbon source was were subjected to cluster
analysis using Primer 6 software (Hewlett-Packard
Company, UK) to aid in selection of isolates for geno-
typing. A Bray-Curtis similarity matrix was assembled
for phenotypic characteristics of 40 isolates and a den-
drogram was plotted using group average cluster mode.
Data on nodule number/plant, shoot dry weight and
relative effectiveness (shoot dry weight of inoculated
over N-fed plants) were subjected to general analysis
of variance to find the overall significant difference
among isolates at 5 % least significant different (LSD)
using Genstat 14th edition, VSN International, UK.
Sequences of 16S rRNA, atpD dnaK and recA genes
of the 10 selected, effective isolates were subjected to a
BLAST search against the NCBI GenBank database
(http://www.ncbi.nlm.nih.gov) to identify similarities
and then aligned using Clustal W in BioEdit software
package. The lengths of genes used for alignment were
1,348, 438, 284 and 412 bp for 16S, atpD, dnaK and
recA respectively and their concatenated sequence was
2,478 bp long. Phylogenetic analysis of the 10 isolates
was applied with the four genes and reference strains
from NCBI GenBank were also included in phylogenet-
ic tree constructions (Table 2). Maximum likelihood
(ML) phylogenetic trees for each gene and concatenated
genes were constructed using the best fit model and
bootstrapped at 500 replications using MEGA 5 soft-
ware (Tamura et al. 2011). Caulobacter cescentus CB15
with GenBank accession number AE005673 was used
as an outgroup because a complete genome sequence of
this species is available in the GenBank.

Results

Trapping and isolating RNB

Forty nodules, 2–3 mm in diameter, were harvested
from 20M. pinnata plants. Nodules were brown in
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color, occurred both on main and lateral roots and
were lobed or elongated in shape. A total of 40 isolates
were obtained and numbered from NA1 to NA40.
Among these five isolates were fast growing (NA1,
2, 3, 27 and 28) with growth visible within 3 days and
35 isolates were slow growing and visible within 7 to
9 days, on half LA plates incubated at 29 °C. Colonies
were typical of rhizobia (Yates et al. 2004) as they
were slightly raised, mucoid, opaque and entire and
the cells were Gram negative rods.

Phenotypic characterisation of isolates

Temperature tolerance

All 40 isolates had abundant growth at 29 – 39 °C. At
41 °C 10 isolates (NA17, 18, 24, 25, 26, 30, 31, 34, 35
and 40) had poor growth, one isolate (NA36) had
average growth and none grew at 45 °C.

pH tolerance

At pH5, 14 isolates did not grow, 23 isolates had poor
growth and three isolates had average growth. At pH 7
all isolates had average growth. At pH 9, most isolates
had abundant growth and 15 isolates had average
growth.

Salinity tolerance

All isolates had average growth in media without
NaCl. At 1 % NaCl, 22 isolates did not grow, and 18
isolates grew poorly. At 2 % NaCl most isolates did
not grow and 10 isolates grew poorly. None of the
isolates grew in media with 3 % NaCl.

Carbon source utilization

No isolates grew in media without a carbon source
(control). In media containing glucose 22 isolates had
poor growth, 18 isolates had average growth and none
grew in media containing lactose. Most isolates did
not grow in media containing sucrose except isolates
NA1, 2, 3, 27 and 28, which grew poorly. In media
containing arabinose, 14 isolates had poor growth and
25 isolates had average growth. In media containing
L-glutamate, four isolates did not grow, 13 isolates
had poor growth and 23 isolates had average growth.

Cluster analysis of the 40 isolates using physiological
characteristics for temperature, pH and salinity tolerance
and carbon source utilisation produced three clusters
with 89.5 % similarity (Fig. 1). Cluster I contained 12
isolates, cluster II contained 23 isolates and all these
isolates were slow growing. Cluster III contained 5 fast
growing isolates.

Table 1 Oligonucleotide primers used for PCR amplification of target genes

Primer Target gene (position ) Sequence 5′-3′ Reference

16S A1F1 16S (1–20) AGAGTTTGATCMTGGCTCAG Lane 1991

16S A2F1 16S (88–107) GGCAGACGGGTGAGTAACG This study

16S A3F1 16S (459–487) GCTAACTTCGTGCCAGCAG This study

16S A4F1 16S (841–857) CGCCTGGGGAGTACGG This study

16S A5F1 16S (900–916) GCGGTGGAGCATGTGG This study

16S A1R1 16S (468–487) TTACCGCGGCKGCTGGCAC This study

16S A2R1 16S (656–677) CGAATTTCACCTCTACACTCG This study

16S A3R1 16S (955–975) CAAGGGCTGGTAAGGTTCTG This study

16S A4R1 16S (1324–1347) CGATTACTAGCGATTCCAACTTC This study

16S A5R1 16S (1481–1501) TTACGACTTCACCCCAGTCG This study

atpD352F atpD (352–372) GGCCGCATCATSAACGTSATC Rivas et al. 2009

atpD871R atpD (890–871) AGMGCCGACACTTCMGARCC Rivas et al. 2009

dnaK1466F dnaK (1466–1488) AAGGARCANCAGATCCGCATCCA Rivas et al. 2009

dnaK1777R dnaK (1777–1799) TASATSGCCTSRCCRAGCTTCAT Rivas et al. 2009

recA63F recA (63–85) ATCGAGCGGTCGTTCGGCAAGGG Rivas et al. 2009

recA504R recA (504–523) TTGCGCAGCGCCTGGCTCAT Rivas et al. 2009
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Authentication and symbiotic effectiveness
under glasshouse conditions

Effectiveness of the 40 RNB isolates was assessed by
inoculation of the isolates on M. pinnata seedlings
grown in pots under glasshouse conditions. Assess-
ments are shown in Table 3. Nodules formed on crown
and lateral roots of inoculated plants with fast- growing
(Fig. 2a) and slow-growing (Fig. 2b) isolates, whilst
those N-fed (Fig. 2c) or un-inoculated (Fig. 2d) plants
remained nodule free. Only nodules on the crown roots
were counted. The fast-growing isolates NA1, 2, 3, 27

and 28 formed nodules with a pink interior as indicated
in a cross section (Fig. 2e) while the remaining isolates
produced nodules with brown interiors. There were
large variations in nodule number/plant, shoot dry
weight and relative of effectiveness of isolates (P<
0.001). Both un-inoculated and N-fed control plants
were nodule free with a relative effectiveness (shoot
dry weight of inoculated over N-fed plants) of 38.6 %
and 100 % respectively. Nodule number per plant
ranged from 0.9 to 49.8. The highest number of nodules
(mean of 47.5) was induced by isolates NA3, 4 and 12
and these had a relative effectiveness of 76.8 %, 74.3 %

Table 2 GenBank accession numbers of reference sequences used for alignment and phylogenetic tree construction

Strain 16S rRNA atpD dnaK recA

R. tropici CIAT 899T EU488752.1 – AJ431170.1 –

R. mongolense USDA 1884T U89820.1 AY907372.1 AJ431168.1 AY907358.1

R. miluonense CC-B-L1 JN896360.1 – – –

R. miluonense CCBAU 41251T EF061096.1 HM047116.1 HM142765.1 HM047131.1

R. indigoferae strain CCBAU 71042T AY034027.3 GU552925.1 – EF027965.1

R. leguminosarum bv. viciae USDA 2370T U29386.1 AJ294405.1 – AJ294376.1

Rhizobium sp. 8211 FJ870550.1 – HM063967.1 HM064002.1

Rhizobium sp. CCBAU 51330 – GU433485.1 – –

Rhizobium sp. CCBAU 43015 – HM047117.1 – –

M. albiziae CCBAU 61158T DQ100066.1 DQ311090.1 – EU249396.1

M. loti LMG 6125T X67229.2 AM946552.1 AM062699.1 EU039875.1

S. fredii USDA 205T AY260149.1 AJ294402.1 – AJ294379.1

S. meliloti LMG 6133T X67222.2 AM418760.1 AM182089.1 AM182133.1

S. xinjiangense LMG 17930T AM181732.1 AM418745.1 AM182104.1 AM182148.1

B. yuanmingense strain LMTR 28 AF485365.2 – AY923032.1 –

B. yuanmingense CCBAU 10071T AF193818 AY386760.1 AY923039.1 AM168343

B. yuanmingense M11 AB601666.1 – – –

B. yuanmingense TTC4 FJ540937.1 – – –

B. yuanmingense SR 42 – – – FJ14053.1

B. japonicum USDA 6T AB231927.1 AM168320.1 AM168362.1 AM168341.1

B. betae PL7HG1T AY372184 – AY923046.1 FJ70378.1

B. jicamae PAC68T AY624134 FJ428211.1 – –

B. pachyrhizi PAC48T AY624135 FJ428208.1 – –

B.canariense bv. genistearum BC-C2 AY577427 AY386736 AJ431135.1 AY591541

B. elkanii USDA 76T U35000.3 AY386758.1 AY328392.1 AY591568.1

B. liaoningense LMG 18230T AJ250813.1 FM253137.1 AY923041.1 FM253180.1

Bradyrhizobium sp. DOA10 JN578817.1 – JN695933.1 –

Bradyrhizobium sp. M16 AB601671.1 – – –

Bradyrhizobium sp. LMG 10677 – FM253143.1 – –

Bradyrhizobium sp. ORS 305 – FJ347212.1 – –

B Bradyrhizobium, R Rhizobium, M Mesorhizobium, S Sinorhizobium, T type strain, - not available
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and 50 % respectively. Several isolates induced ineffec-
tive nodules that resulted in shoot dry weight statistically
equal to un-inoculated control plants. These ineffective
isolates were NA5, 9, 16, 20, 21, 22, 23, 24, 29, 30, 32
and 34.

PCR amplification

PCR amplification of the entire region of 16S gene
of the 10 selected isolates resulted in a single band
with a mean length of 1,413 bp. PCR amplification
of housekeeping genes resulted in fragments of 520,
301 and 448 bp for atpD, dnaK and recA genes
respectively.

Phylogenies of 16S rRNA gene

The sequences of the 16S rRNA gene for the 10 isolates
(NA1, 4, 7, 15, 26, 28, 31, 35, 36, and 38) were 89-99%
similar. Alignment of 1,348 bp 16S gene sequences of
the 10 isolates together with reference strains from

NA28
NA2
NA27
NA1
NA3
NA17
NA25
NA36
NA18
NA23
NA29
NA11
NA15
NA12
NA4
NA6
NA14
NA10
NA32
NA5
NA33
NA31
NA40
NA13
NA19
NA7
NA8
NA37
NA22
NA20
NA39
NA16
NA9
NA21
NA35
NA38
NA24
NA26
NA30
NA34

100959085

Similarity (%)

I

II

III

Fig. 1 Dendrogram of cluster analysis based on Bray-Curtis
similarity matrix of physiological characteristics of the 40 rhi-
zobia isolates (NA1–NA40) nodulating Millettia pinnata using
group average

Table 3 Nodule number on the crown root and shoot dry
weight per plant and relative effectiveness of rhizobia symbiosis
with Millettia pinnata. Values are mean of 8 replicates

Isolates Crown nodule
number (plant-1)

Shoot dry
weight
(g plant-1)

Relative
effectiveness
(%)

NA1 36.9 1.6 85.9

NA2 32.9 1.3 71.9

NA3 45.3 1.4 76.8

NA4 49.8 1.4 74.3

NA5 9.0 0.7 35.2

NA6 34.6 1.0 56.8

NA7 31.0 1.4 75.1

NA8 24.9 1.0 56.0

NA9 22.5 0.8 44.1

NA10 19.6 0.9 50.3

NA11 23.8 1.2 64.6

NA12 47.6 0.9 50.2

NA13 31.4 0.9 49.7

NA14 38.8 1.2 63.7

NA15 37.9 1.4 76.8

NA16 13.6 0.7 40.1

NA17 30.6 1.1 57.4

NA18 14.6 1.1 56.1

NA19 29.1 1.0 54.9

NA20 2.9 0.5 29.7

NA21 3.4 0.7 36.8

NA22 2.1 0.8 42.6

NA23 3.3 0.6 31.6

NA24 13.8 0.7 35.8

NA25 23.1 0.8 45.9

NA26 19.0 1.3 71.5

NA27 22.1 1.5 81.7

NA28 32.4 1.5 81.4

NA29 1.9 0.8 42.2

NA30 19.8 0.7 38.2

NA31 23.1 1.2 63.4

NA32 0.9 0.7 35.0

NA33 37.6 1.3 70.6

NA34 1.6 0.5 26.5

NA35 26.6 1.4 76.2

NA36 28.1 1.3 69.9

NA37 23.1 0.9 48.9

NA38 24.8 1.5 78.7

NA39 26.9 1.1 60.9

NA40 22.6 1.0 56.8

Un-inoculated 0.0 0.7 38.6

N-fed control 0.0 1.9 100.0

lsd (P00.05) 5.7 0.1 8.2
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Fig. 2 Nodulation ofMillet-
tia pinnata’s roots 16 weeks
after inoculated with fast-
growing (a) and slow-grow-
ing (b) isolates indicating
brown color nodules. Both
N-fed (c) and uninoculated
(d) plants were nodule free.
A cross section of a nodule
induced by fast-growing
isolates showing pink interi-
or (e)
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B. pachyrhizi PAC48T
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M. loti LMG 6125 T

S. fredii USDA 205 T

S. xinjiangense LMG 17930 T

S. meliloti LMG 6133 T
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R. leguminosarum bv. viciae USDA 2370 T
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Fig. 3 Maximum likelihood
phylogenetic tree of 16S
rRNA gene sequences of 10
RNB isolates (in bold print)
nodulating Millettia pinnata
together with associated
strains and type strains (T)
retrieved from GenBank.
The tree was constructed
using MEGA 5 software
with T92 + G + I model and
bootstrapped with 500 repli-
cations. Scale bar represents
the number of inferred nu-
cleotide substitutions per
site. B = Bradyrhizobium,
M = Mesorhizobium,
S = Sinorhizobium,
R = Rhizobium
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GenBank resulted in a maximum likelihood (ML) tree
that indicated phylogenetic relationships between the
isolates and existing RNB species (Fig. 3).

The 10 isolates were divided into two groups with
100 % bootstrap support, the slow-growing isolates of
NA4, 7, 15, 26, 31, 35, 36 and 38 with genus Bradyr-
hizobium, and the fast-growing isolates NA1 and 28
with genus Rhizobium. Five slow-growing isolates
(NA4, 7, 15, 26, and 38) were grouped with Bradyrhi-
zobium yuanmingense TTC4, B. yuanmingense LMTR
28, B. yuanmingense M11 and B. yuanmingense
CCBAU 10071T with sequence similarities ranging
from 99 to 100 %. Slow-growing isolates NA31, 35
and 36 were grouped with Bradyrhizobium sp. M16
and Bradyrhizobium sp. DOA10 with sequence similar-
ities ranging from 99 to 100 %. The fast-growing iso-
lates NA1 and NA28 were grouped with R. miluonense
CC-B-L1, Rhizobium sp. 8211 and Rhizobium sp.
CCBAU 51330 with sequence similarities ranging from
99 to100%.

Phylogenies of housekeeping genes

Phylogenetic position of the 10 isolates based on the
atpD gene (Fig. 4) indicated that isolates NA26 and
NA38 were grouped with Bradyrhizobium sp. LMG
10677 with sequence similarities of 98 % and 99 %
respectively. The two isolates were also related to B.
yuanmingense CCBAU 10071T as they shared se-
quence similarities of 97 % and 99 % for NA26 and
NA38 respectively. Isolates NA4, 7, 15 and 35 were
grouped and they were related to B. yuanmingense
CCBAU 10071T with sequence similarities of 97 %
for NA4 and 96% for the rest. Isolates NA31 and NA36
diverged from the other six slow-growing isolates and
they shared sequence similarity of 98 % with Bradyrhi-
zobium sp. ORS 305. The fast growing isolate NA1 was
closely related to Rhizobium sp. CCBAU 51330 with
100 % sequence similarity and NA28 was closely relat-
ed toRhizobium sp. CCBAU 43015with 99% sequence
similarity.

B. yuanmingense CCBAU 10071T
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Fig. 4 Maximum likelihood
phylogenetic tree of atpD
gene sequences of 10 RNB
isolates (in bold print) nod-
ulating Millettia pinnata and
their associated strains and
type strains (T) retrieved
from GenBank. The tree was
constructed using MEGA 5
software with TN93 + G
model and bootstrapped
with 500 replications. Scale
bar represents the number
of inferred nucleotide
substitutions per site.
B = Bradyrhizobium,
M = Mesorhizobium,
S = Sinorhizobium,
R = Rhizobium

Plant Soil



The dnaK phylogenetic tree of the 10 isolates with
reference strains indicated more divergent groups within
genus Bradyrhizobium (Fig. 5). One group consisted of
isolates NA4, 7, 15 and 35, and a sub-group of NA26
and NA38 were related to B. yuanmingense CCBAU
10071Tand B. yuanmingense LMTR 28 and they shared
98–99% sequence similarity. In a divergent group with-
in slow-growing isolates, NA31 and NA36 shared 99 %
sequence similarity with Bradyrhizobium sp. DOA10.
The fast-growing isolate NA1 had no clear position and
isolate NA28 was grouped with Rhizobium sp. 8211
with 99 % sequence similarity.

In the recA phylogenetic tree (Fig. 6) isolates NA4,
7 15, 35 were grouped with 100 % bootstrap support
and they were related to B. yuanmingense SR 42 with
97 % sequence similarity and to B. yuanmingense
CCBAU 10071T with 95 % sequence similarity. Iso-
lates NA26, 31, 36 and 38 were grouped with 73 %
bootstrap support and they were related to B. yuan-
mingense SR 42 with sequence similarities of 97 –
98 % and to B. yuanmingense CCBAU 10071T with
96 – 97 % sequence similarities. Isolates NA1 and

NA28 were closely related to Rhizobium sp. 8211 with
99 and 97 % sequence similarities respectively

The phylogenetic tree based on concatenated gene
sequences of 16S, atpD, dnaK and recA (Fig. 7) indicat-
ed that the slow-growing isolates of NA4, 7, 15, 26, 35
and 38 were related to B. yuanmingenseCCBAU 10071T

with sequence similarity ranging from 98 to 99%. Isolate
NA31 and 36 were identical with 100 % bootstrap sup-
port and they were related to B. liaoningense LMG
18230T with 98 % sequence similarity. The fats-
growing isolates NA1 and NA28 were related to R.
miluonenseCCBAU 41251Twith 97 sequence similarity.

Discussion

Temperature is known to influence survival, growth and
nitrogen fixation of RNB (Graham 1992). Both fast and
slow-growing isolates grew abundantly at the relatively
high temperature range of 29 °C – 39 °C and a few
isolates grew poorly at 41 °C. Earlier studies of RNB
isolated from native legumes of north-west of Western
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Fig. 5 Maximum likelihood
phylogenetic tree of dnaK
gene sequences of 10 RNB
isolates (in bold print) nod-
ulating Millettia pinnata and
their associated strains and
type strains (T) retrieved
from GenBank. The tree was
constructed using MEGA 5
software with TN93 + G
model and bootstrapped
with 500 replications. Scale
bar represents the number
of inferred nucleotide
substitutions per site.
B = Bradyrhizobium,
M = Mesorhizobium,
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Australia also indicate some isolates of Bradyrhizobium
are able to grow at 37 °C (Yates et al. 2004) but higher
temperatures have not been examined. Generally, rhizo-
bia collected from high temperature areas are resistant to
high temperatures, for example, Ensifer meliloti from
arid regions of Tunisia grow at 40 °C (Fterich et al.
2011). Isolates from Libya are able to grow at higher
temperatures of 40 – 46 °C (Mohamed et al. 2000). High
temperature tolerance of isolates was probably due to
their adaptation to the extreme air temperatures of
Kununurra where the mean of annual maxima was
34.66 °C and highest temperatures raging from 42 to

44 °C for 5 years from 2005 to 2009 (Australian Bureau
of Meteorology 2012) available at http://www.bom.gov.
au/climate/data/. Further, soil temperatures can exceed air
temperatures and in Western Australia when the maxi-
mum air temperature during summer is 39 °C exposed
soil temperatures are 59, 47 and 39 °C at 1.3, 5.1 and
10.2 cm depths respectively (Chatel and Parker 1973).

Isolates tolerated salinity less than 1 % NaCl. This
was slightly lower than salinity tolerance of M. pinnata
which was 200mM (~1.2 % NaCl) under drained con-
dition (Arpiwi et al. 2012). Salinity tolerance of the host
is often the limiting factor in determining symbiosis
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Fig. 6 Maximum likelihood
phylogenetic tree of recA
gene sequences of 10 RNB
isolates (in bold print) nod-
ulating Millettia pinnata and
their associated strains and
type strains (T) retrieved
from GenBank. The tree was
constructed using MEGA 5
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effectiveness of compatible rhizobia under saline con-
ditions, such as with Rhizobium strains and Acacia
cyclops Cunn. Ex Don and A. rodolens Maslin (Craig
et al. 1991). Both selected rhizobia and hosts require
confirmation of salinity tolerance under the relevant
field conditions.

All of the 40 isolates were able to induce nodula-
tion indicating that they are authentic rhizobia iso-
lates for M. pinnata. Authentication and effectiveness
tests were conducted in pots under glasshouse con-
ditions and this method was preferred over closed
vials as suggested by Yates et al. (2004). Heavy
fungal contamination of seeds in closed systems led
to rot and seedling death (data not shown). Millettia
pinnata has large seeds of 1–1.5 g (Arpiwi et al.
2012), rich in starch (17 %), mucilage (13 %) and
moisture (Kumar et al. 2007), which provide a suit-
able food source and the high moisture conditions of
a closed vial system create a good environment for
fungal infection.

Symbiotic effectiveness indicates the ability of
nodulated plants to fix nitrogen and isolates varied in
their ability to match shoot dry weight of inoculated
plants over plants fed with a nitrogen source (Elbanna
et al. 2009; Fterich et al. 2011). Fast-growing isolates
generally had higher relative effectiveness (71.9 % –
85.9 %) than slow-growing isolates (26.5 % –
78.7 %). The relative effectiveness of these RNB iso-
lates was slightly higher than other rhizobia species
which nodulate woody legumes, such as Ensifer meli-
loti which nodulates Prosopis farcta J.F.Macbr. and
has 52 – 80 % relative effectiveness (Fterich et al.
2011). All fast-growing isolates and several slow-
growing isolates, with more than 60 % relative effec-
tiveness were potentially suitable inocula to support
the growth of M. pinnata. While the use of inocula
under glass house experiment with minus nitrogen
media showed promising results in increasing shoot
dry weigh, the possibility to replace nitrogen-based
fertilisers needs to be tested in the fields of nitrogen
poor soils. This has important implications for biofuel
production where reducing inputs, especially high ener-
gy inputs like urea-based fertilisers, is highly desirable
for production on nutrient exhausted land (Gui et al.
2008; Murphy et al. 2012).

Phylogenetic analysis of 16S, atpD, dnaK, recA
and their concatenated sequences clearly indicated
that six slow-growing isolates of NA4, 7, 15, 26,
38 and 35 were assigned as B. yuanmingense with a
minimum sequence similarity of 97 %. The other
two slow-growing isolates, NA31 and NA36, always
grouped together but their phylogenetic positions
switched between alignment with Bradyrhizobium
sp. M16, Bradyrhizobium sp. DOA10, Bradyrhi-
zobium sp. ORS305, B. yuanmingense SR42 and B.
liaoningense LMG 18230T. Additional character
analysis will be required to precisely position these
isolates

The phylogenetic position of fast-growing isolates
NA1 and NA28 were less resolved as they were closely
related to different reference strains depending on the
gene analysed. Phylogenetic analysis of 16S rRNA,
atpD, dnaK or recA genes placed the isolates closely
to R. milounense CC-B-L1, Rhizobium sp. CCBAU
51330, and Rhizobium sp. 8211 with sequence similarity
ranging from 97 to 100 %. However, this cannot be
confirmed by concatenated sequence analysis due to
the absence of comprehensive sequences in GenBank
(see Table 2). Instead, the isolates NA1 and NA28 were
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Fig. 7 Maximum likelihood phylogenetic tree of 2,040 bp con-
catenated 16S rRNA, atpD, dnaK, and recA genes of 10 RNB
isolates (in bold print) nodulating Millettia pinnata and their
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The tree was constructed using MEGA 5 software with GTR +
G + I model and bootstrapped with 500 replications. Scale bar
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related to R. miluonense CCBAU 42151T in the concat-
enated sequence. Regardless of their identity, these two
fast-growing isolates were effective microsymbionts
with 85.9 % and 81.4 % relative effectiveness respec-
tively. They were potential inocula for M. pinnata pro-
duction systems.

Bradyrhizobium yuanmingense dominated Kunu-
nurra’s soil where M. pinnata are growing and this is
the first rhizobia species isolated from and effective
with M. pinnata. Bradyrhizobium yuanmingense
CCBAU 10071T is the type strain initially found by
Yao et al. (2002), which grows optimally at 25 – 30 °C
but does not grow at 40 °C. Since then B. yuamingense
has been found in areas with diverse climatic condi-
tions, from the extreme cold of the Himalayan Moun-
tains in Nepal (Risal et al. 2010), mild humid forests
of southern Japan (Sarr et al. 2009), sub-tropical
regions of China (Zhang et al. 2008) and Peru
(Ormeno-Orrillo et al. 2006) to semi-arid areas of
India (Appunu et al. 2009) and Africa (Gueye et al.
2009) which have hot-dry and hot-wet seasons simi-
lar to Kununurra. It was also recently found in Cor-
doba, Argentina (Munoz et al. 2011) and in the
temperate areas of Western Australia (Stepkowski et
al. 2012). Thus B. yuamingense is ubiquitous and
adapted to diverse climatic conditions. This may
mean the species is tolerant of a wide range of con-
ditions or different strains are adapted locally. Either
way, suitable B. yuamingense strains could be identi-
fied for production in a wide range of climatic
regions.

Bradyrhizobium yuanmingense is also not host-
specific in that it can nodulate many plant species
including annuals, biennials and perennials. It was
originally isolated from a perennial herbaceous le-
gume Lespedeza cuneata G.Don in China (Yao et al.
2002). Since then B. yuanmingense has been shown to
be an effective microsymbiont for many herbaceous
legume crops within the Fabaceae subfamily Faboi-
deae, such as mung bean, cowpea (Appunu et al.
2009), peanut (Munoz et al. 2011) and soybean (Risal
et al. 2010), and legumunous trees within the Faba-
ceae subfamily Mimosiodeae, such as Acacia accu-
minata Benth (Stepkowski et al. 2012). The broad
host range together with the broad climate adaptation
of B. yuanmingense has resulted in this species being
widespread. This is an advantage for M. pinnata
where an appropriate RNB is not limited by climate
and host.

Conclusion

In conclusion, in the present study the effective iso-
lates of RNB for M. pinnata were obtained from soils
of the host growing in ORIA at Kununurra, with the
slow-growing Bradyrhizobium yuanmingense was a
dominant microsymbiont. Other slow-growing species
related to Bradyrhizobium sp. DOA10, Bradyrhizobium
sp. ORS305 and B. liaoningenseLMG18230T, and fast-
growing isolates related to Rhizobium sp. 8211, R.
miluonense CCBAU 41251T, R miluonense CC-B-L1,
Rhizobium sp. CCBAU 51330 and Rhizobium sp. 43015
were also presented as effective microsymbionts. These
rhizobia could provide inocula for M. pinnata produc-
tion systems that would reduce N fertilizer inputs on
marginal land.
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Abstract Interest in biofuels is increasing in Australia due to
volatile and rising oil prices, the need to reduce GHG emis-
sions, and the recent introduction of a price on carbon. The
seeds of Pongamia (Millettia pinnata) contain oils rich in
C18:1 fatty acid, making it useful for the manufacture of
biodiesel and other liquid fuels. Preliminary assessments of
growth and seed yield in Australia have been promising.

However, there is a pressing need to synthesise practical expe-
rience and existing fragmented research and to use this to
underpin a well-founded and co-ordinated research strategy
to support industry development, including better management
of the risks associated with investment. This comprehensive
review identifies opportunities for Pongamia in Australia and
provides a snapshot of what is already known and the risks,
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uncertainties, and challenges based on published research,
expert knowledge, and industry experience. We conclude that
whilst there are major gaps in fundamental understanding of
the limitations to growth of Pongamia in Australia, there is
sufficient evidence indicating the potential of Pongamia as a
feedstock for production of biofuel to warrant investment into
a structured research and development program over the next
decade. We identify ten critical research elements and propose
a comprehensive research approach that links molecular level
genetic research, paddock scale agronomic studies, landscape
scale investigations, and new production systems and value
chains into a range of aspects of sustainability.

Keywords Oil seed . Pongamia .Millettia . Karanja . Yield .

Growth

Introduction

Interest in use of biomass for liquid fuels, electricity, and other
products is increasing in Australia due to volatile and increas-
ing oil prices, the pressing need to reduce GHG emissions, and
the introduction of a price on carbon. Current production of
plant-based oils in Australia is relatively small and could only
make a very small contribution to demand for liquid fuels [21,
44]. Many options are being explored to develop new capacity
to produce plant-based oils, including those based on algae and
oilseed.

Pongamia (Millettia pinnata, formerly known as Ponga-
mia pinnata) is an arboreal legume belonging to the family
Papilionoideae. The Pongamia tree has traditionally been
utilised for medicines, fodder, beautification, and shade.
Pongamia oil has long been used for lanterns and cooking
stove fuel and is currently of major interest for biofuel
production [30, 41, 59]. The seeds contain about 40%
extractable oil depending on the extraction method, i.e.,
either solvent (hexane) extraction or cold pressing [4, 40,
66]. The oil is rich in C18:1 fatty acid (oleic acid) and has
relatively low amounts of palmitic and stearic acid, making
it useful for the manufacture of biodiesel [30, 61]. The
presence of toxic flavonoids makes the oil non-edible [38].

Preliminary research on the potential for Pongamia culti-
vation in Australia has been promising [30, 59], but research
and development effort is highly fragmented, operating at
small scales, and usually underfunded [53]. Recent attempts
to estimate the production potential of Pongamia at a national
scale [21, 34, 46] have found that whilst suitable growing
areas for Pongamia could be broadly modelled using a climate
matching approach, there is insufficient published or reliable
information relevant to Australia to provide quantitative rela-
tionships between genetics, growing environment, seed set,
and oil yield. The recent failure of Jatropha spp., another
oilseed candidate [29] widely planted in Asia and Africa for
biodiesel, clearly demonstrates the risks of embarking upon a
large-scale investment and planting program without first
conducting the sort of R&D program described in this paper.
Widespread optimism over potential oil yields (which have
mostly not been realised), and massive investment in planting
programs without a solid R&D foundation, has resulted in
enormous economic losses to investors in the Jatropha indus-
try. In particular, a lack of knowledge about the environment×
genetic×yield relationship in Jatropha is considered a key
driver of widespread crop failure [6, 29]. There is a clear need
to consolidate current knowledge and attract the requisite
quantum of investment in research and development to un-
derpin industry development for Pongamia in Australia.

This paper has been prepared by the representatives of 14
industry and research groups working together to synthesise
published information, industry experience, and other expert
knowledge to reach a consensus about the future opportunities
and challenges for Pongamia in Australia. In some cases,
particularly for data pertaining to oil yield from seeds, much
higher and unsubstantiated estimates can be sourced from the
websites of some companies promoting Pongamia inAustralia.
For the purpose of this paper, we take a conservative approach
and report figures that have been reported in peer-reviewed
literature, data collected in field trials conducted by the indus-
try, and research stakeholders contributing to this paper, or
where there was wide consensus among the group.

In summary, this review describes the opportunities for
Pongamia in Australia, a snapshot of what is already known,
the risks, uncertainties and challenges, and key priorities for
new research and development. This synthesis can be used
to underpin a well-founded and co-ordinated research strat-
egy to support industry development.

Pongamia and its Distribution

Pongamia (M. pinnata (L.) Panigraphi) [26] is a medium-
sized (10 to 15 m), leguminous tree; general features are
shown in Fig. 1. Common names include Indian-beech,
ponga-oil-tree, Karanja tree, karum, and kanji, and the plant
has been synonymously known as Pongamia pinnata Merr.,
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Pongamia glabra Vent., Derris indica (Lam) Bennett, and
Millettia novo-guineensis [59]. The extent of Pongamia's
native range is uncertain due to a long history of cultivation
and transport, but the species is generally considered native
to the Indian sub-continent through central and south-east
Asia to northern Australia [17]. Pongamia is reported as
naturalised in China, Malaysia, Indonesia, Japan, Vietnam,
and the United States (Fig. 2).

In Australia, Pongamia occurs in the northern tropics and
subtropical east coast ranging from the coastal fringe around
Darwin through Cape York and as far south as northern NSW.
Records further inland are from locations along major rivers
including theWenlock, Archer, andHolroydRivers in the Cape
York area, and the Norman River in the Gulf of Carpentaria.
The attractive architecture of Pongamia has seen it become a
common street tree in and around Brisbane and smaller towns
and cities along the east coast of Queensland.

A number of trial plantations have been established through-
out Queensland, in the Northern Territory, and in Western
Australia (Fig. 3). The largest commercial trial site (300 ha)
was established near Roma in central Queensland in 2010 on a

coal seam gas site; the longest running trial plantations were
established inWestern Australia in 1999 by the Forest Products
Commission at the Frank Wise Institute in Kununurra and in
Queensland near Caboolture in 2007/8. Seeds for the Western
Australian collection were purportedly sourced from India but
details have been lost. Most Queensland seed material is de-
rived from trees growing on Brisbane streets which may have
been originally sourced from the Indian subcontinent.

The Opportunities

Regional Power Generation/Opportunities

A number of opportunities exist for regional power generation
either via biomass conversion to electricity or by running diesel
generators with Pongamia oil either as raw oil or after conver-
sion to biodiesel. For example, ErgonEnergy runs and operates
33 diesel-fired generators that service remote communities in
Queensland and the Torres Strait (http://www.ergon.com.au/
community–and–our-network/network-management-and-

Fig. 1 Millettia pinnata: a abundant flowers in November/December
(southern hemisphere), pea-like flowers are clustered and pink to mauve;
b clustered seed pods in August/September (southern hemisphere) appear
on about 15–35% of flowers and are gray/brownish with either single or
double seeds; cmature seeds (1.6 g average); d seed storage cell showing
large protein bodies (P), oil vesicles (O), and starch grains (S) (photo-
graph courtesy of Prof. Ray Rose, Univ. of Newcastle); e pinnate foliage,
leaves are waxy, dark-green, and arranged in 5 or 7 leaflet pinnate leaves;
fwell-nodulated root system showing determinate nodules (which in later

stages may develop branched structures); g microscopic section of a
Pongamia nodule showing infected central tissues, interstitial cells, and
vascular bundles in the periphery; hmultiple bud culture leading to clonal
regenerants (Q. Jiang, CILR, unpublished data); i early stages of somatic
embryogenesis from Pongamia immature cotyledons (B. Biswas, CILR,
UQ, unpublished data); j DNA profiling of clonal Pongamia plants using
Pongamia-derived Interstitial Single Sequence Repeat (PISSR) amplifi-
cation and DNA silver staining ([7, 28])
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projects/isolated-and-remote-power-stations). In large part,
these areas are also climatically suitable for Pongamia growth
[34]. A number of mining companies in northern Australia also
generate their own power using diesel generators that could be
fuelled by Pongamia oil.

Transport Fuels in Australia

About 41% of energy use in Australia is by the transport sector.
Most domestic passenger and freight trips are undertaken in
road vehicles, which account for 75% of transport fuel use. Air

Fig. 2 Distribution of Millettia
pinnata; not shown are several
records from the USA (Florida
and Hawaii) and central America.
Source: GBIF (accessed through
GBIF Data Portal, data.gbif.org,
2011-06-01) and records from
India extracted from [20, 25, 48,
56, 57]

Fig. 3 A 28-month-old trial
plantation site near Caboolture,
southern Queensland
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transport is the second highest consumer (16%) followed by
water (4%) and rail transport (2%) [15]. The demand for
transport energy is growing at about 2.4% per year [15].

Forecasts by the International Energy Agency (IEA) and
many other energy forecasting organisations indicate a future
real oil price range of US$100 per barrel between 2015 and
2020, increasing to US$160 per barrel by 2050 [15]. Australian
petroleum net imports in 2009–10 were valued at A$14 billion
[1], and Australia's petroleum self sufficiency (2009–10) is
currently 59%. This is expected to decline to 24% by 2030
[1, 2, 23]. If oil production declines and oil prices increase as
expected, by 2029–2030, net oil imports could cost Australia
almost A$70 billion per annum in real terms [16].

The Future Fuels Forum [15] modelled Australia's future
fuel mix and projected that there will be a more diverse fuel
mix in road, rail, air, and sea passenger and freight travel.
Electricity, liquefied petroleum gas (LPG), natural gas, and
advanced biofuels are expected to increase in use once
production infrastructure has had sufficient time to scale
up [15]. The extent of their use will depend on primary fuel
prices and government greenhouse gas emission targets. The
CSIRO study [15] did not consider biodiesel or aviation fuel
from Pongamia due to the limited information on which to
make reliable projections.

Passenger vehicles powered by diesel engines are gaining
greater acceptance, and most heavy machinery as well as
marine and rail transport depends on high powered diesel
engines. In addition, mining companies are realising the ben-
efit of using bio-based diesel in their underground mines
because biodiesel fuels generally emit lower particulates in
comparison to fossil-based fuels [8], thus improving the health
and safety outcomes for air quality in underground mines.

Aviation

The aviation industry has recognised that bio-derived jet
fuels are an essential part of the industry's future greenhouse
gas emission reduction strategy. Biofuel blends have been
used in numerous test flights of commercial aeroplanes and
military jets, using oils from Camelina sativa, Jatropha spp,
algae, and oil palm. Pongamia oil has not been tested but
with increasing seed supply, chemical and engine testing is
being planned for the near future.

There are a number of ways that jet fuel can be produced
from bio-based oil or from lignocellulosic feedstocks. The
conversion pathway to convert plant-based oils using hydro-
deoxygenation is more efficient (65%) than for other path-
ways based on lignocellulosic feedstocks and can potentially
be conducted with some modification of modern oil refineries
[16]. Therefore, this pathway to jet fuel has a lower capital
intensity and is very attractive to the aviation industry [16].
However, due to the very low production of plant oils in
Australia, new non-food sources of oil would be required to

realise this pathway to jet fuel. Unlike the Future Fuels Forum
[15], the CSIRO Sustainable Aviation Fuel Road Map study
[16] did include the potential for Pongamia, but the informa-
tion used was extremely uncertain [21] and therefore the
estimates were very conservative. However, the study specif-
ically recommended that production of plant-based oils be
further assessed.

GHG Mitigation and Carbon Sequestration

Pongamia plantations and biodiesel production have the
potential to reduce GHG emissions by displacing fossil fuels
consumption and combustion. If Pongamia plantations are
established on previously cleared land, there may also be a
sequestration benefit through storage of carbon (C) in long-
lived tree biomass, possible increase in soil C stocks, and
use of husks and prunings to create biochar. In addition,
because Pongamia is a legume, there are likely to be lower
GHG emissions in comparison to non-legume oil production
because the need for nitrogen fertilisers may be reduced.
The opportunity may present under future policy develop-
ments (for example, the Carbon Farming Initiative Austra-
lian Government 2011 [5]) for the grower to be able to
access carbon payments for Pongamia plantations).

Realising the Opportunities

There are many overarching challenges to be addressed to
assess whether, how, where, and when the opportunities
outlined above could be realised. Pongamia is in the very
early stages of development as a commercial species. Invest-
ors in R&D and implementation, governments, industry
developers, and communities of interest will benefit from a
review of the knowledge base and gaps and a cohesive
national research strategy.

In the following sections, we outline ten key elements of
a comprehensive research strategy, briefly review the exist-
ing knowledge about those elements, and identify important
knowledge gaps and the actions needed to fill the gaps.

Element 1: Growth, Survival, and Reproduction
in Contrasting Biophysical Environments

Growth

Pongamia growth potential is being assessed in several field
trials in south-east Queensland, Western Australia, and the
Northern Territory. However, only a small number of plantings
have been designed to capture quantitative data on growth and
seed yield. Here, we report on some preliminary observations
from a few plantations in southern Queensland (Gatton in
Brisbane, Yandina, Eudlo and Caboolture on the Sunshine
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Coast and Hinterland, and Roma in south-central Queensland)
and from a plantation at Kununurra in the east Kimberley area
in northern Western Australia.

The University of Queensland, through the ARC Centre
of Excellence for Integrative Legume Research (CILR),
planted sapling material at the University of Queensland,
Gatton Campus in December 2008. The seeds were derived
from street trees under licence from Brisbane City Council.
Plantings were monitored for tree failure and replacement
seedlings were planted after 1 year. Growth results (Fig. 4)
indicate rapid biomass increases for both root and above-
ground tissues. Above-ground biomass increased to over
3 kg per tree (above-ground mass) after 2 years.

Rainfall

Experts agreed that average annual minimum rainfall between
500 and 800 mm was required for persistence of Pongamia,
with a further requirement for irrigation during the establish-
ment stage (discussed in more detail under “Element 7:
Agronomy”). Roots are generally fast growing and thick.
Within 2 years, plants appear to have reached deeper soil
layers and trees are able to tolerate periods of water deficit
without wilting. Established trees (6–10 years) survived
4 months without rain in Brisbane during the 2007–8 drought.

Pongamia seed yield is severely affected by heavy rain
periods during the time of flowering. Heavy rain occurred in
south-east Queensland in November/December 2010, leading
to floods in Brisbane and surrounding districts. Extensive
flowering occurred in Brisbane, the Lockyer Valley and
Caboolture, but flowers collapsed either because of rain or
absence of insect pollination. Less than 5% of flowers yielded
a seed-bearing pod. Pongamia develops flowers of different
maturity stages along each florescence, which may be an

adaptation to adverse conditions. However, prolonged adverse
conditions nullify this reproductive strategy. Plants severely
affected by spring rain are observed to re-flower in early
March (as the photoperiod matches that of the spring period).
It is unknown whether the late summer flowers will carry seed
which will mature in time for harvest.

Mature plants appear to survive moderate water-logging,
though some mortality occurs. Trees maintained in polybags
during the 2011 Brisbane floods survived inundation for
3 days at a depth of 3–4 m. The samewas observed for sapling
trees in Yandina (southern Queensland) when the Maroochy
River flooded because of heavy rainfall and a king tide. Under
controlled glasshouse conditions at the Forest Products Com-
mission nursery in Perth, seedlings survive waterlogging in
fresh water; however, waterlogging in saline water (≥250 mM
NaCl) causes nearly complete mortality [4, 51].

Temperature

Across the current Australian trial plantation sites, high tem-
peratures are common. For example, in Kununurra (north
Western Australia), average monthly maxima range from 30
to 39°C, and maximum temperatures can exceed 45°C [10].
Pongamia saplings and cuttings (60 cm in height) maintained
in a greenhouse, the temperature control unit of which failed
during the 2011 Brisbane flood, survived 65°C, though ample
water was available. While Pongamia appears to tolerate these
high temperatures, the impact of extreme heat combined with
drought on mature plants is unclear. In India, maximum tem-
peratures throughout Pongamia's distribution range from 27 to
38°C [41]. This agrees in general with Australian observa-
tions, though a distinction needs to be made between suitable
conditions for tree growth and production of oil, as opposed to
suitable conditions for persistence of natural stands. For ex-
ample, the plantation site near Roma in south-west Queens-
land appears to be suitable for Pongamia oil production under
irrigation (600 mm average rainfall, 2,200 mm evaporation),
although it is not within the range of climatic conditions that
naturalised populations of the species occur [34].

In Australia, Pongamia is cold- and possibly drought-
deciduous, undergoing a winter dormancy period. Night-time
temperatures appear critical in regulating Pongamia phenology.
Observations suggest that plants do not grow new leaves in
spring until minimum temperatures are consistently greater than
15°C, and that at least 6 months of minimum temperatures >
15°C are required for substantial foliage, flower, and seed
production.

Pongamia has been observed to survive and recover from
frost events. However, experts agreed that the species should
not generally be considered ‘frost tolerant’. At the Spring
Gully coal seam gas plantation site near Roma in Queensland,
a late frost occurred in September 2009 after the winter
dormancy period (i.e., trees had already put on new leaves).

Fig. 4 Above-ground biomass (g dry weight/tree±1 SD) of Pongamia
growing at Gatton, south-east Queensland. Plants are irrigated as
required and unfertilised. Soil is rich, volcanic loam (P. Scott, CILR,
unpublished data)
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Leaf blackening and abscission were observed after the frost
but trees were able to undergo profuse vegetative growth
again in October. Stem mortality occurred primarily in young
trees. About 20% of sapling material suffered from stem tip
die-back (10–30 cm), which did not appear to result in any
negative growth effect during the subsequent season. These
observations are generally consistent with reports from India
that indicate the tree can withstand ‘slight’ frost [41, 52].
However, experts noted that frosts have been observed to
result in sprouting from the base of saplings that suffer stem
mortality, which is undesirable from a production efficiency
perspective. Ideally, in a commercial setting, frost-damaged
saplings are replaced by retained nursery stock; replanting at
this early stage (year 1) does not appear to affect final planta-
tion uniformity.

Currently, very little is understood about the effect of
extreme weather, including drought, frost, flooding, cyclo-
nes, or extreme heat on Pongamia seed production and oil
yield. In addition, fire may pose a risk to Pongamia planta-
tions in some areas identified as potentially suitable; the
impact of fire on Pongamia has not been assessed.

Action: Field measures of growth and seed production
across climatic and soil fertility gradients should be used to
calibrate simplemodels (e.g., CLIMEX [67]) that could be used
to provide estimates of plantation performance in Australia.
Impacts of extreme events on Pongamia performance need to
be assessed.

Phenology and Reproduction

Plants are commonly observed to flower after 4–5 years
and usually only once per year. Some precocious flower-
ing has been observed by experts—for example approxi-
mately 6% of trees flowered and produced seed in the
second year in a trial planting at Gatton in southern
Queensland. A very small number of observations have
been made of two flowering episodes per year. Individual
flowers open for only a single day, though multiple stages
of maturity exist along the same florescence. Pongamia
requires tripping (i.e., forcing the pistil from its concealed
position within the petals of the flower) for pollination
to occur, and the main agents are bees [54]. Trials at
Kununurra indicated that the peak flowering period varied
between trees and that the presence of bee hives substan-
tially improved seed set and yield.

In general, and depending on location and winter dormancy,
Pongamia starts producing pods 4–7 years after planting with
full production from about 10 years of age. Some plants have
been observed producing seed pods after 2 years and data from
the trial plantation in Kununurra indicates only 37% of
9-year-old trees and 83% of 14-year-old trees set pods in any
1 year, suggesting considerable variability in these timeframes
[51].

The period for full development of the seeds can be as
long as 11 months in India [19] and Kununurra [4], and seed
pods are often still attached to the tree by the time of flower-
ing the following year. This may have consequences for
production as mechanical harvesting may damage these
delicate floral organs impacting on the subsequent year's
yield (see “Element 7: Agronomy”). Pods do not open
naturally, requiring mechanical opening/shattering or allow-
ing the fruit to decay before germinating. Mechanical decor-
ticators are used in India to release seed. The rate of
germination of seeds declines quickly (12 months for dry
storage; even less when on the ground where fungal attack
appears to destroy the seed).

Experts have all noted the high inter-tree variability in
phenology, growth, and reproduction and identify this as
one of the major impediments to commercial production.
For example, anecdotal observations suggest that trees
which have a high degree of genetic similarity, planted
adjacent to each other, may demonstrate vastly different
phenology and seed production. Pongamia has not under-
gone extensive domestication either in Australia or India, so
future development of commercial plantations will first re-
quire extensive genetic selection and/or improvement of
germplasm followed by clonal propagation to manage the
high inter-tree variability.

Action: Activities required regarding genetic selection
and clonal propagation are covered in more detail in
“Element 2: Strategy for Rapid Selection of Elite Genetic
Material” and “Element 4: Propagation and Establish-
ment”, respectively.

Soil–Climate–Growth–Yield Relationships

Recent studies to assess the national production potential
for a Pongamia industry in Australia used the simple
approach of matching the climatic ‘niche’ of the plant
(based on data on current global distribution of Pongamia)
to where similar conditions exist in Australia, thus pre-
dicting the area potentially suitable for establishment of
the tree across Australia at a national scale [33, 34]. Al-
though this provides a useful ‘first cut’ on where the plant
might grow and survive under rain-fed conditions, it does
not provide useful information on the potential oil yield
from Pongamia. It is clear from the literature and from
observations by experts that there are complex relationships
between genetics, growing conditions, survival, and growth
of the tree, flowering, pollination and fruit set, and oil yield.

There is a considerable amount of anecdotal and observa-
tional information about Pongamia growth and production for
oil in India that could be used to develop climate–growth–oil
yield relationships which could then be applied across Austra-
lian climates to gain improved predictions of potential perfor-
mance.For example, theKarnatakaStateBiofuelDevelopment
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Board states that annual harvests of 600,000 t ofPongamia seed
arecollectedbyhand invillage situations forbiofuelproduction
[55].As interest inPongamia'spotential forbiodieselhasgrown
over the last few years, there has been a significant increase in
the published peer-reviewed literature with the mean annual
numberof published papers (containing ‘Pongamia pinnata’
or ‘Millettia pinnata’ in the title, abstract or as a keyword)
increasing from five in the years up to 2005 (1991–2005)
to 26 in the 5 years since (2006–2010), peaking at 36
published papers in 2009. Approximately 75% of this
literature is generated in India; less than 2% (four papers)
originated in Australia. However, experts who have visited
with research and industry agencies in India note that much
knowledge has been generated which is currently inaccessible
via the peer-reviewed literature.

The experts generally agreed that, whilst valuable as a
background source of information, the published Indian
observations could not often be directly applied to the
Australian context for a number of reasons. Pongamia has
not traditionally been established in commercial plantations
in India. Rather, either natural stands have been harvested or
plants have been cultivated in small lots, on degraded land,
along roadsides and railways, and in open farmland and
there has to date been very little systematic collection and
processing of seeds [32]. As a result, little attempt has been
made to optimise production of the plant for harvesting,
identify elite genotypes, or investigate propagation method-
ology, although all these areas are seeing increasing atten-
tion in India. Kesari and Rangan [32] listed 28 research
organisations in India currently involved in “plus tree” iden-
tification, cultivation of Pongamia germplasm, and other
research relating to successful cultivation of Pongamia for
biofuel. Given the long history of usage, the potential
remains to collect vital, long-term data on seed production
and oil yield from across climatic gradients in India.

Action: Given the very limited local experience of the
performance of Pongamia in plantations, the challenge is to
make credible translation of overseas experiences to the
biophysical conditions of Australia. Meeting with key Indi-
an research groups and surveying plantations and natural
stands with a particular emphasis on understanding the basis
for variation in oil yields would assist to calibrate models for
Australia in the absence of local data and allow for an
interim improved prediction of oil production from Ponga-
mia plantations in Australia.

Element 2: Strategy for Rapid Selection of Elite Genetic
Material

Pongamia is an obligate outcrossing species; thus each tree
is highly heterozygous as confirmed by DNA fingerprinting
carried out at the CILR (UQ) using inter-simple sequence

repeats (ISSR) markers [27]. Variation is increased by the
heterogenous pollen stemming from other heterozygous ‘fa-
ther’ trees. This has been confirmed visually and with mo-
lecular markers (ISSR), where all progeny plants derived
from one parent differed in DNA ‘fingerprint’ [27]. As a
result, plants raised from seed are genetically diverse and
exhibit significant variation in many traits including tree
architecture, seed morphology, and yield [60]. Traditional
methods for development of ‘elite’ trees, including cross-
breeding high performers, are only feasible if genetic lines
can then be maintained through clonal propagation (see
“Element 4: Propagation and Establishment”).

Pongamia is a diploid legume with 2n022. The chro-
mosomes are small at mitosis and resemble those of
soybean. An estimate of the genome size is around
600–700 megabase pairs per haploid genome. DNA and
RNA have been isolated and analysed from leaf and root
material. Modern high through-put DNA sequencing
techniques (specifically using Illumina SOLEXA technol-
ogy) have been applied and created large datafile sets of
Pongamia genomic sequence. These databases have been
used for gene discovery, especially using alignment with
the recently published soybean genome sequence [58].
For example, using this approach, genes for seed fatty
acid biosynthesis and stability and seed storage protein
have been isolated from Pongamia and characterised for
their developmental expression profile during seed matu-
ration (J. Vogt, P. Scott, and P. Gresshoff, CILR, UQ,
unpublished data). As an indirect measure of expression,
mRNA can be quantified for specific Pongamia genes,
different tissues, and growth conditions.

Proteins and oils can be isolated from seed cotyledons.
Oil extracted from seeds is found predominantly in the form
of triglycerides, with the major fatty acid being C18:1 (oleic
acid; a common component of olive and canola oil). Stearic
(C18:0) and palmitic (C16:0) acids, which contribute to a
rise in the cloud point are minor components, usually mea-
sured at between 9% and 17% of the total fatty acids [4, 51,
59, 61].

Action: The tools have been established to assist genetic
selection and need to be applied, and then selected material
needs to be evaluated by thorough and systematic field as-
sessment of growth and oil yield across potential Australian
growing environments.

Element 3: Exploiting Genotype×Environment
Interactions to Maximise Oil Yield

Very little is currently understood about the genotype×envi-
ronment interaction in Pongamia or the relationship between
environmental stress (induced by soil and climatic factors) and
oil yield in Pongamia. Seed production across and within trial
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sites and on street trees in Australia is highly variable. Table 1
summarises reproductive and yield variables based on
Australian observations to date. Seed production estimates
range from 0 to 30 kg seed/tree/year in an irrigated plantation
near Kununurra [51] to an estimated 80 kg seed/year on an
approximately 15-year-old tree growing on a street in
Brisbane. This high variability, particularly within trials, is
currently considered an area requiring considerable further
research and development. Accounts of seed yield from India
are highly variable but suggest an average range of 8–90 kg/
tree/year [31, 57], although seed yields as high as 300 kg/tree
have been reported from specially selected high-yielding trees
[20]. It should be kept in mind that the Indian yield estimates
are sourced from trees identified as high-yielding, rather than
averages for trees in plantations; researchers in India note that
a large proportion of wild trees do not yield at all and that only
a small proportion of trees produce a ‘commercially attractive’
number of seeds [60]. Scott et al. [59] report a potential yield
in Australia of approximately 20,000 seeds from 10-year-old
trees/year. Based on their estimate of 1.8 g/seed, this converts
to a seed yield of 36 kg/tree or 12.6 t of seed per hectare based
on 350/trees/ha, provided all trees were productive.

Seed oil content has beenmeasured from four trees within a
100-km radius in south east Queensland and found to be
within the range 35% to 43% (P. Gresshoff, CILR, unpub-
lished data); seeds from a trial plantation in Kununurra had an
oil content ranging from 31% to 45% [4, 51]. In India, total oil
content has been reported ranging from 15% to 50%, with an
average for specially selected ‘candidate-plus’ trees of 38%
(range 34% to 40%) [48] and averages from a random selec-
tion of wild trees being between 28% and 34% [32, 41, 66].
Little data is available for seed from other geographic areas,
but Arpiwi et al. [4] found Indonesian trees had 28% to 36%
oil. The oleic oil (C18:1) component appears relatively con-
sistent at an average of 50% of total oil content for trees from
south-east Queensland (P. Gresshoff, CILR, unpublished data)
and an average 51% from trees in Kununurra [51], but

importantly, some trees had seeds which contained 63% oleic
acid [4].

While it is generally thought that larger seeds have higher
oil content, research in India suggests that oil content is only
very weakly, and not significantly, correlated with a range of
seed and pod morphometric traits including weight and size
of seeds and pods [48, 66]. Preliminary data from a planta-
tion in Kununurra also indicates that seed size is not related
to oil content [4, 51].

Action: Planting ‘elite’ clonally propagated genotypes
across environmental gradients in a systematically designed
network of long-term field trials is required, noting that effec-
tive cross-pollination of these trees will need to be managed to
optimise yield. Comprehensive long-term field studies, consis-
tently measured across the network of trial sites, will assist not
only with quantifying genotype×environment yield relation-
ships, but also with gathering agronomic and sustainability
datasets (see “Element 7: Agronomy” and “Element 9:
Sustainability”).

Element 4: Propagation and Establishment

With pollination of Pongamia occurring primarily via bees,
a pollen donor could include any tree within the distance a
bee is capable of carrying and transferring pollen (approxi-
mately 3 km radius). Therefore, once the best performing
genetic material is selected, trees must be clonally propa-
gated from stem cuttings or tissue culture, or via grafting to
maintain genetic lines. Significant effort is directed at clonal
propagation of elite (or ‘plus’) trees due to the need for
uniformity in plantations allowing equal usage of row space,
avoidance of shading and competition, uniform flowering
period, management and harvesting regimes and predictable
quality of products. Methods for cloning have been success-
fully demonstrated at the laboratory scale but require further
work to enable economic scale-up to support plantation

Table 1 Summary of reproductive and yield variables based on Australian observations to date

Variable Unit Range based on all
observations in Australia

Average Source

Time to reproductive maturity Years 4 to >14 years 5 years Expert observation and [51]

Full development of seeds Months 10–11 months 10 months Expert observation and [4]

Flowering episodes/year Number 1–2 1 Expert observation and [51]

Seed production per tree kg/year 0–30 kg/year 20 (a) Expert observation and [51]

Seed oil content % 31–55% 40 P. Gresshoff (unpublished data) and [4, 51]

Seed viability Months <12 months Expert observation

Tree per hectare Number 320–500 350 (b) Expert observation

Yield estimate (if all trees are
productive)

Tonnes/ha/year 7 Calculated from (a) and (b)
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development. While it may be desirable to maintain uniform
genetic stock for commercial plantations, it is important to
be mindful of past problems (e.g., insect and plant patho-
gens) associated with extensive crop monocultures. It is
therefore considered that future plantings should incorporate
a variety of defined lines or cultivars of trees.

Experts agreed that whilst propagation from elite stock is
often promoted, there is very little information on how these
elite trees are identified or selected and virtually no data to
support the designation of trees as ‘elite’. Kesari et al. [31]
report a method for selection of “candidate plus trees” (CPT)
in India involving selecting individual trees possessing a range
of superior morphological and reproductive characters. Trees
in Kununurra, Western Australia, have also been selected
using several morphological and physiological traits [4].
However, the heritability of traits in offspring has not been
assessed or reported.

The current process for propagation of Pongamia in
Australia is labour-intensive, requiring manual extraction
of the seed, since commercial decorticators crack the seed
during removal from the pod. Seeds are first soaked in warm
water and then placed individually for planting to ensure the
seed is in the correct orientation for germination. Germina-
tion generally occurs within 2 weeks. Propagation from seed
is also the most commonly used method for production of
large numbers of seedlings in India [42]. Indian researchers
have reported a significant positive correlation between
germination rate and seed size [71].

Propagation from stem cuttings is a relatively simple pro-
cedure; however, it is labour intensive and requires source
material at the correct stage of development (i.e., semi-
woody). Pongamia twigs can be rooted to form clonal cuttings
which establish in soil and develop a deep fibrous root system
over time (but slower than tap root development on seedlings).
This tendency to develop a fibrous, adventitious root system
in cuttings is considered less than optimal, particularly in
moisture-deficient soil systems. Classical grafting of elite
germplasm onto seedling derived root stock has also been
demonstrated (P. Gresshoff, CILR, UQ, unpubl. data).

Propagation via tissue culture can take alternative
approaches. For example, dormant buds can be sterilised then
cultured to induce multiple buds which can be separated and
grown to full scale plants (Q. Jiang, CILR, unpublished data).
Sterilisation of dormant buds is difficult to achieve from field
grown material, but easier from clonal glasshouse material.
This procedure is both labour and infrastructure-intensive and
requires optimisation for commercial application to reduce
costs. Immature cotyledons have been induced to undergo
both organogenesis as well as early stages of somatic embryo-
genesis (B. Biswas, CILR, unpublished data). Optimally, or-
ganogenesis or somatic embryogenesis should be obtained
from meristem-derived material assuring clonal propagation
of superior germplasm. In India, increasing attention is also

being focussed on propagation techniques via tissue culture
and a comprehensive review of the current state of the re-
search is given in Mukta and Sreevalli [42].

Propagation via grafting has been conducted with some
success in India and is being trialled in some Australian
plantations in 2011. In India, wedge grafting has been found
to be most successful using 3-month-old seedlings raised in
polybags as the stock and semi-hardwood scions of 12–18 cm
length from high-yielding trees [42]. The advantage of prop-
agation via grafting, besides the potential for higher produc-
tivity due to elite scions, is the earlier time to seed production.
Indian trials have shown seed yield within 3 years following
grafting [42].

Action: While propagation from tissue culture and micro-
propagation of Pongamia has proven successful, the meth-
ods require much further refinement to be feasible and cost-
effective on a commercial scale.

Element 5: Identification of Suitable Land and Water
Resources

Soil and Water

In Australia, Pongamia has been observed growing on a wide
range of soil types. Trial plantations have been established on
sodic acid soils, alkaline soils, and heavy clay soils with a sodic
subsoil. Plants have also been observed growing on beach sand
near Darwin and on sand levies along rivers in Cape York. In
India, Pongamia is also reported to grow on awide range of soil
types from stony to sandy to clay [32], though it is noted that
the plant does not do well on dry sands. Trees reportedly grow
in coastal, saline habitats [12], but Indian field trials on saline
soils have yielded mixed results [68, 70]. Despite tolerance to a
wide range of soil types, soil conditions are likely to interact
strongly with climate to markedly affect rates of Pongamia
growth, but this is currently poorly quantified.

Water requirements for satisfactory rates of seed and oil
production by Pongamia are poorly understood, but experts
suggested that irrigation is required during the establishment
phase of the plantings (first 7 years) in dry tropical and
subtropical areas and sometimes subsequently in order to
ensure seed set. There are examples of plantings where trees
have been successfully established without irrigation. A
plantation on the Sunshine Coast hinterland of Queensland
was established without irrigation, even surviving the
drought period of 2007–2008. These trees have grown to
nearly 3 m in height and 10 cm stem diameter within 4 years
(this growth is less than the irrigated trial plantation at
Gatton in southern Queensland, where plants achieved these
measures of growth within 2 years).

Land and water use or allocation issues may arise with
Pongamia plantations if they are to be established on a large
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scale. Kriticos et al. [34] identified zones of productivity for
growth, based on rain-fed situations. Areas requiring no
irrigation only occur in the very northern and coastal areas
of Australia. There may be other competing demands for
this land including biodiversity and conservation, high value
agriculture, or urban land use. However, relatively small
high yielding plantations may be well suited to providing
oil for remote communities. There are some irrigated lands
in crop and grazing zones that could be used for Pongamia;
however, the feasibility of this would be driven at least in
part by the economics of, and societal attitude towards,
using irrigation water for a dedicated energy crop.

Water availability in northern Australia is highly seasonal
and may be limited in many areas. Therefore, if irrigation is
required, it may require the use of groundwater. It has been
estimated that there is approximately 600 GL year−1 of
potentially useable groundwater in northern Australia and
that this could provide irrigation for 40,000–60,000 ha [36].
There are specific opportunities for irrigation, for example,
in association with mining ventures, but these have yet to be
systematically investigated and quantified.

Action: A systematic approach to identifying land (within
suitable rainfall zones, or with access to irrigation) capable
of supporting commercial Pongamia production should be
conducted.

Salt Tolerance

Pongamia is promoted as being able to produce oilseeds on
low productivity, degraded or salt-affected land thereby
lessening competition for higher productivity land used for
agricultural production [32, 46]. However, pot and field
trials of growth and performance in saline conditions have
provided mixed results [63, 69, 70] and in controlled glass-
house trials in Perth, seedlings were not tolerant of water-
logging and salinity levels of 250 mM NaCl [4].

Pongamia could have the benefit of soil rehabilitation
through nitrogen fixation; however, recent experiments car-
ried out onAustralian seedlings and saplings shows a decrease
in nitrogen concentration and total nitrogen of nodulated
plants at moderate to high salinity levels (i.e., approximately
10–20 dSm−1) [74]. The reduction in nodulation with increas-
ing salinity in Pongamia is comparable with that shown by
Acacia ampliceps, another salt-tolerant legume that has been
widely used for the purpose of reclaiming salt-affected land in
Australia [74]. A. ampliceps has improved nodulation and
nitrogen fixation in saline environments when inoculated with
salt-tolerant strains of rhizobia [74]. The long-term impacts of
salinity on mature trees are not understood.

Action: Efforts are required to ascertain whether N-fixation
is the primary or only limitation to growing Pongamia in a
commercially successful manner on degraded or salt-affected
land. Further investigation on the effect of inoculation of

Pongamia with salt-tolerant rhizobia is required if this is
considered to be a major limitation to production in these
landscapes.

Element 6: Development of New Production Systems
and Value Chains

New Production Systems

There is potential to develop and establish new types of
production systems for Pongamia, as well as the value
chains—for example for conversion of oil to aviation fuel.
New production systems might combine Pongamia planta-
tions, grazing, and carbon farming which could provide
enterprise diversification, reduction of risk, and reduced
GHG emissions for the grower. High value co-products
may also be a component of an innovative new mixed
enterprise model (explored further below).

Action: Little is known about the scale and type of oppor-
tunities for Pongamia to be grown in a complementary fashion
with other land uses such as grazing ormining and quantifying
the location and scale of such opportunities would help to
focus efforts in industry development. This is usually an
iterative process which starts with pre-experimental or ex-
ante modelling analysis on the performance and economics
to assess what may be feasible. Promising production systems
can then be trialled and evaluated, with progressive refinement
over time to fine-tune new systems.

Animal Feed Co-products

The seed of Pongamia consists of an outer hull portion (~6%
mass) and an inner kernel portion (~94%). Following oil
extraction, approximately two thirds by weight of the original
seed is left as a residual meal or cake, containing 28–34%
crude protein [73]. The Pongamiameal or cake (also known as
karajin cake) has been used as manure, fungicide, and insec-
ticide, and there has been considerable research, mainly in
India, on utilisation of this protein meal as animal feed [35, 47,
49, 73]. However, the meal contains karanjin (a fluro-
flavinoid) and pongamol in the residual oil that make it
unpalatable. It also contains anti-nutritional factors such as
phytates, tannins, and protease inhibitors that affect rumen
metabolites and the digestibility of protein and carbohydrates
[73]. Oil extraction carried out by the usual method of expeller
pressing, leaves 15–20% oil in the cake (referred to as EKC—
expeller pressed karajin cake). Solvent extraction removes
more oil and should increase the palatability of the meal and
reduce the toxicity, but research indicates that inclusion of
solvent extract Pongamia meal (SKC—solvent extracted kar-
ajin cake) in mixed diets still reduces feed intake and results in
reduced animal growth rates. Researchers have sought
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additional ways of detoxifying the meal aimed at reducing the
anti-nutritional factors through water leaching and the addi-
tion of mild acid or alkali. In a laboratory study, Vinay and
Kanya [73] use a 2% HCL treatment for 1 h to reduce anti-
nutritional factors.

A long-term (34 weeks) performance trial of lambs was
undertaken using diets containing either 24% expeller
(EKC) or 20% solvent extracted (SKC) Pongamia meal,
replacing half of the de-oiled groundnut cake as the source
of protein [64]. In this trial, there were no further treatment
of the meal to reduce anti-nutritional factors. Dry matter
intake, the digestibility of protein and carbohydrates, the
growth rate and wool production were all reduced in the
lambs subject to each of the diets containing either EKC or
SKC. In addition, by the end of the trial, the lambs had
lower bone density (osteoporosis), testicular degeneration,
and liver and spleen lesions. Growth performance trials with
chickens also demonstrate that Pongamia meal may only be
useful as animal feed at very low levels of addition [47].

Despite the research that has been undertaken over many
years to find ways of utilizing Pongamia meal as livestock
feed, the combination of poor palatability, anti-nutritional
factors, and the recognition through molecular analysis that
the primary proteins in the meal are known to provide low
nutritional benefit because of poor amino acid composition,
make it unlikely that a co-product stream based on animal feed
will be developed. However, there is a benefit from Pongamia
containing the unpalatable karanjin and pongamol, as it allows
the integration of grazing livestock in Pongamia plantations
with minimal risk of the animals grazing and damaging the
trees. At a trial plot in southern Queensland, where the trees
are 3–4 years old, sheep are grazed in the plantation to control
grass and weed growth and to provide some additional income
from the land (G. Muirhead pers comms.).

Green Manure Co-products

Pongamia is used as a green manure with some benefits [43],
but this is derived from the leaves of the tree rather than the
oilseed cake. However, trials have shown that oilseed cake can
be used in conjunction with the mycorrhiza Glomus fascicua-
tum in organically enriched soils to reduce the incidence of the
plant disease complex caused by the root knot nematode,
Meloidogyne incognita and the root wilt fungus Fusarium
udum in pulse crops viz. cowpea, soybean, pigeonpea [24].

Insecticide Co-products

In terms of use as an insecticide, extracts of Pongamia have
been reported to be effective against insect pests in stored
grains and on crops, acting as a deterrent to oviposition and
as antifeedants and larvicides against a wide range of pests
[35]. The relevance of this to the use of Pongamia oilseed

cake is questionable, as it appears that the oil (as a water–oil
suspension of up to 2%) has generally been used as a spray
to achieve the desired insect inhibiting effect [49].

The pod shells and woody material from pruning could
potentially be used as a form of fertiliser, produce biochar,
combusted to produce electricity, or be used as a feedstock
for gasification and conversion to a range of products. This
requires further investigation.

Action: Avenues for sustainable use or disposal of co-
products, including the seed cake, pods, and woody material
from pruning, need further investigation.

Element 7: Agronomy

Irrigation

Irrigation has been discussed under “Element 5: Identification
of Suitable Land and Water Resources” and is not discussed
further here.

Nitrogen Fixation and Fertiliser Management

Relatively little is known regarding nodulation and actual
rates of N fixation in Pongamia. Preliminary experiments
suggest that Pongamia is able to form functional spherical
nodules with a broad range of rhizobia belonging to the
Bradyrhizobium tribe [59]. Such bacteria commonly nodu-
late Australian acacia (wattle) species. Their persistence in
Australian soils may present a hurdle to establishing highly
effective Bradyrhizobium strains for Pongamia that will
persist in field situations, as competition from the ‘local’
rhizobia may be severe. The nodule structure (see Fig. 1f)
suggests determinate nodule growth similar to that observed
in soybean [22] and the model legume Lotus japonicus [27].
However, observations on field-grown Pongamia roots
show nodules ranging from spherical (as seen in saplings,
[3]) to branched and coralloid nodules (P. Gresshoff and P.
Scott, CILR, unpublished data).

Pongamia plants are thought to exhibit the classical le-
gume nodulation response called autoregulation of nodula-
tion (AON; [14, 22]). Nodulation occurs predominantly in
the upper regions of the root system as early nodulation
events suppress the formation of new nodules. Thus, sapling
inoculation with effective bacteria may give the plant suffi-
cient nodule numbers for early plant development, without
incurring problems of ‘competition’ from resident rhizobia.

Application of fertiliser at the seedling stage probably
enhances establishment success and early growth but expert
observations at some trials (with fertile soils) suggest it may
not be necessary. However, addition of P, K, and micro-
nutrients may be required over the long term to maintain soil
fertility. Experts note that soil and foliar analysis is required
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at plantation sites to provide a basis for establishing appro-
priate fertiliser regimes.

Action: Characterisation of the spectrum of rhizobia that
can form an effective symbiotic relationship(s) with Ponga-
mia is required. An assessment of whether nitrogen fixation
capability at plantation densities is likely to meet the plants'
nitrogen requirements needs to be undertaken.

Weed Control

Mechanical and chemical weed control during the first 3 years
after planting was identified by the experts as critical for suc-
cessful establishment. In particular, seedlings <30 cm high are
very vulnerable to weed overgrowth. Ideally, weed mat would
be used for establishment; however, the cost is significant
(approximately $1.40 per tree). Indian and Australian observa-
tions suggest planting of seedlings of 50–60 cm in height will
greatly improve survival in the field [72]. Intercropping with
suitable species during the period of establishment (i.e., first 3–
4 years) may also contribute to management of weeds, as well
as increase economic returns for the system.

Animals are required to be fenced out for the first 3 years
of Pongamia growth because they will pull seedlings out of
the ground; after that, stock will only feed on the lower
branches if other feed is scarce. The minor ‘pruning’ carried
out by stock is likely to be beneficial in controlling root or
base sprouting.

Action: Knowledge about effective weed control, fertiliser
management, spacing and pruning from Indian plantations in
needed to provide some early information to help guide the
management of Australian plantations. Systematic evaluation
of agronomic practices needs to be conducted under a range of
prospective Australian growing environments and manage-
ment systems.

Harvesting Methods

Mechanical harvesting of Brisbane city trees has been demon-
strated with umbrella shakers style machinery [9]. Umbrella
shaker style harvesters require a minimum of 7 m spacing
between rows. The large trial plantation near Roma has been
planted with 8 m spacing between rows and 2.5 m between
trees within the row. Another trial plantation at Caboolture
utilises a 5/7/5/7 m spacing pattern between rows with 5 m
spacing within the row. The optimal arrangement for accom-
modating a gantry style shaker with maximum trees per hectare
is thought to be 7 m spacing between rows and 4 m between
trees within the row, which gives approximately 320 trees/ha.
Another consideration for optimisation of harvesting is tree
shape. Pongamia can tend towards a ‘poplar’ or ‘weeping
willow’ shape which cannot be harvested efficiently. Therefore,
some pruning of trees is required during the establishment
phase (first 3 years) of the plantation to control tree shape.

Further pruning is required to adjust for wind effects. Plants are
generally pruned following harvest with the aim of maintaining
trees at a height of approximately 6 m. The presence of shoots
that will develop flowers or flower buds at the time of harvest/
pruning needs to be considered. Future genetic selections may
focus on semi-dwarf varieties with high yield.

Action: Harvestingmethods for plantation scale plantings of
Pongamia require considerable further development and test-
ing. Options for further investigation include gantry and um-
brella style shakers similar to those used for harvesting in nut
and olive plantations. These harvesters have been trialled suc-
cessfully at a small scale on Pongamia in Australia; however,
trial plantations are currently harvested predominantly by hand.
The possibility of using abscission chemicals to release mature
pods prior to flower development should also be investigated.

Pests and Diseases

In north Queensland, Pongamia has been observed to be
infected by a fungus (Phyllachora yapensis subsp ponga-
miae) causing a disease known as ‘tar spot’ [62]. The fungus
has also been recorded in India and is known as Phyllachora
pongamiae [11]. The fungus causes a leaf discolouration but
does not appear to cause mortality or seriously impact
mature trees; however, it may have more serious impacts
on seedlings. Also recorded on native Pongamia in north
Queensland is the fungus Asperisporium pongamiae which
causes leaf spot [62]. Other fungi causing leaf spot and
blight recorded on Pongamia in India include Fuscicladium
pongamiae, Microstroma pongamiae, Cercrospora ponga-
miae [39], and Ravenelia hobsoni (leaf rust) [11].

A number of other potential pests of Pongamia have been
observed in trials around Australia (a stem borer, leaf miner,
locusts, green ants), but none appear to cause significant
damage. The only pest observed to cause mortality in seed-
lings has been rabbits (ring-barking the lower 20 cm of the
stem), and as noted earlier, grazing animals need to be
fenced out of Pongamia plantings for the first 3 years.
Kangaroo damage has not been observed in plantations in
mixed grass-wooded areas, suggesting that macropods
avoid the plant, possibly because of a bitter taste.

Action: While there is little evidence that pests and dis-
eases currently cause anything other than minor foliage
damage to Pongamia in Australia, establishment of Ponga-
mia as a broad-acre crop will provide increasing opportunity
for pest and pathogens to establish and the consequences of
this need careful assessment.

Element 8: Economics

The price of biodiesel is inextricably linked to the price of
crude oil because it is the main competitor, although the cost
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of production may be more independent (depending on the
level of oil-derived inputs for growing, processing, and
transporting the product). In many countries, biodiesel is
used primarily as a fuel additive. Commonly, blends range
from 2% to 20%. A comparison of the economics of various
alternative transportation fuels requires estimation of their
total costs of production, from the cost of raw materials for
fuel production to the cost of conversion to biodiesel and
distribution. Successful development and commercialisation
of biodiesel or other fuels of products from oils of farm
grown crops depends on (a) their cost competitiveness com-
pared with that of the product they replace (e.g., conven-
tional diesel) and on the amount of fuel that could be
supplied annually and (b) on the competitiveness of oil
crops compared with alternative land uses. Social and envi-
ronmental policies may provide incentives that can assist in
the development of emerging renewable fuels industries.

A comparison of the commercial viability of production
of biodiesel requires estimation of its costs of production,
from the cost of oil crops grown on farms, the costs of
transport and processing, and the costs of distributing the
fuel to users. A full economic analysis for selected produc-
tion systems is currently being conducted by the Future
Farm Industries Cooperative Research Centre for produc-
tion, harvest and delivery of Pongamia oil including the cost
of crushing and refining oil to biodiesel [65]. The analysis
takes into account the fixed and variable costs of production
of biodiesel from Pongamia oil including:

& Initial capital outlays

– Establishment and conversion of land to a Pongamia
tree plantation

– Development of irrigation systems (if required)
– The building and commissioning of crushing plant and

its machinery
– Machinery for harvest and transport of seed

& Fixed costs

– General repair and maintenance
– Sundry fuel and oil
– Electricity
– Administration
– Permanent staff wages
– Manager wages

& Land opportunity cost from livestock on pasture

– The value of net revenues foregone if farm land is
converted to a plantation reducing the stocking rate or
carrying capacity of pasture

& Variable costs

– Machinery operating costs including fuel and oil and
additional hired labour

– Fertiliser, including mulch
– Weed, pest, and disease control—costs of chemicals and

their application
– Irrigation water—if required and where there is a charge

for water or if it has an opportunity cost
– Labour for pruning
– Harvest
– Crushing

The economic analysis requires numerous inputs ranging
from growth and yield of trees to the cost of extracting oil
from crushing of seeds. Given the lack of an established
commercial Pongamia industry, it is not possible to source
precise and verifiable estimates of the input parameters for
such a model. The lack of reliable data on oil yield (tonnes per
hectare per year) over the life of the tree is particularly critical.
However, for many of the cost items, it is possible to find
estimates from other related agricultural and horticultural
industries.

A preliminary analysis was conducted of the cost of estab-
lishment and operation of a 500-ha rain-fed Pongamia plan-
tation in sub-tropical coastal Queensland with a rainfall of
1,030 mm per annum (e.g., Rosedale 24.63° S, 151.92° E).
The findings of that preliminary analysis are reported here for
the purpose of identifying the key economic drivers and to
inform priorities for research and development. An exhaustive
discussion of the details of all the assumptions and input
parameters used in this model is beyond the scope of this
paper (but see [65]). It must be emphasised that these are
preliminary findings and are subject to change and modifica-
tion as more reliable information becomes available. The
results of this type of preliminary economic analysis, when
viewed from the point of view of paucity of data, may be
valuable in highlighting the uncertainties about Pongamia that
are likely to be economically important and drive its ultimate
commercial success and scale of adoption.

The key assumption that was varied in the model was
seed yield. Two scenarios were tested for the purpose of
illustration in this paper. Both scenarios are based on plant-
ing 500 trees per hectare allowing suitable space to manoeu-
vre a Collossus harvester (a commercially available machine
used in large olive and orange orchards internationally, or
similar). In scenario A, each tree was assumed to yield an
average of 40 kg of pods per year (range 35–50 kg/year)
when trees are mature at around 10 years, equating to
approximately 20 kg/seed/tree/year. This figure represents
the average seed production estimated by industry experts
and researchers who contributed to this paper. The growth of
the tree and production of seeds follows a sigmoidal curve
as shown in Fig. 5 (for scenario A). In scenario B, a lower
estimate of pod yield of 10 kg per tree (equating to 5 kg/
seed/tree) was used to represent a situation where trees are
less productive and is a far more conservative production
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scenario. Ideally, genetic improvement (as discussed in
“Element 2: Strategy for Rapid Selection of Elite Genetic
Material” and “Element 3: Exploiting Genotype×Environ-
ment Interactions to Maximise Oil Yield”) would improve
on the upper average yield estimated here of 40 kg/tree; thus
even our upper estimate may ultimately be considered
conservative.

In this case study, an annual harvest regime is assumed.
Industry experts who are actively involved in developing
commercial Pongamia plantations expect that it may be
possible to harvest in the month or two before flowering
(around November) given adequate winter rainfall. This is
an area that requires verification with field trials. If winter
rainfall is necessary those areas of Australia with highly
seasonal rainfall, for example the northern tropics, may not
be suitable for growing Pongamia unless supplemented with
irrigation in winter. This scenario is not assessed here;
however, the model does have provision for inclusion of
irrigation infrastructure and costing of capital expenses as
well as the variable cost of water charges.

The nutritional requirements of the crop are assumed to be
met by a combination of fertilising and mulching with by-
products such as seed meal and pod and seed shells returned
from the crusher back to the property. Pruned branches and
twigs clipped by the harvester are also returned to the planta-
tion to avoid loss of nutrients. The fertiliser costs are assumed
to be associated with the use of fertiliser containing nitrogen,
phosphate, potassium, and the trace elements exported from
the plantation. The fertiliser costs are assumed to ramp up in
step with the growth and harvest of trees starting at ~$30 per
hectare in the first year when plants are small and increasing to
$340 per hectare when trees are mature and being harvested.
We stress that these costs are highly uncertain and have a
major effect on the economics of production of Pongamia oil.

Harvesting haulage and delivery costs are assumed to be
$127 per tonne of seeds in pods or about 5 cents per litre of
oil. Harvesting operation is assumed to depend on the pur-
chase and use of the Colossus harvester. This type of har-
vester and associated gear including bins and trailers is
valued at $900,000. Harvesting manually would make the
venture unviable by increasing the cost by around tenfold
which is in keeping with reported estimates from the olive,
macadamia, and almond industries.

Crushing costs are a combination of operating and capital
expenses. The crushing plant with a crushing capacity of
12.5 t of seed per 10-h day is assumed to cost around $0.5
million to build. This plant's operating costs are assumed to
be $223,912 per annum. Crushing costs amount to less than
a third of a cent per litre of oil extruded but it goes up to
around 1.5 cent per litre in scenario B in which trees seed
yields are only 10 kg/tree per annum.

Land opportunity cost is the net operating surplus in dollars
per hectare from grazing that a land holder in that region
would forego as a consequence of switching their land use
to Pongamia. We assume that some grazing and hay produc-
tion is possible from the grass and other herbage growing
around and under the Pongamia trees in the plantation. How-
ever, the competition for light, water, and nutrients from trees
is assumed to halve the production of pasture. It is the net loss
of grazing potential of the land that is used as the opportunity
cost. Here, we assume the long-term average return reported
for high rainfall sheep grazing enterprises in similar regions.
Pollination services offered by bees supplied by apiarists are
assumed to be negligible in cost based on the assumption of
mutual benefit between the two enterprises.

Carbon payments are estimated for a hypothetical scenar-
io where a Pongamia plantation may qualify as an activity
for removal of carbon from the atmosphere. This analysis

0

10

20

30

40

50

60

70

80

90

100

0

50

100

150

200

250

300

0 5 10 15 20 25 30 35 40

P
ro

d
u

ct
 y

ie
ld

 (
kg

/t
re

e)

G
re

en
 b

io
m

as
s 

an
d

 c
ar

b
o

n
 (

kg
/t

re
e)

Tree Age (Years)

Oil Meal Shells Biomass Carbon stock

Growth and sequestration - Lines on the left hand vertical axis:Products - Bars on the right hand vertical axis:

Fig. 5 Pongamia growth (lines,
left hand axis) and product
yield (bars, right hand axis)
estimates used in the economic
model for scenario A with yield
at an average of 40 kg pods/
tree/year

792 Bioenerg. Res. (2012) 5:778–800



considers the possibility that the modelled plantation may
satisfy the rules of the Carbon Farming Initiative (CFI)
legislation of the Australian Government [18]. Carbon pay-
ments are estimated according to an endpoint averaging
system. This is because carbon stored in agricultural soils
and some forms of vegetation are likely to be susceptible to
significant cyclical variations, largely driven by fluctuations
in annual average rainfall. These variations can make it
difficult to isolate the impact of changes in management
practices on carbon stocks. For this reason, estimation meth-
ods for sequestration projects must provide for estimates to
be adjusted to account for significant variations in carbon
stocks that are likely to occur as a result of climatic cycles.
The project must be undertaken in accordance with a spec-
ified and approved methodology and comply with scheme
eligibility requirements. Another key criterion is that the
project must be beyond common practice in the relevant
industry or part of an industry or in the environment in
which the project is to be carried out. Under the CFI legis-
lation, carbon payments may be based on total projected net
greenhouse gas removals over the period of scheme obliga-
tions less a risk of reversal buffer. If the Pongamia plantation
qualifies as a positive carbon sequestration activity and is

included on the positive list of CFI, then growers may get
credit for voluntary participation in the CFI scheme. The
carbon price is assumed to start at $23/t of CO2-e and rises
by 2.5% per annum. Carbon revenue is estimated to be
$3,346/ha over 40 years or around 2 cents per litre of oil
in scenario A. In scenario B, carbon revenues are the same
per hectare at $3,346/ha, matching the growth of tree bio-
mass which generates the same amount of sequestered car-
bon as that in scenario A. However, carbon revenue is
higher per litre in scenario B at just over 8 cents per litre
since seed yield of each tree is assumed to be four times
lower when compared to scenario A. It should be noted that
eligibility of Pongamia plantations in relation to CFI legis-
lation and the attendant future carbon revenues are highly
uncertain; thus, in Table 2, results are reported with and
without carbon revenues.

The preliminary results reported in Table 2 are based on
the net present value (NPV) of cashflows. NPV is calculated
over the 40 year life of the hypothetical Pongamia project.
We use the NPV to provide a dollar per hectare estimate of
the cost of production from a Pongamia plantation in present
value terms. These results indicate how sensitive the cost of
production of oil is to key factors of production. In scenario

Table 2 Cost of production of Pongamia oil for two different yield scenarios over a 40-year life cycle

Cost category Scenario A Scenario B

Land Oil Land Oil
$/ha over 40 years Cents/l $/ha over 40 years Cents/l

Capital (excludes value of land)

Establishment of site, planting of trees, crushing plant, machinery 9,384 6.00 9,384 24.00

Opportunity cost

Foregone net ruturns from alternative land use (e.g., grazing) 656 0.42 656 1.68

Variable costs

Machinery—tractor, implements (fuel, oil, parts, repair and maintenance) 1,128 0.72 1,128 2.88

Fertiliser and mulch 3,975 2.54 3,685 9.42

Control and management of weeds, pests, and diseases 2,237 1.43 2,237 5.72

Prunning labour 2,487 1.59 2,487 6.36

Harvesting 7,977 5.10 6,182 15.81

Crushing seeds for extraction of oil 448 0.29 593 1.52

Fixed costs

General repair and maintenance 267 0.17 267 0.68

Power, fuel, and oil 347 0.22 347 0.89

Administration and wages of manager and staff 6,786 4.34 6,786 17.35

Total costs 35,691 22.82 33,751 86.31

Carbon revenue 3,246 2.07 3,246 8.30

Total costs less carbon 32,445 20.74 30,506 78.01

Equivalent annual value—total costs ($/ha/year) 2,677 2,532

Both scenarios are based on a 500-ha plantation with 500 trees/ha. Scenario A assumes 40 kg pods/tree/year when trees are 10 years old; scenario B
assumes 10 kg pods/tree/year when trees are 10 years old. Also shown (final row) is the annualised NPV which provides a dollar per hectare per
annum estimate of the cost of production in today's dollars (using a discount rate of 7%). For full details of assumptions and input parameters used
in this model, see [65]

Bioenerg. Res. (2012) 5:778–800 793



A, with an annual yield of 40 kg of pods per tree, cost of
production is $35,691 per hectare (before carbon credit)
over 40 years. This translates to the cost of production of a
litre of Pongamia oil of around 23 cents per litre. On the
other hand, scenario B, with a yield of 10 kg of pods per tree
per annum has a higher cost of production of oil at 86 cents
per litre and $33,751 per hectare (before carbon credits) over
40 years.

The estimates of costs are included and discussed
here in order to indicate a plausible range of values
which must be scrutinised and modified over time as
the industry develops and future research and develop-
ment generates the better data. The data in Table 2 is
indicative of the important cost items. Oil yield/ha is a
critical variable determining the overall economics of
the Pongamia plantation project.

Action: Further certainty is required around many of
the parameters influencing the establishment and produc-
tion costs of Pongamia and many of these have been
identified in previous elements including phenological
and reproduction parameters (“Element 1: Growth, Survival,
and Reproduction in Contrasting Biophysical Environ-
ments”), propagation and establishment methods (“Element
4: Propagation and Establishment”), production systems and
value chains (“Element 6: Development of New Produc-
tion Systems and Value Chains”) and agronomic parame-
ters (“Element 7: Agronomy”). The economic model
provided here will require updating and further sensitivity
analysis as new and more precise information becomes
available.

Investment Risk and the Pongamia Industry

From an investor's perspective, the risk associated with an
Australian Pongamia industry are currently high, but the pros-
pects for reducing risk in the future through a comprehensive
research program are good (Fig. 6). High uncertainty is pri-
marily due to the fact that there are large uncertainties about
the ability to supply Pongamia oil at competitive cost. These
are driven mostly by a lack of knowledge about suitable and
available land and water requirements for Pongamia produc-
tion in Australia, as well as uncertainties with respect to yield
and oil content of the seed in the Australian environment.
Nevertheless, research aimed at determining the potential land
area available for Pongamia, and genetic and technological
developments to improve consistency of yield and seed oil
content will substantially reduce the future risks associated
with supply. Other risks related to the legal environment,
technology for oil extraction, and social acceptability of the
product are relatively small and are expected to be minor in
the future due to Australia's stability and governance, well-
known technologies and a highly skilled labour force, as well
as the enhanced perception of the need to reduce GHG emis-
sions, and the proposed development of an Australian bioen-
ergy sustainability standard (see “Element 9: Sustainability”).

The other risk components associated with the size of the
Australian demand for biodiesel and International oil prices
are currently high but will likely reduce over time. Forecasted
oil prices are higher in the future, improving the competitive-
ness of biodiesel and increasing demand. Figure 7 summarises
how the biological and environmental factors identified
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throughout our review interact with the other external forces to
determine market potential and risks associated with a com-
mercial Pongamia production system in Australia.

Element 9: Sustainability

Sustainability issues arise at each stage of the value chain, as
well as across the whole value chain and must be addressed
at different scales and within different social and environ-
mental contexts. Sustainability issues arising directly from
the bioenergy value chain are reasonably well-defined and
understood [45]. However, the drivers to expand renewable
energy (GHG mitigation, fuel security and regional devel-
opment) could lead to a rapid expansion of the bioenergy
industry, with many associated implications for sustainabil-
ity. Because Pongamia is not a food crop, diversion of food
is not an issue per se, but diversion of arable land or water
resources may become one if Pongamia plantations begin to
scale-up dramatically.

There are multiple dimensions to achieving ‘sustainabil-
ity’. Sustainable production requires the maintenance of
critical ecosystem function for long term delivery of the full
range of values (including the market values of agriculture
or energy crops, and the non market values such as ecosys-
tem services) from the land. For Pongamia, important
dimensions may include assessment of the potential for
invasiveness and effects on biodiversity as well as an ability
to play a role in mitigating GHG emissions and in restoring
salt-affected lands. However, land and water resources will
be increasingly contested and pressured for production of

food, fibre, water, biodiversity, carbon storage, and urbani-
sation. Pongamia and a new biofuel industry could also have
benefits for developing regions by opening new market
opportunities for biofuel feedstock crops and increasing
incomes of farmers. The impacts of an expanded Pongamia
industry on the above aspects may be positive or negative.
They need to be fully assessed and reported. These issues
are discussed in detail in O'Connell et al. [45].

Action: Further investigation is required around the envi-
ronmental benefits and risks of large-scale Pongamia pro-
duction—for example potential impacts on land, water and
biodiversity resources, and the social acceptance and poten-
tial socio-economic benefits at regional to national scales of
a new biofuel crop. It is important to have a solid under-
standing of the likely GHG balance of plantation establish-
ment and management, and the bioenergy production phases
of the industry. Both the potential GHG emissions and the
potential for carbon storage in biomass, as well as the
savings from substitution of fossil fuels by biofuels, require
assessment of each aspect per se, as well as an integrated
evaluation of the tradeoffs between them.

Demonstration of Sustainability Credentials

Sustainability is a critical issue for the biofuel industry
internationally as well as in Australia. Many governments
and market segments now consider that quantitative, robust,
and independently verified (or certified) sustainability cre-
dentials are vital in order for the bioenergy industry to
expand globally [45]. This type of approach is already
translating to government policies in many countries,
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including Australia. These policies will limit market access
and government support to only those biofuels which meet
specified sustainability criteria. The recent Australian legis-
lation to extend the period for excise relief for biofuels
requires that in order to qualify, the biofuels must meet
ISO sustainability standards. An ISO process for developing
sustainability standards for production, supply chain and
application of bioenergy is currently in progress (TC248
2011).

Action: The Pongamia industry would benefit from par-
ticipating in the ISO and any interim process. This will
require assisting with adaptation of international criteria
and indicators, making the requisite field and other measure-
ments, and making this information available to third parties
conducting audits and verification in order to obtain
certification.

Many aspects of sustainability have been discussed under
Elements 1–8; the issue of biosecurity has not been raised
under other elements and is briefly discussed here.

Invasiveness

Large-scale planting of woody species for biofuels in Aus-
tralia will require further consideration of the potential for
weedy growth and invasion of natural or other agricultural
areas. Recently, Biosecurity Queensland produced a Weed
Risk Assessment (WRA) for Pongamia. The WRA deter-
mined that Pongamia poses a low risk to Queensland based
primarily on the fact that there is currently no evidence that
Pongamia has significant negative impacts as a weed else-
where in the world and that it is considered naturalised in
Queensland [17]. However, in a review on potential weed
issues with biofuel crops in Australia, Low and Booth [37]
of the Invasive Species Council suggested that “Because
this plant has a demonstrated capacity to spread from culti-
vation, it should not be grown outside its natural range close
to national parks or watercourses. It should be declared a
restricted plant that should not be grown near sensitive
areas.” These publications highlight concern by government
and non-government agencies in Australia about Pongamia's
potential for invasion. In Hawaii, where Pongamia has natu-
ralised, it is considered to be ‘high risk’ for invasion based
on the Australian/New Zealand Weed Risk Assessment cri-
teria, adapted for Hawaii [13, 50]. This high risk score is
generated because the species is considered to have natural-
ised widely and be tolerant of a wide range of soil and
climatic conditions, as well as exhibiting other character-
istics typical of invasive weeds such as production of a large
number of viable seeds and extensive suckering [50].

Several characteristics of the species establishment and
survival observed in Australian trials point to low potential
for invasiveness under most circumstances; (1) the majority of
seeds only remain viable, even when stored with care, for 12

to 18 months, (2) seeds remaining in the pod where they fall
are vulnerable to fungal infection which experts have ob-
served to prevent seed germination, (3) seeds and seedlings
planted in cultivated or uncultivated ground without subse-
quent weed control have very low survivorship, (4) very little
recruitment from street planted trees in Brisbane, likely orig-
inally sourced from Indian stock, has been observed over the
last century.

A low score on a weed risk assessment in Queensland does
not negate the need for further consideration of management
and ecology aimed at limiting the potential for invasiveness and
does not guarantee that Biosecurity agencies will not impose
further regulation on its cultivation, particularly if new evi-
dence arises. In particular, the introduction of germplasm from
more vigorous individuals and elite stock from India or else-
where into large-scale plantations significantly increases the
risk of invasiveness [17, 37]. TheWRA also highlights the risk
involved with the importation of Pongamia germplasm that
introduce new genetic material into the Australian Pongamia
population, possibly enhancing its fecundity, adaptability, and
invasion potential. The assessment recommends that genetic
material sources from existing Australian naturalised stocks
should be used.

Action: Best-practice standards for minimising both the
risk of invasion and the introduction of exotic genetic ma-
terial to the Australian Pongamia population need to be
identified and implemented.

Element 10: Integration and Knowledge Management

Australia has an opportunity to deliver the much needed out-
puts from a comprehensive research program (including
maps, spatial and temporal data on resources, technologies,
economics, sustainability indicators, GHG emissions) in a
synthesised, modern and effective manner. Potential benefi-
ciaries include sectors of government (policy makers and
analysts at Australian, state and local levels), industry peak
bodies (e.g., Bioenergy Australia), industry (energy pro-
ducers, recycling corporations, biomass collectors), research-
ers (scientists working on bioenergy, land-use, sustainability,
regional development), and the public.

Action: In order to gain a social license to operate, the
bioenergy industry will benefit from engaging the broader
community with a set of clear messages to explain the different
technologies, the opportunities for regions and industries, and
the sustainability credentials. These messages, if they are to
gain the confidence of the community, need to be demonstrably
underpinned by robust science. If the plan as presented here is
implemented, there will be a great deal of new knowledge
generated and an even greater need to apply state of the art
knowledge interpretation and synthesis, management, and
delivery.
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A Comprehensive Research Strategy

Our review has identified several key areas for future research
and development to support the expansion of a Pongamia
industry in Australia. Here, we summarise our review and
outline a comprehensive research strategy to fill the gaps in
knowledge about the potential for Pongamia to be utilised as a
biofuel crop in Australia.

Figure 8 synthesises the ten key knowledge gaps and
research questions identified by our review and highlights in
brief the actions required to address the knowledge gaps. The
strategy starts with an element that relates to survival, growth,

and reproduction in Australian climates and edaphic condi-
tions. Key to addressing the knowledge gaps in this area is the
need to establish a structured network of long-term field trials
across climate, soil, and fertility gradients that run long
enough to capture year to year variability in climate. Trial
plantations established with a sound experimental design are a
vital component of the comprehensive research strategy and
can be used for collection of data to address many of the
knowledge gaps identified in this paper. In addition, the
experts agreed that there is still a lot that could be learned
from the long history of use of Pongamia for fuel in India and
that there is a large amount of research on commercial

Fig. 8 A summary of the ten
key research priorities and
actions
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production of Pongamia currently being undertaken in India
which is difficult to access. An assessment of this research
may allow for modification of the scope and methodology of
any field trials and further research undertaken in Australia.

The second element involves developing and implement-
ing a strategy for rapid selection of elite genetic material for
Pongamia. The ability to select and improve genetic mate-
rial is considered vital by industry stakeholders for the
progression of a Pongamia industry.

The third element combines outputs from the first ele-
ments to understand the genotype×environment relationship
particularly as it relates to oil yield. This element can only
be understood through investment in trial plantations where
growth and yield in varying environments can be assessed
over the long-term.

The fourth element covers methods for propagation and
establishment of Pongamia on a commercial scale. In fact,
an inability to successfully propagate clonal material at a
commercial scale may be a ‘deal-breaker’ for the viability of
the industry.

The fifth element (linked to the first and third elements)
involves understanding land suitability across Australia
through a systematic analysis. This element also addresses
assessing the suitability of land for nitrogen fixation and the
ability to grow Pongamia in degraded and salt-affected or
salt-irrigated land.

Element 6 deals with identification of opportunities for new
production and farming systems and new value chains. Pro-
duction of Pongamia provides the opportunity to establish
novel types of farming systems which integrate production
systems taking into account crops, grazing, carbon farming,
and renewable energy. This could have many benefits at the
‘grower’ part of the value chain including enterprise diversi-
fication, reduction of risk, and reducing GHG emissions.

The seventh element identifies the uncertainties related to
agronomy for commercial Pongamia production. These
uncertainties can also be addressed partly by data collected
from field trials in conjunction with specific experimental
methods (e.g., silviculture, pest control) and be further sup-
plemented by modelling approaches.

The economics of Pongamia production, harvest, deliv-
ery of Pongamia oil, and refining to biodiesel are covered in
the eighth element. A preliminary economic analysis of
production costs for Pongamia in Australia is already un-
derway, and the results of this will help identify where
further research in understanding the economic viability of
a commercial Pongamia production system in needed.

The ninth element identifies questions of sustainability.
Robust and independently verified (or certified) sustainabil-
ity credentials are vital in order for the Pongamia industry to
expand in Australia.

The tenth and final element involves integrating, synthe-
sising, managing, and delivering the outputs from this

comprehensive research strategy to achieve a clear set of
messages with the goal of achieving broad community
acceptance

Conclusions

This paper puts forward the combined knowledge, data, and
expertise of most of the active research and industry groups
working with Pongamia in Australia. It highlights the exist-
ing knowledge, the critical knowledge gaps, and suggests a
cohesive strategy for national R&D within a risk manage-
ment framework.

Pongamia shows potential for increasing Australia's cur-
rent low level of plant oil production, using a non-food crop.
The tree is leguminous and does have the potential for high
oil yields (perhaps 2–8 t/ha/year). However, there are many
challenges to address which could be solved by investing in
a significant and structured R&D program. Other chal-
lenges, for example, availability of suitable land and water
resources which are increasingly contested, or the continued
volatility of oil prices, also need to be considered and
planned for.

We conclude that there is sufficient evidence about the
potential for Pongamia to warrant investment in well struc-
tured R&D over the next decade. This R&D would link
molecular level genetic research through to paddock scale
agronomic research, landscape scale investigation of new
production systems and value chains, and system scale
research into a range of aspects of sustainability. Addressing
the challenges and knowledge gaps as described in this
paper may enable the promise of Pongamia as a significant
new source of plant based oils in Australia (and potentially
many other places in the world) to be realised.
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