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ABSTRACT 

Sweet potato (Ipomoea batatas (L.) Lam.) adapts to marginal soils across a wide range 

of growing environments after introduction to many countries outside its centre of 

origin in South America thousands of years ago. Today with well over 5000 cultivars used 

globally, it has become an important staple food crop, cash crop and source of livestock 

feed in many developing countries.  

Maintaining stable yields of storage roots is a challenge for sweet potato growers in 

developing countries where the yield, on average, ranges between 4–15 t ha–1; in 

contrast, most developed countries record 25–60 t ha–1. Stable yields in developing 

countries may be achieved by selecting for high-yielding cultivars and using quality 

planting material. However, in the tropics, sweet potato is often cultivated in low-

fertility soils with sub-optimal levels of nutrients. Attempts to correct low soil fertility 

with chemical fertilisers have been costly and produced variable results. The 

inconclusive responses of chemical fertiliser studies have been exacerbated by a lack of 

understanding of the natural ability of sweet potato to adapt to marginal soils. Of 

interest is phosphorus (P) nutrition, as P is very frequently deficient through 

erosion/leaching under high rainfall or through bonding with iron or aluminium hydrous 

oxides in acid soils and insoluble calcium compounds in alkaline soils.  

Other plant species exhibit roots traits under exposure to low P conditions that assist P 

uptake. In this thesis, I investigate whether sweet potato expresses similar root traits in 

low P conditions using three glasshouse experiments that examined the morphological, 

physiological and symbiotic characteristics, including the rhizosheath microbial 

communities, of sweet potato under a range of P levels in a low-P soil  

The first experiment examined root traits related to P acquisition among three sweet 

potato cultivars, Tambul Mai, Whagi Besta and Beauregard, which represented a native 

environment in Papua New Guinea (PNG) of high and low altitudes and a commercial 

environment in Australia, respectively. Seven levels of P were applied as KH2PO4. The 

results showed little plasticity in most roots traits with P level and very low rates of 

carboxylate exudation. A native community of arbuscular mycorrhizal fungi (AMF) 

prolifically colonised the roots. An unexpected finding was the very low tissue P 

concentration (< 1 mg P g–1 DM) which did not increase with P supply until the supply 
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was very high. The second experiment utilised three additional cultivars (Maraso and 

Marasunda from PNG and Northern Star, a commercial cultivar in Australia). To improve 

the chances of capturing variability in root traits, two extreme P levels (0 and 260 mg P 

kg–1) were used. However, little change in root traits occurred other than a reduction in 

colonisation by AMF with high P. The amount of rhizosheath carboxylates varied a little 

among cultivars, but was again low, albeit slightly higher with high P.  

The lack of root trait response led to a decision to analyse rhizosheath microbial 

communities using 16S rRNA gene sequencing. This revealed that rhizosheath 

carboxylate amount was associated with changes in microbial alpha diversity under low 

P and changes in the relative abundances of a small number of microbial taxa: e.g. an 

increase in putative nitrogen-fixing Rhizobium which was most evident for the 

international cultivars. Microbial diversity also differed among cultivars, and high P 

reduced microbial diversity and altered microbial community structure. Interestingly, P 

addition promoted occurrence of putative phosphate-solubilising bacteria (e.g. 

Burkholderia), especially in PNG cultivars. The third experiment exposed three cultivars 

(Beauregard, Whagi Besta and Marasunda) to four levels of a poorly soluble P fertiliser 

(FePO4). Distinct growth differences were found among cultivars, but these were 

unrelated to root traits. 

In conclusion, sweet potato showed little plasticity in the root traits typically found to 

enhance P uptake in key (non-tuberous) crops under low P conditions. However, other 

unexpected adaptation strategies were revealed. Sweet potato has i) tight regulation of 

internal P use allowing very low tissue P concentrations under a wide range of P supply, 

and ii) an ability to manage rhizosheath microbial communities for benefit under low- 

and high-P conditions. Benefits of the presence of AMF may need further investigation. 

These findings will help to improve and stabilise storage root yield in both traditional 

subsistence agriculture and commercial high-input systems by selecting and breeding 

cultivars that enhance these traits.   
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CHAPTER 1. INTRODUCTION 

RATIONALE 

Sweet potato (Ipomoea batatas (L.) Lam.) can grow in a wide range of frost-free environments 

and many low-fertility tropical soils that differ in chemical and physical composition; the 

reasons for such broad adaptation are not well-known (Ballard et al. 2005; Kirchhof et al. 2008; 

Loebenstein 2009). This lack of understanding has hindered attempts to optimise the use of 

chemical fertilisers to improve and stabilise storage root yields (Kanua 1998; Montanez et al. 

1996). Storage root yields of sweet potato are highly variable (0–120 t ha–1) within and 

between years. In developing countries, such as Papua New Guinea (PNG), where sweet 

potato is grown in low-input systems, local farmer varieties generally produce low yields 

ranging from 4–15 t ha–1 (Bourke and Harwood 2009; FAO 2016; Loebenstein 2009). There has 

been progress made to improve yields by breeding and selecting high-yielding cultivars and 

using disease-free planting material (Coleman et al. 2009), but there is little experimental 

evidence or knowledge on how to manage soil fertility to sustain sweet potato productivity in 

low-input farming systems (Bailey et al. 2009; Hartemink 2003). Optimising soil fertility 

management for the local cultivars of sweet potato requires a basic understanding of how 

these cultivars have adapted to marginal soils over millennia. Phosphorus (P) is a key nutrient 

that is often lacking in soils of the low-input systems in developing countries where sweet 

potato is cultivated (Kanua 1995; Sanchez and Uehara 1980). Phosphorus easily bonds with 

aluminium and iron hydrous oxides in acid soils and non-soluble calcium compounds in 

alkaline soils, rendering it unavailable to plant roots (Moody and Radcliffe 1986).  

This thesis is the first attempt to comprehensibly and systematically investigate the 

morphological, physiological and symbiotic root traits that may assist P uptake from low-P 

soils by sweet potato. There are many examples of non-tuberous plant adaptations for 

enhancing P uptake from low-P soils, including the production of longer or more frequent root 

hairs, greater exudation of carboxylates, increases in specific root length and root mass 

fraction, reductions in average root diameter and root tissue density, and associations with 

symbiotic fungi (arbuscular mycorrhizal fungi-AMF) (Crush et al. 2008; Föhse et al. 1991; 

López-Bucio et al. 2000; Lynch 1995; Lynch and Brown 2001). Little is known of these traits in 

sweet potato. 
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THESIS AIM 

The thesis aimed to grow sweet potato in conditions of P deficiency under controlled 

experimental conditions, such that each adaptation trait could be evaluated and compared 

with plants grown in the same soil and growth conditions, but in treatments where P was 

added. Changes in root traits measured, including microbial communities in the rhizosheath, 

in plants that were exposed to varying levels and types of P fertiliser. 

THESIS OUTLINE 

REVIEW OF LITERATURE 

The thesis commences with a comprehensive review of relevant literature to reveal the depth 

of knowledge and available information on the ability of sweet potato to adapt to P-

impoverished soils. The review is divided into sections that describe the importance of sweet 

potato and its distribution around the world, the unpredictable and wide range of storage root 

yields, the variable and unpredictable responses of sweet potato to chemical P fertiliser 

application under different growing conditions, what is known about P acquisition and internal 

use strategies, the effect of P on storage root yield in sweet potato and its relationship with 

external critical P levels, and the role of P in storage root development and lateral root growth. 

The summary emphasising the key research point are presented at the end of the literature 

review. 

IDENTIFYING A RESEARCH OPPORTUNITY 

Studies on P nutrition for sweet potato conducted in the last 40 years are few and variable 

(Ravi et al. 2014; Villordon et al. 2014); of which, most have suggested that sweet potato has 

a very low demand for P (O'Sullivan et al. 1997; Ravi and Indira 1999). Earlier field studies 

reported a significant response to P when it was not expected, or no response when expected 

(Jones 1979; Rashid and Waithaka 1985; Rendle and Kang 1977). No study has explained the 

differences in growth and storage root yield among sweet potato cultivars treated with similar 

rates of P fertiliser. In other studies, the external P supply for 95% maximum yield also varied 

among sweet potato cultivars, which was possibly dictated by critical P concentrations that 

vary between leaf blade and petioles (Montanez et al. 1996; Rendle and Kang 1977). 

Assessing morphological and physiological root traits, including microbial communities, of 

sweet potato under low P will likely explain the effect of P fertiliser on growth habit and 
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internal P-use efficiency and provide insight into the natural ability of sweet potato to adapt 

to marginal soil conditions.  

EXPERIMENTS AND SPECIFIC HYPOTHESES 

The thesis is written as a set of four stand-alone experimental chapters in the form of journal 

papers and concludes with a short general discussion. Three glasshouse experiments were 

conducted to test a range of hypotheses. 

Experiment 1 (Chapter 3) 

Chapter 3 (Experiment 1) examined important root traits for P uptake in three sweet potato 

cultivars exposed to seven levels of P to test the hypotheses that:  

i. Morphological, physiological and symbiotic root traits associated with P uptake change 

in response to soil P level and a low-P supply would result in higher organic acid 

exudation, higher colonisation of root length by AMF, and greater specific root length 

(SRL) with larger root mass fraction (RMF) and lower average root diameter (ARD) than 

high-P supply. 

ii. These responses vary among the cultivars.  

This experimental chapter has been published as,  Minemba D, Gleeson DB, Veneklaas EJ, Ryan 

MH (2019) Variation in morphological and physiological root traits and organic acid exudation 

of three sweet potato cultivars under seven phosphorus levels. Scientia Horticulturae 256: 11. 

Experiment 2 (Chapters 4 and 5) 

Experiment 2 exposed six sweet potato cultivars to two extreme P levels to improve the 

chances of plants exhibiting variation in root traits.  

Chapter 4 (Experiment 2A) assessed the use of P internally in the shoots of sweet potato to 

test the hypotheses that: 

i. Plant growth correlates with P-use efficiency (PUE). 

ii. PUE differs among sweet potato cultivars in low-P soils. 

Chapter 5 (Experiment 2B) examines the rhizosheath microbial communities to test the 

hypotheses that: 
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i. P addition changes plant morphology and rhizosheath carboxylate amount among sweet 

potato cultivars. 

ii. Variation in the amount of rhizosheath carboxylates is correlated with variation in 

microbial community composition. 

iii. P addition changes the microbial community among cultivars. 

The results of the microbial DNA analysis have been submitted to Frontiers in Microbiology, 

section Plant Microbe Interactions, entitled: Carboxylates and phosphate fertiliser correlate 

with microbial community structure in sweet potato (Ipomoea batatas (L.) Lam.) rhizosheaths.  

Experiment 3 (Chapter 6) 

Chapter 6 (Experiment 3) assessed the response of three sweet potato cultivars with potential 

to exude more carboxylates grown in low-P soil amended with insoluble P fertiliser  purposely 

to increase P stress. The experiment  tested the hypotheses that: 

i. Rhizosheath carboxylates increase with addition of an insoluble P fertiliser source, and 

vary among sweet potato cultivars. 

ii. Sweet potato cultivars show high P-resorption efficiency under low P . 

iii. Sweet potato cultivars vary in growth response to insoluble P fertilizer (FePO4). 

GENERAL DISCUSSION AND CONCLUSION 

Chapter 7 concludes the thesis by discussing the key findings of the four experiments and 

identifying priorities for future research. 
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CHAPTER 2. LITERATURE REVIEW 

THE ABILITY OF SWEET POTATO (IPOMOEA BATATAS (L.) Lam.) TO ADAPT TO 

P-IMPOVERISHED SOILS REMAINS UNKNOWN 

PREFACE 

This Chapter reviews the extent of the literature on sweet potato’s ability to adapt to P 

impoverished soils. It covers the origin and early movement of sweet potato around the world 

and its uses. A perspective on global production is provided and the common problem of 

unpredictable storage root yield variation is highlighted. It then covers attempts to stabilise 

these yields with chemical fertiliser, which has had a mixed response. The review identifies 

the critical challenges in P supply for sweet potato, and the known strategies for P uptake and 

use by sweet potato including the role of arbuscular mycorrhizal fungi and microbial 

communities in the rhizosphere. It investigates what is known about internal P use in sweet 

potato, including critical P limits and its relationship with the external P supply. The 

involvement of internal P in lateral root growth and storage root development is also 

considered. Possible genotypic and phenotypic variations in critical P values among the large 

gene pool of sweet potato are discussed.  



CHAPTER 2. LITERATURE REVIEW 

 PAGE | 26 

INTRODUCTION 

Agriculture in developing countries is characterised by low-input systems and soils with sub-

optimal levels of essential nutrients (Fujinuma et al. 2018; Scherr 1999). In areas where sweet 

potato (Ipomoea batatas (L.) Lam.) is grown as a major staple food crop, the soils are 

inherently low in phosphorus (P), and synonymous with highly weathered acidic soils in 

tropical and subtropical regions, especially the Pacific Islands (Sanchez and Uehara 1980b). 

Sweet potato is sometimes referred to as ‘a poor man’s crop’, not because it is an important 

staple in poor people’s diets, but because it can be grown in very marginal soils using a low-

cost system (Lebot 2009). This makes sweet potato an ideal choice of food crop for resource-

poor people in developing countries and, hence, an important source of food and nutritional 

security. 

Sweet potato has successfully evolved and adapted to marginal soils (de Araujo et al. 2004; 

Ila'ava et al. 2000) over hundreds of years (Denham 2013) to cope with low-P soil conditions 

and other changing soil and climatic conditions. Accessing P through a symbiotic relationship 

with mycorrhizal fungi is one such strategy (Floyd et al. 1987; Negeve and Roncadori 1985), 

but there may be others. No specific study has been conducted to unveil or validate how sweet 

potato accesses P for growth and reproduction (Ravi and Indira 1999). 

Reviews by Richardson et al. (2011); Veneklaas et al. (2012) and Vance et al. (2003) describe 

many mechanisms that other plant and crop species use to enhance P acquisition or utilisation 

in low-P conditions. This review reveals the limited knowledge available on the ability of sweet 

potato to thrive in P-impoverished soils in the tropics. 

ORIGIN AND EARLY MOVEMENT OF SWEET POTATO 

Sweet potato originated in South America, and there remains vast diversity in the gene pool 

and richness of wild Ipomoea species (Austin 1988). The crop was introduced to other parts 

of the world between AD 1100 and 1200 (Ballard 2005; Woolfe 1992; Yen 1974). Movement 

of sweet potato followed three main lines. The kumara line initiated by Polynesian sailors, the 

batata line by Portuguese explorers and the Camote line by the Spanish. All lines converged 

in New Guinea, which currently has the second-largest diversity in sweet potato genotypes 

outside South America (Roullier et al. 2013). 
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USE OF SWEET POTATO 

Sweet potato is among the top seven most-important food crops in the world (Loebenstein 

2009). Its storage root is widely used as food for humans and feed for livestock (Dom and 

Ayalew 2009; Woolfe 1992). Industrial products, such as starch and alcohol, are also extracted 

from sweet potato (Collins 1984; Waramboi et al. 2012). Sweet potato has one of the highest 

dry matter productivity rates, producing 152 MJ ha–1 daily, compared with 121 MJ ha–1 for 

cassava, 151 MJ ha–1 for rice, 135 MJ ha–1 for wheat and 159 MJ ha–1 for maize (Ravi and Indira 

1999; Scott 2000). Genotypes with orange flesh storage roots contain high levels of 

carotenoids, an important precursor to vitamin A (Girard et al. 2017). 

GLOBAL PRODUCTION 

Sweet potato is widely grown in tropical and subtropical regions located between latitudes of 

40o N and S of the equator and from sea level to altitudes as high as 2800 m (Bourke 2010; 

Ravi and Indira 1999). FAO (2016) records show that the global production of sweet potato is 

about 100 million tonnes annually. About 95% of it comes from China and other developing 

countries. China accounts for 70% of the total area under sweet potato cultivation and 85% of 

production volume. Worldwide, the average storage root yield is about 13 t ha–1 in fresh 

weight (Table 2.1). Despite being an important crop in developing countries (Africa and 

Oceania), average storage root yield of sweet potato in those countries has remained below 

50% of the world average, or much less than the yields achieved in developed countries. The 

higher yields of storage roots achieved in developed countries are mainly due to improved 

crop knowledge and breeding activities, and the use of certified seed schemes with better 

husbandry and fertiliser regimes (Loebenstein 2009). Yield improvements are possible with 

improved management practices but the unpredictable variation in storage root yield persists 

across all sweet potato growing regions, even within the same field (Bourke 1989; Loebenstein 

et al. 2009).  
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TABLE 2.1. AVERAGE STORAGE ROOT YIELD OF SWEET POTATO WORLDWIDE AND ACROSS CONTINENTS 

Location Area harvest 

(x103 ha) 

Production 

(x103 tonnes) 

Yield 

(tha-1) 

World 8181 103109 13 

Asia  4022 78485 19 

Africa 3739 20131 5 

South America 102 13176 24 

North America 46 1124 24 

Oceania 138 781 6 

Europe 4 56 13 

(FAO 2016) Yield recorded in fresh weight. 

 

CAUSE FOR UNPREDICTABLE STORAGE ROOT YIELD VARIATIONS IN SWEET POTATO 

The large and unpredictable variations in storage root yield of sweet potato are caused by 

interactions between genotypes, environmental factors, propagation material and disparities 

in soil fertility (Lowe and Wilson 1974; Ravi et al. 2014; Togari 1950). Changes in soil moisture 

and temperature affect growth and development of storage roots (Kano and Zeng 2000; 

Pardales and Yamauchi 2003; Villordon et al. 2012). Night temperatures between 15C and 

25C promote storage root formation and growth, and temperatures above 25C or below 

15C suppress storage root formation and promote shoot growth (Nawale and Salvi 1983; 

Ngeve et al. 1992; Taranet et al. 2018). Water stress during the period of storage root initiation 

induces lignification of storage roots (Indira and Kabeerathumma 1988). Sweet potato 

requires at least 500 mm of water for its 16–20-week growing period (Chukwu 1995). Poor 

quality of propagation material can reduce storage root yield (Clark et al. 2010). Notable 

increases in storage root yield, by up to 80%, have been achieved in certified seed schemes, 

using propagation material from pathogen-tested tissue culture plants under disease-free 

conditions (Coleman et al. 2009; Dennien et al. 2013). 
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Growth and yield could be further enhanced and sustained, after correcting for environmental 

factors, using clean propagation material or high-yielding genotypes, by incorporating a more 

responsive soil fertility management regime. Such regimes require knowledge on the ability 

of sweet potato to access and use essential nutrients. At present, there is little information on 

how sweet potato access these nutrients (Lebot 2009; Villordon et al. 2014). This review 

focuses on phosphorus (P) nutrition and examines how sweet potato can access and use P for 

growth and storage root production 

RESPONSE OF SWEET POTATO TO FERTILISER (NPK) 

There are persistent variations in the growth and yield responses of sweet potato to fertiliser 

(N, P and K) application. Nitrogen at very high levels promotes excessive vegetative growth at 

the expense of storage root yield (Bourke 1985; Hartemink et al. 2000; Taranet et al. 2017). 

Some studies have indicated no response of sweet potato to the application of P fertiliser and 

accept that pre-existing levels of P in the soil as being adequate (Jones 1979; Nicholaides et 

al. 1985; Rashid and Waithaka 1985). Several other studies have shown positive responses of 

sweet potato to P fertiliser, but only at very high levels, which varies between cultivars (Kanua 

1998; Montanez et al. 1996; Rendle and Kang 1977). One study reported decreased storage 

root yield due to the interaction of applied P with other mineral elements present in the soil 

(Bourke 1977). Results from potassium studies have consistently reported increased growth 

and storage root production as K rates increased (Bailey et al. 2009; Bourke 1985; Byju and 

George 2005). 

Sweet potato reportedly has a low demand for P and grows well, in most cases, at low soil P 

levels (Djazli and Tadano 1990). However, significant growth responses have also been noted 

with increased P application when such responses were not expected, and this remains 

unexplained (Jones 1979; Nicholaides et al. 1985).  

The nutritional requirements, both of macronutrients and of micronutrients, of sweet potato 

have been poorly researched; therefore, more work is needed to explain the unpredictable 

responses to P as well as that of other essential nutrients. 

CRITICAL CHALLENGE IN PHOSPHORUS SUPPLY FOR SWEET POTATO  

Phosphorus and mineral oil have similarities and dissimilarities: both are extracted from a 

finite source belowground and used as a source of energy to support life on earth. The supply 
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of both resources is predicted to be depleted within the next century (FAO 2015). However, 

oil can be replaced by other forms of energy, but there is no substitute for phosphorus as an 

essential nutrient for plants and animals. Maintaining or increasing yield in agricultural 

production is dependent on a readily available, large source of plant-available P. Once the oil 

is consumed, it is gone, but phosphorus can be recycled. The critical challenge is that the 

amount of naturally recycled P is insufficient to meet the growing demand for P in food 

production, a concern that is well-recognised globally (Ramaekers et al. 2010; Runge-Metzger 

1995; Vance 2001).  

To sustain crop production, an environmentally friendly and cost-effective alternative to 

chemical P fertiliser is needed for specific cropping systems. One such opportunity lies in the 

potential to develop P-efficient crops (Fageria et al. 2008; Richardson et al. 2009). There is 

growing interest in this area of study, with research targeting specific crop and pasture species 

(Föhse et al. 1988; Gahoonia and Nielsen 2004; Kidd et al. 2016). Most of these studies start 

with the selection of genotypes with traits that contribute to the development of a nutrient-

efficient crop or pasture species (Manschadi et al. 2014; Osborne and Rengel 2002). For sweet 

potato, work is needed to identify genotypes and select traits that can be manipulated to 

enable greater P uptake and/or lower the critical internal P concentration to produce 

maximum yield. 

P UPTAKE AND USE BY SWEET POTATO  

Knowledge of how sweet potato accesses P at the soil–plant interface (external) and how it is 

used internally is limited. For hundreds of years, sweet potato has been cultivated in soils that 

are inherently low in P nutrition. Through evolutionary adaptation, sweet potato may have 

developed mechanisms to survive under such soil conditions. These mechanisms are yet to be 

unveiled, apart from its strong association with mycorrhizal fungi (O'Keefe 1989; O'Keefe and 

Sylvia 1992). 

Studies on improving P nutrition have focused on plant strategies that enhance P acquisition 

from the soil (P-acquisition efficiency) and its use internally (P-use efficiency) (Vance et al. 

2003; Veneklaas et al. 2012). Enhanced P acquisition is achieved by the exudation of 

carboxylates from roots, which alters soil chemistry and microbial activity in the rhizosphere, 

or by modifying root growth and structures that increase the exploration of topsoil and result 
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in the prolific development of root hairs that increase root surface area (Raghothama and 

Karthikeyan 2005; Richardson et al. 2011). Plants can also improve the efficiency in how they 

use P internally. Some plant species are more efficient than others in producing biomass or 

crop yield with every unit of P taken up (Hammond et al. 2009; Ramaekers et al. 2010). When 

P supply is low, some plants resort to conserving P use by decreasing growth rate, remobilising 

P internally, modifying carbon metabolism that bypasses P-requiring steps or using alternative 

respiratory pathways (Lajtha and Harrison 1995; Schachtman et al. 1998; Vance et al. 2003). 

Most plants (80% of all species) also rely on mycorrhizal symbiosis, one of the most prevalent 

evolutionary adaptation mechanisms used by plants to acquire P (Koide and Kabir 2000; 

Solaiman and Mickan 2014). The following sections explore these broad strategies with 

specific reference to sweet potato. 

ENHANCE P UPTAKE (ACQUISITION) BY SWEET POTATO 

CHALLENGES AT SOIL–PLANT INTERFACE 

Sweet potato is mostly grown in soils of low pH (acidic) in tropical and subtropical regions of 

the world that are also known for having a higher capacity to ‘hold back’ P (P fixation) from 

plant roots (Fox et al. 1974; Goodbody and Humphreys 1986). The plant-available form of P, 

orthophosphates (H2PO4
– and H2PO4

2–), is derived from parent rock material through 

solubilisation and dissolution, the decomposition (mineralisation) of organic materials 

(Holford 1997) or directly from the application of chemical fertilisers. These forms of P readily 

react with Al and Fe hydrous oxides that are present in soils with low pH (acidic), forming very 

low soluble P compounds that plant roots cannot access easily (Bieleski 1973; Haynes 1982; 

Schachtman et al. 1998). This reaction contributes to a large pool of the total P in the soil that 

is unavailable for plants in most tropical and subtropical soils (Friesen et al. 1997; Kanua 1995). 

Under high rainfall conditions in the tropics, the limited forms of plant-available P are easily 

removed through erosion of topsoils and/or being leached and moved away from root zones. 

The amount of P lost through the combination of soil erosion, leaching, removal of crop 

products and/or through fixation is much higher than that which is replenished by natural 

weathering to supply subsequent crops (Kopittke et al. 2018). Often inorganic P fertiliser is 

recommended to meet crop P nutrition demand (Song et al. 2017); an option not feasible in 

developing countries, and unsustainable overall for sweet potato cultivation. Nonetheless, in 
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commercial agriculture, field trials are conducted to develop P-response curves for specific 

soil types (Fox et al. 1974; Hue et al. 1997), which are then used to determine optimal P 

fertiliser rates for maximum return on investment. Precise fertiliser recommendations require 

high levels of investment because they depend on site-specific information, obtained from 

long-term soil fertility trials conducted on specific soil types (Fox and Kamprath 1970). Poor 

knowledge of the P-availability potential of the soil and crop uptake efficiency can cause 

environmental problems, especially when excess quantities are leached to underground water 

systems or surface water systems including lakes, rivers and estuaries (Sharpley 1995). 

LIMITED UNDERSTANDING OF P UPTAKE BY SWEET POTATO 

P fertiliser studies on sweet potato have consistently reported different cultivar responses but 

not provided any explanation of these differences. For instance, Rendle and Kang (1977) 

reported that three sweet potato cultivars reached 95% of maximum yield at different 

external P levels, indicating that these cultivars varied in their ability to access P from the soil.. 

Jones (1979) reported yield responses of a single cultivar based on a range of pre-existing P 

levels in the soil. Soils with a low-P status had a significant yield response compared to those 

with higher status, but the results were not consistent across 18 locations and could not 

account for the variation. Rashid and Waithaka (1985) noted growth and biomass differences 

between two cultivars in response to P fertiliser. They explained these with reference to 

differences in aboveground physiological characters of the cultivars and existing P status of 

the soil but only to confirm what many other past workers had already found, without showing 

any evidence of any plant trait. Kanua (1998) pointed out differences in adaptation 

mechanism as the probable reason for storage root yield differences between one local 

cultivar and two other cultivars exposed to three rates of P fertiliser, but lacked the evidence 

to identify any specific adaptation traits to explain these variations. Montanez et al. (1996) 

studied the response of three cultivars of sweet potato exposed to soluble and non-soluble P 

fertiliser sources. Two cultivars had superior ability to access P from both soluble triple 

superphosphate (TSP) and the insoluble Gafza rock phosphate as well as when no P was 

supplied, whereas the third cultivar had very low ability to take up P in any situation. Again 

they could not identify a specific trait to account for these difference in the ability of the 

cultivars to access P from different sources of P fertiliser. 
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Differences exist in the way sweet potato cultivars respond to P fertiliser application, but no 

studies have explained the reason behind these different responses. 

MECHANISMS THAT SWEET POTATO USES FOR P ACQUISITION IN LOW-P SOILS 

Plants have several strategies to acquire nutrients from the soil through the utilisation of 

carbon resources, especially in nutrient-stressed situations (Lynch and Ho 2005). In P-

impoverished soils, plants invest some carbon resources to enhance P acquisition by 

modifying architectural, morphological, physiological and symbiotic root adaptations 

(Lambers et al. 2006; Lynch and Brown 2008). Mechanisms that enhance P solubilisation and 

dissolution are especially prominent in soils that have P attached to Al and Fe oxides in acidic 

soil, or to Ca in alkaline soil (Lopez-Bucio et al. 2000). Exudation of organic compounds (organic 

acids, phenolic, simple sugars) from roots has the potential to solubilise P by altering 

rhizosphere chemistry and the soil microbial population (Ramaekers et al. 2010; Richardson 

et al. 2011). There is limited published information on the specific adaptation strategies that 

sweet potato uses to enhance P uptake from P-stressed soils, apart from its well-known 

association with arbuscular mycorrhiza fungi (AMF) (Abdel-Razzak et al. 2013; Negeve and 

Roncadori 1985; O'Keefe 1989; O'Keefe and Sylvia 1993; Yano and Takaki 2005b). 

Exudation of carboxylates by sweet potato  

Plants exude a wide variety of functionally diverse organic and inorganic compounds and ions 

from roots under any growth conditions (Bais et al. 2006; Dakora and Phillips 2002; Marschner 

2011). Nutrient acquisition and plant microbe interactions are functions of organic 

compounds found in root exudates (Lakshmanan et al. 2014). O'Keefe and Sylvia (1992) were 

the first to investigate the role of organic compound-assisted nutrient acquisition in sweet 

potato. They aimed to determine if the presence of mycorrhiza altered the organic acid 

composition in the sweet potato rhizosphere and to confirm whether it assisted P uptake. 

Oxalic acid was detected in soil extracts, but no differences were established between 

rhizosphere and non-rhizosphere soil or between plants inoculated with or without 

mycorrhizal fungi. It could be that a stress factor strong enough to induce the exudation of 

detectable levels of organic acids was absent (Marschner 2011) or the AMF species present 

used the organic acids as a carbon source for energy from the inoculated soils (Jones 1998). 

These results, nonetheless, indicated that sweet potato roots exude organic acids. Whether 

this assists with P acquisition needs to be further investigated. 
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Sweet potato rhizosphere microbiome 

The readily available carbon source from carboxylates exuded by roots in the rhizosphere 

provides a favourable environment for microbial activities (Richardson 2001). The large and 

complex microbial activity in the rhizosphere can influence several aspects of plant growth 

and crop productivity; some may even solubilise nutrients (Khan et al. 2007; Marschner et al. 

2001; Richardson 2001). A large body of literature on the ability of microbial agents involved 

in phosphate solubilisation has been reviewed by Khan et al. (2007) and Richardson et al. 

(2011). However, there is limited information on the microbial community in the sweet potato 

rhizosphere in general, and none specific to aiding P uptake in sweet potato (Habibi et al. 

2014; Khan and Doty 2009). Marques et al. (2014) were the first to identify bacterial 

community composition in the sweet potato rhizosphere. They extracted rhizosphere soil 

(rhizosheath) attached to storage roots of three commercial sweet potato cultivars with 

varying levels of starch content. Two cultivars with high starch content had very similar 

bacterial composition, but the other cultivar with low starch content had a distinct bacterial 

composition and increased abundance. Bacillus species known for promoting plant growth, 

including through phosphate solubilisation (Beneduzi and Passaglia 2011), were enriched in 

the storage root rhizosphere compared to bulk soil (Marques et al. 2014). A similar 

composition of Bacillus on storage root rhizosphere was found inside the storage roots 

(endophyte) of all three genotypes screened (Marques et al. 2015). Marques et al. (2015) 

found 93 different strains of bacteria from the Proteobacteria, Actinobacteria and Firmicutes 

phyla. All these isolates displayed properties of antimicrobial substance and indole acetic acid 

production, organic and inorganic phosphates solubilisation, production of siderophores and 

presence of nitrogenase gene. 

Apart from plant growth-promoting activities of bacteria, some authors have speculated that 

reduced levels of carboxylate production at high-P (Pang et al. 2010), or differences in 

bacterial community structure due to starch content of sweet potato genotypes (Marques et 

al. 2015), might influence the pathogenic ability of microorganisms in the rhizosphere. Work 

undertaken at the Sweet Potato Research Station, Louisiana State University showed greater 

post-harvest loss of storage roots exposed to very high-P levels (120 kg ha–1) (pers.comm., 

Arthur Villordon 2017). This could be due to microbial activity in the rhizosphere being 
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influenced by high-P levels; this suggests that there is opportunity to better understand the 

positive and negative aspects of microbial activities in the sweet potato rhizosphere. 

Symbiotic association with arbuscular mycorrhizae fungi (AMF) 

Sweet potato has no specialised root structures, such as plentiful, long, carbon-efficient root 

hairs that assist P uptake from P-impoverished soils that occur in other plant genera (O'Keefe 

and Sylvia 1992; Villordon et al. 2011). Instead, swee potato relies on the hyphae of arbuscular 

mycorrhizal fungi (AMF), which act like root hairs, to acquire P—an evolutionary phenomenon 

commonly displayed in plants with limited root hairs (Miguel 2004; Schweiger et al. 1995). 

AMF specifically acquire P from labile sources (Smith and Read 2010), but it is not known if 

they can acquire P from non-labile sources, such as Al and Fe bound P (Shibata and Yano 2003). 

The degree of association of AMF with sweet potato, as well as benefits for the host, vary with 

AMF species (Negeve and Roncadori 1985). O'Keefe and Sylvia (1992) showed that shoot P 

concentration increased in plants inoculated with Glomus etunicatum, but decreased in plants 

inoculated with Acaulospora rugose. In an earlier study, Mulongoy et al. (1988a) also showed 

that sweet potato genotypes differed in their level of colonisation by AMF, assessed under 

similar P treatments. These studies indicate the need to match the correct species of AMF to 

suitable genotypes of sweet potato to maximise P uptake. 

INTERNAL P UTILISATION (CONSERVATION USE) 

Under conditions of low-P availability, plant species differ in their ability to effectively allocate 

and reallocate P internally within plant structures and cells (Veneklaas et al. 2012). P in the 

organs of plant tissue is referred to as internal P. These P pools contribute to essential 

biochemical processes, such as energy transfer reactions and protein synthesis in plant cells 

(Marschner 2011; Mimura 1995). These critical biochemical processes function to support the 

plant growth and reproduction. Therefore, it is crucial to maintain the internal P concentration 

above the critical level. Plant species vary in their internal critical P requirement (Reuter 1997) 

and rely on external P supply from the soil to sustain internal requirements to support proper 

functioning of the biochemical process in plant tissue. The optimal internal P concentration 

for most crop species ranges from 2.0–4.0 mg P g–1 of tissue dry weight (Reuter 1997). These 

P concentrations are pre-determined and used as a basis to correct external P requirements 

for individual crop species to maximise growth and yield. 
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INTERNAL CRITICAL P CONCENTRATION FOR SWEET POTATO 

The critical internal P concentration of sweet potato is about 1.7 mg P g–1 DM. Deficiency 

symptoms are expected below this concentration (Reuter 1997). Tissue P concentrations 

above 2.0 mg P g–1 DM are considered optimal for 95% of maximum storage root yield and, 

once P concentration exceeds 2.2 mg P g–1 DM, sweet potato is not expected to respond to P 

fertiliser application (O'Sullivan et al. 1997; Reuter 1997). These concentrations are most 

reliably measured from fully expanded mature leaf blades on the 7th to 9th position from the 

tip of growing vines. Rendle and Kang (1977) also showed that P concentrations in the petiole 

are a better indication for management purposes. 

VARIATION IN CRITICAL P CONCENTRATION AMONG SWEET POTATO GENOTYPES 

Reducing the internal P concentration requirement for maximum growth and yield can be an 

effective P management strategy for any crop species (Manschadi et al. 2014). This can be 

achieved through breeding programs, having first determined pre-existing variations in 

optimal internal P concentrations among different genotypes. Rendle and Kang (1977) 

exposed three sweet potato cultivars to seven different levels of P and observed variations in 

both leaf and petiole P concentrations. P concentrations in the petiole and leaf blade varied 

from 0.4–1.2 mg P g–1 DM and 1.5–2.7 mg P g–1 DM, respectively, with 0.8 (petiole) and 2.2 

(leaf) mg g–1 DM the optimal levels for 95% maximum storage root yield. They further showed 

that petiole P concentrations correlated better with storage root yield than leaf blade P 

concentrations. The external P supply for 95% maximum yield also varied among the three 

cultivars. Variation in P supply among sweet potato cultivars was also reported by Montanez 

et al. (1996) who demonstrated differences in the ability of different sweet potato genotypes 

to take up P from soluble and insoluble sources of P fertiliser. These studies indicate that there 

is potential to select for genotypes with lower critical internal P concentrations. 

GENOTYPIC AND PHENOTYPIC VARIATION AMONG SWEET POTATO GENOTYPES 

There are more than 5000 sweet potato genotypes in the world (Schafleitner et al. 2009; Tay 

2009), with sufficient diversity to identify genotypes with higher or lower internal P 

concentrations than 2.0 mg P g–1 DM in leaf or 0.8 mg P g–1 DM in the petiole, and those that 

require lower P supply for maximum yield (Rendle and Kang 1977). Some crop species grown 

for their starch, like potato and corn, have been bred or selected from a large gene pool and 
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the critical internal P concentration used as the basis for selection (Fageria and Baligar 1997; 

Trehan and Sharma 2005; Yan et al. 1995). No deliberate selection or breeding studies have 

been conducted on sweet potato based on either internal P concentration or external P 

requirement, but this could be done by taking advantage of the broad diversity in genotypes 

(Katayama et al. 2017; Montanez et al. 1996). 

Selection of a sweet potato genotype that can achieve maximum yield with a much lower P 

concentration will directly affect the soil P requirement and further improve P-use efficiency. 

Such a strategy could be useful for growers in P-impoverished soils in the tropics and sub-

tropics where sweet potato is cultivated as an important staple and farmers do not use or 

cannot access inorganic fertilisers. 

EFFECT OF P ON LATERAL AND STORAGE ROOT DEVELOPMENT OF SWEET POTATO 

Sweet potato can maintain its shoot tissue P concentration at lower P supply than many other 

cultivated plants (Djazli and Tadano 1990; Nicholaides et al. 1985) and it can hyper-accumulate 

P when P supply increases (O'Sullivan et al. 1993; Spence and Ahmad 1967). Excess P 

concentrations above the threshold (2.20 mg P g–1 DM) for 95% storage root yield in sweet 

potao shoots are not transferred to storage roots as occurs in other tuber crops (Djazli and 

Tadano 1990). The P content in the storage roots of sweet potato is low, compared with 

nitrogen (N) and potassium (K) (O'Sullivan et al. 1997). It is not known what happens to excess 

P that hyper-accumulates in the aboveground tissue. It is most likely involved in cambial 

activities that lead to storage root initiation and support lateral root growth to scavenge for 

other essential mineral nutrients and water in the soil (O'Keefe and Sylvia 1992; Villordon et 

al. 2014). 

Role of P in storage root production  

Storage root yield of sweet potato ranges from as low as 0 t ha–1 to as high as 120 t ha–1 (Agata 

1982; FAO 2016), and is affected by interactions between propagation material, genotypes 

and soil fertility (Ravi and Indira 1999). A known high-yielding genotype may not necessarily 

produce high yields if the propagation material (stem cuttings) is of poor quality, or if high-

quality propagation material from a high-yielding genotype is used, then high yields may not 

occur in nutrient-deficient soil. For example, the notable increases in storage root yield, by up 

to 80% (Clark et al. 2010; Coleman et al. 2005), achieved in certified seed schemes with 
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pathogen-tested material and replicated widely in developing tropical countries (Dennien et 

al. 2013), can only be sustained with a matching sustainable soil fertility management system. 

Unfortunately, the use of chemical fertiliser is a less feasible option in developing countries, 

such as Papua New Guinea, where good quality commercial fertilisers are not available or too 

expensive for many subsistence farmers. A better alternative is needed to support sweet 

potato cultivation in marginal soils with reduced levels of essential nutrients (Bailey et al. 

2009; Fujinuma et al. 2018). 

Understanding the role of P and its interactions with other mineral nutrients in the cambial 

activity of adventitious roots that aid storage root formation will contribute to the sustainable 

production of sweet potato. Villordon et al. (2009) characterised sweet potato storage root 

initiations and emphasised the importance of managing external cues, such as moisture, 

temperature and mineral nutrients, to increase cambial activity in adventitious roots of sweet 

potato. This includes optimising the inherent ability of sweet potato to access P from the soil 

solution and use it more efficiently internally (Montanez et al. 1996). 

ROOT ANATOMY 

The key to understanding the role of P in increasing the storage root yield of sweet potato lies 

in the root system (Villordon et al. 2014). Sweet potato has two primary root systems, 

comprising adventitious and lateral roots. The thickened adventitious roots are further 

categorised as storage roots, pencil-sized roots or lignified roots depending on their cambial 

status (Wilson and Lowe 1973). Storage roots are also referred to as tubers or tuberous roots. 

The term tuber is commonly used to refer to swollen stem in potato (Solanum tuberosum), 

which has different physiology and development processes than that of sweet potato (Pallais 

et al. 1985). Therefore the term tuber is not used this review. 

Storage root initiation and development from adventitious roots 

Stem cuttings are used as the primary propagation material for sweet potato cultivation. 

Adventitious roots are the first to develop from the preformed primordia, present in sets of 

4–10, adjacent to the leaf base in the stem nodes that are belowground (Belehu et al. 2004; 

Firon et al. 2009). All adventitious roots that arise from the nodes are capable of becoming 

storage roots under optimal growth conditions (Togari 1950). Initiation and development of 

storage roots directly benefit from increased cambial activity in the cells of adventitious roots 
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(Villordon et al. 2009). In adventitious roots, the primary cambium first develops between the 

protoxylem and protophloem. In the parenchymatous zone, the vascular cambium develops 

and suppresses lignification of the stele. An anomalous cambium develops around the central 

cell and primary xylem elements (primary cambia) with secondary cambia formed around 

secondary xylem elements derived from the vascular cambium and marks the beginning of 

storage root formation (Lowe and Wilson 1974; Wilson 1970; Wilson and Lowe 1973). Further 

cell division and expansion in these cambia regions lead to rapid thickening of the roots. The 

first 4 to 8 weeks after planting are crucial, when the active storage root initiation process 

occurs (Lowe and Wilson 1974). If initiation of the storage root is affected during the 4–8 week 

period, then cambial activity decreases, and the adventitious roots develop into non-storage 

roots, with young, thin roots and a primary tissue of central core xylem with no central pith, a 

tetrarch stele and a small apical meristem leading to complete lignification of the stele 

(Artschwager 1924). 

Variation in storage root formation between genotypes 

Cell differentiation in adventitious roots into storage and non-storage roots is linked to both 

genetic and environmental factors (Ravi et al. 2014; Tanaka et al. 2005; Wilson 1970). 

Variation in storage root initiation is exhibited in the cambial activity of adventitious roots in 

sweet potato genotypes (Villordon et al. 2009). Genotypes that tend to mature early are likely 

to have higher cambial activity than those that mature late (Wilson 1970). Villordon et al. 

(2009) compared two commercial genotypes, Beauregard and Georgia Jet, which differed in 

the timing of regular and anomalous cambia formation. Regular vascular cambium of both 

genotypes was observed at 19 to 21 days after planting (the period also noted for bulking 

storage roots), but regular vascular cambium then almost disappeared for Beauregard, with 

only 4% after 26 to 28 days, while Georgia Jet maintained this at 32%. Most vascular cambium 

differentiated into anomalous cambia with increased activity observed adjacent to xylem 

elements in Beauregard (30%), compared with Georgia Jet (13%), indicating that Beauregard 

was initiating and bulking storage roots earlier than Georgia Jet.  

Factors affecting storage root initiation and development 

Tanaka et al. (2005) identified ten storage root formation (SRF) genes (SRF1 to SRF10), and Ku 

et al. (2008) reported expression of the IbMADS1 gene during storage root formation. These 
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genes are activated through changes in soil and air temperature, soil moisture levels, soil 

physical properties and the presence or absence of mineral elements (Ravi et al. 2014). The 

focus of the current review is on P; unfortunately, this essential major element is not 

mentioned in the review of Ravi and Indira (1999) which covers the effects of other mineral 

elements on storage root initiation process and their influence on cambial activities. For 

instance, increased K application increases the number of secondary xylem vessels associated 

with the vascular cambium zone and cambium width (Speights et al. 1967). Conversely, high 

N adversely affects storage root formation (Chen et al. 2017; Taranet et al. 2017), while 

inadequate K, Mg or Ca inhibits storage root formation (Spence and Ahmad 1967).  

Effect of P on storage root formation through cytokinin 

There has been limited studies on P and its effect on sweet potato storage root initiation and 

development (Ravi et al. 2014; Ravi and Indira 1999), other than its indirect role in cambial 

activity linked to endogenous growth regulators, especially cytokinin (Ravi et al. 2014). Other 

growth regulators, including indole-3-acetic acid (IAA), abscisic acid, jasmonic acid and 

ethylene, are also involved but mostly in the later stages (secondary growth) of cell 

differentiation and expansion.  

The involvement of cytokinin in sweet potato storage root initiation and formation has been 

reported in several studies (Matsuo et al. 1983; McDavid and Alamu 1980; Nakatani and 

Komeichi 1991). All three major cytokinins—zeatin riboside (ZR), trans-zeatin riboside (t-ZR) 

and 9-glucosyl-N-6 (i6Ado)—are involved in the cross-section of storage root initiation by 

activating the primary cambium. The endogenous ZR concentration increases around the 

primary vascular cambium and significantly influences cell division early in storage root 

development (McDavid and Alamu 1980; Nakatani and Komeichi 1991). In the longitudinal 

distribution of cytokinins from tip to the far end of the root, Matsuo et al. (1988) found a 

higher concentration of t-ZR in proximal parts than in distal parts. Matsuo et al. (1988) also 

reported that in transverse sections, t-ZR was present in varying but not significantly different 

levels in the periderm, primary cambium and central xylem parenchyma region. The t-ZR 

content increases as thick roots appear during the initial stages of storage root initiation and 

decreases as storage roots grow; conversely, t-ZR content in non-storage roots, while less than 

storage roots, does not change much as roots grow. Whether the contribution of cytokinin to 

cambial activity during storage root formation is positively enhanced by P nutrition or 
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otherwise has not been investigated, although there is evidence to suggest that P increases in 

the presence of cytokinin in other crop species, such as sunflower (Helianthus annuus L.) (Ei-

D et al. 1979) and tomato (Lycopersicon esculentum) (Menary and Staden 1976). 

Effect of P on metaxylem during secondary adventitious root growth 

In the secondary growth stage of storage roots, the presence of metaxylem cells leads to the 

formation of non-storage roots, especially of pencil-sized roots in some adventitious roots of 

the same genotype (Belehu et al. 2004; Wilson and Lowe 1973). The occurrence of metaxylem 

cells can be manipulated, as demonstrated in rice, by varying the amount of available P 

(Vejchasarn et al. 2016). These authors reported significant interactions between P and rice 

genotypes that affect the metaxylem area. P levels equivalent to 100 µM greatly reduced the 

metaxylem area in some rice genotypes, while P levels below 2 µM increased the metaxylem 

area in other rice genotypes. This finding in rice might have relevance to sweet potato where 

reduced P could reduce metaxylem cells in developing adventitious roots; better still, it may 

be possible to remove metaxylem development in cells using gene technology. The gene 

(VAND 6) in Arabidopsis is responsible for switching off metaxylem cells (Kubo et al. 2005). 

This gene could be used in sweet potato breeding to reduce metaxylem tissue in an effort to 

increase storage root development. 

Lateral roots linked to storage root development  

Lateral roots arise from the pericycle of adventitious roots (AR) that branch and re-branch at 

a 90 angle to the main root (MR) and form 1st, 2nd or even 3rd level laterals; these provide the 

basic structure of root architecture (Yamauchi et al. 1994). These lateral roots in sweet potato 

perform the primary role of roots for accessing water, mineral nutrients and plant anchorage. 

Lateral roots in sweet potato are closely related to storage root initiation and development. 

Villordon et al. (2012) separated AR into storage roots (SR; roots which have all the early 

features of becoming storage roots), pencil roots (PR; roots with reduced cambial activity that 

delay SR formation) and lignified roots (LG; roots that have no chance of becoming SR). In 

doing so, the authors were able to show that SRs had more lateral root  count, density, length 

and surface area. These attributes give SRs a competitive advantage over PRs and LGs for 

accessing water and nutrients from the soil. By exposing genotype Beauregard to drought and 

water-saturated conditions 10 to 20 days after planting, Villordon et al. (2012) noted a 
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significant reduction in lateral root attributes (count, length, surface area and density) 

compared to the benign, uniformly moist control treatment. This evidence indicates that 

optimising LR growth is crucial in the SR initiation period. The findings offer critical insights 

into other studies, such as that of Pardales and Yamauchi (2003), linking the effect of lateral 

roots under varying soil moisture conditions to storage root development.  

There are molecular data to link LR development and SR initiation with IbMADS1 genes. Ku et 

al. (2008) showed that IbMADS1 transcripts were localised to emerging LR primordia and 

immature meristematic cells, such as protoxylem and protophloem, within the AR stele. As 

discussed above, the appearance of cambia around the protoxylem and secondary xylem 

elements marks the initiation of SR (Togari 1950; Wilson and Lowe 1973). 

Effect of P on lateral root growth 

Phosphorus affects lateral root growth and development in various ways. In model plants like 

Arabidopsis, P deficiency inhibits the growth of the main root, encourages lateral root growth 

and modifies root structures with increased root hairs and cluster root formation (Williamson 

et al. 2001). This pattern of root growth varies between monocot and dicotyledonous species 

(Drew 1975; Hodge et al. 2009). Maize, for example, maintains elongation of its main seminal 

roots under P stress as an exploratory strategy (Mollier and Pellerin 1999). Lateral (nodal) root 

growth in maize also varies among genotypes; those with superior ability to acquire P will 

increase or maintain lateral root growth (Zhu and Lynch 2004). Information on the effect of P 

on lateral root morphology in sweet potato is limited and should be investigated using a 

similar approach to Pardales and Yamauchi (2003) and Villordon et al. (2012) on the effect of 

soil moisture regimes. 

SUMMARY 

Sweet potato has evolved under a range of growing conditions outside its centre of origin over 

many years of cultivation and is an established food crop in many locations in the tropics and 

warm temperate regions. There are more than 5000 sweet potato cultivars, with >50% being 

used in developing countries. According to FAO records, the global average yield of storage 

roots is about 13 t ha–1 in fresh weight, with the potential to reach 160 t ha–1. Unfortunately, 

the average yield of sweet potato storage root in developing countries, as noted from FAO 

records, has been below 50% of the world average for the last 20 years. This is likely because 
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sweet potato cultivation in developing countries is characterised by fewer inputs (chemical 

fertiliser, herbicides) and the sup-optimal nutritional status of the soils where it is cultivated. 

Being repeatedly grown in P-deficient soil conditions over many years, it would be reasonable 

to expect that sweet potato has developed some resilience to thrive in those challenging 

growing conditions. Therefore, to develop an effective nutrient management system of sweet 

potato with limited chemical fertiliser use, it is important to understand the ability of sweet 

potato to grow in such conditions. 

The focus of this study is on phosphorus nutrition in sweet potato. Phosphorus plays a critical 

role in many important biochemical activities that occur at the molecular level in plant cells, 

which are crucial for growth and reproduction of all plants and food crops. Most commercial 

food production systems rely on external P supply to sustain crop and animal production to 

feed the ever-increasing demand. The fact that external P supply is finite and natural sources 

are predicted to be exhausted in less than a century make a case for the effective use of 

phosphorus. This has attracted research interest in exploring opportunities to enhance P 

uptake and use in a range of crop species. 

Sweet potato reportedly has a low demand for P. However, this literature review suggests that 

this claim may not be valid. The ability of sweet potato to acquire and use P differs among 

cultivars. P fertiliser studies on sweet potato have consistently reported response differences 

among sweet potato cultivars. This indicates that there may be specific traits to account for 

such variation. Sweet potato has a known association with arbuscular mycorrhizal fungi 

(AMF). However, it is noted that different species of AMF prefer some sweet potato cultivars 

over others. AMF greatly assist in accessing P by extending their hyphae beyond root zones, 

thereby increasing the soil volume accessible to plant-available P, but there is limited evidence 

to show whether AMF also accesses insoluble P sources (P attached to Al and Fe) in the soil. 

Sweet potato is also noted for maintaining constant internal P concentrations in shoot tissue 

when external P supply is reduced, a mechanism that appears to sustain its growth for as long 

as possible in P-impoverished soils. Variations in the critical P level for maximum yield has also 

been found among cultivars with direct implications for external P supply. Sweet potato does 

not necessarily transfer hyper-accumulated P stored in shoot tissue into storage roots, as the 

P content of storage roots is low compared to N and K. There is limited evidence to show 

whether P is directly involved in storage root initiation, but it supports lateral root growth. 
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This review of the nutritional and genetic literature revealed the potential to develop a P-

efficient sweet potato production system if specific plant traits can be isolated that will 

enhance P uptake and utilisation. This study focuses on unveiling the rhizosphere properties 

(root physiology and morphological traits) of sweet potato exposed to low-P soil conditions. 
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PREFACE  

This chapter describes the first of the three experiments conducted for this thesis. It is the first 

known enquiry into understanding the natural ability of sweet potato to adapt to the many 

environments and marginal soils in which it is grown. Three sweet potato cultivars were used, 

which were selected to represent low- and high-altitude locations of low-input systems in 

Papua New Guinea and a commercial high-input environment in Australia. These cultivars 

were exposed to seven levels of P fertiliser in a low-P soil.  

This experiment was conducted to test the hypotheses that: 1) morphological, physiological 

and symbiotic root traits associated with P uptake change in response to soil P level, with a 

higher exudation of organic acids, higher colonisation of root length by arbuscular 

mycorrhizae fungi, and increased specific root length with a large root mass fraction and 

reduced average root diameter at low P supply; and 2) these responses vary among the three 

cultivars. 

This experiment was designed by David Minemba in consultation with his supervisors; Megan 

Ryan, Deirdre Gleeson and Erik Veneklaas. DM ran the experiment, and collected and analysed 

the data. The chapter was drafted by DM with comments supplied by his supervisors and 

Adjunct Fellow Ann Hamblin. Journal referees made additional small suggestions. 

The work described in this chapter has been published; 

Minemba D, Gleeson DB, Veneklaas EJ, Ryan MH (2019) Variation in morphological and 

physiological root traits and organic acid exudation of three sweet potato (Ipomoea 

batatas) cultivars under seven phosphorus levels. Scientia Horticulturae 256: 11. 
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CHAPTER 4. PHOSPHORUS-USE EFFICIENCY HAS NO EFFECT ON VARIATIONS 

IN GROWTH AMONG SIX SWEET POTATO (IPOMOEA BATATAS (L.) LAM.) 

CULTIVARS UNDER LOW OR HIGH PHOSPHORUS (P) CONDITIONS 

 

PREFACE 

The results from Chapter 3 showed little variation in root traits related to P uptake, but that 

the sweet potato cultivars expressed an unexpected character of maintaining fairly constant 

tissue P concentrations, below 1 mg P g–1 dry matter, up to addition of 90 mg P kg–1 soil, while 

continuing to take up the added P and accumulate biomass. For the first time, evidence of 

carboxylates being exuded from the roots of sweet potato, albeit at low rates, was recorded. 

These responses suggest that sweet potato tightly regulates its P use internally and might 

exude more carboxylates in different situations. Therefore, to amplify variations in internal P 

use and exudation of carboxylates, this experiment used three additional sweet potato 

cultivars, six replicates and two extreme levels of P. Given more rhizosheath attached to roots, 

the carboxylate measurement technique was changed from the trap solutions method that 

records the rate of exudation in nmol cm–1 h–1 to the more commonly used method of 

extracting the amount present in the root rhizosheath and expressing it relative to root DM 

(µmol g–1 DM).  

This chapter is one of two chapters based on this one experiment and examines the variation 

in internal P-use efficiency (PUE) among the six sweet potato cultivars and addresses the 

hypotheses that: 1) there is a correlation between plant growth and PUE, and 2) PUE differs 

among sweet potato cultivars in low-P soils.  

DM designed and carried out the experiment, in consultation with his supervisors, analysed 

the results and drafted the Chapter. Comments were supplied by his supervisors and Adjunct 

Fellow Ann Hamblin. 
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ABSTRACT 

Sweet potato has a tightly controlled internal P-use strategy that supports modest growth 

when P supply in the soil is low; this enables sweet potato to persist in phosphorus (P) 

impoverished soils. However, the efficiency with which P is used internally may vary among 

sweet potato cultivars. In this study, we assessed internal P-use efficiency of six sweet potato 

cultivars under low and high-P conditions with the expectation that the cultivars that use 

internal P more efficiently - that is, have a high P-use efficiency (PUE), grow better than those 

with a lower PUE in a low-P soil.  

Six sweet potato cultivars, four native to Papua New Guinea (Tambul Mai, Whagi Besta, 

Maraso and Marasunda) and two commercial cultivars from Australia (Beauregard and 

Northern Star) were grown in a low-P soil with two levels of P [0 (low) and 260 (high) mg P kg–

1 soil added as KH2PO4] for 43 days in a glasshouse: Dry mass, tissue P concentration and root 

morphological traits were measured. PUE was determined as the total dry mass produced per 

unit of P taken up. 

Variations in growth were more pronounced at high P than at low P, which represents a 

varying ability of sweet potato cultivars to use P internally at luxury P levels. However, growth 

at high P did not correlate with PUE at low P. Despite modest growth differences among 

cultivars and a constant low-P concentration around 1 mg P g–1 DM, the six sweet potato 

cultivars had similar lsevel of aboveground (leaf/petiole + new shoot stem) PUE at low-P. 

P fertiliser increased root growth in all cultivars, but reduced the proportion of biomass 

allocated to roots (root mass fraction, RMF). Investment in the roots (RMF) varied and, while 

responsive to P availability, involved a large genetic component as RMF at low P was 

correlated with RMF at high P across cultivars. 

It appears that sweet potato has limited genetic and phenotypic variation in PUE at low P and 

few root morphological modifications to scavenge for P in the soil; therefore, other strategies 

must be used to improve P supply in the soil for sweet potato roots.  

INTRODUCTION 

Phosphorus (P) is the second most limiting macronutrient to plant growth, and its limited 

availability restricts plant growth in agricultural soils (Batjes 1997). Large amounts of P in the 

soil are locked up in unavailable organic P fractions or non-labile inorganic P pools in 
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complexes with Fe and Al oxides in acids soils or with calcium in alkaline soils (Moody and 

Radcliffe 1986; Sanchez and Uehara 1980). Application of P fertiliser can overcome this 

constraint, but the lack of locally available P fertiliser sources and the high cost of imports 

typically prevent resource-poor farmers in developing countries from using P fertilisers 

(Simpson et al. 2011). In addition to P immobilisation in soil, the second most overlooked 

factor is that the demand for P fertiliser is further driven by the removal of P in harvested 

products (Lott et al. 2001). Resource-poor farmers in developing countries, who cannot afford 

costly P fertilisers, rely on the natural weathering processes to replenish P in the soil. This 

process is not only inefficient but often does not meet the growing demand for higher crop 

yield and greater P use in developing countries where farming is carried out on the same soil 

over extended periods (Fujinuma et al. 2018; Tian 1998).  

Much progress has been made in an effort to develop sustainable P management strategies 

in the last decade (Ramaekers et al. 2010), driven by the predicted depletion of finite global 

rock phosphate reserves in the near future (Cordell et al. 2009). Improving P efficiency in 

farming systems through agronomic strategies has received much attention, as demonstrated 

in reviews by Vance et al. (2003), Ramaekers et al. (2010) and Richardson et al. (2011). A key 

strategy for improving P-use efficiency (PUE) is breeding for P-efficient crop cultivars that are 

relatively low cost and beneficial in both high- and low-input systems (Manschadi et al. 2014). 

Traits that contribute to P efficiency have typically been divided into those that improve P-

acquisition efficiency (PAE) from the soil and those that enhance P-use efficiency (PUE) 

internally (Wang et al. 2010). 

Sweet potato has received little or no attention in terms of research on PUE compared to grain 

crops, despite being a prominent staple food crop in developing countries (Villordon et al. 

2014). This is due mainly to sweet potato being cultivated as a subsistence or small-farmer 

crop, with far less commercial value than grain crops. Also, the long-held view that sweet 

potato is tolerant to low-P conditions has been taken for granted (Jones 1979; Loebenstein 

2009). These views are changing as sweet potato is becoming an important crop of commercial 

value globally, with diversified use as a healthy food of choice for humans, feed for livestock 

and a source of starch extract for industrial purposes (Mohanraj and Sivasankar 2014; 

Waramboi et al. 2012; Woolfe 1992). Also, large increases in storage root yields have been 

reported from modest increases in P supply; this shows promise in terms of solving persistent 
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variations in storage root yield in developing countries (Floyd et al. 1988; Goodbody and 

Humphreys 1986).  

Plants may invest their carbon resource in root morphological traits to improve P acquisition 

from low-P soil (Richardson et al. 2009). Sweet potato has limited root morphological traits 

that enhance P uptake (Minemba et al. 2019). While it does exude a range of organic acids 

from the roots, these appear to be in quantities unlikely to directly influence P uptake 

(Minemba et al. 2019). However, the presence of organic acids in the sweet potato 

rhizosphere could initiate microbial activities that promote plant growth (Khan et al. 2007).  

Improving internal P use is another opportunity for exploration in sweet potato, with the 

advantage of reducing P extraction from the soil. The critical internal P concentration for 

sweet potato, determined from leaves, ranges from 1.2–1.7 mg P g–1 DM, depending on 

cultivar (Reuter 1997). Levels below this can cause deficiency symptoms and inhibit reaching 

95% of the maximum storage root yield (O'Sullivan et al. 1997). Therefore, attempts to 

improve internal PUE of sweet potato need closer scrutiny in relation to optimal P levels. 

Reducing the internal P concentration requirement for maximum growth and yield can be an 

effective P management strategy for crops (Manschadi et al. 2014). This can be achieved 

through breeding programs, having first determined pre-existing variations in optimal internal 

P concentrations among different genotypes. Rendle and Kang (1977) exposed three sweet 

potato cultivars to seven levels of P and showed that each sweet potato cultivar reached their 

critical P level at different levels of P supply. This represents the potential to select for 

genotypes with lower critical internal P concentration.. A lower critical plant P level will likely 

correlate with a lower soil P requirement for 95% maximum yield (Veneklaas et al. 2012). 

PUE is measured as the amount of total biomass produced per unit of P taken up, so lowering 

the P content at which maximum productivity is achieved will essentially improve PUE of a 

crop species (Wissuwa et al. 1998). PUE evaluations are conducted on the premise that 

cultivars that can use internal P more efficiently will grow better than cultivars with lower PUE 

in low-P soils (Rose et al. 2012). Sweet potato grows well under low-P soils, despite showing 

few root morphological P-acquisition strategies, possibly due to benefit from a high internal 

PUE (Minemba et al. 2019). Further investigation is needed to consolidate such a trait as a 

selection and breeding goal for sweet potato in low-P soils. No study has looked specifically at 

the PUE of sweet potato cultivars under low-P conditions. With well over 5000 sweet potato 
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cultivars grown in a wide range of environments (Schafleitner et al. 2009), there is potential 

to select cultivars with higher PUE. 

This study is the first to assess PUE of sweet potato cultivars with the hypothesis that plant 

growth correlates with PUE, and PUE will differ among sweet potato cultivars in low-P soils. 

METHODS AND MATERIALS 

Phosphorus uptake and utilisation of six sweet potato cultivars grown in a P-deficient soil were 

assessed under two P levels: very low and very high P (0 and 260 mg P kg–1 added as KH2PO4 

fertiliser) with the intention that these two treatments would provide extreme conditions for 

the expression of physiological and growth differences in the plant responses to P. 

SOIL COLLECTION AND DESCRIPTION 

Soil was collected on the 8 March 2017 from an unfertilised block of remnant native 

vegetation at The University of Western Australia’s Ridgefield farm near Pingelly (50 

497694.06 E; 6404729.04 S). Soils at this site experience a Mediterranean climate with hot, 

dry summers and mild, wet winters. Mean annual rainfall is 445 mm and mean annual 

temperatures are 10.4C minimum and 23.4C maximum (Bureau of Meteorology 2013). The 

soil samples were collected to 10 cm depth after clearing the top layer of vegetation. 

The collected soil was air-dried for five days and sieved (<4 mm). A subsample of sieved soil 

was sent to CSBP (Soils & Plant Analysis Laboratory, Bibra Lake, Western Australia) for analysis. 

The soil was a sandy loam and had low available (Colwell) P of 5 mg kg–1 with a low P-buffering 

index (PBI=55.8) and pH of 5.3 (CaCl2). It contained 1.8% organic carbon and (in mg kg–1), 15 

nitrate-N, 7 ammonium-N, 89 K, 11.56 Fe, 2.8 S and 0.2 B. The exchangeable cations in the soil 

include (in meq/100 g–1) 0.138 Al2+, 2.94 Ca2+, 0.33 Mg2+, 0.23 K+ and 0.09 Na2+. 

TREATMENTS AND EXPERIMENTAL DESIGN 

The choice of treatments and design for this experiment were guided by the results of 

Minemba et al. (2019), which showed that three sweet potato cultivars had similar P-

acquisition strategies, having no specialised root morphology, but exuding organic acids and 

having AM fungal symbionts. Growth of all three cultivars appeared to depend strongly on 

high internal PUE, which is the focus of the current experiment.  

Growing conditions and phosphorus treatments 
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The experiment was conducted inside a naturally lit glasshouse with an 8-h day length at The 

University of Western Australia. Temperatures recorded inside the glasshouse during the trial 

period ranged from 10–15oC at night and 18–25oC during the day. Six sweet potato cultivars 

were grown in black polystyrene round pots, 12 cm in width and 17 cm in height. The pots 

contained 1.5 kg of soil placed inside transparent bags (20 cm x 44 cm). Highly soluble KH2PO4 

fertiliser was applied as a stock solution six days after cuttings were planted, as 0 and 526 mg 

kg–1 of KH2PO4 to achieve a rate of 0 and 260 mg P kg–1 of soil. Basal nutrients were applied as 

60 mg kg–1 of CuSO4.5H2O to provide 15 mg Cu kg–1, 66 mg kg–1 of ZnSO4.7H2O to give 15 mg 

Zn kg–1, and 115 mg kg–1 of NH4NO3 to give 40 mg N kg–1, as recommended for sweet potato 

(O'Sullivan et al. 1997). Only NH4NO3 was reapplied, 15 days after planting, to boost growth. 

The treatments were arranged in a completely randomised block design with six replicates. 

Planting of the six replicates was staggered in pairs on consecutive weeks to allow enough 

time for harvest at the end of the trial.  

Sweet potato cultivars  

Four of the six sweet potato cultivars originated from Papua New Guinea (Tambul Mai, Whagi 

Besta, Maraso and Marasunda) and two were widely grown commercial cultivars (Beauregard, 

developed in 1981, Louisiana, USA, and Northern Star, selected from PNG collection held at 

Gatton Research Station, Queensland). The indigenous cultivars from PNG represent 

subsistence low-input systems while the two from Australia are grown in well-fertilised 

commercial production systems. The sweet potato cultivars were supplied by the Queensland 

Department of Agriculture and Fisheries, Gatton Research Facility as pathogen-tested 

materials and later multiplied at The University of Western Australia to generate enough 

planting material for use in the experiment.  

MANAGEMENT AND HARVEST  

The soil in the pots was watered to 60% field capacity before planting the cuttings (as vine 

cuttings). The selected vines were similar in size (diameter) for each sweet potato cultivar, and 

cuttings were taken with three nodes on an equal, consistent length. The cuttings were 

collected and planted on the same day. A single vine cutting was planted in each pot, with one 

node placed 3 cm deep in the soil. Pots were randomised and watered to weight using 

deionised water weekly. The soil water content was adjusted to 75% field capacity after the 

fertiliser application. This was later allowed to reduce by 50% and maintained for three days 
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prior to harvest to facilitate sampling of the soil attached to roots (i.e. rhizosheath). Yellow 

sticky traps were placed in each replicate to control insect pests, and evaporation was reduced 

by a layer of plastic beads on the soil surface. Weeds were removed manually as required.  

Harvesting of the experiment commenced 43 days after planting on 20 February 2018. At this 

stage, plants exhibited clear growth differences. Two replicates were harvested each week for 

three consecutive weeks in the same order as they were established. A day before the harvest 

of each set of replicates, plastic beads were removed and pots arranged in order of P 

treatment and photographed. At harvest, the transparent plastic bags with plants inside were 

lifted out of the pots. The plastic bags were cut and removed, exposing the plant with roots 

and soil intact.  

Root scanning 

The root system was excised at the root/shoot interface, well-washed, wrapped in paper 

towel, sealed in a ziplock bag and stored at 4C for scanning. Since no storage roots had 

formed on most cultivars and little difference between adventitious roots and lateral roots 

that had multiple branching, all roots were categorised as lateral roots (<5 mm diameter). A 

day after harvest, the roots were floated in a tray of water and scanned to determine root 

length, diameter, surface area and root volume using an Epson 1680 scanner and WinRhizo 

version 4.1 computer software (Regent Instruments Inc. Quebec Canada).  

Plant wet and dry mass 

The roots were weighed and placed in paper bags and dried at 60oC for five days. The dry mass 

of roots was recorded. The original vine cutting (stem) was separated from the new growth 

(shoots and leaves) that sprouted from it after planting. Fresh weights of shoots, leaves and 

stems were recorded, before being oven-dried in paper bags for five days at 60oC. The dry 

mass of shoots, leaves and stems were recorded before grinding with an electric kitchen 

grinder for P digestion.  

Tissue P analysis 

The ground samples of shoots, leaves and stems were digested in a 3:1 HNO3:HClO4 acid 

solution. Total P concentrations were measured by colourimetry with a microplate reader 

using the molybdovanadophosphate yellow method (Motomizu et al. 1983). The leaf and stem 

P contents were calculated by multiplying P concentrations and dry weights. Internal PUE—
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the biomass produced per unit of P accumulated in leaves and shoots which were combined 

as aboveground tissue (Rose and Wissuwa 2012)—was calculated as follows: 

Aboveground tissue PUE (g mg–1) = [leaf + shoot DM (g)] / [leaf + shoot P content (mg)] 

Root morphology 

The dry weight of the root subsample that was taken for analysis of colonisation by AMF was 

estimated from its fresh weight, using the dry/fresh weight ratio of the remainder of the root 

system. The total dry weight of the root system was used to calculate root mass fraction 

(RMF), being the proportion of root dry weight relative to total plant dry weight. Specific root 

length (SRL) was calculated as the root length per unit of root dry weight and root tissue 

density (RTD) as the ratio of root dry weight to root volume.  

DATA ANALYSIS 

The data from the variables measured were checked for normality, and a small number of 

outliers removed before a general two-way analysis of variance (ANOVA) was undertaken 

using GenStat 15.2 (Lawes Agricultural Trust, Rothamsted Experimental Station, UK, 2012), 

with P level and cultivar, and their interaction, as factors. Graphs were generated using 

SigmaPlot version 12 (Systat Software Inc.). 

RESULTS 

PLANT GROWTH  

Plant growth differed among the six sweet potato cultivars. At 0P, all cultivars had low leaf 

and shoot stem (hereafter mostly combined and referred to as ‘aboveground’) and lateral root 

dry mass (DM). At 260P, the DM for all measured components increased 3–4-fold (Fig. 4.1). 

Beauregard had the lowest aboveground and root DM at 0P and the highest proportional 

increase in aboveground DM (52%) when P increased from 0P to 260P. There was much more 

variation in aboveground and root DM among the cultivars at 260P than at 0P. At 260P, Whagi 

Besta had the highest aboveground and root DM. At 0P, Whagi Besta had the highest root 

DM.  
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FIGURE 4.1. EFFECT OF TWO LEVELS OF APPLIED PHOSPHORUS (0 AND 260 MG P KG–1 SOIL) ON (A) 

ABOVEGROUND (SHOOT AND LEAF) DM AND (B) LATERAL ROOT DM OF SIX SWEET POTATO CULTIVARS GROWN 

FOR 42 DAYS IN A LOW-P FIELD SOIL (MEAN ± SE, N=6). THERE WERE P AND CULTIVAR EFFECTS ONLY FOR 

ABOVEGROUND DM (P<0.001, P<0.001) AND LATERAL ROOT DM (P<0.001, P<0.001) DM. 

 

ROOT MORPHOLOGY 

Root mass fraction (RMF), root tissue density (RTD), average root diameter (ARD), total root 

length (TRL) and specific root length (SRL) all responded to P supply, which differed among 

cultivars. The RMF at 0P was significantly higher than that at 260P for all cultivars, and it 

differed among cultivars at both 0P and 260P (Fig. 4.2A). At both 0P and 260P, Whagi Besta 

had the highest RMF (0.32 g root g–1 plant), and Tambul Mai had the lowest (0.19 g root g–1 

plant).  
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FIGURE 4.2. EFFECT OF TWO LEVELS OF APPLIED PHOSPHORUS (0 AND 260 MG P KG–1 SOIL) ON (A) ROOT MASS 

FRACTION (RMF), (B) ROOT TISSUE DENSITY (RTD), (C) AVERAGE ROOT DIAMETER (ARD), (D) TOTAL ROOT 

LENGTH (TRL) AND (E) SPECIFIC ROOT LENGTH (SRL) OF SIX SWEET POTATO CULTIVARS GROWN FOR 43 DAYS IN A 

LOW-P FIELD SOIL (MEAN ± SE, N=6). THERE WERE P LEVEL AND CULTIVAR EFFECTS ONLY (P<0.001, P<0.001) 

FOR TRL, RMF AND ARD. 

 

A mixed response was noted for RTD. Northern Star, Whagi Besta and Marasunda had higher 

RTD values at 0P than at 260P, while Beauregard and Maraso showed the opposite effect (Fig. 

4.2B). Tambul Mai had similar RTD at 0P and 260P. ARD increased with P and differed among 

cultivars at 260P (Fig. 4.2C), increasing significantly in Maraso, Marasunda and Northern Star, 

but not in Beauregard, Tambul Mai and Whagi Besta. P supply increased TRL in all cultivars 
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but to differing degrees, with Whagi Besta responding the most, and Tambul Mai the least (Fig 

4.2D). The proportional change in TRL as P supply increased from 0 to 260P was greatest in 

Beauregard (48%) and least in Tambul Mai (2%). The SRL values were higher at 0P for all 

cultivars except Whagi Besta (Fig. 4.2E). Beauregard had particularly high SRL at 0P, and Whagi 

Besta had the highest value at 260P. 

PLANT P CONCENTRATION 

There was a P by cultivar interaction for leaf (P=017) and shoot stem (P<0.001) P 

concentration. At 0P, all six sweet potato cultivars had similar P concentrations in both leaf 

(Fig. 4.3A) and shoot (Fig. 4.3B), being consistently <1.0 mg P g–1 DM. More variation among 

the cultivars was noted at the high P level. At 260P Beauregard, Northern Star and Whagi Besta 

had higher leaf P concentration than Marasunda (Fig. 4.3A), and Northern Star had the highest 

shoot P concentration (Fig. 4.3B). Northern Star had the highest proportional increase in leaf 

(83%) and shoot (75%) P concentrations from 0P to 260P, while Marasunda had the lowest 

[leaf (65%) and shoot (66%)]. 
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FIGURE 4.3. EFFECT OF TWO LEVELS OF APPLIED PHOSPHORUS (0 AND 260 MG P KG–1 SOIL) ON P CONCENTRATION 

IN (A) LEAF (I.E. STEM OF NEW SHOOTS FROM STEM CUTTING USED AT PLANTING) AND (B) SHOOT STEM OF SIX 

SWEET POTATO CULTIVARS GROWN FOR 43 DAYS IN A LOW-P FIELD SOIL. THERE WERE P LEVEL AND CULTIVAR 

EFFECTS FOR P CONCENTRATION IN SHOOT STEM (P<0.001, P<0.001) AND LEAF (P<0.001, P<0.001). AN 

INTERACTION OCCURRED BETWEEN P LEVEL AND CULTIVAR FOR SHOOT STEM (P<0.001, LSD=0.266) AND LEAF 

(P<0.001, LSD=0.273) P CONCENTRATIONS.  

 

PLANT P CONTENT 

Leaf tissue had a higher P content than shoot stem in all cultivars. The tissue P content at 0P 

was below 1 mg P. There was an interaction between P and cultivar for both leaf (P<0.001) 

and shoot (P<0.001) P content. More variation among cultivars was recorded at 260P. Whagi 

Besta and Northern Star had higher leaf P contents than Marasunda (Fig. 4.4A). For shoot 

stem, Tambul Mai had a higher P content than Marasunda (Fig. 4.4B). 
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FIGURE 4.4. EFFECT OF TWO LEVELS OF APPLIED PHOSPHORUS (0 AND 260 MG P KG–1 SOIL) ON P CONTENT IN (A) 

LEAF AND (B) SHOOT STEM OF SIX SWEET POTATO CULTIVARS (MEAN ± SE, N=6). THERE WAS AN EFFECT OF P LEVEL 

AND CULTIVAR FOR BOTH LEAF (P<0.001, P<0.001) AND SHOOT STEM (P<0.001, P<0.001) P CONTENT. A P 

AND CULTIVAR INTERACTION OCCURRED FOR SHOOT STEM (P<0.001, LSD=0.24) AND LEAF (P<0.001, 

LSD=0.57) P CONTENT. 

 

P-USE EFFICIENCY (PUE)  

The aboveground PUE had a P level effect only. PUE at 0P was higher than 260P level across 

all sweet potato cultivars. There were no significant differences in aboveground PUE among 

cultivars at both 0P and 260P. The aboveground P content values had similar corresponding 

values in aboveground DM at 0P (Fig. 4.5B). 
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FIGURE 4.5. THE ABOVEGROUND (LEAF AND SHOOT STEM) PHOSPHORUS-USE EFFICIENCY (PUE) IN RESPONSE TO 

TWO LEVELS OF APPLIED PHOSPHORUS (0 AND 260 MG P KG–1 SOIL) FOR SIX SWEET POTATO CULTIVARS (MEAN ± 

SE, N=6). THERE WAS A P LEVEL EFFECT ONLY (P<0.001). THE DM VS P CONTENT PLOT (B) INDICATES WHETHER 

PUE (A) OF THE CULTIVARS IS INFLUENCED BY GROWTH OR P UPTAKE AT THE 0P LEVEL.  

 

DISCUSSION 

Sweet potato plants invest little of their carbon resources in root morphological traits that 

assist with P acquisition in soils of low-P status (Minemba et al. 2019). Instead, this species 

shows a remarkable ability to maintain a constant internal P concentration when plant-

available P in the soil is at insufficient levels and cannot be taken up by the roots (Minemba et 

al. 2019). These facts support our assertion that sweet potato essentially resorts to efficient 

utilisation of its internal P sources to sustain early growth. However, the efficiency with which 

P is used internally may vary among sweet potato.  

This study evaluated six sweet potato cultivars in very low or high P soil with the expectation 

that cultivars that can use internal P more efficiently grow better than those with lower PUE 

under low-P conditions (Rose and Wissuwa 2012). Phosphorus-use efficiency is measured as 

the amount of total biomass produced per unit of P taken up (Rose and Wissuwa 2012) or, in 

this case, per unit of P present in the leaf and shoot stem (aboveground parts) of sweet potato. 

Despite the low growth and constant P concentration at low P, no variations in aboveground 

PUE were observed among cultivars at high or low P level.  
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PUE AT LOW P DOES NOT CORRELATE WITH GROWTH OR P UPTAKE IN SWEET POTATO 

There was no positive relationship between PUE and dry mass (DM) at either low or high P 

levels for the cultivars. Growth and P uptake (P concentration) increased 3–5-fold with 

significant variations among the sweet potato cultivars (Fig. 4.1, Fig. 4.3) when the P level 

increased to 260P. These variations in growth and P uptake at 260P indicate varying abilities 

of sweet potato cultivars to access P or use P internally at luxury levels. The PUE values of the 

cultivars at 260P did not correlate with those at 0P (correlation coefficient=0.29). The PUE of 

cultivars at 0P was 5–6-fold higher than those at 260P but showed similar trends. PUEs of 

sweet potato at high P levels are certain to be low as sweet potato can hyper-accumulate P 

without adversely affecting growth (O'Sullivan et al. 1997). The increase in PUE is influenced 

by more growth or low-P content (Rose et al. 2011). However, in this study, the aboveground 

DM was almost identical to aboveground P content for all six sweet potato cultivars at 0P (Fig. 

4.5B); therefore, less differences in aboveground PUE among cultivars were observed. 

CONFIRMING SWEET POTATO AS A CONSERVATIVE P USER 

There was little variation between cultivars in aboveground DM at 0P (Fig. 4.1), in contrast to 

variation in root DM (discussed below). The limited variation in aboveground DM of sweet 

potato cultivars is consistent with the results in our previous study (Minemba et al. 2019). 

Sweet potato appears to maintain a constant low-P concentration in response to low P in the 

soil. Leaf and shoot stem P concentrations were around 1 mg P g–1 at 0P, an observation 

consistent with (Minemba et al. 2019), even with the addition of three cultivars, Maraso, 

Marasunda and Northern Star. We suggest that sweet potato regulates tissue P 

concentrations tightly and that the observed concentration at low soil P is the minimum 

concentration at which tissues function well enough to sustain a modest growth rate. Sweet 

potato is a conservative P user, a strategy found in many plant species adapted to low-P 

conditions (Richardson et al. 2009; Vance et al. 2003).  

ROOT GROWTH AND RMF RESPONDED TO P APPLICATION 

Apart from performing the primary role of accessing water, mineral nutrients and plant 

anchorage, roots have the potential to become storage roots in sweet potato and are 

therefore important for yield (Pardales and Yamauchi 2003; Villordon et al. 2012). In our study, 

root growth and RMF differed among cultivars at both low and high P (Fig. 4.1B, Fig. 4.2A). 
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Application of P fertiliser increased whole-plant growth and, therefore, root growth in all 

cultivars, but P fertiliser reduced the proportion of biomass allocated to roots (Fig. 4.2A). 

However, investment in roots (RMF) varied, and while responsive to P availability, involved a 

large genetic component as RMF at low P was correlated with RMF at high P across cultivars. 

Thus, both P fertilisation and cultivar selection can improve root growth, leading to optimised 

storage root initiation and development, as shown in Villordon et al. (2012).  

CONCLUSION 

The study was conducted to enhance our insights into the efficient use of phosphorus in sweet 

potato plants. Despite confirming sweet potato as a conservative P user, there was a lack of 

variation in PUE among sweet potato cultivars under low-P conditions. Sweet potato appears 

to have limited genetic and phenotypic variation in root structures to scavenge for P in the 

soil under low-P conditions; therefore, it is critical to consider strategies that improve P 

availability in the soil that can be easily accessed through roots. 
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CHAPTER 5. CARBOXYLATES AND PHOSPHATE FERTILISER CORRELATE WITH 

MICROBIAL COMMUNITY STRUCTURE IN SWEET POTATO (IPOMOEA BATATAS 

(L.) LAM.) RHIZOSHEATHS 

 

PREFACE 

This Chapter is devoted to the second part of Experiment 2, where the focus is on microbial 

communities in the rhizosheath of sweet potato cultivars and their relationship with the 

amount of carboxylates in the rhizosheath.  

It describes the influence of carboxylates and P fertiliser application on microbial communities 

in the rhizosheath and its relationship to plant growth. DNA present in the rhizosheath was 

sampled from a subset of treatments and replicates, being three replicates of five of the six 

sweet potato cultivars. This reduction in replicates and cultivars was simply to stay within 

budget. The DNA extracted was analysed using 16S rRNA gene sequencing. Three hypotheses 

were tested: 1) P addition changes plant morphology and rhizosheath carboxylates among 

sweet potato cultivars, 2) variation in rhizosheath carboxylate amount correlates with 

variation in microbial community composition and 3) P addition changes the microbial 

community among cultivars.  

This experiment was designed by DM in consultation with his supervisors. DM ran the 

experiment, collected and analysed the plant growth and root data. Dr Belinda Martin 

extracted the DNA and analysed and graphed the data generated. The chapter was drafted by 

DM with assistance from Dr Belinda Martin and Dr Deirdre Gleeson. Comments were supplied 

by DM’s supervisors and Adjunct Fellow Dr Ann Hamblin.  

This Chapter has been submitted to Frontiers in Microbiology under the title:  

‘Carboxylates and phosphate fertiliser correlate with microbial community structure in sweet 

potato (Ipomoea batatas (L.) Lam.) rhizosheaths’. 

David Minemba1, Belinda C. Martin2,3, Megan H. Ryan1, Erik J. Veneklaas1,2, Deirdre B. Gleeson1  
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ABSTRACT 

Sweet potato is the sixth most important food crop in the world and is commonly grown in 

developing countries, often in low-input subsistence systems, as a staple food for humans and 

as a livestock feed. While sweet potato grows well in marginal soils, the traits that confer this 

ability are poorly understood. Root exudation of low molecular weight carboxylates may have 

a role in phosphorus (P)-acquisition for sweet potato. Root-associated microbes also likely 

play an important role in the ability of sweet potato to grow in low-nutrient soils, but the root 

microbiome of sweet potato is yet to be characterised. Therefore, this study aimed to 

determine; 1) the structure of the microbial community inhabiting the rhizosheath of sweet 

potato cultivars, and 2) how these microbial communities respond to P addition and 

subsequent changes in carboxylate exudation by sweet potato roots. Five sweet potato 

cultivars—Beauregard and Northern Star (both international cultivars) and Whagi Besta, 

Maraso and Marasunda which originate from Papua New Guinea—were grown with and 

without P addition in a low-P soil in a glasshouse. Rhizosheath carboxylates were measured, 

and the rhizosheath microbial community analysed using 16S rRNA gene sequencing. The 

carboxylate amount was low, but was associated with changes in microbial alpha diversity 

under low P and changes in the relative abundances of several microbial taxa; for example, an 

increase in putative nitrogen-fixing Rhizobium, which was most evident for the international 

cultivars. Microbial diversity also differed among cultivars, with P addition decreasing 

microbial diversity and altering the structure of the microbial community. Interestingly, P 

addition generally promoted the occurrence of putative phosphate-solubilising bacteria (e.g. 

Burkholderia), especially in PNG cultivars. In conclusion, this study examined the sweet potato 

rhizosheath for patterns in carboxylate amount, P addition and microbial community structure 

and indicated a role for microbes in promoting sweet potato growth across a wide range of 

environments, including marginal and P-impoverished soils, as well as high-P agricultural 

systems. 

INTRODUCTION 

Sweet potato (Ipomoea batatas (L.) Lam.) is the sixth most important food crop globally, with 

annual production of 100 million tonnes  (FAO, 2016). It is widely recognised as a cheap, 

nutritious food source in developing countries, such as Papua New Guinea (PNG) where it is 

an essential subsistence food crop with a large economic and social importance (Bourke and 
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Harwood, 2009). Although China is the world’s largest producer of sweet potato, supplying 

80–85% of the global supply, PNG is regarded as the second most important centre of sweet 

potato genetic diversity in the world, after South America (Roullier et al., 2013).  

Sweet potato is widely grown in marginal soils characterised by sub-optimal nutrient levels in 

tropical and subtropical climates, including those in PNG (Horton, 1988; Loebenstein and 

Thottappilly, 2009). The fertility of such soils is generally governed by their capacity to retain 

and supply basic nutrient cations to crops and by the size of the soil phosphorus (P) pool 

(Bailey et al., 2009). Excess rainfall can quickly wash exchangeable cations (e.g. K+, Ca2+ and 

Mg2+) from the soil; thus, soil fertility is strongly related to soil cation exchange capacity (CEC) 

(Pincus et al., 2017). In PNG soils, CEC is controlled by a strong presence of 2:1 vermiculitic 

and montmorillonitic clays in the soil mineral fraction, as well as a significant soil organic 

matter component (Bailey et al., 2009). Although such soils would be expected to have good 

cation retention characteristics, in practice this is not the case, as soils with low CECs (<6 mEq 

per 100 g soil) are prevalent in PNG (Bleeker, 1983). Additionally, the volcanic ash soils of PNG 

have high P-fixing capacities and, consequently, low levels of plant-available phosphate 

(Moody and Radcliffe, 1986; Sanchez, 1980).  

Sweet potato genotypes grown in low-fertility soils over long periods are likely to have evolved 

strategies for acquiring and maintaining nutrients. Potential adaptations include symbioses 

with arbuscular mycorrhizal fungi (AMF) (Gai et al., 2006), alterations in root morphological 

traits (Lambers et al., 2006), conservative allocation of P internally within the plant (Minemba 

et al., 2019; Veneklaas et al., 2012), and exudation of low molecular weight carboxylates that 

alter rhizosphere chemistry (Minemba et al., 2019). Exudation of carboxylates, such as citrate, 

malate and oxalate, can occur in low-P situations, as can the presence of high levels of soluble 

Al at low pH, or low availability of Fe at high pH (Ma, 2000; Ryan et al., 2012). Carboxylates 

increase plant-available P by chelating with Al3+, Fe3+ and Ca2+, which subsequently releases P 

from bound or precipitated forms, making it available for plant uptake (Dinkelaker et al., 1989; 

Rengel and Marschner, 2005).  

Exudation of carboxylates by sweet potato has rarely been reported, but we recently showed 

that sweet potato can exude carboxylates, including oxalate, citrate, malate and fumarate 

(Minemba et al. 2019). Exudation varied among sweet potato cultivars, with only malate and 

citrate being affected by P levels up to 120 mg P kg–1. While the exudation rates of sweet 
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potato were lower than those of high carboxylate-exuding species (e.g. cluster root forming 

species) (Shane and Lambers, 2005), the ability of sweet potato to exude carboxylates may be 

an effective P-scavenging strategy (Ryan et al., 2012). Additionally, carboxylates can influence 

microbial processes in the rhizosphere, either by increasing microbial activity and/or causing 

a shift in the microbial community (Fujii et al., 2010; Hashimoto, 2007; Martin et al., 2016). 

The effect of carboxylate exudation on the microbial community will be especially favourable 

for enhancing sweet potato yield if activities and/or populations of plant growth-promoting 

microbes (e.g. nitrogen fixers, phyto-hormone producers and phosphate solubilisers) increase 

as a result. It is expected that variation will exist in root microbial communities among cultivars 

that have evolved to grow and persist in P-impoverished soils. However, to date, there is only 

one published study on the microbiome (root, shoot or entire plant) of sweet potato (Khan 

and Doty, 2009). In this study, endophytic bacteria capable of producing the phytohormone 

indole-3-acetic acid (IAA) were isolated and cultured from 8 cm stem cuttings of sweet potato. 

These IAA-producing endophytes had close relatedness (16S rRNA gene) to the genera 

Pseudomonas, Enterobacter and Rahnella, all of which contain plant growth-promoting 

species (Khan and Doty, 2009). Hence, there is some evidence of plant growth-promoting 

microbes living in association with sweet potato, but we do not know of their widespread 

occurrence, or their possible relationship with plant nutrient status (including carboxylate 

exudation).  

In addition to the impact of organic acid exudation, the form of P available will also affect 

native root microbial communities; for instance, rock P added to soil has been shown to alter 

the microbial community structure (Carson et al., 2007, 2009). Addition of P fertiliser also 

alters root morphology and carboxylate exudation and reduces AM fungal colonisation in 

sweet potato cultivars, but with significant variation among cultivars (Minemba et al., 2019). 

However, the response of the sweet potato rhizosheath microbial community (excluding that 

of AMF) to P availability and carboxylate exudation has not been examined. Therefore, this 

study aimed to determine, 1) the structure of the microbial community inhabiting the 

rhizosheath in five sweet potato cultivars (three from PNG and two internationally grown 

cultivars), and 2) how these microbial communities respond to P addition and subsequent 

changes in carboxylate exudation by sweet potato roots.  
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We hypothesised that 1) P addition would change plant morphology and rhizosheath 

carboxylate amount among sweet potato cultivars, 2) variation in rhizosheath carboxylate 

amount would correlate with variation in microbial community composition and 3) P addition 

would change the microbial community among cultivars. 

MATERIALS AND METHODS 

SITE DESCRIPTION, SOIL COLLECTION AND CHARACTERISATION 

Soil (0–10 cm) was collected on 8 March 2018 from an uncultivated remnant vegetation site 

located at The University of Western Australia Ridgefield farm near Pingelly (50 497694.06 E; 

6404729.04 S). Soils at this site experience a Mediterranean climate with hot, dry summers 

and mild, wet winters. Mean annual rainfall is 445 mm, and the minimum mean annual 

temperature is 10.4C, and the maximum mean annual temperature is 23.4C (Bureau of 

Meteorology 2013). The soil was air-dried for five days and sieved (<4 mm) prior to use. A 

subsample of the sieved soil was sent to CSBP’s Soils & Plant Analysis Laboratory, Bibra Lake, 

Western Australia for analysis. The soil is described as a sandy loam with low bicarbonate-

extractable P (5 mg kg–1) (Colwell, 1963), low P-buffering index (PBI=55.8) (Moody, 2007) and 

a pH of 5.3 (CaCl2). Full details of soil characteristics can be found in Minemba et al. (2019).  

Five sweet potato cultivars were used in this experiment—three originate from Papua New 

Guinea (Whagi Besta, Maraso and Marasunda) and two are internationally grown cultivars 

(Beauregard and Northern Star). The cultivars from PNG are usually grown in the tropical 

climate of PNG under high rainfall (1000–9000 mm) and on soils of volcanic origin where P 

fixation through association with iron (Fe) and aluminium (Al) oxides is common (Bourke, 

2010). The international cultivars are often used for commercial production in high-input 

systems (Villordon et al., 2014). All five sweet potato cultivars were grown in prior work in our 

laboratory (Chapter 3 and 4), displaying limited investment in root morphological traits 

improving access to soil P, but exuding carboxylates into the rhizosheath. The sweet potato 

cultivars were initially supplied by the Queensland Department of Agriculture and Fisheries, 

Gatton Research Facility as pathogen-tested materials and later multiplied at The University 

of Western Australia to generate enough planting materials for use in the experiment.  

EXPERIMENTAL DESIGN  
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The experiment was established on 9 January 2018 (Australian summer) in a well-lit 

glasshouse. Black polystyrene round pots 12 cm in diameter and 17 cm in height were used. 

Each pot contained 1.5 kg of soil placed inside transparent bags (20 cm x 44 cm) and was 

established as described in Minemba et al. (2019) except for P rates, which were as follows: 

two fertiliser rates were applied to create distinct differences in carboxylate exudation in the 

rhizosheath among the sweet potato cultivars. The fertiliser was applied as potassium 

hydrogen phosphate (KH2PO4) six days after planting. Application rates were 0 or 526 mg kg–1 

of KH2PO4 to achieve rates of 0 and 260 mg P kg–1 soil, respectively. Basal nutrients were 

applied as 60 mg kg–1 of CuSO4.5H2O to achieve a rate of 15 mg Cu kg–1, and 66 mg kg–1 of 

ZnSO4.7H2O to achieve a rate of 15 mg Zn kg–1. NH4NO3 at 115 mg kg–1 was applied to achieve 

a rate of 40 mg N kg–1 as recommended for sweet potato (O’Sullivan et al., 1997). Only NH4NO3 

was reapplied; this occurred 15 days after planting to boost growth. Pots were planted with 

one of the five sweet potato cultivars. The experiment was a completely randomised block 

design with six replications. Replicates were planted in three consecutive weeks (two 

replicates per week) to allow enough time to harvest at the end of the experiment. 

STEM CUTTING AND PLANTING 

The soil in the pots to 60% field capacity before planting vine cuttings. For sweet potato, stems 

of similar diameter were selected for each cultivar, and cuttings of equal length between three 

nodes were taken, with the nodes included. The nodes were selected in positions 9–13 

counting from the tip, as shown in Ma et al. (2015). The cuttings were prepared and planted 

on the same day. A single cutting was planted in each pot, with one node placed 3 cm deep in 

the soil.  

EXPERIMENT MAINTENANCE 

Pots were randomised in position on the bench and watered to weight using deionised water 

weekly. Soil water content was adjusted to 75% field capacity after fertiliser application. 

Yellow sticky traps were placed in each replicate to control insect pests, and evaporation was 

decreased by placing a layer of plastic beads on the soil surface. Weeds were removed 

manually as required. Temperatures recorded inside the glasshouse during the trial period 

ranged from 10–15C at night and 18–25C during the day. Three days prior to harvest soil 

water content was decreased to 50% field capacity to facilitate sampling of the rhizosheath. 



CHAPTER 5. CARBOXYLATES AND PHOSPHATE FERTILISER 

 PAGE | 94 

HARVEST 

Harvest occurred when plants exhibited clear growth differences and commenced on 20 

February 2018, 43 days after planting. Two replicates were harvested each week for three 

consecutive weeks in the same order as they were established. One day prior to harvest plastic 

beads were removed. At harvest, the transparent plastic bags enclosing the soil were lifted 

from the pots. The plastic bags were cut and removed, exposing the soil but keeping the roots 

and soil intact. The soil was gently dispersed, and the soil not attached to roots was carefully 

removed. Soil particles adhering to the roots when lifted were considered rhizosheath. This 

rhizosheath, with roots, was randomly sampled and placed in labelled ziplock bags and 

weighed prior to being stored in a portable freezer at –20C for microbial DNA extraction as 

described below. Tools used for sampling were carefully sterilised with ethanol for each 

sample.  

RHIZOSHEATH EXUDATE COLLECTION AND CHARACTERISATION 

The rhizosheath carboxylate collection method was used as described by Kidd et al. (2018). 

The root system was gently teased from surrounding soil. It was then held aloft and gently 

shaken to remove loosely-adhered soil. The soil that remained attached to the root system 

was classified as rhizosheath. The whole plant with rhizosheath attached to the root system 

was then immediately placed in a 100 ml beaker. The minimum volume of 0.2 mM CaCl2 

solution required for roots to be fully immersed was added, roots washed, and volume noted. 

The contents of the beaker were swirled and time allowed for the silt to settle before a 10 ml 

syringe was used to draw a 5 ml subsample from the middle of the beaker in a consistent 

manner for all treatments. A 0.2 µM filter was then attached to the syringe before filling a 1 

ml high-performance liquid chromatography (HPLC) vial containing 25 µl of orthophosphoric 

acid to three-quarters full with the filtrate. Vials were capped and transferred to an ice-filled 

insulated container before storage at –20C.  

The solutions were analysed for common carboxylates using HPLC as described by Cawthray 

(2003), except for oxalate where the method of Uloth et al. (2015) was followed. Measured 

values of all carboxylates were compared to their known limit of detection (LoD) being (µM), 

citrate 5, oxalate 8, malate 7, acetate 24, fumarate 0.06, malonate 8, maleate 0.05, succinate 

15, shikimate 0.015, cis-aconitate 0.1 and trans-aconitate 0.1. Values below these limits were 
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considered zero. Values were expressed as the amount present per gram of root dry mass 

(µmol g–1 DM). 

ROOT MORPHOLOGY, DRY MASS, TISSUE P AND P-ACQUISITION EFFICIENCY MEASUREMENTS 

Root scanning 

The root system was excised at the root/shoot interface, well-washed, wrapped in paper 

towel, sealed in a ziplock bag and stored at 4C for scanning. Since no storage roots had 

formed on most cultivars and little difference noticed between adventitious roots and lateral 

roots that had multiple branching, all roots were categorised as lateral roots (<5 mm 

diameter). A day after harvest, the roots were floated in a tray of water and scanned to 

determine root length, diameter, surface area and root volume using an Epson 1680 scanner 

and WinRhizo version 4.1 computer software (Regent Instruments Inc. Quebec Canada).  

Plant biomass 

The roots were weighed and placed in paper bags and dried at 60C for five days and dry mass 

recorded. The original vine cutting (cutting) was separated from the new growth (regrowth 

stem and leaf) that sprouted after planting. Fresh weights of the regrowth of stem and leaf 

were recorded, then samples were placed in paper bags and oven-dried for five days at 60C. 

The dry mass of regrowth stem and leaf were recorded before grinding with an electric kitchen 

grinder for P digestion. Note, data from the original stem cutting are not used in the paper. 

Tissue P analysis 

The ground samples of regrowth stem and leaf were digested in a 3:1 HNO3:HClO4 acid 

solution. Total P concentrations were measured by colourimetry with a microplate reader by 

the molybdovanadophosphate yellow method (Motomizu et al., 1983). The leaf and stem P 

contents were calculated by multiplying P concentrations and dry weights. Stem and leaf P 

contents were combined as ‘aboveground P content’ and the rate of P-acquisition efficiency 

(PAE) per unit of root length was estimated as follows: 

PAE = [aboveground P content (µg) / root length (m)] / growth duration (days)  
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Root mass fraction  

The total dry weight of the root system and the dry weight of aboveground regrowth were 

used to calculate root mass fraction (RMF), the proportion of root dry mass relative to total 

plant regrowth dry mass.  

DNA COLLECTION, EXTRACTION AND 16S rRNA GENE SEQUENCING 

Three replicates were selected from the initial six replicates for microbiome analysis resulting 

in a total of 30 samples analysed. DNA extractions were performed using the PowerSoil™ DNA 

Isolation Kit (Qiagen) following the manufacturer's instructions. DNA extractions were 

quantified using a Qubit™ and the DNA extract stored at −40C prior to further analysis. The 

microbial community was analysed using primers 341F–806R that target the V3–V4 

hypervariable region of the 16S rRNA gene (Caporaso et al., 2011; Muhling et al., 2008; Muyzer 

et al., 1993). Sequencing of pooled amplicons was performed by the Australian Genome 

Research Facility on the Illumina MiSeq platform, using Nextera XT v2 indices and 300 bp 

paired-end sequencing chemistry.  

Bioinformatic analysis of sequence reads was undertaken following the pipeline developed by 

Comeau et al. (2017). Paired-end reads were assembled by aligning the forward and reverse 

reads using PEAR (version 0.9.1) (Zhang et al., 2014). Quality metrics were checked using 

FastQC (version 0.11.5) and filtered by removing reads with a quality score <30 for at least 

90% of bases and reads longer than 400 bp using tools in FASTX (version 0.7) and BBmap 

(version 35.84). Ambiguous and chimeric sequences were identified and removed using 

VSEARCH (version 1.4.0) (Rognes et al., 2016) with the RDP as reference (training set version 

16). All downstream analyses were performed in QIIME (version 1.9.1) (Caporaso et al., 

2010b). Open-reference OTU picking was performed using the SortMeRNA method (Kopylova 

et al., 2012) with a minimum identity of 97%. Taxonomy was assigned using UCLUST (Edgar, 

2010) with the SILVA database as reference (version 132), and sequences aligned using 

PyNAST (Caporaso et al., 2010a). OTUs identified in less than 1% of the reads were removed, 

as well as reads identified as chloroplast or mitochondria. Archaea were not filtered out. 

General sequencing statistics can be found in Table S1.  
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DATA ANALYSIS 

The experiment consisted of two factors fully crossed: cultivar (five sweet potato cultivars) 

and P treatment (2 levels). There were either six replicates (carboxylates, root measures and 

biomass) or a subset of three replicates (microbiome) of each experimental unit. Phosphorus 

status measures (P content, concentration and PAE replicates) ranged from 3 to 6; 

subsequently type III sum of squares was applied to account for uneven designs. The effect of 

experimental factors on plant growth, root traits, P uptake traits and rhizosheath carboxylate 

amounts was tested using two-way analysis of variance (ANOVA). All data were checked for 

normality and transformed (log or square root) when required. Alpha diversity was estimated 

using inverse Simpson and Chao1 diversity indices on rarefied data. Differences in alpha 

diversity among cultivars and P fertiliser levels were then tested using two-way ANOVA. 

Weighted Unifrac of relative abundances were used to construct dissimilarity matrices of the 

communities (beta-diversity) and visualised using PCoA. Stratified permutational multivariate 

analysis of variance (PERMANOVA; R vegan function adonis) with 999 permutations was 

conducted to explore the percentage of variance that could be explained by the differences in 

beta-diversity between plant cultivars and P fertiliser addition. Differential abundance of OTUs 

between P fertiliser rates was performed individually for each cultivar to test whether P 

fertiliser rate impacts specific taxa of the rhizosheath microbial community. Differential 

abundance was performed on variance stabilised data that was agglomerated to the genus 

level using the DESeq2 package (McMurdie and Holmes, 2014). Significance was determined 

by Benjamini–Hochberg corrected P-values < 0.01. All statistical analysis was carried out in R 

studio (version 1.1.456) using Phyloseq (McMurdie and Holmes, 2013), DESeq2 (version 

1.20.0), ggplot and vegan packages. Sequences have been uploaded to NCBI under the 

BioProject number PRJNA578781. 

RESULTS 

ABOVE AND BELOWGROUND RESPONSE OF SWEET POTATO CULTIVARS TO P ADDITION 

P addition significantly increased the aboveground biomass of all sweet potato cultivars (Fig. 

5.1a, Table S2). However, there was no significant interaction between cultivar and P addition; 

hence all cultivars increased their aboveground biomass to the same extent with the addition 

of P (Fig. 5.1a). Belowground biomass and root architecture were also altered by P addition. 

Lateral root dry mass and total root length increased with P addition across all cultivars (Fig. 
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5.1b, Fig. 5.1c, Table S2). Conversely, RMF significantly decreased with P addition across 

cultivars (Fig. 5.1d, Table S2). There was no significant interaction between cultivar and P 

addition for all root parameters, suggesting that the belowground response to P addition was 

the same among cultivars (Table S2). 

 

 

FIGURE 5.1. ABOVE AND BELOWGROUND BIOMASS RESPONSE TO P ADDITION (260 MG P KG–1) ACROSS FIVE 

SWEET POTATO CULTIVARS; BOXPLOTS WITH DATA POINTS OVERLAIN (N=6). (A) ABOVEGROUND BIOMASS 

(REGROWTH STEM AND LEAVES), (B) LATERAL ROOT DRY MASS, (C) TOTAL ROOT LENGTH, (D) ROOT MASS 

FRACTION (RMF). NS = NORTHERN STAR. SIGNIFICANCE OF TWO-WAY ANOVA TERMS ARE INDICATED WITHIN 

EACH PANEL, WHERE P = P TREATMENT, P*C = INTERACTION BETWEEN P TREATMENT AND CULTIVAR, *** 

P<0.001, ** P<0.01, * P<0.05 AND NS = NOT SIGNIFICANT.  

 

P NUTRIENT STATUS AND CARBOXYLATE EXUDATION  

There was a significant increase in PAE, aboveground P content (regrowth stem and leaves), 

leaf P concentration and stem P concentration (Fig. 5.2, Table S2) with the addition of P across 
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all sweet potato cultivars. The PNG cultivar Marasunda had significantly lower PAE than the 

two international cultivars when grown under high P (Fig. 5.2a). Additionally, Marasunda had 

significantly lower aboveground P content than Northern Star (Fig. 5.2b) and significantly 

lower leaf P concentration than Beauregard (Fig. 5.2c) when grown under high P. Conversely, 

there were no significant differences among cultivars in any measures of P nutrient status 

when no P was added (Fig. 5.2). 

 

 

FIGURE 5.2. RESPONSE OF ABOVEGROUND TISSUE P AND PAE TO P ADDITION (260 MG P KG–1) ACROSS FIVE 

SWEET POTATO CULTIVARS; BOXPLOTS WITH DATA POINTS OVERLAIN (N=6). (A) P-ACQUISITION EFFICIENCY (PAE), 

(B) TOTAL ABOVEGROUND REGROWTH P CONTENT, (C) REGROWTH LEAF P CONCENTRATION, (D) REGROWTH STEM 

P CONCENTRATION. NS = NORTHERN STAR. SIGNIFICANCE OF TWO-WAY ANOVA TERMS ARE INDICATED WITHIN 

EACH PANEL, WHERE P = P TREATMENT, P*C = INTERACTION BETWEEN P TREATMENT AND CULTIVAR, *** 

P<0.001, ** P<0.01, * P<0.05 AND NS = NOT SIGNIFICANT. WHERE A SIGNIFICANT INTERACTION WAS FOUND, 

SIGNIFICANT POST-HOC TESTS ARE INDICATED BY DIFFERENT LOWERCASE LETTERS.  
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Malate and oxalate were the dominant carboxylates recovered from the rhizosheath of sweet 

potato (up to 5 µmol g–1 root DM of malate and 3 µmol g–1 root DM of oxalate), although the 

amounts of each carboxylate differed between cultivars (Fig. 5.3a, Fig. 5.3b). Except for 

Beauregard, citrate was also recovered from the rhizosheaths of the sweet potato cultivars 

(Fig. 5.3c), as well as shikimate, though at much lower amounts (up to 0.06 µmol g–1 root DM) 

(Fig. 5.3d). The addition of P affected rhizosheath carboxylate amount in the sweet potato 

cultivars, with a significant increase in oxalate and malate, significant decrease in citrate and 

a cultivar-specific change in shikimate, with only Whagi Besta significantly increasing 

shimikate amount with addition of P fertiliser (Table S3).  

 

FIGURE 5.3. RESPONSE OF RHIZOSHEATH CARBOXYLATE AMOUNT TO P ADDITION (260 MG P KG–1) ACROSS FIVE 

SWEET POTATO CULTIVARS; BOXPLOTS WITH DATA POINTS OVERLAIN (N=6). (A) MALATE, (B) OXALATE, (C) 

CITRATE, (D) SHIKIMATE. NS = NORTHERN STAR. SIGNIFICANCE OF TWO-WAY ANOVA TERMS ARE INDICATED 

WITHIN EACH PANEL, WHERE P = P TREATMENT, P*C = INTERACTION BETWEEN P TREATMENT AND CULTIVAR, *** 

P<0.001, ** P<0.01, * P<0.05 AND NS = NOT SIGNIFICANT. WHERE A SIGNIFICANT INTERACTION WAS FOUND, 

SIGNIFICANT POST-HOC TESTS ARE INDICATED BY DIFFERENT LOWERCASE LETTERS.  
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ROOT MICROBIOME OF SWEET POTATO CULTIVARS  

Microbial alpha diversity (inverse Simpson and Chao1) differed significantly among sweet 

potato cultivars (Fig. 5.4a, Fig. 5.4b). Alpha diversity decreased significantly with the addition 

of P across all sweet potato cultivars (Fig. 5.4a, Fig. 5.4b). The addition of P also resulted in a 

shift in microbial community structure (PERMANOVA, F1,21 = 7.7, P<0.001), with 24% of the 

total variation in community structure explained by P addition (Fig. 5.4c). Conversely, there 

was no significant grouping of microbial community structure by cultivar (Fig. 5.4c). Across all 

cultivars, microbial alpha diversity (inverse Simpson and Chao1) correlated positively to 

oxalate and citrate amount and negatively to malate amount recovered from the rhizosheath, 

but only when P was not added (Table 5.1). There were no significant correlations between 

microbial alpha diversity and P nutrient measures (e.g. leaf P and stem concentration, 

aboveground P content or PAE) (Table 5.1). Additionally, carboxylate amount did not correlate 

significantly with leaf P and stem concentration, aboveground P content or PAE. 
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TABLE 5.1. CORRELATIONS BETWEEN THE AMOUNTS OF FOUR INDIVIDUAL CARBOXYLATES, NUTRIENT 

ACQUISITION EFFICIENCY (PAE), LEAF P, STEM P AND ABOVEGROUND P CONTENT WITH MICROBIAL ALPHA 

DIVERSITY WITH AND WITHOUT P ADDITION (260 MG P KG–1). SIGNIFICANT CORRELATIONS WERE CALCULATED 

USING PEARSON’S PRODUCT-MOMENT. 

Microbial alpha 
diversity 

Carboxylates/P 
status 

P fertiliser 
rate P t df r 

Inverse Simpson Oxalate 0 <0.01 3.2 13 0.67 
  260 NS    
 Malate 0 <0.01 –3.5 13 –0.70 
  260 NS    
 Citrate 0 0.02 2.3 13 0.53 
  260 NS    
 Shikimate 0 NS    
  260 NS    

 PAE 0 NS    
  260 NS    

 Leaf P 0 NS    
  260 NS    

 Stem P 0 NS    
  260 NS    

 
Aboveground P 

content 0 NS    
  260 NS    
Chao1 Oxalate 0 <0.001 4.3 13 0.77 
  260 NS    
 Malate 0 0.02 –2.6 13 –0.59 
  260 NS    
 Citrate 0 0.04 2.2 13 0.53 
  260 NS    
 Shikimate 0 NS    
  260 NS    
 PAE 0 NS    
  260 NS    
 Leaf P 0 NS    
  260 NS    
 Stem P 0 NS    
  260 NS    

 
Aboveground P 

content 0 NS    
  260 NS    
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FIGURE 5.4. RESPONSE OF THE ROOT MICROBIOME TO P ADDITION (260 MG P KG–1) ACROSS FIVE SWEET POTATO 

CULTIVARS; BOXPLOTS WITH DATA POINTS OVERLAIN (N=3). (A) CALCULATED INVERSE SIMPSON DIVERSITY, (B) 

CALCULATED CHAO1 DIVERSITY, (C) PRINCIPAL COORDINATES ANALYSIS (PCOA) OF WEIGHTED UNIFRAC 

DISTANCES. NS = NORTHERN STAR. SIGNIFICANCE OF TWO-WAY ANOVA TERMS ARE INDICATED WITHIN EACH 

PANEL, WHERE P = P TREATMENT, P*C = INTERACTION BETWEEN P TREATMENT AND CULTIVAR, *** P<0.001, 

** P<0.01, * P<0.05 AND NS = NOT SIGNIFICANT. 

 

The amount of citrate recovered from the two international cultivars (Beauregard and 

Northern Star) was positively correlated to the relative abundance of Mycobacterium, 

Acidobacter and putative nitrogen fixers in the Rhizobium complex (Fig. 5.5). Rhizosheath 

amount of shikimate recovered from Northern Star was also positively correlated to 

Acidobacter (Fig. 5.5). Dyella and the Burkholderia complex were significantly positively 

correlated to PAE, aboveground P content and leaf P concentration for the PNG cultivars 

(Marasunda, Maraso and Whagi Besta) but not for the international cultivars (Fig. 5.5). 

Humibacter was also positively correlated to PAE, and Massilia was positively correlated to 
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leaf and stem P concentration for the PNG cultivar Whagi Besta (Fig. 5.5). Conversely, 

Solirubrobacter, Geodermatophilus and Crossiella were negatively correlated with 

aboveground P content, leaf and stem P concentration for the international cultivar 

Beauregard, while Acidobacter was negatively correlated to PAE, aboveground P content, leaf 

and stem P concentration for the cultivar Marasunda (Fig. 5.5). 

 

 

FIGURE 5.5. HEAT MAP OF CORRELATIONS BETWEEN RHIZOSHEATH CARBOXYLATE AMOUNT, P-ACQUISITION 

EFFICIENCY (PAE), ABOVEGROUND REGROWTH P CONTENT, REGROWTH LEAF P CONCENTRATION, REGROWTH 

STEM P CONCENTRATION AND THE RELATIVE ABUNDANCE OF THE TOP 25 MOST ABUNDANT OTUS FOR EACH 

CULTIVAR ACROSS BOTH FERTILISER TREATMENTS. CORRELATIONS WERE CALCULATED USING PEARSON’S 

CORRELATION COEFFICIENT. SIGNIFICANT CORRELATIONS (BENJAMIN AND HOCHBERG ADJUSTED P-VALUES) ARE 

INDICATED WITH AN ASTERISK, WHERE * P<0.05, ** P<0.01, *** P<0.001. 
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Differential abundance analysis revealed that P fertiliser resulted in enrichment in several 

microbial taxa across all sweet potato cultivars (Fig. 5.6). Beauregard had the largest 

enrichment in the number of taxa with P addition, with a total of nine genera enriched (Fig. 

5.6). The Burkholderia environmental complex (including Burkholderia, Paraburkolderia and 

Caballeronia) were enriched across all five sweet potato cultivars with P addition (Fig. 5.6). 

The Burkholderia complex also had the greatest base mean abundance of the enriched taxa 

(Fig. 5.6). Dyella, Mucilaginibacter and Humibacter were also enriched across three sweet 

potato cultivars with P addition (Fig. 5.6).  

 

 

FIGURE 5.6. DIFFERENTIALLY ABUNDANT OTUS (AGGLOMERATED BY GENUS LEVEL) BETWEEN ROOTS OF EACH 

SWEET POTATO CULTIVARS GROWTH WITH AND WITHOUT P ADDITION AT (A) THE FAMILY LEVEL AND (B) GENUS 

LEVEL. ONLY OTUS WITH A KNOWN IDENTITY AT THE GENUS LEVEL AND WITH A SIGNIFICANCE OF P<0.01 ARE 

SHOWN. A LOG2FOLDCHANGE (SHOWN BY RED LINE) >0 INDICATES PHYLA THAT WERE MORE ABUNDANT WITH 

THE ADDITION OF P. THE SIZE OF EACH CIRCLE CORRESPONDS TO THE BASEMEAN OF THAT OTU.  

 

DISCUSSION 

This is the first study to examine root microbiomes of sweet potato and their interaction with 

P addition and carboxylate amount in the rhizosheath. We found that carboxylates recovered 
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from sweet potato rhizosheaths were associated with increased abundance of putative 

nitrogen-fixing bacteria (Rhizobium complex) in the international cultivars, and that oxalate, 

malate and citrate amounts correlated with measures of microbial diversity when no P was 

applied. We also found that P addition decreased microbial alpha diversity and altered the 

structure of the microbial community across all sweet potato cultivars. However, P addition 

also promoted the occurrence of putative phosphate-solubilising bacteria (e.g. Burkholderia 

complex); particularly for the PNG varieties. This promotion of phosphate-solubilising bacteria 

could result in greater than expected responses to P addition and may explain the variation in 

responses to P addition among previous studies. Future research on the role of rhizosheath 

microbes in aiding the uptake of fertiliser P by sweet potato could benefit cultivar selection 

and breeding for the efficient use of P fertiliser for both subsistence and high-input agricultural 

systems.  

P ADDITION CHANGES ROOT MORPHOLOGY, P UPTAKE AND AMOUNT OF RHIZOSHEATH 

CARBOXYLATES IN SWEET POTATO  

Addition of 260 mg P kg–1 of soil resulted in morphological changes across all sweet potato 

cultivars that are characteristic of changing resource allocation; that is, an increase in 

aboveground biomass relative to belowground biomass as a consequence of the decreased 

requirement for roots to forage for P. The addition of P also caused small changes in the 

amounts of carboxylates recovered from the rhizosheath; increasing oxalate and malate and 

decreasing citrate. It is unclear what factors regulate exudation rates of carboxylates from 

roots in plants, particularly for sweet potato where there is little information on root 

exudation. In chickpea, exudation of carboxylates varies with soil properties and plant 

developmental stage, but there is no simple correlation with soil P status (Veneklaas et al., 

2003; Wouterlood et al., 2004). Further investigation into which mechanisms determine 

carboxylate release in sweet potato is warranted.  

The role that carboxylates play in plant P uptake is also unclear, especially when the measured 

amounts are low. In general, carboxylates with three carboxyl groups (e.g. citrate) are more 

effective at mobilising bound P than carboxylates with one or two carboxyl groups (e.g. 

shikimate and fumarate) (Wouterlood et al., 2004). As such, plant P content might correlate 

positively with citrate exudation or the amount of rhizosheath citrate when plants are grown 

in a low-P soil; this was demonstrated for several Kennedia species that mostly had 
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rhizosheath carboxylate amounts of 25–75 µmol g–1 root (Ryan et al., 2012). However, the 

total amounts of rhizosheath carboxylates detected in this study were very low (<5 µmol g–1 

root) compared to those in Ryan et al. (2012) and those measured in similar glasshouse 

experiments for other agricultural species, which reached 100–200 µmol g–1 root (Kidd et al. 

2018). Hence, it is not surprising that there was no positive correlation between citrate 

recovered from the rhizosheath and PAE, shoot P content or tissue P concentration in sweet 

potato. One explanation may be that carboxylate release is more related to the need to 

maintain cation–anion balance in high nutrient environments rather than as a direct P-

acquisition strategy (Ryan et al., 2001). Additionally, the interaction of carboxylates with plant 

nutrition may be more complex than a direct impact on root P uptake as it may also be 

mediated via interactions with the soil microbial community.  

RHIZOSHEATH CARBOXYLATES ARE ASSOCIATED WITH CHANGES IN THE MICROBIAL COMMUNITY  

The amount of individual rhizosheath carboxylates was correlated with both alpha diversity 

and the abundance of specific genera of the sweet potato root microbiome. Different 

carboxylates are taken up by different microbial membrane transport systems (Jones et al., 

1996); hence, each carboxylate is likely to be used by different components of the microbial 

community, which may lead to decreases or increases in overall diversity. In this study, 

microbial alpha diversity was positively correlated with rhizosheath amount of oxalate and 

citrate and negatively correlated with malate—but these correlations were only evident in the 

absence of P addition. When looking at the individual OTUs at the genus level, different 

carboxylates were associated with increased abundances of specific genera. For example, 

rhizosheath amounts of citrate recovered from the international cultivars were associated 

with increased abundance of Mycobacterium, Acidobacter and OTUs related to the Rhizobium 

complex. The Rhizobium complex includes many well-characterised nitrogen-fixing bacteria 

(e.g. Rhizobium and Bradyrhizobium) (Coskun et al., 2017), and some isolates of 

Mycobacterium have been reported to have nitrogen-fixing capacity (Sellstedt and Richau, 

2013). Nitrogen fixation is energetically demanding, with plants expending an estimated 2.5% 

of their photosynthates on nitrogen fixation (Gutschick, 1978). Hence, readily available carbon 

in the form of carboxylates is likely an important carbon source for N2-fixing communities. 

Khan and Doty (2009)—the only other study to examine sweet potato microbiomes—isolated 

an endophytic bacteria (Azotobacter vinelandii) from stem cuttings. This endophyte contained 
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the nifH sequence and grew well on nitrogen-free media, supporting the hypothesis that 

sweet potato hosts a diversity of putative beneficial nitrogen-fixing microbes in both its stems, 

roots and/or rhizosheath.  

Additionally, carboxylates such as citrate, malate, succinate and fumarate are effective 

chemical attractants that enhance root colonisation for beneficial bacteria such as 

Pseudomonas fluorescens (Kamilova et al., 2006; Oku et al., 2014). Hence, the effect of 

carboxylates on free-living N2 fixers may be due to either serving as a direct source of carbon 

and/or as a chemoattractant for facilitating root colonisation for free-living diazotrophs. In 

this sense, carboxylates may prove important for plant nutrition, not just from their potential 

effect at mobilising soil-bound phosphate, but also in their potential ability to promote and 

support the growth of free-living diazotrophs that in turn provide plants with an easily 

available form of N. 

P ADDITION LOWERS MICROBIAL DIVERSITY BUT PROMOTES OCCURRENCE OF PUTATIVE 

PHOSPHATE-SOLUBILISING BACTERIA IN RHIZOSHEATHS OF SWEET POTATO 

The addition of P decreased microbial alpha diversity in all sweet potato cultivars, resulting in 

a sweet potato root microbiome dominated by genera related to the Burkholderia complex 

(including Burkholderia, Paraburkolderia and Caballeronia), Dyella, Mucilaginibacter and 

Humibacter. Certain species and strains of Burkholderia possesses putative functions that are 

beneficial for plant growth, including nitrogen fixation (Minerdi et al., 2001; Taulé et al., 2012) 

and P solubilisation (Delvasto et al., 2008; Wickramatilake et al., 2011). The Burkholderia 

complex (species and strains), along with Dyella, was also significantly positively correlated 

with PAE, tissue P content, and leaf and stem P concentrations for the PNG cultivars. 

Burkholderia species are major inhabitants of cluster roots and the rhizosphere in white lupin, 

where they have a high tolerance to low pH and an ability to use carboxylic acids such as citrate 

and oxalate (Wasaki et al., 2018; Weisskopf et al., 2011). Additionally, phosphate-solubilising 

Burkholderia species increased in abundance with the addition of rock phosphate in bulk soil 

(Wickramatilake et al., 2011) and the rhizosphere of maize (Silva et al., 2017). Interestingly, 

Dyella japonica can co-migrate with Burkholderia species on the hyphae of Lyophyllum 

(Warmink and Van Elsas, 2009), so the increased abundance of Dyella with P addition may be 

related to the increase in Burkholderia abundance rather than a direct result of P fertilisation. 

Regardless, it is apparent that Burkholderia species are particularly adapted to living in high-P 
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soils, whether that be due to a direct effect of high-P availability or an indirect effect of 

alterations to soil pH with fertiliser application.  

Conversely, Solirubrobacter, Crossiella and Acidobacter were negatively correlated with plant 

P status (PAE, tissue P content and tissue P concentration). Solirubrobacter has been found to 

occur in higher abundance in organically managed soil than conventionally managed soil 

where mineral fertilisers have been added (Liao et al., 2019). It is still unclear why 

Solirubrobacter appears to prefer organically farmed soils, but it may be related to a higher 

preference for stable soil aggregates, as present in organically farmed soils (Sánchez-Marañón 

et al., 2017), or to other soil properties such as pH. Microbes from the phylum Acidobacteria 

are generally considered K-strategists in that they are likely to proliferate in environments 

with low nutrients due to their high efficiency in converting nutrients to biomass (Kielak et al., 

2016). In this study, Acidobacter was negatively correlated to plant P status, perhaps indicating 

that this group is outcompeted by other rhizosheath microbes when high levels of P are 

applied. Hence, microbes such as Burkholderia and Dyella may thrive in high-P agricultural 

systems, while microbes related to Solirubrobacter and Acidobacter may proliferate in P-

impoverished soils (e.g. in PNG). However, what is less clear is how the abundance of these 

microbes relates to plant nutrition. For example, are Burkolderia further increasing P 

availability, are they competing with plants for P, or are they having a neutral effect on plant 

growth? Future work using germ-free soils/growth media would help to answer these 

questions. 

CONCLUSION 

The main conclusions of this study in relation to our initial hypotheses are that: (1) P addition 

changed morphology and rhizosheath carboxylate amounts in sweet potato cultivars, (2) 

microbial community composition correlated with the amount of some carboxylates, and (3) 

P addition reduced microbial diversity, altered microbial community structure but increased 

abundance of phosphate-solubilising bacteria, particularly in PNG cultivars. This study is the 

first to investigate patterns among carboxylates, P addition and the microbial community 

present in the sweet potato rhizosheath and revealed the role that these microbes may play 

in promoting plant growth in a wide range of environments, including marginal and P-

impoverished soils, as well as high-P agricultural systems.  
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CHAPTER 6. EFFECT OF INCREASING RATES OF INSOLUBLE PHOSPHORUS 

FERTILISER ON GROWTH, RHIZOSHEATH CARBOXYLATES AND PHOSPHORUS-

RESORPTION EFFICIENCY IN SWEET POTATO (IPOMOEA BATATA (L.) LAM.) 

CULTIVARS 

 

PREFACE  

All sweet potato cultivars used in Experiments 1 and 2, exposed to a soluble P fertiliser source, 

showed little variation in root traits related to P uptake, while maintaining a fairly constant 

internal P concentration, and the amounts of carboxylates exuded remained low. This chapter 

describes an experiment designed to stimulate more exudation of carboxylates and clarify the 

role of the internal P concentration and internal P-use efficiency (PUE) by imposing a high 

degree of P stress and adding P in a relatively insoluble form. The three sweet potato cultivars 

that had shown the greatest potential for carboxylate production (see Chapters 4 and 5) were 

exposed to four levels of P from an insoluble P fertiliser source added to an inherently low-P 

soil. 

Experiment 3 tested the hypotheses that: 1) the amount of carboxylates in the rhizosheath 

increases with increasing application of an insoluble P fertilizer and that rhizosheath 

carboxylate amount varies among sweet potato cultivars; 2) sweet potato cultivars have high 

P resorption efficiency; and 3) sweet potato cultivars vary in their growth response to FePO4. 

This experiment was designed by DM in consultation with his supervisors. The experiment was 

run and analysed by DM, who then drafted the chapter. Comments were supplied by Megan 

Ryan and Adjunct Fellow Ann Hamblin. 

 

  



CHAPTER 6. EFFECT OF INSOLUBLE P FERTILIZER ON GROWTH, RHIZOSHEATH CARBOXYLATES AND P RESORPTION EFFICIENCY 

 PAGE | 117 

ABSTRACT 

Sweet potato demonstrates little evidence of specialised root structures to scavenge for 

phosphorus (P) but instead likely relies on the exudation of carboxylates and a high internal 

P-use efficiency to grow well in P-impoverished soil. Despite increasing biomass in response 

to P addition, sweet potato maintains a relatively constant and very low tissue P concentration 

(<1 mg P g–1 DM) and also exudes carboxylates from roots, albeit at quite low levels. Sweet 

potato persists in soils where P availability is low due to P being tightly bound into relatively 

insoluble compounds. Therefore, this final chapter investigates the growth response of sweet 

potato to a relatively insoluble P fertiliser in a low-P soil. The study is intended to: 1) increase 

P stress in selected sweet potato cultivars to change carboxylate exudation and 2) assess 

variations in P resorption efficiency among the cultivars under extreme low-P conditions. 

Three sweet potato cultivars (Beauregard, Whagi Besta, Marasunda) and a sub-clover cultivar 

(Trifolium subterraneum) were grown at four levels of P (0, 30, 60 and 180 mg P kg–1 soil added 

as FePO4) for 43 days in a glasshouse in a low-P soil. Dry mass, tissue P concentration (green 

and dead leaves) and amount of carboxylates in the rhizosheath were measured.  

Sweet potato appeared poorly able to access P from FePO4 fertiliser. Significant growth 

differences among the three sweet potato cultivars could not be linked to the amount of 

carboxylates, which was always very low. There was variation in P-resorption efficiency among 

cultivars, but the significance of this is perhaps minor given that the concentration of P in the 

leaf tissue was already very low. 
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INTRODUCTION 

Plants that successfully adapt to low-P soil often develop specialised root traits that assist P 

uptake, either by aiding exploration of soil through thin roots and long root hairs, or by 

enhancing root access to P by increasing its availability with exudation of carboxylates 

(Lambers et al. 2015; Marschner et al. 1986). Sweet potato grows in P-impoverished soils and 

expresses very limited root traits for soil exploration (Minemba et al. 2019; Villordon et al. 

2009). It instead may rely on the hyphae of arbuscular mycorrhizal fungi (AMF), which act in a 

manner similar to root hairs to expand the volume of soil explored for plant-available P 

(Chapter 3 ;(Koide and Kabir 2000)). However, AMF are generally not considered able to 

readily access non-plant-available P (Smith and Read 2010). 

As demonstrated in Chapters 3 and 4 of this thesis, sweet potato cultivars exude a range of 

carboxylates, which vary among cultivars. However, the rate and amount of exudation are 

likely inadequate to enhance P uptake when compared to plants that have shown evidence of 

carboxylate-assisted P uptake (Kidd et al. 2016; Veneklaas et al. 2003). It is possible that the 

low amounts of carboxylates reported in the previous chapters reflect a stress factor not 

strong enough to induce significant exudation of carboxylates (López-Bucio et al. 2000) or that 

the exuded carboxylates are for purposes other than P uptake that require lower amounts 

(Chapter 5).  

Exudation of carboxylates from roots can increase under edaphic conditions that are stressful 

for plant growth (Marschner et al. 1986). In P-impoverished soils, carboxylates alter 

rhizosphere chemistry, especially in the presence of high levels of Al at low pH or low Fe at 

high pH (López-Bucio et al. 2000). Carboxylates, especially the low molecular weight organic 

acids such as citrate, malate and oxalate, can chelate with Al3+, Fe3+ and Ca2+ that subsequently 

displace P in bound or precipitated forms making it available to plant roots (Gerke 2015). In 

soils with high soluble Al, exudation of carboxylates from the roots protects plants by chelating 

Al3+ ions in the rhizosphere, preventing Al from entering roots (Feng et al. 1997). Exudation of 

carboxylates would ideally assist P uptake from soils where P is bound with Al and Fe oxides, 

as commonly found in tropics (Moody and Radcliffe 1986), or with calcium carbonate in the 

temperate regions where sweet potato is mostly cultivated (Sanchez and Uehara 1980a). 

However, limited studies on understanding P-acquisition strategies have been conducted in 



CHAPTER 6. EFFECT OF INSOLUBLE P FERTILIZER ON GROWTH, RHIZOSHEATH CARBOXYLATES AND P RESORPTION EFFICIENCY 

 PAGE | 119 

sweet potato, and more work is needed to verify the role of carboxylates in the P nutrition of 

sweet potato. 

Chapter 3 of this thesis showed that sweet potato cultivars maintain a constant tissue P 

concentration of below 1 mg P g–1 DM when P supply is low and that this changes little as P 

availability increases beyond plant requirements. This demonstrates that sweet potato is quite 

conservative in P use and tightly regulates the use of P internally. Despite keeping the level of 

P concentration constant under low-P conditions, sweet potato maintains steady growth 

(Minemba et al. 2019). The only other alternative source of P the plants could have used, if it 

is not accessing P from the soil, is from the vine cuttings used as planting material. Unlike 

plants that are grown from seed organs, such as cereals, where P is sourced from the P 

reserves in seed (White and Veneklaas 2012), sweet potato could also remobilise P from the 

stem cuttings for initial growth, as well as later from senescing leaves (Veneklaas et al. 2012). 

P resorption efficiency is defined as the percentage of P resorbed from a senescing leaf before 

abscission of the leaf (Killingbeck 1996). Like most perennial plant species that inhabit P-

impoverished soils and tend to have higher P resorption efficiency (Tsujii et al. 2017), sweet 

potato can grow for up to 12 months. Thus, P resorption efficiency may play a role in sustaining 

its growth in P-impoverished soils. 

Previous chapters have shown that the six selected sweet potato cultivars have expressed very 

limited adaptive morphological root traits for P acquisition under low P. All cultivars did exude 

carboxylates (albeit at a low rate), but they also tightly regulated their internal P concentration 

under low-P conditions. These results came from experiments that used a soluble P fertiliser 

source. Therefore, this chapter investigates whether these results occur when an insoluble P 

fertiliser is applied (to mimic high levels of poorly soluble P being present in soil). Three sweet 

potato cultivars were grown in a low-P soil amended with an insoluble P fertiliser to test the 

hypotheses that: 1) the amount of carboxylates in the rhizosheath increases with increasing 

application of an insoluble P fertiliser and varies among sweet potato cultivars, 2) sweet 

potato cultivars have high P-resorption efficiency, and 3) sweet potato cultivars vary in their 

growth response to FePO4. 
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METHODS AND MATERIALS 

Three sweet potato cultivars, with contrasting growth and internal P concentrations under 

low-P conditions in Chapters 3 and 4, and the sub-clover cultivar Dalkeith were grown in a 

low-P soil amended with four rates of FePO4, a relatively insoluble P fertiliser, and assessed 

for growth, root morphological traits that assist P uptake, internal P-use efficiency and rate of 

photosynthesis. 

PREPARATION OF VINE CUTTINGS 

Plants from which stem cuttings were taken as planting material for the experiment were first 

exposed to low-P conditions. The sweet potato cultivars were grown in low P (Colwell P value 

of 4 mg P kg–1) washed river sand to standardise internal P reserves in the stem cuttings to be 

used in the experiment (pers. com. Arthur Villordon). Four to five cuttings, with 4–5 nodes, 

from each cultivar were planted in a 3 L black polystyrene pot filled with washed river sand. A 

basal fertiliser compound Diamond Red (7.3% N, 11% P, 28% K, and 2.8% S) was applied five 

days after planting at 60 mg kg–1. Nitrogen was supplemented as NH4NO3 at 80 mg kg–1 twice 

at later stages to boost the growth of newly developing shoots that were later used as cuttings 

for the experiment. 

SOIL 

Soil was collected from an unfertilised block of remnant native vegetation at The University of 

Western Australia Ridgefield farm near Pingelly (50 497694.06 E; 6404729.04 S). The soil was 

air-dried for five days and sieved (<4 mm). A subsample of sieved soil was sent to CSBP (Soils 

& Plant Analysis Laboratory, Bibra Lake, Western Australia) for analysis. It was a sandy loam, 

with a low Colwell P value (5 mg kg–1), low P-buffering index (PBI=55.8) and a pH of 5.3 (CaCl2). 

It contained 1.8% organic carbon and (mg kg–1), 15 nitrate-N, 7 ammonium-N, 89 K, 11.56 Fe, 

2.8 S and 0.2 B. The exchangeable cations in the soil (in meq 100 g–1) were 0.138 Al2+, 2.94 

Ca2+, 0.33 Mg2+, 0.23 K+ and 0.09 Na2+. 

EXPERIMENTAL DESIGN AND TREATMENT APPLICATION 

The glasshouse experiment was initiated in April 2018. Three sweet potato cultivars 

(Beauregard, Whagi Besta, Marasuna) and a sub-clover (Trifolium subterraneum) cultivar cv. 

Dalkeith were exposed to four levels (0, 30, 60 and 180 mg P kg–1 soil) of FePO4 fertiliser. It 

was a completely randomised block design with four replicates. Establishment of the 
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replicates was staggered in pairs on consecutive weeks to allow enough time for the harvest 

of each replicate at the end of the trial.  

The P treatments were applied to soil as 0, 146.1, 292.1 and 876.6 mg kg–1 of FePO4 to achieve 

rates of 0, 30, 60 and 180 mg P kg–1, respectively. FePO4 was thoroughly mixed with soil in a 

mixer for each P rate. For each mixture, 1.5 kg were weighed to fill transparent bags (20 cm x 

44 cm) and placed in black polystyrene round pots of 12 cm width and 17 cm height. The pots 

and the transparent bag were gently tapped to remove air spaces. Water was added to 60% 

field capacity in each pot by watering to weight overnight before planting. Vines of similar 

diameter were selected for each sweet potato cultivar, and cuttings were taken with three 

nodes on an equal, consistent length. A single vine cutting was planted in each pot, with one 

node placed 3 cm deep in the soil.  

Basal nutrients were applied as 60 mg kg–1 of CuSO4.5H2O to achieve a rate of 15 mg Cu kg–1, 

66 mg kg–1 of ZnSO4.7H2O for 15 mg Zn kg–1, and 115 mg kg–1 of NH4NO3 for 40 mg N kg–1 as 

recommended for sweet potato (O'Sullivan et al. 1997). Only NH4NO3 was reapplied, 15 days 

after planting, to boost growth. All basal nutrients were applied in stock solution. 

MAINTENANCE  

Temperatures inside the glasshouse ranged from 10–15C in the night and 18–25C in the day 

during the experiment. Watering to weight using deionised water occurred weekly, together 

with re-randomisation of pot positions. Yellow sticky traps were placed in each replicate to 

control insect pests, and evaporation was reduced by a layer of plastic beads on the soil 

surface. Weeds were removed manually. Senesced leaves that had detached from the stem 

were collected during the experiment and dried for P analysis. 

MEASURING PHOTOSYNTHESIS RATE  

Thirty days after planting, gas exchange was measured on young fully-expanded leaves on the 

main stem between 10:30 h and 12:00 h WST using a LICOR-6400 with a red/blue LED light 

source (LI-COR, Lincoln, NE, USA). Photosynthetic photon flux density at the leaf surface was 

set at 1500 μmol m−2 s−1, block temperature at 25C, flow rate at 500 μmol s−1 and ambient 

CO2 concentration of the incoming gas stream at 380 μmol mol−1, as in Pang et al. (2018). 
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HARVEST 

Harvest commenced 38 days after planting in June 2018 when all the sweet potato cultivars 

were shedding leaves. Two replicates were harvested each week for two consecutive weeks. 

At harvest, the transparent plastic bags with plants inside were lifted from the pots. The plastic 

bags were cut and removed, exposing the plant with roots and soil intact. The variables 

measured were root carboxylates, wet and dry weights of shoots, roots, stems and senesced 

leaves, and total P content in each plant component. 

Carboxylate sampling 

Carboxylate in the rhizosheath was sampled for two selected P rates, 0 and 60 mg P g–1 DM, 

based on notable growth differences. The rhizosheath carboxylate collection method used 

was described in Minemba et al. (2019). The whole plant, with the rhizosheath attached to 

the root system was immediately placed in a 100 ml beaker. The minimum volume of 0.2 mM 

CaCl2 solution required for roots to be fully immersed was added and volume noted. The 

contents of the beaker were swirled, and time allowed for the silt to settle before a 10 ml 

syringe was used to draw a 5 ml subsample from the middle of the beaker in a consistent 

manner for all treatments. A 0.2 µM filter was then attached to the syringe before filling a 1 

ml HPLC vial containing 25 µl of orthophosphoric acid to three-quarters full of the filtrate. Vials 

were capped and placed in a grid and transferred to an ice-filled insulated container before 

storage at –20C.  

Carboxylate measurement 

The solutions were analysed for common carboxylates using high-performance liquid 

chromatography (HPLC) as described by Cawthray (2003), except for oxalate where the 

method of Uloth et al. (2015) was followed. Measured values of all carboxylates were 

compared to their known limit of detection (LoD) being (µmol), citrate 5, oxalate 8, malate 7, 

acetate 24, fumarate 0.06, malonate 8, maleate 0.05, succinate 15, shikimate 0.015, cis-

aconitate 0.1 and trans-aconitate 0.1. Values below these limits were considered zero. These 

values were expressed as amount exuded per gram of root dry mass (µmol g–1 DM). 

Wet and dry weights 

Each plant was separated into roots, stem cutting and new shoots and leaves, and then 

weighed, placed in paper bags and dried at 60C for five days. Dry weights were recorded, and 
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material finely ground using an electric kitchen grinder for P digestion. The senesced leaves 

were also dried and ground for P digestion of sweet potato cultivars only. 

Tissue P analysis 

The ground samples were digested in a 3:1 HNO3:HClO4 acid solution. Total P concentrations 

were measured by colourimetry with a microplate reader by the molybdovanadophosphate 

yellow method (Motomizu et al. 1983). The P contents of senesced and green leaves were 

calculated from P concentrations as a proportion of their dry weight. The P resorption was 

calculated using the following formula.  

P resorption (%) = (1 – P concentration senesced leaf / P concentration green leaf) x 100 

Internal P-use efficiency (PUE) is the biomass produced per unit of P accumulated in plant 

tissue (Rose and Wissuwa 2012). In this instance, the leaf tissue was used and calculated as 

follows: 

PUE (g mg–1) = [leaf DM (g)) / (leaf P content (mg)] 

Data analysis 

The data from the variables measured, except for carboxylates, were checked for normality 

and a small number of outliers removed before a general two-way analysis of variance 

(ANOVA) was undertaken using GenStat 15.2 (Lawes Agricultural Trust, Rothamsted 

Experimental Station, UK, 2012) with P level and cultivar, and their interaction, as factors. 

Graphs were generated using SigmaPlot version 12 (Systat Software Inc.). 

RESULTS 

PLANT GROWTH IN RESPONSE TO LEVEL OF FeP04 

Two sweet potato cultivars, Marasunda and Whagi Besta, and the sub-clover cultivar, 

Dalkeith, increased total DM as P supply increased (Fig. 6.1A). There was an interaction 

between cultivar and P level for all plant growth variables (P<0.001). Marasunda consistently 

maintained significantly higher dry mass (DM) for leaf/petiole (new shoot), root, shoot stem 

and total DM across all P levels compared with the other cultivars. Beauregard showed little 

change in growth, and at high-P level (180P), its root DM greatly decreased (Fig 6.1C). All sweet 

potato cultivars had higher DM than sub-clover. 
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FIGURE 6.1. EFFECT OF FOUR LEVELS OF P (0, 30, 60 AND 180 MG P KG–1 SOIL) SUPPLIED AS FEPO4 ON DRY 

MASS (DM) OF A) TOTAL (NEW SHOOT, STEM CUTTING AND LATERAL ROOTS), B) NEW SHOOT (LEAF/PETIOLE), C) 

ROOT AND D) SHOOT STEM OF THREE SWEET POTATO AND A SUB-CLOVER GROWN FOR 38 DAYS IN A LOW-P SOIL 

IN A GLASSHOUSE. THERE WAS AN EFFECT OF P LEVEL AND CULTIVAR ON TOTAL (P<0.001, P<0.00), LEAF/PETIOLE 

(P<0.001, P<0.001), ROOT (P=0.003, P<0.001) AND SHOOT STEM (P<0.001, P<0.001) DM. A P LEVEL X 

CULTIVAR INTERACTION OCCURRED FOR ALL VARIABLES, TOTAL (P<0.001, LSD=0.15), LEAF/PETIOLE (P<0.001, 

LSD=0.06), ROOT (P<0.001, LSD=0.11) AND SHOOT STEM (P<0.009, LSD=0.11) DM.  

 

LEAF/PETIOLE P CONCENTRATION AND CONTENT  

The leaf/petiole P concentration of the three sweet potato cultivars was lower than that of 

sub-clover (Fig 6.2A). The three sweet potato cultivars maintained a P concentration below 

1.2 mg P g–1 DM as P supply increased from 0 to 180 mg P kg–1. The sub-clover doubled its P 

concentration from 1.5 to 2.98 mg P g–1 DM when P supply increased from 0 to 60 mg P kg–1 
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and remained constant between 60 and 180 mg P kg–1 of soil. Marasunda maintained the 

highest P content across all P levels reflecting its high DW (Fig 6.2B).  

 

 

FIGURE 6.2. EFFECT OF FOUR LEVELS OF P (0, 30, 60 AND 180 MG P KG–1 SOIL) SUPPLIED AS FEPO4 ON 

LEAF/PETIOLE P A) CONCENTRATION AND B) CONTENT OF THREE SWEET POTATO AND A SUB-CLOVER GENOTYPE 

GROWN FOR 38 DAYS IN A LOW-P SOIL IN A GLASSHOUSE. THERE WAS AN EFFECT OF P LEVEL AND CULTIVAR ON P 

CONCENTRATION (P<0.001, P<0.001) AND P CONTENT (P<0.001, P<0.001). A P LEVEL X CULTIVAR 

INTERACTION OCCURRED FOR P CONCENTRATION (P<0.001, LSD=0.22) AND P CONTENT (P<0.001, LSD=0.07).  

 

CARBOXYLATES 

The amount of carboxylates in the rhizosheath differed only among plant species. Sweet 

potato cultivars and sub-clover all exuded oxalate. P rate only affected citrate amount. The 

amount of citrate was greater at 60P and greatest for sub-clover. On average, Beauregard had 

Phosphorus applied (mg P kg
-1

 soil)

0 30 60 90 120 150 180 210

Le
af

/p
et

io
le

 P
 c

on
te

nt
 (

m
g)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

L
e

a
f/

p
e

ti
o

le
 P

 c
o

n
c
e

n
tr

a
ti
o

n
 (

m
g

 P
 g

-1
D

M
)

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0 Clover 

Beauregard 
Marasunda 

Whagi Besta 

A

B



CHAPTER 6. EFFECT OF INSOLUBLE P FERTILIZER ON GROWTH, RHIZOSHEATH CARBOXYLATES AND P RESORPTION EFFICIENCY 

 PAGE | 126 

higher citrate amounts among sweet potato cultivars, and Whagi Besta had higher malate and 

fumerate, but these differences were small. 

 

FIGURE 6.3. EFFECT OF TWO P LEVELS (0 AND 60 MG P KG–1 SOIL) SUPPLIED AS FEPO4 ON CARBOXYLATE 

COMPOSITION IN THE RHIZOSHEATH OF THREE SWEET POTATO CULTIVARS AND A SUB-CLOVER GROWN IN A LOW-P 

SOIL FOR 38 DAYS IN A GLASSHOUSE. THERE WAS ONLY A CULTIVAR EFFECT (P<0.001) ON CITRATE, MALATE AND 

FUMARATE AND NO EFFECT OF P RATE. 

 

PHOSPHORUS RESORPTION AND P-USE EFFICIENCY  

The P-resorption efficiency differed among sweet potato cultivars as P supply increased. At 

0P, Beauregard and Marasunda had 49 and 56% of P resorbed, which increased to 69 and 74%, 

respectively, at 180P. Whagi Besta, on the other hand, followed a decreasing trend as P level 

increased, reducing from 66% at 0P to 53% at 180P.  
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An interaction between P and cultivar was recorded for leaf PUE (Fig. 6.3B). PUE decreased in 

all cultivars as P level increased. Beauregard and Marasunda had the highest PUE at 0P. Whagi 

Besta maintained a constant PUE across all P levels.  

 

 

FIGURE 6.4. EFFECT OF FOUR LEVELS OF P (0, 30, 60 AND 180 MG P KG–1 SOIL) SUPPLIED AS FEPO4 ON, A) P 

RESORPTION AND B) LEAF PHOSPHORUS-USE EFFICIENCY (PUE) OF THREE SWEET POTATO CULTIVARS GROWN FOR 

38 DAYS IN A LOW-P SOIL INSIDE A GLASSHOUSE. A P LEVEL X CULTIVAR INTERACTION OCCURRED FOR P 

RESORPTION (P<0.001, LSD=8.38) AND LEAF PUE (P<0.001, LSD=0.09).  

 

LEAF PHOTOSYNTHESIS  

The photosynthetic rate and stomatal conductance of the three sweet potato cultivars were 

low compared to the sub-clover. The P levels had no effect on the sweet potato cultivars or 
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sub-clover. Among the sweet potato cultivars, Whagi Besta had a higher photosynthesis rate 

and stomatal conductance at 0P.  

 

FIGURE 6.5. THE EFFECT OF TWO P LEVELS (0 AND 60 MG P KG–1 SOIL) SUPPLIED AS FEPO4 ON A) 

PHOTOSYNTHETIC RATE AND B) STOMATAL CONDUCTANCE OF THREE SWEET POTATO CULTIVARS AND SUB-CLOVER 

GROWN FOR 38 DAYS INSIDE A GLASSHOUSE. THERE WAS A CULTIVAR EFFECT (P<0.001) ON ALL PARAMETERS 

MEASURED, WITH INTERACTIONS BETWEEN P AND CULTIVAR FOR PHOTOSYNTHETIC RATE (P=0.004) AND 

STOMATAL CONDUCTANCE (P=0.003).  
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selected sweet potato cultivars and a sub-clover cultivar were examined in a low-P soil 

amended with iron phosphate (FePO4). The sweet potato cultivars showed little response to 
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regulate internal P use by maintaining a very low tissue P concentration as growth continued 
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to increase, consistent with the results in Chapters 3, 4 and 5. Despite slight variation in P 

resorption and P-use efficiency among the cultivars, only one cultivar (Marasunda) had 

significantly greater growth than the other two sweet potato cultivars and the sub-clover 

cultivar.  

SWEET POTATO MAINTAINS LOW AMOUNTS OF RHIZOSHEATH CARBOXYLATES EVEN UNDER 

EXTREMELY LOW-P CONDITIONS AND IN THE PRESENCE OF POORLY SOLUBLE FEPO4 

Chapters 3, 4 and 5 discussed many strategies that sweet potato could use to access P under 

low-P conditions. Sweet potato has limited or no distinct P-acquisition strategy in terms of 

root morphological adaptations but does exude a range of carboxylates from the roots. 

However, these carboxylates showed no correlation with P uptake, when expressed as 

exudation rates (Chapter 3) or amount present in the rhizosheath (Chapter 4). In both cases, 

the amounts measured were very low compared to other rates and amounts reported for 

legumes, where correlations with P uptake have been reported (Kidd et al. 2018; Veneklaas et 

al. 2003). Despite low carboxylate amounts, variation in their exudation exists among sweet 

potato cultivars (Chapters 4, 5 and 6). Beauregard, Whagi Besta and Marasunda also varied in 

growth and shoot P concentration.  

Despite attempts to enhance the exudation of carboxylates by exposing three sweet potato 

cultivars to extreme P stress, the amounts of carboxylate in the rhizosheath remained 

comparatively low and unaffected by FePO4 in the current study. The poor growth response 

(except for Marasunda; discussed below) to the addition of FePO4, coupled with consistently 

low amounts of rhizosheath carboxylates, suggests that carboxylates are not the primary 

strategy by which sweet potato acquires P when it grows in conditions of low-P availability. 

Instead, as suggested in Chapter 5, carboxylates may have other roles. The exudation of 

carboxylates, however small, is enough to influence microbial activities in sweet potato. 

Chapter 5 revealed a positive correlation between diversity in microbial communities in the 

rhizosheath and the amount of some types of carboxylates, and an increased abundance of 

microbial taxa with plant growth-promoting properties. Sweet potato most likely exudes 

carboxylates for reasons other than directly enhancing P uptake.  
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MARASUNDA MAINTAINED A HIGH GROWTH RELATIVE TO THE OTHER SWEET POTATO CULTIVARS  

Marasunda had the highest growth response to FePO4 among the sweet potato cultivars and 

sub-clover. This growth response is in contrast to its growth response in Chapters 3 and 4 

when soluble P fertiliser (KH2PO4) was applied. There is little evidence to suggest that the 

superior growth of Marasunda was due to any of the P acquisition or internal use strategies 

investigated. The slight variations in P resorption and P-use efficiency for the sweet potato 

cultivars were not linked to the higher growth recorded for Marasunda. The PUE of Marasunda 

were highest at 0P but reduced as P rates increased (Fig. 6.4B). The proportion of P from shed 

leaves that re-mobilised internally varied among the sweet potato cultivars (Fig. 6.4A). Whagi 

Besta had a higher proportion of P resorbed at low-P supply (66%) and this reduced 

significantly (P<0.001, lsd=8.38) to 53% as P supply from FePO4 increased to 180 mg P kg–1. 

Marasunda and Beauregard, on the other hand, had P resorption of 49 and 56% at low P, 

which increased to 69 and 74%, respectively, at 180 mg P kg–1. The PUE and P resorption 

measured does not explain the high growth of Marasunda. The proportion of P resorbed is, in 

fact, quite low compared with those reported for other plant and pasture species (Ryan et al. 

2012b; Veneklaas et al. 2012). However, this may reflect the very low-P concentration in the 

sweet potato leaves in this experiment, rather than a poor ability to remobilise P. Similarly, 

the single measurements of photosynthesis rate and stomatal conductance were not 

adequate to capture any underlying physiological differences among cultivars, especially due 

to the low readings that were less than those reported under optimal growth conditions for 

sweet potato (George 2017). The low-P concentrations in leaf tissues probably limited the rate 

of photosynthesis, although the leaves were not visibly chlorotic or showing symptoms of P 

deficiency. Therefore, it is fair to say that Marasunda relied on means other than P 

remobilisation or internal use efficiency or photosynthetic activity for higher growth. 

Marasunda already had higher growth at 0P (Fig. 6.1B) and larger shoot stems (Fig. 6.1D). This 

likely advantaged the growth of Marasunda over Beaureagard and Whagi Besta.  

CONCLUSION  

As expected, sweet potato did not exhibit a well-developed ability to access P from a relatively 

insoluble P source (FePO4) when grown in a soil of intrinsic low-P content. Rhizosheath 

carboxylate amounts were low and did not change with the addition of FePO4. One cultivar, 
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Marasunda, grew markedly better than the others, but this could not be related to any of the 

parameters measured.  
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CHAPTER 7. GENERAL DISCUSSION AND CONCLUSIONS 

 

PREFACE  

This Chapter provides a commentary and discussion of the results of the entire thesis. It 

discusses the rationale for initiating the study and highlights the key findings that may 

contribute to explaining the natural ability of sweet potato in adapting to a wide range of 

growing environments and marginal soil conditions. It indicates how the key results could be 

used to improve the development of sustainable sweet potato cultivation practices in native 

farming systems and makes suggestions for future research opportunities. 
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The decline in P reserves around the world for use in P fertilisers is driving the search for P-

efficient plant and crop species to sustain the depleting P resource in agricultural soils (Cordell 

et al. 2009). Efforts are mainly focused on the identification of plant traits that would improve 

efficiency in P uptake or internal P-use by crops (Ramaekers et al. 2010). Alteration of key 

morphological or physiological root traits in response to low-P levels has been correlated with 

increased P uptake (Marschner et al. 1986). These key root traits have evolved under 

continuous exposure to low-P soils (Lynch 2011). Sweet potato has been domesticated for 

thousands of years and exposed to P-impoverished soils in tropical and subtropical regions; it 

has successfully adapted to these growing conditions. However, no study has been conducted 

to unveil the root traits that support sweet potato growth or productivity in P-impoverished 

soils. This thesis is the first comprehensive study on this issue and sets the scene for further 

work towards achieving sustainable use of P in sweet potato cultivation.  

Six sweet potato cultivars were used in this study. They were Whagi Besta, Tambul Mai, 

Maraso and Marasunda from Papua New Guinea, which are used in a traditional subsistence 

production system with low inputs, and Beauregard and Northern Star from Australia, which 

are used in high-input commercial production systems. The sweet potato cultivars were 

assessed for variation in morphological, physiological and symbiotic root traits, and microbial 

community structure associated with P uptake under a range of P levels produced by the 

addition of either soluble (KH2PO4) or insoluble (FePO4) P fertiliser sources in a low-P soil.  

Overall, the sweet potato cultivars expressed little of the typical root traits that have been 

found to assist P uptake in key (non-tuberous) crops. However, other novel strategies that 

potentially assisted its growth in low-P soils have become apparent. Sweet potato appears to 

regulate its internal P-use in a very conservative manner under low-P conditions and may be 

able to manage its microbial communities in the rhizosheath to benefit.  

SWEET POTATO TIGHTLY REGULATES INTERNAL P-USE WHICH REDUCES THE NEED TO 

INVEST CARBON IN SPECIALISED ROOT TRAITS UNDER LOW-P CONDITIONS 

Plants resort to using P more conservatively when supply in the soil is low (Vance et al. 2003). 

Sweet potato reportedly has low demand for P (Jones 1979), but the mechanics of this 

response have never been investigated. For the first time, this thesis demonstrates that sweet 

potato consistently maintains a constant P concentration around or below 1 mg P g–1 DM at 
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low-P levels in the soil. This implies that sweet potato relies on efficient internal use of P in 

the absence of specialised root traits that assist with P uptake in very low-P conditions. For 

example, in Chapter 3, three cultivars, Tambul Mai, Whagi Besta and Beauregard, exposed to 

seven levels of P (0, 10, 30, 60, 90, 180 and 360 mg P kg–1 of soil) applied as potassium 

dihydrogen phosphate (KH2PO4), maintained shoot P concentrations below 1 mg P g–1 DM up 

to 90 mg P kg–1 soil. Shoot P concentrations only began to increase above 1 mg P g–1 DM after 

the addition of 180 mg P kg–1 soil. Despite maintaining a constant P concentration, a modest 

growth increase was recorded by all cultivars. As reported in Chapter 3, the average shoot DM 

of the cultivars increased by 72% from 0.56 to 1.98 g when the supplied P increased from 0 to 

120 mg P kg–1 soil. However, the corresponding shoot P concentration increased by less than 

40% from 0.64 to 1.05 mg P g–1 DM. The P concentrations in new shoots, stem cuttings and 

roots only increased significantly after P supply tripled from 120 to 360 mg P kg–1 soil. Similar 

responses were observed in the subsequent experiments, either with additional sweet potato 

cultivars (Chapter 4) or with another source of P fertiliser (Chapter 6). 

In contrast, a sub-clover cultivar—included with three additional sweet potato cultivars 

(Beauregard, Whagi Besta, Marasunda) in Chapter 6 and exposed to a P fertiliser source of low 

solubility (FePO4)—responded immediately to P application, increasing its P concentration 

from 1.4 to 3 mg P g–1 DM with addition of 0 and 60 mg P kg–1 soil; at the same P levels, the 

three sweet potato cultivars maintained P concentrations below 1.2 mg P g–1 DM. This 

confirms the findings of a previous study by Jeffery et al. (2017) under similar circumstances, 

where P concentrations in shoots of six Trifolium subterranean cultivars increased from 0.7–

1.0 to 3.0–4.1 mg P g–1 DM with corresponding DM increase from 0.18–0.25 g to 0.62–0.75 g 

as P supply increased from 0 to 60 mg P kg–1 soil, Similar large increases in shoot P 

concentration in response to small amounts of added P, in direct contrast to sweet potato, 

were reported for grass species (Yang et al. 2017) and other crop species, such as cabbage 

(Brassica oleracea) and potato (Solanum tuberosum) (Dechassa et al. 2003). Sub-clover and 

other crop species mentioned have invested their carbon resource in root traits that enhance 

the exploration of  soil to enhance P uptake. 

Sweet potato also maintains a constant P concentration in shoot tissue to sustain growth for 

longer periods in low-P soil compared to potato (Djazli and Tadano 1990). Nicholaides et al. 

(1985) also reported little variation in P concentrations in leaves and petioles (2.6–2.7 mg P g–
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1 DM) in a study using five rates of P (ranging from 0 to 47 kg ha–1) at a site with a P status of 

30 mg P kg–1 soil. A similar trend was also reported for a second site with a P status of 16 mg 

P kg–1. These results indicate that sweet potato has a distinct response to low-P conditions; 

that is, maintenance of a constant low-P concentration across a broad range of P availability. 

It infers that sweet potato has a physiology that operates satisfactorily at a lower internal P 

concentration, relative to many other crop species. 

INTERNAL REDISTRIBUTION OF P FOR SWEET POTATO  

Sweet potato is mostly cultivated from stem cuttings, and the internal source of P would be 

initially from the stem cutting. As growth progresses, internal redistribution from senescing 

parts to growing parts continues to be important (Veneklaas et al. 2012). Figure 3.3 shows an 

instance of P mobilisation from stem cuttings to new growing shoots. The two cultivars from 

PNG, Tambul Mai and Whagi Besta, had higher P mobilisation than Beauregard. When further 

investigated with the inclusion of three other cultivars, Northern Star, Maraso and Marasunda 

in Chapter 4, the resorption of P from senescing leaves to actively growing leaves only slightly 

varied among cultivars and had no relation to P-use efficiency (PUE) responses among 

cultivars. All cultivars had similar PUE levels, indicating that sweet potato was already 

economising P use with reduced growth at low P. 

A more specific study is required to investigate the complex role and movement of P internally 

for sweet potato. There is significant compartmentalisation of P pools in cells of most 

domesticated plants (Veneklaas et al. 2012). P pools in the vacuole are most variable, which 

reflects its buffering role to P demand in the cytoplasm, where the metabolically active P pool 

is located (Bieleski 1973). The cytoplasmic P is always kept constant and within a narrow range 

and is less affected by external P supply (Mimura 1999). Understanding the relationship 

between P pools in the cytoplasm and vacuole of sweet potato could help to explain the 

constant P concentrations at low-P levels.  

SWEET POTATO DID NOT PRIORITISE ROOT MORPHOLOGY OR PHYSIOLOGICAL TRAITS TO ACCESS 

SOIL P UNDER LOW P 

Sweet potato appeared to invest little additional carbon resources in root traits to assist P 

uptake when grown under low P. For instance, the typical changes expected to occur in the 

roots under P stress did not happen. Across all three experiments, the sweet potato cultivars 
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exhibited no distinct changes in root traits to enhance P acquisition under low P, such as 

increasing specific root length and root mass fraction (Lynch 1995; Lynch and Brown 2008), 

reducing average root diameter and root tissue density (Crush et al. 2008), producing longer 

or more frequent root hairs (Föhse et al. 1991) or increasing exudation of carboxylates (López-

Bucio et al. 2000). Only total root length positively responded to low-P supply, which Mollier 

and Pellerin (1999) described as an exploratory response. Many other crop species modify 

these root traits to enhance P uptake under low-P conditions (Fernandes et al. 2014; 

Fernandez and Rubio 2015; Föshe et al. 1988).  

Overall, these results suggest that sweet potato lacks plasticity in key root traits that are 

reported elsewhere to greatly enhance plant capacity to scavenge for P, plant-available or 

adsorbed, in the soil when P is low.  

ARBUSCULAR MYCORRHIZAE FUNGI (AMF) MAY ENHANCE THE POTENTIAL OF SWEET 

POTATO TO SCAVENGE P 

AMF were not included as a separate treatment in any of the experiments in this study. Thus, 

it is not possible to compare the contribution of AMF to plant growth or P uptake between 

colonised and non-colonised plants. In any case, such comparisons under glasshouse 

conditions may give limited insight into the role of these fungi under field conditions in 

commercial agricultural systems (Ryan et al. 2019). However, use of an unsterilised field soil 

allowed opportunistic assessment of colonisation of lateral roots by an indigenous community 

of AMF. Sweet potato is known to have a strong symbiotic relationship with AMF, which assists 

P uptake and likely aids tolerance to other edaphic stresses (O'Keefe 1989; O'Keefe and Sylvia 

1992; Yano and Takaki 2005a). The roots of all cultivars used in our study were profusely 

colonised by AMF (Chapter 3). The percentage of root length colonised was highest at 10 mg 

P kg–1 of soils, rather than at 0 P mg kg–1 of soil, but diminished steadily thereafter as P levels 

increased (Fig. 3.5B). Jeffery et al. (2017) also noted this response for AMF, indicating that 

colonisation is maximised over a distinctive P range, which is not necessarily the lowest P 

status in the soil. Although the cultivars showed some differences in root length colonised by 

AMF, with Tambul Mai at consistently higher levels than Whagi Besta and Beauregard, the 

differences were not enough to conclude that indigenous species of AMF aided the growth of 

Tambul Mai more than Whagi Besta and Beauregard. More work is needed to understand and 
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optimise the role of AMF for accessing P in sweet potato growing in P-impoverished soils 

(Mulongoy et al. 1988b; O'Keefe and Sylvia 1992). 

EXUDATION OF CARBOXYLATES WAS CONSISTENTLY LOW BUT MAY INFLUENCE 

RHIZOSHEATH MICROBIAL COMMUNITIES 

This study reports detectable levels of oxalate, citrate, malate, fumarate and shikimate in the 

rhizosheath for the first time in sweet potato. However, despite slight variations among sweet 

potato cultivars, the amounts of carboxylates recorded were consistently low at <5 µmol g–1 

root DM. Increasing P stress levels or including additional cultivars had little effect on the 

amounts of carboxylates exuded, which remained consistently low for all cultivars across all 

three experiments. Organic acid concentrations were lower (<5 µmol g–1 root DM) than those 

that are considered to influence soil chemistry and enhance P uptake (25–75 µmol g–1 root 

DM) (Ma 2000; Ryan et al. 2012a).  

The low amounts of organic acids in the rhizosheath provided a readily available carbon source 

for microbial activities that could influence several aspects of plant growth (Bent et al. 2001; 

Boddey and Dobereiner 1988; Reyes et al. 2002). As discussed in Chapter 5, carboxylates 

recorded in this study are associated with changes in microbial alpha diversity and relative 

abundance of specific microbial taxa. Citrate recovered from Beauregard and Northern Star 

was associated with increased abundance of Mycobacterium, Acidobacter and OTUs related 

to the Rhizobium complex. The Rhizobium complex includes many well-characterised 

nitrogen-fixing bacteria (e.g. Rhizobium and Bradyrhizobium) (Coskun et al., 2017), and some 

isolates of Mycobacterium have also been reported to have the nitrogen-fixing capacity 

(Sellstedt and Richau, 2013). Also, organic acids such as citrate, malate, succinate and 

fumarate are effective chemical attractants for enhancing root colonisation by beneficial 

bacteria such as Pseudomonas fluorescens (Kamilova et al., 2006; Oku et al., 2014).  

The carboxylates exuded in this study did not greatly change the soil chemistry to enhance P 

uptake but instead had a role in shaping the microbial communities in the rhizosheath in a 

manner that could potentially enhance growth in sweet potato. 

SWEET POTATO MAY MANAGE ITS RHIZOSHEATH MICROBIAL COMMUNITIES FOR BENEFIT 

This study presents evidence that microbial communities in the sweet potato rhizosheath may 

play some role in the growth and productivity of sweet potato in marginal soils. Sweet potato 
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hosts several endophytic bacteria that are beneficial for plant growth (Khan and Doty 2009; 

Marques et al. 2015), but whether this is related to carboxylates and their subsequent effect 

on plant growth has never been investigated. Apart from revealing an association of some 

carboxylates with microbial communities in the rhizosheath for the first time in this study, the 

origin of the sweet potato cultivar also had some influence on microbial composition. As 

discussed in Chapter 5, the international cultivars (Beauregard and Northern Star), which are 

mostly grown in high-input systems, had increased abundance of putative nitrogen-fixing 

bacteria (Rhizobium complex) when no P was applied. Conversely, the PNG cultivars, mostly 

grown in low-input subsistence production systems, had putative phosphate-solubilising 

bacteria (e.g. Burkholderia complex) when P was applied. Such differences in microbial 

composition to P application among sweet potato cultivars based on their origin may explain 

the unpredictable yield variations to P addition among sweet potato cultivars as noted by 

Kanua (1998) and Montanez et al. (1996). 

PRIORITIES FOR FUTURE RESEARCH  

This study is the first of its kind for sweet potato and sets the scene for related work in the 

future. Sweet potato uses P more conservatively and exudes certain carboxylates that 

influence rhizosheath microbial communities. There are some limitations to this study. In 

particular, the sweet potato plants were harvested, and data collected, just before the full 

development of storage roots, which could potentially change the physiological and 

morphological traits of root traits with regard to allocation of carbon resources. Future 

investigations into root trait behaviour before and after storage root development will 

indicate whether the key findings in this report are sustained. Since sweet potato uses P more 

conservatively and lacks variation in PUE among cultivars, a more focused study needs to be 

conducted to investigate P allocation at the tissue and cellular level, which could identify key 

traits for future selection programs.  

Exudation of carboxylates was quantified for the first time for sweet potato in this study, and 

the results suggest that these compounds play a limited role in influencing soil chemistry to 

assist P uptake. The correlations between some carboxylates and rhizosheath microbial 

communities suggest that microbial communities may play a role in the adaptation of sweet 

potato to marginal soils. However, the application of P fertiliser reduced diversity in microbial 

communities and increased diversity of certain bacteria. This creates an opportunity to 
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identify optimal rates of P fertiliser that are not as detrimental to the diversity and contribute 

to optimising microbial communities, especially in high-input commercial agriculture. In 

traditional subsistence systems, where sweet potato is cultivated mostly without chemical 

fertiliser but relies on organic composts, a study is required to investigate the effect of organic 

and inorganic P sources on microbial communities. Other chemical nutrients (e.g. N and K) 

might also influence microbial communities, and needs to be verified.  

Exudation of carboxylates, while low, differed among cultivars and thus may host different 

rhizosheath microbial communities. A specific study should investigate the variation in 

rhizosheath carboxylates among a much greater number of sweet potato cultivars and select 

cultivars that maximise exudation of the types of carboxylates that our results suggest had a 

high correlation with important plant growth-promoting bacterial species. 

Finally, the key results obtained in this study under glasshouse conditions must now be tested 

in the field under a range of agro-ecological environments and with plants grown to maturity 

to quantify storage root production. 

CONCLUSION 

Sweet potato has successfully adapted itself to marginal soils, especially P-impoverished soils. 

Effiecient internal P-use likely plays an important role in this adaptation. An ability to 

manipulate rhizosheath microbial communities may be important under both low- and high-

input production systems. Likely, colonisation by AMF is relevant in some situations and not 

necessarily only in low-P soil. These insights into sweet potato P nutrition may help to improve 

yield predictions and aid future selection and breeding programs for sweet potato, both in 

traditional subsistence agriculture and commercial high-input settings.  
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