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Abstract 

The success of re-vegetation or restoration of an endangered species lies in the 

identification of the root cause of its incapability to withstand changing environmental 

conditions. Acacia pachyceras O. Schwartz, synonym Acacia gerrardii Benth. and 

subsequently will be referred to Acacia gerrardii, is the only native tree species of the 

Kuwaiti desert ecosystem, with only one surviving specimen remaining in Kuwait. It is 

famously termed “the Lonely Tree” and is located at the Sabah Al-Ahmad Natural Reserve. 

Anthropogenic disturbances, overgrazing, inadequate and infrequent rainfall, as well as 

degraded landscape have contributed to the disappearance of this keystone species from its 

habitat. Thus, it is crucial to conduct research studies targeting key information on factors 

(seed viability, germination and longevity) affecting the regeneration and survival of A. 

gerrardii for protecting and establishing this species.   

Preliminary examination revealed the existence of dormancy hindering seed germination of 

the target species. The effects of different seed pre-treatments aiming at breaking 

dormancy, reducing germination time and enhancing germination percentage were studied 

in a series of controlled environment experiments. The results of this study revealed 

significant differences in the seed mass of mechanically scarified seeds (141%) when 

compared to treatment with hot water (26%) and control seeds (11%) in the imbibition 

studies. The effects of mechanical scarification, hot water treatment (30 s, 1 m, 2 m and 5 

m) and concentrated acid scarification (10 m, 20 m and 30 m) were examined based on 

germination percentage, rate, time to 50% germination and final germination. Mechanical 

scarification produced maximum germination in minimal time, while 15 °C, 40% RH with 

12 h of 20% light were found to provide the best germination environment. Water entry 

pathway in Acacia gerrardii seeds was determined by staining, sectioning and light 

microscopy method. Subsequent analyses revealed that the micropyle region was the 

primary point of water entry into the seed. 

To determine seed longevity, seeds were rapidly aged at 60% RH and 45 or 50 °C and 

results were analyzed using probit analysis. The time taken for the viability to decline to 

50% (p50) was determined from the results. Findings indicated that p50 of A. gerrardii seeds 

aged at 45 °C and 50 °C were 38.6 days and 9.3 days, respectively, suggesting that its 

longevity can be categorized as medium.  

The ecology (seasonal timing) of dormancy loss and germination of A. gerrardii was 

determined through a seed burial experiment conducted under desert conditions. Findings 

indicated that although seed retention decreased over time, there was no significant 

reduction in the number of viable seeds at 31 weeks assessment. These results are of 

significance to nursery managers, seed banks and those involved in restoration activities. 
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Investigations were also carried out on the soil profile of A. gerrardii habitat at the Sabah 

Al-Ahmad Natural Reserve to have a complete understanding on the bacterial and fungal 

communities associated with the species. The study focused on the identification of 

microbial communities in the soil in addition to determination of rhizosphere effect of the 

local Acacia gerrardii in its natural habitat (Lonely Tree) and non-local Acacia gerrardii 

Benth. (a closely related non-local species from the Kingdom Saudi Arabia) on these 

microbes under nursery conditions. Soil samples were collected and analyzed for 

characteristics including, soil physicochemical composition, community fingerprinting 

comparisons and 16S rDNA sequence identifications. Data analyses revealed that the 

bacterial communities were dominated by members of the phyla Bacteroidetes and 

Firmicutes. On the other hand, the broadest spectrum of fungal analyses showed 

communities dominated by members of the phylum Ascomycota, which have broad 

similarities with a wealth of uncultured bacteria and fungi from diverse environmental 

conditions. When the bacterial communities under natural and nursery conditions were 

compared, a greater diversity of bacterial communities was found in nursery soils. In 

contrast, greater fungal diversities and OTUs (Operational Taxonomic Units) richness 

associated with both field and nursery rhizosphere soils were observed.   

The current study provides a detailed investigation and guidelines into various measures by 

which the conservation, regeneration and restoration of the Lonely Tree, a part of Kuwait’s 

national heritage could be accomplished.   
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C H A P T E R   1 

 

General Introduction and Literature Review 

 

1.1 Conservation and Restoration of Rare and Threatened Flora 

 

1.1.1 Restoration in Arid Areas 

Biodiversity plays a vital role in sustaining humankind by providing a wide range of 

services and products through bio-geo-chemical processes. Our planet’s biodiversity has 

been overexploited, while the services emanating from them are unaccounted for and 

underpriced. This mismanagement of the Earth’s natural resources has resulted in the 

erosion of biodiversity and its services leading to unprecedented desertification, which has 

become one of the major global concerns. The United Nations Convention to Combat 

Desertification refers to desertification as a process of land degradation, resulting from 

various factors including climatic variations and changes, as well as human activities (Le 

Houerou 1992). Land degradation is reflected in the depletion of vegetative cover and loss 

of biological and economic productivity of native vegetation due to deterioration in the 

physical, chemical, and biological properties of the soil (Omar and Bhat 2008). A wide 

range of natural factors, such as extreme weather events (high temperatures, frequent dust 

storms, prolonged droughts and high Aeolian activities) have all contributed to severe land 

and vegetation degradation in Kuwait (Omar and Bhat 2008). However, human activities, 

such as removal of vegetation through overgrazing of rangelands, cutting and uprooting 

shrubs, off-road traffic, poor soil management, gravel quarrying, rapid urbanization, and 

expansion of irrigated agriculture as well as activities and events associated with the Gulf 

war, have had far greater negative impacts on land and native vegetation cover in recent 

years (Omar and Bhat 2008). According to Misak (2012) and Misak et al. (2002), almost 

70% of the total desert in Kuwait is affected by some type of land degradation.  

 

Arresting or possibly reversing degradation through technological interventions and 

national policies requires in-depth understanding of the current state of the process (the 

degree and extent of degradation), including primary causes and the extent to which the 

process could be reversed as well as the eco-physiology of major native vegetation types. 

Modern tools such as remote sensing, geographic information system (GIS), and computer-

assisted expert systems provide early indication of desertification and can be helpful in 

planning and implementing concrete measures aimed at combating it. Restoration of 

degraded lands often requires heavy investments, especially in arid regions. These regions 

are highly susceptible to the processes of desertification (Brown and Schoknecht 2001; 

Brown 2001, 2003; Al-Awadhi et al. 2005; Misak 2012). The main consequences of 

desertification are soil and vegetation degradation (Ravi et al. 2010). While deteriorated 
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vegetation cover has a direct effect on soil properties and health, poor soil conditions could 

lead to reduced abundance and diversity of plant species and biomass production in native 

vegetations (Brown and Mazrooei 2003). Natural restoration of native vegetation occurs 

slowly under hyper-arid conditions, as regeneration of plant communities can last up to 30 

years (Thalen 1979; Brown 2007).  

 

1.1.2 Restoration of Rare Species in Kuwait 

Kuwait Environment 

Kuwait is a small, flat to gently undulating desert country in the northeastern part of the 

Arabian Peninsula extending between latitudes 28º 33’ and 30º 05’ N and longitudes 46º 

33’ and 48º 30’ E. The mainland and a number of offshore islands cover an area of 17,818 

km2 (KISR 1999). The climate is characterized by extremely hot dry summers with long, 

intense sunshine hours and moderately cool short winters with occasional rain. The average 

daily maximum temperatures vary from 18.9 ºC (based on a ten-year average from 1996 to 

2004) during January to 46.8 ºC in July (Salam and Al-Mazrooei 2007). Rainfall, occuring 

between mid-October and late April, is minimal, averaging about 115 mm/y (ranging from 

25 to 250 mm); however, evaporation is very high, in the 3.1−21.6 mm/d range. Low 

relative humidity and strong, dry and hot northwesterly winds prevail during summer, 

particularly in June and July. A recent analysis showed that the average maximum and 

minimum temperatures were 1.29 ºC and 1.14 ºC higher during the 1999−2004 period 

compared to those in 1962–1998. The annual rainfall during the 1999−2004 period 

increased by 18.67 mm, whereas pan-evaporation increased by 0.97 mm/d. Therefore, in 

Kuwait and most Gulf Cooperation Council (GCC) countries, the climate can be classified 

as hyper-arid (Middleton and Thomas 1997).  

 

Soils and Land Use 

Soils of Kuwait are poorly developed and predominantly sandy (> 85% sand) with 

negligible organic matter content (≈ 0.1%) and poor water retention capacity (KISR 1999). 

Aridsols (70.8%) and Entisols (29.2%) are the main soil orders. According to the United 

States Department of Agriculture’s (USDA) soil classification method, the soils of Kuwait 

are grouped into eight broad soil groups, namely; petrogypsids, torripsamments, 

petrocalcids, haplocalcids, aquisalids, calcigypsids, haplogypsids and torriorthents (KISR 

1999). Of these, petrogypsids and torripsamments are the most common types. 

Petrogypsids occur on level to gently sloping plains formed on the sand and gravel deposits 

of the Dibdibah Formation. The torripsamments, on the other hand, typically occur on 

extensive sand sheets in the central and southeast directions. Conversely, calcigypsid and 

haplogypsid soil types are found in the northern part of Kuwait, while the haplocalcids 

occur in the north, south, and central part of Kuwait (KISR 1999). As soil becomes 
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extremely dry during hot dry summers, it is prone to erosion, particularly when it is 

disturbed or becomes barren (Al-Awadhi and Misak 2000). 

 

In Kuwait, land resources are used for livestock grazing, water production, oil production, 

sand and gravel quarrying, agricultural production, and camping/ bird hunting during the 

winter season (Omar et al. 2001b). Rangeland (75.12% of the total surface area), which is 

mainly used for grazing and recreational (camping) activities, is the dominant land use 

(Omar et al. 2001a). Oilfields and military activities occupy 7 and 4% of the total land 

areas, respectively. 

 

Ecosystem Classification 

Based on variations in habitat characteristics (landform and soil traits), Omar et al. (2007) 

proposed six terrestrial ecosystems in Kuwait, namely coastal plain and lowland; desert 

plain; alluvial fan; escarpment, ridge and hilly; wadi and depression; and burchan sand 

dune ecosystem. Each of these ecosystems consists of a dominant plant community and 

several associated species.  

 

Terrestrial Biodiversity of Kuwait 

Kuwait's biodiversity includes 374 plants, 28 mammalians, 40 reptilians and 300 bird 

species (Omar 1982; Omar et al. 2007). As in other arid and semi-arid countries, species 

composition is dominated by annuals (256 out of 374 plant species) followed by 

herbaceous perennials (83 species), shrubs and under-shrubs (34 species), and trees (one 

species). Kuwait’s native vegetation reflects a transition between semi-desert and desert 

vegetation and a good indicator of human-induced changes (Omar and Bhat 2008). It offers 

a valuable gene pool and plant material for drought and salt-tolerance research (Omar and 

Bhat 2008). 

 

Kuwait Vegetation 

Low-fertility saline soils, prolonged drought, erratic and untimely precipitation, high 

evaporation rate and in the case of Kuwait, disruptive human interference have necessitated 

concerted efforts to restore fragile arid ecosystems. Re-establishing native vegetation can 

be very challenging, and strategies used for re-vegetation must be ecologically balanced, as 

well as technologically and economically feasible. In such situations, identifying and 

targeting functionally important species should be the primary focus of ecosystem 

restoration programs. 

 

The native vegetation of Kuwait consists of scant perennial woody shrubs, herbs, and 

spring ephemerals. The perennial vegetation cover is sparse (Sudhersan et al. 2003; Brown 
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2001). In spite of the harsh climatic conditions and limited water sources, Kuwait has a 

unique desert ecosystem comprising of eight vegetation communities (Table 1.1). 

According to the findings reported by Boulos and Al-Dosari (1994), Acacia gerrardii 

Benth. is the only native tree in Kuwait.  

 

Table 1.1. Vegetative Communities in Kuwait (source: Omar et al. 2007). 

Map Unit 
Area 

     (km2) (%) 

Haloxyletum  3,696 23.0 

Rhanterietum  338 2.0 

Cyperetum   4,381 27.0 

Stipagrostietum  6,407 39.0 

Zygophylletum   41 0.5 

Centropodietum  160 1.0 

Panicetum  114 0.5 

Halophyletum  303 2.0 

Agricultural area  164 1.0 

Urban area  686 4.0 

Total 16,290 100.0 

 

 

Kuwait’s native vegetation is of significant scientific value, as it represents transition 

species between semi-desert and desert vegetation. It is characterized by remarkable 

adaptations, such as tolerance to harsh environmental conditions, including extreme 

temperatures, drought, poor soil and high salinity (Suleiman et al. 2011). Unfortunately, 

several native plant species of Kuwait and Arabian Peninsula are threatened, endangered 

and/ or difficult to propagate. Many native plants are on the verge of extinction in Kuwait 

due to anthropogenic causes (Sudhersan et al. 2003). Kuwait has suffered severely from the 

effects of desertification, mainly due to uncontrolled overgrazing (Khalaf 1989; Brown 

2003). In addition to the natural constraints on plant support and development, an 

additional challenge emerged in desert areas at the conclusion of the Gulf War in 1991. At 

the time, more than 700 gushing wells discharged over 60 million barrels of crude oil, 

forming nearly 300 oil lakes that covered more than 49 km2 of the land’s surface. This 

catastrophic event resulted in the contamination of approximately 40 million tons of soil, 

while further 700 km2 of terrestrial land was contaminated by oily mist fallout (Suleiman 

and Bhat 2003).  

 

Restoration and rehabilitation can regenerate degraded ecosystems. Restoration involves 

supporting ecosystem recovery to its original condition through re-vegetation, improving 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WJ7-48Y6NK1-2&_coverDate=08%2F31%2F2003&_alid=222875858&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=6871&_sort=d&view=c&_acct=C000056222&_version=1&_urlVersion=0&_userid=2123769&md5=229b6fad6e74e4cd431cbf4a68a59f29#bib18#bib18
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WJ7-48Y6NK1-2&_coverDate=08%2F31%2F2003&_alid=222875858&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=6871&_sort=d&view=c&_acct=C000056222&_version=1&_urlVersion=0&_userid=2123769&md5=229b6fad6e74e4cd431cbf4a68a59f29#bib5#bib5
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WJ7-48Y6NK1-2&_coverDate=08%2F31%2F2003&_alid=222875858&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=6871&_sort=d&view=c&_acct=C000056222&_version=1&_urlVersion=0&_userid=2123769&md5=229b6fad6e74e4cd431cbf4a68a59f29#bib5#bib5
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soil properties, and retaining existing native plant species. On the other hand, rehabilitation 

is also aimed at improving degraded ecosystems. Empirical evidence shows that, in time, 

rehabilitation may result in an ecosystem returning to its original condition (Gilmour et al. 

2000). In order to accomplish substantial rehabilitation required for restoring degraded 

desert ecosystems, native plant genotypes must be preserved and propagated on a large 

scale (Sudhersan et al. 2003).  

 

Kuwait’s Lonely Tree 

Sabah Al-Ahmed Nature Reserve (previously known as Jal Az-Zor National Park) is 

situated in the northwest of Kuwait and covering an area of 330 km2. It was established in 

1986 to protect native fauna and flora from anthropogenic-related activities (El Sheikh and 

Abbadi 2004). The geomorphic features of the Sabah Al-Ahmed Nature Reserve include 

salt marches (Sabkhas), coastal desert plain, the Jal Az-Zor ridge, and the non-saline 

depressions representing the important habitats of the park. It protects 37% of Kuwait flora 

(Boulos and Al-Dosari 1994) and is habitat to the country’s only native tree species, 

referred to as the “Lonely Tree” which accentuates the critical importance of its ecological 

preservation. This individual tree is estimated to be 80 -100 years old and represents the 

only native tree of Kuwait. Thus, its preservation is of national importance (Boulos and Al-

Dosari 1994; Omar et al. 2007).  

 

The distribution and listing of plant characteristics of widely distributed Acacia spp. in the 

Middle East are detailed in Table 1.2, 1.3 and Figure 1.1.  
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Table 1.2. Distribution of Widespread Acacia Species in Middle East Countries. 

Country Acacia gerrardii  Acacia tortilis 

Egypt Species Name: Acacia pachyceras var 

najdensis  

Synonyms Acacia gerrardii Benth. 

subsp. negevensis Zohary var. najdensis 

Location:  
It is distributed through the Sinai 

Peninsula of Egypt and especially in 

Mediterranean strip, El-Tih Desert of 

Suez Canal and wadi beds  (Boulos 

1999) 

Species Name: Acacia tortilis 

(Forssk.) Hayne subsp. tortilis 

Location:  
Coastal strip of Red sea, entire Sinai 

peninsula and El-Tih Desert east of 

Suez Canal, Desert wadis and sandy 

plains. (Boulos 1999) 

 

Iraq  

Species Name: Acacia gerrardii subsp. 

negevensis 

Location: 

It is very rare in Iraq and found only in 

the Wadi al- Mahari (Townsend 1974) 

 

Saudi 

Arabia 

Species Name: Acacia gerrardii Benth. 

subsp. negevensis Zoh. 

Location:  

Acacia gerrardii Benth. subsp. 

negevensis Zoh is distributed along the 

southern and south eastern part of great 

Nafud, Saharo Arabian region along Al-

Batin toward Kuwait and at the 

abandoned caravan station of Zubalah 

(Mandavalle 1990).   

Species Name: Acacia tortilis 

(Forssk.) Hayne  

Synonyms Acacia spirocarpa Hochst. 

Ex A. Rich. 

Location: 

Usually on elevated, well-drained 

ground. Occasional in Sudanian 

territory of the south. 

Southern Summan and South Coastal 

Lowlands (Mandaville 1990).  

Palestine Species Name: Acacia pachyceras O. 

Schwartz  

1. Synonyms:  

1. Acacia gerrardii Benth. var. 

nejdensis Caudhary , 

2. Acacia gerrardii Benth. subsp. 

negevensis Zohary,  

3. Acacia negevensis Zohary  

Location: 

High plateau of the Negev, Sinai and 

Jordan. 

Located in shrub-steppes, deserts and 

extreme deserts (Danin 2006). 

Species Name: Acacia tortilis 

(Forskk.) Hayne subsp. tortilis  

Synonyms:  

Mimosa tortilis Forsk.  

Acacia spirocarpa var. minor 

Schweinf 

Location:  

This desert tree of Sudanian origin 

grows in the Judean Desert and the 

eastern Negev (Brenan 1983) 

 

 

Jordan  Species Name: Acacia tortilis  

Location: 

Wadi Araba, Aqaba, Wadi Yutum and 

Wadi  

Reference : Danin 2006) 

Oman  Species Name: Acacia tortillis 

Location: 

Wadi Muaydin in northern Oman  

(Olson 1999) 

Kuwait  Species Name: Acacia pachyceras by 

Boulos and Al-Dosari 1994) 

Location: Last individual, Sabah Al-

Ahmed Natural Reserve (N 29°34.909’ 

E047°47.734’) 
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Table 1.3. Comparison of Plant Characters of Acacia Species in Middle East Countries. 

Features A. gerrardii Description  

by Chaudary, 1999 

A. gerrardii  

Description  by James P. 

Mandaville, 1990 

A. tortilis Description  

by Boulos, 1999 

A. tortilis description  by 

Chaudary, 1999 

A. tortilis description  by 

Mandaville,1990 

Tree Height 10m 3 to10m   5 to12m 6m (rarely taller)  4 to7m 

Canopy Rounded or open and 

somewhat flattened 

 Flat-topped Flat-topped Flat-topped 

Bark Rough bark     

Branches Yellowish brown to 

reddish 

Densely pubescent to 

tomentose when young  

 Young branches glabrous 

or pubescent 

Yellowish brown Young branches 

pubescent-tomentose 

Spines Stipular spines large, up 

to 6 cm long, stout, ivory 

colored, pubescent at 

base. 

Straight, whitish, 2 to 5 

cm long, sometimes 

reduced to paired horn 

like spinelets  3 to 5 mm 

long 

Stipular spines in pairs, 2 

to 5 mm, hooked, mixed 

with straight spines to 10 

cm 

Stipular spines of two 

kinds; long ones up to 6 

cm or even longer, white, 

brown-tipped, the short 

usually 1 cm or less, more 

or less falcate or hooked 

downwards, reddish dark-

brown or the lower parts 

white. 

Alternating pairs of long 

(1 to 3 cm) straight ones 

and shorter curved ones 

Leaves Pubescent to tomentose, 

Pinnae 2 to8 pairs, upper 

crowded 

Usually finely puberulent-

tomentose, Rarely 

glabrescent with 3 to 9 

pairs of pinnae. 

Pinnae 3 to10 pairs; 

leaflets 6 to 20 pairs  

Densely pubescent, 

pinna-pairs usually 2 to 6, 

each pinna with usually 6 

to12 pairs of leaflets 

(rarely more), leaflets 

minute rarely exceeding 3 

mm in length 

Pinnae 4 to 6 pairs; 

leaflets in 6 to10 pairs 

 

Petiole Short, not more than 2 cm  Small gland under each 

pinnae, 0.5 to5 x 0.5 

to1mm, oblong, obtuse, 

glabrous, or appressed-

hairy. 
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Features A. gerrardii Description  

by Chaudary, 1999 

A. gerrardii  

Description  by James P. 

Mandaville, 1990 

A. tortilis Description  

by Boulos, 1999 

A. tortilis description  by 

Chaudary, 1999 

A. tortilis description  by 

Mandaville,1990 

Rachis Short,  not more than 2 

cm, usually with 2 glands, 

1 each between lowest 2 

pinnae and 1 topmost 2 

pinnae 

Rachis slightly exceeding 

the last pinna, pair 

  Sparingly or densely 

pubescent, each with 

usually 2 sessile glands 

and ending in a short 

appendage beyond the 

last pinna-pair,  

 

Flowers Flowers in head  

Pale creamy colored or 

white about 1 cm in 

diameter with involucel at 

the base of the peduncle  

Calyx- tubular, 5 dentate, 

pubescent. 

 

Pale yellow to white in 

solitary or clustered 

globular heads with 

peduncles 15 mm long 

peduncles 0.5 to 3.5 cm, 

with involucel below the 

middle; heads axillary; 

calyx 1 to 2 mm; corolla 

1.5 to 2.5 mm; whitish-

yellow 

White to creamy-white 

globular heads about 8 

mm cross; peduncles 

about 1.5 cm long: 

involucel almost at the 

base of the peduncle. 

Calyx about 1.5 mm long: 

involucel almost at the 

base of the peduncle. 

Corolla about 2.5 mm 

long, 5 tolobed, glabrous 

Pale yellow globular 

beads 
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Features A. gerrardii Description  

by Chaudary, 1999 

A. gerrardii  

Description  by James P. 

Mandaville, 1990 

A. tortilis Description  

by Boulos, 1999 

A. tortilis description  by 

Chaudary, 1999 

A. tortilis description  by 

Mandaville,1990 

Pod Upto 18 cm × 1 to 1.5 cm, 

slightly or strongly falcate 

or spirally coiled or 

rolled. 

Densely shortly 

pubescent. 

Acacia gerrardii - 2 

varieties i.e.najdensis 

and  najvensis 
Acacia najdensis-spirally 

coiled or rolled; bark dark 

grey, almost black on the 

trunk and main branches, 

upright. 

Acacia najvensis-not 

spirally coiled not rolled, 

bark-brown to dark 

brown, more or less 

spreading branches. 

Falcate, not constricted, 

compressed, linear or 

slightly sinuate margined 

6 to 12 × 0.6 to1.2 cm. 

Finely pubescent to 

tomentose sometimes 

becoming glabrescent 

with age. 

3 to 8 × 0.6 to 1.2 cm, 

contorted or spirally 

coiled, constricted 

between the seeds, 

longitudinally veined, 

glabrous or tomentose. 

Most often spirally 

contorted or twisted, 

green, reddish-tinged, 

densely pubescent, up to 

about 15 cm long (usually 

shorter), usually 5 mm or 

less wide, often between 

seeds. Severe insect 

infestation makes the 

pods appear inflated, 

thicker, and straight. 

More or less spirally 

coiled and contorted, 

weakly compressed, 

torulose, constricted 

between the seeds, 3-

9(10) cm long (when 

straightened), c.5 mm 

broad, densely fine 

pubescent-tomentose with 

obscure parallel veins on 

the valve faces. 

Seeds   4 to 7 × 4 to 6 mm, 

compressed, the areole 3 

to 5 × 2 to 3 mm, brown, 

smooth. 
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Features A. gerrardii Description  

by Chaudary, 1999 

A. gerrardii  

Description  by James P. 

Mandaville, 1990 

A. tortilis Description  

by Boulos, 1999 

A. tortilis description  by 

Chaudary, 1999 

A. tortilis description  by 

Mandaville,1990 

Distribution Africa, Palestine, Arabia, 

Kuwait and Iraq. 

 Desert wadis and sandy 

plains, usually in water 

catchment areas. Egypt, 

Palestine, Arabia, 

Algeria, tropical East 

Africa extending to 

southern Africa. 

Africa, Arabia.  Widely 

distributed throughout the 

Kingdom of Saudi 

Arabia, except for the big 

sands, northern areas and 

altitude above c.1000 

meters above sea level. 

Saudi Arabia, usually on 

elevated well- drained 

ground. Occasional in 

Sudanian territory of 

southern Saudi Arabia. 

South costal lowlands 

Barqa as-Samur, Yabrin 

area. 
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Figure 1.1: Distribution map of Acacia Species in Middle East countries. 

 

The Lonely Tree, being the only native tree species of Kuwait, should be conserved 

through proper re-vegetation programs. Absence of natural regeneration of this species 

should be investigated for its restoration into the desert ecosystem. To this end, information 

on the seed biology and ecology of the Lonely Tree should be studied in detail. Due to the 

non-availability of seeds from the Lonely Tree for the seed biology experiments, Acacia 

gerrardii Benth. seeds were secured from the Kingdom of Saudi Arabia, the same 

ecological region as that of the Lonely Tree. 
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1.2 Seed Biology and Ecology 

 

1.2.1 Seed/ Embryo Development 

Plants produce seeds for their survival in order to prevent extinction and thus sustain their 

future life (Desai et al. 1997). A seed is a fertilized ovule with embryo (which develops into 

a plant) and is covered by a protective seed coat, which can either be permeable or 

impermeable to water. In some plants, the endosperm is retained as a source of nourishment 

in mature seeds, and such seeds are termed as endospermic. However, in others, the 

endosperm is completely utilized by the time seeds are mature, and the cotyledons of the 

embryo act as the source of nourishment. These seeds are called non-endospermic (Bonner 

2008). Seeds of each species are unique in shape, size and internal morphology (Martin 

1946).  

 

1.2.2 Seed Types 

Martin (1946) classified seeds into 10 types, based on endosperm and embryo 

characteristics, in addition to two types, based on seed size. In total, he placed all the 12 

types of seeds under three divisions corresponding to the embryo position, as follows: basal 

(rudimentary, broad, capitate, and lateral), peripheral, and axile (linear, dwarf, micro, 

spatulate, bent, folded, and investing). Seeds with 0.3 to 2.0 mm long interior were 

classified under the dwarf category, while those with < 0.2 mm interior were under micro 

category. However, some small seeds (with non-starchy endosperm), which would 

otherwise fit in the dwarf category, were not included in the classification proposed by 

Martin. To avoid these discrepancies, Baskin and Baskin (2007) modified the seed 

classification based only on embryo and/ or endosperm characteristics, irrespective of size. 

They removed the dwarf category and renamed the micro category as undifferentiated. 

Additionally, the linear and spatulate groups were subdivided into linear under-developed 

(embryo to seed ratio < 0.5), linear fully developed (embryo to seed ratio > 0.5), spatulate 

under-developed and spatulate fully developed. 

 

1.2.3 Seed Viability 

In general, not all seeds are viable, and some viable seeds may not germinate even under 

favorable conditions due to physical, physiological, or morphological factors. The 
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potential/ ability of the viable embryo or seed to develop/ germinate into a normal seedling 

under favorable conditions in the absence of dormancy is called germinability (Gosling 

2001). Seed viability is determined by various methods, including cut test, excised embryo 

test, electrical conductivity measurement, vital stain, tetrazolium testing, and X-

radiography (Gosling 2001; Hampton 1995; ISTA 2007). With the exception of X-

radiography, the aforementioned methods are destructive to seed materials. However, this 

equipment is costly and needs a trained and experienced professional for proper handling. 

X-ray images will reveal only the presence or absence of tissues and insect damage. As 

they show only seed fill, X-ray images cannot be used to ascertain seed viability. 

 

Although the tetrazolium test also relies heavily upon the expertise and experience of a 

technician, it provides rapid results (within 24 h). This widely used method focuses on the 

chemical reaction in the living cells (Ramos et al. 2012; Suleiman et al. 2009a, b, c). Living 

cells in viable embryos contain dehydrogenase (respiratory) enzymes which produce 

hydrogen ions that react with colorless 2,3,5 triphenyl tetrazolium chlorideto produce  

insoluble red colored 2,3,5 triphenyl formazan. This reaction leads to the red staining of 

living tissues, and is not affected by the presence or absence of inhibitors or dormancy 

(Leadem 1984).  

 

1.2.4 Seed Germination 

Germination is defined as “the resumption of active growth in an embryo which results in 

its emergence from a seed and development of structures essential to plant growth” 

(Bonner 1984). Seeds require optimum moisture, temperature, light and oxygen for 

germination. Water uptake by seeds during the germination process occurs in three 

important phases. It starts with imbibition (the first phase), in which water is absorbed 

rapidly into the seed (except for seeds with physical dormancy). In the second phase, 

metabolic processes in the seed are activated while rapid elongation of the embryonic axis 

occurs in the third phase, where the radicle protrudes out, piercing the seed coat. While the 

first and the third phase involve rapid uptake of water, there is either minimal or no water 

uptake in the second (lag) phase (Bewley and Black 1994; Bewley 1997). The duration of 

the lag phase depends on the dormancy status of the seed, and dormant seeds do not 

proceed to the third phase until dormancy is overcome.  
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The amount of moisture needed for germination is species-specific, and inadequate or 

excessive moisture may adversely affect it (Baskin and Baskin 2001). The optimum 

temperature for germination of seeds depends on its origin. While some seeds require a 

narrow temperature range for their growth, others can germinate under a wide range of 

temperatures. When physiological dormancy is alleviated, the temperature range for 

germination also widens (Finch-Savage and Leubner-Metzger 2006). Prevailing 

temperature during regular rainfall period in which germination of a species is observed in 

natural conditions, can mostly be considered as the optimal temperature for plant 

germination (Sweedman and Merritt 2006). According to the findings reported by 

Commander et al. (2009), germination percentage was significantly higher in 

Aphanopetalum clematideum, Austrostipa elegantissima, Melaleuca cardiophylla, and 

Atriplex bunburyana when incubated at 26/13 oC compared to 33/18 oC. However, in a 

study conducted by Sy et al. (2001), incubation at 35 oC significantly enhanced germination 

in Cassia occidentalis and Indigofera senegalensis. Temperatures deviating from the 

optimum could prevent germination or slow it down significantly. In a few species, 

including Aphanopetalum clematideum, germination speed was improved by lowering the 

incubation temperature from 33/18 to 26/13 °C (Commander et al. 2009).  

 

Light is one of the external factors influencing seed germination. However, its contribution 

to the process is not only complex, but dependent on the nature and type of seed as well. 

Some seeds, such as Aeluropus lagopoides (Family: Poaceae) and Sporobolus ioclados 

(Family: Poaceae) need light (Khan and Gulzar 2003) for germination while others 

including Astragalus sieberi (Family: Fabaceae) and Calligonum comosum (Family: 

Polygonaceae) germinate better under dark than in light conditions (Hammouda and Bakr 

1969; Koller and Cohen 1959). Teketay (1998) found no significant variation in the 

germination percentage of scarified seeds of Acacia origena, A. pilispina, and Pterelobium 

stellatum under light or dark conditions. Red light promotes germination, and far-red light 

inhibits it as observed in Alnus rubra Bong. and many other temperate and tropical species 

(Bormann 1983; Vazquez-Yanes and Orozco-Segovia 1990).  
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The optimum conditions for a seed to germinate into a seedling also include oxygen. 

Metabolic activities in a seed are initiated when it absorbs water, and the respiration 

process occurs with sufficient oxygen (Teketay 1998).  

 

1.2.5 Dormancy 

An otherwise viable seed is considered dormant if it fails to germinate under favorable 

conditions in terms of temperature, light, moisture, and aeration. Dormancy has historically 

been defined as various aspects prohibiting seed germination. According to Harper (1957), 

a seed that has not proceeded to germination is dormant. However, it has since been 

recognized that the absence of germination can be due to either the limiting factors inside 

the seed (i.e., dormancy) or the absence of external favorable conditions for germination. 

Simpson (1990) defined dormancy as the “temporary failure of a viable seed to germinate 

after a specified length of time in a particular set of environmental conditions that later 

evokes germination when the restrictive state has been terminated by either natural or 

artificial means”. Further studies on dormancy revealed that it is a quantitative 

characteristic of the seed. This realization resulted in a definition thus; “dormancy is a seed 

characteristic, the degree of which defines what conditions should be met to make the seed 

germinate” (Vleeshouwers et al. 1995). A few years later, Bewley (1997) opined that seed 

dormancy is the incapacity of a viable seed to germinate under favorable conditions. More 

recently, Baskin and Baskin (2004) claimed that “a dormant seed is one that does not have 

the capacity to germinate in a specified period of time under any combination of normal 

physical environmental factors (temperature, light/dark, etc.) that would otherwise be 

favorable for the germination of non-dormant seeds”. This definition indicated that while 

environmental factors, such as temperature and light are essential for germination, these 

might not be sufficient for dormant seeds to germinate. Considering the possibility that a 

seed can lose its dormancy naturally and germinate over a long period, this definition 

specifies a period for germination where when seeds fail to germinate under favorable 

conditions they are considered dormant. Hence, this definition was adopted in the present 

study. The effect of dormancy-breaking techniques for Acacia gerrardii were studied based 

on the results obtained during a specified period with a given set of environmental 

conditions.  
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For this study, dormancy is defined as a seed characterized by the absence of germination 

in response to environmental factors appropriate for germination. Nikolaeva (1977) 

classified dormancy as organic (i.e., arising due to internal seed factors) and imposed. She 

further subdivided organic dormancy into exogenous (due to physical, chemical, and 

mechanical factors of seed); endogenous (due to physiological, morphological, and 

morpho-physiological factors pertaining to the seed); and combined dormancies. Baskin 

and Baskin (2004) modified Nikolaeva’s (1977) classification and developed a 

dichotomous key, which includes five classes of dormancy with varying levels and types. 

This classification was followed in this study (Table 1.4). 

 

Table 1.4. Dormancy Classification of Seeds with Differentiated Embryo (source - Baskin 

and Baskin, 2004).  

Classification Dormancy Level of Dormancy Type of Dormancy 

Class A Physiological dormancy 

(PD) 

Levels  

1. Deep 

2. Intermediate 

3. Non-deep 

Types 

1,2,3,4 and 5 

Class B Morphological dormancy 

(MD) 

  

Class C Morpho-physiological 

dormancy (MPD) 

Levels 

1. Non-deep simple 

2. Intermediate simple 

3. Deep simple 

4. Deep simple epicotyl 

5. Deep simple double 

6. Non-deep complex 

7. Intermediate complex 

8. Deep complex 

 

Class D Physical dormancy (PY)   

Class E Combinational dormancy 

(PY+PD) 

Non-deep PD Types 1 and 2 

 

Seeds that have a developed embryo and water-permeable seed coats but fail to germinate 

due to the presence of physiological inhibiting mechanisms are termed physiologically 

dormant (PD). On the other hand, seeds that have an underdeveloped embryo which needs 

some time to grow before it can germinate possess morphological dormancy (MD), i.e., 

germination is prevented by the inadequate morphological development of the seed. If the 
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seed has both underdeveloped embryo and physiological inhibiting mechanism, it is 

assumed to be under morpho-physiological dormancy (MPD). Seeds that have fully 

developed embryo and impermeable seed/ fruit coat exhibit physical dormancy (PY). 

Finally, seeds with a fully developed embryo, a water impermeable seed/ fruit coat and 

physiological inhibiting mechanism are deemed to be under combinational dormancy 

(PY+PD). Figure 1.2 explains the dichotomous key used to identify dormancy types. 
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Figure 1.2. Dichotomous key to identify dormancy types under favorable environmental 

conditions (source: Baskin and Baskin, 2003). 

  

No germination within 

30 ds- 

Morphophysiological 

dormancy 

Germination within 30 

days Morphological 

dormancy 

Embryo differentiated but 

under developed 

Embryo not differentiated-

Specialized type of 

morphological dormancy or 

morphophysiological 

dormancy 

Scarified 

Seeds do not germinate 

within 30 days 

Physiological dormancy 

Seeds germinate within 

30 days Non-dormant 

Seed or fruit coat permeable to water  

 

Seed or fruit coat not permeable to 

water  

Embryo 

undifferentiated 

or differentiated 

and 

underdeveloped 

Germination within 

2 weeks- Physical 

dormancy 

No germination 

within 2 weeks- 

Combination of 

physical and 

physiological 

dormancy 

Embryo 

differentiated 

and fully 

developed 

Viable Seeds 
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Generally, physical dormancy is reported in Acacia spp. Seeds in many Acacia spp., 

including A. nilotica (Nasr et al. 2013; Warrag and Eltigani 2005); A. siebriana (Warrag 

and Eltigani 2005); A. negrii (Teketay 1997); A. mangium (Bowen and Eusibio 1981); A. 

catechu; A. farnesiana (FAO 1985); A. aroma; A. caven; and A. atramentaria (Venier et al. 

2012); A. Origena; and A. pilispina (Teketay 1998) have been reported to exhibit physical 

dormancy due to hard-seed coat. However, A. berlandieri (Owens et al. 1995), A. gilliesii 

and A. praecox do not exhibit physical dormancy (Venier et al. 2012). 

 

1.2.6 Overcoming Physical Dormancy 

The impermeable coat of seeds characterized by physical dormancy prevents water 

imbibition and thus restricts germination. These seeds generally have large embryos (bent, 

folded, investing or spatulate) and usually have a palisade layer of lignified cells in the seed 

coat, which makes them impermeable (Baskin and Baskin 2001; Vazquez-Yanes and 

Perez-Garcia 1976; Corner 1976).  

 

Notwithstanding, physical dormancy is sometimes confused with physiological dormancy 

(due to physiological inhibiting factors) as some seeds with deep physiological dormancy 

respond to mechanical or chemical scarification. To eliminate this confusion, checking the 

impermeability of the seed coat by evaluating the imbibition of the scarified and control 

seeds is required (Baskin and Baskin 2003). Seeds that exhibit physical dormancy do not 

imbibe water, thus indicating impermeability of the seed coat. In contrast, seeds with 

physiological dormancy might imbibe water but will not germinate. Therefore, the presence 

of physiological mechanism can prevent germination. 

 

About 15 families of Angiosperms exhibit physical dormancy viz: Anarcardiaceae, 

Bombacaceae, Cannaceae, Cistaceae, Convolvulaceae, Cucurbitaceae, Fabaceae, 

Geraniaceae, Malvaceae, Musaceae, Nelumbonaceae, Rhamnaceae, Sapindaceae, 

Sterculiaceae, and Tiliaceae (Baskin and Baskin 2001).  

 

In nature, physical dormancy is broken in many Acacia species by the exposure of seeds to 

wet and dry cycles (Bowen and Eusibio 1981), flooding (Badi et al. 1989), frequent fires 
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(Sabiiti and Wein 1987; Kulkarni et al. 2007), or passage through the digestive tract of 

animals (Miller 1995; Cox et al. 1993). 

 

Acid scarification, hot water treatment (wet heat), mechanical scarification, and dry heat 

treatment can break the physical dormancy in seeds. Treatment duration may vary with 

species, depending on seed coat thickness and other inherent characteristics. Acid 

scarification was effective in breaking the physical dormancy in Lupinus angustifolia, 

Astragalus cicer, Convolvulus lanatus, etc. (Burns 1959; Miklas et al. 1987; Koller and 

Cohen 1959). Treatment with sulfuric acid for various durations was successful in breaking 

the physical dormancy of A. alba (Teketay 1996), A. farnesiana (Scifres 1974), A. 

cyanophylla (Jones 1963), A. senegal (Palma et al. 1995), and A. sieberiana (Teketay 

1996). Immersion of seeds in hot water (wet heat treatment) also produced good results in 

several species. However, duration of exposure and treatment temperature differed with 

each species. For example, when the treatment temperature was lower, seeds could 

withstand longer treatment duration and vice versa (Baskin and Baskin 2001). The 

germination percentages of Acacia falcata, A. terminalis, and A. suaveolens increased to 

80, 75, and 70%, respectively, when the seeds were immersed in hot water at  80 °C for a 

period of up to 600 s. However, the germination percentages were reduced when the 

treatment temperature was increased to 100 °C for varying durations of 200, 100, or 20 s 

(Clemens et al. 1977). 

 

Exposing seeds to dry heat was also successful in breaking dormancy. Similar to wet heat, 

the temperature duration of dry heat varied with species. Although exposure to dry heat 

developed cracks on the seed coat and in the palisade layer of the lens/ strophiole area of 

the seeds of Acacia spp., the cracks on the seed coat were typically not deep enough to 

allow water to enter the embryo (Brown and Booysen 1969; Cavanagh 1987). Exposing 

seeds to low temperatures (-196 oC) by freezing broke physical dormancy in Coronilla 

varia (Brant et al. 1971) and Trifolium arvense (Pritchard et al. 1988).  

 

Usually, the impermeable coat of seeds characterized by physical dormancy has a weak 

point in the testa, which cracks upon treatment or under certain natural conditions to allow 

entry of water (water gap) into the seeds, thus facilitating imbibition and germination 
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(Baskin and Baskin 2001). The point of water entry differs with each family (Baskin and 

Baskin 2000). In seeds of Mimosoideae and Papilionoideae, the strophiole/ lens was 

identified as the point of water entry (Cavanagh 1980; Hanna 1984; Serrato Valenti et al. 

1995; Manning and van Staden 1987b); while the hilum region served this function in 

Caesalpinioideae (Jones and Geneve 1995); operculum in Anacardiaceae (von Teichman 

and Robbertse 1986); and chalazal plug in Malvaceae and Cistaceae (Corral et al. 1989; 

Egley et al. 1986). Considering the variations in specialized water gap structures among 

Fabaceae sub-families, it is important to understand their morphology in Acacia gerrardii 

in order to gain a deeper knowledge and understanding of its seed biology. 

 

1.2.7 Seed Storage Behavior and Longevity 

Storing seeds in a seed bank is an effective method of ex- situ conservation and these seeds 

can be used in re-vegetation programs. Although a seed is viable at a particular point of 

time, its viability might be lost during prolonged storage. The period during which a seed 

can be stored without losing its viability under given storage conditions is referred to as 

longevity. According to Roberts (1973), orthodox seeds are those seeds that “acquire 

desiccation tolerance during development and may be stored in the dry state for predictable 

periods under defined conditions and can withstand dehydration to 5% level without losing 

viability”. Longevity of these seeds can be extended by gradually reducing the moisture 

content. In contrast, recalcitrant seeds “undergo little or no drying during maturation and 

remain sensitive to desiccation both during development and/or after they are shed” (Berjak 

and Pammenter 2002). These seeds require high moisture content to remain viable, and any 

reduction in moisture content will adversely affect their viability (Roberts 1973; Chin 

1988). Longevity can be determined by testing the viability of a seed lot at regular 

intervals. Since this method is time consuming, Millennium Seed Bank Project, KEW, 

developed a technique based on the use of accelerated aging of seeds. In this method, seeds 

are rehydrated and aged under high temperature and seed moisture conditions. Following 

the aging process, germination tests are conducted at regular intervals, and the total 

germination percentage is plotted against the storage period. Thus, the time taken for 50% 

of seeds to lose viability (p50 values) obtained from the probit analysis of the survival curve 

could be used to compare seed longevity in different species. These longevity studies help 

researchers and seed bank managers gain insight into the threshold storage period for each 
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species, develop priority list for immediate storage, and determine the need for innovative 

storage techniques for preservation of desired seed quality (Merritt et al. 2014). The data on 

storage behavior and longevity of seeds are important in making decisions on storage and 

subsequent use of native plants in large-scale re-vegetation programs. 

 

Seed traits, taxonomic relatedness, climate, environmental factors, seed mass, and oil 

content might influence longevity directly or indirectly at varying degrees (Walters et al. 

2005; Probert et al. 2009; Merritt et al. 2014). Many plants in the Fabaceae and 

Casuarinaceae families have higher longevity when compared to those belonging to 

Poaceae and Asteraceae (Merritt et al. 2014). Longevity tends to be prolonged with 

decreasing storage temperature and/ or moisture content of the seed (Ellis and Robert 

1980). It also differs with seed structure and place of origin (Probert et al. 2009; Walters et 

al. 2005), with seeds from the colder regions often exhibiting shorter longevity than those 

from warmer regions (Mondoni et al. 2011). Additionally, seeds from serotinous species, 

woody trees and shrubs, and non-endospermic seeds have higher longevity than 

endospermic seeds and those from geosporous species and herbaceous plants (Merritt et al. 

2014). 

 

Based on longevity studies involving seeds of 172 Australian species, Merritt et al. (2014) 

reported high longevity for many Acacia spp. For example, the p50 values for Acacia spp. 

from the desert climatic zone [A. ancistrocarpa (p50 = 244 d); A. colei (p50 = 588.6 d); A. 

maitlandii (p50 = 148 d)] ranged from 148 to 588 d, whereas for A. holosericea from the 

tropical climatic zone, the p50 was 481.1 d. However, since seed longevity can be 

influenced by several factors, it is important to study the longevity behavior of Acacia spp. 

from Middle Eastern countries. 

 

Seed persistence is the capacity of a seed to persist or survive in a soil seed bank, plants (in 

case of serotiny) and ex-situ seed banks (Long et al. 2015). Seed persistence varies with 

species, seed characteristics (seed size and shape), genetic factors and a number of abiotic 

factors (soil temperature, soil moisture, and pre- and post-dispersal environmental factors) 

(Long et al. 2015). Knowledge of seed persistence is particularly important for threatened 

species as it helps effectively manage restoration programs by planning and adopting 
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appropriate methods to utilize seeds in their natural seed bank (CALM 2006). Seed 

persistence in the field can be predicted based on the results of controlled aging tests (CAT) 

conducted in the laboratory (Long et al. 2008). Seeds with p50 < 20 d were found to have 

transient persistence (< 1 year); those with p50 between 20 and 50 are deemed short-lived 

(1-3 years) and those with p50 >50 are considered long-lived (> 3 years) under field 

conditions. However, Walter et al. (2005) suggested correlation between in-situ persistence 

and ex-situ seed longevity. While it is not possible to predict accurately seed persistence-

based CAT, rough estimates of seed persistence of threatened species could be of 

considerable value to restoration managers. 

 

1.3 Microbial Community Status (Bacterial and Fungal) Associated with Acacia 

gerrardii Root System and Rhizosphere Soil of Kuwait Desert 

 

1.3.1 Soil Microorganisms and Plants: 

The characteristics of degraded arid land ecosystems include loss or disturbance of 

vegetation cover, increase in soil erosion, decrease in water infiltration, poor nutrient 

availability and loss of organic matter, and diminution of microbial communities and 

activity which consequently affects nutrient cycling (Remigi et al. 2008; Duponnois et al. 

2001a,b; Barea et al. 1997; Xin Sui et al. 2012). Decreased moisture availability (indicative 

of desert climate) reduces soil and plant productivity and thus leads to desertification, 

which is accelerated by increased anthropogenic activities. Degraded soils can be returned 

to their original condition by improving soil-plant microbial system (Requena et al. 2001). 

In addition to adopting improved propagation and growing techniques for the enhancement 

of seedling production and establishment rates, it is imperative to study and understand the 

microbial symbiotic status and its functions associated with the ecological processes of the 

Lonely Tree species. The interactions between plant and symbiotic soil microbes are some 

of the most important factors affecting ecosystem productivity and diversity (Thrall et al. 

2011).  

 

Microscopic unicellular or multicellular organisms known as microorganisms are broadly 

classified into five groups, comprising bacteria, fungi, virus, algae and protozoa (Bergey’s 
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Manual 2015). Irrespective of their miniscule size, microorganisms are everywhere in the 

biosphere. The rhizosphere and spermosphere are zones in the soil closely surrounding 

plant roots and seeds.  These zones are where active colonization processes and interaction 

of plant-microbes take place (Bolton et al. 1993) and are inhabited by a unique population 

of microorganisms.  The functioning of microorganisms in these zones can have a profound 

effect on both vegetation growth and nutrient cycling processes. Plant-associated microbial 

communities are essential regulators of plant community dynamics and structure (Van der 

Heijden et al. 2008). The activities of these soil microbes are also essential for the efficient 

solubilization of mineral nutrients and promotion of plant growth by converting complex 

organic nutrients into simpler inorganic forms. These simpler forms are readily absorbed by 

plants and used as fuel for growth and development (Paul 2015).  In turn, the carbon 

derived from plant exudates serves as the carbon source for soil microbes. Thus, 

microorganisms present in the soil help maintain soil fertility and productivity, as well as 

assist in cycling of nutrient elements into the biosphere.  

After water, nitrogen (N) is a primary limiting factor in all ecosystems and a major nutrient 

component for plant growth and function. Nitrogen and phosphorus are reported to be 

scarce in arid and semi-arid soils (Michel and Villegas 2011; He et al. 2014). Nitrogen 

transformation through decomposition and mineralization is carried out by soil 

microorganisms (Michel and Villegas 2011). The most important symbiotic organisms are 

N-fixing bacteria, which provide leguminous plants with fixed nitrogen sources. 

Mycorrhizal fungi, which are inhabitants of the soil-plant root systems, form symbiotic 

relationships with plants and enhance their ability to establish in and withstand stressful 

environments (Barea et al. 1997). Rhizobial symbioses are considered extremely important 

because they constitute a source of nitrogen to the ecosystem (Zahran 1999). This 

biological nitrogen fixation is referred to as symbiotic nitrogen fixation, as it is beneficial 

to both plants and microbes.  
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1.3.2 Biological Nitrogen Fixation 

Among other nutrients, nitrogen and phosphorus are essential for plant growth and 

function. Nitrogen is an important component of nucleic acid, protein and other cellular 

constituents. The two primary sources from which plants acquire nitrogen are the 

surrounding soil (through commercial fertilizers, manure, and mineralization of organic 

matter) and the atmosphere (through the process of symbiotic nitrogen fixation) (Vance 

2001). The inert form of abundant nitrogen, (N2), present in the atmosphere can only be 

used by plants when combined or fixed in the form of ammonium or nitrate ions. The 

process of converting atmospheric nitrogen (N2) into ammonia by microorganisms, known 

as biological nitrogen fixation (BNF), makes it subsequently available for plants (Santos et 

al. 2008). BNF can be represented by the following equation: 

 

N2 + 8H+ + 8e- + 16 ATP = 2NH3 + H2 + 16ADP + 16 Pi 

 

From the equation, two moles of ammonia are produced from one mole of nitrogen gas, at 

the expense of 16 moles of ATP and a supply of electrons and protons (hydrogen ions). 

This reaction is catalyzed by an enzyme complex termed nitrogenase, which reduces 

atmospheric dinitrogen to ammonia (Dean and Jacobsen 1992).  There are two types of 

BNF; namely non-symbiotic and symbiotic. Depending on the presence of carbon source 

and oxygen, non-symbiotic or free living biological nitrogen fixers can be aerobic 

heterotrophs (Azobacter, Pseudomonas, Achromobacter), aerobic autotrophs (Nostoc, 

Anabena, Blue green algae), anaerobic heterotrophs (Clostridium, Klebsiella, 

Desulfovibrio) or anaerobic autotrophs (Rhodospirillum, Chlorobium). Symbiotic nitrogen 

fixers establish a symbiotic association with roots of leguminous plants through root 

nodules and fix atmospheric nitrogen.  In turn, they obtain food and shelter from the plants. 

The legume-rhizobium symbiotic association is the most important source of biologically 

fixed nitrogen in agricultural systems (Graham and Vance 2000). Nitrogen-fixing bacteria 

of the family Rhizobiaceae include six genera: Rhizobium, Sinorhizobium, Mesorhizobium, 

Allorhizobium, Azorhizobium, and Bradyrhizobium collectively known as rhizobia 

(Vance1998). Recently, however, other α-proteobacterias have been shown to produce 

nodules in legumes (Moulin et al. 2002); Methylobacterium (Sy et al. 2001); Blastobacter 

(Van Berkun and Eardly 2002), and Devosia (Rivas et al. 2002). Some β-proteobacterias 
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such as Burkholderia strain and Ralstonia taiwanesis are also isolated from Mimosa spp, 

(Chen et al. 2001, 2003, 2007).  In desert soils, rhizospheric zone is a crucial site of 

microbial activity as this zone provides essential carbon sources in organic matter-deprived 

desert soils. Usually gram-positive spore formers are predominant in desert ecosystems and 

persist even during summer periods (Bhatnagar and Bhatnagar 2005). Therefore, 

rhizosphere effect is more pronounced in desert than other soils (Bhatnagar and Bhatnagar 

2005; Yechieli et al. 1995).   

 

The legume-rhizobium symbiosis is initiated by the infection of legume hosts by rhizobia, 

resulting in the formation of root nodules. These bacteria enter the root tissue and persuade 

the formation of specific structures called root nodules. The Nod factor plays an important 

role in the initiation of nodulation. Within the nodules, rhizobia are found as bacteroids, 

which perform atmospheric nitrogen fixation, to be supplied to the plant in the form of 

ammonium. In order to do so, they obtain sources of carbon and energy from the plant in 

the form of dicarboxylic acids (Lodwig et al. 2003).  Figure 1.3 illustrates the formation of 

root nodules in leguminous plants. Actinorhizal symbiosis form root nodules following 

colonization by soil-borne actinomycete of the genus Frankia on roughly 200 angiosperms 

belonging to 25 genera, amongst which is the genus Casuarina sensu lato used for 

reclamation of semi-arid and arid degraded lands (Diagne et al. 2013).  In free living-

nitrogen fixation process, free-living diazotroph bacteria are able to fix atmospheric 

nitrogen in the soil, availing fixed nitrogen for absorption by plant roots.   
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Figure 1.3. Schematic representation of formation of root nodules in leguminous plants 

(Source: Orianset al. 2007). 

 

Acacia spp. are woody legumes and therefore are capable of establishing a symbiotic 

association with rhizobia and fix atmospheric nitrogen (Diouf et al. 2003). Several research 

studies have demonstrated that the inoculation of Rhizobium to legumes can improve 

nitrogen fixation and plant growth in terms of increase in plant nutrition and soil fertility 

(Saini et al. 2004; Bakhoum et al. 2012).  A field trial conducted by Galiana et al. (1998) on 

less fertile soil has shown positive effect in terms of nitrogen fixing potential after 

inoculation with Rhizobium. In a recent study, the authors reported that the inoculation of 

native Rhizobium increased nodulation and nitrogen fixation in arid regions of the Kingdom 

of Saudi Arabia (Shetta et al. 2011). Many N2–fixing trees are dependent on mycorrhizal 

associations for efficient absorption of mineral nutrients and water required for plant 

growth and effective N2–fixation (Cornet et al. 1982; Lesueur and Duponnois 2005). 

Different strains from bacterial genera such as Rhizobium, Bacillus, and Pseudomonas 
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mineralize organic phosphorus in the soil (Rodrı́guez and Fraga 1999) and contribute to 

nutrient cycling processes in soil systems.  

 

1.3.3 Mycorrhizae and symbiosis 

The most common symbiotic association between fungi and plant roots is the mycorrhizal 

symbiosis. Among soil microbes, arbuscular-mycorrhizal (AM) fungi are recognized as an 

essential component of plant-soil systems characteristic of deserts ecosystems (Requena et 

al. 1996). They can survive in harsh and limiting environments because of their role in 

stress alleviation (Sylvia and Williams 1992; Oldroy and Dixon 2014). Propagules of AM 

fungi produce hyphae that travel in soil, enter epidermal cells of plant roots, and have the 

ability to increase the absorbing surface area of root systems by producing extraradical 

hyphal network. They consequently provide plants with improved access to nutrient and 

soil water uptake (Hrynkiewicz and Baum 2012; Monreal et al. 2011; Smith and Read 

2008). Figure 1.4 demonstrates the role of microbes in soil. It has been shown that nitrogen 

and phosphorus content of plants is increased with soil inoculation of mycorrhizal fungi 

and other microbes (Ingham et al. 1985; Smith and Read 2008; Fortin et al. 2015). It has 

been estimated that one centimeter of AM colonized roots might have the ability to produce 

50 to 100 cm of extraradical hyphae (Harley 1989).  Figure 1.5 displays the schematic 

representation of life cycle of AM fungi showing the formation of spore germination, 

hyphopodium, vesicles, arbuscules and hyphae. Mycorrhizal fungi also support the 

development of other microbial populations in soils beyond the roots due to extraradical 

hyphae (Jakobsen and Rosendahl 1990).  Mycorrhizal fungi and other microorganisms in 

soil systems are considered to play an essential role in the development of plants in 

unfavorable soil conditions (Hrynkiewicz and Baum 2012).  

http://www.sciencedirect.com/science/article/pii/S0734975099000142
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Figure 1.4. Demonstration of the role of microbes in soil ecosystem  

Source: BIO-FERTILIZER the Nutrient Booster. Role of microorganisms. 

(http://xtekh.aabiotekh.com/nutri_cycle.htm). 
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Figure 1.5. Schematic representation of life cycle of AM fungi showing the formation of 

spore germination, hyphopodium, vesicles, arbuscules and hyphae (Source: Bucking et al. 

2012). 

 

In terrestrial ecosystems, about 80% of plant species establish a symbiotic association with 

mycorrhizal fungi (Smith and Read 2008; Fortin et al. 2015), which in turn provides 

resistance to disease and drought while enabling access to otherwise inaccessible nutrients, 

such as nitrogen, phosphorus, copper and zinc to the plant in exchange for carbon (Heijden 

et al. 2008). Arbuscular-mycorrhizal (AM), ectomycorrhizal (ECM) and ericoid 

mycorrhizal (ERM) fungi are the most abundant and important groups of mycorrhizal fungi 

in terrestrial ecosystems. It has been shown that different species of Acacia have the ability 

to form mycorrhizal association with AM and ECM either independently or by co-existing 

without competition (Duponnois and Plenchetta 2003; Founounce et al. 2002). Mycorrhizae 

also play a vital role in plant nutrition and help in desert reclamation and soil stabilization 

(Bhatnagar and Bhatnagar 2005). Arbuscular-mycorrhizal fungal mycelium extends 

throughout the soil, links the root and soil environment and establishes an efficient system 

for nutrient and water uptake, hence allowing scavenging in nutrient-poor conditions 

(Requena et al. 2001). Many N2–fixing trees are dependent on mycorrhizal associations for 
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efficient absorption of mineral nutrients required for plant growth and effective N2–fixation 

(Cornet et al. 1982; Lesueur and Duponnois 2005). Mycorrhizal fungi help buffer host 

plants against environmental stresses (Malajczuk et al. 1994) and are important factors in 

ecosystem dynamics and productivity (Baxter and Dighton 2001; Leake 2001; Jonsson et 

al. 2001). Research indicates that inoculation with AM fungi and rhizobium improves the 

establishment of plants as well as the soil conditions (Requena et al. 2001). 

 

Dual, tripartite and tetrapartite Symbioses 

The co-existence of arbsucular- or ecto-mycorrhizae without competition with bacteria in 

the same root system is known as dual symbiosis. Many Acacia species can form 

mycorrhizal associations with both AM and ECM fungi (Le Tacon et al. 1989; Founoune et 

al. 2002; Duponnois and Plenchette 2003). Both bacterial and fungal symbionts are known 

as the key components of the natural ecosystem and are involved in leading and enabling 

the critical cycles of essential plant nutrients and sustaining vegetation cover. Acacia tree 

species are leguminous, which can form tetrapartite symbiotic associations with N2–fixing 

rhizobium species, ectomycorrhizal fungi (ECM), and arbuscular mycorrhizal fungi (AM) 

and the legume plants. It has been shown that arbuscular- (AM fungi) and ectomycorrhizal 

(ECM fungi) can co-exist without competition on the same root system of Acacia 

holosericea (Founoune et al. 2002). Several authors have also reported that dual, tripartite 

and tetrapartite symbioses play an important role in plant nutrition under nutrient deficient 

conditions (Mortimer et al. 2013; Chatarpaul et al. 1989). Inoculation of nitrogen fixing 

bacteria and arbuscular mycorrhizae to Acacia cyclops significantly increased the growth 

and nutritional composition of the plant (Mortimer et al. 2013). The mycorrhizae helper 

bacteria (MHB) actively participate in the mycorrhization of Australian Acacia species and 

fix atmospheric nitrogen (Duponnois and Plenchette 2003). It has also been shown that 

ectomycorrhizal and biological nitrogen fixing symbioses were interdependent through 

some unknown mechanisms (Andre et al. 2005).  

 

Mycorrhizal fungi and nitrogen fixing rhizobia are considered important soil microbial 

groups in the desert ecosystem. Woody tree legumes, such as Acacia species, withstand 

stress conditions such as drought and nutrient deficiency by means of symbiotic association 

with rhizobial and mycorrhizal fungi (Herrera et al. 1993). Peak microbial-related activities 
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in deserts are typically concentrated in short periods of high soil moisture following rainfall 

events (West 1990). However, quantifying microbial community structure related to 

ecosystem functions remains complex (Zak et al. 1994). Therefore, studying the 

community structure and taxonomy of soil microorganisms is essential in order to clear the 

relationships among plants, mycorrhizal fungi, and soils. This effort assists in gaining a 

better understanding of the desert soil ecosystem functioning. 

 

Some microorganisms have also been used as bio-fertilizers, aiming to increase the 

availability and uptake of organic nutrients for plants (Vessey 2003), as well as reduce the 

environmental side effects caused by chemical fertilizers (Adesemoye and Kloepper 2009). 

Inoculation of phosphate solubilizing microbes into the soil has been used as a strategy for 

preparing multifunctional biofertilizers (Chang and Yang 2009). According to Kertesz and 

Mirleau (2004), the soil organosulfur cycle is catalyzed by soil microbial communities, 

which further underpins their important role in plant nutrition. Soil microbes that are 

capable of secreting antibiotics provide superior defensive mechanism for plants against 

soil-borne pathogens. Inoculation of microbes, such as Trichoderma viride and Arbuscular 

mycorrhizal fungus Glomus etunicatum was shown not only to increase the flowering and 

fruiting values of pepper Capsicum annum but also suppressed the effect of plant 

pathogens. 

 

1.3.4 Methods of Study of Microbial Community 

Almost all approaches employed in microbial community studies begin with staining 

procedures that classify microorganisms based on their morphological characteristics. 

According to Bergey’s Manual 2015, 8 out of the 19 major groups of bacteria were 

primarily identified using staining procedures (Buchanan and Gibbons 1974; Madigan et al. 

2004).  Other commonly used staining methods are Acid Fast Staining (AFS) for acid-fast 

bacilli, spore staining, flagella staining and capsule staining. Mycorrhizal fungi can be 

stained with Chlorazol black E, tryphan blue (Brundrett et al. 1984) or ink-vinegar method 

(Vierheilig et al. 1998).  

 

Microbiological, biochemical- and molecular-based techniques have also been adopted in 

this research to study the microbial community and species diversity (Kirk et al. 2004). 
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Microbiological techniques include (i) Selective plating and direct viable plate count, 

which is a traditional method used for assessing the diversity of microorganisms. This 

method is fast and inexpensive, but does not provide information on unculturable bacteria 

and tends to be biased towards fast-growing bacteria and fungi that form a large number of 

spores (Tabacchioni et al. 2000; Trevors 1998). Biochemical techniques include 

community level physiological profiling (CLPP)/BIOLOG, phospholipid fatty acid (PLFA) 

analysis/Fatty acid methyl ester analysis (FAME) among others (Fakruddin and Bin 

Mannan 2013; Agrawal et al. 2015).  Community level physiological profiling (CLPP) is 

fast, differentiates between bacterial communities and generates large number of data. It 

also provides options for using bacterial, fungal plates or site-specific carbon sources. Choi 

and Dobbs (1999) demonstrated the capacity of Biolog’s GN and ECO plates to 

discriminate among six microbial communities. API strips were also used to study the 

functional diversity in which different carbon sources were used (Torsvik et al. 1990). 

However, CLPP method supports only the culturable (Garland and Mills 1991) and fast-

growing microorganisms (Yao et al. 2000) and is sensitive to inoculum size (Garland 

1996). Fatty acid methyl ester analysis (FAME), which is based on the fatty acid profile, 

provides similarity below the family level for mycorrhizae (Graham et al. 1995).   

 

Molecular-based methods include PCR-based and non-PCR based techniques. PCR-based 

techniques include denaturing gradient gel electrophoresis (DGGE), temperature gradient 

gel electrophoresis (TGGE), single-strand conformation polymorphisms (SSCPs), 

amplified ribosomal DNA restriction analysis (ARDRA), random amplification of 

polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), terminal 

restriction fragment length polymorphisms (T-RFLPs) and ribosomal intergenic spacer 

analysis (RISA), automated intergenic spacer analysis (ARISA), repetitive extragenic 

palindromic-PCR (rep-PCR) (Agrawal et al. 2015). PCR-independent approaches include 

Guanine plus cytosine (G + C) content, DNA-reassociation kinetics and DNA: DNA 

hybridization. The 16s rRNA gene sequencing is currently used to identify unknown 

bacteria (Torsvik and Øvreås 2002) and 18s rDNA and internal transcribed spacer (ITS) 

regions sequenced to study fungal communities (Kirk et al. 2004). Guanine plus cytosine 

content (G+C) of the DNA extracted from the soil can be used for the study of bacterial 

community and diversity in the soil (Nusslein and Tiedje 1999). Prokaryotic DNA varies in 

http://www.sciencedirect.com/science/article/pii/S0167701204000983#BIB13
http://www.sciencedirect.com/science/article/pii/S0167701204000983#BIB13


 

34 
 

G+C content and can hence be related in taxonomy. As a quantitative method, it avoids the 

bias inherent in PCR methods (Tiedje et al. 1999). Amplified ribosomal DNA restriction 

analysis (ARDRA) was adopted to study changes in microbial community (Nusslein and 

Tiedje 1999). Nucleic acid hybridization relies on specific probes that can be used in-situ, 

with extracted DNA or RNA (Schramm et al. 1996). Denaturing gradient gel 

electrophoresis (DGGE)/temperature gradient gel electrophoresis (TGGE) are similar 

methods that are rapid, reproducible and somewhat inexpensive, and are used for studying 

microbial genetic diversity. The banding pattern on either polyacrylamide or agarose gel 

shows the microbial diversity, while sequencing the bands reveals the identity of the 

microbial community present in the sample (Kirk et al. 2004). Microbial analysis can be 

conducted at the whole community level (metagenomics, metaprotoemics, proteogenomics, 

metatranscriptomics, metabolomics, whole genome sequencing, G+C fractionation) or at 

the representative organisms level (DNA microarrays, real-time PCR, protein microarrays, 

fish and dot blot, ARDRA, RISA, RAPD, ARISA, clone library sequencing). Metagenomic 

(whole-environment genome) analyses both on 16 sRNA and 18 sRNA are the latest 

techniques that provide better results from small soil samples using next generation 

sequencing and bioinformatics tools (Zwolinski et al. 2007; Escobar-Zepeda et al. 2015). 

This study therefore commenced with the goal to evaluate the microbial community 

structure associated with rhizospheric and non-rhizospheric soils and roots of Acacia 

gerrardii of the Kuwaiti desert.  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

1.4 Rational Aim and Thesis Outline  

Considering the significant role that native acclimatized tree species can play in arresting 

land degradation processes, this study focused on the restoration of the local Lonely Tree, 

Acacia pachyceras O. Schwartz, synonym Acacia gerrardii Benth. and will be referred to 

as Acacia gerrardii. Thus, it addressed a number of issues related to seed biology and 

ecology, conservation and restoration genetics, and microbial communities associated with 

their root rhizosphere under Kuwait’s environmental conditions. Seed viability and 

dormancy were determined, dormancy-breaking treatments were studied, and seed 

longevity was investigated. In addition, the presence of microsymbionts, such as ECM, AM 

fungi, and rhizobium in the root systems and rhizospheric soils in the Kuwait desert was 

https://en.wikipedia.org/wiki/Acrylamide
http://www.ncbi.nlm.nih.gov/pubmed/?term=Escobar-Zepeda%20A%5Bauth%5D
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assessed, and their symbiotic relationship was discussed. Surrogate seeds A. gerrardii were 

procured for this study from the Kingdom of Saudi Arabia, the same ecological region as 

that of the Lonely Tree, due to the non-availability of seeds of the last local mature 

specimen in Kuwait. The thesis is organized into five chapters, briefly outlined below.  

Chapter 2 presents an investigation of the seed structure, type of dormancy in Acacia 

gerrardii, and its germination requirements.   

 

Chapters 3 and 4 present an investigation of indigenous microsymbionts, such as AM, 

ECM fungi, rhizobium, and other bacterial and fungal communities. 

 

Chapter 5 presents the synthesis of results, draws the main conclusions yielded by the study 

and provides some recommendations for future work in this field. 
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C H A P T E R   2 

Seed biology of Acacia gerrardii: Germination and longevity studies 

 

2.1 Abstract 

 

Acacia gerrardii is the only native tree species of the Kuwaiti desert ecosystem. However, 

anthropogenic disturbances, overgrazing, inadequate and infrequent rainfall, and landscape 

degradation have contributed towards the disappearance of this keystone species from its 

habitat. Information on seed viability, germination and longevity of A. gerrardii is very 

limited. Effects of different seed pre-treatment to break dormancy, germination time and 

germination percentage were studied in a series of controlled environment experiments. 

Water entry pathway in A. gerrardii seeds was determined by staining, sectioning and light 

microscopy method. To study the ecology (seasonal timing) of dormancy loss and 

germination of A. gerrardii, a seed burial experiment was conducted at the Agricultural 

Research Station, Sulaibiya, Kuwait. Imbibition behavior of nicked, hot water treated and 

control seeds were studied. Results indicated that hundred percent of the nicked seeds 

imbibed at the end of 30 h while only 20% of the seeds treated with hot water and 10% of 

the control imbibed, respectively. Effects of mechanical scarification, hot water treatment 

(30 sec, 1 min, 2 min and 5 min) and concentrated acid scarification (10 min, 20 min and 

30 min) were also examined based on germination percentage and rate (time to 50% 

germination and final germination, p50). Pre-treatment with mechanical scarification 

produced maximum germination in minimal time and 15 °C, 40% RH with 12 h of light 

(2370 lux) were found to provide the best germination environment. Seeds were rapidly 

aged at 60% RH and 45 or 50 °C to determine longevity and the results were analyzed 

using probit analysis. Time taken for viability to fall to 50% (p50) was determined from the 

results. The p50 of Acacia gerrardii seeds aged at 45 and 50°C were 38.6 and 9.3 days, 

respectively and hence can be referred to as species with medium longevity. Experiments to 

find the water entry pathway in Acacia gerrardii indicated that the micropyle region was 

the primary point of water entry into the seed. Seed burial experiments indicated that 

though seed retention decreased over time, there was no significant decrease in viable seeds 

in 31 weeks. The results of this study are of significance to nursery managers, seed banks 

and those involved in restoration activities. 
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2.2 Introduction 

In recent years anthropogenic disturbances and infrequent and inadequate rainfall has 

resulted in land degradation of over 70% of the terrestrial environment in Kuwait (Misak et 

al. 2007; Khalaf 1989). Continuous overgrazing, camping activities and the Gulf war have 

also contributed towards the disappearance of plant cover throughout Kuwait’s desert 

ecosystem. Acacia gerrardii O. Schwartz. (Synonyms- Acacia gerrardii Benth., Acacia 

iraquensis Reu.), the only native tree species of Kuwait, is an important component of the 

desert wadis and hilly areas because of its ability to fix nitrogen (Belsky et al. 1989) and 

can thus be considered a keystone species. According to the IUCN Red List Assessment 

(Version 2.3; 1998), the status of Acacia gerrardii was listed as lower risk/near threatened 

(LR/NT). However, since then its natural population has declined sharply and it is now 

considered virtually extinct in Kuwait. The germination of A. gerrardii seeds has been a 

challenging task in the past since it has hard seed coat is impervious to water (Taketay, 

1996). Natural recruitment of the species has not been noticeable due to the absence of 

large mammalian herbivores, which ingest seedpods and enhance the germination capacity 

of seeds through scarification of the hard seed coat during digestion (Ward and Rohner, 

1997). Therefore, reintroduction of the species into the desert ecosystem is of utmost 

importance to prevent its total extinction. The first step towards the reintroduction of this 

species into desert ecosystems is to produce large quantities of seedlings from reliable local 

seed sources.  

 

Most Acacia species produce seeds that have physical dormancy (i.e. mature seeds possess 

a water-impermeable seed coat that must be rendered permeable before imbibition and 

germination can occur). Poor germination from the soil seed bank of Acacia spp. could be 

due to this physical dormancy, susceptibility to insect damage (Donahaye et al. 1966; 

Halavey 1974; Jansen 1975), burial depth (Auld 1986; Fenner 1985; and Sabiiti et al. 1991) 

and/ or insufficient moisture in the soil (Mahgoub & Bebawi 1983) to initiate germination 

and sustain normal growth. The seed size of Acacia spp. varies depending on the 

geographical distribution of the parent trees. For example, Gohary and Mohamed (2007) 

found the mean length of Acacia gerrardii var. najdensis seeds collected from Wadi El-

Arish, Gebel El-Hala and Sinai, Egypt to be 7-8 mm whereas Waly et al. (2012) found the 
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mean length of Acacia gerrardii seeds collected from El-Baha Belgrashi and El-Madina 

road in Saudi Arabia to be 4-7 mm. The nature and extent of seed coat impermeability in 

Acacia gerrardii has not been thoroughly studied. Based on extensive observations, it is 

reasonable to consider the seeds of Acacia gerrardii to fall under physical dormancy. To 

overcome seed dormancy and obtain rapid and synchronous germination, these seeds must 

be subjected to some physical or chemical treatment (s) before sowing. Such pre-

germination treatments will break the integrity of impermeable seed coat, thereby allowing 

imbibition of water into the embryo and initiate germination process. Techniques or 

methods used to break the physical dormancy are called scarification treatments and while 

testing these treatments, it is recommended to start from the mildest and proceed to the 

strongest (cold water soak, hot water soak, acid treatment and mechanical treatments) until 

the achievement of optimum results (Bonner, 2008). A number of techniques have been 

employed to break the dormancy in Acacia spp. including scarification and soaking in tap 

water, boiling water, acids, organic solvents and alcohols (Bonner et al. 1974; Cavanagh, 

1980; Aref et al. 2011, Olatunji et al. 2012; Kassa et al. 2010). Treatment with sulphuric 

acid for various durations successfully broke the physical dormancy in Acacia alba 

(Teketay, 1996), A. farnesiana (Scifres, 1974), A. cyanophylla (Jones, 1963), A. senegal 

(Palma et al, 1995) and A. sieberiana (Teketay, 1996). Good results were obtained when 

seeds of Acacia falcata (80%), A. terminalis (78%) and A. suaveolens (70%) were 

immersed in hot water at  80 °C for 600 sec and the germination percentage reduced when 

the treatment temperature was increased to  100 °C for varying durations of 200, 100 or 20 

sec (Clemens et al. 1977). Exposing the seeds to dry heat was also successful in breaking 

the dormancy. Similar to wet heat, the temperature of dry heat and duration varies with 

species. Though the exposure of A. tortilis seeds to dry heat of up to 41°C improved water 

absorption, the optimal incubation temperature was predicted to be 21oC through logistic 

regression model (Loth et al. 2005). Aref et al. (2011) evaluated the effect of mechanical 

scarification, concentrated sulphuric acid and hot water (100 °C) on the germination of 

Acacia gerrardii in combination with a constant incubation temperature of 41°C. The 

germination percentage was increased in A. gerrardii due to the exposure to dry heat 

(70oC) (Mucunguzi and Oryem-Origa , 1996). 
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Though exposure to dry heat developed cracks on the seed coat and in the palisade layer of 

the lens/strophiole area of the seeds of Acacia spp., the cracks on the seed coat were not 

deep enough to allow water entry to the embryo (Brown and Booysen, 1969; Cavanagh, 

1987). The point of water entry into the seed varies with species and it may be through 

lens/strophiole, micropyle or hilum with funicular remnant. In the   Mimosoidae family, the 

point of water entry in many species was reported to be the lens area (Manning and Van 

Staden, 1987a, b; Morrison et al. 1992). Based on the number of openings involved Gama -

Arachchige et al (2013) classified the water gap complexes into two groups; simple and 

compound. They also divided them into 3 types (I, II and III): Narrow linear opening (Type 

I), circular narrow linear opening occluded by lid-like structure (type II) and narrow linear 

or circular water gap occluded by plug-like structure (type III). The type of water gap 

structure in A. gerrardii is also unexplored. Additionally, the effect of incubation 

temperature on germination, point of water entry in A. gerrardii seeds and the effect of 

various pre-treatments on seed coat to help imbibition has to be studied in detail to 

understand the seed biology of this species. 

 

In addition to the dormancy breaking treatments, environmental factors such as light, 

temperature, water and aeration also play a significant role in enhancing germination. 

Hence, it is important to establish an effective seed germination protocol to ensure 

maximum germination at minimal time, both of which are critical in revegetation programs. 

Furthermore, there has been inadequate information available on longevity or viability of A. 

gerrardii seeds under storage. Seed burial experiments are also necessary to explore soil 

seed-bank persistence and the effect of environmental factors on the quality of seeds. 

Thompson et al. (1997) classified soil seed bank persistence as transient (persist for less 

than one year); short-term persistent (1-5 years) and long-term persistent (more than 5 

years). Seed mortality in the soil seed bank might be influenced by soil water content, 

relative levels of carbon and nitrogen in soil and the interaction of environmental factors 

and inherent seed character (Fenner and Thompson, 2005; Mickelson and Grey, 2006; 

Schafer and Kotanen, 2003; and Davis, 2007). Lack of scientific information in this aspect 

restricts the activities of conservation managers. 
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The present study examined seed and embryo characteristics, seed moisture content, 

imbibition rate of scarified, un-scarified and hot water treated seeds, effect of dormancy 

breaking pre-treatments on germination, effect of incubation temperature on germination 

and seed longevity of A. gerrardii seeds using the controlled ageing test. 
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2.3 Materials and Methods 

 

2.3.1 Seed source 

Seeds of A. gerrardii were collected in January 2012 from Alizzia, Riyadh (approximately 

2438N4643E), Kingdom of Saudi Arabia. This seed source was used because there is 

one remaining mature living tree of A. gerrardii in Kuwait with limited seed production for 

the past few years to carry out the set studies. Germination experiments were conducted 

from June 2012 to May 2014. Seed burial experiments were conducted at the Agricultural 

Research Station, Sulaibiya, Kuwait from February 2014 to August 2014. 

  

2.3.2 Fruit, seed and embryo characters 

The type of fruit and embryo were studied and recorded following Martin (1946), Bonner 

(2008), Baskin and Baskin (2007) approaches. Average length, width, thickness and mean 

seed weight were recorded for four replicates of 50 seeds each. Additionally, seed color and 

length of areole arms were investigated. Dry seeds were directly mounted on a stub using a 

double-sided adhesive tape and seed coat structure was studied using Scanning Electron 

Microscope Joel 6610LV at a voltage of 10kV. Seeds were soaked overnight and imbibed 

seeds were stained with 1% acid fuchsin dye for 1 min and rinsed with distilled water. 

Seeds were consequently split longitudinally and thin sections were taken using razor blade 

for examination under LEICA compound microscope. Embryo: Seed (E:S) ratio was also 

calculated as: E:S ratio= embryo length/seed length. 

 

2.3.3 Seed moisture content 

To assess the moisture content of the seeds, five replications of 20 seeds each were 

weighed and dried at 70°C until there was no significant reduction in seed weight to 

determine seed dry mass. The moisture content was calculated in the following method: 

 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐹𝑟𝑒𝑠ℎ 𝑊𝑒𝑖𝑔ℎ𝑡  𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐹𝑟𝑒𝑠ℎ 𝑊𝑒𝑖𝑔ℎ𝑡
 100 
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2.3.4 Viability tests 

Viability of the seed lot was estimated by conducting the 2, 3 5 Triphenyl Tetrazolium 

Chloride Test (TTC) with 5 replications of 20 seeds per replication (ISTA, 1999). In this 

test, viable embryos were stained red due to the reduction of 2, 3, 5-tripenyl tetrazolium 

chloride by respiration activity in the cell (ISTA, 1999). Scarified seeds were soaked in 

distilled water overnight and embryos were exposed by splitting the seed with a 

longitudinal cut. Seeds were soaked in 0.1% TTC solution in Petri dishes covered with 

aluminum foil and kept for 24 h at room temperature (25°C). Seeds were then washed 

thoroughly with distilled water to remove excess stain and examined under the microscope. 

Stained seeds were considered viable. As A. gerrardii seeds exhibited a hard seed coat, 

which prevented water imbibition, seeds were scarified prior to TTC test. 

 

2.3.5 Seed imbibition 

Due to the likely presence of physical dormancy of the A. gerrardii seeds, imbibition was 

assessed in untreated seeds, nicked and hot water treated (95°C for 30 s) seeds. Three 

replications of 10 seeds for each treatment were placed in Petri dishes on moistened filter 

paper under laboratory conditions (25°C) and after 5 min the seeds were patted dry with a 

paper towel and the total seed weight in the replicate was recorded using a digital analytical 

balance as initial weight.  The same procedure was repeated after 1, 2, 3, 4, 5, 6, 7, 8, 12, 

24, and 30 hr. As germination was observed at 30 hr, the experiment was terminated at this 

point since the weight increase beyond this point was not due to imbibition of water. Water 

uptake was determined gravimetrically, using the following formula.  

 

Percentage weight gain was calculated as follows (Jeyasuriya et al. 2012): 

 

𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑚𝑎𝑠𝑠

=
(𝑆𝑒𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑤𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 𝑓𝑜𝑟 𝑡𝑖𝑚𝑒 𝑡 − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑒𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑒𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡
 × 100 

 

 

 

 



 

43 
 

2.3.6 Germination studies 

Seeds of Acacia gerrardii were subjected to the following pre-treatments: (i) mechanical 

scarification: seeds were scarified with sand paper on the opposite side of the hilum (ii) 

concentrated (36N) acid scarification (Sulphuric acid) for 10 , 20 or 30 min, (iii) hot water: 

seeds were placed in hot water at  95°C for 30 sec, 1 min, 2 min, 5 min and (iv) control. 

After the prescribed time, pre-treated seeds were soaked in water (at room temperature) 

overnight before being sown in Petri dishes on moistened (water) filter paper and 

maintained in the growth chamber (Aralab, Fitoclima 5.000EH) at 20oC temperature,  40% 

RH with 12 h 2370 Lux. Filter paper was periodically moistened. After finding the best 

pre-treatment (mechanical scarification), treated seeds were incubated at various 

temperatures (5, 10, 15, 20, 25 and 30°C) to assess the best incubation temperature for 

optimum germination. 

Germination was recorded daily for 3 months and during 14-day time span if germination 

was not noticed. Control seeds were not subjected to any dormancy breaking treatments. 

Seeds with radicle growth of >2 mm was considered to be germinated. Each treatment 

consisted of fifty seeds with five replications. Effect of pre-treatment on germination was 

assessed by estimating the germination percentage, germination rate, time to 50% 

germination and time to final germination. Germination percentage (Anjum and Bajwa, 

2005), germination rate (Naylor, 1981; Mucunguzi and Oryem-Origa,1996) and time to 50% 

germination (Coolbear et al. 1984; Farooq et al. 2005; Josep and Maria, 2002) were 

calculated using the following formulae:  

 

𝐺𝑃 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑠𝑒𝑒𝑑𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠
 × 100 

 

where, GP= Germination percentage. 

 

𝐺𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 (𝑖𝑛 𝑑𝑎𝑦𝑠) =
100

𝑀𝑇𝐺
  

Where MTG= Mean time to germination. 
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𝑀𝑇𝐺 =
∑ (𝑡𝑖 𝑛𝑖)

∑𝑛𝑖
  

Where, ti –Time from start of the experiment to ith observation; ni- Number of seeds 

germinated in the ith time. 

𝑇50 =
(𝑡𝑖 + [((𝑁/2) − 𝑛𝑖) (𝑡𝑖 − 𝑡𝑗)] )

(𝑛𝑖 − 𝑛𝑗)
 

Where T50 is the time to 50% germination, N is the final number of germination, and ni, nj 

are cumulative number of seeds germinated by adjacent counts at times ti and tj and 

ni<N/2<nj. 

 

2.3.7 Longevity studies 

Seed longevity was assessed according to the standard ageing procedures (Newton et al. 

2009, Probert et al. 2009 and Mondoni et al. 2011). Ageing experiments were initiated in 

March 2013 at the Kuwait Institute for Scientific Research (KISR) and continued until 

September 2013. In this study, the effect of two ageing temperatures (45 and 50°C) on the 

viability of Acacia gerrardii seeds were evaluated. Seeds were scarified with sand paper 

prior to rehydration and ageing procedures to enable rehydration. Thirty-six samples (18 

placed at 45°C and 18 samples placed at 50°C) of 50 seeds each were placed in open glass 

Petri dishes (52 × 12 mm) in a single layer on the incubation stand (Fisher brand incubation 

tray in polypropylene blue, Fisher Scientific Ltd, UK) over non-saturated solution of LiCl 

(anhydrous, laboratory reagent grade, Fisher Scientific UK Ltd, Leicester, UK) in air tight 

electrical enclosure boxes with a clear lid (300 × 300 × 130 mm, Ensto UK Ltd, 

Southampton, UK) and rehydrated at 47% RH, 20oC. At the end of the rehydration period 

of 14 days, seed equilibrium relative humidity (eRH) of the equilibrated seeds were 

checked using a rotronic hygrometer (AW-DIO sensor with HygroPalm 3 display unit, 

Rotronic Instruments UK Ltd, Crawley, UK) to confirm that the seeds have attained 

equilibrium.  

 

Rehydrated seeds were then transferred to the incubation trays in the second electrical 

enclosure box over non-saturated solution of LiCl (ageing solution) at 60% RH (300 g in 

1L of distilled water) and placed in an incubator at 45 and 50°C in the dark. The RH of the 
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LiCl solution was checked periodically by pipetting 10 ml of the LiCl solution from the 

electrical enclosure box and placing it in the sample container of the rototronic hygrometer 

and necessary adjustments were made by adding the required amount of distilled water to 

the solution in the enclosure box. After the RH assessment, extracted solution was returned 

to the electrical enclosure box, continuously stirred, allowed to equilibrate and RH was 

rechecked.  

 

One sample of 50 seeds for each ageing experiments (45  and 50 °C) was withdrawn after a 

period of 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, 50, 75, 100, 125 and 150 days. Seeds were 

sown in five replications of 10 seeds each in Petri dishes in moistened filter paper. They 

were then incubated in a walk-in growth chamber at 15°C and 40% RH, which proved to be 

best incubation condition in terms of germination percentage and rate. Germination data 

were recorded daily and seed with a radicle growth of >2 mm was considered to be 

germinated. 

 

2.3.8 Seed burial 

This experiment was initiated on 23 January 2014 at the Agricultural Research Station, 

Sulaibiya. Three nylon bags comprising of 100 seeds each were buried at 5 cm depth at 

three different locations/replicates, a total of 9 bags (3 locations X 3 bags in each location 

X 100 seeds in each bag), following the procedure described by Cook et. al, (2008). A 

green net was securely placed over the soil surface for protection from birds and wind. Soil 

temperature and moisture were monitored using Decagon 5TM soil moisture, temperature 

sensors (Decagon, United States) which were buried at 5 cm depth and data loggers 

(EM50). Seeds were buried in January (winter) and retrieved after 50 days (March- end of 

winter), 120 days (May - spring), and 220 days (September - summer). During the growing 

season, the number of seeds germinated was recorded daily. Retrieved seeds were soaked 

in water (at room temperature) overnight before being sown in Petri dishes on moistened 

filter paper and maintained in growth chamber conditions (Aralab, Fitoclima 5.000EH) at 

15 °C and 40% RH with 12 h of 20% light. Seed germination was recorded daily. At the 

end of 30 days, the non-imbibed seeds were mechanically scarified and incubated in the 

same conditions and germination data was recorded. Germinated seeds in the favorable 

condition were considered viable non-dormant seeds. Imbibed soft seeds, which did not 
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produce a seedling, were subjected to cut test to determine their viability at the end of the 

experiment and the soft dark ones were considered non-viable. Seeds germinating after 

mechanical scarification were considered as viable dormant. 

 

The number of viable dormant seeds (i.e seeds that germinated in the lab following 

mechanical scarification), viable non-dormant seeds (i.e seeds that germinated in the 

laboratory without mechanical scarification), non-viable seeds (decayed) and number of 

seeds absent/germinated in the bag were recorded. Viable seeds were determined by adding 

the viable non-dormant and viable dormant seeds. Seed retention, seed bank persistence 

and seed mortality were calculated as described by Schuttle et al. (2008). Seed retention 

was determined by dividing the number of recovered seeds by the initially buried seeds. 

Seed bank persistence was determined as the proportion of the number of viable (dormant 

and non-dormant) seeds retrieved to which was buried (Schuttle et al. 2008). Percentage of 

seed mortality was calculated using the formula mentioned below: 

 

𝑆𝑀 =
( 𝑉𝑏− (𝑉𝑒 +𝐺)

𝑉𝑏
× 100  

Where Vb is the number of viable seeds at the time of burial, Ve is the number of viable 

seeds retrieved at the end of the experiment and G is the number of seeds germinated.  

 

2.3.9 Determination of water entry pathway 

Water pathway of Acacia seeds were evaluated by scanning electron microscope (SEM) 

and dye tracking methods. 

 

Scanning Electron Microscope 

Acacia seeds were pre-treated with hot water (95°C) for 30 s, 1, 2 and 5 min and another 

set were subjected to concentrated sulphuric acid (H2SO4) scarification for 10, 20 and 30 

min. Control seeds were not subjected to any pre-treatment. To evaluate the variations at 

the hilar region (constituting micropyle, hilum with funicular remnants, and lens/strophiole) 

due to pre-treatments, detailed examination was conducted with SEM. Pre-treated seeds 

were wiped dry and mounted on SEM stubs using double-sided carbon tape in an upright 
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position in a way that the hilum region can be viewed in detail. The samples were scanned 

with Joel 6610LV SEM at a voltage of 3kV.  

 

Dye tracking of water pathway 

The procedure applied for dye tracking was formulated and standardized considering the 

method described by Turner et al. (2009), Gama-Arachchige et al. (2013) and Cook et al. 

(2008). To trace the water entry pathway into the A. gerrardii seed, 15 seeds were pre-

treated with hot water (95°C) for 1 min and another set were subjected to concentrated 

sulphuric acid (H2SO4) scarification for 10 and 20 min. Due to the hard seed coat, treated 

seeds were soaked in distilled water overnight for imbibition. Imbibed seeds were stained 

with 1% acid fuchsin dye for 1, 2 or 3 min. Stained seeds were rinsed with distilled water 

and examined under LEICA stereo microscope. A longitudinal section of the seed was then 

made through the hilar region by splitting it into two halves, viewed and photographed to 

identify the stained region. Thin longitudinal sections of the seed coat in this region were 

then examined under LEICA compound microscope to assess the staining path in the lower 

surface of the seed coat around the hilum region.  

 

2.3.10 Data analysis 

Germination data were analyzed by Analysis of Variance Procedure (ANOVA) using 

Minitab software version 16 (Minitab Inc., State College, PA, USA) and the treatment 

means were compared using Fishers LSD method. The square root of percentage of 

germination was arcsine transformed prior to the analysis and the analyzed data were back 

transformed and presented in tables and figures (Mucunguzi and Oryem-Origa. 1996; 

Bishop 1980). 

 

For longevity studies, a generalized linear model with binomial error and probit link 

function was fitted to the survival data (numbers of seeds germinating, number of seeds 

sown) in GenStat 9 (VSN International Ltd., Oxford, UK) with storage period as an 

explanatory variable and both replicates and treatment as factors, thereby fitting the 

viability equation (Ellis and Roberts, 1980): 

 

𝑣 = Ki – (p/) 
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where v is the viability (in normal equivalent deviates, NED) of the seed-lot after p days in 

storage, Ki is the initial viability (NED) of the seed-lot, and   is the time (d) for viability to 

fall by 1 NED (i.e. the standard deviation of the normal distribution of seed deaths over 

time). 
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2.4 Results 

 

2.4.1 Fruit, seed and embryo characters 

The fruits of A. gerrardii are legume (pod) type and seeds are ex-albuminous or non-

endospermic (no endosperm as it is consumed during embryo development and absent in 

mature seeds), cotyledons expanded and wider than the stalk, embryo erect and investing 

with E:S ratio of 0.839 (Figure 2.1). Seeds are elliptical, slightly convex having open areole 

with unequal arms. Seeds exhibited a distinguished light line in the middle of the 

malpighian layer and several rows of thin cells form the inner integument (Figs. 2.2 and 

2.3) in confirmation with Waly et al. (2012). Viability of the seeds was found to be 98% 

(Table 2.1) and moisture content was 6.99% while average seed fresh weight and dry 

weight were 0.095 g and 0.088 g, respectively. 

 

 

Table 2.1. Average seed length, breadth, thickness and weight of Acacia gerrardii seeds. 

 

Species 

Average Values of the Seeds (Mean  SEM)  

Length 

(mm) 

Breadth  

(mm) 

Thickness  

(mm) 

Weight/ 50 

seeds (g) 

Viability 

(%) 

Acacia gerrardii 7.41  0.06 5.17  0.04 2.92  0.02 4.723  0.27 98  1.22 
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Figure 2.1. View of Acacia gerrardii seeds in Leica stereomicroscope, A. whole seed, B. 

longitudinal view.  

 

  

Figure 2.2. Acacia gerrardii A. Seed, B. Seed coat structure in SEM 

 

                                                

 Figure 2.3. Transverse section of Acacia gerrardii seed 
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2.4.2 Seed imbibition 

Seed imbibition was recorded in control, nicked and hot water treated seeds. Water uptake 

was very low; however, 100% of the nicked seeds imbibed at the end of 30 h when 

compared to the control (10%) and hot water treated seeds (20%), respectively. Percentage 

increase in seed mass was high in nicked seeds when compared to untreated and hot water 

treated seeds (141, 11 and 26% increase over initial mass for scarified, untreated and hot 

water treated, respectively) indicating the presence of physical dormancy and the effect of 

scarification on imbibition (Figure 2.4). Nicked seeds showed an exponential increase in 

their mass while the rest of the treatments showed increase over 30 h. 

 

Figure 2.4. Percent increase in seed mass after nicking, hot water treatment (95oC for 1 min) 

and untreated seeds. 

 

2.4.3 Germination studies 

Scarification with concentrated H2SO4 for 30 min and mechanical scarification proved to 

be the most effective pre-treatments compared to hot water treatment (95°C) and control 

for optimum germination of Acacia gerrardii in terms of germination percentage, 

germination rate, time to 50% germination and final germination (Figs. 2.5 and 2.6). 
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However, there was no significant variation in these parameters between acid and 

mechanical scarification. There was no significant improvement in percentage and rate of 

germination among the hot water treatments of different durations (30s, 1, 2 and 5 min). 

While the seeds that were mechanically scarified or treated with acid for 30 min needed 

only 2 days to achieve 50% germination, control seeds and hot water treated seeds 

(irrespective of treatment duration) needed 24 to 34 days. Statistically significant difference 

in germination percentage of the control seeds (31%) and scarified (mechanical/acid) seeds 

indicate the presence of physical dormancy and the effectiveness of the later to enhance 

germination.  
 

 

Based on these results, optimum incubation temperature was assessed on mechanically 

scarified seeds (Fig 2.7 and 2.8). Though the germination percentage of seeds incubated at 

10 °C was 100%, it was not statistically different from that obtained at 15, 20 and 25 °C. 

However, when the incubation temperature was increased (30 °C) or decreased (5 °C) from 

this optimum range (10-25 °C), the germination percentage decreased. Incubation 

temperature of 15 °C to 25 °C positively influenced below this range. Time to 50% 

germination was about 2-3 days for the temperature range of 15-30 °C and 5 °C 

significantly increased the time to achieve the same. After evaluation of the germination 

indicators, 15 °C temperature was considered optimal for incubation.  
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Figure 2.5. Germination percentage and germination rate of Acacia gerrardii at an 

incubation of 15 oC for 2-3 days after (i) mechanical scarification; (ii) hot water treatment 

for 30 seconds, 1, 2, and 5 minutes; (iii) acid scarification for 10, 20 and 30 minutes; (iv) 

control. 

 

 

Figure 2.6. Time to 50% and final germination of Acacia gerrardii after (i) mechanical 

scarification; (ii) hot water treatment for 30 seconds, 1, 2, and 5 minutes; (iii) acid 

scarification for 10, 20 and 30 minutes; (iv) control. 
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Figure 2.7. Germination percentage (cumulative after 30-day incubation) and rate of 

mechanically scarified Acacia gerrardii incubated at 5, 10, 15, 20, 25 and 30oC for 2-3 days. 

 

Figure 2.8. Time to 50% and final germination of mechanically scarified Acacia gerrardii 

incubated at 5, 10, 15, 20, 25 and 30oC 
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2.4.4 Longevity studies 

Longevity of Acacia gerrardii seeds was assessed at two storage conditions (45°C, 60% 

RH and 50°C, 60% RH) and p50 was estimated by fitting the viability equation. Viability 

declined over time for both ageing temperatures. There was considerable variation in the 

time taken for the viability to fall to 50% between the two storage conditions. While p50 of 

the seeds aged at 45°C was 38.56 d, at 50°C it drastically reduced to 9.32 d (Table 2.2 and 

Figure 2.9). 

 

Table 2.2. Survival curve parameters for each seed lot determined using a generalized linear 

model with binomial error and probit link function 

Treatment 

Parameter 

Ki (NED) 

Standard 

Error 

Sigma 

(1/days) 

Standard 

Error 

Sigma 

(days) 

P50 

(days) 

Ageing at  50oC 
2.63 0.22 

  0.28450   0.02900    3.51  9.32 

Ageing at  45oC   0.06570  0.00452 15.20 38.56 

 

Figure 2.9. Survival curves fitted using a generalized linear model with binomial error and 

probit link function for ageing experiments at 50oC (filled symbols, continuous lines) and for 

ageing experiments at 45oC (open symbols, broken lines).  
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2.4.5 Seed burial 

Soil moisture during seed burial (Figure 2.10) ranged from 9% (50 days) to 7% (120 days) 

and average temperature (Table 2.3) ranged from 18°C (Jan- Feb, 2014) to 41°C (May-

Aug, 2014). Percentage of seeds that were absent/ germinated in the field, viable dormant 

and non-viable seeds did not have significant variation after 50, 120 and 220 days (Figure 

2.11). However, percentage viable non-dormant seeds decreased with time. Decrease in 

viable seeds, persistence in seed bank, seed retention and increase in seed mortality over 

time (though not significantly) were also observed (Figure 2.12).  

Table 2.3. Average soil moisture and temperature at the seed burial sites 

 Duration of 

Burial (days) 

Average Soil Moisture 

(%) 

Average soil Temperature 

(oC) 

50 9.0 17.9 

120 6.9 28.4 

220 6.2 41.2 

 

 

Figure 2.10. Average temperature and moisture content during the seed burial trial in 
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Figure 2.11. Percentage of viable (non-dormant, dormant), nonviable, germinated/absent 

seeds after 50d, 120d and 220 during the seed burial experiments conducted at Agricultural 

Research Station, Sulaibiya, Kuwait. 
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Figure 2.12. Seed burial results after 50, 120 and 220 days: A) Percentage of Viable seeds (proportion of dormant and non-dormant viable seeds to 

that of total buried seeds); B) Seed bank persistence (Proportion of viable seeds to that was buried); C) Seed retention (number of recovered seeds/ 

total buried seeds); D) Seed mortality ((number of viable seeds at burial time-[number of viable seeds at retrieval time+number of germinated seeds 

in the bag])/number of viable seeds at burial)*100) 
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2.4.6 Water pathway 

Detailed examination of pre-treated seeds in SEM showed certain changes in the micropyle 

area of the seed and the opening widened with an increase in treatment duration with hot 

water (Figure 2.13). The seed coat of acid-treated seeds was cracked / damaged and hence 

the specific variations in the seed coat could not be evaluated in SEM. We used the dye 

tracking method in which the inner surface of the seed was stained pink after 1 min of 

soaking in 1% acid Fuchsin indicating the water entry pathway (Figure 2.14). Though the 

outer layer of the seed coat of the acid treated seeds was damaged at several places, the 

cracks/damage were not deep enough to make the seed coat water permeable. The results 

(stain) indicated that subsequent to pre-treatments (hot water and acid treated), the water 

entered into the A. gerrardii seeds through the micropyle region. 
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Figure 2.13. Scanning Electron Micrographs of water gap regions 1) control seeds (A-C); 2)hot water treated seeds for 30 

seconds (D-E); 1 minute ((F-G); 2 minutes ((H-I)
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Figure 2.14. Microscopic pictures of water pathway in Acacia gerrardii. A). Hilar region 

of Hot water treated and imbibed seed before staining; B-E). View of water entry pathway 

through micropyle region of Acacia gerrardii seeds after breaking physical dormancy 
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2.5 Discussion 

 

Physical dormancy is a major hindrance in seed germination of many Acacia species 

(Olatunji et al. 2012). In this study, different dormancy-breaking pre-treatments (acid 

scarification, mechanical scarification and hot water treatment) were evaluated to 

achieve an improved rate of seed germination. The present study demonstrated that 

physical dormancy severely restricted uptake of water in untreated A. gerrardii seeds 

and both mechanical and chemical scarification (concentrated sulfuric acid for 30 min) 

were effective in breaking this dormancy. In mechanically scarified seeds, imbibition 

was maximum in the initial 24 h after soaking. These pre-treatments were effective in 

improving germination rate and percentage. In contrast, hot water treatment was less 

effective in breaking dormancy. In acid scarified seeds, the germination percentage and 

rate increased significantly with the duration of treatment and at an incubation 

temperature of 15°C. Favorable temperature for germination under field conditions was 

also similar. Soil temperature in the field during rainfall season i.e. January and 

February was 15.8- 16.1°C and increased to 23.6°C during March (Figure 9). June, July 

and August 2014 were characterized by increased soil temperature and reduced soil 

moisture in the field. Percentage of seeds germinated (average) in the field at 50 d 

(March 2014) and 120 d (May 2014) were 16% when compared to 12% recorded at 220 

d (September 2014).  Aref et al. (2011) reported 83 - 95% germination when A. 

gerrardii seeds were mechanically scarified, treated with acid for 15 min or immersed 

in hot water for 6 min and then maintained at 30oC.  However, as stated above, hot 

water treatment was less effective in improving the rate or total germination percentage 

in the current study. The superiority of mechanical scarification to other scarification 

methods was substantiated by significant increase in seed mass following soaking of 

mechanically scarified seeds in water. Previous studies confirmed that physical 

chipping or scarification promoted rapid germination in Acacia spp. with physical 

dormancy (Clemens et al. 1977). Pre-treatment of A. gerrardii seeds with dry heat 

(70°C for 90 min) produced much lesser (53%) germination percentage (Mucunguzi 

and Oryem-Origa, 1996). Hence, mechanical/ acid scarification (30 min) can be 

recommended as an effective method to break the seed dormancy in A. gerrardii and 

acid scarification for 30 min is equally effective in promoting germination percentage 

and rate of this species. 

 

A 
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Assessment of seed coat structure, morphological characters of the seed, indicated the 

presence of a row of long Malpighian cells, a light line which passes across the middle 

of this layer and the presence of several layers of thins cells in the inner integument of 

the seed coat in confirmation of the study findings of Waly et al. (2012) which describes 

the morphological and anatomical characters of A. gerrardii along with other Acacia 

spp. However, contrary to earlier suggestions of the existence of type I (narrow linear 

opening) water gap in seeds of Mimosoideae plants (Gama -Arachchige et al. 2013), the 

SEM analysis carried out in this study suggested the micropyle area to be the primary 

point of water entry in A. gerrardii. However, in plants belonging to the Fabaceae 

family the primary site of water entry differed with treatment and species (Hu et al. 

2008; Valtuena et al. 2008). Some of previous findings suggested the thin walled cells 

of the lens or via pop-up lens to be the point of water entry in seeds with physical 

dormancy (Dell 1980; Lersten et al. 1992). In some species of Caesalpinioideae and 

Mimosoideae where the lens was not present, the hilar slit serves as the water entry 

point (Jones and Geneve, 1995). Epidermal cells in the seed coat and the presence of 

lignin in this layer prevent the imbibition of water and it is possible that when the seeds 

are treated with hot water the weak cells in the micropyle area give way to water 

(Venier et al. 2012; Baskin et al. 2000). However, some seeds might be damaged by 

heat (95 oC) thus explaining the lower germination in hot water treated seeds when 

compared to acid treated/ mechanical scarified seeds. When seeds are acid scarified, the 

epidermal layer might be damaged in many places leading to quick imbibition. In the 

absence of previous studies on water entry pathways in A. gerrardii to validate the 

findings of the present study, it would be interesting to see if other predominant Acacia 

spp. in the Middle-east region also have the same point of water entry. 

 

Seed longevity widely varies amongst species and is affected by many factors. 

Longevity analysis through artificial ageing experiments gives an indication of potential 

storage period in ex-situ seed banks. The current studies indicated that the time required 

for 50% reduction in germination, p50, during artificial ageing was 38.56 days. Four-

fold reduction in p50 value was recorded when the ageing temperature was increased 

from 45°C 45 to 50 °C and viability was completely lost when seeds were aged at 60°C. 

According to the procedures described by Mondoni et al. (2011), seeds of A. gerrardii 

can be classified as having medium longevity. Previous research findings suggested 

relatively longer longevity in non-endospermic seeds; investing embryo, with serotinous 

method of seed dispersal and tree species (Merritt et al. 2014; Probert et al. 2009). For 
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the Fabaceae family, p50 ranged from 39 to 588.6 days. Though A. tortilis is a tree 

species of the Fabaceae family (sub family: Mimosoideae) with non-endospermic seeds 

from the dry region, its longevity is relatively shorter than that of most Acacia species 

studied by Merritt et al. (2014) the reason for which is not yet fully known. Further 

studies on the longevity of various Acacia species prevalent in the Middle Eastern 

region are needed before a region specific conclusion can be made. The relationship of 

seed longevity with physical, physiological, environmental and geographical features 

especially in the Middle East should be further investigated. This would help determine 

storage strategies for seed banks and restoration managers to plan their activities based 

on seed longevity and availability. This is especially important due to the lack of 

research findings on seed biology, dormancy breaking pre-treatments and seed 

longevity of desert plants and trees that are of immense ecological importance to 

Kuwait and Middle Eastern region.  

 

Scientists who studied A. gerrardii, the Lonely Tree of Kuwait, which has survived the 

harsh climate for several decades, were faced with the absence of literature on its 

seedling recruitments leading to investigation on the seed’s persistence in nature. 

Assessment of the effect of seed burial duration on the viability of A. gerrardii seeds in 

ex-situ conditions revealed that seed mortality increased and seed retention decreased 

over time; though not significantly. Seed bank persistence and percentage of viable 

seeds decreased with time. Seed mortality of species from dry habitat is higher under 

moist conditions due to fungal attack (Blaney and Kotanen 2001; Schafer and Kotanen 

2003). Burial tests conducted by Saatkamp et al. (2009) suggested that seed survival 

varied with burial sites and species.  However, longevity studies at various ageing 

temperatures conducted under laboratory conditions indicated that upon temperature 

increase from 45 to 50 °C, seed viability drastically decreased. Impermeable seed coat 

protects the embryo by preventing water access and guarding against humidity 

fluctuations and ageing and thus, has positive correlation with persistence (Baskin 2003 

and Long et al. 2008). It should be noted that seeds were scarified prior to ageing 

experiments in the laboratory thus affecting persistence by removing the protection 

provided by the seed coat against ageing. Long et al. (2008) suggested that longevity of 

unscarified and scarified seeds in controlled ageing experiments might vary. They also 

suggested that if the p50 value of a species is <20 d, it can be termed as transient (field 

persistence <1 year); if p50 is >20 d, that species can persist in the field for >1year; and 

if p50 is 20-50 d, the field persistence of that species can be between 1-3 years (Long et 
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al. 2008). On this basis, the persistence of A. gerrardii with a p50 value of 38.5 d can be 

predicted to be 1 to 3 years. Seed persistence in the field (in-situ storage in soil seed 

bank under uncontrolled conditions) may or may not be correlated with their longevity 

under controlled conditions (ex-situ storage) (Long et al. 2008; Nagel and Borner 2010; 

Walters et al. 2005). Persistence in the field is influenced by seed, species 

characteristics and various pre/post seed dispersal environmental factors (Long et al. 

2015). Temperature and humidity conditions used (45 °C and 60% RH) in controlled 

ageing experiments are stressful to the seeds (Long et al. 2008) and even during 

summer, the average temperature recorded in the field was 41.2 °C with soil moisture of 

6.2%.  Additionally, the number of damaged seeds might increase with time, which is 

evident from decreasing seed retention over time. Before reaching conclusions 

regarding the correlation between in-situ and ex-situ storage, estimation of potential 

persistence and their use in resistance - exposure model for further predictions on 

persistence, additional research is needed with special focus on physically dormant 

seeds like Acacia spp. However, results of the controlled ageing experiments can give 

us a rough estimate of the field persistence of A. gerrardii especially considering the 

absence of any baseline data in this regard. 
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C H A P T E R   3 

Assessment of Bacterial Community Status Associated with A. 

gerrardii Root System and its Rhizosphere Soil of Kuwait Desert 

3.1 Abstract 

This research represents the first effort to provide a better understanding of the 

rhizosphere and endophytic bacterial communities of the Lonely Tree host located at the 

Sabah Al-Ahmad Natural Reserve in the Kuwaiti Desert (hereafter referred to as local 

A. gerrardii). The main goals of the study were to i) investigate the rhizospheric and 

endophytic bacterial communities associated with the local A. gerrardii, and to 

determine the rhizospheric and non-rhizospheric bacterial communities; ii) examine and 

compare the rhizospheric bacterial communities of the local A. gerrardii and non-local 

A. gerrardii species (a closely-related imported species from the Kingdom Saudi 

Arabia, hereafter referred to as non-local A. gerrardii) when grown under standard 

nursery seedling growing conditions and media, and to evaluate the plants’ performance 

in relation to bacterial associations.  

In this study, soil and root samples were collected and analyzed for characteristics, 

including soil physicochemical properties, community fingerprinting comparisons, 16S 

rDNA and ITS sequence identifications and culture-dependent method termed PCR-

cloning. 

The overall results obtained from the bacterial characterization of soil samples revealed 

several bacterial phylotypes classified under four major taxa, namely: Acidobacteria, 

Bacteroidetes, Firmicutes and Proteobacteria (subdivision of Beta). Molecular analyses 

revealed bacterial populations governed by representatives of the phyla Bacteroidetes 

and Firmicutes, which had broadly high similarities with a wealth of uncultured bacteria 

from diverse environmental conditions. Results of field experiments indicated that both 

rhizospheric and non-rhizospheric bulk soil were dominated by two bacterial phyla; 

Firmicutes and Bacteroidetes, whereas phylum Betaproteobacteria was present only in 

non-rhizospheric bulk soil.  However, growing A. gerrardii in nursery growing media 

and environment resulted in restricted and unusual bacterial communities with 

rhizosphere soils broadly dominated by members of a single phylum, Bacteroidetes. In 

contrast, a further varied bacterial community was found in the bulk soil samples taken 

from the nursery. Furthermore, results obtained from the root nodules and its associated 
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roots indicated that alphaproteobacteria was the only represented class among all OTUs, 

of which Rhizobiales is the most abundant order, followed by Shingomonadales and 

Rhodospirillales. In addition, the families Bartonellaceae, Brucellaceae and 

Hyphomicrobiaceae were represented by the genera Bartonella, Ochrobactrum and 

Devosia, respectively. 

The present work thus provides a glimpse of the baseline bacterial community 

associated with rhizosphere and non-rhizosphere soils and roots of A. gerrardii from the 

Kuwaiti desert, in addition to the bacterial community of both local and non-local A. 

gerrardii when grown in growing media under nursery environments.  
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3.2 Introduction 

The genus Acacia is one of the largest genera of leguminous trees and shrubs belonging 

to the sub-family Mimosoideae that has a wide distribution all over the world with 75% 

occurrence in Australia (Pedley 1986). In Kuwait, Acacia gerrardii is considered the 

only native tree species existing in the desert ecosystem (Boulos and Al-Dosari 1994). 

Many tree legumes are valuable for fixing atmospheric N2 and are known to be adapted 

to conditions present in arid regions (Zahran 1999). This is due to their natural ability to 

form symbiotic associations with bacteria and fungi.  Soil microorganisms play a vital 

role in plant nutrient acquisition and soil fertility. Rhizobia are soil bacteria that form 

symbiotic relationships with leguminous plant species developing root nodules in which 

biological nitrogen fixation occurs. Acacia species have a unique ability to form a 

symbiotic relationship with rhizobia (Rhizobium and Bradyrhizobium) bacteria, 

whereby they convert atmospheric nitrogen gas to ammonia. In general, symbiotic 

association with tree legumes is less studied than with legume crops. Moreover, current 

information on the status of the general bacterial and endophytic bacterial communities 

associated with A. gerrardii found in Kuwait desert is lacking. The rhizosphere is 

considered an important site of bacterial activity in desert soils, because it provides 

carbon substrate in an otherwise organic matter poor desert soil (Bhatnagar and 

Bhatnagar 2005). Therefore, the rhizosphere effect is much more significant in arid soils 

than in other soil types (Bhatnagar and Bhatnagar 2005; Yechieli et al. 1995). Many 

nitrogen-fixing trees, such as Acacia trees, are able to form a tripartite or tetrapartite 

association (Diop et al. 1994) with N2-fixing rhizobium species; ectomycorrhizal fungi 

(ECM) and arbuscular mycorrhizal fungi (AM).  

It is well known that drought and poor nutritional conditions in soils are the main 

factors limiting the development and existence of plants in desert environments. 

Reductions in soil microbial composition and/ or their activities are typically related to 

land degradation and desertification (Kennedy and Smith 1995; Requena et al. 1996, 

2001). Many literature sources suggest that Acacia species existing in their own 

environments are important for the establishment of vegetation by improving microbial 

activity in the soil (Raman and Madhoolika 2003; Sene et al. 2013). Growth and 

development of A. nilotica is improved when the association with nitrogen fixing 

rhizobial bacteria is established (Njiti and Galiana 1996; Wolde-Meskel and Sinclair 

1998; Sarr et al. 2005a, b). Numerous reports indicated that rhizobial inoculation could 

considerably improve growth and establishment of Australian Acacia in disturbed soils, 
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and in semi-arid and arid environments (Galiana et al. 1994; Duponnois et al. 2000, 

2005, 2007; Duponnois and Plenchette 2003; Bilgo et al. 2012). Several extant studies 

also demonstrated that the inoculation of indigenous rhizobia increased the growth of 

plants and helped with the efforts of restoration of the desertified ecosystem (Galiana et 

al. 1998; Natalia et al. 2001; Diouf et al. 2003; Sene et al. 2013). Although numerous 

studies have reported the importance of rhizobial symbiosis for the desert tree species, 

the symbiotic status of A. gerrardii has never been explored in Kuwait. As microbial 

communities present in the soil system perform a significant function in soil quality and 

ecosystem functioning (nutrient cycling), evaluation and characterization of soil 

microbes, particularly in degraded ecosystems, become vital. Until today, no attempt 

has been undertaken to identify indigenous soil and endophytic bacterial populations 

associated with root systems of this species. Therefore, it is crucial to assess the status 

of native soils and endophytic bacterial population present in the roots of surviving 

plants and rhizosphere soils in the Kuwaiti desert before undertaking revegetation 

programs and introducing any inoculation technologies. 

The main objective of this study was to conduct a field and seedling nursery study to 

investigate the root systems and rhizosphere soils of A. gerrardii under desert and 

nursery conditions. This is in addition to examining and comparing rhizosphere 

bacterial communities of local and non-local A. gerrardii when grown under standard 

nursery seedling growing conditions and media; and to evaluate plant performance 

related to bacterial associations. Description and identification of bacterial populations 

and functional structures took place using morphological and molecular techniques. 

This research is the first attempt to assess the root bacterial structure of A. gerrardii and 

its rhizosphere soil bacterial community composition under both desert and nursery 

conditions.  
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3.3 Material and Methods                  

3.3.1 Study Site and Sampling 

Field sampling 

The experimental site was located at the Sabah Al-Ahmed Natural Reserve, Kuwait (N 

29°34.909’, E047°47.734’ around the only surviving single A. gerrardii tree, locally 

known as the Lonely Tree (LT). Soil samples were collected using soil corer of 3 × 30 

cm from 0 to 30 cm depth for rhizospheric soil. Lateral roots were followed through 

the soil excavation channels created around 80-100 cm distance from the main trunk as 

shown in Figure 3.1. Three composite replicate soil samples were collected randomly 

from three different points around the Lonely Tree (Figure 3.1). Each replicate sample 

was thus a composite of 3-4 soil samples collected, which were mixed well by placing 

in a zip lock plastic bag. Soil collection equipment were cleaned with ethyl alcohol and 

paper towel between samples to avoid cross-contamination. Additional soil samples 

were collected 100 m away from the Lonely Tree at three different points, and served 

as the control soil (CTL) in subsequent analyses (Figs. 3.1, 3.2, and 3.3). 

 

The representative rhizosphere soil, non-rhizospheric control soil, and root samples 

from the Lonely Tree were collected and brought to the laboratory on ice and kept at 4 

°C overnight and processed for further analyses. As the root samples were extremely 

dry, they were immersed in sterile distilled water and stored in a refrigerator until 

required for analysis. Root nodules and few roots were cut into 1-2 cm pieces and 

stored in 2% cetyl trimethylammonium bromide (CTAB) at -20 °C for molecular 

characterization of bacterial community.  

 

Nursery sampling 

Seedling culture  

Seeds of native and non-local A. gerrardii were scarified using sand paper on the 

opposite side of the hilum. Following pre-treatment, seeds were surface-sterilized with 

5% (m/v) sodium hypochlorite for 10 min. Surface sterilization with diluted sodium 

hypochlorite, hydrogen peroxide or certain solutions of fungicides is a common practice 

for seed surface sterilization and has no adverse effects on seed germination. Seeds 

were then thoroughly rinsed with distilled water and soaked in water (at room 

temperature) overnight before being sown in a Petri dish on a moistened filter paper. 

They were maintained in the growth chamber (Aralab, Fitoclima 5.000EH) at 20 °C and 
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60% RH with 12 h of 20% light. The filter paper was moistened periodically to 

maintain a thin layer of water in the Petri dish.  

Germinated seeds were maintained in the growth chamber until the root reached 

approximately 2 cm in length and were then transferred to Jiffy pots in commercial 

potting soil (SAB Potting Soil-Plantaflor). The soil utilized in the Jiffy pots contained a 

mixture of fairly decomposed and highly decomposed peat (white peat and frozen black 

peat, respectively) with less than 95% of organic matter, along with nutrients such as 

nitrogen (100 to 300 mg l-1), phosphate (100 to 300 mg l-1) and potassium (100 to 400 

mg l-1). Plants in the Jiffy pots were maintained at room temperature (25 °C) for two 

months until two secondary leaflets were produced. They were then transplanted into 

one-gallon pots containing a soil mixture of agricultural soil, peat moss, potting soil and 

perlite (at 2:1:1:1 ratio, v/v basis) and is named hereafter as the commercial soil mix. 

Transplanted seedlings were maintained in the nursery conditions where the 

temperature ranged from 25 – 30 oC ± 2oC throughout the experimental period. The 

commercial soil mix is used conventionally in Kuwaiti nurseries for producing large-

scale nursery seedlings for the restoration program at a national scale. Therefore, the 

current study was intended to investigate bacterial and fungal population structures in 

the commercial soil mix used for growing local and non-local A. gerrardii. Results were 

further compared with the rhizosphere of the A. gerrardii in desert soils (Lonely Tree).  

Approximately, 0.5 g of nursery fertilizer mix (NPK 18:18:18) commonly used in 

Kuwaiti nurseries for seedling production was added to the soil medium 8-10 cm away 

from the base of the plants. This was done once bi-yearly after transplanting. Fifteen 

local and non-local A. gerrardii seedlings each were grown in the nursery, and arranged 

in three replicate rows with five plants in each row for a duration of one year. One-

gallon plastic pots were used for the study (Figs. 3.4, 3.5). 

 

Seedlings were destructively sampled for plant and soil sample collection. Roots and 

shoots from five individual seedlings per replicate row from both test seedlings groups 

were harvested and transferred into sterile plastic bags. Soil from five pots from each 

replicate row was pooled together and thoroughly mixed in a plastic bag to form a 

single composite sample per replicate in both seedling groups. Samples were labeled as 

PsApLT and PsApSA for the local (Loney Tree) and non-local (Saudi Arabia) A. 

gerrardii seedlings, respectively. A commercial soil mix (SAB Potting Soil-Plantaflor) 

was used for this study. The soil was steam-sterilized using an autoclave and used for 
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for the treatment. Non-sterilized crude commercial soil mix was used as control soil 

(PsBp). Representative soil and root samples collected from the nursery were 

transferred to the laboratory in an ice cooler and kept in the refrigerator at 4° C 

overnight, and processed for further analyses. Root nodules and few root pieces were 

cut into 1-2 cm pieces and stored in 2% CTAB at -20 ° C for molecular characterization 

of bacterial population. Figures 3.1-3.5 show the collection of soil and root samples 

from the local/natural habitat of the Lonely Tree and nursery-grown local and non-local 

A. gerrardii plants.  

 

 

Figure 3.1. A typical photograph showing the exact location of rhizosphere soil and 

root sample collection around the Acacia gerrardii (Lonely Tree) at the Sabah Al-

Ahmad Natural Reserve, Kuwait. The holes show the soil excavation channels in which 

lateral roots were followed as the lateral roots travelled either horizontally or laterally 

and then the rhizospheric soil samples were collected around the lateral roots.  
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Figure 3.2. Location of control soil sample collected from 100 m away from the nearby 

Lonely Tree and soils were collected from three different points.  

 

  

Figure 3.3. Root sample and rhizospheric soil sample collection from the Lonely Tree. 
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3.3.2 Quantification of Bacterial Population and Rhizobia from Soil 

Serial dilution plating method was used for the profile evaluation of heterotrophic 

bacterial count from the rhizosphere soil of the local Acacia gerrardii, the control desert 

soil from the field, commercial soil mix from both nursery-grown local and non-local A. 

gerrardii seedlings, and control commercial soil mix in triplicates. The serial dilution 

and plating method was used according to the procedures described in Benson (2002). 

Prior to analyses, 1 g of soil sample was taken from each test sample and added to 10 

ml of sterile distilled water, mixed vigorously for 30 s and left undisturbed on the desk, 

thus allowing soil particles to settle down (10-1). Then, 1 ml of the upper clear portion 

of 10-1 dilution sample was transferred to 9 ml of sterile distilled water to create 10-2 

dilution. This serial dilution process was carried out until 10-6 dilution was achieved. 

After each serial dilution, the samples were mixed evenly before the next transfer. After 

serial dilution, 0.1 ml of the sample from 10-1, 10-2, 10-4, and 10-6 dilution were spread-

plated in triplicates on nutrient agar Oxoid® for total heterotrophic bacteria, and yeast 

manitol agar with Congo red was used for cultivation of Rhizobium species at 30 °C. 

The presence of colony forming units (CFU) was assessed between 24 and 48 h.  

Although the serial dilution and plating technique is an inexpensive and relatively 

simple method for the enumeration of soil bacteria, current research acknowledges 

Figure 3.4. Nursery grown seedlings 

raised from the local Acacia gerrardii 

(Lonely Tree) seeds 

Figure 3.5. Nursery grown non-local 

Acacia gerrardii seedlings raised from 

seeds received from Saudi Arabia. 
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several limitations of this technique. For example, only culturable bacteria can be 

detected and others are viable but non-culturable. In addition, many slow growing 

bacteria may not result to be visible within a reasonable period. However, the culture 

plates were incubated further for 4 weeks but no visible slow grower was observed. 

Therefore, current research reports the colony forming units within 24 and 48 h. It is 

expected that further molecular analyses would reveal any missing information from 

serial and plating method. The total number of culturable bacteria per ml of serially 

diluted bacterial sample was calculated as:  

Number of CFU/volume plated (ml) × Total dilution used.    

3.3.3 Molecular Characterization of Bacterial Population from Soil Samples 

Isolation of genomic DNA from 250 mg of soil was performed using PowerSoil kit 

(MO-BIO) according to the manufacturer’s protocol. Amplification was conducted 

using the bacterial universal primers 358F (5’-CTACGGGAGGCAGCAG-3’; Muyzer 

et al. 1993) / 907R (5’-CCGTCAATTCMTTTRAGTTT-3; Lane et al. 1985). The 

bacteria forward primer used for DGGE incorporated a GC clamp (5’-

GGCGGGGCGGGGGCACGGGGGGCGCGGCGGGCGGGGCGGGGG-3’) at the 5’ 

end. This GC-clamp is essential for subsequent DGGE gel processing. The GC-clamp 

strengthens the melting feature of the amplified fragments (Sheffield et al. 1989).  

Polymerase chain amplification (PCR) was carried out in a 25-µL reaction and 

consisted of 1 µL soil DNA, 1 U of Taq (Sigma-Aldrich), 1.5 mM MgCl2 and 0.2 mM 

dNTP mix. The following thermocycle program was used for amplification: 94 °C for 4 

min followed by 30 cycles of 94, 54 and 72 °C for 50 s each, and an extension period of 

72 °C for 10 min using a MJ Research PTC-225 Peltier Thermal Cycler. It is 

noteworthy that PCR amplification of soil bacterial DNA with U341F/U758R was 

attempted, but only 14 out of 18 samples successfully amplified.  

Denaturing Gradient Gel Electrophoresis (DGGE) 

Polymorphisms’ characterization of amplicons was conducted utilizing the denaturing 

gradient gel electrophoresis (DGGE) as explained by Labbé et al. (2007) and Lefrançois 

et al. (2010). First, 500 ng of PCR products was loaded onto a 40-60% denaturing 

gradient polyacrylamide gel. More than one representative band was excised and eluted 

overnight at 4 °C in 60 µL pure sterile water. Aliquot of PCR products (500 ng/lane) 
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were loaded onto denaturing gradient gel, and DGGE was completed with 1× TAE 

buffer at 60 °C at a constant voltage of 180 V for 4 h. After silver staining the DGGE 

gels, they were illuminated under UV using a Biorad Gel Documentation System.  

Bacterial identification and phylogeny 

The rDNA bands were excised from DGGE gels and incubated immediately overnight 

at 4 °C in distilled water to elute DNA. Next, 2 µL of eluted DNA was amplified using 

the PCR conditions described above; however, the forward primer did not possess a 

GC-clamp at the 5’-end. Two DGGE gels were run with amplicons from parallel 

amplifications to verify reproducibility of the method. The size of the PCR product was 

assessed by an agarose gel method, and DNAs were sequenced using the Sanger method 

with two 16-capillary genetic analyzers 3130XL (Applied Biosystems). DNA sequences 

were edited using BioEdit software, version 7.0.5 

(http://www.mbio.ncsu.edu/BioEdit/bioedit.html; Hall 1999) in order to resolve 

oligonucleotide ambiguities. The BLASTn algorithm 

(http://www.ncbi.nlm.nih.gov/BLAST/) was used to query GenBank (NCBI) for highly 

similar sequences. Multiple alignments of sequence matrices were processed using 

ClustalW software (Thompson et al. 1994) implemented in MEGA 6.0 (Tamura et al. 

2013). Evolutionary distances were calculated as described by Jukes and Cantor (1969), 

and evolutionary trees were inferred by the neighbor-joining method (Saitou and Nei 

1987). The tree was constructed with the help of Maximum likelihood (ML) method 

based on the Kimura two-parameter (K2P) distance correlation model, as described by 

Kimura (1980), and 1,000 bootstrap replicates (Felsenstein 1985). 

 

3.3.4 Assessment of Root Nodules  

The presence of root nodules associated with the roots of the local A.  gerrardii (LT-N) 

was assessed under Leica stereomicroscope (20× magnification). Root nodules from the 

nursery grown local A. gerrardii seedlings (NLT-N) and non-local seedlings from Saudi 

Arabia (NSA-A) were relatively larger and more visible than those of the A.  gerrardii 

(LT-N). Root nodules were quantified by counting the number of nodules present in 100 

cm length of plant root for all samples.  

 

http://www.appliedbiosystems.com/
http://www.mbio.ncsu.edu/BioEdit/bioedit.html
http://www.ncbi.nlm.nih.gov/BLAST/
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3.3.5 Molecular Characterization of Endophytic Bacterial Community from Roots 

and Nodules 

Cloning and sequencing of 16s rDNA  

Before isolating the genomic DNA, roots and nodules were disinfected in six successive 

baths comprising of 2 min in sterile distilled water, 10 s in 95% ethanol, 2 min in 3% 

sodium hypochlorite, and three consecutive 2 min-long baths in sterile distilled water. 

DNA extraction was realized on 5-6 nodules per seedling. Tissues were ground in 1.5 

ml tubes with micro pestle and liquid nitrogen after which they were bead-grinded with 

a Tissue Lyser II (Qiagen) in the lysis buffer AP1 of the DNeasy Plant Mini Kit from 

Qiagen. After the grounding step, 4 µl of RNase A supplied with the kit was added, and 

the remaining steps of the manufacturer’s protocol were performed. Amplification was 

performed using the specific primers designed for Rhizobiales order: 63f (5’-

AGGCCTAACACATGCAAGTC-3’) and Rhiz-1244r (5’-

CTCGCTGCCCACTGTCAC-3’) (Singh et al. 2006; Tom-Petersen et al. 2003). 

The reaction was carried out in a 25-µL reaction and consisted of 2 µL of total DNA, 1 

U of Taq (Sigma-Aldrich), 1.5 mM of MgCl2, 0.2 mM of dNTP mix, 0.5 µM of each 

primer and BSA at 0.2 mg/ml. The following thermocycle program was used for 

amplification: 94 °C for 4 min followed by 30 cycles of 1 min at 94 °C, 1 min at 55 °C 

and 2 min at 72 °C, and an extension period of 72 °C for 5 min using a MJ Research 

PTC-225 Peltier Thermal Cycler. PCR was migrated in a 1.2% agarose gel stained with 

ethidium bromide and visualized under UV light.  

 

Then 150 ng of amplicons was cloned into a pGEM®-T Easy Vector System II 

(Promega) following the manufacturer’s protocol and bacteria were stored in TTE 

buffer (triton X-100 1%; Tris-HCl pH 8.0 20 mM; EDTA pH 8.0 2 mM) at -20 oC until 

required. Briefly, PCR products were ligated into a suitable vector, which was 

transformed into and replicated by E. coli, following the manufacturer's instructions. 

Finally, 10 clones per sample were sequenced using the Sanger method with two 16-

capillary genetic analyzers 3130XL (Applied Biosystems).  

Numerical analyses 

Sequences were edited, aligned and queried on GenBank (NCBI) as explained in 

section 3.3.3. Sequences with at least 97% similarity we considered in the same OTU, 

http://www.appliedbiosystems.com/
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which could represent one species (Quince et al. 2008). One representative of each 

OTU was used to continue phylogenetic analyses. Phylogenetic analyses were 

conducted using MEGA 6.0 (Tamura et al. 2013). Firstly, analyses were performed 

using the Neighbor-Joining (NJ) method (Saitou and Nei 1987) and adopting the 

Kimura two-parameter method (Kimura 1980). Secondly, maximum likelihood (ML) 

method based on the Kimura two-parameter model (Kimura 1980) was used to compute 

the final tree. Finally, Bayesian inference of phylogeny was calculated using MrBayes 

version 3.2.2 (Ronquist et al. 2012), assuming a 4 × 4 model and non-variable 

substitution rates among sites – gamma rates. Analyses were constructed on two runs of 

four Markov chain Monte Carlo analyses where 2,000,000 generations were produced 

with burning fraction at 0.5 rate. These were sampled every 100 generations for 10,000 

trees generated (Ronquist et al. 2012). The family and genus groups were determined in 

line with Kwon et al. (2005), Willems (2006), Degefu et al. (2013), and Mousavi et al. 

(2014). 

Statistical analyses 

In order to determine the extent of similarity between DGGE banding profiles, a 

dendrogram was built using the Phoretix 1D Pro software (Total Lab Limited, 

Nonlinear Dynamics, Newcastle Upon Tyne, UK) based on the similarity matrix index 

using Dice’s similarity coefficient method (Dice 1945). The comparison of band 

patterns was based on band position. Simpson’s (D), Shannon–Wiener (H) and Pielou’s 

evenness (E) diversity indices were calculated using the following formula:  

D =1−Σ (pi)2, H = −Σpi log(pi), where pi = proportion of frequency of the ith phylotype 

in a sample. Phylotype evenness was calculated as E = H/log(S), where H = Shannon 

Wiener diversity and S = phylotype richness (i.e., total number of phylotypes). 

Endophytic bacterial community diversities were compared and the specific levels of 

taxonomic resolution (rarefaction) were determined. Coverage saturation (C) was also 

calculated in order to verify the sufficiency of the sampling effort, using the expression: 

 C = 1 – (n1/N), where n1 is the number of phylotypes that occurred once, and N is the 

total number of phylotypes inspected.  

In order to determine similarity relationships between endophytic bacterial communities 

among the different samples, principal coordinate analysis (PCA) was executed using R 
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software and a dendrogram was constructed based on a similarity matrix with the help 

of Morisita-Horn’s similarity coefficient method (Magurran 2004). Analyses were 

performed using the “vegan” package in R software (R Development Core Team, 2010 

http://www.R-project.org/).  

3.3.6 Soil Characteristics, Soil and Plant Tissue Chemical Analysis 

All the test soil and plant samples collected for the experiment were analyzed according 

to the procedure described in USDA (1996) and USEPA (1998). Chemical analysis of 

irrigation water of nursery plants was carried out. All soil samples were characterized 

by analyzing both physical and chemical properties in the laboratory. Physical analysis 

included soil texture, percentage of sand, clay and slit, bulk density, particle density, 

porosity and saturation %, whereas chemical analysis included pH, ECe, total nitrogen 

(N), Phosphorus (P), potassium (K), Calcium (Ca), magnesium (Mg) and total organic 

matter. Fresh and dry weights (oven-dried at 80 °C for 48 h) of the collected shoot 

samples from the nursery grown local and non-local Acacia gerrardii seedlings were 

recorded and submitted for plant tissue analysis where N, P, K, Mg, Ca, Na, and Cl 

were quantified. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.r-project.org/
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3.4 Results  

3.4.1 Quantification of Bacterial Population and Rhizobia from Soil 

The total number of Colony Forming Units (CFUs) per gram of soil was calculated by 

using the expression: 

CFU per gram of soil =
average number of CFU in each plate

amount of sample plated  
×  dilution   

 

   

 

Figure 3.6. Petri dishes showing the difference in the number of CFU and types of 

bacteria present in LT (A) PsApLT (B) PsApSA (C) CLT (D) and PsBp (E) in nutrient 

agar plates. 

 

 

 

A B C 

D E 
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Figure 3.7.Showing presence of average number of CFU / g of different sampled soil 

samples. 

 

Table 3.1.Average number of CFU of total Rhizobium per gram of soil sample. 

Sl. 

No 

Category 

of soil 

sample 

Description Average no. of 

CFU/g of soil in 

Yeast manitol agar 

medium 

Average no. of CFU/g 

of soil in Yeast 

manitol agar medium 

with Congo red 

1 LT Lonely Tree 2.71 x 105 2.04 x 105 

2 CLT 
Control Lonely 

Tree 
1.34 x 105 1.36 x 105 

3 PsApLT 

Soil after 

planting LT 

seedlings 

2.09 x 105 
 

1.35 x 105 

4 PsApSA 

Soil after 

planting Saudi 

Arabia Acacia sp. 

2.56 x 105 1.68 x 105 

5 PsBp 
Soil before 

planting 
4.44 x 105 5.05 x 105 
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Figure 3.8. The Petri dish showing the different number of CFU and types of bacteria 

present in LT (A) PsApLT (B) PsApSA (C) CLT (D) and PsBp (E) that appear on yeast 

manitol agar with Congo red plates.  

 

3.4.2 Molecular Characterization of Bacterial Population from Soil Samples 

DGGE profiling of bacterial 16S rDNA community 

The total community DNA isolated from soil samples was of high molecular weight 

(550-600 bp by using the primer pair 358F-907R) and sufficient purity for successful 

amplification of 16S rDNA fragments. The 16S rDNA fragments were obtained from 

all DNA samples by direct PCR amplification. Molecular fingerprints of the most 

dominant bacterial populations, which were amplifiable under the PCR conditions used, 

were obtained after separation of PCR products by DGGE and the parallel DGGE gels 

loaded with the same samples were similar (Figure 3.9 A and B). The fingerprints 

showed relatively little variation between different replicates (Figure 3.9 A and B), 

suggesting good reproducibility of DNA extraction, PCR amplification, and DGGE 

analysis. Visual inspection of the PCR-DGGE fingerprinting showed distinguishable 

profiles in which some bands of various intensities were preferentially associated with a 

A B C 

D E 
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specific soil rhizosphere when compared to the bulk soil, as indicated by the numbered 

arrows (Figure 3.19 A and B). In contrast, some bands were common to all samples and 

may represent a well-established group or groups of bacteria. 

 

Phylogenetic diversity of bacteria  

Prominent bands were excised and sequenced to get further information about the 

bacterial communities from the different soil samples. Re-amplification of all excised 

bands was successful and most of them produced legible DNA sequences; but for some, 

readable sequences were not obtained probably because they may have contained DNA 

from more than one bacterial species. Sixty-six bacterial sequences were derived from 

DGGE bands (all data not shown) excised from the full-gradient range of the gels. As 

shown in Figure 3.10, the 16S rDNA sequences retrieved from prominent DGGE bands 

of bacteria were related to four major taxonomic groups, namely Acidobacteria, 

Bacterioidetes, Firmicutes and Proteobacteria (Table 3.2). In general, the majority of 

bacterial 16S rDNA sequences had high sequence similarity (up to 100%) with 

environmental clones or known species in the NCBI database. However, there are a few 

bacterial sequences, which did not reach 90% similarity with the species in the NCBI 

database. 

 

Sequence analysis showed that members of the phylum Bacterioidetes were the 

dominant group in all soil samples. Sixteen bacterial sequences belonged to this group 

and showed high similarities to their closest relatives, mostly uncultured bacteria from 

diverse environments. Firmicutes were the second largest contributor in terms of 

phylogenetic diversity. Five sequences dominated by the genus Bacillus were affiliated 

to this phylum. The remaining sequences were clustered with members of the beta sub-

group Proteobacteria and Acidobacteria with one and two 16S rDNA sequences, 

respectively.  

 

Rhizosphere effect on soil bacterial communities 

The degree to which bacterial populations are influenced in the rhizospheres of plants 

compared to the control bulk soils was analyzed. A differential distribution pattern of 

the bacterial taxa among the different soil rhizospheres was observed (Table 3.2). In 
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more detail, the rhizosphere soils (LT-S) were clearly dominated by members of the 

Bacteroidetes phylum (62.5% of the community) followed by members of the 

Firmicutes, which accounted for 37.5%. In contrast, the non-rhizosphere (bulk soil) 

samples (LT-CS) showed the greatest biodiversity in terms of community structure 

(Table 3.2). The Bacteroidetes, Beta Proteobacteria and Firmicutes accounted for up to 

34% of the soil community. The Ps-Ap-LT soils (grown in optimal nursery conditions) 

contain members of a single phylum, Bacteroidetes, which increased its abundance in 

rhizosphere plants (Ps-Ap-LT). Interestingly, soil samples 10 to 18 (Figure 3.9), 

corresponding to Ps-Ap-LT and Ps-Ap-SA treatments shared similar DGGE bands 

represented by the numbered arrows 4-13-1, 4-13-2, 4-10-2, 4-11-2 and 4-15-4 and, it 

was observed that DGGE bands in a single gel that appeared to be identical based on 

mobility did indeed produce more than 97% identical nucleotide sequences. In contrast, 

the Ps-Bp bulk soil samples were affiliated to three phyla: Bacteroidetes (51.14%), 

Acidobacteria (28.6%) and Firmicutes (14.28%).  

According to cluster analysis, marked differences exist in the bacterial community 

composition: two main clusters sharing less than 50% of similarity were distinguished 

(Figure 3.11). The first cluster included the rhizosphere soils collected from both local 

and non-local A. gerrardii (Ps-Ap-LT and Ps-Ap-SA treatments) grown in nursery 

conditions and, the second cluster comprised the Lonely Tree (LT-S) and bulk soil (LT-

CS and Ps-Bp) samples. Ps-Ap-LT-2B was replicated in order to verify the reliability of 

the DGGE method and both replicates were included in the same branch cluster. E. coli 

was excluded and formed a single cluster (Figure 3.11).  
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Figure 3.9. Two replicates (Gel A & Gel B) of DGGE analyses of PCR-amplified 16 

rDNA gene fragment from diverse Kuwait rhizosphere of Acacia gerrardii. Lane 1 to 20 

: LT-S-1;  LT-S-2; LT-S-3; LT-CS-1; LT-CS-2; LT-CS-3; PS-PB-1; PS-PB-2; PS-PB-3; 

PS-AP-LT-1A; PS-AP-LT-1B; PS-AP-LT-2A; PS-AP-LT-2B; PS-AP-LT-3A; PS-AP-

LT-3B; PS-AP-SA-1; PS-AP-SA-2; PS-AP-SA-3; PS-AP-LT-2B reprise; Control : E. 

coli. 3 100pb markers from Genedirect Company were loaded at the beginning, in the 

middle and at the end. Putative classification of phylum appear in bracket: Ac: 

Acidobacteria, Ba: Bacteroidetes, Fi: Firmicutes, β: Betaproteobacteria, corresponding to 

putative classification in Table 3.2. 

4-2-4 (Ba) 

4-2-3 (Ba) 

1 2 3 4 5 7 6 9 8 1

0 
1

2 
13 14 15 11 16 19 18 17 20 

4-1-1 (Ba) 

4-7-3 (Ba) 

4-7-4 

(Ba) 

4-2-6 

(Ba) 

4-1-3 (Ba) 4-7-5 

(Ba) 

4-8-5 (Ba) 

4-9-1 

(Ac) 

4-5-3 (Ba) 

4-5-4 

(β) 

4-7-7B (Fi) 

4-10-2 (Ba) 
4-11-2 

(Ba) 

4-13-1 (Ba) 
4-13-2 (Ba) 

4-15-4 (Ba) 

4-12-5 

(Ba) 

1 2 3 4 5 7 6 9 8 10 12 13 14 15 11 16 19 18 17 20 

3-1-6 (Fi) 

3-1-7 (Fi) 
3-2-6 (Fi) 

3-4-1 (Fi) 
3-7-4 (Ac) 

Gel  A 

Gel  B 



 

87 

 

Table 3.2. Phylogenetic identification and distribution of bacteria excised and sequenced from DGGE bands. 
Table 2. Phylogenetic affiliation of sequenced DGGE bands from soil

Sample ID DGGE bands Presence of "N" Accession no Species Strain Isolation source Similarity Putative Classification

LT-S-1 3-1-6 3,20% AB696842 Bacillus sp. UNPA236 rice paddy soil 94% Firmicutes

LT-S-1 3-1-7 1,80% KF219799 Planomicrobium koreense strain KBM-2-20 Ugan River/Populus euphratica 98% Firmicutes

LT-S-1 4-1-1  < 1% EF688382 Uncultured soil bacterium clone F6-94 soil 99% Bacteroidetes 

LT-S-1 4-1-3 2,10% KC331476 Uncultured bacterium clone lp258 apple orchard 97% Bacteroidetes 

LT-S-2 3-2-6 6,30% JF990241 Uncultured Firmicutes bacterium clone Upland_500_9542 upland cropland soils 90% Firmicutes

LT-S-2 4-2-3 6,60% KC331461 Uncultured bacterium clone lp243 apple orchard 87% Bacteroidetes 

LT-S-2 4-2-4 3,60% JN899241   Nafulsella turpanensis ZLM-10 arid soil 88% Bacteroidetes 

LT-S-2 4-2-6 7,50% KC432491 Uncultured bacterium clone SEAD1DD121 wetland 85% Bacteroidetes 

LT-CS-1 3-4-1 1,20% FR877762 Bacillus niacini strain BD12OL1-B46 host root tissues and associated soil 98% Firmicutes

LT-CS-2 4-5-3 3,70% FM209309 Uncultured bacterium clone 1241 sand soil 94% Bacteroidetes 

LT-CS-2 4-5-4 8,20% HQ697428 Uncultured bacterium clone B46 drinking water treatment 87% Betaproteobacteria

PS-PB-1 3-7-4 1,90% HQ995659 Acidobacteriaceae bacterium 277 soil 98% Acidobacteria

PS-PB-1 4-7-3 1,50% EF665817 Uncultured Sphingobacteria bacterium clone GASP-MB3W1_B09 forest at the GASP KBS-LTER site 96% Bacteroidetes 

PS-PB-1 4-7-4 < 1% JX100322 Uncultured bacterium clone HLUCs269 forest soil 96% Bacteroidetes 

PS-PB-1 4-7-5 4,40% EU194882 Flavisolibacter sp. A35 Oryza sativa cv. Dong-jin 93% Bacteroidetes 

PS-PB-1 4-7-7B 2,50% KC893662 Bacillus sp. G5(2013) enzymatic apple juice 92% Firmicutes

PS-PB-2 4-8-5 1,90% EU370955 Sphingobacteriaceae bacterium Gsoil 809 soil from ginseng field in Pocheon 98% Bacteroidetes 

PS-PB-3 4-9-1 3,10% GQ264366 Uncultured bacterium clone WW2_41 simulated low level waste site 95% Acidobacteria

PS-AP-LT-1A 4-10-2 < 1% EF626900 Uncultured bacterium clone RC2-178 soil 98% Bacteroidetes 

PS-AP-LT-1B 4-11-2 4,70% JN417561 Uncultured soil bacterium clone 12-49 soil 90% Bacteroidetes 

PS-AP-LT-2A 4-12-5 1,40% AM936482 Uncultured Sphingobacteriales bacteriumclone CM38F8 contaminated soil 96% Bacteroidetes 

PS-AP-LT-2B 4-13-1 5,00% JF986940 Uncultured Bacteroidetes bacterium clone Upland_40_6238 upland cropland soils 93% Bacteroidetes 

PS-AP-LT-2B 4-13-2 6,10% KC925257 Uncultured bacterium clone 16S_J1_30 sediments 92% Bacteroidetes 

PS-AP-LT-3B 4-15-4 < 1% JN417572 Uncultured soil bacterium clone 24-28 soil 100% Bacteroidetes 

Genbank informations
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Figure 3.10. Phylogenetic tree showing molecular phylogenetic analysis by maximum 

likelihood of DGGE bands of 16S bacterial soil amplification. (Refer to supporting 

material for clarity pictures and explanation) 
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Figure 3.11.Dendrogram analysis of DGGE banding profiles. The scale indicates the Dice similarity coefficient of band clusters. 

Ps-Ap-SA-3, Ps-Ap-LT-2Berep, Ps-Ap-LT-2B, Ps-Ap-LT-2A, Ps-Ap-LT-1A, Ps-Ap-SA-2, Ps-Ap-LT-3A, Ps-Ap-SA-1, Ps-Ap-

LT-3B are rhizospheric soil of local Acacia gerrardii seedlings raised under nursery conditions; Ps-Bp-3, Ps-Bp-2, Ps-Bp-1 are 

commercial soil mix used to raise Acacia gerrardii seedlings under nursery conditions; LT-CS-2, LT-CS-1, LT-CS-3 are non 

rhizospheric bulk soil from desert; LT-S-2, LT-S-3, LT-S-1 are rhizospheric soil of Acacia gerrardii (Lonely Tree). 
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3.4.3 Assessment of Root Nodules and Rhizobia 

The size of root nodules was very small. They were examined under the Leica 

stereomicroscope. Excellent root nodules were observed under 20× magnification. 

Figure 3.12 shows the clear image of the root nodules formed on the Lonely Tree roots. 

 

Root nodules from the Lonely Tree were surface sterilized with 95% (v/v) ethanol, 

crushed with sterile water, and subjected to Grams staining. Gram-negative rod shaped 

bacteria were observed (Figure 3.13). Motile rod shaped bacteria were confirmed using 

the hanging drop method. 

 

 

Figure 3.12.Showing root nodule formation in Lonely Tree roots under stereomicroscope 

at 20x magnification, (data were collected from a one-year-old tree). 

 

 

Figure 3.13. Crushed Lonely Tree nodule stained with Grams stain (Gram negative - pink 

color- rods were observed), (data were collected from a one-year-old tree). 
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The root nodules from the nursery grown local and non-local A. gerrardii seedlings 

were big and both of the nodules had the same pattern of nodulation and morphotypes. 

However, the nodule was bigger in size in the local A. gerrardii seedling compared to 

the non-local A. gerrardii seedlings (Figs. 3.14 and 3.15). 

 

Figure 3.14. Showing pattern of nodulation in local A. gerrardii seedling, (data were 

collected from a one-year-old tree). 

 

Figure 3.15. Showing pattern of nodulation in nursery grown non-local A. gerrardii 

seedling, (data were collected from a one-year-old tree). 
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Table 3.3 shows the average number of root nodules counted in 100 cm of root from 

nursery grown local and non-local A. gerrardii seedlings and Lonely Tree. Slighty 

greater number of nodules per 100 cm of roots were observed with both nursery grown 

local A. gerrardii and Lonely Tree compared to nursery grown non-local A. gerrardii 

seedlings.   

Table 3.3. Number of root nodules counted per 100cm of root. 

Sl. No. Sample ID Avg no. of nodules/plant 

1 

Nursery grown Saudi Arabia 

seedlings (non-local Acacia 

gerrardii) 

18.73 

2 

Nursery grown Lonely Tree 

seedlings (local Acacia 

gerrardii) 

33.73 

3 Lonely Tree roots 40/100cm of root 

 

3.4.4 Molecular Characterization of Endophytic Bacterial Community from Roots 

and Nodules 

Endophytic bacterial community composition and phylogenetic diversity  

Twenty clone libraries were produced from nodule material (Table 3.4) on which 3 to 

13 clones were successfully sequenced per library. Thirty-three OTUs could be 

identified among all 190 successfully sequenced clones when the 97% criterion was 

adopted (Table 3.4). Only five sequences gave the blast result with “no significant 

similarity found.” At least one representative of each OTU was included in the sequence 

alignment to construct the phylogenetic trees. The definition of OTU was based on 

pairwise alignment of sequences. Sequences with at least 97% similarity were classified 

in the same OTU. However, sometimes, members of the same OTU yielded different, 

yet considerably close, blast sequences. In that case, two to three representatives of each 

blast sequence were included in the phylogenetic trees (Figs. 3.16, 3.17, and 3.18). 



 

93 

 

Figure 3.16 indicates OTUs that showed similarity with Rhizobium, Agrobacterium and 

Shinella genera, where 10 OTUs are present. On the other hand, Figure 3.17 shows 

Bradyrhizobium, Mesorhizobium and Ensifer (formerly Sinorhizobium) species; 

showing 6 OTUs. Finally, Figure 3.18 comprises other alpha-proteobacteria, of which 

17 OTUs are shown.  

For bacterial composition and frequency in the different communities studied, it can be 

noted that in LT-N (Table 3.4), the dominant OTUs are OTU-1- closely matched to 

Rhizobium huautlense, OTU-14 in the Devosia genus (close to Devosia sp. R41and 

Devosia riboflavin, (Figure 3.17). However, another OTU-7 close to Rhizobium vallis is 

also dominant, but is only present in location 1 of the investigated locations. All these 

species are known to form nodules (Wang et al. 1998; Rivas et al. 2003; Wang et al. 

2011). OTU-6 is also dominant and present in two locations, but is not classified in a 

known group. Dominant OTUs in the N-LT-N community are OTU-12 (in the 

Agrobacterium group)which can cause plant disease (Martínez et al. 1987), and OTU-

11, which is a Rhizobium closely matched to R. subbaronis—an endolithic bacterium 

isolated from beach sand. It should be noted that as R. subbaronis was closer to 

Sinorhizobia and Ensifer—2 unknown Rhizobia—they are included in the tree in as 

shown in Figure 3.17. Other OTUs that were dominant in the N-LT-N were OTU-9 and 

OTU-24, along with an unknown Novosphingobium genus that include potential 

bacteria used in bioremediation (Ramana et al. 2013; Tiirola et al. 2005). All these last 

dominant OTUs are present in at least two libraries and plants each. OTU-5, (similar to 

Bartonella elizabethae) a human pathogen, was also found within the N-LT-N bacterial 

community, albeit in plant and one library only. Finally, the dominant OTUs in the N-

SA-N community were OTU-1 (Rhizobium huautlense), OTU-4 (R. etli), OTU-7 (R. 

vallis), three potential root-nodulating bacteria and OTU-12 (Agrobacterium sp.), OTU-

13 (Hyphomicrobium sp.) and OTU-18 a, Sphingomonas sp. While OTU-4 and OTU-18 

were found in one plant and library each, OTU-1 was included in two libraries in the 

same location. Other OTUs were present in at least two plants and different libraries, 

respectively (data not shown).  
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Tablele 3.4. Blast result for representing clone sequences from nodule communities for each OTU- Relative frequency of each OTUwhen sequence 

similarity threshold is 97%-Diversity indices for each sample type. 

OTU no. 

Clones 

representative 
Accession Identity 

Similarity LT-N N-LT-N N-SA-N 

(%) 1-2-3 10-11-12 19-20-21 

1 3C-9 JX407092 Rhizobium huautlense (DL01)  98 30* 0 8* 

4 19B-3 AY509210 Rhizobium etli (S1) 99 0 0 6* 

5 10A-3 AB246807 Bartonella elizabethae (Q-3) 99 0 13* 1 

6 3C-8 DQ337571 Rhizobium sp. (CHNTR26) 96 15* 0 0 

7 21B-1 KF787795 Rhizobium vallis (J15) 98 8* 4 14* 

8 20A-12 GU252152 Shinella sp. (CC-CCM15-9) 99 0 0 2 

9 12C-6 KF261556 Rhizobium sp. (C12-2013) 99 0 9* 8* 

11 10B-11 NR108508 Rhizobium subbaraonis (JC85) 98 0 9* 3 

12 12C-1 KJ184900 Agrobacterium sp. (CZBSA1) 99 0 21* 28* 

13 21B-9 AY934488 Hyphomicrobium sp. (WG6) 97 4 0 7 

14 3C-2 KC464823 Devosia sp. (R41)  98 31* 0 0 

15 20B-7 HM107183 Alpha proteobacterium (CCBAU 45397) 99 0 5 2 

16 21B-7 DQ520809 Bradyrhizobiaceae bacterium (NR111 ) 99 0 0 3 

17 20B-10 FJ455532 Dongia mobilis (LM22) 99 0 0 2 

18 20B-1 AY771798 Sphingomonas sp.  (Alpha4-5 ) 98 1 1 13* 
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OTU no. Clones representative Accession 
Identity 

Similarity LT-N N-LT-N N-SA-N 

(%) 1-2-3 10-11-12 19-20-21 

19 20A-3 FJ889319 Uncultured Erythrobacteraceae (Plot18-2F10) 99 0 0 2 

20 19B-1 JX239758 Sphingopyxis sp. (UBF-P4) 99 4 4 1 

21 12C-8 KC410867 Novosphingobium sp. (DC-9) 97 0 5* 0 

23 10B-9 KC759691 Mesorhizobium sp. (BP2 ) 98 0 1 0 

24 10C-16 KC117530 Rhizobium sp. (RS3-4 B) 99 0 15* 0 

25 11A-4 JX292365 Rhizobium sp. (L32C549B00) 98 0 6 0 

26 19C-13 KF956670 Ochrobactrum sp. (S21103) 99 0 0 2 

27 12A-1-10 JQ963327 Erythrobacteraceae bacterium (K-2-3) 98 0 1 0 

28 12B-13 NR_104723 Vasilyevaea enhydra (9b) 94 0 1 0 

29 12B-14 GQ476822 Skermanella sp. (R224-3) 99 0 1 0 

32 12A-1-14 JF184047 Uncultured bacterium (ncd2136b01c1) 98 0 1 0 

33 10C-3 KF437393 Ensifer sp. (JNVU CM16) 99 1 1 0 

34 12B-3 JQ014376 Sinorhizobium sp. (LC541) 95 0 1 0 

39 1A-9 HF930765 Blastomonas sp.  (P2AR16) 93 1 0 0 

41 1C-10 GQ476825 Altererythrobacter sp. (R83-1) 96 1 0 0 
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OTU no. 

Clones 

representative Accession Identity 

Similarity LT-N N-LT-N N-SA-N 

(%) 1-2-3 10-11-12 19-20-21 

42 1A-1 KJ524113 Inquilinus sp. (73bal) 99 1 0 0 

43 1C-5 FM886904 
Pedomicrobium australicum 

(OTSz_M_268 ) 
98 1 0 0 

44 1A-8 KC252688 Shinella fusca (N016 ) 100 1 0 0 

   Nb of libraries  7 7 6 

   Nb of clones (N)  61 65 62 

   Shannon-Wiener Diversity Index  1.799 2.420 2.323 

   OTU Richness (S)  13 18 16 

   Simpson Diversity Index D: 0.223 0.115 0.135 

    1-D: 0.777 0.885 0.865 

    1/D: 4.477 8.728 7.421 

   Evenness (Pielou)  0.701 0.837 0.838 

   Rarefaction (60 individuals)  10.2 14.8 14.2 

      ** Coverage  0.885 0.877 0.968 

*Dominant OTU: OTU is considered dominant if Pi > 1/S, where Pi represents the probability of sampling OTU i and S is the OTU richness 

**Coverage: C is defined by the equation: C = 1 - (n1/N), n1 is the number of clones that occurred only once (frequency = 1), and N is the total number 

of clones examined of species richness. 
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Figure 3.16. Phylogenetic tree showing maximum likelihood analysis of Rhizobiales 

bacteria including Rhizobium, Agrobacterium and Shinella genera. Bootstrap percentage 

values (>50%) are generated from 1000 replicates from maximum likelihood and 

posterior probabilities from Bayesian analysis are shown as [Maximum likelihood 

bootstrap values/Bayesian posterior probabilities]. Bold sequences are from this study 

(Refer to supporting material for clarity pictures and explanations) 
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Figure 3.17. Phylogenetic tree showing maximum likelihood analysis of 

Bradyrhizobium, Mesorhizobium and Ensifer (formerly Sinorhizobium) species. 

Bootstrap percentage values (>50%) are generated from 1000 replicates from maximum 

likelihood and posterior probabilities from Bayesian analysis are shown as [Maximum 

likelihood bootstrap values/Bayesian posterior probabilities]. Bold sequences are from 

this study. (Refer to supporting material for clarity pictures and explanations) 
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Figure 3.18. Phylogenetic tree showing maximum likelihood analysis of other 

alphaproteo bacteria. Bootstrap percentage values (>50%) are generated from 1000 

replicates from maximum likelihood and posterior probabilities from Bayesian analysis 

are shown as [Maximum likelihood bootstrap values/Bayesian posterior probabilities]. 

Bold sequences are from this study. (Refer to supporting material for clarity pictures and 

explanations). 
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Correspondence Analyses 

Correspondence analyses (CA) (Figs. 3.19 and 3.20) reveal closer relationships among 

bacterial communities in the nodules of nursery seedlings. More specifically, with the 

exception of one nursery community (N-SA-N-1), the Lonely Tree (N-LT-N) and the  

Saudi Arabia tree (N-SA-N) exhibit more similar features in comparison with bacterial 

communities in the nodules of the Lonely Tree growing in nature (LT-N).   

 

 

Figure 3.19. Correspondence analysis of the different bacterial communities in root 

nodules of Acacia sp. in diverse conditions. Nodule samples are positioned along the first 

two DA axes, where Eigenvalues are 0.9110 for CA1 and 0.5899 for CA2. 
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Figure 3.20. Cluster analysis based on Morisita-Horn similarity coefficient for different 

bacterial communities in roots nodules of Acacia sp. in diverse conditions. 
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3.4.5 Soil Characteristics and Plant Tissue Chemicl Analysis 

Table 3.5.The physical properties of different test soils samples. 

Sl.No 
Sample 

ID 
Sand Clay Silt Texture 

 

Bulk 

density Particle density Porosity 

Saturation 

percentage 

(%) gm/cm3 % 

1  PsBp 
* * * * 0.63 ± 0.06 2.06 ± 0.07 69.32 ± 1.88 * 

2 LT 
92.67 ± 3.06 2.67 ± 1.15 4.67 ± 2.31 sand 1.6 ± 0.0 2.62 ± 0.06 38.95 ± 1.31 25.33 ± 1.5 

3 CLT 
84.33 ± 2.52 4.33 ± 2.52 11.33 ± 0.58 loamy soil 1.57 ± 0.06 2.57 ± 0.02 39.1 ± 2.3 25.78 ± 3.7 

4 PsApSA 
* * * * 0.83 ± 0.06 2.09± 0.11 60.17 ± 0.9 74 ± 8.72 

5 PsApLT 
* * * * 0.77 ± 0.06 2.03 ± 0.13 62.25 ± 2.48 76 ± 5.29 

 

Footnote: * result not available because the samples were potting soil and not analyzed 
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Table 3.6. Concentration of total N, P, K, organic matter, Ca, and Mg present in soil and irrigation water. 

Sl. No. Sample ID pH 
Ece N P K 

Organic  

matter 

Organic  

carbon 
Ca Mg 

(mS/cm) (%) (mg/kg) (%) (mg/kg) 

1 LT  
7.33 ± 

0.3 
3.44 ± 1.2 0.07 ± 0.02 1.16 ± 1.14 90.26 ± 76.59 0.95 ± 0.78 

0.55 ± 

0.46 

274.23 ± 

110.89 
49.15 ± 26.89 

2 CLT  
7.67 ± 

0.1  
1.75 ± 0.6 0.03 ± 0.01 0.37 ± 0.4 8.85 ± 3.43 0.45 ± 0.09 

0.26 ± 

0.05 
111.87 ± 56.44 10.99 ± 3.97 

3 PsBp 
7.13 ± 

0.1 
1.29 ± 0.1 0.14 ± 0.01 2.36 ± 0.92 250 ± 10.0 8.62 ± 9.4 

5 ± 0.55 

 
1540 ± 212.31 133 ± 14.18 

4 PsApSA 
7.4 ± 

0.1 
1.75 ± 0.3  

0.14  ± 

0.02 
123.54 ± 33.6 32.39 ± 8.32 8.38 ± 1.42 

4.86 ± 

0.82 
196.1 ± 53.86 22.52 ± 8.56 

5 PsApLT 
7.37 ± 

0.2 
2.32 ± 0.8 0.15 ± 0.05 177.37 ± 66.23 49.2 ±  22.40 7.98 ± 0.32 

4.63 ± 

0.19 

351.95 ± 

185.91 
36.57 ± 26.62  

  pH (mS/cm) mg/l 

6 

Irrigation 

water for 

PsApSA 

& 

PsApLT 

7.3 ± 

0.0 

0.37 ± 

0.37 
4.68 ± 1.91 0.32 ± 0.21 2 ± 0.0 NA NA 46.67 ± 5.35 0.86 ± 0.27 
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Table 3.7. Biomass and plant tissue analysis for the nursery grown Acacia gerrardii plants  

Sl. No Sample ID 

N P K 
Shoot weight 

(biomass)/plant 
Shoot length/plant 

avg Dry 

weigth of root 

Content/plant (mg) (mg) (cm) (mg) 

1 

Saudi Arabia 

seedlings (non-local) 

A. gerrardii grown in 

nursery 

147 ± 0.11 90 ± 0.04 52 ± 0.08 4640 ± 0.05 87.67 ± 4.86 3610 ± 0.25 

2 

Lonely Tree seedlings  

(local) A. gerrardii 

plants grown in 

nursery 

140 ± 0.09 94 ± 0.035 55 ± 0.15 4430 ± 0.11 62.87 ± 3.72 3880 ± 0.31 

  %       

3 Lonely Tree 

(local) A. gerrardii 
2.49 ± 0.04 0.17 ± 0.01  1.23 ± 0.27 NA NA NA 
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3.5 Discussion 

3.5.1 Soil bacterial community structures   

The present work provides us with a glimpse of the bacteria associated with rhizosphere 

and non-rhizosphere soils of A. gerrardii from the Sabah Al-Ahmad Natural Reserve of 

the Kuwait desert. For the overall community composition at this site, the bacterial 

phylotypes detected were classified into four major taxa: Bacterioidetes, Firmicutes, 

Proteobacteria (subdivision of beta) and Acidobacteria. A large body of investigations 

supports the assumption that bacterial community structures in desert lands are different 

according to location. In a study on the Tengger desert, Zhang et al. (2012) found that 

the 16S rRNA gene sequences retrieved from prominent DGGE bands bacteria were 

related to eight major taxonomic groups: Proteobacteria, Acidobacteria, Bacterioidetes, 

Ctinobacteria, Firmicutes, Chloroflexi, Nitrospirae and Cyanobacteria. Using high-

throughput pyrosequencing and quantitative polymerase chain reaction techniques, 

Wang et al. (2012) reported that soil microbial community structures investigated along 

the Heihe River basin were dominated by Actinobacteria, Alphaproteobacteria, 

Bacteroidetes, and Firmicutes. Actinobacteria, Firmicutes, Bacteroidetes and 

Proteobacteria were the most abundant groups in the southern end of the Atacama 

Desert as ascertained from a clone library (Orlando et al. 2010). Other data (Saul-

Tcherkas and Steinberger; 2011) showed that the most abundant phylum in the Negev 

desert were Actinobacteria, Gemmatimonadetes, Proteobacteria, and Bacteroidetes. 

These analyses and this study’s data from the Kuwait desert indicate the variations of 

bacterial composition among desert lands. In general, desert soil contains very low 

levels of organic matter, organic carbon as well as essential nutrients. Results of this 

study on soil chemical properties also showed very low level of organic matter, organic 

carbon, and essential nutrients compared to nursery potting soil (Table 3.6). The data on 

bacterial community structure and diversity indicate that soil organic matter and 

rhizospheric effects may have play important roles in altering microbial communities. 

For example, microbial community profile results from the control (Lonely Tree) soil 

showed relatively lower bacterial diversity and composition compared to plants growing 

on nursery potting soils and Lonely Tree soils. The low level of average OUTs Richness 

and Shanon-Wiener Index (S) with Lonely Tree control soils revealed that microbial 

community composition depend on soil types and properties, and the vegetation status. 

Clearly, it can be stated that bacterial communities were influenced in the surrounding 

of the roots, suggesting rhizosphere effect.      
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While most of the bacterial taxa observed in this study were in the range of the overall 

distribution of the bacterial phyla, it is noticed that Bacteroidetes were the most 

abundant. Their better distribution in the different soil samples reflects their ability to 

tolerate and support both nutrient-rich (nursery) and -poor (field) soils, and may suggest 

that these bacteria play an ecological role in the studied environments. The distribution 

pattern of Bacteroidetes in studies by Acosta-Martínez et al. (2010) and by Wang et al. 

(2012) also showed that they were favored in carbon-rich soils (Fierer et al. 2007). 

Bacteroidetes are also reported to have the ability to rapidly explore organic matter 

(Acosta-Martínez et al. 2010) and stimulate nutrient cycling (Wang et al. 2012). In this 

study, desert soil were low inorganic matter and organic carbon but the potting soil 

were high in organic matter (Table 3.6).  The most abundant phyla Bacteroides 

observed in both the soil types support the statement that their ability to tolerate both 

rich and poor soil conditions.  

 

Firmicutes were also well distributed in the desert soils as previously suggested by 

many other studies on arid ecosystems (Lauber et al. 2009; Orlando et al. 2010; Zhang 

et al. 2012). Firmicutes were reported to be enriched in soils with lower moisture 

content (Acosta-Martínez et al. 2010), as is the case with Kuwaiti soils. In addition, 

endospore formation is common among Firmicutes. The endospores are specialized 

resistance structures that allow the survival of microorganisms for extended periods in 

dry soils (Chen and Alexander 1973; Gao and Gupta 2005), and also give protection 

against several environment stressors (Griffiths and Philippot 2012). 

 

Acidobacteria were detected in samples from the nursery experiment (bulk soils) but 

were absent in those from the field site. Following a similar pattern, Acidobacteria were 

also completely absent from one site at the hyper-arid margin from Atacama Desert and 

comprised just 0.2 and 0.09% of the two soil communities (Neilson et al. 2012). It was 

absent from eight of the eleven sites evaluated in a cold, shale desert located in 

Southeast Utah (Direito et al. 2011). In contrast, Acidobacteria represented 17 and 22%, 

respectively, of the bacterial communities from the hot desert of Tataouine (South 

Tunisia) and an arid soil from the Atacama Desert (Chanal et al. 2006; Costello et al. 

2009). The results of this study indicate that Acidobacteria thrives in ideal soil moisture 

conditions rich in organic matter.  
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Besides these phyla, Beta Proteobacteria phylum, which is also able to withstand harsh 

environments (Fierer et al. 2007; Boulos and Al-Dosari 1994), was found in the field 

bulk soils of this study. However, Actinobacteria, another well-distributed bacteria 

phylum in desert soils (Orlando et al. 2010; Saul-Tcherkas and Steinberger 2011; Wang 

et al. 2012), was not detected in this work. In this study, low similarity values were 

recorded in a few bacterial sequences with species in the NCBI database, suggesting 

that the bacteria may be identified to be a new species.  

 

Soil bacteria can provide a degree of tolerance against drought stress for plants they 

associate with (Fierer et al. 2007). Drought tolerance may come from the improvement 

of soil physical properties, such as soil aggregation through the production of 

exopolysaccharide compounds and biofilm or protection by the production of osmolytes 

(Kaci et al. 2005; Vardharajula et al. 2011). In this study soils, control Lonely Tree soil 

with no vegetation had lower ECE, N, P, K, organic matter, and organic carbon may 

explain the differences in bacterial populations compared to other soils examined.  

Additionally, a large number of bacterial 16S rDNA sequences had high similarities 

with a wealth of uncultured bacteria from diverse environmental conditions and remain 

unclassified at the genus level. The use of these organisms in various restoration and 

remediation strategies is important and requires a separate study.  

 

3.5.2 The rhizosphere effect on soil bacterial communities 

Tree species are thought to be the key drivers of soil bacterial community composition 

and associated soil processes (Nessner Kavamura et al. 2013; Rodríguez-Zaragoza et al. 

2008; Sene et al. 2012a, b, 2013; Yu and Steinberger 2012). The study investigated the 

rhizosphere effect of local and non-local A. gerrardii on soil bacterial community 

structures. This was done by assessing bacterial diversity in soils from the same species 

grown in optimal nursery environments and plant performance under different microbial 

associations. The second objective was to evaluate and compare the rhizospheric 

microbial communities of these two species when grown under nursery conditions. In 

this study, no significant difference was observed on either plant drymass production or 

plant nutrient content (N, P, K) between the two species. Results from the bacterial 

community analyses revealed that rhizospheric soils analyzed from both species shared 

a similar phylum, Bacteroidetes. However, control nursery potting soils without plants 
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had a greater bacterial diversity including Acidobacteria and Firmicutes. The results of 

this study show that as plant-induced stimulation, the root grows in any growing media 

and there is a change in dominance to bacterial community based on several factors 

such as plant species, growth rates, and release of carbon compounds (Morgan et al. 

2005). Furthermore, different root zones on the same plant can support distinct bacterial 

communities, maybe due to qualitative and quantitative characteristics of root exudation 

(Yang and Crowley 2000). Phylogenetic analyses supports the hypothesis that the 

structures of bacterial communities associated with rhizosphere and non-rhizosphere 

soils are different but share a phylum in common, Bacteroidetes.  

 

Nursery-grown plants appear to drastically lower the diversity of bacterial community 

structures, with rhizosphere soils broadly dominated by members of a single phylum, 

Bacteroidetes. In contrast, a more diverse bacterial community was found in the bulk 

soils with members of three phyla namely Bacteroidetes, Acidobacteria and Firmicutes. 

A rhizosphere effect was also noted in our field samples but became more pronounced 

in the nursery experiment. Plant-dependent enrichment and seasonal shifts were 

previously reported in works by Smalla et al. (2001) and Nessner Kavamura et al. 

(2013). Other studies have also reported a lack of increase in bacterial diversity with 

plant cover (Farias et al. 2009; Sene et al. 2012b; 2013) or plant species richness 

(Kuramae et al. 2011; Ushio et al. 2013) whereas Lin et al. (2013) found a more diverse 

bacterial community around tree roots. These analyses and data from this study points 

out the complexity of the interdependency of bacterial diversity with plant species.  

 

DGGE fingerprinting showed that soil samples that corresponded to the rhizospheres of 

local and non-local A. gerrardii shared similar DGGE bands. As was observed, DGGE 

bands in a single gel that appeared to be identical based on mobility did indeed produce 

more than 97% identical nucleotide sequences and this seems that non-local A. 

gerrardii also influenced the bacterial communities. We acknowledge that this 

assumption needs further confirmation, but still some conclusions can be drawn from it. 

Obviously, it can be stated that the bacterial communities were influenced in the 

surrounding of both A. gerrardii roots, with a stimulatory effect on root plants on the 

Bacteroidetes group. Besides the local and non-local A. gerrardii tested in this study, 

other tree species could be considered in further studies in order to identify which 

species is more appropriate for restoring tree vegetation patches, including conservation 
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of soil bacterial biodiversity. However, it is reasonable to speculate that the differences 

in rhizosphere bacterial community composition observed between the two test plant 

species may have different root growth habits and may induce different root exudates 

that may alter soil micro conditions and therefore contribute to observed bacterial 

community. 

3.5.3 Endophytic bacterial community in the root system 

The current research confirmed the presence of root nodules and motile rod shaped 

bacterium in the root nodule of Acacia gerrardii (Lonely Tree) from the Sabah Al-

Ahmad Natural Reserve of Kuwait Desert and nursery grown A. gerrardii seedlings. 

Moreover, molecular identification of root nodule bacterial community revealed that the 

Lonely Tree is associated with bacterial communities from three families, namely: 

Rhizobiaceae, Rhodospirillaceae and Spingomonodaceae. The findings reported in this 

work clearly demonstrate that the bacterial community in the Lonely Tree root nodules 

is diverse. However, the diversity of bacterial population in the nursery-grown A. 

gerrardii seedlings was greater than that in the natural habitat of the Lonely Tree.  The 

results suggest that the diversity of bacterial composition in the nursery grown seedlings 

were greater owing to soil chemical richness and substrate, and nursery optimal 

conditions compared to harsh desert environmental conditions (Bardgett et al.1999; 

Bååth et al.1995).  

Results of this study provide an indication of root endophytic bacterial community 

associated with A. gerrardii from the Sabah Al-Ahmad Natural Reserve of the Kuwait 

desert and roots of nursery grown A. gerrardii seedlings.  Data demonstrated that 

despite Kuwait’s harsh climate, the studied Lonely Tree roots maintained some degree 

of endophytic bacterial populations. Figures 3.16, 3.17 and 3.18 showed that the only 

represented class among all OTUs is alpha-proteobacteria, of which Rhizobiales is the 

most abundant order, followed by Shingomonadales and Rhodospirillales. In the 

Rhizobiales, the family of Rhizobiaceae was identified, with species in the genera 

Rhizobium, Shinella and Agrobacterium. The Bartonellaceae, Brucellaceae and 

Hyphomicrobiaceae families are also represented in the genera Bartonella, 

Ochrobactrum and Devosia, respectively. It is important to note that these endophytic 

bacteria belong to Rhizobiales and a number of other families from roots and nodules. 

Since the root nodules were sterilized before extracting DNA and realizing PCR, 

cloning and sequencing, it is likely that these bacteria are endophytic. The possibility of 
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contamination coming from irrigation waters or the presence of endophytic bacterial 

species in nursery growing media for nursery seedlings was addressed further by 

molecular analysis of irrigation water and nursery growing media. Based on the sets of 

primer used for these analyses (Appendix I) it is shown that there is no presence of 

nitrogen fixing bacterial species in nursery growing media. However, in contrast, the 

presence of nitrogen fixing bacteria was observed in the irrigation water samples. It was 

not possible to confirm by this analysis if there are species in the genera Rhizobium. 

Since the control seedlings using the same irrigation water did not produce any root 

nodules (Appendix II), the observed bacteria species could be free-living nitrogen fixing 

bacterial species. Further analysis is suggested in order to identify the species present in 

the water samples.  

For bacterial composition and frequency in the different communities studied, it can be 

noted that in LT-N (Table 3.4), the dominant OTUs are OTU-1(closely matched to 

Rhizobium huautlense), OTU-14 in the Devosia genus (close to Devosia sp.R41and 

Devosia riboflavin (Figure 3.17).These two OTUs are present in the root samples 

collected from three investigated locations. In this investigation, it should be noted that 

the Devosia genus was found only in desert location in LT-N samples (Table 3.4). In 

our research, the presence of nitrogen fixing Devosia sp. in root nodules or in desert 

soils was not an unusual incident or due to any contamination. Several studies have 

isolated Devosia sp. from various sources, such as soil, greenhouse soil, dump site, and 

root nodules (Yoon et al. 2007; Yooet al. 2006; Kumar et al. 2008; Bautista et al.2010; 

Hoque et al. 2011). However, among the isolated Devosia species, only Devosia 

neptuniae was recognized from an aquatic leguminous plant species and claimed to 

have nifH and nodD symbiotic genes (Rivas et al. 2003).  

The highest diversity indices were found in nodule seedlings in nursery, irrespective of 

their species (LT or SA), and all diversity indices indicated the same trend. Table 3.4 

shows that there is no evidence of drift shift between bacteria composition of the Lonely 

Tree in nature (LT-N) or in nursery (N-LT-N). Rarefaction index was calculated to 

verify that with the standardization of the abundance of clones sequenced at 60 

individuals for each sample, the same order of magnitude is obtained as that yielded by 

the calculation of OTU richness (Table 3.4). In terms of the comparison between OTU 

compositions in nodule communities, N-LT-N and N-SA-N share two dominant OTUs 

(OTU-9 and OTU-12) that are not present in LT-N nodule communities (Table 3.4). 



 

111 
 

Interestingly, OTU-7 is present in all plant types (LT, N-LT, and N-SA). For other 

OTUs, no trend of similarity between nodule communities could be established. 

Correspondence analyses (CA) and Cluster analyses (Figure 3.19 and 3.20) are 

important tools used by molecular biologist and found in most recent published results. 

Analyses in this research revealed closer relationships among bacterial communities in 

nodules of seedlings tested. Correspondance analyses indicated that native LT and non-

local SA seedlings promote the same group and diversity of endophytic bacteria in 

nodules when they grow in the nursery. 

The specific Rhizobium primers used were best suited for amplifying endophytic 

bacteria in root nodule samples. The only exception was a few samples that failed to 

amplify. The findings revealed a considerable diversity among different nodule 

samples. The greatest diversity was noted among nodules that come from rhizosphere 

seedlings in nursery, indicating that diversity in the natural conditions is lower. In 

addition, a similar pattern in soil microbial communities (bacteria and fungi) and AM 

fungi in roots was observed. Because not all sequences produced a closest match with a 

described well-known species, it is difficult to discuss the presence of endophytic 

bacteria. Thus, only the composition of the communities at the genus level for the 

taxonomic rank could be characterized. However, it seems that soil conditions influence 

the bacterial composition and diversity in nodules more than the tree species 

characteristics. In addition, similarity between communities is the same for bacterial 

and fungal communities in the soil and nodules, even if the techniques used for 

producing the dendogram are completely different (DGGE and cloning). Once again, 

the soil samples appear to be the common factor. Overall, the microbial population 

associated with the root system of nursery-grown Acacia seedlings was rich and more 

diverse compared to that in rhizosphere and native desert soils. Because of the lack of 

sufficient similarities with the sequences from NCBI, further studies are required to 

characterize the bacterial population present in the natural desert soil at the species 

level.   
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3.5.4 Soil Characteristics, Soil and Plant Tissue Chemical Analyses 

The rhizospheric soil of the Lonely Tree (LT) and soil 100 m apart from the tree (CLT) 

were sampled and analysed along with the commercial soils used for growing the local 

(PsApLT) and non-local (PsApSA) A. gerrardii (Saudi Arabia) seedlings under nursery 

conditions and, unplanted control soil (PsBp). Water used for irrigating these plants was 

also analyzed. Results of the analysis revealed the physical and chemical characteristic 

of the samples. 

 

There was little variation in physical properties of test soils (Table 3.5). However, 

chemical properties of test soils showed higher organic matter and carbon in nursery 

potting soil than desert soils (Table 3.6). Obviously, nursery-potting soil had much 

lower bulk density compared to desert soils.  An evident variation was observed in 

terms of porosity of the soil. Porosity of the control soil and soils used for growing the 

seedlings (both local and non-local seedlings) was higher than the soil collected from 

the study site. It can be assessed that the difference was because the desert soil is more 

compact when compared to the commercial soil, which is a mix of more porous 

components. 

 

The chemical character of the soil was assessed based on its pH, Ece, nitrogen (N), 

phosphorus (P), potassium (K), organic matter, calcium (Ca) and magnesium (Mg) 

content. All the test soils had a neutral pH ranging from 7.13 to 7.67, which indicates 

that the soil was ideal for growing plants. Soil pH plays a major role in its nutrient 

availability. At a neutral pH (ranging from 6.5 to 7.5), the soil cation exchange capacity 

(CEC) is approximately 100% and hence is considered ideal for crop production. 

Whereas when the range is slightly high (ranging from 7.5 to 8.4, indicates that the soil 

has free lime (CaCO3) which supports water filtration and percolation with the aid of 

Ca. It also increases the availability of P and metal micronutrients (Hach Company, 

1992). Ece results revealed that the soils were in the category of being slightly saline 

(1.2 to 2.4 mS/cm) to moderately saline (2.5 to 4.7 mS/cm). 

 

Nitrogen (N) content in the entire test samples were low whereas calcium (Ca) content 

in all the soils was high as indicated by the calcareous nature of the soil of arid and 

semi-arid regions. Phosphorus content in the desert soils (LT and CLT) and control soil 
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(PsBp) was extremely low (<15) whereas in the commercial mix used for growing the 

plants, the content was low (71-140mg/kg) to moderate (141-280 mg/kg). Potassium 

(K) content in all the test soils was high but even is such soil available K is limited and 

is based on the extent of watering and leaching (Apal Agricultural Laboratory).  Desert 

soils (LT and CLT) had very low organic matter content when compared to the 

commercial mix and it is evident that Kuwait’s soil is deficient in organic matter 

content. Soil organic matter is very important for the growth of plants as it facilitates an 

elevated CEC, N content, water-holding capacity and supports microbial activities 

(Horneck et al. 2011). Irrigation water sample was analyzed and the results indicated 

that all the factors (pH, Ece, N, P, K, Ca and Mg) were in an ideal range.  

 

Plant tissue analysis also confirmed the nutrient content of the soil. Scarcity of available 

N and P in the soil was also reflected in their contents in the plant. In terms of K, as 

detailed above, the content was very high in the soil yet availability to the plant was 

limited. Since the soil was calcareous in nature, Ca content in the plant tissue was also 

high. Elements such as N, P, K and Ca are essential for the healthy growth of plants and 

hence their availability in the soil is crucial. Soil properties, in relation to the bacterial 

community, are discussed in the earlier sections on the soil bacterial community 

structure and the rhizospere effect on soil bacterial communities. 
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3.6 Conclusion 

In conclusion, the data from this work indicate that a large number of bacterial 

resources exist in the Kuwait desert that remain to be fully characterized. This study 

provides the first insight into bacterial communities associated with the rhizosphere and 

roots of A. gerrardii in this ecosystem. It is noticed that Bacteroidetes and Firmicutes 

are the most abundant phyla followed by Acidobacteria and Beta Proteobacteria. A 

great number of bacterial 16S rDNA sequences are related to a wealth of uncultured 

bacteria thus further research is needed into bacterial functions and to further classify 

them at the genus level. We have additionally shown that grown Acacia sp. under 

nursery environments resulted in restricted and peculiar bacterial community 

rhizosphere soils. Indeed, nursery rhizosphere soils were broadly dominated by 

members of a single phylum, Bacteroidetes. This is analogous to a rhizosphere effect 

and/or potential microbial inhibitors of the substrate used in the nursery experiment, 

underpinning the need to further experiment a substrate that will favor beneficial 

microbial diversity in nurseries. Intuitively, re-vegetation of the Kuwait desert could 

need a greater level of plant diversity that could lead to a higher level of heterogeneity 

in structure and exude patterns, capable of supporting a higher degree of bacterial 

diversity. On the other hand, the order Rhizobiales is dominated in the root endophytic 

bacterial community followed by Spingomonadales and Rhodospirillales. The 

endophytic bacterial population and diversity is lower in the Lonely Tree roots when 

compared to the roots of nursery-grown A. gerrardii seedlings. This is obvious due to 

the availability of quality substrate, nutrient rich planting media and optimum growing 

conditions for the nursery-grown A. gerrardii seedlings compared to the nutrient 

deficient and harsh desert climatic and environmental conditions.  
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C H A P T E R   4 

Assessment of Fungal Community Status Associated with Acacia gerrardii Root 

System and its Rhizosphere Soil of Kuwait Desert 

4.1 Abstract 

The research represents the first effort to investigate the rhizospheric fungal and 

mycorrhizal communities of a Lonely Tree host (Acacia gerradii Benth.) located in the 

Sabah Al-Ahmad Natural Reserve at the Kuwait desert. The main goals of the study are 

similar to those of Chapter 3 that is, assessing the fungal and mycorrhiza communities. 

Specifically, they were to: i) investigate the fungal and mycorrhizal communities 

associated with the A. gerrardii (Lonely Tree) growing in the Sabah Al-Ahmad Natural 

Reserve area, and to determine the rhizospheric and non-rhizospheric fungal 

communities; ii) examine and compare the rhizosphere fungal and mycorrhizal 

communities of local and non-local A. gerrardii (acquired from Saudi Arabia) when 

grown under standard nursery seedling growing conditions. This is in addition to 

evaluating the plant performance related to fungal and mycorrhizal associations. In this 

study, soil and root samples were collected and analyzed for a set of characteristics, 

community fingerprinting comparisons, 16S rDNA and ITS sequence identifications 

and culture-dependent method termed PCR-cloning. 

The results revealed from the fungal characterization approach from soil samples show 

that fungal phylotypes are classified in four main fungal phyla, namely: Ascomycota, 

Basidiomycota, Chytridiomycota and Zygomycota. The greatest assemblage of fungal 

analyses showed communities dominated by members of the phylum Ascomycota, 

which had broadly high similarities with previously described species. The analyses 

also revealed a wealth of Fungi incertae sedis, mostly affiliated to uncultured fungi from 

diverse environmental conditions. Striking differences were noted in fungal 

communities between rhizosphere and bulk soils, with more fungal diversities and 

OTUs (Operational Taxonomic Units) richness associated with field rhizosphere soils. 

Similar trend was observed with the nursery rhizosphere soils.  In contrast, a less 

diverse fungal community was found in the bulk soil samples. Further analyses are 

required to explore functional attributes of the dominant fungal species colonizing the 

soils of the Kuwaiti desert.  
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The present study was also the first attempt to identify the presence of Arbuscular 

mycorrhizal (AM) and Ectomycorrhizal (ECM) fungal association with the roots of 

Acacia gerrardii in the Kuwaiti desert.  The results obtained by the characterization of 

AM fungi from the root system demonstrated that the most abundant and diversified 

group belongs to the family Glomeraceae, with the common genus Rhizophagus (5 

phylotypes) and another unclassified taxonomic group (5 phylotypes). Except for 

phylotype 4, where a sequence of Rhizophagus irregularis DAOM 197198 is included 

in the branch group, no other type was included in the phylotype branches. Thus, it was 

not possible to assign a species to these groups. The present work thus provides a 

baseline of the fungal and mycorrhizal community associated with rhizosphere and non-

rhizosphere soils and roots of A. gerrardii from the Kuwaiti desert and the fungal and 

mycorrhizal community of both local and non-local A. gerrardii when grown in 

growing media under nursery environments.  
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4.2 Introduction 

Kuwait is located in the northeastern corner of the Arabian Desert where it constitutes a 

part of the northwestern coastal flat of the Arabian Gulf. This arid region severely 

suffered in recent years from prolonged drought (Khalaf, 1989; Brown and Porembski, 

1997; El-Sheikh et al. 2010). This has ultimately steered a decline in soil and plant 

productivity (Hashem and Gounaim, 1973; El-Sheikh et al. 2010), leading to further 

desertification. Furthermore, increases in anthropogenic activities have exacerbated 

these processes (Khalaf et al. 1995). Consequently, about 90% of Kuwait’s territory (an 

area of approximately 18,000 km2) is occupied by the desert (Kaitharan, 2013). Such a 

degraded soil situation needs to be reversed to its original state and this may include a 

series of interventions aimed to sustain soil stability and productivity.  

 

There is increasing evidence that trees can play a key role in ecosystem rehabilitation or 

restoration (Donfack et al. 1995; Vincke et al. 2010; Sene and Sylla, 2014). Many 

studies have supported that the presence of trees provide a number of ecological 

advantages from increased soil organic matter content (Peichl et al. 2006; Hobbie et al. 

2006, 2007; Rivest et al. 2009; Sene et al. 2012a; 2013; Sene and Sylla, 2014), to 

biodiversity conservation (Akpo et al. 2003; Grouzis and Akpo 2006; Sene et al. 2012a; 

Hortal et al. 2013), and improved soil microbial activity and nutrient cycling rates 

(Hobbie et al. 2006; Sene et al. 2013). In addition, trees in desert regions often represent 

“fertility islands” for many species (Rodríguez-Zaragoza et al. 2008; Nessner Kavamura 

et al. 2013), which in turn influence long-term vegetation dynamics and ecosystem 

processes. Moreover, they have a role in combating land degradation through stabilizing 

soil surfaces by preventing soil erosion and in facilitating plant recruitment and 

survivorship (El-Sheikh et al. 2010; Sene et al. 2012b; NessnerKavamura et al. 2013; 

Sene et al. 2013; Sene and Sylla, 2014).  

 

Acacia gerrardii is considered the only native tree species existing in the Kuwaiti desert 

ecosystem (Boulos and Al- Dosari, 1994) and is only available in Sabah Al-Ahmad 

Natural Reserve (a 320 km2 protected area formerly acclaimed as Kuwait’s first 

National Park) where it is as key-stone species (Boulos and Al- Dosari, 1994; 

Kaitharan, 2013). It belongs to the Acacia genus, one of the largest genera of 

leguminous tree and shrubs that has a wide distribution throughout the world (Pedley, 
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1986; Sene and Sylla, 2014). Many members of this genus are recognized as species 

that are useful for re-vegetation of water-stressed and low-nutrient soil environments 

(Sene et al. 2012b; Sene and Sylla, 2014). A. gerrardii was however damaged by the 

Iraqi Invasion in 1990 and, the remaining plants patchiness are under the threat of 

extinction (Kaitharan, 2013). Conservation efforts are therefore required to make this 

species’ survival in Kuwait’s terrestrial ecosystem and ensuring sustainability and 

preserving soil biological attributes.  

 

Microbial associations have been pointed as an important strategy to guarantee plant 

growth and survival (Dommergues et al. 1999; van der Heijden et al. 1998, 2008; Sene 

et al. 2010) and the effect is more pronounced under arid conditions such as desert 

areas. Soil microorganisms are particularly  known to play key roles in ecosystems and 

mediate many ecological processes that are central to ecosystem functioning, including 

nutrient acquisition (Kahindi et al. 1997; Dommergues et al. 1999; Sene et al. 2010), 

nitrogen cycling, carbon cycling, soil formation (Rillig and Mummey, 2006; Sene and 

Sylla, 2014), decomposition processes (Peichl et al. 2006; Hobbie et al. 2006, 2007), 

and the regulation and maintenance of plant biodiversity (van der Heijden et al. 1998, 

2008; Sene and Sylla, 2014). Plants adapted to harsh environments and their associated 

soil microorganisms within these habitats make both partners highly competitive and 

adaptive (Basil et al. 2004). Highly diverse groups of fungi are represented among these 

soil microbial communities and play fundamental physiological and ecological roles in 

desert ecosystems (Meiser et al. 2013; Powell et al. 2013; Sene and Sylla, 2014). AM 

fungi are one of the most important associations in terrestrial ecosystems, influencing 

plant productivity through the acquisition of nutrients and water (Allen 2011; Smith and 

Read 2008). They can enhance plant establishment by buffering different environmental 

stresses and enhancing soil properties (Malajczuk et al. 1994; Jeffries and Barea 2001). 

The growth and development of Acacia nilotica is improved in association with AM 

fungi (Reddell 1993). Osonubi et al. (1992) reported that inoculation of AM fungi to A. 

nilotica has the capacity to increase drought tolerance and plant biomass. Moreover, 

Sadowsky (2005) demonstrated that a decrease in the populations of rhizobial bacteria 

and mycorrhizal fungi had a negative effect on legume growth and survival, specifically 

in stressful environmental conditions. Although numerous studies have reported the 

importance of mycorrhizal symbiosis for desert tree species, the symbiotic status of 

Acacia gerrardii (Lonely Tree) has never been explored in Kuwait. Until today, no 
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attempt has been undertaken to identify indigenous fungal or mycorrhizal populations 

associated with the root system of this Lonely Tree species. Therefore, it is crucial to 

assess the status of native fungal and mycorrhizal propagules present in the roots of 

surviving plants and rhizosphere soils in the Kuwait desert before undertaking 

revegetation programs and introducing any inoculation technologies. 

 

The main objective of this study was to conduct a field and seedling nursery study to 

investigate the root systems and rhizosphere soils of the “Lonely Tree”, A. gerrardii in 

desert and nursery conditions. This is in addition to the examination and comparison of 

the rhizosphere fungal and mycorrhizal communities of local and non-local A. gerrardii 

when grown under standard nursery seedling growing conditions and media; and to 

evaluate plant performance related to fungal and mycorrhizal associations.  

Additionally, observed mycorrhizal populations and functional structures were 

described and identified using both morphological and molecular techniques. This 

research is the first effort to assess the root mycorrhizal structure of A. gerrardii and its 

rhizosphere soil fungal community composition under both desert (Lonely Tree) and 

nursery conditions (local and non-local Acacia gerrardii).  
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4.3 Material and Methods      

4.3.1 Study Site and Sampling 

Study site, nursery and field sampling were described in Chapter 3, Section 3.3.1.  

 

4.3.2 Molecular Characterization of Fungal Communities in Soil Samples 

DNA extraction and amplification of ITS rDNA region 

Isolation of genomic DNA of 125 to 250 mg of soil was performed using PowerSoil kit 

(MO-BIO) or Nucleospin (Macherey-Nagel). For both protocols, 0.05 g of skimmed 

milk powder was added in the lysis buffer and both protocols adhered to the 

manufacturer’s instructions. Samples F28 to F36 were extracted with the PowerSoil kit 

and F37 to F42 with the Nucleospin kit. DNA was extracted with both kits for F29, to 

ensure that DNA extraction method does not influence the results. Sample 

characteristics are given in Table 4.1. Amplification was performed using the fungal 

universal primers ITS1F (5’- CTTGGTCATTTAGAGGAAGTAA -3’; Gardes and 

Bruns, 1993) /ITS4 (5’-TCCTCCGCTTATTGATATGC -3’; White et al. 1990).  

Table 4.1. List of samples that were examined in the assessment of soil-fungal 

communities. 

Sample 

No. 

Type of 

material 

Sample 

ID 
Description Replicates 

F28 Soil LT-S-1 Lonely Tree composite soil 1 

F29 Soil LT-S-2 Lonely Tree composite soil 1 

F30 Soil LT-S-3 Lonely Tree composite soil 1 

F31 Soil LT-CS-1 Lonely Tree control soil 1 

F32 Soil LT-CS-2 Lonely Tree control soil 1 

F33 Soil LT-CS-3 Lonely Tree control soil 1 

F34 Soil Ps-Bp-1 Soil before planting  1 

F35 Soil Ps-Bp-2 Soil before planting 1 

F36 Soil Ps-Bp-3 Soil before planting 1 

F37A-B Soil 
Ps-Ap-

LT-1 

Soil after planting Lonely Tree 

seedlings 
2 

F38A-B Soil 
Ps-Ap-

LT-2 

Soil after planting Lonely Tree 

seedlings 
2 
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Sample 

No. 

Type of 

material 

Sample 

ID 
Description Replicates 

F39A-B Soil 
Ps-Ap-

LT-3 

Soil after planting Lonely Tree 

seedlings 
2 

F40 Soil 
Ps-Ap-

SA-1 

Soil after planting Saudi Arabia 

seedlings 
1 

F41 Soil 
Ps-Ap-

SA-2 

Soil after planting Saudi Arabia 

seedlings 
1 

F42 Soil 
Ps-Ap-

SA-3 

Soil after planting Saudi Arabia 

seedlings 
1 

 

Polymerase chain amplification (PCR) was carried out in a 25-µL reaction and 

consisted of 1 µL soil DNA, 1 U of Taq (Sigma-Aldrich), 3 mM MgCl2, 0.2 mM dNTP 

mix and 0.2 mg/ml of BSA. The following thermocycle program was used for 

amplification: 94 °C for 4 min followed by 35 cycles of 94, 50 and 72 °C for 60 s each, 

and an extension period of 72 °C for 10 min using a MJ Research PTC-225 Peltier 

Thermal Cycler. Negative control (containing no template DNA) reactions were also 

conducted to assess for any experimental contamination. The PCR products, 5 µl sub-

samples, were observed by electrophoresis on 1× Tris-acetate-EDTA (TAE) agarose 

(1% w/v) with suitable DNA size standards (Mass RulerTM, DNA Ladder Mix, 

Invitrogen, Canada) to ratify the size and estimate the quantity of the generated 

amplicons. The PCR products were visualized using ethidium bromide (0.25 µg L-1).  

Cloning and sequencing analyses 

The PCR amplicons were cloned into a pGEM®-T Easy Vector System II (Promega) 

using the procedure suggested by the manufacturer. At least 10 clones per sample were 

selected and transformed PCR products were sequenced using the Sanger method with 

two 16-capillary genetic analyzers 3130XL (Applied Biosystems). Sequences were 

edited before being aligned using ClustalX version 1.81 (Thompson et al. 1994), while 

pairwise distances were calculated using BioEdit. Operational taxonomic units (OTUs) 

were determined based on 97% similarity. A representative set of randomly selected 

sequences from each OTU was generated and their taxonomic classification was 

performed. Sequences were matched with the National Center for Biotechnology 

Information (NCBI) GenBank databases using BLASTn (Basic Local Alignment Search 

Tool nucleotidic) search program. Closely related sequences obtained were incorporated 

http://www.appliedbiosystems.com/
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in phylogenetic analyses. Methods adopted for multiple alignments of sequences and 

construction of phylogenetic tree followed those described in Section 3.3.3. Statistical 

analyses were done as described in Chapter 3, Section 3.3.5  

4.3.3 Assessment of AM Colonization in Root System 

To investigate the colonization rate in the plant root, the presence of arbuscular 

mycorrhizal (AM) fungal structure in the roots of the local A.  gerrardii (Lonely Tree) 

(LT-AM) and the nursery grown A. gerrardii seedlings (NLT-AM & NSA-AM) was 

examined following the staining procedure described in Brundrett et al. (1984). One 

hundred pieces of 1 cm-long root fragments per replicate sample were stained with 

chlorazol black E, following the staining procedure described below. These were 

subsequently examined and the number of arbuscules and vesicles counted, recorded, 

and calculated for arbuscule and vesicle abundance and colonization rates.  

4.3.4 Molecular Characterization of Arbuscular Mycorrhizal Fungal Communities 

in Root System 

PCR amplification 

A nested PCR was required to obtain sufficient amplicons for the molecular 

characterization of AM fungal communities from the roots of A. gerrardii seedlings 

grown under different conditions. Before isolation of genomic DNA, roots were rinsed 

in sterile distilled water for 48-72 h to remove excess CTAB. Next, 50 mg of roots were 

bead-grinded with a Tissue Lyser II (Qiagen) using the DNeasy Plant Mini Kit (Qiagen) 

and following the manufacturer’s protocol. Amplification was performed using the 

fungal universal primers LR1- (5'-GCA TAT CAA TAA GCG GAG GA-3') and 

NDL22 (5'- TGG TCC GTG TTT CAA GAC G-3') (van Tuinen et al. 1998). The 

polymerase chain reaction (PCR) followed the protocol of Brito et al. (2012). The 

reaction was carried out in a 25-µL reaction and consisted of 1 µL of total DNA, 1 U of 

Taq (Sigma-Aldrich), 1.5 mM of MgCl2, 0.2 mM of dNTP mix and 25 ug/ul of T4 gene 

32 protein (New England Biolabs Inc.). The following thermocycle program was used 

for amplification: 94 °C for 4 min followed by 30 cycles of 94, 56 and 72 °C for 60 s 

each, and an extension period of 72 °C for 10 min using a MJ Research PTC-225 Peltier 

Thermal Cycler.  
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The nested PCR was performed on this amplicon, previously diluted at 1:50 ratio with 

the primers LR1 and FLR4 (Gollotte et al. 2004). PCR conditions were almost identical 

to those for the first reaction; however, instead of T4 gene 32 protein, BSA at 0.2 mg/ml 

was added to the reaction and the annealing temperature was 55 oC for PCR 

optimization. This PCR was migrated in a 1.2% agarose gel stained with ethidium 

bromide and visualized under UV light. Samples where amplification failed were 

processed once again from the first PCR.  

  

Cloning and sequencing analyses 

For this part of the analysis, 100 ng of amplicons was cloned with the pGEM®-T Easy 

Vector System II (Promega) following the manufacturer’s protocol and bacteria were 

stored in TTE buffer (triton X-100 1%; Tris-HCl pH 8.0 20 mM; EDTA pH 8.0 2 mM) 

at -20 oC until use. At least 10 clones per sample were sequenced using the Sanger 

method with two 16-capillary genetic analyzers 3130XL (Applied Biosystems).  

Determination of phylotypes and phylogenetic analyses 

The phylotypes were determined as described in section 3.3.3. When sequence 

similarity of at least 97% was achieved, these were considered to be in the same 

phylotypes (Moebius-Clune et al. 2013). Thus, one representative of each phylotype 

was used to continue phylogenetic analyses described in section 3.3.6, and statistical 

analyses presented in 3.3.4. 

4.3.5 Assessment of Indigenous AM Fungal Spores 

Incidence of AM fungal spores in the test soils were evaluated by wet-sieving and 

decanting method adopted from Sieverding (1991) and Brundrett et al. (1996), then 

viewed under the microscope. Direct spore count was used to evaluate the density and 

diversity of propagules of AM fungi in the sampled soils. Three 50 g sub-samples from 

each replicate sampling unit were taken separately for estimation of spore density and 

diversity, allowing identification at least up to genus level.    

 

 

 

 

http://www.appliedbiosystems.com/
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4.3.6 Molecular Characterization of Ectomycorrhizal (ECM) Fungi 

PCR amplification sequencing and phylogeny 

DNeasy Plant Mini Kit (Qiagen) was used to extract the DNA from 50 mg of roots. 

Before extraction, roots were grinded with micro-pestle and liquid nitrogen, and then 

tungsten bead-grinded with a TissueLyser II (Qiagen). The remaining steps were 

performed according to the manufacturer’s protocol, with the exception of the elution 

step, which was conducted twice in 50 µl, instead of once in 100 µl. The first and 

second elutions were labeled as E1 (or Elution #1) and E2 (Elution #2), respectively. 

Amplifications were performed using a combination of fungal primers, such as ITS1F 

(5'-CTTGGTCATTTAGAGGAAGTAA-3'), ITS2 (5'-GCTGCGTTCTTCATCGATGC-3'), 

ITS4A (5'-CGCCGTTACTGGGGCAATCCCTG-3'), ITS4B (5'-

CAGGAGACTTGTACACGGTCCAG-3'), and ITS4 (5'-TCCTCCGCTTATTGATATGC-

3'). The polymerase chain amplification (PCR) was carried out in a 25-µL reaction and 

consisted of 1 µL root DNA, 1 U of Taq (Sigma-Aldrich), 3 mM MgCl2, 0.2 mM dNTP 

mix and 0.2 mg/ml of BSA. The following thermocycle program was used for 

amplification: 94 °C for 4 min followed by 35 cycles of 94, 53  and 72 °C for 60 s each, 

and an extension period of 72 °C for 10 min using a MJ Research PTC-225 Peltier 

Thermal Cycler. Amplicons were directly sequenced using the Sanger method with two 

16-capillary genetic analyzers 3130XL (Applied Biosystems). Sequences were edited, 

aligned and queried on GenBank (NCBI) for highly similar sequences as explained in 

section 3.3.3. 
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4.4 Results  

4.4.1 Molecular Characterization of Fungal Communities in Soil Samples 

Fungal community composition and phylogenetic diversity  

The total community DNA isolated from soil samples was of high molecular weight 

(700-800 bp by using the primer pair ITS1F-ITS4) and sufficient purity for successful 

amplification of ITS rDNA fragments. The ITS rDNA fragments were obtained from all 

DNA samples by direct PCR amplification. The majority of fungal ITS rDNA 

sequences (68.34%) had high sequence similarity, up to 100%, with those of 

environmental fungi or known species in the NCBI database. However, 5% of the 

sequences in our database could not match more than 500 pb with sequences in the 

NCBI database; most of these sequences matched members of Fungi incertiae sedis. 

Eighteen clone libraries were generated from bulk and rhizosphere soil samples and 8 to 

17 clones were successfully sequenced per library. Phylogenetic assignment of 

phylotypes was performed according to best sequence matches based on BLASTn 

analyses. Data obtained from blast analyses are summarized in Table 4.2. We globally 

obtained 48 OTUs among the 217 classifiable clone sequences (Table 4.2). The 

Ascomycota, Basidiomycota, traditional Zygomycota and traditional Chytridiomycota 

represented the majority of fungal sequences derived from our clone libraries (Table 

4.2). However, a large number of sequences that matched members of Fungi incertae 

sedis was found. Because of the taxonomic distances between these phyla, the 

phylogenetic trees were inferred separately (Figs. 4.1, 4.2 and 4.3).  

 

Sequence analysis showed that members of the phylum Ascomycota were the most 

common group in this study (Table 4.2). Twenty-three fungal sequences belonged to 

this group, which showed high similarities to their closest relatives. Of the Ascomycota 

(Figure 4.3), Sordariomycetes were by far the most abundant (16 OTUs), followed by 

the Eurotiomycetes (6 OTUs), Leotiomycetes (2 OTUs), Saccharomycetes (2 OTUs), 

Dothideomycetes (3 OTUs) and mitosporic Pezizomycotina (1 OTU). 

Mortierellomycotina were the second largest contributor in terms of phylogenetic 

diversity with 5 OTUs belonging to this sub-phylum (Figure 4.1). Traditional 

Chytridiomycota were detected but were rare in this study. Besides those fungal phyla, 

Basidiomycota were represented by 3 OTUs belonging to the Agaricomycetes (Figure 

4.2). The remaining sequences, mostly affiliated to uncultured fungi from diverse 
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environments, matched members of Fungi incertae sedis (Table 4.2, Figure 4.1). They 

were divided into six groups outlined in Figure 4.1 and were represented by 10 OTUs. It 

is also remarkable to note that Sordariomycetes were widely distributed across the 

different soil samples, whereas other classes such as Saccharomycetes were almost 

exclusively found in bulk soils. The most abundant genera and species were Mortierella 

sp. (Mortierellomycotina) and Fusarium sp. (Sordariomycetes). 

 

Rhizosphere effect  

The degree to which fungal communities are influenced in the rhizospheres of plants 

compared to the control bulk soils was analyzed at a level of class. A differential 

distribution pattern of the detected fungal taxa among the different soil rhizospheres 

was observed at both field and nursery environments (Table 4.3). In more detail, the 

rhizosphere soils (LT-S) were clearly dominated by fungal phylotypes of the mitosporic 

Pezizomycotina class (72.5% of the communities) followed by members of the   

Dothideomycetes, which accounted for 17.02%. The remaining individual classes were 

relatively rare and accounted for up to 6.3% of the fungal communities. In contrast, the 

non-rhizosphere (bulk soil) samples (LT-CS) showed the lowest biodiversity in terms of 

community structure (Table 4.2). They were represented by fungal phylotypes of a 

single class; Basidiomycetes, which had clearly increased its abundance in bulk soil 

samples (100% of fungal communities).  

 

The Ps-Ap-LT soils (grown in optimal nursery conditions) contain fungal phylotypes of 

at least four dominant classes: Sordariomycetes (36.7%), Leotiomycetes (13.3%) and 

Eurotiomycetes (10%) for the sample B and, Sordariomycetes (18.5%) and 

Eurotiomycetes (22.2%) for the sample A. Close relatives of Mortierellomycotina 

incertae sedis fungi were also common in these soil samples with 20 and 51.85% for the 

Ps-Ap-LT sample B and sample A, respectively. The other classes are of minor 

importance and accounted for up to 3.4% of the soil fungal communities. The Ps-Ap-

SA treatment was dominated by fungal phylotypes of the Mortierellomycotina incertae 

sedis (48.15% of fungal communities), followed by members of the Eurotiomycetes 

(37.04%). The remaining classes were relatively rare and accounted for up to 7.4% of 

the soil communities. The non-rhizosphere (bulk soil) samples (Ps-Bp) were affiliated 

to three main classes of Ascomycota: Sordariomycetes (54%), Saccharomycetes (36 %) 



 

127 
 

and Eurotiomycetes (5.1%). Other phylotypes from this clone library are of minor 

importance, with sequences having nearest hits to members of Agaricomycetes (2.5% of 

fungal communities) and incertae sedis Group 6 (2.5%).  

 

Globally taken, the rhizosphere samples LT-S, Ps-Ap-LT-A, Ps-Ap-LT-B and Ps-Ap-

SA treatments, with 8, 11, 22 and 10 OTUs respectively, showed the highest richness of 

fungal communities. The field and nursery bulk soil samples disclosed 1 and 6 OTUs, 

respectively. Indices of Shannon (H) for diversity and Simpson (1–D) for evenness 

were also calculated, and data were broadly in agreement with those reported with the 

richness index (Table 4.3). Collectively, data from this study illustrate that Bulk soil 

samples were consistently less even than rhizosphere soils. Difference in coverage were 

also marked among the different samples, the nursery rhizosphere soils (Ps-Ap-LT and 

Ps-Ap-SA) showing lesser values of rarefaction index, suggesting that sample efforts 

are further needed to saturate the organismal richness in these samples.  

 

In addition, principal component (PCA) and Cluster analyses (based on the Morisita-

Horn’s similarity coefficient) were conducted to compare similarities between fungal 

communities of the different samples. According to these analyses, marked differences 

exist in the fungal community compositions of soil samples: two main clusters were 

distinguished (Figure 4.5). The first cluster included the rhizosphere soils collected 

from both Acacia sp. (Ps-Ap-LT-A, Ps-Ap-LT-B and Ps-Ap-SA treatments) grown in 

nursery conditions and, the second cluster comprised the Lonely Tree (LT-S) and bulk 

soil (LT-CS and Ps-Bp) samples. However, Figure 4.4 showed that nursery bulk soils 

(Ps-Bp) were segregated from LT-S and LT-CS samples, thus suggesting that their soil 

fungal communities were different. Ps-Ap-LT-B was replicated in order to verify that 

the sample effort is reliable. Figure 4.5 clearly shows that both replicates were grouped 

together and roughly included in the same branch cluster (Figure 4.3).  
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Table 4.2. Showing blast results in Genebank database for the representing clones sequences from soil fungal communities. 

GenBank information 

OTU 

Clone 

representatives Accession no 

Species 

 Strain Isolation source Similarity 

Putative 

Classification 

Fungi incertae sedis & Mortierellomycotina 

tree      

1 F37B-12 JX976067 
Mortierella 

ambigua  
CBS450-88 Soil 99% 

Fungi incertae sedis; 

Mortierellomycotina; 

Group 1 

2 F38B-10 JX976041 
Mortierella 

ambigua  
CBS457-66 Soil 99% 

Fungi incertae sedis; 

Mortierellomycotina; 

Group 1 

3 F39A-3 HQ710542 Mortierella sp.  NJP14 Soil 98% 

Fungi incertae sedis; 

Mortierellomycotina; 

Group 1 

4 F41-1 KF313129 Mortierella alpina 
SFCF20120803-

49 
Pine root 99% 

Fungi incertae sedis; 

Mortierellomycotina; 

Group 1 

5 F37A-10 EF126342 Mortierellales sp.  WD8I Soil 99% 

Fungi incertae sedis; 

Mortierellomycotina; 

Group 1 
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Genbank information 

OTU 

Clone 

representatives Accession no 

 Species 

 Strain Isolation source Similarity 

Putative 

Classification 

6 F40-6 EU484210 
Umbelopsis 

isabellina 
FSU 4754 - 99% 

Fungi incertae sedis; 

Mucoromycotina; 

Group 2 

7 F38B-16 HQ022093 
Uncultured soil 

fungus 
1Bart406S Soil 89% 

Fungi incertae sedis; 

Group 3 

8 F42-9 JN943060 
Spizellomyces 

pseudodichotomus 
FSU 2638 - 83% 

Chytridiomycota 

incertae sedis; Group 

4 

9 F37B-16 FJ197970 Uncultured fungus BouITS4_44 Soil 88% 
Fungi incertae sedis; 

Group 5 

10 F39B-1 EF521247 Uncultured fungus  OTU45 Spruce forest 90% 
Fungi incertae sedis; 

Group 6 

11 F40-2 HM162265 
Uncultured 

Ascomycota  
913 Grass roots 92% 

Fungi incertae sedis; 

Group 6 

12 F38A-9 EU516756 Uncultured fungus IVK5-5 Soil 92% 
Fungi incertae sedis; 

Group 6 

13 F34-5 JX436279 Uncultured fungus MAT-FV3-7 Microbial mat 91% 
Fungi incertae sedis; 

Group 6 

14 F37B-11 EU516865 Uncultured fungus  IVS1-13 Soil 97% 
Fungi incertae sedis; 

Group 7 
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GenBank information 

OTU 

Clone 

representatives Accession no 

 Species 

 Strain Isolation source Similarity 

Putative 

Classification 

15 F38B-13 FJ626913 
Uncultured 

fungus 
41F30 Rhizosphere 83% 

Fungi incertae sedis; 

Group 8 

Basidiomycota tree       

16 F29-22 FJ515174 
Cryptococcus 

liquefaciens 
SN1 - 99% 

Agaricomycotina; 

Tremellomycetes 

17 F35-8 NR073323 
Sakaguchia 

dacryoidea 
CBS 6353 - 95% 

Pucciniomycotina; 

Cystobasidiomycetes 

18 F29-25 KF615761 Basidiomycota sp.  C1 Host="citrus" 99% 
Basidiomycota 

incertae sedis 

Ascomycota tree       

19 F30-1 KF181240 
Fusarium 

incarnatum  
L48 Host="alfalfa" 99% 

Sordariomycetes; 

Hypocreales; 

Fusarium clade 1 

20 F41-14 KF313101 
Fusarium 

oxysporum  

SFCF20120912-

05 
Pine root 99% 

Sordariomycetes; 

Hypocreales; 

Fusarium clade 1 
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GenBank information 

OTU 

Clone 

representatives Accession no 

 Species 

 Strain Isolation source Similarity 

Putative 

Classification 

21 F38B-6 EU926246 Fusarium sp.  CBS 110318 - 99% 

Sordariomycetes; 

Hypocreales; 

Fusarium clade 2 

22 F38A-1 KC478533 Fusarium solani RSPG_231 Soil 99% 

Sordariomycetes; 

Hypocreales; 

Fusarium clade 2 

23 F39B-2 KF737410 
Trichoderma 

asperellum 
Tr85 - 100% 

Sordariomycetes; 

Hypocreales 

24 F37B-2 KF535916 Myrothecium sp.  NT11 Soil 100% 
Sordariomycetes; 

Hypocreales 

25 F29-27 EU750691 Chaetomium sp.  15003 - 98% 
Sordariomycetes; 

Sordariales 

26 F28-8 EU620166 Thielavia sp.  B27 
Biosolids 

compost 
99% 

Sordariomycetes; 

Sordariales 

27 F38B-12 GU566296 Fungal sp.  H40 Soil 99% 
Sordariomycetidae 

incertae sedis 

28 F38B-14 JX867215 
Myrothecium 

roridum 
JL-3 

Stems of Tribulus 

terrestris 
90% 

Sordariomycetidae 

incertae sedis 
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GenBank information 

OTU 

Clone 

representatives Accession no 

 Species 

 Strain Isolation source Similarity 

Putative 

Classification 

29 F37B-9 KF367489 Stachybotrys sp.  BRO-2013 Water 95% 
Sordariomycetes; 

Hypocreales 

30 F35-2 AB297798 Pestalotiopsis sp.  YM10 Wood tissue 89% 
Sordariomycetidae; 

Xylariales 

31 F37A-7 AY879799 
Pseudallescheria 

fimeti 
CBS 129.78 - 97% 

Sordariomycetes; 

Microascales 

32 F38B-9 KC305138 
Thielaviopsis 

basicola 
CMW7622 - 100% 

Sordariomycetes; 

Microascales 

33 F38A-3 JN936997 
Conlarium 

duplumascospora 

CGMCC 

3.14940 

Submerged 

wood 
93% 

Sordariomycetidae 

incertae sedis 

35 F35-4 AY230783 
Woollsia root 

associated fungus  
XIII 

Woollsia 

pungens 
89% 

Sordariomycetidae 

incertae sedis 

Ascomycota tree 

(continuation) 

      

36 F40-10 KF225892 
Uncultured 

Penicillium 
Leof103 Soil 88% 

Eurotiomycetes; 

Eurotiales 
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GenBank information 

OTU 

Clone 

representatives Accession no 

 Species 

 Strain Isolation source Similarity 

Putative 

Classification 

38 F37B-13 NR_103622 
Rasamsonia 

cylindrospora 
CBS 275.58 - 84% 

Eurotiomycetes; 

Eurotiales 

39 F41-13 KF815057 
Talaromyces 

pinophilus 

LAHC-FFPK-

M11 
Rhizoplane 99% 

Eurotiomycetes; 

Eurotiales 

40 F39B-4 KF367545 Penicillium sp. 29BRO-2013 Water 99% 
Eurotiomycetes; 

Eurotiales 

41 F37B-10 GU092939 Hamigera fusca  NRRL 35721 - 84% 
Eurotiomycetes; 

Eurotiales 

42 F35-11 JX270604 Geomyces sp.  23WI14 
Soil from bat 

hibernaculum 
99% 

Eurotiomycetes; 

Onygenales 

43 F38B-3 GQ272635 
Scytalidium 

lignicola  
KACC 41229 - 96% 

Leotiomycetes; 

mitosporic 

Leotiomycetes 

44 F37B-1 JF273533 Leotiomycetes sp.  EMF31 
Evergreen broad-

leaved forest 
92% 

Leotiomycetes; 

unclassified 

Leotiomycetes 

45 F39A-12 DQ898170 Blastobotrys sp.  NRRL Y-6417 - 96% 
Saccharomycotina; 

Saccharomycetes 

46 F35-10 NR_073356 Candida subhashii UAMH 10744 - 99% 
Saccharomycotina; 

Saccharomycetes 
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Genbank information 

OTU 

Clone 

representatives Accession no 

 Species 

 Strain Isolation source Similarity 

Putative 

Classification 

47 F39B-5 GU017498 Cladosporium sp. KH00277 - 99% 
Dothideomycetes; 

Capnodiales 

48 F29-2 KC662226 Phoma sp.  701 AI-2013 Host="Soybean" 99% 
Dothideomycetes; 

Pleosporales 

49 F30-9 KF438014 Alternaria sp.  XG-5-3 Green house 100% 
Dothideomycetes; 

Pleosporales 

50 F28-3 EU167561 
Pleiochaeta 

ghindensis  
CBS 552.92 - 97% 

Mitosporic 

Pezizomycotina 

                

  % Similarity <97%      

  

Sequence similar on a short part of the sequence (<500 

pb)     
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Figure 4.1. Phylogenetic tree showing maximum likelihood analysis of “Uncertae sedis 

fungi”. Bold sequences are from this study (Refer to supporting materials for clarity pictures 

and explanations) 
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Figure 4.2. Phylogenetic tree showing maximum likelihood analysis of Basidiomycota. Bold 

sequences are from this study (Refer to supporting materials for clarity pictures and 

explanations) 
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Figure 4.3. Phylogenetic tree showing maximum likelihood analysis of Ascomycota. Bold 

sequence are from the study sequences are from this study. (Refer to supporting materials for 

clarity pictures and explanations) 
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Table 4.3. Frequency and diversity indices for the mean of samples from different origins.   

 

Taxonomic Groups LTS LTCS Ps-Bp Ps-Ap-LT-

A 

Ps-Ap-LT-

B 

Ps-Ap-SA 

Incertae sedis & Mortierellomycotina tree 

Group 1 (Mortierellomycotina) 0 0 0 14 6 13 

Group 2 0 0 0 0 0 1 

Group 3 0 0 0 0 1 0 

Group 4 0 0 0 0 0 1 

Group 5 0 0 0 0 1 0 

Group 6 0 0 1 1 1 0 

Group 7 0 0 0 0 1 0 

Group 8 0 0 0 0 1 0 

Basidiomycota tree       

Basidiomycota 

(Agaricomycetes) 

2 30 1 0 0 0 
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Taxonomic Groups LTS LTCS Ps-Bp Ps-Ap-LT-

A 

Ps-Ap-LT-

B 

Ps-Ap-SA 

Ascomycota tree       

Sordariomycetes 3 0 21 5 11 2 

Eurotiomycetes 0 0 2 6 3 10 

Leotiomycetes 0 0 0 0 4 0 

Saccharomycetes 0 0 14 1 0 0 

Dothideomycetes 8 0 0 0 1 0 

Mitosporic Pezizomycotina 34 0 0 0 0 0 

Total Abundance 47 30 39 27 30 27 

OTU Richness (S) 8 1 6 11 22 10 

Shannon-Wiener Index (S) 1,009 0,000 1,337 2,074 3,014 1,742 

Simpson Index (1-D) 0,452 0,000 0,682 0,837 0,947 0,738 

Evenness Pielou (E) 0,485 NaN 0,746 0,865 0,975 0,757 

Rarefaction (20 individuals) 4,539 1,000 4,775 9,323 16,350 8,125 

Coverage (C) 1,000 1,000 0,945 0,926 0,800 0,926 
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Figure 4.4. Correspondence analysis of the different fungal communities in soil 

rhizosphere of Acacia sp. in diverse conditions. Soil samples are positioned along the 

first two DA axes, where Eigen values are 0.9919 for CA1 and 0.9536 for CA2 
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Figure 4.5. Cluster analysis based on Morisita-Horn similarity coefficient for different 

fungal communities in soil rhizosphere of Acacia sp. in diverse conditions.  
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4.4.2 Assessment of AM Colonization in Root System 

Arbuscular Mycorrhizae (AM) were observed in the roots of the Lonely Tree, as well as 

the nursery grown local and non-local Acacia gerrardii seedlings (Figs.4.6, 4.7, and 4.8 

and Table 4.4). 

 

Figure 4.6 Lonely Tree root stained with 0.1% chlorazol black E that shows the presence 

of vesicles of AM fungi.  

  

Figure 4.7 Nursery grown local Acacia gerrardii seedling root stained with 0.1% 

chlorazol black E that shows the presence of vesicles (A) arbuscules (B).  

 

 

A B 

A B 
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Figure 4.8 Nursery grown non-local Acacia gerrardii seedling root stained with 0.1% 

chlorazol black E that shows the presence of vesicles (A) arbuscules (B).   

 

Table 4.4 Number of vesicles and arbuscules counted per 100 cm of stained root. 

Sl. No Sample 
Length of 

root (cm) 

No. of 

vesicles 

No. of 

arbuscules 

1 
Nursery grown local Acacia 

gerrardii seedlings 
100 50 17 

2 
Nursery grown non-local 

Acacia gerrardii seedlings 
100 787 120 

3 Lonely Tree 100 1478 0 

 

 

4.4.3 Molecular Characterization of Arbuscular Mycorrhizal Fungal Communities 

from Root System 

DNA extractions were performed using the Plant DNeasy kits (Qiagen, ON) from roots 

stored in CTAB. The expected 750-800 bp PCR fragment was obtained with the nested 

PCR with LR1-FL4. From the total DNA amplicons, 15 clone libraries were produced, 

and 3 to 14 clones were successfully sequenced per library (Table 4.5, 4.6). Among all 

133 clones sequenced, 10 phylotypes could be identified (Table 4.6). 

Nucleotide blast results in GenBank database for the representing clones sequenced are 

shown in Table 4.6. First, analysis was performed excluding “Uncultured/environmental 

A B 
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sample sequences.” If similarity percentage between the query and GenBank sequence 

was below 95%, nucleotide blast was computed again including 

“Uncultured/environmental sample sequences.” This was the case for phylotypes #3, 8 

and 9, for which similarity with NCBI-deposited sequences was below 95%. Thus, the 

matching “Uncultured/environmental sample sequences” was included in further 

analyses. Branches that delimit phylotypes and their matching sequence were well 

supported, with 73 to 99% of bootstraps values and 0.67 to 1.00 of Bayesian posterior 

probabilities. Tree topology acquired after computing NJ and ML analyses were similar. 

Figure 4.9 present the ML tree on which is observed a different branching pattern 

between ML and Bayesian analyses at the family level, so it does not affect 

interpretation. For example, in the Bayesian tree, the sub-group sinuosum, proliferum,  
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Table 4.5. Characteristics of the samples used in assessment of root-arbuscular mycorrhizal fungal communities. 

Type of material Sample ID Description Replicates 
Successful PCR  

Roots in CTAB  LT-AM-1 Lonely Tree  3 1 

Roots in CTAB LT-AM-2 Lonely Tree 3 3 

Roots in CTAB LT-AM-3 Lonely Tree 3 1 

Roots in CTAB N-LT-AM-1 

Nursery local A. gerrardii 

seedlings 3 

2 

Roots in CTAB N-LT-AM-2 

Nursery local A. gerrardii 

seedlings 
3 

1 

Roots in CTAB N-LT-AM-3 

Nursery local A. gerrardii 

seedlings 
3 

2 

Roots in CTAB N-SA-AM-1 

Nursery non-local A. gerrardii 

seedlings 3 

2 

Roots in CTAB N-SA-AM-2 

Nursery non-local A. gerrardii 

seedlings 3 

1 

Roots in CTAB N-SA-AM-3 

Nursery non-local A. gerrardii 

seedlings 3 

2 
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Table 4.6. Blast results for the representing clone’s sequences from AMF communities in roots. 

Phylotypes 

no. 

Clones 

representative Accession Identity 

% 

Similarity 

LT-

AM 

N-LT-

AM 

N-SA-

AM 

1 13A-4 JX999965 Glomeromycota F84 clone B 98 21 18 10 

2 6B-12 JX999971 Glomeromycota F80 clone F 99 13 12 2 

3 15C-11 
HE85841

1  Uncultured Glomus clone FW3-5  
95 2 1 1 

4 22B-6 
HE81788

2   

Rhizophagus irregularis DAOM197198 

clone pHS052-37  
98 8 0 9 

5 22B-1 
FM99238

1 Glomus sp. Att690-23 DAOM:197198 
98 0 0 1 

6 14C-3 JF439202  Glomus sp. 7 SUN-2011 isolate 07_10_1  94 0 4 0 

7 22B-11 
AM04043

5 Glomus sp. Rp2 clone 2 
98 0 4 21 

8 13A-1 
KC41122

8  Uncultured Glomerales clone B08_06  
92 0 2 0 

9 13A-6 KF849658   Uncultured Glomus clone AM178 99 0 3 0 
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Phylotypes 

no. 

Clones 

representative Accession Identity 

% 

Similarity 

LT-

AM 

N-LT-

AM 

N-SA-

AM 

10 R1-25 JN937539 Glomeromycota sp. OTU3 DJMC-2012 95 0 0 0 

11 5B-13 JF439189   Glomus sp. 7 SUN-2011 isolate 08_40_1  95 1 0 0 

Nb of libraries  5 5 5 

Shannon-Wiener Diversity Index  1,244 1,566 1,327 

Species Richness (S)  5 7 6 

Total Abundance  45 44 44 

Simpson Diversity Index D: 0,335 0,265 0,324 

    1-D: 0,665 0,735 0,676 

    1/D: 2,982 3,767 3,083 

Evenness (Pielou)  0,773 0,805 0,741 
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Figure 4.9. Phylogenetic tree showing maximum likelihood analysis of arbuscular 

mycorrhizal fungi. Bootstrap percentage values (50 %) generated from 1000 replicates 

from maximum likelihood and posterior probabilities (>50 %) from Bayesian analysis are 

shown as [Maximum likelihood bootstrap value/Bayesian posterior probabilities]. Taxa 

in bold are AM fungi isolated for this study. (Refer to supporting material for clarity 

pictures and explanation) clarum and manihotis are assembled together inside the 

phylotype 1 branch. This sub-group sinuosum-proliferum-clarum-manihotis is even 

distinct from the phylotype 1. 
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Figure 4.10. Correspondence analysis of the different AM fungal communities in the root 

system of Acacia sp. in diverse conditions. Root samples are positioned along the first 

two DA axes, where Eigenvalues are 1.000 for CA1 and 0.9043 for CA2. 
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Figure 4.11. Cluster analysis based on Morisita-Horn similarity coefficient for different 

arbuscular mycorrhizal fungal communities in roots of Acacia sp. in diverse conditions.  

 

The most abundant and diversified group is among the family Glomeraceae (Figure 4.9), 

where the genus presented are Rhizophagus (5 phylotypes) and another unclassified 

taxonomic group (5 phylotypes). Except for phylotype 4 where a sequence of 

Rhizophagus irregularis DAOM 197198 is included in the branch group, no other type 

was included in the phylotype branches, thus species could be assigned  to these groups.  

Fungal universal primers used were successfully employed to amplify all the samples. 

The only exception was some samples for which the DNA extraction method was 
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changed. For AMF composition and frequency in the different communities (Table 4.6), 

it can be observed that the most common phylotype for all root types is the phylotype 

no. 1. Phylotype no. 2 is very abundant for LT-AM and N-LT-AM, and phylotype no. 7 

is abundant for N-SA-AM. The highest diversity indices are found in seedlings N-LT-

AM, followed by N-SA-AM and LT-AM. In addition, correspondence Analyses (CA) 

in Figure 4.10 and cluster analysis in Figure 4.11, reveal a trend of closer relationships 

among AMF communities from Lonely Tree (LT) and (N-LT) than the Saudi Arabia 

tree (N-SA). 

For the AM communities in the root system, a different branching pattern between ML 

and Bayesian analyses was obtained at the family level; thus, it does not affect 

interpretation. For example, in the Bayesian tree, the sub-groups sinuosum, proliferum, 

clarum and manihotis are assembled together within the branch of phylotype 1. This 

sub-group sinuosum-proliferum-clarum-manihotis is nonetheless distinct from the 

phylotype 1. The most abundant and diversified group was found within the family 

Glomeraceae (Figure 4.9), where the genera present are Rhizophagus (5 phylotypes) 

and another unclassified taxonomic group (5 phylotypes). With the exception of 

phylotype 4, where a sequence of Rhizophagus irregularis DAOM 197198 was 

included in the branch group, no other type was included in the phylotype branches. 

Thus, a species could not be assigned to these groups. Based on the AMF composition 

and frequency in the different communities presented in Table 4.6, it can be noted that 

the most common phylotype for all root types is the phylotype 1. In addition, phylotype 

2 is very abundant for LT-AM and N-LT-AM, and phylotype 7 is abundant for N-SA-

AM. The highest diversity indices are found in seedlings N-LT-AM, followed by N-SA-

AM and LT-AM. In addition, correspondence analyses (CA) (Figure 4.10) and cluster 

analysis (Figure 4.11) reveal a trend of closer relationships among AM fungal 

communities from the Lonely Tree (LT) and (N-LT) compared to the Saudi Arabia tree 

(N-SA). 
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4.4.4 Assessment of Indigenous AM Fungal Spores 

The presence of spores in 100 g of wet-sieved soil was counted and examined under 

stereo microscope (Table 4.7 and Figure 4.12) Most of the spores observed were 

reddish-brown to brown in color, in line with the genus Glomus.  

 

Table 4.7. Number of spores present in 100g of soil using wet sieving and decanting 

method. 

Soil sample Total no. of spore counted 

per 100g of soil 

Lonely Tree (LT) 68 

100 m away from LT (CTL) 24 

Planting soil after planting LT seedlings (PsApLT) 12 

Planting soil after planting Saudi Arabia seedlings 

(PsApSA) 

28 

Planting soil before planting the seedlings (PsBp) 0 

 

 

Figure 4.12. Example of AM fungal spores observed in samples soil from rhizosphere of 

Lonely Tree. AM spores showing on petri plate (A) and directly on the surface of sieve 

(B).  

  

 

 

 

A B 
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4.4.5 Molecular Characterization of Ectomycorrhizal Fungi 

Root samples were examined under stereomicroscope before extracting DNA. Very 

weak amplification was found for two samples and only with the primer set ITS1F/ITS4 

for samples 7C, 8A and 9B (Figure 4.13). Other migrations in agarose gels are not 

shown as there was no amplification. Sequencing was successfully accomplished for 

samples 7C (LT-ECM-1) and 9B (LT-ECM-3); however, the results were unreadable in 

the case of 8A. Blast results in GenBank database for 7C gave a Pleiochaeta ghindensis 

strain CBS 552.92. (EU167561) for 97% similarity and 9B gave an uncultured 

Thielavia clone NG_M_A02 (GU055519) for 94% similarity. It should be noted that 

Thielavia can be an endophytic fungi. However, because only 94% similarity was 

achieved, it is possible that the sample 9C is Thielavia or a close genus.   

 

Figure 4.13. Amplification with ITS1F/ITS4 for all roots samples for ECMF. Migration 

was done in 1% agarose gel in TAE 1X. Lanes 1, 23 and 25 contain Low Masse Ladder 

(Life Technologies) and lanes 2, 24, 26 contain 100pb ladder (Genedirex). Lanes 3 to 11 

are samples 7A, 7B, 7C, 8A, 9A, 9B, 16A, 17A, 8C for elution #1. Lanes 12 to 21 are 

samples 7A, 7B, 7C, 8A, 9A, 9B, 16A, 17A, 8C elution #2. Lanes 22 and 27 are positive 

controls Laccaria bicolor and lane 28, 29 are negative control. 
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4.5 Discussion 

Fungal community structures  

The present work provides us with a preview of fungal communities associated with 

rhizosphere and non-rhizosphere soils of Acacia gerrardii from the Sabah Al-Ahmad 

Natural Reserve of the Kuwait desert. Data showed that despite a hostile climate that 

the Kuwait desert represents, the studied area maintained diverse fungal biota. For the 

overall community composition at this site, the majority of fungal sequences recovered 

were classified into four major fungal phyla: Ascomycota, Basidiomycota, Zygomycota 

and Chytridiomycota, which account for 80% of the OTUs. Consistent with the 

previous studies (El-Said and Saleem 2008; Sterflinger et al. 2012; Bates et al. 2012; 

Abed et al. 2013; Bastida et al. 2013), Ascomycota was the most abundant phylum 

(48%), whereas Basidiomycota accounted for a much smaller percentage of the 

community (10.4%). A large body of investigation has supported this dominance of 

Ascomycota fungi in arid and semi-arid soils. Abed et al. (2013) showed that in the arid 

desert of the Arabian Peninsula Ascomycota represents >86% of their pyrosequencing 

reads, while forming more than 98% of the observed isolates. Using molecular 

techniques, Green et al. (2008) and Bates and Garcia-Pichel (2009) reported dominance 

of Ascomycota fungi in soils from the Chihuahuan desert (83.3% of 989 sequences) and 

in Colorado Plateau (87-91% of 135 sequences), respectively. Other data from Grishkan 

et al. (2006) have also shown this dominance in the Negev desert (98% of 58 species). 

The results, however, are disclosed to those of a few scale survey of desert soils 

(Connell et al. 2006; Fell et al. 2006) where Basidiomycota was the dominant phylum. 

These analyses and our data from the Kuwait desert indicate the variations of fungal 

community composition among desert lands. Molecular analyses data of this study 

clearly demonstrated these variations in soil fungal community composition and 

reflected in the control Lonely Tree bulk soil, which had very low levels of fungal 

composition with OTUs Richness - 1 and Shannon-Weiner Index (S) - 0.0.  In all other 

soils tested were found much higher OTUs Richness and higher Shannon-Weiner Index 

as these soils have relatively higher organic matter and maintained in optimal growing 

conditions or have vegetation effects.  

 

Chytridiomycota and Zygomycota fungi seem to be underrepresented in topsoil 

samples, compared to the number of sequences in the Ascomycota. Similar results have 
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been previously reported in Omani desert and Chihuahuan desert by Green et al. (2008). 

Undeniably, Chytridiomycetes fungi mostly occur in freshwater or wet soils and are 

generally algal or animal parasites, or consume organic debris (James et al. 2006; Qin et 

al. 2014), whereas Zygomycota fungi were most common in natural forest soils (He et 

al. 2005; Xu et al. 2012). 

 

Of the Ascomycota, the most OTU-rich fungal classes were Sordariomycetes and 

Eurotiomycetes. The former is the only class showing high diversity in each soil 

sample, indicating their high ecological plasticity. Described members of the 

Sordariomycetes are assumed to be cosmopolitan, and function as plant and animal 

pathogens, endophytes of plants, and saprobes involved in decomposition and nutrient 

cycling (Brunner et al. 2011; Abed et al. 2013; Qin et al. 2014). In the present study, the 

majority of OTUs sequences belonging to the Sordariomycetes matched previously-

described species and were related to the following genera: Fusarium, Myrothecium, 

Trichoderma, Chaetomium, Thielavia, Stachybotrys, Pestalotiopsis, Pseudallescheria, 

Thielaviopsis, and Conlarium. They mostly belonged to the orders Hypocreales, 

Sordariales, Xylariales and Microascales. These fungi most likely play a role in organic 

plant material breakdown in a symbiotic or mutualistic relationship with plant species 

(Meiser et al. 2013; Powell et al. 2013).  

 

The largest assemblages of fungal OTUs belonging to the Eurotiomycetes comprise 

members of the genera Rasamsonia, Talaromyces, Penicillium, Hamigera, and 

Geomyces. They belonged to the orders Euritiales and Onygenales, which include 

cellulolytic soil saprophytes fungi (Sugiyama et al. 1999; Berbee 2001). Most of the 

OTUs in the Leotiomycetes class belonged to the genera Scytalidium and Leotiomycetes 

whereas most of the OTUs in the Saccharomycetes class belonged to the genera 

Blastobotrys and Candida. Saccharomycetes class includes genera of ascomycetous 

yeasts and one pathogenic on human (Candida) (Berbee 2001).  

Dothideomycetes OTUs were assembled into three genera Cladosporium, Phoma and 

Alternaria. They mostly belonged to the order Pleosporales. Fungi belonging to this 

order (most notably Alternaria) were used before as indicative of desert settings 

(Christensen 1981; Sterflinger et al. 2012; Bates et al. 2012). This is mainly because 

they typically have darkly pigmented spores or hyphae stained with allomelanins, which 
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may provide protection from excessive exposure to UV radiation (Romero-Martinez et 

al. 2000; Bates et al. 2012). They can often be found as endophytes or epiphytes of 

living plants, and also as saprobes degrading cellulose, keratin and other complex 

carbohydrates in dead or partially digested plant matter in leaf litter (Porras-Alfaro et al. 

2010; Nguyen et al. 2011; Abed et al. 2013). Nevertheless, species of the genus 

Aspergillus, being very abundant in Israel (Grishkan and Nevo 2010), Saudi Arabia and 

Libya (Abdel-Hafez 1982, 1994), were missing in our samples. 

 

Basidiomycota have been reported to be diverse in soil ecosystems (Buée et al. 2009), 

but is not confirmed here. We showed that only 6.25% of the OTUs belong to this 

phylum. Most sequences matched species belonging to the Cryptococcus and 

Sakaguchia genera. These genera are known to comprise a number of human associated 

species, as either opportunists or pathogens (de Hoog et al. 2000). Dominance of yeast 

genera including Cryptococcus genus is also reported in Antarctica in a study by Arenz 

and Blachette (2011). 

 

Most OTUs sequences in the Zygomycota and Chytridiomycota phyla matched species 

belonging to the Mortierella and Spizellomyces genera, reportedly common fungal 

groups in soils (Brown and Jumpponen 2013; Zhang et al. 2014). Members of the 

former are reported to mineralize readily available dissolved organic substrates rather 

than breaking down soil litter polymers (Schmidt et al. 2008; Brown and Jumpponen 

2013), while the later has been found to infect spores of arbuscular mycorrhizal fungi 

(Ross and Ruttencutter 1977; Daniels 1981). OTU sequences belonging to the chytrids 

were also detected in soil crusts of the Sultanate of Oman in the Arabian Desert (Abed 

et al. 2013). However, their detection in arid deserts, although in low abundance (<3% 

of total OTUs) is intriguing and more research is needed in order to determine the 

ecological role of aquatic Chytridiomycetes fungi associated with desert lands.  

 

Several OTUs sequences mostly affiliated to uncultured fungi from diverse 

environments, matched members of Fungi incertae sedis. These sequences were 

assembled into six groups and seem to correspond to a well-supported clad of 

Ascomycota, equivalent to endophytic of dark septate fungi. The detection of dark-
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colored fungi is a typical feature of desert soils (Hashem 1991), mainly because of their 

ability to survive high solar radiation and temperature (Grishkan et al. 2006). Further 

analyses are required to explore functional attributes of these fungal species and to 

classify them at the genus level.  

 

Rhizosphere effect on soil fungal communities  

Microbial activity in deserts are concentrated in brief periods of high soil wetness 

following rainfall events and are expected to be greater in rhizosphere soils, depending 

on the plant type (Hollister et al. 2010; Zhang et al. 2014). We sought to investigate the 

rhizosphere effect of the Lonely Tree Acacia gerrardii and the non-local Saudi Arabia 

A. gerrardii, on soil fungal community structures by assessing fungal diversity in soils 

from the same species grown in optimal nursery environments. The foremost aspect of 

fungal community structures that is so clear as to be unassailable in this study is the 

rhizosphere effect, with more fungal diversity and OTUs richness associated with both 

field and nursery rhizosphere soils. In contrast, a less diverse fungal community was 

found in the bulk soils. Such plant-dependent enrichment has received increasing 

support recently (Xu et al. 2012; Meiser et al. 2013; Welc et al. 2014; Zhang et al. 

2014). Indeed, plant may exude a variety of carbon sources that can be consumed by 

fungal communities, thus creating more niches for them to occupy and promoting 

increased fungal richness (Weber et al. 2011). However, ideal nursery growing 

conditions with nutrient availabily may also favor microbial population in soils. In the 

absence of root plants, the nutrient limitations and the combined disturbance of climatic 

conditions in deserts could preclude the growth and hamper the hyphal proliferation of 

many fungi (Meiser et al. 2013). Thus, only fungal species that might be highly 

specialized to such an ecological niche could be found (Bates et al. 2012. It is reported 

that growing the Acacia sp. in nursery environments resulted in restricted and peculiar 

bacterial communities with rhizosphere soils broadly dominated by members of a single 

phylum, Bacteroidetes. Those data and the results from fungal community structure, 

pointed out the complexity of the interdependency of soil microbial diversity with plant 

species.  

 

Although the nursery experiment was not designed to specifically test the impacts of 

soil properties on the soil fungal communities, the results of this study suggest that they 
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have an effect. Compared to the field soils, fungal communities in the nursery soils 

were more diverse owing to soil chemical richness and substrate. This is analogous to 

an edaphic condition effect and has been reported in other studies (de Castro et al. 2008; 

Qin et al. 2014; Welc et al. 2014). Thus, we hypothesized that by providing a nutritional 

resource and stable substrate, nursery sustains the growth of many more fungi than do 

field environments. Nevertheless, from this study, this edaphic condition effect seems to 

be overwhelmed by the response of fungi to the root plant presence. It is not surprising 

that differences in soil chemical properties (Figure 4.3) may drive the observed higher 

fungal communities and diversity associated with nursery potting soils and Lonely Tree 

rhizospheric soils compared to Lonely Tree control soils.  

 

Arbuscular Mycorrhizal (AM) andEctomycorrhizal Fungal Communities from Root 

System 

Initial staining of roots confirmed the presence of AM fungi in the Lonely Tree and in 

the roots of nursery-grown A. gerrardii seedlings. This observation is further supported 

by the molecular characterization of AM communities. Results from molecular 

characterization revealed that the diversity was more pronounced in the nursery-grown 

Acacia seedlings than in the desert habitat of the Lonely Tree. It is interesting to note 

that all identified phylotypes belonged to the Family Glomeraceae, thus supporting the 

results of the examination of the spores in the soil which morphologically resembles 

Glomeraceae. However, another unclassified taxonomic group with five phylotypes was 

also revealed which suggests that further detailed analysis is required to explore the 

unclassified group fully. Furthermore, the present research revealed a considerable 

diversity among the different soil samples tested. Data of this study showed that despite 

the harsh climate that prevails in the Kuwait desert, studied roots and soil displayed the 

presence of AM fungal biota. However, the greatest diversity was noted in the seedling 

soil rhizosphere from nursery, suggesting that diversity in the harsh desert conditions is 

lower compared to nursery soil mix under ideal nursery conditions. It should be noted 

that not all sequences produced a match with a described well-known species; only the 

composition of the communities at the class level for the taxonomic rank could be 

characterized. However, it seems that soil conditions influence fungal composition and 

diversity more than tree species characteristics and their root system. Moreover, the 

level of similarity among bacterial and fungal communities is nearly identical even 

though the dendogram is obtained in a completely different manner. In fact, the 
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common factor is the soil samples. Although AM fungal spore counts are often low in 

arid soils and zero counts are common (Titus et al. 2002; Requena et al. 1996; Cui and 

Nobel 1992). Data from this work demonstrate that a good number of AM fungal 

species exist in the Kuwaiti desert soils that need to be fully explored. However, this 

study established foundation work of the AM fungal communities associated with roots 

and rhizosphere of A. gerrardii in Kuwait desert as well as nursery seedling growing 

media. However, while considering the result of the number of spores in the 

commercial soil before planting, spores were absent in planting soils (Table 4.7). The 

result suggests further analysis by planting soils using greater volume of planting soils 

sampled from different batches.  

 

Apparently, results from analysis of ectomycorrhizal fungi show that no clear sign of 

ectomycorrhizal fungi presence exist in the root sampled for this research. It should be 

noted that root extremities could not be clearly distinguished among the sampled root 

segments. In addition, the hyphal sheath could not be established because of indistinct 

root tips. Results suggest that different sampling procedures need to be determined to 

confirm this result. However, due to the limitation imposed on further root sample 

collection from the Lonely Tree, the experiments discussed here were conducted with 

the existing root samples. It is important to note that even if ectomycorrhiza was not 

amplified, this does not imply that they are absent. As sampling methods can influence 

results, it may not be sensible to confirm the absence of ECM fungi in Acacia sp. 

ideally, some representatives of the morphotypes found in this study should be analyzed 

in future work. 

 

 

 

 

 

 

 

 

 

 

 



 

160 
 

4.6 Conclusion 

In conclusion, data from this work indicate that a large number of fungal resources exist 

in the Kuwaiti desert that remain to be fully characterized. This study provides the first 

insight into fungal communities associated with the rhizosphere of A. gerrardii in this 

ecosystem. It is noticed that Ascomycota is the most abundant phylum followed by 

Basidiomycota, Zygomycota and Chytridiomycota. A great number of fungal ITS 

rDNA sequences are related to a wealth of incertae sedis fungi and further works are 

needed on fungal functions to further classify them at the genus level. Collectively, 

derived data have illustrated that rhizosphere soils were consistently more diverse and 

abundant than bulk soils. The most abundant and diversified AM fungal group is among 

the Family Glomeraceae. Diversity was higher in roots of nursery-grown A. gerrardii 

seedlings when compared to the roots of Lonely Tree existing in its native environment. 

Ectomyorrhizae was not detected in this research. This could be due to indistinct root 

extremities among the sampled roots. Further research is needed to characterize fungal, 

AM and ECM fungal communities to species level. 
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C H A P T E R   5 

Thesis Synthesis and General Conclusions 

5.1 Introduction 

Native plants provide significant and sustainable benefits to the society by providing 

low-cost feed for livestock grazing, seed and gene pool for research in addition to 

enriching soil with organic matter. In Kuwait, native vegetation also reduces soil 

erosion, captures mobile sand and improves percolation of water through the soil 

profile. A majority of desert land (75% of the total area) in Kuwait is used for livestock 

grazing (Misak 2000). According to Dickson (1955), three main native plant 

communities, namely Haloxylon salicornicum (Moq.) Bunge ex Bioss, Rhanterium 

epapposum Oliv. and Cyperus conglomeratus Rottb are primarily used for livestock 

grazing. Kernick (1966) also included Zygophyllum qatarense Hadidi community to this 

list.  

 

Halwagy and Halwagy (1974) identified four desert ecosystems in Kuwait, sand dune; 

salt marsh and saline depression; desert plain; and desert plateau ecosystem. Each of 

these ecosystems contains a dominant plant community and is associated with several 

other species. Subsequently, Omar (2000) suggested six ecosystems, namely coastal 

plain and lowland; desert plain and lowland; alluvial fan; escarpment; ridge and hilly; 

wadi and depression; and burchan sand dune ecosystem. In more recent studies, Omar 

et al., (2007) recognized 374 species, of which 256 are annuals, 83 are herbaceous 

perennials, 34 are shrubs and under shrubs and one is tree species locally known as the 

Lonely Tree. They provide valuable gene pool for multiple stresses. The vegetation map 

of Kuwait showing the distribution of the prime species was initially developed by 

Halwagy and Halwagy (1974) and was recently revised by Omar et al., (2007). 

However, similar to other arid and semi-arid countries, Kuwait’s native plants are 

highly vulnerable to human-induced changes.  

 

Historically, in Kuwait, degradation of native plants was caused by overgrazing, off-

road vehicular movements, uprooting of plants, sand encroachment, and drought. 

During and after the Gulf War, Kuwait’s native plants were subjected to an additional 
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challenge due to significant changes in physical (disruption of soil by placement of 

mines, construction of bunkers, foxholes, movement of heavy machinery) and chemical 

(oil pollution caused by a large number of devastated oil wells) soil properties. In 

Kuwait, land degradation processes prevail in more than 70% of the terrestrial 

environment (Misak 2000). Empirical evidence indicates that they have resulted in the 

loss of native vegetation, which disturbs natural plant succession process (Omar et al. 

2001a,b; 2003; 2005; 2006; Omar and Bhat 2008; Misak et al. 2002; Brown and 

Schoknecht 2001). Mitigation of this damage and the restoration of Kuwait’s natural 

ecosystem remains a long-term challenge that must be pursued continuously and 

incrementally by both research scientists and stakeholders. 

 

Large-scale production of native plants is presently needed in Kuwait for national scale 

restoration projects. Seedling production usually occur under greenhouse conditions 

using commercial soil mix for seedling production.  As seed production of the Lonely 

Tree is presently minimal in its natural habitat, it was important to conduct research on 

the restoration of this iconic native and last living individual tree. Initial research for 

this study began by developing its propagation protocols and providing a naturally 

healthy environment for its growth and performance. Due to the lack of seed production 

of the local species, surrogate seeds were used to conduct this study. Surrogate seeds of 

Acacia gerrardii were procured from the Kingdom of Saudi Arabia, the same ecoregion 

as Kuwait.  In order to achieve these aims, this research had twp foci: (1) understanding 

seed biology  to optimize dormancy break and germination conditions and determine 

longevity; and (ii) understanding the indigenous microorganisms associated with A. 

gerrardii to initiate microbial inoculum studies for soil reclamation and restoration of A. 

gerrardii in Kuwait. Investigations were made to study the indigenous microorganisms 

associated with Acacia gerrardii (rhizospheric soil and root) both in natural and 

greenhouse conditions. With the availability of this study’s results, recommendations on 

the use of microbial inoculum investigations can be made in the future for the 

conservation of the Lonely Tree and restoration of degraded soils. This study presents 

research findings pertaining to the Lonely Tree habitat and background, study site, seed 

treatments aiming at enhancing germination, and microbial communities (bacterial and 

fungal) associated with its root system and rhizospheric soil. Based on these findings, 

several conclusions were reached: 
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1. Seed samples of A. gerrardii, exhibit physical dormancy. At the end of 30 h of 

soaking in water, 100% of the nicked seeds imbibed when compared to 20 and 

10% of the hot water treated and control seeds, respectively. Evaluation using 

Scanning Electron Microscope and dye tracking of water pathway indcated that 

the micropyle region is the primary point of water entry into the A. gerrardii 

seed. 

2. Subjecting A. gerrardii seeds to physical and chemical scarification treatments 

prior to sowing, as well as maintaining ideal temperature during germination 

significantly enhances germination success. Pre-treatment with mechanical 

scarification produced maximum germination in minimal time and 15°C, 40% 

RH with 12 h of light (2370 lux) was found to provide the best germination 

environment. 

3. In longevity studies, the time taken for the viability to fall to 50% (p50) were 

38.6 d and 9.3 d for the seeds artificially aged at 45 and 50°C, respectively (at 

60% RH) thus it can be inferred that A. gerrardii is a species with medium 

longevity. 

4. Seed burial experiments indicated that seed mortality increased and seed 

retention decreased over time (observed up to 31 weeks), though not 

significantly. Seed bank persistence and percentage of viable seeds decreased 

with time. Seed persistence in the field (in-situ storage in soil seed bank under 

uncontrolled conditions) may or may not be correlated to their longevity under 

controlled conditions (ex-situ storage). However, based on the correlation (p50 

value) (Long et al. 2008), the persistence of A. gerrardii in the soil seed bank is 

predicted to be 1-3 years.  

5. The phyla, Bacteroidetes and Firmicutes were the most abundant phyla 

associated with the rhizosphere of the Kuwaiti local A. gerrardii in its natural 

habitat (Lonely Tree). Acidobacteria and Beta Proteobacteria were also recorded 

in the non-rhizospheric desert soil. Whereas, only one phylum, Bacteroidetes 

was associated with the rhizospheric soil of nursery grown local and non-local 

A. gerrardii. 

6. Endophytic bacteria belonging to the Order Rhizobiales, Spingomonadales and 

Rhodospirillales were identified in the roots of the Lonely Tree as well as 

nursery grown local and non-local A. gerrardii seedlings.  
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7. The phyla Ascomycota and Basidiomycota are associated with rhizosphere of 

the in-situ local A. gerrardii. Along with these two phyla, nursery grown local 

A. gerrardii is also associated with Mortierellomycotina and Fungi incertae 

sedis/enigmatic taxa. Whereas the non-local A. gerrardii had Ascomycota and 

Fungi incertae sedis/enigmatic taxa. These results indicate that rhizosphere soils 

are consistently more diverse in commercial soil mix than the native desert soil.  

8. All the identified AM fungi belong to the Family Glomeraceae, irrespective of 

the Lonely Tree or nursery-grown A. gerrardii (both local and non-local).   

9. The microbial community associated with non-rhizospheric soil was less diverse 

when compared with the rhizospheric soil. Moreover, the fungal population in 

the Kuwait desert soil is very low in terms of number and diversity. 

10. Several previously unidentified bacterial and fungal species in Kuwait’s desert 

soil were found to be associated with the rhizopheric and non-rhizopheric soils 

near the Lonely Tree.  

11. No significant difference was found in the growth and nutrient uptake of local 

and non-local A. gerrardii grown under greenhouse conditions.  

  

The synthesis that follows provides an overview of seed dormancy, germination 

requirements and longevity. It also provides the indigenous microbial communities 

associated with the rhizosphere and root of the Lonely Tree in its natural habitat and 

that (local and non-local A. gerrardii) grown under greenhouse conditions. The thesis 

concludes with some recommendations for future research, with the aim of 

accomplishing the restoration of the Lonely Tree. 
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5.2 Significance of Findings  

 

5.2.1 Seed Dormancy and Germination Requirements 

 

Seed dormancy is usually related to hard and impervious seed coats. Many desert plants 

exhibit seed dormancy as a means of protection under harsh climatic conditions, to 

ensure that germination only takes place in ideal conditions (Gutterman 1993). In the 

seed biology study of Acacia gerrardii, the presence of physical dormancy in viable 

seeds (98% viability), which prevented water uptake by the seeds was investigated and 

confirmed. The hard seed coat restricted entry of water through the micropyle region, 

which is the primary point of water entry into the seed. This finding is in line with the 

fact that many Acacia species exhibit physical dormancy that requires pretreatments to 

enhance seed germination (Olatunji et al. 2012). The effects of incubation temperature 

on germination were also assessed as a part of the present study. Information derived 

will be useful for restoration managers, allowing them to produce seedlings for mass 

propagation to be used on large-scale restoration of damaged terrestrial ecosystems. 

Efforts were also made to determine seed longevity in both natural and accelerated 

ageing environments. Findings yielded can therefore guide seedbank managers in 

determining the maximum storage time without a significant degradation of seed 

quality. Three treatments were used to identify the optimal dormancy-breaking 

technique. These were acid scarification, mechanical scarification and hot water 

treatment. Mechanical and chemical treatments were found to be effective in breaking 

seed dormancy, as well as increasing germination rate and percentage. The treatment 

damages the seed coat and allows water to penetrate the embryo thus initiating 

subsequent seed germination. Seeds exhibited the highest germination percentage of 

98.8% when mechanically scarified, followed by 93% when treated with concentrated 

sulfuric acid for a period of 30 min and 68.4% after being treated with hot water for a 

period of 2 min (as opposed to 31% germination in untreated seeds). This is related to 

the fact that mechanical scarification and treatment with sulfuric acid disrupt the seed 

coat and allows imbibition of water, which initiates germination (Nikoleava, 1977); 

whereas on the other hand, water may not be available to the embryo in untreated seeds. 

In conclusion, A. gerrardii seeds exhibit physical dormancy due to the presence of the 

hard and impermeable seed coat that prevents water imbibition.  
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5.2.2 Seed Longevity  

Seed longevity and ageing are directly influenced by temperature and moisture content 

(Spano et al. 2006; Govender et al. 2007; Elmagboul et al. 2012), as temperature and 

seed moisture content regulate the rate at which seed quality declines (Roberts 1988). A. 

gerrardii seed were subjected to artificial ageing in order to assess their longevity range 

and identify the potential storage period in the ex-situ seed bank. This process was 

performed at two storage conditions (45°C, 60% RH and 50oC, 60% RH) to estimate 

p50. The results yielded by this study indicate that as temperature increased, seeds 

started to lose their viability gradually. Finally, at 60 oC, they ceased to be viable. This 

indicates that these seeds exhibit medium longevity, according to the procedures 

developed by Mondoni et al. (2011). While p50 of the seeds aged at 45oC was 38.56 d, 

p50 of the seeds aged at 50oC drastically declined to 9.32 days under optimal growth 

chamber conditions. This difference between the two storage conditions may be due to 

the seeds’ adaptability and response to environmental stresses, suggesting that 

germination should only take place when the environment can support seedling growth. 

As these findings confirm the importance of optimal storage conditions and enhanced 

seed longevity to seed bankers, additional studies should be conducted to develop and 

maintain seed storage protocols.   

 

5.2.3 Seed Burial 

Under natural conditions, seeds are usually produced by plant species and spread by 

various means. They have to survive the soil surface conditions until they are gradually 

integrated into the soil seed bank (Harper 1977). Seeds are normally protected by their 

seed coats in order to survive in the soil bank until the environmental conditions 

become favorable for germination and seedling establishment to occur. Soil 

temperatures vary between the surface and subsurface thereby influencing seed survival 

and germinability when conditions are conducive (Owens et al. 1995). At the same 

time, seed germination is influenced by the interaction of temperature and moisture 

interaction (Owens et al. 1995, Scifres & Brock. 1969; Scifres & Brock. 1972; Briede & 

McKell. 1992).  

 

Seasonal fluctuations in soil environmental conditions affect seed survival. For 

example, 99% of Linum catharticum seeds survived after being buried in soil for three 

years (Pons 1991), as opposed to two years if kept on the soil surface (Kelly 1989). This 
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difference can be due to the higher moisture content in the soil compared to the soil 

surface, which is subjected to high evaporation rates in arid and semi-arid regions 

(Baskin and Baskin 1989). In this study, soil moisture during the seed burial period 

ranged from 9% (50 days) to 6.2% (220 days) although the temperature ranged between 

17.9 and 41.2oC. Although there was an insignificant increase in the seed mortality 

rates, the study results did not exhibit significant variations in germination during the 

six-month period of investigation as soil temperature usually signals seed germination 

in ideal ranges to avoid early or late seedling emergence during unfavorable conditions. 

This is because high temperatures do not usually affect many leguminous species 

(Owens et al. 1995). The initial findings reveal that the seed burial of A. gerrardii seeds 

can create a persistent seed bank, which safeguards its long-term presence in the seed 

bank.  
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5.2.4 Bacterial Community Assessment 

Field and nursery surveys were conducted to identify the indigenous bacterial 

population associated with the rhizosphere and root of Acacia gerrardii. In this study, 

native bacterial populations were described and identified using morphological and 

molecular techniques. This was the first study that examined soil-associated bacterial 

community of A. gerrardii in Kuwait. The technique adopted to characterize the 

bacterial populations, such as community fingerprinting comparisons, 16s rDNA 

sequence identification and culture-dependent method termed PCR cloning was 

sufficient to achieve the aims. 

5.2.5 Soil Bacterial Communities 

The initial experiments conducted in order to quantify the beneficial bacterial 

population belonging to the Family Rhizobiaceae yielded results demonstrating that the 

rhizosphere soil of the Lonely Tree had the maximum number of CFU compared to 

other soil types. However, the total heterotrophic count revealed increased bacterial 

population near active plant growth. This finding was confirmed by lower bacterial 

counts in non-rhizospheric soil (control) collected from an area where no plants were 

found (desert soil).  

The molecular characterization employed for screening different types of bacterial 

population in rhizosphere soil and non-rhizosphere soil revealed the presence of two 

main taxa - Bacteroidetes and Firmicutes associated with rhizosphere of the Lonely 

Tree. On the other hand, the Betaproteobacteria and Acidobacteria, along with 

Bacteroidetes and Firmicutes, were normally present in non-rhizospheric desert soil and 

potting soil, respectively. Bacteroidetes and Firmicutes dominated rhizosphere soil. In 

terms of bacterial diversity, the non-rhizospheric desert soil ranked first with three 

phyla, namely Bacteroidetes, Firmicutes and Betaproteobacteria. These results 

confirmed that the bacterial composition in the desert soil varies with geographic 

location. This serves as additional evidence that the dominant phyla Bacteroidetes and 

Fermicuties survive in desert conditions because of their tolerance to nutrient-poor 

ecological niches and resistance to environmental stresses. The former phylum survived 

by exploring the organic matter, whereas the latter benefitted from its endospore-

forming ability. In addition, few sequences characterized by very low similarity with the 

National Center for Biotechnology Information (NCBI) database indicated that there 

might be new bacterial species in Kuwait’s soil that need to be characterized. The flow 
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chart for bacterial community present in Kuwait desert soil and bacterial community 

related with the Lonely Tree is shown in Figure 5.1. and the bacterial population 

associated with the local and non-local A. gerrardii during commercial seedling 

production is given in Figure 5.2. 
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Fig. 5. 1 Flow chart for the bacterial community associated with the rhizospheric soil of Lonely Tree and non-rhizospheric desert 

soil of Kuwait. 
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Fig. 5. 2 Flow chart for the bacterial community associated with the rhizosphere of commercial soil mix of local and non-local A. 

gerrardii seedlings and the non-rhizospheric commercial soil mix. 
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5.2.6 Endophytic Bacterial Community 

Preliminary observations confirmed the presence of root nodules and motile rod shaped 

bacterium in the root nodule of the Lonely Tree. Moreover, molecular identification of 

root nodule bacterial community revealed that the Lonely Tree, as well as nursery 

grown local and non-local A. gerrardii were associated with bacterial communities from 

three families, namely; Rhizobiaceae, Spingomonodaceae and Rhodospirillaceae. 

The findings reported in this work clearly demonstrate that the bacterial community in 

the local A. gerrardii root nodules in its native habitat is diverse. However, the diversity 

of bacterial population in the nursery-grown local and non-local A. gerrardii seedlings 

was greater than that in the Lonely Tree. The schematic representation of the diversity 

of endophytic bacterial population present in the Lonely Tree is given in Figure 5.3 and 

nursery grown local and non-local A. gerrardii is given in Figure 5.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Flow chart for the indigenous entophytic bacteria associated with Lonely Tree. 
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Figure 5.4 Schematic representation of diversity of Endophytic bacterial community present in nursery grown local and non-local Acacia gerrardii.
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5.2.7 Fungal Community Assessment 

Similar to the bacterial community characterization, indigenous fungal community of 

Kuwait associated with the Lonely Tree was characterized and their diversity assessed. 

In addition, the fungal diversity associated with the nursery grown local and non-local 

A. gerrardii was studied. The technique adopted to characterize the fungal populations; 

ITS sequence identification and culture-dependent method termed PCR cloning were 

sufficient to achieve the aims of the study. 

5.2.8 Soil Fungal Community 

The results yielded by screening fungal communities indicated that the most abundant 

and diverse group was among the phylum Ascomycota, where Sordariomycetes, 

Eurotiomycetes, Leotiomycetes, Saccharomycetes, Dothideomycetes and mitosporic 

Pezizomycotina classes belong. From the Basidiomycota class, only Agaricomyceyes 

was present. Relatives of Mortierellomycotina sedis fungi were also present. In terms of 

fungal composition and frequency, the classes of fungi associated with nursery grown 

Acacia seedlings were mitosporic Pezizomycotina and Dothideomycetes, along with 

Sordariomycetes, Leotiomycetes, Eurotiomycetes and relatives of Mortierellomycotina 

sedis fungi. It is evident that the fungal communities associated with A. gerrardii in its 

natural desert habitat were different from those associated with the Acacia gerrardii 

seedlings raised under nursery conditions. The statistical analysis results also revealed 

significant differences among the fungal communities between soil types. Thus, it can 

be posited that soil type and environmental conditions influence the dominant class of 

fungi, irrespective of the tree species. In addition, fungal diversity was very low in the 

present study, with only one class of fungi, namely Basidiomycetes, associated with the 

desert soil. The diagrammatic representation of fungal community and diversity present 

in the natural habitat is shown in Figure 5.5 and the fungal community associated with 

the rhizosphere of local and non-local A. gerrardii grown on commercial soil mix and 

greenhouse conditions are shown in Figure 5.6  
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Fig 5.5 Diagramatic representation of the fungal community associated with the rhizospheric soil of Lonely Tree and non-rhizospheric desert soil of 

Kuwait. 
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Figure. 5.6 Diagramatic representation of the fungal community associated with the rhizospheric soil of local and non-local A. gerrardii raised in 

commercial soil mix and the non-rhizospheric commercial soil mix of Kuwait. 

Mortierella ambigua 

Mortierella sp. 

Mortierellales sp. 

Uncultured soil 

fungus 

Uncultured fungus 

Fusarium sp. 

Fusarium solani 

Trichoderma asperellum 

Myrothecium sp. 

Myrothecium roridum 

Stachybotrys sp. 

Pseudallescheria fimeti 

Thielaviopsis basicola 

Conlarium duplumascospora 

Rasamsonia cylindrospora 

Penicillium sp. 

Hamigera fusca 

Scytalidium lignicola 

Leotiomycetes sp. 

Blastobotrys sp. 

Cladosporium sp. 

Mortierella alpine 

Umbelopsis 

isabellina 

Spizellomyces 

pseudodichotomus 

Fusarium 

oxysporum 

Uncultured 

Penicillium 

Talaromyces 

pinophilus 

Fungi incertae sedis & 

Mortierellomycotina tree 

Ascomycota Basidiomycota 

Uncultured fungus Pestalotiopsis sp. 

Geomyces sp. 

Candida subhashii 

 

Sakaguchia 

dacryoidea 

 

Fungal Community in Commercial Soil mix 

Rhizospheric Soil 
Non-rhizospheric Soil 

Local A. gerrardii Non-local A. gerrardii 

Fungi incertae sedis & 

Mortierellomycotina tree 

Ascomycota Fungi incertae sedis & 

Mortierellomycotina tree 

Ascomycota 



 

177 
 

5.2.9 Root AM Fungal Community 

Initial staining of roots confirmed the presence of Vesicular AM fungi in the Lonely 

Tree and both Vesicular AM fungi and AM fungi in the nursery-grown A. gerrardii 

seedlings. This supports the molecular characterization of AM communities, where the 

diversity was more pronounced in the nursery-grown local and non-local A. gerrardii 

seedlings than in the natural habitat of the Lonely Tree. All identified phylotypes 

belonged to the Family Glomeraceae, thus supporting the results of the examination of 

the spores in the soil. The schematic representation of the AM fungal species associated 

with A. gerrardii present in the natural habitat (LT), local and non-local A. gerrardii in 

commercial mix soil under greenhouse conditions are given in Figure 5.7. 
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Fig 5.7 AM fungal community and diversity present in the roots of Acacia gerrardii present in the natural habitat, local and non-local A. gerrardii 

propagated in commercial mix soil under greenhouse conditions. 
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5.3 Conclusions 

This study examined three key parameters that are prerequisites for restoration of the 

iconic native plant in Kuwait (Lonely Tree) seed biology, bacterial assessment and 

fungal assessment. The results yielded by analyses indicated that A. gerrardii seeds 

exhibited physical dormancy, which was broken using the pretreatment protocol 

developed in this study. Seed burial studies provided useful insight into their behavior 

in the natural habitat; however, long-term studies are required before a definite 

conclusion can be reached.  

 

Investigation of the fungal and bacterial community associations in the rhizopheric and 

non-rhizospheric soils around the Lonely Tree and the soil and roots of commercially 

produced A. gerrardii revealed the existence of several bacterial and fungal species 

previously unknown in Kuwait’s desert soil. In addition, from the molecular 

characterization of microbial population, several uncultured microbial population were 

identified. This suggests using techniques that are more advanced in molecular biology 

to identify the microbial population to species level or to discover whether they are new 

microbial population unique to Kuwait desert.  The study results also indicated that 

rhizosphere soils are consistently more diverse than even bulk desert soil. This finding 

is crucial for large-scale restoration projects.  

 

5.4 Future Research 

In the absence of sufficient research and considering the fact that the Lonely Tree is the 

only native tree species in Kuwait, additional in-depth studies are required for large-

scale use in restoration projects in Kuwait and the Arabian Peninsula. Therefore, 

potential future research initiatives might include, but are not limited to, longitudinal 

evaluation of seeds under buried conditions, seed priming and enhancement, drought- 

and salinity-tolerance, field performance of nursery grown seedlings under arid 

conditions, use of microorganisms (Rhizobium and mycorrhizal cultures), and 

classification of bacterial and fungal communities associated with this plant. It is also 

important to further explore potential relationships among Acacia spp. from other 

countries in this region.  
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Appendix I 

Bacterial Contamination Testing in Commercial Soil Mix and Irrigation Water 

Aim 

The experimental setup for nursery seedlings production mimics the large-scale 

seedling production in Kuwait where sterile condition is not ensured. Hence the 

contamination in terms of general bacteria and nitrogen fixing bacteria present in the 

commercial soil mix and irrigation water were tested. 

Materials and Methods 

Commercial soil mix 

Isolation of genomic DNA of three times 250 mg of soil was done using PowerSoil kit 

(MO-BIO) following the manufacturer’s protocol. The three replicates of commercial 

soil mix are called #43-1, #43-2, #43-3. At the end, a “control for the extraction step” 

was added (#43-F). 

Irrigation Water (Filtration method) 

Total volume of water was 50 ml DNA from water samples is isolated by filtering 25 

mL of water through sterile 0.2 μm nitrocellulose membrane filters (two samples, here 

after #44-1, #44-2). The filtration was realized with a Buchner filtration system 

previously disinfected with 0.3% sodium hypochlorite (bleach) and rinse at least three 

times with sterile distilled water to remove all bleach trace. At the end, a “control for 

the extraction step” was added (#44-F): after the filtration of the last sample and 

disinfection of the system, the same volume of sterile distilled water was passed through 

a new filter membrane. 

DNA extraction 

For irrigation water, cells and particles that retained on the filters were resuspended in 

sterile TE buffer (10 mM Tris HCl, 1 mM EDTA, pH 8.0) and mixed by vortex for 10 

min. The suspension was then centrifuged for 1 min at 13000 rpm to pellet the cells. TE 

buffer was gently removed, without disturbing the pellet. DNA was isolated from the 

pellet using the NucleoSpin Tissue kit (Macherey-Nagel GmbH & Co. KG, Düren, 

Germany) according to manufacturer’s instructions. The isolated DNA was stored at - 

20˚C until further analysis.  
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DNA Amplifications and sequencing 

For universal bacterial primers, amplifications were performed using the bacterial 

universal primers 358F (CTACGGGAGGCAGCAG; Muyzeret al. 1993) and 907R 

(CCGTCAATTCMTTTRAGTTT; Lane et al. 1995). The polymerase chain 

amplification (PCR) was carried out in a 25-µL reaction and consisted of 1 µL soil 

DNA, 1 U of Taq (NEB-M0273S), 1.5 mM MgCl2 and 0.2 mMdNTP mix. The 

following thermocycle program was used for amplification: 95 °C for 4 minutes 

followed by 30 cycles of 95 °C, 54 °C and 68 °C for 50 seconds each, and an extension 

period of 68°C for 10 minutes using a MJ Research PTC-225 Peltier Thermal Cycler.  

For nifH amplification, primers IGK3 (GCIWTHTAYGGIAARGGIGGIATHGGIAA) 

and DVV (ATIGCRAAICCICCRCAIACIACRTC; Ando et al., 2005); and F2 

(TGYGAYCCIAAIGCIGA) and R6 (TCIGGIGARATGATGGC; Marusina et al. 2001) 

were used. For both amplification, the PCR master mix was composed of the same 

components as for universal primers, except the primers. The following thermocycle 

program was used for amplification: 95 °C for 4 minutes followed by 35 cycles of 95 

°C for 30 seconds and 52 °C and 68 °C for 45 seconds each, and an extension period of 

68°C for 10 minutes using a MJ Research PTC-225 Peltier Thermal Cycler.  

Amplicons of total DNA were sequenced using the Sanger method with two 16-

capillary genetic analyzers 3130XL (Applied Biosystems). 

Cloning  

After analysing the sequences from total DNA, it was noticed that most of sequences 

from the total DNA were unreadable. Consequently, cloning was done with the 

pGEM®-T Easy Vector System II (Promega) following the manufacturer’s protocol. At 

least 10 clones per sample were amplified using the same primers as for total DNA. 

Amplicons that gave the expected molecular weight were used to sequence the clones 

by means of Sanger method. 
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Results and Interpretations 

PCR with universal primers (358F-907R) gave amplifications of the expected 550-600 

bp PCR fragment for the samples and subsamples #43-2, #43-3, #44-1, #44-2, and the 

positive controls E. coli and Rhizobium sp. strain #2 (Fig. 1). These results indicate that 

there are bacteria in the substrate and the irrigation water samples. Since there was no 

amplification in the #43-F and #44-F, these results indicates that the protocol is optimal 

in the point of view of the sterilization of the material and instruments between each 

sample processed. And, because there is no amplification in the last two PCR reactions, 

i.e. in the negative control without DNA (T-), means that the protocol of amplification 

is also optimal.  

Amplicons with nifH primers F2/R6 on agarose gel shown in Fig. 2-A did not give clear 

bands for the positive control Frankia sp. and Rhizobium sp. with nitrogen-fixing gene 

nifH, so the results will not be discussed. For the IGK3/DVV primers shown in Fig. 2-

B, amplification reactions gave the expected 400-450 bp PCR fragment for the positive 

controls Rhizobium sp. strain 2-1 and strain 2-2 and Frankia sp., in which nifH is 

known to be present. Because there is no amplification in the substrate samples #43-1, 

#43-2, #43-3, we can affirm that the primers used did not target bacteria with the nifH 

gene. However, there are amplification in the sample #44-1 and #44-2. We have to 

investigate more with these amplifications.  

Most of the sequences were unreadable with direct sequencing of amplicons (explained 

in materials and methods),it was decided to clone the total DNA amplicons to separate 

the bacterial species. For the substrate (samples #43), no nifH gene was detected with 

the chosen primers (primers IGK3-DVV did not amplified). That does not mean that 

there is no plant growth-promoting bacteria (PGPR), but it could not be detected with 

the primers IGK3-DVV. The results for the substrate with the universal bacterial 

primers (358F-907R) gave us a diversity of bacteria (table 1), including only one 

species close to the Rhizobiales: BulkholderiamultivoransandPelomonaspuraquae. 

The amplifications from the irrigation water (sample #44) gave amplicons from 

universal primers (358F-907R) and from the nifH gene (IGK3-DVV). The separated 

clones from the universal primers, revealed the presence of species taxonomically close 

to the Rhizobiales: the Sphingomonadales and the Bulkholderiales. Moreover, the 

separated clones from the nif primers revealed the presence of groups of bacteria that 

can fix nitrogen. However, the % of identity are not high (between 78 and 91%), so 
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their identity is not certain. It is also possible that the nif gene is present, but not 

functional in these bacterial species. In conclusion, it’s possible that the substrate and 

the irrigation water contain N-fixing bacteria, but common N-fixing bacteria like 

Rhizobiaceae could not be found.  

 

 

Figure 1. Amplicons with universal bacterial primers (358F/907R) on agarose gel (0.8%) 

in TAE. Lane 1 is 100pb DNA Ladder RTU from Genedirex, lanes 2 to 13 are DNA 

extract from samples and negative and positive controls. Samples are #43-1, #43-2, #43-

3, #43-F, #44-1, #44-2, #44-F. Positive controls are E. coli and Rhizobium sp. Lanes 14 

and 15 are negative controls in PCR reaction without DNA. Note that “test1”, “test2” and 

“44-A” are tests of filtration before using the samples. 
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Figure 2. Amplicons with nifH primer on agarose gel (A) and amplicons with 

IGK3/DVV primers on agarose gel (B). 

 

 

 

Table 1. Diversity of bacterial species in the substrate and in the irrigation water

Sample Primer Clone Primers Species in genbank No. Accession % identity gene Putative N-Fixing

type bacteria

Susbtrate Universal 43-2U-1 358F-907R Cohnella sp. J20-3 KC733177 494/525(94%) 16S No

43-2U-2 358F-907R Cohnella sp. J20-3 KC733177 505/526(96%) 16S No

43-2U-3 358F-907R Gemmatimonadetes bacterium WF4 KC921168 456/530(86%) 16S No

43-2U-4 358F-907R Rugosimonospora acidiphila strain Delta1 NR_044609 504/508(99%) 16S No

43-2U-5 358F-907R Burkholderia multivorans strain AU1185 CP013432 521/525(99%) 16S Yes?

43-2U-6 358F-907R Pseudomonas sp. DS46 KX289394                521/525(99%) 16S No

43-2U-7 358F-907R Rugosimonospora africana strain Delta3 NR_044610 463/509(91%) 16S No

43-2U-8 358F-907R Rugosimonospora africana strain Delta3 NR_044610 505/511(99%) 16S No

43-3U-1 358F-907R Burkholderia multivorans strain AU1185 CP013432 524/525(99%) 16S Yes

43-3U-2 358F-907R Bacillus sp. BAB-5803 KX350193                522/527(99%) 16S No

43-3U-3 358F-907R Gamma proteobacterium symbiont of Dybowskyia reticulata LC168579 525/526(99%) 16S Yes?

43-3U-4 358F-907R Cohnella sp. J20-3 KC733177 514/525(98%) 16S No

43-3U-5 358F-907R Acidobacterium sp. PMMR2 KX306477 501/502(99%) 16S No

43-3U-6 358F-907R Nocardioides sp. R8 KM586943 493/502(98%) 16S No

43-3U-7 358F-907R Pelomonas puraquae strain AT-91 KF817703 520/525(99%) 16S Yes?

43-3U-8 358F-907R Enterobacter hormaechei strain YO-B EU240950    524/527(99%) 16S No

Irrigation Universal 44-2U-1 358F-907R Sphingomonas sp. H151 KC248043 500/501(99%) 16S No

water 44-2U-2 358F-907R Sphingopyxis sp. 15Y-HN KX832988                501/501(100%) 16S No

44-2U-3 358F-907R Sphingopyxis sp. 15Y-HN KX832988                498/501(99%) 16S No

44-2U-4 358F-907R Enterobacteriaceae bacterium strain M2/2 KX826974    526/526(100%) 16S No

44-2U-5 358F-907R Pseudomonas sp. SL12-14 KT720391 525/526(99%) 16S No

44-2U-6 358F-907R Burkholderiales bacterium TP415 EF636126 524/525(99%) 16S Yes?

44-2U-7 358F-907R Sphingomonas sp. H151 KC248043 469/501(94%) 16S No

44-2U-9 358F-907R Sphingopyxis sp. 15Y-HN KX832988                498/501(99%) 16S No

Irrigation Nif 44-1N-6 IGK3-DVV No significant similarity found

water (specific to 44-1N-13 IGK3-DVV No significant similarity found

N-fixing 44-1N-14 IGK3-DVV Hyphomonadaceae bacterium UKL13-1 CP012156 248/317(78%) nifH gene Yes?

bacteria) 44-2N-10 IGK3-DVV Hyphomonadaceae bacterium UKL13-1 CP012156 240/302(79%) nifH gene Yes?

44-2N-14 IGK3-DVV Bosea sp. RAC05 CP016464 295/324(91%) nifH gene Yes?

ID: 

43: From the substrate sample **** Note there was no amplification of the substrate sample with IGK3-DVV

44: From the irrigation water sample

1-2-3 : subsamples

U: Universal primer

N: Nif primers

A 

B 
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Evaluation of commercial Rhizobium leguminosarum ATCC and Bradyrhizobium sp. 

ATCC on the nodulation potential of Acacia gerrardii under greenhouse conditions 

M. K. Suleiman, A. M. Quoreshi and A. J. Manuvel 

Desert Agriculture and Ecosystems Program, Environment and Life Sciences 

Research Center 

Kuwait Institute for Scientific Research 

Abstract  

The purpose of this research was to evaluate the nodulation potential, seedling growth, 

and nutrition of Acacia gerrardii when inoculated with two commercial inoculum 

Rhizobiumleguminosarum ATCC and Bradyrhizobium sp. ATCC under greenhouse 

conditions. The characteristics of Kuwait soil with high gypsum and salt content and 

low clay and organic content makes the land deficient in plant available nutrients. 

Consequently, there is a need to improve soil fertility to protect and restore the only 

native plants Acacia gerrardii of Kuwait. In this present greenhouse study, Acacia 

gerrardii seedlings were inoculated with two commercial inoculum, and the nodulation 

capacity, nitrogen content, and growth performance of the seedlings were evaluated. 

The successful nodulation on Acacia gerrardii roots by Rhizobium leguminosarum 

ATCC and Bradyrhizobium sp. ATCC has occurred and confirmed that these two 

commercial inoculum have the ability to infect and establish nodulation with Acacia 

gerrardii. Our results also show improved seedling nutrition when inoculated with 

commercial inoculum. Further research is required to investigate the nitrogen fixation 

capacity of this commercial inoculum before using it in a large-scale inoculation 

program.  However, our preliminary results suggest that these two commercial 

inoculum could be useful when used at optimum application rates of bacterial inoculum 

in inoculation programs to increase the growth and nutrition of Acacia gerrardii.  
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Introduction  

Revegetation of degraded lands requires production of good quality nursery seedlings 

for successful establishment of seedlings (Quoreshi, 2008). Nitrogen fixing tree species 

can play a major role in improving productivity of degraded desert soils. Inoculation of 

Acacia spp. with effective rhizobia may benefit plant establishment and growth in the 

nursery and field. Acacia spp. often exhibit specificity for effective nitrogen fixation 

and require evaluating any commercial inoculum before using it in a large-scale 

inoculation program. Nitrogen fixation in leguminous plants is accomplished by the root 

internalization (infection) of microsymbiont and development of specialized nitrogen 

fixing root organs called nodules. The nitrogen fixed in leguminous plants increases soil 

fertility. This occurs when plant leaves/ tissues reache the rhizospheric soil and is 

decomposed by soil microbes for the release of plant essential micronutrients. Adverse 

effects of the liberal use of chemical fertilizers leads to negative outcomes, which 

promotes the use of this alternative form of fertilizer, called bio-fertilizers. Acacia 

gerrardii is the only native tree species of Kuwait and the nodulation potential and 

nitrogen fixation capacity of this tree species with Rhizobium or Bradyrhizobium are not 

yert reported in Kuwait. In this greenhouse study, Acacia gerrardii seedlings were 

inoculated with two commercial inoculum of Rhizobium leguminosarum ATCC and 

Bradyrhizobium sp. ATCC to evaluate the nodulation potential, nitrogen uptake, and 

growth performance of test seedlings.  

 

Objectives 

•  To evaluate the competency of commercial Rhizobium leguminosarum ATCC 

and Bradyrhizobium sp. ATCC on the nodulation potential growth and nutrition 

of Acacia gerrardii under greenhouse conditions. 
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Methods  

Germination of Acacia gerrardii seeds     

The pre-germinated Acacia gerrardii seeds were grown in Jiffy pots containing potting 

soil and perlite mix as planting medium until the appearance of three primary leaves 

(two weeks). Transplantation was done from the Jiffy pot to one-gallon pot containing 

the same planting medium at the end of the second week and allowed to grow under 

greenhouse conditions. 

Inoculum preparation and inoculation 

The commercially available Rhizobium leguminosarum ATCC and Bradyrhizobium sp. 

ATCC (American Type Culture Collection) was grown on Yeast Extract Manitol broth 

(YEM) for 24 h at 30°C with continuous shaking of 180 rpm. Bacterial cells were 

harvested by centrifugation and the pellet was washed and suspended in 0.89% saline. 

The optical density (OD) of the bacterial suspension was adjusted to one by diluting the 

suspension with normal saline.   

One month after transplantation to one gallon pots, a replicate of five seedlings were 

inoculated with 3 ml of 1 OD bacterial suspension (Rhizobium leguminosarum ATCC 

[1.1x106 cells] / Bradyrhizobium sp. ATCC [1.2x107 cells]), where 3 ml of sterile 

normal saline solution was added to the control.  Two seedlings of similar sizes were 

harvested at the time of inoculation to evaluate the root system as reference. Seedlings 

were harvested after 26 weeks for evaluation. The images of Acacia gerrardii seedlings 

at the time of inoculation and at the time of harvest (26th week) are displayed in Figs. 1 

and 2.  

Data collection 

At the end of the 26th week, all seedlings were harvested and each of the Acacia 

gerrardii seedlings were evaluated for nodulation, nutrient uptake (NPK), growth 

performance (height, growth rate, fresh plant biomass, and dry mass of shoot).  
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Results   

• Results revealed that the commercial inoculum used in this study have the 

ability to infect and form root nodule with the Acacia gerrardii roots (Figs. 3, 4 

and 5). 

• There were no root nodule formation observed with un-inoculated control 

seedlings.  

• Seedling nutrition (Table 1 and Fig. 6) and plant growth (Figs. 7, 8, and 9) 

improved when compared to the control seedlings. 

• Shoot nitrogen content significantly improved suggesting that nitrogen fixation 

had occurred with inoculated seedlings, but further research is needed for the 

confirmation of the nitrogen fixation process. 

Conclusion  

• Based on our preliminary results, we conclude that there is a potential for the 

use of these two commercial inocula, Rhizobium leguminosarum ATCC and 

Bradyrhizobium sp. ATCC, in inoculation studies in improving growth and 

nutrition of Acacia gerrardii seedlings. 
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Images, charts and table 

 

 

Figure 1. Inoculation of Acacia gerrardii seedlings with commercial bacterial inoculum 

 

Figure 2. Acacia gerrardii seedlings at the time of harvest 
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Figure 3. Root nodules of Acacia gerrardii seedlings inoculated with Rhizobium 

leguminosarum ATCC 

 

 

Figure 4. Root nodules of Acacia gerrardii seedlings inoculated with Bradyrhizobium 

sp. ATCC 
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Figure 5. Average no. of nodules of inoculated and un-inoculated Acacia seedlings    

 

Figure 6. Average nitrogen content of shoot of inoculated and un-inoculated Acacia 

seedlings    

 

Figure 7. Average growth rate of inoculated and un-inoculated Acacia seedlings    
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Figure 8. Average plant height of inoculated and un-inoculated Acacia seedlings    

 

Figure 9. Average fresh and dry shoot biomass of inoculated and uninoculated Acacia 

seedlings    
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Table 1. Nutrient content of inoculated and un-inoculated Acacia gerrardii seedlings 

Bacteria       

Avg % of 

N in 

shoot/plan

t  

Avg % of P 

in 

shoot/plan

t 

Avg 

% of 

K in 

shoot 

Avg 

total 

shoot N 

content 

Avg 

total 

shoot P 

conten

t 

Avg 

total 

shoot 

K 

conten

t 

Control 1.88 0.60 2.22 

29.4933

3 
24.08 87.03 

Rhizobium 

leguminosarum 

ATCC 1.77 7.51 3.04 

94.0533

3 

29.26 125.26 

Bradyrhizobiu

m sp. ATCC 1.81 0.65 3 

94.6566

7 

33.21 145.52 
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