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Abstract

The low inherent soil fertility, especially nitrogen (N) constrains arable agriculture in Botswana.
Nitrogen is usually added to soil through inorganic fertilizer application. In this dissertation,
biological N2 fixation by legumes is explored as an alternative source of N. The objectives of this
study were i) to measure levels of N. fixation by grain legumes such as cowpea, Bambara
groundnut and groundnut in farmers’ fields as well as to estimate N> fixation by indigenous
herbaceous legumes growing in the Okavango Delta; ii) to isolate root nodule bacteria,
characterize and authenticate them on their homologous hosts. Flowering plants were sampled
from the panhandle part of the Okavango Delta, Tswapong area, Kgalagadi and Gantsi regions. N>
fixation was measured using the °N stable isotope natural abundance technique. Root nodule
bacteria were isolated, characterized and authenticated under sterile conditions. The §*°N values
of indigenous herbaceous legumes indicated that they fixed N2 (-1.88 to +1.35 %o) with the lowest
value measured in Chamaecrista absus growing in Ngarange (Okavango Delta). The §'°N values
of grain legumes growing on farmers’ fields ranged from -1.2 %o to +3.3 %o. For most farms,
%Ndfa was above 50% indicating that they largely depended on symbiotic fixation for their N
nutrition. With optimal planting density, Bambara groundnuts on farmers’ fields could potentially
fix about 100 kg N/ha in some parts of Tswapong area and about 60 kg N/ha in areas around the
Okavango Delta. Root nodule bacteria exhibited various morphological characteristics. Not all of
the authenticated strains fixed N2, for example, seventeen out of the twenty-six nodulating strains
were fixing N2. Some rhizobial strains such as cowpea strain BUAN316/QAB-Vu48 and
Crotalaria sphaerocarpa strain BUAN316/XAU-Cs70B induced high shoot and root biomass
comparable to 5 mM KNOs positive control. Taken together, results from this thesis have shown
that herbaceous indigenous legumes and cultivated legumes play an important role in the cycling
of N in the soil. It has also been shown that biological N2 in farmer’s field could potentially supply
the much needed N for the legumes and the subsequent cereal crops if plant densities are optimized.
This desertion has also shown that some of the isolated rhizobial strains have potential for
development of elite rhizobial strains as well as Plant Growth Promoting Bacteria (PGPBs) with

the potential to increase food security and mitigate climate change.

Vi



TABLE OF CONTENTS

(00T 4 1] o= L= TSRO i
[ =Tod - T = U1 o] o TSSOSO ii
[T [ or: £ [0 USSP P POV URPRPRPRRPIN 1\
ACKNOWIBAGEMENT ... bbbt b bt %
AADSTTACT ... bR bbb bbb n e Vi
LI 0] Lo o0 ] (=] 0 £SO RTRR vii
LISE OF TADIES ..ottt bbbttt bbbt nes X
LIST OF FIQUIES ...ttt bbbttt b ettt xii

LiSt OF ADDIEVIALIONS .....c.viiiiiiiiieiee ettt Xiii

CHAPTER 1: INTRODUCTION

1.1 GEeNEral INTFOTAUCTION ........oiuiiieiiieiiei ettt bbbt 1
1.2 JUSTITICAEION .. bbbttt b e bbbttt 7
1.3 ODJECLIVES ...ttt bbbttt bbbt bbbt bbbttt 9
1.3 HYPOTNESIS. ...ttt bbb bbbttt 9

CHAPTER 2: LITERATURE REVIEW

2.1 Status of smallholder agriculture in SSA ..o, 10
2.2 Climate Change IN SSA ..ottt s et e e beeresreesbeenteaneennes 10
2.3 Major legumes iNthe WOIT ..........cooiiiiiiiieee e 11
2.4 Rhizobial-Legume SYMDIOSIS. ........oviiiiiieiieere e 12
2.4.1 Improving the legume-rhizhobial SymbioSIS ..........cccoiiiiiiiii e, 12
2.4.2 Legume inOCUlAtioN 1N AFTICA .....cviiiiiiece e 13
2.4.3 HiNdrance t0 INOCUIALION SUCCESS ......c..eivirieiiiiiisieiiieieie ettt bbb 14

vii



2.4.4 Improving inoculation SUCCESS IN AFTICA ........cveviiiieiiee e 15

2.5 Characterization of Rizobial Strains...........cccoiiiiriiiicie e 16
2.6 HOSt RANQe and ProMUSCUILY ......civveieiiesieeie et et ettt sre st ae e sreesre e sreeaeaneenneas 17
2.7 Mechanism of Biological Nitrogen fIXation ............cccceiiiiiiiriieie e 19
2.7.1 Modes Of rhIZODIAl ENEFY .....ocueiiiie e e 19
2.8 NOQUIE SEIUCTUIE ... bbbttt bt 22
2.9 Major factors affecting biological nitrogen fIXation..............ccooiiiiiiiiieieneeee, 23
2.9. 1 IMIOISTUIE ...ttt bbbttt bbb b e bt e et et e b e bt bbb e ne e 24
2.9.2 TEMPEIALUIE ..ottt ettt b et b e s bbb e b e e e b e bt e et b e b e e nenneenne s 24
2.9.3 SAHINITY ..ottt et e e e reereenaenreebeaneenre s 24
2.9.4 Nutrient availability and defiCIENCIES .........cccoveiiiiieiiee e 25
2.10 Major benefits of Biological nitrogen fiXation ............ccccooveiieiiic i 27
2.11 Measuring biological nitrogen fiXation............ccciiiriiiii i 29

CHAPTER 3: METHODOLOGY

3.1 Sampling
311 EXPEIIMENTAL SIEE ....vevieee ettt et ae s re e e e raesre e aeeneenne s 32
3.1.2 Soil and plant SAMPIING.......ccveiiiie e reebeeraenne s 33
3.1.3 SAMPIE PreParation .........cccviiiiiieie e e e e nne s 35

3.2 N2 fixation parameters

3.2.1 N natural abUNAanCe MEtNOU.......c.veveeeeeee oot e e e e e e e ee et e e e et e e e ereeeereareeeeeeeseseens 36

3.2.2% NAfa and No FIXE ... 36

3.3 Isolation and characterization of root nodule bacterial

viii



RSN EYo] - L (o] g o ll £ 4174 oL I- WU 38

IR I €1 -1 4I5S UL o OSSPSR 39
3.3.3 CoNg0 red abSOIPLION TEST .......civiiieiiesie et r e e e s beeaeaneennes 40
3.3.4 COlONY SNAPE  .eeeeieieece et eere e renra e reeneenrees 40
KT B O] (o] 1)V (=) (1] £ USSR 40
3.3.6 COlONY APPEATANCE ... .ecveerieitieiteetieseeste e et e ste et e st e e e st e sseesteeeeaseesseesteaseesteeseaseeareeseaneesnes 40

3.4 Authentication of root nodule bacteria as rhizobia

KR O o o €= o L= LA o] PSSRSO 42
3.4.2 SEEU TFBALMENT. ... ettt bt e et b bbb et b e 42
3.4.3 INOCUTUM PrEPAIALION ......ecviiieieiee ettt re e teere e teenbeeneenres 43
R o [0 o] - T PP RTPSRS 43
3.5 EXPErimMENtal DESIGN.....ccviiiiiieie ettt ba e reene e te e beeneenre s 44
3.6 Plant harvesting after authentiCation..............ccocveiiiieiieie e 45
3.7 DAt COIBCTION ...t bbb et 45
3.8 SALISTICAl ANAIYSIS ....c.veeiecec e nre s 45

CHAPTER 4: RESULTS

4.1 Quantification of biologically fixed NItrOGEN ..........ccoveiviii i 46
4.2 lIsolation and characterization of root nodule bacteria............ccccovereriiieneiic e, 50
4.3 Authentication of root nodule bacteria on their homologous host............cccociiiiiiiiiiicieen, 52
CHAPTER 5: DISCUSSION ..ottt 65
CHAPTER 6

6.0 CONCIUSION ... b bbbttt bbbt 72
6.1 RECOMMENUATIONS .....ceieeteee bbbt 72
CHAPTER 7: REFERENGCES. ...t 74



LIST OF TABLES

Table 1.1: Amount of N2 fixed by legumes from various COUNEIIES ...........cccerverererenininieieiees 4
Table 3.1: Soil pH, phosphorus and CEC from different study SIteS..........cccevvrieeiinieninieeniene 33
Table 3.2: Legumes sampled at various locations of the three regions ..........cc.ccocvvveiiniieienen, 35
Table 3.3: B values of varied plant species obtained from literature............ccccccoevevveveiecveernenn, 38
Table 3.4: Yeast mannitol agar COMPOSITION .........ccceerueiiieiieieiie e 40
Table 3.5: Nitrogen-free NULrient SOIULION...........ooveiiir e e 44

Table 4.1.1: Shoot biomass and nitrogen fixation characteristics of various wild legumes
collected from the OKavango Delta ............coveiiiieiicc e 46

Table 4.1.2: Shoot biomass and nitrogen fixation characteristics of various grain legumes from

farmer’s fields in Tswapong and Okavango regions of Botswana ...........ccccccvverveiiiiinicninncnnnn 48
Table 4.2.1: Colony CharaCterization ............cooviiiieeiisie e enes 50

Table 4.3.1: Growth and nodulation of Crotalaria sphaerocarpa inoculated with root nodule

bacteria isolated from its root nodules sample from various ecological zones of Botswana ........ 52

Table 4.3.2: Growth and nodulation of Vigna unguiculata subsp Denkindtiana
(Ngundenyambi) inoculated with root nodule bacteria isolated from its root nodules sample from
Xakao iN OKaVaNgO Delta.........c.oiiiiiiiiiiice e 54

Table 4.3.3: Growth and nodulation of Vigna unguiculata subsp Denkindtiana (Monawana)
inoculated with root nodule bacteria isolated from its root nodules sample from various

eC0logical ZONES OF BOISWEANA .........cciuveieiieiieeie ettt ee et e e e esreeee s e sreenaeaneenreas 55

Table 4.3.4: Growth and nodulation of Chamaecrista absus inoculated with root nodule

bacteria isolated from its root nodules sample from Ngarange ...........ccccevveivieiie e 57



Table 4.3.5: Growth and nodulation of Zornia glochidiata inoculated with root nodule

bacteria isolated from its root nodules sample from Ngarange ...........cccccevevieieeve s v e, 58

Table 4.3.6: Growth and nodulation of Tephrosia purpurea inoculated with root nodule

bacteria isolated from its root nodules sample from various ecological zones of Botswana ........ 59

Table 4.3.7: Growth and nodulation of Indigofera daeloides inoculated with root nodule

bacteria isolated from its root nodules sample from NXamasere...........ccccoeevveeveeiesieieeieseennen, 60

Table 4.3.8: Growth and nodulation of Vigna unguiculata L. (Walp) inoculated with root nodule
bacteria isolated from its root nodules sample from various ecological zones of Botswana ........ 61

Table 4.3.9: Growth and nodulation of Arachis hypogea inoculated with root nodule bacteria

isolated from its root nodules sample from various ecological zones of Botswana....................... 62

Table 4.3.10: Growth and nodulation of Vigna Subterranea inoculated with root nodule bacteria

isolated from its root nodules sample from various ecological zones of Botswana...................... 64

Xi



LIST OF FIGURES

Figure 3.1: Map of Botswana showing various locations where plant samples were

CONECted ...

Figure 3.2: The pot experimental set up

xii



List of abbreviations

ACC
ADP
AOAC
ATP
BNF
BUAN
CEC
CIAT
IAA
ISPAAD
LKB
LKD
GRT
MPN
NGA

N
NDFA
QAB
YMA

XAU

1-Aminocyclopropane-1-carboxylic acid

Adenosine diphosphate

Association of Analytical Communities
Adenosine Triphosphate

Biological Nitrogen Fixation

Botswana University of Agriculture and Natural Resources
Cation Exchange Capacity

International Center for Tropical Agriculture
Indole-3-acetic acid

Integrated Support Programme for Arable Agricultural Development
Lekobeng

Lekadiba

Grootlagte

Most Probable Number

Ngarange

Nitrogen

Nitrogen derived from the atmosphere

Qabo

Yeast mannitol agar

Xauga

Xiii



XAK Xakao
SSA Sub Saharan Africa

USDA United States Department of Agriculture

Xiv



1.0 INTRODUCTION

1.1 General introduction

One of the major constraints to increasing arable production in Botswana is the low inherent
fertility of soils (Pule-Meulenberg and Batisani, 2003). Nitrogen is the most commonly deficient
mineral nutrient in soils, often contributing to reduced plant growth and crop yields. It can be
supplied to agricultural crops as fertiliser or fixed through biological nitrogen fixation. Biological
N2 fixation, involving a mutualistic relationship between some members of Rhizobiaceae

(“rhizobia”) and the Leguminosae, is another source of N for natural and agricultural ecosystems.

So far, researchers have identified five genera within the Rhizobiaceae that have the ability to
infect roots and form N»-fixing nodules in members of the Leguminosae and in the non-legume
Parasponia (Ulmaceae). These genera of rhizobia include Rhizobium, Bradyrhizobium, Ensifer
(formerly Sinorhizobium), Mesorhizobium, and Azorhizobium (Sprent et al., 2003). All the five
genera of rhizobia with nodulation ability in legumes are a-proteobacteria, but some newly
discovered strains include Methylobacterium, which nodulates Lotononis bainesii in South Africa
(Jaftha et al., 2002) and Crotolaria in Senegal (Sy et al., 2001), as well as Blastobacter
denitrificans and Devosia strains, which nodulate the aquatic legumes Aeschenomene and
Neptunia respectively (van Berkum and Eardly, 2002; Rivas et al., 2002) in the tropical

environments of Africa, Asia and South America.

A while back, a Burkholderia strain belonging to the B-proteobacteria was isolated from root
nodules of Aspalathus carnosa in South Africa with nodulating ability on siratro (Moulin et al.,
2001). Ralstonia taiwanensis, another B-proteobacteria was isolated from nodules of Mimosa

species, and has been similarly confirmed to nodulate and fix N2 in the homologous Mimosa host

1



plants (Chen et al., 2003). Interestingly, the Mimosa is a pantropical genus that has been reported
in earlier studies to nodulate with a-proteobacteria-type rhizobia in the Phillipines, Mexico and
Brazil (Oyainzu et al., 1993; Wang et al., 1999), and more recently with strains of Ralstonia

taiwanensis belonging to B-proteobacteria (Chen et al., 2003).

The legume-rhizobial symbiotic interaction leads to formation of nodules which are sites for
nitrogen fixation, consequently conversion of gaseous atmospheric N2 into ammonium through the
process termed as the biological nitrogen fixation. The NHs formed makes it possible for legumes
to survive well under low nitrogen soils and provides residual N to the crops following legume
plantation in a crop rotation. It is also worth noting that little quantities of nitrogen can be leaked
to the non-legume during the growing season under intercropping (Dakora and Keya, 1997). The
benefit of rhizobia to the host plant is determined by the amount of N> fixed and released into the

host-plant cells.

The accumulated fixed-N in plant organs is easily quantified using *°N isotope technology and/or
the N difference method. As shown in Table 1.1, levels of N fixation can vary markedly between
species, as well as between sites and countries for the same species (Schulze et al., 1991) due to
genetic and environmental factors (Dakora and Keya, 1997). For example, in Senegal, Acacia
senegal, A. seyal and A tortilis have been assessed to fix only 5.3, 8.3, and 6.2 kg N/ha respectively
(Sprent and Parson, 2000), levels probably enough to support plant growth, but too low to enhance
the N economy of the ecosystem. Similar studies (Schulze et al., 1991) done in Namibia showed
that members of the Mimosaceae exhibited varied §'°N values, ranging from about 0.15%o for A.
hereroensis to a high 7.5%o for A. tortilis. As a result, A. tortilis derived only 15% of its N from
symbiotic fixation of atmospheric N2, and A. hereroensis 50% (Schulze et al., 1991). In Senegal,

shoot and leaves of Crotalaria ochroleua, Crotalaria perrottetii and Crotalaria retusa had a %
2



Ndfa ranging between 47-53% (Samba et al., 2002). Similarly, in Zimbabwe % Ndfa of 61, 67, 79
and 90 were found respectively on Indigofera erecta, Chamaecrista mimosoides, Indigofera

astragalina and Crotalaria juncea (Nezomba et al., 2008).

Considering that Namibia (30-400 mm rainfall) and Botswana (150-650 mm rainfall) share similar
dry environments, it would be interesting to know the levels of N> fixation in herbaceous nodulated
legumes of Botswana. However, given the low symbiotic performance of the Mimosaceae in
Senegal and Namibia, which have similar soil ecologies with Botswana, it is likely that symbiotic
function would be similarly low due to the commonality of the prevailing abiotic factors. Many of

the food grain legumes also showed a wide range of symbiotic performance as shown in Table 1.1.

The legume-rhizobial symbiosis plays a significant role in N economy with various legumes
species offering variable amounts of nitrogen. However in Botswana besides scanty information
regarding rhizobial technology, there are very few researches regarding nitrogen fixation by
indigenous legume. This also shows that there is a huge gap which needs to be filled so as to

improve the nitrogen status of our soils.

Table 1.1: Amount of N> fixed by legumes from various countries

Legume species Country N-fixed kg/ha Reference

Food legumes




Phaseolus vulgaris Kenya 17-57 Ssali and Keya (1984)

Vigna unguiculata Kenya 24-39 Ssali and Keya (1984)
Ghana 201 Dakora et al. (1987)
Nigeria 122 Eaglesham et al. (1981)
Zimbabwe 73-79 Mapfumo et al. (2001)
Arachis hypogea Ghana 32-134 Dakora et al. (1985b)
Nigeria 11-63 Sanginga et al. (2003)
Kenya 8 Gathumbi et al. (2002)
Zimbabwe 46-50 Chikowo et al. (2003)
Glycine max Nigeria 94 Sanginga et al. (2001)
Zimbabwe 115-127 Ncube et al. (2007)
Cajanus cajan Kenya 142 Guthambi et al. (2002)
Zimbabwe 183 Mapfumo et al. (1999)
Nigeria 86 Sanginga et al. (2001)
Vigna subterranea Ghana 40-62 Dakora et al. (1985b)
Zimbabwe 47-54 Ncube et al. (2007)
Herbaceous legumes
Lablab purpureus Nigeria 215 Sanginga et al. (2001)
Ivory coast 7-70 Nezomba et al. (2008)
Crotalaria palliada Zimbabwe 173 Nezomba et al. (2008)
Crotalaria ochroleuca Zimbabwe 26 Nezomba et al. (2008)
Crotalaria juncea Zimbabwe 58 Nezomba et al. (2008)
Malawi 29 - 142 Nezomba et al. (2008)
Eriosema elliticum Zimbabwe 7 Nezomba et al. (2008)
Chamaecrista rotundifolia Nigeria 144 Sanginga et al. (2003)
Chamaecrista mimsoides Zimbabwe 79 Nezomba et al. (2008)
Indigofera astragalina Zimbabwe 15 Nezomba et al. (2008)
Indigofera errecta Zimbabwe 0.5 Nezomba et al. (2008)
Indigofera astragalina Zimbabwe 15 Nezomba et al. (2008)
Tephrosia villosa Ivory coast 27-119 Nezomba et al. (2008)
Tephrosia radicans Zimbabwe 1.4 Nezomba et al. (2008)
Zornia glabra Malawi 16 Cadisch et al. (1988)
Tree/shrubs legumes
Sesbania sesban Senegal 43-102 Ndoye and Dreyfus (1988)
Kenya 52 Gathumbi et al. (2002)
Leucaena leucocephala Tanzania 110 Hogberg and Kvarnstrom (1982)
Nigeria 304 Danso et al. (1992)
Acacia Senegal Nigeria <20 Sanginga et al. (2001)
Senegal 5.25 Sprent and Parsons (2000)
Acacia seyal Senegal 8.32 Sprent and Parsons (2000)
Acacia tortilis Senegal 6.24 Sprent and Parsons (2000)
Acacia albida Nigeria <20 Sanginga et al. (2001)
Albizia spp. Nigeria 60-120 Kadiata et al. (1996)




1.1.1 Importance of legumes

Legumes are widely known multi-purpose crops which provide significant source of proteins vital
for sustaining nutritional balance hence helping in fighting malnutrion for the resource poor
population (Appunu et al., 2009). Cowpea being the most common in Africa, has been coined the
poor man’s meat because of its high and inexpensive nutrient contribution to the poor population
(Muranaka et al., 2016). Various legumes are consumed in different forms; green pods and tender
leaves are eaten before the cereals mature hence termed insurance food during the hunger season
(Coulibaly et al., 2009; Boukar et al., 2015). They can also be used as vegetable with its seed used
in many African dishes. Green cowpea seeds are sometimes roasted like peanuts then used as a

substitute for coffee (Hosseney et al., 1996).

N fixation by forage legumes increases the overall N status of the associated grass in pasture.
Also, due to their high protein content, herbaceous legumes such as Lablab (Lab lab pupurea) and
Lucerne (Medicago sativa) are used as fodder for livestock while others provides an extra source
of proteins to pasture for grazing animals (Giller et al., 2001). Several herbaceous legumes also
play a vital role in the cropping systems. Their higher moisture and N content which favors rapid
N mineralization make them good candidates for green manure (Rutherford et al., 2009). For
example incorporating 3 months old green manure of Crotalaria juncea doubled maize yield
(Giller et al., 2001). Crotalaria spp. can be used as pre-crops for providing green manure while
at the same time decreasing the level of detrimental nematodes and increasing the level of
beneficial mycorrhizal fungi. Sometimes these herbaceous legumes are used as cover crops where
they help in protecting the soil from soil erosion. In Western Africa Crotalaria spp are being
introduced to the cropping systems mainly for suppressing weeds and improving soils (Sanginga

et al., 2003).



Legumes are a useful source of phytomedicine. For example, roots for Acacia mellifera improves
fertility, treating syphilis, malaria and stomach aches (Mahesh et al., 2008), Indigofera arrecta
roots are used for treating stomach aches in Kenya (Kipkore et al., 2014) and Tephrosia sp are
essential in treating leprosy, ulcers, asthma and liver diseases (Dakora et al., 1995). They are also
essential source of nutriceuticals, are used for religious and beautification purpose, biological

control of parasitic pests (Valenzuela et al., 2002).



1.2 Justification

The world population is estimated to rise from about 7 %2 billion to as high as 10 billion in 2050.
Sub Saharan Africa (SSA) as a rapidly developing region has a population of over 800 million
and projected to reach 1.5 billion in 2050 (Gosling et al., 2016). This region has the most
undernourished population of up to 223 million which is projected to rise by 132 million in 2050.
Other than malnutrition, Sub Saharan Africa region is one of the hardest hit by poverty rate.
Therefore, increased agricultural production required to meet the food demanded by the rapidly
increasing human population leading to intensive farming involving more agrochemical usage
(Vanlauwe et al., 2014). However excessive chemical fertilizer usage disturbs the ecological
balance, pollutes water sources and over usage leads to green-house gas emission (Bhattacharya
et al., 2000). With intensifying environment-related concerns and alarming climate change effects,
sub Saharan Africa smallholder farmer’s crop production is faced with challenges worsened by
tough resource constraints, erratic rainfall and extreme weather conditions. However, African
agriculture has great potential for growth due to its abundant natural resources which need to be

explored towards sustainable food security and poverty reduction.

Various alternatives are harnessed to reduce dependence on inorganic N fertilizer for plant
nutrients. Soil improvement through biological nitrogen fixation has the potential to significantly
improve world food production when optimized. Brazil is an example of a country where advanced
rhizobial technology (rhizobial inoculation) successfully replaced fertilizers in about 23 million ha
of soybean plantation, saving about 300 kg N/ha which is about 80% of the needed crop nitrogen,
a sign of high cost saving in agriculture (Li et al., 2016). Bio-fertilizers show wide benefits by
reducing financial to environment problems, also a sustainable way of arable production,

especially for resource poor farmers who mostly cannot afford the cost of inorganic fertilizers. Bio
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fertilizer usage has shown to improve yields and food security in countries such as Zimbabwe
where inoculated soybean yield under small scale farming increased from 0.5 — 1.5 t0 2.8 — 3.3

t/ha (Giller et al., 2011).

In Botswana, farmers rely mostly on inorganic N rich fertilizers which are freely supplied through
the ISPAAD program however farmers do not have much knowledge in using these fertilizers
leading to overuse (Jefferis et al., 2012). This pollutes the environment and escalates the global
warming and the program itself is unsustainable. Although rhizobia technology is at infancy, it has
the potential to optimize crop production in a sustainable manner. Isolation of indigenous rhizobial
strains which are well adapted to the local environmental conditions, are competitive and have
higher nitrogen fixing capacity could be a good strategy for the acquisition of elite rhizobial strains
which are necessary for optimizing production. These benefits are elevated by abundant adequate
knowledge on rhizobial inoculants in terms of their quality and quantification of their population
in soil which is a determinant of the need to inoculate. Maximizing elite rhizobial strains usage
will lead to improved nitrogen status of soils and at the same time improving legume yield quality
and quantity consequently improving food security, especially for the subsistence farmers (Thies

etal., 1991).

In addition to assessing biological fixed N by indigenous herbaceous legumes from farmers’ field
and natural systems this study was carried out to characterize and authenticate the isolated root
nodule bacteria. Thus finding the locally adapted rhizobial strains which are highly competitive
and can be used as inoculant in improving legume production and enrich the soil nitrogen status
and agriculture at large, especially for the resource poor farmers. Also, identification of elite

rhizobial strains from the indigenous population can be highly beneficial when it is accompanied



by wide dispersal and accessibility to the local community so that they can adopt and use it in

improving their production and food security.
1.3 Objectives

The main objective of the study was to assess nitrogen fixed by various herbaceous legumes from
different regions of Botswana and to authenticate their associated root nodule bacteria. The

specific objectives were:

1. To measure levels of biologically fixed nitrogen using 8*°N natural abundance method from

various herbaceous legumes growing on farmer’s fields and in natural systems.

2. To isolate, characterize and authenticate associated root nodule bacteria isolated from various

herbaceous legumes.
1.4 Hypothesis

» H1o: There are no significant differences in the levels of biologically fixed-N between

various herbaceous legumes from different regions of Botswana

» H1.: There are significant differences in the levels of biologically fixed-N between various

herbaceous legumes from different regions of Botswana.



2.0 LITERATURE REVIEW

2.1 Status of smallholder agriculture in Sub Saharan Africa

Agriculture is the main industry accounting for a third of gross domestic products and employing
about 65% labor force in Sub Saharan Africa (SSA). Smallholder farmers in this region are the
principal producers of agricultural output accounting to 80% of all farms responsible for 90% of
all the agricultural production (Baiphethi et al., 2009). Study by Kusangaya (2014), stated that
dependence on subsistence agriculture in Botswana, Zimbabwe, Kenya and Malawi was
respectively at 76%, 80%, 85% and 90%. Smallholder farmers are characterized by cultivating
small (2 hectares or less) pieces of land and depend mainly on rain farming, normally referred to
as “resource poor” due to limited access to sufficient labor, affordable input and financial credit
(Cooper et al., 2008). Studies show that they practice low input/low yield subsistence agriculture
with low average yields in comparison to global averages and do not reach commercial markets.
Equally Gosling (2016), states that labor productivity and incomes from the Sub Saharan Africa
smallholder agriculture is very low (USD 2.00/day) when equated to global averages whereas 60%

of their income is spent on food.

2.2 Climate change status in sub Saharan Africa

Rapid agro-chemical usage leads to greenhouse emission which is the principal causer of global
warming. In SSA it is anticipated that up to 30% annual precipitation and 50-70 % groundwater
decrease rate in situations of 4°C warming. Greenhouse gas emissions from agriculture accounts
for 10-12% of the global anthropogenic emissions, equating approximately 6.1 Gigatons of carbon
dioxide equivalent per annum also accounting for 84% and 54% of global N.O and CH4 emissions

respectively (IPCC, 2014). Research by Stocker (2013) noted that agrochemicals rich in CO led
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to increased photosynthetic rate and enhanced dry matter accumulation by plants. Conversely,
studies highlighted that increased atmospheric CO> negatively affect the nutritional quality of food
crops. Plants absorbing the same amount of nutrients in the soil but producing higher biomass
leads to dilute or reduced nutrients concentration in the edible plant. Therefore to get the same
amount of those nutrients requires consuming more quantities of food which is a challenge

intensifying the problem of micronutrient malnutrition in SSA population (Dwivedi et al., 2013).

2.3 Major legumes in the world

Reviews by Dakora and Keya (1997) show that Africa farming is characterized by legume
production with rare agro-chemical application. Various legumes are grown worldwide which
include among others: chickpea (Cicer arietinum), common bean (Phaseolus vulgaris), cowpea
(Vigna unguiculata), groundnut (Arachis hypogaea), pigeonpea (Cajanus cajan), and soybean
(Glycine max) (Gowda et al., 2007). Other minor legumes grown include: faba bean (Vicia faba),
lentil (Lens culinaris), field pea (Pisum sativum), bambara groundnut (Vigna subterranea),
hyacinth bean (Dolichos lablab), Kerting’s groundnut (Macrotyloma geocarpum), lima bean
(Phaseolus lunatus), yam bean (Sphenostylis stenocarpa), mung bean (Vigna radiata), black bean
(Vigna mungo), moth bean (Vigna aconitifolia), rice bean (Vigna umbellata), and horse gram
(Macrotyloma uniflorum) (Raemaekers et al., 2001). Other important forage legumes include;
alfalfa (Medicago sativa L.), clover (Trifolium L.) and leucaena (Leucaena leucocephala) (Sprent

et al., 2009).

Majority of farmers in Botswana practice rain fed agriculture which depends on the low and
unreliable rainfalls. According to Mayes and Molosiwa (2013), in Botswana arable farming is

mainly dominated by Sorghum (Sorghum bicolor), Maize (Zea mays), Millet (Pennisetum
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glaucum), Cowpea (Vigna unguiculata), Bambara groundnut (Vigna subterranean) and groundnut
(Arachis hypogaea) mainly attributed by their adaptation to these low fertile drought-prone
environments. Pulses yields in Botswana are noted to be always low (250-300 kg/ha) while the
cereal production is fluctuating at around 18 000 tonnes, nonetheless this is found to be far much

less than 10% of the annual requirements of 200 000 tonnes.
2.4 Legume-rhizobial symbiosis

Legumes were generally known for increasing soil nitrogen status since 18" century, through
intercropping with other non-leguminous cereal crops. In Nigeria, Sanginga (2001) noted that
legumes and cereals are regarded as responsible for improving and depleting soil fertility
respectively. However, Deshwal (2013) indicated that the exact mechanisms involved in
increasing nitrogen were not known up until late 18" century when Hellriegel and Wilfarth
discovered that rhizobia were responsible for increasing nitrogen. In 1679 Malpighi was the first
scientist to observe bumps on legumes which were thought to be insect galls, disease infection and
or abnormal root growth (Hirsch et al., 2001). Rivas (2009) stated that in 1888 the Dutch scientist
Martinus Beijerinck firstly isolated and cultured microorganisms from nodules of various legumes

and named it Bacillus radiocicola but Frank (1889) renamed it, Rhizobium leguminosarumn.
2.4.1 Improving the legume-rhizobial symbiosis

Previous researches have shown that different legume species fix varied amounts of nitrogen
however, they do not fix up to their potential levels. Rhizobial inoculation has been the best way
to improve legumes to biologically fix nitrogen to their capacity. Rhizobial inoculation improves
early rhizobia-legume interaction; consequently increasing nodulation at a tender age leading to

improved plant growth and yield. Bottomley and Brockwell (1994) stated that inoculation should

12



be done mainly when; the same or symbiotically related legume in the immediate past history had
not been cultivated, there was poor nodulation from previous legume and when a legume follows

a non-leguminous crop during crop rotation.

Chemining'wa and Vessey (2006) indicated that through inoculation specific rhizobia are
introduced to the legume seeds prior to or during planting hence offering the most effective and
compatible strains of bacterial to the grown legume. Research by Woomer (2010) concluded that
inoculum was mainly introduced through the following methods namely; slurry, where the
inoculum is mixed with water to form slurry then mixed with seeds, adhesive solution and dry
application. However, Keyser and Li (1992) reported that legume response to inoculation was an
effect of native rhizobial population, nitrogen status of the soil, nitrogen demand and yield

potential of the host pant.
2.4.2 Legume inoculation in Africa

Inoculating legumes is not highly practiced in African farming however, fewer population using
them are not getting potential results. This is mainly due to using exotic inoculum coupled with
lack of knowledge regarding inoculum usage (Bala et al., 2011). Poor results were mainly due to
out-competitiveness of the native which are also characterized to be inefficient and possibly
incompatible to the grown host plant and or low in population to meet yield potential. African soils
are also known to be dominated by wide ranges of rhizobia strain; Giller (2001) in Zimbabwe
noted diverse rhizobia strains compatible with soybean varieties even in instances with no recent
inoculation history. Similarly, Denison (2004) highlighted that these resident rhizobia include both
indigenous (native) and naturalized ones from previous inoculation which have been living

saprophytically for a while. Rhizobial population of up to 102 cells/gram of soil was noted in some
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districts of Zimbabwe after 3 years of inoculation (Mpepereki et al., 2000). However,
Chemining'wa (2006) mentioned that rhizobia spending much time under saprophytic state lose

their symbiotic effectiveness.
2.4.3 Hindrance to inoculation success

Native rhizobial populations are characterized functionally for N fixation potential through
determination of species, number, and effectiveness. Nevertheless, low Most Probable Number
(MPN) counts values for native soil rhizobia can cause major impact as reported by Sessitsch
(2012) that less effective strains elicited large responses mostly when the native soil populations
are extremely low. According to Naeem (2004) the effectiveness of many inoculum strains used
proved no significant difference when compared to the average native strain found in effective
populations. High occupancy by strains of less than average effectiveness may slightly suppress
nitrogen fixation when there are above 2 x 10! rhizobia per gram of soil. However, it was noted
that where a superior inoculum strain known for higher nodulation compared to native rhizobia,
there was no response to inoculation when the number of native rhizobia was above 2 x 10Y/g of
soil. Experiment conducted by Turk (1993) concluded that inoculation did not enhance nodule
when the number of invasive native rhizobia was > 1 x 102 per g of soil. Higher nodulation was
attained by addition of excessive rhizobial number in the inoculum, an additional 30 to 40 rhizobia
per g of soil available to lima bean and cowpea root systems resulted in 5 to 20 fold increase in

nodule number (Turk et al., 1993).
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2.4.4 Improving inoculum success in Africa

To improve successfulness of inoculants in Africa, exotic inoculants which have failed to give
optimum results should be replaced by locally adapted strains. Locally adapted rhizobial strains
should be acquired from indigenous plants which are well adapted and striving well under these
local conditions. Studies by Nezomba (2015) observed that self-generating nitrogen fixating
indigenous herbaceous legumes which are highly adapted to the harsh agro-ecological regions
were manipulated to improve productivity of natural fallows contributing to an increased nitrogen
economy. In Zimbabwe Mpepereki (1996) concluded that host range and symbiotic effectiveness
evaluation of indigenous rhizobial population assisted in identification of effectively adapted
rhizobial strains, potential to be a superior inoculant for wide geographical target. Furthermore
research by Giller (2011) in Zimbabwe reported that rhizobial screening identified new elite strains

performing better than the regularly used inoculants.

Simon (2013) and Berrada (2014) also observed that isolation and characterization of rhizobia
identified effective bacterial strains offering economic benefits to the Tanzanian legume farmers
hence maximizing agricultural production. Similar studies by Waswa (2014) on identification of
elite rhizobial strain for soybeans in Kenya, found that agricultural improvement was attained
through identification of native rhizobia characterized with superior symbiotic and competitive
abilities. Selection from native rhizhobia was through screening isolates against reference strains
for their performance under field conditions until identifying elite strains with greater adaptation

and higher competitive ability (Waswa et al., 2014).

According to Sharma (2012), prior to inoculum usage it was important to evaluate the competence

of the isolated strain, having in depth knowledge about it’s; taxonomy, ecology, population,
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efficiency and compatibility to given host legume. Supporting studies conducted in Tanzania by
Simon (2013) concluded that isolation and testing for the effectiveness of nitrogen fixation from
biodiversity ecosystem accompanied by monitoring factors affecting symbiosis. This was vital
because native rhizobia have great variation in their nitrogen fixing and competitive ability due to

their genetic make-up.

Because rhizobial strains isolated from locally adapted indigenous host legume are equally adapted
to the locally harsh conditions. Screening of these strains lead to identification of effective,
competitive strain with a broad host range including the field legumes such as cowpea, groundnut
and Bambara groundnut which are good candidates to be superior inoculates. Due to their
adaptability their inoculants will easily improve legume nodulation consequently improved N2

fixed and general plant growth.

2.5 Characterization of rhizobial strain

All rhizobia were initially characterized based on shape, general appearance and their interaction
with higher organisms (Bevan et al., 2011). Based on phenotypic characteristics through Bergey’s
classification, rhizobia bacteria are categorized as gram negative, aerobic, non-spore forming,
motile rod shaped, sizes 1.2-3um and 0.5 - 0.9 pum length and width respectively (Evans et al.,
2015). Their movement is made possible by using thread-like structures called flagella while
growing through cell division. According to Denison (2011) rhizobial life cycle can be composed
of three distinct phases; infective, symbiotic and saprophytic where it lives in the absence of a

legume, mainly expressed by the native ones.

According to Freitas (2013), based on growth rate on yeast mannitol agar (YMA), rhizobial genera

are categorized by two broad groups; fast and slow growers despite the fact that some include the
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intermediate growers as noted from Mesorhizobium species. Fast growing Rhizobium species from
pea, bean, clover, alfalfa and chickpea attain maximum growth within 2 — 5 days and are known
for synthesizing acidic products. Conversely slow growing Bradyrhizobium from soybean and

cowpea species takes 6 - 12 days to show visible growth on YMA and synthesize alkaline products.

Research by Rai (2013) based on the phenotypic patterns of rhizobia illustrated that they are very
diverse, showing greater adaptation to abiotic stresses such as saline conditions of about NaCl
1.5%. Their optimal growth is achieved at temperatures of 25 - 30°C and pH 6.8 however,
researchers have identified some strains tolerant to temperatures as high as 37°C (Somasegaran
and Hoben et al., 1994). In South Africa study by Hassen (2014), identified Ensifer sp and
Rhizobium sp which were fast growing, attaining optimal growth at pH 5 while slow growing

Bradyrhizobium sp were showing great adaptation at pH as high as pH 9.

2.6 Host range and promiscuity

Legumes form a symbiotic relationship with rhizobia however; there is selectivity in the
establishment of that mutual relationship. The symbiotic rhizobia-legume interaction which leads
to nodule formation consequently nitrogen fixation is mainly controlled by the host specificity and
promiscuity (Perret et al., 2000). Research by Ampomah (2008) concluded that rhizobia-legume
specificity and promiscuity are genetically controlled mechanism possessed by rhizobia and
legume making certain rhizobial species or subspecies to only infect and form nodules with
specific type of a legume. This is made possible by molecular signal exchange between legume
and rhizobium involving both legume symbiotic (sym) genes and rhizobia nodulation (nod) gene
(Denarie et al., 1993). Perret (2000) observed that a single bacterial strain can nodulate various

host legumes due to the existence of several nodD genes in rhizobia strains allowing them to
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respond to various types of flavonoids consequently infecting wide range of legumes. Hassan
(2012) observed that NodD from different rhizobial species or same strain offers different selective
preference for certain flavonoid. On the other hand flavonoid compositions of various legumes

differ among various plant species or on cultivars of the same species.

Among the most promiscuous strains of rhizobium is the NGR234 isolated from lablab purpureus
at New Guinea which has an incredible host range, nodulating about 112 legume genera
comprising Parasponia a non-legume species. Also from United States Department of Agriculture,
Rhizobium freddi USDA 257 which was isolated from Glycine soja nodulate over 77 legume
genera. Supporting studies by Peix (2015) noted that strain CIAT 899 isolated from Centro
Internacional de Agricultura Tropical (CIAT) harbors several nodD and nodA copies and have
been found to nodulate wide range of legumes including P.vulgaris, Leucaena leucocephala and
Macroptilium. Adhikari (2013) reported that among promiscuous symbiotic interactions, P.
vulgaris has the ability to be nodulated by diversity of rhizobial species including; R.
leguminosarum bv. phaseoli, R. gallicum (bv. phaseoli and bv. gallicum), R. tropici, R.giardinii

(bv. phaseoli and bv. giardinii), Sinhorhizobium meliloti and R. etli bv. phaseoli.

Rhizobial strains with broad host range nodulate wider range of legumes, however due to their
competitiveness and persistence in the soil they become inconvenient if they are to be replaced by
inoculation. Equally, legumes promiscuity to native rhizobia is beneficial but disadvantageous to
inoculation more special if native rhizobia are ineffective. Study by Schuldes (2012) mentioned
that rhizobial strain R. leguminosarum bv. trifolii which nodulate plants of genus Trifolium and S.
meloti experience specific or narrow host range while legume species Cicereae, Trifoliae and
Viciae show restrictive nodulation. Research by Perret (2000), mentioned that legume specificity

was a factor of adaptation to specific ecological niche with promiscuous legumes found in tropical
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region while Mediterranean legumes found in extreme environmental conditions were high

specificity.

2.7 Mechanism of biological nitrogen fixation

Biological nitrogen fixation takes place when the atmospheric nitrogen is enzymatically converted
to ammonia. According to Tezcan (2005) the backbone to biological nitrogen fixation is the
nitrogenase enzyme which acts as the catalyst to the high energy (ATP) consuming reduction of
atmospheric nitrogen to ammonia. Nitrogenase enzyme consists of two metalloproteins; (i) MoFe-
proteins with FeMo-cofactor which acts as an active site for substrate reduction whereas the (ii)
Fe-protein couples ATP hydrolysis to electron transfer. The inert atmospheric nitrogen molecule
composed of two nitrogen atoms linked with a very strong triple bond which requires higher
amount of energy to break open it to be reactive, allowing hydrogen atom to be attached to each
of the nitrogen atom (equation 1). The fixing rhizobia reduce the inert nitrogen to ammonia with

energy from oxidizing carbohydrates obtained from host plant.

N2 +6H* +ATP 2NHs + ADP + Pi (Equation 1)

» N=N-+8H"+8e-+16 ATP —> 2NH3 + H> + 16ADP + 16 Pi

2.7.1 Modes of rhizobial entry

Nodules are formed after rhizobia in the rhizosphere have entered the plant through various
pathways. According to Sprent (2008), two main modes of infection have been described in root
nodule symbiosis which are; crack entry or intercellular infection mode and the infection thread
mode. Studies show that this direct mode of infection is persisting in about 25 % of legumes

(Sprent et al., 2006). It is described mainly in woody legumes known to be having hairless roots
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or do not produce lateral roots and was also described in Parasponia; a non-legume that is
nodulated by Bradyrhizobium (Boogerd, 1997). According to Chen (2013) crack entry infection

mode mainly occur in various subtropical legumes such as Arachis hypogea (groundnut).

Crack entry occurs through intercellular penetration where bacteria invade root epidermis then
root cortex via natural wounds in the plant caused by epidermal splitting for lateral roots or nodule
primordial development and emergence. There is no root infection thread formed and also
characterized by infected cells which are not combined with uninfected ones (Goormachtig et al.,
2004). According to Rasolomampianina (2005) this infection pathway always lead to higher
nodule occupancy even by the less effective strains hence associated with some problems as noted
in groundnuts which has higher promiscuity level hence affecting effectiveness of quality

inoculum strains.

Other than the crack entry infection mode, is the mostly studied and abundant root hair entry and
infection thread spreading which is described by about 75% of the legumes. Initial sensing starts
with the release of exudates by roots or seed coat (into rhizosphere or spermosphere) including
flavonoids and nutrients (such as organic acids and amino acids) which are sensed by the free
living rhizobia (Hensen et al., 2004). Flavonoids together with NodD protein secreted function as
positive inducers of the rhizobial nodulation (nod) genes. Therefore presence of flavonoids at the
NodD binding sites activates transcription of the nodulation genes (Cooper and Scherer et al.,
2012). The bacteria’s nod genes then synthesize and release sensed reciprocal signal molecules,
the lipo-chito-oligosacharides that bind to specific plant receptor kinases that contain LysM motifs

(Hansen et al., 2006).
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Presence of bacteria in the root cause changes in root metabolism and morphogenesis vital for
rhizobial entry into host legume roots, while calcium spiking in root hairs also leads root hairs
curling, entrapping the rhizobia inside the pocket. On response to Nod factor the host plant
produces a hollow cylindrical infection thread running inside root hair and terminating at nodule
premordia formed in the root cortex colonized by invading rhizobia (Gage, 2004). Inside the host
root, rhizobia are physiologically converted into bacteriods triggering legume cortical cell division
leading to nodule organogenesis. The bacteriods that produces enzyme nitrogenase which catalyze
the conversion of atmospheric nitrogen to ammonia are housed in the nodule which supplies with

energy and protection from parasitic attack by host tissues.

Bisseling (1990) compared structures of the nodule parenchyma in conjunction with its few and
small intracellular spaces form an oxygen diffusion barrier. In combination with the high oxygen
consumption rate of the bacteria and the presence of leghemoglobin which also acts as an oxygen
buffer. This barrier helps to maintain the low free oxygen concentration in the central tissue
suitable for the reaction of an oxygen-sensitive nitrogenase. According to Flynn et al. (2015),
nodules continue fixing nitrogen for the host plant while still growing till maturity and can be
visible to naked eyes after two weeks however, its peak activity is noted at the flowering period

thereafter carbohydrates are channeled to plant reproduction and less to the nodules.

The membrane envelope housing bacteriods encloses the oxygen bond protein solution
(leghamoglobin) which is responsible for giving active nodule coloration (Burdass et al., 2012).
Young, healthy effective nodules are often noted by pink, red or brown color, albeit active nodules
can be black due to presence of melanin on top of the leghaemoglobin as reported in Lablab
purpureus, Dolichous biflorus, and Vigna unguiculata (Adhikary et al., 2015). Conversely

growing nodules exposed to sunlight senescent and loose the normal red coloration; breaking down
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haemoglobin into legcholeglobin therefore developing a green exterior coloration. Ineffective
nodules are sometimes white, greenish to greyish in color throughout the growing season and often

smooth textured (Dakora et al., 1994).

2.8 Nodule structures

Early nodulation processes are controlled by the NIN protein (nodulation inception gene product)
whereby its absence arrests infection thread formation and premodia. The host plant determines
morphology and type of nodule formed whereas its effectiveness is bacterial determinant hence
varying in genotypic and phenotypic traits (Ferguson et al., 2010). According to Subramanian
(2013) there are two major types of nodules, they exist as determinate and indeterminate with their
differences mainly based on the first internal cell division site, meristematic region maintenance

and mature nodule form.

Sprent (2003) observed that indeterminate nodules are mainly noticed on temperate legumes
mainly; peas, alfalfa and clover where its initial cell divisions occur in the cortex, endodermis and
pericycle. This leads to formation of a nodule primorda and persistent meristem resulting in
cylindrical shaped nodules which are amide producers. They are also characterized by the apical
meristerm continuously producing and can be infected by rhizobia leading to mature nodule
containing heterogeneous bacteriods population. Legumes forming determinate nodules are
predominately tropical and subtropical species comprising; soybean and common bean with few
noticed on temperate species such as L. japonicum (Sprent, 2001). Wopereis (2000) found that
mostly the initial cell divisions occur sub-epidermally in the outer cortex leading to spherical

shaped nodules, lacking persistent meristem with prominent lenticels and produce ureids. Mature
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ones contain relatively homogenous population of the nitrogen fixing bacteriods also characterized

by low lifespan (Ferguson et al., 2005).

2.9 Major factors controlling biological nitrogen fixation

Sometimes compatible legume-rhizobia symbiosis is formed albeit failing to biologically fix
nitrogen to its potential due to a combination of various effects which cause impaired symbiosis
establishment. Studies by Giller (2011), reported that infection and nodulation are mostly
influenced by the symbiotic partners, genetic makeup and physical factors in the rhizosphere
affecting both plant and the rhizobium. Plant developmental stages (such as; growth, receptive
physiology and nodulation) and Rhizobium are affected by a variety of environmental factors (such
as soil physical, biological and chemical properties). Giller (2001) furthermore concluded that
these effects are known to be harsh more special among semi-arid and tropical soils hence

considered extreme for these biochemical processes.

2.9.1 Moisture

The legume-rhizobia relationship offer potential results when both partners are given optimum
moisture level. Research by Serraj (1999) showed that under soil moisture deficit conditions,
biological nitrogen fixation is the mostly affected biochemical processes compared to
photosynthesis and transpiration. Under moisture deficit soils there is declined rhizobial
population and impaired movement which affects the number of infection threads leading to
limited nodulation. Giller (2001) noted nodule decay under moisture deficiency nevertheless,
studies by Plied-Blazer et al. (1995) mentioned that rhizobial species such as Rvl, which is known
for nodulating vitch and faba bean can maintain rhizobial population size under moisture stress

however losing its symbiotic efficiency. On the other hand nitrogen fixation is more sensitive to
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water logging which prevents root hair, nodulation site development and interferes with oxygen
diffusion in the roots leading to plant hypoxia, leading to reduction in respiration and nitrogenase

activity (Tobisa et al., 2014).

2.9.2 Temperature

Soil temperature is always higher compared to the atmosphere temperature, therefore vital to
record soil temperature when dealing with legume-rhizobial symbiosis. Research shows that
rhizobial optimum activity is achieved between 27 — 35°C, however studies show that other
symbiotic systems can tolerate <25°C and >35°C. Even though few nodules are noticed below
7°C and above 36°C optimum growth temperatures for legumes vary among species and their
environmental adaptation (Giller et al., 2001). In accordance to Micheils et al. (1994), critical
nitrogen fixation for low land pulses (pea) and high land pulses (groundnuts, cowpea and soybean)
isat 30°C and 35°C to 40°C, respectively. Zahran (1999), observed that higher temperatures which
are mostly experienced in tropical regions affect Rhizobial growth, development and survival, root

hair infection, bacteroid differentiation, nodule structure and nodule functioning.

2.9.3 Salinity

Higher temperatures are found to be mainly associated with increase in soil salt concentration. Salt
stress is mostly felt by the symbiosis as compared with free living rhizobia whereas legumes are
more sensitive to salinity as compared to rhizobia. Some legumes have higher tolerance while
others have greater sensitivity like soybeans which are more sensitive compared to alfalfa.
Research by Munns (2002), observed that soil salinity causes osmotic stress which affects various
biochemical plant processes including; photosynthesis, photorespiration and nutrients availability

due to osmotic moisture withdrawal from nodules. It also affects vital steps such as nodule
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development and metabolism leading to production of very few and small sized nodules
consequently hampered nitrogen fixation processes. Similar research by Monica (2013) noted that
early rhizobial colonization processes were highly sensitive to salinity which affected
peribacteriod membrane structure and limiting bacteriod number. Similar, studies by Jabbar (2012)
reported reduced nodule number in pulse crops such as cowpea, Bambara groundnut and

groundnut on saline soils even if they are abundant of native rhizobia.

2.9.4 Nutrients availability and deficiencies

Nutrients have great direct and indirect influence on biological nitrogen fixation through affecting
plant growth and development where their deficiencies distress major biochemical processes.
L’taief et al. (2007) reported that phosphorus deficiency is the main limiting element in symbiotic
biological nitrogen fixation. Phosphorus is vital in plant growth, pivotal as energy source when
ATP is converted to ADP during reduction of N2 to NHa. Its deficiency leads to decreased specific-
nitrogenase activity in nodules due to low energy status of host plant cells leading to reduced

nodulation as a result restricted root growth, photosynthesis and translocation.

According to El-Hamdaoui (2003), application of boron had positive impact on symbiotic
biological nitrogen fixation as it is required for nodule development and functioning. Its deficiency
inhibits rhizobial-plant molecular signaling, decrease nodule number, alteration of nodule
development and inhibited nitrogenase activity (Bellaloui et al., 2014). Some studies noted that
boron deficient plants produced nodules with a completely changed cell wall structure, infection
thread and peribacterial membrane, also having reduced ENOD2 protein in nodules which led to
malformed and multifunctioning oxygen diffusion barrier. Under boron limited soils,

corresponding research by Muofhe and Dakora (1999) noted that nodule formation was prevented
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whereas in some instances nodules formed were low and small in number and size respectively,

lacking vascular strand and bacteriods.

According to EI-Hamdaoui et al. (2003) calcium is essential for the early infection stages mostly
2-3 days after inoculation mainly for enhanced bacterial attachment to root hair, increasing size of
the exudates to induce nod-gene activity in rhizobium and for calcium mediated signaling during
the infection process. Similarly Melino et al. (2012) reported that Mo deficiency other than
impacting nodule formation and number, they lead to production of ineffective nodules normally
appearing large and normal however with green coloration and appearing senescent. Manganese
level in acid soils are high enough to limit nodulation whereas, halved nodulation of Medicago

sativa was noted through addition of Mn to nutrient solution (Bordeleau et al,. 1994).

It has been noted by Giller et al. (2001), that aluminum toxicity is related to impaired nodulation
because of increasing soil acidity, higher acidity (at pH below 4.5) causes fixation of elements
such as phosphorus hence reduced nodulation. Nitrogen fixation stages which are mostly pH
sensitive are Rhizobium infection process and attachment. Previous research by Correa et al.
(2001) noted reduced root growth at pH below 4.8 and root curling only at pH above 5.5 on
Medicago sativa. A similar study by Taylor et al. (1991) concluded that soil acidity limits
symbiotic nitrogen fixation through reduced rhizobial survival and persistence causing impaired

nodulation.

Higher soil nitrogen inhibits roots infection which consequently impaires nodulation. A study by
Muofhe and Dakora (1999) concluded that the effects of nitrates on nodulation are felt regardless

of plant age, size or prior nodulation. It was noted that in cowpea and peas ammonium is more
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inhibitory in comparison to nitrates where small nitrogen concentrations of 0.02- 0.5 mN impacted

nodulation.
2.10 Major benefits from biological nitrogen fixation

With the alarming concerns of greenhouse gas emissions and climate change effects, biologically
fixed nitrogen offers vital source of clean nitrogen needed for sustainable agriculture. Research by
Unkovich et al. (2008) summarized that biological fixed nitrogen was contributing about 50 to 70
million tones to the annual global nitrogen status. Venieraki et al. (2011) also reported that
symbiotic rhizobia system was estimated to contribute 1.44 x 108 metric tons of nitrogen per year
globally where 25% is contributed by cultivated agriculture. In Egypt, Zahran et al. (1999) noted
that nitrogen contribution of groundnut (Arachis hypogaea) to maize growth through intercropping
systems at a population density ratio of 4:1was equated to the application of 96 kg of fertilizer N
ha™t. Shoko et al. (2007) mentioned that farmers can save nitrogen fertilizer estimated at 80 kg
nitrogen ha™ from soybeans. Deshwal et al. (2013) noted that symbiotically fixed nitrogen can be
between 80 and 150 kg N/ha in 90 days with potential to reach up to 340kg. Equally, Giller et al.
(2011) concluded that soybeans in Zimbabwe fixed 160 — 260 kg N/ha. In Brazil Costa et al. (2014)

concluded that inoculated pigeon pea exceeded 150 kg N/ha annually.

Studies in Egypt by Moawad and Rahim (2005) on the assessment performance of common beans
in Nile Delta soils noted a positive inoculation response in terms of nodule numbers, dry matter
and plants biomass accumulation leading to higher nitrogen fixation with average yield increase
of about 43% compared to non-inoculated controls. A similar research by Mehrpouyan et al.

(2011) in Khuzestan province in Iran established that inoculated common bean yield was 35% to
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65% higher whereas, soybean yield increased twice when compared with maximum fertilizer

treatment and 10 folds when compared to the control plants.

Research by Abaidoo (1989) noted higher shoot dry matter accumulation in inoculated
intercropped soybeans compared to the inoculated mono cropped and non-inoculated ones. Higher
nitrogen fixation was also recorded in common beans intercropped with maize planted in same
hole other than on separate holes. In another cropping study, Allen and Obura (1983) reported that
maize following maize plantation yielded 0.5t/ha whereas maize following soybean plantation
yielded at least 1.5t/ha. Thies et al. (1991) observed that in situations where yield was not
increased, inoculation increased protein seed content to a % nitrogen to protein ratio of 1: 6.25.
Naeem et al. (2004) observed that local isolated strains and exotic strains formed an average of 7
and 3 nodules per plant respectively while maximum dry weight was 4.3 mg/plant and 2.1 mg/plant

for local and exotic strains respectively.

Rhizobia studies have noticed added importance in plant growth and development where they act
as mediators of nutrient supply due to their modified feeding mechanism aiding in improving
nutrient acquisition under low fertility soils. Rhizobia produce and release sidorephores, indole
acetic acid (IAA) and organic acids which they use to enhance nutrition consequently improving
plant growth. Dakora and Philips (2002) found that siderophores mobilize iron whereas organic
acids solubilize phosphorus and manganese. Legume root decomposition leads to accumulation of
abundant phenolic nod gene inducer concentration, consequently higher nod factors in the
rhizosphere which stimulates plant growth. Complex lipo-chito-oligosacharide Nod factor
produced during nodule formation aid in restoring cell division and embryogenesis in cultures,
consequently promoting plant growth. Souleimanov (2002) noted that application of nod factor led

to increased soybean root biomass and length by 7- 16% and 34 - 44% respectively. Nod factors
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secretion indirectly benefits the cropping system through enhancing arbuscular mycorrhizal (AM)
fungal symbiosis whereas, McCully (2001) stated that other endophytes found in nodules help in

improving plant growth.

Riboflavin produced by rhizobia is easily enzymatically converted into lumichrome, which
stimulates CO» production hence promoting rhizobial growth and plant biomass accumulation
(Phillips et al., 1999). Khan et al. (2008) concluded that the phenolic compounds produced induced
over expression of nod factors in rhizobia also leading to increased photosynthetic rates in various
plants due to impact of the compounds released during nodulation. Rhizobial inoculation is also
associated to elevating water stress effects in symbiotic legumes with various studies suggesting
that rhizobia products; abscisic acid decrease the stomatal conductance therefore sustaining
nitrogen fixation during drought periods. Studies by Deshwal (2003), noted that rhizobia act as
good bio-control agents in natural agricultural ecosystem due to their suppressive effect in soil
pathogens. It was observed that B. japonicum caused 75% decrease in sporulation of Phytophthora

magaspema and also decreases the severity of phytopththora and fusarium root rot in beans.

2.11 Measuring biologically fixed nitrogen

Estimating the amount of fixed nitrogen is important as it assist in selecting the most effective
rhizobial strain-plant genotype combination which fixes higher N quantities under different
conditions. Unkovich (2008) concluded that quantification of fixed N was an important tool in
evaluation of indigenous Rhizobium spp. to effectively nodulate newly introduced legumes,
symbiotic effectiveness of rhizobial inoculants, success of inoculation and evaluating if legume

were reaching their potential. Similarly, the rate at which legume biologically fix nitrogen changes
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with its physiological growth stages; low at early growth stages when nodules are still establishing

and reaching maximum values between early flowering and early seed-filling (Lawrie et al., 1997).

Study by Unkovich et al. (2008) and Cooper and Scherer et al. (2012), concluded that lack of
reliable method for measuring biological nitrogen fixation was a major factor affecting research.
It is mainly difficult to quantify biological fixation on annual legumes characterized by deep rooted
system, which is too laborious and almost impossible to harvest all nodules from such roots
whereas very important to analyze the whole plant for quantification. Perennial legumes with their
complex rooting system characterized by up-taking soil nitrogen from varied pool makes it
difficult to track soil nitrogen uptake and dependence of the nitrogen fixation (Cooper and Scherer
et al., 2012). According to Boddey et al. (2000), estimating quantities of N2 fixed is usually
hampered by wide range of variability in the distribution of certain N2-fixing agents together with
their No-fixing intensities as affected by soil, water and nutrient availability together with the

competition from other species in the soil.

Generally there is no universal correct technique for measuring N2 fixation guaranteed to provide
the most accurate measure of biological fixed nitrogen for all legumes under various environmental
conditions. Liu et al. (2011) reported that various methodologies have their own limitations
making measuring of exact amount of N2 fixed becoming a challenge therefore complementary
techniques can be used simultaneously to improve quality of the results. Analyzing the nodule in
terms of size and color can be vital whereas additional information such as nodule numbers and
nodule mass are major indicators of legume productivity. Even though there are various techniques
involved, however for quantifying the amount of N2 fixed by the legume majority of the techniques
measure plant dry matter, N concentration (N) and the percentage of N the plant derived from N>

fixation (%Ndfa). According to Unkovich et al. (2000) the choice of the method used to measure
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biological nitrogen fixation should be governed by its accuracy, cost, time, and repeatability and
is usually measured using the following methods; acetylene reduction assay, xylem sap technique,

5N isotope technique, *° Dilution and Natural *°N abundance.

The N/*N isotopic analysis method is the mostly applied quantification method used giving
satisfactory results. It is based on the principle that there are two stable isotopes of nitrogen in
atmosphere (**N and °N) whereby the prior is lighter and the latter is heavier at an atomic
percentage abundant of 99.636 and 0.3663, respectively (Robinson et al., 2001). Using this method
the main assumptions are that; 1) the **N/**N ratio of the non-nitrogen fixing reference plant is the
same as that of the soil and 2) the legume and reference plant explore a soil N pool of identical
BN/“N composition. The choice of the reference plant used is one of the major factor affecting

results from this method.

Majority of N2 fixation measurements were done in agricultural environments as compared to
natural ecosystems. Various methods have various limitations giving the user to know which
method to use when. However, with correct reference plants the *N/*N isotopic analysis method

gives reliable results (Unkovich, 2010) therefore chosen to be used in this Dissertation.
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3.0 METHODOLOGY

3.1 Sampling

3.1.1 Experimental sites

Regions varying in environmental conditions such as annual rainfall amounts and soil types were
selected for this study during the 2014/15 season. Rainfall amounts were collected from the
Department of Metrological Services, Botswana. The Okavango region received an annual rainfall
between 471-548 mm per annum. The soils from the area are mainly Arenosols (Farrar, 1994).
Soils from Okavango Delta are mainly derived from Kalahari Aeolian deposits with a very high
sand component. The Tswapong area receives annual rainfall ranging between 362 - 397mm. Soils
found in the area are derived from in situ weathering of rocks and minerals. Most soils in this area

have loamy textures although sandy soils are not uncommon.

Generally all sites (Table 3.1) had slightly acidic soils pH 5.06 — 5.52. Acidic pH negatively
affects bioavailability of nutrients to the growing plants whereby vital elements (N, P, K, Ca, Mg,
B and Mo) with their optimal bioavailability to plants at pH 6.0 to 7.0, whereas rhizobia’s potential
activity is at pH 6.8 (Uchida et al., 2000; Charman et al., 2000). These soils have low available
phosphorus (P). P is associated with improving fixation through improved nodule number and
weight in different legumes. This is due to the fact that phosphorus acts as plant energy source,
increases plant tip and root development, initiates nodule formation and improves efficiency of the
symbiosis (Nkaa et al., 2014). Soils from all sites have very low cation exchange capacity (CEC)
below 6 cmol/kg. CEC measures the capacity of the soil to adsorb and release nutrient to the plants
during their growing period. Under field conditions soils with higher CEC can hold onto the

applied fertilizer and release those nutrients for the plant.
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Table 3.1: Soil pH, phosphorus and CEC from different study sites.

Location pH (CaCly) P (ppm) CEC (cmol/kg)
Tswapong (Lekobeng)  5.52 7.93 5.07
Okavango (Xakao) 5.06 5.13 1.55
Okavango (Xauga) 5.08 6.15 1.24
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Figure 3.1: Map of Botswana showing various locations where plant samples were collected

3.1.2 Soils and plant sampling

A survey of herbaceous indigenous leguminous plants was undertaken in various study areas
(Figure 3.1) determined based on accessibility and abundance of different plant species. At each
location, four flowering plants per species were sampled within a 10 m? radius area. Collected
legume species included legumes in (Table 3.2). Non legume plants (reference plants) with similar

growth habit adjacent to the legumes were also sampled as a requirement for the N natural
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abundance technique of measuring N fixation. Reference plants included; Terminalia sericea,
Cassia italica, Erlangea musera, Ocimum americunum and Panicum sp. For legumes, during
sampling, each plant was dug out with intact root and nodules. The top soil within a depth of 0-

20cm was sampled at each site.

Table 3.2: Legumes sampled at various locations of the three regions

Okavango Tswapong Kgalagadi
Indigofera flavicans Zornia glochidiata Indigofera spp1
Indigofera tinctora Chamaecrista bieinsis Cyamopsis dantata
Chamaecrista biensis Optoptera buchellii Cullen tometosum
Indigofera astragalina Vigna unguiculata subspp  Arachis hypogea
Indigofera daeloides Chamaecrista absus Vigna unguiculata
Tephrosia Purpurea Tephrosia Purpurea Vigna subterranea
Tephrosia lupinifolia Rhyncosia totta

Chamaecrista absus Arachis hypogea

Crotalaria astragalina Vigna unguiculata

Crotalaria sphaerocarpa Vigna subterranea

Crotalaria pisicarpa
Vigna unguiculata subspp
Senna obtusifolia
Rhyncosia totta

Zornia glochidiata
Arachis hypogea

Vigna unguiculata

Vigna subterranea
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3.1.3 Sample preparation

On arrival at the BUAN soil science laboratory, plant samples were washed in a stream of water,
removing soil off nodules. Nodules were carefully plucked off at about 5mm away from the nodule
and kept at -20°C in zip locked plastic bags before isolating the root nodule bacteria. Shoots and
roots were separated and oven dried at 60°C for 48 hours (Incubator Merk 400L) and weighed to
get biomass. Each sample (shoot and root) was pulverized using the 5E-PCM Series Pulverizer

(5E-PCM) to 0.05mm mesh.

Soil samples were air dried and passed through a 2 mm sieve before chemical analysis. The top
soil of each site was sampled. Soils were analyzed using standard procedures (Tan, 2005) for

determining pH, P and CEC. Results of the soil analysis are shown in Table 3.1.
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3.2 N fixation parameters
3.2.1 ®N/**N isotopic analysis

About 2.0 mg of each pulverized sample was weighed into tin capsule (Elementary Microanalysis
LTD, Okehampton, UK) and run on a Thermo Finnigan Delta Plus XP stable light isotope mass
spectrometer (Fixon Instrument SPA, Strada Rivolla, Italy) coupled via a Conflo 11l device to
Thermol1112 Flash elemental analysis against two internal reference plant materials namely
Nasturtium sp and Acacia sp. The internal standards had been calibrated against an IAEA standard

for N, which is atmospheric air.

3.2.2 %Ndfa and N-fixed
The isotopic composition of N was measured as the difference in the number of atoms of °N to
1N in atmospheric N2 was calculated in accordance to equation 2 (Junc and Svec, 1958;

Mariotti, 1983).

("N/"N) sample-('*N/"N)standard
("*N/"N)standard

SN (%o) = * 1000 (Equation 2)

The proportion of N derived from the atmosphere (%Ndfa) was calculated according to Shearer

and Kohl (1986) (Equation 3)

_ (@"Nref) — 3""Nleg) .
0 =
YoNdfa = [ o Nrer- Bvalue)]x 100 (Equation 3)

Where; §°Nref is the mean °N natural abundance of a non-Nz-fixing reference plants, §*°Nleg is
the mean N natural abundance of the legume (shoot) and the B value is the >N natural abundance
of legume shoots which were totally dependent on biological N2 fixation for their N nutrition as

shown in Table 3.3.
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Table 3.3: B values of varied plant species obtained from literature.

Plant B value (%o) Reference

Arachis hypogea -1.4 Okito et al. (2004)

Indigofera spp -1.5 Okito et al. (2004)

Chamaecrista absus -1.7 de Freitas et al. (2012)

Crotalaria spp -1.1 Gathumbi et al. (2002)

Vigna subterranea -1.4 Nyemba and Dakora (2010)

Vigna unguiculata subsp -1.7 Okito et al. (2004)

Vigna unguiculata -1.8 Pule-Meulenberg and Dakora (2009)
Tephrosia purpurea -2.0 Raddad et al. (2005)

The amount of N-fixed was calculated using equation 4 as described by (Maskey et al., 2001)

%Ndfa

N fixed = ( 00 ) X Legume shoot N (Equation 4)
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3.3 Isolation and characterization of root nodule bacteria

3.3.1 Isolation of rhizobia

Rhizobia from root nodules were aseptically isolated using methods described by Vincent (1970)
and Somasegaran and Hoben (1994). Root nodules were defrosted and rehydrated by immersing
in sterile water for two hours. They were then surface sterilized by immersing in 98% ethanol for
10 seconds to break the surface tension and remove air bubbles. This was followed by immersing
into 3% (v/v) sodium hypochlorite (Jik) for 3 minutes for sterilization then rinsed in changes of
distilled water for more than 10 times to remove traces of sodium hypochlorite. Sterilized forceps
were used for handling nodules throughout the process were sterilized through dipping in 95%

alcohol and flaming.

After surface sterilization individual nodules were crushed over a drop of sterile water using flame-
sterilized blunt end forceps in a petri dish then a loopful of slurry was streaked on the Yeast
Mannitol Agar (YMA) surface in a dilution manner as described by Vincent (1970). Table 3.4
shows the composition of the YMA. Streaked petri dishes (plates) were sealed with parafilm,
labeled accordingly and then incubated at 28°C in an inverted manner monitoring the appearance
of colony growth mostly after 3 to 10 days. After colony appearance sub-culturing was done for

purification such that there was pure single colony per plate.
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Table 3.4: Yeast mannitol agar composition

Ingredients Quantity

K2HPO4 0.5¢
MgS04.7H20 0.29
NaCl 0.1g

Yeast Extract 0.59

Mannitol 10g
Bacteriological 15¢g
agar

Actidione 20mg

(cycloheximide)

Distilled Water 1000ml
Make up to

Note: 0.1N NaOH or 0.1N HCI was used to adjust pH to 6.8

3.3.2 Gram staining

Pure bacterial isolates were confirmed using gram staining in which individual slide was prepared
in accordance to (Somasegaran and Hoben, 1994). For each pure isolate, a bacterial smear was
streaked and heat fixed on a slide then flooded with Crystal violet for 60 seconds. Smears were
then washed under slow pressure flowing water then covered with iodine solution which was
drained off before being re-flooded and left for about 60 seconds. Slides were decolorized by 95
% alcohol for at most 60 seconds then washed off with flowing water and blot dried with a paper
towel. After drying the smear was counterstained with Safranin for 60 seconds and then washed

off with water and air dried, prepared slides were then observed under oil immersion.

3.3.3 Congo red absorption test
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Congo red solution was prepared using (Vicent, 1970) procedure then a loopful of bacterial cells

were streaked onto Congo red and its absorption observed over several days

3.3.4 Colony shape

Fully grown colonies were examined cross sectional to determine their shape on Yeast mannitol

agar (YMA).

3.3.5 Colony texture

Each colony was lifted with a loop to observe how they behaved when moved and or touched.

3.3.5 Colony appearance

Fully grown rhizobial strains were streaked on YMA plates and incubated at 28°C then monitored

to see if the colonies are opaque or translucent
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3.4 Authentication of root nodule bacteria as rhizobia
3.4.1 Pot preparation

Sterile environment and aseptic measures were the main priority through-out the experiment.
Plastic flower pots were filled with three layers consisting of nutrient free sand sandwiched by the
interleaved non-absorbent cotton wool. The pot was firstly lined with the interleaved non-
absorbent cotton wool and moistened nutrient-free sand, wrapped by aluminum foil before
autoclaving at 121°C for 45 minutes. After autoclaving seedlings were carefully planted followed
by inserting two sterile feeding pipes for delivering nutrient solution then finalized by covering

the sand with another layer of the non-absorbent cotton.

Figure. 3.2 The pot experimental set up

3.4.2 Seed treatment

Seed collected for various legumes (wild and field) from different agro-ecological zones of
Botswana were sterilized before planting. Those with tough seed coats were scarified through

soaking in concentrated sulphuric acid (98% H2SO4) for about 2 minutes. Seeds were then surface
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sterilized in a similar manner to that of nodules above then submerged in sterile water so as to be
fully imbibed before pre-germination in petri dishes and kept in dark places until their radicles

emerged.

3.4.3 Inoculum preparation

A loopful of each bacterial culture was transferred into 1.25 mL autoclaved eppendoff tube

containing sterilized distilled water which was thoroughly mixed by a VVortex mixer (Finevoterx).

3.4.4 Raising plants

This experiment was conducted in the Botswana University of Agriculture and Natural Resources
(BUAN) Department of Crop Science and Production greenhouse located at Sebele Content Farm
(24°38’S, 54N, 994 m above seas level). Pre-germinated seeds were handled by sterile forceps
and aseptically grown in the autoclaved pots (Figure 3.2). Each pot had two to three holes with
two pre-germinated seeds per hole for insurance purpose in-case one fail to establish well. Refilling
was also done quickly after seedling establishment so as to have about 100% plant population.

Thinning was carried out such that one plant was left to grow and develop per hole.

Instead of using water, the nitrogen free nutrient solution was used to feed the plants at correct
amount and appropriate time. The quarter strength nutrient solution composed of all nutrients
required for plant growth under various concentrations as described by (Broughton and Dilworth,

1970) shown in (Table 3.5) was used throughout the experiment until harvesting.
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Table 3.5: Nitrogen-free Nutrient Solution

Stock  Element Form Mol. Wt Gram/liter Molarity of Stock Vol.(ml) stock
Solution Solution (M) solution/ litre
A Ca CaCl2-2H20 147.03 294.1 2.0 0.05
B P KH2P04 136.09 136.1 1.0 0.05
C Fe Fe-Citrate 335.04 6.7 0.02 0.05

Mg MgSO4-7H20  246.5 123.3 0.5 0.05

K K2SO4 174.06 87.0 0.5

Mn MnSO4-H20 169.02 0.338 0.002
D B H3BO4 61.84 0.247 0.004 0.05

Zn ZnS0O4-7H20 287.56 0.288 0.001

Cu CuS04-5H20 249.69 0.100 0.004

Co C0S04-7H20 281.12 0.056 0.0002

Mo Na:MoO4-2H,0 241.98 0.048 0.0002

The nutrient stock solutions were prepared separately and mixed at a required appropriate rate during fertilization

Source: Broughton and Dillworth, (1970)

3.5 Treatment and Experimental design

When assessing N2 fixed, different legume species from Okavango delta and Tswapong agro-
ecological zones were sampled. Per location each species was replicated four times. For
authentication the number of treatments per species was determined by the number of bacterial
strains isolated and each host plant species also included control treatments (one negative or no
nitrogen supplement and the other positive or nitrogen supplement of 5 mM KNO3). The pots were
arranged in a Complete Randomized Design and each treatment was replicated three times. Species
used for authentication included; Arachis hypogea, Indigofera daeloides, Chamaecrista absus,
Crotalaria sphaerocarpa, Vigna subterranea, Vigna unguiculata subsp Denkindtiana, Vigna

unguiculata, Tephrosia purpurea and Zornia glochidiata.
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3.6 Plant harvesting after authentication

Assessment was done six weeks after inoculation; individual plants were carefully removed from
the pot without disturbing root, making sure nodules were intact. Roots were washed by clean tap
water then described in terms of their presence of root nodules, number, shape, weight and
pigmentation. Whereas nodulation effectiveness was estimated by decapitating plants, separating

shoot and roots before oven drying at 60°C for 48 hours then weighed for dry matter.
3.7 Data collection

Data on & °N values, N content, %Ndfa and N2 fixed was collected. In addition, characteristics of
the isolated bacterial isolates were determined. Furthermore after plant growth for authentication
of bacterial strains as rhizobia, information on shoot and root biomass, nodulation (nodule number

and nodule weight) were recorded.
3.8 Statistical analysis

Data on °N, % Ndfa, N-fixed, N content, shoot and root weight, nodule number and nodule weight
were subjected to analysis of variance (ANOVA) after testing for normality. Where means were
statistically different they were separated using the Duncan Multiple Range Test (DMRT) at 5%

significant level.
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4.0 RESULTS

4.1 Quantification of biologically fixed nitrogen

Table 4.1.1: Shoot biomass and nitrogen fixation characteristics of various wild legumes collected from the Okavango Delta

Agro ecological Location Sample name Biomass 0N (%)  %Ndfa N content N-fixed
zone g/plant (mg.plant?) (mg.plant™?)
Okavango Ngarange Chamaecrista absus 7.1+0.8abc  -1.9+0.1g 100.0+1.4a 134.8+16.4abc 134.8+17.0ab
Okavango Ngarange Vigna unguiculata subsp
o 2.6+0.7e -0.8+0.2d  84.5+3.7de  72.6+15.8cd 68.1+15.7¢c
Denkindtiana
Okavango Ngarange Crotolaria sp 3.7+0.3de -0.6£0.2d  81.6+3.4de  99.1+6.5bc 80.8+5.4c
Okavango Ngarange Tephrosia sp 6.2+0.7bcd  -1.5+0.1f 97.1+1.6ab 147.8+19.1ab  143.4+18.6a
Okavango Ngarange Indigofera 4.1+1.0de -1.1+0.2e  89.3+2.8bc  87.7+18.6¢ 78.2+£16.0c
Okavango Seronga Crotalaria sphaerocarpa 4.4+0.9cde  -0.7£0.2d 91.0£2.4bc  97.5+24.0bc 88.0£21.2hbc
Okavango Seronga Crotalaria astragalus 2.5+0.7e 0.2+0.2b  76.6£3.5d 50.1+15.1d 39.5+13.2¢c
Okavango Xakao Vigna unguiculata subsp
. 2.4%0.6e 1.3+0.5a  56.4+7.8e 81.1+20.5bcd  46.0+12.0c
Denkindtiana
Okavango Xakao Tephrosia lupinifolia 5.4+1.2cde 0.6+£0.1b 64.1+0.9de  124.9+28.9abc 79.3+17.7c
Okavango Xakao Indigofera daloides 8.4+1.8a 0.1+0.2c  77.1+2.2d 174.1+29.1a 135.7+25.7ab
Okavango Xakao Indigofera flavicans 9.9+1.6a 1.4+0.1a 57.5+2.0e 148.8+48.4ab  87.9+£30.4bc
F-Statistics 5.78*** 23.82*%**  20.87*** 2.44* 3.70**

Note: Means£SE in a column with dissimilar letters are significantly different. *= p< 0.05, ** = p <0.01, *** = p <0.001

Negative 5'°N values means the plant was fixing Nj; the higher the negative 5°N values = improved N fixation and vice versa
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All the plant species were harvested during their flowering stage. There were significant
differences in the shoot biomass during that growing stage (Table 4.1.1). Indigofera flavicans
showed the highest biomass while Crotalaria astragalus and Vigna unguiculata subspp had the
least. There were significant differences in the §*°N values among the various herbaceous legumes.
Plant species from Ngarange exhibited the most depleted values of §°N (%) while plant species
from Xakao were comparatively enriched (Table 4.1.1). Chamaecrista absus from Ngarange
exhibited the most negative & °N values (-1.9%o) and consequently displayed a high dependence
on symbiotic N fixation while Indigofera flavicans from Xakao had the most positive & 1°N value

(1.4 %o) hence it was least dependent on N2 fixation at 57.5% Ndfa (Table 4.1.1).

With respect to N content, there were significant variations among legumes. Indigofera daeloides
from Xakao exhibited the highest amount of N per plant while Crotalaria astragalus showed the
lowest N content. All the sampled legumes from the Okavango Delta depended on symbiotic N
fixation with % Ndfa values more than 50% (Table 4.1.1). Because % Ndfa were high, amounts
of N fixed (mg/plant) were in some cases very close to the total N content. For example Tephrosia

sp, the total N content was 147.8 mg/plant while N fixed was 143.4 mg/plant (Table 4.1.1).
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Table 4.1.2: Shoot biomass and nitrogen fixation characteristics of various grain legumes sampled from farmers’ fields in Tswapong and Okavango

regions of Botswana
Agro Crop Biomass SN (%) %0oNdfa N content N-fixed Plants/ N fixed Potential N
ecological g.plant? (mg.plant™) (mgplant?) 0.4ha (kg.ha')  fixed
zones (kg.ha?)
Tswapong Vigna Subterranea L 25.7+2.9ab -1.240.2e 96.4+2.7a 651.6+75.2ab  624.9+66.3a 85 1.3+0.1a 93.7£9.9a
Tswapong Arachis hypogea L 31.3+6.1a 0.5+0.3c  69.3t4.1b 654.7+155.3ab 440.0+84.6b 75 0.8+0.2bc  40.8+7.3c
Okavango  Arachis hypogea XN 28.9+1.8a 0.5+0.3c  71.0+4.5b 838.8+62.2a 594.6+55.3ab 78 1.240.2ab  59.5+5.5bc
Okavango  Vigna unguiculata XN 5.4+0.2c 1.9+0.5b 46.0+6.6c 187.8+6.5C 85.9+12.2cd 82 0.2+0.9c 12.9+1.8d
Okavango \;'I%”a Subterranea 76,13 18+0.3b 50.3+44c 211.0+335¢  1101+259c 78 0.3t2.1c  21.245.6d
Okavango  Arachis hypogea XM  30.5t4.9a 0.0+0.4d 78.745.4b 797.9+130.9a 618.0+96.5a 72 1.1+£7.0ab  61.8+£7.5b
Okavango x'&”a Subterranea 45 4.47y  33+04a 28.8+458d 431.3+130.0bc 110.6+33.9c 92 0.242.6c  16.6+4.0d
F-statistics 8.76*** 20.60***  21.57***  6.97*** 17.90*** 19.08***  20.07***

Note: MeansSE in a column with dissimilar letters are significantly different. *= p< 0.05, ** = p <0.01, *** = p <0.001

Negative 5'°N values means the plant was fixing Na; the higher the negative 5°N values = improved N fixation and vice versa
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Symbiotic performance of the three agricultural grain legumes differed significantly (Table 4.1.2).
Values of 8N ranged from 0.0 %o to 3.3%o. Groundnut growing in farms from both Okavango
and Tswapong regions exhibited the lowest & °N values. For example at Ngando’s farm in Xakao,
at Motenya’s farm in Xakao and in Lekobeng, 8*°N values of groundnuts were 0.0, 0.5 and 0.5 %o
respectively. It is noteworthy that Bambara groundnut showed the most enriched 5°N values
irrespective of where they were growing (Table 4.1.2). The §°N for cowpea growing in Xakao
(Ngando) was similar to that of Bambara groundnut growing in the same farm (Table 4.1.2). All
the grain legumes sampled were dependent on symbiotic fixation for their N nutrition. For
instance, Bambara groundnut growing in Lekobeng was the most highly dependent on N> fixation
with a % NDFA of 96.4. Interestingly, of all the sampled grain legumes, the least dependent on N>
fixation was also Bambara groundnuts in Xakao (Motenya). Dependence of groundnut on N>
fixation ranged between 69.3 - 78.7%. N-fixed amounts per plant significantly varied among
legumes with Bambara groundnut ranging from 110.1 mg/plant in Xakao (Ngando), 110.6
mg/plant in Xakao (Motenya) to 624.9 mg/plant in Lekobeng. The amount of N-fixed by
groundnut was consistently higher regardless of location. For example N-fixed amounts were
440.0 mg/plant in Lekobeng, 594.6 mg/plant in Xakao (Ngando) and 618.0 mg/plant in Xakao
(Motenya). Surprisingly, cowpea fixed the least amount of N compared to the other two grain
legume crops. Based on the planting density on farmers’ fields, amounts of N fixed/ha ranged from
0.2 kg N/ha for cowpea in Xakao and Bambara groundnut in Xakao (Motenya) to 1.3 kg N/ha by
Bambara groundnut in Lekobeng. Similarly, groundnuts in Xakao (Ngando) and Xakao (Motenya)

fixed low N/ha of 1.2 and 1.1 kg N/ha respectively (Table 4.1.2).

4.2 Isolation and characterization of root nodule bacteria
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Table 4.2.1: Colony characterization

Characteristics

Percentage of the 56 isolates

Gram staining
Negative
Positive

Congo red
Pink

+

++

+++

Colony shape
Dome

Flat

Colony appearance
Opaque

Shiny

Colony texture
Elastic

Buttery

100.0
0.00

26.8
33.9
39.3

96.4
3.6

75.0

25.0

23.2

76.8

The intensity of the pink color varied, + less intense, ++ middle intensity and +++ high intensity

From various legume species, root nodule bacteria isolated and cultured on YMA showed a wide

range of morphological characteristics. In most cases, more than one bacterial strain was isolated
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from a single nodule with a maximum of 4 bacterial isolates per nodule. Table 4.2.1 shows that all
the root nodule bacteria isolated produced colonies that were gram negative and displayed wide
range of characteristics. They produced a range of pink coloration when plated on the Congo red
agar with a varying intensity of the pink color where one plus (+) for a lesser intensity while three
stars (+++) for the most intense pink (Table 4.2.1). In relation to colony shape, majority (94.4%)
of the isolates were dome shaped except of a few flat shaped ones (Table 4.2.1). Of the 56 isolates,
75% of them had an opaque appearance while the rest were shiny. The shiny colonies had an elastic

texture while 76.8% of the isolates were buttery.
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4.3 Authentication of root nodule bacteria on their homologous host

Table: 4.3.1: Growth and nodulation of Crotalaria sphaerocarpa inoculated with root nodule bacteria isolated from its root nodules

sample from various ecological zones of Botswana

Strain Nod Fix Shoot DM Root DM Nodules Nodule weight
(g.plant?) (g.plant?) plant? (mg.plant?)
BUAN316/LKD-Cs4 + + 0.10+0.02bc 0.01+0.00cd 4.00+0.88cd 13.30+3.34b
BUAN316/LKD-Cs6 + + 0.33+0.08abcd 0.01+0.00cd 5.00+0.67cd 16.70+5.78b
BUAN316/NGA-Cs7C - - 0.18+0.05hdc 0.01+0.00cd na na
BUAN316/QAB -Cs36A + - 0.02+0.01d 0.01+0.00cd 2.00+0.33cd 5.00+0.00b
BUAN316/QAB -Cs36B - - 0.19+0.04bcd 0.04+0.00ab na na
BUAN316/NGA-Cs38 + + 0.37+0.11abc 0.03+0.01abcd 13.00£3.67b 46.70£12.03b
BUAN316/GRT-Cs52A  + + 0.36+0.07abc 0.03+0.01abcd 5.00+0.33cd 30.0045.78b
BUAN316/GRT-Cs52B - - 0.15+0.02bcd 0.01+0.00cd na na
BUAN316/XAU-Cs68B  + + 0.30+0.03abcd 0.05+0.01a 26.00+2.91a 650.00+276.08a
BUAN316/XAU-Cs70A + + 0.26+0.07bcd 0.02+0.00bcd 6.00£1.15c  43.30+8.83b
BUAN316/XAU-Cs70B  + + 0.46+0.09ab 0.04+0.01ab 8.00£1.73c  50.00+5.78b
BUAN316-CsC+ - - 0.63+0.12a 0.03+0.00abc na na
BUAN316-CsC- - - 0.11+0.02cd 0.02+00bcd na na
F statistics 6.44%** 2.22* 24.05%** 4.72%*

Values shown are means +SEM. SEM = standard error of means. Star(s) indicate significant difference at p <0.001, p <0.01 and p < 0.05 (***, ** and *

respectively). In a column means followed by dissimilar letter(s) are significantly different from each other according to Duncan multiple range test. Nod +or -

positive or negative nodulation, Fix + or - = positive or negative N2 fixation. Nodule weight = fresh nodule weight, DM = Dry weight. na = not applicable due to

no nodulation.



Eight out of eleven bacterial strains induced nodules on introduced C. sphaerocarpa (Table 4.3.1).
There were significant differences in the shoot growth of Crotalaria sphaerocarpa plants
inoculated with root nodule bacteria isolated from roots of Crotalaria sphaerocarpa harvested
from different agro ecological zones of Botswana. Apart from nitrate fed plants strain
BUAN316/XAU-Cs70B induced the highest shoot growth with a mass of 0.46 g/plant and
followed closely by strains BUAN316/NGA-Cs38, BUAN316/GRT-Cs52A, BUAN316/GRT-
Cs52B, BUAN316/LKD-Cs6 and BUAN316/XAU-Cs60B. Other strains such as
BUAN316/QABCs36A and BUAN316/LKD-Cs4 depressed growth with shoot weights of 0.02

and 0.10 g/plant respectively in comparison to 0.11 g/plant for the negative control.

Bacterial strains that induced significantly higher shoot mass equally induced higher root growth.
Root masses were notably higher for BUAN316/XAU-Cs68B, BUAN316/ QAB-Cs36B and
BUAN316/XAU-Cs70B (Table 4.3.1). Furthermore, there were significant differences in the
ability of the various rhizobial strains to induce No-fixing nodules. For instance, strain
BUAN316/XAU-Cs68B induced the highest nodule number which weighed significantly more

than others nodulating strains while strain BUAN316/HAN-Cs36A produced the least nodules.
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Table 4.3.2: Growth and nodulation of Vigna unguiculata subsp Denkindtiana (Ngundenyambi)

inoculated with root nodule bacteria isolated from its root nodules sample from Xakao in

Okavango Delta

Strain Nod Fix Shoot DM Root DM Nodules Nodule weight
(g.plant?) (g.plant?) plant? (mg.plant?)
BUAN316/XAK-Ng65A + + 0.4+0.04a 0.06+0.01a 58.00+9.40a 170.00+23.12a
BUAN316/XAK-Ng65B  + + 0.35+0.08a  0.04+0.0l1ab 66.00+11.57a 103.33+20.30b
BUAN316/XAK-Ng64B  + + 0.2240.04ab  0.03+0.01ab 31.00+11.27b  83.33+31.84b
BUAN316/XAK-Ng64A + - 0.06+0.03b  0.03+0.0lab 14.00+2.03bc  26.67+3.34bc
BUAN316-NgC+ - 0.42+0.07a  0.06+0.01a na na
BUAN316-NgC- - - 0.03+0.01b  0.01+0.00b na na
F statistics 12.53*** 4.18* 20.16*** 13.88***

Values shown are means £SEM. SEM = standard error of means. Star(s) indicate significant difference at p <0.001,
p <0.01 and p <0.05 (***, ** and * respectively). In a column means followed by dissimilar letter(s) are significantly
different from each other according to Duncan multiple range test. Nod +or - = positive or negative nodulation, Fix +
or - = positive or negative fixation. Nodule weight = fresh nodule weight, DM = Dry weight. na = not applicable due
to no nodulation.

Three out of the four bacterial strains isolated from Ngundenyambi induced N, fixing nodules when its

plants were re-infected to satisfy Koch postulates. There were significant differences in shoot growth
of Ngundenyambi plants inoculated with root nodule bacteria isolated from root nodules of plants
from Xakao. Excluding the N fed positive control, strain BUAN316/XAK-Ng65A and

BUAN316/XAK-Ng65B induced significant highest shoot biomass (Table 4.3.2).

BUAN316/XAK-Ng64A induced the least shoot growth of 0.06 g/plant as comparable to 0.03
g/plant of the negative control. Strains inducing significantly higher shoot weight displayed a
similar trend in root growth with the highest root weight induced by of strain BUAN316/XAK-
Ng65A and BUAN316/XAK-Ng65B. Strains BUAN316/XAK-Ng64B and BUAN316/XAK-

Ng64A had similar weight of 0.03 g/plant which was 0.02 g higher that the negative control.
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There were significant differences in number of nodules formed with the highest induced by
BUAN316/XAK-Ng65B followed by BUAN316/XAK-Ng65A, BUAN316/XAK-Ng64B and
BUAN316/XAK-Ng64A respectively at 66, 58, 31 and 14. Strain BUAN316/XAK-Ng65A
induced significantly highest nodule weight (170.0 mg/plant) while BUAN316/XAK-Ng64A

induced the least nodule weight of 26 mg/plant.

Table 4.3.3: Growth and nodulation of Vigna unguiculata subsp Denkindtiana (Monawana)
inoculated with root nodule bacteria isolated from its root nodules sample from various ecological

zones of Botswana

Strain Nod Fix Shoot DM Root DM Nodules Nodule weight
(g.plant?) (g.plant™) plant? (mg.plant?)
BUAN3L16/NGA-M027A + 0.57+0.22ab  0.25+0.10ab  7.00+2.08a  53.33+14.55c
BUAN316/NGA-Mo27B  + 0.25+0.05bc  0.09+0.01bc  4.00+0.33ab 96.67+29.09a
BUAN316/NGA-Mo28 - - 0.04+0.01c 0.02+0.00c na na
BUAN316/NGA-Mo29 - - 0.02+0.00c 0.01+0.00c na na
BUAN316/QAB-Mo46 + - 0.0740.02c 0.07£0.01c  3.00+1.76b  31.67+11.56b
BUAN316-MoC+ - - 0.77+0.04a  0.40+0.02a na na
BUAN316-MoC- - - 0.04+0.01c 0.03+0.00c na na
F statistics 12.77%** 14.84*** 7.66*** 8.95***

Values shown are means +£SEM. SEM = standard error of means. Star(s) indicate significant difference at p < 0.001,
p <0.01 and p <0.05 (***, ** and * respectively). In a column means followed by dissimilar letter(s) are significantly
different from each other according to Duncan multiple range test. Nod +or - = positive or negative nodulation, Fix +
or - = positive or negative fixation. Nodule weight = fresh nodule weight, DM = Dry weight. na = not applicable due
to no nodulation.

Three out of five bacterial isolates were able to re-infect Monawana during authentication (Table
4.3.3). There was significant growth of Monawana plants inoculated with root nodule bacteria
isolated from Monawana plants harvested in the wild in different agro ecological zones. Apart
from the nitrate fed plants which induced the highest shoot and root mass, BUAN316/NGA-

Mo27A induced the next highest shoot growth with a shoot biomass of 0.57 g/plant, followed by
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BUAN316/NGA-Mo027B and BUAN316/QAB-Mo46. Strains BUAN316/NGA-Mo028,
BUAN316/NGA-Mo029 and BUAN316/QAB-Mo046 were equal to the negative control. A similar
trend was observed in root growth, with strain BUAN316/NGA-Mo027A inducing the highest root
growth with a biomass of 0.25g/plant followed by BUAN316/NGA-Mo027B and BUAN316/QAB-

Mo46 respectively at 0.09 and 0.07g/plant.

Bacterial strains BUAN316/NGA-Mo028 and BUAN316/NGA-Mo029 induced root growth of the
same magnitude as the negative control. Nodule number was highest in plants inoculated with
strain BUAN316/NGA-Mo27A. However, nodule weight was significantly highest for plants

inoculated with BUAN316/NGA-Mo027B and not BUAN316/NGA-Mo27A.
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Table 4.3.4: Growth and nodulation of Chamaecrista absus inoculated with root nodule bacteria

isolated from its root nodules sample from Ngarange

Strain Nod Fix ShootDM  Root DM Nodules Nodule weight
(g.plant™) (g.plant®) plant? (mg.plant?)

BUAN316/NGA-Cal - 0.06+0.02b  0.02+0.0l1ab na na
BUAN316/NGA-Ca3 - 0.06+0.01b  0.03+0.01ab na na
BUAN316/NGA-Cab + 0.07+0.01b  0.03+0.00ab  3.00+0.58b nd
BUAN316/NGA-Ca8 + 0.09+0.01b  0.03+0.01ab  5.00+1.15a nd
BUAN316-CaC+ - 0.16£0.01a  0.06+0.00a na na
BUAN316-CaC- - 0.06+0.01b  0.02+0.01b na na

F statistics 8.03** 3.06% 9.00**

Note: Values shown are means +SEM. SEM = standard error of means. Star(s) indicate significant difference at p <
0.001, p <0.01 and p < 0.05 (***, ** and * respectively). In a column means followed by dissimilar letter(s) are
significantly different from each other according to Duncan multiple range test. Nod +or - = positive or negative
nodulation, Fix + or - = positive or negative fixation. Nodule weight = fresh nodule weight, DM = Dry weight. na =
not applicable due to no nodulation, nd = not determined due to small size.

Two out of four strains formed root nodules on plant roots. There were no significant difference
in the shoot and root masses of C. absus plants inoculated with the various root nodule bacteria.
Besides the N fed plants, strain BUAN316/NGA-Ca8 induced the highest shoot growth followed
by BUAN316/NGA-Ca6 with 0.07g/plant (Table 4.3.4. However, strain BUAN316/NGA-Cal and
BUAN316/NGA-Ca3 had a shoot mass equal to the negative control at 0.06g/plant. Similar trends
were noted in root growth where strains BUAN316/NGA-Ca8, BUAN316/NGA-Ca6 and
BUAN316/NGA-Ca3 induced the highest root growth of 0.03g/plant. Different strain induced
significant nodule number with BUAN316/NGA-Ca8 which induced the highest shoot and root
growth also producing higher nodule number (5) compared to strain BUAN316/NGA-Ca6 with 3

nodules (Table 4.3.4).
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Table 4.3.5: Growth and nodulation of Zornia glochidiata inoculated with root nodule bacteria

isolated from its root nodules sample from Ngarange

Strain Nod Fix Shoot DM Root DM Nodules Nodule weight
(g.plant?) (g.plant?) plant? (mg.plant?)

BUAN316/NGA-Zg71 - - 0.03+0.01a  0.02+0.00a  na na
BUAN316/NGA-Zg73 - - 0.01£0.00a  0.01+0.00a  na na
BUAN316-ZgC+ - - 0.35+0.04a 0.03£0.00a na na
BUAN316-ZgC- - - 0.13+0.00a  0.01+0.00a  na na

F statistics 0.86ns 0.95ns

Note: Values shown are means +SEM. SEM = standard error of means. In a column means followed by dissimilar
letter(s) are significantly different from each other according to Duncan multiple range test. Nod - = negative

nodulation, Fix - = negative fixation. Nodule weight = fresh nodule weight, DM = Dry weight. ns = not significant,
na = not applicable due to no nodulation.

None of the two bacterial isolates were able to induced nodulation on the roots of Zornia
glochidiata, the host from whose root nodules they were isolated from Ngarange (Table 4.3.5).
There were no significant differences in the shoot and root masses of inoculated plants (Table

4.3.5),
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Table 4.3.6: Growth and nodulation of Tephrosia purpurea inoculated with root nodule bacteria

isolated from its root nodules sample from various ecological zones of Botswana

Strain Nod Fix Shoot DM Root DM Nodules Nodule weight
(g.plant™) (g.plant™) plant? (mg.plant?)

BUAN316/LKD-Tpl - - 0.06+£0.00cd  0.03+0.00b  na na
BUAN316/XAU-TpB1 - - 0.04+0.01cd  0.02+0.00b  na na
BUAN316/LKD-Tp2A  + + 0.09+0.00bc  0.05+0.00a  3.00+2.00a nd
BUAN316/XAU-Tp2B + + 0.12+0.01ab  0.05+0.00a  3.00+0.00a nd
BUAN316-TpC+ - - 0.16+0.01a 0.06+0.00a  na na
BUAN316-TpC- - - 0.04+0.01d 0.02+0.00b  na na

F statistics 18.44%*** 16.44%** 145ns

Values shown are means £SEM. SEM = standard error of means. Star(s) indicate significant difference at p < 0.001,
p <0.01 and p <0.05 (***, ** and * respectively). In a column means followed by dissimilar letter(s) are significantly
different from each other according to Duncan multiple range test. Nod +or - = positive or negative nodulation. Fix +
or - = positive or negative fixation. Nodule weight = fresh nodule weight. DM = Dry weight. ns= not significant, na =
not applicable due to no nodulation, nd = not determined due to small size.

Half of the bacterial isolates from Tephrosia purpurea induced N2 fixing nodules with a pink
interior. There were significant differences in the shoot biomass of Tephrosia purpurea inoculated
with root nodule bacteria isolated from the root nodules of Tephrosia purpurea collected in the
natural ecosystem from different ecological zones of Botswana. Strain BUAN316/XAU-Tp2B
induced the highest shoot growth, similar to biomass from 5mM NOs3 fed plants. Bacterial strains
that induced significantly higher shoot mass equally induced higher root growth such as strain
BUAN316/XAU-T2B and BUAN316/XAU-T2A followed by BUAN316/LKD-Tpl whereas

BUAN316/XAU-TpB1 was similar to the negative control (Table 4.3.6).
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Table 4.3.7: Growth and nodulation of Indigofera daeloides inoculated with root nodule bacteria

isolated from its root nodules sample from Nxamasere

Strain Nod Fix Shoot weight Root DM Nodules  Nodule weight
(g.plant?) (g.plant™) plant? (mg.plant™)

BUAN316/NXA-1d19 - - 0.14+0.00b 0.040+0.01ab na na

BUAN316/NXA-1d23 - - 0.14+0.01b 0.037£0.01b  na na

BUAN316-1dC+ - - 0.18+0.01a 0.07+0.00a na na

BUAN316-1dC- - - 0.06+0.01c 0.03+0.00b na na

F statistics 75.42%** 5.95**

Values shown are means +SEM. SEM = standard error of means. Star(s) indicate significant difference at p < 0.001,
p <0.01 and p <0.05 (***, ** and * respectively). In a column means followed by dissimilar letter(s) are significantly
different from each other according to Duncan multiple range test. Nod - = negative nodulation, Fix - = negative
fixation. Nodule weight = fresh nodule weight, DM = Dry weight. na = not applicable due to no nodulation.

The two bacterial isolates isolated from Indigofera daleoides did not induce N2 forming nodules
on the roots of Indigofera daleoides sampled from Nxamasere. Interestingly, plants inoculated
with the two strains exhibited significantly higher shoot biomass compared to the negative control.
Strains inducing higher shoot growth equally induced significant higher root growth with strains
BUAN316/NXA-Id19 and BUAN316/NXA-1d23 respectively having the highest mass of

0.04g/plant and 0.037g/plant compared to 0.03g/plant from the negative control (Table 4.3.7).

Table 4.3.8: Growth and nodulation of Vigna unguiculata L. (Walp.) inoculated with root nodule
bacteria isolated from its root nodules sample from various ecological zones of Botswana
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Strain Nod Fix Shoot DM Root DM Nodules Nodule weight
(g.plant?) (g.plant™) plant* (mg.plant™)
BUAN316/LKD-Vul - 0.15£0.03b  0.05+0.01d na na
BUAN316/LKB-Vu4 - - 0.23£0.01b  0.06+ 0.0d na na
BUAN316/KOK-Vu8B + + 0.26£0.07b  0.14+0.02bc 6.00+1.20ab  36.29+20.98a
BUAN316/KOK-Vul2 + +  0.23450.05b 0.08+0.0l1cd 4.00+0.88b  28.833+2.24a
BUAN316/LKD-Vu45 - - 0.13+0.01b  0.06+0.01d na na
BUAN316/QAB-Vu48 + + 117+£0.26a 0.26£0.03a 7.00£3.39a  43.33+23.36a
BUAN316/LKD-Vu57A - - 0.18+£0.02b  0.08+0.01b na na
BUAN316/LKD-Vu57B - - 0.20+£0.07b  0.10+0.02b na na
BUAN316/LKB-Vu59 - - 0.23+0.05b  0.12£0.04c na na
BUAN316/LKB-Vu60 - - 0.21+£0.05b  0.10+0.0lcd na na
BUAN316/LKD-Vu79 - - 0.16+0.04b  0.05+0.02d na na
BUAN316/LKD-Vu90 - - 0.13£0.01b  0.07+£0.00dc na na
BUAN316-VuC+ - - 1.18+0.05a  0.22+0.00ab na na
BUAN316-VuC- - - 0.16+£0.02b  0.07£0.02c na na
F statistics 23.7%** 14 49*** 8.54*** 5.8%**

Values shown are means #SEM. SEM = standard error of means. Star(s) indicate significant difference at p < 0.001,
p <0.01 and p <0.05 (***, ** and * respectively). In a column means followed by dissimilar letter(s) are significantly
different from each other according to Duncan multiple range test. Nod +or - = positive or negative nodulation, Fix +
or - = positive or negative fixation. Nodule weight = fresh nodule weight, DM = Dry weight. na = not applicable due
to no nodulation.

Three out of twelve cowpea isolates were able to induce nodules on the roots of cowpea Black eye
variety. There were significant differences in cowpea shoot growth induced by root nodule bacteria
isolated from cowpea sampled in farmer’s fields under various agro-ecological zones of Botswana.
Strain BUAN316/QAB-Vu48 induced the highest shoot growth with a shoot mass of 1.17 g/plant,
similar to N fed positive control plants. Plants inoculated with the other two isolates that induced
nodules had biomass similar to that of those of non-nodulated plants and the negative control

(Table 4.3.8).

Bacterial strains inducing significant higher shoot growth correspondingly induced higher root
growth. For example strain, BUAN316/QAB-Vu48 had significant highest root mass of

0.26g/plant similar to that of the N fed plants. Among the nodulating strains, BUAN316/QAB-
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Vu48 induced significantly highest number of nodules (7nodules/plant) closely followed by
BUAN316/KOK-Vu8B with 6 nodules/plant. Formed nodules displayed significantly different
fresh weight which followed the nodule number trend where strain BUAN316/QAB-Vu48 and

BUAN316/KOK-Vu12 respectively had the highest and lowest nodule weight (Table 4.3.8).

Table 4.3.9: Growth and nodulation of Arachis hypogea inoculated with root nodule bacteria

isolated from its root nodules sample from various ecological zones of Botswana

Strain Nod Fix Shoot DM Root DM Nodules Nodule weight
(g.plant?) (g.plant) plant? (mg.plant?)

BUAN316/LKD-Ah1A 0.29+0.04bc  0.11+0.00ab  41.00+11.23a nd
BUAN316/LKD-Ah1B 0.27+£0.05bc  0.11+0.03ab  28.00+5.14ab nd
BUAN316/KOK-Ah5 0.17+£0.07bc ~ 0.08+0.05ab na na
BUAN316/LKB-Ah10 0.25+0.05bc  0.13+0.01ab  20.00+4.00b  nd
BUAN316/KOK-Ah13 0.12+0.02b 0.03+0.01b  na na
BUAN316/LKD-Ah18 0.2840.05bc  0.09+0.0lab na na
BUAN316/GRT-Ah37B 0.43+0.12abc  0.18+0.06ab na na
BUAN316/GRT-Ah37C 0.54.28+abc  0.16+0.08ab na na
BUAN316/GRT-Ah50 1.02+0.31a 0.19+0.04ab na na
BUAN316-AhC+ 0.87.16xab 0.24+0.03a na na
BUAN316-AhC- 0.33+0.06abc  0.10+0.01ab na na

F statistics 3.94** 3.15** 13.89***

Values shown are means £SEM. SEM = standard error of means. Star(s) indicate significant difference at p < 0.001,
p <0.01 and p <0.05 (***, ** and * respectively). In a column means followed by dissimilar letter(s) are significantly
different from each other according to Duncan multiple range test. Nod +or - = positive or negative nodulation, Fix +
or - = positive or negative fixation. Nodule weight = fresh nodule weight, DM = Dry weight. na = not applicable due

to no nodulation, nd = not determined due to small size’

Three out of nine isolates induced formation on nodules of the roots of groundnut. There were
significant differences in groundnuts shoot growth induced by root nodule bacteria isolated from
groundnut sampled in farmer’s fields from different ecological zones of Botswana (Table 4.3.9).
Interestingly, strain BUAN316/GRT-Ah50 induced the highest shoot growth, surprisingly higher

than strains that nodulated groundnuts (BUAN316/LKD-AhlA, BUAN316/LKD-Ah1B,
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BUAN316/LKB-Ah10) and even more surprisingly, higher than the plants that received 5 mM
NOz". Bacterial strain BUAN316/KOK-Ah5 and BUAN316/KOK-Ah13 slightly depressed the
growth of groundnuts plants (Table 4.2.10). The trend for root biomass was similar to that of shoot
biomass with strain BUAN316/GRT-Ah50 giving the highest root dry matter. With respect to
nodulation, there were no significant differences in nodule number among the strains that induced
root nodulation but BUAN316/LKD-Ah1A had the highest number of nodules (41) followed by

BUAN316/LKD-Ah1B.
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Table 4.3.10: Growth and nodulation of Vigna Subterranea inoculated with root nodule bacteria

isolated from its root nodules sample from various ecological zones of Botswana

Strain Nod Fix ShootDM  Root DM Nodules Nodule weight
(g.plant?)  (g.plant?) plant? (mg.plant?)

BUAN316/LKD-Vs6A  + - 0.25+0.03b  0.10+0.03b  4.00+1.53b  nd
BUAN316/LKD-Vs6B  + - 0.32+0.07b  0.13+0.02b  5.00+0.33a  nd
BUAN316/LKD-Vs11 - - 0.3+0.08b 0.11+0.03b na na
BUAN316/LKD-Vs20 - - 0.23+0.01b  0.05+0.00b  na na
BUANS316-VsC+ - - 1.25+0.10a  0.25+0.03a na na
BUAN316-VsC- - - 0.11+0.03b  0.04+0.01b na na

F statistics 45,658*** 12.89*** 169***

Values shown are means +SEM. SEM = standard error of means. Star(s) indicate significant difference at p < 0.001,
p <0.01 and p <0.05 (***, ** and * respectively). In a column means followed by dissimilar letter(s) are significantly
different from each other according to Duncan multiple range test. Nod +or - = positive or negative nodulation, Fix -
= negative fixation. Nodule weight = fresh nodule weight. DM = Dry weight. na = not applicable due to no nodulation,
nd = not determined due to small size.

Two out of four bacterial strains induced nodules on the roots of Vigna Subterranea. There were
significant difference between the shoot and root biomass of the Vigna Subterranea plant fed with
5 mM KNOs and the rest. There were no significant differences in the biomass of the nodulated

and non nodulated plants besides the NOs™ fed plants (Table 4.3.10).
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5.0 DISCUSION

The experiment looked at: i) the assessment of the symbiotic performance of herbaceous legumes
in nature and in farmers’ fields and ii) isolation of root nodule bacteria, their characterization and
authentication on homologous hosts. With respect to assessing the N contribution by various
herbaceous legumes, first a plant survey was conducted in various agro-ecological zones of
Botswana (Table 3.2). A relationship between the numbers of herbaceous leguminous plants
known to fix N2 emerged. Table 3.2 shows that the Okavango Delta which receives higher annual
rainfall of up to 600 mm had many plant species compared to the Kgalagadi region which receives
less rainfall. This decline in the number of functionally No-fixing plants along an aridity gradient
was also observed by Pule-Meulenberg and Dakora (2009), who reported that tree and shrub
legume species declined with aridity, in that study they reported that the wetter Ngwaketse region
had more N»-fixing tree and shrub legumes compared to Kgalagadi region. They argued that it
meant that soil moisture was a constraint to N fixation in Botswana. According to Swap et al.

(2004), nutrient availability varied inversely with water availability.

A comparison of the symbiotic performance of the herbaceous legumes growing in the panhandle
part of the Okavango Delta revealed that all the legumes depended on N2 fixation for their N
nutrition (Table 4.1.1). All species exhibited depleted 5'°N values of less than 5 %o, indicating that
they were fixing N2 from the atmosphere. This implies that they have a significant role in the
nitrogen cycle in that area by adding nitrogen to the ecosystem and used the fixed N for supporting
their growth. The variation in N> fixation by both wild and field legumes collected from various
locations can be attributed to the differences in competitive capability and effectiveness of the
indigenous rhizobial population at each location as supported by Martins (2003), that under

different soils the rhizobial population differs in species composition and symbiotic effectiveness.
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Also, supporting studies by Giller (2001) observed that differences in N fixation were mainly due
to variability in soil physical, biological and chemical properties for both rhizobia and plants,
environmental conditions, cropping history and the management practices together with

adaptability of the symbiotic partners to environmental conditions.

It is not surprising for same legume species from different location to be showing almost similar
% Ndfa values which may be a reflection that they are nodulated by similar rhizobial strains with
related effectiveness (Table 4.2.1). This is supported by previous literature that nodulation
effectiveness was mostly determined by the rhizobial strain rather than the legume species
(Ferguson et al., 2010). Conversely, variation in N-fixation and its associated characteristics by
same legume species (example Vigna Subterranea Table 4.2.1) could be indicating the impact of

environmental factors on N fixation.

In general, when compared to legumes collected from farmer’s fields, wild legumes had higher %
Ndfa, for example, Chamaecrista absus from Ngarange totally depended on symbiotic fixation for
its N nutrition (Table 4.1.1). Higher % Ndfa shows that the legumes derived majority of N from
fixing atmospheric nitrogen, indicating that they were growing under N deficient soils compared
to field legumes. These results are consistent with (Streeter, 1988, Dakora, 1997), that under low
soil N, biological nitrogen fixation is promoted. Equally higher N fixation by wild legumes due to
low soil N status could be enhanced by the co-existence of legumes with non-legumes in natural
ecosystems. Supporting study by Cramer and Chimphango (2007) mentioned that non legumes are
beneficial for up taking and utilizing N in the soil, creating N deficiency in the soil which
sequentially boost legumes to biologically fix nitrogen to their optimal level with the consequent

improvement of %Ndfa.
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Generally field legumes are fixing substantial high amounts of N (mg/plant) however quantities of
N (kg N/ha) added by these legumes to the soils as residual N is low to sustain agriculture. Amount
of N fixed/ha is mainly determined by the total plant biomass hence increased biomass lead to
more fixed N. Ronner et al. (2012) reported that environmental factors such as moisture and
nutrient deficiencies had a negative impact on the general plant growth which has a direct impact
on the amount of N fixed. Other than environmental factors, the difference in plant biomass could

be due to different farm cultural practices applied by farmers.

Cowpea was shown to be the least fixing legume (Table 4.1.2). A study by Ronner (2012) reported
that long duration indeterminate species were fixing more nitrogen due to their longer growing
periods compared to the determinate varieties. Monocropping of legumes by local famers could
also be the reason behind low N fixation in grain legumes as supported by Rusinamhodzi et al.
(2006) that intercropping with cereals like maize or sorghum which has higher N demand causes

less N in the soil making legumes to rely more in N2 fixation.

A major cultural factor contributing to low quantities of fixed N/ha is the legume plant density
adopted by the local farmers which was below the recommended density (Table 4.1.2). Due to
these low plant densities, farmers miss the opportunity to totally depend on legumes for N
requirements for sustaining crop production. The potential N fixed, estimated from the
recommended plant density shows that legumes could fix significant levels of nitrogen sufficient
to support arable agriculture with Arachis hypogea and Vigna subterranea respectively potentially
fixing 61.8kg N/ha and 93.7 kg N/ha. These amounts of N fixed can sustain sorghum and maize
crops under subsistence farming which are fertilized with N rich fertilizer, 2:3:2 (22) at a rate of
200kg/ha. These results support a previous study by Naab et al. (2009), that N> fixation in Ghana

required cowpea plant density optimization instead of manipulating the symbiotic process.
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Supporting findings by Kassam (2009) indicated that Africans could sustain sustainable crop

production by changing the cropping styles including intensive legume plantation.

To verify the cause of variation in the level of nitrogen fixation by wild herbaceous legumes and
field grain legumes, root nodules were collected from the sampled legumes in order to isolate the
associated microsymbionts. Fifty seven strains exhibiting varying colony morphological and
biochemical characteristics (Table 4.2.1) as well as different nodulation and N»-fixing abilities
(Tables 4.3.1 — 4.3.10) were isolated. Of the 57 bacterial isolates, close to a half (26) nodulated
their homologous hosts. Although twenty six strains nodulated their homologous host, only 17
fixed No. Without identification of bacteria, it is hypothesized that the other bacterial endophytes
may be there as plant growth promoting bacteria (PGPB). For instance, BUAN316/GRT-Ah50
isolated from groundnut, did not nodulate and yet induced the highest biomass production (1.02
g/plant), more than plants that received 5 mM NO3™ (0.87 g/plant), that is, 15 % more. In some
cases, for example, for C. sphaerocarpa, eight out of 11 isolates formed nodules (Table 4.3.1),
although only six symbiotically fixed N2, whereas in others, all strains failed to nodulate (Table
4.3.5). It is not uncommon to isolate non-symbiotic endophytes from nodules (Li et al., 2008).
Their function could be varied, ranging from siderophore production, phosphate solubilization,
cellulase activity, xylanase activity, antibiotic resistance and so on (Pule-Meulenberg et al.,
unpublished data). Excluding the rhizobia, single nodule could harbor various endophytic bacteria
(up to four in this study). Concurring with these findings, Hassan (2013) mentioned that multi-
rhizobia characterized with different genetically traits can nodulate one host legume leading to
superior plant growth, with non-uniform nodules in which bigger ones harbor superior rhizobia.

Also, Rambaugh et al. (1990) demonstrated that the symbiotic performance of a double strain
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inoculant of Rhizobium leguminosarum was 2.5 times superior to their sole counterparts in

subterranean clover.

Through staining and microscopic examination results reveal that all the root nodule isolates were
Gram negative, cementing the fact that they are bacteria Tamas et al. (2010). Cultures took
different days to show visible colony growth, acid producing fast growing strain took less than
five days. Majority of the colonies were slow growers, alkaline produces and taking more than six
days to show visible growth. These results are also in agreement with studies by Ndushwa (2013)
that bacterial strains were categorized in fast and slow growers based on their growth rate on Yeast
Manitol Agar incubated under dark conditions at 28°C. The variation in the intensity of the pink
color change of the medium on the Congo red test is corroborated by previous researches which
has shown that generally rhizobia absorbs the dye weakly when compared to other bacteria such

as Agrobacterium which strongly absorbs the dye.

A number of root nodule bacterial strains with the potential for inoculant due to amount of dry
matter produced were found. These include strains such as BUAN316/QAB-Vu48 (Table 4.3.8)
which nodulated cowpea and BUAN316/XAU-Cs70B (Table 4.3.1) which nodulated C.
sphaerocarpa. Strains that were not significantly different to the positive control plants shows that
they were highly effective taking into consideration the time they took to establish symbiosis after
inoculation and the termination period before they could reach their potential fixation stage. This
was in agreement with previous literature that legumes reach their potential fixation during early
flowering stage, normally 45 days after inoculation however, termination was done earlier. With
such performance, if plants were allowed to grow till flowering, majority of strains could have

outcompeted the positive control plants.
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Except for the controls, plant biomass corresponding to nodulation presence, concurring with
previous literature that nodules are a site for biological nitrogen fixation therefore bigger nodules
were equated to increased N fixed. Fixed nitrogen in the nodules is then channeled to the upper
parts of host plant and utilized for vital enzymatic reaction such as photosynthesis because it is a
major constituent of chlorophyll consequently deep green leaf coloration, improved plant growth,
enhanced dry matter quality and quantity (Uchida, 2000). These results corroborates the findings
by Mfilinge and Ndakiemi (2014) that inoculation by Rhizobium cicerea produced significantly
higher nodule number, nodule fresh weight, active nodule per plant and general plant growth

compared to the negative control plants.

Generally, treatments that failed the Koch’s postulate had higher biomass in comparison to the
negative control plants which could be a result of the Plant Growth Promoting Rhizobacteria
(PGRP). Corroborating findings by Majeed (2015) noted that other than nitrogen fixation rhizobia
inoculation offers plants growth promotion phytohormones aiding in improving biological
processes such as photosynthesis and solubilizing organic phosphate consequently elevated plant
growth. These phytohormones; indolacetic acid (IAA), gibberellins and cytokinins, iron-
sequestering siderophores, phosphate-solubilizing enzymes and 1-aminocyclopropane-1-
carboxylate (ACC) deaminase (Bhattacharjee et al., 2008). Similar studies by Glick (2015) found
that ACC deaminase was responsible for lowering plant ethylene levels which in turn promoted
root development and elongation consequently improving plant nutrient uptake in the rhizosphere
leading to increase in total plant biomass. Inoculated plants were seen to be resistant to rust
diseases symbolizing that bacterial inoculation suppress pathogen attack to plants, concurring with

El-Gali (2012) on the study of rhizobacterial effects in suppressing root rot disease in cowpea,

70



concluded that bacterial inoculation was a sustainable way of controlling pathogens offering

alternative benefit to agrochemicals.
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6.0 CONCLUSION

Results from this dissertation have shown that the diversity of indigenous herbaceous legumes
decreased with increasing aridity. Herbaceous indigenous legumes play an important role in
cycling of N in the soils of Okavango Delta. Even though wild legumes fixed more N compared
to field legumes, %Ndfa for most of the farms were above 50% indicating that they largely
depended on symbiotic fixation for their N nutrition. If only local farmers could improve legume
plant densities, biological N> fixation on farmer’s field from Tswapong and Okavango Delta could

potentially supply the much needed N for the growing legumes and the subsequent cereal crops.

This dissertation has also demonstrated that various legumes are nodulated by more than single
root nodule bacteria exhibiting various morphological characteristics. These root nodule bacteria
also showed varied N> fixation capacity. Not all of the authenticated strains fixed N> however,
majority of the bacterial strains induced significantly improved growth to its host which was
suspected to be due to their Plant Growth Promoting effects. Taken together these results shows
that highly fixing indigenous leguminous plants as well as some of the isolated rhizobial strains
have potential for development of elite rhizobial strains as well as Plant Growth Promoting
Rhizobacteria (PGPRs) potential for use as inoculant for improving N fixation consequently

increasing food security and mitigate climate change.

6.1 RECOMMENDATION

Farmers should intensify legume crop production through raising their plant densities in the fields
so that they are in good position to benefit more from biological nitrogen fixation which can offer
N levels higher enough to sustain agricultural crop production without any need to rely on chemical

fertilizers for improving soil fertility.
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In addition to improving legume densities, farmers can adopt improved cultural practices

including; timely planting, use of improved varieties and nodulating legumes.

Using the § *°N Analysis future researchers should quantify the amount of N fixed by field legumes

grown under optimal population densities.

Farmers should also domesticate the highly fixing legumes species thus including them in their

rotational systems and intensively utilizing them as N rich animal feeds.

Future studies should focus on identifying the rhizobial strains that tested positive on

authentication.

Researches in future should test the plant growth promotion effects of the isolated root nodule

bacteria in the laboratory and on the field.

Future studies must focus on testing the competitive ability of the isolated strains against the native

rhizobia under field conditions from various agro ecological zones of Botswana

Effective bacterial strains from wild legumes should also be tested for their host range on wide

range of field legumes under field condition.

Researchers should focus in gene transfer from superior strains isolated from the wild legumes

into those strains isolated in field legumes.
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