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Local factors have the potential to generate genetic structure within species if populations
respond differently to varying environmental conditions across their geographic range. In this
project, spatial genetic structure was examined in the legume, Chamaecrista fasciculata, its
symbiotic nitrogen fixing bacteria, and rhizosphere microbiomes. In the first chapter, the aim
was to test for genetic structure among populations of C. fasciculata in the Southeast and to
evaluate whether phenotypic variation in leaf pubescence is associated with genetic divergence
among populations, which would be consistent with local adaptation. My results did not detect a
significant association between genetic structure and phenotypic variation in leaf pubescence, but
the role of environmental variables in generating the observed patterns of spatial genetic
variation in C. fasciculata was demonstrated. In the second project, I analyzed genetic structure
within a single population to test for the presence of fine-scale genetic structure of the host plant
and to determine if genetic structure of symbiotic nitrogen-fixing rhizobia is influenced by host
plants. Neighboring plants are expected to be more genetically similar than distant plants. If this
expectation is supported and genotype x genotype interactions are important in this system, then
I anticipated that spatially close host plants would show more genetically similar microbiota in

their nodules and rhizospheric soil than distant host plants. The results indicated fine-scale
genetic structure for both host plants and nodulating rhizobia, suggesting that the both organisms
are influenced by similar mechanisms structuring genetic diversity or shared habitat preferences.
In the third project, I characterized fine-scale structure and diversity of microbial communities of
the rhizosphere of host plants within a single population. The results revealed significant
differences in bacterial and fungal communities among host plants and a significant association
between genetic distance of both microbial communities and spatial and plant genetic distances.
These data confirm the importance of plant genotype and physical distance in shaping the genetic
structure and diversity of bacterial and fungal communities of the rhizosphere. Overall, this study
enhances our understanding of the degree to which intraspecific genetic variation in plants
influences the diversity and structure of soil microbial communities.
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CHAPTER I
INTRODUCTION
Genetic structure and its association with phenotypic variation
Genetic structure describes the total genetic diversity and its distribution within and
among a set of populations. It is shaped by many factors, including life history, population size,
geographical or environmental barriers, gene flow, selection and population crashes or
bottlenecks (Charlesworth 2009; Slatkin 1987; Wright 1932). The concept of genetic structure
was theorized from observations that plant populations have nonrandom spatial distributions
(Allard 1975; Brown et al. 1978, Linhart et al. 1981). Within a plant species, environmental
heterogeneity has the potential to influence the distribution of genetic variation among
populations (Antonovics et al. 1971; Linhart and Grant 1996; Mitton 1997). Geographic and
physical barriers often constrain the movements of individuals and thereby impose a degree of
genetic subdivision or population genetic structure on most species (Slatkin 1987).
Phenotypic variation due to underlying heritable genetic variation is a fundamental
prerequisite for evolution by natural selection, which affects the genetic structure of a population
indirectly via the contribution of phenotypes (Lewontin 1970). It is generally accepted that
phenotypic diversity within a population or species is produced by differences in alleles and
differences in environmental inputs that modify gene expression (Hallgrimsson and Hall 2005;
Charlesworth and Charlesworth 2010). In plants, one set of processes leading to population
genetic structure could be the joint effects of pollen and seed dispersal (Zanella et al. 2011) such
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that, due to limited dispersal events, phenotypic differentiation between populations could occur.
Campbell and Dooley (1992) believe that most species should exhibit genetic structure, and in
some populations, significant genetic structure over small distances results from restricted seed
dispersal. Beside the impacts of pollen and seed dispersal, exogenous variables such as those
related to climate and soil act on plant communities and may stimulate phenotypic differentiation
among populations (Sultan 1987). Factors such as nutrient availability, climate, history,
herbivory and plant–soil feedback are known to shape plant communities and drive phenotypic
variation in those communities (Grime 2001; Klironomos 2002).
Legume rhizobia symbiosis
Bacteria that are capable of nitrogen fixation are called rhizobia. Legumes (Fabaceae)
have evolved mutualisms with these bacteria and house them in anaerobic root nodules. Rhizobia
appear to have diverged well before the existence of legumes and probably before the appearance
of angiosperms (Turner and Young 2001). Therefore, nodulation capacity is thought to have
been acquired after bacterial divergence (Hirsch et al. 2001). Rhizobia include the genera
Rhizobium, Bradyrhizobium, Mesorhizobium, and Sinorhizobium (Denison and Kiers 2004). It
has been suggested that the success and diversification of legumes (est. 20,000 species; Cronk et
al. 2006) may have been influenced by their symbioses with rhizobia (Martínez-Romero and
Caballero-Mellado 1996; Sprent 2009). Legume-rhizobium symbioses often exhibit a high
degree of specificity (Kouchi et al. 2010) that is determined by molecular signals facilitating
communication between rhizobia and their legume hosts (Yang et al. 2010). Like taxonomic
diversity, functional variation of symbioses with rhizobia has been demonstrated in numerous
studies. For example, Heath et al. (2010) found that plant fitness varied among combinations of
Medicago truncatula, the host, and Sinorhizobium meliloti, the symbiont grown in Parker (1999)
2

has also revealed that variation in plant fitness among rhizobia strains is geographically
structured. The study of variation in functional traits and plant fitness, which can be interpreted
as local adaptation to specific symbionts in the soil, has been targeted in some experiments.
Provorov et al. (2012) showed that adaptive evolution of rhizobia is associated mainly with their
interactions with local host plants. In another study, Mandri et al. (2011) identified a correlation
between higher nodulation and phosphatase activities and inoculation of host plants with local
rhizobia. Therefore, evaluating genetic structure of nitrogen-fixing bacterial symbionts in
association with geographic distance and genetic structure of the host plant will be quite
informative on legume rhizobia symbiosis.
Fine-scale genetic structure and spatial autocorrelation in host plant and its associated
microbiome
Many ecological theories and models acknowledge that elements that are close to one another
in space or time are more likely to be influenced by the same generating processes (Franklin and
Mills 2003). Spatially close communities are more similar than expected by chance, and this
similarity decays with distance (Ettema and Wardle 2002). Spatial autocorrelation is a
consequence of dispersal limitation. Fine-scale genetic structure (SGS) within populations, defined
as nonrandom patterns of genetic affinity over relatively small spatial scales (Smouse et al. 2008),
not only impacts the evolutionary potential of a species, but it also indicates the role of ecological
factors that shape populations (Campbell and Dooley 1992; Loiselle et al. 1995). Some reasons
have been suggested for the presence of fine-scale genetic structure in plants, such as non-random
fertilization with respect to physical distance among parents (Fenster and Sork 1988), and rare
long-distance gene flow (Thomson and Thomson 1989). There are many ecological factors that
can affect genetic structure of populations; for example, outcrossing enforces pollen movement,
3

increasing the probability of long-distance gene flow, which prevents population differentiation
for neutral alleles (e.g. Slatkin and Maruyama 1975; Slatkin 1976). Insect-pollination compared to
wind pollination has the potential to enhance genetic structure across the landscape and
consequently increases fine-scale genetic structure (e.g. Augspurger 1980; Frankie and Haber
1983). Limited seed movement in gravity-dispersed species reduces effective population size and
promotes interpopulation genetic structure (e.g. Bullock and Primack 1977; Beattie 1978). Annual
life cycle increases susceptibility to drift due to bottleneck effects and as a result promotes local
subdivision and fine scale genetic structure (e.g. Levin and Wilson 1978; Brown 1979).
Many factors, such as physical and chemical properties of soil, plant genotype and stage
of plant development, directly or indirectly influence soil microbial community composition
(Lundberg et al. 2012; Marques et al. 2014; Schreiter et al. 2014; Qiao et al. 2017). Plants have a
particularly close association with microbes belowground because root exudates known as
rhizodeposits are important sources of carbon and other nutrients that heterotrophic microbes
require (Hartmann et al. 2009). It has been suggested that close association between plants and
microbes may be the result of active selection by plants for certain soil microbes or shared
habitat preferences by plants and microbes (Bever et al. 2010) because spatially close biological
communities are more similar than expected by chance and this similarity decays with distance
(Ettema and Wardle 2002). Limited dispersal ability of bacterial cells in the soil due to passive
means is expected to maintain structure if there is not extensive soil disturbance. Therefore, it is
most likely that dispersal limitation does influence patterns of microbial distribution (O’Malley
2007; Rout and Callaway 2012), and with host influence on rhizobia abundance, spatial
autocorrelation of soil rhizobia communities is expected (Ettema and Wardle, 2002; Fierer and
Ladau 2012).
4

Nodulating rhizobia, which begin as free-living soil microbes, also experience variable
selection as a result of changes in host genetic identity, resource availability, temperature,
moisture and the soil biotic community. Both interspecific (Vuong et al. 2017; Pahua et al. 2018)
and intraspecific (Heath and Tiffin 2007; Rangin et al. 2008; Crook et al. 2012) genetic variation
of hosts influence selection on nodulating rhizobia. Even variation at a single host gene can have
dramatic effects on strain occupancy and fitness in nodules (Kim et al. 2015). For plant hosts
containing heavy seeds that are primarily dispersed by gravity, seedlings are expected to be near
maternal plants. As a result, within a natural population, host plants and rhizobia symbionts are
expected to develop an isolation by distance pattern. The presence of significant genotype x
genotype interactions between plants and their symbionts is expected to reinforce this pattern at
fine spatial scales.
Study system
Chamaecrista fasciculata (Michx.) Greene is an annual sub-erect native legume
(Fabaceae) that is widely distributed in the eastern U.S. It exhibits intraspecific morphological
variation and wide ecological tolerance of different soil types and habitats (Irwin and Barneby
1982). Some taxonomists have named distinct infraspecific taxa based on morphological and
ecological variation. This species exhibits a high degree of phenotypic variation in some
characters, especially stem and leaf pubescence (Isely 1975). Geographic variation in these
characters suggests that there may be local adaptation associated with these traits. Based on
many observations, leaf pubescence has been reported across latitudes, although in accordance
with Isley’s (1975) and Pullen’s (1963) observations and personal observations, the frequency of
this character increases towards coastal areas of the Deep South. Variation in the shape of extrafloral nectaries and flower and anther color have also been detected within and among
5

populations (Pullen 1963; personal observation). As a result of the phenotypic variation detected
across its range, the taxonomy for the species is somewhat fluid. It is unclear what causes this
variation across the species specifically, but Pullen’s (1963) work suggested it was not due to
phenotypic plasticity. A combination of abiotic factors such as temperature, precipitation, soil
factors, and pH, as well as biotic factors like insect herbivores and pathogens may be involved in
driving the observed phenotypic variation.
Because of its ability to harbor nitrogen-fixing rhizobia, C. fasciculata is an important
species in many natural ecosystems. Plant hosts that are genetically differentiated have the
potential to select different sets of symbionts available in the soil in different locations, bringing
about genotype x genotype interactions that influence the fitness of both partners. This suggests
that the genetic and the community structure of symbionts are likely subject to selective
pressures of the plant host and that they may be locally adapted to their hosts. Thus, finding
genetic differentiation among host plant populations with high phenotypic variation could
suggest some degree of local adaptation to abiotic and biotic factors.
The studies comprising this dissertation focused on understanding genetic and geographic
structure in the host plant, C. fasciculata and symbiotic microbes of the root nodules and
rhizsosphere. Bradyrhizobium is the only known genus of nodualting symbionts for this species
(Parker 1999; Parker and Kennedy 2006; Koppell and Parker 2012; Dorman and Wallace 2015).
In the first study, I considered the phenotypic variation in the leaf pubescence of C. fasciculata
and tested the hypothesis that this phenotypic variation reflects an underlying population genetic
structure using a set of microsatellite loci and populations across Mississippi and Alabama. The
results from this study aid in understanding whether populations are evolving in geographic
blocks connected by repeated gene flow or in relative isolation. Although genetic variation has
6

been characterized in this species previously (e.g. Fenster 1991, 2000; Fenster et al. 2004;
Etterson 2004; Ericson and Fenster 2006; Abdala-Roberts and Marquis 2007; Mannouris and
Byers 2013; Stanton-Geddes et al. 2013; Bueno et al. 2019), no genetic studies have focused on
populations in the southernmost part of the distribution where novel phenotypic variation may
exist. Thus, the results of this study have implications for understanding how genetic variation is
structured in C. fasciculata at the southern edge of its distribution, as well as infraspecific
classification of distinct lineages.
In the next study, I examined genetic variation at a finer scale (i.e., within a single
population) and sought to determine if plant hosts and their symbionts show congruent patterns
of genetic structure. I expected that plants in close physical proximity would be more genetically
similar than those more distant from one another due to having gravity dispersed seeds. Dorman
and Wallace (2019) previously demonstrated that Bradyrhizobium are phylogenetically diverse
within a sample site yet do not show strong genetic structure across large geographic distances,
suggesting that the scale at which successful symbioses are established may be very fine and
determined by plant x rhizobia genotypic interactions, rather than soil traits. Thus, I also
expected that nodulating rhizobia would exhibit a spatial scale of genetic structure that is
concordant with their host plants due to genotype x genotype interactions, limited dispersal of
bacteria in the soil, and enhancement of a suitable symbiont pool from continual host plant
presence. Studying how genetic structure of nodulating bacteria might be affected by local host
genetic diversity and environmental heterogeneity represents a critical step towards a general
perception of plant–microbial mutualisms.
In the last study, I expanded my view of within-population structure by characterizing
diversity of rhizosphere microbiomes associated with C. fasciculata. Three hypotheses were
7

tested in this chapter: host plants exhibit an isolation by distance pattern because of limited seed
dispersal, rhizosphere microbial communities vary in association with plant genotypic variation,
and microbial communities exhibit fine-scale structure that decays with distance. This study
extends investigation of plant-microbe interactions to those bacteria and fungi living in proximity
to the roots and evaluates their diversity across host plants. If genotypic variation of host plants
is important in plant-microbe interactions and bacteria are dispersal-limited in the soil, then it is
expected that plants with more similar genotypes will have more similar microbial communities
and that microbial communities will become less similar with increasing physical distance. This
study provides a better understanding of how plant genotype can influence soil microbial
community structure at the finest spatial scales of interaction as by analyzing microbial
community diversity and structure, I develop insight about the ecology, evolution and physiology
of these interactions, which are key to plant health.
Collectively, this dissertation tests that genetic structure in C. fasciculata exists at
multiple spatial scales and influences its phenotypic diversity and interactions with endophytic
and free-living microbial communities. Studies of genotype x genotype interactions with
nodulating symbionts and soil microbial communities help to understand the presence of local
adaptation in plants and microbes. Furthermore, characterization of the finest spatial scales in
interactions between legumes and rhizobia and identifying how genetic structure of microbial
communities might be influenced by plant host diversity and environmental heterogeneity
represents a critical step towards a deeper understanding of plant–microbial interactions.
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CHAPTER II
GENETIC STRUCTURE AND PHENOTYPIC DIVERSITY IN CHAMAECRISTA
FASCICULATA (FABACEAE) AT THE SOUTHERN EXTENT OF ITS RANGE
Introduction
The concept of genetic structure, or the nonrandom distribution of alleles and genes in
space and time (Loveless and Hamrick 1984), was theorized from observations that plant
populations have nonrandom spatial distributions (Allard 1975; Brown et al. 1978, Linhart et al.
1981). Many factors are known to affect genetic diversity and population genetic structure
(Loveless and Hamrick 1984), among which environmental heterogeneity and differential
selection pressures are known to be the most important (Bradshaw 1972; Hedrick et al. 1976;
Spieth 1979). Within a plant species, environmental heterogeneity has the potential to influence
the distribution of genetic variation among populations (Antonovics et al. 1971; Linhart and
Grant 1996; Mitton 1997). Environmental heterogeneity can create genetic variation through
several evolutionary processes including adaptation, differential gene exchange and genetic drift
or founder effects. Adaptation caused by natural selection can result in microgeographical
variation (Linhart and Grant 1996). Differential gene exchange can be influenced by variation in
flowering phenology among local habitats or ecological barriers among populations along an
elevational gradient (Mitton et al. 1980). Through genetic drift or founder effects, founder
populations colonize different sites, but gene flow is not sufficient to homogenize differences
(e.g., see Husband and Barrett 1996; Antonovics et al. 1997).
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Factors such as microclimate and habitat variation have long been known to act on plants
to produce genetic and phenotypic differentiation among populations. By influencing variation in
biotic and abiotic elements (e.g. climate, resources and physical structure) as well as interactions
with different species (e.g. resource competition, predation, mutualism and various forms of
interspecific interference), these factors can result in habitat zonation (e.g., Schluter 2001; Ogden
and Thorpe 2002). Phenotypic variation due to underlying heritable genetic variation is a
fundamental prerequisite for evolution by natural selection (Lewontin 1970), and it is generally
accepted that intraspecific phenotypic diversity results from variation in alleles and differences in
gene expression (Hallgrimsson and Hall 2005; Charlesworth and Charlesworth 2010). It has been
suggested that plant species with wide geographic distributions often display considerable
phenotypic variation, which can reflect underlying genetic variation (Jain 1979; Karron 1987;
Hamrick and Godt 1990). However, when observed morphological differences among
populations -either immediately or within a few generations- do not correspond with genetic
differentiation, then phenotypic plasticity is suspected (e.g., James 1983; Losos et al. 1997;
Trussell and Etter 2001).
Genetic and phenotypic variation are also influenced by patterns of dispersal, migration,
and gene flow events; these factors are known to be the most important forces producing
geographic patterns in the distribution of genetic variation and can lead to spatially autocorrelated patterns (Myers and Giller 1988; Brown and Briggs 1991). Genetic structure within
and among populations is generated by limits to parent–offspring dispersal distances (Wright
1943). The spatial genetic correlations are relatively large for pairs of adjacent or nearby
individuals and generally decrease as the distance among individuals and populations increases
(Sokal and Wartenberg 1983). Dispersal, the movement of seeds or diaspores away from the
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parent plant, is a key life-history stage in plants, and persistence, migration and seedling
recruitment are all affected by seed dispersal distances (Howe and Smallwood 1982; Hyatt et al.
2003; Levin et al. 2003). Therefore, when dispersal between populations or subgroups is
geographically restricted, the local accumulation of genetic differences produces a pattern
influenced by distance (Slatkin 1993).
Environmental factors such as temperature, duration of growing season, and day length
often vary with latitude, and native plant populations frequently exhibit latitudinal clines in traits
as a result of adaptive responses to this variation. Although rarely examined, genetically based
latitudinal clines in traits related to growth, phenology and life history have been identified in
populations of several plant species (Weber and Schmid 1998; Kollmann and Bañuelos 2004;
Maron et al. 2004, 2007; Friedman et al. 2008; Montague et al. 2008). For example, in West
Africa, genetic diversity in sweet potato (Ipomoea batatas L.) distributed along a climatic
gradient was associated with morphological differentiation, mainly the shape of the leaves and
the color of the stem or root (Glato et al. 2017). Thus, it is expected that plant species distributed
along a latitudinal gradient display genetic and phenotypic variation correlated with latitude.
Chamaecrista fasciculata, is a self-compatible, mostly outcrossing annual sub-erect
native legume that is widely distributed in the eastern U.S. from Minnesota to Mississippi and
from the east coast of the U.S. to New Mexico (USDA NRCS 2020). This species produces
inflorescences of yellow flowers, which attract bees often as pollinators for the plant. It is an
important species in many ecosystems as it provides cover, nectar, and pollen for animals
(USDA NRCS 2020). This species exhibits intraspecific phenotypic variation in stem and leaflet
pubescence, anther color, growth habit, and stem architecture, which may be geographically
structured (Pullen 1963; Weakley 2015). For example, the frequency of leaflet pubescence
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appears to increase toward coastal areas in lower latitudes in the southern U.S. (Isely 1975;
Nobarinezhad and Wallace personal observation). In this study, I employed microsatellite data to
examine genetic diversity and structure among populations of C. fasciculata in Mississippi and
Alabama and to test for a genetic association with one phenotypically variable trait, leaflet
pubescence. Previous study has suggested it is a genetically controlled trait (Wallace et al. in
press). I studied this specific trait because the frequency of the trait is observed to decrease
drastically toward higher latitudes, and I sought to investigate the association between genotype
of the plant and its pubescence form. I focus on the southeast distribution of this species where
phenotypic variation may be greatest, yet there have been few studies conducted on populations
in this part of the species’ distribution. I hypothesize that there is genetic structure associated
with phenotypic variation in leaflet pubescence among populations of C. fasciculata such that
phenotypically distinct populations will also be genetically distinct. I also hypothesize that
population genetic structure will follow an isolation by distance (IBD) pattern because of a low
propensity for gene dispersal due to gravity-dispersed seeds and bee pollination. A previous
study of pollen dispersal distance by honeybees and bumble-bees, the most important known
pollinators for C. fasciculata, revealed that most of the pollen from a source plant is deposited on
immediate neighbors (Cresswell et al. 1995). Under IBD, distance predicts differentiation as a
result of dispersal limitation and drift, irrespective of environmental differences (Wright 1943).
Because leaflet pubescence appears to co-vary with latitude, I also hypothesized that there is
latitudinal variation in genetic divergence of populations. This may occur because gene flow is
strongest among populations in similar environments and selection pressures to a greater extent
than predicted under IBD. Such an environment-driven pattern of gene flow is known as
"isolation by environment" or "isolation by ecology”. A previous study found clinal genetic
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variation in populations from Minnesota to southern Oklahoma, which was associated with
fitness traits, including slower reproductive development, greater number of leaves, and thicker
leaves being favored in the most southern locations (Etterson and Shaw 2001).Our study tests for
similarity of genetic patterns in southern edge populations compared to patterns observed in
other areas of the species distribution and tests for an association between genetic and
phenotypic divergence, which has received little attention thus far.
Materials and Methods
Data collection
In total, 38 populations of C. fasciculata across Mississippi and southern Alabama,
United States were sampled (Table 2.1, Figure 2.1). Since this species is not clonal and seeds are
gravity dispersed from the maternal plant, individuals at each collection site were haphazardly
sampled at least 2 meters apart to reduce the likelihood of sampling related individuals. GPS
coordinates were recorded for each sampling site, and voucher specimens have been deposited in
the Mississippi State University Herbarium (MISSA) (Table 2.1). Numbers and phenotypes of
plants sampled from each population are given in Table 2.1. After collection, 2-8 pubescent
pressed specimens per population and two leaflets per specimen from pubescent and mixed
populations were scored for pubescence. The pressed plants were used to measure trichome
density in the following manner. Two leaves from the middle and top part of each plant were
randomly selected and then two leaflets from the middle part of each selected leaf were removed
and observed under stereo microscope MEIJI Techno EMZ-13TR with 7x magnification to
identify presence or absence of trichomes. Subsequently, photos were taken using a Canon
PowerShot G9X camera connected to the stereo microscope. At 7x magnification, three photos
were taken per leaflet from bottom, middle and upper part of the leaflet. These photos were
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uploaded into the software ImageJ 1.x (Schneider, 2012), presenting a 6000×4000-pixel ara of
the leaflet. Consequently, the number of trichomes were counted manually in the respective
photos from each of the bottom, middle and upper part of the leaflet in a 4×4 in2 leaf area and an
average value was reported as the number of trichome per leaflet. Later, an average value from
all studied leaflets per individual and finally a total average of trichomes in all studied
individuals per population were reported (Table 2.1). Each population was assigned to one of
three groups, glabrous, mixed, or pubescent.
Leaf samples to be used in DNA extraction were kept on ice in the field and then stored
in silica gel or at -80°C prior to DNA extraction. Genomic DNA was extracted using a CTAB
method (Dellaporta, 1983, lightly modified by Schnable lab described at
file:///H:/First%20projectFirst%20draft/Papers/For%20the%20references/Dellaporta_DNA_Extraction.2014.08.20.pdf) or
the SYNERGY 2.0 Plant DNA extraction kit with modification (OPS Diagnostics, Lebanon,
New Jersey). Each sampled plant was genotyped at 14 microsatellite loci using a multiplexed
genotyping approach to quantify genetic structure. The microsatellite loci were identified by
SiRoKo software (Kofler et al., 2012) using a C. fasciculata transcriptome data set (Singer et al.,
2009). Perfect repeats that were at least 15 base pairs long were targeted in the search. Primers
were designed for 51 microsatellites and tested in a sample of 18 individuals. A total of 14
polymorphic loci, all with tri repeat type, were used in this study (Table 3.1). These loci were
optimized in a multiplex PCR using the Kapa Multiplex PCR kit and fluorescent labeled primers
(Table 3.1) to permit automated genotyping. For each sample, three multiplex amplification
reactions with five, four, and five loci per reaction respectively, were performed in a final
volume of 10 μl in the presence of 10 ng of template DNA, 100 µmole of each of the reverse and
20

tagged fluorescent label primers and 10 µmole of tagged forward primer using a KAPA 2G Fast
Multiplex PCR kit (Kapa Bio-systems, Wilmington, Massachusetts). The tag in the 5’ forward
primer matched the sequence of the fluorescent labeled primer (Culley et al., 2013; Table 3.1).
The thermal cycler program used to amplify loci included 3 min at 95°C, 30 cycles of 15 s at
95°C, 30 s at 60°C, and 30 s at 72°C, and a final extension step of 1 min at 72°C. Amplified
products were genotyped at the Arizona State University DNA Lab with LIZ 600 size standard,
and individual alleles were sized using GeneMarker software (SoftGenetics, State College,
Pennsylvania).
Data Analysis
The number of unique multilocus genotypes for each population was calculated by Poppr
package (Kamvar et al. 2014) using RStudio statistical software v. 1.1.456 (RStudio Team 2012).
The possibility of null alleles in each locus and population was checked using the program
FreeNA (Chapuis and Estoup 2007). The clonal individuals were removed from the data set and
detected nulls were corrected in respective loci and populations and later proceeded with genetic
analyses (see Results). Genetic diversity within populations was assessed as number of alleles
per locus (Na), percent of polymorphic loci (%P), observed heterozygosity (HO), and expected
heterozygosity (HE) using GenAlEx version 6.503 (Peakall and Smouse 2012). For each locus,
departure from Hardy–Weinberg expectations was tested through permutations of alleles among
individuals and statistical significance was assessed using a p-value of 0.00009, which is
adjusted using the sequential Bonferroni correction for multiple comparisons (Holm, 1979).
Genotypic linkage disequilibrium was measured for each pair of loci and tested through Fisher's
exact test using GENEPOP version 3.2 (Raymond and Rousset 1995) and applying a Bonferronitype corrected p-value of 0.0005. An analysis of molecular variance (AMOVA) (Excoffier et al.
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1992) was conducted using GenAlEx version 6.503 (Peakall and Smouse 2012), which allows
the hierarchical partitioning of genetic variance into three components: among populations,
among individuals, and within individuals. Statistical significance of AMOVA was assessed by
9999 permutations.
Genetic diversity measures, including number of alleles (Na), number of effective alleles
(Ne), and observed and expected heterozygosity (Ho and He) were analyzed among pubescent,
glabrous and mixed populations through ANOVA and least square difference (LSD) post hoc
analyses. Regression analyses were used to study association between genetic diversity measures
and leaflet pubescence. These analyses were conducted using IBM SPSS Statistics v.25 (IBM
Corp., 2017). To conduct these analyses, numerical values of 1, 2 and 3 were assigned to each of
the glabrous, mixed and pubescent populations, respectively.
Isolation-by-distance (IBD), which is defined as a decrease in the genetic similarity
among populations as the geographic distance between them increases, was investigated by
comparing pairwise population genetic and geographic distances in a Mantel test (Mantel, 1967).
A matrix of pairwise FST among populations (MSU Repository) was created using option 6 suboption 7 in GENEPOP version 3.2 (Raymond and Rousset 1995; Rousset 2008) and a matrix of
pairwise geographic distances between populations was calculated using GenAlEx and a
modification of the haversine formula (Sinnott, 1984) based on GPS coordinates of the sampled
sites (MSU Repository). A Mantel test was performed using GENEPOP version 3.2 (Raymond
and Rousset 1995; Rousset 2008) option 6 sub-option 9, which allows analysis of isolation by
distance as described in Rousset (1997). Geographic distances were log transformed, pairwise Fstatistics were converted to FST/(1-FST), minimum geographic distance was set to 1.0, and 1000
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permutations were used to assess significance of a positive correlation indicative of isolation by
distance.
The Bayesian statistical framework provided by the program STRUCTURE version 2.3.4
(Pritchard et al. 2000) was used to analyze the geographic structure of the populations. I used the
‘admixture model’ with ‘correlated allele frequencies’. I also used the sampling location of the
individuals as a prior. A ‘burn-in’ period of 50000 MCMC replicates and a sampling period of
100000 replicates were set; these values were selected based on many initial testes to identify the
best values that allow for maximum convergence of the runs. Twenty iterations of each K value,
from one to ten, were performed (previous test runs indicated 10 as the best pre-set for k). In this
way, multiple posterior probability values (log likelihood (lnL) values) for each K were
generated, and the most likely K was evaluated using STRUCTURE HARVESTER (Earl and
VonHoldt 2012) by the DelataK-method following Evanno et al. (2005).
To identify whether geographic structure varies significantly under influence of annual
temperature and precipitation, extracted from the WorldClim dataset (Fick and Hijmans 2017)
for each sampled population, the hierarchical Bayesian method of Foll and Gaggiotti (2006)
implemented in the program GESTE version 2 was used. By default settings, the reversible jump
MCMC method, and 10 pilot runs of a length of 5000 as burn-in prior to drawing samples from a
chain of 50000 in length, separated by a thinning interval of 50 were used. All combinations of
temperature and precipitation with each other and constant were considered, and models were
evaluated using estimates of posterior probability, the 95% highest probability density interval
(HPDI).
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Table 2.1
Pop

Genetic diversity, leaflet pubescence form, GPS coordinates and voucher ID in studied populations of Chamaecrista fasciculata.

G/M/Pa

N

A

P

HO

HE

FIS

GPS Coordinates

Temperature

Precipitation

(C)

(mm)

Voucher IDb

1

G

24

5.21

100

0.59

0.59

0

-88.71022, 33.95617

16.8

1400

MISSA034317

2

G

25

5.71

100

0.5

0.56

0.13

-88.73812, 33.5108

16.7

1407

MISSA033001

3

G

11

4.71

92.86

0.53

0.56

0.02

-88.84644, 33.90426

16.4

1420

MISSA033003

4

G

11

3.86

92.86

0.39

0.54

0.27

-88.71072, 33.4773

16.8

1405

MISSA033004

5

G

18

4.79

100

0.57

0.61

0.04

-89.28017, 33.57761

16.5

1444

MISSA033005

6

G

24

5.5

100

0.62

0.63

0.03

-89.3508, 33.69892

16.5

1424

MISSA033006

7

G

11

4.64

100

0.55

0.58

0.01

-89.42863, 33.78039

16.5

1419

MISSA033007

8

G

24

6.29

100

0.56

0.59

0.04

-89.60973, 33.92705

16.4

1434

MISSA033008

9

G

33

6.07

100

0.51

0.61

0.15

-90.02042, 33.10603

17.1

1410

MISSA033011

10

G

23

4.93

100

0.51

0.58

0.08

-90.22324, 33.28662

17.5

1404

MISSA033013

24

Table 2.1 (continued)
Pop

G/M/Pa

N

A

P

HO

HE

FIS

GPS Coordinates

Temperature

Precipitation

(C)

(mm)

Voucher IDb

11

G

11

4.71

100

0.54

0.6

0.09

-90.1377, 33.47292

17.4

1385

MISSA033015

12

P/37.7

11

3.71

100

0.45

0.46

-0.02

-88.68717, 31.8459

17.9

1473

MISSA033017

13

P/33.2

12

2.57

100

0.4

0.4

-0.01

-89.03673, 31.70537

18.1

1478

MISSA033018

14

P/32

10

3.86

100

0.58

0.56

-0.05

-89.29206, 31.94829

17.7

1489

MISSA033020

15

P/27.7

19

3.93

100

0.47

0.5

0.02

-89.40509, 32.02475

17.7

1486

MISSA033021

16

G

12

4.14

92.86

0.42

0.53

0.19

-89.40965, 32.25506

17.4

1507

MISSA033022

17

G

18

3.93

100

0.4

0.49

0.18

-88.78952, 33.27292

16.9

1398

MISSA033023

18

M/28.7

24

4.86

100

0.45

0.52

0.1

-89.062631, 33.5021

16.4

1441

MISSA034318

19

G

24

5.57

100

0.53

0.6

0.1

-89.511705, 33.3597

16.5

1458

MISSA034320

20

G

24

5.14

100

0.52

0.58

0.08

-89.520465, 3.38993

16.5

1460

MISSA034334

21

G

24

5.93

100

0.63

0.67

0.05

-90.0156, 33.782089

16.8

1405

MISSA034322

25

Table 2.1 (continued)
Pop

G/M/Pa

N

A

P

HO

HE

FIS

GPS Coordinates

Temperature

Precipitation

(C)

(mm)

Voucher IDb

22

G

23

4.79

100

0.46

0.55

0.17

-89.531702, 3.38991

16.5

1458

MISSA034319

23

G

23

4.79

100

0.55

0.63

0.11

-90.058515, 3.77829

16.9

1404

MISSA034321

24

G

23

3.5

100

0.39

0.45

0.09

-88.81306, 3.476965

16.9

1411

MISSA034335

25

M/27.7

24

4.57

100

0.27

0.5

0.39

-88.94664, 30.81571

18.8

1657

MISSA034340

26

M/36.3

24

3.43

78.57

0.21

0.35

0.44

-88.91466, 30.77216

19.0

1652

MISSA034342

27

M/13.7

24

3.79

92.86

0.38

0.46

0.2

-87.50659, 31.5451

18.3

1504

MISSA034339

28

M/18.1

24

5.43

100

0.5

0.53

0.09

-88.31848, 32.18422

17.6

1510

MISSA034328

29

P/31

12

2.29

64.29

0.09

0.19

0.41

-89.19276, 31.02661

18.6

1617

MISSA034341

30

P/22.3

24

4.07

100

0.46

0.52

0.09

-89.19105, 31.05436

18.7

1603

MISSA034338

31

M/30.8

24

4.36

100

0.54

0.54

-0.03

-89.18211, 31.02901

18.5

1622

MISSA034336

32

M/22.4

24

4.79

100

0.49

0.53

0.15

-88.99221, 30.84834

18.9

1652

MISSA034337
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Table 2.1 (continued)
Pop

G/M/Pa

N

A

P

HO

HE

FIS

GPS Coordinates

Temperature

Precipitation

(C)

(mm)

Voucher IDb

33

M/29.5

24

3.07

85.71

0.34

0.39

0.13

-88.3374, 30.49338

19.5

1656

MISSA034323

34

P/28.7

24

3.21

85.71

0.27

0.45

0.33

-87.88067, 30.74051

19.3

1680

MISSA034326

35

P/19.5

24

2.07

57.14

0.11

0.21

0.35

-87.45387, 31.50992

18.0

1533

MISSA034324

36

P/23.7

24

4.07

78.57

0.38

0.44

0.11

-87.95872, 31.73604

18.0

1539

MISSA034327

37

G

18

1.64

35.71

0.18

0.19

0.01

-88.93438, 30.59455

19.3

1654

MISSA034325

20.4

4.32

93.44

0.44

0.51

0.12

Mean

Notes. N = number of individuals sampled; A = mean number of alleles per locus; P = percentage of polymorphic loci; HO = observed
heterozygosity; HE = expected heterozygosity; FIS = inbreeding coefficient. G = Glabrous; P = Pubescent; M = Mixed, both glabrous
and pubescent individuals present.
a
Numbers represent the mean number of trichomes in leaf area for pubescent individuals with the diameter of 4×4 inch. Glabrous
individuals had no trichomes.
b
Vouchers are deposited at the Mississippi State University Herbarium (MISSA).
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Results
Clonal genotypes were detected in four populations (i.e., two in population 9, two in
population 29, six in population 37 and twelve in population 38). Prior to subsequent analyses,
duplicate genotypes were removed from populations 9, 29 and 37, while population 38 was
removed from the data set. Possible null alleles were detected at six loci and in 7 of the 37
populations (i.e., Cf6895 in populations 34 and 37, Cf10002 in population 37, Cf9980 in
population 35, Cf5782 in population 25, Cf3119 in population 25 and Cf8757 in population 26).
I accounted for null alleles at these loci when the predicted null allele frequency was greater than
0.2, as suggested by Dakin and Avise (2004) as a cut-off for null alleles that can influence
analyses of genetic structure. The number of alleles per locus for each population ranged from
1.64 to 6.29, with a mean value of 4.32 (Table 2.1). The percentage of polymorphic loci in 26
populations was 100 and it ranged 35-92 for the remaining populations. The mean %P across all
populations was 93.44. Observed heterozygosity ranged from 0.09 to 0.63 and expected
heterozygosity ranged from 0.19 to 0.67 (Table 2.1). Excluding four populations with negative
values, the inbreeding coefficient (FIS) was consistently positive, indicating heterozygote
deficiency across these populations (Table 2.1). After applying Bonferroni correction, 61 out of
518 (11.77%) locus by locus comparisons showed significant deviation from Hardy-Weinberg
Equilibrium (HWE). The global test of deviation (heterozygote deficiency) at the population
level showed a p-value of 0.0 for all loci across all populations. After applying Bonferroni
correction, 43 out of 3367 (1.27%) tests of linkage disequilibrium were significant, in different
populations and involving different pairs of loci. Significant levels of genetic differentiation
were detected among the sampled populations (FST = 0.193; P = 0.001). AMOVA indicated that
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variation is partitioned as 68% within individuals, 19% among populations and 13% among
individuals (Table 2.2).
Table 2.2

Hierarchical structure of genetic variation in Chamaecrista fasciculata populations
determined by an analysis of molecular variance.

Level

Among

d.f.

Sum of

Variance

Percent

squares

component

variation

36

1470.833

0.896

19%

719

3121.931

0.609

13%

756 274

2361.500
937.000

3.124
3.420

68%

Populations
Among
Individuals
Within Individuals

29

77%

FST

P-value

0.193

0.001

Figure 2.1

Sampling locations of collected populations of Chamaecrista fasciculata. The pie
charts show assignment to each of the two genetic clusters for each population
based on STRUCTURE analysis. Black color represents cluster 1 and white color
represents cluster 2. Numbers represent the population ID, and G, M and P stands
for glabrous, mixed and pubescent, respectively.
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It has been observed that pubescent leaflet is not a trait exclusively restricted to the
southernmost populations, but the frequency of the trait largely drops out by moving farther
north. ANOVA showed that there are significant differences among pubescent, glabrous and
mixed populations for all of the tested genetic diversity measures including number of alleles
(F2,34 = 7.57, P = 0.002), number of effective alleles (F2,34 = 10.02, P = 0.000), observed
heterozygosity (F2,34 = 4.65, P = 0.016) and expected heterozygosity (F2,34 = 6.32, P = 0.005)
(Table 2.3). LSD post hoc tests confirmed that significant differences exist between glabrous and
pubescent populations for all tested genetic measures. While in case of Ne, there is also
significant differentiation between glabrous and mixed populations (Table 2.4). Presence of
private alleles was also investigated in each of the three leaf phenotype groups, but no private
alleles were detected. Regression analyses indicated a significant association between all the
genetic diversity measures i.e. Na, Ne, Ho and He and the pubescence form of population of origin
(Table 2.5, Figure 2.2 A & B).
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Table 2.3

Results from ANOVA conducted on genetic diversity measures across pubescent
types in Chamaecrista fasciculata.
Genetic

Sum of

Diversity

Squares

Na

Between Groups

13.674

2

6.837

Within Groups

30.688

34

0.903

Total

44.362

36

Between Groups

4.396

2

2.198

Within Groups

7.452

34

0.219

Total

11.848

36

Between Groups

0.143

2

0.071

Within Groups

0.523

34

0.015

Total

0.666

36

Between Groups

0.134

2

0.067

Within Groups

0.360

34

0.011

Total

0.494

36

Ne

Ho

He

df

Mean

F

p-value

7.575

0.002

Square

32

10.027 0.000

4.652

0.016

6.321

0.005

Table 2.4

Post hoc analyses demonstrating significant differences (p < 0.05) in genetic
diversity among pubescent, mixed, and glabrous populations of Chamaecrista
fasciculata.

Genetic diversity

Trait (i)

Trait (j)

Mean difference P-value

Na

G

P

1.48361

0.000

Ne

G

M

0.51525

0.013

G

P

0.79733

0.000

Ho

G

P

0.14083

0.008

He

G

P

0.14256

0.002

measure

Notes. Na = number of alleles, Ne = effective alleles, Ho = observed heterozygosity, He =
expected heterozygosity.
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Figure 2.2

Bivariate plot of genetic diversity measures for glabrous, pubescent and mixed
populations. A) Number of alleles (Na) and number of effective alleles (Ne). B)
Observed and expected heterozygosity (Ho and He).
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A Mantel test showed a non-significant correlation between population genetic and
geographic distances (r = 0.08, P = 0.08; Figure 2.4). Bayesian analysis in STRUCTURE
suggested the presence of two distinct genetic clusters (K = 2) based on the highest delta K value
(Figure 2.3A). The proportion of membership of each population to each of the two genetic
clusters is shown in Fig. 3B. While populations 25 and 26 had mixed membership of individuals
for two clusters, populations 29, 35 and 37 were grouped into cluster 2 and the rest of the
populations grouped into cluster 1. These clusters do not correspond to leaflet pubescent type or
geography. For example, populations 25 and 26 were composed of a mixture of glabrous and
pubescent individuals. Cluster 2 includes pubescent populations (i.e., 29 and 35) and a glabrous
population (i.e., 35) (Figures 2.1 & 2.3). Cluster 2 populations showed the lowest values for all
genetic measures, and the highest FIS values. No specific geographic pattern was detected among
populations included in cluster 1, and they were dispersed throughout the collection area (Figure
2.1). Out of 32 populations included in cluster 1, 19 were glabrous, seven were pubescent and six
were mixed. The annual temperature and precipitation ranged 16.38 – 19.47 C and 1385 – 1680
mm, respectively. Analyses in GESTE indicated that precipitation did not have a significant
effect on population genetic differentiation while a model including temperature plus constant
showed the highest posterior probability (0.909) (Table 2.6).
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Table 2.5

Results of linear regressions between genetic diversity and leaflet pubescence in
populations of Chamaecrista fasciculata.

Genetic

Standardized

diversity

Coefficient

SE

t

P-value

R-square

measure
Na

-0.548

0.941

-3.879

0.00

0.301

Ne

-0.603

0.463

-4.476

0.00

0.364

Ho

-0.455

0.122

-3.022

0.005

0.207

He

-0.52

0.101

-3.6

0.001

0.27

Notes. Na = number of alleles, Ne = effective alleles, Ho = observed heterozygosity, He =
expected heterozygosity.

Table 2.6

Importance of temperature and precipitation in explaining the observed genetic
structure of Chamaecrista fasciculata populations. Posterior probabilities were
generated using GESTE. The model with the highest probability is shown in bold.

Factor(s) Included

Posterior probability

Constant

0

Constant, Precipitation

0

Constant, Temperature

0.909

Constant, Temperature, Precipitation

0.09

Constant, Temperature, Precipitation, Temperature*Precipitation

0
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Figure 2.3

Results from Bayesian analysis in STRUCTURE. A) DeltaK values based on the
method of Evanno et al. (2005) for all values of K that were tested. B) Assignment
probability of each sample into each of the two clusters. Black color represents
cluster 1 and white color represents cluster 2.
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Figure 2.4

Bivariate plot of pairwise genetic distances (FST/1-FST) vs. ln of geographical
distances. A Mantel test indicated a non-significant correlation between the
matrices (r = 0.08, P = 0.08).
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Discussion
Genetic and phenotypic variation in Chamaecrista fasciculata
Widespread and regional taxa show significantly higher within‐population diversity than
narrow and endemic species in genetic studies based on microsatellites and other DNA fragment
markers (Nybom 2004). Thus, because C. fasciculata is a widespread species, it is expected to
contain high levels of genetic diversity. The current survey of populations of C. fasciculata
distributed across its southeastern edge revealed genetic variability among populations.
Consistent with a primarily outcrossing breeding system, 71% of observed genetic variation
occurs within individuals. Most of studied loci were 100% polymorphic in most studied
populations (Table 2.1). Though within-population genetic diversity was variable among most
populations (mean Ho ranging from 0.09 to 0.63), the mean value was lower than mean Ho
derived by STMS (sequence tagged microsatellite sites) for other widespread species (0.57), or
gravity-dispersal species (0.5) (Nybom 2004). However, the measured value for mean Ho in this
study (0.44) was higher than for other annual species (0.18) (Nybom 2004). The average withinpopulation diversity (H') measured for two related species in Brazil, i.e. Chamaecrista
mucronata (Spreng.) and Chamaecrista semaphora (H.S. Irwin and Barneby), using RAPD
markers, revealed values of 0.299 and 0.124, respectively, in those species (da Silva et al. 2007).
Allozyme-derived estimates of Ho and He for C. fasciculata determined from 12 populations
distributed in an area of 20 by 8 meters were 0.256 and 0.282, respectively, in another study
(Fenster et al. 2003). Although these studies used different populations and different genetic
markers, they show that C. fasciculata is genetically diverse and potentially adapted to different
environmental conditions, which is likely key to its widespread distribution.
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Phenotypic variation, unless driven by genetically programmed plasticity, is generated by
genetic diversity, a fundamental source of biodiversity (Hughes et al. 2008). When phenotypic
variance results from natural selection, it reflects both adaption to local environmental
characteristics and genetic diversity (Liang et al. 2005; Wang et al. 2009). Leaf pubescence has
been reported for C. fasciculata from coastal and non-coastal areas at its southern edge, although
our observations are consistent with Pullen (1963) and Isely (1975) who suggested that the trait
frequency increases towards the Gulf Coast. All pubescent populations sampled in our study
were distributed at the lowest latitudes sampled, and mixed populations were located primarily at
lower latitudes (Figure 2.1). With the observed phenotypic variation, we hypothesized that there
should be genetic differentiation associated with leaf pubescence in this species. Our analyses
demonstrate that there are significant differences in genetic diversity between pubescent and
glabrous populations. In the case of Ne, glabrous populations were also significantly different
from mixed populations. Regression analysis also revealed a significant association between leaf
pubescence and genetic measures such that higher genetic diversity was observed in glabrous
populations, with gradually decreased diversity observed in mixed and pubescent populations
(Table 2.5, Figures 2.2 A & B).
Despite these findings, our STRUCTURE analysis did not distinguish pubescent from
glabrous or mixed populations (Figure 2. 3). Phenotypic variation in C. fasciculata has often
been noted at local scales (e.g., Pullen 1963; Weakley 2015) and found to occur among
geographically disparate populations (e.g., Galloway and Fenster 2000; Henson et al. 2013).
Even though there is no support for a significant association between phenotype and genotype in
this study, this does not preclude the original hypothesis of association between genotype and
phenotype. Markers directly involved in trichome development may show evidence of
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geographic structure that would not be detected in a microsatellite-based study such as this.
Other studies of C. fasciculata suggest that pubescence is a genetically controlled trait as it is
maintained in a common garden (Wallace et al. in press). Pullen (1963) also suggested that high
levels of phenotypic variation observed in this species, except for root and stem branching that
could be easily modified under cultivation, was not due to phenotypic plasticity. Etterson (2004),
by studying this species along a latitudinal gradient, showed that plants with slower reproductive
development, more leaves, and thicker leaves were favored in the most southern garden. Frazee
and Marquis (1994) who quantified floral trait variation in an Illinois prairie population of C.
fasciculata reported that variation in environmental factors explained a significant portion of the
naturally occurring variation in corolla width, ovule number, ovule size, and anther length.
Further, they determined significant effects of leaf herbivory, variable soil nutrient and water
content on floral trait variation. The significant effect of soil source on flower production is also
shown by Abdala-Roberts and Marquis (2007). It has also been shown that soil water retention
ability and fertility can affect extrafloral nectary production in this species (Chen 2003). Overall,
there is spatial variation in the occurrence and selection of phenotypic traits in this species,
which seems to be correlated with environmental variability. Many plants accumulate UVabsorbing compounds such as flavonols in trichomes which further protect the underlying
photosynthetic tissues from damaging UV-A and UV-B radiation (Liakopoulos et al. 2006; Yan
et al. 2012). Given that in adverse environments, trichomes are beneficial because they influence
the water balance, protect photosynthesis and play a role in thermoregulation and tolerating heat
(Hauser 2014), the pubescent nature of plants growing at lower latitudes, where the temperature
is the highest (Table 2.1), might reflect the protective nature of trichomes to increase reflectance
and reduce the heat load.
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Genetic differentiation and gene flow
Contrary to our expectation of an isolation by distance pattern of genetic structure due to
gravity-dispersed seeds and bee pollination, I did not find a significant correlation between
geographic and genetic distance. Isolation by distance results in increasing genotypic differences
among populations with increasing geographic distance due to low distances over which gene
flow occurs (Wright 1978). However, it is difficult to test for this effect because distance is often
confounded by barriers, either current or historical. The absence of IBD in a heavy seeded, beepollinated plant may result not only from long-distance dispersal of seeds or pollen, but also a
continuous distribution and higher rate of genetic exchange between populations (Travadon et al.
2011). A continuous distribution can have a large influence on overall levels of genetic diversity
(Criscione et al. 2005) by buffering the effects of genetic drift, which is one known driver of
IBD. For those widespread species that do not experience strong effects of genetic drift during
their life-cycle, which may be due to constant niche availability, ability of seeds to survive
between growing seasons, or ability to passively migrate and germinate at long distances from
maternal plants, high levels of within-population genetic diversity can be maintained (Dorken
and Eckert 2001). I did find high levels of diversity across populations in the study area, which
would be consistent with a buffering effect against genetic drift. This study demonstrates that in
these cases, the IBD model does not seem appropriate to infer dispersal distances of C.
fasciculata populations.
Though populations in this study do not seem to be differentiated based strictly on
distances separating them, an effect of temperature on levels and patterns of genetic diversity
was detected, consistent with our third hypothesis. I found that populations at the highest
latitudes sampled where temperature was relatively lower (Table 2.1) typically showed higher
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levels of genetic diversity than populations at the lowest latitudes sampled with higher
temperature. GESTE results showed a strong correlation between temperature and genetic
diversity. Latitudinal variation, which has direct relation with temperature has previously been
observed in other morphological traits in this species, including abundance of leaves and
development of reproductive organs, by Etterson (2004). These results are in line with previous
studies showing that clinal patterns for phenology were supported by observed patterns of
genetic differentiation among populations in this species (Etterson and Shaw 2001; Etterson
2004). Though this species has a high outcrossing rate of 80% (Fenster, 1991, 1995), one
potential reason for observed lower genetic diversity at lower latitudes, aside from less incidence
of gene flow at this area, might be related to more frequent selfing at lower latitudes, which also
can be concluded from heterozygosity deficiency observed in this study. Bueno et al. (2019) also
found a decrease in genetic diversity of germplasm collections with decrease in latitude in this
species using AFLP markers; germplasm accessions collected from the Central U.S. had higher
mean genetic diversity (H) values (0.239) than southern U.S. populations (0.14).
Because the lowest latitude populations sampled are at the species’ range boundary on
the coast they constitute edge populations, and therefore might experience more rapid cycles of
extinction, recolonization and associated founder events or severe populations bottlenecks than
those in less extreme upper latitude environments (Szczecińska et al. 2016). In accordance with
the central marginal model (Lesica and Allendorf 1995) these peripheral populations at the edge
of the species distribution may be expected to have lower genetic diversity and higher genetic
differentiation than central populations (Tollefsrud et al. 2009; Pandey and Rajora 2012). Bueno
et al. (2019) believes that the current genetic diversity occurring in northern populations of C.
fasciculata is a result of post-glacial advances of populations northward while admixing with
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gene pools from different refugia; and differentiation among southern populations is likely
because of differences associated with restricted gene flow on either side of the Appalachian
mountain chain and the Ozark mountains. Because mountain chains impeded gene flow between
northern and southern populations and as result of that differentiation between these two gene
pools gradually occurred after glaciation.
Considering the fact that the southeastern United States harbors an unusually large
number of endemic plant taxa, which may reflect an abundance of distinct refugia in this region
during Pleistocene glacial maxima (Trapnell et al. 2007), the studied populations might be relicts
of a continuous distribution throughout the southeastern United States during glacial maxima.
Lower latitude populations might have been independently founded more recently by propagules
from upper latitudes while losing a portion of genetic diversity. Supporting evidence for this is
the lack of genetic differentiation between lower and upper latitude populations while genetic
diversity diminishes from higher latitudes toward lower latitudes. Another explanation for lower
genetic variation at lower latitudes relates to the lack of proper rhizobia in soil and consequently
a limitation in suitable establishment of recruits and seed production of the host plants. StantonGeddes and Anderson (2011) showed that the availability and quality of mutualists beyond a
species’ range edge may limit range expansion. It is possible that the physical characteristics of
the soil in coastal areas do not favor rhizobia proliferation, which serve as symbionts of the
studied species; this hypothesis needs to be further examined in future studies by sampling soil
from different latitudes while investigating genetic diversity across latitudes.
Conclusions
There are few genetic studies on C. fasciculata to date with no reference to
accompanying phenotypic variation. Here, I showed that in Mississippi and coastal areas of
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Alabama, genetic variation in C. fasciculata populations is largely distributed within individuals
and that differences between populations reflect factors that covary with latitude. Accordingly,
co-located populations are likely to be more similar than those more distant. Although leaflet
pubescence was not found to be directly associated with the genetic markers used in this study,
the significant association between the genetic diversity measures and the pubescence form of
the population of origin suggests a link between this phenotype and genetic variation in this
species. It is possible that by studying loci directly involved in trichome development evidence
of geographic structure will be found in this species. Nevertheless, I found significant population
genetic differentiation, occasionally, even at short distances. Therefore, I conclude that most of
this genetic variation reflects genetic processes such as more genetic exchange among connected
populations through continues distribution, frequent out-crossing at higher latitudes but relatively
higher incidence of selfing at lower latitudes. Overall, our study presents the role that
contemporary factors, including geographic distance and temperature, can play in generating
patterns of spatial genetic variation in C. fasciculata. Better understanding the factors that shape
genetic variation in this species contribute to comprehending how genetic variation is distributed,
the probability of local adaptation of phenotypically diverse forms, and the maintenance of
genetically variable populations.
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CHAPTER III
FINE-SCALE PATTERNS OF GENETIC STRUCTURE IN THE HOST PLANT
CHAMAECRISTA FASCICULATA (FABACEAE) AND ITS
NODULATING RHIZOBIA SYMBIONTS.
Introduction
Several studies have recognized plants as one of the most important factors shaping soil
microbial community structure (Berg and Smalla 2009; Diouf et al. 2010; Ladygina and Hedlund
2010; McLaren and Turkington 2011). It has been suggested that this may be the result of active
selection by plants for certain soil microbes or shared habitat preferences by plants and microbes
(Bever et al. 2010) because spatially close biological communities are more similar than
expected by chance and this similarity decays with distance (Ettema and Wardle 2002). It has
also been demonstrated that differences in microbial community composition are significantly
correlated with phylogenetic distance of their plant hosts (Bouffaud et al. 2014). Plant species
that develop specific associations with soil microbes have important implications for coexistence
in natural communities (Bever et al. 2010), and recent evidence suggests that microbial
communities are influenced by both dispersal limitation and host plants (O’Malley 2007).
Emmet et al. (2014), by studying plant phylogeny and life history of summer annuals in an
agricultural field, indicated that rhizosphere beta-diversity was positively correlated with
phylogenetic distance between plant species, but not genetic distance within a plant species.
Plants within a closely related taxonomic group are likely to share traits, including amount and
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availability of rhizodeposits and root defensive strategies, and these are key factors shaping soil
microbial communities (Zhou et al. 2017). Thus, plant hosts with similar genotypes may have
similar soil microbial communities (Ehrenfeld et al. 2005; Hardoim et al. 2008; Berg and Smalla
2009) which may indicate the presence of genotype x genotype interactions in these situations.
While most studies have focused on differences in soil microbial communities associated
with different plant species, a few studies have addressed these differences within a single
species and found that microbial community structure and composition can also vary according
to intraspecific genotypic differences of host plants (Aira et al. 2007; Berg and Smalla 2009;
Zancarini et al. 2012; Marques et al. 2014). These studies have demonstrated that diversity in
community structure of the rhizosphere microbiome can be partially explained by the genotype
of their plant hosts. For example, Bulgarelli et al. (2015) demonstrated that the host genotype
accounts for approximately 5.7% of the variance in the Hordeum vulgare L. rhizosphere
microbiome composition. Therefore, with dispersal-limited bacterial and fungal communities
and host influence on microbial variety and abundance, spatial autocorrelation of rhizosphere
communities is expected (Ettema and Wardle 2002; Fierer and Ladau 2012). However, the
underlying mechanisms by which the plants drive the rhizosphere microbiome are not well
understood. Thus, variation in the rhizosphere microbiome across diverse plant species and
natural systems should be subjected to more research.
Nodulating rhizobia, which begin as free-living soil microbes, also experience variable
selection as a result of changes in host genetic identity, resource availability, temperature,
moisture and the soil biotic community. Both interspecific (Vuong et al. 2017; Pahua et al. 2018)
and intraspecific (Heath and Tiffin 2007; Rangin et al. 2008; Crook et al. 2012) genetic
variations of hosts influence selection on nodulating rhizobia. Even variation at a single host
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gene can have dramatic effects on strain occupancy and fitness in nodules (Kim et al., 2015) and
on the frequency of microbial genera in the rhizosphere (Zgadzaj et al. 2016). The plant effects
often reciprocally depend on the rhizobial lineage and can be a result of genetic variation in a
single rhizobial gene (Wang et al. 2018). Numerous studies have documented that legume–
rhizobial symbioses show a high level of specificity, occurring at both species and genotypic
levels (Perret et al. 2000; Wang et al. 2012). It is also shown that the bacterial diversity in total
nodules of a host plant is significantly lower than that in the corresponding rhizosphere (Lu et al.
2017), which confirms the presence of selection by plant hosts to associate with certain types of
rhizobia in the soil. Thus, it is expected that the presence of significant genotype x genotype
interactions between plants and their symbionts would reinforce this pattern at fine spatial scales.
Therefore, analyzing the genetic structures of host plants and their symbionts is helpful to better
understand the functional spatial scale of such interactions.
Chamaecrista fasciculata (Michx.) Greene (Partridge Pea), an annual native legume
(Fabaceae) is widely distributed in the eastern U.S. The species exhibits intraspecific
morphological variation and wide ecological tolerance of different soil types and habitats (Irwin
and Barneby 1982). As a species capable of harboring nitrogen-fixing rhizobia, it is an important
species in many natural ecosystems because it provides nitrogen for other plants, as well as
cover, nectar, and pollen for animals. It has also been of interest in agricultural systems, for
example in crop rotation to enhance soil nitrogen (Reeves 1994) and to manage root-knot
nematodes (Rodríguez-Kábana et al. 1995). Given its annual habitat, herbaceous growth form,
and phylogenetic position as a nodulating form outside of the Papilionoid clade, there is growing
interest in developing Partridge Pea as a model for studies of legume evolution (Singer et al.
2009). Bradyrhizobium is the only genus of rhizobia that is symbiotic with C. fasciculata, but
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many different genetic variants of Bradyrhizobium are able to nodulate in C. fasciculata (Parker
1999; Parker and Kennedy 2006; Andrews and Andrews 2017; Dorman and Wallace 2019).
The findings of Dorman and Wallace (2019) indicated that in Mississippi
Bradyrhizobium are phylogenetically diverse within a site but do not have strong genetic
structure across large geographic distances. This led them to suggest that the scale at which
successful symbioses are established may be very fine and determined by plant x rhizobia
genotypic interactions, rather than soil traits. In this study, I tested for the presence of similar
patterns of fine-scale genetic structure between C. fasciculata host plants and their nodulating
Bradyrhizobium symbionts. I expected that plants in close physical proximity would be more
genetically similar than those more distant from one another due to having gravity dispersed
seeds. I also expected that nodulating rhizobia would exhibit a spatial scale of genetic structure
that is concordant with their host plants due to genotype x genotype interactions, limited
dispersal of bacteria in the soil, and enhancement of a suitable symbiont pool from continual host
plant presence. Lastly, I also characterized members of order Rhizobiales, which includes
Bradyrhizobium, from plant rhizospheres to test the hypothesis that the bacterial strains in the
nodules are a subset of available bacteria in the soil. This hypothesis is based on the assumption
that plant hosts select symbionts from among the most abundant suitable rhizobia present in the
soil surrounding their roots. Previous studies have surveyed genetic diversity and distributions of
rhizobia communities in soil and nodules of different plant hosts (Leite et al. 2016; Zgadzaj et al.
2016; Jiang et al. 2017; Igolkina et al. 2018), but this study covers the subject at a different
spatial scale. This fine-scale study directly tests for an association between genotypic diversity of
host plants and their Bradyrhizobium symbionts and provides understanding of the degree to
which host plants choose certain microbial genotypes from the soil. Additionally, examination of
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fine-scale genetic structure of multiple interacting species has rarely been conducted. The
proposed study enhances our understanding of the role of bacterial symbionts in local adaptation
of plants and the degree to which plant hosts act as a predictor to determine genetic structure of
soil microbes.
Materials and Methods
Plant and rhizobia collection
In Oktibbeha Co, Mississippi, June 2017, 70 plants were sampled in three consecutive
linear plots starting at 33.35939, -88.86587, with 200 meters distance between the first and the
second plots, 55 meters distance between the second and third plots, and with a total length of
about 400 meters for all three studied plots. Within each plot, plants were sampled at distance
intervals of 0, 1, 2, 5, 10 and 25 meters from the previous point. At each distance interval, two
plants each were sampled in opposite directions 0.5 meter perpendicular to a central point, for a
total of 24 plants sampled per plot (Figure 3.1). Plot two included 22 plants as two plants could
not be identified at one of the points at distance 10 m. The two sampled plants at each point were
within ca. 12 cm of one another (Figure 3.1). Whole plants, including roots, were carefully
excavated from the soil. Plants were stored separately in plastic bags on ice in the field. Plants
were kept at 4ºC until DNA could be extracted. All nodules were removed from the roots and
stored at 4ºC until they were plated on growth medium.
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Table 3.1

Characteristics of 14 microsatellite loci used to evaluate genetic structure in
Chamaecrista fasciculata.

Locus*

Forward and Reverse Sequence (5’3’)

Multiple
x group

Fluoresce
nt label**

Allele
size

Repeat Type

Cf1394

F: GAAAAGGCGTCACCAACACC
R: CGTCCATGGCTGCTACTGC

1

NED

336-399

(AGA)8

Cf1749
4

F: TTGGGGGATGACAAAAGTGG
R:
CCTCAAAATCAAAAGATTGAAA
CG
F:
CCTCAAAATCAAAAGATTGAAA
CG
R: GGTGAAGGCGAAGAAACAGG
F: GACGGCAAAGAATCCAAAGG
R:
TCAGTGGATCTGCTTTCTCTCC
F:
AGGAAGTGTTGATTCTGCAACC
R: AGCCCCTTCACACTCAGTCC

4

VIC

200-236

(AAG)7

1

PET

200-239

(CCA)6

3

NED

295-319

(CCG)7

4

PET

192-225

(AAC)5…
(AAC)7

Cf5782

F: CTTCCTCAGGGTCACAGAACC
R: AAAATCCGAGAGCCATGACG

3

NED

189-213

(CTT)6

Cf6822

F:
CCACTACTATCCCTATCAACAAC
AGC
R: CGTTGAGCATCCACATCAGG
F: TTCACGAGGACCCAGTAGGG
R: AGAAGGCGAGACCAGAGAGC

1

PET

209-218

(CCA)6

1

FAM

203-245

(CAT)6

F:
GAGAAGGGAGTGGTCCTAATGG
R: TGAGAGGCATTTGAGTCTTGC
F: AGTAGCACCACACCCTCACG
R: TTCCTCCAATCCCCTTTTCC

4

FAM

185-206

(TAG)8

4

FAM

379-433

(ATC)6

Cf9980

F: GCTGCTCTGGGAATATCACG
R: CTGCGTAGCCACTTCACTCG

1

NED

205-352

(GAA)7

Cf1000
2

F: AGAGAGTGCCCAGGTGAAGG
R: GATCCTCGTCGCTCATAGGG

1

VIC

219-246

(TGG)9

Cf2095
6

F:
ATTACCAAGAGTTGGAAAATAT
CG
R: CCACCCATTCCAGAGTGTCC

3

FAM

246-300

(ATG)9

Cf3118

Cf3411
Cf4935

Cf6895
Cf7140
Cf8757
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Table 3.1 (continued)
Locus*

Forward and Reverse Sequence (5’3’)

Multiplex Fluorescent
group
label**

Allele size

Repeat Type

Cf4487

F:
CGAGGAGCCTCTTCTTCAGG
R:
CTGGGCTCATGTTTCTGAGG

4

190-217

(TCT)12

NED

* The locus names correspond to the sequence names in the transcriptome file version_1.fasta
available at https://serc.carleton.edu/exploring_genomics/chamaecrista/variation_.html.
**Tag names and sequences (5’ – 3’) are as following: NED=M13A,
TGTAAAACGACGGCCAGT; VIC= T7term, CTAGTTATTGCTCAGCGGT; PET= M13B,
CACTGCTTAGAGCGATGC; FAM = M13(-21), TGTAAAACGACGGCCAGT

Figure 3.1

Diagram of one sampling plot. Blue points represent the sampling point at distance
intervals of 0, 1, 2, 5, 10 and 25 meters from the previous point. At each distance
interval, two plants (red points) each were sampled in opposite directions 0.5meter perpendicular to a central point (blue dot), for a total of 24 plants sampled
per plot.

Leaf samples to be used in DNA extraction were kept on ice in the field and then stored
in silica gel or at -80ºC prior to DNA extraction. Genomic DNA was extracted using a CTAB
method (Dellaporta 1983; lightly modified by Schnable lab described at
file:///H:/First%20projectFirst%20draft/Papers/For%20the%20references/Dellaporta_DNA_Extraction.2014.08.20.pdf).
Each sampled plant was genotyped at 14 trinucleotide microsatellite loci (Table 3.1) using a
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multiplexed genotyping approach to quantify genetic structure as in Chapter 2. For each sample,
three multiplex amplification reactions with five, four, and five loci per reaction respectively,
were performed in a final volume of 10 μl in the presence of 10 ng of template DNA, 100 µmole
of each of the reverse and tagged fluorescent label primers and 10 µmole of tagged forward
primer using a KAPA 2G Fast Multiplex PCR kit (Kapa Bio-systems, Wilmington,
Massachusetts). Tag sequences were derived from Culley et al. (2013), and the tag in the 5’
forward primer matched the sequence of the fluorescent labeled primer (Table 3.1). The thermal
cycler program used to amplify loci included 3 min at 95°C, 30 cycles of 15 s at 95°C, 30 s at
60°C, and 30 s at 72°C, and a final extension step of 1 min at 72°C. Successful amplification of
the samples was checked by agarose gel electrophoresis, and amplified products were genotyped
at the Arizona State University DNA Lab with LIZ 600 size standard. Individual alleles were
sized using GeneMarker software (SoftGenetics, State College, Pennsylvania).
One to two nodules per plant were surface sterilized with 1% hypochlorite for 5 minutes
then washed in sterile water. Later, they were placed in 70% ethanol for 5 minutes and then were
washed three times with sterile distilled water each for 1 minute. After surface sterilization,
nodules were ground to release rhizobia, and this mixture was plated on solid agar MAG medium
(Castillo 2013) in petri dishes at 30ºC until colonies appeared, ca. 4-10 days after plating. One
colony per sample that could be morphologically identified as Bradyrhizobium (i.e., creamy
yellow color, smooth margins, medium sized, and round appearance), following SylvesterBradley et al. (1988) and Fuhrmann (1990), was randomly picked and suspended in 50 μL 1X
TE buffer solution (pH = 8). I selected only one colony per sample because only a single strain
of rhizobia is typically found in a nodule as it arises from infection by a single bacterial cell.
Prior to their use directly in PCR the cells were lysed by heating at 65°C for 5 minutes. TruA, a
61

housekeeping gene involved in translation and ribosomal biogenesis (Ahn et al., 2004) and that is
capable of distinguishing Bradyrhizobium strains (Zhang et al. 2012; Vinuesa et al. 2005;
Dorman and Wallace 2019) was used to characterize nodulating rhizobia. Bacterial samples were
amplified with truAB-F/R primers specific for Bradyrhizobium (Zhang et al. 2012) and then
sequenced using Sanger sequencing. PCR was used to amplify the region in 12.5 μl volume,
containing 1 μl DNA, 1X LongAmp buffer (New England Biolabs, Ipswich, MA), 1.5 U
LongAmp Taq (New England Biolabs), 0.32 mM dNTP’s, 0.4 μM forward primer, and 0.4 μM
reverse primer (Integrated DNA Technologies, Coralville, IA). The thermal cycler program
consisted of heating to 95°C for 5 minutes, followed by 11 cycles of 94ºC for 45 sec., 60ºC for 1
min. decreased by 1.0ºC per cycle, 72ºC for 1:00 min., 26 cycles of 94ºC for 45 sec., 50ºC for 1
min., 72ºC for 1 min., and an elongation step of 72ºC for 10 min. Amplified products were
subjected to agarose gel electrophoresis to check for the presence of a single band of the
expected size for truA. Successfully amplified products (one sequence per sample) were cleaned
by adding 0.2x Antarctic Phosphatase buffer, 5 units of Exonuclease I, and 1.25 units of
Antarctic Phosphatase (New England Biolabs, Ipswich, MA), to 7 μl of PCR product. This
mixture was heated to 37°C for 15 minutes followed by 80°C for 15 minutes. Once the samples
were cleaned, cycle sequencing was conducted in 10 μl reactions using either the forward or
reverse primer and Big Dye version 3.1 (Life Technologies, Carlsbad, CA). Forward and reverse
primer sequences were generated for all individuals using the PCR primers. Sequenced samples
were dried and sent to the Arizona State University DNA Lab for capillary electrophoresis.
Rhizobia forward and reverse sequences were edited and assembled into a consensus sequence
for each sample using Sequencher version 4.7 (Gene Codes Corporation, Ann Arbor, MI).
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Sequences were aligned using the alignment algorithm in Geneious v.10.2.5 (Biomatters, Inc.
Newark, NJ).
For bacterial community sequencing of rhizosphere samples, whole-community DNA
was extracted using the FastDNA™ SPIN Kit for soil isolation (MP Biomedicals, Solon, OH). I
were unsuccessful in getting truA to amplify consistently in these samples. Thus, I used the 16s
rRNA gene to characterize rhizosphere rhizobia communities because this gene has been broadly
used in prokaryote taxonomy and phylogenetic reconstructions and sequences are widely
available across prokaryotic lineages (Lapage et al. 1992). Besides, previous studies have shown
that assessment of rhizobial genotypic diversity relevant to ecologically oriented studies can be
achieved by 16S rDNA sequencing (Fox et al. 1992). Using primers 319F and 806R designed for
the V3 and V4 region of the 16S rRNA gene (Holm et al. 2019), amplicons were produced using
a 2-step PCR method (Holm et al. 2019) and sequenced on an Illumina (San Diego, CA)
instrument. Each step 1 PCR reaction contained 1× Phusion Taq master mix (New England
Biolabs, Ipswich, MA), primers 319F and 806R (0.4 µM each), 3% DMSO, and 5 ng genomic
DNA. The thermal cycler program included the following cycles; an initial denaturation at 94°C
for 3 min, 20 cycles of denaturation at 94°C for 30 s, annealing at 58°C for 30 s, elongation at
72°C for 1 min, and a final elongation step at 72°C for 7 min. Successful amplifications were
tested by running a small amount using agarose gel electrophoresis. The second PCR, which
added barcodes and adapters, and remaining steps in library preparation were conducted
according to Holm et al. (2019) at the Microbiome Service Lab at the University of Maryland
School of Medicine. All samples were sequenced together in a single run on a MiSeq instrument
(Illumina, San Diego, CA) using paired end reads and length of 300 bp each.
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To identify bacterial species in the rhizosphere samples bioinformatics analysis and
annotation of the output data were carried out following Berlanas et al. (2019) using QIIME2
(Bolyen et al. 2019). This software provides quality filtering, picking operational taxonomic
units (OTUs), taxonomic assignment, phylogenetic reconstruction, diversity analysis and
graphical displays (Caporaso et al. 2010). Sequences were demultiplexed by sample at the
Microbiome Service Lab at the University of Maryland School of Medicine using a dual-barcode
strategy, a mapping file linking barcode to samples, and QIIME-dependent script of
split_libraries.py and split_sequence_file_on_sample_ids.py, (Holm et al. 2019). Primer
sequences were removed from each read using q2-cutadapt plugin, and sequence quality control
and feature table construction were conducted using DADA2 pipeline (Callahan et al. 2016).
Chimeras for combined runs were removed per the DADA2 pipeline. Amplicon sequence
variants (ASVs) generated by DADA2 were taxonomically classified using the scikit-learn
classifier (Pedregosa et al. 2011) trained with the SILVA v132 16S rRNA gene sequence
database (Quast et al. 2012). After taxonomic classification, sequences belonging to Rhizobiales,
which includes Bradyrhizobiaceae, were extracted from the dataset.
Data analysis
The plant dataset was tested for presence of unique multilocus genotypes using the Poppr
package (Kamvar et al., 2014) in RStudio statistical software v. 1.1.456 (RStudio Team, 2012).
Genetic diversity of plants was assessed as mean number of alleles per locus (A), percent of
polymorphic loci (P), observed heterozygosity (HO), expected heterozygosity (HE), and
inbreeding coefficient (FIS) using GenAlEx version 6.503 (Peakall and Smouse 2012). For each
locus, departure from Hardy–Weinberg expectations was tested through permutations of alleles
among individuals and statistical significance was assessed using a p-value of 0.001, which is
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adjusted using the sequential Bonferroni correction for multiple comparisons (Holm, 1979). A
Principal Coordinates Analysis (PCoA) was conducted using GenAlEx version 6.503 (Peakall
and Smouse 2012) to explore dissimilarities among samples in the three studied plots. I
performed analysis of spatial genetic structure (SGS) for plant samples using SPAGeDi 1.5
(Hardy and Vekemans 2002). The plant microsatellite loci were analyzed in each pair of
individuals using pairwise relatedness coefficients according to Ritland’s estimator (equation 5
in Ritland 1996) which has been shown to be the best estimator, especially with highly
polymorphic markers (Vekemans and Hardy 2004). Seventeen distance intervals, from 1 to 384
meters, were plotted to maximize the number of pairwise comparisons. Spatial genetic structure
was tested by assessing the significance of the regression slope (bF) of pairwise statistics (Fij) on
ln (distance) using 9999 randomizations of the individual spatial positions and obtaining 95%
confidence intervals (CIs) after bootstrapping (1000 iterations) using SPAGeDi 1.5 (Hardy and
Vekemans 2002). Spatial genetic structure was also quantified by the ‘Sp’ statistic, which
estimates SGS intensity and is calculated as – bF /(1 – F(1) ), where F(1) is the mean F( ij ) between
individuals belonging to the first distance interval and bF is the regression slope of F( ij ) on rij
(physical distance between samples i and j) (Vekemans and Hardy 2004). F(1) can be considered
a good estimate of the kinship between pairs of neighbors, on the condition that the first distance
interval contains enough pairs of individuals to obtain reasonably precise F(1) values (Vekemans
and Hardy 2004). Standard errors for the estimates of the kinship coefficients per distance class
were estimated using a jackknife procedure over the loci. Then, values of the average genetic
relatedness statistic between pairs of individuals separated by given distance intervals were
plotted using a spatial autocorrelogram.
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The sequence of truA from each nodule was checked against GenBank sequences via
BLAST-n searches (NCBI 1988) to identify closely matched bacterial strains. Rhizobia truA
sequences were aligned in Geneious v.10.2.5 (Biomatters, Inc. Newark, NJ) using the internal
alignment algorithm and compared against five reference sequences of taxonomically valid
Bradyrhizobium retrieved from GenBank (NCBI 1988) in a phylogenetic tree. The reference
sequences included B. canariense BTA1 (Accession: JX064276), B. elkanii USDA 76
(Accession: JX064277), B. japonicum USDA 6 (Accession: JX064272), B. liaoningense USDA
3622 (Accession: JX064278), and B. yuanmingense CCBAU 10071 (Accession: JX064271).
These five strains are informative for identifying Bradyrhzobium species which associate with
plants from Fabaceae (Koppell and Parker 2012; Dorman and Wallace 2019). I used jModeltest2
(Darriba et al. 2012, Guindon and Gascuel 2003) to select HKY+G (Hasegawa et al. 1985) as the
best fitting model of molecular evolution according to the BIC MrBayes v. 3.2.3 (Ronquist et al.
2012) was used for phylogenetic reconstruction in the Cipres Science Gateway (Miller et al.
2010). I conducted Markov Chain Monte Carlo (MCMC) 5 million generations, sampling every
1000 points. Prior to determining the posterior probability of the trees with the highest
likelihood, 1,250 trees were discarded as burn-in. A consensus trees is reported with posterior
probability indicating support for clades. Sequence diversity analysis including number of
haplotypes (H), haplotype diversity (Hd), and π for each plot and the entire dataset was
conducted using DnaSP v5 (Librado and Rozas, 2009).
Analysis of spatial genetic structure (SGS) of nodulating rhizobia was conducted for each
plot separately and all plots combined using SPAGeDi 1.5 (Hardy and Vekemans 2002).
Rhizobia truA haplotype sequences were converted to SPAGeDi 1.5 input using haplotype codes
generated by SPADS 1.0 (Dellicour and Mardulyn 2014). All settings in SPAGeDi 1.5 were the
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same as those used in analysis of SGS for the plants. Spatial genetic structure was tested by
assessing the significance of the regression slope (bF) of pairwise statistics (Fij) on ln (distance)
using 9999 randomizations of the individual spatial positions and obtaining 95% confidence
intervals (CIs) after bootstrapping (1000 iterations) (Hardy and Vekemans 2002), and seventeen
distance intervals, from 1 to 384 meters, were plotted to maximize the number of pairwise
comparisons.
Isolation-by-distance for the plant hosts and nodulating rhizobia was investigated
separately by comparing pairwise population genetic and geographic distances in a Mantel test
(Mantel 1967). Pairwise genetic distances for plant individuals were calculated using GenAlEx
(Peakall and Smouse 2012) and for rhizobia truA sequences using Mega v.6 (Tamura et al.
2013). Geographic distances between collected individuals were calculated using a modification
of the haversine formula (Sinnott, 1984) based on the coordinates of the sampled plants in
GenAlEx (Peakall and Smouse 2012). The Mantel test was performed using PASSaGE 2
(Rosenberg 2011), and 1,000 permutations of the datasets were used to assess significance of the
correlation. A stepwise regression analysis using IBM SPSS Statictics v.25 (IBM Corp. 2017)
was also performed to test whether plant genetic and physical distance can be considered as
explanatory variables for rhizobia genetic distances in the nodules.
Sequences of Rhizobiales 16S rDNA that were generated from rhizosphere samples were
compared against sequences in GenBank (NCBI 1988) through BLASTn searches to identify
closely matching sequences. The highest scoring, as determined by e-value, sequence identified
to the species level was selected as the best matching sequence. The relative proportions of each
identified strain across all plots were compared to have an understanding of the diversity and
abundance of potential symbionts for C. fasciculata in the rhizospheric soil.
67

Results
No clonal genotypes were detected in the plant dataset. The number of microsatellite
alleles per locus ranged from 3 to 12, with a mean value of 6.78 across all plants (Table 3.2). The
percentage of polymorphic loci (%P) was 100 in each of the three plots, and the observed and
expected heterozygosity ranged from 0.14 to 0.71 and 0.32 to 0.84, respectively. The inbreeding
coefficients (FIS) were consistently positive, indicating heterozygote deficiency across all plots
(Table 3.2). Among the three plots only plot 1 demonstrated a significant regression slope (bF)
for plant kinship coefficient over distance classes (p = 0.001 for bF = -0.0138) (Table 3.3). Since
the genetic diversity measures among all three plots were very similar (Table 3.2) and principle
coordinate analysis did not separate individuals by plot (Figure 3.2), I combined samples from
the plots for downstream analyses. When considering the combined plots, I found significant
autocorrelation in plant genotypes for all distance classes except 244, 261, 344 and 384 m, which
are distributed at the intermediate and largest distances (Figure 3.3). The average kinship
coefficient decreased linearly with the natural logarithm of spatial distance (rij) between
individuals. Significant positive values of Fij were found at short distances (<43 m), indicating
that neighboring individuals had a higher genetic relatedness than random pairs of individuals.
Negative values (i.e. individuals within a distance class were less genetically similar than
expected with a random distribution) of Fij occurred at larger distances (Figure 3.3). Mean values
of the regression slope (bF), F(1) and Sp statistic across all plots were -0.0121, 0.045 and 0.0127,
respectively (Table 3.3). The p-value for the regression slope was 0.000.

68

Table 3.2

Genetic diversity of the host plant, Chamaecrista fasciculata.
Plot

N

A

P

HO

HE

FIS

Significant deviation from HWE

1

24

5.1

100

0.48

0.55

0.09

no loci

2

22

4.35

100

0.49

0.52

0.1

1 locus (p = 0.001)

3

24

5

100

0.48

0.56

0.13

1 locus (p = 0.001)

All
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6.78

100

0.49

0.58

0.17

3 loci

(p = 0.001)

N = number of individuals sampled; A = mean number of alleles per locus; P = percentage of
polymorphic loci; HO = observed heterozygosity; HE = expected heterozygosity; FIS = inbreeding
coefficient; HWE= Hardy–Weinberg equilibrium.

Due to the lack of mature nodules for some of the collected plants, I failed to culture
rhizobia for five plants, and sequencing was unsuccessful for 12 samples of the cultured strains.
Thus, I was able to generate 53 truA sequences from nodulating rhizobia. The aligned length of
the truA sequence set was 497 nucleotides (~67% coverage of truA gene in Bradyrhizobium). All
sequences most closely resembled Bradyrhizobium elkanii truA sequences in BLAST-n searches
in GenBank (NCBI 1988). Additionally, the phylogeny of truA sequences indicates that all
recovered sequences from C. fasciculata cluster exclusively with B. elkanii and with 1.0
posterior probability support (Figure 3.5). The sequence diversity of the nodulating rhizobia was
found to be similar in all three plots. A similar number of haplotypes (6-9) was found across the
plots, and these haplotypes exhibited low mean genetic difference between pairs of sequences (π
= 0.03457-0.04175; Table 3.4). Across the three plots 23 distinct rhizobia truA haplotypes were
found. Only plot 1 demonstrated a significant regression slope (bF) for rhizobia kinship
coefficient over distance classes (bF = -0.0165, p = 0.046) (Table 3.3). When plots were
combined, I found no significant autocorrelations in rhizobia genotypes for any distance classes
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except for 286 m (Figure 3.4), but I found a significant regression slope for rhizobia kinship
coefficients against distance among pairs of individuals (bF = -0.0031, p = 0.041) (Table 3.3).
Table 3.3

Fine-scale genetic structure in Chamecrista fasciculata host plants and nodulating
Bradyrhizobium elkanii in the studied plots.
Plot

Distance range
(m)

bF

P-value

F1

Sp statistic

Plant
Plot 1
1-43
-0.0138
0.001*
0.0073
0.0139
Plot 2
1-43
-0.0063
0.125
-0.0165
0.0062
Plot 3
1-43
-0.0049
0.145
-0.0068
0.0048
Plots 1-3
1-384
-0.0121
0.000*
0.0451
0.0127
Rhizobia
Plot 1
1-43
-0.0165
0.046*
-0.0212
0.0162
Plot 2
1-43
0.0172
0.075
-0.0583
-0.0162
Plot 3
1-43
-0.0009
0.882
-0.008
0.0009
Plots 1-3
1-384
-0.0031
0.041*
0.0038
0.0031
b = the regression slope of multilocus kinship coefficients for pairs of individuals against the
logarithm of geographic distance separating members of the pair; P-value = level of significance;
F1 = the mean kinship coefficient (Fij) between individuals belonging to the first distance
interval; Sp statistics = – bF /(1 – F1); CI = confidence interval. Note: Star shows significant
values.
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Figure 3.2

A principle coordinates analysis (PCoA) of sampled plants based on microsatellite
variation in all three plots. Orange circles = plot 1, black circles = plot 2, blue
circles = plot 3. First and the second components account for 8.77% and 6.88% of
variation in the dataset, respectively.

A significant relationship between plant genetic and geographic distances was found (r =
0.243, p = 0.001, Figure 3.7), but the relationship between nodulating rhizobia genetic and
geographic distances was not significant (r = 0, p = 0.99, Figure 3.8), as was the relationship
between plant genetic and nodulating rhizobia genetic distance (r = -0.087, p = 0.26, Figure 3.9).
Stepwise regression analysis showed that plant genetic distance, and plant genetic plus
geographic distance are both able to predict genetic distance of nodulating rhizobia with the
adjusted r-square of 0.012 and 0.016, respectively (p < 0.0001 for both, Table 3.5). Geographic
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distance alone did not significantly determine nodulating rhizobia genetic distance. Even though
they were significant, the combined variables of plant genetic distance and geographic distance
only explained 1.6% of the observed variation in nodulating rhizobia genetic distances (Table
3.5).
The total number of unique 16S rDNA sequences of Rhizobiales present in the
rhizosphere samples from host plants in all three plots was 81 sequences. The majority of the
retrieved sequences are of Bradyrhizobium, including B. elkanii (30%), B. canariense (22%), and
unidentified Bradyrhizobium strains (9%) (Figure 3.6). Rhizobium strains were second in
abundance, making up 9% of the rhizosphere sequences.
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Table 3.4

Genetic diversity of nodulating Bradyrhizobium elkanii in the truA gene across the
studied plots.
Plot

N

H

Hd

π

1

19

8

0.86

0.04175

2

15

6

0.829

0.03457

3

19

9

0.86

0.03679

Combined (1-3)

53

6

0.730

0.03338

N = number of sequences; H = number of haplotypes; Hd = haplotype diversity; π = a measure of
the average differences between pairs of sequences.

Table 3.5

Stepwise regression assigning plant genetic and geographic distance as predictors
of nodulating Bradyrhizobium elkanii genetic distances.

Predictor

Adjusted r square

P-value

Plant genetics, constant

0.012

0.000

Plant genetics, geographic distance, constant

0.016

0.000

73

Figure 3.3

Ritland’s kinship coefficients for pairs of plants plotted against the logarithm of
geographic distance between pairs and the estimated regression line (regression
slope bF = -0.01214, p = 0.000). Significant autocorrelation at a distance class is
indicated by a star.
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Figure 3.4

Ritland’s kinship coefficients for pairs of nodulating Bradyrhizobium plotted
against the logarithm of geographic distance separating members of the pairs. A
significant autocorrelation was only found for distance class 286. regression slope
bF = -0.0031, p = 0.041.
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Discussion
In many plant species, seed dispersal has a peak distribution at or close to the maternal
plant and progressively fewer seeds are dispersed at greater distances from the maternal plant
(Portnoy and Willson 1993; Willson 1993; Schupp and Fuentes 1995). The extent of SGS within
plant populations depends on factors such as seed and pollen dispersal distance and effective
plant density (Vekemans and Hardy 2004). According to the theory of isolation by distance, SGS
arises from the interplay of limited gene flow and local genetic drift, and the rate of decrease of
genetic similarity with distance is a measure of strength of SGS (Loiselle et al. 1995; Rousset
2000; Hardy 2003). The morphological characteristics of C. fasciculata, including heaviness of
the seeds and bee pollination, suggest that plants should exhibit an isolation by distance pattern.
The SGS pattern detected for host plants in the studied plots was consistent with IBD, showing
an increase in genetic distance between pairs of plants as they increased in physical distance
from one another. Additionally, the kinship coefficients gradually decrease from very positive to
very negative over the distance of sampling. Discovering statistically significant fine scale
genetic structure at most of our studied distances is concordant with the existence of very
restricted seed dispersal events among plants and suggests that plants are not randomly
distributed even at this fine scale. Values for the Sp statistic in this study, ranging 0.0048-0.0139,
are comparable to another study on this species with reported Sp statistic of 0.00746 (Fenster et
al. 2003). The mean Sp statistic in other outcrossing or gravity dispersed plant species is 0.0126
and 0.0281, respectively (Vekemans and Hardy 2004), which are comparatively close to our
measured Sp statistic value for C. fasciculata.
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Figure 3.5

Phylogenetic tree of nodualting Bradyrhizobium based on truA sequences. The first
and second numbers of each tip indicate plot number (1, 2, or 3) and distance
interval (0, 1, 2, 5, 10, or 25). Values on the branches are posterior probability
(PP). Support of less than 0.95 PP is not shown.
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Given the presence of fine-scale structure in host plants and widely documented genotype
x genotype interactions between legumes and their symbionts, I expected to find significant
genetic structure in nodulating rhizobia of C. fasciculata as well. Additionally, limited dispersal
ability of bacterial cells in the soil due to passive means is expected to maintain structure if there
is not extensive soil disturbance. Although I did not find a significant kinship coefficient for
pairs of rhizobia at most geographic distances, the mean sp statistic in rhizobia followed the
same pattern observed for plant hosts. That is, I found a significant bF for rhizobia and plant
hosts in plot 1 and the combined plots. This finding suggests a common mechanism that
influences genetic structure of plants and rhizobia. It may be that host plants directly influence
their rhizobia symbionts by selecting for certain strains or that plant hosts and their nodulating
rhizobia are influenced by similar environmental factors that structure genetic diversity. In our
study, I focused on only one housekeeping gene, truA, to identify the nodulating rhizobia and
estimate genetic diversity of this community. Although this does not capture genome-wide
diversity, it is a suitable genetic marker that was considered highly informative of phylogenetic
relationships in Bradyrhizobium by Zhang et al. (2012) and Dorman and Wallace (2019). Our
study revealed relatively high haplotype diversity (Hd = 0.82-0.86 across plots) in truA, which
indicates an ability to discriminate among most of the rhizobia symbionts I recovered. In another
study, the nucleotide diversity of Rhizobium leguminosarum biovar viciae isolates from Vicia
cracca L. acquired using two housekeeping genes, glnII and recA, and one nodulation gene,
nodC, revealed relatively close values of nucleotide diversity for all of the three studied genes (π
= 0.036, 0.021 and 0.025, respectively) (Van Cauwenberghe et al. 2014). This study suggests
that single genes can be informative of bacterial genetic diversity.
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Figure 3.6

Abundance of families and genera of Rhizobiales found in rhizosphere samples of
Chamaecrista fasciculata in the current study.

While a literature review found no fine-scale studies of genetic structure in nodulating
rhizobia or plant endophytes for comparison to our results, I have found that the number of
haplotypes recovered for C. fasciculata is similar to studies of other legumes. Dorman and
Wallace (2019), who also used truA to study genetic diversity of nodulating rhizobia in C.
fasciculata across Mississippi, reported 9-25 haplotypes and 0.831-0.954 for haplotype diversity
at a regional scale. Our finding of six haplotypes and substantial haplotype diversity in a single
site indicates that populations can harbor diverse symbionts even at the smallest spatial scales. In
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a fine scale study (< 2 m) of diversity patterns in microbial communities associated with roots of
Bistorta vivipara L., a perennial herb, it was revealed that similarities between the structure of
bacterial and fungal communities were stronger in soils than in roots (Bjornsgaard Aas et al.
2019). The root-associated fungal and bacterial communities in that study both showed
significant spatial autocorrelation at distances below 40–50 cm, while soil-associated
communities showed no spatial structure across the 2 m scale investigated. This result, along
with ours, suggests that different host filters are responsible for structuring symbiotic endophytes
of roots and nodules.

Figure 3.7

Pairwise plant genetic distances based on microsatellite alleles compared to
pairwise geographic distance between sampled plants (r = 0.243, p = 0.001).
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Host promiscuity in symbiotic associations can influence exotic legume establishment
and colonization of novel ranges (Klock et al. 2015), and it has been suggested that enhanced
diversity of symbionts may underlie the success of host plants in non-native habitats (e.g.,
Ndlovu et al. 2013). Hence, it may be expected that due to a broad geographic distribution of a
host species it potentially harbors different rhizobia strains that enable tolerance to varying soil
types and environmental conditions. Unlike this assumption and the previous study on this
system, which covered a vast geographic area with different physiographic regions and found
different genetic variants of Bradyrhizobium nodulating C. fasciculata (Dorman and Wallace
2019), in our 400 meter study area, the only sequences retrieved from nodules of the widespread
C. fasciculata studied here belonged to Bradyrhizobium elkanii (Figure 3.5). While our results
confirm the exclusive use of this Bradyrhizobium by C. fasciculata also noted in other studies
(Koppell and Parker 2012; Parker 2015; Andrews and Andrews 2017; Santos et al. 2017;
Dorman and Wallace 2019), it was surprising to find that all host plants harbored strains of a
single species, B. elkanii. Although it is possible that other rhizobia types could have existed in
untested nodules, the likelihood of high diversity among these seems rare in light of my results.
Given that numerous species of Bradyrhizobium were identified in the rhizosphere, these results
suggest strong selection of particular symbionts by the host plants at this site, which may indicate
thatgenotype x genotype interactions are important in this system too. The genetic diversity
measures of nodulating rhizobia obtained by Dorman and Wallace (2019) in their study locations
nearby the location of this study (e.g., H = 9 and Hd = 0.83-0.93) are very similar to our findings
(H = 6-9 and Hd = 0.83-0.86) but they still found multiple species of nodulating rhizobia.
Furthermore, genetic diversity analyses of the host plants in this study revealed less genetic
variation among plants (Table 3.2), which was much lower than variation observed in studied
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plants from chapter 2. Less variation among host plants suggest that they are likely to prefer the
same type of rhizobia to associate with, which was supported by selection of the same type of
nodulating rhizobia by all studied plants. This finding also supports our hypothesis that plants
establish symbioses with only a subset of available soil bacteria in their nodules, and confirms
several other studies showing that some microbial species typically associate with only a few or
a single plant species. This fact is well known for pathogens as well as beneficial interactions
e.g. in legume-rhizobium relationship. For example, Sinorhizobium meliloti effectively colonizes
Medicago, Melilotus and Trigonella, whereas Rhizobium leguminosarum induces nodules in
Pisum vicea, Lens and Lathyrus plants (Bais et al. 2006).

Figure 3.8

Pairwise nodulating Bradyrhizobium genetic distances based on truA sequences
compared to pairwise geographic distance between sampled nodules (r = 0, p =
0.99).
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Selection of only one species by the host plants may reduce the SGS pattern of kinship in
nodulating rhizobia. A non-significant Mantel test also supports this idea by showing that genetic
distance of isolates is not associated with geographic distance between pairs of nodules (r = 0, p
= 0.99, Figure 3.8). Additionally, plant genetic distances are required to explain a small but
significant amount of the observed variation as our stepwise regression revealed such impacts of
the host genotype on the genotype of the nodulating rhizobia (Table 3.5). Despite the expectation
that plant genotype would explain a greater amount of variation in nodulating bacteria, other
studies have also found a lack of strong influence by plant hosts on rhizobia diversity. For
example, in a study on nodulating rhizobia of Lotus japonicus (Regel) K. Larsen, plant genotype
explained only 4.91% of the variation in nodulating rhizobia (Zgadzaj et al. 2016). The lack of
influence of geographic distance in structuring nodulating rhizobia is in line with results from
Dorman and Wallace (2019) who were not able to find a significant correlation between
geographic and bacterial genetic distances at larger spatial scales either. Their finding is
consistent with other studies demonstrating that genetic structure of soil bacteria is largely
independent of geographic distance (Fierer and Jackson 2006). Results from my study show that
plant genetic distance explains only about 1.2% variation in diversity of nodulating rhizobia
while by adding geographic distance, the new model explains 1.6% of variation in nodulating
rhizobia diversity. It is likely that at small scales, host plant and the geographic distance between
pairs of hosts, cumulatively, control take up of specific rhizobia in the soil to associate with the
host plant.
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Figure 3.9

Pairwise plant genetic distances based on microsatellite alleles compared to
pairwise nodulating Bradyrhizobium genetic distances based on truA sequences (r
= -0.087, p = 0.261).

Along with geographic distance, soil influence on bacterial communities has been
investigated in several studies. Zgadzaj et al. (2016) observed that while Bradyrhizobium were
the major rhizobia symbionts of cowpea, irrespective of plant genotype and soil type, the
presence of other genera including Enterobacter, Chryseobacterium, Sphingobacterium was
significantly correlated with the soil type and, to a lesser extent, plant genotype. However, Leite
et al. (2017) indicated that for rhizobia-host interaction, the plant genotype has a higher influence
on the selection of the bacterial symbiont than soil type, due to the fact that the abundance of
major OTUs differed in their study under influence of plant genotype. Fernandez-Gomez et al.
(2019) proposed that the bulk soil surrounding the rhizosphere might introduce low levels of
restrictions and/or promote the recruitment of a subset of bacteria that colonize the rhizosphere.
84

Although it might be helpful to analyze the rhizosphere for chemical properties to gain a
comprehensive understanding of the factors influencing the microbial communities in the
nodules, we postulate that in our fine scale study the soil matrix is quite homogeneous and the
role of environmental influences would have been minimized given the very small study area.
Congruently, there is no general decision about the key player, which means that both factors can
dominate depending on biotic and abiotic conditions (Berg and Smalla 2009), and there are
several contrasting reports recognizing plant or soil type as the dominant factor (Grayston et al.
1998; Girvan et al. 2003; Nunan et al. 2005). Although soil type and pH appear to influence freeliving soil bacterial communities (Fierer and Ladau 2012), Sachs et al. (2009) found that rhizobia
housed in nodules of different species of wild Lotus were a subset of those in the surrounding
soil, indicating a strong role for plant host to choose particular rhizobia genotypes.
Conclusions
No study to date has been conducted on genetic diversity and structure of legume rhizobia
system within Chamaecrista fasciculata and at the fine scale studied here. Here I showed that
there is fine-scale genetic structure in the host plant and its nodulating rhizobia, and that plant
genotype along with geographic distance contribute minimally to explaining genetic distance
among nodulating rhizobia. The data indicate that co-located host plant individuals are likely to
be more genetically similar than those more distant probably because large seeds are maintained
close to the maternal plant. The low dispersal ability of bacteria in soil and specificity between
legume and rhizobia species may explain the common pattern of structure between rhizobia and
their host plants. Nevertheless, the small amount of variation in nodulating rhizobia genetic
distances explained by host genetic distance and geographic distance suggests that there may be
other environmental factors influencing these interactions. I also found that the only rhizobia
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strain retrieved from sampled host plant nodules belonged to Bradyrhizobium elkanii, which was
also the most common form in the rhizosphere. This finding reveals a high degree of plant
selection among available rhizobia in soil. To understand to what degree this strain-specific
legume rhizobia symbioses can develop, further studies in particular habitats are needed.
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CHAPTER IV
FINE-SCALE PATTERNS OF GENETIC STRUCTURE IN CHAMAECRISTA FASCICULATA
(FABACEAE) AND ITS RHIZOSPHERE MICROBIAL COMMUNITIES
Introduction
Plant-soil microbiome interactions are complex, and the study of these relationships has
been primarily focused on the pathogenicity of some microbial agents, particularly in agricultural
systems (Philippot et al. 2013; Zancarini et al. 2012; Gilbert et al. 2014; Sapkota et al. 2015).
Understanding diversity in plant–microbial interactions is essential to advancing our knowledge
of the mechanisms by which biodiversity regulates ecosystem processes, as well as predicting
responses to environmental change, due to the intimate relationship between producers and
decomposers (Hooper et al. 2000). Roots are surrounded by a narrow biologically active zone of
soil known as the rhizosphere. The rhizosphere is the site where plant roots and microorganisms
interact and is of great importance for plant performance, nutrient cycling, and ecosystem
functioning (Singh et al. 2004). The rhizosphere has high microbial diversity, and its community
structure is expected to be different than microbial communities found in bulk soil (ReinholdHurek et al. 2015). Roots secrete large amounts of photosynthetically fixed carbon as exudates
that contain a wide range of molecules such as carbohydrates, amino acids, organic acid ions,
and vitamins (Bertin et al. 2003; Bais et al. 2006). Thus, by providing a nutrient-rich niche for
microbes, plant roots commonly harbor beneficial microbes (Reinhold-Hurek et al. 2015).
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Many factors, such as physical and chemical properties of soil, plant genotype and stage
of plant development, and background microbial composition of soil, directly or indirectly
influence rhizosphere microbial community composition (Lundberg et al. 2012; Marques et al.
2014; Schreiter et al. 2014; Qiao et al. 2017). Several studies believe plants are the most
important factor shaping the rhizosphere microbiome, as evidenced by the fact that different
plant species host specific microbial communities when grown on the same soil (e.g. Aira et al.
2010; Berendsen et al. 2012; Bazghaleh et al. 2015). Plants have a particularly close association
with microbes belowground because root exudates known as rhizodeposits are important sources
of carbon and other nutrients that heterotrophic microbes require (Hartmann et al. 2009). Given
that plant species differ in the quantity and quality of their belowground inputs to soil (Wardle et
al. 2004), the structure of their rhizosphere microbial communities can be distinctive in both
composition and diversity (e.g., Costa et al. 2006; Garbeva et al. 2008). Rhizodeposits released
by plants vary according to the age and development of plants (Inceoglu et al. 2010; Philippot et
al. 2013; Wagner et al. 2016; Qiao et al. 2017), among species (Hacquard 2016; Lemanceau et
al. 2017) and even among different genotypes of the same species (Gilbert et al 2014; Bazghaleh
et al. 2015; Wagner et al. 2016; Qiao et al. 2017). It goes to reason that genetic variation among
individual host plants can potentially influence microbial community structure (Schweitzer et al.
2012). For example, variation in rhizosphere microbial communities among genotypes has been
demonstrated experimentally for Arabidopsis thaliana (L.) Heynh. (Lundberg et al. 2012;
Micallef et al. 2009) and has been attributed to differences among genotypes in root exudates
(Micallef et al., 2009). Similarly, in several experiments in terrestrial ecosystems dominated by
Populus trees, distinct microbial communities have been observed in bulk soil associated with
different plant genotypes (Madritch and Lindroth, 2011; Schweitzer et al. 2008). It is also
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believed that genotypic variations that result in phenotypic trait variation such as soil litter
chemistry (Madritch et al. 2009; Schweitzer et al. 2004) and productivity (Lojewski et al. 2009)
could even affect soil microbes. Plant genetic influence on rhizosphere microbial communities
has also been reported for different genotypes of common grapevine, Vitis vinifera L. (Aira et al.
2010; Bouffaud et al. 2012; Peiffer et al. 2013; Marques et al. 2014; Jiang et al. 2017; Gallart et
al. 2018). Maize hybrids are also able to select specific bacterial strains that their parents do not,
thereby increasing the diversity of rhizosphere bacteria (Picard and Bosco 2005, 2006; but see
Roesch et al. 2006). However, a recent study suggests that crop cultivars might ignore beneficial
soil microbes and become more dependent on fertilizer and other soil amendments than their
wild relatives (Stephanie and Sachs 2020). It has also been demonstrated that differences in the
microbial community are significantly correlated with phylogenetic distance of their plant hosts
(Bouffaud et al. 2014). Thus, plant hosts with similar genotypes may have similar soil microbial
communities, suggesting the presence of genotype x genotype interactions in these situations.
With dispersal-limited bacterial and fungal communities and host influence on microbial
diversity and abundance, spatial autocorrelation of these communities in the soil is expected
(Ettema and Wardle 2002; Fierer and Ladau 2012).
Chamaecrista fasciculata (Michx.) Greene (Partridge Pea) is an annual, sub-erect native
legume that is widely distributed in the eastern U.S. It exhibits intraspecific morphological
variation and wide ecological tolerance of different soil types and habitats (Irwin and Barneby
1982). Although not an agricultural crop, it is occasionally planted in agricultural areas to
enhance nitrogen in soils. This species is important in natural communities as a source of pollen
for bees, nectar for mutualistic ants, food for herbivores, and habitat for wildlife. Chamaecrista
fasciculata forms root nodules to support symbioses with nitrogen fixing bacteria known as
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rhizobia (Parker and Kennedy 2006). Previous studies on this system have demonstrated that
Bradyrhizobium is the only genus of rhizobia in nodules of C. fasciculata (Parker et al. 2002;
Parker 2012, 2015; Parker and Kennedy 2006, Parker and Rousteau 2014; Dorman and Wallace
2019), but no study to date has focused on diversity and structure of the rhizosphere microbiome
of C. fasciculata. Furthermore, among the few studies that have investigated intraspecific plant
genotypic influences on rhizosphere microbial communities, most have focused on subsets of
these communities, such as plant growth-promoting bacteria (e.g. Paffetti et al. 1996; Dalmastri
et al. 1999; Mazzola et al. 2004; Hartman et al. 2017), rather than the whole microbiome. Thus,
relatively little is known about the relationship between intraspecific genotypic variation of plant
host and their associated microbial communities outside model systems or under natural
conditions (Schweitzer et al. 2011).
In this study, I characterized genetic structure of C. fasciculata host plants and their
rhizosphere microbiomes. Understanding intraspecific structure of the host plant is important for
making predictions about expected spatial patterns of its rhizosphere microbiome communities.
Three hypotheses were tested in the current study: 1) plant hosts exhibit an isolation by distance
pattern because of limited seed dispersal, 2) rhizosphere microbial communities vary with plant
genotypic variation, and 3) these communities exhibit fine-scale structure that decays with
distance. If genotypic variation of host plants is important in plant-microbe interactions and
bacteria are dispersal-limited in the soil, then it is expected that plants with more similar
genotypes will have more similar microbial communities and that microbial communities will
become less similar with increasing physical distance. Nitrogen-fixing leguminous plants, such
as C. fasciculata, are key components of natural systems because these species, upon
establishing rhizobial and mycorrhizal symbioses, constitute a fundamental source of nitrogen
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for other members of their communities. By investigating the genetic impact of a leguminous
species on microbial communities in the rhizosphere, I can develop a better understanding of
plant microbe interactions, specifically at the finest spatial scale, where little research has been
done so far.
Materials and Methods
Data collection
In June 2017, 70 plants were sampled in three consecutive rectangular plots starting at
33.35939, -88.86587 in Oktibbeha Co, Mississippi. Within each plot, plants were sampled at
distance intervals of 0, 1, 2, 5, 10 and 25 meters from the previous point. At each distance, two
plants each perpendicular to the central line of the transect were sampled 0.5 meter from a
central point, for a total of 24 plants sampled per plot (Figure 3.1). Whole plants, including roots,
were carefully excavated from the soil. Each plant and its roots were stored individually in a
plastic bag on ice in the field. Plants were kept at 4°C until processed. In the lab, rhizosphere
soil, attached closely to the root, was collected from each plant by shaking the root area into
multiple collection tubes; these were stored at -80°C until DNA extraction. Leaf samples for
DNA extraction were stored in silica gel or at -80°C until DNA extraction.
Genomic DNA was extracted from leaves using a CTAB method (Dellaporta 1983,
lightly modified by Schnable lab described at file:///H:/First%20projectFirst%20draft/Papers/For%20the%20references/Dellaporta_DNA_Extraction.2014.08.20.pdf ).
The sampled plants were genotyped at 14 trinucleotide microsatellite loci (Table 3.1) to quantify
genetic structure. Three multiplex amplification reactions per sample were run with five, four,
and five loci per reaction, respectively. Reaction volumes were 10 μl in the presence of 10 ng of
template DNA, 100 µmole of each of the reverse and tagged fluorescent label primers and 10
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µmole of tagged forward primer using a KAPA 2G Fast Multiplex PCR kit (Kapa Bio-systems,
Wilmington, MA). Tag sequences (Culley et al. 2013) were placed at the 5’ end of each forward
primer, and these tags matched the sequence of a fluorescent labeled primer (Table 3.1). The
thermal cycler program used to amplify loci was 3 min at 95°C, 30 cycles of 15 s at 95°C, 30 s at
60°C, and 30 s at 72°C, and a final extension step of 1 min at 72°C. Successful amplification of
fragments was checked by gel electrophoresis. Multiplexed samples were genotyped at the
Arizona State University DNA Lab with LIZ 600 size standard, and alleles were sized using
GeneMarker software (SoftGenetics, State College, PA).
For microbial community sequencing of rhizosphere soil samples, whole-community
DNA was extracted using the FastDNA™ SPIN Kit for soil isolation (MP Biomedicals, Solon,
OH). The concentration of the extracted DNA was determined using a Qubit 3 Fluorometer
(ThermoFisher Scientific, Waltham, MA). By applying 319F and 806R primer pair sequences
designed for the V3 and V4 region of the 16S rRNA gene (Holm et al. 2019) for bacterial and
archaeal microbes, and ITSF1/ITS2 for the fungal ITS1 gene (Sun et al. 2018), individual
amplicons were produced using a 2-step PCR method as described in Holm et al. (2019). In the
first step PCR of the 16s gene, each 12-microliter volume reaction contained 1× Phusion Taq
master mix (New England Biolabs, Ipswich, MA), step 1 forward and reverse primers, 319F and
806R, (0.4 µM each), 3% DMSO, and 5 ng genomic DNA. The thermal cycler program included
the following cycles; an initial denaturation at 94°C for 3 min, 20 cycles of denaturation at 94°C
for 30 s, annealing at 58°C for 30 s, elongation at 72°C for 1 min, and a final elongation step at
72°C for 7 min. For the first step PCR of ITS1, each 12-microliter volume reaction contained
10X Standard Taq (Mg-free) reaction buffer (New England Biolabs, Ipswich, MA), dNTP’s (2
mM), MgCl2 (2 mM), Taq polymerase (0.2 units), 3% DMSO, forward and reverse primers,
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ITSF1/ITS2 (each 0.5 or 0.8 µM; the required concentration varied among DNA samples) and 10
ng of genomic DNA. The thermal cycler program for ITS1 included the following cycles; an
initial denaturation at 94°C for 2 min, followed by 50°C for 1 min and 72°C for 1 min, 30 cycles
of denaturation at 94°C for 1 min, annealing at 50°C for 1 min, elongation at 72°C for 45s, and a
final elongation step at 72°C for 5 min. The successful amplification of PCR products was tested
using agarose gel electrophoresis before proceeding to the next step. For both gene regions, the
resultant amplicons were diluted 1:20, and 1 µl was used in the second step of PCR. The second
amplification step introduced an 8-bp dual-index barcode (Holm et al. 2019) to the amplicons, as
well as the flow-cell linker adaptors, using primers containing a sequence that anneals to the
Illumina sequencing primer sequence introduced in step 1. The second step PCR, library
quantification, and Illumina sequencing were conducted at the Microbiome Service Lab at the
University of Maryland School of Medicine following the methods in Holm et al. (2019). The
16S and ITS1 libraries of pooled amplicons were sequenced separately using 2 x 250 bp paired
ends on a MiSeq instrument (Illumina, San Diego, CA).
For analyzing pH of the soil, which has been identified as the most important factor
influencing soil bacterial communities by Fierer and Jackson (2006), rhiozospheric soil from the
first three distance intervals (i.e. 0, 1 and 2) was combined for each plot and rhizospheric soil
from the last three distance intervals (i.e. 5, 10 and 25) was combined for each plot. The soil
samples were pulverized, dried, and sent to Waypoint Analytical (Richmond, VA) soil laboratory
for assessment of pH.
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Data Analyses of Plant Microsatellite Loci
I tested for the presence of duplicate multilocus plant genotypes using Poppr package
(Kamvar et al. 2014) and RStudio statistical software v. 1.1.456 (RStudio Team, 2012). To
quantify genetic diversity of plants in each plot I calculated the mean number of alleles per locus
(A), percent of polymorphic loci (P), observed heterozygosity (HO), expected heterozygosity
(HE), and inbreeding coefficient (FIS) using GenAlEx version 6.503 (Peakall and Smouse 2012).
Departure from Hardy–Weinberg expectations was tested for each locus using permutations of
alleles among individuals. Statistical significance was assessed using a sequential Bonferroni
corrected p-value of 0.001 for multiple comparisons (Holm 1979). A Principal Coordinates
Analysis (PCoA) was conducted in GenAlEx version 6.503 (Peakall and Smouse, 2012) to
determine dispersion of samples among the three studied plots. I conducted analysis of spatial
genetic structure (SGS) using SPAGeDi 1.5 (Hardy and Vekemans 2002). Microsatellite loci
were analyzed in each pair of plants using pairwise relatedness coefficients according to
Ritland’s estimator (equation 5 in Ritland 1996), the best estimator for highly polymorphic
markers (Vekemans and Hardy 2004). Relatedness was assessed along 17 distance intervals, 1 to
384 meters, to maximize the number of pairwise comparisons. Spatial genetic structure was
tested by assessing the significance of the regression slope (bF) of pairwise statistics (Fij) on ln
(distance) using 9999 randomizations of the individual spatial positions and obtaining 95%
confidence intervals (CIs) after 1000 bootstrap replicates using SPAGeDi 1.5 (Hardy and
Vekemans 2002). Spatial genetic structure was also quantified by the ‘Sp’ statistic, which
estimates SGS intensity and is calculated as – bF /(1 – F(1) ), where F(1) is the mean F( ij )
between individuals belonging to the first distance interval and bF is the regression slope of F( ij
) on rij (physical distance between samples i and j) (Vekemans and Hardy 2004). Standard errors
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of the kinship coefficients per distance class were estimated using a jackknife procedure over
loci. Then, values of the average genetic relatedness statistic between pairs of individuals
separated by given distance intervals were plotted using a spatial autocorrelogram. Isolation-bydistance for the plant hosts was investigated by comparing pairwise population genetic and
geographic distances in a Mantel test (Mantel 1967). Pairwise genetic distances for plants were
calculated using GenAlEx (Peakall and Smouse 2012) and geographic distances were calculated
using a modification of the haversine formula (Sinnott, 1984) based on the coordinates of the
sampled plants in GenAlEx (Peakall and Smouse 2012). The Mantel test was performed using
PASSaGE 2 (Rosenberg 2011), and 1,000 permutations of the datasets were used to assess
significance of the correlation.
Soil Sequence Data Processing and Analyses
Following Berlanas et al. (2019), bioinformatics analysis and annotation of the output data
were carried out using QIIME2 software (Bolyen et al. 2019), which provides quality filtering,
picking operational taxonomic units (OTUs), taxonomic assignment, phylogenetic
reconstruction, diversity analysis and graphical displays. After sequences were demultiplexed by
sample at the University of Maryland using a dual-barcode strategy, a mapping file linking
barcode to samples, and QIIME-dependent script of split_libraries.py and
split_sequence_file_on_sample_ids.py, respectively (Holm et al. 2019) they were sent back to us
for the rest of analyses. The primer sequences were removed from each read using q2-cutadapt
plugin, and sequence quality control and feature table construction were conducted using
DADA2 pipeline. Chimeras for combined runs were removed per the DADA2 protocol.
Amplicon sequence variants (ASVs) generated by DADA2 were taxonomically classified using
the scikit-learn classifier (Pedregosa et al. 2011) trained with the SILVA v132 16S rRNA gene
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sequence database (Quast et al. 2012). For the ITS1 dataset, I processed sequence output as for
the 16S rRNA gene data, with the addition of using q2-itsxpress plugin to extract only the fungal
ITS1 regions of the reads, and using the UNITE reference database (UNITE Community 2019)
to assign taxonomy. The output from QIIME2, including OTU and taxonomy tables, reference
sequences, and the phylogenetic tree, was used as input for the subsequent analyses of α- and βdiversity, which measures local diversity and turnover in diversity between samples,
respectively. Alpha diversity was calculated for each of the 12 sample locations in each plot (i.e.,
sequences from the two plants sampled in the same direction from the central point at a given
distance were pooled), whereas β- diversity was calculated between each pair of distances.
Biodiversity indexes and ordination analyses based on taxonomic profiles were analyzed
in RStudio statistical software v. 1.1.456 (RStudio Team, 2012) using the vegan (Oksanen et al.
2018) and Phyloseq packages (McMurdie and Holmes 2013). In each data set, samples were
rarified to simulate a similar number of reads per sample. A taxonomic bar plot was generated
using rarified samples for each data set. Alpha diversity, or the diversity of microbes within a
given rhizospheric sample, can be described by richness, or the number of different OTU’s per
sample, and evenness, or the number of OTU’s in relation to the OTU abundance within a
sample. Shannon Index is also a commonly used diversity index that takes into account both
abundance and evenness of species present in the community. The observed OTU’s and Shannon
diversity index were calculated for each sample using the Phyloseq package (McMurdie and
Holmes 2013). Kruskal-Wallis tests in the Qiime2 software (Bolyen et al. 2019) were used to
determine if measures of alpha diversity differed between each pair of rhizosphere samples for
all 70 studied individuals. Therefore, Shannon and evenness vectors output from QIIME2 has
been used as an input to measure differences between pairs of samples. To evaluate β- diversity,
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which quantifies dissimilarity in rhizospheric soil composition between sample points, weighted
UniFrac distance matrices (Lozupone, and Knight 2005) for each bacterial and fungal
community were subjected separately to PERMANOVA (Anderson 2001) using the adonis
function with 999 permutations to test for significance using the vegan package of R.
Dissimilarity of communities among the sample points was visualized using principal
coordinates analysis (PCoA). Regression analyses were used to test for an association between
genetic distance of microbial communities using weighted UniFrac distance matrices (Lozupone
et al. 2007; Pepe-Ranney et al. 2016) and spatial geographic and plant genetic distances (as
calculated above) in IBM SPSS Statistics v.25 (IBM Corp. 2017). These analyses were
conducted separately for the bacterial and fungal isolates.
Results
Analyses of the host plant revealed no clonal genotypes in the plant dataset and showed
that the number of alleles per locus ranged from 3 to 12, with a mean value of 6.78 for the whole
set (Table 4.1). The percentage of polymorphic loci (%P) was 100, the observed heterozygosity
(HO) ranged from 0.14 to 0.71, and the expected heterozygosity (HE) ranged from 0.32 to 0.84
among the three plots. Inbreeding coefficients (FIS) were consistently positive, indicating
heterozygote deficiency across all plots (Table 4.1). Since genetic diversity measures among all
three plots were very similar (Table 4.1), and a principal coordinates analysis did not indicate
that individuals cluster by their plot (data not shown), I combined the plots for some downstream
analyses. Among all three plots only plot 1 demonstrated a significant regression slope (bF) for
plants kinship coefficient over distances classes (p = 0.001 for bF = -0.0138) (Table 4.2). In the
combined plot dataset, I found significant autocorrelation in plant genotypes for all distance
classes except 244, 261, 344 and 384 m. The average kinship coefficient decreased linearly with
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spatial distance (rij) between individuals. Significantly positive values of Fij were found at short
distances, indicating that neighboring individuals had a higher genetic relatedness than random
pairs of individuals. Negative values (i.e. individuals within a distance class were less genetically
similar than expected with a random distribution) of Fij occurred at larger distances (Figure 4.1).
The mean value of the regression slope (bF), F(1) and Sp statistic were -0.01214, 0.0452 and
0.012, respectively, and the slope was significant, with p < 0.001. Plant genetic and geographic
distances were significantly correlated in a Mantel test (r = 0.243, p = 0.001, Figure 4.2).
Table 4.1

Genetic diversity of the host plant, Chamaecrista fasciculata, across three plots.
Plot

N

A

P

HO

HE

FIS

Significant deviation from HWE

1

24

5.1

100

0.48

0.55

0.09

no loci

2

22

4.35

100

0.49

0.52

0.1

1 locus (p = 0.001)

3

24

5

100

0.48

0.56

0.13

1 locus (p = 0.001)

All

70

6.78

100

0.49

0.58

0.17

3 loci

(p = 0.001)

N = number of individuals sampled; A = mean number of alleles per locus; P = percentage of
polymorphic loci; HO = observed heterozygosity; HE = expected heterozygosity; FIS = inbreeding
coefficient; HWE= Hardy–Weinberg equilibrium.
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Figure 4.1

Ritland’s kinship coefficients for pairs of plants plotted against the logarithm of
geographic distance separating each pair of plants and the estimated regression
line. Significant autocorrelations are indicated by stars. Regression slope bF = 0.01214, p < 0.0001.

Table 4.2

Evidence of fine-scale genetic structure in host plants.
Plot
Plot 1
Plot 2
Plot 3
Plots 1-3

Distance range (m)
1-43
1-43
1-43
1-384

bF
-0.0138
-0.0063
-0.0049
-0.0121

P-value
0.001*
0.125
0.145
0.000*

F1
0.0073
-0.0165
-0.0068
0.0451

Sp statistic
0.0139
0.0062
0.0048
0.0127

b = the regression slope of multilocus kinship coefficients for pairs of individuals against the
logarithm of geographic distance separating members of the pair; P-value = level of significance;
F1 = the mean kinship coefficient (Fij) between individuals belonging to the first distance
interval; Sp statistics = – bF /(1 – F1). Note: Star shows significant values.

Bacteria of Acidobacteria, Protobacteria and Bacteroidetes and fungi of Basidiomycota,
Ascomycota and Mortierellomycota were dominant in the rhizospheric soils for all plots (Figure
4.3 and MSU repository https://hdl.handle.net/11668/17896). Significant differences were not
detected in any measures of alpha diversity for bacterial communities and fungal communities
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between samples (Table 4.3, Figure 4.4, alpha diversity measures including richness and
evenness and Kruskal-Willis test result are provided at the MSU Repository
https://hdl.handle.net/11668/17896). Rhizosphere microbial beta diversity varied among sample
points (Figure 4.5), and these values were significantly different from one another for both
bacterial (PERMANOVA: false-F = 2.08, p = 0.001) and fungal data sets (PERMANOVA: falseF = 2.71, p = 0.001). Pairwise beta diversity comparisons of sample points are provided at the
MSU Repository (https://hdl.handle.net/11668/17896). In PCoA plots, the first two components
accounted for approximately 41.7% of the total variance for bacterial communities and 30.1 % of
the total variance for fungal communities. Both PCoA plots show some level of separation
among plots. Bacterial sequences from plot 1 are scattered in the PCoA plot while plots 2 and 3
appear more separated. In the fungal PCoA plot, sequences retrieved from plot 1 and 2
overlapped to some extent but these are separated from plot 3. Stepwise regression analyses
indicated significant association (p < 0.05) between genetic distance of both bacterial and fungal
rhizosphere communities and spatial and plant genetic distances (Table 4.4).
The pH results for rhizsopheric soil in all three plots are provided in table 4.5.
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Table 4.3
Microbial
community
Bacterial

Kruskal Wallis tests for Shannon and evenness indexes within and between plots.
Index

Plots

H*

P-value

Shannon

Within

45.62

0.08

Among

2.68

0.26

Within

39.89

0.22

Among

0.49

0.78

Within

37.36

0.19

Among

8.98

0.11

Within

32.99

0.36

Among

0.87

0.64

Evenness
Fungal

Shannon
Evenness

*H = the variance of the ranks among groups

Table 4.4

Stepwise regression assigning plant genetic and spatial distances as predictors of
rhizosphere microbial weighted UniFrac genetic distances.

Microbial community
Bacterial

Predictor
Plant genetics, constant

Adjusted r square
0.006

P-value
0.000

0.022

0.000

Fungal

Plant genetics, spatial distance,
constant
Plant genetics, constant

0.002

0.028

Plant genetics, spatial distance,
constant

0.012

0.00

Table 4.5

Tested pH for rhizospheric soils for each plot.

Plot Combined soils from 0, 1 and 2 distance
intervals
1
5.9
2
6.5
3
5.3
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Combined soils from 0, 1 and 2 distance
intervals
6.8
7.4
5.3

Figure 4.2
Plot of pairwise plant genetic distances compared to pairwise
geographic distance (Mantel test, r = 0.243, p = 0.001).
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Discussion
Nonrandom spatial distribution of genotypes, which is defined as spatial genetic structure
(SGS), occurs in natural populations due to restricted gene flow (Vekemans and Hardy 2004).
Restricted gene flow in plant populations often results from limited seed and pollen dispersal,
causing greater genetic similarity among neighboring than among more distant individuals. The
fact is that most plant seeds do not travel far, often only one or a few meters away from maternal
plants (Harper 1977; Howe and Smallwood 1982; Willson 1993; Cain et al.1998; Cheplick
1998), which is expected to generate a pattern of SGS. In several studies, estimated migration
rates, which are based on the occurrence of the farthest individual from a source population,
ranged from 0.0 to 2.5 m/yr (Matlack 1994; Brunet and von Oheimb 1998; Bossuyt et al. 1999).
Owing to heavy gravity dispersed seeds with no dispersal facilitation appendages and seasonal
variation in bee pollinator service (Fenster 1991), isolation by distance (IBD) is expected in C.
fasciculata. Values measured for the Sp statistic in this study, ranging 0.0048-0.0139, were
significant for one out of the three studied plots and for the combined plot. These values are
comparable to another study of C. fasciculata in which the sp statistic was 0.00746 (Fenster et al.
2004) and in another widespread species, Orchis purpurea Huds., with a Sp range of 0.00940.0144 (Jacquemyn et al. 2006). The mean Sp statistic in other outcrossing or gravity-dispersed
plant species has been reported as 0.0126 and 0.0281, respectively (Vekemans and Hardy 2004).
Results from Mantel test (r = 0.243, p = 0.001) suggest that C. fasciculata has limited seed
dispersal, as indicated by the presence of IBD and fine SGS. The presence of statistically
significant genetic structure at most of the studied distances indicates the existence of restricted
dispersal events among plants within the plots and suggests that C. fasciculata plants are not
randomly distributed at this fine scale.
111

The rhizosphere is the biologically active zone of soil where plant roots and microorganisms
interact (Singh et al. 2004). These interactions involve root exudates from the plant, which can
shape the structure of and enhance the activity of microbial communities (Paterson et al. 2007).
Rhizosphere influences on bacteria composition have been widely recognized in numerous plant
species, such as maize (Peiffer et al. 2013), rice (Edwards et al. 2015), Arabidopsis thaliana
(Lundberg et al. 2012), alfalfa (Xiao et al. 2017), poplar (Beckers et al. 2017), and grape (Samad
et al. 2017). These studies have found differing extents of rhizosphere effects on microbes,
dependent on the plant species, and these effects were related to factors such as plant root
physiology and root exudation profiles (Fitzpatrick et al. 2018; Sasse et al. 2018). For example,
maize hybrids can select specific bacterial strains that their parents do not, thereby increasing the
diversity of rhizosphere bacteria (Picard and Bosco 2005, 2006; Roesch et al. 2006). Studying
the model legume Lotus japonicus (Regel) K. Larsen, Zgadzaj et al. (2016) identified a role of
the legume host in selecting a broad taxonomic range of root-associated bacteria that likely
contribute to plant growth and ecological performance. Given the presence of fine scale genetic
structure in C. fasciculata and its expected ability to shape rhizosphere microbial communities, I
expected to find a similar pattern of community structure in rhizospheric microbes.
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Figure 4.3

Taxonomic classification of microbial sequences obtained from rhizospheric
samples at the phylum level for (A) bacterial communities and (B) fungal
communities.
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Figure 4.3 (continued)
Taxonomic classification of microbial sequences obtained from rhizospheric samples at the
phylum level for (A) bacterial communities and (B) fungal communities.

In our study, Acidobacteria, Protobacteria, and Bacteroidetes were the dominant bacteria
found, and Basidiomycota, Ascomycota and Mortierellomycota were the dominant fungi in the C.
fasciculata rhizosphere. The presence of these taxa is consistent with previous reports of legume
rhizosphere microbiomes (Mendes et al. 2014; Sugiyama et al. 2014; Xiao et al. 2017; Hartman
et al. 2017; Zhou et al. 2017). Metagenomics studies have revealed five main properties for
Acidobacteria, including nitrogen assimilation, carbon usage, metabolism of iron, antimicrobials,
and abundance of transporters (Parsley et al. 2011; Faoro et al. 2012; Navarrete et al. 2013;
Mendes et al., 2014). The Proteobacteria are of great importance to carbon, sulfur and especially
nitrogen cycling (Manz et al. 1992; Ludwig et al. 1995; Gupta 2000; Moulin et al. 2001; Spain et
114

al. 2009). Bacteria of the Bacteroidetes are prolific degraders of complex carbohydrates (Thomas
et al. 2011), with wide-ranging environmental impacts (Griffiths and Gupta 2001); for example,
decomposition of polysaccharides enables soluble sugars to be made available to other organisms
and recycles carbon, nitrogen, and water (Thomas et al. 2011). Basidiomycota are the main
decomposers of recalcitrant components of plant litter (Rayner et al. 1988), and at least 4,500
species of this phyla form mutualistic associations known as ectomycorrhizae with roots of
vascular plants (Watling 1995). Ascomycota fungi are important drivers in carbon and nitrogen
cycling in arid ecosystems and play roles in soil stability, plant biomass decomposition, and
endophytic interactions with plants (Green et al. 2008; Crenshaw et al. 2008; Challacombe et al.
2019). Species of Mortierellomycota live as saprotrophs in soil, on decaying leaves and other
organic material and decompose their remains (Blackwell 2011; Wilfried et al. 2015; Lücking et
al. 2016; Zhang et al. 2019). Overall, the community assembly of the rhizospheric microbes of C.
fasciculata appear to be common to plants in natural ecosystems.
While I discovered that neither richness nor evenness differed significantly between samples
in bacterial and fungi datasets (Table 4.3), selection by legume species on microbial
communities can be very specific (Wille et al. 2018). For instance, chickpea, lentil, and pea have
different root‐associated fungal communities in general, but arbuscular mycorrhizal fungi (AMF)
communities were not found to differ among the three legumes (Borrell et al., 2017). Unlike
richness and evenness, both bacterial and fungal beta diversity differed significantly among
rhizosphere soils, which is similar to results from a few studies that have so far tested the
influence of intraspecific genetic variation of legumes on rhizosphere microbial communities.
For example, Liu et al. (2019) reported that undomesticated Glycine soja (Siebold and Zucc.)
had higher diversity in the rhizosphere in comparison to domesticated soybean genotypes. The
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comparison of the soybean rhizosphere to bulk soil in their study also revealed significantly
different microbial composition. In a non-legume species, Spartina alterniflora Loisel., Zogg et
al. (2018) found significant differences in bacterial community composition and diversity
between bulk and rhizosphere soil, which was dependent on genetic variation of this natural
saltmarsh grass. Comparing alpha diversity measures for bacterial and fungal sequences in our
whole dataset revealed relatively higher bacterial diversity than fungal diversity (mean observed
OTU’s for bacterial and fungal communities was 66.88 and 72, mean Shannon index was 3.89
and 2.67, and mean evenness was 0.94 and 0.64, respectively).

Figure 4.4

Boxplots of the number of observed OTUs and Shannon index for rhizosphere
samples collected in each plot (spotsite). The first number in each sample name
indicates the plot number, the secnd number represents the specific distance at
which the sample was collected and the third number (1) represent samples
collected from opposite direction in a specific distance. (A-B) bacterial
communities and (C-D) fungal communities. A & C observed OTUs, B & D
Shannon index.
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Figure 4.4 (continued)
Boxplots of the Shannon index for bacterial communities collected in each plot (spotsite). The
first number in each sample name indicates the plot number, the second number represents the
specific distance at which the sample was collected and the third number (1) represent samples
collected from opposite direction in a specific distance.
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Figure 4.4 (continued)
Boxplots of the number of observed OTUs for rhizosphere samples collected in each plot
(spotsite). The first number in each sample name indicates the plot number, the second number
represents the specific distance at which the sample was collected and the third number (1)
represent samples collected from opposite direction in a specific distance. (A-B) bacterial
communities and (C-D) fungal communities. A & C observed OTUs, B & D Shannon index.
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Figure 4.4 (continued)
Boxplots of the number of observed OTUs and Shannon index for rhizosphere samples collected
in each plot (spotsite). The first number in each sample name indicates the plot number, the
second number represents the specific distance at which the sample was collected and the third
number (1) represent samples collected from opposite direction in a specific distance. (A-B)
bacterial communities and (C-D) fungal communities. A & C observed OTUs, B & D Shannon
index.
In this study, the first two components of the PCoA plots based on weighted UniFrac
distance matrices of the sequences accounted for approximately 41.7% and 30.1 % of the total
variance for bacterial and fungal communities, respectively. In an extensive survey of the potato‐
associated microbiome, Weinert et al. (2011) showed that 9% of all detected operational
taxonomic units revealed a cultivar‐dependent abundance, and significant genotypic effects
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among 10 maize inbred lines accounted for 26% of the variation in the bacterial rhizosphere
composition (Emmett et al. 2017). Peiffer et al. (2013) showed that plant genotype explains a
significant amount, 19%, of the total observed bacterial diversity in the rhizosphere among 27
modern maize inbred lines, although there was weak structure among bacteria of the maize
inbred lines when PC1 and PC2 were plotted for PCoA. Liu et al. (2019) revealed slight soybean
genotype modifying abilities for microbiome assembly. These rhizosphere effects may be
influenced by the specific profile of root exudates with a high concentration of flavonoids, which
are essential components of signal exchange between legumes and symbiotic rhizobia during
nodule formation (Liu and Murray 2016). The influence of root exudates was investigated by
White et al. (2015), revealing that isoflavonoids significantly alter soybean rhizosphere bacterial
diversity. Altogether, these findings support the hypothesis of the sensitivity of bacterial
communities to intraspecific plant genotype variation.
Aside from C. fasciculata genotypes influencing rhizosphere microbiome composition,
our regression analyses for both bacterial and fungal communities revealed significant influence
of distance decay on microbial community structure of rhizosphere soil. In fact, the r-square
values obtained for correlation between plant and soil microbe structure for both bacterial and
fungal communities were less than that for combination of the influence of both plant genotype
and spatial distance on microbial communities (Table 4.4). Our result is in line with several other
studies that recognized decay distance influence on soil microbiome. For example, HornerDevine et al. (2004) found that by using the decay of community similarity with distance over a
scale of centimeters to hundreds of meters in salt marsh sediments bacteria can exhibit a taxa–
area relationship and that bacterial communities located close together were more similar in
composition than communities located farther apart. Cho and Tiedge (2000) studied the degree
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of endemicity of Pseudomonas strains and found a negative correlation between the genetic
similarity of isolates and geographic distance at regional scales (distances ranging from 5 m to
80 km). Franklin and Mills (2003) documented microbial distance–decay patterns at smaller
scales (2.5 cm to 11 m) and reported a significant distance–decay relationship with a scaledependent slope. These studies, as well as our results, indicate that physical distance between
microbial communities is an influencing factor in the structure and diversity of rhizosphere
microbial communities.
Fierer and Jackson (2006) found that the diversity of microbiomes in soils with pH 5.37.4, which is the range pH that I measured for our studied plots, is not highly variable. Therefore,
I conclude that our studied rhizosphere microbiome in this small scale has not been influenced
by soil pH as much as by host genotypes or other untested factors. It is believed that microbiota
colonizing and associating with plants enable plants to buffer local environmental changes, with
a positive influence on plant fitness (Vannier et al. 2018). Vannier et al. (2018) showed that in
clonal plants microorganisms are transmitted between individuals, ensuring the availability of
microbe partners for the next generation of plants and dispersal of the microbes between hosts. In
the previous study on this system, Dorman and Wallace (2019) showed that geographical
distance did not result in isolation and diversification of microbiota as they did not find
geographical structure in nodulating rhizobia in the larger scale they studied in Mississippi.
Previous work on bacterial communities from North America and South America has shown that
latitude or geographic distance did not significantly influence diversity (Fierer and Jackson
2006); however, soil pH was later shown to be the most influential factor (Lauber et al. 2009).
The effects of plant species on microbial taxa are often difficult to predict, in part to the reason
that plant associations with soil microorganisms is being highly context dependent (Fierer 2017).
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I believe that at small scales, microenvironmental heterogeneity, such as pH and moisture
content, likely interact with the plant genotype to shape the spatial scaling of the rhizosphere
microbiota. Microenvironmental heterogeneity is proposed to be an important diversitygenerating factor in the neotropical flora; It is shown that at small (0.1-1 m) scales, neotropical
rain forests exhibit high heterogeneity in numerous environmental factors such as conspecifics,
litter, soil factors, topography, and mutualists and pests (Svenning 2001). Decades of research
has shown that properties of surface soils including pH, organic carbon concentration, salinity,
texture and available nitrogen concentration exhibit an enormous range (Fierer 2017), which is a
product of the main factors that affect soil formation such as climate, macro and microorganisms,
and parent material and time (Jenny 1941). Even in each soil profile, environmental conditions
can vary considerably across the distinct microbial habitats found in soil, including the
rhizosphere, preferential water flow paths (including cracks in the soil), and animal burrows. For
example, oxygen concentrations can vary from 20% to <1% from the outside to the inside of soil
aggregates that are only a few millimeters in size and as a result influence bacterial content and
activity of that soil aggregate. There have been several studies into viruses and their role in the
soil microbiome, and phages that target specific bacteria, including Rhizobium spp. (Kimura et
al. 2008, Frampton et al. 2012), but the overall effects of viruses on the composition and activity
of the soil microbiome remain poorly understood. Collectively, a combination of the
abovementioned factors along with plant genotype is likely to have shaped the rhizosphere
microbial communities in our study species.
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Figure 4.5

Plot of the first two components from a principal coordinates analysis showing
beta diversity among rhizosphere communities in each plot. The first number in
each sample name indicates the plot number and the second number represents the
specific distance at which the sample was collected for (A) bacterial communities
and (B) fungal communities. The first two axes account for approximately 41.7%
of the total variance (p = 0.001) for bacterial communities and approximately
30.1% of the total variance (p = 0.001) for fungal communities.
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Figure 4.5 (continued)
Plot of the first two components from a principal coordinates analysis showing beta diversity
among rhizosphere communities in each plot. The first number in each sample name indicates
the plot number and the second number represents the specific distance at which the sample was
collected for (A) bacterial communities and (B) fungal communities. The first two axes account
for approximately 41.7% of the total variance (p = 0.001) for bacterial communities and
approximately 30.1% of the total variance (p = 0.001) for fungal communities.

Conclusions
Our results contribute to a growing body of evidence that plant genetic variation and
physical distance might be influential at some levels on and microbial community composition.
So far, the studies that have investigated this influence have primarily focused on particularly
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specific rhizobacterial communities such as plant growth-promoting bacteria and primarily on
model legumes. I studied a non-model native legume and showed that plants in physical
proximity show significantly higher kinship than those more distant from one another. Our
dataalso suggests that both plant genotype and physical distance might be important in shaping
the genetic structure and diversity of both bacterial and fungal communities of the rhizosphere.
Although a greater amount of variation in microbial genetic distances was explained by plant
genetic distance plus geographic distance, I conclude that the structure of these communities is at
least partially controlled by plants at local spatial scales. These interactions may be a
consequence of a long history of coevolution in natural systems. Our results, which are in line
with other fine scale microbial studies suggest that large scale studies of microbial diversity
might have undersampled microbial diversity, which could result in a biased picture of the
spatial scaling of microbial biodiversity and the incorrect conclusion that the spatial scaling of
microbial biodiversity is different from that of plant diversity. Given that undersampling could
result in the observation of specifically flat or nonexistent rates of distance–decay, it increases
the importance of sampling effort in describing diversity patterns.
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