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ABSTRACT OF THE DISSERTATION

How Competition Shapes the Fitness Landscape of Rhizobia

by

Arafat Rahman

Doctor of Philosophy, Graduate Program in Genetics, Genomics, and Bioinformatics
University of California, Riverside, June 2023
Dr. Joel L. Sachs, Chairperson

In the hundred-plus years since the invention of the Haber-Bosch process, industrial
production of nitrogen (N) fertilizers has increased agronomic production and,
consequently, the human population. Synthetic N fertilizers also promote the emission of
reactive nitrogen forms, which can significantly damage the environment and human
health. One alternative to N fertilizer is the use of beneficial nitrogen fixing soil bacteria
(rhizobia) that form tumor-like structures called nodules on the roots of legumes. The most
effective rhizobia for nitrogen fixation have been used to develop bioinoculants for field
application, which have the potential to decrease synthetic N fertilizer use. But importantly,

inoculant strains are often outcompeted by indigenous strains that fix little nitrogen.
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Because of this, bioinoculants are often only marginally effective, and plant growth suffers.
To resolve this rhizobial competition problem and improve the N fixing benefits to plants,
we must gain a better understanding of 1) competitive interactions among rhizobia, ii) the
epidemiological patterns of strains that dominate natural populations and spread among
them, and iii) gain insight of N fixing efficiency and developmental variation of bacteroids
inside the nodule. This dissertation research uses native Californian legumes in the genus
Acmispon, which naturally host Bradyrhizobium strains. The three parallel aims are to: 1)
characterize rhizobial competition and model plant performance based on nodule
occupancy of competing strains, ii) investigate the epidemiology of rhizobial genotypes
across multiple hosts in a large transect (>800 km) of California, and iii) examine the
nodule-bacteroid morphology and nitrogen fixation efficiency of rhizobia that vary in N
fixation. The main findings from this dissertation reveals a competitive-dominance
hierarchy of rhizobial strains which leads to reduced host-benefit, the epidemic spread of
certain dominant Bradyrhizobium strains in natural populations, and ultrastructural
variation in nodule bacteroid morphology during different stages of nodule development.
This dissertation research holds significant importance in improving crop yields, reducing
dependency on synthetic nitrogen fertilizers, and directly benefiting agricultural research
aimed at boosting bioproduct yields from legumes without the use of synthetic nitrogen

fertilizers.
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Introduction

Nitrogen is an essential element for life which plays crucial roles in biological,
environmental, and industrial processes. Nitrogen passes through various biogeochemical
cycles including nitrogen fixation, nitrification, denitrification, and ammonification, all of
which can contribute to the balance of nitrogen in the environment (Bernhard, 2010). The
environmental balance of nitrogen is important to ensure biological forms of nitrogen are
available for use by living organisms while preventing excessive accumulation that can
lead to environmental problems such as eutrophication and pollution (J. Erisman et al.,
2015). Nitrogen is a fundamental component of organic biomolecules such as nucleic acids
and amino acids, which are building blocks of the cell. Therefore, nitrogen rich nutrients
are a vital growth requirement for all cellular forms of life. Although dinitrogen gas (N2)
makes up about 78% of the atmosphere, this gas is not directly usable by most organisms
due to the high energy requirement to break its triple-covalent bond (Raza, 2020). Thus,

nitrogen is a limiting nutrient in most ecosystems.

In the beginning of the twentieth century, Fritz Haber and Carl Bosch invented a
chemical process to synthesize ammonia from nitrogen and hydrogen gases (H. Liu, 2014).
It was one of the most significant industrial processes developed in the history of humanity
since it produces ammonia, the primary precursor of nitrogen based fertilizers. In the
hundred-plus years since the invention of the Haber-Bosch process, industrial production

of nitrogen (N) fertilizers has increased agronomic production and, consequently, the



human population since it provided a consistent and abundant source of nitrogen fertilizer
(J. W. Erisman et al., 2008). But, the Haber-Bosch process is energetically demanding, and
the use of synthetic nitrogen fertilizer causes eutrophication and environmental pollution.
Synthetic N fertilizers also promote the emission of nitrogen, which (compounded with
inefficient use) significantly damages the environment and human health (Townsend &
Howarth, 2010). Managing and minimizing use of synthetic nitrogen fertilizer is a major

challenge for our current agricultural practices.

Certain bacteria and archaea can convert atmospheric nitrogen into biologically
available forms such as ammonia (NH3) or nitrate (NO3") (J. G. Chen et al., 2018). This
process can be achieved by both free-living bacteria and in symbiotic interaction of Na-
fixing bacteria with hosts. The legume-rhizobia association is an elegant example of
biological nitrogen fixation by symbiotic interaction, which is a mutually beneficial
relationship between leguminous plants, such as peas, beans and clover, and nitrogen fixing
bacteria called rhizobia (Catherine Masson-Boivin & Sachs, 2018). This symbiotic
interaction occurs in specialized structures called root nodules and involves interchange of
signaling molecules to determine specificity and compatibility between symbiotic partners.
In this symbiosis rhizobia fix atmoshperic nitrogen to ammonia for plants, in exchange for
photosynthates. One alternative to synthetic nitrogen fertilizer is the use of beneficial

nitrogen fixing soil bacteria as bioinoculants.



The legume-rhizobia symbiosis is a thoroughly studied system of biological
nitrogen fixation, which annually contributes at least 70 million tons of fixed nitrogen
(Zahran, 1999). It can increase fertility in arable lands, improve tolerance to abiotic stress,
help in phosporous solubilization, and reduce the use of synthetic fertilizers. However,
using biological nitrogen fixation (BNF) as a replacement for synthetic fertilizer is
challenging for various reasons (Soumare et al., 2020). There is huge variation in nitrogen
fixation capability by different strains of rhizobia (Gordon et al., 2016). The most effective
rhizobia for nitrogen fixation have been used to develop bioinoculants for field application,
which have the potential to decrease synthetic N fertilizer use. But importantly, inoculant
strains are often outcompeted by indigenous strains that fix little nitrogen (M. Mendoza-
Suérez et al., 2021). Because of this, bioinoculants are often only marginally effective, and
plant growth suffers. To resolve this rhizobial competition problem and improve the N
fixing benefits to plants, we must gain a better understanding of i) competitive interactions
among rhizobia, ii) the epidemiological patterns of strains that dominate populations and
spread among them, and iii) the developmental and histological variation of nodule-

bacteroids.

In this dissertation I use a native California legume in the genus Acmispon, and its
natural symbionts in the genus Bradyrhizobium. 1 have three independent projects to study
major objectives in my dissertation: i) to characterize rhizobial competition and model
plant performance based on nodule occupancy, ii) to investigate the epidemiology of
rhizobial genotypes across multiple hosts in a large transect (>800 km) of California, and

iii) to examine the ultrastructural variation of bacteroid development in nodules.



Chapter 1 establishes a novel framework to examine competition among rhizobial
symbionts to nodulate a host. The approach reduces the rhizobial interaction from the
community level to simplified pairwise-combinations in a full-factorial design. This aims
to disentangle relative competitive properties of strains apart from their nitrogen fixation
trait variability and uncover competitive hierarchies. The main objective of this chapter is
to characterize competitiveness, understand the relationship of rhizobial competitiveness

with N fixation, and disentangle the mechanisms and drivers of competition.

Chapter 2 investigates the epidemiology and ecological spread of different rhizobial
genotypes across a plant metapopulation in California. This chapter indicates that a handful
of Bradyrhizobium chromosomal genotypes dominate most of the sampling sites among
multiple host species and some of them have epidemic spread. This confirms a previously
described scenario where epidemic genotypes spread geographically while incorporating
locally adapted symbiosis specificity loci. The main objectives of this chapter are to
examine the natural distribution of rhizobial strains in a metapopulation, understand the

epidemic dominance patterns and study the molecular evolution of these bacteria.

Chapter 3 provides insights on the bacteroid development and morphological
differences between beneficial and ineffective rhizobia. To control ineffective rhizobia,
legumes have a set of ‘host-control’ traits which may allow them to selectively associate
with beneficial rhizobia, while punishing harmful rhizobial strains. How the host control
shapes the morphological difference of nodule-ultrastructure in different stages of
development, as well as how bacteroid fitness varies among strains are the major goals of

this chapter.



Understanding the factors of rhizobial competition, epidemiology and its
evolutionary drivers, and morphological variation of the nodule is crucial to close
knowledge-gaps as well as necessary to improve bioinoculants, increase crop yields, and
reduce reliance on synthetic fertilizers. This will directly benefit agricultural research to

increase legume-based bioproduct yield without help of synthetic nitrogen fertilizer.



Chapter 1

Competitive interference among rhizobia reduces benefits to hosts

Abstract

The capacity of beneficial microbes to compete for host infection — and the ability
of hosts to discriminate among them — introduces evolutionary conflict that is predicted to
destabilize mutualism. We investigated fitness outcomes in associations between legumes
and their symbiotic rhizobia to characterize fitness impacts of microbial competition.
Diverse Bradyrhizobium strains varying in their capacity to fix nitrogen symbiotically with
a common host plant, Acmispon strigosus, were tested in full-factorial coinoculation
experiments involving 28 pairwise strain combinations. We analyzed the effects of
interstrain competition and host discrimination on symbiotic-interaction outcomes by
relativizing fitness proxies to clonally infected and uninfected controls. More than one
thousand root nodules of coinoculated plants were genotyped to quantify strain occupancy,
and the Bradyrhizobium strain genome sequences were analyzed to uncover the genetic
bases of interstrain competition outcomes. Strikingly, interstrain competition favored a
fast-growing, minimally beneficial rhizobia strain. Host benefits were significantly
diminished in coinoculation treatments relative to expectations from clonally inoculated
controls, consistent with competitive interference among rhizobia that reduced both
nodulation and plant growth. Competition traits appear polygenic, linked with inter-strain
allelopathic interactions in the rhizosphere. This study confirms that competition among

strains can destabilize mutualism by favoring microbes that are superior in colonizing host



tissues but provide minimal benefits to host plants. Moreover, our findings help resolve the
paradox that despite efficient host control post infection, legumes nonetheless encounter

rhizobia that vary in their nitrogen fixation.



Introduction

Microbial mutualists provide terrestrial plants with diverse services (Friesen et al., 2011),
but benefits provided by microbial partners are unreliable, causing unpredictable fitness
outcomes for hosts (Heath & Stinchcombe, 2014). For instance, interactions between plants
and root-associated mycorrhizal fungi vary from highly beneficial to parasitic (Hoeksema
et al., 2010; N. C. Johnson et al., 1997). Epiphytic bacteria that fix nitrogen for tropical
host plants also vary broadly in the amount of benefit provided to hosts (Bentley, 1987;
Fiirnkranz et al., 2008). During host colonization, microbial interactions can favor highly
competitive strains irrespective of the level of benefit provided to hosts (Frank, 1996; Joel
L. Sachs et al., 2018). To optimize benefits from microbial associations plants employ host
control traits, including partner choice and sanctions that reward beneficial microbes and
discriminate against strains that provide insufficient benefits (Kiers et al., 2011, 2003). The
capacity of microbial partners to compete for host infection, and the ability of hosts to
discriminate among them, can introduce an evolutionary conflict between microbe and host
partners. The effects of this conflict on the services exchanged in plant microbial
mutualism — and the evolutionary stability of these associations — remain poorly
understood.

The legume-rhizobia association is an excellent model of mutualism where
microbial strains compete to infect hosts. Rhizobia encompasses polyphyletic groups of
proteobacteria with the capacity to induce root nodulation and fix nitrogen in legume hosts
(Sawada et al., 2003). Partner quality, as measured by relative growth benefit the host gets

from rhizobial strains, vary quantitatively due to differences in nitrogen fixation capability



from those that fix substantial amounts to those that are ineffective and fail to provide any
benefit for specific host plant partners (Burdon et al., 1999; L. Chen et al., 2002; Collins et
al., 2002; Denton et al., 2000; Ehinger et al., 2014; Gano-Cohen et al., 2020). Legumes
exhibit a suite of host-control traits to minimize costs of ineffective infections. Host
legumes exhibit partner choice, the ability to discriminate against incompatible and
uncooperative partners, in this case by detecting molecular signals of nod-factors and
effector proteins deployed by type III secretion systems (Poole et al., 2018). Moreover,
when ineffective rhizobia gain access to nodules, legumes sanction them by reducing in
planta proliferation of rhizobia (Oono et al., 2011, 2009; John U. Regus et al., 2017;
Westhoek et al., 2017). Given the plant hosts’ capacity to select for strains with high net
benefit in planta, less beneficial strains are predicted to be selected against in the
population (Denison, 2000; K. R. Foster & Wenseleers, 2006; Kiers & Denison, 2008; Joel
L. Sachs et al., 2004; Ellen L. Simms & Taylor, 2002; S. A. West et al., 2002; Stuart A.
West et al., 2002). Nonetheless, strains ineffective at fixing nitrogen are common both in
natural and agricultural landscapes, suggesting that other forces counteract host control.
These predicted forces include, but are not limited to, mutation-selection balance, stable
coexistence of strategies, and selection mosaics shaped by G x G and G X E interactions
(Batstone et al., 2022; Heath, 2010; Heath & Stinchcombe, 2014; M. Mendoza-Suarez et
al., 2021).

The legume-rhizobia mutualism generates the dominant natural input of nitrogen
into terrestrial ecosystems (Cleveland et al., 1999) and has agronomic potential to reduce

environmental damage caused by nitrogen fertilizer (Choudhury & Kennedy, 2005; Foyer



et al., 2019; Ohyama, 2017). Attempts to inoculate legumes with ‘elite’ rhizobia, strains
that generate a high degree of benefits to plants in lab settings, often results in the inoculant
strains being outcompeted by indigenous rhizobia that provide little or no benefits to the
introduced host, a phenomenon referred to as the rhizobia competition problem (Irisarri et
al., 2019; Yates et al., 2011). However, bioinoculants made from rhizobia that are native
to the applied soils can achieve better success than commercial inoculants (Goyal et al.,
2021; Koskey et al., 2017; Ouma et al., 2016), indicating importance to characterize
rhizobia genotypes for competitiveness and symbiotic growth benefit. Because diverse
rhizobia are typically present in natural and field settings, clonal inoculation experiments
do not predict performance of rhizobia where multiple strains compete for plant derived
nutrients (Bourion et al., 2017; Kiers et al., 2013). Yet, most experiments focus on
inoculating clonal bacterial isolates on hosts as a means to evaluate their ability to form
successful symbiosis(Friesen, 2012). New work addresses this limitation by incorporating
multi-strain inoculations to test hypotheses of fitness outcomes in the legume-rhizobia
symbiosis (Batstone et al., 2022; Burghardt et al., 2018).

Here, we characterized variation in competitive ability among rhizobia strains and
related interstrain competition to the benefits that hosts derived from the symbiosis. Our
objectives were to (i) compare fitness outcomes of rhizobia and hosts in single- and co-
inoculation, (ii) characterize the nodulation occupancy distribution of competing strains
that vary in symbiotic benefit to the host, and (iii) develop and test models that incorporate
symbiotic benefit and nodulation capacity to predict mechanistic processes underlying

competition. Experiments were conducted on Acmispon strigosus (formerly Lotus
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strigosus), an annual legume native to the southwestern USA that is nodulated by diverse
Bradyrhizobium spp. (Gano-Cohen et al., 2020; A. C. Hollowell et al., 2016). We used
eight focal Bradyrhizobium strains, isolated originally from A. strigosus, that range from
beneficial to ineffective at nitrogen fixation symbiosis. In prior work, strains were
phenotypically characterized on multiple genotypes of A. strigosus for nodulation and
nitrogen fixation capacity (Gano-Cohen et al., 2020). Strains that fixed nitrogen and
improved host growth were classified as effective (i.e., Fix+), whereas those that provided
no growth benefit were classified as ineffective (i.e., Fix-). The strains had their genomes
sequenced and the Fix- strains contain intact nif/fix genes, indicating that ineffectiveness is
not a result of deletion or pseudogenization of these genes (Weisberg, Rahman, Backus,
Tyavanagimatt, Chang, et al., 2022). Because these Bradyrhizobium strains showed
consistent response across multiple host genotypes (Gano-Cohen et al., 2020, 2019;
Wendlandt et al., 2019), a single inbred line of A. strigosus was used in this study. When
coinoculated with beneficial and ineffective strains, 4. strigosus can discriminate among
them and sanction strains that do not fix nitrogen for the host, reducing the capacity of
nonfixing rhizobial strains to proliferate within nodule tissues (John U. Regus et al., 2017;
J. L. Sachs, Ehinger, et al., 2010; Wendlandt et al., 2019). Strains were coinoculated onto
A. strigosus in a full factorial pairwise experiment, which also included clonally inoculated
and uninoculated treatments. Using Illumina amplicon sequencing, more than 1,100
nodules from coinoculated plants were genotyped to detect the occupying strains. Null
models were developed from single-inoculation data to predict and then test effects of

coinoculation treatments on host nodulation and growth. Understanding the role of

11



competition among rhizobia to colonize legumes is critical for managing and improving

sustainable agriculture and testing mutualism stability models.
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Materials and Methods

Rhizobia and plant genotypes — Eight Bradyrhizobium strains were selected that varied
quantitatively in the magnitude of growth benefits provided to hosts, including four strains
that were categorized as effective because they elicited significant growth benefits in
inoculated hosts relative to uninoculated control hosts (i.e., Fix+; #’s 4, 131, 156, 184) and
four strains that were categorized as ineffective because they did not cause significant host
growth benefits ( i.e., Fix-; #’s 2, 186, 187, 200)(Gano-Cohen et al., 2020) (Table 1.1).
The host line A. strigosus AcS049 was selected for greenhouse experiments, and was
initially sampled from the Bernard Field Station, Claremont, CA(J. U. Regus et al., 2017;
John U. Regus et al., 2014). Plants were raised from a wild seed progenitor, and were
allowed to self for at least two generations in a greenhouse before being used here

(Wendlandt et al., 2019).

Inoculation experiment — Seeds were surface sterilized in 5% NaOCI for 3 minutes, rinsed
in autoclaved reverse-osmosis water (RO-H>0) for 7 minutes, nick scarified, and sowed
into sterilized SC10R Ray Leach Conetainer pots (diameter 3.81 cm, depth 20.96 cm,
volume 164 mL, Steuwe and Sons, Corvallis, Oregon, USA) filled with sterilized calcined
clay (Turface® Pro League®, Turface Athletics, Buffalo Grove, Illinois, USA) which
offers negligible nutrients. Once true leaves formed, seedlings were moved to a greenhouse
and fertilized weekly with 1 mL nitrogen-free Jensen’s fertilizer (Somasegaran & Hoben,
1994). Fertilization volume was increased weekly by 1 mL until a maximum of 5 mL was

reached, which continued until harvest. After 4 days of hardening to greenhouse conditions

13



under 50% shade, plants were inoculated. Rhizobia inocula were prepared by streaking
single colonies onto plates of Modified Arabinose Gluconate medium (MAG (J. L. Sachs
et al., 2009a)), scraping grown cells, adjusting cell concentration based on turbidimetric
readings, and washing cells in RO-H;0. A Klett-Summerson 800-3 photoelectric
colorimeter was used (American Laboratory Trading, Inc., San Diego, California, USA) to
get turbidimetric reading of the culture on a KlettTH scale which is proportional to optical
density.

The full factorial coinoculation experiment included plants that were treated with
each of eight clonal strains, 28 pairwise strain combinations, and uninoculated controls.
Plants received 5 mL cultures at concentrations of 1x10% cells/mL. This protocol was
selected based on previous inoculation experiments showing consistent nodulation of 4.
strigosus at this concentration of Bradyrhizobium (Gano-Cohen et al., 2020; J. L. Sachs et
al., 2009b; Wendlandt et al., 2019). For coinoculations, the concentration of cultures from
each strain were adjusted before combining to reach a total concentration of 1x10%
cells/mL. Control plants received 5 mL of autoclaved RO-H>O. Each treatment group
included 10 plant replicates, and locations for plants were randomized across all treatments.
A total of 370 plants were used during the inoculation experiment (10 replicates x 37
treatments [8 single-inoculation, 28 coinoculation, 1 control]). To verify concentrations,
each clonal inoculum was quantitatively plated (Somasegaran & Hoben, 2012). Plants were
watered daily with 10 minutes of misting. Inoculation occurred in two batches on April 5

and 11, 2019. Each batch received inoculation in five replicates of all treatments.
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Plant harvest and nodule genotyping — Plants were harvested starting 28 days
post inoculation (dpi) from May 6 - June 19, 2019. Plants were harvested continuously,
and individual plants were randomly selected for harvest. Plants were removed from the
soil, shoots and roots were photographed, and nodules were dissected and counted. From
photographs, nodule area was measured using ImageJ (v1.501). Ten nodules from each
coinoculated plant were randomly selected for rhizobia genotyping and preserved at -80°C.
Roots, shoots, and remaining nodules were separated and dried in a convection oven at
60°C to quantify dry biomass. For plants selected for nodule genotyping with fewer than
ten nodules, all nodules were genotyped. A total of 63 plants were removed from the
dataset, 35 because of algal contamination or multiple plants growing in the same pot, 24
plants that died before harvest, and 4 were removed due to human error during data-
collection process. No pattern was observed in plant mortality or in algal contamination
across treatments.

A pooled dual-indexed amplicon sequencing approach was used to genotype
nodules. Nodules were thawed, surface sterilized in bleach for 30 seconds, rinsed in
autoclaved RO-H>0O, and using a sterile pestle ground to a slurry in 200 pL RO-H20. The
nodule slurry was directly used for a PCR reaction since within nodules DNA from rhizobia
exists in high concentrations. Two PCR steps were used to prepare the library (Cruaud et
al., 2017). Primer pairs used in the first PCR were designed to amplify the nifD gene (target
sequence for forward primer 5’-GAAAAGGATATCGTSTTCGGC-3’ and reverse primer
5’-GTCRCCRCCGATGTTRTARTC-3’) and also included sequences of the standard

[llumina sequencing primers and a 0 to 3 bp “heterogeneity spacer” (Fadrosh et al., 2014).
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The nifD gene contains SNPs that differentiate 27 of the 28 strain combinations (except
strains #131 and #156 for which the sequences were identical). The primer pairs used in
the second step added adapter sequences and eight-nucleotide index sequences sampled
from an index-list using BARCOSEL (Kozich et al., 2013; Somervuo et al., 2018).

In the first PCR, reactions contained nodule slurry (2ul), 5x Q5 buffer (2ul), dNTPs
(2mM, 1ul), Q5 Polymerase (0.1ul), forward and reverse primers (2mM, 0.5ul), and
molecular grade water (4.7ul). DNA concentration between samples were not controlled
since presence-absence of each strain is being measured based on minimal read cutoffs,
thereby DNA concentration variation is unlikely to play an important role. PCR conditions
were 98°C for 30 seconds for initial denaturation, then 98°C for 10 seconds and 74°C for
30 seconds for both extension and annealing for 35 cycles, and a final extension in 72°C
cycle for 2 minutes. In the second PCR, amplicons were dual indexed with multiple
identifiers for each sample (Cruaud et al., 2017). The same PCR conditions were used as
in the first PCR step. Negative controls, where only DNA grade water instead of nodule
slurry was added, were included in each PCR batch. After the second PCR, all amplicons
were pooled. The pooled library was cleaned using the HighPrep PCR cleanup (MagBio,
USA). An Agilent Bioanalyzer 2100 with the DNA High Sensitivity kit (Agilent
Technologies, USA) was used to check for quality and quantity of the library along with a
qPCR reaction targeting the adapter sequences (New England BioLabs library
quantification kit for Illumina). A PhiX control library was combined with the amplicon
library (3.9%). The library was sequenced (2x300 bp) on a MiSeq flowcell, using a 600

cycle V3 MiSeq sequencing kit.
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To cross-validate MiSeq genotyping, 90 samples from nifD PCR products were
genotyped using Sanger sequencing. The 4Peaks software package was used to examine
single and dual peaks in electropherograms to identify SNPs that differ between strains

(Griekspoor & Groothuis, 2006).

Genomic analyses — Genome content of the eight strains was investigated for presence-
absence patterns of previously reported competition-associated genes, including 535 genes
associated with nodulation competition in Rhizobium leguminosarum (Wheatley et al.,
2020) and 128 genes associated with rhizosphere colonization, interstrain interference, or
establishment of effective symbiosis and plant-growth promotion across multiple rhizobial
taxa (M. Mendoza-Suérez et al., 2021). Gene sequences were downloaded from UniProt,
and tBLASTn was used to search for presence of homologs in the eight genome sequences
(Camacho et al., 2009; UniProt Consortium, 2021). A filter of e-value < 0.004 and BLAST
coverage > 80% was used to summarize the BLAST output. Heatplot was used to visualize
gene presence-absence patterns using R (version 4.1.3).

Pangenome analysis was performed to associate gene presence patterns with
nodulation success. Prokka (version 1.14.6) was used to annotate the genomes and Roary
(3.11.2) was used for pangenome analysis (Page et al., 2015; Seemann, 2014).
PantherDB.org was used to test for statistical overrepresentation of gene sets unique to
competitive strains with a Bradyrhizobium diazoefficiens genome as a reference (Mi et al.,

2019).
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In vitro experiments — The Fix+ strains had higher nodule occupancy in the coinoculation
experiment against Fix- strains, but some Fix+ strain combinations resulted in low host
benefit compared to the single inoculation experiment. To quantify growth and cell-cell
interactions, growth rate and competition were assayed for the four Fix+ strains using
liquid and solid media experiments (Ratzke et al., 2020; Sexton & Tabor, 2020). For liquid
experiments, two independent flask cultures of each strain were prepared in MAG media,
grown cells were washed, and 10® cells per replicate were used to seed 30 mL liquid
cultures in minimal Rhizobium Defined Medium (RDM)(J. L. Sachs et al., 2009a). To
quantify growth rate and strain interaction effects, treatments were replicated five-fold and
were either clonal (i.e., initiated with 103 cells each from two different flasks with the same
strain) or mixed (i.e., initiated with 10® cells each from flasks with different strains) and all
pairwise strain combinations were tested. To initially allow cell-cell interactions, cultures
were incubated at 29°C and shaken at 60 RPM for 18 hours, increased to 100 RPM for 6
hours, then to 180 RPM for the rest of the experiment. Colorimeter readings quantified
doubling time and carrying capacity over 150 hours. The same replicates and strain
combinations were repeated for a solid media experiment, wherein 10% cells per replicate
culture were spread-plated onto 23 mL solid RDM plates and incubated at 29°C for 8 days.
After incubation, cells were scraped from plates and quantified for population size using a

Klett-Summerson 800-3 colorimeter as described above.

Data analyses — Statistical analyses were carried out using R (version 4.1.3)(R Core Team,

2013). Host growth response to inoculation was estimated by dividing the shoot biomass
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values of inoculated plants by the shoot biomass values of uninoculated control plants
(Wendlandt et al., 2022). Nodule count and total nodule mass were used to estimate
rhizobial fitness at the plant level (Pahua et al., 2018). Nodules from each plant which were
selected for genotyping were used to measure mean nodule weight after drying and then
multiplied by total nodule numbers to get the nodule biomass estimation. Host investment
into symbiosis was quantified as nodule biomass value divided by the shoot biomass value
of each inoculated plant (Ortiz-Barbosa et al., 2022). Data transformation was carried out
to achieve normality and heteroscedasticity. Linear models were used to investigate
variation in host growth response and nodulation traits. For each response variable, two
linear models testing effects of treatments, with or without inoculation batch as a random-
effect variable, were compared using a log-likelihood test for a significant random effect.
Analysis of covariance (ANCOVA) was carried out with type III sum of square errors to
test effects of clonal and coinoculation treatments on the response variables (relative
growth, total nodules, mean nodule weight, host investment) with dpi as a covariate.
Significant differences among treatments were assessed using Tukey’s HSD tests.
Marginal means were estimated which are useful to compare among treatments since they
adjust for the covariate and other factors (Bartlett, 2018). Pearson’s product-moment
correlation coefficient was computed to assess the linear relationship of nodule count and
mean nodule weight with host growth response separately. Coinoculation treatments were
categorized as ‘+/+’, “+/-’, and ‘-/-> depending on whether Fix+ (strain 4, 131, 156, 184)
and or Fix- (strain 2, 186, 187, 200) strains were paired together within or across groupings.

Two sample t-tests were carried out between the coinoculation categories for relative
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growth, total nodules, mean fresh nodule biomass and investment, using Holm—Bonferroni
correction for multiple comparisons (Holm, 1979).

Nodule occupancy in the coinoculation treatments was inferred by analyzing MiSeq
reads. Briefly, quality of the demultiplexed fastq files were assessed with FastQC (KDE
Group et al., n.d.). FLASH (Mago¢ & Salzberg, 2011) was used to merge forward and
reverse reads in the fastq files, using 10-100 bp overlap range, 0.3 mismatch ratio, and a
28 Phred score cutoff. For each read in each sample, unique SNPs were compared with
each reference sequence (Amanda C. Hollowell et al., 2016). A custom R script (GitHub:

https://github.com/acarafat/competition_experiment) was used to assign strain occupancy

in the nodules, wherein reads were categorized to a strain if there were > 80% match to the
unique SNPs and > 10 reads matching the strain. If both coinoculated strains met this
criterion, the nodule was classified as being coinfected. For each coinoculation treatment,
all genotyped nodules were aggregated to calculate an average strain occupancy. In total,
reads from 1125 nodules were analyzed. Nodule occupancy values for each coinoculation
treatment (i.e., strains A + B) were tested using a goodness of fit y2 test against a null
model of nodule occupancy wherein an equal number of nodules were expected to be
randomly infected by A only, B only, and A + B (i.e., 1:1:1)(Wendlandt et al., 2019).
Another y? analysis was carried out to test whether the number of nodules occupied by each
strain in co-inoculation treatments significantly differed from the empirically estimated
inoculum ratio (i.e., quantitative culturing results; Table S1) wherein coinfected nodules
were counted as being 50% infected by each strain. To cross-validate sequencing data,

MiSeq and Sanger genotyping results were compared and categorized as a ‘match’
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(identical), ‘partial match’ (where one approach shows a single genotype but other shows
coinfection), or ‘mismatch’ (where each approach identifies a different genotype). In
Sanger sequencing trace files, presence of two chromatogram peaks in multiple known
SNP sites was used to identify coinfected nodules. The distribution of coinfected nodules
was compared by classifying coinoculated treatment groups in three categories: Fix+/Fix+,
Fix+/Fix-, and Fix-/Fix- combinations and a Wilcoxon rank-sum test was used to compare
the mean percentage of coinfected nodules in each category followed by adjustment of p-
values for multiple testing using Holm-Bonferroni method (Holm, 1979).

Data from the relevant clonal inoculation treatments weighted by nodule occupancy
of each participating strain were used to develop null models (Model I and Model II) to
infer expected values of symbiosis traits in coinoculated plants. Nodule occupancy for a
focal strain ‘A’ was calculated as the total fraction of nodules that were wholly and partially

occupied by the strain (i.e., fa).

#Nodules occupied by A #Nodules coinfected

Nodule occupanc = + — ...
P Vs fA #Total Nodules 2 x #Total Nodules

(Equation I)

To predict the growth effects of two coinoculated strains, A & B (i.e., Expected
relative growthas), we summed the growth effect of each relevant strain (in clonal
inoculation) weighted by its relative nodule occupancy from the nodule genotyping results

(i,e., fa and fg). This was the first approach used to predict expected value and hereby
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referred as Model I. The same approach was also used to predict expected values for nodule

counts and mean nodule biomass:

Expected Valueas = Valuey X f4 + Valueg X fz ...... (Equation II)

One-sample t-tests were used to test whether observed trait values were
significantly different from the expected values. However, for the observed difference in
relative growth, this test does not resolve if the deviation from expected is due to lower
nodulation or lower benefit provided by rhizobia in infected nodules compared to clonal
inoculation. To test whether the observed difference from expected was due to lower per
nodule symbiotic benefit provided by the rhizobia or not, another expected relative growth
was calculated. For this second approach (Model II), average per nodule growth benefit of
each strain is calculated for single inoculation. The number of nodules formed by each
strain in coinoculation, if they were infected by a single strain (i.e. no coinfected nodules),
was calculated by multiplying the frequency of each strain from nodule occupancy data by
the total number of nodules formed in coinoculation. Finally, per nodule expected growth
benefit was calculated by multiplying the strain means for per nodule host benefit in single
inoculation by the number of nodules formed with each strain in coinoculation and
summing the resulting values for the two strains. A linear regression model was used to
compare both expected values (i.e., Model I, nodule occupancy weighted relative growth

and Model II, nodule-normalized relative growth) with the observed value, and a one-way
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ANOVA was used to compare observed relative growth with expected values predicted by
these two models, followed by a Tukey’s HSD test.

A Pearson correlation between residuals of relative growth versus nodule counts
and mass was used to evaluate association between observed and expected relative growth,
nodule number, and nodule mass. A Durbin-Watson test was used to check for
autocorrelation in the residuals (Savin & White, 1977). To understand the general
performance of all coinoculation treatments that contain a specific strain, mean values for
the number of nodules, relative growth, and nodule occupancy were calculated for each

strain across all coinoculated treatment combinations using the following formula:

__ (CazpCount in Treatmentp)

Mean Count Value, MCV,4 = e (Equation

111)

A Welch two-sample t-test was used to test for significant differences in mean count
values of nodule occupancy, relative growth, and number of nodules between Fix+ and
Fix- traits.

For the in vitro analyses, growth curve data from strains grown in a liquid medium
were analyzed using the Growthcurver package (v0.3.1) in R which fits a logistic equation
based on point estimates of bacterial population size(Sprouffske & Wagner, 2016). Using
these data, doubling time and carrying capacity were estimated. ANOVA and post-hoc
Tukey’s HSD tests were used to investigate differences between treatments in each clonal
and competition experiment. Doubling time and carrying capacity of each strain was used

to make null predictions for the mixed strain combinations by calculating mean values for
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strain pairs. One-sample t-tests were used to compare observed means in competition and

predicted values for each variable.
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Results

Host benefit depends on clonal inoculation genotype — We first evaluated the effects of
clonal inoculations on hosts to cross-validate prior results, establish baselines, and to model
effects of coinoculations on relative growth and nodulation response of plants. Eight strains
were individually inoculated onto A. strigosus plants grown in a greenhouse and caused
host responses that closely matched previous results (Gano-Cohen et al., 2020; J. L. Sachs,
Ehinger, et al., 2010) (Fig. 1.1, Table S1.1, S1.2). Specifically, plants inoculated with the
Fix+ strains 4, 131, 156, and 184 had more biomass than uninoculated control plants. Three
of these strains elicited significant relative growth benefits, with the exception of marginal
strain 4 (t = 1.84, df = 5, P < 0.0626; Table S1.2, Fig. 1.1A). Conversely, Fix- strains 2,
186, 187, and 200 were confirmed as ineffective, as host biomass values were not
significantly greater than those of control plants (P > 0.05; Table S1.2). Relative host
growth response varied significantly among the clonal strain treatments (Table S1.3, F7 )
=11.24, P<0.001). No significant random effect of inoculation batch was found on single-
or co-inoculation results, hence that the design can be analyzed as a single experiment
(Table S1.4).

Host nodulation response varied significantly among the clonal inoculation
treatments, regardless of the Fix+/Fix- phenotype of strains (total nodules F(7,56)= 7.009, P
=< 0.0 1; mean nodule biomass F(7,56)= 18.092, P =< 0.001; host investment (i.e., nodule
proportion of total plant biomass F(7,56)= 8.358, P =< 0.001). Ineffective strains 2 and 200
elicited relatively low numbers of nodules (i.e., estimated marginal means of nodules < 10

in most cases, Table S1.5), while the remaining strains, including effective and ineffective
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ones, formed 16-35 nodules per plant (Fig. 1.1B; Table S1.5). Host growth response was
positively correlated with nodule count (Pearson’s product-moment correlation R?2=0.697,
t = 8.24, df = 72, P < 0.001) and mean nodule weight (Pearson’s product moment
correlation R? = 0.63, t = 6.746, df = 70, P < 0.001). This pattern is consistent with host
control over resource flow into nodules reflected by nodule-size, where within-nodule
fitness of ineffective strains is reduced by plants (John U. Regus et al., 2017).

Strain 156 provided low relative growth benefit (mean shoot RG = 1.94, P <0.001,
Fig. 1.1, Table S1.2) while inducing the highest host investment among the strains tested
(estimated marginal mean 1.111, Table S1.5). The host growth and nodulation response
variables of strain 156 were consistent with previous findings that tested nodulation and
growth benefit of this strain on multiple sympatric and allopatric host-lines (Gano-Cohen

etal., 2019).

Host benefit varied in coinoculation treatments — To examine the effect of strain-strain
competition on mutualistic symbioses, we tested all 28 possible pairs of strain
combinations. Host benefit, nodulation count, mean nodule biomass, and host investment
all varied significantly among the 28 coinoculation treatments (host benefit F(27,200)= 5.455,
P <0.001; total nodules F27202=2.63, P < 0.001; mean nodule biomass F»7,199= 2.782, P
< 0.001; investment F»7,197 = 3.41, P < 0.001; Table 1.2, Fig. 1.2). Like the clonal
inoculation treatments, relative growth was positively correlated with nodule counts

(Pearson’s product-moment correlation R? = 0.7619, t = 18.229, df = 240, P < 0.001) and
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with mean nodule weight (Pearson’s product moment correlation R? = 0.39, t = 6.7537, df
=241, P<0.001).

Only 8 of the 22 coinoculation combinations having at least one Fix+ strain caused
significant host growth relative to uninoculated controls (one-sample t-test; P < 0.05;
Table S1.6, Fig. 1.2A). Five additional coinoculation treatments including at least one
Fix+ strain provided growth benefits that were marginal (one-sample t-test; 0.05 < P <
0.10; Table S1.6). These marginal or no benefit treatments included those for which at
least one or both inoculant strains provided a significant benefit in their corresponding
clonal inoculation treatments. Surprisingly, only 3 out of 6 Fix+/Fix+ (+/+) coinoculation
treatments elicited significant relative growth > 2.5 (Table S1.6). Other treatments that
elicited significant host growth included 5 of 16 Fix+/Fix- (+/-) combinations (Table S1.6).
None of the Fix-/Fix- (-/-) coinoculation combinations provided a significant host growth
benefit.

When the coinoculated treatments were grouped and compared by +/+, +/-, and -/-
combinations, plants that received at least one Fix+ strain grew two-fold more and formed
significantly more nodules than hosts that were coinoculated with two Fix- strains (Fig
S1.1). There were significant differences between +/+ vs -/- and +/- vs -/- categories for
relative growth benefit (Welch’s t-test, +/+ vs -/- P = 0.0035, +/- vs -/- P = 0.0043; Fig.
S1.1A). The number of nodules also significantly differed between +/- vs. -/-, likely
because plants that received Fix+ were larger (Welch’s t-test, +/- vs -/- P = 0.001; Fig.
S1.1B). There were no significant differences in fresh nodule biomass and host investment

values among any of the +/+, +/-, and -/- categories (Fig. S1.1C and S1.1D). However, for
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coinoculated treatments 156+200, 186+156, 187+156, 2+131 and 4+156, investment in
nodulation was high (> 1) (Table S1.7). These treatments were comprised by one Fix+ and

one Fix- strain, and the plants received no significant growth benefit from inoculation (Fig.

1.2D-E, Table S1.7).

Fix+ strains dominate over Fix- strains in nodule occupancy — We used amplicon
sequencing of the nifD locus and a dual-indices barcoding method to genotype rhizobia in
nodules from each plant in coinoculation treatments. Genotyping nodule-occupying
bacteria of coinoculated plants revealed that in +/- combinations, effective strains
dominated nodules relative to ineffective strains (Fig. 1.3A). Non-random nodule
occupancy was found for all coinoculated treatments (i.e., ¥ test, rejecting the null of equal
nodule-occupancy among strains). Non-random nodulation was also found for most
coinoculated treatments when the inoculum ratio was used as a null (i.e., %* test, rejecting
the null for all treatments, except 4+131 and 4+156 where most of the nodules were
coinfected; Table S1.8). Proportion of coinfected nodules were significantly higher in +/+
combinations (mean + se = 67.25 + 10.08) compared to +/- (mean + se = 18.20 + 3.94) or
-/- (mean + se = 23.52 + 8.58) combinations (Figure 1.3B). The dominant strain in each
pair was determined by a majority occupancy of nodules (Figure 1.3C, Table S1.8). Mean
nodule occupancy values were consistent with a linear dominance hierarchy, where 131 &
156 >4 > 184 > 186 > 187 > 2 > 200 (the top four strains are Fix+) (Fig. 1.3D). The
presence of a Fix+ strain increased mean nodule occupancy in coinoculation (Welch two

sample t-test, t =3.7941, df =4.6801, P =0.01437) as well as mean relative growth benefit
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(Welch two sample t-test, t = 4.0876, df = 3.7289, P = 0.01728), however no significant
effect was observed for mean nodule biomass (Welch two sample t-test, t = 1.766, df =
4.5128, P = 0.144) (Fig. 1.3E, 1.3F). Strain 156 provided the lowest benefit among the
four beneficial strains, but it dominated nodules relative to all ineffective strains, and
formed a high proportion of coinfected nodules when coinoculated with effective strains,
except 131 from which it could not be genetically differentiated when assessed based on
nifD alleles (Fig. 1.3D-F). As in the clonal inoculation results, strain 156 induced a pattern
of host growth effects and nodulation that were consistent with a strategy of evading host
sanctions despite providing marginal benefits (Jones et al., 2015).

Nodule genotyping was validated by comparing Sanger and MiSeq sequence data
for 90 samples. Both technologies yielded high-quality reads from 51 nodules, and both
yielded complete genotype matches in 47% of them. On the other hand, in 41% of nodules
sequenced, one technology detected both strains but the other detected only one of them,
likely reflecting the differences in sensitivity between Sanger and MiSeq, while the

remaining samples had no match (Table S1.9).

Coinoculated plants receive less host growth benefit than predicted from clonal
inoculation — Based on data from the single strain inoculation results, models were
developed to infer expected values of symbiosis traits in coinoculated plants. Two models
were developed and compared. Model 1 weighs symbiosis traits based on nodule-
occupancy and allowed us to test whether the observed overall plant growth benefit of each

strain in co-inoculation was significantly different from that expected based on the values
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from single-inoculation experiments. Model II normalizes data based on the number of
nodules formed and allowed us to tease apart some of the underlying mechanisms driving
the overall reduction in plant growth in co-inoculation experiments, including whether
strains provided a lower degree of benefits, when controlling for the number of nodules
formed. Twenty-seven coinoculated combinations were tested while the 156+131
combination was excluded. Under Model I, weighing for nodule occupancy, fourteen strain
combinations induced significantly less host growth than expected based on clonal
inoculation data (equation II). None of the coinoculated plants grew significantly more than
expected (Table S1.10). Similar patterns were observed for total number and area of
nodules, in which observed trait values were almost always lower than the expected trait
values (Table S1.10). Among the 14 coinoculation treatments that produced a lower host
growth response than the expected values, nine also had significantly lower observed
nodulation relative to the values expected from the null model (Fig. 1.4A-B). Only four of
these coinoculation treatments also had significantly lower nodule areas than expected
(Fig. 1.4C).

Under Model 11, normalizing based on nodule counts, the predicted relative growth
had a better fit with the observed data (slope 0.93, P < 0.001; adjusted R? 0.6824, F1 23, =
501.7, P <0.001) compared to Model I (slope 0.334, P < 0.001; adjusted R? 0.063, F1 236 =
16.92, P <0.001). ANOVA revealed a significant difference between the expected shoot
RG values in both models and the observed values. Based on post-hoc Tukey HSD the
expected shoot RG values based on model I (i.e., nodule-occupancy weighted method)

were significantly greater than those observed (0.639 difference in mean, P <0.001). Under
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model II, there was no significant difference between the expected and observed shoot RG
values (0.139 difference in mean, P = 0.117). This suggests that the reduction in plant
growth in coinoculation relative to single inoculation was not driven by a reduction in the
per nodule benefit each strain conferred to its host.

The deviation in growth of coinoculated plants from expected values was tightly
correlated with nodule number differences (Pearson’s product moment correlation R? =
0.86, P <0.001; Fig. S1.2). No autocorrelation was found in a Durbin-Watson test (D-W
= 2.544, P = 0.122). In combination with the above data, we interpret this to mean that
lower than expected benefits in coinoculation is associated with a reduction in nodule
counts, consistent with inter-strain interference reducing both nodulation and net growth

benefits.

Gene content differences suggest that competition traits are polygenic and linked with
inter-strain interactions — To characterize why some inoculant strains were more
competitive relative to others, the gene content of each strain was compared. Genome
sequences of the eight strains were analyzed for presence/absence variation (PAV) in 663
genes previously reported to be associated with competition (M. Mendoza-Suarez et al.,
2021; Wheatley et al., 2020). Among the eight genomes, 130 genes exhibit PAV (Fig. S1.3-
4). PAV patterns of strain 156 and 131, the two most competitive strains, were compared
to the other strains. Only one gene predicted to encode a hypothetical protein was found to
be uniquely present in strain 131. No genes were uniquely present in strain 156 when strain

131 was excluded from the comparison. Compared to other Fix+ strains, strains 156 and 4
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lacked genes associated with flagella-based motility (i.e., flagellin, probable flagellum
biosynthesis repressor protein, putative flagellar synthesis related protein, putative
chemotaxis MotC protein, flagellar hook-associated protein 1, flagellar motor stator protein
MotA etc.; Figs. S1.3-4). Strain 156 also contains several virB gene homologs associated
with the type IV secretion system (T4SS) which are absent in other Fix+ strains (Fig. S1.3).
These T4SS genes are likely associated with conjugation of mobile genetic elements, such
as integrative and conjugative elements and plasmids(Costa et al., 2021; Grohmann et al.,
2018) . Finally, strain 156 contains several metabolic pathway genes that are not present in
strain 131, including enzyme families of glucuronosyltransferase, glutamine synthetase,
galactosyl transferase, phophoribosylformylglycinamidine cyclo-ligase,
phosphoribosylglycinamide formyltransferase, and exopolyphosphatase (Fig. S1.4).
Pangenome analysis of the eight focal genomes uncovered 39,676 gene families,
the vast majority of which were defined as ‘cloud’ genes (i.e., present in < 15% of strains,
Fig. S1.5)(Sitto & Battistuzzi, 2020). Strain 131 and strain 156 have 984 and 1173 unique
genes, respectively, in comparison to the six other strains. However, of those, only 70 had
a single-copy homolog present in both genomes compared to the remaining six strains. For
strain 131, 85 unique genes with functional annotations were found but 61 are predicted to
be associated with functions common among insertion sequence (IS) elements. Among the
remaining unique genes of strain 131, putative encoded functions included efflux pumps
(nickel and cobalt resistance protein CnrB, cation efflux system CusA), and antibiotic
resistance protein (4baF). For strain 156, 5 out of 43 annotated unique genes are IS

elements, but no gene-ontology based functional enrichment was found for the rest of the
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genes. Strains 131 and 156 contain genes that encode for several light-activated proteins,
including blue-light activated and photosystem I assembly proteins, a category of genes
that regulate root attachment during nodulation(Bonomi et al., 2012). Sixteen unique genes
encoding non-hypothetical proteins were found in both strain 131 and strain 156, including
prophage integrase gene IntA, which is also a site-specific recombinase required for
conjugative transfer of symbiotic and non-symbiotic ICEs (Herndndez-Tamayo et al.,

2013).

Competitive strains grow faster than less competitive strains — Four Fix+ strains were
cultured in solid and liquid media in clonal and pairwise coinoculation to assess
competition traits in vitro. During clonal growth in liquid minimal media, strain 156 had
by far the fastest doubling time (8.82 hours) and strain 4 was slowest (14.468 hours),
whereas strain 156 had the lowest carrying capacity (8.96x10!° cells), and strain 4 was the
highest (9.04x10'° cells; Table S1.11), differences that were significant among strain
treatments (Tables S1.11).

In the mixed strain experiments, carrying capacity had a significant treatment effect
in the ANOVA followed by Tukey HSD post-hoc test (Table S1.12, S1.13). Based on null
predictions from clonal results, the mixed strain treatment 4+184 was found to have
significantly reduced carrying capacity (t = -2.84, df =4, P = 0.046) and 156+184 (t =
4.897, df = 4, P = 0.008) was found to be significantly slower in doubling time (Table

S1.14).
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In the solid media experiments that estimated population size, only strain 4 was
significantly different from other treatments with a lower total population (2.25x10%

cells/mL; Table S1.15).
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Discussion

Our results suggest four main conclusions about interactions among rhizobia strains during
the nodulation process. Firstly, the linear dominance hierarchy that we uncovered indicates
that competitive ability for nodulation is genetically determined, and not altered by
emergent effects of specific strain interactions, which could generate a nonlinear hierarchy,
or no hierarchy at all. It is likely that the hierarchy we uncovered does not perfectly reflect
natural populations, given the high-density of inocula we used in pairwise combinations
and the otherwise sterile conditions, whereas in nature strains are likely to compete with a
multitude of other rhizobia strains, and with other microbes as well. Nonetheless,
dominance hierarchies were also uncovered in rhizobia communities that were inoculated
onto Acacia hosts, although these varied depending on host species (Vuong et al., 2017).
Population data are also consistent with dominance hierarchies; a genotypic meta-analysis
of rhizobial populations reported that a handful of strains dominate nodules in host
populations, with individual strains occupying more than 30% of those nodules (Mcinnes,
2004). Secondly, all four effective strains dominated nodule occupancy against ineffective
rhizobia in terms of number of nodules inhabited, which provides a partial explanation of
the observed dominance hierarchy. This dominance pattern of Fix+ strains over Fix- strains
in coinoculation is observed irrespective of the strain they were coinoculated with,
consistent with previous evidence of host sanctions that are robust to diverse strain
identities (J. L. Sachs, Russell, et al., 2010). Previous work also suggested that sanctions
are robust to other sources of variation, showing that ineffective rhizobia are sanctioned

independent of the level of extrinsic fertilization in the soil (Kiers et al., 2006; John U.
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Regus et al., 2014), or the host genotype (Gano-Cohen et al., 2019; Ortiz-Barbosa et al.,
2022). This type of host-control can be conditional, as data from peas suggests that host
sanctions depend on the magnitude of nitrogen fixation in competing strains, where
intermediate fixers are tolerated only if a better strain is not available (Westhoek et al.,
2021). Our data suggests some degree of conditionality. For instance, when plants were
coinoculated with two Fix+ strains, prevalence of coinfected nodules is significantly high
compared to treatments with one or two Fix- strains in coinoculation. The prevalence of
coinfected nodules is also high compared to other published work in similar or different
host-rhizobia systems (i.e. Bradyrhiozbium-Acmispon(Wendlandt et al., 2019) or
Rhizobium leguminosarum/Trifolium (M. A. Mendoza-Suarez et al., 2020)). Thirdly, while
evidence suggests that hosts were able to selectively favor beneficial versus ineffective
strains for nodule occupancy, the host-control among Fix+ strains — which varied
quantitatively in their nitrogen fixation benefits — does not suggest discrimination against
marginally beneficial strains. In particular, strain 156, the fastest growing strain in vitro,
occupied a higher number of single-infected nodules when competed against strain 184,
and formed >90% coinfected nodules against strain 4. Although we cannot differentiate
strain 156 from 131, and we cannot determine the relative occupancy of each strain in
coinfected nodules, taking account of its very low host-benefit in clonal inoculation and
coinoculation indicates plant hosts can be less effective at sanctioning this strain in the
presence of other effective strains (Gano-Cohen et al., 2019). In the broader context, such
phenotypes can be viewed as an extreme end in a continuum of benefits to mutualist

partners, where a strain can evade host-sanctions despite providing minimal host-benefit
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(K. R. Foster & Wenseleers, 2006; N. C. Johnson et al., 1997; Nancy Collins Johnson &
Graham, 2013; Jones et al., 2015). These results suggest that hosts and symbionts may be
in conflict over the magnitude of resources exchanged, whereby some symbionts that
provide minimal host benefits nonetheless receive greater host investment compared to
more beneficial symbionts, thereby having a fitness-advantage over other strains (Porter &
Simms, 2014; Price et al., 2015). Fourth, and perhaps most urgent for the application of
rhizobia in agriculture, we found that in pairwise coinoculation, hosts received significantly
less benefit from rhizobia than expectations based on the clonal inoculations. A significant
reduction was found in ~50% of strain combinations (Fig. 1.4A), and in no cases did
coinoculated hosts receive significantly greater than expected benefits. However, this study
only tested pairwise combinations whereas in agricultural or natural settings, more strains
are naturally present and participate in the symbiosis, and it remains to be seen how
competition in a community of rhizobia impacts symbiotic benefit potential compared to
clonal inoculation. These data, combined with the parallel reduction in the number of
nodules formed in coinoculated plants, suggest that strain interactions reduce both the
number of nodules formed and the net benefit received by hosts.

Strain interactions throughout the host infection process can favor competitiveness and
erode the net benefit of symbiosis (Frank, 1996; Joel L. Sachs et al., 2018). To predict
effects of rhizobia in mixed strain populations, we developed null models of host benefit
parameterized with empirical data from clonal infections as well as the genotypic data on
nodule occupancy in coinoculation. In a majority of coinoculated treatments, the observed

relative growth was significantly lower than expected (Fig. 1.4B). Strikingly, the
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coinoculation treatment of 131+184 generated no significant host growth benefits (Fig.
1.2A), although these were the two highest benefiting strains in the clonal setting (Fig.
1.1A). A similar trend was also found for nodulation by these two strains, where
coinoculated plants formed among the fewest nodules in any coinoculation treatment (Fig.
1.2B). More generally, the lower nodulation in coinoculation compared to clonal
treatments, irrespective of nitrogen-fixation effectiveness, suggests that interference
among strains is reducing nodulation. Rhizobia strain interactions exhibit antagonism in
vitro (Maan & Garcha, 2018; Schwinghamer, 1971). Native Bradyrhizobium and
Rhizobium inhibit growth of other strains in culture and in coinoculation on hosts, where
bacteriocin producing strains are found occupying more nodules relative to non-producing
strains (Goel et al., 1999). The potential for strains to be in conflict should be taken in
consideration when preparing high performing bioinocula to improve agricultural yield. A
variety of interstrain competitiveness traits have been identified, including diverse
bacteriocins, altered mobility, and metabolic capabilities of strains to utilize complex
hydro-carbon chains (Wielbo, 2012). Our work suggests that competitiveness is
determined by the rhizobia genotype, and is highly polygenic, shaped by functions such as
conjugation and integration (Figs. S1.3-4; Table S1.12). The ability to acquire novel
genomic elements could allow strains to acquire loci that affect root attachment (Bonomi
et al., 2012), as well as antibiotic and resistance functions that can modulate inter-strain
allelopathy (i.e., cnrB, cusA, and abaF). These data are also consistent with traits of
competitiveness for nodulation and efficiency of nitrogen fixation being independent

(Bourion et al., 2017). The in vitro experiments revealed that in some strain combinations,
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both doubling time and carrying capacity of rhizobia can be reduced in mixed populations
relative to clonal ones (Table S1.13). Also, the lack of difference of observed per nodule
benefit in coinoculation from expected values based on model II indicates that the per
nodule growth benefit from coinoculation does not vary significantly from expected
performance based on single inoculation (Table S1.11). Overall, these data suggest that
reduced host growth and reduced nodulation in coinoculated plants is largely driven by
competitive interference among strains that occurs during the initial colonization of host
roots — likely before nodule formation.

A longstanding goal in symbioses research is to resolve the degree to which fitness is
aligned between partners (Burghardt et al., 2018; Friesen, 2012; Gano-Cohen et al., 2019;
Heath, 2010; Kimbrel et al., 2013; Porter & Simms, 2014; Quides et al., 2021; Joel L. Sachs
et al., 2018). A meta-analysis observed that the fitness interests of rhizobia and plant hosts
are aligned (Friesen, 2012). However, analyses were based largely on sets of single
inoculation experiments, which cannot reliably predict performance of rhizobia in natural
settings where multiple strains simultaneously compete for plant derived nutrients (Kiers
et al., 2013). In a handful of experiments which compared both clonal and a community
inoculation, inoculation of single bacterial strains to a host plant was useful to evaluate the
genotype’s ability to form successful symbiosis but could not predict competitiveness with
other strains (Bourion et al., 2017). Results from our coinoculation experiments indicate
that beneficial strains are consistently more competitive than ineffective ones, but among
beneficial strains, the dominance cannot always be confirmed due to a high number of

coinfected nodules and technical limitations to determine relative nodule occupancy in
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coinfected nodules. However, the higher number of coinfected nodules among Fix+/Fix+
treatments reinforces the idea that host-control has a threshold of benefit above which
plants cannot effectively defend against strains that provide marginal benefits. Only in 4 of
the 27 treatment combinations were nodules found to be singly infected by each strain
alongside the presence of coinfected nodules, whereas in the remaining treatments, nodules
were either singly infected by the dominant strain or coinfected by both strains (Figure
1.3A). This indicates that although all strains have the ability to form nodules on their own
during single inoculation, only the dominant strain was able to form single-infected nodules
in most of the cases, whereas the competitor strain was only able to coinfect nodules.
Formation of a high number of mixed nodules with no negative effect on plant growth has
been reported where low- or non-beneficial strains of Sinorhizobium meliloti can evade
sanctions by Medicago sativa in the presence of a highly beneficial strain(Checcucci et al.,
2016). When focusing only on the strains that were effective on A4. strigosus, all of them in
coinoculation showed higher dominance over ineffective ones (Fig. 1.3B) and elicited high
mean nodule numbers (Fig. 1.3D). Although single-strain inoculation is less ecologically
relevant since it excludes competitive interactions among strains, our results show that it
is still predictive of the per nodule growth benefit that a strain provides to its host in
coinoculation.

Host control by legumes engages rhizobia at two stages of the infection process.
The first stage, partner choice, involves flavonoid signals that hosts release, promoting
responsive signals in the rhizobia, including nod factors and effectors (D. Wang et al.,

2012). This signal exchange winnows the pool of microbes that gain access to the root
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surface, and selects against nodulation by incompatible strains (Walker et al., 2020; Q.
Wang et al., 2018). Signal exchange may also involve plant immunity and rhizobial
effectors secreted by the type III secretion system (T3SS)(Nelson & Sadowsky, 2015;
Yasuda et al., 2016). However, this initial stage is limited in its efficacy, as many
ineffective strains can and do gain access to host nodules, even strains that cannot nodulate
themselves can coinfect nodules alongside nodulating strains (Gano-Cohen et al., 2020).
When legumes encounter rhizobia mutants that vary markedly in their capacity to fix
nitrogen, but do not otherwise differ genetically from the parental strain, the plant host
cannot differentiate among them prior to nodulation(Amarger, 1981; Hahn, 1986;
Westhoek et al., 2017). The second stage of host control, sanctioning that occurs within
nodules, is efficient at punishing non-fixing strains (Denison, 2000; Kiers et al., 2003;
Oono et al., 2009; John U. Regus et al., 2017; Wendlandt et al., 2019; Westhoek et al.,
2017). In our data, strains 2 and 200 elicited the lowest nodule counts in single inoculation,
as well as lowest mean nodule occupancy in coinoculation, whereas strains 186 and 187
have the opposite pattern (Figure 1.1B and 1.3C), which reflects a difference in the
competitiveness level of Fix- strains as well as a variation in host-control. Hosts can
sanction nonperforming symbionts, but the threshold that triggers this mechanism is
unknown, and there may be a cost to this action. Therefore, it may not be beneficial for the
host to sanction every non- or low-performing rhizobia (Goyal et al., 2021). Our findings
help resolve the paradox that despite efficient host control post infection, legumes
nonetheless encounter strains that generate only moderate host benefit compared to what

is possible from single infection in symbiosis (Heath & Stinchcombe, 2014). Despite
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efficiency of host control after nodulation, the host appears to have limited ability to
overcome the reduction in growth benefits associated with competitive strain interference

in the rhizosphere.
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Fig. 1.1 Plant response in clonal inoculation treatments. (A) Shoot relative growth (RG)
indicates host growth benefit from inoculation relative to uninoculated controls. P-values
between 0.001-0.05 are indicated with single asterisk (*), between 0.05-0.1 with a period
(), and above 0.1 is NS (non-significant). (B) Average number of nodules per plant, (C)
mean fresh nodule biomass, and (D) investment to nodulation are shown. Turquoise color
represents Fix+ strains and red color represents Fix- strains. For panels b-d, the strains are
ordered left to right based on being most to least beneficial based as determined by growth
data in (A).
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Fig. 1.2 Plant growth and nodulation responses to coinoculation treatments. (A) Mean
host relative growth is shown for each coinoculation treatment with the horizontal blue line
indicating mean value of the uninoculated controls. P-values between 0.001-0.05 are
indicated with a single asterisk (*), between 0.05-0.1 with a period (.), and above 0.1 is NS
(non-significant). (B) Mean nodule counts, (C) mean nodule biomass, and (D) host
investment into symbiosis are also indicated. Coinoculation treatments are organized from
the most to the least beneficial in panels a-d. Bars indicate means and error bars indicate
the standard error of the mean. (E) A heatmap compares all response variables by
standardizing the values into Z-scores while breaking them in Fix+/Fix+, Fix+/Fix-, and
Fix-/Fix- treatment groups. Bars are colored red when the coinoculation treatment was
composed of two ineffective strains (Fix-/Fix-), blue for one effective and one ineffective
strain (Fix+/Fix-), and green for two effective strains (Fix+/Fix+).
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Fig. 1.3 Nodule genotyping results. (A) Nodule occupancy is illustrated with bars
indicating the proportion of each competitor strain within nodules that were coinoculated.
Brown color indicates occupancy by the strain labeled at the top, blue indicates occupancy
of the other strain labeled at the bottom, and tan indicates nodules infected by both strains.
The coinoculated treatments are divided in +/+, +/-, and -/- groups based on the nitrogen-
fixing capacity of each strain. (B) Percent coinfected nodules in +/+, +/-, and -/- treatment
groups. (C) Strain dominance is quantified as the number of treatments where a strain had
higher non-random nodule occupancy compared to the competing strain. (D-F) Mean count
value for number of nodules, relative growth, and nodule occupancy are indicated for each
strain among all coinoculated treatments, respectively.
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Fig. 1.4. Observed data in coinoculated treatments relative to expectations based on
the clonal inoculations. Relative growth (A), total nodules (B), and nodule area (C) are
each displayed with the relevant expected values subtracted from them. Negative values
indicate that the observed values were less than the expected ones. Asterisks indicates
significant difference between observed and expected values (i.e., P < 0.05).
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Table 1. Bradyrhizobium strains and their key properties.

Strain Strain Code | Nod | Fix | T3SS Taxon Sampling Site
numbers
2 05LoS24R3 28 + - - Novel XIII Bodega Marin Reserve
186 11LoS6 2 + - + NA San Dimas Reservoir
4 05LoS21RS5 36 + + + B. canariense | Bodega Marin Reserve
131 13L0S28 1 + + + B. canariense UC Riverside
187 11LoS7 1 + - - B. canariense | San Dimas Reservoir
156 11L0S34_4 + - + B. canariense | Dvros Pifion Ridge
- Reserve
184 11LoS34_10 + + + NA Burns Pifion Ridge
- Reserve
200 13LoS78_1 e - ¥ Novel Iy | FPismo Dunes Natural

Preserve
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Table 1.2. Linear model testing effect of treatment and DPI on host benefit and nodulation during coinoculation. ANCOVA
statistics for testing whether response variables significantly vary among single inoculation treatments using DPI as covariate
since plants were harvested continuously from 28 DPI. Degrees of freedom (df), F-statistics, and associated P-values are reported
for each model.

Log(Mean Nodule Biomass +

Logio(Shoot RG+0.5) ! VTotal Nodules' 0.1) (mg) ' Logio(Investment + 0.2) '

Sample . Do . b2 . b2 Do

Qe — 231 | Adi- R?=0.54 Adj. R2=0.40 Adj. R2=0.32 Adj. R”2=0.29

Shapiro- | W = 099 | W = 0.988 | W=0.98 W=0.97

Wilk test® | P=0.53 P =0.063 P= 0.001 P = 0.00128

ANCOVA | df F P df | F P df F P df F P

Intercept | 1 48502 |4.647x10 | 1 1.5763  |0.2107 1 28.5467 |2.490x107 | 1 1.6847 |0.195823

glli‘?sed 1 164.206 |<2.2x1016 1 11029 |<22x1076 |1 6234 | 1.906x10"% | 1 10.51 |0.001389
-13 -05 _05 3502><10_

Treatment | 27 5455  |3.756x10 27 | 2.63 6.513x10 27 27821 |2.466x10 27 3.41 o

Residuals | 200 202 199 197

1. Response variable transformations used in linear models to fit coinoculation data for different response variables (Shoot
RG, Total nodules, Mean nodule biomass, Investment).
2. Sample size indicates number of datapoints (N) used to fit the models. Adjusted R-squared for each model are also
reported.
3. Shapiro-Wilk statistics testing normality of the residuals in the linear models. Test statistics W and P-value are reported
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Supplementary Fig. 1.1: Coinoculation experiment results with strain combinations
grouped by effectiveness in clonal inoculation results. The coinoculation treatment
combinations are divided into Fix+/Fix+ (green), Fix+/Fix- (blue), and Fix-/Fix- (red)
based on the participating strains’ relative growth effects in the single inoculation
experiments (Fig. 1). Pairwise t-test are carried out between all three combinations and P-
values are shown on top of the box-plots, indicating statistical differences between groups.
The panels indicate (A) shoot relative growth, (B) nodule counts, (C) mean nodule
biomass, and (D) host investment for all coinoculation treatment combination categories.
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Supplementary Fig. 1.3: A heatmap shows hierarchical clustering of competition gene
presence-absence among Bradyrhizobium strain genomes based on data from Mendoza-
Suarez et al. 2021. Brown squares indicate presence of genes (by rows) in the genome of
these isolates (by columns). Strain 4, 156, 131, 184 are categorized as nitrogen fixation
effective (Fix+) and the rest of the strains are ineffective (Fix-). Nodule occupancy based
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Supplementary Fig. 1.4: A heatmap shows hierarchical clustering of competition gene
presence-absence among Bradyrhizobium strain genomes based on data from Wheatley et
al. 2020. Brown squares indicate presence of genes (by rows) in the genome of these
isolates (by columns). Strain 4, 156, 131, 184 are categorized as nitrogen fixation effective
Nodule occupancy based
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Supplementary Fig. 1.5: Gene presence-absence data are compared among the eight focal
strains. (Left) Core-gene alignment tree from Roary output. The tip labels indicate isolates,
green indicates nitrogen-fixation effective isolates and red indicates ineffective isolates.
(Right) The heatmap Roary matrix summarizes gene-presence absence matrix of gene-
clusters across the eight genomes.
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Supplementary Table 1.1: Quanitative culture of inocula. CFU count carried out by spread plate technique.

Inocula CFU Log(CFU)

Culture 1st Batch | 2nd Batch | 1st Batch | 2nd Batch | Mean

2 250000000 | 300000000 | 8.39794001 | 8.47712125 | 8.43753063
186 100000000 | 150000000 | 8 8.17609126 | 8.08804563
4 250000000 | 400000000 | 8.39794001 | 8.60205999 | 8.5

131 NA 350000000 | NA 8.54406804 | 8.54406804
187 150000000 | 250000000 | 8.17609126 | 8.39794001 | 8.28701563
156 200000000 | 100000000 | 8.30103 8 8.150515
184 200000000 | 300000000 | 8.30103 8.47712125 | 8.38907563
200 50000000 | 300000000 | 7.69897 8.47712125 | 8.08804563
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Supplementary Table 1.2. Testing effectiveness of single-inoculation treatments on shoot relative growth and classifying

nitrogen-fixing trait.

Nitrogen-fixation
Treatment Mean t-value df P-value
Classification
131 8.19 3.81 8 0.00258 Effective
184 6.64 2.87 9 0.00909 Effective
Marginally
4 3.54 1.84 5 0.06262
Effective
156 1.94 33 8 0.00539 Effective
186 1.4 1.17 9 0.1351 Ineffective
2 1.88 1.05 9 0.1599 Ineffective
200 0.47 -6.59 3 0.9964 Ineffective
187 0.28 -15.14 6 1 Ineffective




Supplementary Table 1.3. Linear models testing the effects of treatment and days post inoculation on host benefit and
nodulation during single inoculation. ANCOVA statistics test whether response variables significantly vary among single
inoculation treatments using DPI as a covariate. Degrees of freedom (df), F-statistics, and associated P-values are reported for

9¢

each model.

Log(Mean
LOglw(ShOOt RG + VTotal Nodules Nodule Biomass | Logio(Investment + 0.2)
0.5) I
+0.1)
Sample Adj. R2=0.53 Adj. R =0.406 Adj. R2=0.66 Adj. R?=0.448
Size” = 67
Shapiro- | W=10.97 W =0.98 W =0.98 W =0.975
Wilk test® | p=0.165 P=0.487 P=0.553 P=022
ANCOVA | df | F P df | F P df F P df | F P
Intercept |1 |2.103 [0.15259 |1 | 1.474 |0.2295 1 3.1884 | 0.0795 1 10.022 0.8827
Treatment |7 | 12.24 | 3370101 5 1 7000 | 4.713x107 7 18.092 | 2.542x1072 | 7 | 8358 | 6.975x10%
DPI 1 | 6641 |0.01262 |1 |170413]0.002 1 6.16 0.016 1 |0.0164 |0.8985
Residuals 56 58 56 54
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Supplementary Table 1.4: Testing two linear models (with or without inoculation batch as random variable) for each
response variable.

Pr(>Chis
Experiment | Response Variable | Model #Parameter | AIC 12 df qQ
Single
inoculation | RG Log(RG) ~ Treatments 10 203.79 0 1 1
Log(RG) ~ Treatments + (1]|batch) 11 205.79
Total Nodules Square Root(Total Nodules) ~ Treatments | 10 305.75
Square Root(Total Nodules) ~ Treatments 0 1 1
+ (1 | batch) 11 305.75
Log(Mean Nodule Biomass + 0.1) ~
Nodule Biomass Treatments 10 156.74 0 1 1
Log(Mean Nodule Biomass + 0.1) ~
Treatments + (1 | batch) 11 158.74
Investment Logl0(Investment + 0.2) ~ Treatments 10 -71.036
Logl0(Investment + 0.2) ~ Treatments + 0 1 1
(1 | batch) 11 -69.036
Coinoculatio
n RG Log(RG) ~ Treatments 30 345.49 0 1 1
Log(RG) ~ Treatments + (1]|batch) 31 347.49
Total Nodules Square Root(Total Nodules) ~ Treatments | 30 926.02
Square Root(Total Nodules) ~ Treatments 0 1 1
+ (1 | batch) 31 928.02
Log(Mean Nodule Biomass + 0.1) ~
Nodule Biomass Treatments 30 726.56 0 1 1
Log(Mean Nodule Biomass + 0.1) ~
Treatments + (1 | batch) 31 728.56
Investment Logl0(Investment + 0.2) ~ Treatments 30 -58.22
Logl0(Investment + 0.2) ~ Treatments + 0 | |
(1 | batch) 31 -56.22
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Supplementary Table 1.5. Estimated marginal means of response variables in single inoculation.

Treatment Shoot RG Total Nodules | Mean Nodule Biomass (mg) | Investment
131 7.31 35.06 2.016 0.651
184 4.543 28.4 1.271 0.526

4 2.488 20.89 0.868 0.466
156 1.753 27.46 1.159 1.111
186 1.122 16.49 1.07 0.881
2 0.981 8.07 0.842 0.408
200 0.42 6.84 0.212 0.177
187 0.29 16.35 0.166 0.476




Supplementary Table 1.6. Testing effectiveness of coinoculation treatments on shoot
relative growth and classifying nitrogen-fixing trait for the coinoculated community.

Treatment | Mean t df | P-value | Nitrogen-fixation Classification
131+156 3.06 2.26 9 0.024 Effective
131+184 1.17 0.79 6 0.228 Ineffective
131+187 3.95 3.02 8 | 0.0082 Effective
131+200 3.49 1.47 9 | 0.0872 Marginally Effective
156+184 2.1 1.39 8 | 0.1001 Ineffective
156+200 1.186 0.688 9 | 0.2541 Ineffective
184+200 5.271 1.976 | 5 | 0.0525 Marginally Effective
186+131 2.8 2.148 8 | 0.0319 Effective
186+156 | 0.6295 | -2.17 6 | 0.9635 Ineffective
186+184 3.48 1.716 | 8 | 0.0622 Marginally Effective
186+187 1.016 0.057 7 0.477 Ineffective
186+200 | 0.8961 | -0.346 | 7 | 0.6303 Ineffective

186+4 4.2532 2.05 8 0.036 Effective
187+156 | 0.9569 [ -0.2401 | 8 | 0.5919 Ineffective
187+184 [ 4.3683 [ 1.503 | 7 | 0.0881 Marginally Effective
187+200 | 0.4626 | -4.7682 | 8 0.999 Ineffective
2+131 2.2 1.027 4 | 0.1811 Ineffective
2+156 0.614 | -3.528 | 5 | 0.9916 Ineffective
2+184 2.3607 | 1.5749 | 8 | 0.0769 Marginally Effective
2+186 0.6547 | 3.0589 | 7 | 0.9908 Ineffective
2+187 0.405 | -2.4692 | 3 | 0.9549 Ineffective
2+200 0.5 -4.133 | 8 | 0.9984 Ineffective
2+4 1.315 | 0.9677 | 8 | 0.1808 Ineffective
4+131 3.894 2.192 7 | 0.0322 Effective
4+156 1.6225 | 1.244 6 | 0.1298 Ineffective
4+184 3.6506 | 2.1351 | 8 | 0.0326 Effective
4+187 3.537 | 23137 | 7 | 0.0269 Effective
44200 4.456 2.529 9 | 0.0161 Effective
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Supplementary Table 1.7: Estimated marginal means of response variables in coinoculated treatments after post-hoc Tukey
HSD test. Nitrogen-fixation classification is based on significant difference of Shoot RG compared to uninoculated controls by
one-sample t-test. Effective treatments are significantly different in Shoot RG compared to uninoculated controls whereas
marginally effective treatments have borderline significance score (0.05 <P < 0.10).

Fresh -mean Nitrogen-fixation

Treatment Shoot RG Total nodules nodule Investment g .
. Classification

biomass
131+156 2.958408 24.76964 1.123503 0.629893 Effective
131+184 1.27569 8.146198 1.236413 0.527993 Ineffective
131+187 3.325353 24.83377 1.761651 0.785829 Effective
131+200 2.15225 17.54353 0.914434 0.518553 Marginally Effective
156+184 2.146792 20.64398 1.16225 0.746078 Ineffective
156+200 1.317434 22.94821 1.374562 1.401899 Ineffective
1844200 3.036117 22.99955 1.354337 0.502832 Marginally Effective
186+131 2.569641 15.8536 1.849267 0.679915 Effective
186+156 0.758019 17.21742 0.939985 1.389096 Ineffective
186+184 2.630851 18.8464 1.210992 0.513937 Marginally Effective
186+187 0.727392 16.15295 0.757798 0.94467 Ineffective
186+200 0.907689 10.76231 1.26079 0.807239 Ineffective
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186+4 2.312971 18.96262 1.038796 0.519393 Effective

187+156 0.856231 15.70671 1.399999 1.454789 Ineffective

187+184 1.613071 18.19762 0.835473 0.55849 Marginally Effective
187+200 0.691776 15.14395 0.385114 0.511422 Ineffective

2+131 1.413616 14.57202 1.668117 1.131789 Ineffective

2+156 0.760564 13.02971 0.63102 0.717266 Ineffective

2+184 1.953993 20.90347 0.849678 0.570459 Marginally Effective
2+186 0.639928 9.769809 1.084486 0.889069 Ineffective

2+187 0.258848 11.82332 0.25012 0.572291 Ineffective

2+200 0.730364 6.998708 0.86501 0.404535 Ineffective

2+4 1.328425 13.70841 1.032358 0.670541 Ineffective

4+131 3.245427 25.51858 1.006466 0.507559 Effective

4+156 1.770244 17.22492 1.929563 1.144596 Ineffective

4+184 3.346087 20.89053 1.53936 0.628801 Effective

4+187 3.006206 16.75781 1.904734 0.656323 Effective

4+200 3.901178 26.95479 1.24448 0.554162 Effective
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Supplementary Table 1.8: Goodness of fit test for nodule occupancy. Strain A and strain B represents participants in pairwise
coinoculated treatments. Dominance is determined by higher non-random nodule occupancy of one strain over another in a
coinoculated treatment.

Test of random infection Test of nodulation by inoculum ratio
#Nodules | #Nodules
Strai | Strai | #Nodule | #Nodule | #Nodule ifected | ntected | nocula A | Tnocula B
nA nB s s s Chi? p- | Dominanc (inc)l’u din (inc}l’u din quantitativ | quantitativ | Chi® p-
infected | infected | infected value e g 50% of | g50% of e culture e culture value
by A by A+B by B co- co- log(CFU) log(CFU)
infection) | infection)

2.29E- 8.59E-

4 131 2 33 3 11 131 18.5 19.5 8.544 8.5 01
2.57E- 1.78E-

4 186 20 3 0 07 4 21.5 1.5 8.088 8.5 05
3.99E- 9.39E-

4 156 2 60 4 22 156 32 34 8.151 8.5 01
6.56E- 2.55E-

4 2 38 3 0 15 4 39.5 1.5 8.438 8.5 09
6.67E- 4.51E-

4 184 13 31 0 08 4 28.5 15.5 8.389 8.5 02
3.42E- 1.92E-

4 187 37 2 0 15 4 38 1 8.287 8.5 09
4.25E- 8.95E-

4 200 40 0 0 18 4 40 0 8.088 8.5 11
7.58E- 9.73E-

2 156 0 6 30 10 156 3 33 8.151 8.438 07
4.06E- 3.89E-

2 186 0 8 19 05 186 4 23 8.088 8.438 04
6.97E- 9.37E-

2 131 0 1 16 07 131 0.5 16.5 8.544 8.438 05
5.12E- 1.47E-

2 187 0 4 18 06 187 2 20 8.287 8.438 04




€9

3.39E- 2.83E-

2 200 23 9 0 06 2 27.5 4.5 8.088 8.438 05
3.15E- 1.27E-

2 184 0 5 37 13 184 2.5 39.5 8.389 8.438 08
1.58E- 2.06E-

187 200 36 1 0 15 187 36.5 0.5 8.088 8.287 09
5.85E- 4.00E-

186 187 11 16 0 04 186 19 8 8.287 8.088 02
6.28E- 7.12E-

186 200 30 1 0 13 186 30.5 0.5 8.088 8.088 08
6.94E- 4.38E-

184 200 25 6 0 08 184 28 3 8.088 8.389 06
3.11E- 5.10E-

184 187 14 7 1 03 184 17.5 4.5 8.287 8.389 03
1.27E- 1.84E-

184 186 24 20 0 05 184 34 10 8.088 8.389 04
6.20E- 2.46E-

156 184 17 16 3 03 156 25 11 8.389 8.151 02
2.22E- 5.10E-

156 186 32 9 0 09 156 36.5 4.5 8.088 8.151 07
1.98E- 2.72E-

156 200 45 1 0 19 156 45.5 0.5 8.088 8.151 11
6.38E- 5.29E-

156 187 28 9 0 08 156 325 4.5 8.287 8.151 06
3.60E- 3.43E-

131 184 22 17 0 05 131 30.5 8.5 8.389 8.544 04
2.79E- 1.39E-

131 187 22 13 0 05 131 28.5 6.5 8.287 8.544 04
2.54E- 3.11E-

131 200 29 0 0 13 131 29 0 8.088 8.544 08
1.74E- 9.24E-

131 186 27 26 0 06 131 40 13 8.088 8.544 05
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Supplementary Table 1.9: MiSeq genotyping cross-validation using Sanger sequencing. Category indicates Sange and MiSeq

comparison category for different match levels.

%Match of

Category Count original
Genotype

NA in both Sanger and MiSeq 1 -

NA in Sanger 29 -

NA in MiSeq 9 -

Full Match 24 47.0588235

Partial Match 21 41.1764706

No Match 6 11.7647059

Total 90




Supplementary Table 1.10: Difference in expected vs. observed shoot relative growth, number of nodules, nodule area
and mean nodule biomass. Expected value was estimated by calculating mean of each participant isolate’s relative growth
from single inoculation experiment weighted by nodulation occupancy in the coinoculation. The p-value represent
alternative hypothesis of observed value either higher or lower than the expected value.

S9

Treatment Relatiive Growth #Nodules Nodule Area Nodule Biomass (mg)
Difference P-value Difference P-value Difference P-value Difference P-value

131+184 -6.91563 2.55E-08 -26.9062 7.85E-07 -69.0656 7.91E-06 0.242451 2.98E-07
131+187 -2.91313 9.86E-03 -5.78968 2.88E-01 -23.2806 9.07E-01 -0.11687 5.87E-12
131+200 -4.69218 8.36E-03 -17.8 3.53E-03 -48.33 2.60E-01 -0.57082 2.27E-11
156+184 -1.07509 8.74E-02 -11.5118 1.07E-02 -27.1981 3.83E-03 -0.08517 1.70E-11
156+200 -0.75019 2.27E-02 -6.8 1.21E-01 -20.7333 2.03E-01 0.343713 5.75E-15
184+200 -1.37083 2.93E-01 -0.1 9.93E-01 0.32 5.64E-01 0.32211 7.93E-08
186+131 -4.78227 4.61E-04 -18.6851 1.17E-04 -45.6444 6.33E-02 0.850692 2.92E-11
186+156 -1.27329 1.64E-04 -11.7563 1.35E-02 -29.6443 6.16E-03 -0.42633 1.95E-13
186+184 -2.01947 9.41E-02 -7.59722 2.88E-01 -14.5522 6.37E-01 -0.17293 4.76E-15
186+187 -0.01158 6.52E-01 0.159524 9.67E-01 2.098333 5.65E-01 0.496253 2.73E-13
186+200 -0.50493 1.81E-01 -8.85 3.80E-02 -24.9567 7.08E-03 0.410677 1.38E-11
186+4 0.776303 7.10E-01 -0.55 9.31E-01 0.561076 8.83E-01 0.265606 1.57E-11
187+156 -0.84159 2.04E-03 -10.4337 8.37E-03 -12.4065 7.18E-01 0.252332 7.37E-14
187+184 -0.04844 5.07E-01 -2.93722 4.85E-01 1.972286 6.62E-01 0.456381 2.61E-09
187+200 0.175833 9.88E-01 -2.50111 5.80E-01 0.904111 2.66E-01 0.231655 7.92E-15
2+131 -5.98829 4.25E-03 -19.3 2.83E-02 -54.54 1.64E-01 0.969178 4.63E-05
2+156 -1.32114 4.98E-05 -14.7089 2.34E-04 -32.0153 8.45E-03 -0.60299 2.92E-12
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2+184 -3.90591 7.52E-04 -7.68684 1.29E-01 -26.37 1.20E-01 -0.26593 1.01E-12
2+186 -0.75826 6.25E-04 -9.265 2.08E-03 -14.5295 1.20E-01 0.014325 5.80E-12
2+187 -0.00085 6.29E-01 -2.90824 3.63E-01 -6.05385 3.09E-01 0.087211 4.92E-08
2+200 -1.13734 6.03E-05 -4.36111 6.64E-02 -21.05 1.77E-04 0.681169 1.93E-13
2+4 -2.18716 1.06E-04 -9.36333 1.43E-02 -14.3342 1.58E-01 -0.09953 2.49E-14
4+131 -2.9404 2.50E-02 -7.00972 2.58E-01 -27.0567 3.70E-01 -0.9755 6.30E-11
4+156 -1.01886 6.52E-02 -10.9788 2.18E-02 -20.8394 9.91E-02 0.905389 3.12E-08
4+184 -1.24264 1.48E-01 -6.51129 2.27E-01 -6.96719 5.24E-01 0.340034 1.98E-12
4+187 0.058572 5.23E-01 -6.5731 1.21E-01 -2.6145 4.39E-01 3.230087 1.04E-04
4+200 1.013501 7.35E-01 2.266667 6.43E-01 2.85 4.50E-01 0.32323 1.61E-14
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Supplementary Table 1.11: Clonal and pairwise growth statistics of four Fix+ isolates from this study in the liquid RDM media.
Parametrs of growth curve was estimated from five replicates.

Carrying Capacity (logl10 CFU) Doubling Time (hour)
Experiment Treatment Mean SE Mean SE
Clonal 131 8.995415 0.009874667 11.26364 0.5366348
Clonal 156 8.958522 0.021580236 8.821987 1.0925229
Clonal 184 8.981008 0.009238915 10.86454 0.2379909
Clonal 4 9.037723 0.010204495 14.46802 0.8272705
Competition 131+156 8.967835 0.016351296 12.27995 0.9207333
Competition 131+184 8.988119 0.009456798 11.90403 0.503558
Competition 156+184 8.943167 0.011775629 11.3226 0.3021004
Competition 4+131 8.99331 0.007208692 12.70796 0.4289135
Competition 4+156 8.988606 0.006520765 12.86764 0.6633758
Competition 4+156 8.980869 0.008916358 10.46651 1.16585
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Supplementary Table 1.12: ANOVA comparison of carrying capacity, growth rate, and doubling time in both clonal and

competition experiemnts on liquid RDM media.

Experiment | Response Variable Model Independent Variable | Df Sum Sq | Mean Sq F Pr(>F)

Clonal Carrying Capacity (K) | logl0(K) ~ Strain | Strain 3 0.0146 0.004867 5.134 0.0122
Residuals 15 0.01422 | 0.000948

Clonal Doubling Time (DT) DT ~ Strain Strain 3 71.58 23.859 9.182 0.00108
Residuals 15 38.98 2.598

Competition | Carrying Capacity (K) | loglO(K) ~ Strain | Strain 5 0.008564 | 0.0017128 3.037 0.0301
Residuals 23 0.012973 | 0.0005641

Competition | Doubling Time (DT) DT ~ Strain Strain 5 19.96 3.991 1.48 0.235
Residuals 23 62.04 2.698
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Supplementary Table 1.13: Tukey HSD posthoc test based on significant ANOVA results.

Experiment Response Variable Comparison Difference Lower Upper Adjp
Clonal Carrying Capacity (K) 156 vs. 131 -0.03689 -0.09302 0.019233 0.271406
184 vs. 131 -0.01441 -0.07053 0.041719 0.879504
4 vs. 131 0.042307 -0.01722 0.101838 0.214593
184 vs. 156 0.022486 -0.03364 0.078612 0.662944
4 vs. 156 0.079201 0.01967 0.138732 0.007882
4vs. 184 0.056715 -0.00282 0.116246 0.064444
Clonal Doubling Time (DT) 156 vs. 131 -2.44165 -5.38001 0.496708 0.120864
184 vs. 131 -0.3991 -3.33746 2.539262 0.978886
4vs. 131 3.204378 0.087778 6.320978 0.042904
184 vs. 156 2.042554 -0.8958 4.980912 0.230115
4 vs. 156 5.646028 2.529428 8.762628 0.000536
4 vs. 184 3.603474 0.486874 6.720074 0.021103
Competition Carrying Capacity (K) 131+184 vs. 131+156 0.020285 -0.02632 0.066894 0.754627
156+184 vs. 131+156 -0.02467 -0.07128 0.021942 0.580734
4+131 vs. 131+156 0.025475 -0.02396 0.074912 0.607283
4+156 vs. 131+156 0.020771 -0.02584 0.06738 0.73644
4+184 vs. 131+156 0.013034 -0.03358 0.059643 0.95046
156+184 vs. 131+184 -0.04495 -0.09156 0.001657 0.063076
4+131 vs. 131+184 0.005191 -0.04425 0.054627 0.999441
4+156 vs. 131+184 0.000486 -0.04612 0.047096 1
4+184 vs. 131+184 -0.00725 -0.05386 0.039359 0.996333
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4+131 vs. 156+184 0.050143 0.000706 0.09958 0.04548

4+156 vs. 156+184 0.045439 -0.00117 0.092048 0.058949
4+184 vs. 156+184 0.037702 -0.00891 0.084311 0.162342
4+156 vs. 4+131 -0.0047 -0.05414 0.044732 0.999654
4+184 vs. 4+131 -0.01244 -0.06188 0.036995 0.968059
4+184 vs. 4+156 -0.00774 -0.05435 0.038872 0.995033
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Supplementary Table 1.14: Based on carrying capacity, growth rate, and doubling time from clonal treatments in liquid RDM
growth, expected value was predicted by pairwise mean and compared with competition treatments.

Variable Comparison Competition Mean Clonal Prediction t df | p

Carrying Capacity 4+131 8.99331 9.014218 -2.9004 3 | 0.06248
4+156 8.988606 8.993722 -0.78463 4 ] 0.4765
4+184 8.980869 9.006214 -2.8426 4 | 0.04675
131+156 8.967835 8.976968 -0.5586 4 1 0.6062
131+184 8.988119 8.988211 -0.0097304 4 10.9927
156+184 8.943167 8.969765 -2.2587 4 | 0.08681

Doubling Time 4+131 12.70796 12.6878 0.046982 3 | 0.9655
4+156 12.86764 11.33133 2.3159 4 ] 0.0815
4+184 10.46651 12.46608 -1.7151 4 ]0.1615
131+156 12.27995 10.04281 2.4297 4 10.072
131+184 11.90403 11.06409 1.668 4 10.1706
156+184 11.3226 9.843263 4.8968 4 1 0.008062




Supplementary Table 1.15: Total population from five solid RDM plate replicates
spreaded by 2x1078 cells in clonal and pairwise competition.

Experiment Treatment Total Population
Clonal 4 2.25E+08
Clonal 131 2.83E+09
Clonal 156 1.77E+09
Clonal 184 3.22E+09
Competition 156+184 2.88E+09
Competition 4+156 2.95E+09
Competition 4+184 3.42E+09
Competition 131+184 3.05E+09
Competition 4+131 3.36E+09
Competition 131+156 2.63E+09
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Chapter 2

Epidemic Bradyrhizobium haplotypes adapt to host metapopulations via acquisition of

diverse, host-specific symbiosis ICEs

Abstract

Legume hosts acquire compatible rhizobia symbionts from soil communities where the
environment and multiple hosts are potential selective forces. How these factors shape
rhizobial genomes is poorly understood, especially in communities where multiple host
and rhizobia taxa interact and vary in symbiotic compatibility. Here, a metapopulation of
Bradyrhizobium spp. were investigated in nine native Acmispon host species, consisting of
507 isolates from 17 sampling-sites across an ~800 km transect in California. Rhizobia
haplotypes were defined from four core chromosomal loci and four symbiosis loci encoded
on integrative conjugative elements (symICEs) that can be horizontally transmitted. Six
chromosomal haplotypes dominated the metapopulation, three of which had epidemic
characteristics, being detected in multiple distant sampling sites. Dominant chromosomal
haplotypes were massively expanded clonal lineages — with near identity based on
nucleotide-similarity and protein-composition — that have acquired diverse symICE
haplotypes, allowing for independent adaptation to multiple host taxa. Core and symICE
regions of Bradyrhizobium genomes can evolve independently, with the chromosome
shaped by selective sweeps and clonal expansion, that acquire symICEs that bear features

of host and local adaptation. The multipartite genome architecture allows Bradyrhizobium
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to respond to selective forces exerted by hosts and environmental factors that are

experienced during tramsmission phases.
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Introduction

Most bacterial mutualists have facultative associations with hosts, with a bipartite lifestyle
that includes symbiotic interaction with the host partner, punctuated with transmission
phases in the environment (Bright & Bulgheresi, 2010; J. L. Sachs et al., 2011). During
symbiotic interaction, hosts can impose intense selection on bacterial partners, favoring
strains that are compatible with the host and that provide fitness benefits (Burghardt et al.,
2018; Weis et al., 2001; S. Yang et al., 2010). Host selection is thought to be the primary
factor that maintains beneficial bacterial services, and that minimizes impacts of ineffective
or exploitative strains (Kevin R. Foster et al., 2017; Joel L. Sachs et al., 2004). Conversely,
selective forces shaping bacteria during environmental growth can be independent from
adaptation to the host and need not be aligned to host fitness (Denison & Kiers, 2004; J. L.
Sachs et al., 2009a, 2011). Bacterial mutualists can spend extensive periods of time in the
environment (Bright & Bulgheresi, 2010; J. L. Sachs et al., 2011), and thus it is critical to
understand the relative roles of selection during association with the host, versus selection
during free-living phases. Characterizing these independent forces is vital to understanding
the stability of beneficial host-microbial associations.

The legume-rhizobia symbiosis is critical to ecosystems as it generates the
predominant natural source of nitrogen in terrestrial habitats (Cleveland et al., 1999).
Rhizobia encompass polyphyletic lineages of nitrogen fixing proteobacteria that can
enhance legume growth through nodulation within root (or rarely shoot) tissues (Sawada
et al., 2003). Host legumes acquire rhizobia from the soil environment, where rhizobia can

spend extensive periods living independent of host association (Denison & Kiers, 2004;
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Amanda C. Hollowell et al., 2016b; J. L. Sachs et al., 2009a; Vanlnsberghe et al., 2015).
To initiate the symbiosis, the legume host releases species-specific flavonoids from its
roots that attract rhizobia and influence which strains nodulate the host (C.-W. Liu &
Murray, 2016). In response, rhizobia produce signaling molecules, including nod-factors
and effector proteins deployed by type III secretion systems, that can modulate host
compatibility (C. Masson-Boivin & Sachs, 2018). Compatible rhizobia enter root cells,
where they differentiate into endosymbiotic bacteroids that can fix nitrogen in exchange
for photosynthates. The legume-rhizobia symbiosis exhibits features that are common to
diverse microbial mutualisms, including host acquisition of microbial partners from
diverse environmental pools, reciprocal exchange of fitness-enhancing services, and the
expression of specificity traits in both partners (Oldroyd et al., 2011).

Bradyrhizobium spp. are found in diverse soils and habitats, and nodulate thousands of
legume species (Ormeno-Orrillo & Martinez-Romero, 2019; Parker, 2015; Vanlnsberghe
et al., 2015). Bradyrhizobium genomes typically include a core set of chromosomal genes
that are vertically inherited, in addition to integrative and conjugative elements, a subset of
which express symbiosis functions and can be horizontally transmitted and reshuffled
among genomes (i.e., symICEs (Weisberg, Rahman, Backus, Tyavanagimatt, & Chang,
2022)). The symICE encodes the canonical set of loci that encode the capacity to fix
nitrogen and that mediate host specificity, including Nod-factors, exo- and lipo-
polysaccharides, type III or IV secretion system. A striking but poorly understood aspect
of Bradyrhizobium populations is that they commonly include ‘epidemic genotypes’, i.e.,

strains sharing sets of alleles that achieve high local or regional frequencies (A. C.
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Hollowell et al., 2016; La Pierre et al., 2017; J. L. Sachs et al., 2009a; Vinuesa et al., 2005).
The most abundant epidemic genotypes share hundreds of chromosomal alleles, have
expansive biogeographic ranges (i.e., > 500 km), and exhibit capability to resist multiple
antibiotics and catabolize diverse carbon sources, suggesting potential mechanisms for
superior fitness in the soil environment or during host infection (A. C. Hollowell et al.,
2016; Amanda C. Hollowell et al., 2015, 2016b).

Here we investigated the biogeography, host range, and genomic variation of
Bradyrhizobium symbionts that associate with an Acmispon spp. host metacommunity.
Root-nodule isolates were cultured from nine Acmispon species across an ~800 km transect
in California, USA that included seventeen natural sites (Table 2.1). Previous work
uncovered epidemic Bradyrhizobium genotypes from a set of 358 A. strigosus nodule
isolates, where strains were genotyped at four chromosomal genes and four genes on the
symICE, previously described as the symbiosis-island (Amanda C. Hollowell et al.,
2016b). Subsequently, 86 of those Bradyrhizobium isolates from A. strigosus had their full
genomes sequenced (Weisberg, Rahman, Backus, Tyavanagimatt, & Chang, 2022). In the
present study we sequenced genomes of an additional 177 Bradyrhizobium isolates from
eight additional Acmispon host species using a hybrid Illumina and Nanopore approach.
Combining these datasets, we analyzed the eight original loci to quantify abundance and
biogeographic patterns of chromosomal and symICE genotypes. Our primary goals were
to 1) infer the roles of host species versus local habitat in structuring Bradyrhizobium
populations, ii) investigate epidemic genotypes and their capacity to expand across habitats

and host species, and iii) examine evidence of horizontal gene transfer. In parallel, iv)
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whole genome sequence datasets were used to examine the degree to which epidemic
genotypes are clonal, and v) to investigate genomic drivers that shape host and

environmental adaptation in Bradyrhizobium.
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Materials and Methods

Field collections — Bradyrhizobium isolates were cultured from the root nodules of nine
Acmispon species across an ~800 km transect in California, United States, including 4.
americanus, A. argophyllus var niveus, A. dendroideus var. dendroideus, A. glaber, A.
grandiflorus var. grandiflorus, A. heermanni, A. niveus, A. parviflorus, and A. strigosus
(Table S2.1). All of these host species were predicted to be nodulated by Bradyrhizobium
spp., based on the growth rate and colony morphology of nodule cultures (Torres-Martinez
et al., 2021). Host plants were sampled at 17 field sites across an ~800 km transect ranging
from McLaughlin Reserve in Northern California to Anza Borrego State Park in Southern
California near the Mexican border (Table 2.1). Plants were excavated, transported to the
laboratory and their roots were washed with tap water to remove all soil particles. Whole
nodules were dissected from host roots, surface sterilized in bleach (5% sodium
hypochlorite), rinsed in sterile water, and cultured by crushing nodules and plating contents
on modified arabinose gluconate at 29°C (MAG, 1.8% w/v agar) (J. L. Sachs et al., 2009a).
Nodule cultures were plated at low density to generate individual colonies, and one clone
per nodule was archived at -70°C in 50% glycerol, based on the assumption that most

nodules harbor a single rhizobial clone (E. L. Simms et al., 2006).

Genotyping and whole genome sequencing — Previous work genotyped 358 A. strigosus
nodule isolates using four core chromosomal genes (i.e., dnaK, ginll, ITS, recA) and four
genes on the symlICE (i.e., nifD, nodD-A, nodZ, nolL) (Amanda C. Hollowell et al.,

2016b). Among these strains 86 also had their whole genome sequenced (Weisberg,
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Rahman, Backus, Tyavanagimatt, & Chang, 2022). In the present study we sequenced
genomes of an additional 177 Bradyrhizobium isolates that were collected either in 2005
or 2019 using a hybrid approach that combined Illumina and Nanopore platforms (Table
2.1). BLASTn and tBLASTx (Camacho et al., 2009) were used to extract the above eight
genes from the genome datasets using sequences from Hollowell and colleagues as queries
(Amanda C. Hollowell et al., 2016b). If all eight loci were not present in any isolate, it was
left out from the final dataset. Sequences were aligned using MAFFT (v7.471) and the
filter.seqs command in Mothur (v.1.44.3) was used to remove columns containing
insertions/deletions (Katoh & Standley, 2013; Schloss, 2020). Horizontal gene transfer can
cause chromosomal and sym-ICE genes to have different evolutionary histories, so
sequences were concatenated for the chromosomal and symICE genes separately using the
EvobiR (v1.1) package in R (Blackmon & Adams, 2015; Weisberg, Rahman, Backus,
Tyavanagimatt, Chang, et al., 2022). The unique.seqs command in Mothur (v.1.44.3) was
used to find unique sequences for each locus and a Jupyter notebook (Kluyver et al., 2016)
was used to computationally assign unique haplotype labels to the concatenated sequences

(Table 2.2).

Abundance, range, and clonality of haplotypes — Haplotype frequencies were estimated
using randomized sub-sampling with 1000 bootstrap replicates, to minimize biases caused
by uneven sampling among host plants or sites. In each sub-sample, one nodule isolate per
plant was randomly selected, and this process was repeated with replacement to calculate

mean frequencies of each chromosomal and symICE haplotype per field sampling site, in
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addition to haplotypes with all 8-loci concatenated together. Following from previous
work, haplotypes were defined as ‘dominant’ at a field site if they were above a minimal
cutoff (i.e., occurrence > 4) and their frequency was at least 10% at that field site, and
among haplotypes categorized as dominant, they were further defined as ‘epidemic’ if they
were sampled in multiple locations separated by at least 10 km distance (A. C. Hollowell
et al,, 2016; Amanda C. Hollowell et al., 2016b). Host range variation of dominant
haplotypes was analyzed from seven focal field sites where two or more host species were
sampled (Table 2.1). An unpaired t-test was used to test whether dominant haplotypes
nodulate more host species on average compared to non-dominant ones. A Pearson
correlation was used to test for a relationship between haplotype abundance and host range.
Nodule isolates from A. strigosus hosts were overrepresented (371/507 isolates), so
analyses that excluded these isolates were also conducted. In this smaller dataset, a minimal
cutoff of haplotype occurrence > 3 was used to determine if the same haplotypes were
consistently dominant in the other hosts excluding A. strigosus.

Average nucleotide identity (ANI) was used to quantify clonality among isolate
groups, separately for the chromosome and symICE, using FastANI (Jain et al., 2018). For
the chromosome, 3049 core ortholog-gene groups were extracted from 224
Bradyrhizobium genomes using GET HOMOLOGUES in the default setting (Contreras-
Moreira & Vinuesa, 2013). An all-against-all search was conducted to make clusters of
homologous genes using the BDBH algorithm (Contreras-Moreira & Vinuesa, 2013). A
nested bootstrapping method was used and repeated 500 times wherein five genomes were

randomly sampled, and 40 aligned genes were randomly sampled and concatenated. For
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the symICE, only 21 orthologous-gene groups could be extracted from all Bradyrhizobium
genomes, which were concatenated, and ANI was estimated without bootstrapping. ANI
was calculated for epidemic haplotypes and compared to species groups and the

Bradyrhizobium metapopulation as a whole.

Phylogenetic and population genetic analyses — Maximum likelihood based phylogenetic
trees were reconstructed. The IQTree package (v2.1.1) was used with 1000 ultrafast
bootstraps, with automatic selection of substitution models with ModelFinder (Chernomor
et al., 2016; Hoang et al., 2018; Kalyaanamoorthy et al., 2017; Minh et al., 2020). Three
types of phylogenies were reconstructed for the study, trees that included all the isolates
along with publicly available Bradyrhizobium genomes as outgroup taxa, trees including
all the isolates used in this study but no outgroup taxa, and trees that only included unique
haplotypes among our isolates.

Genetic variation was examined to infer host and or local adaptation using separate
analyses that focused only on the four chromosomal and the four symICE loci. Firstly,
analysis of molecular variance (AMOVA) was used to partition phylogenetic relatedness
among samples into variation explained by host plant species, the field site of collection,
and the interaction among these factors using the Poppr (v2.9.3) statistical package in R
(Kamvar et al., 2014). Secondly, phylogenetic clustering of isolates from specific host
species or field collection sites was investigated using the abundance-weighted net
relatedness index (NRI) and the nearest taxon index (NTI), that measure the degree to

which a group of selected samples exhibits significant phylogenetic clustering relative to a
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randomized model of community assembly (J. L. Sachs et al., 2009a; Webb et al., 2002).
For both indices, positive values indicate taxon samples that are more closely related on
average than expected from random samples of the population, and negative values indicate
samples that are less related on average (i.e., phylogenetic evenness). NRI detects tree-
wide patterns of clustering and evenness, while NTI is more sensitive to clustering near the
tips of the phylogeny (Kooyman et al., 2011). Both indices were implemented in R using
Picante (v1.8.2) (Kembel et al., 2010).

Cophylogenies were reconstructed to infer the differential evolutionary histories of
the four chromosomal and four symICE loci. A custom-script written in R (v4.1) was used
to map and visualize symICE haplotypes associated with dominant chromosomal
haplotypes. Faith’s phylogenetic diversity was calculated to estimate the diversity of
symICE haplotypes associated with individual chromosomal haplotypes (Faith, 1992). A
prediction of HGT is that recently acquired symbiosis genes will have low nucleotide
diversity compared to the genomic background at both synonymous and nonsynonymous
sites (Bamba et al., 2019). To test this prediction, nucleotide diversity was calculated for
both chromosomal and symICE sequences along with all overall nucleotide diversity, for
both chromosomal and symICE trees. Nucleotide diversity and Tajima’s D were estimated
for concatenated chromosomal and symICE loci and all eight component loci using the
Pegas (v 1.0) package in R (Paradis, 2010). Tajima’s D is a test which can infer evidence
of non-random evolutionary processes.

To compare evidence of selection pressure on chromosomal and symICE genes,

datasets were analyzed for each genome region. For the chromosomal dataset, 107 core
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genes were selected (i.e., present in >99% isolates) from strains in which genome
sequences were available, with B. japonicum USDAG as an outgroup (Kaneko et al., 2011).
Gene sequences were concatenated using the catfasta2phyml.pl script and a maximum
likelihood-based phylogeny was constructed using 1Q-Tree (Nylander, 2018). MOTHUR
(v.1.47.0) was used to categorize the concatenated sequences into operational taxonomic
units (OTUs) based on a 0.005 cutoff on the distance matrix generated by using command
dist.seqgs (Schloss et al., 2009). The phylogeny and alignment file were pruned to keep one
isolate from each OTU and subsequently used for selection analysis. CodeML was used in
the ETE3 toolkit for testing hypotheses of evolutionary selection on sites of each gene
(negative selection M0, relaxed selection M1, positive selection M2) (Huerta-Cepas et al.,
2016; Z. Yang, 2007). Finally, SLR was used to compare the models and positively
selected sites were reported (Massingham & Goldman, 2005). For the symICE dataset, the
same approach was used, but only 17 core symbiosis genes were found based on the above
criteria. For the symICE phylogeny, Bradyrhizobium WSM471 (Reeve et al., 2013) was
used as an outgroup since B. japonicum USDAG6 does not share the same conserved genes.

A pan-genome association analysis was conducted on accessory genes (i.e., shared
among some genomes but not found in all) with Scoary (v1.6.16) using the no pairwise
option to uncover genes associated with traits and particular groups of isolates (Brynildsrud
etal., 2016; Guillier et al., 2020). Multiple traits were assigned to isolates to test association
of genes with each trait, i.e., dominant, epidemic, as well as specific abundant taxa. Scoary
output was filtered by Benjamini FDR-adjusted p-values < 0.05 and genes positively

associated with each trait or taxon were selected (Benjamini & Hochberg, 1995). Genes
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positively associated with each trait were tested for GO enrichment in PANTHER (v16.0)
using a statistical overrepresentation test for biological processes (Mi et al., 2019). The
default whole-genome of B. diazoefficiens was used as a reference in the analysis and
Bonferroni correction was used for multiple testing correction in the statistical
overrepresentation test.

Sequence analyses were carried out using Python (v3.9) and R (v4.1). Datasets and
codes are available in a GitHub repository:

https://github.com/acarafat/epidemic_haplotypes.
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Results

We uncovered haplotypes of the Bradyrhizobium chromosome that were highly abundant,
biogeographically widespread, and host generalists. A total of 241 chromosomal
haplotypes were recovered in the metapopulation, and among these, six haplotypes were
categorized as dominant (i.e., occurrence > 4, local frequency > 10%), and three were
further categorized as epidemic (i.e., sampled at multiples sites with > 10km distance;
Figure 2.1). The most striking example was chromosomal haplotype K1 R1 I1 Gl1,
isolated 94 times, comprising 18% of all isolates, distributed across > 700 km, uncovered
in ten sampled host populations, and found to infect seven host species. Two other
epidemic chromosomal haplotypes (K1 R1 13 GI, K1 R3 Il G1) were also uncovered
in multiple host populations ranging over > 450 km and found to infect multiple host
species (Figure 2.1). Almost 7.5% of chromosomal haplotypes were found to infect > 2
host species (i.e., 18/241), and these haplotypes were often highly abundant (frequency
range 2-94; median = 5.5). Six diverse monophyletic clades of Bradyrhizobium were
uncovered, however all dominant and epidemic chromosomal haplotypes were categorized
as B. canariense (Figure S2.1).

When analyzing the Bradyrhizobium symICEs, a much smaller subset of the
diversity was made up of dominant or epidemic haplotypes, and in approximately half of
their occurrences, symICE haplotypes achieved local dominance only when in association
with a chromosomal haplotype (i.e., hitchhiking; Hollowell et al. 2016b). A total of 338
symICE haplotypes were uncovered, five were found to be dominant, and two of these

were epidemic (D12 A1 L1 Z1,D16 _Al4 L1 Z6; Figure S2.2). Both epidemic symICE
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haplotypes were restricted to A. strigosus hosts and were categorized as B. canariense. The
symICE haplotype D16_A14 L1 Z6 was isolated eleven times from two sampling sites
(~250km distance) and D12 A1 L1 Z1 was isolated six times from two sampling sites
(~40km distance). Fewer than 1.8% of symICE haplotypes were found in more than one
host (i.e., 6/338; maximum two hosts) and none of them were dominant. No dominant
symICE haplotype was found when A. strigosus was removed from the dataset. SymICE
haplotypes often achieved high abundance via hitchhiking with dominant chromosomal
haplotypes (Table S2.2). Three whole genome haplotypes, constituting all 8 loci from the
chromosome and symICE, were found to achieve local dominance based on the bootstrap
analysis, all being a combination of one dominant chromosomal and one dominant symICE
haplotype (Figure S2.3).

Host range and frequency of Bradyrhizobium haplotypes were correlated for the
chromosomal loci, but no such correlation was found for the symICE loci. Host range of
chromosomal haplotypes was positively correlated with their frequency, when analyzing
field sites where multiple host taxa were collected (R =0.42, P =1.5 x 10°!!; Figure S2.4).
Moreover, dominant chromosomal haplotypes had an average host range of > 2 that was
significantly higher than non-dominant haplotypes (2.667 vs. 1.115; t=-6.1184, df = 152,
P =7.67 x 10?; Figure 2.2). With 4. strigosus isolates excluded from the dataset, two
chromosomal haplotypes, K1 R1 Il Gl and K1 _R1 I3 Gl, were found to be dominant
on the other hosts as well, suggesting that dominance is not restricted to A. strigosus
symbionts (Figure 2.3). Correlations could not be investigated for symICE haplotypes

because of limited host range; only two symICE haplotypes were found to occur at different
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field sites (listed above) and two other symICE haplotypes were found to infect two hosts
(D14 _AS8 136 75,D53 A9 L7 Z3).

The genomes of epidemic haplotypes were highly clonal across a large portion of
their chromosome, but with little evidence of clonality within the symICE (Table S2.3).
Epidemic chromosomal haplotypes had ANI values of > 99.33% across 3049 conserved
chromosomal genes (Figure 2.4A, Table S2.3), substantially higher than the ANI value
for the same loci across B. canariense (97.92%), the best sampled Bradyrhizobium species,
or the full sampled metapopulation (i.e., > 7 species; 94.37%) (Figure 2.4A, Table S2.3).
For the symICE, only 21 conserved genes could be queried. Among this small dataset, the
ANI of epidemic haplotypes was lower than in the chromosomal dataset. The epidemic
symICE haplotypes had an ANI value of > 97.94%, similar to that of B. canariense
(97.56%) or the metapopulation (96.99%) (Figure 2.4B, Table S2.3).

Phylogenies of the chromosomal and symICE loci were incongruent and each
suggested independent evolutionary histories and selective pressures. Clades in the
chromosomal tree were clustered into six species of Bradyrhizobium, and conversely, the
Bradyrhizobium species were interspersed across multiple clades in the symICE tree
(Figure 2.5). The symICE phylogeny exhibited striking patterns of clustering by host
species and sampling sites, consistent with host and or local adaptation. Significant
phylogenetic clustering was uncovered for the host species including A. americanus,
A. heermannii, A. niveus, A. parviflorus, and A. strigosus (i.e., NRI p-value < 0.05; Table
2.3) and for the field sampling locations including Anza Borrego Desert State Park, Bodega

Marine Reserve, Bernard Biological Field Station, San Gorgonio Mountains, McLaughlin
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Reserve, Motte Rimrock Reserve, and University of California Riverside (Table 2.4). The
chromosomal phylogeny exhibited negligible phylogenetic clustering by host or sampling
site, and only one sampling site had significant phylogenetic clustering (Motte Rimrock
Reserve, Table 2.4). These data are consistent with the hypothesis that the symICE region
evolves in response to both specific hosts and locales. However, these factors are non-
independent given that Acmispon host communities likely vary among these sites.

Distinct population-structure was indicated by the chromosomal versus the symICE
loci. In the AMOVA, most of the genetic variance occurred among the host species for
both chromosomal and symICE haplotypes (80.41%, 64.78% respectively). Focusing on
variance within sampling sites (and thus controlling for among site variation), 50% of
variance in symICE haplotypes occurred among hosts, whereas only ~5% of variance in
chromosomal haplotypes did (Table 2.5). On the other hand, 15% of variance in
chromosomal haplotypes occurred among the field sampling sites, but for the symICE loci,
the result was non-significant. These data further support the hypothesis that the symICE
region evolves in response to specific hosts but does not support a role for adaptation to
local habitat for the symICE.

The cophylogenetic analyses illustrated an evolutionary history where epidemic
chromosomal haplotypes acquired a diversity of symICEs (Figure 2.6). The most
widespread and abundant chromosomal haplotype, K1 R1 I1 Gl, acquired 70 different
symICE haplotypes, while chromosomal haplotypes K1 R1 I3 G1 and K1 R3 I1 Gl
acquired 11 and 5 symICE haplotypes, respectively. Phylogenetic diversity of the acquired

symICE haplotypes varied widely, with Faith’s PD values of 0.195, 0.107, and 0.07 for
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epidemic haplotypes K1 R1 I1 GI1, KI _R1 I3 GI1, and K1 R3 I1 GI, respectively
(Table 2.6). There was a positive correlation between the number of symICE haplotypes
and their phylogenetic diversity (F = 14.36, df =4, P=0.0192, adjusted R-squared = 0.727)
(Figure S2.5). Similarly, within the clades labeled as ‘SYM1’ through ‘SYMS5’ in the
symICE phylogeny, the clade-members often had lower nucleotide diversity in the
concatenated symICE loci sequences compared to corresponding isolate’s concatenated
chromosomal loci sequences (except SYM-5 clade; Figure S2.6). This reflects the
predicted outcome of acquisition of evolutionary similar symICE haplotypes in very
different chromosomal haplotype background by horizontal gene transfer process.

The genomes bearing epidemic chromosomal haplotypes appeared to be shaped by
two distinct evolutionary processes, population-expansion of the chromosomal region, and
positive selection on the symICE. Significantly negative Tajima’s D values were found for
the chromosomal loci, indicating evidence for population expansion, but no such evidence
was found for the symICE loci (Table S2.4). Tajima’s D value for chromosomal
haplotypes was also low compared to the symICE haplotypes, suggesting a recent
population expansion restricted to the chromosomal region of the genome (Table S2.4).
Conversely, the symICE loci appeared to be shaped by positive selection. Almost half
(47%) of the conserved symICE loci that were analyzed exhibited evidence of positive
selection pressure (8/17 SI genes), whereas < 3% of chromosomal loci exhibited such
evidence (3/107 chromosomal loci, comparing M2 vs M1, P < 0.05) (Table S2.5). These
chromosomal genes include nagk, ctr4, and resA which has only 1-2 sites under selection

pressure. Within the symICE region, the gene nifQ was found to be under strong positive
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selection pressure on seven sites (Table S2.5). The nifQ gene is molybdenum doner to
FeMo-co and necessary to incorporate molybdenum into nitrogenase (Hernandez et al.,
2008). Other symICE genes includes resA, blr1754, hisC, fixU, blr1755, nodU, and
acyltransferase which each have a handful of sites under positive selection (Table S2.5).
A statistical overrepresentation test for gene ontology categories (GO terms)
recovered significant enrichment for gamma-aminobutyric acid metabolism (GABA) up to
100-fold in two epidemic chromosomal haplotypes (K1 R1 Il Gl1, K1 R3 I1 Gl)
(Figure S2.7). GABA is a plant metabolite that has a role in stress adaptation and plant-
microbe interactions, and has been suggested to provide additional energy generation
bypassing the decarboxylation step in the TCA cycle during N»-fixation, thereby increasing
efficiency of nitrogen-fixation (Hijaz & Killiny, 2019; Sulieman, 2011). Other GO terms
with >10-fold enrichment included ‘fatty acid elongation’ and the broad term of
‘biosynthetic processes’ for dominant haplotypes, whereas epidemic haplotypes
additionally included the terms ‘monocarboxylic acid’ and ‘lipid biosynthetic processes’.
Lipids and lipid-like polymers such as poly-B-hydroxybutyrate are known as important
storage molecule for differentiated rhizobia within nodules (Terpolilli et al., 2016). Finally,
the chromosomal haplotypes K1 R1 I1 Gl andK1 R3 Il Gl, were associated with >10-
fold enrichment of the GO terms ‘cellular amino acid’ and ‘alpha amino-acid metabolic
processes’. Amino acids are important for rhizobia, both in free-living and symbiotic
states, which can be used not only in protein synthesis, but also carbon and nitrogen

metabolism, signaling, and other processes, and amino-acid metabolism is tightly regulated
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and plays a critical role in the nitrogen-fixing symbiosis between rhizobia and plants

(Dunn, 2015).
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Discussion

A major goal of molecular epidemiology is to understand how mutation, gene acquisition,
drift, and selection shape bacterial adaptation. Addressing these questions is important for
rhizobia because we have little understanding of the genomic drivers of fitness, either in
natural or managed landscapes, and because of their critical role in generating nitrogen for
plant hosts. Our results here suggest three important patterns about genome evolution in
Bradyrhizobium populations. Firstly, our data demonstrate that a substantial portion of the
Bradyrhizobium genome — herein defined as the chromosome — is highly clonal and shows
evidence of a massive expansion across sites we sampled in California. A small handful of
epidemic chromosomal haplotypes dominate the diverse Bradyrhizobium metapopulation,
having spread over hundreds of kilometers of space, and forming symbiotic root nodules
on up to seven different Acmispon host species. Variation in spatial abundance of
chromosomal haplotypes is consistent with fitness variation, suggesting that the epidemic
haplotypes exhibit a fitness advantage on hosts, in the soil, or in both environments. This
type of epidemic clonality was also observed in other studies including multilocus analysis
of different rhizobium species (Mcinnes, 2004). Secondly, the chromosome and symICE
are largely divergent in their evolutionary patterns, with phylogenetic incongruence
between them. Chromosomal haplotypes, especially those that are epidemic, can expand
across diverse host species and distant field sites, but signals of adaptation to hosts and
sites appears localized to the symICEs, that these chromosomes acquire. These data reveal
that the chromosome and symICEs of Bradyrhizobium are responding to different selective

pressures and are evolving independently. The different replicons of ‘divided’ bacterial
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genomes can commonly have distinct evolutionary histories that are functionally
associated with different phases of the bacterial life cycle (diCenzo & Finan, 2017). Given
that horizontal transfer of symbiosis genes appears to be common in rhizobia, and is likely
critical in their adaptation to novel hosts, divergent selection is expected among their
chromosomal and mobile regions (Epstein & Tiffin, 2021). Thirdly, the symICE shows
patterns of molecular evolution consistent with adaptation to specific host species and to
local field sites, and lacks evidence of clonal expansion that was observed for the
chromosome. These data suggest that legume hosts stringently select for the symbiotic
haplotypes (i.e., the symICE or plasmid region), but not for the remainder of the genome
(Li et al., 2016; Parker, 2012), leading to contrasting population structure in the symbiosis
and chromosomal loci (Pérez Carrascal et al., 2016; Riley et al., 2022).

Our dataset demonstrated that in a large and diverse community of rhizobia, a
relatively small subset of chromosomal haplotypes was extremely successful in natural
host populations (Figure 2.1). It showed that the chromosomal haplotypes that were most
successful were restricted to B. canariense, which is a commonly sampled rhizobia species
found in root nodules of diverse legumes including the Lupinus, Ornithopus, and Vigna
spp. in multiple continents (Stepkowski et al., 2005; Stepkowski et al., 2011; Wade et al.,
2014). A positive skew in haplotype abundance has been observed in many rhizobial
populations and is consistent with a fitness hierarchy. For instance, a meta-analysis of
rhizobial populations reported that a handful of rhizobia genotypes dominate nodules in
host populations, with individual genotypes occupying more than 30% of those nodules

(Mcinnes, 2004). On a study of Sesbania cannabina nodulating rhizobia from China,
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including multiple genera of rhizobia, genotype variance was observed where five
genospecies accounted for a third of 874 isolates (Zhang et al., 2020). In a much broader
study of 100 native legume species in 8 sampling sites from North America researchers
found that Bradyrhizobium from specific regions were significantly more similar than
random, based on permutation tests on both housekeeping genes and for nifD, but some
bacterial groups were dispersed across multiple regions and associated with diverse legume
host lineages as well, reflecting epidemic patterns of spread (Koppell & Parker, 2012).
Similar to our dataset, the chromosomal genotypes showed no evidence of host adaptation
and very little evidence of local adaptation (Koppell & Parker, 2012). Dominance of a
single lineage of Bradyrhizobium has also been observed in managed settings. In two
soybean sites in Canada where only one sampling site had recent inoculation history, only
2-6 unique genotypes of native rhizobia accounted for >60% abundance, showing that
clonal expansion appeared to be driven by host mediated selection, whereas only ~20% of
isolates could be attributed to inoculation source (in the site with recent inoculation history)
(Tang et al., 2012). Our results show a lack of phylogenetic structure by sampling sites and
host species in the chromosomal haplotype phylogeny (Figure 2.5, Table 2.3-4), which is
not surprising since similar findings were previously reported (Riley et al., 2022). More
specifically, in Bradyrhizobium it has been found that multilocus-based phylogeny clades
often have divergent host species (Koppell & Parker, 2012; Parker, 2015; Riley et al.,
2022).

Our genomic analyses suggested that epidemic haplotypes are equipped with

diverse metabolic processes (Figure S2.7), several of which might be linked with fitness

95



superiority. Geographic spread among diverse soils has been attributed to diverse catabolic
capacity of rhizobia since epidemic strains were associated with broader carbon source
utilization compared to other strains in a metapopulation (Amanda C. Hollowell et al.,
2016). It has been shown that rhizobial populations can persist in the soil without legume
hosts after releasing back from nodule for years (Denison & Kiers, 2011), therefore, stress
adaptation in free-living stages in the soil can play an important role in the superior fitness
of the epidemic strains (Kaji¢ et al., 2016). Rhizobial symbiosis genes (and related loci on
MGES) appear to be expressed mainly when the bacteria are within host nodules, wherein
the remainder of the genome (i.e., the chromosome) appears to be largely expressed under
low nutrient growth conditions, similar to what rhizobia might experience in soil (Pessi et
al., 2007; Uchiumi et al., 2004). However, while our data suggest that fitness differences
are driving haplotype abundance patterns in these populations, we cannot rule out the role
random processes like drift, moreover, we still have only scant understanding of the traits
that drive fitness variation in rhizobia populations.

The symICE showed strong signatures of host adaptation, with most haplotypes
being restricted to individual host species, consistent with functions encoding root
nodulation specificity (Fauvart & Michiels, 2008; Rogel et al., 2011; Walker et al., 2020;
Zhao et al., 2018). We uncovered significant phylogenetic structure on the symICE
phylogenetic tree among strains isolated from different host species and sampling sites
(Figure 2.5, Table 2.3-4). These data suggest that symICEs genotypes are adapted to a
restricted set of legume hosts, which can drive such phylogenetic structure. For example,

in Rhizobium species sampled from common bean, the symbiotic plasmids shows extreme
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similarity without showing any such relationship with the chromosome (Pérez Carrascal et
al., 2016). However, in our dataset, not all sampling sites had equivalent sample-
representation from different hosts, so we cannot dissect local adaptation from adaptation
to the subsets of hosts that are present in each locale. A high proportion of symICE loci
were found under strong positive selection pressure in contrast to chromosomal loci, which
potentially indicates selective controls exerted by host. However, this not a universal
pattern, as other studies reported absence of positive selection and predominance of
purifying selection on symbiosis genes (Bailly et al., 2006; Epstein & Tiffin, 2021).

Our data also suggest that different evolutionary processes shape rhizobia in natural
communities, such as we studied here, compared to agronomic settings. In our study, the
symICE did not show extensive local dominance or epidemic patterns, unlike the
chromosomal region. In cases where the symICE haplotypes achieved local dominance, it
was often associated with hitchhiking, meaning that the symICE haplotypes were linked to
dominant chromosomal haplotypes. The symICE was also highly varied in terms of gene
content, with few conserved genes, and little evidence of clonality in the conserved genes,
unlike what we found for the chromosome. Conversely, in studies in managed soils, single
symICE haplotypes have been found to experience massive selective sweeps, where host
compatible symICEs rapidly spread through a diverse population of chromosomal
haplotypes (Sullivan et al., 1995). Host-specific symICE acquisition in diverse
chromosomal background was also observed in the domestication of chickpea (Cicer
arietinum), where cultivation of chickpea beyond its native range resulted to nodulate by

evolutionarily divergent and geographically isolated Mesorhizobium taxa which share a
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common set of symICE (J. Liu et al., 2020; von Wettberg et al., 2018) (Hill et al., 2021).
Since managed settings are more homogeneous, both for soil characteristics and for host
taxa, this might favor a single symICE haplotype, unlike what we found in our diverse
plant communities.

The molecular determinants of rhizobial abundance, biogeography, and host range
appear to involve independent processes in the symICE and the chromosome. Within the
chromosome, population expansion has greatly reduced nucleotide diversity, whereas the
symICE exhibits little gene conservation and exhibits evidence of positive selection (Table
S2.4-5). The low observed genetic diversity in chromosomal haplotypes reflects a recent
history of population expansion. On the other hand, the incongruent phylogenetic topology
among the chromosomal and symICE indicates frequent horizontal gene transmission
leading to recurrent acquisition of symICE by dominant/epidemic haplotypes (Figure 2.5,
2.6). The process of chromosomal halplotypes acquiring diverse symICEs allows for
dominant chromosomal haplotypes to infect multiple host and spread geographically
(Figure 2.6, S2.5). Among rhizobial taxa, host range can vary from highly specialized to
exceptionally broad (Ehinger et al., 2014; Parker, 2012; Pueppke & Broughton, 1999) and
acquisition of symbiosis loci is suggested to play a prominent role in host range evolution
(Remigi et al., 2016). Phylogenetic incongruency between core chromosomal and
symbiotic genes provides substantial evidence of HGT shaping rhizobial evolution and
population structure, driving mobilization of plant specific symbiotic genes in locally
adapted rhizobial haplotypes. A study that sampled nodule associated Mesorhizobium from

Lotus japonicus across a wide range of Japan observed low sequence diversity in multiple
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core symbiotic genes along with phylogenetic-incongruance of chromosomal and
symbiotic phylogeny, indicating signature of HGT of symICEs (Bamba et al., 2019). In a
multilocus analysis of chromosomal and symbiosis genes from alpha- and beta-
proteobacteria from Cape Fynbo legumes, such signature of genus- and species-level HGT
resulting phylogenetic-incongruance between chromosomal and symbiosis genes was
observed between distinct rhizobial genus of Rhizobium and Mesorhizobium (Lemaire et
al., 2015). Geographically widespread evidences of HGT of symICEs within and between
diverse genera of Rhizobia has been compiled and reviewed (Andrews et al., 2018; Wardell
et al., 2022). Among rhizobial taxa, host range can vary from highly specialized to
exceptionally broad (Ehinger et al., 2014; Parker, 2012; Pueppke & Broughton, 1999) and
horizontal gene transfer (HGT) of mobile genetic elements is suggested to play a prominent
role in host range evolution (Remigi et al., 2016). For instance, a study on 196 genomes of
Rhizobium leguminosarum sv. trifolii identified 171 genes that are mobile across species-
boundary in four blocks, which involves mostly symbiosis genes, but smaller proportion
of chromosomal genes too (Cavassim et al., 2020). However, for the majority of the genes
in the rhizobial chromosome, introgression events across species boundaries are rare
(Cavassim et al., 2020; Epstein et al., 2012; Pérez Carrascal et al., 2016). The phylogenetic
patterns detected for the symICE, structured both by host taxon and sampling site, along
with the expansion of dominant chromosomal haplotypes in distant host-populations, taken
together, can be explained by HGT driven host-specific symICEs acquisition.

Symbiotic nitrogen fixation is a joint phenotype resulting in traits expressed both

by the host and the symbionts (Joel L. Sachs et al., 2018). Legumes exert selective pressure
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on symbionts via host control, selecting for compatible and beneficial symbionts (Oono et
al., 2009; John U. Regus et al., 2017; Ellen L. Simms & Taylor, 2002; Westhoek et al.,
2021, 2017). Some researchers have argued that selection by the host is stronger than the
selection in the soil. For instance, a recent study on 202 accessions of Medicago truncatula
hosts and a community of 88 Sinorhizobium meliloti strains found extensive host by
symbiont effects (G x G) on rhizobial fitness, suggesting that host genotype is an important
driver (Epstein et al., 2022). Another study, using a cross-inoculation experiment with 9
Mesorhizobium in 15 Lotus japonicus accessions, reported variation in partner quality
associated with core genome variation, i.e., chromosomal variation, suggesting that the
chromosome can also interact with the host genotype (Bamba et al., 2020). In a select and
resequence experiment, Burghardt and collegues found that altering the host haplotypes
reshuffled rhizobia strain dominance in an experimental system, but found little effect in
altering the non-host, in vitro environment (Burghardt et al., 2018). Nodule forming
rhizobia also have host-independent saprophytic free-living stages in diverse soil-types
where local adaptation might be crucial for fitness (Poole et al., 2018). Interestingly, a
strong coevolutionary G x G x E effect leading to selection mosaic was reported on
different genotypes of Vicia cracca and Rhizobium leguminosarum when different soild
nitrogen levels were introduced (Van Cauwenberghe et al., 2016). Bradyrhizobium strains
that were evolved in vitro for 500 generations, with no host interaction, evolved reduced
host benefits, suggesting a potential tradeoff between these host associated and free-living
parts of their lifecycle (Joel L. Sachs et al., 2011). These studies reinforce that selection by

the environment can play important role in shaping rhizobia, beyond the effect of the host.
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The role of the soil environment in selecting rhizobia is still poorly understood, but is likely
critical in shaping traits for rhizobial survival during transmission and might be critical in

adapting to diverse soils.
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Figure 2.1: Six dominant chromosomal haplotypes were found in the meta-population;
three were also epidemic (top three panels). Dominant is a haplotype having high
occurrence (> 4) and comprise high relative frequency (= 10%) in a sampling site. An
epidemic is a dominant haplotype found in multiple sites (> 10 km distance).
K1 RI1 I1 G1 is the most prevalent chromosomal haplotype, which is dominant in
multiple sampling sites.
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A. Host range distribution of haplotypes B. Host range by dominance
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Figure 2.2: Dominant haplotype has a higher host range. (a) Although most chromosomal
haplotypes infects single host species, (b) but dominant haplotypes infect two or more host
hosts compared to non-dominant haplotypes (Unpaired t-test: t = -6.1184, df = 152, p-
value = 7.669¢-09).
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Figure 2.3: Geographic spread of chromosomal haplotypes in California metapopulation.
Map credit: U.S. Geological Survey.
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Figure 2.4: chromosomal haplotypes are conserved in genome level. (A) Average
Nucleotide Identity (ANI) estimated for 3049 core chromosomal ortholog-group genes by
bootstrapping genomes in five categories: within three epidemic haplotype groups, the B.
canariense species group where these haplotypes belong, and the metapopulation. (B) ANI
estimated for 21 concatenated symbiotic genes for all genomes in above mentioned

categories.
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A. CHR haplotype phylogeny B. SYM haplotype phylogeny Bradyrhizobium

species
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Figure 2.5: Maximum-likelihood based phylogenetic tree for concatenated chromosomal
genes (A) and symbiosis genes (B) for 507 Bradyrhizobium isolates used in this study. Tip-
points indicate Bradyrhizobium species. For simplicity, B. canariense taxa does not have
any tip-points. Black branches indicates bootstrap support (SH-aLRT and UFBoot) >70.
Major symICE phylogeny clades are assigned as SYM1 to SYMS5. Heat-plot on the side of
each phylogeny indicates sampling site and host for each isolate.
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Figure 2.6: Co-Phylogeny of chromosomal (left) and symICE (right) haplotypes for three
epidemic (A-C) and three dominant (D-F) haplotypes. Each line between two nodes
indicates that chromosomal and symICE haplotype pair has been associated in the same
genomic background.
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Table 2.1. Summary of the number of species collected at different sites, and isolates
collected per species. In bold are highlighted sites for which we could perform host vs soil
type comparisons. Numbers are excluding isolates for which we obtained pseudomonas
and not rhizobia

Sampl
ing Number of
Sampling site Year Host Species Isolates
Anza Borrego Desert State Park - Palm Canyon 2011 A. strigosus 9
______ Anza Borrego Desert State Park - Roadside 2011 A strigosus 1 _
Big Creek Reserve
2019 A. glaber 10
A. parviflorus 19
A. strigosus 8
Bodega Marine Reserve 2005 A. strigosus 108
A. heermannii 2
__________________________________________________________________________ A paviflorus 2
Burns Pifion Ridge Reserve 2011 A. strigosus 16
2013,
Griffith Park 2019 A. glaber 2
A. strigosus 9
Guadalupe-Nipomo Dunes National Wildlife 2013
_________________________ Refuge . Astigosus 1
Hastings Reserve 2019 A. americanus
A. glaber 5
A. parviflorus 9
A. strigosus 5
McLaughlin Reserve 2019 A. americanus
________________ Motte Rimrock Reserve . 2009 _ _ A.strigosus 24
... Pismo Dunes Natural Preserve 2013 . A.strigosus 3
2011,
2012,
... Robert J. Bernard Biological Field Station 2014 . A strigosus 3o
2011,
2012,

San Dimas Canyon 2019 A. heermannii 2
___________________________________________________________________________ A.strigosus 64
ceeeeeeoo......SanDimas Reservoir 2001 . A strigosus 12 .

San Gorgonio Mountains - Santa Ana River South 2019
Fork Fishing Area
San Gorgonio Mountains - Barton flats
______________________ campground . Amveus 13



Santa Cruz Island 2019 A. americanus 9
A. argophyllus var.

niveus 10
A. dendroideus var.
dendroideus 13
A. grandiflorus var.
grandiflorus 4
A. parviflorus 6
___________________________________________________________________________ A.strigosus 11
Sedgewick 2019
A. americanus 10
A. glaber 3
___________________________________________________________________________ A.strigosus 6
2009,
2013,
University of California - Riverside Hills 2014 A.strigosus 19
Whitewater Preserve 2013 A. strigosus 2
Total 507
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Table 2.2: Dataset formation

Locus Hollowell Draft Genome | Combined (with | Final Dataset
2016b overlapping from both
sources)

dnakK 356 272 565

glnll 357 333 566 507

ITS 320 238 527

recA 357 340 565

nifD 349 311 555
nod-A 351 251 557 507
nodZ 350 251 556

nolL 354 251 560
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Table 2.3: Phylogenetic structure by host species (Abundance Weighted)

CHR SYM
Host NRI NRI | NTI NTI | NRI NRI | NTI NTI
p-valy p- p- p-
value valu valu
e e
A. americanus -
0.59534 | 0.77 | 1.498845 3.97925 | 0.00 | 1.08931 | 0.13
93 4 63 006 |3 3 42 5
A. argophyllus var. niveus | - -
5.29684 | 0.99 | 0.718954 0.23890 | 0.54 | 0.18519 | 0.45
15 9 12 0.357 | 36 8 32 7
A. dendroideus var. dendro | - -
ideus 9.73301 0.976867 0.51145 | 0.25 | 0.39583 | 0.69
34 1 81 0.217 | 37 9 05 8
A. glaber - - - -
5.60825 | 0.99 | 3.172584 0.40885 | 0.62 | 3.25014 | 0.99
05 9 6 0.997 | 43 6 99 4
A. grandiflorus var. grandi -
florus 0.19419 | 0.44 | 0.094515 1.30021 | 0.15 | 0.66205 | 0.36
24 4 2 0.572 | 48 4 87 4
A. heermannii -
0.95106 | 0.86 0.500 | 1.53207 | 0.03 | 1.22998 | 0.12
47 5 NaN 5 36 4 66 3
A. niveus 1.00000 | 0.13 | 0.288227 2.67447 | 0.00 | 0.42763 | 0.36
09 6 24 0.398 | 31 3 84 3
A. parviflorus 0.86329 | 0.18 | 0.951273 3.99894 | 0.00 | 0.80190
18 5 95 0.17 | 58 1 39 0.22
A. strigosus - - -
2.81684 | 0.98 | 3.608790 4.45097 | 0.00 | 2.46816 | 0.98
17 6 6 1 74 1 33 6
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Table 2.4: Phylogenetic structure by sampling site (Abundance Weighted)

CHR SYM
Sampling NRI NRI NTI NTI p- NRI NRI NTI NTI p-
Site p- value p- value
value value
ANZ 0.02853216 | 0.509 | -0.3523819 | 0.642 | 1.5089752 | 0.082 | -0.7227459 | 0.78
BCR -1.2766995 | 0.9 -0.4033566 | 0.667 | 0.3974194 | 0.645 | 0.18322322 | 0.48
BMR -0.0485783 | 0.583 | 1.75287324 | 0.028 | 3.5415746 | 0.001 | 2.12306194 | 0.006
CLA -1.7062134 | 0.939 | 1.11386323 | 0.133 | 4.0798237 | 0.001 | 1.74654966 | 0.013
GOR 0.97414031 | 0.149 | 0.35680267 | 0.36 2.7226594 | 0.003 | 0.49044694 | 0.327
GP -3.9764682 | 0.996 | -0.919458 | 0.836 | 0.5277182 | 0.245 | -1.3628154 | 0.911
GUA NaN 0.5005 | NaN 0.5005 | NaN NA NaN NA
HR 0.94629349 | 0.085 | 1.26991227 | 0.052 | 0.6288127 | 0.713 | 1.448079 0.04
MLR 0.58613975 | 0.309 | 0.77318665 | 0.33 3.0712615 | 0.01 | 1.04439872 | 0.121
MOT 1.76143127 | 0.009 | 1.50942989 | 0.057 | 5.7302851 | 0.001 | 1.05690864 | 0.138
PIS -3.5133805 | 0.998 | -3.6809988 | 0.998 | 1.9485236 | 0.991 | -2.3428573 | 0.978
SCI -8.6796288 | 1 0.49426583 | 0.337 | 0.6849315 | 0.76 | -0.1421693 | 0.596
SDM -6.4203888 | 0.999 | 0.02302634 | 0.516 | 0.1194372 | 0.521 | -0.0010485 | 0.518
SR 0.57099356 | 0.378 | -1.5849726 | 0.932 | 0.4532744 | 0.663 | -2.6189443 | 0.986
UCR 0.28476818 | 0.461 | 0.58592815 | 0.311 | 4.1832281 | 0.003 | 1.49070676 | 0.039
WHT -1.7078942 | 0.921 | -1.7266315 | 0.931 | 0.4170975 | 0.541 | -0.3982885 | 0.538
YUC -3.0846759 | 0.989 | 1.08133529 | 0.146 | 0.1022081 | 0.442 | 1.8522668 | 0.001
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Table 2.5: Analysis of molecular variance

CHR
Comparison Df c Variance % ) P value
Between Sampling 16 9.008 14.16655 0.14166554 0.002
Site
Between Host 16 3.448 5.423398 0.06318513 0.043
within Site
Within Hosts 258 51.130 80.410049 0.14166554 0.001
Total 290 63.587 100
SYM
Comparison Df c Variance % ) P value
Between Sampling 16 -9.203 -14.49452 -0.145 0.715
Site
Between Host 16 31.564 49.71315 0.434 0.001
within Site
Within Hosts 279 41.131 64.78136 0.352 0.001
Total 311 3.493 100.00000
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Table 2.6: chromosomal-symICE haplotype association summary.

Chromosomal # symICE | Phylogenetic  Diversity of | # Unique | #
Haplotype Haplotype Connected symICE haplotype | Host infected | Site
associated

K1 R1 I1 Gl 70 0.1953965 7 10
K1 R1 I3 GlI 11 0.1079797 2 6
K1 R3 11 Gl 5 0.07129972 1 4
K1 R1 I6 Gl 3 0.001160326 1 1
K18 RI1 I1 Gl 3 0.01119363 1 1
K21 R23 I55 G4 2 0.0003878465 2 1
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Supplementary Figure 2.1: Phylogenetic tree of all Bradyrhizobium species used in this
study along with reference Bradyrhizobium species genomes downloaded from NCBI.
Host, sample sites, major species groups is shown in the histogram.
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Supplementary figure 2.2: Five dominant symICE haplotype was found out of which two
of them were epidemic (D12 Al L1 Z1 and D16 _Al14 L1 Z6).
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Supplementary Figure 2.3: Bootstrapping for occurrences in sampling sites for each
haplotype. The error bar represents variation in haplotype count among all replicates.
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Supplementary Figure 2.4: Correlation of the average number of hosts infected by each
chromosomal haplotype in each sampling site with mean haplotype abundance by those
haplotypes. The range indicates standard errors of mean if the chromosomal haplotype
sampled from multiple population.

118



0.3-

02~

Q
=
2 >
O -4 L
%051
-— O
zz
~ A
[
0.0 -

# Unique symICE
Havolotvpes

Supplementary Figure 2.5: Phylogenetic diversity of associated symICE haplotype
increase with the higher association of symICE haplotype for each dominant haplotype.
Multiple R-squared: 0.7822, Adjusted R-squared: 0.7277, F-statistic: 14.36 n 1 and 4 DF,
p-value: 0.01927.
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Supplementary figure 2.7: Statistical overrepresentation test based on GO enrichment.
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Supplementary Table 2.1. Summary of the Acmispon species chromosome numbers, reproductive habit, habitat and the
rhizobia lineage isolated from root nodules. The rhizobia lineage assignment was based on the most similar species reported
from BLAST searches from whole-genome sequences of the isolates. Data was gathered from the Jepson Manual and
chromosome numbers from Grant (1995).

Species Variety Habit Rhizobia Lineage Life Cycle
Coastal scrub, chaparral, foothills,

A. strigosus Annual Bradyrhizobium deserts, roadsides, other disturbed
areas

A. niveus Perennial Bradyrhizobium Sandy area

A. grandiflorus | grandiflorus | Perennial Bradyrhizobium ]c)hrgl;arrzﬁptf)n}’/elloas-;li;bee?oresstltes,
Coast, chaparral, mountain forest,

A. americanus | americanus | Annual Bradyrhizobium water courses, roadsides, other
disturbed areas

A. parviflorus Annual Bradyrhizobium \?vg?)s@;f;ng}léontgr gflsli{llﬁaneil ;)rrezir;

A. argophyllus | niveus Perennial Bradyrhizobium (;hannel I.slands; Rocky slopes, dry
riverbeds;

A. dendroideus | dendroideus | Perennial Bradyrhizobium Channel Islands
Chaparral, Coastal Sage Scrub,

A. glaber Subshrub Bradyrhizobium Coastal Strand, Joshua Tree
Woodland

A. hermannii hermannii | Perennial /Annual Bradyrhizobium Washes, riverbanks, chaparral
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Supplementary Table 2.2: Dominant symICE haplotype's association with other chromosomal haplotypes.

symICE Associated Chromosome % Association with
Dominance Dominant
Haplotype Type Haplotype Occurance Site Dominance Type Chromosome
D12 Al L1 71 Epidemic K1 R1 I3 Gl 3 CLA Epidemic 50%
K1 R1 I3 G2 1 CLA Non-Dominant
K1 R12 I1 Gl 1 UCR Non-Dominant
K1 R2 I3 Gl 1 CLA Non-Dominant
D16 _Al4 11 Z6 Epidemic K1 R1 16 Gl 5 BMR Dominant 45%
K1 R23 16 Gl 2 BMR Non-Dominant
K1 R24 16 Gl 1 BMR Non-Dominant
K1 R25 16 Gl 1 BMR Non-Dominant
K1 R5 113 Gl 1 HR Non-Dominant
K1 R5 16 Gl 1 BMR Non-Dominant
D53 A9 L7 73 Dominant K21 R23 155 G4 9 BMR Dominant 52.94%
K21 R1 I55 G4 5 BMR Non-Dominant
K21 R70 155 G4 1 BMR Non-Dominant
K21 R71 155 G4 1 BMR Non-Dominant
K21 R72 155 G4 1 BMR Non-Dominant
D23 A21 L1 Z3 Dominant K1 R1 I1 Gl 4 CLA Epidemic 44.44%
K1 R1 17 G1 1 CLA Non-Dominant
K1 R2 11 Gl 1 CLA Non-Dominant
K1 R6 11 Gl 2 CLA Non-Dominant
K1 R9 11 Gl 1 CLA Non-Dominant
D8 A28 L17 Z3 Dominant K1 R1 I1 Gl 2 BMR Epidemic 28.57%
K1 R1 I1 G5 1 BMR Non-Dominant
K1 R2 11 Gl 1 BMR Non-Dominant
K1 R23 11 Gl 1 BMR Non-Dominant
K1 R35 11 Gl 1 BMR Non-Dominant
K11 R1 I1 Gl 1 BMR Non-Dominant
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Supplementary Table 2.3. ANI and POCP bootstrap statistics. ANI estimated for only the core orthologous CHR
bootstrap genes across.
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Supplementary Table 2.4:

Tajima’s D and nucleotide diversity estimates values.

Tajima's P value P value (beta Nucleotide
D (normal) distribution) Diversity
CHR -2.12966 0.03319973 0.008003677 0.03066633
Concatenated
SYM -1.764252 | 0.07768957 0.04460523 0.02594106
Concatenated
dnaK 0.7402718 0.4591351 0.4907761 0.04273532
ITS -1.8583 0.06312643 0.03060637 0.01818584
recA 3'0415262 0.1178178 0.08683944 0.04152628
glnll -1.475946 | 0.1399583 0.1121744 0.04983117
nodZ -1.605686 | 0.1083429 0.07638057 0.01672493
nodL -0.896202 | 0.3701449 0.3875837 0.03410141
nodA -1.406195 | 0.1596661 0.1353973 0.03023091
nifD -2.77084 0.005591183 2.54E-06 0.01354856
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Supplementary Table 2.5: Selection analysis

Gene Under Strong Positive Selection

Locus Sites under postitive selection
w2 (Probability > 95)
(P value of LRT s 0.05)
nagK Y137, S228
CHR ctrA V227
trpS P2
resA K123, R299
nifQ A22,R114, G166, 1237, R238,
S239, Q241
blr1754 R173
SYM hisC R29, T32, 169
fixU G68
blrl755 A70
Acyltransferase L125, H280
nodU D48, E243
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Chapter 3

Effect of Rhizobial variation in nitrogen-fixation on nodule development and senescence

Abstract

Legumes establish a symbiotic relationship with nitrogen-fixing bacteria called rhizobia,
resulting in the formation of specialized root nodules that enable the conversion of
atmospheric nitrogen into a usable form for the plant. This process involves the secretion
of plant compounds to attract compatible rhizobia and the subsequent development of
nodules that provide an optimal environment for rhizobial colonization and nitrogen
fixation. Within nodules, rhizobia differentiate into bacteroids, specialized cells
responsible for nitrogen fixation. However, not all rhizobial genotypes effectively fix
nitrogen, leading to reduced benefits for the legume plant. Legumes have evolved
mechanisms to limit their support of ineffective rhizobia, but the mechanisms underlying
nodule development, maturation, and senescence are not fully understood. This study aims
to investigate the impact of nitrogen-fixation variation on nodule development, particularly
bacteroid differentiation and the fate of undifferentiated rhizobia during nodule senescence.
In this study, five different strains of Bradyrhizobium with natural variation in nitrogen
fixation was used to study ultrastructural variation of bacteroids in nodules during two

different developmental stage. The analysis using transmission electron microscopy
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revealed notable variations in the proliferation of rhizobia within fully developed nodules,
with beneficial strains outcompeting nonfixing ones. Different strategies were observed
among nonfixing strains, including an early increase in the number of symbiosomes and
bacteroid density, as well as enhanced nodulation capacity exhibited by CWI1. The
symbiotic benefit derived from Fix+ bacteroids varied throughout the stages of nodule
development, with the highest benefit observed during early development. However, as the
nodules aged, senescence led to a decrease in the nitrogen-fixation efficiency of nodule-
bacteroids. By studying the distribution and ultrastructure of bacteroids and examining
host-control mechanisms at different stages of nodule development, valuable insights can

be gained to enhance biological nitrogen fixation and improve agricultural yield.
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Introduction

Legume plants can form specialized root nodules as a result of their symbiotic relationship
with nitrogen-fixing bacteria known as rhizobia (Suzaki et al., 2015). These nodules
provide a microenvironment for the rhizobia to convert atmospheric nitrogen gas into a
form that can be used by the plant, in exchange for photosynthates produced by the plant
(Garg & Geetanjali, 2009). In the legume-rhizobium symbiosis, nodule formation is
initiated when flavonoid compounds secreted by the plant root system attract compatible
rhizobia to the root surface. The rhizobia then secrete nodulation factors, which trigger the
plant to develop specialized structures called nodules that provide an optimal environment
for rhizobial colonization and nitrogen fixation (Walker et al., 2020). Nodule, the symbiotic
organ formed by both legume and rhizobia, is the working unit of biological nitrogen
fixation (BNF) process that generate predominant natural source of nitrogen in terrestrial
habitats (Cleveland et al., 1999).

The legume-rhizobium symbiosis involves a series of molecular and cellular events
that result in the formation of nodules, where rhizobia differentiate into bacteroids and fix
nitrogen (Brewin, 1991; Q. Wang et al., 2018). During the infection stage, the rhizobia
penetrate the root hairs and move towards the root cortex, where they enter the plant cell
via an infection thread. The infection thread grows towards the root meristem, and the
cortical cells divide to form a nodule primordium. Nodule organogenesis is the process by
which the plant forms the nodule structure from the primordium that grows and develops

into a mature nodule, which is composed of several regions, including the apical zone,
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interzone, and basal zone (Madsen et al., 2010; Verma, 1992). Bacteroid differentiation
occurs in the apical zone of the nodule, where the rhizobia differentiate into bacteroids,
specialized cells that are capable of fixing atmospheric nitrogen. The bacteroids are
surrounded by a peribacteroid membrane that separates them from the plant cytoplasm and
provides a specialized environment for nitrogen fixation, also known as symbiosome.
Finally, during nodule senescence, the plant degrades the nodule tissue and releases the
fixed nitrogen to support plant growth. Ineffective rhizobia that are not able to fix nitrogen
may also be expelled from the nodule during senescence, allowing the plant to conserve
energy and resources (Serova et al., 2018).

Once inside the plant cell, the rhizobia are enclosed in a membrane-bound
compartment called a symbiosome, which provides a protected environment for the
rhizobia to differentiate into bacteroids and fix nitrogen. However, not all rhizobial
genotypes are effective in fixing nitrogen (Catherine Masson-Boivin & Sachs, 2018; Joel
L. Sachs & Simms, 2008). Some may not possess the necessary genetic machinery or may
be inhibited by environmental factors, leading to suboptimal levels of nitrogen fixation
(Liang et al., 2018; Nandasena et al., 2007). In these cases, the ineffective rhizobia may
continue to reside within the nodule and access plant resources without expending energy
on nitrogen fixation. This can lead to reduced benefits for the legume plant and a potential
waste of resources. To avoid this situation, legumes must have evolved mechanisms to
limit their support of ineffective rhizobia, which may involve selection of specific rhizobial
strains or other regulatory mechanisms within the nodule (Joel L. Sachs et al., 2018;

Schumpp & Deakin, 2010; Ellen L. Simms & Taylor, 2002; Westhoek et al., 2017). By
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ensuring effective nitrogen fixation within nodules, legumes can optimize their resource
use and reap the maximum benefits from their symbiotic relationship with rhizobia.
However, even with the presence of these elegant control mechanisms, ineffective rhizobia
is common in nature that drastically reduces legume host benefit (Burghardt & diCenzo,
2023; Gano-Cohen et al., 2020, 2019; Saranraj et al., 2023; Zaw et al., 2021).

While the general process of nodulation is well understood, the mechanisms
underlying nodule development, maturation, and senescence remain incompletely
characterized (Kazmierczak et al., 2020). Specifically, the literature lacks a comprehensive
understanding of how variation in nitrogen fixation affects bacteroid development within
nodules (Coba de la Peiia et al., 2017). Although we understand the role of sanctioning
against the non-fixing strains, but it has not been studied in great details across a variety of
non-fixing strains. In this study, we aim to understand how nitrogen-fixation variation of
different rhizobia may affect nodule developmental processes during nodule development
and maturation, particularly regarding the differentiation of bacteroids and the fate of
undifferentiated rhizobia during nodule senescence. The main objectives of this study are
to understand: (i) how within-nodule bacteroid distribution and ultrastructure varies in
early- and mature-stage of nodulation between set of strains with natural variation in
nitrogen fixation, (ii) what are the within-nodule fitness variation of bacteroids and its
effect on the legume host, and (iii) how the host-control by sanctioning varies in different
stages of nodule development. To answer these questions, we use five Bradyrhizobium
strains with nitrogen fixation variation to investigate nodule development, ultrastructure-

histology, and senescence outcome in early nodule formation and late post-maturation

131



stage using Acmispon strigosus as host. Understanding how nitrogen-fixation variation
among rhizobia affects bacteroid distribution during different stages of nodule

development is critical to develop strategies to improve BNF and agricultural yield.
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Materials and Methods

Rhizobia and plant genotypes — Five Bradyrhizobium strains from B. canariense species-
clad were selected, including two effective strains (#’s 131 & 172) and three ineffective
ones (#’s 187, 155, CW1) (Table 3.1). The Fix- strains represents independent origin from
a beneficial ancestor and share similar symICE structure with the Fix+ strains used in this
study (Weisberg, Rahman, Backus, Tyavanagimatt, Chang, et al., 2022). The host line 4.
strigosus AcS049 was selected for greenhouse experiments, collected from the Bernard

Field Station, Claremont, CA (J. U. Regus et al., 2017; John U. Regus et al., 2014).

Inoculation experiment — Seeds were surface sterilized in 5% NaOCI for 3 minutes, rinsed
in autoclaved reverse-osmosis water (RO-H>0) for 7 minutes, nick scarified, and sowed
into sterilized SC10R Ray Leach Conetainer pots (diameter 3.81 cm, depth 20.96 cm,
volume 164 mL, Steuwe and Sons, Corvallis, Oregon, USA) filled with sterilized calcined
clay (Turface® Pro League®, Turface Athletics, Buffalo Grove, Illinois, USA) which
offers negligible nutrients. Once true leaves formed, seedlings were moved to a greenhouse
and fertilized weekly with 1 mL nitrogen-free Jensen’s fertilizer. Fertilization volume was
increased weekly by 1 mL until a maximum of 5 mL was reached, which continued until
harvest. After 4 days of hardening to greenhouse conditions under 50% shade, plants were
inoculated. Rhizobia inocula were prepared by streaking single colonies onto plates of

Modified Arabinose Gluconate medium (MAG(J. L. Sachs et al., 2009a)), scraping grown
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cells, adjusting cell concentration based on colorimeter readings, and washing cells in RO-
H>0. A Klett-Summerson 800-3 photoelectric colorimeter was used (American Laboratory
Trading, Inc., San Diego, California, USA) to get turbidimetric readings of cultures which
are directly proportional to optical density (OD).

Plants were inoculated with one of five clonal strains or were used as uninoculated
controls. Plants received 5 mL cultures at concentrations of 1x10%® cells/mL, whereas
control plants received 5 mL of autoclaved RO-H>O. Each treatment group included 20
plant replicates, and locations of plants in the greenhouse were randomized across all
treatments. A total of 120 plants were used during the inoculation experiment (20 replicates
x 5 single inoculation treatments, 1 control), Plants were watered daily with 10 minutes of

misting. Inoculation occurred on March 29, 2020.

Plant harvest and nodule preservation — To examine the difference between early- and
late-stage of nodulation, plants were harvested in two time-points, early harvest (4 weeks
post inoculation, i.e., wpi, beginning on May 5, 2020) and late harvest (6-7 wpi, beginning
on May 17, 2020). The early harvest is designed to measure nodule traits before sanctions
has usually occurred where no significant difference in host benefit is usually not expected.
Half of the plant replicates in each treatment were harvested at each timepoint; ~10 plants
from each treatment were used to quantify plant biomass, root nodule counts, and nodule
biomass. Plants were removed from the soil, shoots and roots were photographed, and
nodules were dissected and counted. From photographs, nodule area was measured using

ImageJ (v1.501). Two plants from each treatment group in each harvest were selected for

134



nodule preservation for RNA extractions. For these plants, nodules were immediately
dissected and transferred in liquid nitrogen for quick chilling, followed by further
preservation in -80°C freezer. Two more plants from each treatment group in each harvest
were selected for nodule preservation for microscopy. Plant root and shoots were dried on
55°C oven and biomass were measured by using a scale. Individual plants were randomly

selected for each harvest timepoint and analysis.

Transmission Electron Microscopy — Nodules were fixed overnight in 2.2% v/v
glutaraldehyde, 1.8% v/v paraformaldehyde, 50 mM phosphate buffer, pH 7.2 at 4 °C,
rinsed three times in 50 mM phosphate buffer (15 min each), postfixed in 2.5 w/v the OsO4
rinsed twice with dH»0, and the samples were dehydrated in a graded acetone series to
100% acetone. Nodules were infiltrated in a graded series of Spurr’s resin (Spurr’s standard
mix; EMS, Hatfi eld, Pennsylvania, USA) on a rotator to 100% Spurr’s, embedded in fresh
Spurr’s resin and polymerized at 70°C overnight. Individual nodules were cut out of blocks
of Spurr’s resin and re-embedded in molds for sectioning. Sections of 50 nm thickness
were prepared parallel to the long axis of the parent root with an ultramicrotome (Leica
RMC XT-X), collected on copper grids and counterstained with lead citrate (0.4%, 10 min)
and uranyl acetate (1% w/v, 20 min) at room temperature in a CO, -free environment.
Images were acquired with a Tecnail2 TEM (ThermoFisher) and Gatan US1000 HR CCD

Camera (Pleasanton, California, USA).
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Data analysis — Statistical analyses were carried out using R (version 4.1.3)(R Core
Team, 2013). Host growth response to inoculation was estimated by dividing the shoot
biomass values of inoculated plants by the shoot biomass values of uninoculated control
plants (Wendlandt et al., 2022). Nodule count and total nodule mass were used to estimate
rhizobial fitness at the plant level (Pahua et al., 2018). Nodules from plants that were
selected for genotyping were used to measure mean nodule weight after drying and then
multiplied by total nodule numbers to get nodule biomass estimation. Host investment into
symbiosis was quantified as nodule biomass value divided by the shoot biomass value of
each inoculated plant (Ortiz-Barbosa et al., 2022). Data transformation was carried out to
achieve normality and heteroscedasticity. Linear models were used to investigate variation
in host growth response and nodulation traits. Analysis of variance (ANOVA) was carried
out with type III sum of square errors to test effects of clonal treatments on the response
variables (relative growth, total nodules, mean nodule weight, host investment).
Heteroscedasticity of best fit model was tested and for significant differences was followed
by Tukey’s HSD test.

Histological and ultrastructural data from TEM were analyzed using Imagel]
software (Schneider et al., 2012). For each nodule, bacterial population density per area,
bacteroid area per nodule area, number of symbiosome were measured for both early and
late harvested nodules. Also, variation in histological and ultrastructural features was

analyzed among strain treatments and among times using ANOVA and t-test.
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Results

We first evaluated the effects of clonal inoculations on hosts to cross-validate prior results
(Table 3.1). The five tested strains caused host responses that closely matched previous
results (Gano-Cohen et al., 2020; J. L. Sachs, Ehinger, et al., 2010) (Fig. 3.1, Table 3.2).
The Fix+ strains, 131 and 172, elicited significant mean relative host growth responses,
indicating that inoculated plants were larger than uninoculated control plants in the second
harvest (Table 3.2). The Fix- strains 155 and 187 were ineffective in both harvests, as
relative host growth was not significantly higher than 1(P > 0.05; Figure 3.1, Table 3.2).
Strain CW1, which was previously characterized as Fix-, provided a low but significant
level of growth benefit in the late harvest (Figure 3.1, Table 3.2). Relative host growth
response varied significantly among the clonal strain treatments (Table 3.3, F474)= 12.92,
P = 5x10"%), For nodulation, we have found that significant difference in nodulation

among treatments (Figure 3.2, Table 3.3, Fss4)= 4.046, P = 4.76x10%),

Nodulation increased for all treatments in late harvest, compared to early (Figure
3.2). Strain CW1 shows highest nodulation propensity in early harvest to the late harvest.
whereas strain 172, although characterized as Fix+ strain, formed lowest number of
nodules on the host in the early harvest. For nodule area, significant difference was
observed between treatments t (Fas41)= 9.71, P = 1.2805x10"% Figure 3.3, Table 3.2).

Fix+ strains 131 and 172 has 2-fold more nodule area compared to the rest (Figure 3.3).
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Although strain CW1 provided significant effect to host according to our data, but its mean

nodule area is comparable to that of other Fix- strains (Figure 3.3).

We also analyzed ultramicroscopic features inside nodules from TEM data.
Symbiosome was only detected during the early harvest, which indicate that during the late
harvest nodule bacteroid started senescence (Figure 3.4-5). Number of bacteroids per 100
um? area has observed a significant reduction in the late harvest (Fa2i7) = 2.801, P =
2.69x1072, Figure 3.6, Table 3.4). Fix+ strains tend to have relatively higher number of
bacteroids compared to Fix- strains based on HSD post-hoc test. Similarly, mean bacteroid
size has also observed a significant differences between harvest batch with an interaction
effect between batch and treatment, but effect of treatment on bacteroid size was not
significant (Fa211) = 1.236, P = 0.297, Table 3.4). When density was calculated for
bacteroid size normalizing nodule slice area, no significant density of bacteroid area was
observed (Fu216) = 1.405, P = 0.233, Table 3.4). There was no significant difference
between number of symbiosomes, symbiosome size in symbiosimes between treatment
during early harvest, however Fix- strains has more bacteroids apart from CW1 (Figure
3.7). The normalized density decreased in the late harvest for Fix+ treatments to
comparable level of Fix- strains.

To estimate how much benefit the host getting from bacteroid during early or late
harvest, the host benefit per nodule bacteroid was estimated and was normalized by number

of nodules. Effective strains have a higher number of benefit from bacteroid level when
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compared to ineffective strains, and the benefit is highest during the early harvest (Figure

3.8).
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Discussion

The findings of this study provide insights into the effects of different clonal inoculations
on host plants. It shows that the nodulation increases with time, however the host benefit
depends on the Fix trait. The results validate previous research and confirm that Fix+
strains 131 and 172 are effective in eliciting growth responses in hosts, while Fix- strains
155 and 187 are ineffective. This study also corroborates previous findings that Fix+ strains
produces larger nodules. These results confirms that the presence of nitrogen-fixing
bacteria in the root nodules of host plants is crucial for enhancing plant growth and
development.

Furthermore, the study found that nodulation increased for all treatments in the late
harvest, indicating that the host plants were able to sustain a longer-term symbiotic
relationship with the bacteria, regardless Fix trait. However, one Fix- strain CW1 formed
significantly more nodules compared to other Fix+ strains without providing high benefit
to the host. This finding is important, as it suggests that although the host plants were able
to maintain a stable and effective symbiotic relationship with the Fix+ strains over an
extended period which is essential for the long-term health and growth of the host plants,
however some Fix- strains can induce more nodules without providing any benefit to the
host with increase investment to nodulation, thus indicate potential gap of host’s partner
choice and sanction mechanism.

Different strategies of Fix- strains was observed to optimize their in planta fitness.
An early increase of number of symbiosome and bacteroid density has been observed in

the Fix- strains compared to the Fix+ strains, which indicates an increase in their population
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size. However, in the later stage, the bacteroid density reduced which implies host control.
On the other hand, CW1 shows similar bacteroid density and symbiosome number,
however it has a hypernodulator phenotype (i.e. forming an increased number of nodules),
which could be another strategies to increase in planta fitness.

The study also found that there were significant differences in nodule area between
treatments, with Fix+ strains having a 2-fold higher nodule area compared to the rest. This
finding is consistent with previous research that has shown that plant can sanction nodule
tissues formed by ineffective strains. The study also found that strain CW1, which is
characterized as Fix-, provided a low but significant level of growth benefit in the late
harvest, suggesting that even bacteria that are not classified as nitrogen-fixing can have a
marginally positive effect on host plant growth.

The ultramicroscopic analysis of the root nodules provided further insights into the
symbiotic relationship between the host plants and the bacteria. The finding that
symbiosome was only detected during the early harvest and the significant reduction in the
number of bacteroids in the late harvest indicates that the bacteria were starting to senesce.

Importantly, this study shows that plants are getting most benefit from Fix+
bacteroid during early nodule development stage. With time, nodulation increase, however
the level of benefit from Fix+ bacteroid level decreases. This reflects senescence and lack
of symbiosome-environment decreases nitrogen fixation efficiency of nodule bacteroids.

Overall, the findings of this study have important implications for understanding
the symbiotic relationship between nitrogen-fixing bacteria and host plants. The study

highlights the importance of maintaining a stable and effective symbiotic relationship over
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an extended period for the long-term health and growth of the host plants. Further research
is needed to explore the mechanisms underlying the symbiotic relationship between the
bacteria and host plants and to identify new strains of nitrogen-fixing bacteria that are more

effective in promoting plant growth and development.
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Figure 3.1: Shoot RG in two harvest batches.
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Figure 3.2: Total nodules for two harvest batches.
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Figure 3.4: TEM of nodule bacteroid (2 pm) during early harvest.

146



2um 2um

B. Strain 155 (Fix-)

E. Strain 172 (Fix +)

Figure 3.5: TEM of nodule bacteroid (2 pm) during late harvest.
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Table 3.1: Isolates used in this study. All from B. canariense clade.

Strain Strain ID Fix Type III Secretion Presence of Symbiosis ICE
Code Trait System

131 13LoS28 1 Fix+ T3SS+ Present

172 11LoS18 3 Fix+ T3SS- Present

187 11LoS7_1 Fix- Lost ST on chromosome but contain on

T3SS+ plasmid

CwWi1 14L0S3.1 Fix- T3SS+ Similar ICE as the beneficial

155 11LoS34 2 Fix- T3SS+ Similar ICE as the beneficial
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Table 3.2: Testing benefit to the host by each strain in early or late harvest batch

Harvest Batch Treatment t df p-value Category
Early 131 4.4137 5 0.003466 Effective
172 1.0472 6 0.1677 Ineffective
155 -0.34242 | 9 0.6301 Ineffective
187 1.9237 ) 0.0562 Ineffective
CWI1 1.1411 5 0.1528 Ineffective
Late 131 10.606 11| 2.04x10"7 Effective
172 12.853 12 1.12 x 10"-8 Effective
155 -0.71015 | 2 0.7244 Ineffective
187 1.0371 9 0.1634 Ineffective
CW1 4.7559 ) 0.002539 Effective
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Table 3.3: Estimation of different linear-models testing effect of treatment and batch on
harvest variables including shootRG, number of nodules, and area of nodules.

Response | Model ANOVA

Variable ~ Treatment

Variables | Variables

df | F value | P value

Shoot RG | Treatment | 4 12.92 5.00E-08
Residuals | 74
Nodule Treatment | 4 4.046 4.76E-03
Residuals 34
Nodule Treatment | 4 9.71 1.28E-05
Residuals | 41
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Table 3.4: Estimation of different linear-models testing effect of treatment and batch on
nodule bacteroid ultrastructural variables including bacteroid number, bacteroid size, and
bacteroid area density.

Response | Model ANOVA
Variables | Variables Variable ~ Treatment
df | F value P value

Bacteroid | Treatment | 4 2.801 2.69E-02
Residuals 217

Bacteroid | Treatment | 4 1.236 2.97E-01
Residuals 216

Bacteroid | Treatment | 4 1.405 2.33E-01
Residuals 216
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Conclusion

An unresolved question is to understand the role of competition among beneficial
microbes when they colonize their host. The goal of chapter 2 was to characterize variation
in competitive ability among rhizobial strains and to examine how competition among
rhizobia genotypes shapes host investment and mutualistic benefit. For this an experiment
was designed using a focal set of eight Bradyrhizobium strains that range from beneficial
to ineffective in symbiotic nitrogen fixation in a full-factorial co-inoculation experiment
on Acmispon strigosus. Using Illumina amplicon sequencing, more than 1,100 nodules
were genotyped from co-inoculated plants to determine the ratios of occupying strains.
Null models were developed to use single-inoculation treatment data to predict and test co-
inoculation treatments' effects on host nodulation and growth. The results from chapter 2
reveal that there is a linear dominance hierarchy of rhizobia which is consistent by strain.
It also shows co-inoculation treatments significantly diminished host benefits relative to
expectations based on clonal controls. This reduction in host benefit is consistent with
competitive interference of strains which may reduce nodulation and plant growth.
Genotyping data from nodules demonstrates that legumes discriminate against nonfixing
rhizobia within nodules (i.e., ineffective strains). However, interactions among rhizobia
that vary quantitatively in benefits can favor strains that fix low nitrogen levels. A

minimally beneficial rhizobia strain exhibited the highest level of competitive ability.
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We also have a limited understanding of how rhizobia strains vary in fitness in
natural landscapes, which includes a community of potential hosts. Nine Acmispon species
were used to study a rhizobial metapopulation consisting of 507 Bradyrhizobium sp. strains
sampled from 17 populations across an ~800 km transect in California. Chromosomal and
symbiosis haplotypes were defined by using four chromosomal genes and four genes
encoded on an Integrative Conjugative Element that encodes symbiosis functions (i.e.,
symICE). Analyses reveal the presence of six highly abundant chromosomal haplotypes in
the metapopulation, three of which have a large epidemiological spread. Whole genome
analyses show that dominant haplotypes exhibit near clonality genome-wide.
Cophylogenetic analyses reveal that dominant chromosomal haplotypes acquire a diverse
set of symbiotic haplotypes in the metapopulation. Phylogenetic structure by host and
sampling sites is observed in symbiosis loci. Correlation between host range and strain
abundance was also found. The results suggest that acquisition of local and host-adapted

symICEs enables epidemic haplotypes to spread through the meta-population.

Rhizobia populations include beneficial and nonfixing strains, despite the latter
having the necessary genes to provide fixed nitrogen to hosts. A combination of harvest
and histological data were used to understand the developmental processes that differ
among nitrogen fixing and nonfixing rhizobia. A greenhouse experiment examined five
Bradyrhizobium strains that vary in their capacity to achieve nitrogen fixation on their host
plant, Acmispon strigosus. The transmission electron microscopic analysis shows

significant differences in the proliferation of rhizobia, favoring the beneficial strains over
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the nonfixing ones in the fully developed nodules. Multiple strategies of ineffective strains
were observed, in one case early increase of symbiosome population and bacteroid density
was seen, and on the other hand one ineffective strain showed increased nodulation
capacity. Symbiotic benefit from nitrogen fixing bacteroids varies during nodule
development stage, where bacteria in the early nodule development have the highest
benefit. Overtime, nodule senescence decreases nitrogen fixation efficiency of nodule-
bacteroids.

Overall, the dissertation provides insights into rhizobial competition, the
relationship between competitiveness and nitrogen fixation, the distribution of symbiotic
haplotypes in metapopulations, and the developmental processes in nitrogen fixing and
nonfixing rhizobia. These findings contribute to a better understanding of the complex
interactions between rhizobia and their host plants and have implications for optimizing

symbiotic nitrogen fixation and agricultural practices.
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