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Abstract

Coevolutionary change requires reciprocal selection between interacting species, where
the partner genotypes that are favoured in one species depend on the genetic
composition of the interacting species. Coevolutionary genetic variation is manifested
as genotype x genotype (G x G) interactions for fitness in interspecific interactions.
Although quantitative genetic approaches have revealed abundant evidence for G x G
interactions in symbioses, the molecular basis of this variation remains unclear. Here we
study the molecular basis of G x G interactions in a model legume-rhizobium mutualism
using gene expression microarrays. We find that, like quantitative traits such as fitness,
variation in the symbiotic transcriptome may be partitioned into additive and interactive
genetic components. Our results suggest that plant genetic variation had the largest
influence on nodule gene expression and that plant genotype and the plant geno-
type X rhizobium genotype interaction determine global shifts in rhizobium gene
expression that in turn feedback to influence plant fitness benefits. Moreover, the
transcriptomic variation we uncover implicates regulatory changes in both species as
drivers of symbiotic gene expression variation. Our study is the first to partition genetic
variation in a symbiotic transcriptome and illuminates potential molecular routes of
coevolutionary change.
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Introduction

Coevolution in species interactions is defined as reci-
procal evolutionary change that results from partner-
imposed natural selection (Janzen 1980). The driving
force behind reciprocal selection is the genotype-by-
genotype (G x G) interaction for fitness, i.e., when the
genotypes favoured by selection in one species depend
on the genotypes present in its partner population
(Parker 1995; Heath & Tiffin 2007, Wade 2007). With
G x G, the link between genotype and phenotype is not
fixed, but instead depends on the genes present in an
interacting partner of a different species. In practice,
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G x G for fitness may be detected by measuring traits
across a range of partner genotype combinations and
modelling the contributions of additive and interactive
genetic effects. Although the quantitative genetic
approach has successfully detected G x G interactions
for fitness, particularly in host-symbiont interactions
(Salvaudon et al. 2005, Hoeksema & Thompson 2007;
Vale & Little 2009; Heath 2010), it is largely silent on
the mechanistic basis of these interactions.

Little information exists on how metabolic or regula-
tory processes actually generate ecologically important
G x G interactions, although this information can illu-
minate the genetic architecture of important symbiotic
traits (Heath 2010). Assays of gene expression responses
to laboratory-generated mutant mutualists, vs. wild
type, have elucidated the downstream targets of particular
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symbiosis genes (Barnett et al. 2004; Mitra et al. 2004).
To our knowledge, however, no study has attempted to
partition naturally occurring genetic variation in a sym-
biotic transcriptome among different combinations of
host and symbiont genotypes—a necessary first step in
determining how much transcriptional variation is
owing to genetic variation in one of the partners, or to
G x G interactions between interacting partners. Many
previous studies attempting to compare gene expression
between genotypes or lineages have unfortunately
resulted in confounded environmental and genetic
effects on expression variation (reviewed by Hodgins-
Davis & Townsend 2009). Classical quantitative genetics
demonstrates that a rigorous test for genetic variation
requires controlled common garden experiments, in
which genotypes are randomized to avoid unintentional
covariance between genotypes and unmeasured micro-
environmental factors (Falconer & Mackay 1996; Gibson
2008). The utility of this experimental approach for
understanding the genetic basis of quantitative traits
has been demonstrated by recent studies uncovering
the genes and gene networks that underlie genetic vari-
ation for plasticity in response to salicylic acid in the
model plant Arabidopsis thaliana (i.e., G x E interaction;
van Leeuwen et al. 2007).

In the symbiotic mutualism between leguminous
plants and rhizobia, partners exchange commodities
that increase their individual reproductive fitness and
also result in ecosystem-level impacts in both natural
and managed communities (Graham & Vance 2003). In
the symbiotic organs (nodules) on legume roots, rhizo-
bia differentiate within plant cells into symbiotic bac-
teroids, which are capable of converting atmospheric
N, to plant-usable forms. Fixed nitrogen (N), in the
form of ammonium and amino acids, is exported
across both bacterial membranes and the plant-derived
peribacteroid membrane, which surrounds the symbi-
otic cells and serves as the location of metabolite trans-
port between host and symbiont. In return, fixed
carbon is transported to rhizobia in the form of amino
acids, which are utilized by bacteroids to fuel the
energy-intensive process of N fixation (Lodwig et al.
2003).

Legume-rhizobium interactions have recently attracted
much evolutionary interest because they are ecologically
and economically important and because genetic and
physiological models of signalling, establishment and
ongoing metabolite transfer already exist (Udvardi &
Day 1997; Lodwig & Poole 2003; Riely et al. 2004; Fergu-
son et al. 2010). Evolutionary and ecological work has
begun to reveal the selective forces acting on these inter-
actions (Simms et al. 2006; De Mita et al. 2007; Heath &
Tiffin 2009; Sachs et al. 2010; Oono et al. 2011), as well
as how the ecological context can influence the trade of

symbiotic benefits (Heath et al. 2010; Heath & Lau 2011).
Despite the availability of numerous molecular and
genetic resources (e.g., sequenced genomes, transforma-
tion methods, a HapMap project, mapping populations),
the molecular basis of naturally occurring symbiotic var-
iation in legume and rhizobium populations remains a
major void in our understanding.

Here we study variation in the symbiotic transcrip-
tome across a known G x G interaction between two
legume hosts and two nitrogen-fixing rhizobium strains
(Heath 2010), to evaluate how the symbiotic value of a
given individual can shift depending on the partner
genotype with which it interacts. Because we focus on
genotypes from contemporary natural populations in
their native range, our investigation sheds light on the
genetic basis of symbiotic variation—the variation upon
which coevolutionary selection is likely to act. We iden-
tify plant and rhizobium genes whose expression chan-
ged in response to either the G x G interaction or to
partner genotype. Our results indicate that plant geno-
type had the largest impact on the nodule transcriptome
and implicate genome-wide shifts in rhizobium gene
expression in altering the trade of symbiotic benefits to
feedback on partner fitness. We also find evidence that
expression of regulatory loci and their downstream
gene networks shift across these partner geno-
types—consistent with a regulatory basis of natural
symbiotic variation.

Materials and methods

Study system

For this experiment, we used families of Medicago trun-
catula (Naut 1 and Sals 4) and Sinorhizobium meliloti (Sals
b and Sals c) from populations Nautique and Salses, both
on the Mediterranean coast of France, in the native
range of the symbiosis (collecting and locations detailed
in Heath 2010). These genotypes were chosen because
they differed significantly in their effects on fitness ben-
efits to both plant (growth, fruit production) and rhizo-
bium (nodule number, nodule size) partners, and
moreover because the plant G X rhizobium G interac-
tion significantly impacted the benefits of symbiosis to
plants, measured as both early leaf number and fruit
number in a previous survey of 108 genotype combina-
tions (Heath 2010). Although both rhizobium strains
were sampled from the same population as plant geno-
type Sals 4, past work has demonstrated a lack of local
adaptation of Sals rhizobia to Sals host plants (Heath
2010); therefore, the variation in gene expression
described here is unlikely to reflect symbiotic variation
arising from maladaptation of an allopatric host-symbiont
combination.

© 2012 Blackwell Publishing Ltd
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Greenhouse experiment and phenotypic analyses

The greenhouse experiment consisted of two plant and
two rhizobium genotypes, grown in a fully factorial
experiment with 24 replicates of each genotype combi-
nation, for a total of 96 plants. Seedlings and rhizobial
inoculum were prepared as previously described
(Heath 2010). Briefly, M. truncatula seeds were scarified,
surface-sterilized and cold-stratified at 4 °C for 2 weeks
before transplant to the greenhouse. Seedlings were
transplanted into 6” standard pots containing a 3:1 mix
of Turface MVP (Profile Products LLC, Buffalo Grove,
IL, USA) and Sunshine Mix #2 (Sun Gro, Bellevue, WA,
USA) and were arranged in a randomized complete
block design, with six blocks, in the Earth Sciences roof-
top greenhouse facility at the University of Toronto.
Rhizobium inoculum was prepared by growing rhizo-
bium strains in tryptone yeast (TY) media (Somasegaran
& Hoben 1994) for 2 days at 28 °C, and each plant was
given 10° cells by pipetting. Plants were given adequate
water throughout the experiment and were watered
weekly with N-free 2X Fahreus nutrient solution
(Somasegaran & Hoben 1994). We recorded early leaf
number for each plant at 2 weeks after transplant to the
greenhouse, which is known from previous work to be
positively correlated with plant fruit number (Heath
2010). The complete phenotypic data set is available in
Table Sla (Supporting information).

On the basis of preliminary estimates of per-plant
RNA/cDNA vyield, we harvested a subset of experimen-
tal plants (blocks 14, 64 plants) at 10 weeks post-trans-
plant. Upon harvest, roots were shaken free of loose
soil, and nodules were counted as they were removed
from the root with forceps and plunged into liquid
nitrogen for storage at —80 °C until RNA extraction.
Aboveground biomass for all experimental plants was
air-dried and weighed. For analysis of phenotypic data,
we used aNova implemented in PROC MIXED (sas Version
9.2; SAS Institute, Cary, NC, USA) to test for the fixed
effects of plant genotype, rhizobium genotype, their
interaction and block on dependent variables (early leaf
number, nodule number and aboveground plant bio-
mass). The general form of the statistical model was:

Y = u + block + plant genotype + rhizobium genotype
+ plant genotype x rhizobium genotype + error

(1)

where Y is the phenotype of interest, p is the model
intercept (fit by default in most statistics packages),
block describes the spatial position in the greenhouse,
plant genotype is either Naut 1 or Sals 4, rhizobium
genotype is either Sals b and Sals ¢, and the interaction
term describes how the effects of the plant genotype
depend on rhizobial genotype, and vice versa.

© 2012 Blackwell Publishing Ltd

Microarray assay and statistical analysis

We assayed gene expression using three biological rep-
licates for each plant genotype x rhizobium genotype
combination (four combinations) for a total of 12 chips.
Detailed experimental protocols are available in the
Supporting information (modified from Barnett et al.
2004; see Appendix S3, Supporting information). Using
similar methods, Barnett ef al. (2004) found close agree-
ment of significant gene expression changes when com-
paring the Affymetrix method to qPCR of individual
genes; where discrepancies were found, the results from
microarray assays were more conservative. For each
replicate, nodules from two plants in the same
plant x rhizobium genotype combination (paired ran-
domly) were pooled for RNA extraction using TRI-
Reagent (Molecular Research Center Inc., Cincinnati,
OH, USA) according to the manufacturer’s suggested
protocol. One ¢cDNA library for each RNA extraction
was constructed using SuperScript III (Invitrogen, Carls-
bad, CA, USA). Resulting cDNA was fragmented with
DNAse I (FisherThermo Scientific, Waltham, MA, USA),
labelled and hybridized to Affymetrix Medicago Gene-
chips according to Affymetrix kit procedures (Affymetrix,
Santa Clara, CA, USA). Quality control, terminal label-
ling of cDNA, GeneChip hybridization and wash-
ing/staining, and initial analyses in Affymetrix GCOS
software were performed by the Centre for the Analysis
of Genome Evolution and Function at the University of
Toronto (Appendix S3, Supporting information). Micro-
arrays are well known to be sensitive to hybridization
differences caused by nucleotide variation among geno-
types (Kliebenstein et al. 2006); however, we found no
evidence for overall differences in hybridization
between the two rhizobium strains (P =0.34) or
between the two plant families (P = 0.38). Moreover,
partner genotype-dependent changes in gene expression
(i.e., plant genes that differ between rhizobium strains
and rhizobium genes that differ between plant families)
cannot be confounded with hybridization because the
DNA-level variation causing the expression shift of
interest lies in the genome of another species and thus
cannot influence hybridization of the probe in question.

Statistical analyses were performed using M Genom-
ics software (Version 5; SAS Institute). Data import,
quality control and analysis were performed separately
for M. truncatula and S. meliloti probe sets. Both data
sets were subjected to median polish summarization,
log2 transformation, RMA background correction and
quantile normalization of raw probe intensity values
present in .CEL files (Bolstad ef al. 2003; Irizarry et al.
2003). Because it is standard to analyse array-based
expression on a log2 scale (to stabilize variances
between groups, account for mean-variance relationships
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for individual genes/probes and ensure symmetry in
measures of up- and down-regulation: Quackenbush
2002; Gibson & Wolfinger 2004), our tests for interaction
effects might be conservative as some interaction effects
on the raw scale will be additive on the log scale
(Berrington de Gonzalez & Cox 2007).

Because we were interested in first understanding the
overall impact of partner genetic variation on the nod-
ule transcriptome, we used principal variance compo-
nent analysis (PVCA; for details see Boedigheimer et al.
2008) to gain information on the total amount of expres-
sion variance explained by plant, vs. rhizobium, geno-
types and the GxG interaction. PVCA was
implemented in the correlation and principal compo-
nents dialogue in JMP Genomics. Briefly, PVCA first fits
principal components (PCs) to an expression data set.
For each PC necessary to explain at least 90% of the
total variance in the data set (six PCs for S. meliloti and
eight for M. truncatula), a random effects aANova imple-
mented in PROC MIXED is then used to estimate vari-
ance components for each factor of interest (i.e., family,
strain, family X strain interaction, block). Finally, the
overall contribution of each factor to the expression
data set is estimated by weighting and summing
each variance component across the relevant principal
components.

We next used anova to ask which individual probe
sets (transcripts) responded significantly to plant geno-
type, rhizobium genotype, the plant genotype X rhizo-
bium genotype interaction and block (all fixed). We did
not include interactions with block because we were
not interested in modelling fine-scale spatial variation
in gene expression in the greenhouse environment. We
accounted for multiple tests by controlling the false dis-
covery rate (FDR) at 5% to balance rates of type I and
type II error (Benjamini & Hochberg 1995; Verhoeven
et al. 2005). For interaction-responsive genes, further
pattern analysis of least-square means across plant and
rhizobium genotype combinations was achieved by first
scaling phenotypic and expression values to a mean of
zero and variance of one using PROC STANDARD
implemented in sas software (Version 9.2; SAS Institute)
and then performing hierarchical clustering in JMP
Genomics. To further explore patterns of co-expression,
Pearson correlations of means between significant genes
and/or phenotypes were computed in the JMP Genomics
cross-correlation dialogue. To test for over-representation
of functional categories within our set of significant
genes or within particular sets of responsive genes, rela-
tive to the entire set of genes on the chip, we used Fish-
er’s exact tests implemented in the gene set enrichment
dialogue in JMP Genomics (with FDR = 0.05). The full
data set is deposited at GEO (GSE29027; http://
www.ncbi.nlm.nih.gov), and all statistically significant

probe sets are available in Appendix S1 (Supporting
information).

Gene identification and annotation

Differentially expressed S. meliloti probe sets were
matched to locus tags or systematic names by blasting
the Affymetrix probe sequences (11 25-mer probes per
probe set) against the S. meliloti gene coding sequences
available from the RhizoGATE website (Becker et al.
2009)  (http://www.cebitec.uni-bielefeld.de/CeBiTec/
rhizogate/; downloaded 7 September 2010). Our BLAST
criterion (e-value < 0.01) was parsed for two categories
of matched probes: perfect (25 nucleotides per probe
matched), or less than perfect (17-24 matched). For
most (1899/2534) probe sets, all 11 probes per probe set
matched perfectly to a single gene; the remaining data
were filtered to include only those probe sets with at
least nine perfectly matched probes. When probes from
a single probe set matched two sequential genes or two
genes within a gene family, or vice versa when a single
gene matched two probe sets, a single match corre-
sponding to the greater number of perfectly matched
probe sets was chosen to facilitate downstream func-
tional assignments and associated statistical analyses. If
two matches were equal, the match that preserved synt-
eny between the genes and probe sets was chosen. Our
pipeline resulted in matching with high confidence 81%
(2061/2534) of significant S. meliloti probe sets to locus
tags. Annotations and COG functional category assign-
ments for matched probe sets were taken from the
RhizoGATE IGetDB database. The remaining significant
probe sets all map perfectly to the genome, but not to
the present 6225 genes, as probe sets were originally
designed for 8305 predicted genes and now include
partial hits to coding sequences and intergenic regions.
Our matching criteria were less stringent for the plant
than for the bacterium because the genome is not fin-
ished, and probe sets were designed for an early version.
Differentially expressed M. truncatula probe sets were
matched to version 3.5 of the M. truncatula genome (Mt
3.5; IMGAG) by blasting probes for each probe set
against the gene coding sequences available from
the Medicago HapMap project website (http://www.
medicagohapmap.org/?genome; downloaded 27 Decem-
ber 2010). We initially matched 44% of probe sets using
BLAST criterion (e-value < 0.02) and filtering the list of
probe sets to include only those with a minimum of
eight perfectly matched 25-nucleotide probes, while tab-
ulating for each probe set the number of perfectly
matched probes, as well as the number of probes with
24- or 23-nucleotide matches for each gene. An addi-
tional 54% of probe sets were then matched to release 10
of the M. truncatula Gene Index tentative consensus

© 2012 Blackwell Publishing Ltd
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sequences (MtGI TCs) using mapping files kindly sup-
plied by He et al. (2009) using the same initial criterion.
Many probe sets perfectly matched MT3.5 genes (36%)
or MTGI10 TCs (80%) using this pipeline. As with
ambiguous cases in S. meliloti, the highest-scoring gene
or TC (based on either the number of probes with perfect
hits or the best score for imperfectly matched probes)
was selected to match one gene or TC to one probe set
for downstream analysis. For equivalent matches, Mt3.5
genes were favoured over TCs. Of the initial 615 signifi-
cant M. truncatula probe sets, 591 (96%) were matched
to either a Mt3.5 gene (247 or 40%) or to a MTGI10 TC
(344 or 56%). Plant genes were grouped into MapMan
plant functional categories using the Mercator tool
(http:/ /www.gabipd.de/projects/MapMan).

Results

Genetic variation modulates the nodule transcriptome

We compared gene expression in each of four combina-
tions of Medicago truncatula families (inbred lines; Heath
2010) and Sinorhizobium meliloti strains using Affymetrix
Medicago GeneChips. We used both principal variance
components analysis (PVCA) and Anova to understand
how the entire transcriptome and individual genes
responded to differences between plant families,
between rhizobium strains and to the plant fam-
ily x rhizobium strain (G x G) interaction. We were suc-
cessful in minimizing uncontrolled environmental
variance and detecting significant genetic and G x G
variation in the nodule transcriptome (Table 1) and in
symbiotic phenotypes (Table Slb, Supporting informa-
tion). The percent of variance in gene expression
accounted for by terms in our ANova model differed
between the two species (Table 1). Interestingly, while
rhizobium gene expression was sensitive to genetic dif-
ferences in the plant host, and the effect of G x G was

significant, plant gene expression responded much less
to rhizobium strain and the family x strain interaction
(Table 1). It should be noted that the sets of strain-
responsive rhizobium probes and family-responsive
plant probes (Table 1) should be interpreted with cau-
tion as these hybridization differences might result from
nucleotide variation at probe sites.

Multiple lines of evidence indicate that modelling the
G x G interaction significantly improved our under-
standing of the causes of rhizobium gene expression
variation in this experiment. The distribution of P-val-
ues for the plant family X rhizobium strain interaction
term across all rhizobium genes (Fig. S1, Supporting
information) reveals an excess of low values, which is
further supported by the number of tests that remain
significant after FDR correction (see Table 1 and results
below). Moreover, likelihood ratio tests of treatment
effects in the PVCA analysis (see Appendix 54, Support-
ing information) indicated that plant, strain and their
interaction all significantly affected rhizobium gene
expression, whereas the interaction term did not signifi-
cantly affect plant gene expression. All significant probe
sets and annotations are presented in Appendix SI
(Supporting information).

The interaction-responsive transcriptome implicates
plasmid-borne rhizobium gene expression and energy
generation in beneficial interactions

Because plant and rhizobium fitness benefits in symbio-
sis often depend on the interaction of partner geno-
types, and such G x G for fitness is the force driving
coevolutionary change, we were most interested in the
particular genes whose expression changed depending
on the plant family x rhizobium strain interaction. In
S. meliloti, 155 genes (or ~2.5% of the genome)
responded to the G x G interaction (i.e., were interac-
tion-responsive). Functional analysis did not reveal any

Table 1 The percent of expression variance (from PVCA), number of significant probe sets (from anova) and number of matched
genes for the effect of plant family, rhizobium strain, family x strain (G x G) interaction, and block on Sinorhizobium meliloti and Med-

icago truncatula gene expression

Rhizobium gene expression

Plant gene expression

No. of genes

% variance No. of probe sets No. of genes

Effect % variance No. of probe sets

Plant family 25.6 1484 1244
Rhizobium strain 50.9 1558 1216
Family x Strain 3.2 194 154
Block 10.4 128

Residual 20.3

Total* 2534 2061

29.7 612 588
3.7 5
0.2 1 1
30.5 124
31.3
719 591

PVCA, principal variance component analysis.

*Many probe sets responded to more than one model effect; these are represented once in the total.

© 2012 Blackwell Publishing Ltd
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COG categories to be significantly under- or over-repre-
sented in the set of significant interaction genes, relative
to the entire set of S. meliloti genes on the chip (Appen-
dix S2, Supporting information).

To identify patterns of co-expression, we used hierar-
chical clustering to group the interaction-responsive
genes according to their mean expression level in each
of the four genotype combinations—resulting in six
well-defined clusters (see Appendix S1, Supporting
information; Fig. 1A). Furthermore, cluster analysis
combined with cross-correlation analyses with early leaf
number across four genotype combinations indicated
that the genes positively associated with plant growth
were located primarily in cluster I (Fig. 1B, C; Appen-
dix S1, Supporting information). By contrast, genes with
expression levels negatively correlated with plant
growth were located in clusters IV and V (Fig. 1C;
Appendix S1, Supporting information). Because these
clusters contain genes whose expression is most closely
correlated with plant symbiotic benefits, they likely con-
tain the best candidates for mediating the trade of sym-
biotic benefits between these partners.

(@)

Leaf number

[
=N

N
8]

o

=

o

Interestingly, most genes in cluster I were located on
the symbiotic plasmids (pSymA and pSymB), whereas
genes in clusters IV and V were shifted away from
pSymB and towards the chromosome (43;_, = 17.2,
P =0.0002; Fig. 2). Previous research has implicated the
down-regulation of chromosomal gene expression in
N-fixing bacteroids upon switching to the symbiotic
lifestyle (Barnett et al. 2004). Our results indicate that
the degree to which this genome-wide shift occurs is
both genetically variable among compatible partners in
nature and correlated with potential fitness benefits for
plants. Both suggest that this shift in genome-wide rhi-
zobium expression is ecologically and evolutionarily
important in contemporary legume-rhizobium commu-
nities. Moreover, the set of differentially expressed
genes we identified is largely unique from those identi-
fied in previous studies: the vast majority (80%) do not
overlap with genes known to differentiate the free liv-
ing from symbiotic lifestyles or to differ in mutant nod-
ules (see annotations in Appendix S1, Supporting
information). In addition, the majority of the genes that
we have newly associated with symbiotic variation have

Plant family:
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Sals b Sals ¢
Rhizobium strain
(c) s 0.6
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] 1
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2
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Plant o
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Rhizobium 20 3
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-1 5T 1.5
Scaled LSM expression

Rhizobium strain

Fig. 1 Phenotypic and transcriptomic responses of Sinorhizobium meliloti to the plant genotype x rhizobium genotype interaction:
(a) Hierarchical clustering of interaction-responsive rhizobium genes according to their scaled Ismeans expression profiles in four
possible pairwise combinations of two plant families (Naut 1, Sals 4) and two rhizobium strains (Sals b, Sals c), (b) reaction norms
(Ismeans with SE) of early plant performance (leaf number at 2 weeks) of the two plant families with each of two rhizobium strains
and (c) plotted reaction norms of scaled expression Ismeans for genes from clusters I-VI.
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[ psymA  [] psymB  [_] Chromosome

NP AN

S. meliloti Cluster I

genome

Cluster IV&V

Interaction-responsive genes

Cluster B Cluster A

Family-responsive genes

Fig. 2 Proportion of genes located on the chromosome, vs. symbiotic mega-plasmids pSymA and pSymB, for the entire set of Sino-
rhizobium meliloti genes on the chip (pie A), vs. those associated with either increased plant benefits (pie B: interaction-responsive
cluster I and pie D: family-responsive cluster B), or decreased plant benefits (pie C: interaction-responsive clusters IV and V and pie

E: family-responsive cluster A.

not been studied and have only minimal functional
annotation.

Given the large number of interaction-responsive
genes with minimal annotation, what changes in known
genes or pathways are likely to mediate G X G interac-
tions? Our results, combined with previous studies on
the molecular regulation of nodule formation and root
structure, suggest a role for 2-phenylacetic acid (PAA)
metabolism, although other unknown pathways could
of course also contribute. In particular, Cluster I con-
tains all the genes involved in PAA degradation. PAA
is a plant auxin that stimulates formation of lateral root
primordia and lateral root growth more efficiently than
indole-3-acetic acid (IAA; Wightman et al. 1980). Ding
& Oldroyd (2009) argue that a balance of auxin (IAA
and others), cytokinins and abscisic acid determines the
development of nodules vs. lateral roots, and over-
production of IAA by transgenic S. meliloti led to
increased numbers of functional nodules and increased
root mass (Pii et al. 2007). Therefore, PAA metabolism
has the potential to influence symbiotic benefits via
alterations to nodule numbers, nodule size or both.

A pSymA-located aerobic form of formate dehydroge-
nase (fdoH) was also found in interaction-responsive
cluster I. This enzyme is distinct from the chromosomal
formate dehydrogenase (fds), which is a major energy
source for anaerobic respiration in bacteria and was
present in our family-responsive gene list. While fdoH is
constitutively expressed in other bacteria (Abaibou
et al. 1995), we found that its expression by S. meliloti
is genetically variable in symbiosis and is positively cor-
related with plant performance (Appendix S1, Support-
ing information), suggesting that this enzyme may be
important for microaerobic respiration in conjunction
with N fixation. While nitrogenase itself was not pres-
ent in our set of interaction-responsive genes, these
results might suggest that naturally occurring symbiotic
variation in the mechanisms generating energy in sup-
port of N fixation is important for altering the trade of
benefits in symbiosis.

© 2012 Blackwell Publishing Ltd

By contrast, interaction-responsive clusters IV and V
consist of genes whose expression is negatively corre-
lated with plant growth and contain chromosomal
genes involved in basic metabolism and growth. Clus-
ters IV and V include genes of the citric acid (TCA)
cycle (sucA, sdhC, mdh) and amino acid synthesis (asd,
aroB), which were found to be down-regulated in sym-
biosis in previous studies (Barnett et al. 2004; Becker
et al. 2004). Most intriguing may be exsl, a putative
transcriptional regulator from the exs gene cluster
involved in production of low-molecular-weight succin-
oglycan (York & Walker 1997), which is a cell wall exo-
polysaccharide important in the establishment and
maintenance of symbiosis (Gibson ef al. 2008; Rinaude
& Gonzalez 2009).

Despite the interactive effects of rhizobium genotypes
on plant performance (Fig. 1), only one M. truncatula
gene responded significantly to the G x G interaction.
This gene (Medtr6g012630.1) appears to be one of
43 M. truncatula proteins that contain K homology (KH)
domains, common RNA-binding motifs. The pattern of
expression at Medtr6g012630.1 was negatively corre-
lated (although not significantly; rq¢-4 = —0.83;
P =0.1697) with plant growth and positively correlated
with genes in cluster IV (Appendix S1, Supporting
information), corroborating a potential role in less-bene-
ficial interactions. Although the function of this gene in
M. truncatula is unknown, KH proteins are known to
play important regulatory roles as RNA-binding pro-
teins in plants (Cheng ef al. 2003; Lorkovic 2009). Fur-
thermore, co-expression patterns mined from the
M. truncatula Gene Expression Atlas (MtGEA; He et al.
2009) indicate that a MAP kinase (Medtr4g087620.1) is
co-expressed and highly correlated with our interaction-
responsive gene Medtr6g012630.1 across root nodule
time-course experiments. Although Medtr4g087620.1
did not respond significantly in our study, MAP kinases
are involved in regulatory signal cascades in all eukaryotes
(Rodriguez et al. 2010). These data suggest the interac-
tion-responsive KH domain gene Medtr6g012630.1 as
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an interesting candidate for regulating symbiotic benefit
exchange in this interaction.

Plant-responsive rhizobium expression implicates plant
requlatory variation

Our phenotypic data indicated that plant family Sals 4
produced significantly fewer nodules and had signifi-
cantly increased early growth compared to Naut 1
(Appendix S1, Supporting information; Fig. 3A, B), sug-
gesting that Sals 4 nodules were more beneficial. We
then examined how changes in rhizobium gene expres-
sion in response to different plant families might medi-
ate these phenotypic differences. We separated the 1244
family-responsive rhizobium genes into those genes up-
regulated with family Naut 1 (cluster A), vs. those up-
regulated with Sals 4 (cluster B; Fig. 3C). Genes upregu-
lated with Naut 1 were enriched for COG categories O,
E, L, C ], Uand F (i.e., housekeeping functions; Appen-
dix S2, Supporting information), while those upregulat-
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Fig. 3 Phenotypic and transcriptomic responses of Sinorhizobi-
um meliloti to two different plant genotypes: (a) least-square
means (+SE) of early plant performance (leaf number at
2 weeks) for two plant families (Naut 1, Sals 4) in our experi-
ment, (b) number of symbiotic nodules at harvest for two plant
families and (c) reaction norms of standardized expression
Ismeans for plant family-responsive genes whose expression
increased with Naut 1 (left; cluster A) or Sals 4 (right; cluster B).

ed with Sals 4 were significantly enriched for categories
X (unknown/no COG) and K (transcription)—suggesting
that a large portion of genes upregulated in more bene-
ficial interactions remains unknown. KEGG pathway
analysis (http://www.genome.jp/kegg/) corroborated
this result: only 41 (8.2%) of cluster B genes, which are
up-regulated in symbiotic interactions that improve
plant performance, play known roles in metabolic path-
ways, compared to 213 (28.7%) of cluster A genes
(/A¢_, =36.0, P < 0.0001).

The plant-responsive rhizobium transcriptome con-
tained large numbers of putative or known rhizobium
regulatory loci, although the functions of most of these
loci and how they might regulate plant symbiotic bene-
fits remain unclear. Notably, cluster B contained aniA, a
regulator of rhizobial carbon flux necessary for efficient
N fixation in symbiosis (Povolo & Casella 2000), nfeD,
necessary for nodulation competitiveness (Garcia-Rodri-
guez & Toro 2000), and selD for selenocysteine of the
active site of formate dehydrogenase (fdoH, fdol, fdhE,
and fdsB, fdsG) mentioned above. The putative extracy-
toplasmic function sigma factors rpoE1, rpoE7 and rpoE8
may be involved in plant-rhizobium communication
and regulation. Cluster A, by contrast, contained sigA, a
master regulator of housekeeping functions, along with
numerous regulators of exopolysaccharide production
(expR, exoS, exol, feuQ; Mclntosh et al. 2008; Griffitts
et al. 2008; Chen et al. 2009). Cluster A also contained
the chromosomal rpoN (ntrA) gene, a second master
regulator involved in diverse housekeeping and symbi-
otic functions in a number of rhizobium species (Ron-
son et al. 1987; Barnett et al. 1998; Salazar et al. 2010).

Coordinate with the regulatory changes described
above, rhizobia in the nodules of plant genotype Sals 4
appeared to be performing more functions in support
of N fixation, more transcription of genes on the symbi-
otic plasmids and less of numerous other housekeeping
functions. For example, rhizobia in Sals 4 nodules also
upregulated a number of transporters that might affect
the efficiency of symbiosis, including the kup2 potas-
sium uptake system (Dominguez-Ferraras et al. 2009)
and the smal755 and smb20356 cation channels (Appen-
dix S1, Supporting information). Like interaction-
responsive cluster I, most genes upregulated with Sals 4
were located on the symbiotic plasmids, whereas cluster
A contained an overwhelming majority of chromosomal
genes (y3;_, = 342.0; P < 0.0001; Fig. 2). Again this sug-
gests that the degree to which bacterial transcription
shifts from the chromosome to the symbiotic plasmids
is genetically variable, strongly influenced by the plant
genome and important for plant benefits in symbiosis.

Interestingly, the aforementioned shifts in rhizobium
gene expression corresponded to increased detection of
seven M. truncatula nodule-specific cysteine-rich peptides

© 2012 Blackwell Publishing Ltd
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(NRCs) in plant family Sals 4, compared to Naut 1.
NRCs have recently been shown to control the terminal
differentiation of rhizobia into bacteroids (Mergaert
et al. 2003; Alunni et al. 2007; Van de Velde et al. 2010);
therefore, these results might suggest that naturally
occurring plant variation at NRCs effects major shifts in
rhizobium gene expression. Importantly, any such vari-
ation (plant genes that differ between plant genotypes)
might be caused by either differences in transcript
abundances or by differential hybridization owing to
SNPs. Either explanation offers interesting candidates
for further exploration; nevertheless, a larger set of
plant genotypes would also be necessary to rigorously
correlate variation at plant NRCs with shifts in rhizobial
gene expression.

Strain-responsive M. truncatula genes also implicate
requlatory variation

Five M. truncatula genes responded significantly to rhi-
zobium strain (including the interaction-responsive
Medtr6g012630.1 discussed above), and we were able to
assign putative functions to three of the four remaining
genes. First, BG648909.1 is one of 11 HAP3 genes in
M. truncatula and is, therefore, a member of the
CCAAT-binding heterotrimeric transcriptional regulator
family commonly found in eukaryotes (Chodosh et al.
1988; Siefers et al. 2009). Other genes in the HAP family
have been implicated in symbiotic regulation, including
MtHAP2-1, a key transcriptional regulator of nodule
meristem development (Combier et al. 2006; Siefers
et al. 2009; Zanetti et al. 2010). Second, Medtr1g050520.1
is highly similar to a protein kinase/protein phospha-
tase 2C in Arabidopsis thaliana (AT2G40860)—suggesting
that it too may be involved in signalling cascades.
Third, Medtr5g011980.1 contains a plant lipid transfer
protein with a bifunctional inhibitor domain. Such pro-
teins may be involved in defence, pollination and ger-
mination (Lin et al. 2005), although their function in
symbiosis is not understood. Our sample of significant
strain-responsive plant genes, while too small to reach a
definitive conclusion, suggests that upstream changes in
plant regulatory networks might underlie symbiotic
variation.

Discussion

Using genome-wide expression analysis to simulta-
neously assay plant and rhizobium partners in symbio-
sis, we found evidence of a major reorganization of the
legume-rhizobium transcriptome in response to natural
genetic variation in both partner species. We identified
major shifts from chromosome-dominated to symbiotic
plasmid-dominated rhizobial gene expression across

© 2012 Blackwell Publishing Ltd

genotype combinations exhibiting a strong G xG
interaction, corresponding to decreased housekeeping
functions and increased energy metabolism in support
of N fixation and correlated with increased symbiotic
benefits for plants. Partner-dependent plant gene
expression also suggested an important role for regula-
tory variation in mediating symbiotic benefits. These
results represent the first attempt to partition naturally
occurring coevolutionary genetic variation in a symbi-
otic transcriptome.

Genetic control of the symbiotic transcriptome

We found that plant genotype exerted the largest over-
all influence on nodule gene expression, at least for the
four host-symbiont genotype combinations included in
our experiment. Most notably, the genetic identity of
the plant host altered the expression of nearly a quarter
of the rhizobium genome. Because the underlying
DNA-level differences exist in the plant genome, such
rhizobium expression changes are not attributable to
differential hybridization among rhizobial strains owing
to sequence variation. Many of these changes in rhizo-
bium gene expression likely reflect the differential influ-
ence of plant genotypes on the developmental switch
from undifferentiated cells in the infection thread to
N-fixing bacteroids, as evidenced by a large shift
between chromosomal and symbiotic plasmid expres-
sion across plant families and owing to the plant fam-
ily x rhizobium strain interaction. Because this shift is
genetically variable among naturally occurring geno-
types and is correlated with plant symbiotic benefits, it
may be subject to coevolutionary selection.

Genetic variation for major metabolic shifts exists in
natural legume-rhizobium communities

For Sinorhizobium meliloti, the shift from a free-living,
saprophytic to an intracellular symbiotic lifestyle
involves shutting down many basic metabolic processes
on the chromosome, including nitrate assimilation,
growth and cell division, while switching on genes for
micro-aerobic respiration and N fixation on the symbi-
otic plasmids (e.g., Barnett et al. 2004). The shifts in
plant and rhizobium gene expression we detected
across even the small set of genotype combinations
included in our study suggest that one mechanism
underpinning natural genetic variation for symbiotic
benefits is the degree to which nodule rhizobia success-
fully transition to the symbiotic lifestyle. Because these
genome-wide shifts arise from the G x G interaction,
they are the result of heritable, nucleotide-level varia-
tion in the genomes of both partners and are, therefore,
available to coevolution. The precise locations of these
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nucleotide changes remain unknown, although our
results suggest an important role for upstream, regula-
tory variation (see below).

Phenotypic and transcriptomic shifts in response to
plant family (i.e,, nodule size, nodule number, gene
expression) are likely to have important impacts on rhi-
zobium fitness. Nodule size (weight or length) is posi-
tively correlated with the number of reproductive
rhizobium cells within the nodule (Heath & Tiffin 2007;
Oono et al. 2011). A previous microcosm study found
that nodule number predicted rhizobium genotype fre-
quencies in future generations (Heath & Tiffin 2009), per-
haps not surprising as infection of each nodule
(regardless of size) results in at least 10° rhizobium off-
spring (Oono et al. 2011). Thus, selection on rhizobia
would be expected to favour both numerous and large
nodules; however, past work on a large set of genotype
combinations suggests a strong genetic trade-off between
these two traits (ry = —0.8379, n = 106, P < 0.0001; data
from Heath et al. 2010). Data from the two plant families
used here are consistent with this trade-off: Naut 1 pro-
duced more nodules (Fig. 3B; Table Slb, Supporting
information; P = 0.0346), and in previous work Naut 1
produced significantly shorter nodules than Sals 4 (mean
length + SE: 2.4 + 1.6 mm for Naut 1 vs. 3.0 £ 1.7 mm for
Sals 4; tg¢ - 13 = 2.58, P = 0.0187; data from Heath et al.
2010). If rhizobial fitness is more strongly determined by
nodule number, then our results suggest that expression
of genes in Cluster A (Fig. 3C) is most associated with
rhizobial fitness and that these genes differ from those
whose expression is associated with plant performance
and fitness (Cluster B; Fig. 3C). By contrast, if rhizobial
fitness is more strongly determined by nodule size (and
rhizobium offspring per nodule), then shared genes are
associated with both plant and rhizobial fitness (Cluster
B; Fig. 3C). Determining whether rhizobial fitness in nat-
ural populations is determined more strongly by nodule
number or nodule size is an important challenge, with
implications for the genetic basis of rhizobial adaptation
and plant-rhizobium genetic conflict in the symbiotic
interaction (Heath et al. 2010).

The regulatory nature of coevolutionary genetic
variation

Kliebenstein (2010) has recently argued for two compet-
ing hypotheses to explain conditional genetic variation
(e.g., GXE or G x G interactions). In the first, natural
variation exists for the response of regulatory networks
among environments, such that the same phenotype-
encoding (structural or enzymatic) genes are regulated
differently under different conditions. In the second
hypothesis, the phenotype-encoding genes themselves
differ between environments, with different genes

expressed in different environments to cause a condi-
tional phenotype. These alternative hypotheses have
different implications for trait evolution. Because the
same regulatory genes underlie the phenotype in multi-
ple environmental conditions, variation at those genes
has the potential to generate pleiotropy and thus
genetic correlations across environments (Des Marais &
Juenger 2010). By contrast, nucleotide variation in the
conditionally expressed genes themselves would mean
that genetic variation is expressed independently within
each condition. In reality, these hypotheses are not
mutually exclusive, and most genetic variation is proba-
bly attributable to both regulatory and structural gene
changes. G x G interactions complicate the already-
complicated plasticity (G x E) worldview, as here the
environment itself evolves (Wolf et al. 2004, Wade
2007).

Our study explicitly tested for conditional variation
in the nodule transcriptome, with symbiotic partner
genotype as the environment in our experiment.
Because of their low expression levels, regulatory loci
are notoriously difficult to detect in global expression
studies (Janga & Contreras-Moreira 2010). Nevertheless,
we found evidence for numerous major regulatory
shifts in our experiment contributing to partner- and
interaction-dependent phenotypic variation. Our results
might, therefore, support the gene regulation hypothe-
sis, which would suggest that upstream variation in
plant and rhizobium regulatory networks should gener-
ate genetic correlations across partner genotypes.
Indeed, a previous study estimating such genetic corre-
lations across partner genotypes found an abundance of
positive correlations, but that their significance and
magnitude depended on the particular genotypes
(Heath 2010). The genetic correlation of plant fitness
across the two strains included in the current study
was significantly less than one (g = 0.18, P < 0.001; data
from Heath 2010)—suggesting that magnitude or direc-
tion of selection on plants would differ between these
two strains (e.g., Fig. 1). Because our study is the first
of its kind, it remains to be determined whether major
regulatory shifts like we found underlie other cases of
G x G for this symbiosis.

Conclusions

Integrating evolutionary models of cooperation (Trivers
1971; Bull & Rice 1991) and the geographic mosaic of
coevolution (Thompson 2005) with the genetic and
physiological dynamics from experimental settings pre-
sents a great challenge in coevolutionary research.
Understanding the molecular underpinnings of natural
variation for partner fitness benefits is an important
goal, as this is the variation upon which selection acts.

© 2012 Blackwell Publishing Ltd
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Perhaps the best design for addressing both the amount
of genetic variation in expression and the underlying
genetic basis of it would be a nested association map-
ping population (McMullen et al. 2009; Scoville et al.
2009), although expression studies on that scale remain
prohibitively expensive. We expect that combined quan-
titative genetic, genomic and transcriptomic approaches
utilizing a larger set of symbiotic genotypes will further
illuminate the sources of natural genetic variation and
evolutionary trajectories of these ecologically important
interactions.
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