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ABSTRACT

Mutualisms play critical roles in organismal stress tolerance; yet environmental stressors may
simultaneously alter the evolution of the mutualism itself. Stress may have particularly strong
impacts on the evolution of microbial mutualists due to their capacity for rapid genetic change.
Here we used a legume-rhizobia mutualism, in which plants exchange carbon for symbiotically
fixed nitrogen, to evaluate how mutualisms evolve in response to stressors. We experimentally
evolved populations of Rhizobium leguminasarum in a full factorial design, manipulating
drought and nitrogen. We quantified genomic changes in Rhizobium populations as well as their
quality as partners with their plant host, Trifolium repens. Drought selected for context-
dependent stress benefits to the host; drought-adapted Rhizobium strains provided increased
benefits to the host under drought, but fewer benefits to the host in well-watered environments.
Conversely, nitrogen fertilization selected for decreased Rhizobium partner quality. Comparative
genomics indicated that selection on standing structural variants along the symbiotic plasmid
may underpin these drought benefits, specifically along genes associated with desiccation
tolerance. These results suggest that stress can expand the benefits rhizobia provide to their
legume hosts beyond nitrogen fixation, with rapid symbiont evolution an engine in promoting

adaptive plant phenotypes.

SIGNIFICANCE STATEMENT

While mutualisms are fundamental to ecosystem functioning, they are often assumed to break
down under environmental stress. We showed the opposite can happen. Here, we factorially
manipulated drought stress and nitrogen fertilization and experimentally evolved a model
legume-rhizobia mutualism, where rhizobial-bacteria trade nitrogen for plant carbon. When
droughted, the symbiotic bacteria rapidly evolved new traits that made them better partners under
drought, improving plant growth within just a few generations. Evolution occurred mainly on a
specialized bacterial plasmid, a mobile piece of DNA distinct from the main genome. By
contrast, added nitrogen fertilizer led to decreases in bacterial benefits. These findings suggest
that mutualisms are not simply fragile in the face of global change, but can expand mutualistic
benefits to buffer partners against stress.
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INTRODUCTION

While mutualisms provide a myriad of benefits that support organismal health (1), these benefits
are often context-dependent and can therefore be sensitive to environmental fluctuations (2—4).
Indeed, shifts in mutualist benefits due to abiotic stress are well-documented (5—7). However, the
resulting evolutionary responses remain largely unresolved, despite their potential for cascading
fitness effects and long-term eco-evolutionary feedbacks between partners (1, 8). With rapidly
shifting environments, understanding how interactive, and potentially conflicting, environmental
stressors alter the trajectory of mutualism evolution will be essential in predicting organismal
stress responses in a changing world.

Environmental stressors could drive mutualism evolution towards two potential
outcomes: destabilizing the interaction and increasing stress or, conversely, driving evolutionary
innovations that buffer both partners against stress. On the one hand, the sensitivity of these
interactions might exacerbate the effects of global change by favoring maladaptive or
uncooperative mutualist partners, particularly if the mechanisms that normally stabilize
mutualism break down (5, 9, 10). Furthermore, a partner’s dependency on the interaction may
generate a mutualistic “two-body problem”, wherein limitations on one partner inherently limit
the other (11, 12). These disruptions may drive the decline or even collapse of mutualism. On the
other hand, phylogenetic evidence suggests that mutualisms can be highly stable interactions (13,
14) and engines of diversification over evolutionary time (15, 16). Thus the evolution of
mutualistic partners might instead facilitate rapid innovations that promote adaptation to novel
environments, making organisms robust to environmental perturbation (17). Given the central
role of mutualisms across ecosystem functioning, including carbon and nutrient cycling, seed
dispersal, and plant pollination (1), these alternative outcomes have significant implications for
ecosystem resilience.

Eukaryotic organisms host diverse microbial communities, including many mutualistic
strains, that are increasingly recognized to play fundamental roles in host development,
phenotype, and survival (18, 19). These host-microbe mutualisms provide powerful experimental
systems for examining the impact of global change on mutualism evolution and stability. Due to
their short generation times and large, genetically-diverse populations (20), these microbial
symbionts can undergo significant evolutionary shifts within only a few host generations (21).
Moreover, many microbes possess modular genomes with mobile genetic elements (MGEs) such
as plasmids and viruses, which can evolve rapidly and follow evolutionary trajectories
independent of the bacterial chromosome (17). For example, mutualistic bacteria frequently
carry the genes essential for symbiosis on plasmids, which are hotspots for genetic diversity and
facilitate the rapid movement of these key genes within populations (18). Experimentally
evolving microbial mutualists is a tractable approach for examining the genetic mechanisms by
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97  which the vast diversity in microbial genomes and their MGEs contribute to organismal stress

98  adaptation (22).

99 Here we use the mutualism between leguminous plants and nitrogen-fixing rhizobial
100  bacteria to understand how mutualist stress-adaptation shapes host resilience. Rhizobia are a
101  model for mutualism evolution, easily culturable, have well understood genomic architecture
102  with key symbiotic traits hosted on MGEs, and can rapidly evolve in response to environmental
103 conditions. Rhizobial bacteria specialize in infecting the root nodules of leguminous plants,
104  wherein they fix atmospheric nitrogen (N) into biologically-available forms in exchange for plant
105  sugars (23). This symbiosis is critical in global ecosystem functioning, as a primary driver of N
106  cycling (24).
107 We experimentally manipulated drought and nitrogen to evaluate their impact on rhizobia
108  evolution. We maintained mixed populations of Rhizobium leguminosarum strains in a full
109  factorial design, manipulating drought, N-fertilization, and the presence of the host plant
110 Trifolium repens, which allowed us to evaluate whether evolutionary response of microbial
111  mutualists to these environments is mediated by their plant partners. Drought is a ubiquitous
112 abiotic stressor intensified by global change, and decreases fitness of both plant and rhizobia
113 partners (28). Nitrogen (N) fertilization, while not a physiological stress per se, can
114  fundamentally disrupt resource exchange and thus destabilize the mutualism, as plant partners
115  decrease investment in mutualistic interactions in response to abiotic sources of N (8, 29).
116  Evolving microbial mutualists in response to two, potentially orthogonal, stressors allows us to
117  examine the additive effects of these historic perturbations on mutualism function and thus the
118  benefits to hosts. By re-isolating single strains after experimental evolution and resolving
119  reference-quality whole genome sequences, we identify the genomic underpinnings of this
120  adaptation.
121
122 RESULTS
123 Rhizobium stress adaptation generates context-dependent Rhizobium partner quality
124  We isolated 320 descendant strains from replicate populations that had evolved in 8 selection
125  environments (drought x N x host presence). We then used single strain inoculations of these
126  evolved strains in a “test phase” to characterize shifts in the quality of Rhizobium partners
127  (partner quality, i.e. Rhizobium impacts on plant growth) in both wet and dry conditions. Because
128  our starting Rhizobium population was a mix of 28 strains with varying partner quality across
129  wet and dry environments (Fig. S1), differential phenotypes between treatments can be a result
130  of both shifts in strain frequencies as well as introduced de novo mutations.
131 Rhizobia rapidly evolved in response to dry and wet soil moisture conditions in ways that
132 improved plant fitness under those growth conditions; however, these increases in Rhizobium
133 quality were only observed when strains had evolved in the presence of a host plant and
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134 unfertilized soils (Fig. 1, S2—-S4, Tables S1-S2). In other words, Rhizobium partner quality was
135 maximized when strains were evolved 1) with a plant partner, 2) without N-fertilizer, and 3) in a
136  watering history that matched the contemporary watering condition of the test phase (e.g., wet
137  history under wet conditions, drought history under droughted conditions). Partner quality in
138  these evolved strains was highly contingent on the presence of the host during the selection

139  phase, with minimal variation between treatments when rhizobia had evolved in the absence of a
140  plant (Fig. 1). These shifts in partner quality between water histories are not only the result of
141  evolutionary changes in N fixation; similar patterns were observed when plants received

142 supplemental N fertilization in a small follow-up experiment (Fig. S5). However there may be
143 some variation in fixation between nitrogen histories as plants inoculated with N-fertilizer

144  adapted strains had marginally lower plant tissue nitrogen content (Fig. S4).

145

146  Drought treatments select on Rhizobium standing variation

147  To identify the bacterial genetic mechanisms underlying the evolved partner quality variation,
148  we sequenced 160 of the strains that evolved with a plant partner, then mapped these genomes
149  back to previous assemblies for the 28 ancestral lineages (17). This approach allowed us to

150  assess the contribution of shifts in standing genetic variation, any large-scale plasmid HGT, and
151  the emergence of de novo mutations to the observed phenotypes.

152 Our drought and nitrogen treatments selected for significantly different sets of Rhizobium
153  strains, with different re-isolation frequencies of bacterial ancestral lineages between treatments
154  (i.e., different ancestral lineages became dominant in dry versus wet treatments; Fig. 2A & S6A,
155  Table S3) indicating environment-dependent selection on standing variation. Model selection
156  strongly suggested that ancestor isolation frequencies were best explained by the ancestral

157  strain’s partner quality as measured in the matched watering environment, as opposed to partner
158  quality measured in the mismatched watering environment (Table S4). For example, ancestral
159  lineages with the highest benefits to plant growth in wet conditions (measured in an independent
160  experiment) became dominant in wet evolutionary treatments (Fig. 2B), while those that

161  provided the highest benefits in drought conditions became dominant in dry treatments (Fig. 2C).
162 Shifts in strain frequencies between watering treatments was accompanied by significant
163  genomic differentiation, primarily localized to the symbiosis plasmid (pSym). An Fsr sliding
164  window analysis based on the core genome identified significant genomic divergence between
165  wet and dry treatments occurring exclusively along the pSym (Fig. 2D-E). The regions of

166  highest differentiation overlapped with fixB (a component of the nitrogen fixation pathway) and
167  sugC (an osmolyte transport gene), with Fst values significantly differing from simulated

168  evolution under drift (Fig. S7). Similarly, analysis of gene presence/absence variation using

169  Fisher’s exact test identified 40 genes with significantly different frequencies between the wet
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and dry treatments (p < 0.05 corrected for false discovery, Table S5), the vast majority of which
(68%:; 27 of 40) were also located on this replicon.

This pSym-driven genomic divergence was underpinned by selection on distinct plasmid
genotypes. Our prior work has indicated that Rhizobium carry one of four major pSym types
(30), whose evolutionary histories are discordant with the main chromosome (termed A-D, Fig.
3A). The isolation frequencies of these plasmid types significantly differed among selective
treatments (Fig. S6B). The dry treatment, for example, was comparatively enriched in strains
containing pSym type A and depleted of strains with pSym type C (Fig. 3B). This shift in pSym
type was directly correlated with the observed gene presence/absence variation between
treatments. For example, the 1-aminocyclopropane-1-carboxylate deaminase gene (acdS),
notable for its function in plant drought resistance (31, 32) was highly enriched in dry-isolated
strains (97% versus 57% in wet-isolated strains; corrected p < 0.001). This variation was strongly
associated with pSym type, as this gene was ubiquitous across the population with the exception
of pSym type C (Fig. S8), the same clade depleted in the drought treatments. We note that this
pSym-driven variation was the result of selection on standing variation rather than the horizontal
transfer of plasmids during the experiment, as we detected only a single instance of plasmid loss
across all sequenced strains. No instances of plasmid exchange were found.

In contrast to the response in the watering treatments, adaptation to N-fertilization
treatments yielded little evidence for selection on standing variation. Comparing the subset of
strains from wet environments, since N-fertilization had the largest impact on phenotype in wet-
adapted populations, we found minimal variation in strain isolation history (Fig. S6) or Fst (Fig.
S9) between nitrogen treatments and only a few genes with significant presence/absence
variation (7 genes, Table S6).

Tradeoffs in Rhizobium partner quality through de novo mutations
Comparing the sequenced evolved strains to their putative ancestors identified a total of 655
single nucleotide polymorphisms (SNPs). Of those, 395 came from two hyper-mutator strains,
which we excluded from the remaining analyses. SNPs were not evenly distributed across
treatments or replicons (Table S7), generally occurring at the highest rate on the pSym,
particularly in the wet strains (e.g., chromosome: 3.35 x 10, pSym: 1.49 x 10, Table S8).
While the overall number of SNPs is low, introduced de novo variation nonetheless
appeared to contribute to the observed variation in plant phenotype. Even after controlling for the
ancestral lineage, partner quality was maximized when the contemporary watering environment
matched the selective history (Fig. 4A—B, Table S10-S11). Furthermore, we identified subtle but
significant tradeoffs in partner quality between wet and dry environments; when controlling for
ancestral background, strains that conferred the highest plant growth benefits in droughted

environments conferred fewer benefits in wet environments, and vice versa (Fig. 4C; p = 0.029).
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207  Interestingly, this context-dependent shift in partner quality was correlated with the accumulation
208  of SNPs. Within ancestral lineages, an increase in the number of SNPs among descendant strains
209  was significantly associated with increased partner quality specifically in environments that

210  matched the strain’s selective watering history (Fig. S11). While large structural variations on
211  the pSym drove major population-level shifts, this accumulation of genetic changes between

212 ancestors and their descendants contributed to increased partner quality in matching watering
213 environments.

214 Similar results were found in comparing N-fertilization treatments within the ancestral
215  lineages. Partner quality within ancestral lineages significantly decreased when evolved with

216  added N-fertilization (Fig. S12, Table S12), and decreased partner quality was associated with an
217  increasing number of SNPs in nitrogen-adapted strains (Fig. S13).

218 Evaluating SNP distribution based on their association with specific gene annotations, we
219  found both the historic watering and N treatment to be significant predictors (Fig. S10, Table
220  S9). Dry-adapted strains were enriched for SNPs in genes associated with cell membrane, while
221  wet-adapted strains were enriched for SNPs in genes associated with hydrolase activity and DNA
222 binding. High nitrogen-adapted strains were enriched for SNPs in genes associated with metal
223 ion activity and ATP binding. Low nitrogen-adapted strains were conversely enriched for SNPs
224  associated with peptidases, proteolysis, and cytosol (see Supplemental Data for full list of all

225  SNPs and their associated annotations).

226

227  DISCUSSION

228 A critical, unresolved question is whether mutualisms will collapse under environmental change,
229  or buffer partners against these changes. We found evidence for both outcomes. Nitrogen-

230  fertilization selected for less cooperative Rhizobium mutualists, consistent with prior work (8).
231  Drought, however, selected for rhizobia that maintained plant fitness in their local moisture

232 conditions. Namely, plant growth was maximized when hosts were inoculated with Rhizobium
233 evolved in moisture conditions that matched the plant’s current environment. This rapid

234 adaptation of Rhizobium, in the space of only a few plant generations, stemmed from selection
235  on the symbiosis plasmid: this plasmid was the hotspot for de novo mutations, as well as

236  containing key genes associated with drought resilience which were enriched in the drought

237  treatments. As these drought benefits only emerged when rhizobia evolved with a plant, host

238  presence facilitated this selection. Below we discuss mechanisms of bacterial adaptation and

239  their implications to mutualism evolution.

240

241  Mechanisms of rhizobial drought benefit

242 Strikingly, Rhizobium populations evolved in response to watering treatments in ways that

243 directly benefit hosts in those treatments — i.e., in a direction consistent with local adaptation for
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244 the host plants. One mechanism for this rhizobial drought benefit is the evolution of drought-
245  tolerant nitrogen fixation processes, as the fixation enzyme, nitrogenase, is sensitive to stress (33,
246  34). Such efficiencies could generate the observed drought benefits, as nitrogen availability can
247  alleviate plant drought stress through the maintenance of plant hormones/antioxidants and water
248  use efficiency (35, 36). Our data, however, provided mixed support for this hypothesis. On one
249  hand, differentiation between wet and droughted populations at fixation-associated genes (e.g.,
250  fixB) highlights potential differential selection on nitrogenase between watering treatments.

251  However, increased nitrogen fixation efficiency under drought should be associated with

252  increased plant tissue nitrogen content — this was not observed. Furthermore, in a follow-up
253  experiment, the drought-adapted rhizobia provided increased growth benefits even in high-

254  nitrogen environments where benefits from nitrogen fixation should be minimized.

255 These rhizobial drought benefits may, therefore, have emerged through mechanisms

256  unrelated to nitrogen fixation. For example, we observed significant genomic differentiation
257  between droughted and wet populations along the symbiosis plasmid, notably at sugC, an

258  osmolyte transport gene associated with trehalose production. Bacterial trehalose production can
259 increase plant osmotic tolerance (37), acting as a stress-response signaling molecule (38) as well
260  as an osmoprotectant, maintaining cell membrane integrity (39). Similarly, the drought-adapted
261  population was enriched in strains with acdS genes (Fig. S8). While ethylene is an important
262  plant hormone, high concentrations produced during stress can inhibit growth and accelerate
263  senescence (40). Bacterial acdS can alleviate plant stress through degradation of the ethylene
264  precursor (32). In addition, we identified a number of introduced mutations that may be

265  contributing here. Relative to their ancestors, dry-adapted descendant strains were enriched in
266  SNPs associated with cell membrane function, which could be associated with bacterial osmotic
267  regulation and desiccation tolerance. These results suggest diverse pathways by which rhizobia
268 facilitate plant drought stress and offer targets for future exploration.

269

270  Local adaptation and expansion of mutualistic benefits

271  With the emergence of these novel benefits, drought may be selecting for an expansion of the
272 legume-rhizobia mutualism beyond nitrogen fixation alone. While prior case studies have

273 identified specific rhizobial traits that benefit droughted plants, such as small molecule

274  production (32), our results provide direct experimental evidence that rhizobia can evolve such
275  benefits over rapid timeframes in direct response to drought. These results run counter to

276  predictions that mutualisms simply collapse under stress (5). Instead, rapid rhizobial evolution
277  appears to generate stress-adapted phenotypes in the host plant. These phenotypes could emerge
278  as aresult of rhizobial dependencies on the plant for carbon resources, generating selective

279  pressure for rhizobial traits that facilitate plant drought tolerance in order to maintain access to
280  these resources.
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281 These context-dependent benefits may explain the variability in mutualistic partner

282  quality. While theory predicts selection should minimize partner quality variation and select for
283  solely high-quality partners (41), natural populations host enormous variation (42). The emergent
284  tradeoffs partner quality in our evolved strains suggest some of the partner quality variation may
285  be the result of heterogeneous environments selecting for context-dependent, locally adaptive
286  partners. Localization of these benefits on the pSym may facilitate both the maintenance of these
287  traits and their rapid spread, a point we return to below. Consistent with this hypothesis, while
288  the ancestral strains used herein were chosen as seemingly random subset of strains from a

289  natural clover population, these drought-tolerance traits were pre-existing here. Isolated

290  originally from an early successional grassland with a history of periodic droughts (43), these
291  environments may have facilitated past genomic innovations generating the drought-adaptive
292  plasmids, and maintained in the population through seasonal water variability..

293

294 Nitrogen fertilization erodes mutualism quality

295  In contrast to the watering environment, N-fertilization selected for reduced rhizobial quality.
296  This reduction may be the result of N-fertilization disrupting the primary axis of resource

297  exchange in this mutualism. While nitrogen fixation is metabolically expensive, mechanisms
298  such as plant partner choice and fitness feedbacks maintain and stabilize these mutualistic traits
299 (44, 45); added nitrogen, however, may undercut these, as the benefit rhizobia provide to the
300  plant host is minimized and plants invest less in their rhizobium partners (29). Interestingly, in
301  contrast to past work (30), N-fertilization did not alter the isolation frequency of ancestral

302  lineages as the drought treatment did, instead selecting for mutations at sites associated with

303  specific functions, such as metal ion activity and ATP binding. As the nitrogenase enzyme has
304  high energy demands while requiring specific enzymatic cofactors (metal ions), loss-of-function
305 mutations in these pathways may provide a consistent advantage by shutting down costly

306 machinery. Consistent with this, tissue N marginally decreased when plants were provided with
307  rhizobia evolved with added N.

308

309 Genomic underpinnings of rapid symbiont adaptation

310  Why could these microbial symbionts evolve so quickly? Our work points to the pSym as a

311  selective hotspot underlying the rapid emergence of drought phenotypes. Indeed, this plasmid
312 was both a region of high standing genetic diversity and the primary site of introduced mutation
313  for drought-related traits. Plasmids may be natural locations for drought-tolerance traits given
314  their propensity for rapid evolution; they are frequently enriched in genes mediating adaptation
315 to extreme environments, as such genes can be quickly gained or lost from a population under
316  stress (46, 47). Plasmids also recombine at higher rates and accumulate de novo mutations faster
317  than the chromosome (48), which may generate and sustain the observed increased genetic
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318  diversity. While the pSym carries the core nitrogen-fixation genes, thought to be co-located on a
319  single plasmid because they function together during the fixation process (26), accessory genes
320  can also be found here (30). The drought-tolerance loci identified here, including acdS and

321 trehalose biosynthesis, may represent another class of accessory trait accumulating on this

322  already gene-rich, rapidly evolving replicon. As regions of diversification, plasmids may be

323  playgrounds for genomic innovations, producing reservoirs of genetic diversity that can quickly
324  move through the population and underpin adaptation.

325 While we’ve identified some genomic drivers of the evolved phenotypes, there remained
326  substantial variation within lineages with no detected SNPs. Epigenetic modifications could be
327  playing a critical role in driving this variation. In bacteria, epigenetic modifications, notably

328  DNA methylation, can rapidly alter transcription. While many epigenetic marks are transient,
329  specific methylation states can regulate phase variation and be vertically inherited across

330  multiple generations (49, 50). Such modifications can be stable across replication cycles (49),
331  representing a mechanism for rapidly reshaping bacterial phenotype here. Future work may

332 consider approaches for investigating transcriptional variation in these systems.

333

334 CONCLUSIONS

335  Our results suggest that environmental changes can drive the evolution of symbiont populations
336  toward different outcomes depending on the type of environmental change. While N-fertilization
337  eroded Rhizobium partner quality, drought selected for symbionts that promote plant drought
338  tolerance. Genetic variation along the symbiosis plasmid, including new mutations and selection
339  on pre-existing variation drove the observed rapid evolution. Moreover, this plasmid hosted

340  genes for both nitrogen-fixation and drought-stress tolerance. If environmental variation

341  generates and maintains this and other context-dependent functions, partner quality may be

342 shaped not only by nitrogen exchange, but by additional traits tied to environmental stress

343  tolerance. Overall, our work suggests mutualisms can be robust against stress, and may in fact,
344  be engines for introducing adaptive phenotypes in their hosts.

345

346

347 MATERIAL & METHODS

348  Experimental Evolution

349  We evolved populations of Rhizobium leguminosarum comprising 28 ancestor strains (isolated
350  from Kellogg Biological Station (8)) over four plant generations. We used a full factorial design
351  crossing water (wet vs. dry), fertilization (no nitrogen vs. nitrogen added), and host presence
352  (plant vs. bare soil) across 120 soil mesocosms (n=15 replicates per treatment combination). In
353  the first generation, pots were inoculated with an equal mixture of all 28 ancestor strains.

354  Moisture treatments were maintained through watering pots every 2 days to either saturation
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355  (wet) or 14% gravimetric water content (dry). After each 10-week generation, plants were cut
356  back, and lay fallow for three weeks to release rhizobia into the soil from nodules before the next
357  generation was sown.

358

359  Rhizobia Isolation and Phenotyping

360  Following the selection phase, we isolated rhizobia from the soil by using a “trap plant”, growing
361  plants under wet, no nitrogen conditions, following prior work (8). Ideally we would isolate

362  rhizobia directly from the soil to prevent biases introduced from selection in this phase. This,

363  however, can be prohibitively inefficient in recovering rhizobia relative to other soil bacteria.
364  With our approach, we isolated directly from the nodule, recovering 446 descendant strains, from
365  which 320 (40 strains per drought x fertilization x plant treatment combination) were selected for
366  phenotyping.

367 To assess strain partner quality, we inoculated each strain onto three replicate 7. repens
368  seedlings in both wet and dry environments (1,960 plants, as well as sterile controls). After eight
369  weeks in the greenhouse, we measured above- and belowground biomass, plant height, leaf

370  number, and root nodule counts. We analyzed a subset of plants (n=160) from the dry

371  environments for tissue N and 8'°N to characterize nitrogen fixation capacity.

372

373  Genomic Sequencing

374  We performed PacBio HiFi long-read sequencing on a subset of evolved strains. While long-read
375  sequencing has higher costs, we chose this as other work has suggested that genomic

376  rearrangement can underpin Rhizobium evolution (51). Due to these costs, of the 320 strains

377  collected we sequenced only those evolved with a plant (160 strains). Genomes were assembled
378  de novo and mapped to the 28 ancestral references based on highest average nucleotide identity.
379  We identified single nucleotide polymorphisms (SNPs) by comparing evolved strains to their
380  predicted ancestral references with standard SNP-calling pipelines.

381

382  Statistical Analysis

383  Greenhouse phenotypes: We analyzed plant growth traits using linear mixed-effects models in
384  each contemporary watering environment. Fixed effects included historic moisture, historic

385  nitrogen, and historic plant presence; greenhouse block and strain were random effects. We

386  additionally compressed the aboveground traits, representing plant growth and therefore good
387  proxies for Rhizobium partner quality, to a principal component axis (PCA) to broadly evaluate
388  wvariation along a single axis. This was paired with a Redundancy Analysis (RDA) as a

389  multivariate approach to examine how this suite of traits were impacted by these variables.

390
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391  Population Genetics: Of the 160 sequenced strains, 155 strains could all be mapped back to 22
392  of our 28 ancestral strains. One strain was a contaminant and clearly not related to any of our
393  ancestral strains, while the other 4 had low sequencing depth.

394 We compared ancestral re-isolation frequencies across treatments using y° tests. As our
395  prior work has identified 4 major clades in pSym phylogeny (30), in parallel we used y° to

396  compare pSym clade frequency. We additionally correlated strain quality with isolation

397  frequency using generalized linear mixed effects models with a poisson distribution. Genomic
398 differentiation (Fst) was calculated between moisture and nitrogen treatments, as well as gene
399  presence/absence variation using Fisher’s Exact test.

400 We evaluated the contribution of de novo mutations to observed phenotypes by

401  categorizing gene functions in which SNPs occurred into Gene Ontology (GO) terms. Using
402  multivariate and univariate models, we predicted SNP distribution across the suite of GO terms
403  based on their historic selective treatment.
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566 FIGURES
567
568  Fig. 1: Rhizobium populations that had evolved in wet conditions benefit plant growth in wet
569  environments (A) and rhizobium population that evolved in dry conditions benefit plant growth
570  indry environments (B), but only when rhizobia evolved in the presence of plant hosts and the
571  absence of N-fertilization. Shown are estimated marginal means (with 95% confidence intervals)
572  of partner quality (PCA including biomass, height, and leaf number) from a common garden in
573  which plants were inoculated with one of 320 descendant strains isolated from Rhizobium
574  populations evolved for four plant generations in factorial combinations of drought, N
575  fertilization, and host presence. Letters represent significant differences according to post hoc
576  Tukey tests. Note the separate y-axis scales in top and bottom panels.
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588  Fig. 2: Watering history shapes Rhizobium evolution through selection on standing variation in
589  the population. We display (A) the isolation frequencies of the original 28 ancestral lineages in
590 the two watering treatments evolved without nitrogen fertilization, including a p value

591  representing a x> characterizing differentiation between populations. We relate ancestral

592  frequency to benefits to impact on plant growth (B, C), correlating ancestral isolation

593  frequencies in wet environments with ancestral partner quality in wet, and ancestral isolation
594  frequencies in dry environments with ancestral partner quality in dry. We include p values in the
595  top left for these models describing this correlation. Variation in strain frequencies underlies
596  genomic differentiation (Fst) between populations (D, E). We highlight two genes along the
597  symbiotic plasmid (pSym) that pass a 0.2 Fst threshold, representing regions of significant

598  differentiation.
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600  Fig. 3: Phylogeny of the pSym structures population differentiation between the wet and dry
601  treatments. Our prior work in this system (30) has identified 4 major types of pSym, structured
602  along phylogeny (A). The isolation frequency of strains between historic watering treatments,
603  under low nitrogen fertilization, is significantly structured by these plasmid type frequencies
604  based on y’ tests (B).
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Fig. 4: Evolutionary history of the experimentally evolved Rhizobium populations impacts their
partner quality, even when controlling for ancestral lineage, in both contemporary wet (A) or
contemporary dry (B) watering environments, driving genetic tradeoffs between wet and dry
environments. We include only strains evolved in unfertilized nitrogen treatments. Semi-
transparent points represent the mean of evolved strains belonging to each ancestral lineage
when plants were grown in wet (A) or dry (B) environments. Solid point represents the group
marginal mean while controlling across ancestral lineages, with bars representing 95%
confidence intervals generated from the standard error. Points colored by strains’ historical
watering treatment: wet as blue, and dry as orange. From the residual variation following
accounting for ancestral lineage we find a weak negative correlation between plant growth in wet
and dry environments, suggesting that de novo mutations further contribute to trade-offs between
wet and dry environments (C).
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624 SUPPLEMENTAL MATERIAL

625  Fig. S1:

626  Our 28 ancestral Rhizobium lineages vary in partner quality across wet and dry

627  environments. Partner quality here is characterized by a PC axis generated from multiple plant
628  traits associated with growth, including aboveground biomass, leaf number, and height. We
629  display p values representing a model describing the interaction in water and strain in the top
630  right corner. Each point represents the marginal mean from this model for each distinct ancestral
631 lineage. We emphasize that, as the data displayed here were generated from a separate

632  greenhouse experiment as the experimentally evolved strains, these are not directly comparable
633  with our evolved data. We exclude error bars from each strain to facilitate readability. Full

634  details on data generation of the separate greenhouse experiment characterizing partner quality

635  for these ancestral lineages can be found in the Supplemental Methods.
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Fig. S2:

Evolutionary history of the experimentally evolved Rhizobium populations impacts plant
aboveground traits in both contemporary wet (A-C) or contemporary dry (D-E) watering
treatments. We display here aboveground biomass, height, and leaf number. The data displayed
here represent those inputted into the PCA displayed in Fig. 1. We present estimated treatment
marginal means, with bars representing 95% confidence intervals generated from the standard
error. Lettering represents post hoc Tukey tests, with groups that differ in their lettering being
significantly different from one another. Note the separate y-axes scales in top and bottom
panels.
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Fig. S3:

Evolutionary history of the experimentally evolved Rhizobium populations impacts plant
aboveground traits in both contemporary wet (A-C) or contemporary dry (D-E) watering
treatments. We display here nodule number, belowground biomass, and root-shoot ratio. We
present estimated treatment marginal means, with bars representing 95% confidence intervals
generated from the standard error. Lettering represents post hoc Tukey tests, with groups that
differ in their lettering being significantly different from one another. Note the separate y-axes
scales in top and bottom panels.
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Fig. S4:

Evolutionary history of the experimentally evolved Rhizobium populations has a marginal
impact on plant tissue nitrogen when grown in contemporary dry environments. We
include both tissue nitrogen percentage (A) as well as tissue 5'°N enrichment (B), which has
been used to quantify the proportion of nitrogen that derived from their rhizobial partners. These
data only represent plants inoculated with strains that had evolved with a plant partner; those
evolved without a plant partner were not analyzed due to cost constraints. Estimates represent

marginal means, with bars representing 95% confidence intervals, extracted from a model
including the historic water, historic nitrogen and their interactions. We display p values for the
corresponding model terms in the bottom left corner for each panel.
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671  Fig. S5:

672  Rhizobium partner quality is maximized when evolved in a watering history that matched
673  the contemporary watering condition, regardless of the contemporary nitrogen content
674  under which we evaluated strain quality. We display here plant growth, extracted from a PC
675  axis of aboveground plant traits including aboveground biomass, height, and leaf number, when
676  grown with varying Rhizobium strain watering histories, while also varying the contemporary
677  watering and nitrogen environments. All Rhizobium strains here evolved with a plant and under
678  low nitrogen conditions, varying solely in their water history. We subset data to those plants

679  grown in the contemporary wet (A) or contemporary dry (B) watering treatments. On the left
680  side of each panel, we display the sterile controls to highlight the impacts of the nitrogen

681  treatment. Estimates represent marginal means, with bars representing 95% confidence intervals,
682  extracted from a model including the historic water, the contemporary nitrogen content, and their
683 interactions. We include p values representing model terms in the bottom right corner. We note
684  that these two figures have separate scales on their y-axis, as comparison within a group is

685  difficult when placed on the same scale. Note these data were generated from a separate

686  experiment as those displayed in the main text, and are therefore not directly comparable.
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689  Fig. S6:

690  Historic selective treatments significantly impact the isolation frequency of the Rhizobium
691  ancestral lineages. We display the pairwise comparisons between all treatment combinations
692  wherein we compared isolation frequencies using y’ tests. We compared isolation frequencies
693  based both on identity within the 28 ancestral lineages (A), as well as across the 4 pSym types
694  (B). We include p values from each comparison as labels with the following symbols: ns p > 0.1;
695 +p=0.1:*p =0.05 »* p < 0.01; »** p < 0.001
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699  Fig. S7:

700  Observed Fsrt along the fixB and sugC genes between watering treatments significantly

701  differs in modeled evolution without selection. We display here the distribution of Fsr at these
702  sites with random sampling of the ancestral strain population, representing evolution driven

703 solely by drift. Observed Fsr for these sites are displayed as vertical lines at the far right of the
704  figure.
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710  Fig S8:

711  Significant variation in the presence of 1-aminocyclopropane-1-carboxylate deaminase
712 genes (acdS) between watering treatments (A) and pSym types (B). We compare variation in
713 the frequency of the acdS gene selective watering treatment, evolved without added nitrogen,
714 using Fisher's exact test. This variation is driven by pSym phylogeny, as the presence of this
715  gene on the pSym is strongly correlated with phylogeny (seen in Fig. 3), being largely deplete
716  type C pSyms.
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719  Fig. S9:

720  Minimal genomic variation between Rhizobium populations isolated between the two

721  nitrogen treatments. We display Fst estimates across the full genome between populations,
722 with different replicons differentially colored, as coded in the legend in the top left corner. We
723  specifically display here the comparison between no nitrogen added versus the nitrogen added
724  treatments, in wet environments.
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731  Fig. S10:

732 Strains’ evolutionary history is a significant predictor of the distribution of their SNPs,
733  compared to their ancestral lineage, across gene annotations. We display here an NMDS for
734 SNP distribution across genome annotations, with each point representing an individual evolved
735  strain. Data are coded by the strains’ evolutionary history: the historical watering treatment (wet
736  vs. dry, delineated by blue vs. orange coloring respectively) and the historical nitrogen treatment

737  (unfertilized vs. fertilized, delineated by closed versus open circles respectively. See Table S9 for
738  full model.

739
o
50
o o
n (o] (o]
S 8 &
=0 ®
o]
.O ® @ ®
&
50 Water p=0.045
50 Nitrogen P =0.028
i Water x Nlltrogen p= 0.469
-100 -50 0 50
NMDS1
Water Nitrogen
® Wet ® Absent
740 Dry O Added

741


https://doi.org/10.64898/2026.07.14.738479
http://creativecommons.org/licenses/by/4.0/

742
743
744
745
746
747
748
749
750
751
752
753
754

755
756

757

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.14.738479; this version posted July 20, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under a CC-BY 4.0 International license.

Fig S11:

SNP count is correlated with increases in Rhizobium partner quality when in environments
that matched the strains selective watering environment. Partner quality, extracted from the
PC axis of aboveground plant growth traits (displayed in Fig. 1, S2, & S3), is standardized by
extracting residual variation after ancestor lineage has been accounted for. Each point represents
an individual evolved strain from those evolved without nitrogen addition, coded by their
historical watering treatment: wet as blue, and dry as orange. We modeled partner quality as a
function of the interacting historic watering treatments, and SNP count (square root
transformed); the corresponding predictions for these models can also be seen here, including
95% prediction intervals. We include the p value for the interaction term in this model in the top
right, representing the difference in slopes between watering treatments in each environment.
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758  Fig. S12:

759  Nitrogen history of the experimentally evolved Rhizobium populations significantly impacts
760  partner quality, even when controlling for ancestral lineage. These data are subset from those
761  in Fig. 1, including only strains that map to ancestral backgrounds with isolation events in both
762  unfertilized and fertilized selective treatments, from historic wet environments. We specifically
763  show these strains plant growth in the contemporary wet environment. Semi-transparent points
764  represent each ancestral lineage, while the solid point represents the group mean controlled for
765  ancestral lineage. Growth benefits are characterized by the PCA of plant aboveground traits, and
766  points are coded by strains’ historical nitrogen treatment, solid as no fertilizer and open as

767  fertilizer added. A p value is included in the top left for this comparison.
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Fig S13:

SNP count is correlated with decreases in Rhizobium partner quality when evolved in
nitrogen fertilization treatments. Partner quality, extracted from the PC axis of aboveground
plant growth traits (displayed in Fig. 1), is standardized by extracting residual variation after
ancestor lineage has been accounted for. Each point represents an individual evolved strain from
those evolved in wet environments, and coded by their historical nitrogen treatment: closed
circles for unfertilized, and open circles for fertilized. We modeled partner quality as a function
of the interacting historic nitrogen treatments, and SNP count (square root transformed); the
corresponding predictions for these models can also be seen here, including 95% prediction
intervals. We include the p value for the interaction term in this model in the top right,
representing the difference in slopes between nitrogen treatments.
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782  SUPPLEMENTAL TABLES

783 Table S1:

784  Evolutionary history of the experimentally evolved Rhizobium populations shapes their impact on a variety of plant traits in

785  the contemporary wet environments. We display models in predicting various plant traits as a function of Rhizobium history,
786  including the historic watering treatment (wet vs. dry), historic plant treatment (present vs. absent), historic nitrogen treatment

787  (fertilized vs. unfertilized), and their interactions. Traits include above- and belowground biomass, leaf number, height, root-shoot
788  ratio, and nodule number. These traits were modeled specifically using mixed effects models. We additionally include a multivariate

789  model, built with an RDA, focusing specifically on traits directly associated with aboveground growth, including aboveground

790  biomass, height, and leaf number. We display the associated F statistic for all model terms. We include the following symbology to
791 indicate at level of significance: + p <0.1; * p < 0.05; ** p <0.01; *** p <0.001.

(Nodule number

Growth traits

Model Terms df [Biomass Biomass Root-Shoot Height Leaf number
(Aboveground) |(Belowground) [Ratio (multivariate)

HistoricWater 1_[<0.01 2.20 0.61 0.73 0.07 0.21 0.19
HistoricPlant 1 0.22 0.23 0.04 0.86 1.53 0.05 0.82
HistoricNitrogen 1 _[0.06 0.61 1.38 1.27 1.81 0.57 1.01
HistoricWater x HistoricPlant 1 loes 4 30 1 64 039 3 79+ b 41 1.38
HistoricWater x HistoricNitrogen 1 hes 1.10 1.75 3 40+ 4 55% 399+ 4.45%
HistoricPlant x HistoricNitrogen 1 |s5.46* 085 0 49 6.08* b 90" 033 4.89%*
HistoricWater x HistoricPlant x 5.18%%*
HistoricNitrogen 1 [2.63 0.44 0.79 9.02%* 1.36 <0.01
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804  Table S2:

805  Evolutionary history of the experimentally evolved Rhizobium populations shapes their impact on a variety of plant traits in
806  the contemporary dry environments. We display models in predicting various plant traits as a function of Rhizobium history,

807  including the historic watering treatment (wet vs. dry), historic plant treatment (present vs. absent), historic nitrogen treatment

808  (fertilized vs. unfertilized), and their interactions. Traits include above- and belowground biomass, leaf number, height, root-shoot
809 ratio, and nodule number. These traits were modeled specifically using mixed effects models. We additionally include a multivariate
810  model, built with an RDA, focusing specifically on traits directly associated with aboveground growth, including aboveground

811  biomass, height, and leaf number. We display the associated F statistic for all model terms. We include the following symbology to
812 indicate at level of significance: + p <0.1; * p <0.05; ** p <0.01; *** » <0.001.

Model Terms df [Biomass Biomass Root-Shoot Height Leaf number Nodule number  |Growth traits
(Aboveground) |(Belowground) [Ratio (multivariate)
HistoricWater 1 6.95%* 0.13 5.82% 1.70 0.10 0.08 1.41
HistoricPlant 1 B 112 12.40%%* 10.70%* 0.58 159 6.43 %%
HistoricNitrogen 1 [0.23 0.95 0.84 1.25 0.21 0.76 1.13
HistoricWater x HistoricPlant 1 4. 09%* 0.89 ] 17%* 7. 80%* 0.25 0.69 3. 86%
HistoricWater x HistoricNitrogen 1 0.43 0.05 0.31 0.44 0.98 0.23 0.59
HistoricPlant x HistoricNitrogen | 094 b 99+ 095 1.15 019 0.35 039
HistoricWater x HistoricPlant x 1.99
HistoricNitrogen 1 0.58 0.20 0.38 5.95% 0.89 3.71

813
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814  Table S3:
815  Isolation frequency of evolved strains mapped back to the original 28 ancestral lineages,
816  broken down by selective treatment. Note, these are solely the treatments evolved with a plant

817  present, as the plant absent treatments were not sequenced.
818

819
Wet | Dry Wet | Dry 820

Ancestral lineage No added N Added N 821
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Table S4:

Partner quality from matched environments predicts isolation frequency in a given
watering environment with partner quality from the same environment. Comparisons
between two models predicting the reisolation frequency of Rhizobium ancestral lineages based
on the ancestors’ partner quality across the two watering environments. Our proxy for partner
quality here is the PC axis combining aboveground biomass, height, and leaf count, identical to
that seen in Fig. S1. The reported models are both generalized linear mixed-effects models with
poisson distributions, incorporating the ancestral lineage as a random effect. Ancestral isolation
frequency in wet environments is much better predicted by their partner quality in wet, and
isolation frequency in dry environments by their partner quality in dry (as opposed to
mismatched environments). We present the R? for these models, as well as Akaike weights,
derived from AIC, which represents the probability a given model is the best model within the
set We incorporate the following symbology in the R? column to indicate at level of significance

for the model: + p <0.1; * p <0.05; ** p <0.01; *** p <0.001.

Model R* Probability of best model
(Akaike weights)

Isolation frequency~Partner quality from matched environment 0.37** 0.97

Isolation frequency~Partner quality from mismatched environment 0.13" 0.03
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841  Table S5:
842  Selective watering history of experimentally evolved Rhizobium populations generates
843  significant differences in gene abundances between watering treatments. We highlight the
844 40 genes with significantly different presence/absence variation (PAV) between the wet and dry,
845  low nitrogen adapted populations. We include gene product name, functional annotation, the
846  replicon the gene is on, the frequency in each treatment, as well as a p value (adjusted for
847  multiple testing) from the Fisher’s test comparing treatments. We use shorthand in the replicon
848  column, following terminology for Rhizobium plasmids described in Vereau-Gorbitz et al. 2025:
849  chr-main chromosome, tI-Type I plasmid, tII-Type II plasmid, tIII-Type III plasmid, & pSym-the
850  symbiotic plasmid.
851
Gene lAnnotation Replicon [Dry Wet Adjusted p
value
davD Glutarate-semialdehyde dehydrogenase chr 1.000 0.050 0.001
dapX utative N-acetyl-LL-diaminopimelate aminotransferase chr 0.921 0.100 0.001
rbsR Ribose operon repressor il 1.000 0.486 0.001
hcaB B-phenylpropionate-dihydrodiol/cinnamic acid-dihydrodiol dehydrogenase Sym 0.947 0.487 0.001
nifA INif-specific regulatory protein Sym 0.921 0.487 0.005
ophAl Phthalate dioxygenase reductase Sym 1.000 0.564 0.001
pucL lUric acid degradation bifunctional protein PucL chr 0.921 0.550 0.028
roup 588 [TraY domain protein chr 0.921 0.550 0.028
aadR [Transcriptional activatory protein AadR Sym 0.947 0.590 0.026
lrp ILeucine-responsive regulatory protein Sym 0.947 0.590 0.026
acdS 1-aminocyclopropane-1-carboxylate deaminase Sym 0.947 0.590 0.026
roup 1341 cfN thiK: thiamine kinase chr 0.684 1.000 0.015
thy A [Thymidylate synthase chr 0.684 1.000 0.015
cmpR HTH-type transcriptional activator CmpR chr 0.553 1.000 0.001
roup 225 Rieske [2Fe-2S] domain protein i1 0.543 1.000 0.043
dmlA ID-malate dehydrogenase [decarboxylating] Sym 0.132 0.513 0.045
cvA Glycine cleavage system transcriptional activator Sym 0.132 0.513 0.045
abD Succinate-semialdehyde dehydrogenase [NADP(+)] GabD Sym 0.132 0.513 0.045
ald B-succinoylsemialdehyde-pyridine dehydrogenase Sym 0.132 0.513 0.045
roup 383 5-(hydroxymethyl)furfural oxidase Sym 0.132 0.513 0.045
cysW Sulfate transport system permease protein CysW Sym 0.132 0.513 0.045
puuB IGamma-glutamylputrescine oxidoreductase Sym 0.132 0.513 0.045
roup 100 [Thiosulfate sulfurtransferase GIpE it 0.114 0.571 0.028
roup 47 [S630 family transposase ISArl Sym 0.053 0.385 0.049
IyA Serine hydroxymethyltransferase Sym 0.053 0.410 0.028
roup 299 IS5 family transposase ISRI2 Sym 0.053 0.410 0.028
spuC Putrescine--pyruvate aminotransferase Sym 0.053 0.410 0.028
roup 875 B-hydroxylaminophenol mutase Sym 0.053 0.410 0.028
1tB [Ferredoxin-dependent glutamate synthase 1 Sym 0.053 0.410 0.028
roup 877 [S66 family transposase ISPpa5 Sym 0.053 0.410 0.028
hdW Putative amino-acid ABC transporter-binding protein YhdW Sym 0.053 0.410 0.028
hdY Inner membrane amino-acid ABC transporter permease protein YhdY Sym 0.053 0.410 0.028
nQ 2 IGlutamine transport ATP-binding protein GInQ Sym 0.053 0.410 0.028
dapE Succinyl-diaminopimelate desuccinylase Sym 0.053 0.410 0.028
sufS Cysteine desulfurase SufS Sym 0.053 0.410 0.028
aspA |Aspartate ammonia-lyase Sym 0.053 0.410 0.028
fThA S-(hydroxymethyl)glutathione dehydrogenase Sym 0.053 0.410 0.028
abD 2 Succinate-semialdehyde dehydrogenase [NADP(+)] chr 0.079 1.000 0.001
roup 617 IS30 family transposase ISRle2 tl 0.029 0.514 0.003
malK 1 Maltose/maltodextrin import ATP-binding protein MalK tI .029 1.000 0.001
852
853
854
855
856

857
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858  Table S6:
859  Selective nitrogen history of experimentally evolved Rhizobium populations generates
860  significant differences in gene abundances between nitrogen treatments. We highlight the 5
861  genes with significantly different presence/absence variation (PAV) between the nitrogen
862  addition and absent, wet adapted populations. We include gene product name, functional
863  annotation, the replicon the gene is on, the frequency in each treatment, as well as a p value
864  (adjusted for multiple testing) from the Fisher’s test comparing treatments. We use shorthand in
865  the replicon column, following terminology for Rhizobium plasmids described in Vereau-Gorbitz
866  etal. 2025: chr-main chromosome, tI-Type I plasmid, tII-Type II plasmid, tIII-Type III plasmid,
867 & pSym-the symbiotic plasmid.
Gene 808 [Annotation Replicon [Nitrogen (No nitrogen |Adjusted p
fertilization [fertilization |value
davD Glutarate-semialdehyde dehydrogenase chr 1.000 0.050 <0.001
aspC 1 putative N-acetyl-LL-diaminopimelate aminotransferase chr 0.921 0.100 <0.001
group_6160 Succinate-semialdehyde dehydrogenase chr 0.079 1.000 <0.001
oroup 2 [Thioredoxin reductase t11 0.263 0.900 <0.001
andAa [Anthranilate 1,2-dioxygenase system ferredoxin--NAD(+) reductase component  |JtII 0.079 0.900 <0.001
ophAl Phthalate dioxygenase reductase pSym 1.000 0.564 <0.001
nifA <59 [Nif-specific regulatory protein pSym 0.921 0.487 0.005
870  Table S7:
871  Total number of SNPs observed in our evolved strains, as compared to their ancestor’s
872  genome. While the first line displays SNP counts for the full bacterial genome, we additionally
873  break these counts down by each replicon.
874
Replicon Wet Dry
No N added N added No N added N added
Total 100 92 38 40
Chromosome 56 42 28 33
tl plasmid 11 10 5 5
tII plasmid 4 2 1 0
tIII plasmid 5 17 2 0
pSym 24 21 2 2
875
876

877
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Table S8:
Rate of SNP occurrence observed in our evolved strains, as adjusted for sample and

replicon size. Data presented here are directly related to the frequencies observed in Table S7,
adjusting for the size and frequency of the replicon.

Replicon Wet Dry

No N added N added No N added N added

Total 3.43x 107 3.20x 107 1.30x 10”7 1.58 x 10”7

Chromosome 2.86x 107 2.21x107 1.44x 107 1.69 x 10”7

tl plasmid 2.76 x 10”7 2.39x 107 1.21 x 107 1.19x 107

tII plasmid 1.99 x 10”7 9.75x 108 4.88x 108 0

tIII plasmid 2.42x 107 8.12x 107 9.62x 10 0

pSym 1.57 x 10 1.41x10° 1.31 x 107 1.31 x 10”7
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Table S9:

Evolutionary history is a significant predictor of the distribution of SNPs based on their
locations within gene annotation categories. This table specifically represents an RDA model,
with GO terms and their abundance of SNPs within each term as response variables. This Table
corresponds to data displayed in Fig. S10, and we include the following symbology to indicate at

level of significance: + p < 0.1; * p < 0.05; ** p<0.01; *** p<0.001.
Model Term | Variance F R?
HistoricWater 0.06 | 1.49 2.79%*
HistoricNitrogen 0.06 | 1.61 3.00*
HistoricWater x 0.04 | 0.97 1.8
HistoricNitrogen
Ancestor 1.85 | 2.10 43.45%**
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Table S10:

Historic watering history of the experimentally evolved Rhizobium populations impacts their partner quality in contemporary
wet environments, even within ancestral lineages. These are model outputs for all plant traits measured and subsets of those
reported in Table S1, while critically accounting for the ancestral lineages. Specifically, these models include strains evolved with a

plant, with no nitrogen addition. We include ancestral lineage as a random effect to control for this variation. Identical traits to those

reported in Table S1 are used. This Table corresponds to Fig. 4A. We display the associated F statistic for all model terms. Terms with
a p value less than 0.1 are bolded for emphasis, and we include the following symbology to indicate at level of significance: + p <0.1;
*p<0.05; **p<0.01; *** p<0.001.

Model terms Biomass Biomass Root-Shoot Height Leaf number Nodule number  |Growth traits
df |(Aboveground) (Belowground) Ratio (multivariate)
HistWater 1 [Los 0.01 2.77+ 2.11 6.03* 0.22 4.21%
Ancestor 2.03 1.05 1.40 0.68 1.86 0.66 1.20
HistWater x Ancestor 3 [0.45 0.78 0.65 0.54 0.28 2.06 0.21

Table S11:

Historic watering history of the experimentally evolved Rhizobium populations impacts their partner quality in contemporary
dry environments, even within ancestral lineages. These are model outputs for all plant traits measured and subsets of those
reported in Table S2, while critically accounting for the ancestral lineages. Specifically, these models include strains evolved with a

plant, with no nitrogen addition. We include ancestral lineage as a random effect to control for this variation. Identical traits to those

reported in Table S2 are used. This Table corresponds to Fig. 4B. We display the associated F statistic for all model terms. Terms with
a p value less than 0.1 are bolded for emphasis, and we include the following symbology to indicate at level of significance: + p <0.1;
*p<0.05; **p<0.01; *** p<0.001.

Model terms [Biomass Biomass Root-Shoot Height Leaf number Nodule number Growth traits
df  |(Aboveground) (Belowground) Ratio (multivariate)
HistWater 1 [5.96* 0.03 3.36" 7.17%* 1.99 0.033 6.96*
Ancestor 3 |82 3.03* 0.90 0.23 1.50 020 1.26
HistWater x Ancestor __[3 ]0.51 0.76 0.93 0.30 1.24 0.52 0.67
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Table S12:

Historic nitrogen history of the experimentally evolved Rhizobium populations impacts their partner quality, even within
ancestral lineages. These are model outputs for all plant traits measured and subsets of those reported in Table S1, while critically
accounting for the ancestral lineages. Specifically, these models include strains evolved with a plant, under wet conditions. We include
ancestral lineage as a random effect to control for this variation. Identical traits to those reported in Table S1 are used. This Table
corresponds to Fig. S12. We display the associated F statistic for all model terms. Terms with a p value less than 0.1 are bolded for
emphasis, and we include the following symbology to indicate at level of significance: + p < 0.1; * p <0.05; ** p < 0.01; *** p <

0.001.

Model terms [Biomass Biomass Root-Shoot Height Leaf number Nodule number Growth traits
df |(Aboveground) (Belowground) Ratio (multivariate)

HistNitrogen 1 parr D.48 0.17 6.83%* D31 4.44% 4.68*

Ancestor 5 10.59 0.47 1.90° 0.79 1.09 42+ 0.73

HistNitrogen x Ancestor |5 [1.71 1.74 0.41 2.92 0.08* 2.99* 1.67
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923  SUPPLEMENTAL METHODS

924  Rhizobium Experimental Evolution

925  Selection Phase (Generations 1—4): We started this experiment using a collection of 28 strains of
926  Rhizobium leguminosarum that were previously isolated from the Kellogg Biological Station (1).
927  With these strains, we established an evolution experiment to investigate how environmental
928  perturbations influence the stability of the legume-rhizobia mutualism. The selection regimes
929  constituted a fully factorial crossed design of three main factors: moisture (wet or dry

930  conditions), nitrogen (nitrogen addition or no nitrogen addition), and presence of a plant partner
931  (grown with Trifolium repens plants present or only in bare soil pots).

932 For the first generation, we established soil mesocosms by filling pots with 430 g of a
933  locally produced “root-wash” soil mix: equal parts of calcined clay, torpedo sand, and field soil
934  (UIUC Plant Care Facility, https://pcf.aces.illinois.edu/soil-mixes/). We prepared 15 replicate
935  pots in each of the eight selection treatments, for a total of 120 pots. We surface-sterilized white
936  clover seeds (Trifolium repens L., seed sourced from Ernst Seeds, Meadville, PA, USA) by

937  vortexing them in a 3% sodium hypochlorite and 0.01% Tween-20 solution for 2 minutes,

938 followed by a thorough rinsing in sterile water. We planted approximately 100 seeds into each of
939  the 60 “plant partner present” pots, leaving the other 60 pots with bare soil only. All pots were
940  watered to saturation daily for 1 week after sowing to facilitate successful germination and plant
941  establishment, after which the moisture treatments were imposed: in the wet treatment, pots were
942  watered to saturation every 2 days while in the dry treatments, we weighed pots and watered to
943 14% gravimetric water content every 2 days. We chose this water content target for the dry

944  treatment as a pilot demonstrated it represented a significant stress compared to the well-watered
945  control, while still allowing for plant survival. We additionally amended mesocosms designated
946  to the ‘nitrogen addition’ treatment with 0.03 g of ammonium nitrate at the start of each

947  generation. This fertilization rate was chosen to be similar to the nitrogen fertilization levels in
948  agronomic settings (2) and has been associated with lower-quality rhizobia partners (1).

949 We prepared the initial ancestor inoculum for the first generation, by growing each

950 ancestor strain separately in liquid TY medium (0.5% tryptone, 0.3% yeast extract, and 10 mM
951  CaCly) at 30°C for 2 days. We then diluted these cultures to a standard optical density (ODsoo)
952  of 0.1, pooling all 28 ancestor strains into a common inoculum of which 10 mL was added to
953  each mesocosm pot 7 days after sowing.

954 Mesocosms were grown in the greenhouse for 10 weeks on a 26°C/24°C day/night

955  schedule, supplemented with 14 h of daily light. After 10 weeks, we concluded the generation by
956  pruning back plant shoots and allowed all pots to sit fallow for three additional weeks. This step
957  allowed the senescing root nodules to release rhizobia cells back into the soil (3). We then re-
958  established each of our eight treatment conditions for each mesocosm by sowing surface-

959  sterilized seeds, adjusting the watering regime and supplementing with nitrogen as appropriate
960  per their assigned treatment. We did not re-inoculate with ancestor strains, instead relying on the
961  rhizobia that persisted in the soil or were released from senescing root nodules to establish the
962  next generation. This process was repeated for a total of four plant generations under the

963  selection treatments.

964

965  Isolation: After four plant generations under selection, we isolated rhizobia from all mesocosms.
966  Because the selection phase included treatments without any plants, we included a fifth “trap
967  plant” generation in the greenhouse to allow us to isolate rhizobia from root nodules. While this
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968 introduces potentially biases, specifically selecting for strains that can associated with a plant,
969 this was a necessary choice as isolation directly from the soil can be very difficult.
970  We prepared new pots filled with sterile soil and 100 surface sterilized clover seeds as above.
971  We then prepared soil slurries from our selection phase pots using 30 g of soil from each
972  mesocosm diluted in 200 mL of a sterile 0.9% NaCl solution. We inoculated 5 mL of these soil
973  slurries into the trap plant pots one week after sowing. We watered the trap plants to saturation
974  every 2 days, under identical climate conditions as the prior experiment, for 5 weeks in the
975  greenhouse, after which they were harvested for nodule isolation.
976 From each pot, we randomly selected six trap plants for isolation. We chose for isolation
977  those nodules closest to various predetermined & haphazard locations on the root system to
978  avoid biasing the sampling by nodule size. The selected nodules were surface sterilized with
979  bleach and ethanol, squashed to expose rhizobia, and plated onto TY agar. Strains were serially
980  plated to isolate individual colonies and then grown to a high density in liquid TY to be frozen in
981 a75% TY and 25% glycerol solution at -80°C for future use. We verified the identity of these
982  rhizobia using sequencing. Specifically, we PCR amplified the 16S region using 8F and 1492R
983  primers and submitted samples for both forward and reverse Sanger sequencing at the Roy J.
984  Carver Biotechnology Center (Urbana, IL, USA). In total, we recovered 446 “evolved”
985  Rhizobium strains that had passed through the selection phase of the experiment.
986
987  Assessing evolved rhizobia impact on plant growth: We evaluated the partner quality of the
988  evolved strains. From each of the eight treatments, we randomly selected 40 strains spread as
989  evenly as possible from among the replicate populations. We filled sterilized “cone-tainer” pots
990  with autoclaved sterilized root-wash soil mix. For each strain, we grew 3 replicate plants under
991  well-watered conditions and 3 replicate plants under droughted conditions. We also grew 40
992  uninoculated plants under watered or droughted conditions as negative controls, for a total of
993 1960 plants (2 watering treatments x 320 strains x 3 replicates + 40 control (20 wet and 20 dry
994  plants)). We sowed approximately 10 surface sterilized clover seeds in each pot, watered pots to
995  saturation every other day, and then thinned each pot to a single seedling. Seven days after the
996  sowing, we inoculated plants with their designated rhizobia strain and imposed the moisture
997  treatments. To inoculate plants, we grew the selected rhizobia strains in liquid TY for 48 h,
998  diluted cultures to a standard optical density of 0.15 (ODeoo), and added 1 mL to each pot. We
999  imposed moisture treatments every 2 days by watering plants assigned to the wet treatment to
1000  saturation while watering those assigned to the dry treatments to a 14% gravimetric water
1001  content. Unfortunately, there was a small outbreak of grasshopper herbivory in our greenhouse in
1002  the middle of this experiment. After eradicating the outbreak, we recorded which plants were
1003  grazed upon (approximately 5%) and quantified the damage, to be used as a factor in subsequent
1004  models.
1005 Five weeks after the initiation of this experiment, we measured plant leaf number as a
1006  preliminary measure of plant growth. Eight weeks after the initiation of this experiment, we
1007  harvested both the above- and belowground biomass of plants over the course of 2 days.
1008  Aboveground tissues were measured for their height, oven-dried at 75°C for 72 h, and then
1009  weighed. We gently washed belowground tissues of their soil and immediately stored them in a -
1010  20°C freezer. As a proxy for rhizobia fitness, we dissected belowground tissues to count the
1011 number of root nodules (4-6), after which these belowground tissues were similarly dried and
1012 weighed.
1013
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1014 Analyzing plant tissue nitrogen content. As rhizobia benefits are typically associated with

1015  nitrogen fixation, we evaluated the nitrogen content of a portion of plants inoculated with the
1016  evolved rhizobial strains. Tissues were ground and sent to the Stable Isotope Facility at the

1017  University of Wyoming (https://www.uwyo.edu/sif/), and analyzed for both total nitrogen and
1018  &'°N content. Given monetary and time costs associated with these analyses, and with ~2000
1019  plant samples, we only analyzed a small subset of samples. As one of our primary interests was
1020  in the impact of these rhizobia under drought, we first subset our samples to only those in the
1021  contemporary dry treatments. With minimal variation in plant health among those inoculated
1022  with rhizobia that evolved without a plant (see Results), these were removed as well. Amongst
1023 the remaining rhizobia strains, we randomly chose a single replicate from each strain, for a total
1024  of 160 samples.

1025

1026  Sequencing of rhizobial strains: To identify the bacterial genetic mechanisms underlying the
1027  evolved changes in rhizobial partner quality, we used long-read sequencing to build full genome
1028  assemblies for all strains evolved with a plant partner. With a high cost of sequencing, we

1029  focused specifically on this set of strains as minimal variation was found in those evolved

1030  without plant partners. Strains were sequenced by first growing each strain to a high density in
1031  liquid TY, after which we followed standard protocols using Zymo Quick-DNA HMW MagBead
1032 Kit (Irvine, CA, USA) to extract high molecular weight DNA from 1000 uL of sample. DNA
1033 was sent for PacBio HiFi long-read sequencing at the W. M. Keck center at the University of
1034  Illinois, where gDNAs were sheared with a Megaruptor 3 to an average fragment length of 10kb
1035  then converted to barcoded libraries with the SMRTBell Express Template Prep kit 3.0 and
1036  pooled in equimolar concentration. The pooled libraries were sequenced on 2 SMRTcell 8M on a
1037  PacBio Sequel II using the CCS sequencing mode and a 30hs movie time. Circular consensus
1038  sequence (CCS) analysis was done using SMRTLink V11.0 using the following parameters: ccs -
1039  -min-passes 3 --min-rq 0.99 lima --hifi-preset SYMMETRIC - -split-bam-named --peek-guess.
1040 To generate de novo closed genomes for each evolved strain, we used the recommended
1041  workflow for Trycycler (7). Namely, we first filtered raw reads by length (above 1 kbp) and
1042 quality (top 95%) using Filtlong (8). Filtered reads were then subsampled in 12 independent
1043  subsets, from which we used three assembly methods, Flye (9), Hifiasm (10) and Raven (11), to
1044  generate independent whole-genome assemblies for four read subsets each. Trycycler was then
1045  used to generate consensus genome according to these 12 assemblies. We determined the

1046  ancestry of each replicon in each strain using FastANI (12), calculating the average nucleotide
1047  identity (ANI) between all ancestor and all descendant genomes for each replicon. Ancestry for
1048  each descendant replicon was assigned to the ancestor replicon with the highest ANI.

1049 We identified variants between the evolved strains and their ancestors by running

1050  sequences through two SNP (single nucleotide polymorphism) calling pipelines, each with their
1051  own strengths. We used the breseq pipeline, which was specifically designed for bacterial

1052  experimental evolution studies, as it can identify large insertions and deletions (13). We

1053  additionally used a custom Spine-Nucmer pipeline (https://github.com/Alan-Collins/Spine-

1054  Nucmer-SNPs) which, while unable to identify large insertions and deletions like breseq, we
1055  have found to be more effective in identifying point level mutations. From these strains, we
1056 identified some form of de novo variation introduced in 97 of the strains. This variation included
1057 5 large deletions (the smallest ~ 4800 bp in length), 1 instance of plasmid loss, and 665

1058  individual SNPs. These SNPs, however, were not evenly distributed, 395 of these SNPs were
1059  distributed across just 2 strains.
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1060

1061  Analysis of greenhouse data: We characterized shifts in rhizobia quality by building mixed-
1062  effects models for the 3 plant traits we measured representing aboveground plant growth:

1063  aboveground biomass, height, and leaf number. While ideally we would characterize partner
1064  quality by examining metrics of plant fitness, such as seed or fruit number, our target organism
1065  can take months to flower and produce seed, making proxies a necessary limitation here. We
1066  interpret these traits to be general measures of plant growth. These same traits have frequently
1067  been used in the legume-rhizobia literature (14—16). We built separate models for each

1068  contemporary watering environment. Our models included as fixed effects: the rhizobia’s

1069  historical moisture treatment (wet or dry), the rhizobia’s historic plant treatment (plant present or
1070  no plant), the historical nitrogen treatment (no nitrogen addition or nitrogen addition), and the
1071  level of herbivory. We included as random effects: greenhouse block and the individual strain.
1072  We constructed models and evaluated the fixed effects using the /me4 and /merTest packages
1073 (17, 18) in the R statistical environment.

1074 As parsing the effects of all 3 plant traits simultaneously can be difficult, we additionally
1075  merged these traits together into a single principal components (PC) axis. This axis represented
1076 74% of the variation, and was positively correlated with all 3 traits. We interpret higher values
1077  here to represent higher quality rhizobia, and use this metric for downstream analyses. This was
1078  paired with a multivariate approach for these plant traits, using a constrained ordination with the
1079  rda function from the vegan R package (19). We included identical variables as the univariate
1080  models: contemporary watering environment, the rhizobia’s historical historic moisture

1081  treatment, the rhizobia’s historic plant treatment, and the rhizobia’s historical nitrogen treatment.
1082  To control for variation in the greenhouse, we inserted the Block and Herbivory terms into the
1083  Condition wrapper within the rda function, which partials out variation before fitting the terms of
1084  interest. While Strain must be included in the model to prevent pseudo-replication, this term
1085  could not be included in the Condition wrapper due to collinearity with the primary model terms.
1086  Following prior methods, we consequently used a modified permutation approach with the how
1087  function from the permute R package (20), restricting permutations so that replicates from the
1088  same Strain are kept together.

1089 We additionally built similar linear mixed effects models for the two other traits

1090  measured, including belowground biomass and nodule number, as well as the root-shoot ratio,
1091  which represents the relative investment of the plant into belowground resource, which can be
1092  important in the context of plant nutrient and water scavenging. We chose not to incorporate
1093  these belowground traits into our multivariate proxies for partner quality as their connection to
1094  plant growth and fitness are less clear.

1095 As our starting Rhizobium population was a mix of 28 strains with varying partner quality
1096  under wet and dry environments (Fig. S1), the observed differential phenotypes between

1097  treatments could be due to both shifts in strain frequencies as well as introduced de novo

1098  mutations. We address a portion of this variation by characterizing plant phenotypic variation
1099  within plants provided with evolved strains that could be mapped to the same ancestral

1100  background. We evaluated the comparison between strains adapted to low nitrogen, and either
1101  wet and dry environments by focusing on ancestral backgrounds that had multiple replicate

1102 evolved strains in these treatments. By focusing strains from the wet and dry, low nitrogen

1103  selection treatments, we could evaluate if the observed context dependent benefits that

1104  specifically emerged between the wet and dry, low nitrogen treatments could also be found

1105  within single strains. We built linear mixed effects models for each trait measured analogous to
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1106  those described above, as well multivariate approaches incorporating all growth traits. Here
1107  though, the ancestral lineage was included as a random effect. We additionally used these strains
1108  to specifically evaluate tradeoffs into partner quality between environments. To appropriately
1109  compare the variation within each ancestral background, we mean centered the evolved strains’
1110  partner quality across environments within their ancestral background. We then evaluated the
1111  tradeoff in the evolved benefits in partner quality with these strains by conducting a standard
1112 linear regression.

1113 Similar to above, we compared variation in the evolved rhizobia’s partner quality, based
1114  on ancestral lineage, between the nitrogen treatments. As we observed the most significant drops
1115  in partner quality in the nitrogen evolved strains specifically when evolved in wet environments,
1116  and in contemporary wet environments, we focused our comparisons here. We conducted similar
1117  statistical analyses as reported above.

1118 We evaluated potential contamination and the sterility of the treatments by comparing all
1119  plant traits as well as nodule number between live and sterile controls. Plants assigned to the
1120  sterile control, inoculated with no rhizobia, were on average significantly smaller in every plant
1121  health metric than those inoculated with live rhizobia across both the watering treatments (Figure
1122 SX). However, some of these sterile control plants did have a small degree of nodulation, despite
1123 not being provided with any inoculum and growing in sterile soils, indicating some degree of
1124  cross-contamination in the greenhouse. This contamination was minimal, with control plants
1125  producing 9% as many nodules as those inoculated with live rhizobia. As the experiment was
1126  randomized, this contamination was likely random with respect to treatment. These patterns of
1127  minimal, but present, contamination is common when working with rhizobia (1, 15, 21). We
1128  consequently use a similar interpretation as prior work of our results in the context of

1129  contamination — namely, while these low levels of contamination may minimize variation

1130  between treatments, as we still observed significant treatment variation (see Results), these

1131  treatments are likely strong drivers of rhizobia evolution. Our observed effect size estimates
1132 may, in fact, be underestimated in the face of this slight contamination. In all other analyses we
1133 excluded the sterile control plants.

1134

1135  Comparative genomics: The isolation frequency of ancestral lineages can be construed as a

1136  characterization of each strain’s fitness and population structure. We characterized how selective
1137  treatments impacted population structure by using chi-square statistics between each treatment
1138  combination. We additionally evaluated ancestral strain quality as a driver of population

1139  structure by correlating strain quality with isolation frequency, using a poisson distribution with
1140  the glmer function in R. We used our prior estimates of strain quality from both wet and dry
1141  environments as predictors here (see the section titled, “Characterizing partner quality of the
1142 28 ancestral strains” below).

1143 Beyond population structure, plasmid structure may be selected upon independent of the
1144  main chromosome. Our prior work has classified the pSyms of this group into 4 major clades,
1145  which are discordant from the main chromosome (22). Consequently, we characterized

1146  differentiation in population structure between selective treatments by specifically analyzing the
1147  phylogenetic history symbiotic plasmid. We used chi-square statistic to determine if pSym

1148  phylogenetic clades were differently abundant between each pairwise treatment combination.
1149 To identify regions of genomic differentiation due to selective differences between

1150  treatments, we generated Fst estimates between populations. We first created core genome

1151  alignments of each population using the Spine-Nucmer pipeline (see above). With the Fst.stats
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1152  function in the PopGenome package (23), we then calculated a sliding window of Fst values
1153  across the core genome to investigate regions under selection.8 We then, using a custom script,
1154  tested if candidate regions with high Fst (> 0.2) were genomic outliers, or alternatively, whether
1155  this genetic differentiation might simply be attributed to drift via Brownian motion. Briefly,
1156  ancestor strains were randomly sampled with replacement into two separate groups of 40

1157  (simulating the descendant populations), then core alignments were created and Fst values were
1158  calculated at the two candidate regions. This process was repeated 1000 times to generate

1159  distributions for each region of interest.

1160 To examine the presence/absence difference of genes between selective treatments —
1161  which is missed in the above Fst analyses based on core genome — we ran a custom

1162  presence/absence analysis. We first annotated all descendant strains with NCBI’s Prokaryotic
1163  Genome Annotation Tool (PGAP; (24)) and ran PIRATE (25) on the gff files of the separate
1164  populations to generate gene lists. The gene lists were then filtered for duplicates and then joined
1165  together in R with the dplyr package (26). We estimated if presence/absence variation

1166  represented significant differences by conducting Fisher’s exact tests for each unique gene

1167  category. Extracted p-values were adjusted for false discovery using an Benjamini-Hochberg
1168  approach (27).

1169

1170  ©eiCharacterization of SNPS: To evaluate the potential contribution of de novo mutations to the
1171  observed phenotypes, we placed the genes in which SNPs occurred into putative functional bins
1172 based on annotation pipelines. Traditional experimental evolution studies might conduct a

1173  genome wide association study (GWAS) to identify specific elements underlying phenotypes.
1174  This, however, is difficult here as while our data has a high level of replication in total number of
1175  strains isolated, these were mapped back to our ancestral backgrounds, with low within

1176  background replication. Moreover, across these ancestral backgrounds, there were large genomic
1177  alterations differentiating strains, with many SNPs occurring in regions not shared across all
1178  strains, making between-background comparisons difficult. While not a direct evaluation of the
1179  SNP contributions to phenotype, we instead evaluated the distribution of SNPs by putative

1180  function. SNPs occurring consistently in similar functions within a treatment may be the

1181  functions underlying phenotypic differences between treatments.

1182 We first annotated the genomes of all ancestral strains. We passed all reference genomes
1183  through prodigal, a standard pipeline for predicting prokaryotic protein-coding genes (28). Genes
1184  output from this pipeline we then predicted the potential functions through use of InterProScan
1185  (29). Each SNP we observed could therefore be associated with a list of associated potential GO
1186  terms. We analyzed the distribution of SNPs based on their association with GO terms using
1187  multivariate methods. As addressed above, two of our strains were hypermutators. We removed
1188  these from this analysis, leaving 270 SNPs. We created a matrix representing the distribution of
1189  SNPs and their associated functions for each evolved strain: rows represented each strain and
1190  columns represented the observed GO term. This matrix was populated with Os and 1s, with a 1
1191  indicating the presence of a SNPs associated with that GO term for that strain. From this matrix
1192 we derived a distance matrix, based on Hamming distances between each strain. We used this
1193  distance matrix in a distance based RDA to evaluate similarity between treatments, with selective
1194  nitrogen and watering treatments predictor variables. From this RDA model, we extracted the
1195 GO terms with the strongest predictor of their distribution, indicating potential functional

1196  differences between treatments. Overall, our approach here is likely a conservative approach for
1197  evaluating the functional distribution of SNPs. Annotation pipelines are inherently imprecise,



https://www.zotero.org/google-docs/?h0Ob1q
https://www.zotero.org/google-docs/?iMQi40
https://www.zotero.org/google-docs/?E9njc4
https://www.zotero.org/google-docs/?kxgWfA
https://www.zotero.org/google-docs/?Xq1bYu
https://www.zotero.org/google-docs/?zUnmxV
https://www.zotero.org/google-docs/?Ht977b
https://doi.org/10.64898/2026.07.14.738479
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.14.738479; this version posted July 20, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

1198  with a large fraction of the genes that our SNPs occurred had no associated functions, and

1199  therefore had to be excluded from analysis.

1200

1201  Assessing nitrogen benefits of evolved rhizobial strains

1202  We evaluated whether the observed context dependencies in partner quality across the low

1203 nitrogen, dry versus wet evolved strains was due to shifts in the efficiency of nitrogen fixation
1204  across environments. efficiency. To this end, we conducted a small, follow-up experiment with a
1205  subset of our evolved strains (5 high quality dry-adapted, no nitrogen strains and 5 high quality
1206  wet-adapted, no nitrogen strains), growing them in the greenhouse under variable watering

1207  conditions, and either with out without added nitrogen. If drought benefits, for example, were
1208  driven primarily through bacteria becoming more efficient at nitrogen fixation under drought, we
1209  might expect these benefits to disappear when an external source of nitrogen was added. The
1210  strains used here were chosen for being those with the highest estimates of partner quality in the
1211  wet and dry environments. Experimental methods followed those described above. Briefly,

1212 surface sterilized 7. repens seeds were planted in sterile root-wash soil mix in sterilized cone-
1213 tainers. Plants were inoculated one week after seeding with one of our 10 rhizobia strains, or a
1214  sterile control. We amended pots designated to the nitrogen treatment with ammonium nitrate,
1215  with biweekly additions leading to a total of 0.03 g added over the course of the experiments.
1216  This level was similar to that in agronomic settings and are presumed to have saturated plant
1217  nitrogen requirements. Plants were harvested at the 8-week mark, where we collected similar
1218  phenotypic data as described above, including height, above and belowground biomass, leaf
1219  number, and height. We assessed plant growth across all measured traits, as well as through
1220  multivariate approaches, as described above.

1221

1222 Characterizing partner quality of the 28 ancestral lineages

1223  We investigated variation in the partner quality of the 28 ancestral lineages of rhizobia across our
1224  two moisture environments (wet vs. dry) in a separate controlled greenhouse experiment. We
1225  followed similar methods as above, starting this experiment by filling sterilized cone-tainers with
1226  approximately 120 mL of root-wash mix. Soil was autoclaved (3 times in 1 h cycles, with 20
1227  min. rests between cycles) shortly before the experiment to ensure the sterility of the soil. We
1228  then sprinkled 5 surface-sterilized seeds in each pot. For every treatment combination of rhizobia
1229  strain and moisture treatment, there were 15 replicates, for a total of 840 plants (28 rhizobia

1230  treatments x 2 moisture treatments x 15 replicates).

1231 After seeding, we watered all pots every 2 days till saturation. Seven days after seeding,
1232 we inoculated plants with 1 mL of their designated rhizobia treatment, standardized to an optical
1233 density of 0.15 (ODeoo). One week after inoculation, we began the designated moisture

1234  treatments. We continued to water plants assigned to the wet treatment to saturation every 2

1235  days, while we water plants assigned to the dry treatment to 14% gravimetric water content every
1236 2 days. For the entirety of this experiment, plants were grown in the greenhouse on a 26°C/24°C
1237  day/night schedule, supplemented with 14 h of daily light. Ten weeks after the initiation of the
1238  experiment (and 7 since the start of the water treatments) we harvested both above- and

1239  belowground biomass of the plants over the course of 2 days. After harvest, we gently washed
1240  root tissues to remove soil particles. Aboveground tissue was measured for height and leaf

1241  number. All tissues were oven dried and then weighed. We counted the number of nodules on
1242 each root system as a proxy of rhizobia fitness. Similar to the above approaches, we compressed
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1243  the aboveground traits to PCA to broadly evaluate growth along a single axis. We treat these
1244  multivariate compressions of plant growth as proxies for Rhizobium partner quality.
1245
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