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24 ABSTRACT

25 Leguminous plants form symbiotic relationships with rhizobia. These nitrogen-fixing 

26 bacteria live in specialized root organs called nodules. While rhizobia form the most 

27 notable host relationship within root nodules, other bacterial endophytes also inhabit 

28 nodules and can influence host-rhizobia interactions as well as exert effects of their 

29 own. In this study, we elucidate the effect of intraspecific host genetic variation and 

30 between generational legacies on root nodule endophyte communities in Medicago 

31 truncatula. While the diversity of endophytes in nodules was similar across hosts, both 

32 nodule endophyte composition and gene functional groups differed. In contrast, neither 

33 the presence nor identity of a host in the previous generation (either A17 or R108) had a 

34 significant effect on the nodule endophyte diversity or composition. However, whether or 

35 not a host was present significantly altered gene functional groups. We conclude that 

36 genetic variation within a legume host species can play both direct and indirect effects 

37 on establishment of nodule microbiomes. Further studies, including GWAS and 

38 functional assays, can open the door for engineering and optimizing nodule endophyte 

39 communities that promote growth or have other beneficial qualities.

40

41 Keywords (4-6): Medicago-Ensifer; root nodule microbiome, genotype-dependent 

42 effects, host-soil feedbacks, phytobiomes, symbiosis
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46 INTRODUCTION

47 Endophytic bacteria and fungi are common inhabitants of plant tissues, such as roots 

48 and leaves, and often live in the soil when not infecting a host. In the case of legumes, 

49 nitrogen-fixing bacterial species (collectively called rhizobia) form symbiotic 

50 relationships with the host in specialized root organs called nodules (Long, 1989). 

51 Although rhizobia are the primary bacterial inhabitants, other bacteria also inhabit 

52 nodules and have measurable phenotypic effects. For instance, co-inoculation of 

53 common bean (Phaseolus vulgaris) with endophytic strains of Bacillus, Pseudomonas, 

54 or Burkholderia reduces damping-off (Ferreira et al., 2020) while co-inoculation with 

55 Agrobacterium reduces nodulation (Mhamdi et al., 2005; Mrabet et al., 2006).  

56 Endophytic bacteria in Chickpeas (Cicer arietinum L.) have been shown to increase 

57 plant growth and suppress root rot (Egamberdieva et al., 2017). While a few examples 

58 have been studied, overall, little is known about the identity and phenotypic effects of 

59 nodule endophytes despite their potential value as biocontrol agents (Martínez-Hidalgo 

60 & Hirsch, 2017).

61 The composition of nodule microbiome communities differs between plant 

62 species, suggesting that genetic differences can have substantial effects on which 

63 bacteria inhabit nodules (Xiao et al., 2017). There is reason to suspect, based on data 

64 from other plant tissues, that genetic variation within a species could also play a role in 

65 determining nodule endophyte composition. For example, tomato cultivars differ in leaf 

66 microbiomes (Morella et al., 2020), and host genotype plays a role in the composition of 

67 the endophyte communities in natural populations of some plant species such as 

68 Boechera stricta (Wagner et al., 2016) and Populus balsamifera (Bálint et al., 2013) and 
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69 agricultural cultivars of Zea mays (Ikeda et al., 2013). Furthermore, reverse genetics 

70 experiments indicate that genes involved in symbiosis may play a role in determining 

71 the composition of the microbial community in the roots, rhizosphere, and nodules 

72 (Zgadzaj et al., 2016). Previous studies in the legumes Medicago truncatula, Glycine 

73 max (soybean) and Vigna unguiculata (cowpea), respectively, have shown mixed 

74 results: plant host genotype influences nodule endophyte composition (Brown et al. 

75 2020; Sharaf et al. 2019), but not nodule endophyte diversity (Leite et al. 2016). To our 

76 knowledge, no studies have tested for intergenerational effects of prior hosts on nodule 

77 endophyte communities—although both inter- and intra-specific plant genetic variation 

78 can clearly influence soil microbiome composition and function (Fischer et al., 2013, 

79 Cloutier et al., 2020). Due to the scarcity of studies and the broad phylogenetic range of 

80 host species tested, it is difficult to formulate a priori predictions. Here we examine 

81 nodule endophyte communities in two accessions of the model legume Medicago 

82 truncatula and test for effect of exposure to a previous generation of each host 

83 genotype.

84 M. truncatula harbors genetic variation for the diversity and composition of 

85 nitrogen-fixing Ensifer, also referred to as Sinorhizobium, strains with which they form 

86 nodules (Heath & Stinchcombe 2013, Heath & Grillo 2016, Burghardt et al., 2018, 

87 Burghardt et al., 2019).  Burghardt et. al (2019) used a “select and resequence” 

88 experiment —whole genome sequencing of rhizobia in pools of nodules—to measure 

89 the relative frequency of 101 co-inoculated strains in two Medicago genotypes. The 

90 rhizobial community in the model genotype A17 was less diverse than and 

91 compositionally divergent from the rhizobial community in the model genotype R108 
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92 (Burghardt et al., 2019). In the same experiment, they found evidence that selective 

93 legacies of prior host genotypes exert effects on the diversity and composition of 

94 rhizobia in nodules—although the magnitude of the effect was far weaker than the direct 

95 effect of host genotype. We were curious if these diversity and compositional 

96 differences extend to non-rhizobial bacteria in the nodules.

97 Here, we use the data from Burghardt et al. (2019) to elucidate the effect of 

98 intraspecific host genetic variation and the between-generational legacies of that 

99 genetic variation on root nodule endophyte communities in M. truncatula hosts. 

100 Specifically, we ask 1) are there significant differences in overall diversity (the number 

101 and abundance of different endophytes), composition (the specific types of endophytes 

102 present), and gene content of the endophyte communities between the two hosts; and 

103 2) does the presence or identity of a prior host influence the overall diversity, 

104 composition, and gene content of the endophyte community in subsequent 

105 generations?

106

107 METHODS

108 Experimental Design

109 We assessed nodule endophyte communities in two Medicago truncatula genotypes 

110 (A17 and R108) growing in the greenhouse (Fig. 1). A full description of the 

111 experimental design can be found in (Burghardt et al., 2019). Soil and water were 

112 sterilized via autoclave (120-minute liquid cycle) while seeds were surface sterilized for 

113 30-45 seconds in 10% bleach then rinsed with sterilized water. To confirm sterility, both 
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114 water and a dilute soil slurry were plated on rich media to check for microbial growth. 

115 Briefly, we filled thirty 1L pots with sterilized low-nitrogen peat soil (SunGro LP5) and 

116 inoculated each with a mixture of 101 previously-sequenced Ensifer meliloti strains 

117 (~109 cells per pot). Sixteen of these pots were in the greenhouse for twelve weeks with 

118 no plants while seven pots were planted with 10-12 seeds of A17 and seven with 10-12 

119 seeds of R108. Six weeks after planting, the above-ground vegetation was cut off and 

120 the roots and nodules were allowed to decompose for 6 weeks. Next, 10-12 sterilized 

121 and pre-germinated seeds of either A17 or R108 were planted in the soil. Eight of the 

122 pots that had not been planted previously received A17 seeds, and the other eight 

123 received R108 seeds. All pots that previously had host plants were planted with R108 

124 seeds so the effect of prior selection could be measured in a common genotype. 

125 R108A17 and A17A17 treatments were not investigated due to sequencing and 

126 space limitations. The plants were allowed to grow and form nodules for six weeks 

127 before they were harvested, at which point all the nodules were removed. These 

128 nodules were pooled, surface sterilized for 30-45 seconds in 10% bleach, rinsed with 

129 sterilized water four times, and crushed using a sterile pestle. The bacterial community 

130 (Ensifer strains + other endophytes) from the crushed nodules was separated through 

131 slow centrifugation to pellet plant debris and bacteroids (400 x g for 10 minutes), and 

132 fast centrifugation of the supernatant from the previous step (10,000 x g for 8 minutes) 

133 to pellet the bacteria. Full details can be found in Burghardt et al. (2019). 

Page 7 of 56

https://paperpile.com/c/MTCzaq/DYVt
https://paperpile.com/c/MTCzaq/DYVt
https://paperpile.com/c/MTCzaq/DYVt
https://paperpile.com/c/MTCzaq/DYVt
https://paperpile.com/c/MTCzaq/DYVt
https://paperpile.com/c/MTCzaq/DYVt


Burns, 8 Phytobiomes

8  

134

135 Figure 1: Experimental Design used to test for the direct effect of host genetic variation 

136 (SoilR108 vs. SoilA17) and host genetic legacies (A17R108 vs. R108R108) on 

137 nodule endophyte communities. Figure modified from Burghardt et. al. 2019.   

138 As previously described, DNA was extracted from the crushed nodules, 

139 sequenced, and aligned reads were mapped to E. meliloti USDA1106, and used to 

140 assess strain frequencies of E. meliloti in nodules (Burghardt et al 2019). In this paper, 

141 we used two methods, BLAST and MEGAN6 (described below) to map the unaligned 

142 reads (i.e., sequencing bycatch) to non-rhizobial endophytic bacteria.

143

144 BLASTing Reads
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145 We used BLAST to search the NCBI database for sequences with high similarity to the 

146 non-Ensifer and non-Medicago nodule reads, then processed the results using custom 

147 R and shell scripts (see supplementary materials). We randomly sampled 500,000 

148 reads (out of ~1-4 million total) from each pot replicate that did not align to either the E. 

149 meliloti or M. truncatula reference genomes and used blastn to search bacterial 

150 accessions in the NCBI nt database; the maximum number of target sequences was set 

151 to 50, and the maximum e-value was set to 10-5. For each read, we retained the highest 

152 scoring hit. We filtered the reads further by disposing of all reads for which the best hit 

153 was to  Sinorhizobium (a synonym of Ensifer) or unclassified bacteria. which as 

154 expected, eliminated approximately 90-97% of reads. After filtering, between 2.0% and 

155 9.5% of the initial 500,000 reads came back with known classified hits to endophytic 

156 bacteria other than Sinorhizobium. The unmatched reads could be due to the presence 

157 of fungi or other microorganisms as well as bacteria without sequences in the NCBI 

158 database. We chose the best hit for every read and counted the number of reads with 

159 best matches by species, genus, and family (genus names were converted to family 

160 using the “taxize” R package). One sample (SoilR108 replicate 12) was removed as 

161 an outlier due to containing several orders of magnitude higher proportion of a single 

162 bacterial genus, Burkholderia, indicating an apparent infection. 

163 Data Subsets

164 Before testing for significant differences in endophyte composition, diversity, and 

165 function between treatments, we created four datasets. The first two subsets, used for 

166 most of the analysis, included all results from the BLAST search. The SoilA17 and 

167 SoilR108 subset included replicates was used to assess for direct effects of host 
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168 genotype. The second subset included all R108 replicates (SoilR108, A17R108, 

169 and R108R108) and was used to assess the indirect legacy effects. The soilA17 

170 and SoilR108 subset was further narrowed to focus on highly represented genera 

171 whose mean abundance was higher than 2% in at least one of the two host genotypes. 

172 This subset contained 15 bacterial families that represented 77-88% of the total 

173 community of each sample. This subset was used to investigate whether significant 

174 differences in composition between treatments were present in high abundance 

175 bacteria. An additional data subset of the top 15 bacterial families from all four 

176 treatments was used to visualize intra and inter-host endophyte composition.

177

178 Community Composition

179 To visualize differences in endophyte composition across hosts, we used a) non-metric 

180 multidimensional scaling (metaMDS function in R with k=2), which measures changes in 

181 rank order of genera between different replicates and b) Bray-Curtis dissimilarity 

182 distance plots using the “vegdist” and “pco” functions (vegan package in R). We tested 

183 for significant differences among host genotypes using a permutational multivariate 

184 analysis of variance (PERMANOVA) on the Bray-Curtis distance matrix (“anova” and 

185 “adonis” functions in the vegan R package) as well as analyzing multivariate 

186 homogeneity of group dispersions (betadisper and anova in the vegan R package) to 

187 assess the microbiome consistency across replicates.  

188

189 Community Diversity Metrics
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190 To determine if the diversity of endophyte communities differed between host 

191 genotypes, we quantified community diversity in each replicate using the Renyi diversity 

192 index (“renyi” function in the vegan package in R). We used the “anova” function in R to 

193 test for differences among host plant treatments at various scale parameters, including 

194 species richness (α=0), which only counts the number of species present and Berger-

195 Parker (α=∞), which is maximized only when all species are present at equivalent 

196 abundances. We also tested two commonly used intermediate values where both 

197 species richness and evenness contribute to the index: exponent of Shannon’s diversity 

198 (α=1) and Inverse Simpsons indices (α=2).

199

200 Automated Taxonomic Pipeline

201 To confirm the results gathered from the NCBI BLAST data we ran our reads through an 

202 independent pipeline. We used DIAMOND (Buchfink et al., 2015), a high-throughput 

203 DNA read alignment program, to identify matching sequences in the NCBI nr protein 

204 database, and MEGAN6 (Huson et al., 2016), which maps the aligned reads to a 

205 taxonomic ID. As with the BLAST analysis, we removed any reads for which the hit was 

206 Sinorhizobium. After removing Sinorhizobium hits, 88-97% of the remaining reads had a 

207 match. We also used this pipeline to categorize genes into functional groups (GO 

208 biological processes) for comparative analysis between genotypes. Using the “Interpro” 

209 function within MEGAN6 we mapped the aligned reads to IPR (Interpro) IDs which we 

210 then converted to GO biological processes using an R script (mapping file: 

211 ftp://ftp.ebi.ac.uk/pub/databases/interpro/interpro2go).  Only GO biological processes 

Page 11 of 56

https://paperpile.com/c/MTCzaq/HMPR
https://paperpile.com/c/MTCzaq/noPW


Burns, 12 Phytobiomes

12  

212 with at least 40 hits within a replicate were included. Both the taxa and GO term 

213 mapping files can be found on the MEGAN6 website (The July 2019 mapping files were 

214 used in this analysis, https://software-ab.informatik.uni-

215 tuebingen.de/download/megan6/welcome.html). In addition, we tested for significant 

216 gene function enrichment differences between treatments using a permutational 

217 multivariate analysis of variance (PERMANOVA) on a linear model for each functional 

218 gene category, then corrected p-values for multiple tests using a Bonferroni correction. 

219

220 RESULTS

221 Effect of Host Genotype on Endophyte Community Diversity

222  Our analysis of the root nodule microbial community identified > 160 bacterial 

223 families present in nodules. We found no evidence that endophyte diversity differed 

224 between the two host genotypes (Fig. 2a). This was the case both for metrics that 

225 emphasize the number of families such as species richness (Fdf=1=0.020, p=0.89) and 

226 Shannon diversity (Fdf=1=0.71, p=0.41), as well as those that emphasize community 

227 evenness such as Inverse Simpson’s (Fdf=1=0.78, p=0.39) and Berger-Parker 

228 (Fdf=1=1.21, p=0.29). Thus, there are no significant differences in the diversity of the 

229 endophyte communities of the A17 and R108 M. truncatula genotypes. This conclusion 

230 held at the genus level as well (Fig. S1). We also found no effect of host legacy 

231 treatment on endophyte diversity in nodules; species richness (p=0.83), Shannon 

232 diversity (p=0.43), Inverse Simpson’s (p=0.84), and Berger-Parker (p=0.95) were all 

233 non-significant (Fig. 2b).
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234

235

236 Figure 2: Endophyte community diversity does not differ between (A) hosts or (B) 

237 host legacies across a range of scale parameters. Each point represents a replicate pot 

238 and a best-fit line is used to summarize trends across scale ⍺ parameters. The shaded 

239 areas represent a 95% confidence interval. Diversity metrics were calculated on the full 

240 family dataset from the blastn analysis.

241

242 Compositional Comparison of Endophyte Taxa between Host Genotypes

243 While at the endophyte family level there are no significant differences in nodule 

244 community diversity, there are significant differences in composition between host 

245 genotypes (PERMANOVA, Fdf=1=3.1, R2=0.19, p=0.003, Fig. 3). These differences can 

246 be visualized by both non-metric multidimensional scaling (Fig. S2) and principal 
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247 coordinate analysis (Fig. 4a) of Bray Curtis dissimilarities. In addition to the 

248 compositional differences, there is weak evidence that the A17 replicates (red) are more 

249 compositionally consistent than R108 replicates (blue) (analysis of multivariate 

250 homogeneity of group dispersions, Fdf=1=3.8, p=0.073). By contrast, at the genus level, 

251 there were significant differences between host genotypes (Fig. S3) for both endophyte 

252 community composition (p=0.001) as well as compositional consistency (p= 0.033).

253 Out of more than 160 families (approximately 15% of known bacterial families), 

254 the fifteen most abundant (mean frequency > 2% in at least one treatment) in each host 

255 genotype collectively comprised more than 80% of the entire dataset. We tested for 

256 differences in community composition using just these 15 taxa to determine whether the 

257 differences between hosts were reflective of the behavior of abundant families. 

258 Consistent with the full dataset, there was a significant, direct effect of host genetic 

259 variation on community composition (PERMANOVA on the Bray-Curtis matrix Fdf=1=3.1, 

260 R2=0.19, p=0.005). The bacterial families with the most substantial shifts in abundance 

261 between treatments included Xanthomonadaceae, Pseudomonadaceae, and 

262 Enterobacteriaceae, all of which were enriched in the SoilR108 treatment. A larger 

263 sample size would be required to make claims about the significance of these shifts, 

264 some of which could be attributed to outliers. There was no evidence of a difference 

265 between A17 and R108 replicate dispersion (Fdf=1=3.9, p=0.69) (Fig. 3). At the genus 

266 level, there were significant differences between host genotypes for both endophyte 

267 community composition as well as compositional consistency amongst replicates in the 

268 abundant family dataset (Fig. S4). While the most common families detected by the 

269 MEGAN6 pipeline differed from those detected by the BLAST pipeline, both analyses 
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270 revealed significant differences in community composition and no differences in 

271 replicate consistency between host genotypes (Fig. S5 & S6), and the proportion of 

272 variance explained by host genotype was similar (R2BLAST=0.19, R2MEGAN=0.23).

273

274 Figure 3: Shifts in community composition of abundant bacterial families in 

275 nodules. Stacked bar plot of endophyte composition in nodules from each replicate pot. 

276 Families were considered abundant if they occurred with a mean frequency greater than 

277 0.02 in at least one host genotype in the dataset generated from BLAST. Numbers 

278 above each bar denote the percentage of all endophytes present represented by these 

279 fifteen families.

280 Because host genotype had a significant effect on endophyte community 

281 composition, we also tested whether the identity (A17, R108) or presence of a previous 

282 host influenced non-rhizobial endophyte composition. Previously, we found that prior 
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283 exposure to a host and the genetic identify of that host shifted Ensifer strain composition 

284 in nodules (Burghardt et al. 2019). Here we find that neither of these legacies effect the 

285 non-rhizobial endophyte community at the family level (Fig. 4b; PERMANOVA 

286 Fdf=1=1.27, R2=0.12, p=0.23) or the genus level (Fig. S7, Fdf=1=1.31, R2=0.123, 

287 p=0.207).

288

289 Figure 4: Endophyte compositional comparison by Principal Coordinate Analysis 

290 of Bray-Curtis dissimilarity between (A) host treatments and (B) legacy treatments. 

291 Treatments include SoilR108 (blue), SoilA17 (red), A17R108 (yellow), 

292 R108R108 (green). The entire community dataset of more than 400 genera identified 

293 by BLAST was used for this figure Outcomes of statistical tests can be found in Table 

294 S1.

295

296 Gene Function Comparison Between Host Endophyte Communities
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297 While compositional differences between host endophyte communities were sometimes 

298 evident at the taxonomic level, we also wanted to investigate if there were differences 

299 between gene functional categories present in the endophyte communities. Using the 

300 relative abundance of GO biological process terms identified with MEGAN6, we found 

301 evidence of significant differences in gene functional groups between the SoilA17 and 

302 SoilR108 endophyte communities (PERMANOVA, Fdf=1=8.48, R2=0.39, p= 0.001) 

303 (Fig. 5a). Thus, in addition to differing taxa composition, host genotypic differences have 

304 a direct effect on the abundance of functional gene categories in nodules. Interestingly, 

305 in contrast to the community composition analysis, host presence/absence in the 

306 previous generation had a significant effect on the abundance of functional gene groups 

307 (Fig. 5b) SoilR108 vs. A17R108 combined with R108R108 (PERMANOVA, 

308 Fdf=1=14.87, R2=0.44, p= 0.001). However, the identity of the prior host genotype had no 

309 effect (A17R108 vs. R108R108, Fdf=1=1.71, R2=0.12, p= 0.068).

310  

311 Figure 5: Functional gene category abundance comparison by Principal Coordinate 

312 Analysis of Bray-Curtis dissimilarity between (A) host treatments and (B) legacy 

313 treatments. Treatments include SoilR108 (blue), SoilA17 (red), A17R108 (yellow), 
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314 R108R108 (green). Functional gene categories were identified with MEGAN. 

315 Outcomes of statistical tests can be found in Table S1.

316

317 In addition to testing for significant differences between the gene functional 

318 groups in the two host endophyte communities, we also investigated which of these 

319 functional groups were most significantly enriched within a treatment using a 

320 permutational multivariate analysis of variance (PERMANOVA) on a linear model for 

321 each functional gene category (Table 1). Enriched functions that differ across host 

322 genotypes include core energy metabolism, catabolism of aromatic compounds, 

323 carbohydrates and pentose sugars and sodium transport. Gene functional enrichment 

324 imposed by Soil vs. R108 legacies included DNA repair mechanisms, branched chain 

325 amino acid and sulfate transport, and fatty acid and formate biosynthesis. These 

326 functional differences between treatments likely depend on a variety of factors, including 

327 plant-microbe interactions, microbe-microbe interactions, and nutrient availability in the 

328 soil. Because this experiment started from sterile soil in a greenhouse rather than field 

329 soil, specific functional differences are difficult to contextualize.

330 DISCUSSION

331 We found negligible differences in the diversity of the root nodule endophyte 

332 community between two genotypes of M. truncatula, even though those two genotypes 

333 differ in rhizobial strain diversity (Burghardt et al., 2019). However, the two host 

334 genotypes differed significantly in the composition of their root nodule microbiome and 

335 in abundance of gene functional groups. By contrast, neither the presence of a prior 
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336 host nor the genotypic identity of the prior host effected endophyte diversity, 

337 composition, or compositional variation among replicates. However, the presence of a 

338 host, regardless of genotype, influenced gene functional abundance. Our results 

339 suggest that the direct effect of host genetic differences is a stronger driver of non-

340 rhizobial nodule endophyte communities than enrichment legacies from prior plants.

341 Comparisons of nodule endophyte communities in different legume species, such 

342 as soybeans and alfalfa, have shown that host species does influence root nodule 

343 microbiomes (Xiao et al., 2017). However, not all tissues and plant species exhibit 

344 intraspecific microbiome variation. For example, Boechera stricta genotypes have 

345 significantly different microbiome communities in the leaves, but not the roots (Wagner 

346 et al., 2016). Using sequencing bycatch from Burghardt et al. 2019, we extend findings 

347 from previous studies to show that genetic variation within a legume host species (M. 

348 truncatula) can also determine root nodule endophyte communities. The reuse of 

349 previously generated sequencing by-catch to ask new questions, as done here, has 

350 some precedent (e.g. Garcia et al. 2018), but is not common. However, going forward, 

351 we believe this method will become increasingly commonplace as the amount of 

352 community level, whole-genome sequence data increases.

353 Within the scope of our experiment, we observed that a few bacterial families 

354 drove the compositional differences between the A17 and R108 hosts.  Of note, 

355 Pseudomonadaceae appeared in higher frequency in all three R108 host treatments 

356 than in A17. Thus, the R108 genotype may be more susceptible to Pseudomonadaceae 

357 colonization than A17. Different Pseudomonadaceae species have different niches and 

358 can be both mutualists and pathogens (Melnyk et al., 2019). Several species have 
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359 growth promoting properties as well as provide protection from certain parasitic fungi in 

360 plants (Haas & Défago, 2005) and C. elegans (Zhang et al., 2017). Species level data 

361 indicated that P. aeruginosa, P. fluorescens, Pseudomonas sp. 31-12, and P. putida 

362 were the most prevalent species in our samples, with each being present across 

363 treatments. P. fluorescens (Hol et al. 2013), P. putida (Costa-Gutierrez et al. 2020), and 

364 Pseudomonas sp. 31-12 (Russel et al. 2018) are known to be growth promoting, 

365 whereas P. aeruginosa is an opportunistic pathogen (Walker et al. 2004). Follow up 

366 studies could investigate the prevalence of these species as well as whether their 

367 beneficial or detrimental properties in M. truncatula align with the same effects in other 

368 organisms.

369 Prior hosts can have significant legacy effects on Ensifer strain frequencies in 

370 root nodules (Burghardt et al., 2019), and on the entire microbial community of later 

371 generations (Kardol et al., 2007, Meisner et al., 2013, Li et al. 2019). However, this 

372 “legacy” selection does not extend to the nodule endophyte community composition 

373 more broadly. In this experiment, we found that neither the presence nor identity of a 

374 host in the previous generation significantly affected nodule endophyte community 

375 composition in a second generation.  While a small sample size, this result indicates 

376 that only the present host has a major effect on endophyte community composition in 

377 nodules. These compositional differences also extend to differences in the abundance 

378 of gene functional groups among plant genotypes. Interestingly, nearly half of the gene 

379 functional groups were shown to be expressed significantly differently between hosts, 

380 with most being enriched in the SoilR108 treatment (as compared to the SoilA17 

381 treatment). Previous studies in the rhizosphere of other legumes (Mendes et al., 2014) 
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382 and non-leguminous plants (Ofek-Lalzar et al., 2014) have shown the importance of 

383 membrane transport and nitrogen metabolism within the plant rhizosphere. The 

384 exclusion of rhizobia allowed us to focus on functions associated with non-rhizobial 

385 nodule endophytes, which could potentially reveal functions important to non-rhizobial 

386 endophytes within the rhizosphere and nodules. For instance, the non-oxidative branch 

387 of the pentose phosphate shunt is essential for the establishment of some mutualistic 

388 plant-microbe relationships (Hawkins et al., 2018) and degradation aromatic acid via the 

389 beta-ketoadipate pathway underlies tomato pathogenicity of the tomato wilt pathogen 

390 Fusarium oxysporum (Michielse et al., 2012). Thus, the enrichment of these functional 

391 groups may have consequences for host fitness.

392 Consistent with the findings of Burghardt et al. (2019) for rhizobial community 

393 composition, we found that the presence or absence of a host is a stronger driver of 

394 functional groups than the genotype of the previous host; it also suggests that functional 

395 group differences are not driven solely by differences in family-level composition. Our 

396 finding is interesting from an agricultural perspective because of the increasing use of 

397 legumes as winter and summer cover crops (Baraibar et al. 2020). Our results suggest 

398 that the addition of these legume cover crops to cropping rotation systems could 

399 influence the endophyte composition of the subsequent focal legume crops (e.g., 

400 soybeans) (Bakker et al., 2018, Yuan et al., 2018, Lang et al., 2019).

401 Determining which plant host genes allow nodule inhabitation of beneficial 

402 mutualistic endophytes has wide ranging implications across a variety of plant-related 

403 and agricultural fields, such as increasing crop yield, growth, providing disease 

404 resistance, and many other benefits (Cordovez et al., 2019; Dini-Andreote, 2020; 
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405 Hubbard et al., 2019; Schlaeppi & Bulgarelli, 2015). Some endeavors are already 

406 underway, such as genome-wide association studies (GWAS), which can be used to 

407 identify how genetic variation among plant hosts maps to differences in the microbial 

408 community (Beilsmith et al., 2019). Analyzing the direct effects on host fitness of 

409 specific bacterial species inhabiting the root nodules would allow us to determine which 

410 species are plant growth promoting and should be selected for by genetically modified 

411 crops and other host plants. For example, co-inoculation of Rhizobium with various 

412 endophytes such as Bacillus under certain conditions results in increased rhizobia 

413 proliferation as well as promoted plant growth in leguminous plants (Korir et al., 2017; 

414 Petersen et al., 1996). Searching for other similar synergies between endophyte 

415 species through co-inoculation experiments could help create optimal inoculation 

416 communities for maximal crop production. Along with beneficial strains, legumes have 

417 been shown to form nodules with non-mutualistic rhizobia strains (Checcucci et al., 

418 2016), and the same behavior may apply to the nodule endophyte community in 

419 general. Once host genes underlying nodule microbiome are identified, optimization via 

420 breeding programs or gene editing could be used to engineer plants to resist 

421 colonization by pathogens.
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618 Table1: Functional gene category enrichment from Megan6 taxon identification pipeline

A17 vs R108 Enrichment Soil vs Host Legacy Enrichment
Gene Function p-value Fold 

Change
Gene Function p-value Fold 

Change
beta-ketoadipate pathway 0.000084 0.629 ATP synthesis coupled 

proton transport
0.000053 2.18

translation 0.00015 1.48 fatty acid biosynthetic 
process

0.000117 1.41

carbohydrate catabolic 
process

0.000162 1.8 DNA repair 0.000143 1.41

ATP synthesis coupled 
proton transport

0.000646 1.88 sulfate transport 0.000187 1.94

mitochondrial electron 
transport, ubiquinol to 
cytochrome c

0.00624 4.61 oxidation-reduction 
process

0.000253 1.31

5-phosphoribose 1-
diphosphate biosynthetic 
process

0.00749 2.08 amino acid 
transmembrane 
transport

0.000347 1.33

pentose-phosphate shunt, 
non-oxidative branch

0.0102 0.667 base-excision repair 0.000413 1.5

ATP synthesis coupled 
electron transport

0.012 4.17 branched chain amino 
acid biosynthetic 
process

0.000436 3.67

phosphorelay signal 
transduction system

0.0139 1.41 translation 0.00166 1.63

sodium ion transport 0.0146 0.641 formate metabolic 
process

0.00357 1.41

619 Notes: The ten most enriched functional gene groups between treatments.  Soil A17 

620 vs Soil  R108 is shown on the left and Host  R108 vs Soil  R108 is shown on the 

621 right.  All fold changes display the enrichment in the Soil  R108 treatment. The p-

622 values displayed have been adjusted using a Bonferroni correction. 

623

624

625

626

627
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628 Figure 1: Experimental Design used to test for the direct effect of host genetic variation 

629 (Soil  R108 vs. SoilA17) and host genetic legacies (A17 R108 vs. R108R108) 

630 on nodule endophyte communities. Figure modified from Burghardt et. al. 2019.

631

632 Figure 2: Endophyte community diversity does not differ between (A) hosts or (B) 

633 host legacies across various scale parameters. Each point represents a pot replicate, 

634 and we used a best-fit line to summarize trends across scale ⍺ parameters. The shaded 

635 areas represent a 95% confidence interval. Diversity metrics were calculated on the full 

636 family dataset from the blastn analysis. Diversity metrics were calculated on the full 

637 family dataset from the blastn analysis.

638

639 Figure 3: Shifts in community composition of abundant bacterial families in 

640 nodules. Stacked bar plot of endophyte composition in nodules from each replicate pot. 

641 Families were considered abundant if they occurred with a mean frequency greater than 

642 0.02 in at least one host genotype in the dataset generated from BLAST. Numbers 

643 above each bar denote the percentage of all endophytes present represented by these 

644 fifteen families.

645

646 Figure 4: Endophyte compositional comparison by Principal Coordinate Analysis 

647 of Bray-Curtis dissimilarity between (A) host treatments and (B) legacy treatments. 

648 Treatments include SoilR108 (blue), SoilA17 (red), A17R108 (yellow), 
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649 R108R108 (green). The entire community dataset of more than 400 genera identified 

650 by BLAST was used for this figure Outcomes of statistical tests can be found in Table 

651 S1.

652

653 Figure 5: Functional gene category abundance comparison by Principal Coordinate 

654 Analysis of Bray-Curtis dissimilarity between (A) host treatments and (B) legacy 

655 treatments. Treatments include SoilR108 (blue), SoilA17 (red), A17R108 (yellow), 

656 R108R108 (green). Functional gene categories were identified with MEGAN. 

657 Outcomes of statistical tests can be found in Table S1.

658

659

660

661

662

663

664
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Supplemental Figures: 

 

Figure S1: Endophyte community diversity does not differ between hosts. Genera 

were identified by using BLAST. Each point represents a replicate pot and a best-fit line 

is used to summarize trends across scale (⍺) parameters. The shaded areas represent 

a 95% confidence interval. The Soil→A17 and Soil→R108 communities follow similar 

trends with little evidence of differences in diversity with metrics including species 

richness (⍺= 0, p=0.59), Shannon diversity (⍺=1, p=0.24), Inverse Simpson’s (⍺= 2, 

p=0.23), and Berger-Parker (⍺= inf., p=0.41).  
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Figure S2: Non-metric multidimensional scaling of host endophyte communities 

at the family level. Graphical representation of the changes in rank order between host 

replicates using data identified with BLAST.  Treatments include Soil→A17 (red) and 

Soil→R108 (blue). 
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A B   

Figure S3: Endophyte composition differs between genotypes at the genus level 

(A) Non-metric multidimensional scaling of host endophyte communities provides a 

graphical representation of the changes in rank order between host replicates. (B) 

Principal Coordinate Analysis of Bray-Curtis dissimilarity between replicates.  The entire 

community dataset of more than 400 genera identified by BLAST was used for this 

figure, with Soil→A17 shown in red and Soil→R108 in blue. Compositional differences 

were quantified with PERMANOVA (Fdf=1=3.9, R2=0.23, p=0.001) and compositional 

clustering with analysis of multivariate homogeneity (Fdf=1=5.7, p= 0.033). Both results 

were significant at the genus level. 
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Figure S4: Shifts in community composition of common genera at the genus level 

from BLAST dataset. Stacked bar plot of the twelve most dominant genera between 

treatments.  Comparison between the Soil→A17 and Soil→R108 twelve genera dataset 

indicated significant differences in composition (Fdf=1=4.5, R2=0.26, p=0.001) and 

compositional clustering (Fdf=1=8.8, p= 0.011).  
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Figure S5: Comparison of non-metric multidimensional scaling of host endophyte 

communities. Comparison between BLAST and the DIAMOND/MEGAN6 taxonomic 

pipeline at the family level.  Shown is a graphical representation of the changes in rank 

order between host replicates.  Treatments include BLAST Soil→A17 (red), BLAST 

Soil→R108 (blue), and DIAMOND/MEGAN6 Soil→A17 (maroon), and 

DIAMOND/MEGAN6 Soil→R108 (sky blue).  The abundant family data set was used to 

create this figure.  Similarities in the relationship between the treatments in both 

pipelines is visualized. 
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Figure S6: DIAMOND/MEGAN6 endophyte composition at the family level differs 

between genotypes (A) Non-metric multidimensional scaling of host endophyte 

communities provides a graphical representation of the changes in rank order between 

host replicates. (B) Principal Coordinate Analysis of Bray-Curtis dissimilarity between 

replicates. The entire community dataset was used for this figure. Treatments include 

Soil→A17 (red) and Soil→R108 (blue). Analysis was done using the automated 

taxonomic DIAMOND/MEGAN6 pipeline described in the methods. Compositional 

differences were quantified with PERMANOVA (Fdf=1=3.8, R2=0.23, p=0.001) and 

compositional clustering with analysis of multivariate homogeneity (Fdf=1=1.4, p= 0.26).  

These results were similar to the family level results using BLAST (Fig. 3). 
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Figure S7: Endophyte composition does not differ between genotypes in legacy 

setting at the genus level (A) Non-metric multidimensional scaling of host endophyte 

communities.  Shown is a graphical representation of the changes in rank order 

between host replicates. (B) Principal Coordinate Analysis of Bray-Curtis dissimilarity 

between second generation R108 replicates. The complete genera data set (from 

BLAST) was used to create this figure. Treatments include Soil→R108 (blue), 

A17→R108 (yellow), and R108→R108 (green). Compositional differences were 

quantified with PERMANOVA (Fdf=1=1.31, R2=0.123, p=0.207) and compositional 

clustering with analysis of multivariate homogeneity (Fdf=1=0.695, p= 0.512). Neither 

result was significant at the genus level. 
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Figure S8: Non-metric multidimensional scaling of legacy host endophyte 

communities at the family level. Treatments include Soil Soil→ R108 (blue), A17→R108 

(yellow), and R108→R108 (green). The complete family BLAST data set was used to 

create this figure. 
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Figure S9: Functional gene category abundance differs between host genotypes. 

Non-metric multidimensional scaling of host endophyte gene functions.  Shown is a 

graphical representation of the changes in rank order of functional gene categories 

between host replicates.  Treatments include Soil→ A17 (red) and Soil→ R108 (blue). 
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Figure S10: Functional gene category abundance differs between host 

genotypes in a legacy setting. Non-metric multidimensional scaling of host endophyte 

gene functions.  Shown is a graphical representation of the changes in rank order of 

functional gene categories between host replicates. Treatments include Soil→ R108 

(blue), A17→ R108 (yellow), and R108→ R108 (green). The complete family data set 

was used to create this figure. 
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Figure S11: Phylogenetic tree for the taxa present in the MEGAN taxonomic pipeline at 

the family level. When not displayed as a branching point, nodes are denoted by a 

point. 

Page 46 of 56

https://apsjournals.apsnet.org/action/showImage?doi=10.1094/PBIOMES-10-20-0077-R&iName=master.img-018.jpg&w=467&h=544


 

 

Figure S12: Phylogenetic tree for the taxa present in the BLAST analysis at the family 

level. When not displayed as a branching point, nodes are denoted by a point. 
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Table S1: Summary of statistical analysis at the family level 

Treatment comparison Permanova  Multivariate homogeneity of group dispersions  

A17 vs R108 family composition 0.003 0.073 

A17 vs R108 genus composition 0.001 0.033 

A17 vs R108 family subset composition 0.005 0.69 

Legacy family composition 0.23 0.74 

A17 vs R108 gene function composition* 0.001 - 

Legacy gene function composition* 0.001 - 

Notes: The listed values are p-values. Legacy comparisons were global, not pairwise. 

Family and genus summary statistics were done using the BLAST method.  Gene 

function summary statistics were done using the MEGAN method (denoted by *).  
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###BLAST shell script contained on pages 1-5, BLAST top hits R script on pages 6-7, BLAST taxa names R 

script on page 8### 

 

#!/bin/bash 

###BASH shell, BLASTS reads against bacteria and fungi databases (only bacteria was used for analysis) 

and runs them through the blast loop script and blast names script### 

WALLTIME="72:00:00" 

QUEUE="small" 

NTHREADS=20 

# 

declare -A N_READS_SAMPLED      # Number of unaligned reads to randomly sample 

N_READS_SAMPLED[bacteria]=500000 

N_READS_SAMPLED[fungi]=100000 

MAX_TARGET_SEQS=50              # -max_target_seqs option to blastn 

EVALUE=1e-5                     # Evalue cutoff for BLAST 

OUTFMT="6 qseqid sseqid pident length mismatch gapopen qstart qend sstart send evalue bitscore 

sscinames stitle" 

TAXA=("bacteria" "fungi") 

 

PROJDIR="${HOME}/Path_to_project_directoryproject" 

INDIR="${PROJDIR}/Path_to_input_directoryresults" 

OUTDIR="${PROJDIR}/Path_to_output_directoryresults" 

GIDIR="${PROJDIR}/data/blast" 

 

WORKDIR="${OUTDIR}/working" 

LOGDIR="${OUTDIR}/log" 

ARRAYDIR="${OUTDIR}/arrayjobdata" 

SCRIPTDIR="${OUTDIR}/script_copies" 

SCRATCHDIR="/scratch.global/${USER}/Path_to_scratch_directory" 
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tophit="${PROJDIR}/script/mannix/blast_script_loop_MB.R" # script to extract top hits 

tabulate="${PROJDIR}/script/mannix/blast_names_loopMB.R" 

 

if [[ "$PBS_ENVIRONMENT" == "PBS_BATCH" ]]; then 

 

    newgrp "tiffinp" 

    source "${HOME}/.bashrc" 

    source "${HOME}/bin/init-modules.sh" 

 

    module load ncbi_blast+/2.7.1.CentOS7 

    module load R/3.5.0 

    module load samtools/1.9 

    module load seqtk/1.3 

 

    set -euo pipefail 

 

    POOL="$(cut -f 1 "${ARRAYDIR}/${PBS_ARRAYID}")" 

    TAXON="$(cut -f 2 "${ARRAYDIR}/${PBS_ARRAYID}")" 

 

    SECONDS=0 

 

    mkdir -p "${OUTDIR}/${POOL}/${TAXON}" 

    mkdir -p "${SCRATCHDIR}/${POOL}/${TAXON}" && cd "${SCRATCHDIR}/${POOL}/${TAXON}" 

 

    ## samtools view f4 filters out unaligned reads 

    ## samtools fasta converts reads into fasta format 

    ## seqtk sample randomly samples a certain number of reads 

    samtools view -f4 -b  "${INDIR}/${POOL}/alignment.cram" > "unal.bam" \ 

        || { echo "getting unaligned reads for ${POOL}, ${TAXON} failed"; exit 1; } 
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    samtools fasta "unal.bam" > "unal.fasta"  \ 

        || { echo "converting unaligned reads to fasta for ${POOL}, ${TAXON} failed"; exit 1; } 

    seqtk sample "unal.fasta" "${N_READS_SAMPLED[$TAXON]}" > "reads.fasta" \ 

        || { echo "sampling unaligned reads for ${POOL}, ${TAXON} failed"; exit 1; } 

 

    gfile="${GIDIR}/${TAXON}_gilist.gi" 

 

    cp "$gfile" . \ 

        || { echo "copying GI list for ${POOL}, ${TAXON} failed"; exit 1; } 

 

    ## BLAST unaligned reads 

    blastn -query "reads.fasta" -db "${BLASTDB}/nt" \ 

        -gilist "$(basename "$gfile")" \ 

        -evalue "$EVALUE" -num_threads "$NTHREADS" \ 

        -max_target_seqs "$MAX_TARGET_SEQS" -outfmt "$OUTFMT" \ 

        > "blastn.tsv" \ 

        || { echo "blast for ${TAXON}, ${POOL} failed"; exit 1; } 

 

    ## R script to extract top hit for each read 

    cp "$tophit" . 

    "./$(basename "$tophit")" "blastn.tsv" "blast_top_hits.tsv" \ 

        || { echo "extracting top hits for ${TAXON}, ${POOL} failed"; exit 1; } 

 

    ## R script to make a table of frequencies 

    cp "$tabulate" . 

    "./$(basename "$tabulate")" "blast_top_hits.tsv" "blast_names.tsv"  \ 

        || { echo "Tabulating taxon frequencies for ${TAXON}, ${POOL} failed"; exit 1; } 

 

    ## Copy output 
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    cp "blastn.tsv" "blast_top_hits.tsv" "blast_names.tsv" "${OUTDIR}/${POOL}/${TAXON}" \ 

        || { echo "copying files for ${TAXON}, ${POOL} failed"; exit 1; } 

 

 

    echo "RUN TIME $SECONDS ($(($SECONDS/60)) minutes) for ${POOL}, ${TAXON}" 

 

    rm "${ARRAYDIR}/${PBS_ARRAYID}" 

 

else 

 

    mkdir -p "$OUTDIR" 

    mkdir -p "$LOGDIR" 

    mkdir -p "$SCRIPTDIR" 

    mkdir -p "$WORKDIR" 

    mkdir -p "$ARRAYDIR" 

    mkdir -p "$SCRATCHDIR" 

 

    sfile="${SCRIPTDIR}/$(date '+%Y%m%d-%H%M')-$(basename $0)" 

    cp "$0" "$sfile" 

 

    i=0 

    for taxon in "${TAXA[@]}"; do 

        for d in "$INDIR/"*; do 

            pool="$(basename "$d")" 

            if [[ -f "${INDIR}/${pool}/alignment.cram" ]]; then 

                echo "$pool"$'\t'"$taxon" > "${ARRAYDIR}/${i}" 

                i=$(($i+1)) 

            fi 

        done 
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    done 

    if [[ "$i" == 1 ]]; then 

        array="0" 

    else 

        array="0-$(($i-1))" 

    fi 

 

    cd "$WORKDIR" 

    qsub2 -A "tiffinp" -W group_list="tiffinp" \ 

        -q "$QUEUE" -l "walltime=${WALLTIME}" -t "$array" "$sfile" 

    echo "$WORKDIR" 

    echo "Submitted ${i} jobs" 

 

fi 
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#!/usr/bin/env Rscript 

 

###blast_top_hits.tsv### 

 

cargs = commandArgs(trailingOnly=TRUE) 

input_file_name = cargs[1] 

output_file_name = cargs[2] 

 

blast_data=read.csv(input_file_name,header=FALSE,sep="\t",as.is=TRUE) 

 

blast_names=blast_data[,1] 

 

norepeat_blast_names=unique(blast_names) 

 

x=length(norepeat_blast_names) 

m1=vector('list', length=x) 

names(m1)= norepeat_blast_names 

 

 

for(i in norepeat_blast_names[1:x]) { 

  j=which(i==blast_data$V1) 

  k=blast_data[j,] 

  l=k[which.max(k$V10),] 

  m1[[i]]=l 

} 

 

 

m2=do.call(rbind, m1) 
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m3=m2[,11] 

 

write.table(m3,file=output_file_name,sep="\t",col.names=FALSE, row.names = FALSE, quote=FALSE) 
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#!/usr/bin/env Rscript 

 

###blast_names.tsv### 

 

cargs = commandArgs(trailingOnly=TRUE) 

input_file_name = cargs[1] 

output_file_name = cargs[2] 

 

library(data.table) 

 

blast_names=read.csv(input_file_name,header=FALSE,sep="\t",as.is=TRUE) 

 

blast_names=blast_names[blast_names !="Sinorhizobium meliloti"] 

 

blast_names=blast_names[blast_names !="Medicago truncatula"] 

 

species_freq=as.data.frame(table(unlist(blast_names))) 

 

species_freq=setorderv(species_freq,species_freq$V2,order=-1) 

 

write.table(species_freq,file=output_file_name,sep="\t",col.names=FALSE, row.names = FALSE, 

quote=FALSE) 
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