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23 ABSTRACT

24 Plants and microbes have coexisted for millions of years and some have evolved mechanisms to 

25 achieve symbiosis driving positive selection. The bartering of chemicals produced by soil 

26 microbes and plants favour enrichment of certain types of bacteria near the roots that offers 

27 selective advantage to the plant under a given environment. Grain amaranths display certain 

28 important agronomic characteristics like C4 dicot, high protein and high lysine grains, resistance 

29 to biotic and abiotic stress, which can be translated to other crops. Considering an unusual 

30 collection of desirable traits shown by grain amaranths, it is worth pondering if symbiosis with 

31 bacteria has played any role in these traits. The objective of this study is to identify bacterial 

32 root microflora unique to grain amaranths. Here, by comparing rhizospheric and endophytic 

33 composition of 16S rRNA from various sections of roots from selected species under major 

34 plant orders including the three varieties of grain amaranths, we report that Cyanobacteria are 

35 uniquely enriched by grain amaranths. The diversity in OTUs among the Cyanobacteria also 

36 significantly increased among samples from amaranth species compared to negative control. 

37 This finding is also validated using root transcriptome of Amaranthus hypochondriacus, where 

38 we observe relative increase in Cyanobacterial population between day 15 to day 30 compared 

39 to other abundant phylum during this period. 

40

41 INTRODUCTION

42 Plants have evolved to survive in diverse ecological niches with help of specific adaptations, 

43 some involving symbiotic associations with a few of the myriad microorganisms present in soil.
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44 The nature and composition of soil [1], the microbes residing in it [2] and the genotype of the 

45 host plant [3,4] contribute to the selection of helpful microbes seen in such interactions which 

46 are required for successful adaptation by plants in environments like hypersalinic conditions 

47 [5]. A closer look at the rhizospheric and endophytic microbes associated with the plant roots 

48 can reveal interesting facets about plant-microbial interactions, which play critical roles in the 

49 survival and desirable traits of plants. One of the most well documented plant-microbe 

50 symbiosis is between legumes like Medicago truncatula [6] and soybean [7] and rhizobia, which 

51 are involved in nitrogen fixation [8]. A few important crop species from the family Poaceae like 

52 rice (Oryza sativa) have also been keenly studied for their symbiotic associations with 

53 endophytic microbes like rhizobia [9]. Another study in finger millet (Poaceae family) has shown 

54 a root-inhabiting bacterial endophyte to help fight an invading fungal pathogen [10]. Several 

55 other studies involving plant-microbe symbiotic associations describe the ability of plant 

56 species to develop abiotic stress tolerance [11] like salt [12], drought [12] and as well as 

57 pathogen resistance [13, 14, 15] with the help of associated microbes. For example, inoculation 

58 of Pseudomonas sps. on wheat seedlings increase root growth [16] and bacterium 

59 Stenotrophomonas rhizophila strongly increases drought tolerance in crops like sugar beets and 

60 maize [11].

61 Until a few years back, an in-depth study of the microbes involved in plant-microbe symbioses 

62 had been hampered by the limited range of methods available for culturing bacteria that can be 

63 characterized and studied. The advent of high-throughput sequencing technologies has now 

64 allowed us to study plant-microbe symbiosis at an unprecedented scale and depth.
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65 Metagenomics and metatranscriptomics are increasingly being used to survey entire microbial 

66 communities like the human gut [17], soil [18], sludge [19] and water bodies [20]. In recent 

67 times, several groups have employed these high-throughput techniques to understand the 

68 microbial community structure associated with plant roots and how variations in the root 

69 microbiota and host genotype affect each other. Many plant species belonging to taxonomically 

70 diverse groups have been surveyed for their microbial communities, ranging from model 

71 organisms like Arabidopsis thaliana [21, 22, 23, 24, 25] (fam. Brassicaceae), Lotus japonicas [26] 

72 and Medicago trunculata [27] (fam. Leguminosae) to important crop species, like soybean [28] 

73 (fam. Leguminosae), monocots like rice [29,30], wheat [28], maize [31,32] and barley [33] (fam. 

74 Poaceae), sugarbeet [34,35] (fam. Amaranthaceae), tomato [36], potato [37] (fam. Solanaceae) 

75 and wild plants and trees like Boechera stricta [38] (fam. Brassicaceae) and Populus deltoides 

76 [39] (fam. Salicaceae).

77 Grain amaranth comes under the plant order Caryophyllales, which is sparse in edible plants 

78 and has not been widely studied using genomics techniques. More recently, the draft genome 

79 and transcriptome of two varieties of Amaranthus hypochondriacus has been deciphered [40, 

80 41, 42]. This resource is critical for metagenomic and metatranscriptomic interrogation of 

81 amaranth roots. Here we have interrogated the roots of three grain amaranths species for the 

82 enrichment of unique microbial species.

83

84 RESULTS

85 For this study, metagenomic DNA was isolated from three types of samples i.e., root (R), 

86 rhizospheric soil (RS) and surrounding outer rhizospheric soil (S) for three varieties of grain 
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87 amaranths (A. hypochondriacus, A. cruentus and A. caudatus), and three species under other 

88 major plant orders viz., Beta vulgaris (Caryphyllales), Cicer arietinum (Rosid) and Solanum 

89 lycopersicum (Asterid). Bulk soil was collected as soil sample (SOIL) for control from the same 

90 plot. Only two fractions (R and S) were taken for wild amaranth plants used in the study. 

91 Metagenomic DNA was isolated for these samples were also isolated as well. In all, this 

92 amounts to the 21 samples sequenced in the study.

93 Isolated DNA was subjected to 16S rRNA amplicon sequencing of the V3 region using Illumina 

94 MiSeq platform for profiling the bacterial microbiota. Each species was sequenced to a depth of 

95 0.5 million paired-end reads per sample and a read length of 150 bases. The data was filtered 

96 and analyzed using QIIME pipeline as described in the method section.

97

98 Sequencing Analysis:

99 One hundred and fifty million bases per sample of 16S rRNA V3 amplicon sequencing was done 

100 using Illumina MiSeq platform for the 21 samples. Overall 13,275,951 raw reads were 

101 generated of which more than 85% were with a Phred quality score above Q30. The raw reads 

102 were filtered using FastQC [43] and trimmed before assembling reads into full-length amplicons 

103 using PANDAseq [44]. We got a total of 11,207,468 amplicons with an average depth of 533,689 

104 reads per sample and mean length of 148.69 +/- 11.61 bases. A summary of the reads for 

105 samples is given S1 Table.

106

107 OTU Analysis:
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108 In all, 591,444 OTUs were identified using the QIIME pipeline [45] for all samples. All the 

109 identified amplicons belonged to Eubacteria and no OTUs were derived from Archaea or 

110 Eukarya. After removal of chimeric OTUs and singletons the number of OTUs for all samples 

111 was 134,362 (observations/sample: min=2396, max=47612, mean=20824.6, std. dev.=15468.2) 

112 and total counts for all OTUs was 9890033 (counts/sample: min=271356, max=556774, 

113 mean=470953.9, std. dev.=71685.7). The top 10 phyla in terms of percent OTUs and abundance 

114 based on number of amplicons are represented in the Fig 1 and Fig 2 respectively. Overall the 

115 dominant phyla with the largest number of OTUs across all samples were Actinobacteria and 

116 Proteobacteria followed by Firmicutes, Chloroflexi, Acidobacteria and Bacteroidetes (Fig 1).

117 In amaranth samples OTUs from Actinobacteria were predominant than Proteobacteria. 

118 However, as shown in Fig 2, most abundant OTUs based on percentages of amplicons 

119 representing the OTUs, show very high abundance of Cyanobacteria uniquely in samples from 

120 amaranth species. For example, although the diversity in OTUs from Cyanobacteria is relatively 

121 smaller compared to Proteobacteria and Actinobacteria (Fig 1), Cyanobacteria is clearly the 

122 most abundant microflora in samples from amaranth grain varieties as shown in Fig 2. While 

123 Cyanobacteria is detectable in the soil around the 4 amaranth species studied here and is 

124 significantly abundant in rhizospheric samples, only in A. hypochondriacus and A. cruentus there 

125 is an explosion of Cyanobacteria in rhizospheric soil (AHRS and ARRS) and reduced 

126 representation from Proteobacteria and Actinobacteria. Although the abundance of 

127 Cyanobacteria in the rhizospheric soil in A. caudatus is more than the negative controls (non-

128 amaranth plant species), it is still relatively lower than from the other two amaranth grain 
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129 varieties. This sample also has a greater representation from Proteobacteria than the other two 

130 grain amaranth plants.

131

132 Fig 1: OTUs at phylum level. Top 10 phyla shown

133 Sample key:AC - A. caudatus; AH - A. hypochondriacus; AR - A. cruentus; AM - Amaranthus wild 

134 type; BT - Beta vulgaris; CC - Cicer arietinum; TM - Solanum lycopersicum; SOIL - Bulk soil away 

135 from plants as control; R - Plant Root; RS - Rhizospheric soil; S – Outer rhizospheric soil. For eg., 

136 ACRS – A. caudatus (AC) rhizospheric soil (RS). 

137 The top 10 bacterial phyla from the QIIME pipeline analysis are represented as percentages of 

138 OTUs (y-axis) for all 21 samples (x-axis).

139

140 Fig 2: Reads at phylum level showing relative abundance. Top 10 phyla shown

141 Sample key:AC - A. caudatus; AH - A. hypochondriacus; AR - A. cruentus; AM - Amaranthus wild 

142 type; BT - Beta vulgaris; CC - Cicer arietinum; TM - Solanum lycopersicum; SOIL - Bulk soil away 

143 from plants as control; R - Plant Root; RS - Rhizospheric soil; S – Outer rhizospheric soil. For eg., 

144 ACRS – A. caudatus (AC) rhizospheric soil (RS). 

145 The top 10 bacterial phyla from the QIIME pipeline analysis are represented in terms of 

146 percentages of Reads (y-axis) mapping to their respective OTUs for all 21 samples (x-axis).

147

148 Microbial Diversity Analysis:

149 Microbial diversity within the samples (alpha diversity) was measured by using metrics like 

150 Shannon, Chao1 and Observed species metrics. The Chao1 metric estimates the species 
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151 richness while Shannon metric estimates observed OTU abundances and accounts for both 

152 richness and evenness. Shannon plots show that the rarefaction curves plateau after X # of 

153 reads which suggests that the depth of sequencing is sufficient to infer diversity in bacterial 

154 species. The Observed species metric is the count of unique OTUs identified in the sample. 

155 From the rarefaction curves, we observe that Bulk Soil sample has the highest species richness 

156 and evenness than other samples. It also has the highest count for unique OTUs as seen in 

157 Observed species metric. Most of the outer rhizospheric soil samples also show higher richness 

158 than the rhizospheric soil samples and root samples, which show lower OTU abundances. In 

159 root samples from Amaranthus hypochondriacus, Amaranthus cruentus and Amaranthus 

160 caudatus the richness was found to be the least compared to other plants and therefore 

161 abundance by one or a few kinds of OTUs seems to be prominent. Amaranth wild type showed 

162 much higher abundance of OTUs representing greater richness of the microbial communities in 

163 the roots. All other plants showed higher richness in diversity analyses (S1 Fig, S2 Fig and S3 

164 Fig).

165

166 Beta diversity analysis was done using jackknifed test with max rarefaction limited to 250000 

167 sequences per sample. The difference between the samples was explained by 3 component 

168 PCoA analysis (PC1 49.97%, PC2 22.93% and PC3 11.27%) (Fig 3). On the plot, most of the outer 

169 rhizospheric soil samples grouped together with bulk soil on the PC2 axis. Amaranthus 

170 hypochondriacus and Amaranthus cruentus root samples co-segregate on the PC3 axis and 

171 Amaranthus caudatus is located towards the PC1 axis suggesting more diversity of microbial 
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172 community in the later than previous two.  Amaranth rhizospheric soil samples appear to be 

173 distinct compared to other non-amaranth plant species. 

174

175 Fig 3: Beta diversity analysis: Principal Coordinate Analysis (PCoA) plot

176 Sample key:

177 AC - A. caudatus; AH - A. hypochondriacus; AR - A. cruentus; AM - Amaranthus wild type; BT - 

178 Beta vulgaris; CC - Cicer arietinum; TM - Solanum lycopersicum; SOIL - Bulk soil away from 

179 plants as control; R - Plant Root; RS - Rhizospheric soil; S – Outer rhizospheric soil. For eg., ACRS 

180 – A. caudatus (AC) rhizospheric soil (RS). 

181 Beta diversity analysis using Jackknifed test was done with max rarefaction limited to 250000 

182 sequences per sample. Principal Coordinate Analysis plot was generated from weighted UniFrac 

183 distance matrix for all 21 root, rhizosphere and soil samples and visualized using Emperor.

184

185 OTU diversity in Cyanobacteria across samples

186 There are 3301 OTUs assigned to Cyanobacteria based on the criteria described in methods. 

187 The chart in Fig 4A shows the distribution of these OTU across samples. Relatively high numbers 

188 of OTUs are present in samples from amaranth species than other control species. A similar 

189 chart showing the distribution of OTUs from Proteobacteria (Fig 4B), which is an order of 

190 magnitude more than those of Cyanobacteria, show reduced number of OTUs in amaranth root 

191 and rhizosphere.  This is despite the fact that rhizospheric soil from amaranth is rich in OTUs 

192 from Proteobacteria.

193
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194 Fig 4: OTUs distribution in all samples:

195 Sample key:

196 AC - A. caudatus; AH - A. hypochondriacus; AR - A. cruentus; AM - Amaranthus wild type; BT - 

197 Beta vulgaris; CC - Cicer arietinum; TM - Solanum lycopersicum; SOIL - Bulk soil away from 

198 plants as control; R - Plant Root; RS - Rhizospheric soil; S – Outer rhizospheric soil. For eg., ACRS 

199 – A. caudatus (AC) rhizospheric soil (RS). 

200 A: Cyanobacteria. B: Proteobacteria. Sample names are represented on x-axis and y-axis 

201 represents the number of OTUs from the samples without any cutoff for abundance.

202

203 Alpha and beta diversity among Cyanobacteria in samples from Amaranth

204 Venn diagram (S4 Fig) of the highly abundant OTUs (1000 amplicons across all samples) from 

205 microbes with significant presence (minimum 30 amplicons per sample) suggest that compared 

206 to the alpha diversity in the three amaranth species, beta diversity is minimal. For examples, 

207 alpha diversity ranges from 17-18 OTUs in rhizospheric soil and ranges from 15-17 in root. 

208 However the alpha diversity varies in samples from outer rhizospheric soil, perhaps from the 

209 stringent cutoff of 30 amplicons per OTUs. In S4 Fig the case where when no cutoff is used for 

210 the OTUs beta diversity is observed in the A. hypochondriacus samples. 

211

212 Amaranth Root transcriptome analysis:

213 A small number of hits were observed after mapping reads from root tissue of whole 

214 transcriptome analysis for Amaranthus hypochondriacus [42] onto bacterial genomes using 

215 Bowtie [46] aligner. Out of these, the number of hits from Proteobacteria was most abundant 
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216 followed by Actinobacteria. But still it showed a pattern wherein the number of Cyanobacterial 

217 hits seen in the 30-day plant stage (AH12) were significantly higher than in 15-day plant stage 

218 (AH3) when compared to bacterial hits from other phyla (as seen in Fig 5).

219

220 Fig 5: Major Phyla seen in Comparative Analysis of Amaranth Root transcriptomes for 15-day 

221 (AH3) and 30-day (AH12) stages:

222 Sample key:

223 actino – Actinobacteria; bacterio – Bacteroidetes; cyano – Cyanobacteria; firmi – Firmicutes; 

224 proteo – Proteobacteria

225 Bacterial hits observed from root transcriptome of Amaranthus hypochondriacus at 15-day 

226 stage (AH3) and 30-day stage (AH12) are shown in terms of percentages to reveal relative 

227 change in the bacterial population on Amaranth roots. The number of hits from the stages is 

228 represented on the histogram.

229

230 DISCUSSION

231 Here, we report a comparative study of the root-associated microbiota between the three grain 

232 amaranths (viz. A. hypochondriacus, A.cruentus, A. caudatus) and three other plant species 

233 under different order (viz. Beta vulgaris, Cicer arietinum and Solanum lycopersicum) as negative 

234 control. We employed 16S rRNA amplicon sequencing for the purpose of profiling microbial 

235 species associated with the roots of these plants to find the microflora specifically being 

236 enriched in grain amaranths. We observed that Cyanobacteria are distinctly enriched in the 

237 roots of grain amaranths in terms of abundance and uniqueness. Though most dominant phyla 
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238 are Proteobacteria and Actinobacteria, the most unique distinct feature of phyla level of 

239 analysis is the presence of Cyanobacterial otus in amaranth roots, A. hypochondriacus and A. 

240 cruentus. A. caudatus was different from the other two in that it shows higher number of 

241 Proteobacteria and lower number of Cyanobacteria. This could be due to the differences in the 

242 plant genotypes as A. caudatus plants grow better under higher altitudes compared to A. 

243 cruentus and A. hypochondriacus. 

244 Both photosynthetic and non-photosynthetic Cyanobacteria have been known to associate with 

245 plants for carbon source and some of these have ability to fix nitrogen which is beneficial for 

246 plants [47]. Although this is not known for grain Amaranths which unlike legumes like Cicer do 

247 not form root nodules, it might be presumed that the enriched bacteria might be helping in the 

248 fitness of the plant for survival. Proteobacteria was seen enriched beet root and Cicer plants 

249 (Fig 2) which could also be playing a role in plant protection [48].

250 Microbial diversity analyses reveal that the microbial community profiles of Amaranthus 

251 hypochondriacus and Amaranthus cruentus root samples and rhizosphere samples were distinct 

252 in composition compared to the other non amaranth species described in the study (Fig 3). One 

253 of the prime reasons is the composition of OTUs coming from Cyanobacteria. 

254 Abundance of 16S rRNA under Cyanobacteria needs to be reconciled from comparison with 

255 Amaranth chloroplast. Firstly, Cyanobacterial OTUs are more diverse than is expected from 

256 chloroplast of A. hypochondriacus. Secondly, the extraction procedure and sequencing 

257 methodology being the same for all species studied here, the enrichment observed in 

258 Cyanobacterial OTUs for amaranth plants was significantly greater than for non-amaranth 

259 plants. Thirdly, the tissue in question in this study is root, which unlike leaves or shoot, are not 
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260 known to have chloroplasts. Additionally we also observed enrichment of Cyanobacteria 

261 derived transcripts in amaranth developmental transcriptome, when the 15-day and 30-day A. 

262 hypochondriacus plants were compared. Lastly, to check whether we can find culturable 

263 Cyanobacteria associated with Amaranth plants we isolated cyanobacterial species from A. 

264 hypochondriacus roots resembling at least four different species (data unpublished).

265 Earlier studies have shown that cyanobacteria can form associations in general with plants like 

266 cycads and Gunnera and can fix nitrogen in soil either as free-living organisms or in association 

267 with host plants where they reside in specific tissues of the host. There are also many examples 

268 which bring to light the utility of cyanobacteria like Calothrix and Anabena which can be used as 

269 biofertilizers in conjunction with other rhizobacteria or alone and can aid in the nutritional 

270 profile and fitness of plants [49, 50, 51, 52, 53, 54].

271 Considering that grain species under Amaranthaceae skipped the genome duplication event 

272 during the Oligocene period common to plant families under other orders perhaps as a survival 

273 mechanism [42] and considering that it has amassed unusually high numbers of desirable traits, 

274 it is tempting to hypothesize that species under the family Amarathaceae may have used 

275 alternate mechanism to escape the stress during the Oligocene period, which may include 

276 symbiosis with unique microbes. Even though the role of cyanobacteria in Amaranth plants 

277 needs further investigation, it is possible that cyanobacteria are recruited by Amaranth plants 

278 from soil and that they play a helpful role favouring the fitness of Amaranth plants and perhaps 

279 even improve their nutritional profile. The associated microbes could also be investigated for 

280 their future potential to transfer useful properties to other crop species under cultivation by 

281 plant microbiome engineering [55,56].
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282

283 MATERIALS AND METHODS

284 Sample collection and preparation:

285 Six plant species were selected for 16S rRNA metagenomic profiling including Amaranthus

286 hypochondriacus, Amaranthus cruentus, Amaranthus caudatus, Cicer arietinum, Solanum

287 lycopersicum, and Beta vulgaris. The plants were grown in-house on tilled plots (Karnataka red 

288 soil) at IBAB, Bangalore where the average day time temperatures vary from 15-30 °C. All plants 

289 were 30 to 35 days old when harvested. Whole plants were extracted along with the soil 

290 attached to the roots, flash frozen in liquid nitrogen and stored in -80 °C freezer until processed 

291 for metagenomic DNA isolation. Apart from this, soil from the same plot was collected 

292 separately as Bulk soil and stored as mentioned above. In addition to this, wild Amaranth plants 

293 growing in the campus were also incorporated for comparison.

294 Triplicates of plant root samples (biological replicates) were collected and metagenomic DNA 

295 isolation for the same was done and pooled as a single sample for this work. For processing the 

296 samples for metagenomic isolation, three fractions were collected from each sample. The plant 

297 roots were shaken vigorously to detach loosely bound soil which was collected as outer 

298 rhizospheric soil. The soil that remained adhered to the plant surface was gently scraped off 

299 and collected as rhizospheric soil and then the roots were washed thoroughly with distilled 

300 water. The washed roots were homogenized using pestle and mortar and collected as root 

301 extract.

302 For root transcriptome sequencing, 15 and 30 days old Amaranthus hypochondriacus plants 

303 were extracted from soil, root tissue was excised and cleaned with RNase-free water and 
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304 bleach (4% for 10 mins.), then washed thoroughly in RNase-free water, flash frozen in liquid 

305 nitrogen and stored in -80 °C freezer until RNA extraction was done (42).

306

307 Isolation of Metagenomic DNA:

308 Metagenomic DNA (Mg-DNA) was isolated from the samples using the kit FastDNATM SPIN Kit 

309 for Soil (MP Biomedicals). In brief, 0.3 to 0.5 g of sample was added to each lysing matrix E bead 

310 tube and vortexed for maximum 10 minutes for soil lysis in buffer. This was proceeded with Mg-

311 DNA isolation as per kit instructions. Final elution was done in 100 µL of kit supplied RNase-free 

312 DES water after incubation at 55°C for 5 min. Purity and concentration of eluted DNA was 

313 checked using Nanodrop 1000 spectrophotometer. Isolation of Mg-DNA was confirmed using 

314 full length 16S rRNA PCR amplification. The primers used for the PCR were: Forward primer 

315 sequence - 27F: 5' AGAGTTTGATCMTGGCTCAG 3' and Reverse primer sequence - 1492R: 5' 

316 TACGGYTACCTTGTTACGACTT 3'.

317 20 μL of PCR reaction mix was made up with 0.2 μL template (~ 30 - 40 ng), 1X KAPA Taq Buffer

318 A, 2.5 mM MgCl2 , 2.0 U KAPA Taq DNA polymerase (KAPA Biosystems), 1 mM of dNTPs, 0.7 μM 

319 of each primer and Milli-Q sterile water. The PCR conditions employed for full length 16SrRNA

320 PCR amplification include i) initial denaturation for 5 min at 95°C, ii) followed by 30 cycles of

321 (45 s, 94°C; 1 min, 54°C; 1.5 min, 72°C), and iii) final extension of 5 min at 72°C. Amplified 

322 samples were visualized using agarose gel electrophoresis (1%) stained with ethidium bromide 

323 and run alongside 1 μL of 2-log DNA ladder.

324

325 Isolation of root total RNA:
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326 Root tissues collected from 15-day and 30-day plants and stored in -80°C freezer were 

327 homogenized using RNAse-free pestle and mortar. Total RNA from root tissues were extracted 

328 using standardized Trizol extraction method. Samples for root tissue from 15 days old plants 

329 were pooled together during homogenization step due to low amount of tissue available [42].

330

331 16S rRNA Library Preparation and 16SrRNA Amplicon Sequencing:

332 In total 21 DNA samples were sent for library preparation and sequencing at SciGenom Labs Pvt 

333 Ltd, Kochi. PCR amplification of V3 region was done using PCR forward primer sequence- 341 

334 Forward: 5' CCTACGGGAGGCAGCAG 3' and reverse primer sequence- 518 Reverse: 5' 

335 ATTACCGCGGCTGCTGG 3'. The PCR conditions were as follows: PCR Master Mix contained 2 μL 

336 each 10 pmol/µL forward and reverse primers, 0.5 μL of 40mM dNTP, 5 μL of 5X Phusion HF 

337 reaction buffer, 0.2 μL of 2U/µL F-540 Special Phusion HS DNA Polymerase, 5ng input DNA and 

338 water to make up the total volume to 25 μL. The PCR reaction was 98°C for 30 sec; 30 cycles of 

339 98°C for 10 sec, 72°C for 30 sec followed by extension at 72°C for 5 sec and 4°C hold. Size 

340 selection was done using gel extraction of 230 to 250 bp region. Primers with proprietary 

341 barcodes were used for the sequencing experiment and the Illumina adapter and index 

342 sequences were attached to the size-selected V3 amplicons using the following PCR conditions: 

343 PCR Master Mix will contain 2 μL each 10 pmol/µL forward and reverse primers, 1 μL of 40mM 

344 dNTP, 10 μL of 5 X Phusion HF reaction buffers, 0.4 μL of 2U/µL F-540 Special Phusion HS DNA 

345 Polymerase, 10 μL (minimum 5 ng) of PCR amplicon and water to make up the total volume to 

346 50 μL. The PCR reaction was 98°C for 30 sec; 15 cycles of 98°C for 10 sec, 72°C for 30 sec 

347 followed by extension at 72°C for 5 sec and 4°C hold. Size selection was done using gel 
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348 extraction of 354 to 362 bp region. Multiplexed paired-end amplicon sequencing for V3 region 

349 of 16S rRNA was done using Illumina MiSeq platform for all 21 DNA samples at a depth of about 

350 0.5 million paired-end reads per sample and a read length of 150 bases. 

351

352 RNA library preparation and sequencing:

353 One microgram of the total RNA extracted from the same type of tissue but from the three 

354 different batches of the plants were pooled together to make 3 μg of the starting material for 

355 library preparation as measured by the NanoDrop Spectrophotometer. Further, transcriptome 

356 libraries were prepared using TruSeq RNA Sample Preparation Low Throughput (LT) protocol 

357 (Illumina) as per the manufacturer's guidelines and as reported previously [42]. The quality and 

358 quantity of the libraries were estimated by Qubit fluorometry (Invitrogen), and the size 

359 distribution was analysed on Bioanalyzer (Agilent) using high sensitivity DNA chips.

360

361 Data Analysis:

362 Raw sequenced reads were trimmed for spacer and other unwanted sequences and were 

363 passed through FastQC [43] reads filter. The good quality reads were merged using PANDAseq 

364 [44]. The assembled reads were used for downstream analysis using QIIME pipeline (v1.9.1) 

365 [45]. Operational taxonomic units (OTUs) were clustered based on sequence similarity at 97% 

366 using UCLUST [57]. Representative sequences were identified and aligned against Greengenes 

367 [58] core set of sequences using PyNAST [59]. The chimeras were removed using UCHIME [60] 

368 and the filtered alignment was used for building phylogenetic tree using FastTree [61]. OTU 

369 table was prepared from predicted OTUs and UCLUST assigned taxonomy file from which 
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370 singletons were removed from analysis. Alpha diversity rarefaction curves were used to 

371 measure microbial diversity within the samples by calculating Shannon, Chao1 and Observed 

372 Species metrics using default parameters and maximum rarefaction depth of 250000. For Beta 

373 diversity analysis a jackknifed test was performed to construct a consensus UPGMA tree using 

374 weighted UniFrac [62] distance matrix and a PCoA plot was generated for all 21 samples and 

375 visualized using Emperor [63].

376

377 Mining Amaranth Root transcriptome for bacterial transcripts:

378 Root transcriptomes of 15-day stage and 30-day stage of Amaranthus hypochondriacus [40, 42], 

379 one of the grain amaranths were mined for the presence of bacterial transcripts and the 

380 bacterial hits observed were compared between the two stages. The transcriptomic reads were 

381 mapped using Bowtie [46] in try-hard mode onto microbial genomes (bacteria and archaea) 

382 downloaded from NCBI.

383
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