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Soybean Root Nodule and Rhizosphere Microbiome:
Distribution of Rhizobial and Nonrhizobial Endophytes
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ABSTRACT Soybean root nodules are known to contain a high diversity of both rhi-
zobial endophytes and nonrhizobial endophytes (NREs). Nevertheless, the variation
of these bacteria among different root nodules within single plants has not been
reported. So far, it is unclear whether the selection of NREs among different root
nodules within single plants is a random process or is strictly controlled by the host
plant to favor a few specific NREs based on their beneficial influence on plant
growth. As well, it is also unknown if the relative frequency of NREs within different
root nodules is consistent or if it varies based on the location or size of a root nod-
ule. We assessed the microbiomes of 193 individual soybean root nodules from nine
plants using high-throughput DNA sequencing. Bradyrhizobium japonicum strains
occurred in high abundance in all root nodules despite the presence of other soy-
bean-compatible rhizobia, such as Ensifer, Mesorhizobium, and other species of
Bradyrhizobium in soil. Nitrobacter and Tardiphaga were the two nonrhizobial genera
that were uniformly detected within almost all root nodules, though they were in
low abundance. DNA sequences related to other NREs that have frequently been
reported, such as Bacillus, Pseudomonas, Flavobacterium, and Variovorax species,
were detected in a few nodules. Unlike for Bradyrhizobium, the low abundance and
inconsistent occurrence of previously reported NREs among different root nodules
within single plants suggest that these microbes are not preferentially selected as
endophytes by host plants and most likely play a limited part in plant growth as
endophytes.

IMPORTANCE Soybean (Glycine max L.) is a valuable food crop that also contributes
significantly to soil nitrogen by developing a symbiotic association with nitrogen-fix-
ing rhizobia. Bacterial endophytes (both rhizobial and nonrhizobial) are considered
critical for the growth and resilience of the legume host. In the past, several studies
have suggested that the selection of bacterial endophytes within root nodules can
be influenced by factors such as soil pH, nutrient availability, host plant genotype,
and bacterial diversity in soil. However, the influence of size or location of root nod-
ules on the selection of bacterial endophytes within soybean roots is unknown. It is
also unclear whether the selection of nonrhizobial endophytes within different root ; et
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The host plant selection of specific rhizobial endophytes is relatively well studied (12-16)
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and has been reported to be influenced by soil factors, such as pH (6, 17, 18), salinity (3,
13), nutrient availability (19-22), water (16), geographic locations (4), and diversity of the
rhizobial community within soil (23, 24). Soil is a highly heterogeneous environment, and
its biochemical conditions can greatly vary over short distances (i.e., <1cm) (25, 26). It is
unclear if the same rhizobial species are selected in all root nodules of a plant or if selec-
tion of rhizobia in individual root nodules varies depending upon the size or location of
the nodules on a root system. Hence one of the objectives of the current study was to
assess the potential influence of location or size of a nodule on the selection of rhizobial
endophytes within different root nodules of a single plant.

Several studies have observed the presence of various nonrhizobial endophytes
(NREs, i.e., bacterial endophytes other than four rhizobial genera) within soybean root
nodules (16, 27-41) (see Table S1 in the supplemental material for details). Many cul-
ture-based studies have successfully isolated and identified several NREs from root
nodules and reported their potential beneficial effects on the growth of the host plant
(27-31, 39). The suggested mechanisms through which these NREs enhance plant
growth include (i) synthesizing plant growth regulators (30, 32, 40-43), (ii) solubilizing
phosphate (44), (iii) suppressing plant pathogens (29, 31, 45, 46), and/or (iv) helping
the host plant to regulate stresses (46-49). The positive role of these isolated NREs in
plant growth was also confirmed by subsequent coinoculations of NRE strains along
with rhizobia (27, 28, 30-32, 43, 50). These culture-based studies have provided useful
information on the potential beneficial effects of NREs for the host plant. However, cul-
ture-based studies cannot provide information on the relative abundance of NREs
within root nodules and their preferential selection by host plants, as commonly
observed in the case of rhizobial endophytes.

Culture-independent studies have reported that NREs can be highly diverse and
abundant (up to 50%) in nodules of soybean (14, 16, 51) and other legume crops (15,
52). However, these studies pooled multiple root nodules per plant or nodules from
different plants to assess the overall diversity and abundance of NREs, leaving ques-
tions regarding whether the observed diversity and relative abundance are uniformly
distributed across all root nodules or whether only a subset of the nodules contain
most of the NREs. It is also unclear whether the selection of NRE strains in nodules is a
random process, i.e.,, whichever strain is in close proximity of root nodule formation
sites can enter, or if their selection in root nodules is strongly controlled by the host
plant to favor a few frequently reported specific NREs based on their beneficial role in
the growth of host plant.

Hence, the primary objectives of the present study were (i) to assess the relative dis-
tribution and preferential selection of bacterial endophytes within different root nod-
ules of a single plant and (ii) to determine to what extent size or location of root nod-
ules influences the selection of NREs within nodules. We analyzed the microbiomes of
193 individual root nodules from nine soybean plants that were grown under field con-
ditions. We randomly selected 20 to 24 root nodules per plant across the entire root
system, and the bacterial endophytes in each were analyzed through 16S rRNA gene
amplicon sequencing using Illumina MiSeq paired-end DNA sequencing.

RESULTS AND DISCUSSION

To assess the relative distribution of bacterial endophytes in different root nodules
of a plant and in rhizosphere soil, we collected root-adhering soil and root nodules.
The rhizosphere and root nodule endophytic bacterial communities were identified
through 16S rRNA gene sequencing. The different root nodules varied in size and were
collected from different locations of the root system, including the tap and lateral roots
(Fig. S1). Overall, we retrieved 3,657,224 bacterial sequences that could be identified at
genus level from 193 individual root nodules and 276,338 identifiable sequences from
the rhizospheres of nine different soybean plants grown at the Kindrick farm (Greene
County, Missouri). The number of good-quality DNA sequences per nodule varied from
approximately 13,000 to 55,000. Bradyrhizobium-related sequences were consistently
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FIG 1 Relative distribution of bacterial endophytes within different root nodules of a soybean plant (L1, P1, N1 to N23) based on 16S rRNA sequence data.

detected in high abundance in almost all root nodules per plant (Fig. 1) as well as
across all nine plants (Fig. 2; Table 1). Nitrobacter and Tardiphaga were the two nonrhi-
zobial genera that were detected within nearly all root nodules at low abundance (Fig.
1 and 2; Table 1). Other frequently reported bacterial endophytes were detected at
very low abundance (1,635 sequences), and their occurrence was inconsistent within
different root nodules of a single plant (Table S2) as well as across different plants
(Table 1). Within the rhizobial endophytes, the genus Bradyrhizobium was detected in
high abundance (>90% of sequences) in each root nodule. We also detected other
soybean-compatible rhizobia in root nodules and rhizosphere, though they were in
very low abundance (Fig. 3).

Overall, bacterial community structure in different root nodules, assessed based on
Bray-Curtis similarity (97% DNA identity), did not show any significant differences in
the clustering of sequences originating from the same plant or same sampling location
(permutational multivariate analysis of variance [PERMANOVA], P > 0.05) (Fig. 4A). A
similar trend was also observed for other nonrhizobial endophytes after the removal of
sequences of three dominant bacterial genera, Bradyrhizobium, Nitrobacter, and
Tardiphaga (P > 0.05) (Fig. 4B). However, the greater dispersion in nonmetric multidi-
mensional scaling (NMDS) data points indicated wider variation in the distribution of
other inconsistent NREs (Fig. 4B).

We evaluated the Chao 1 estimator of species richness and Shannon diversity
within nine plants (Table S3). Shannon diversity within root nodules of the different
plants ranged from 2.03 to 2.83, which was significantly lower than bacterial diversity
in rhizosphere soil (5.72 to 6.40). As anticipated, the root nodule is an enriched locale
for certain specific bacteria species, whereas soil is a highly heterogeneous
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FIG 2 Relative abundance of different bacterial endophytes within different root nodules per plant based on 16S rRNA gene sequencing. The microbiomes

of 17 to 24 root nodules per plant were analyzed.

environment which supports diverse bacterial communities (Fig. S2; Table S3).
Rarefaction curve analysis indicates that the number of bacterial species within nod-
ules did not reach an asymptote, which suggests that additional sequencing could cap-
ture more diversity (Fig. S3). However, rather than overall bacterial diversity, the rela-
tive abundance of frequently reported bacterial endophytes within various root
nodules of a plant was the main focus of this study to demonstrate the preferential
selection of endophytes by host plant.

Distribution of rhizobial endophytes in root nodules and rhizosphere. As antici-
pated, the most dominant sequences (93% to 99%) retrieved from each of the 193 root
nodules were related to genus Bradyrhizobium (Fig. 1 and 2). Regardless of the location
(tap or lateral roots) or size of the root nodules (Fig. S4A and B), the relative abundance
of Bradyrhizobium sequences was consistently high (>90%) in all nodules (Fig. 1 and 2;
Fig. S2; Table 1). Previous studies (4, 12, 43, 53-56) reported that Bradyrhizobium spp.
are major microsymbionts within soybean root nodules. However, members of other
rhizobial genera such as Mesorhizobium (6), Rhizobium (7, 8), and Ensifer (9—-11) were
also reported to nodulate soybean. Interestingly, we observed the presence of DNA
sequences of other soybean-compatible rhizobia both within root nodules and in the
rhizosphere. However, the relative abundance of other rhizobial endophytes compared
to Bradyrhizobium was very low (Fig. 3). This observation suggests a preferred selection
of Bradyrhizobium strains by the host plant, which was not influenced by location of
the root nodule on the host. Likely, soil surrounding each of 193 root nodules would
not be identical in terms of factors such as temperature, O, concentration, pH, macro-
and micronutrients, etc. It is important to mention that we could not measure the
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TABLE 1 Distribution of frequently reported nonrhizobial endophyte sequences in soybean root nodules and rhizosphere soil

No. (% of nodules?) in:

Nodule Rhizosphere
Bacterial genus Location 1 Location 2 Location 3 Location 1 Location 2 Location 3
Novosphingobium 40 (37) 52(27) 11(16) 86 77 122
Pseudomonas 11(9) 36 (20) 5(7) 6,276 10,929 15,409
Variovorax 7(7) 20(12) 5(5) 433 889 1,513
Paenibacillus 18(11) 3(1) 5(2) 1,879 2944 1731
Flavobacterium 8(10) 16 (18) 3(4) 5,989 724 3,102
Stenotrophomonas 3(3) 2(2) 2(<1) 1,768 246 3,602
Nitrospira 2(<1) 2(<1) 1(<1) 233 67 550
Arthrobacter 0 4(2) 0 5,646 928 3,692
Sporosarcina 1(<1) 3(2) 0 39,448 25,007 5,323
Planococcaceae 0 2(<1) 1(<1) 1,107 7,957 1,050
Sphingobacterium 0 1(<1) 1(<1) 7,873 183 65
Achromobacter 0 1(<1) 0 301 94 15,092
Consistently detected bacterial endophytes
in almost all root nodules

Bradyrhizobium 1,499,546 (100) 1,372,198 (100) 658,879 (100) 4,393 2,413 14,940

Nitrobacter 42,628 (100) 36,868 (100) 24,097 (100) 112 41 461

Tardiphaga 11,109 (98) 7,925 (97) 1,808 (97) 9 37 48

aNumbers in parentheses represent the percentage of 193 root nodules that showed the presence of these sequences.

geochemical characteristics of soil surrounding each root nodule due to the insufficient
amount of soil associated with each root nodule (approximately <0.5 g). For the geo-
chemical analysis, we would need approximately 20 to 30 g of soil. In addition, the col-
lection of soil directly associated with each root nodule was technically not feasible.

Previous studies (10, 53, 57) have reported a high dominance of Ensifer spp. in soy-
bean root nodules in alkaline soils, whereas Bradyrhizobium spp. were detected as
major rhizobial endophytes under acidic soil conditions (5). In general, the soils at the
study site were highly acidic (pH 5.0 to 5.5), and the pH at this field location was
improved through agricultural lime (calcium carbonate) amendment before the sow-
ing of soybean seeds. The final pH of the rhizosphere at the time of plant harvesting
(R6 plant growth stage) was slightly acidic (pH 6.5 to 6.8) (Table S4). In the present
study, we did not detect any Ensifer-related sequence in 193 nodules, and only 62
Ensifer-related sequences were retrieved from the rhizosphere (Fig. 3).

In the rhizosphere, we observed a relatively high abundance of Bradyrhizobium-
related sequences (21,746; 85% of total soil rhizobial sequences) followed by Rhizobium-
related sequences (2,130; 8%). Sequences of Mesorhizobium and Neorhizobium were
detected in very low abundance (<5%) in the rhizosphere (Fig. 3). Our results suggest that
Bradyrhizobium japonicum not only was preferred as the endosymbiont in root nodules
but also may have been selectively favored in the rhizosphere. This observation was con-
sistent with the work of Minami et al. (58) and Moawad et al. (59), who suggested that soy-
bean root exudates selectively favored the growth of Bradyrhizobium spp. within the rhizo-
sphere, compared to other rhizobial genera. However, it is important to note that we did
not collect bulk soil samples separate from the rhizosphere; therefore, it was not possible
to determine whether Bradyrhizobium spp. were selectively enriched in the rhizosphere or
were naturally abundant in our soils compared to other rhizobial genera.

We also observed variations in the geochemical characteristics of rhizosphere soils
at the three sampling locations. The soil at location 3 had significantly higher concen-
trations of NO5-N (26.7 = 1.8 ppm) and K (134 = 7 mg/liter) than soil the other two loca-
tions (Table S4). Location 1 had a higher concentration of NH,-N compared to the
other two locations. Location 2 had significantly lower concentrations of phosphorus
(P) than the other two locations. Despite the significant variations in soil characteristics
(Table S4), we did not observe any specific clustering of endophyte community
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Sample L1P1-3 L2P4-6 L3P7-9
N 1,499,546 1,372,198 658,879
(99%) (99%) (99%)
Rhizosonere 4393 2,413 14,940
P (84.8%) (78.7%) (86.3%)
Bradyrhizobium

B. japonicum USDAG1 (AF208517.1), B. japonicum LMG6138
(X66024.2), B. sp. 5F3 (AY039303.1), B. elkanii (AB110484.1), B.
elkanii USDA46 (AF208516.1), B. elkanii USDA101 (AF293373.1),
B. japonicum USDA123 (AF208504.1), B. liaoningense 2281
(AF208513.1), B. ottawaense 65059 (MN661172.1)

Nodule € g ¢
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Rhizosohere 456 440 1,234
o P (8.8%) (14.3%) (7.1%)
Rhizobium
Rhizobium phaseoli ATC14482 (NR_044112.1), R.
leguminosarum 15Z (MK753103.1), R. sp. 117E-3
52 (MK143351.1), R. nepotum BLA2019MKK04 (MNB98250.1)
5 2 3
R (<01%)  (<0.1%) (<0.1%)
53 98 . 31 91 188
Rhizosphere  go,) (3.0%) (1.1%)
Neorhizobium

79 Ensifer sesbaniae RN16 (MN629222.1) Neorhizobium sp. NGB-R23 (LC481665.1), N. galegae P6-38

99

Ensiter adhaerens St 10 (MNS88173.1) E;N[I)Tﬁ;(ﬁ;){;\{} ZII;&)/SOII/ NHBAB86 (LR594390.1), N. huautlense

e Sinorhizobium fredii ATCC 35423 (NR 115519.1)

b Ensifer sojae CCBAU 05684 (NR 117540.1)

92 | B. eneae 34614 (NR_028798.1)
Bosea vestrisii (NR_028799.1)

Nodule 11 ! 2
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Rhizosphere Sl s 2
88 P (5.8%) (4.0%) (5.4%)
Mesorhizobium

Mesorhizobium. sp. CB 286506 (LN833383.1), M. delmotii STM5969
(KP242318.1), M. robiniae CCNWYC115 (NR_116467.1), M.
muleiense NG48 (MN529970.1), M. sophorae 0A561 (MH929969.1),
M. loti NZP2213 (NR_025837.1)

Bosea thiooxidans strain DSM 9653 (NR_041994.1)

FIG 3 Maximum-likelihood phylogenetic tree based on partial sequences of the 165 rRNA gene of the rhizobial sequences detected
within root nodules and rhizosphere of soybean plants. Three locations (L1 to L3) and three plants per location (P1 to P9) were
analyzed. Sequences belonging to the same bacterial genera were clustered together. The relative distribution of the total rhizobial
sequences retrieved from the root nodules or rhizosphere soils are reported as percentages. The size of the triangle is proportionate to
the number of sequences within a genus from nodules and rhizosphere. The GenBank numbers for representative sequences of isolated
organisms are shown next to the cluster. The numbers at the nodes reflect bootstrap support values above 50%.
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FIG 4 Multidimensional scaling plot, based on the Bray-Curtis similarity index (97% DNA similarity), of the 16S rRNA gene sequences from 193 root nodules of nine
plants. Each point represents the microbiome of a single root nodule. Green triangles, P1 to P3 (location 1); blue circles, P4 to P6 (location 2); red squares, P7 to P9
(location 3). The nodules from the different plants from the same location are differentiated by open, color-filled, and black-filled shapes. (A) All bacterial sequences
(3,657,224) from both rhizobial and nonrhizobial endophytes were included in this analysis. 2D stress=0.10. (B) Nonrhizobial endophyte sequences (1,635) excluding
the sequences related to Bradyrhizobium, Nitrobacter, and Tardiphaga. These three genera were removed to show the distribution of rare NREs. 2D stress=0.13.
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structure based on the sequences originating from the same plant or same sampling
location (Fig. 4; Fig. S4). We observed a selection of B. japonicum strains in root nodules
at all three sampling locations. The consistent high abundance of Bradyrhizobium in all
193 root nodules suggests that the influence of specific microenvironments such as
different nodules on a plant or nodules across three different locations did not affect
the selection of rhizobia. Despite differences in the geochemical characteristics, all
three locations were in the same field, and therefore, the climatic conditions were the
same. In contrast, previous studies suggested a very strong role of soil characteristics
in the selection of rhizobial endophytes within soybean root nodules (4, 6, 9, 21, 22).
These previous studies were conducted across diverse geographic regions marked by
significant differences in soil pH, moisture content, temperature, precipitation, etc. Our
finding on the lack of influence of geochemical characteristics on the selection of bac-
terial endophytes is based on a limited number of samples that were collected from a
single field. Further studies that include amending the soil with various concentrations
of macronutrients and transplanting different soybean genotypes could improve our
understanding of the potential role of variable nutrient concentrations on the selection
of bacterial endophytes.

Distribution of two consistently detected nonrhizobial endophytes (Nitrobacter
and Tardiphaga) in various root nodules and rhizosphere samples. Among the NREs,
Nitrobacter and Tardiphaga were detected in almost all individual root nodules (Fig. 1
and 2). Overall, we retrieved 103,707 sequences related to Nitrobacter, and their rela-
tive abundance ranged from 1% to 5% within each individual root nodule (Fig. 1). The
average abundance of Nitrobacter in the root nodules was <1% of total bacterial
sequence; however, a subset of root nodules contained slightly greater levels of
Nitrobacter sequences. For example, nine nodules of plant 1 had 3 to 4% Nitrobacter
sequences (Fig. 1). This variation did not appear to be related to nodule size, position
on root system (tap versus lateral roots), or distance from the soil surface (Fig. 1;
Fig. S1 and S4). Tardiphaga-related sequences were detected in 97% of total root
nodules with relative densities of 0 to 1%. Both Nitrobacter and Tardiphaga belong
to the family Bradyrhizobiaceae and have shown close genetic similarity with the
genus Bradyrhizobium based on 16S rRNA (60, 61) as well as five other housekeep-
ing genes, including atpD, dnaK, gyrB, recA, and ropB (61).

We postulate that the consistent presence of Nitrobacter within soybean root nod-
ules may be due to the following reasons. First, Nitrobacter strains are selected within
root nodules due to their beneficial role in plant growth. Previously, Ibiene et al. (62)
reported that Nitrobacter can solubilize phosphate and have a positive effect on
tomato plant growth through inoculation-based studies. Second, the presence of
Nitrobacter within soybean root nodules is a parasitic interaction rather than mutualis-
tic. Nitrobacter strains may overcome the host plant defense because of their high
genetic similarity to Bradyrhizobium and potentially survive within the root nodules as
chemoorganotrophs. Genome sequencing by Starkenburg (60) reported that 41% of
genes (1,300 genes) of Nitrobacter strains are identical to those in Bradyrhizobium.

To assess the variation within the Nitrobacter sequences, a maximum-likelihood
phylogenetic analysis was conducted. The phylogenetic analysis of all Nitrobacter-
related sequences revealed the presence of six major phylogenetic clusters (Fig. S5).
Most of the sequences from nodules and rhizosphere samples were grouped into clus-
ter 6 along with other Nitrobacter species sequences from GenBank (Fig. S5).

As with Nitrobacter, we also observed a consistent presence of Tardiphaga-related
sequences in almost all root nodules (190 of 193 nodules) (Fig. 2; Table 1). Overall,
Tardiphaga-related sequences (20,949) were grouped into three phylogenetic clusters
(Fig. S6). Most of the nodule and rhizosphere sequences were related to three refer-
ence sequences of Tardiphaga that were isolated by De Meyer et al. (61) from the root
nodules of Robinia pseudoacacia (Fig. S6). Previously, Tardiphaga-related strains were
isolated from the root nodules of Glycine max (34), R. pseudoacacia (61), and Vavilovia
formosa (63) plants. Tardiphaga spp. are genetically similar to the Bradyrhizobium spp.
(61) and reported to have nodM and nodT genes (63), which are involved in signaling
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to the host plant and root nodule formation (64). Moreover, Tardiphaga isolates have
been reported to have a role in the N cycle by carrying out dissimilatory nitrate reduc-
tion under anaerobic conditions (65).

In the present study, Bradyrhizobium, Nitrobacter, and Tardiphaga were preferred
within almost all root nodules, suggesting selection by the host plant or their
enhanced ability to penetrate the root nodules. How Nitrobacter and Tardiphaga pene-
trate and survive within soybean root nodules is an interesting question. We speculate
that these bacteria positively affect plant growth, though evidence for this remains to
be provided. In all 193 root nodules, Bradyrhizobium-related sequences were the most
abundant. Furthermore, none of the 193 root nodules showed high abundance or
presence of Nitrobacter and Tardiphaga over Bradyrhizobium. This suggests that
Nitrobacter and Tardiphaga enter the root nodules along with Bradyrhizobium and/or
that they are not able to overcome the host plant defense in the absence of
Bradyrhizobium. The selection, the penetration into host cells or presence within intra-
cellular spaces, and the potential role of these two genera will be the focus of future
studies using fluorescence in situ hybridization microscopy and coinoculation-based
approaches.

In general, both Nitrobacter- and Tardiphaga-related strains are rarely isolated as
plant endophytes in different crops (34, 61-63) (Table S1). In previous culture-based
studies on soybean, it was shown that the lack of Nitrobacter may be due to either their
slow growth as chemoorganotrophs or lack of NO, in the growth medium required for
growth as chemolithotrophs. Similarly, Tardiphaga species have a growth rate of up to
a 10-day doubling time in culture (63). Our study, along with other culture-independ-
ent studies, reports the presence of Nitrobacter and Tardiphaga within root nodules of
soybean (34) and alfalfa plants (14, 66).

Distribution of inconsistently detected rare nonrhizobial endophytes that were
previously reported as endophytes. One of the major goals of this research was to
assess the influence of size and location of root nodules on the preferential selection,
diversity, and relative abundance of frequently reported NREs (Table S1) within differ-
ent root nodules of a single plant. In the last few years, several studies have identified
many NREs, such as Pseudomonas (14, 16, 31, 32, 39, 40, 51, 67), Variovorax (33, 40),
Novosphingobium (40), Flavobacterium (5, 16), Achromobacter (36, 38, 40), Bacillus (5,
16, 27, 32, 35, 37, 46, 67), etc., in soybean root nodules. These studies focused on the
isolation and characterization of these NREs for several plant growth-promoting attrib-
utes, such as N fixation, phytohormone production, or potential as biocontrol agents
(29-32, 40-43, 45, 46, 68). Most of these studies also demonstrated the beneficial role
of the isolated NREs in plant growth through subsequent coinoculation studies (27, 30,
44, 67). In the present study, we detected a small number of the sequences (1,635)
related to these frequently reported NREs in soybean root nodules (<1% of total
sequences). Their presence was inconsistent among different root nodules of a single
plant (Table S2). For example, Novosphingobium-related sequences were retrieved
from approximately 25% of the 193 nodule samples, and Pseudomonas-related sequen-
ces were found in only 16% of root nodules. This was true for almost all other fre-
quently reported (Table S1) NRE genera (Table 1). The overall low abundance and
inconsistent presence of these genera among different root nodules of a single plant
suggest that these frequently reported NREs (Table S1) are not preferentially selected
as endophytes by host plants and most likely have a very limited role in plant growth
as endophytes.

The variation in the NRE sequences detected across different root nodules seems to
be the result of a random process rather than due to the influence of the location of
the root nodule, as root nodules in close proximity showed the presence of very differ-
ent NREs and vice versa. For example, Pseudomonas-related sequences were detected
within three root nodules of plant 1 (root nodule 2 [N2], N6, and N16), and these nod-
ules were apart from each other (Fig. S1; Table S2). N16 was on a lateral root, and the
other two nodules (N2 and N6) were on taproot systems. N3, N4, N5, and N7 were in
close proximity to N6, but none of them showed the presence of Pseudomonas-related
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sequences. Overall, this was true for almost all other NRE-related sequences, implying
that their presence was not influenced by the size or location of the root nodules (Fig.
S1 and S4A and B; Table S2).

It is important to mention that detection of rare NREs present in different root nod-
ules most likely reflects true sequences rather than potential contamination from DNA
extraction or PCR reagents. The following three lines of evidence suggest that the
observed NRE sequences are true sequences. (i) None of our negative-control samples
showed any amplification for first or second PCRs. (ii) These rare NREs were detected in
only a few nodule samples (Table 1); if these sequences had originated from contami-
nating reagents, they would be consistently present across all root nodule samples. (iii)
We did detect a high abundance of the identical sequences from rhizosphere soil sam-
ples as well. Specifically, more than 25,000 Pseudomonas sequences retrieved from rhi-
zosphere soil were identical to 40 Pseudomonas sequences detected in various root
nodules. This was also true for nearly all other rare NREs. Furthermore, we only used
the DNA sequences that can be classified at a >80% confidence cutoff level, indicating
that they are most likely true sequences rather than sequencing artifacts.

Almost all of the prokaryotic sequences that we detected in root nodules were also
found in the 276,338 sequences from nine rhizosphere samples. In contrast to root
nodules, there was a higher abundance (2% to 25% of total rhizosphere sequences) of
the commonly reported NREs, such as Pseudomonas (11.8% of total rhizosphere sequen-
ces), Achromobacter (5.6%), Arthrobacter (3.7%), Planococcaceae (3.5%), Flavobacterium
(3.5%), Sphingobacterium (2.9%), Paenibacillus (2.4%), and Stenotrophomonas (2%), in the
rhizosphere (Table 1). Based on reports of the positive influence of these NREs on the
growth of the host plant, these NREs likely have a significant role in plant growth as free-
living plant growth-promoting rhizobacteria (27, 28, 30-32, 43).

In the present study, we have carefully surface-sterilized each root nodule and
removed the epidermis. The rare NRE-related sequences (excluding Nitrobacter and
Tardiphaga sequences) could originate from surface contamination of root nodules.
Even though bacterial cells on the root nodule surface may not be culturable on nutri-
ent agar, their DNA can be amplified through PCR. The surface contamination effect
could be more pronounced when multiple root nodules from different plants are
pooled for the DNA extraction (14, 16). Likewise, frequent isolation of NREs by culture-
based studies could be due to their copious growth on a nutrient-rich growth medium,
even if they are naturally present in low abundance in root nodules. Therefore, detect-
ing these commonly reported NREs does not necessarily indicate that they play a sig-
nificant role in plant growth as endophytes.

In summary, we observed a high abundance of Bradyrhizobium species within 193
root nodules of nine plants (>90% sequences within each root nodule). The two non-
rhizobial endophytes (Nitrobacter and Tardiphaga) were also consistently detected
within almost all root nodules, though they were in low abundance (1 to 3%) com-
pared to Bradyrhizobium. The consistent presence of these three bacterial genera (one
rhizobial genus and two NREs) within almost all root nodules suggests their preferen-
tial selection by the host plant that was not influenced by the size, age, or location of
the root nodules on a root system. In contrast, we detected low frequency and incon-
sistent presence of other frequently reported soybean NREs (Table S1) such as Bacillus,
Pseudomonas, Flavobacterium, and Variovorax species within very few nodules. In other
words, no single NRE that was frequently reported as a soybean endophyte in previous
studies (Table S1) was detected consistently or in high abundance in most of the root
nodules The overall low abundance and inconsistent presence of frequently reported
soybean NREs (Table S1) among different root nodules of a single plant suggest that
these frequently reported NREs are not preferentially selected as endophytes by host
plants and most likely have a very limited role in plant growth as endophytes. Simple iso-
lation and characterization of frequently reported NREs from root nodules alone may not
be sufficient to establish their roles as beneficial endophytes. Their relative abundance
within root nodules and preferential selection by the host plant are equally important.
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MATERIALS AND METHODS

Research site. Soybean seeds were obtained from Hancock Seed Co., Dade, FL, USA. The seeds were
grown at the Kindrick Farm, Green County, Missouri (latitude, 37°21'44.28"N; longitude, —93°
40'91.96"W). Seeds were planted in May 2018, and plants were harvested in September 2018 for the
microbiome analysis. We harvested plants at the R6 plant growth stage. Soybean seeds were planted
with no tillage at row widths of 15 in. Seeds were planted with planter’s disks, which made small slits for
seed placement. The no-tillage approach was adopted to reduce disturbance and soil erosion and to
increase available moisture compared to conventionally tilled systems. Seeds were not inoculated with any
bacterial culture. Seeds were treated with Acceleron standard seed applied solutions (69). No irrigation was
applied, and rainwater was the sole source of water for the crop. The total rainfall from May to September
2018 was 19 in. Rainfall averaged 3.8 in. per month and was lowest during July (1.04 in.) and highest during
August (6.71 in.). The average monthly temperature for the 5 months was 25°C = 2°C. Kindrick Farm has a
history of corn cropping for the past 7 years. Three locations within the farm were sampled: location 1 (toe
slope), location 2 (sinkhole 1), and location 3 (sinkhole 2). The three soil locations and their geochemical char-
acteristics are described in detail in the supplemental material (Fig. S7; Table S4).

Sample collection. Three replicate plants from three separate rows at each location were excavated,
and intact root systems containing root nodules and rhizosphere were brought to the laboratory. We
selected all plants of the approximately same height and the same age. Rhizosphere soil was separated
from the root systems by gently shaking the plant roots on a sterilized bag. Soil detached in this way
was used for geochemical analysis, and soil that remained attached to roots after gentle shaking was
used for DNA extraction. For the microbial analysis, root-adhering soil of each plant was washed into
separate beakers containing water. The resulting soil suspension was centrifuged at 14,000 rpm for
5min, and 0.5 g of soil pellet was used for DNA extraction. Roots were then thoroughly washed with dis-
tilled water and photographed. Approximately 20 to 24 individual root nodules per plant were selected
across the entire root system (Fig. S1). The samples were labeled L1 to L3 for locations, P1 to P9 for
plants, and N1 to N24 for nodules per plant (Table S3). We collected the root nodules from both taproots
and lateral roots. A taproot, or primary root, is a thick large central root from which lateral roots sprout.
The root nodules on the taproot could easily be distinguished from the ones on lateral roots (Fig. S1). A total
of 193 individual root nodules from these nine plants were collected for microbiome analysis. Each individual
nodule was thoroughly washed in distilled water and surface sterilized in 75% ethanol. The root nodule epi-
dermis was aseptically removed using sterilized forceps while keeping roots submerged in 75% ethanol (Fig.
S8). Surface-cleaned root nodules were crushed individually in 1 ml of sterile water using a sterilized mortar
and pestle. Crushed root nodule material was used for DNA extraction. Complete surface sterilization of the
nodule was confirmed by rolling a few randomly selected nodules on tryptic soy agar plates.

DNA extraction. DNA was extracted from each root nodule as well as from the rhizosphere samples
using the DNeasy PowerLyzer PowerSoil DNA extraction kit (Qiagen, MoBio, USA). Briefly, the crushed
root nodule material was centrifuged at 10,000 rpm for 10 min, and the supernatant was discarded. The
pellet containing bacterial cells and plant material was suspended in the Power bead solution (provided
with the DNA extraction kit), and DNA was extracted according to the manufacturer’s instructions. For
soil samples, 0.4 g of rhizosphere soil was used for DNA extraction. Extracted DNA was eluted in 25 ul of
sterilized water and stored at —20°C until used in PCR.

Sequencing preparation. To assess the bacterial communities in the root nodules and rhizosphere,
the lllumina MiSeq paired-end DNA sequencing approach was used. Briefly, we used a two-PCR
approach. During the first PCR, the partial bacterial 16S rRNA gene fragment of the V3-V5 region was
amplified using primers F515 (5'-GTGCCAGCMGCCGCGG-3') and R907 (5'-CCGTCAATTCMTTTRAGTTT-
3"). These universal bacterial primers also contained the sequences for lllumina DNA sequencing primers
(Fig. S9). PCR was performed in a 25-ul PCR mixture containing 1x buffer, a 0.2 uM concentration of
each primer, 20 mM MgSO,, a 0.2 uM concentration of each deoxynucleoside triphosphate (dNTP),
1.0 ul of template, and 1.0 unit of high-fidelity Platinum Tag polymerase (Invitrogen, USA). The PCR con-
ditions were as follows: 3 min at 96°C, followed by 30 cycles of denaturation at 94°C for 45 s, primer
annealing at 56°C for 45 s, extension at 72°C for 45 s, and a final extension at 72°C for 7 min. As a stand-
ard PCR procedure, we ran positive and negative controls along with each set of PCRs. Amplified PCR
products along with the negative controls were cleaned using the ExoSAP-IT PCR cleanup system
(Invitrogen, USA), according to the manufacturer’s instructions.

Cleaned PCR products from the first PCR along with the negative controls were diluted (10 times) in
PCR-grade water and used as the template in the second PCR. All the reagents used in the second PCR
were as described above with the exception of PCR primers. The primers used in the second PCR con-
tained the lllumina sequencing adapters A and B (A, 5'-CAAGCAGAAGACGGCATACGAGAT-3’; B, 5'-
AATGATACGGCGACCACCGAGATCTACA-3’) and standard unique multiplex identifier sequences (listed in
Table S5) for each sample (Fig. S9; Table S5). The PCR conditions for this second PCR were as follows: ini-
tial denaturation for 3 min at 90°C, followed by 10 cycles of denaturation at 94°C for 30 s, annealing at
60°C for 30 s, and extension at 72°C for 30 s, with a final extension step at 72°C for 7 min. PCR-amplified
uniquely indexed PCR products were pooled in equimolar concentrations. Pooled, amplified DNA prod-
ucts were purified with an Agencourt AMPure magnetic bead system (Beckman Coulter, Brea, CA).
Purified PCR products were sequenced using the lllumina MiSeq paired-end DNA sequencing platform.

Data analysis. Paired-end Illumina reads were assembled to generate consensus sequences, and ini-
tial quality filtration was done using mothur software (70). Initial quality filtrations such as min-length =
370, max-ambig =3, max-homp =8, etc., were performed as described previously (71). Chimeric DNA
sequences were identified and removed using the Ribosomal Database Project (RDP) platform. Plant-
associated cyanobacterium/chloroplast sequences were also identified and removed. High-quality DNA
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sequences (3,657,224) were classified using the RDP naive Bayesian classifier 2.5 (72). These classified
DNA sequences were also aligned and clustered at 97% DNA similarity for multivariate analysis.

DNA sequences related to rhizobial genera were retrieved from root nodules (3,530,886 sequences)
and rhizosphere (276,338), and were extracted using mothur. The rhizobial sequences along with the ref-
erence sequences from GenBank were aligned and clustered into different groups at 97% DNA similarity.
The representative sequences from each cluster were selected for the maximume-likelihood (ML) phylo-
genetic analysis. The phylogenetic analysis was performed to assess the distribution of rhizobial genera
within soybean root nodules and rhizosphere. MEGA software version 5.2 (73) was used to construct an
ML phylogenetic tree, and branches representing the same genera were collapsed into subgroups. For
the phylogenetic tree, the Tamura-Nei model of uniform nucleotide substitution rate was selected, and
confidence in tree topology was assessed by 10,000 bootstrap iterations. Bootstrap values greater than
50% were reported in the phylogenetic tree. Similarly, phylogenetic trees for Nitrobacter and Tardiphaga
were also constructed.

The variations in the endophytic bacterial community in soybean root nodules of different plants
were accessed by nonmetric multidimensional scaling (NMDS) as described earlier (74). Briefly, we used
two different data sets for NMDS analysis. The first data set contained the distribution of all classified
bacterial genera in root nodules (containing 3,657,224 sequences), whereas the second data set con-
tained only the distribution of 1,635 sequences of NREs, excluding the sequences related to
Bradyrhizobium, Nitrobacter, and Tardiphaga. Within almost all root nodules, these three bacterial genera
were consistently detected at a relatively high abundance compared to other commonly reported NREs.
For both data sets, we have used the abundance-based Bray-Curtis similarity metric, and data were
square root transformed prior to calculating the resemblance metric. The Bray-Curtis similarity metric
was calculated using the function vegdist in the R package vegan (75), and the significance of differen-
ces across different plants as well as at different locations was tested by PERMANOVA (76) using the
function adonis in R (75).

Soil analysis. Briefly, the rhizosphere soils of each plant (P1 to P9) were collected separately by
gently shaking the plant roots on a sterilized bag. Approximately 20 to 30 g of soil per plant was col-
lected and sent to the University of Missouri Soil and Plant Testing Laboratory for geochemical analysis.
The soil samples were tested for pH, organic matter, nitrate concentration, ammonium concentration,
phosphorus, potassium, calcium, magnesium, and potential cation exchange capacity using the proce-
dures described in reference 77.

Data availability. The 16S rRNA gene sequences were deposited in the NCBI Sequence Read
Archive (SRA) under BioProject ID PRINA625756.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.6 MB.
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