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Summary
Three soybean [Glycine max (L) Merr.] small RNA libraries were generated and sequenced using

the Illumina platform to examine the role of miRNAs during soybean nodulation. The small RNA

libraries were derived from root hairs inoculated with Bradyrhizobium japonicum (In_RH) or

mock-inoculated with water (Un_RH), as well as from the comparable inoculated stripped root

samples (i.e. inoculated roots with the root hairs removed). Sequencing of these libraries

identified a total of 114 miRNAs, including 22 novel miRNAs. A comparison of miRNA

abundance among the 114 miRNAs identified 66 miRNAs that were differentially expressed

between root hairs and stripped roots, and 48 miRNAs that were differentially regulated in

infected root hairs in response to B. japonicum when compared to uninfected root hairs

(P ≤ 0.05). A parallel analysis of RNA ends (PARE) library was constructed and sequenced to

reveal a total of 405 soybean miRNA targets, with most predicted to encode transcription factors

or proteins involved in protein modification, protein degradation and hormone pathways. The

roles of gma-miR4416 and gma-miR2606b during nodulation were further analysed. Ectopic

expression of these two miRNAs in soybean roots resulted in significant changes in nodule

numbers. miRNA target information suggested that gma-miR2606b regulates a Mannosyl-

oligosaccharide 1, 2-alpha-mannosidase gene, while gma-miR4416 regulates the expression of a

rhizobium-induced peroxidase 1 (RIP1)-like peroxidase gene, GmRIP1, during nodulation.

Introduction

Non-protein-coding RNAs (ncRNAs) are a class of riboregulators

that play a pivotal role in the control of gene transcription or

translation (Eddy, 2001). For example, microRNAs (miRNAs)

regulate transcription through transcript cleavage or translational

inhibition. Additionally, some ncRNAs also contribute to the

spread of gene silencing through the production of secondary

small interfering RNAs (Allen et al., 2005; Chen, 2012). miRNAs

have been intensively studied in both animals and plants. Since

the first miRNA was discovered in Caenorhabditis elegans (Lee

et al., 1993), the sequences of 30 000 miRNAs from 200 species

have been deposited in miRBase (http://www.mirbase.org/).

In the last few years, several published reports demonstrated

specific biological roles for miRNAs in the regulation of plant

development, hormone signalling, pattern formation, metabo-

lism, plant–microbe interaction and adaptation to abiotic stress

(reviewed by Chen, 2009; Ruiz-Ferrer and Voinnet, 2009).

Although a number of reports have focused on the role of plant

miRNAs in plant–microbe interactions, relatively few studies

specifically addressed the role of miRNAs in the legume nodula-

tion process.

Soybean [Glycine max (L) Merr] is a legume crop that is a major

source of vegetable oil and feed for animal production. A key

feature of soybean is the ability to establish a nitrogen-fixing

symbiosis with the soil bacterium Bradyrhizobium japonicum,

thereby alleviating the need for nitrogen fertilizer application.

Under conditions of nitrogen deficiency, B. japonicum infects

soybean roots through root hair cells, induces the formation of

symbiotic root nodules and establishes a persistent, intracellular

infection. Within the nodule, the bacteria convert atmospheric

nitrogen into ammonia, which is provided to the plant to support

growth (Jones et al., 2007; Oldroyd, 2013; Oldroyd and Downie,

2004).

Nodule cell development in soybean is synchronous. Therefore,

a number of studies identified miRNAs with potential roles during
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specific phases of nodule development. In one study focused on

an early stage of the symbiotic interaction, 55 miRNAs families,

including 35 novel miRNAs, were identified from B. japonicium-

inoculated soybean roots 3 h postinoculation or from mock-

inoculated roots (Subramanian et al., 2008). Expression levels of

these miRNAs were quantified, and a subset of miRNAs was

found to be differentially regulated during the early phases of

nodulation (Subramanian et al., 2008). More recently, with the

aid of the complete soybean genome sequence, reanalysis of

these small RNA data resulted in the identification of 120 novel

miRNAs (Turner et al., 2012). In a separate study of small RNAs

from a variety of soybean tissues, including nitrogen-fixing

nodules collected 7, 14 and 21 days after B. japonicium inocu-

lation, 129 miRNAs, including 87 novel miRNA, were identified

(Joshi et al., 2010). Finally, 32 miRNAs were identified from a

small RNA library constructed from more mature, 28-day-old

soybean nodules (Wang et al., 2009). Collectively, these exper-

iments identified a number of miRNAs that may be involved in the

regulation of nodule development.

A role for miRNAs in regulating gene expression during a

variety of plant–microbe interactions is well documented

(reviewed by Hewezi et al., 2012; Katiyar-Agarwal and Jin,

2010; Khraiwesh et al., 2012; Staiger et al., 2013; Zhu et al.,

2013). However, relatively few studies have gone further to

define specific functions for miRNAs during nodule development.

Combier et al. (2006) reported that miR169a mediates the

cleavage of MtHAP2-1, a transcription factor, which regulates

nodule development by controlling meristem persistence in

Medicago truncatula (M. truncatula). Subsequently, Boualem

et al. (2008) demonstrated that miR166 regulated expression of

an HD-ZIPIII transcription factor known to be essential for both

root and nodule development. In a more recent report, Li et al.

(2010) demonstrated that ectopic expression of mir482 and

miR1515 resulted in an increase in nodule numbers on soybean

roots, suggesting a positive role for these miRNAs in the

nodulation process. Turner et al. (2013) reported that miR160

regulates a set of auxin response factors and inhibits nodule

primordia development. We reported that gma-miR172 regulates

AP2 transcription factors, which directly or indirectly inhibit the

level of nodule haemoglobin, which correlated with nodule

development (Yan et al., 2013). Recently, Wang et al. (2014)

expanded on our earlier study by showing that miR172 positively

regulates soybean nodulation through targeting Nodule Number

Control1, an AP2 transcription factor, which directly represses

expression of the early nodulin gene, ENOD40.

As B. japonicum infection of soybean root hairs is among the

earliest events in the nodulation process, we focused on the

activities and functions of miRNA in root hairs after inoculation.

Using high-throughput sequencing technology, we sequenced

three small RNA libraries from root hairs either mock-inoculated

with water (Un_RH) or inoculated with B. japonicum (In_RH), as

well as from the corresponding B. japonicum-inoculated stripped

roots (i.e. roots with root hairs removed). At the same time, we

also generated and sequenced a parallel analysis of RNA ends

(PARE) library from soybean root hairs. A total of 114 miRNAs

with 405 gene targets were identified, including 22 novel

miRNAs. Expression analysis identified 66 miRNAs differentially

expressed between root hairs and stripped roots and 48 miRNAs

that were differentially regulated after B. japonicum inoculation

in root hairs when compared to uninfected root hairs. Among

these miRNAs, we focused on functional characterization of two

miRNAs, gma-miR2606b and gma-miR4416, in the soybean

nodulation process. The data indicate that gma-miR2606b and

gma-miR4416 positively and negatively regulate soybean nodu-

lation, respectively, and illustrate the important role of miRNAs

during the early stages of soybean nodulation.

Results

Sequencing of small RNAs in soybean root hairs infected
by B. japonicum

In our previous research, such as transcriptome, proteome,

phosphoproteome and metabolome studies ( Brechenmacher

et al., 2012, 2010; Libault et al., 2010b; Nguyen et al., 2012), we

examined the plant root hair response to B. japonicum inocula-

tion from 0 to 48 h. These experiments identified a large number

of genes, proteins and metabolites regulated upon B. japonicum

infection. Microscopic studies also indicate that the first 48 h

define the period of B. japonicum infection of root hairs. Thus, to

examine the activities of miRNAs during the early stages of

B. japonicum infection, small RNA libraries were generated from

root hairs collected and pooled at 12, 18, 24 and 48-h after mock

inoculation (Un_RH) or inoculation with B. japonicum (In_RH).

The comparable B. japonicum-inoculated stripped root samples

(i.e. inoculated roots with the root hairs removed) were also

collected. These three small RNA libraries were then sequenced

using Illumina sequencing technology, resulting in the generation

of 3 697 659; 1 900 537; and 3 828 884 primary sequence tags

from the Un_RH, In_RH and stripped roots libraries, respectively.

Mapping of these primary sequence tags to the soybean genome

resulted in 637 069 (17%), 418 868 (22%) and 1 804 706

(47%) tags matching perfectly from the Un_RH, In_RH and

stripped root libraries, respectively (Table 1).

The distribution of primary sequence tags of different lengths is

shown for each library in Figure 1, revealing two major peaks at

21 and 24 nt. The proportion of 24-nt small RNAs was similar for

the Un_RH and In_RH libraries, with 26% and 33%, respectively.

The distribution in the stripped root library was different with the

24-nucleotide category, representing 56% of the total, a much

larger proportion than Un_RH and In_RH. There were a higher

proportion of 21-nt small RNAs in the root hair libraries with 23%

and 19% in the Un_RH and In_RH libraries, respectively, and only

13% in the stripped root library. These findings are consistent

with previous reports that different tissues can show different

relative levels of small RNA sizes (Jeong et al., 2011; Kasschau

et al., 2007).

The first nucleotide of the 50 end of the small RNA sequence

is characteristic of the interaction with a specific AGRONAUTE

Table 1 Number of sequenced tags matching the soybean genome,

tRNA, rRNA and distinct tags in three small RNA libraries (Un_RH,

In_RH and stripped root)

Un_RH In_RH Stripped root

Total sequences 3 697 659 1 900 537 3 828 884

Genome-matched reads 637 069 418 868 1 804 706

Distinct genome-matched

reads

178 666 150 193 800 136

Reads matched tRNA,

rRNA or snoRNA

1 238 993 638 398 758 231

Un_RH and In_RH, uninfected and infected root hairs.
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(AGO) protein (Mi et al., 2008). To determine whether a bias

exists in the 50 nucleotide of the various soybean small RNA

classes, the distribution of the first nucleotide of each small

RNA sequence was calculated relative to the length of the small

RNA (Table S1). Uridine, which is characteristic of small RNA

that associate with AGO1, was found to be more abundant

than the other three possible nucleotides at the first nucleotide

in 21- and 22-nt small RNAs, with an average of 34% and

36%, respectively. This was true of all three libraries. In

contrast, 38% of the 24-nt small RNAs had adenosine as the 50

nucleotide, which is a characteristic of small RNA that associ-

ates with AGO4. Chi-squared statistical analysis revealed a

significant difference between the distribution of the 50

nucleotide with the null hypothesis that A (adenine), G

(guanine), U (uracil) and C (cytosine) were equally distributed

(25% each) at the 50 end of each of the 21- and 24-nt small

RNAs. These results indicate that different size classes of small

RNAs exhibit different 50 bias.

miRNA identification in soybean root hairs and stripped
root

To identify miRNAs from the three small RNA libraries generated

in this study, sequence tags of 18–26 nt in length were compared

with the most up-to-date plant miRNA data set (miRBASE V.20,

released in 2013). Additionally, the secondary structures of

potential miRNA precursor sequences (see Materials and meth-

ods) were predicted using DINAMelt software following RNA3.0

parameters (Markham and Zuker, 2005) and criteria established

by Meyers et al. (2008). Using these criteria, a total of 114

miRNAs, including 92 known miRNA and 22 novel miRNAs, were

identified (Table S2). Of the 92 known miRNAs, 30 are members

of 17 miRNA families conserved across diverse plant species,

seven miRNAs are conserved among other legumes species, and

52 miRNAs were grouped into 41 miRNA families that might be

soybean specific (Table S2). miR166 and miR156 were highest in

abundance in the conserved miRNA families, whereas miR1507

and miR1511 were the most abundant in legume- and soybean-

specific miRNAs, respectively (Table S2). Interestingly, the abun-

dance of some miRNA* was even higher than the corresponding

miRNA, such as miR482*. These results support previous reports

that miRNA* may also function in gene silencing (Zhang et al.,

2011) or it could indicate that the miRNA is misannotated (Jeong

et al., 2011).

Identification of B. japonicum-responsive soybean
miRNAs

To identify tissue-specific B. japonicum-responsive miRNAs in

soybean, the normalized expression levels of miRNAs in the three

libraries (Un_RH, In_RH and stripped roots) were compared. A

total of 86 miRNAs were expressed in all three libraries. Six

miRNAs appeared specific for root hairs (either infected or not),

and two, one and one miRNAs were specifically expressed in the

In_RH, Un_RH and stripped root libraries, respectively (Figure 2).

Statistical analysis of miRNA abundance between libraries

identified 66 miRNAs that were differentially expressed between

root hairs and stripped roots (Figure 3a). In addition, we

identified 48 miRNAs that were differentially regulated by

B. japonicum infection through comparison of the In_RH and

Un_RH libraries (Figure 3b). To validate these results, the

expression levels of 11 B. japonicum-responsive soybean miRNAs

were measured by quantitative RT-PCR (qRT-PCR) following the

protocol described by Varkonyi-Gasic et al. (2007). These results

are shown in Figure 4. The data generated by qRT-PCR and

sequencing were consistent with the up- or down-regulation of

genes predicted by the miRNA sequencing results (correlation

coefficient of the two data sets is 0.78), although the fold

changes were sometimes different. For example, miR1510 was

increased 22-fold after B. japonicum inoculation based on

Illumina sequencing, but only twofold based on miRNA qRT-

PCR (Figure 4). This apparent difference may be due to the

specificity of miRNA qRT-PCR primer, as opposed to multiple

reads sequenced by Illumina.

Identification of miRNA cleavage targets by PARE library
sequencing

The small RNA sequences generated from the sequencing of

the Un_RH, In_RH and stripped root libraries identified 92

known miRNAs and 22 novel miRNAs. Because biological

interpretation of these results is incomplete without identifi-

cation of the corresponding mRNA targets of the root hair

Figure 1 Size distribution of small RNAs identified from mock-inoculated

root hairs (Un_RH) and Bradyrhizobium japonicum-infected root hairs

(IN_RH) and stripped roots. Reads were normalized to transcripts per

million. The size of small RNAs was plotted against frequency in each

library. The majority of the tags were 21, 22 and 24 nucleotides in length.

Figure 2 Venn diagram of number of miRNAs expressed in stripped

roots, Un_RH and In_RH. Normalized expression levels of miRNAs from

stripped roots, Un_RH and In_RH libraries were compared. Among 86

miRNAs from three libraries, one, two and one miRNAs indentified only in

stripped roots, In_RH and Un_RH libraries, respectively.
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miRNAs, we constructed a PARE library from the mixture of

In_RH and Un_RH RNA. PARE sequencing generated more than

7.9 million raw reads (Table 2), including 83% of 20 or 21 nt

sequences, which represents the length of the fragments

generated by the MmeI enzyme (see Materials and methods).

The results of our root hair PARE data were then combined

with the previously published soybean seed PARE data (Song

et al., 2011), yielding a total of 405 soybean targets (Table S3),

which could be cleaved by the miRNAs identified in our study

(Figure S1). These target mRNAs were subsequently grouped

into different functional categories using the MapMan program

(Usadel et al., 2005). MAPMAN is a Web-based tool that

classifies genes based on defined categories and displays these

predictions graphically (e.g. within the context of metabolic

pathways). MapMan analysis showed that most of the identi-

fied miRNA targets are predicted to encode proteins involved in

transcriptional regulation, protein modification, protein degra-

dation and hormone synthesis (Figure S2).

(a) (b)

Figure 3 Volcano plot of differential miRNAs expression between libraries. (a) Differential miRNAs expression between root hairs (In_RH) and stripped

roots. (b) Differential miRNAs expression between mock-inoculated root hairs (Un_RH) and Bradyrhizobium japonicum-infected root hairs (In_RH). Fold

change and P values between libraries were calculated by edgeR method. P values were transformed into negative log10 and miRNAs fold change between

libraries was transformed into log2. Negative log10 P values and log2 fold change are on the y- and x-axes, respectively. miRNAs with more than fourfold

change and P values <0.05 were shown in blue.

Figure 4 Validation of several rhizobium-responsive miRNA candidates in root hairs by qRT-PCR. The expression levels of 11 selected miRNAs were

measured by qRT-PCR (blue column) using cDNAs synthesized from RNA samples collected from In_RH or Un_RH tissues. Three replications were

performed. The fold change of each miRNA was calculated by In_RH/Un_RH. The red bar indicates the fold change of each miRNA (In_RH/Un_RH)

calculated from Illumina sequencing data.
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gma-miR2606b and gma-miR4416, B. japonicum-
responsive miRNAs, regulate soybean nodulation

Utilizing small RNA sequence results, we selected four miRNAs,

TAG_2383310, miR1514, gma-miR2606b and gma-miR4416, for

further functional analysis. The expression levels of these miRNAs

were significantly regulated upon B. japonicum inoculation (Fig-

ure 4). These four B. japonicum-responsive miRNAs are legume-

(gma-miR2606b andmiR1514) or soybean-specific (TAG_2383310

and gma-miR4416) miRNAs.

To investigate the functional roles of these miRNAs in soybean

nodulation, we cloned the sequence of the precursor mRNAs for

each of the above miRNAs behind the strong CvMV promoter in

the binary vector pCAMGFP-CvMV:GWOX, which expresses a

constitutive GFP cassette (Li et al., 2010). These constructs were

introduced into Agrobacterium rhizogenes and subsequently

used to transform soybean roots (Collier et al., 2005). The

transformed hairy roots were identified by their constitutive GFP

expression, and the nodulation phenotypes were recorded for

each of the constructs and compared to control roots similarly

transformed with an empty vector. As shown in Figure 5a, nodule

numbers increased 2.4-fold in hairy roots ectopically expressing

gma-miR2606b. In contrast, nodule numbers were decreased by

40% in roots expressing gma-miR4416 (Figure 5a). No significant

differences were observed in nodule morphology based on

microscopic analysis of nodule structure in thin sections (Fig-

ure 5b). No significant changes in nodulation were detected in

roots ectopically expressing either miR1514 or TAG_2383310

(Figure S3).

Because ectopic expression of gma-miR2606b and gma-

miR4416 altered nodule numbers, we queried our PARE library

data to determine whether any of the miRNA targets identified in

our study are regulated by gma-miR2606b and gma-miR4416.

We identified 2 targets for gma-miR2606b and six targets for

gma-miR4416 (Table S3). To validate miRNA activity on these

targets, we used qRT-PCR to measure the expression levels of

both miRNA and their target mRNAs in tissues taken from the

control and miRNA-overexpressing transgenic roots (Figure 6).

For gma-miR2606b, the level of gma-miR2606b was increased

more than ninefold relative to control roots with a concomitant

reduction in the expression of one of the target (Gly-

ma07g02290) mRNAs (Figure 6a). Glyma07g02290 encodes a

Mannosyl-oligosaccharide 1, 2-alpha-mannosidase (MNS). The

role for MNS in nodulation is still unknown. However, it was

reported that MNS might be involve in N-Glycan processing,

which affects root development and cell wall biosynthesis

(Liebminger et al., 2009).

The level of gma-miR4416 was increased more than 82-fold in

the transformed roots with a concomitant reduction in the mRNA

abundance of three of the six target genes (Figure 6b). Among

these three significantly regulated target genes, Glyma11g29920

was reduced 50-fold in gma-miR4416 overexpression tissues.

Glyma11g29920 encodes a peroxidase gene that is homologous to

M. truncatula RIP1 (rhizobium-induced peroxidase 1) with 75.6%

similarity in protein sequence (Figure S4) and, hence, we refer to

this gene as GmRIP1. RIP1 is a well-studied nodulin gene in

M. truncatula. It was reported that RIP1 is induced very early (3 h)

by rhizobial infection and is highly expressed in the differentiating

root hair during the pre-infection stage in M. truncatula roots

(Cook et al., 1995). When we performed qRT-PCR to measure

GmRIP1 expression in the Un_RH and In_RH tissues, we found that

GmRIP1 expression was significantly induced after B. japonicum

infection (Figure 7), similar to the situation inM. truncatula (Cook

et al., 1995), which is negatively correlated with the expression of

gma-miR4416. Taken together, our results suggest that gma-

miR4416-mediated regulation of GmRIP1 is a key regulator during

soybean nodulation and symbiosis.

Table 2 Number of sequenced tags matching the soybean genome,

t/r/sn/snoRNA and distinct tags in root hair PARE library

Total

sequences

Genome

matched

Distinct genome

matched

t/r/sn/snoRNA

matched

7 943 293 4 020 331 332 989 70 577

(a)

(b)

Figure 5 Ecotopic expression of miR2606b and miR4416 in soybean

hairy roots resulted in significant changes of nodule numbers. (a) Relative

nodule number formed on soybean hairy roots expressing miR2606b and

miR4416 as compared to roots transformed with the empty vector control.

Asterisks indicate that the difference is statistically significant at P < 0.05

level. Error bar represents �SE. (b) GFP-expressing root nodules in

transgenic roots (top) and thin section (bottom) of nodule showing the

infected and uninfected cells.
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Discussion

Although a number of miRNAs were identified in different tissues

during soybean nodulation (Joshi et al., 2010; Subramanian

et al., 2008; Turner et al., 2012; Wang et al., 2009), there is no

report focused on root hairs, which are the primary route of

rhizobial infection. High-throughput sequencing identified a total

of 114 miRNAs in soybean roots, including 22 novel miRNAs. At

the same time, 405 soybean miRNA targets were found through

PARE analysis. Notably, the expression levels of 48 miRNAs in root

hairs were significantly affected by B. japonicum inoculation, an

observation that is consistent with the hypothesis that miRNAs

play an important regulatory role in early steps of symbiotic

development. Of the 48 B. japonicum-responsive miRNAs, 38

match known miRNAs and ten miRNAs are novel miRNAs. Among

the 38 known miRNAs, 15 are conserved in plant species, seven

are conserved in legumes, and 16 are soybean-specific miRNAs.

Gene targets of these miRNAs were grouped into functional

categories as defined by MapMan (Figure S2). For miRNAs

regulated during symbioses, the majority of the targets were

predicted to encode transcription factors and, hence, would be

expected to mediate their effects by regulating a variety of genes

that might be critical to the nodulation process. Indeed, there are

a number of reports where targeting of specific transcription

factors by miRNAs regulates nodulation; for example, miR169

regulating HAP2 (Combier et al., 2006), miR166 regulating HD-

ZIPIII (Boualem et al., 2008) and miR172 regulating AP2 tran-

scription factors (Wang et al., 2014; Yan et al., 2013). Other

targets are also expected to have broad effects on nodulation as

they are predicted to play roles in hormone physiology (e.g. IAA,

ABA, ethylene and jasmonic acid), or in the perception (e.g.

receptor kinases) and transmission (e.g. calcium signalling) of

important signal molecules. A few 14-3-3 genes, which encode

phosphoserine- or phosphothreonine-binding proteins, were also

targeted, suggesting a possible role in modulating the effects of

protein phosphorylation.

miRNA qRT-PCR (Figure 4) was used to validate the expression

patterns of specific miRNAs with a focus on those whose

expression responded to B. japonicum inoculation. Among these

miRNAs, miR172 was reported to be a positive regulator of

soybean nodulation through targeting several AP2 transcription

factors (Wang et al., 2014; Yan et al., 2013). Ectopic overex-

pression of miR172 increased the number of deformed root hairs

and nodule initiation and enhanced nitrogenase activity. Previous

research demonstrated that miR166 targets class III HD-ZIP

transcription factors, MtCNA1 and MtCNA2, and ectopic expres-

sion of miR166 reduced lateral root growth and nodule devel-

opment in M. truncatula (Boualem et al., 2008). In our

experiment, miR166 levels dropped roughly two-thirds after

rhizobial infection (Figure 4). In our PARE data, one HD-ZIP

transcription factor, Glyma05g30000, was identified as a target

of miR166. According to the protein sequence, the Gly-

ma05g30000 coding sequence is about 79.6% and 78.4%

similar to the protein sequences of MtCNA1 and MtCNA2,

respectively, suggesting that the role of miR166 in nodulation

may be conserved between M. truncatula and soybean.

miR1507 was identified in soybean root, stem, leaf and mature

green seed (Li et al., 2010). Expression analysis found that

miR1507 levels did not change in soybean roots from 0 to

14 days after rhizobial infection (Li et al., 2010). However, in our

root hair experiments, there was a remarkable decrease in

miR1507 levels after rhizobial infection. miR1507 is a 22 nt

miRNA and targets a NB-LRR-type disease resistance gene,

Glyma04g29220, found in our PARE data. miR1507 was previ-

ously reported to target and generate secondary-phased siRNAs

from Glyma04g29220, and secondary siRNAs that could regulate

(a) (b)

Figure 6 Expression of miRNAs and the corresponding target genes in miRNA overexpression tissues. (a) qRT-PCR analysis of gma-miR2606 (in red

bar) and its two targets (in white bar) in gma-miR2606 overexpression tissues. (b) qRT-PCR analysis of gma-miR4416 (in red bar) and its six targets (in white

bar) in gma-miR4416 overexpression tissues. Three biological replicates were used. *indicates significant at the 0.05 probability level; ** indicates

significant at the 0.01 probability level; *** indicates significant at the 0.005 probability level. Error bar represents �SE.

Figure 7 Relative expression levels of GmRIP1 (Glyma11g29920) in water

mock-inoculated control (Un_RH) and Bradyrhizobium japonicum-

innoculated root hairs (In_RH). Three replications were performed. Bar

represents �SE. *** indicates significant at the 0.005 probability level.

Error bar represents �SE.
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in cis or trans other NB-LRR genes (Arikit et al., 2014). These data

suggest that miR1507 could regulate the interaction between

root hairs with rhizobium during early infection and might control

the early symbiotic process.

While our data clearly identified a variety of interesting genes

worthy of further study, we focused on several specific miRNAs,

based on their transcriptional response to B. japonicum. Ectopic

expression of miRNA in soybean roots transformed by A. rhizog-

enes demonstrated that some rhizobium-responsive miRNAs

could play important roles during nodulation.

miR2606b is a legume-conserved miRNA. In M. truncatula,

miR2606b was identified from both roots and nodules (Devers

et al., 2011; Lelandais-Briere et al., 2009). The expression level of

miR2606b did not change during mycorrhizal infection of roots

(Devers et al., 2011). In our experiment, we validated that gma-

miR2606b is significantly repressed after B. japonicum infection

by both illumina sequencing and miRNA qRT-PCR analysis.

Overexpression of gma-miR2606b significantly increased soybean

nodulation. Target analysis confirmed that gma-miR2606b reg-

ulates the expression of a Mannosyl-oligosaccharide 1, 2-alpha-

mannosidase in soybean roots. Until now, there are no reports

describing a role for MNS in nodulation. However, in Arabidopsis,

MNS was reported to function in N-linked oligosaccharide

processing, which impacts root development and cell wall

biosynthesis (Liebminger et al., 2009). In MNS mutant plants,

root cell wall architecture is altered and plants also display shorter

and increased lateral roots (Liebminger et al., 2009). These results

suggest that MNS could have a role in root and root hair growth

or infection thread formation during the legume microbe

symbiosis.

gma-miR4416 is a soybean-specific miRNA of unknown

function. According to previous small RNA analysis in different

soybean tissues (Joshi et al., 2010), the levels of gma-miR4416

are highest in roots and nodules, but relatively low in seed and

flower tissues. In root hairs, the expression of gma-miR4416 was

repressed after rhizobial infection. Utilizing our PARE results and

confirmation by qRT-PCR, we identified GmRIP1, a peroxidase

gene that is targeted by gma-miR4416. RIP1 was reported as an

early nodulin gene, which is rapidly induced by rhizobial infection

and maintains high expression during the pre-infection period in

M. truncatula roots (Cook et al., 1995). RIP1 expression dropped

48 h postinoculation and decreased to levels comparable to

uninoculated roots during nodule morphogenesis (Peng et al.,

1996). In situ hybridization confirmed that RIP1 was strongly

induced in differentiating root hairs, which indicated that RIP1

could facilitate rhizobial infection (Cook et al., 1995). Further

analysis revealed that rhizobial or Nod factor inoculation could

induce RIP1 expression and ROS production with a similar spatial

and temporal pattern. RIP1 expression is also induced by ROS

(Ramu et al., 2002). ROS levels increase during the early stages of

nodulation elicited by the rhizobial lipo-chitooligosaccharide Nod

factor, while this does not occur when plants are inoculated with

rhizobial mutant strains that cannot produce this signal (Ramu

et al., 2002). ROS is required for root hair outgrowth and

initiation of nodulation (D’Haeze et al., 2003). Suppression of

ROS accumulation in M. truncatula inhibited infection thread

development and root hair curling in the rhizobial infection

process (Peleg-Grossman et al., 2007). In soybean, gma-miR4416

expression is root hair specific, relative to the other tissues

examined, such as root tip, root, nodule, apical meristem, leaf,

flower and green pod (Libault et al., 2010b). In our research, we

found that GmRIP1 expression negatively correlates with gma-

miR4416 expression levels and increased after rhizobial infection

in soybean root hairs. The data are consistent with a model by

which gma-miR4416 targets GmRIP1, which could potentially

mediate ROS levels such as to promote early infection but prohibit

any later, negative effects. Although the function of MNS

(targeted by miR2606b) in legume nodulation and infection is

not known, it may have role in root or root hair growth and the

infection process. On the other hand, consistent with the previous

work in M. truncatula, RIP1 (targeted by gma-miR4416) clearly

has an important role to play during the earliest stages of the

infection process.

Materials and methods

Plant materials and library construction

Root hair and stripped root tissues were isolated from soybean

[G. max (L) Merr.] cultivar Williams 82, as described by Bre-

chenmacher et al. (2010). Briefly, seeds were surface sterilized

with 30% bleach, rinsed several times with autoclaved double-

distillated H2O (ddH2O), once with 0.01 M HCl for 10 min, and

then several times with autoclaved ddH2O. Sterilized seeds were

put in plates contained nitrogen-free B&D agar medium (Brough-

ton and Dilworth, 1971) and germinated in a growth chamber in

the dark at 27 °C and 80% humidity. After 3 days, soybean roots

were inoculated with B. japonicum strain USDA110 or mock-

inoculated with sterile water. Root hairs and stripped roots were

separated after freezing in liquid nitrogen.

Tissues, uninoculated root hairs (Un-RH), inoculated root

hairs (In_RH) or stripped roots, were collected 12, 18, 24 and

48 h postinoculation. Each time point had three biological

replicates. Total RNA was purified using Trizol Reagent

according to the manufacturer’s instructions (Invitrogen, Carls-

bad, CA) and subsequently purified using chloroform extrac-

tion. Three small RNAs libraries (uninoculated root hairs,

inoculated root hairs or stripped roots) were generated. For

each library, 12 RNA samples from three biological replicates

and four time points were pooled equally. Mixed RNA was

used for small RNA library construction following the protocol

described by Lu et al. (2007). Briefly, small molecular weight

RNA was separated from total RNA by precipitation in the

presence of 5 M NaCl and PEG8000. The 18–30 nt small RNA

size class was purified from a 15% polyacrylamide/urea gel.

Purified small RNAs were ligated to 30 and 50 adapters. After

reverse transcription and PCR amplification, enriched small

RNAs (sRNAs) were sequenced using the Illumina HiSeq 2000

platform at the University of Delaware’s Sequencing and

Genotyping Center.

Small RNA library analysis

Small RNA analyses were performed as described by Joshi et al.

(2010). Briefly, small RNA sequences were trimmed of the

adapter sequence and mapped to the soybean genome. Only

perfectly matched sequences were retained for analysis. The

sequences that matched soybean tRNA and rRNA sequences were

excluded from further analysis. Small RNA abundance was

normalized into transcripts per million (TPM) to compare small

RNA expression between libraries.

miRNA prediction and statistical analysis

The method developed by Joshi et al. (2010) was used to identify

miRNAs from the soybean small RNA sequences. Briefly, the

predicted miRNA precursor sequence including the 200 bp
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upstream and downstream sequences was extracted from the

published soybean genome sequence and the derived RNA

secondary structures predicted using the DINAMelt program with

default RNA3.0 parameters (Markham and Zuker, 2005). The

criteria defined by Meyers et al. (2008) were used to distinguish

false and positive miRNA secondary structures predicted by

DINAMelt.

To compare the abundance of miRNAs between libraries, the

edgeR (Robinson and Smyth, 2008; Robinson et al., 2010)

method was applied to analyse the data using the method for

data without biological replicates. For controlled experiments, 0.1

is suggested in the user guide (Chen et al., 2014) as the square-

root-dispersion parameter for genetically identical model organ-

isms. An exact negative binomial test was used to test each

miRNA for differential expression and P-values were computed.

False discovery rates (FDRs) were then calculated from the list of

P-values using the BH algorithm (Benjamini and Hochberg, 1995).

We chose 0.05 as the cut-off for controlling FDR.

miRNA target analysis

A soybean PARE library was generated according to the methods

described by German et al. (2009). To determine potential targets

of miRNAs identified in the inoculated and uninoculated soybean

root hairs, as well as in the stripped roots, we used the pipelines

which were well described by Zhai et al. (2011). Mature miRNA

sequences were used as queries to search for potential target

messenger RNA (mRNA). To confirm the potential target mRNA

generated by the CleaveLand pipeline (Addo-Quaye et al., 2009).

We mined a previously published soybean degradome library

developed from soybean seed tissue (Song et al., 2011), which

contains 15 million degradome sequencing reads, including about

one million distinct genome-matched reads. For degradome

analysis, two windows flanking each predicted cleavage site were

defined. The small window (Ws) was defined as 2 nt around the

cleavage site, and a large window (Wl) was defined as 15 nt

around cleavage site. The sum of the abundance of tags located

in each window region was calculated. Targets were accepted if

Ws ≥ 2 with a corresponding Ws/Wl ≥ 0.5.

qRT-PCR analysis of microRNAs and mRNA targets

Quantification of mature miRNA abundance was performed by

quantitative RT-PCR (qRT-PCR) following the protocol described

by Varkonyi-Gasic et al. (2007). Briefly, genomic DNA (gDNA)

was removed from the purified RNA using Turbo DNase (Ambion

Inc., Austin, TX) following the manufacturer’s instructions. One

microgram of gDNA-free RNA was reverse-transcribed using

Superscript III (Invitrogen) using a stem-loop-specific RT-primer,

which contained six nucleotide-specific sequences from the

complementary 30 end sequence of each miRNA (Table S4).

qRT-PCR was performed using SYBR Green PCR mix (ABI enzyme)

using a miRNA-specific forward primer and a universal reverse

primer. The reference genes snoR1 and 5.8S (Table S4) were

selected to calculate the relative expression of each miRNA.

We analysed the expression of target mRNA by quantitative

RT-PCR following the protocol previously described using

Con4 and Con15 as reference genes (Libault et al., 2008) and

relative expression data were analysed according to Libault et al.

(2010b).

Three replications were performed for both miRNAs and mRNA

targets analyses, and Student’s t-test used to compare differences

between control and experimental values.

Plasmid construction and soybean hairy root
transformation

Agrobacterium rhizogenes-dependent hairy root transformation

was used to construct transgenic soybean roots ectopically

expressing the selected miRNAs. The vector pCAMGFP-DC-

GWOX was used, which allowed cloning of the precursor mRNA

of each of the miRNA behind the strong CvMV promoter. The T-

DNA of this vector also contained a constitutively expressed GFP

cassette (Li et al., 2010), which enabled identification of trans-

formed roots by GFP fluorescence. The nodulation phenotypes of

only the transformed roots were measured and compared to

empty vector controls.

To clone miRNA precursors, the region of DNA spanning

200 bp upstream and downstream of each miRNA coding region

was amplified from soybean genomic DNA (Table S4). The

amplified precursors were cloned in the pDONR-Zeo vector using

the Gateway� BP Clonase� II enzyme mixes (Invitrogen) and

sequenced. The resulting plasmids were recombined into the

pCAMGFP-DC-GWOX binary vector using the Gateway� LR

Clonase� II enzyme mixes (Invitrogen). Subsequently, the positive

plasmids were introduced into A. rhizogenes K599 by electropo-

ration and used for hairy root transformation as previously

described (Libault et al., 2009). Briefly, apical stem sections were

excised from 14-day-old soybean seedlings and infected by

A. rhizogenes K599 harbouring either empty vector as a control

or the miRNA precursor overexpression constructs. After 24 days

of incubation, the soybean hairy roots were inoculated with

B. japonicum USDA110. Transgenic roots were identified

6 weeks postinoculation based on their strong GFP fluorescence.

Hairy roots were generated on 12 plants per construct, and the

transformation repeated six times under the same conditions. For

each replicate, the fold change of nodule numbers of miRNA-

expressing roots compared to control root was calculated to

evaluate the effect of each miRNA on nodulation. To test whether

there was a significant fold change of nodule number after

miRNA overexpression, a hypothesis t-test was performed with

the null hypothesis of fold change of nodule number equals 1. For

nodule morphology analysis, nodule hand sections were stained

with SYTO13 dye (Invitrogen) described by Haynes et al. (2004).

For nodule ultrastructure, nodules were embedded in paraplast

and sectioned prior to staining with toluidine blue, paraplast was

removed, and then, nodule sections were visualized by light

microscopy.
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