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MicroRNAs (miRNAs) are important regulators of plant growth and development. Previously, we identified a group of
conserved and novel miRNA families from soybean (Glycine max) roots. Many of these miRNAs are specifically induced during
soybean-Bradyrhizobium japonicum interactions. Here, we examined the gene expression levels of six families of novel miRNAs
and investigated their functions in nodule development. We used northern-blot analyses to study the tissue specificity and
time course of miRNA expression. Transgenic expression of miR482, miR1512, and miR1515 led to significant increases of
nodule numbers, while root length, lateral root density, and the number of nodule primordia were not altered in all tested
miRNA lines. We also found differential expression of these miRNAs in nonnodulating and supernodulating soybean mutants.
The expression levels of 22 predicted target genes regulated by six novel miRNAs were studied by real-time polymerase chain
reaction and quantitative real-time polymerase chain reaction. These results suggested that miRNAs play important roles in

soybean nodule development.

Small regulatory RNAs (20-31 nucleotides in size)
play important roles in the development of higher
eukaryotic organisms. MicroRNAs (miRNAs), in par-
ticular, have been shown to regulate several essential
biological processes in higher plants. miRNAs are 21
to 24 nucleotides in length and are synthesized from
70- to 300-bp primary miRNA transcripts (pri-miRNAs).
The pri-miRNA is then processed by DCL1, a Dicer-
like protein known to assist in miRNA maturation, in
two or more steps to generate a miRNA:miRNA*
duplex, resulting in mature miRNA and its near
complementary strand (Bartel, 2004; Chen, 2009).
This duplex is unwound into single strands by a
helicase, and the mature miRNAs are selectively
loaded to the RNA-induced silencing complex. Com-
plementarity between miRNA and its mRNA target
results in either cleavage of target mRNA or inhibition
of translation. The former mechanism is most common
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in plants, whereas the latter mechanism is most com-
mon in animals (Mallory and Bouche, 2008).

miRNAs have been discovered through genetic and
direct cloning approaches (Reinhart et al., 2000; Lagos-
Quintana et al., 2001; Lau et al., 2001; Lee and Ambros,
2001). In plants, miRNAs were identified by direct
cloning after isolation of small RNAs (Reinhart et al.,
2002; Sunkar et al., 2005; Subramanian et al., 2008) or
computational prediction followed by experimental
validation (Wen et al.,, 2008; Zhou et al., 2009). In
higher plants, at least 27 miRNA families in 71 differ-
ent plant species have been identified (miRBase ver-
sion 14.0; Griffiths-Jones, 2006). The rate of miRNA
discovery has increased dramatically with the advent
of novel high-throughput sequencing methods and
improved computational and experimental methods
to validate genuine miRNA genes. Examples include
Arabidopsis (Arabidopsis thaliana; Xie et al., 2005; Lu
et al., 2006; Rajagopalan et al., 2006), rice (Oryza sativa;
Sunkar et al., 2005), wheat (Triticum aestivum; Yao et al.,
2007), Medicago truncatula (Jagadeeswaran et al., 2009;
Lelandais-Briere et al.,, 2009), and soybean (Glycine
max; Subramanian et al., 2008; Joshi et al., 2010).

The plethora of plant miRNAs target a large number
of genes that function in plant development, including
auxin signaling (Wang and Li, 2007; Meng et al., 2009),
boundary formation/organ separation (Berger et al.,
2009; Chitwood et al., 2009), floral development and
vegetative phase change (Willmann and Poethig, 2005;
Zhang et al.,, 2007), leaf organ morphogenesis and
polarity (Nogueira et al., 2006; Husbands et al., 2009),
as well as shoot and root development (Laporte et al.,
2007; Chuck et al., 2009). However, the functions of a
large majority of these novel miRNAs remain to be
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elucidated. All miRNA functions identified so far
came from analyses of a handful of miRNA families
(Bartel, 2009).

Recent studies have discovered novel and species-
specific miRNAs from leguminous plants. In M.
truncatula, 25 conserved miRNA families and 100
novel miRNA candidates were identified using
high-throughput sequencing and computational anal-
ysis (Szittya et al., 2008; Jagadeeswaran et al., 2009;
Lelandais-Briere et al., 2009; Zhou et al., 2009). In
Phaseolus vulgaris, 16 conserved miRNA families and
six novel miRNAs in response to stress were identi-
fied (Arenas-Huertero et al., 2009). We and others
also reported at least 42 conserved and 87 novel
miRNAs from soybean (Subramanian et al., 2008;
Wang et al., 2009; Joshi et al., 2010). Additional large-
scale sequencing targeting soybean and M. truncatula
small RNAs have been carried out (L.O. Vodkin and
B.C. Meyers, personal communications). The conserved
legume miRNAs, such as miR399 from P. vulgaris,
was shown to negatively regulate the ubiquitin E2
conjugase during phosphorus starvation responses
(Valdes-Lopez et al., 2008). This function was consis-
tent with miR399’s function reported in Arabidopsis.
However, none of the novel miRNAs has been inves-
tigated for its functions other than tissue-specific ex-
pression analysis (Jagadeeswaran et al., 2009; Joshi
et al.,, 2010).

One important area of legume miRNA research is to
decipher their roles in legume-Rhizobium symbiosis.
Legume roots infected by Rhizobiaceae bacteria de-
velop a specialized symbiotic organ known as nodules
that are capable of fixing atmospheric nitrogen (Crespi
and Frugier, 2008; Markmann and Parniske, 2009).
Two conserved miRNAs have been studied in M.
truncatula for their functions during nodulation.
miR169 was shown to regulate MtHAP2-1, which
altered nodule development (Combier et al., 2006),
while overexpression of miR166 reduced the number
of symbiotic nodules and lateral roots (Boualem et al.,
2008).

Previously, we generated two libraries of small
RNAs from Bradyrhizobium japonicum-inoculated and
uninoculated soybean roots and obtained approxi-
mately 350,000 tags using high-throughput 454 se-
quencing (Subramanian et al., 2008). We identified 55
families of miRNAs in these two libraries: 20 families
of conserved miRNAs that exist in other higher plants,
and 35 families of “novel” miRNAs that had not been
reported before. Out of these novel families, we clas-
sified soybean miR482 as a novel miRNA based on
pre-miRNA divergence from known miR482 genes.
However, the “miR482” name was assigned by the
miRBase based on the homology criteria of the 22-
nucleotide miRNA sequence. In this report, we sought
to examine the role of a selected group of miRNAs
during nodule development in soybean. We studied
their tissue-specific expression levels and expression
during nodulation, identified their putative target
genes, and more importantly examined the effect of

1760

their misexpression on nodulation and root develop-
ment. The results revealed that some of the miRNAs
and their target genes played important roles in nod-
ule development. It is possible that soybean evolved to
utilize these miRNAs to regulate the symbiotic pro-
cess.

RESULTS
Genome Organization of Selected miRNAs

We had identified a set of 35 novel miRNA families
from soybean (Subramanian et al., 2008). We selected
17 moderately abundant miRNA families (at least 10
sequence reads in our high-throughput sequencing
libraries) for detailed northern-blot analysis. Among
these, only six had detectable expression in the roots:
miR482, miR1507, miR1511, miR1512, miR1515, and
miR1521 (Table I; Fig. 1; Supplemental Fig. S1). The
other 11 miRNAs were most likely expressed at levels
below the limit of detection by northern-blot analysis.

We examined the soybean genome (http://www.
phytozome.com/soybean) to identify genes encoding
these miRNAs (Table I). Among these six miRNAs,
four are encoded by two genes (Table I). However,
both genes are predicted to produce identical mature
miRNAs except for miR1512. The two different genes
encoded two different mature forms of miR1512 (Table
I). Interestingly, none of these miRNAs have been
identified in Arabidopsis, and a BLAST search of the
Arabidopsis genome with these miRNA sequences did
not yield any significant matches (data not shown).
miR1507 might be a legume-specific miRNA family.
Members of this gene family have been identified only
in legume species thus far (Jagadeeswaran et al., 2009;
Lelandais-Briere et al., 2009; Joshi et al., 2010). Addi-
tionally, miR1512, miR1515, and miR1521 have not
been reported in species other than soybean (as of
miRBase version 14). Therefore, we examined the
expression levels of these miRNAs in different soy-
bean organs with the larger goal of identifying and
understanding their roles in root development and
nodulation.

Tissue-Specific Expression of Selected Novel miRNAs

We first examined the general expression levels of
these six miRNAs in different organs of soybean (cv
Williams 82) by northern-blot analysis: root, stem,
mature leaf, fully opened flowers, young pods, and
developing seeds at stages R5 and Ré. Differential
expression of these miRNAs was observed in various
organs. miR1507 was expressed in the root, stem, leaf,
and mature green seed (R6) but was absent in flow-
ers, pods, and younger seeds (R5; Fig. 1). miR482,
miR1511, miR1515, and miR1521 were expressed in all
organs tested, but their expression levels varied sig-
nificantly (Fig. 1). miR482 and miR1511 had the high-
est expression level in stem (Fig. 1); miR1521 had the
highest expression level in leaf; and miR1515 had a
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Table I. miRNA family with high levels of root expression during nodulation

Sequence No. ~ miRNA Name Sequence Genome Location
1 miR482a 5’-UCUUCCCAAUUCCGCCCAUUCCUA-3"  Chromosome 2
miR482b 5’-UCUUCCCAAUUCCGCCCAUUCCUA-3"  Chromosome 18
2 miR1507a 5’-UCUCAUUCCAUACAUCGUCUGA-3’ Chromosome 13
miR1507b 5’-UCUCAUUCCAUACAUCGUCUGA-3’ Chromosome 17
3 miR1511 5'"-AACCAGGCUCUGAUACCAUG-3'’ Chromosome 18
4 miR1512a 5'-UAACUGAAAAUUCUUAAAGUAU-3’ Chromosome 18
miR1512b 5'-UAACUGGAAAUUCUUAAAGCAU-3’ Chromosome 2
5 miR1515a 5’-UCAUUUUGCGUGCAAUGAUCUG-3’ Chromosome 1
miR1515b 5’-UCAUUUUGCGUGCAAUGAUCUG-3’ Chromosome 11
6 miR1521 5'-CUGUUAAUGGAAAAUGUUGA-3’ Chromosome 11

constant expression level in all tissues (Fig. 1). Inter-
estingly, miR1512 was only expressed in root and was
undetectable in all other tissues (Fig. 1).

Northern-Blot Analysis of miRNA Expression in
Nodulating Roots

We then examined the expression of these miRNAs
in soybean roots inoculated with B. japonicum at 0, 1, 3,
6,9, and 12 h after inoculation (hpi) to identify “early”
expression patterns and at 1, 3, 6, and 14 d after
inoculation (dpi) to examine “late” expression pat-
terns. These time points represent important events
during the development of nodules in soybean roots
(Patriarca et al., 2004).

Based on the expression patterns (Fig. 2), we were
able to group the miRNAs into three classes: (1) those
that had a gradual increase over the period of nodule
development, (2) those that oscillated during nodule
development, and (3) those that were unaffected.
miR482 and miR1521 fall into the first category. The
expression of miR482 increased over time, reaching a
peak at 6 dpi, and the expression of miR1521 increased
gradually up to about 12 hpi and reached a plateau.
miR1511 and miR1512 were “oscillators,” whose ex-
pression showed two different transient increases over
the period of assay: miR1511 at 1 hpi and 1 dpi and
miR1512 at 3 hpi and 14 dpi. The expression of
miR1507 and miR1515 was relatively unaltered over
the period of nodule development. These different
expression patterns suggested that these miRNAs
might play different regulatory roles at early and late
stages of nodule development.

Northern Analysis of miRNA Expression in
Nodulation Mutants

We then examined the expression levels of these
miRNAs in the nonnodulating soybean mutant NOD49,
the supernodulating soybean mutant NTS382, and the
corresponding wild-type cv Bragg. NOD49 has a mu-
tation in one of the Nod factor receptor genes, NFR1
(Wan et al., 2008). Soybean NFR1 is the dominant LysM
receptor kinase; thus, NOD49 is impaired in Nod factor
perception, including early responses. NTS382 is a
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supernodulating mutant with a defect in the nodule
autoregulation receptor kinase (NARK; Searle et al.,
2003; Kinkema and Gresshoff, 2008). NARK activates a
shoot-derived inhibition mechanism that significantly
reduces additional nodulation after initial interactions
with rhizobia. In the absence of NARK-induced auto-
regulation, there is significantly increased nodulation
in the NTS382 mutant.

We examined the expression of these miRNAs at 0,
6, and 12 hpi as well as 2 and 6 dpi in nodulation
mutants. These time points were the ones when we
observed significant changes in miRNA expression in
wild-type roots. Equal amounts of RNA from all three
genotypes (five time points each) were resolved on the
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Figure 1. Expression levels of selected miRNAs in different tissues.
Total RNA was isolated from soybean (Williams 82) tissues and
subjected to northern-blot analysis. R, Root; S, stem; L, leaf; F, flower;
P, young pod, R5, R5-stage seed; R6, R6-stage seed. Corresponding
rRNA fragments stained by ethidium bromide are shown below each
northern-blot panel to indicate equal loading in all lanes.
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Figure 2. Bradyrhizobium-induced expression of selected miRNAs in
soybean roots. Total RNA was isolated from soybean (Williams 82)
roots after inoculation with B. japonicum and subjected to northern-
blot analysis. The control tissue was 0-hpi root (same as in Fig. 1, lane
R). Additional time points examined were 1, 3, 6, and 12 hpi and 1, 3,
6, and 14 dpi. Corresponding rRNA fragments stained by ethidium
bromide are shown below each northern-blot panel to indicate equal
loading in all lanes.

same gel and probed on the same blot to minimize
variations and enable direct comparison. The time
course of miRNA expression in Bragg roots inoculated
with B. japonicum was strikingly similar to what was
observed in Williams 82 (Fig. 2). For example, the
expression of miR482 and miR1521 increased gradu-
ally over the time course (Fig. 3), as observed in
Williams 82 (Fig. 2). In NOD49 mutant roots, the basal
expression of miR482 and miR1521 was noticeably
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higher than in wild-type roots (Fig. 3). The expression
of these miRNAs increased in response to B. japonicum
inoculation in NOD49 roots similar to wild-type roots
(Fig. 3). It is likely that B. japonicum-induced expres-
sion of these miRNAs is not dependent on the function
of GmNEFR1. The basal levels of miR482 and miR1521
in NTS382 were significantly lower than in wild-type
roots. However, their expression levels increased after
inoculation similar to what was observed in wild-type
roots (Fig. 3). Since B. japonicum-responsive expression
of miR482 and miR1521 was not affected in both
NOD49 and NTS382 mutant roots, we concluded that
the Nod factor perception and Nod autoregulation had
little effect on the B. japonicum-inducible expression of
miR482 and miR1512. Nevertheless, it must be noted
that the basal levels of these miRNAs in soybean roots
seem to be influenced by these mutations.

In contrast to the above miRNAs, B. japonicum-
induced expression of miR1511 and miR1512 showed
strikingly opposite expression levels between wild-type
and NOD49 roots. Their expression levels transiently
increased approximately 6 hpi in wild-type roots but
decreased in response to B. japonicum inoculation
in NOD49 roots. This suggested that B. japonicum-
responsive expression of miR1511 and miR1512 is regu-
lated by NFR1. The transient induction of miR1511 and
miR1512 in response to B. japonicum was not observed
in NTS382, suggesting that their induction might be
governed by the Nod autoregulation pathway as well.

Similarly, the expression of miR1515, which re-
mained unaffected in wild-type roots and NTS382
roots, increased significantly in response to B. japoni-
cum inoculation in NOD49 roots. On the other hand,
the expression of miR1507 was not influenced by B.
japonicum inoculation in NODA49 as in wild-type roots.
However, the expression of miR1507 increased upon
rhizobia infection in NTS382 mutant roots. This sug-
gested that miR1507 (and its targets) might be influ-
enced Oby the Nod autoregulation pathway. Any
disturbance in autoregulation led to activation of
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Figure 3. Bradyrhizobium-induced expression of selected miRNAs in Bragg (wild-type), NOD49 (nonnodulation mutant), and
NTS382 (supernodulation mutant) roots. Total RNA was extracted from soybean roots at various time points (lane 1, 0 hpi; lane 2,
6 hpi; lane 3, 12 hpi; lane 4, 2 dpi; lane 5, 6 dpi) after inoculation with B. japonicum. Northern-blot analysis was performed using
six probes as indicated (miR482, miR1507, miR1511, miR1512, miR1515, and miR1521).

1762

Plant Physiol. Vol. 153, 2010



miR1507 and presumably silencing of the correspond-
ing target genes.

In summary, NFR1 and GmNARKTI signaling might
not govern B. japonicum-induced expression of miR482
and miR1521, while both these pathways influence
miR1511 and miR1512. Uniquely, the expression of
miR1507 in response to B. japonicum was influenced
only by GmNARK1 and not by GmNFRI1. It was the
opposite for miR1515, whose expression was influ-
enced by GmNFR1 but not by GmNARKT1 (Table II).

Prediction of miRNA Targets in the Soybean Genome

We used a custom Perl script to predict the targets of
these miRNAs using the criteria and methods outlined
previously (Allen et al., 2005; Schwab et al., 2005). We
used conserved miRNAs as positive controls to vali-
date our script. We searched the soybean genome
database (predicted coding sequences, Glyma no.)
using the six miRNA sequences. Gaps were not
allowed in the homology algorithm, and G:U and
other noncanonical pairs were treated as mismatches.
We identified a total of 22 potential targets for the six
miRNAs analyzed (Table III). Targets of miR482 were
primarily resistance (R) gene receptor kinases, with
two out of three targets being defense-related kinases.
miR1511 and miR1512 targeted genes encoding protein
phosphatase 2C and Copine I-like calmodulin-binding
proteins, respectively. The putative legume-specific miR
family, miR1507, targeted a sorbitol transporter-like
protein and others. miR1521 might regulate a putative
peptidase gene (Table III).

Expression of Putative Targets in the Wild Type and
Nodulation Mutants

For expression analysis of the target genes, RNAs from
wild-type Williams 82 were isolated as described above
for northern-blot analysis. The 22 putative targets were
analyzed by qualitative reverse transcription-PCR. The
expression of only 13 genes could be detected in roots
(Table III). The expression of these 13 genes was assayed
by quantitative real-time (qRT)-PCR. The same sets of
tissues used for northern analysis of miRNA expression
in response to B. japonicum inoculation were used to
examine the expression of target mRNAs by qRT-PCR.

We compared the expression patterns of miRNAs and
their respective targets to identify if any of the miRNA-
target pairs had inverse expression patterns. Five tar-
get genes and corresponding miRNAs, Gm12g28730
and Gm17g04060 (miR482), Gm06g42720 (miR1511),
Gm04g05920 (miR1512), and Gm08g12340 (miR1521),

miR482, miR1512, and miR1515 Regulate Soybean Nodulation

showed very good correlations in all three soybean
lines (Supplemental Fig. 52).

For example, miR482 and its target Gm12g28730
gene showed strong inverse expression patterns (Fig.
4). In wild-type Bragg roots, the expression of the
target gene was significantly reduced at 12 h and 2 d,
coinciding with the increased expression of miR482.
Remarkably, in the NOD49 mutant roots where the
expression of miR482 was decreased in response to B.
japonicum inoculation, expression of Gm12g28730 was
very high at the corresponding time points, suggesting
that the expression of Gm12g28730 was indeed down-
regulated significantly by miR482 during nodulation.
In the NTS382 mutant, miR482 expression was first
increased and then decreased, while Gm12g28730 was
first suppressed and later expressed at higher levels,
matching the miR482 expression levels perfectly.

However, the remaining eight predicted targets did
not clearly match the expression levels of their corre-
sponding miRNAs. As shown in Supplemental Figure
52, these putative target genes mostly had higher ex-
pression levels at 12 hpi, when most of the miRNAs had
very high expression levels. It should be noted that we
examined expression levels of miRNAs and their targets
using RNA isolated from whole roots. It is possible that
miRNA regulation of these targets occurs in specific
root tissues to fine-tune gene expression. Such regula-
tion can only be detected by in situ expression assays.

We then experimentally validated the predicted
targets of miRNAs using 5' RACE analysis. Cleavage
products were amplified using nested gene-specific
primers and sequenced. We selected targets of miR482,
miR1512, and miR1515 for 5 RACE analysis. The
targets were selected based on their ability to alter
nodule number (see below). We detected cleavage
products for all examined targets at the expected site
of miR binding except for the target of miR1512 (Table
IV). These results suggested that our target gene
prediction was reliable. For the target genes that did
not have reverse expression patterns with their corre-
sponding miRNAs, some other regulation mecha-
nisms existed to control their gene expression levels.

Constitutive Overexpression of miR482 and miR1515
Increased Nodule Numbers in Transgenic Soybean
Hairy Roots

Next, we examined the effect of overexpression of
miR482, miR1507, miR1512, and miR1515 on the nod-
ulation of soybean roots. These were selected based on
the expression of their targets during nodule develop-

Table Il. miRNA had different expression patterns in soybean nodulation mutants

1, Up-regulated; |, down-regulated; =, unchanged; 11, strongly up-regulated; | |, strongly repressed.

Plant miR393 miR482 miR1507 miR1511 miR1512 miR1515 miR1521
Wild type 1 " = Tl T = T
NOD49 1 T = ! ! 1 1
NTS382 | 1 1 - L - |

Plant Physiol. Vol. 153, 2010
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Table Ill. Predicted targets of selected miRNAs

Tissue of expression in the last column is as follows: S, stem; L, leaf; F, flower; P, young pods; R, roots; 6, 6 dpi of B. japonicum; 14, 14 dpi of B.
japonicum. Tissues in which expression was detected are marked by an x. Gene annotations were based on Phytozome Soybean Genome version
5.0. Gene names in boldface indicate expression in roots during nodulation.

miRNA Predicted Target (Glymal . Expression during Nodulation
Family Gene Name) Annotation I L F p R 6 14

miR482 Glyma12g28730.1 GSK-3-like protein MsK4 X X X X X X
Glyma17g04060.1 Unknown protein X X X X X X
Glyma01g31520.1 TIR disease-resistant protein X

miR1507 Glyma03g29370 Unknown protein X X X X X
Glyma04g01550 Sorbitol-like transporter X X X X X X
Glyma08g04230 Dynein light chain type 1 family protein X X X X X
Glymal5g21140 Disease resistance protein X X

miR1511 Glyma18g43950.1 Protein phosphatase 2C, putative
Glyma06g02710.1 Unknown protein X X X X X X
Glyma09g41720.1 Protein phosphatase 2C, putative X X X
Glyma06g42720 Unknown protein
Glyma09g16310 Epoxide hydrolase
Glyma12g19490 Putative gag-pol polyprotein-related X X X X
Glyma17g24430 a-Carboxyltransferase precursor
Glyma18g48190 Unknown protein

miR1512 Glyma08g17790 Ser/Thr protein kinase X X X X X
Glyma06g05910 Calmodulin-binding region myosin head X
Glyma04g05920 Calmodulin-binding region X X

miR1515 Glyma09g27690 B-Glucosidase, putative X X X X X X
Glyma09g02920 Putative Dicer-like protein X X X

miR1521 Glyma08g12340 Peptidase C1A, papain X X X X
Glyma03g39500.1 ATPase; 26S proteasome subunit P45 X X X X X X X

ment. The expression levels of the targets of miR1511
and miR1521 were deemed too low for downstream
analysis, so these were not included in the transgenic
experiments (Supplemental Fig. S1). We cloned the
pri-miRNAs of the above four miRNAs by PCR,
cloned them into a binary vector (pCAMGEFP-
CsVMV:GWOX; see “Materials and Methods”), and
generated hairy root composite plants using Agro-
bacterium rhizogenes. The vector has a GFP cassette for
the identification of transgenic roots. The promoter
that controlled miRNA expression was a strong con-
stitutive promoter from the Cassava vein mosaic virus
(CsVMYV). The empty vector-transformed roots were
used as controls. Hairy root composite plants were
examined for root growth characteristics (root length,
no. of lateral roots) and nodulation by B. japonicum.

First, we verified overexpression of miRNAs in trans-
genic roots by northern-blot analysis. Total RN As were
isolated from GFP-positive roots 4 weeks after Agro-
bacterium inoculation. The results confirmed that all
four lines had significantly higher miRNA expression
(Fig. 5). Under our growing conditions, overexpression
of these miRNAs did not cause any significant changes
in root growth characteristics examined. Compared
with vector-transformed controls, the four transgenic
lines showed no obvious differences in root length or
lateral root density (data not shown).

We then examined the nodule primordia numbers in
the transgenic hairy roots approximately 10 d after
rhizobia inoculation. The GFP-positive roots were
collected, the tissues were cleared, and the roots were
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stained with methylene blue. We found no statistical
difference among all four miRNA-overexpressed lines
and vector-transformed controls. We observed miR482,
miR1507, miR1512, miR1515, and vector control to have
0.295 = 0.107, 0.641 = 0.105, 0.348 * 0.190, 0.383 =
0.220, and 0.456 * 0.210 primordia per milligram of dry
root (average * sD), respectively.

0.08 - Gm12g28730 - miR482 target

0.07

0.06 -
== Brag
0.05 - Nod
. === NTS

Expression level

0.03 4

0.02 4

0.01

Oh 6h 12h 2d 6d
Time after Inoculation

Figure 4. The expression pattern of Gm12g28730, a target of miR482, in
wild-type and nodulation mutant roots. Total RNA was extracted from
soybean roots at various time points after inoculated with B. japonicum
(0 hpi, 6 hpi, 12 hpi, 2 dpi, and 6 dpi). After cDNA synthesis, the
transcript levels were measured with RT-PCR. The expression levels are
presented as fold actin levels. Three biological repeats were averaged.
Error bars indicate sb. Brag, Wild-type Bragg;, Nod, nonnodulating
mutant NOD49; NTS, supernodulating mutant NTS382.
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Table IV. The RNA processing sites of the target genes based on 5" RACE

The predicted base pairing of miRNA and target mRNA is shown in Supplemental Figure S4.

Frequency of

miRNA Target Gene Cleavage Site Positive Clones
miR482 Gm12g28730 5'-GTTGAATGGGTG | GAATTGGAAATC-3’ 3 out of 21
miR1515 Gm09g02920 5'-TGGTCATTGC | ACACAAAATGA-3’ 13 out of 15

However, the nodule number per transgenic root
varied significantly. Transgenic roots overexpressing
miR482 exhibited a dramatic increase in the formation
of mature nodules compared with control vector roots
(Table V). Likewise, transgenic roots overexpressing
miR1515 had a 1.5-fold higher nodule count compared
with vector controls, which is statistically significant
(P < 0.05). In comparison, overexpression of miR1512
and miR1507 did not alter nodule numbers signifi-
cantly. These results provided genetic evidence that
miR482 and miR1515 might regulate nodulation in
soybean roots.

We also examined the expression levels of the
putative target genes that have been confirmed by
5" RACE (Table IV; Supplemental Fig. S3). In miR482-
overexpressing lines, one pf the target genes,
Gm12g28730, showed significant reduction in levels
compared with vector-transformed controls. The other
putative target, Gm17g04060.1, was not signifi-
cantly changed. In the miR1515-overexpressing lines,
Gm09g02920 also showed significant reduction in
expression. This result further confirmed that
Gm12g28730 (a GSK3-like kinase) and Gm09g02920
(a putative Dicer-like protein) are the targets of their
corresponding miRNAs and might play a role in the
nodulation process.

&

Vector Control pGWOX-MIR482

v
o
Nj
L & L

pGWOX-MIR1507

Nodulation-Induced Expression of miRNA Genes
Increased the Nodule Numbers in Transgenic
Hairy Roots

To reduce the pleiotropic effects of constitutively
overexpressing miRNAs, the above four miRNAs
(miR482, miR1507, miR1512, and miR1515) were ex-
pressed in roots using the Rhizobium-responsive soy-
bean promoter ENOD40. The ENOD40 promoter is
expressed at very low levels in lateral roots in uninoc-
ulated roots. Its expression increases significantly in
response to rhizobial inoculation and is very high in
nodule tissues (Yang et al., 1993). We examined the
expression of an ENOD40:GUS construct in soybean
hairy root composite plants and observed an expression
level consistent with previous reports (data not shown).

The root phenotypes of these transgenic lines were
characterized as above after generating hairy root
composite plants. There was no significant difference
in the number or density of lateral roots. However, the
nodule number per transgenic root varied signifi-
cantly between different constructs (Fig. 6; Table V).
Roots expressing miR482 in a Rhizobium-inducible
manner exhibited a dramatic increase (2-fold higher)
in the number of mature nodules compared with
control vector roots, consistent with what was ob-

-

pGWOX-MIR1515

pGWOX-MIR1512

I ‘

Figure 5. Constitutive overexpression of miRNAs in soybean hairy root composite plants led to altered nodule numbers. The
miRNAs were driven by a constitutive CsVMV promoter in soybean composite plant roots. The top panels show GFP-expressing
root nodules 4 weeks after inoculation with B. japonicum, including empty vector-transformed controls (VC) and roots
overexpressing mi482, miR1507, miR1512, and miR1515. The bottom panels show northern-blot analyses of the same roots 4
weeks post inoculation, showing the increased abundance of mature miRNAs in transgenic lines.

Plant Physiol. Vol. 153, 2010

1765



Li et al.

Table V. Overexpression of selected miRNAs altered nodule
numbers in transgenic hairy root composite plants

The expression of transgenic miRNA was under the transcriptional
control of a constitutive promoter (CsVMV) or a nodulation-induced
promoter (soybean ENOD40). The nodule numbers were counted 4
weeks after B. japonicum inoculation. The nodule numbers are
converted to fold increase over one vector control, overexpressing a
nonrelated bacterial ccdB gene that was used as the Gateway vector
selection. For the nodulation-induced promoter control, the same
ccdB gene in reverse orientation was transformed into soybean hairy
root composite plants and compared with the previous control. The
values shown are averages of three biological repeats * sp. For each
sample in these repeats, at least 24 transgenic plants, representing at
least 100 individual transgenic roots, were counted. Student’s t test
was performed, and the statistically significant treatments (P < 0.05)
are marked with asterisks.

Nodule No.

miRNA Constitutive
Promoter (CsVMV)

Nodulation-Induced
Promoter (ENOD40)

Control 1.00 = 0.02 0.97 £ 0.02
miR482 2.15 £ 0.13* 1.71 = 0.22*
miR1507 1.08 = 0.04 1.32 £ 0.23
miR1512 1.25 = 0.01 1.66 = 0.35*
miR1515 1.65 = 0.03* 1.49 £ 0.49

served in roots constitutively overexpressing miR482.
This observation suggested that the proper regulation
of miR482 expression (and perhaps its targets) in
nodule tissues might be crucial for the proper regula-
tion of nodule numbers. Either overexpression or
nodule-specific misexpression of miR482 led to an
increase in nodulation. Further examination of miR482
during nodule development by in situ hybridization
and expression of miR-resistant targets of miR482 in
soybean roots might provide further insights into the
role of miR482 during nodulation.

In contrast to miR482, ENOD40-driven expression
of miR1515 did not significantly alter the number
of nodules, whereas constitutive overexpression of
miR1515 resulted in a significant increase in the number
of nodules. This indicated that miR1515 might not play
a significant role in nodule tissues. It is possible that
the increased nodule numbers observed in miR1515-
overexpressing roots was due to pleiotropic effects on
the roots. We cannot exclude the possibility that

pENOD40-MIR1507

Vector Control pENOD40-MIR482

miR1515 might play a role in nodule-associated tissues
where ENODA40 is not expressed. Neither overexpres-
sion of miR1507 by CsVMV promoter nor misexpres-
sion by the ENOD40 promoter significantly altered
nodule numbers, suggesting that it might not play a
crucial role in the regulation of nodulation in soybean.

Interestingly, the expression of miR1512 under the
control of the ENOD40 promoter resulted in a signifi-
cant increase in nodule numbers, whereas its constitu-
tive overexpression under the control of the CsVMV
promoter did not significantly alter nodule numbers
when compared with control vector roots. It is possible
that ENOD40-driven expression of miR1512 in nodule
tissues was significantly higher than CsVMV expression
of the miRNA, resulting in a more significant silencing
of targets. A more interesting possibility is that differ-
ences in expression gradients of miR1512 between nod-
ule tissues and surrounding tissues might be crucial for
the regulation of nodule numbers. The results suggested
that miR482, miR1512, and miR1515 might play specific
and important functions during soybean nodulation.
Additional experiments, such as examination of tissue-
specific expression of miRNAs and their targets, ex-
pression of miR-resistant targets, and misexpression
and overexpression of these miRNAs in supernodulat-
ing mutant roots, might provide additional insights into
the function of these miRNAs in nodulation.

DISCUSSION

B. japonicum-Induced miRNA Expression in
Soybean Roots

We had earlier reported the regulation of a number
of miRNAs in response to B. japonicum inoculation in
soybean roots (Subramanian et al.,, 2008). Further
analysis of a selected set of miRNAs in this study
revealed interesting patterns of miRNA expression
during the course of nodulation. A set of miRNAs
(miR482 and miR1521) were induced in response to B.
japonicum but were independent of the putative Nod
factor receptor NFR1. While Nod factors are major
signaling molecules during rhizobial symbiosis, a
number of genes are induced independent of Nod

pENOD40-MIR1512 pENOD40-MIR1515

Figure 6. Nodulation-induced expression of miRNAs in soybean hairy root composite plants led to altered nodule numbers. The
miRNAs were driven by nodulation-induced ENOD40 promoter in soybean composite plant roots. Four weeks after inoculation
with B. japonicum, the GFP-expressing root nodules are shown, including empty vector-transformed controls and roots

overexpressing mi482, miR1507, miR1512, and miR1515.
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factor perception during nodulation. For example, in
M. truncatula hel-1 (null allele of LYKS3, the ortholog of
the Nod factor receptor NFR1) mutant roots, the
induction of only about 50% of the genes is impaired
(Catoira et al., 2001; Mitra and Long, 2004; Smit et al.,
2007). It is likely that these genes are induced in a
nonspecific manner or through signaling by other
Rhizobium-associated molecular signals such as exo-
polysaccharides. In some legume species (e.g. alfalfa
[Medicago sativa]), these exopolysaccharides help
evade plant resistance mechanisms (Cosme et al.,
2008). It is interesting that miR482 regulates resis-
tance-associated R genes. It is possible that modulation
of plant defense mechanisms occurs to accommodate
symbiosis and nodule development.

B. japonicum-regulated expression of miR1507,
miR1511, and miR1512 was influenced at least in part
by the Nod factor receptor NFR1 or the nodulation
autoregulation kinase NARK1. These miRNAs target
putative signal transduction components such as pro-
tein phosphatase 2Cs, Copine-like calmodulin-binding
proteins, and small GTPase. Additional experiments to
examine the functional significance of these targets in
nodule development are necessary. These might be
novel signaling elements in the Nod factor signaling
pathway, the nodulation autoregulation pathway, or
might play a role in nodule development.

Novel miRNAs That Play a Role in Nodulation

In addition to discovering the regulation of a num-
ber of novel miRNAs during nodulation, we also
identified miRNAs that might play a significant role
in the process. Previously, only two miRNAs were
shown to affect nodule development. Both of them
are conserved miRNAs. The target of miR169, the
CCAAT-binding transcription factor MtHAP2-1, af-
fects nodule development in M. truncatula (Combier
et al., 2006); and overexpression of miR166 (which
targets HDZIPIII transcription factors) inhibited nod-
ule development in Medicago (Boualem et al., 2008). In
our report here, misexpression of miR482 using either
a constitutive promoter or a Rhizobium-responsive
promoter resulted in an approximately 2-fold increase
in nodule number (Table V). Some targets of miR482
are R genes involved in plant disease resistance (Table
II). Indeed, we experimentally validated miR482-
directed cleavage of two of these targets in soybean
roots (Table IV). As mentioned above and suggested
by Simon et al. (2009), it is possible that modulation of
plant defense responses might be crucial to the estab-
lishment of symbiosis. Misexpression of miR482 might
have resulted in enhanced degradation of targeted
R genes, resulting in increased nodulation. Although
its pri-mRNA is highly divergent, miR482 has been
reported in poplar (Populus trichocarpa; Lu et al., 2005,
2008), where it is mostly expressed in leaf and xylem
tissues (the root expression was not shown). Interest-
ingly, the poplar miR482 also targets putative disease-
resistant proteins. There are also four copies of miR482
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from pine (Pinus taeda) in the miRBase without de-
tailed functional analysis (Lu et al., 2007).

Overexpression of miR1515 that regulates a Dicer-
like protein (the closest Arabidopsis homolog is DCL2)
and nodule-specific expression of miR1512 that regu-
lates Copine-like calmodulin-binding proteins also
increased the number of nodules (Table V). miR1512
was a root-specific miRNA, while miR1515 was ex-
pressed evenly in all tested tissues (Fig. 1). miR1512
was an oscillator during the nodulation process. It had
two highly induced periods, 3 hpi and 6 dpi (Fig. 2).
ENOD40-induced expression may perturb either one
of these expressions. Interestingly, Copine-like protein
was implicated in cell signaling and membrane traf-
ficking (Damer et al., 2005; Omerovic and Prior, 2009).
Unfortunately, since the only tissue overexpressing
miRNAs are developing nodules, northern-blot anal-
ysis and qRT-PCR on whole roots will not be suitable
for transgene or target gene expression analysis in
ENOD40-induced miR1512 lines. We still need further
confirmation from more complex experiments.

The target of miR1515, the Dicer-like protein, may
serve as a major regulator of double-stranded RNA
processing primarily in viral defense responses (Xie
et al., 2004; Allen et al., 2005). The 5’ RACE-confirmed
target aligns well with the Arabidopsis DCL2 gene.
Unlike Arabidopsis DCL1, which showed drastic de-
velopmental phenotypes when mutagenized, DCL2
knockout mutants do not show major developmental
defects. It has been shown to function in controlling
RNA virus and transitive silencing (Diaz-Pendon et al.,
2007; Moissiard et al., 2007). However, the exact func-
tions of this protein during the symbiotic process are
largely unknown. Our results identified some novel
target genes and suggested novel roles of miRNAs
during nodulation. Further characterization of these
miRNAs and their targets would provide interesting
insights on miRNA-regulated processes during nodu-
lation.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Soybean (Glycine max) cv Williams 82, the reference accession for genome
sequencing, was used as the wild-type control for miRNA identification,
cloning of miRNAs, northern-blot analysis, and functional assays. For exper-
iments involving nodulation mutants (nonnodulating NOD49 and super-
nodulating NTS382), we used the corresponding wild-type accession Bragg as
a control (kind gifts from Dr. Peter Gresshoff, University of Queensland).
Seeds were surface sterilized by treating with 8% Clorox bleach for 4 min,
followed by 70% ethanol for 4 min. The seeds were then rinsed three times with
sterile deionized water. Sterilized seeds were planted in a 4-inch pot filled with a
1:3 (v/v) mixture of sterilized vermiculite and perlite (Hummer International).
These pots were prewetted with nitrogen-free plant nutrient solution (N-PNS;
Subramanian et al., 2004) and put into a growth chamber (26°C, 200 pmol m?
s”! light, 60% relative humidity, 16/8-h day/night photoperiod). Seeds were
watered every other day, alternating water with N-PNS until sample collection.
For rhizobia inoculation, Bradyrhizobium japonicum cells (USDA110) were grown
in Vincent’s rich medium (Vincent and Humphrey, 1970) containing chloram-
phenicol at 20 pug mL™" and resuspended in N-PNS to a final concentration of
optical density at 600 nm = 0.08. Ten-day-old seedlings were flood inoculated
with the above B. japonicum suspension (15 mL per pot).
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For RNA extraction, seedlings were uprooted and rinsed briefly in sterile
deionized water to remove vermiculite and perlite particles. Roots were blot
dried gently and quickly with sterile paper towels, immediately frozen in
liquid N,, and stored at —80°C until further processing. For time-course
analyses, Williams 82 roots were harvested at 1, 3, 6, and 12 h, and at 1, 3, 6,
and 14 d, after B. japonicum inoculation. Bragg and the two nodulation
mutants were harvested at 6 h, 12 h, 2 d, and 6 d after inoculation. For mock
inoculation, seedlings were watered with N-PNS without rhizobia.

RNA Extraction and Northern-Blot Analysis

RNA isolation and northern-blot analysis were performed essentially as
described (Subramanian et al., 2008). Total RNA was extracted from soybean
roots inoculated with B. japonicum at different time points using Trizol reagent
(Invitrogen). The concentration of RNA was quantified by the A,q. Approxi-
mately 20 ug of total RNA was separated on a Criterion 15% TBE-Urea gel (Bio-
Rad Laboratories), transferred to positively charged nylon membranes (Roche)
using a Criterion wet transfer blot apparatus (Bio-Rad), and fixed on the
membranes using a UV cross-linker (Stratagene). For the detection of miRNAs,
oligonucleotide probes complementary to miRNAs were end labeled with
[y-PP]dATP (Perkin-Elmer) using the miRNA StarFire DNA polymerase kit
(Integrated DNA Technologies) and purified using a nucleotide removal column
(Qiagen). RNA blots were prehybridized for about 1 to 1.5 h with Perfect Hyb
Plus hybridization buffer (Sigma-Aldrich) at 38°C and hybridized with the
labeled probes for 16 to 24 h at 38°C. After hybridization, blots were washed
twice (20 min each) with 2X SSC plus 0.2% SDS at 40.7°C, then rinsed twice with
2X SSC plus 0.2% SDS at room temperature. The membranes were exposed to
phosphorimager screens (Amersham) for at least 3 h, and the exposures were
scanned using a Typhoon phosphorimage analyzer (GE Healthcare).

Qualitative PCR and qRT-PCR Assays

Total RNA was treated with DNase (Invitrogen) to remove genomic DNA
contamination. cDNAs were synthesized from 2 ug of total RNA by Moloney
murine leukemia virus reverse transcriptase (New England Biolabs) using
oligo(dT) primers according to the manufacturer’s instructions. Qualitative
PCR and qRT-PCR assays were performed using the cDNAs as template and
gene-specific primers for the genes analyzed (Supplemental Table S1).

qRT-PCR of miRNA targets was analyzed using SYBR Advantage qPCR
Premix (Clontech) on a StepOnePlus Real-Time PCR System (Applied Bio-
systems). For comparable quantification among different sets of primers,
PCR efficiency was determined by a series of 10-fold dilutions of cDNAs
(Schmittgen et al., 2004). Estimates of initial transcript amount were per-
formed using the comparative threshold cycle method. Relative expression
levels were normalized using actin as an internal control (Subramanian et al.,
2006). The primers were designed across the miRNA target sites and are listed
in Supplemental Table S1.

Prediction of miRNA Targets

Putative targets of miRNAs were predicted using criteria outlined by
previous studies (Xie et al., 2004; Allen et al., 2005; Schwab et al., 2005) using a
custom Perl script. Briefly, we used the script to search for complementary
matches primarily in the “seed” region of miRNA (second to 12th nucleo-
tides), not allowing more than two consecutive mismatches and checking for
at least 70% minimum free energy compared with the perfect complement of
the miRNA sequence. The script will be presented as part of a Web site to
predict soybean miRNA targets and is available on request from the authors
(senthil.subramanian@sdstate.edu).

5' RACE Mapping of miRNA Target Cleavage Sites

Total RNA was isolated from roots of 4-week-old soybean using the Plant
RNA reagent (Invitrogen) according to the manufacturer’s recommended
protocol. The GeneRacer Kit (Invitrogen) was used to process the total RNA
and map the 5’ terminus of the primary transcript. Exactly 2 ug of mRNA
isolated from wild-type Bragg (12 h after rhizobia treatment) was directly
ligated to the RNA oligonucleotide and reverse transcribed with SuperScript
IIT reverse transcriptase using oligo(dT) primer (as provided in the kit). The
cDNA samples were amplified with nested PCR according to the manufac-
turer’s protocols. The gene-specific primers (Supplemental Table S1) were
designed using the PrimerSelect program (DNAStar). After amplification,
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5" RACE products were gel purified and cloned to TA vector (Invitrogen), and
at least 10 independent clones were sequenced for each PCR product.

Vector Construction

miRNA overexpression constructs were made for nodulation assays. The
respective pre-miRNA fragments were amplified by PCR from Williams 82
genomic DNA using miRNA-specific primers as given in Supplemental Table S1
and cloned to the pGEM-T Easy vector (Promega). The amplified miRNA
fragments were gel purified (Qiagen) and subcloned into Gateway vector pMH-
ENTR40 (Yu et al., 2006) to produce a set of Gateway entry vectors. The entry
vectors were then swapped with the pPCAMGFP-GWOX destination vector,
which contains a CsVMYV promoter-driven expression cassette for constitutive
expression, and the pCAMGFP-ENOD40-GWOX destination vector, which
contains a soybean ENOD40 promoter-driven cassette for nodulation-inducible
expression. The clones were verified by enzyme digestion and sequencing. These
binary vectors were electroporated into Agrobacterium rhizogenes strain K599.

Composite Plant Transformation and Analyses

Soybean transformation to generate hairy root composite plants was
performed as described previously (Collier et al., 2005). Briefly, soybean seeds
were surface sterilized and grown in a greenhouse for 10 d. A. rhizogenes
cultures were grown in Luria-Bertani broth with kanamycin (50 ug mL™") at
28°C overnight. Bacterial cells were then spun down and resuspended in
N-PNS to an optical density at 600 nm = 0.3. Sterilized FibrGro cubes (16 cm?;
Hummert International) were inoculated with 6 mL of A. rhizogenes suspen-
sion. Apical stem sections were excised from soybean seedlings and inserted
into the inoculated cubes. These plants were placed in a growth chamber for
10 d (22°C, 15 umol m ™2 s light, 30% relative humidity, 16/8-h day/night
photoperiod), transferred to individual 4-inch pots containing sterile sand,
and watered regularly with N-PNS. After 1 week in the growth chamber, B.
japonicum bacterial suspension (10 mL) was inoculated onto each composite
plant. Four weeks after rhizobia inoculation, roots were harvested and
screened based on their GFP epifluorescence using a Zeiss Stemi SV11
microscope outfitted with a 480-nm excitation/515-nm emission fluorescein
isothiocyanate filter. At least 24 individual plants were scored for GFP roots,
representing at least 100 individually transformed roots in each treatment. For
statistical analysis, the entire experiment was repeated three times over the
period of 4 months under the same transformation and culture conditions.

To count nodule primordia in the transgenic roots, the roots were
harvested 2 weeks after inoculation and frozen at —70°C until analysis. The
roots were later fixed with ethanol:glacial acetic acid (3:1) for 30 min and
cleared by immersing the roots in sodium hypochlorite 6.5% active chlorine
solution for 20 min. The roots were then stained with 0.01% methylene blue
(Subramanian et al., 2004). The stained roots were observed with a dissecting
microscope. Nodule primordia were counted from approximately 500 mg of
root at 60X magnification.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Predicted hairpin structures of pri-miRNA
transcripts.

Supplemental Figure S2. Expression of predicted miRNA targets during
nodulation in the wild type and nodulation mutants.

Supplemental Figure S3. Expression of selected miRNA target genes in
transgenic roots overexpressing corresponding miRNAs.

Supplemental Figure S4. Cleavage sites of selected targets of miR482 and
miR1515 mapped by 5’ RACE assay.

Supplemental Table S1. Sequences of PCR primers used in the study.
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