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Summary

e Auxins play important roles in the nodulation of legumes. However, the mechanism by
which auxin signaling regulates root nodulation is largely unknown. In particular, the role of
auxin receptors and their regulation in determinate nodule development remains elusive.

e We checked the expression pattern of the auxin receptor GmTIR7/GmAFB3 genes in soy-
bean. We analyzed the functions of GmTIR1/AFB3 in the regulation of rhizobial infection and
nodule number, and also tested the functions of miR393 during nodulation and its relationship
with GmTIR1/AFB3.

e The results showed that GmTIR7T and GmAFB3 genes exhibit diverse expression patterns
during nodulation and overexpression of GmTIR7 genes significantly increased inflection foci
and eventual nodule number. GmTIR1/AFB3 genes were post-transcriptionally cleaved by
miR393 family and knock-down of the miR393 family members significantly increased rhizo-
bial infection and the nodule number. Overexpression of the mutated form of GmTIR71C at
the miR393 cleavage site that is resistant to miR393 cleavage led to a further increase in the
number of infection foci and nodules, suggesting that miR393s modulate nodulation by
directly targeting GmTIR1TC.

e This study demonstrated that GmTIR1- and GmAFB3-mediated auxin signaling, that is spa-
tio-temporally regulated by miR393, plays a crucial role in determinate nodule development

in soybean.

Introduction

Legumes are high nitrogen (N)-demanding plant species. To
meet the high demand for N, legumes have evolved a specialized
lateral root organ, the root nodule, which hosts nitrogen-fixing
bacteria to convert the atmospheric N, into NHj that can be uti-
lized by plants under low nitrate conditions. In exchange, legume
plants provide carbohydrates and energy for growth and survival
of N-fixing rhizobia (Desbrosses & Stougaard, 2011; Downie,
2014). Thus, the symbiotic nodule is an unique lateral root organ
conducting activities for the mutual benefit of plants and rhizo-
bia. Despite the complexity, nodule development can be divided
into four successive stages: dedifferentiation of cortical cells of
roots, nodule primordia formation, nodule emergence, and for-
mation of functional nodules (Ferguson ez 4l., 2010).

Nodule development in legumes is determined by soil nitrate
conditions and interaction with symbiotic rhizobia. Under low
nitrate conditions, nodulation is triggered by Nod factors
secreted by rhizobia, and the interplay between rhizobia and
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plant developmental regulatory signaling pathways results in ded-
ifferentiation of cortical cells and subsequent formation of de
novo nodules in roots (Streeter, 1985; Reid eral., 2010). Phyto-
hormone auxins are essential regulators in legume nodulation.
Changes in auxin concentrations were associated with nodule for-
mation in the model legume plant Lozus japonicus that generates
determinate nodules (Suzaki ezal, 2012). Localized auxin accu-
mulation in cortical cells of various leguminous roots has shown
to be associated with nodule initiation by physiological and
genetic approaches (Hirsch ezal, 1989; Wasson etal., 2006).
Gene expression analysis results indicated that PIN-mediated
auxin efflux is involved in auxin distribution during nodulation
(Sanko-Sawczenko eral., 2016). A very recent study showed that
application of auxin influx inhibitors and knockout of the func-
tional ortholog (MtLAX2) of Arabidopsis Auxin transporter pro-
tein 1 (AUX1) reduced nodulation of Medicago truncatula,
demonstrating that auxin influx is required for nodulation (Roy
eral., 2017). Furthermore, expression patterns of numerous
auxin-inducible markers were changed at various developmental
stages of nodule development (Suzaki ezal., 2012; Turner et al.,
2013), indicating an essential role of the auxin signaling and
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cellular auxin responses during nodule initiation, primordia
development and nodule organogenesis. Recent genetic evidence
reveals that perception of Nod factors by root epidermal cells
somehow activates the cytokinin signaling pathway in the cortex
of the infected roots, which then induces a key transcription fac-
tor NODULE INCEPTION that positively regulates local auxin
accumulation in some cortical cells to trigger cortical cell dedif-
ferentiation and cell division, leading up to nodule primordia
development (Plet eral, 2011; Suzaki etal., 2012; Held etal.,
2014). Auxin accumulation is also negatively controlled by the
autoregulation of nodulation (AON) to suppress further nodule
formation (van Noorden efal., 2006; Suzaki et al., 2012). Loss-
of-functions in the SUNN (Super Numeric Nodules) and HARI
(Hypernodulation Aberrant Root formation 1) gene encoding the
nodule auto-regulation receptor-like kinase in M. truncatula and
L. japonicus resulted in increased auxin transport from shoot to
root and ectopic auxin accumulation in roots is associated with
the supernodulation phenotype (van Noorden ez al., 2006; Suzaki
etal., 2012). Therefore, auxin distribution and auxin maxima in
the infected legume roots are regulated precisely.

Despite progress in the role of auxin accumulation during
nodule early development, relatively little is known about the reg-
ulatory role of auxin signaling in nodulation. Recent reports
showed that overexpression of miR160 and miR167 repressed
gene expression of a set of auxin response factors, altered root
sensitivity to auxin, and altered nodule numbers in soybean
(Turner eral., 2013; Wang etal, 2015), confirming that the
downstream auxin signaling components are involved in nodule
development. However, overexpression of soybean miR393(a)
that is supposed to target the auxin receptor and repress their
mRNAs/proteins, did not affect nodulation of soybean although
sensitivity to auxin was reduced (Turner eral, 2013). Interest-
ingly, overexpression of miR393 in M. truncatula significantly
changed the nodule development (Mao ezal., 2013). Thus, it is
proposed that the auxin TIR1/AFB receptor-mediated signaling
pathway may play a minimal role in determinate nodule develop-
ment, and the miR393-auxin receptor modules regulate indeter-
minate but not determinate nodule development (Mao eral.,
2013; Turner ez al., 2013). Until now, direct evidence concerning
the function of the TIR1/AFB auxin receptors in soybean nodule
formation and organogenesis is lacking.

In order to further define the functions of the auxin signaling
in soybean nodulation, we have systematically analyzed the roles
of auxin receptors genes and their upstream regulators miR393s
in rhizobial infection and nodule development. Here we have
shown that the miR393-GmTIR1/AFB3 module-mediated auxin
perception and auxin response play an important role in rhizobial
infection and nodule development in soybean.

Materials and Methods

Plant and rhizobia growth conditions

Soybean (Glycine max (L.) Merrill cv Williams 82) was used to
clone the miRNAs and target genes, for 5-RACE, and in the
functional analysis of miR393 and its targets. The plant growth
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conditions and inoculation procedure using Bradyrhizobium
japonicum strain USDA110 were modified from Wang eral.
(2009). Briefly, we suspended the bacteria with low-nitrogen (N)
nutrient solution, and inoculated 30 ml diluted bacteria for each
seedling. For RNA extraction, plant roots were rinsed briefly in
PBS buffer (pH 7.5) to remove vermiculite and perlite particles.
Harvested tissues were frozen immediately in liquid N and stored
at —80°C until used for RNA extraction.

Soybean hairy root transformation and B. japonicum inocu-
lation assay

Soybean transformation to generate hairy root composite plants
was done using Agrobacterium rhizogenes K599 according to
methods described previously (Kereszt eral, 2007; Jian etal.,
2009). For nodulation assays, transgenic composite plants were
transplanted to pots (10 x 10 cm) containing a mixture of 3: 1
vermiculite and perlite, which was irrigated with a N-deficient
solution as described by Wang eral. (2009). The plants were
grown for 1 wk (16 h of light, 25°C and 50% relative humidity)
to allow recovery. The plants were then inoculated with a suspen-
sion of B. japonicum strain USDA110 (ODgg0=0.08). At 28d
post-inoculation (dpi), nodules were assayed and the roots were
harvested to study relative gene expression.

RNA extraction and quantitative PCR analysis

Total RNA was extracted from leaves, roots and nodules using
Trizol reagent (Tiangen Biotech (Beijing) Co. Ltd, Beijing,
China). Total RNA samples were treated with DNase I (Invitro-
gen) to remove contaminating genomic DNA. First-strand
c¢DNA was synthesized from the total RNA using a FastQuant
RT Kit (Tiangen Biotech (Beijing) Co. Ltd). Quantitative poly-
merase chain reactions (qQPCR) were performed using SuperReal
PreMix Plus (SYBR Green; Tiangen Biotech (Beijing) Co. Ltd)
using gene-specific primers (Supporting Information Table S1)
for the genes analyzed. GmELFIB was used as the internal refer-
ence gene (Jian ez al., 2008).

Vector construction

For the promoter analysis, putative promoter regions of m:R393d
(1873 bp), GmTIRIA (989 bp), GmTIRIB (2002 bp), GmTIRIC>
(1643 bp), GmTIRID (1587 bp), GmAFB3A (1864bp) and
GmAFB3B (1101 bp) were amplified from Williams 82 genomic
DNA and inserted into the vector pPCAMBIA 1391. The following
restriction enzymes were used: BamHI and BdlIl for miR393dpro:
GUS construction; HindIII and BamHI for GmTIRI Cpro:GUS and
GmAFB3Apro:GUS  construction; Xbal for GmTIRIApro:GUS,
GmTIRIBpro: GUS and GmTIRIDpro:GUS construction; and
BamHI for GmAFB3Apro:GUS and GmAFB3Bpro:GUS construc-
tion. For the miR393d overexpression construct, the sequence con-
taining pre-miRNA fragment of 7/R393d (645 bp) was amplified
and inserted into the plant expression vector pTF101.1 under the
control of the CaMV35S promoter using the restriction enzymes
Xbal and Sad. To reduce the activity of miR393, the MIM393
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under the control of CaMV35S promoter in pTF101.1 vector was
also made using the restriction enzymes Xbal and Sad, as described
by Todesco eral (2010). For the overexpression construct of
GmTIR1/GmAFB3 fused with GFP, the GmTIRIA, GmTIRIC and
GmAFB3A coding sequences were amplified and inserted into the
plant expression vector pTF101-GFP using the restriction enzymes
Smal and BamHI under the control of the CaMV35S promoter.
For site-directed mutagenesis, four point mutations in the miRNA-
binding sites of GmTIRIA, GmTIRIC and GmAFB3A mRNAs
were designed according to the procedure of Parry ez al. (2009). All
primers used for plasmid construction are listed in Table S1.

Curled root hair statistical assays

In order to examine the infection events, the root segments (4-
cm) of hairy roots below the hypocotyl-root junctions of the
composite transgenic plants were cut and harvested at 6 dpi and
then rinsed briefly in sterile PBS buffer to remove vermiculite/
petlite particles. The root fragments were then stained with
0.01% methylene blue for 15 min and washed three times with
deionized water as described previously (Subramanian ezal,
2004). The stained transgenic roots were observed with an Olym-
pus CX31 biological microscope for infection events. The num-
ber of root hairs forming tight curls were counted and were
referred to as ‘Curled Root Hair’ (z=10-12).

Statistical analysis

All data were analyzed using SiGMAPLOT 10.0 (Systat Software,
Inc., Chicago, IL, USA) and GraphPad Prism 5 (GraphPad Soft-
ware Inc., La Jolla, CA, USA) software. The averages and stan-
dard deviations of all results were calculated. Student’s #tests
were performed to generate P-values for two groups of samples
comparison, and for muldple groups of samples, the one-way
ANOVA followed by the Dunnett test was used for P-value gen-
eration between Empty vector and each transgenic lines. Stu-
dent’s Newman—Kuels test was used for the comparison among
multiple groups of data.

Results

GmTIRT and GmAFB3 auxin receptor genes have multiple
members

In Arabidopsis, 7/RI/AFB genes are major auxin receptors in
plant growth regulation and AFB3 is a central receptor mediating
lateral root growth in response to N (Vidal eral, 2013). To
investigate whether TIR1 and AFB3 family receptors mediate
auxin response in soybean nodulation, we searched the soybean
genome to identify the Arabidopsis 7/RI and AFB3 orthologs in
soybean. Four GmTIRI (Glyma.02G152800, Glyma.10G021500,
Glyma.19G206800 and Glyma.03G209400) and two GmAFB3
(Glyma.19G100200 and Glyma.16G050500) auxin receptor
genes were identified (Fig. Sla,b). Similar to Arabidopsis 77RI,
the predicted sequences of the four GmTIRI genes contain three
exons and two introns and the predicted open reading frames
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coding sequences encode proteins with 585, 585, 587 and 586
amino acids, respectively (Figs Slc, S2a). These proteins showed
high sequence identity to Arabidopsis TIR1 (Table S2), and each
contains several LRR (leucine-rich repeat) domains and one F-
BOX domain (Fig. S2a). Based on the phylogenetic analysis of
proteins, the four GmTIRI genes were named as GmTIRIA,
GmTIRIB, GnTIRIC and GmTIRID that are divided into two
subgroups (Fig. S3).

A similar bioinformatics analysis showed that the two
GmAFB3 genes have similar gene structures to Arabidopsis AFB3
and the sequences of the GmAFB3 genes have three exons and
two introns (Fig. Slc). Both proteins were composed of 572
amino acids and the sequence identity of the GmAFB3 proteins
to Arabidopsis AFB3 was >74% (Fig. S2b; Table S2). Based on
the clustering pattern of GmAFB3 proteins with the Arabidopsis
AFB3, the soybean AFB3 genes were named as GmAFB3A and
GmAFB3B (Fig. S3).

In order to confirm that the GmTIRI genes are the ortholog of
AtTIRI but not other Arabidopsis auxin receptors, we further
analyzed the orthology relationship among all the auxin receptor
F-BOX family members including A#AFBI, AtAFB2, AtAFB3,
AtAFB4 and AtAFB5 using online Integrative Orthology Viewer
(http://bioinformatics.psb.ugent.be/plaza/versions/plaza_v3_dic
ots/). The integrative orthology analysis showed that the four
GmTIRI genes were indeed the ortholog of A#T7RI but not other
genes (Fig. S4). Similar analysis was also conducted for GmAFB3
genes, and the result showed that the GmAFB3 genes were also
the orthologs of AzAFB3 but not other auxin-signaling F-BOX
family genes (Fig. S4).

GmTIR1/AFB3 positively regulate soybean nodulation

In order to investigate whether the soybean putative auxin recep-
tor genes affect root nodule formation, we constructed an RNAi
vector designed to repress all the GmTIRI/AFB3 gene family
members by choosing a 267-bp sequence of GmTIRIC, more
than 97% of the sequence was conserved among the GmTIRI/
AFB3 genes. We then transformed the vector into soybean hairy
roots to analyze the nodulation phenotypes of the composite
transgenic plants at the rhizobial infection and nodule matura-
tion stages. qPCR analysis showed that the average transcript
expression levels of all the six genes in GmTIR1/AFB3 knock-
down lines were significantly reduced compared with the vector
control lines (Fig. 1a). Intriguingly, we found that the number of
curled root hairs was dramatically reduced at 6dpi with B.
japonicum strain USDA110 (Fig. 1b—d). In the vector control
roots, the average number of curled root hairs was 29.1 per root
segment; by contrast, the average number in the GmTIRI/AFB3
knock-down roots was only 14.4 (Fig. 1d). We also counted the
nodule numbers of the GmTIRI/AFB3 knock-down roots and
the empty vector control roots at 28 dpi. The result showed that
the average nodule number of the RNAZ-GmTIRI/AFB3 lines
was significantly reduced compared with the empty vector con-
trol lines (Fig. le—g). The RNAi-GmTIRI/AFB3 lines produced
¢. 42% fewer root nodules per hairy root (3.8 = 1.07) than the
vector control (9.1 £ 1.21).

© 2017 The Authors
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Fig. 1 The auxin receptors GmTIR1/AFB3 positively regulate nodulation in soybean. (a) Expression levels of GmTIRTA, GmTIR1B, GmTIR1C, GmTIR1D,
GmAFB3A and GmAFB3B in the RNAi-GmTIR1/AFB3 transgenic hairy roots, the gene expression levels were expressed as mean transcript values & SD in
all the transgenic lines and were normalized against the geometric mean of the soybean reference gene GmELF1B. (b—d) Curled root hair number of the
empty vector control and RNAi-GmTIR1/AFB3 transgenic hairy roots. The asterisk marks the curled root hair (b, c), and the curled root hair number was
expressed as mean values & SD in all of the transgenic lines (d). Bars: (b, ¢) 50 um. (e-g) Nodule number phenotypes of the empty vector control and
RNAi-GmTIR1/AFB3 transgenic hairy roots. (e, f, the image data, bars, 2 mm: g, the quantitative data). Box plots show the distribution of nodule numbers
per root. The boxes indicate data within the first and third quartiles, and the thick black line indicates the median). One-way ANOVA followed by the
Dunnett test was used for (a), and each bar was compared with the empty vector. Student's t-test was used for significant difference analyses for (d, g).

Significant difference: **, P<0.01; *** P<0.001.

GmTIR1T and GmAFB3 family members show different
expression patterns during nodule development

In order to further test whether GmTIRI and GmAFB3 mediate
nodulation, we analyzed the expression patterns of all the
GmTIRI and GmAFB3 genes during nodule development by
generating the transgenic hairy roots expressing four GmTIR1pro:
GUS and two GmAFB3pro:GUS. First, we analyzed the expres-
sion patterns of these genes in noninoculated roots. As shown in
Fig. 2, GmTIRIA, GmTIRIB and GmAFB3A were expressed at
high levels in main roots, lateral root primordia and lateral roots
(Fig. S5a,b,e,g,h,k,m,n,q). Both GmTIRIA and GmAFB3A were
expressed strongly in main root tips and lateral root primordia

(Fig. S5aegkm,q). GmTIRIC and GmTIRID displayed
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tissue-specific expression patterns. GmTIRIC was expressed
specifically in the meristem zone of the root, including the meris-
tem tissue of the main root and lateral root, as well as lateral root
primordium (Fig. S5c¢,i,0), and GmTIRID was specifically
expressed in the root tips of the main root and lateral root, as well
as lateral root primordia (Fig. S5d,j,p). In sharp contrast,
GmAFB3B expression was hardly detectable in the root (Fig. S5,
L,r). We then analyzed the expression patterns of the genes during
nodulation. GUS staining results showed that the GmTIRI and
GmAFB3 family genes exhibited diverse expression patterns dur-
ing nodule development. Among the GmTIRI genes, GmTIRIA
and GmTIRIB showed a similar expression pattern: they were
strongly expressed in both roots and nodules at the early stage of
nodule development. The levels of GmTIRIA and GmTIRIB
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(k) > Fig. 2 The expression pattern of auxin
! receptors GmTIRT and GmAFB3 family
genes. (a-f) Histochemical staining of
GmTIR1pro: GUS and GmAFB3pro: GUS in
the roots and nodules of soybean at 10, 14
and 28 d post- inoculation (dpi) with
rhizobia. (a) GmTIR1Apro:GUS; (b)
GmTIR1Bpro:GUS; (c) GmTIR1Cpro:GUS;
(d) GmTIR1Dpro:GUS; (e) GmAFB3Apro:
P GUS; (f) GmAFB3Bpro:GUS. Bars, 1 mm.
(g-k) Histochemical staining of GmTIR1Cpro:
; GUS at 7 dpi (g), 14 dpi (h, i) and 28 dpi
pb (j, k). (-p) Histochemical staining of
\ GmAFB3Apro: GUS at 7 dpi (1), 14 dpi (m, n)
and 28 dpi (o, p). Bars: (g, I) 100 um; (h-k,
m-p) 500 pm.

expression maintained at high levels in developing nodules,
whereas their expression levels were substantially reduced in roots
with developing nodules (Fig. 2a,b). By contrast, a distinct
expression pattern was observed for GmTIRIC and GmTIRID:
both genes were expressed predominantly in young and develop-
ing nodules, and nearly no expression was observed in the roots
with nodules (Fig. 2¢,d). GmAFB3A was expressed at high levels
in both root and nodules during nodule development, whereas
GmAFB3B was expressed at extremely low levels in roots and
nodules (Fig. 2¢,f).

In order to examine the expression patterns of the genes at the
tissue levels in developing nodules, we chose Gm7IRIC and
GmAFB3A that represent two distinct patterns in two groups of
auxin receptors genes for further study. Transverse section analy-
sis results showed that GmTIRIC and GmAFB3A exhibited dis-
tinct expression patterns during nodule formation and nodule
organogenesis. During nodule primordia formation, GmTIRIC
was expressed mainly in the cells forming nodule primordia but
not in other peripheral cells (Fig.2g). In young nodules,

New Phytologist (2017) 215: 672-686
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GmTIRIC was expressed in the nodule cortex and N-fixation
zone of nodules; upon nodule maturation, the overall GmTIRIC
expression was not altered (Fig. 2h—k). GmAFB3A was expressed
in all of the cells of nodule primordia together with root tissues
during nodule primordia formation (Fig.2l). During nodule
development, GmAFB3A exhibited a similar expression pattern
to GmTIRIC in young nodules and mature nodules of soybean
plants, and with the exception of its high level of expression in
roots (Fig. 2m—p).

GmTIRTA and GmTIR1C play major roles in soybean
nodulation

In order to further examine the roles of the individual Gm7IR1/
GmAFB3 genes in soybean nodulation, we selected the genes that
represent three types of expression patterns and phylogenetically
distinct subgroups of GmTIRI and GmAFB3 genes. GmTIRIA
and GmTIRIC were placed in the GmTIRI group and
GmAFB3A was kept in the GmAFB3 subgroup for further

© 2017 The Authors
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functional analyses. First, we performed qPCR to analyze the
expression patterns of GmTIRIA, GmTIRIC and GmAFB3A
genes during rhizobia inoculation and nodule development
(Fig. S6a—i). The transcript levels of GmTIRIA and GmAFB3A
genes were not affected by B. japonicurn USDA110 inoculation
within 24 h (Fig. S6a,c), but GmTIRIC expression was upregu-
lated at 12 h post-inoculation (hpi) (Fig. S6b). The expression
level of GmTIRIA was not greatly altered in the roots at 10 and
28 dpi and uninfected control, and GmAFB3A was decreased dra-
matically in the roots at 28 dpi compared with that at 10 dpi
(Fig. S6d.f). Interestingly, GmTIRIC showed an increased
expression level in the roots at both 10 and 28 dpi compared to
control (Fig. S6e). We also measured the expression of the
GmTIRIA, GmTIRIC and GmAFB3A in nodules. All of the
tested genes except GmTIRIA were expressed in the young and
mature nodules at a relatively constant levels (Fig. S6g—i).

Next, we generated the transgenic hairy roots overexpressing
GmTIRIA, GmTIRIC and GmAFB3A under the control of
CaMV35S promoter, and evaluated the number of nodules at
28 dpi with B. japonicum strain USDA110. To identify the trans-
genic hairy roots, we conducted a two-step analysis to discrimi-
nate the transformed hairy roots from nontransformed roots:
PCR analysis of the Bar gene in the used vector and then qPCR
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of the target gene expression in the Bar positive roots. Only the
hairy roots that were Bar-positive and exhibited significantly
increased expression levels of the target genes were used for subse-
quent phenotype analysis (Fig. S7a—d). As shown in Fig. 3(a—e),
overexpression of GmTIRIA and GmTIRIC significantly
increased the number of nodules per hairy root. Unexpectedly,
the transgenic roots overexpressing GmAFB3A under the control
of the CaMV35S promoter produced a comparable number of
nodules as the vector control hairy roots at 28 dpi (Figs 3a,b,f,
S7e,f). These results suggest that GmTIRIA and GmTIRIC play
important roles for soybean nodulation, whereas GmAFB3A may
play a minor role in this process.

The GmTIR1T and GmAFB3 genes were responsive to auxin
in soybean

Because s GmTIR1 and GmAFB3 proteins are putative
orthologs of Arabidopsis TIR1 and AFB3, we speculated that
these proteins regulate nodulation through modulation of cel-
lular response to auxin. To test the possibility, we analyzed
expression of the GmTIRIA, GmTIRIC and GmAFB3A genes
in response to auxin. Nine-day-old seedlings were treated with
1pM 2,4-D and qPCR was used to test the GmTIRIA,

(b) 40, .
g 30} * s
£
2
s 20}
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¢ o O

35Spro:GmTIR1A 35Spro:GmTIR1C  35Spro:GmAFB3A

Fig. 3 The auxin receptors GmTIR1 positively regulate nodulation in soybean. (a) Expression levels of GmTIRTA, GmTIR1C and GmAFB3A in the 35Spro:
GmTIRTA, 355pro: GmTIR1C and 35Spro: GmAFB3A transgenic hairy roots, respectively. The gene expression levels were expressed as mean transcript
values & SD in all the transgenic lines and were normalized against the geometric mean of the soybean reference gene GmELF1B. (b—f) Phenotypic analysis
of soybean nodulation at 28 d post-inoculation (dpi). (b) Quantitative data. Box plots show the distribution of nodule numbers per root. The boxes indicate
data within the first and third quartiles, and the thick black line indicates the median. (c-f) Image data for the empty vector control (c) and the transgenic
roots overexpressing GmTIRTA (d), GmTIR1C (e) and GmAFB3A (f). Three independent biological repeats were performed, and in total 20, 24, 30 and 24
transgenic hairy roots of the empty vector, 355pro: GmTIRTA, 355pro: GmTIR1C and 355pro: GmAFB3A were used, respectively. The one-way ANOVA
followed by the Dunnett test was used for significant difference analysis, and each bar was compared with the empty vector. Significant differences:

* P<0.05; *** P<0.001; ns, not significant. Bars, 2 mm.

Empty vecto
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GmTIRIC and GmAFB3A gene expression in roots at the
specified time points. The results showed that the expression
of GmTIRIA remained quite stable within 24 h, whereas
GmTIRIC expression was increased at 12h after 2,4-D treat-
ment and remained elevated after 24 h (Fig. S8a,b). By con-
trast, GmAFB3A was significantly induced by auxin starting
from 6h after 2, 4-D treatment and maintained at the higher
levels (Fig. S8c). We also checked the expression levels of
GmTIRIA, GmTIRIC and GmAFB3A genes in the seedlings
treated with 2,4-D for 3d as a long-term auxin treatment
(Fig. 4a—c). Notably, all three genes were markedly upregulated
in the treated roots compared with the control (Fig. 4a—c).

The GmTIRTA, GmTIR1C and GmAFB3A genes are the
direct targets of soybean miR393

In Arabidopsis, the 77RI/AFB family genes are directly targeted
by miR393 (Parry eral., 2009). To test whether the GmTIRIA,
GmTIRIC and GmAFB3A genes are also the direct targets of
miR393 in soybean, we first performed a bioinformatics analysis
to search the complementary sequences in these genes. The result
showed that GmTIRIA, GmTIRIC and GmAFB3A genes contain
a single complementary sequence to miR393 miRNAs in the
third exon (Fig. S9). We then conducted the RNA ligase-
mediated 5’ Rapid Amplification of ¢cDNA Ends (RLM-
5'RACE) assay to validate the prediction. As shown in Fig. S9,
the mRNAs of the GmTIRIA, GmTIRIC and GmAFB3A genes
were cleaved at the typical miRNA cleavage sites of the comple-
mentary sequences between the 10™ to 11™ nucleotides from the
5" end of miR393. These results confirmed that GmTIRIA,
GmTIRIC and GmAFB3A genes are indeed the targets of

miR393 in soybean.

miR393 family members are differentially expressed in
soybean nodulation

In order to better understand the role of miR393 in soybean
nodulation, we first performed the phylogenetic analysis of the
miR393 family using their precursor sequences in soybean. As
shown in Fig. 5(a), the soybean miR393 family contains 11
members and can be divided into two groups (http://mirbase.

New
Phytologist

orgl/) and each group contains two subgroups of miR393
miRNAs. When comparing the mature sequences, miR393a rep-
resents a single type of miRNA containing 21 nucleotides,
whereas miR393c/d/e/f/g and miR393h/i/j/k share the exact
same sequence with miR393a but containing one additional
nucleotide ‘C’ and ‘U’ at their 3’ and 5’ termini, respectively
(Table S3). Notably, miR393b found in the miRBase differed
greatly in its mature sequence from the other family members
and, thus, miR393b was excluded from this study.

Next, we analyzed the expression patterns of three types of
mature miR393s during nodule development in soybean. Stem-
loop qPCR analyses showed that all the miR393 miRNAs were
expressed at fairly low levels in the uninoculated roots of 9-d-old
seedlings, and among them, miR393a and miR393h/i/j/k were
expressed at higher levels than miR393c/d/e/f/g (Fig. 5b). Upon
rhizobia inoculation, the expression of miR393a and miR393h/i/
j/k were slightly reduced at 6 hpi and then increased at 12 hpi,
whereas miR393c/d/e/f/g showed more severe reduction at 6 hpi
and maintained at lower levels at 12 hpi (Figs 5¢, S10a,d). Dur-
ing nodule development, the expression of miR393a and
miR393h/i/j/k was upregulated and remained unchanged in the
inoculated roots, respectively; by contrast, miR393 c/d/e/f/g were
downregulated at 10 dpi and then upregulated at 28 dpi in the
inoculated roots (Figs 5d, S10b,e). miR393a, miR393c/d/e/fl/g
and miR393h/i/j/k also showed different expression patterns dur-
ing nodule development. In young nodules, three groups of
miR393 were expressed at very low levels, yet their expression
levels were elevated substantially at 28 dpi, although miR393a
and miR393h/i/j/k expression were much higher than miR393¢/
d/e/flg (Figs 5e, S10c,f).

miR393d directly targets auxin receptor genes

Previous studies have shown that 7/R3934 do not affect soybean
nodule development and that miR393j-3p was involved in soy-
bean nodulation through targeting ENOD93 but not auxin
receptors (Mao ez al., 2013; Turner et al., 2013; Yan et al., 2015).
Therefore, we speculated that the miR393¢/d/e/f/g showing a dif-
ferent expression pattern during nodulation may be the upstream
regulators of auxin receptor genes, such as GmTIRIC in nodula-
tion regulation. Thereafter, we chose to concentrate our research
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Fig. 4 The expression of GmTIRTA, GmTIR1C and GmAFB3A were induced by 2, 4-D treatment in soybean roots. Nine-day-old seedlings after
germination were treated with solutions without or with 1 tM 2,4-D, and the roots were collected for RNA extraction. Quantitative polymerase chain
reaction analysis of GmTIRTA, GmTIR1C and GmAFB3A expression was performed after treatment for 3 d. The gene expression levels were expressed as
mean transcript values & SD of three independent biological repeats. The GmELF7B was used as an internal control. Student's ¢-test was used for the

significant difference analysis: ***, P<0.001.
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Fig. 5 Phylogenetic and expression analysis of soybean miR393 family genes. (a) Phylogenetic analysis of the precursor sequences of miR393 family
members. The pre-miRNA sequences of the miR393 family member were used for the alignment, and the phylogenic neighbor-joining tree was
constructed using MEGA5 phylogenetic analysis software. (b) Expression of three groups of miR393 family members in roots before Bradyrhizobium
japonicum inoculation. (c) Expression of miR393c/d/e/f/g family members in roots at the indicated hours post-inoculation (hpi) with B. japonicum. (d)
Expression levels of miR393c/d/e/f/g in roots at the indicated days post-inoculation (dpi) during nodule development. (e) Expression of miR393c/d/e/f/g
in young and mature nodules at 10 and 28 dpi. The gene expression levels were expressed as mean transcript values + SD of three independent biological
repeats and were normalized against the geometric mean of the soybean reference gene miR1520d. Different letters indicate a significant difference
(Student-Newman-—Kuels (SNK) test, P <0.05).

on miR393d, a randomly selected member of the group
miR393c/d/el/flg.

In order to prove that miR393d is able to repress GmTIRIC
expression in vivo, we made the constructs (CaMV35Spro:
GmTIRIC-GFPand CaMV358pro:miR393d precursor) and tran-  In order to determine whether m7R393d functionally targets

siently expressed them by infiltrating the genes into Nicotiana auxin receptor genes, we sought to examine whether miR393d

miR393d is specifically expressed in parenchyma cells dur-
ing nodule development and negatively regulates the
nodulation of soybean

benthamiana leaf cells. As shown in Fig. 6, the GFP fluorescence  is expressed in a tissue-specific expression pattern. To this
was strongly detected in the nucleii of N. benthamiana leaf cells  end, we assayed the expression of the GUS reporter gene in
when infiltrated with the GmTIRIC-GFP alone (Figs 6a, S11); the miR393dpro:GUS transgenic hairy roots. As shown in
By contrast, the intensity of the GFP fluorescence was reduced ~ Fig. 7(a), GUS activity was hardly detected in root cortical
substantially ~ when — CaMV358pro:GmTIRIC-GFP  and  cells during nodule primordia formation at 7 dpi, but as nod-
CaMV358pro:miR393d were coexpressed. The Western blot  ules developed, weak GUS activity was observed in both roots
analysis of GmTIRIC -GFP protein proved that the amounts of ~ and young nodules (Fig.7b). Interestingly, strong expression

the fusion protein in N. benthamiana leaves co-overexpressing  of the GUS gene was observed in parenchyma cells between
miR393d and the target gene was reduced dramatically compared ~ the N-fixation zone and cortex cells of 14-d-old nodules
with that in the plant cells only overexpressing the target gene  (Fig. 7c). When nodules became mature, the weak expression

(Fig. 6b,c). To verify the result, we also coexpressed miR3934  of GUS gene was mainly limited in the N-fixation zone of
and GmTIRI1C with four point mutations in the miR393 target the 28-d-old nodules (Fig.7d,e). Basically, miR393d showed
site (CaMV358pro:mGmTIRIC-GFP) in the N. benthamianaleaf  tissue-specific expression patterns during nodule formation

cells (Fig. S12). As expected, overexpression of miR393 cannot and nodule development, indicating a crucial role of
repress the expression of mGmTIRIC (Fig. 6a—c). Using the same ~ miR393d during nodulation.

methods, we also proved that GmTIRIA and GmAFB3A were In order to test whether miR393d is indeed involved in nodu-
also negatively regulated by miR393d (Fig. S13a—f). Together,  lation regulation of soybean, we made the construct harboring
these results demonstrate that miR393d directly represses the CaMV35Spro:miR393d precursor and generated the transgenic
expression of the target genes. roots overexpressing miR393d through A. rhizogenes-mediated
© 2017 The Authors New Phytologist (2017) 215: 672-686
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Fig.6 GmTIR1C is repressed by miR393d. (a) Expression of 355pro: GmTIR1C -GFP or 355pro:mGmTIR1C -GFP and co-expression of them with 35Spro:
miR393d in Nicotiana benthamiana; GFP fluorescence was observed under confocal microscope. (b) Anti-GFP immunoblot analysis of GmTIR1C-GFP
protein in the above samples. (c) The quantitative data of (b). Three independent biological repeats were performed with similar results, Ponceau S staining
was used for loading control; error bars, + SD. Different letters indicate a significant difference (Student-Newman-Kuels (SNK) test, P <0.05).

hairy root transformation. The hairy roots that overexpressed
mature miR393d (Fig. 7f) were used for phenotypic analysis of
the composite transgenic plants during nodulation including
numbers of the curled root hairs and nodules. At 6 dpi, the curled
root hair number in the m7R393d overexpression roots was signif-
icantly reduced compared with that of the empty vector control
roots (Fig. 7g,h,j). Accordingly, the number of nodules in trans-
genic roots overexpressing miR393d was significantly reduced
compared with that of the roots expressing the empty vector, and
the average number of nodules per miR393d overexpression root
reduced markedly (Fig. 7k,l,n).

In order to demonstrate whether endogenous miR393d is
required for nodulation, we attempted to see whether reduced
miR393d affects nodule development. To do this, we made the
construct expressing a target mimicry designed to hinder miR393
(MIM393) containing the short sequence mimicking the target
site of miR393 (Fig. S14) and transformed the CaMV35Spro:
MIM393 into chimeric transgenic plants. gPCR results showed
that the CaMV358pro:MIM393 was highly expressed (Fig. 7f).
Phenotypic analyses of the MIM393 transgenic composite plants
showed that numbers of both the curled root hairs and nodules
were dramatically increased (Fig. 7g,i,k,m,n). Together, these
results demonstrate that miR393s act as negative regulators in
soybean nodulation.

New Phytologist (2017) 215: 672-686
www.newphytologist.com

miR393d modulates nodulation through its effects on auxin
receptors

In order to investigate whether miR393d is involved in soybean
nodulation that is regulated by auxin receptor genes, we first
tested the expression levels of GmTIRIA, GmTIRIC and
GmAFB3A in the miR393d overexpression hairy root lines by
qPCR. As shown in Fig. 8(a), the expression levelw of GmTIRIC
and GmAFB3A in the miR393d overexpression roots were signifi-
cantly reduced compared with those in the empty vector. How-
ever, we did not observe significant reduction in gene expression
of GmTIRIA. We also tested the transcript levels of GmTIRIA,
GmTIRICand GmAFB3A in hairy roots successfully overexpress-
ing the MIM393 and found more than two-fold increases in
GmTIRIA, GmTIRIC and GmAFB3A expression (Fig. 8b). The
result suggests that miR393d may regulate nodule organogenesis
by repressing the soybean auxin receptor target genes.

In order to prove the above prediction, we transformed the
vector of CaMV358pro: GmTIRIC together with its point muta-
tion vector CaMV35Spro:mGmTIRIC, which is resistant to
miR393 cleavage, to evaluate the nodule phenotypes. qPCR anal-
ysis showed that both GmTIRIC and its mutated form in the
transgenic hairy roots was dramatically overexpressed at 28 dpi
(Fig. 8¢). showed that GmTIRIC

analysis

Phenotypic

© 2017 The Authors
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Fig. 7 The histochemical staining of miR393dpro:GUS and the nodulation phenotype of ectopic expression of miR393. (a—e) Histochemical staining of
miR393dpro: GUS. (a) Nodule primordia at 7 DAI. (b) The young nodule of 14 d post-inoculation (dpi). (c) Cross-section of nodule at 14 dpi. (d) The
mature nodule of 28 dpi. (e) Cross-section of nodule at 28 DAI. Bars: (a) 100 um; (b—e) 500 um. (f) Expression levels of mature miR393d and MIM393 in
the transgenic hairy roots expressing 355pro:miR393d and 35Spro: MIM393, respectively. The gene expression levels were expressed as mean transcript
values + SD in all the transgenic lines and were normalized against the geometric mean of the soybean reference gene miR7520d for miR393d and
GmELF1B for MIM393, respectively. (g-j) The curled root hair number of the hairy root transformed with the empty vector, 355pro:miR393d and 35Spro:
MIM393 at 6 dpi. The asterisk marks the curled root hair (g-i),the curled root hair number was expressed as mean values & SD in all the transgenic lines.
Bars, 50 um. (k—n) The nodulation phenotypes of the hairy root transformed with the empty vector, 355pro:miR393d and 35Spro: MIM393 at 28 dpi.
(k-m, the image data, bars, 2 mm. n, the quantitative data. Box plots show the distribution of nodule numbers per root. The boxes indicate data within the
first and third quartiles, and the thick black line indicates the median). One-way ANOVA followed by the Dunnett test was used for the significant
difference analysis, and each bar was compared with the empty vector. Significant differences: *, P <0.05; *** P<0.001.

overexpression resulted in an increase in nodule number com-
pared to the empty vector control, and strikingly, overexpression
of mGmTIRIC led to a significantly greater increase in nodule
number compared to vector control (Fig. 8d—g). The results sug-
gest that miR393d regulates the nodulation by directly repressing
the GmTIRIC gene.

© 2017 The Authors
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GmTIR1/AFB3 regulates transcription levels of the
auxin-responsive genes

In order to validate the role of miR393-GmTIR1/AFB3-
mediated auxin signaling and auxin response in soybean nodu-

lation, we analyzed the effects of GmTIRI/AFB3 on

New Phytologist (2017) 215: 672-686
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Fig.8 miR393d modulates soybean nodule number by directly targeting GmTIR7C. (a, b) Quantitative polymerase chain reaction analysis of
GmTIRTA, GmTIR1C and GmAFB3A expression in the hairy roots of 355pro:miR393d (a) and 35Spro: MIM393 (b); the empty vector was used
as a control, and the gene expression levels were expressed as mean transcript values+ SD in all the transgenic lines and were normalized
against the geometric mean of the soybean reference gene GmELF1B. (c) Expression of GmTIR1C and the mutated form mGmTIR1C in the
hairy roots overexpressing GmTIRTC and mGmTIRTC. The gene expression levels were expressed as mean transcript values +SD in all the

transgenic lines and were normalized against the geometric mean of the soybean reference gene GmELF1B. (d—g) Phenotypic analysis of nodule
numbers of the vector control, 355pro: GmTIR1C and 35Spro-mGmTIR1C hairy roots (d—f, image data, bars, 2 mm; g, quantitative data.

Box plots show the distribution of nodule numbers per root. The boxes indicate data within the first and third quartiles, and the thick black line
indicates the median). Three independent biological repeats were performed, 30 and 27 transgenic hairy roots of 355pro: GmTIR1C and 35Spro:
mGmTIR1C were used for the nodule number analysis respectively. One-way ANOVA followed by the Dunnett test was used for the significant

difference analysis, and each bar was compared with the empty vector. Significant differences: *, P<0.05; *** P<0.001; ns, no significant

difference.

transcription levels of GmlAAs (GmIAA8, GmIAA9 and
GmlIAAI4) and GmARF8 (GmARF8a and GmARF8b) genes,
which have been shown to mediate soybean nodulation
(Turner etal., 2013; Wang etal., 2015). As shown in Fig. 9(a—
c), the transcription levels of all the tested GmIAA genes were
reduced significantly in the GmTIRI/AFB3 knockdown hairy
roots compared with those in the vector control roots; by con-
trast, the levels of GmARF8a and GmARF8b were dramatically
elevated (Fig. 9d,e). This result confirms that GmTIRI/AFB3C
modulates nodulation by regulating the cellular response to
auxin in soybean.

New Phytologist (2017) 215: 672-686
www.newphytologist.com

Discussion

Auxin plays important roles in cellular responses and organo-
genesis in plantae. It has been shown that increased auxin
response is associated with de novo organogenesis of nodules in
legumes as indicated by the expression of the auxin-responsive
marker genes, such as DR5pro:GUS and GH3pro:GUS in both
indeterminate nodules (Mathesius ezal, 1998; Huo etal,
2006; van Noorden eral, 2007; Breakspear eral, 2014) and
determinate nodules (Pacios-Bras etal., 2003; Takanashi ezal,
2011; Turner etal, 2013). Later functional studies showed

© 2017 The Authors
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Fig. 9 The transcriptional levels of GmIAA genes and GmARF8 in GmTIR1/AFB3 knockdown transgenic hairy roots. Transcriptional levels of (a) Gm/AAS,
(b) GmIAA9, (c) GmIAAT4 and (d, €) GmARF8a and GmARF8b. The gene expression levels were expressed as mean transcript values + SD of three
independent biological repeats and were normalized against the geometric mean of the soybean reference gene GmELF1B. Student's t-test was used for

the significant difference analysis. Significant difference: ***, P<0.001.

that manipulation of miR160 and miR167, which target the
genes encoding auxin response factors (ARF), altered nodula-
tion in soybean (Turner eral., 2013; Wang ezal., 2015). Here,
we provided direct evidence for the involvement of auxin sig-
naling and responses in soybean nodulation. We showed that
Arabidopsis T7R1/AFB3 ortholog genes in soybean, that encode
predicted auxin receptors, positively regulate rhizobial infection
and nodule development. We also demonstrated that these soy-
bean auxin receptor genes are direct targets of soybean miR393
during soybean nodulation.

The first step in auxin signaling is auxin-mediated activation
of auxin receptors that interact with the transcriptional
co-repressors (Aux/IAA) leading to Aux/IAA degradation (Tan
etal., 2007; Peer, 2013). Therefore, the concentrations of auxin
receptors are crucial for the auxin signaling reaction. In Ara-
bidopsis, there is only one copy of the 77RI and AFB3 genes.
Because soybean is an allotetraploid with at least two rounds of
whole genome duplication, one can expect more than one copy
of the GmTIRI and GmAFB3 genes in soybean (Figs S1-S3).
Our data supported the notion that these duplicated genes have
redundant and/or diverged functions in soybean because all the
genes of GmTIRI and GmAFB3 were expressed differentially in
roots and during nodule development (Figs 2, S5). For example,
GmTIRIA, GmTIRIB and GmAFB3A were expressed at high
levels in both roots and nodules at the early stage, Gm77RI1C and

© 2017 The Authors
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GmTIRID were expressed mainly in lateral root primordia and
nodules but not main roots, whereas GmAFB3B was expressed in
both main roots and nodules. Based on the expression patterns of
these genes, we speculate that the auxin receptor genes except for
GmAFB3B may fine-tune root growth, lateral root formation,
nodule initiation and nodule organogenesis, whereas GmAFB3B
may be involved in shoot development. Because some auxin
receptor genes were expressed in both roots and nodules, we do
not exclude the possibility that they mediate the crosstalk
between root and nodule development in soybean.

In addition to gene duplication, the functions of 77RI and
AFB3 genes are also regulated at various levels. We found that
there was an apparent difference in transcriptional regulation of
TIRI and AFB3 genes in response to auxin between Arabidopsis
and soybean. Unlike Arabidopsis 77RI and AFB3 genes are not
responsive to auxin (Parry eral, 2009), the GmTIRI and
GmAFB3 genes are induced by auxin 2,4-D in soybean roots
(Fig. 4). The difference in auxin responsiveness between Ara-
bidopsis and soybean receptor genes appears mainly due to the
distinction between their promoters; that is, the existence of the
auxin-responsive cis regulatory elements in the promoters of the
soybean auxin receptor genes (Fig. S15). Within 2-kb regions of
Arabidopsis 77RI and AFB3 promoters, there were no auxin
response-related ¢zs elements (Fig. S15a,d). Interestingly, we
found several auxin-responsive elements and/or auxin response

New Phytologist (2017) 215: 672-686
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factor binding sites in the promoters of GmTIRIA, GmTIRIC
and GmAFB3A (Fig. S15b,c,e), In particular, GmTIRIC pro-
moter contains both auxin-responsive elements and auxin
response factor binding sites (Fig. S15¢) (Xu ez al, 1997). Tran-
scriptional responsiveness of the GmTIRI and GmAFB3 genes to
auxin suggest the presence of feedback regulatory loop acting
through these auxin receptor genes, thereby adding another layer
of regulation for auxin receptor-mediated nodulation and growth
in soybean. Thus, it is apparent that transcriptional regulation of
auxin receptor genes has diverged significantly between soybean
and Arabidopsis during evolution, which may be required for the
complex developmental traits including root nodule development
in soybean.

Previous data on auxin-inducible gene expression (e.g.
DR5pro:GUS activity) showed that auxin activity is restricted
mainly to nodule periphery in the mature nodules, but not in
nitrogen (N)-fixation zones during determinate nodule develop-
ment (Takanashi etal, 2011; Suzaki etal, 2012; Turner et al.,
2013). This observation suggests that auxin response also takes
place in these regions, although auxin response as measured by
auxin-responsive marker genes is not detected in the infection
and N-fixation zones (Turner eral, 2013). This make sense
because the growth of determinate nodules is due largely to plant
cell division and expansion, which is auxin’s primary role (Kong
etal., 2013). It is worthy of note that majority of GmTIR1/AFB3
genes were highly expressed in meristematic tissues of roots and/
or lateral roots (Fig. S5) or the cells/tissues in nodule primordia
and developing nodules (Fig. 2). The cell/tissue-specific expres-
sion patterns of these GmTIRI/AFB3 genes imply that the
GmTIRI/AFB3-mediated auxin signaling and auxin responses of
the cells/tissues are required for the development of determinant
nodules. The fact that knockdown or overexpression of GmTIR1/
AFB3 genes substantially reduced or increased the nodule num-
ber (Figs 1, 3) supports this conclusion. The positive correlation
between the concentrations of auxin of infected roots and nodule
number may also be conserved in nodule development. In Lozus
Jjaponicum, the supernodulation mutant /a7 has many more sites
that accumulate auxin than the wild-type (Suzaki ez al., 2012). In
addition to the role of auxin in nodule organogenesis, a recent
study of root hair infectome showed that auxin and the auxin sig-
naling also modulate rhizobial infection in Medicago truncatula
(Breakspear ez al., 2014). In the present study we provide direct
evidence for the involvement of auxin signaling in rhizobial infec-
tion because knockdown of GmTIRI/AFB3 genes reduced the
number of curled root hairs in response to rhizobial infection
(Fig. 1a—d). The results suggest that the GmTIRI/AFB3 gene-
mediated auxin signaling also modulates nodulation through
affecting the initial step of rhizobial infection. Because the ratio
of auxin/cytokinin determines the cell fate during development,
it is conceivable that activation or attenuation of auxin signaling
by GmTIR1/AFB3 may affect the balance between cell responses
to cytokinin and auxin, thereby changing cell fates of plants.

Previous studies have shown that rhizobia also are able to syn-
thesize auxin, and rhizobial auxin is required for nodule develop-
ment in both determinate and indeterminate nodules (Hunter,
1987; Pii et al., 2007). The activation of auxin response in the N-
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fixation zone of developing nodules could be stimulated by the
auxin from host cells, or by rhizobia-derived auxin. Inoculation
with Bradyrhizobium mutants deficient in auxin synthesis results
in reduced number of nodules in soybean (Fukuhara ezal,
1994), whereas inoculation with an IAA-overproducing
Sinorhizobium melioti strain increased nodule numbers in
M. truncatula (Pii et al., 2007). Thus, auxin signaling also plays
an important role in the growth of nodules. This conclusion is
supported by the results of Breakspear eral (2014), which
showed that GH3-1, SAURI and ARFI6a are also expressed in
the infection zone of the growing nodules in M. runcatula
(Breakspear ez al., 2014). These results demonstrated that the reg-
ulatory role of auxin in the growth of both determinate and inde-
terminate nodules is conserved. In M. truncatula, GH3-1,
SAURI and ARFI6a expression are restricted mainly to the
meristem zone of mature nodules (Breakspear ez al., 2014). How-
ever, GmTIRIC is still expressed in the N-fixation zone upon
nodule maturation (Fig. 2k). Because GH3-1, SAURI and
ARF16a are downstream effectors in auxin signaling, we specu-
lated that distinct auxin signaling pathways may participate in
the functionality of N-fixing nodules.

It is well known that auxin receptor genes 7/R1 and AFB3 are
also regulated at the post-transcriptional level by miR393 in land
plants, such as Arabidopsis and rice (Xia ezal, 2012; Iglesias
etal., 2014). Here, we provide evidence that miR393 directly
represses expression of GmTIRI and GmAFB3 during soybean
nodulation (Figs 6, 9, S13). We demonstrated that miR393d
negatively regulates rhizobial infection and nodule development
through cleaving the target gene GmTIRIC because overexpres-
sion of the mutated version of GmTIRIC that cannot be cleaved
by miR393 resulted in a more severe nodule phenotype than
overexpression of the normal GmTIRICI (Figs 7, 8). The effects
of miR393 on rhizobial infection and nodule development seem
not to be in agreement with the study by Turner eral (2013),
showing that miR393(a) do not mediate the development of
determinate nodules. This may be due to the different roles of
individual miR393 in the regulation of the distinct target genes.
Apparently, miR393 members showed different levels of expres-
sion during rhizobial infection and nodule development. It is,
therefore, possible that given the low expression level of miR393d
in the root hairs and cortical cells, the N-fixation zone can relieve
the repression of the target genes, allowing activation of auxin sig-
naling and subsequent rhizobial infection, nodule formation and
growth. Because there are four more miR393 family members
showing similar expression pattern to miR393d during nodula-
tion, we do not exclude the possibility that they are functionally
redundant in nodule development.

Because the soybean miR393 and auxin receptors families have
multiple members, the regulation of auxin receptors by miR393
is more complicated. Although 5" RACE and transient coexpres-
sion of miR393 and the target genes in N. benthamiana leaves
showed that GmTIRI and GmAFB3 mRNAs were repressed by
miR393, each target gene is cleaved precisely by the members of
miR393 in soybean. For example, overexpression of miR393d in
the composite soybean plants effectively reduced the transcript

levels of the GmTIRIC and GmAFB3A but not the GmTIRIA
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(Fig. 8). This phenomenon was also observed in the report by
Turner etal. (2013). However, when the miR393 family mem-
bers were knocked down by miRNA target mimic technology,
expression of all the tested genes (the GmTIRIC, GmAFB3A and
GmTIRIA) increased, suggesting that the GmTIRIA is targeted by
other miR393 family member but not miR393d (Fig. 8). In addi-
tion, it was shown previously that Arabidopsis miR393 initiated
the biogenesis of secondary siRNAs from the transcripts of 77R1/
AFB2 genes, which in turn enhance the repression effect on the tar-
get genes by guiding the cleavage of their mRNAs (Si-Ammour
etal., 2011). However, in the present study, we did not detect any
other cleaved products from the target transcripts in addition to
the products at the specific cleavage site between the 10" to 11
nucleotides from the 5" end of miR393, indicating that no siRNAs
are produced by the interaction between miR393 and their targets
in soybean. This may also explain why overexpression of miR393d
does not result in the severe reduction of its target genes.

Taken together, the available data have demonstrated that acti-
vation of auxin signaling is required for each step of nodulation
in soybean. However, the mechanisms underlying the auxin-
mediated infection of rhizobia, nodule primordia formation and
nodule growth are complex, and far from being fully investigated
and understood. Nevertheless, our finding provides new insight
into deciphering this extremely complex developmental process.
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