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All lateral organ development in plants, such as nodulation in legumes, requires the temporal
and spatial regulation of genes and gene networks. A total mRNA profiling approach using
RNA-seq to target the specific soybean (Glycine max) root tissues responding to compatible
rhizobia [i.e. the Zone Of Nodulation (ZON)] revealed a large number of novel, often transient,
mRNA changes occurring during the early stages of nodulation. Focusing on the ZON enabled

us to discard the majority of root tissues and their developmentally diverse gene transcripts,
thereby highlighting the lowly and transiently expressed nodulation-specific genes. It also
enabled us to concentrate on a precise moment in early nodule development at each sam-
pling time. We focused on discovering genes regulated specifically by the Bradyrhizobium-
produced Nod factor signal, by inoculating roots with either a competent wild-type or incom-
petent mutant (nodC") strain of Bradyrhizobium japonicum. Collectively, 2915 genes were
identified as being differentially expressed, including many known soybean nodulation genes.
A number of unknown nodulation gene candidates and soybean orthologues of nodulation
genes previously reported in other legume species were also identified. The differential
expression of several candidates was confirmed and further characterized via inoculation
time-course studies and gRT-PCR. The expression of many genes, including an endo-1,4-§-
glucanase, a cytochrome P450 and a TIR-LRR-NBS receptor kinase, was transient, peaking
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quickly during the initiation of nodule ontogeny. Additional genes were found to be down-
regulated. Significantly, a set of differentially regulated genes acting in the gibberellic acid
(GA) biosynthesis pathway was discovered, suggesting a novel role of GAs in nodulation.

Introduction

The genetic regulation of lateral organ development in plants is
well illustrated by the legume—Rhizobium symbiosis (cf., Caet-
ano-Anollés and Gresshoff, 1991; Ferguson, 2012; Ferguson
et al., 2010). The processes of determination, initiation, growth
and development, as well as feedback regulation, commonly
involve small signal molecules, namely hormones or hormone-
like factors (Biswas etal, 2009; Ferguson and Mathesius,
2003), short- and long-distance transport, receptors and tran-
scriptional factors that facilitate the regulation of cell division
and differentiation (cf., Beveridge et al., 2007).

During nodule ontogeny, only a small portion of the legume
root responds to compatible rhizobia (Bhuvaneswari et al.,
1980; Calvert et al., 1984); this region is known as the ‘Zone
Of Nodulation (ZON) " and is located between the zone of elon-
gation and the zone where new root hairs emerge (Zone of
Emerging Root Hairs [ZERH]; Bhuvaneswari et al., 1980; Gress-
hoff and Delves, 1986). Mature root regions with elongated
root hairs typically fail to respond to rhizobia (Bhuvaneswari
et al., 1980; Calvert et al., 1984).

Nodulation is initiated by the legume exuding flavonoid mole-
cules (Kosslak et al.,, 1987; Peters et al., 1986; Redmond et al.,
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1986), which induce the synthesis of rhizobia-produced lipochi-
to-oligosaccharides, called Nod factors (NF; reviewed by Caet-
ano-Anollés and Gresshoff, 1991; Dénarié et al., 1996, Spaink,
2000). The perception of NF triggers a root signalling cascade
essential for rhizobia infection (Dénarié et al., 1996; Desbrosses
and Stougaard, 2011; Indrasumunar et al., 2010, 2011; Oldroyd
and Downie, 2008). Significantly, the plant also responds to the
presence of the bacteria, including their exopolysaccharides,
lipopolysaccharides and metabolites such as purines and quo-
rum-sensing molecules (Giraud et al., 2007; Jones et al., 2008;
Leigh et al., 1985; Mathesius et al., 2003).

The number of developing nodules is regulated by the
legume through systemic ‘Autoregulation Of Nodulation (AON)’
(Delves et al., 1986; Ferguson etal., 2010; Gresshoff and
Delves, 1986; Han et al., 2010; Reid et al., 2011a). AON s initi-
ated during nodule primordium formation (Li et al., 2009) and
involves the production of CLAVATA3/ESR-related (CLE) pep-
tides (Lim et al., 2011; Mortier et al., 2010; Okamoto et al.,
2009; Reid et al., 2011b). Some CLE peptides are predicted,
although not proven, to act as the ligand for a CLAVATA1-like
LRR receptor kinase (Krusell et al., 2002; Nishimura et al., 2002;
Schnabel et al.,, 2005; Searle et al, 2003). Activation of this
receptor is proposed to initiate the production of a low molecu-
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lar weight shoot-derived inhibitor (SDI) that is transported to
the root where it inhibits further nodule initiation (Lin et al.,
2010, 2011b; Mathews et al., 1989).

Over the last decades, forward mutagenesis approaches using
legumes identified a number of genetic components required
for both nodulation and AON (reviewed in Crespi and Frugier,
2008; Ferguson et al., 2010; Oldroyd and Downie, 2008). In
parallel, differential gene expression screens identified nodula-
tion-enhanced genes called ‘nodulins’ (reviewed in Lievens
et al., 2001). More recently, genome-wide transcriptome analy-
ses using microarrays were performed to investigate the gene
expression with a greater emphasis on variations occurring over
time or in different tissues (Colebatch et al., 2004; El Yahyaoui
et al., 2004; Kinkema and Gresshoff, 2008; Lohar et al., 2006;
Maguire et al., 2002; and others). It is worthwhile to note that
the data may not only reflect gene expression but also integrate
RNA turnover, meaning that these approaches in fact monitor
total mRNA levels.

To date, limitations with both the genetic and molecular
approaches used have resulted in many nodulation-related
genes being overlooked. These limitations include genetic dupli-
cation and redundancy preventing mutant isolation, the lack of
a proper inoculation control (usually mock inoculation with
water or buffer) and the harvesting of entire root systems that
harbour continuous, and often AON-regulated, developmental
stages. Gene chip technology was also limited as it was hybrid-
ization based and thus failed to effectively distinguish members
of multigene families. Furthermore, for soybean, the presence
of a fragmented and duplicated amphidiploid genome contain-
ing diversified gene homeologues (Schmutz et al., 2010) consid-
erably complicated transcript analyses.

High-throughput RNA sequencing (RNA-seq) overcomes many
of the above-mentioned shortfalls. RNA-seq uses next-generation
sequencing technology to identify presumably all mRNA tran-
scripts. Each individual transcript is then mapped to predicted
genome sequences to identify how various genes are expressed.

Soybean is one of the most important crop species, providing
human food, animal feed, nutritional by-products (i.e. lecithin,
isoflavones) and even vegetable oil for human consumption and
biofuel production. It is also important scientifically as a ‘model
legume species’ (Ferguson and Gresshoff, 2009; Gresshoff,
2012) providing a rich database, particularly in biochemical and
agronomic areas. Forward and reverse genetic methods are
available (Carroll et al.,, 1985; Hayashi et al., 2008; Lin et al.,
20711a). Its genome has been sequenced (Lam et al., 2010; Sch-
mutz et al., 2010), and initial transcriptome atlases have been
published (Libault et al., 2010b; Severin et al., 2010). Recently,
RNA-seq (lllumina, GAllx) has been used to investigate nodula-
tion-induced transcriptional changes in the leaf (Reid et al.,
2012). In addition, Libault et al. (2010a) used microarray chips
and RNA-seq (lllumina, GAll) to identify genes regulated in root
hairs harvested from entire root systems of nodulating soybean.
This study provided insight into differentially expressed nodula-
tion-related genes. However, lowly and transiently expressed
transcripts would have been diluted by those in the majority of
the non-nodulating part of the root. Moreover, nodulation
events from across the entire root system would have been at
different developmental stages (Calvert et al., 1984), and genes
expressed in root tissues other than the epidermis would not
have been captured.

Here, we used soybean and RNA-seq approach based on the
lllumina GAllx platform to focus on the precise portion of the

root that is known to respond to rhizobia inoculation, that is,
the ZON (Figure 1). This enabled us to capture lowly and tran-
siently expressed genes, in addition to genes having only subtle
transcriptional differences. It also enabled us to identify tran-
scriptional changes at a precise moment in nodulation, as
opposed to the array of stages found throughout an entire root
system. Furthermore, as a control, we used a nodC™ mutant of
Bradyrhizobium japonicum that is unable to synthesize NF. This
avoided expression responses that were unrelated to nodula-
tion, such as secondary infection effects and responses associ-
ated with the presence of the bacteria per se.

Results and discussion
Transcriptome sequencing (RNA-seq) output statistics

To generate insight into the transcriptional changes associated
with soybean genes during early nodule formation, we per-
formed RNA-seq using the lllumina GAllx. Root samples from
the ZON of soybean plants, grown in ‘extended’ plastic growth
pouches (Figure 1), were analysed 48 h after being inoculated
with either wild-type (WT) or near-isogenic nodC™ mutant strain
of B. japonicum. Using the incompatible nodC™ mutant (which
cannot synthesize NF owing to the absence of a chitin synthase
gene) as a control, genes regulated specifically by NF were iden-
tified, while those regulated by other bacterial factors, such as
exopolysaccharides or purines, were not captured.

Using 75-bp single-end reads, a total of 29 261 832
(WT-inoculated) and 27 283 006 (nodC -inoculated) reads were
generated (Table 1). Approximately 50% of the total reads
(13 420 549 and 14 464 439, respectively) were selected for
further analysis based on a Phred quality score >15 (Table 1).
Using this stringent filtering method, approximately 8.94 million
reads from WT-inoculated roots and 7.86 million reads from
nodC -inoculated roots aligned to annotated soybean genes
(available at Phytozome; http://www.phytozome.net/soybean.
php). Of the remaining analysed yet unmapped reads, approxi-
mately 5% aligned to the soybean genome. Approximately
3.77 million reads from the WT-inoculated samples and
6.07 million reads from the nodC -inoculated samples failed to
map entirely.

Gene regulation during nodule initiation

A total of 46 360 genes were expressed (i.e. they had at least
one read match) in the WT-inoculated samples compared with
46 165 genes in the nodC -inoculated samples (normalized reads
>5e7°7 accounting for a minimum of 5-4 reads; Table S1). This
accounts for approximately 61% of all annotated soybean genes
(including transcript variants) being expressed in both samples.

Using a twofold difference in expression as a minimum cut-
off, 2915 differentially expressed genes were identified as being
statistically significant according to the Fisher's exact test,
P < 0.05. Of these genes, 1677 were up-regulated in response
to nodule initiation (Table S2), whereas 1238 were down-regu-
lated (Table S3). Of these genes, approximately one-quarter of
all up-regulated genes (407 genes) and one-eighth of all down-
regulated genes (150 genes) exhibited a greater than fivefold-
change in expression. This includes 130 genes that were
expressed exclusively in roots inoculated with WT B. japonicum
and 53 genes expressed solely in roots inoculated with nodC™
B. japonicum. This indicated that NF perception both activated
and suppressed gene expression in the ZON.

© 2012 The Authors
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Figure 1 Location of the zone of nodulation (ZON) of soybean seedlings. (a) The ZON was marked on the growth pouch at the time of inoculation
with Bradyrhizobium japonicum [wild-type (WT) or nodC™ mutant]. (b) The marked zone was later excised for gene expression analyses using RNA-seq
or gRT-PCR. (c) For time-course experiments, the ZON was harvested from plants that were the same age, but that had been inoculated at different
time-points. lllustrated is the experimental set-up using 5-day-old seedlings. Orange arrows indicate the time when plants were inoculated with rhizobia

to establish an inoculation time-course.

Moreover, using edgeR program, 70% of all differentially
expressed genes were identified as having a highly stringent
false discovery rate (FDR) of <0.1. Hence, only 10% or less of
these genes would be expected to be false positives.

To determine putative gene regulatory networks regulated
during nodule initiation, each differentially expressed gene was
categorized according to its putative function using Mercator
software (available at http://mapman.gabipd.org/web/guest/
mapman). According to annotation, each gene was assigned to
one of 35 MapMan functional categories (‘BINs’; Thimm et al.,
2004). Approximately 26% of up-regulated genes and 40% of
down-regulated genes were classified as ‘not assignable to
BINs' (data not shown). The remaining assigned genes were
widely distributed across various functional groups (Figure 2).
Overall, the distribution of up- and down-regulated genes
amongst the functional groups was similar. In both cases, a
large proportion of differentially regulated genes were catego-
rized into BINs designated as either ‘RNA (including RNA

© 2012 The Authors

processing, transcription and transcript regulation)’, ‘protein
(including amino acid activation, protein synthesis, targeting,
post-translational modification and degradation)’ or ‘signalling’.
These results are consistent with other soybean transcriptome
studies reported by Libault et al. (2010a) and Brechenmacher
et al. (2008), and signify that NF perception leads to major met-
abolic restructuring at multiple levels.

Expression of known nodulation genes in the RNA-seq
data set

To ensure that our methods were able to both induce and then
capture expression differences caused by inoculation with our
WT and nodC™ mutant B. japonicum strains, the expression of
known nodulation-related genes was examined in the RNA-seq
data set. Several nodulation genes in soybean have been con-
clusively identified previously, including GmNFRT and GmNFR5
(Indrasumunar et al., 2010, 2011), GmRICI, GmRIC2 and
GmNICT (Reid et al., 2011b), GmENODZ2 (Franssen et al., 1990)

Plant Biotechnology Journal © 2012 Society for Experimental Biology, Association of Applied Biologists and Blackwell Publishing Ltd, Plant Biotechnology Journal, 10, 995-1010
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Table 1 lllumina GAIllx RNA-seq output and mapping of 75-bp reads. Values in parentheses represent the percentage of mapped or unmapped reads of all high-quality reads used for mapping

High-quality reads (Phred score > 15)

Matched to
annotated

soybean

Number of
predicted

Matched to

soybean

Total

Unmapped to

number

soybean genes expressed

genome soybean genome

genes

of reads

Sample

46 360
46 165

8 937 352 (66.6) 715 097 (5.3) 3768 100 (28.1)
6 069 099 (42.0)

7 858 305 (54.3)

29 261 832

Roots inoculated with wild-type Bradyrhizobium japonicum

537 035 (3.7)

27 283 006

Roots inoculated with nodC™ B. japonicum

and GmENOD40a and GmENOD40b (Kouchi and Hata, 1993).
Moreover, a number of nodulation-related genes have been
identified in other legume species, such as Lotus japonicus or
Medicago truncatula, but have not yet been characterized in
soybean (reviewed in Ferguson et al., 2010). This includes genes
encoding transcription factors (NIN, NSP1 and NSP2, ERNT and
HAP2-1), a putative cytokinin receptor (HK7) and a cytokinin
response regulator (RR5). Therefore, to increase the number of
nodulation genes analysed, soybean orthologues of these genes
were identified based on the sequence similarity using the
known L. japonicus or M. truncatula sequences and performing
a BLAST search of the soybean genome (Phytozome; http://
www.phytozome.net/soybean.php). In soybean, over 75% of
genes are predicted to be duplicated (i.e. have a homeologous
copy) because of ancestral duplication events (Schmutz et al.,
2010). Thus, using the same sequence similarity approach, the
homeologue of each soybean nodulation gene was also identi-
fied. The Phytozome gene ID for each soybean gene reported
here, including its homeologue, is provided in Table 2.

Interestingly, four genes were identified as being similar to
LNIN and  MNIN (GmNIN1a, GmNIN1b, GmNIN2a and
GmNIN2b). In comparison with the amino acid sequences of
LiNIN and MtNIN, GmNIN1a and GmNIN1b share 68%-74%
similarity, whereas GmNIN2a and GmNIN2b only share 34%-
57% similarity.

All genes previously reported to be up-regulated in early nod-
ulation were indeed found to be up-regulated (>twofold) in our
WT-inoculated samples compared with the nodC -inoculated
samples. Hence, these genes were induced following the onset
of nodule development. This includes the expression of GmE-
NOD40a and GmENOD40b, GmENOD2, GmRICT and the ortho-
logues of L. japonicus and/or M. truncatula NIN, NSP1, NSP2,
ERN1, HAP2-1 and RR5 (Table 2). Interestingly, all GmNIN genes
except GmNINTb were up-regulated (>twofold) in response to
WT inoculation. GmENOD40a, GmENOD40b, GmNSP2b and
GmMERNTb and GmRICT1a exhibited the greatest difference in
expression, with most exhibiting >10-fold up-regulation in
WT-inoculated samples. In fact, GmRICTa expression was only
detected in WT-inoculated samples.

In contrast, small to no differences in expression (<twofold)
were observed for the Nod factor receptor genes (GmNFRTa,
GmNFR1B, GmNFR50 and GmNFR5f), GmNORKa and GmN-
ORKb, GmNIN1b, GmNSP1b and the two putative cytokinin
receptors, GmHK71a and GmHKT1b. Intriguingly, despite their
high sequence similarities (>85% at the nucleotide level),
most homeologous genes exhibited different expression
responses to B. japonicum (Table 2), possibly due to func-
tional/cell-type-specific divergence and an early onset of
neodiversification.

Interestingly, the expression of leghaemoglobin C2 (GmLbcs;
Wiborg et al., 1982), which was previously thought to act at a
later stage of nodulation (Sato et al.,, 2001), was up-regulated
in WT-inoculated samples as early as 48 h after inoculation
(Table 2). This suggests that the oxygen transport capability of
leghaemoglobin may be used prior to the onset of nitrogen fix-
ation. Like GmRICTa, there was no GmLbc, expression detected
in the nodC -inoculated samples (data not shown). In contrast,
transcripts of all other previously known nodulation genes and
nodulation-related gene orthologues were detected at trace lev-
els in nodC -inoculated samples (Table 2). This may indicate
that only a few of these genes are completely nodulation
specific.

© 2012 The Authors
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down-regulated (blank) genes responding to wild-type compared with nodC™ mutant Bradyrhizobium japonicum inoculation.

Confirming the expression of known nodulation-
related genes and nodulation-related gene
orthologues during soybean nodule initiation

To confirm the regulation of known soybean nodulation-related
genes and the soybean orthologues of L. japonicus and/or
M. truncatula nodulation-related genes, qRT-PCR was per-
formed using the same ZON samples used for RNA-seq analysis
(48 h p.i.). Additional samples harvested as part of the same
study at 3, 12, 24 and 72 h p.i. were also examined to deter-
mine the expression of these genes at different stages of early
nodule development. The genes investigated include GmE-
NOD40a, GmMENOD40b, GmRICla, GmNIN1a, GmNINTb,
GmNIN2a, GmNIN2b, GmNSP1a, GmNSP1b, GmNSP2a,
GmMNSP2b, GmERNTa and GmERN1b (Figure 3).

With the exception of GmNINTb and GmNSP1b, all of the
nodulation-related genes examined here exhibited increased
expression in WT-inoculated samples. This is consistent with the
RNA-seq results. GmENOD40a, GmENOD40b and GmRICla
expression increased dramatically over the course of a 72-h
study (Figure 3), which is consistent with the timing for the
onset of cell divisions in both the cortex and pericycle (Calvert
et al., 1984). The transcription factor, GmNINTa, exhibited a
similar pattern of expression, whereas the other differentially

© 2012 The Authors

expressed transcription factors analysed (i.e. other GmNINSs,
GmMNSPs and the GmERNs) were strongly up-regulated very
early (as early as 3 h p.i. for GmERNTb) and then began to
decline (Figure 3). This decline may relate to an inhibition of
nodule development because of the onset of AON (Calvert
et al., 1984; Delves et al., 1986; Mathews et al., 1989). Alter-
natively, it could reflect a requirement for these genes in early
nodule development, followed by a decline in need, and hence
expression, as nodule primordia mature.

The fact that GmNINTb and GmNSP1b were not differentially
regulated (data not shown) could indicate that changes in their
expression are not required for early nodule development, or
that these genes are simply not involved in nodule formation
altogether. Similar expression patterns were reported for these
genes in B. japonicum -inoculated soybean root hairs (Libault
et al., 2010a).

Regulation of functional categories and biological
pathways in early nodule development

Several biological pathways and categories were differentially
regulated during the early stages of nodulation as visualized by
MapMan software (Thimm etal., 2004). A selection of
diagrams illustrating these pathways and categories is provided

Plant Biotechnology Journal © 2012 Society for Experimental Biology, Association of Applied Biologists and Blackwell Publishing Ltd, Plant Biotechnology Journal, 10, 995-1010
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Table 2 Expression fold-changes in soybean nodulation genes/nodulation gene orthologues and their homeologous genes (RNA-seq)

Number of reads

Wild-type nodC™ Normalized expression
Gene name Gene ID inoculation inoculation fold-change References Note
GMNFR 1o Glyma02g43860 127 64 1.57 Indrasumunar et al. (2010)
GmNFR1f Glyma14g05060 8 10 0.63 Indrasumunar et al. (2010)
GMNFR50, Glyma11g06740 154 76 1.61 Indrasumunar et al. (2010)
GMNFR5p Glyma01g38560 83 45 1.46 Indrasumunar et al. (2010)
GmNORKo, Glyma01g02460 538 284 1.50
GmNORKf Glyma09g33510 916 426 1.71
GmNIN-Ta Glyma04g00210 225 59 3.03
GmNIN-1b Glyma06g00240 5 3 1.32
GmNIN-2a Glyma02g48080 180 32 4.47**
GmNIN-2b Glyma14g00470 112 34 2.62**
GmNSPTa Glyma16g01020 15 6 1.98
GmNSP1b Glyma07g04430 44 27 1.29
GmNSP2a Glyma04g43090 22 7 2.50**
GmNSP2b Glyma06g11610 12 1 9.51**
GmERNTa Glyma19g29000 83 26 2.53**
GmERN1b Glyma16g04410 32 2 12.73**
GmHAP2-1a Glyma10g10240 108 13 6.59**
GmHAP2-1b Glyma02g35190 283 89 2.51*%*
GmHKT1a Glyma08g05370 1248 738 1.34
GmHK1b Glyma05g34310 730 530 1.09
GmRR5a Glyma17g10170 75 27 2.20**
GmRR5b Glyma05g01730 62 27 1.82
GmENOD40a Glyma01g03470 1121 90 9.85%* Kouchi and Hata (1993)
GMENOD40b Glyma02g04180 415 35 9.38** Kouchi and Hata (1993)
GmENOD2 Glyma08g14020 40 5 6.36%* Franssen et al. (1990) No homeologue
GmRIC1a Glyma13936830 23 0 2.64e+0%%* Reid et al. (2011b)
GmRIC1b Gm12:36892757..36893045 NA Reid et al. (2011b)
GmLbc,a Glyma20g33290 21 0 2.47+0%% % Wiborg et al. (1982)
GmLbc,b Glyma10g34260 0 0 NA
GmLbc,c Glyma10g34280 0 0 NA
GmLbcyd Glyma10g34290 0 0 NA

Asterisks represent statitically significant difference between inoculation treatments (**P < 0.01).

in Figure S1. Using a Wilcoxon rank sum test (Benjamini-Hoch-
berg corrected, provided by MapMan), 276 biological categories
(BINs/sub-BINs) were identified by their content as being statis-
tically different from all other BINs (P < 0.05, Table S4). These
categories include polyamine biosynthesis, PR proteins (biotic
stress), ATPase transport (mainly up-regulated) and the mevalo-
nate (MVA) pathway (largely down-regulated) (Table S4, Fig-
ure S1). A large number of genes involved in signalling, such as
those encoding transcription factors and receptor kinases, were
also highly up-regulated in the nodulation-induced samples,
including those for bHLH, MYB, WRKY, PHOR1, NAC, HSF and
NIN-like transcription factors. Genes involved in hormone bio-
synthesis and responses [i.e. ethylene, brassinosteroids (BR), cyt-
okinins (CK) and gibberellins (GA)] were also differentially
regulated (Figure 4a,b). Several components of BR (e.g. HYD)
and ethylene (e.g. ACC oxidase) biosynthesis were significantly
down-regulated, whereas putative components of jasmonic acid
(e.g. lipoxygenases and OPDA reductase) biosynthesis were
mainly up-regulated. Although not all at statistically significant
levels, the expression of a number of GA biosynthesis/catabo-

lism genes, such as GA 20-oxidase, GA 3-oxidase and GA 2-oxi-
dase, was also up-regulated in response to WT B. japonicum
inoculation (Figure 4b).

Confirmation and further expression analysis of novel
early nodulation candidate genes

Up-regulated genes

To confirm the up-regulation of several candidate genes during
early nodule development and to examine their expression at
different times following nodule initiation, a time-course study
using gRT-PCR was performed. Samples were harvested from
the ZON (detected microscopically at the time of inoculation) of
WT soybean roots inoculated with either WT or nodC™ B. japon-
icum at 3, 12, 24, 48 and 96 h p.i. The strong up-regulation of
known early nodulation genes (GmENOD40b and GmRIC1a) in
response to WT, but not nodC, inoculation confirmed that the
samples responded appropriately to their inoculation strain
(data not shown). These genes were strongly up-regulated
between 12 and 48 h p.i., followed by a considerable decrease

© 2012 The Authors
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Figure 3 Expression of known soybean nodulation genes and soybean nodulation gene orthologues during early stages of nodulation. Transcript abun-
dance was analysed by qRT-PCR using RNA isolated from Bradyrhizobium japonicum-inoculated soybean root tissue at 3, 6, 12, 24, 48 and 72 h p.i.
The roots were inoculated with either wild-type or nodC™ mutant B. japonicum. Error bars indicate the standard error of the mean resulting from two
independent experiments. Roots from six to eight plants were used for each experiment.

in expression to nodC -inoculated levels by 96 h p.i. This tran-
sient increase in expression likely correlates with the stage of
nodule primordium development (Lim et al., 2011).

Nine genes up-regulated by WT inoculation in the RNA-seq
data set (Table 3) were confirmed to be up-regulated in this 96-
h time-course study using gRT-PCR (Figure 5). Like most soy-
bean genes, a number of these candidates have a homeologous
copy/copies. Henceforth, the candidate genes are referred to as
‘gene a’ and their homeologues as ‘gene b’, ‘gene c’, etc.

Two genes involved in gibberellin biosynthesis, GA 20-oxidase
a (GA20ox a; Glyma04g42300) and GA 3-oxidase Ta (GA3ox
1a; Glyma15g01500), were highly up-regulated in the WT-inoc-
ulated samples. These genes exhibited a similar pattern of
expression, being strongly up-regulated at 12 h p.i. and then
exhibiting a strong decrease thereafter (Figure 5). Consistent
with the RNA-seq data set (Table 3), the expression of GA200x
a was not detected in any of the nodC -inoculated samples,
and there was little to no detection of the GA3ox 7a (Figure 5).

The up-regulation of genes involved in GA biosynthesis is
consistent with previous reports showing that GA levels were
increased in developing nodules (reviewed in Ferguson and
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Mathesius, 2003). Additional studies have also suggested that
GAs have a role in both infection thread formation and nod-
ule primordia establishment (Ferguson etal.,, 2005, 2011;
Lievens et al, 2005). Indeed, Ferguson etal. (2005, 2011)
used pea (Pisum sativum) mutants altered in GA biosynthesis
and response to demonstrate a direct requirement for GA in
nodule development. Lievens et al. (2005) also showed that
the expression of a GA20ox gene in Sesbania rostrata was
both Nod factor-dependent and transient in an invasion-
related manner, accumulating around infection pockets and
young infection threads. Inhibitors of GA biosynthesis nega-
tively influence infection thread formation in Sesbania root
nodulation (Lievens et al., 2005). Fascinatingly, translated prod-
ucts of the S. rostrata’'s GA20ox and the up-regulated soy-
bean GA20ox a found in our study share high sequence
similarity (75% similarity). This indicates that these two genes
may be orthologous to one another and that they likely share
similar function during nodulation. Moreover, both of the up-
regulated GA biosynthesis genes identified here were also up-
regulated in an RNA-seq data set generated using sheared
soybean root hairs inoculated with B. japonicum (Libault et al.,
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Figure 4 MapMan/PageMan diagrams representing hormonal responses during early soybean nodulation (48 h p.i.) as determined using RNA-seq. (a)
An overview of the hormonal response (PageMan), where a Wilcoxon rank sum test (Benjamini-Hochberg corrected) was employed to identify BINs
whose contents were differentially regulated. (b) Later stages of the gibberellin biosynthetic pathway (MapMan). Each coloured block represents an
individual BIN/sub-BIN or gene in the PageMan or MapMan analysis, respectively. The colour represents the direction and strength of their regulation
(Logarithmic colour scale; red, highly down-regulated and blue, highly up-regulated).

2010a). This further suggests that GAs have a significant role
in rhizobia infection, such as root hair invasion and infection
thread formation.

A member of the large cytochrome P450 gene family, cyto-
chrome P450 (Glyma11g37110), exhibited a >30-fold increase
in expression 48 h p.i. in WT inoculated samples (Figure 5). This
level of expression remained increased but declined to about
half of that level by 96 h p.i. (Figure 5). In contrast, its expres-
sion was nearly undetectable in nodC -inoculated samples.
Cytochrome P450 genes typically encode enzymes that catalyse
the oxidation of organic substances.

A gene encoding an endo-1,4-B-glucanase (endo-1,4--glu-
canase a; Glyma18g03470) was significantly up-regulated at

just 12 h p.i. (Figure 5). By 48 h p.i., it exhibited a marked 140-
fold increase in expression. Endo-1,4-B-glucanases, also known
as cellulases, are typically involved in the hydrolysis of cellulose.
Thus, it is tempting to speculate that this gene has roles in root
hair invasion and possibly in infection thread development and
progression through the root cortex.

Two of the candidates encode products that typically function
in signal transduction, including a putative TIR-NBS-LRR protein
(TIR-NBS-LRR; Glyma12g03040) and a putative histidine kinase
(histidine kinase a; Glyma04g06190). Both were highly up-regu-
lated in samples induced to form nodules, peaking at 24 h p.i.,
with a striking 194-fold increase for the TIR-NBS-LRR and a 13-
fold increase for the histidine kinase a (Figure 5). RNA levels of
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Table 3 Expression of up-regulated nodulation candidate genes and their homeologous gene copies at 48 h p.i. (RNA-seq)

Number of reads

Normalized

Wild-type nodC™ expression Biological
Gene function/category Gene ID inoculation inoculation fold-change pathway/function Note
GA 20-oxidase a Glyma04g42300 12 0 1.38e*09%* Gibberellin biosynthesis
GA 20-oxidase b Glyma06g12510 3 0 28.36 Gibberellin biosynthesis
GA 3-oxidase 1a Glyma15g01500 117 8 11.60** Gibberellin biosynthesis
GA 3-oxidase 1b Glyma13g43850 57 25 0.85 Gibberellin biosynthesis
Cytochrome P450 Glyma11g37110 242 2 95.97** Oxidase No homeologue
Endo-1,4-B-glucanase a Glyma18g03470 281 7 31.84%* Cellulase
Endo-1,4-p-glucanase b Glyma11g34850 0 0 NA
Histidine kinase a Glyma04g06190 18 3 4.76** Signalling
Histidine kinase b Glyma06g06180 6 1 2.25 Signalling
TIR-NBS-LRR Glyma12g03040 12 0 1.38e*09%* Signalling No homeologue
p-expansin a Glyma11g17160 44 6 5.82** Cell wall loosening
B-expansin b Glyma01g16140 60 14 1.77 Cell wall loosening
MPBQ/MSBQ Glyma02g00440 10 3 2.64 Tocopherol biosynthesis No homeologue

methyltransferase

ABC transporter a Glyma02g34070 34 3 8.99** Transporter
ABC transporter b Glyma10g11000 22 3 2.54%%* Transporter

Asterisks represent statistically significant differences between inoculation treatments (**P < 0.01). Data for the candidate genes are represented in boldface.
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Figure 5 Expression of up-regulated nodulation gene candidates during the early stages of soybean nodulation. Transcript abundance was analysed by
gRT-PCR using RNA isolated from Bradyrhizobium japonicum-inoculated soybean root tissues at 3, 12, 24, 48 and 96 h p.i. The roots were inoculated

with either wild-type or nodC™ mutant B. japonicum. Error bars indicate the standard error of the mean resulting from three biological replicates, each
consisting of roots (zone of nodulation) from four to six plants. Asterisks represent statistically significant differences between inoculation treatments at
the same time-point (Student's t-test; *P < 0.05 and **P < 0.01).
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each decreased considerably thereafter. TIR-NBS-LRR expression
was nearly undetectable in nodC -inoculated samples, whereas
histidine kinase a was expressed in both WT and nodC -inocu-
lated samples. Because these genes exhibited a similar pattern of
expression, it is possible that they function in the same pathway.
TIR-NBS-LRR proteins commonly act in pathogen detection and
plant disease resistance (Dinesh-Kumar et al., 2000), so this can-
didate may recognize NF in a chitin-like manner, possibly to sup-
press pathogen-related defence mechanisms that would
otherwise prevent successful Bradyrhizobium infection.

Unlike the abovementioned candidates, the expression of a
B-expansin gene (f-expansin a; Glyma11g17160) continued to
increase over the course of the 96-h study (Figure 5). Expansins
are generally associated with cell wall growth, expansion and
loosening (Cosgrove, 2000); thus, this gene may function in
invasion, infection thread progression or even cell division. In
contrast, the expression of a MPBQ/MSBQ methyltransferase
gene (MPBQ/MSBQ methyltransferase; Glyma11g17160) was
greatest at 3 h p.i. (Figure 5). Similar genes act in the biosyn-
thesis of compounds such as tocopherol, commonly known as
vitamin E, is thought to act in stress tolerance (reviewed in
Munné-Bosch, 2005). Interestingly, an ABC transporter gene
(ABC transporter a; Glyma02g34070) that was up-regulated in
the 48 h p.i. RNA-seq data set was also up-regulated 48 h p.i.
in this gRT-PCR time-course study, yet was not up-regulated at
any other time-point examined (Figure 5), indicating tight con-
trol of its expression pattern.

Down-regulated genes

Approximately half of the differentially regulated genes identified
via RNA-seq were down-regulated. Nine of these candidates
(Table 4) were investigated further using gRT-PCR and the 96-h
time-course study. These genes were selected either because they

exhibited the strongest level of down-regulation or because of
their putative function and possible role in nodulation. The candi-
dates include ACC oxidase (ACC oxidase a; Glyma14g05350), pec-
tinesterase (pectinesterase a, Glyma09g09050), GA 3-oxidase
(GA30x 2a; Glyma04g07520), protein of unknown function
(unknown; Glyma01g17590), MVA kinase a (MVA kinase a; Gly-
ma03g39890), AP2-EREBP-type transcription factor (AP2-EREBP a;
Glyma05g32040), KH domain containing protein (KH domain con-
taining protein a; Glyma06g09460), y-tocopherol methyltransfer-
ase (y-tocopherol methyltransferase a; Glyma12g01680) and
HYD1 (HYD1 a; Glyma09g31870). These genes were all confirmed
to be down-regulated in samples inoculated with WT B. japoni-
cum compared with those inoculated with the nodC™ mutant (Fig-
ure 6). Unlike the up-regulated genes investigated here, however,
it is difficult to assign biological relevance to these genes because
the level to which they were down-regulated was minimal and
often not significant (Figure 6).

In contrast to the abovementioned genes, biological rele-
vance can putatively be assigned to a down-regulated GA 3-oxi-
dase gene (Figure 6). As opposed to the two up-regulated GA
biosynthesis genes described earlier, this GA3ox 2a gene was
not identified as being differentially regulated in the soybean
root hair RNA-seq data set. This suggested that it may act in
the root itself. The expression differences observed support pre-
vious findings that GA levels need to be tightly regulated during
nodule development, both transiently and spatially, as levels
that are either too high or too low impair proper nodule forma-
tion (Ferguson et al., 2005, 2011).

Expression of candidate gene homeologous genes

The expression of homeologous copies of the candidate genes
was examined using the RNA-seq data set. Of the 18 candidates
examined, only cytochrome P450, TIR-NBS-LRR, MPBQ/MSBQ

Table 4 Expression of down-regulated nodulation candidate genes and their homeologous gene copies at 48 h p.i. (RNA-seq)

Number of reads

Normalized

Wild-type nodC~ expression Biological
Gene function/category Gene ID inoculation inoculation fold-change pathway/function Note
ACC oxidase a Glyma14905350 45 118 -3.31** Ethylene biosynthesis
ACC oxidase b Glyma14g05360 104 130 -0.66 Ethylene biosynthesis
Pectinesterase a Glyma09g09050 3 16 —6.72** Cell wall modification
Pectinesterase b Glyma09g08960 0 0 0.00 Cell wall modification
GA 3-oxidase 2a Glyma04g07520 2 1 -6.93* Gibberellin biosynthesis
GA 3-oxidase 2b Glyma06g07630 0 1 -27.11 Gibberellin biosynthesis
Unknown Glyma01g917590 3 17 -7.14%* Unknown No homeologue
MVA kinase a Glyma03g39890 52 118 —2.86** Mevalonate (MVA) pathway
MVA kinase b Glyma19g42440 36 42 -0.56 MVA pathway
AP2-EREBP a Glyma05g32040 1 16 -20.11** Transcription factor
AP2-EREBP b Glyma08g15350 4 5 -0.66 Transcription factor
KH domain containing protein a Glyma06g09460 54 184 —4.30** Unknown
KH domain containing protein b Glyma04g09300 183 184 -0.34 Unknown
y-Tocopherol methyltransferase a Glyma12g01680 1 27 —3.09** Tocopherol biosynthesis
y-Tocopherol methyltransferase b Glyma12g01690 112 71 0.32 Tocopherol biosynthesis
HYD1 a Glyma09g31870 173 335 —-2.44%* Brassinosteroid biosynthesis
HYDT1 b Glyma09g31880 2 5 -1.66 Brassinosteroid biosynthesis
HYDT ¢ Glyma09g31890 32 34 —-0.42 Brassinosteroid biosynthesis

Asterisks represent statistically significant differences between inoculation treatments (*P < 0.05, **P < 0.01). Data for the candidate genes are represented in

boldface.
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Figure 6 Expression of down-regulated nodulation gene candidates at the early stages of soybean nodulation. Transcript abundance was analysed by
gRT-PCR using RNA isolated from Bradyrhizobium japonicum-inoculated soybean root tissues at 3, 12, 24, 48 and 96 h p.i. The roots were inoculated
with either wild-type or nodC™ mutant B. japonicum. Error bars indicate the standard error of the mean resulting from three biological replicates, each
consisting of roots (zone of nodulation) from four to six plants. Asterisks represent statistically significant differences between inoculation treatments at

the same time-point (Student's t-test; *P < 0.05 and **P < 0.01).

methyltransferase and unknown did not have at least one ho-
meologous copy. Despite having high sequence similarities, no
significant differences in expression were observed for most ho-
meologous genes (Tables 3 and 4). Moreover, although endo-
1,4-B-glucanase a and pectinesterase a candidate genes exhibited
a significant number of reads, expression of their homeologous
genes was not detected in either sample. This may be due to
functional divergence of the homeologous genes as part of ne-
odiversification. Indeed, many of the candidates could have spe-
cialized functions in nodulation, or other processes, that are not
shared by their homeologous copy.

Expression of candidate genes in a range of soybean
tissues

To better characterize the expression of the eight up-regulated
candidate genes across the whole plant, their transcripts were
quantified in different soybean tissues using gRT-PCR. The location
of expression varied significantly amongst the genes (Figure 7).
Some were expressed strongly in a particular tissue, whereas
others were expressed at similar levels across several tissues.

The GA20ox a, cytochrome P450, endo-1,4,-f glucanase a,
TIR-NBS-LRR and p-expansin a genes exhibited significantly
higher expression in nodules compared to other parts of the
plant examined here (Figure 7). This further indicates that they
are predominantly (if not entirely in some cases) nodulation spe-
cific. Of these genes, GA20ox a showed the highest level of
expression in young developing nodules (1 week old) and

© 2012 The Authors

diminished in more mature nodules (3 weeks old). In contrast,
the expression of cytochrome P450, TIR-NBS-LRR and f-expan-
sin a was highest in 3-week-old nodules, while endo-1,4,-p glu-
canase a expression remained similarly increased in 1- and
3-week-old nodules. The timing of expression could be indica-
tive of the gene’s role in nodulation, with some being required
for nodule establishment and development and others being
required for nodule maintenance or plant-microbe perception
and/or communication.

GA3ox 1a, histidine kinase a and MPBQ/MSBQ methyltrans-
ferase were not found to be nodulation specific in their expres-
sion (Figure 7). Thus, despite being up-regulated in the ZON
following nodule initiation, these genes may have more general
roles in the plant, such as in cell division and elongation or bac-
teria perception and response.

Of the two GA biosynthesis genes, GA3ox Ta was expressed
in all tissues tested, whereas GA20ox a was almost exclusively
detected in young, developing nodules (Figure 7). GA 20-oxi-
dase acts downstream of GA 3-oxidase in the GA biosynthetic
pathway (Ferguson et al., 2011), indicating that GA20ox a may
play a more critical and highly specified role in regulating the
production of the hormone during nodule development.

Localization of candidate gene expression in roots

By comparing the genes identified in our RNA-seq data set with
those identified in the data set generated using soybean root
hairs (Libault et al., 2010a), we can begin to establish which

Plant Biotechnology Journal © 2012 Society for Experimental Biology, Association of Applied Biologists and Blackwell Publishing Ltd, Plant Biotechnology Journal, 10, 995-1010
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Figure 7 Expression of up-regulated nodulation gene candidates during the early stages of soybean nodulation in various soybean tissues. Transcript
abundance was determined by gqRT-PCR using RNA isolated from several tissues of soybean plants that were either inoculated with compatible wild-
type Bradyrhizobium japonicum or were uninoculated. Error bars indicate the standard error of the mean resulting from three biological replicates,

each consiting of tissues from two to four plants.

genes may function in the epidermal layer versus those that act
in the inner root tissues. This comparison revealed 162 genes
that were commonly regulated in the two data sets (112
up-regulated and 50 down-regulated), including the two GA
biosynthesis genes, Glyma04g42300 and Glyma15g01500.

The remaining 2793 genes identified in our data set may be
regulated in other parts of the root (i.e. cortex, pericycle, vascu-
lature) or in root hairs located specifically in the ZON. The latter
could particularly be true for lowly expressed genes whose sub-
tle transcriptional differences are captured in the ZON but are
diluted by tissue collected across the entire root system. Indeed,
nodule development is presumed to be at different stages
throughout the root system (cf., Calvert et al, 1984; Mathews
et al., 1989) and mature root hairs, which make up the major-
ity, do not respond to B. japonicum inoculation.

In conclusion, using RNA-seq, we generated a transcriptomic
data set of genes differentially and transiently expressed in the
ZON of soybean roots during nodule initiation. This data set rep-
resents a resource for the molecular signalling responses occur-
ring during nodule initiation and early nodule formation. Further
analyses are now required to confirm which of the approximately
3000 genes identified are required for early nodule development
and how they function in the nodulation pathway.

Experimental procedures
Plant growth conditions

In all experiments conducted, WT soybean (Glycine max [L.]
Merr. cv. Bragg) was used. For transcriptome sequencing and
gRT-PCR inoculation time-course experiments, sterilized seeds
were germinated in beakers containing paper towel that had
been rolled, moistened and sterilized. The beakers were then
placed in the dark at 28 °C for 2 day to encourage germina-
tion. The resulting emerging seedlings were then transferred
into extended plastic growth pouches (Mega International,
West St. Paul, MN) with each pouch [double standard length;
35cm (L)x 16 cm (W)] containing three seedlings. The
pouches were surrounded with cardboard to keep the root
system in dark at all times. Both germination and seedling
growth were carried out in a plant growth chamber (light/-
dark = 16/8 h; T=28/25°C and 80% humidity). For gRT-
PCR experiments using various tissue types, plants were
grown in pots (175 mm diameter) containing sterile grade 2
vermiculite in a temperature-controlled glasshouse (light/-
dark = 16 h/8 h, T =28/23 °C). These plants were watered
twice per week with low-nitrogen Herridge solution (Herridge,
1977) containing 0.5 mm KNOs.

© 2012 The Authors
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Bradyrhizobium inoculation and plant tissue harvest

To specifically target ZON for harvesting, 2—6-day-old seedlings
were observed under a stereoscopic microscope (Nikon,
SMZ800, Tokyo, Japan). Three sites along the tap root were
marked on the growth pouch: the root tip, the first emerging
root hairs and the first mature root hairs. The region of the root
system below the first mature root hairs was then inoculated
with 500 pL of either B. japonicum strain CB1809 (WT) or
AN122 (nodC™ mutant; Nieuwkoop et al., 1987; Sanjuan et al.,
1992) grown in Yeast Manitol Broth at 28 °C for 3 day and
diluted to ODggp = ~0.1.

To establish an inoculation time-course experiment, the plants
were inoculated at different times prior to harvest (Figure 1c).
The root section (1.5-2 cm) containing the ZERH (between the
first emerging root hair and the first mature root hair) at the
time of inoculation, which was previously identified under ste-
reomicroscope, was then harvested from 5-day-old (RNA-seq
experiment and gRT-PCR analysis of soybean nodulation genes)
or 6-day-old plants (QRT-PCR analysis of candidate genes). This
ensured that the root samples were taken from plants of the
same developmental stage, and thus, only the stage of nodula-
tion varied between treatments. Inoculation of 6-day-old seed-
lings was conducted similar to that for 5-day-old seedlings
(Figure 1¢); however, the time-point of inoculation was shifted
so that the samples representing the desired inoculation time-
course (up to 96 h p.i.) were achieved.

Tissues for gqRT-PCR expression analysis were harvested from
14-day-old plants inoculated with B. japonicum strain CB1809
at the time of sowing (root tip, shoot tip, stem and trifoliate-
leaf samples) or left uninoculated (root tip). Additional nodule
tissue samples were harvested from roots inoculated with B. ja-
ponicum strain CB1809 14 day after sowing. All samples were
snap-frozen in liquid nitrogen at the time of harvest and stored
at —80 °C.

Illumina sample preparation and sequencing run

Total RNA was extracted (method described in the section
below) from roots of six to eight plants inoculated with either
WT or nodC™ mutant B. japonicum at 48 h p.i. These samples
were subsequently used for library generation by the Australian
Genome Research Facility (AGRF, Brisbane, Qld, Australia). The
mRNA-seq libraries were constructed following lllumina’s stan-
dard protocol. Briefly, mRNA was isolated from total RNA using
Sera-Mag Magnetic Oligo(dT) Beads. Isolated mRNA was frag-
mented using divalent cations under increased temperatures fol-
lowed by ethanol precipitation. The fragmented mRNA was
reverse-transcribed into ¢cDNA using Superscript Il and random
primers. The cDNA was end-repaired to create blunt-ended
fragments, and an ‘A’ base was ligated to the 3" ends of the
fragments to create an ‘A’ base overhang. Adapters with a ‘T’
base overhang were ligated to each end of the ¢cDNA frag-
ments. The ligated fragments were run on an agarose gel, and
a thin slice of DNA fragments corresponding to approximately
200 bp was excised and purified from the gel. The purified size-
selected fragments were enriched by PCR to generate the final
library fragments.

Owing to the evolutionary background of their genome, most
soybean genes exist in duplicate copies, which shares high
sequence homology. To differentiate the reads that arise from
one gene to those from the duplicated gene, sequencing was run
with a relatively long read length of 75 bp. Furthermore, each

© 2012 The Authors
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library was run on two lanes for greater sensitivity. Sequencing
reactions were carried out on the lllumina GAllx platform.

Read alignment and bioinformatics analysis of Illumina
sequencing output

For each sample, approximately 30 million 75-bp reads were
returned from the lllumina transcriptome sequencing run. lllu-
mina sequence data were processed using a custom script trim-
Converter.py to produce reads with a minimum length of 50 bp
and Phred quality score 15 or greater at each nucleotide posi-
tion. The resulting data set was mapped to predicted soybean
cDNAs (Phytozome release 4.01; Schmutz et al.,, 2010) using
SOAP 2.20 (Li et al., 2008) with default parameters. The result-
ing mapping file was processed using another custom script
diff_display_predgene.pl to produce a table of gene names,
genomic location and number of mapped reads for each experi-
ment. Differentially expressed genes were identified by compar-
ing the number of reads matching each gene between
experiments. Reads that did not map to the soybean cDNAs
were mapped against the complete soybean genome
(Phytozome release 4.0) using SOAP 2.20 and with default
parameters.

RNA-seq data that mapped to the annotated genes were nor-
malized according to the method described in the study by
Robinson and Oshlack (2010) using the edgeR package of Bio-
conductor v 2.5 (available at http://www.bioconductor.org/). To
screen for genes that were differentially expressed between the
two samples, statistical analysis provided by the software was
applied. Differentially expressed genes were selected against
cut-off values of greater than twofold with Fisher exact
P-value < 0.05 or FDR <0.05.

Resulting lists of candidate genes were annotated and func-
tionally categorized using Mercator software and allowed for
visualization using MapMan software v.3.5.0 (both available at
http://mapman.gabipd.org/web/guest/mapman; Thimm et al.,
2004). Wilcoxon rank sum test with Benjamini—-Hochberg cor-
rection provided in MapMan software was applied to isolate
BINs that display significant differences in BIN contents com-
pared to all other BINs. BINs with P < 0.05 were regarded sig-
nificant. Over-representation analysis was performed via
PageMan tool (Usadel et al., 2006) integrated in MapMan soft-
ware. Annotations of genes were manually confirmed by per-
forming protein Basic Local Alignment Search Tool (BLASTp)
against GenBank database (National Centre for Biotechnology
Information) on the predicted amino acid sequences.

RNA extraction and cDNA synthesis

RNA was extracted using TRIzol® Reagent (Invitrogen, Carlsbad,
CA) following manufacturer’s instruction. To remove contami-
nating genomic DNA from the sample, approximately 1 pg of
RNA was treated with 1 U of DNasel (Fermentas, Burlington,
VT, Canada) at 37 °C for 40-60 min. These reactions were ter-
minated by the addition of 1 uL of 25 mm EDTA (Invitrogen)
and incubation at 65 °C for 10 min. cDNA synthesis was carried
out in 20-uL reaction mixture containing approximately 0.5 ug
of DNase-treated RNA, 1 ulL of 50 pm oligo(dT) primers, 0.5 mm
deoxynucleoside triphosphates (dNTPs), 5x first-strand buffer
(Invitrogen), 5 mm dithiothreitol (DTT), 40 U of RNaseOUT™
(Invitrogen) and 100 U of SuperScript ll® reverse transcriptase
(Invitrogen) incubated at 50 °C for an hour. The reaction was ver-
ified by PCR using GmATP synthase (Glyma20g25920) primers.
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Quantitative real-time PCR

Quantitative real-time PCR (gRT-PCR) primers were designed using
either Primer Express® v. 2.0 (Applied Biosystems, Foster City, CA)
or Primer3 (available at http://biotools.umassmed.edu/bioapps/
primer3_www.cgi) software. A list of primers used in this study is
provided in Table S5. Primers for soybean genes that have been
described in the literature were designed based on the DNA
sequence available on the GenBank database. In the case of genes
reported in other species, but not yet identified in soybean, puta-
tive orthologues were first determined by utilizing BLAST against
the soybean genome (Phytozome v. 4.0; The United States Depart-
ment of Energy Joint Genome Institute and Centre for Integrative
Genomics; available at http:/Awww.phytozome.net). Primers were
then designed for the predicted gene sequences exhibiting the
highest sequence similarity to the gene of interest.

Gene expression analysis was carried out similar to that
described in the study by Hayashi et al. (2008). PCR was carried
out using SYBR® Green PCR Master Mix (Applied Biosystems),
and the 384-well plates for gRT-PCR analysis were set up using
an Eppendorf® epMotion™ 5075 Robotics System. The reactions
were run on an ABI Prism® 7900 Sequence Detection System
(Applied Biosystems). Each plate contained no template (water)
controls. Genomic DNA contamination of the cDNA samples was
verified by including the reverse transcription negative (RT-) con-
trols in the qRT-PCR. All gRT-PCR were carried out in duplicate
(technical replicates) and run for 40 cycles using an annealing
temperature of 60 °C. The gRT-PCR was run using the following
cycle conditions: 95 °C for 10 min, followed by 40 cycles of
95 °C for 15 s and 60 °C for 1 min. A dissociation stage of 95 °C
for 2 min was added at the end of the cycle in order to assess the
specificity of the PCR. PCR efficiency for each sample was calcu-
lated using LinRegPCR 7.5 software (Ramakers et al., 2003), and
the relative expression for gene of interest was measured against
that of GmATP synthase (Glyma20g25920).

Inoculation time-course expression analysis of nodulation genes
was conducted on two biological replicates, each consisting of
the ZON of six to eight plants, while three biological replicates,
each consisting of the ZON from four to six plants, were used to
investigate the candidate gene expression. Expression of candi-
date genes in several tissues was studied using three biological
replicates, each consisting of tissue from two to four plants.
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