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Functional divergence is thought to be an important evolutionary driving force for the retention of duplicate genes. We
reconstructed the evolutionary history of soybean (Glycine max) membrane-bound NAC transcription factor (NTL) genes. NTLs
are thought to be components of stress signaling and unique in their requirement for proteolytic cleavage to free them from the
membrane. Most of the 15 GmNTL genes appear to have evolved under strong purifying selection. By analyzing the
phylogenetic tree and gene synteny, we identified seven duplicate gene pairs generated by the latest whole-genome
duplication. The members of each pair were shown to have variously diverged at the transcriptional (organ specificity and
responsiveness to stress), posttranscriptional (alternative splicing), and protein (proteolysis-mediated membrane release and
transactivation activity) levels. The dormant (full-length protein) and active (protein without a transmembrane motif) forms of
one pair of duplicated gene products (GmNTL1/GmNLT11) were each separately constitutively expressed in Arabidopsis
(Arabidopsis thaliana). The heteroexpression of active but not dormant forms of these proteins caused improved tolerance to
abiotic stresses, suggesting that membrane release was required for their functionality. Arabidopsis carrying the dormant form
of GmNTL1 was more tolerant to hydrogen peroxide, which induces its membrane release. Tolerance was not increased in the
line carrying dormant GmNTL11, which was not released by hydrogen peroxide treatment. Thus, NTL-release pattern changes
may cause phenotypic divergence. It was concluded that a variety of functional divergences contributed to the retention of these

GmNTL duplicates.

Plant genomes have undergone several rounds of
whole-genome duplication (WGD), which have had
a significant impact on genome stability, molecular
functions, physiology, and adaptation (Adams and
Wendel, 2005; De Smet and Van de Peer, 2012; Moghe
and Shiu, 2014). Duplicate genes derived from these
WGD events as well as tandem duplication, segmental
duplication, and transposition are considered the pri-
mary source of new genes and novel functions (Ohno,
1970; Zhang, 2003). During evolution, many duplicate
genes lost their function and were eventually removed.
However, some duplicates were retained and have
evolved diverse functions (Blanc and Wolfe, 2004;
Roulin et al., 2013; Rensing, 2014; Freeling et al., 2015).
To explain how/why duplicated genes are retained
after WGD, models have been proposed in which du-
plicated genes are pseudogenized (loss of regulatory
subfunction; Moore and Purugganan, 2005), sub-
functionalized (partitioning of the function between
daughter copies; Cusack and Wolfe, 2007), and/or
neofunctionalized (functional diversification;, Ohno,
1970; Force et al., 1999; Zhang, 2003; Blanc and Wolfe,
2004). These provide testable hypotheses suggesting
that subfunctionalized gene copies undergo purifying
selection, whereas neofunctionalized gene copies are
expected to undergo positive selection or relaxed
purifying selection. It has been suggested that the

functional divergence between duplicated genes can
affect either the gene expression pattern or the protein
biochemical properties. The prevalence of expression
subfunctionalization after polyploidization (variation
in the relative expression of homologs among tissues in
the polyploids) has been assessed in a few studies
(Adams et al., 2003; Flagel et al., 2008; Chaudhary et al.,
2009; Buggs et al., 2010; Flagel and Wendel, 2010; Guo
etal., 2010). Differential expression between duplicated
genes has been shown to contribute to phenotypic
variation (Buggs et al., 2010). A genome-wide analysis
of soybean (Glycine max) revealed that approximately
50% of paralogs were differentially expressed and,
thus, had undergone expression subfunctionalization
(Roulin et al., 2013). Recent studies indicated that the
changes in gene body DNA methylation or microRNA-
binding sites could provide another avenue for dupli-
cate genes to develop differential expression patterns
(Keller and Yi, 2014; Wang et al., 2014, Wang and
Adams, 2015). Other studies demonstrated or sug-
gested that the divergence in protein characteristics,
which includes enzyme activity (Lan et al., 2009;
Liu et al., 2015), posttranslational regulatory motifs
(Nguyen Ba et al, 2014), DNA-binding specificity
(Lehti-Shiu et al., 2015), and subcellular localization
(Ren et al., 2014), plays an important role in the
subfunctionalization/neofunctionalization of duplicate
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genes. The experimental evidence of how the functional
divergence happened in the expansion of a specific
gene family still remains largely unknown.

Transcription factor (TF) genes tend to be retained
after duplication (Blanc and Wolfe, 2004; Seoighe and
Gehring, 2004; Maere et al., 2005; Shiu et al., 2005). Their
expansion often correlates with critical events in the
evolution of plants in either development innovation
(Liu and Meinke, 1998; Xiao et al., 2008; Blackman et al.,
2010; Airoldi and Davies, 2012; Zhang et al.,, 2013;
Rensing, 2014) or stress response diversification (Haake
et al., 2002; Mizoi et al., 2012; Kang et al., 2013; Yang
et al,, 2014). This suggests that the expansion of TF
families may provide an adaptive benefit (Lang et al.,
2010). Studying the mechanisms underlying the reten-
tion of TF duplicate genes can give insights into how
plants adapt to abiotic stress.

Membrane-bound transcription factors (MTFs) are
recognized by the presence of a distinctive transmem-
brane domain, which directs their association with the
endoplasmic reticulum (ER), nuclear membrane, or
plasma membrane. Upon the plant’s exposure to spe-
cific developmental or environmental cues, MTFs are
proteolytically processed, then transported to the nu-
cleus, where they exercise their regulatory function
(Chen et al., 2008). The NTM1 MTF is one of the NAC
family proteins (Kim et al., 2006) that feature a highly
conserved N-terminal DNA-binding NAC domain, a
variable transcription-regulating C-terminal domain,
and a C-terminal transmembrane (TM) motif (Ernst
et al., 2004). It has been proposed that there are
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13 NTMl-like (NTL) sequences in the Arabidopsis
(Arabidopsis thaliana) genome (Kim et al., 2007b), 11 in
the soybean (Le et al., 2011) and Brachypodium dis-
tachyon (Zhu et al., 2015) genomes, seven in the maize
(Zea mays) genome (Shen et al., 2009), six in the grape-
vine (Vitis vinifera) genome (Shen et al., 2009), five in
each of the rice (Oryza sativa; Kim et al., 2010), poplar
(Populus spp.), switchgrass (Panicum virgatum), and
sorghum (Sorghum bicolor) genomes (Shen et al., 2009),
14 in the potato (Solanum tuberosum) genome (Singh
et al, 2013), and eight in the Setaria italica genome
(Puranik et al., 2013). The transcription of most of the
AtNTL genes is inducible by abiotic stress (Kim et al.,
2006, 2007b, 2008; Park et al., 2011). The movement of
AtNTL proteins into the nucleus follows the proteo-
lytic cleavage of their anchor by an intramembrane
protease(s), a process that also is mediated by various
stresses (Kim et al., 2008; Yoon et al., 2008; Seo et al.,
2010; Park et al., 2011). The biological function of most
AtNTLs has been associated with different kinds of
stress response (Kim et al., 2007a, 2008; Yoon et al.,
2008; Seo et al., 2010; Park et al., 2011; Klein et al., 2012;
Lee et al., 2012; De Clercq et al., 2013; Ng et al., 2013).
Overall, the NTLs make an important contribution to
the interaction with the environment, and their function
could be affected by multiple factors, including tran-
scription, membrane release, and transactivation ac-
tivity. This makes them good models for the study of
the variation of functional divergence of duplicate
genes in the stress response.

The extant soybean genome represents the outcome
of two WGD events, one affecting the progenitor of the
papilionoid legumes some 59 million years ago (Mya)
and the second, occurring 13 Mya, that was specific to
the ancestor of the modern soybean (Schmutz et al,,
2010; Cannon et al., 2015). We took advantage of the
availability of this genomic resource and the properties
of NTLs to study the evolution of duplicated genes.
Here, an evolutionary and functional analysis of its NTL
gene content is presented. The data have revealed a
picture of functional divergence at the transcriptional,
posttranscriptional, and protein levels and have dem-
onstrated the contribution of the membrane-release
pattern, a new kind of functional divergence, to phe-
notypic divergence.

RESULTS
Identification of the GmNTL Gene Family

A survey of the soybean genome (https:/ /phytozome.
jgi.doe.gov/pz/portal html) revealed that it has 17 po-
tential NTL sequences, of which 15 (GmNTL1 through
GmNTL15) are represented by a full-length open
reading frame (Supplemental Table S1). The derived
amplicon sequence in each case matched that of the
respective genomic sequence. The predicted gene
products were all structurally similar to that of
AtNTM], having a NAC domain in their N-terminal
region and one or two a-helical TMs in their C-terminal
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region (Supplemental Fig. S1; Supplemental Table S1). A
multiple sequence alighment involving the GmNTLs and
a representative sample of Arabidopsis NAC proteins
(ANACO013, ANACO055, and ANAC072) showed that the
soybean sequences shared a substantial level of sequence
similarity in their N-terminal domain and included five
conserved subdomains (Supplemental Fig. S1). An
in silico analysis placed the genes on 11 different chro-
mosomes, with chromosomes 2, 10, 14, and 20 each
having two genes and seven other chromosomes hav-
ing one gene each (Supplemental Table S1).

Phylogeny of the GmNTL Proteins

To investigate the phylogenetic relationship of
GmNTL genes with those of other dicot and monocot
species, a full-length peptide sequence alignment was
performed among 15 GmNTLs (Glycine max), 13 AtNTLs
(Arabidopsis), five OsNTLs (rice), nine MtNTLs (Medi-
cago truncatula), five SiNTLs (S. italica), seven BANTLs
(B. distachyon), and eight PuNTLs (common bean
[Phaseolus vulgaris]), and three clades generated the set
of GmNTLs (Fig. 1A). Phylogenetic analysis based on
the NTL coding sequences showed a similar tree
structure (Supplemental Fig. S2). A total of 29 of the
sequences fell into clade I, 23 were clustered into clade
II, and 11 were found in clade III. As each of the clades
contained sequences derived from all of the diverse
species sampled (including both monocotyledonous
and dicotyledonous representatives), the inference
was that the NTLs within a clade probably shared a
common ancestor that predated the divergence of the
monocotyledons and dicotyledons. Seven soybean leaf
pairs were recognized (GmNTL1/11, GmNTL3/4,
GmNTL2/12, GmNTL6/15, GmNTL9/10, GmNTL8/
13, and GmNTL7/14; Fig. 1A). A MEME-based analysis
showed that GmNTLs clustered within a clade pos-
sessing a similar motif content. This was particularly
the case for the phylogenetically closely related pairs of
proteins (Fig. 1B). Most of the conserved motifs lay
within the N-terminal NAC domain, suggesting their
probable functional importance. Motifs 2/11/15, 1, 3,
and 4 (equivalent to subdomains A/B-E, respectively;
Supplemental Table S2) were present in most of the
proteins. A number of motifs were present within the
more variable C-terminal end of the proteins, notably
motif 10 in clade I, motif 9 in clade I, and motifs 7/8/13
in clade III. This result further supports the conclusions.

A reconstruction of the evolution of the GmNTLs was
attempted by reconciling their phylogeny with their
pattern of duplication. The WGD event experienced
13 Mya did not occur in the progenitor shared with the
genus Phaseolus and M. truncatula (Schmutz et al., 2010;
Young et al., 2011). As a result, the NTL loci present as a
duplicated pair in soybean are each represented by just
a single locus in Phaseolus and M. truncatula (Fig. 1A).
The evidence is that, following this WGD event, seven
pairs of GmNTLs having a full TM motif content were
retained (Fig. 1A); these are hereafter referred to as
pairs I through VII. While GmNTL5 does have a full TM
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motif content, its duplicate Glyma.16g016400 encodes a
TM-free NAC protein (pair VIII). A synteny-based
study focusing on regions of chromosomes 2, 4, 6, 7,
10 to 14, 16, 18, and 20 (Fig. 2A; Supplemental Fig. S3)
showed that synteny has been maintained around
GmNTL1/11 (pair 1), GmNTL3/4 (pair 1), GmNTL2 /12
(pair IlI), and GmNTL8/13 (pair IV), consistent with the
outcome of a genome-wide or a segmental duplication
event (Fig. 2A; Supplemental Table S3). An evolution-
ary pathway based on the phylogeny and the pattern of
gene duplication is given in Figure 2B. The likelihood is
that four ancestral NTL genes were present at the mo-
ment of divergence between the monocotyledonous
and dicotyledonous species, with two of them being the
result of a duplication event, representing the progen-
itor of each of three NTL clades. One of these genes
appears to have undergone at least four rounds of du-
plication, generating a copy number of seven in the
modern soybean genome (GmNTL1/11, GmNTL3/4,
GmNTL5, and GmNTL9/10), along with one NAC gene
(Glyma.16g016400). The two genes generated by the
ancestor of clade II were duplicated once each to give
rise to GmNTL6/15 and GmNTL7/14, and the third was
duplicated at least twice to produce GmNTL2/12 and
GmNTL8/13.

Molecular Evolution of GinNTL Sequences

The ratio of nonsynonymous to synonymous substi-
tutions (w = dN/dS) is an indicator of the history of se-
lection acting on a gene or gene region. A history of
purifying selection of a gene is implied when w lies below
unity, whereas an w value in excess of unity suggests
directional selection (Freeling, 2008). To infer the influ-
ence of selection on the expansion of GmNTL genes, w
values were computed for each branch of the NTL gene
family tree using ML codon models (Supplemental Fig.
S5). Four alternative assumptions were tested: the fixed
one-ratio model, the free-ratio model, the near-neutral
model, and the branch-site model. Based on the
free-ratio model, w was estimated to lie in the range
0.01 to 0.11 for all the soybean genes except GmNTL6
(Supplemental Fig. S5, A-H). Such low ratios suggested
that the genes were constrained by strong purifying se-
lection. The dN/dS of the eight pairs of branches of
GmNTL were estimated using branch-site models leading
to key extant genes. Among the eight branches analyzed,
significant positive selection was detected only for
branch f (Table I; Supplemental Fig. S5). The overall
conclusion was that while most of the GmNTL duplicates
have experienced strong purifying selection, the evolu-
tion of GmNTL6 was driven by positive selection, which
has allowed it to neofunctionalize.

Gene and Protein Structure Are Conserved among
GmNTL Duplicates

A comparison of the sequences of the various du-
plicate pairs was based on their gene structure and
those of their predicted gene products (Fig. 3). The
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Figure 1. GmNTL phylogeny and conserved motifs. A, A maximum likelihood (ML) procedure using the Jones, Taylor, and
Thornton model and 500 bootstrap replicates were used for the phylogenic reconstruction; numbers at each node of the ML tree
refer to bootstrap values. The sequences used to construct the tree are given in Supplemental Data Set S1. The three clades (I-Ill)
were determined by a phylogenetic analysis based on NTL protein sequences from soybean (red squares), Arabidopsis (blue
triangles), M. truncatula (purple triangles), common bean (yellow circles), rice (green diamonds), S. italica (green circles), and
B. distachyon (blue squares). The clades were defined on the basis of the similarity of motif distribution and the bootstrap values
(greater than 50%). B, Conserved motifs in the NTL proteins as revealed by MEME analysis. Each motif is represented by a
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Figure 2. Synteny in GmNTL-flanking re-
gions and a proposed evolutionary path-
way. A, Local synteny based on gene
annotation (detailed information is pro-
vided in Supplemental Table S3). Flanking
genes assumed to form homologous ge-
nomic segments are connected by lines.
The blocks having GmNTLs are colored
red. The numbers shown at left indicate the
chromosome number in which each gene
resides. Bar = 10 kb. B, The most parsimo-
nious scenario for gene duplication, loss,
and rearrangement was deduced by rec-
onciling the phylogeny with the genomic
locations of each gene. Black boxes indi-
cate GmNTL genes, and gray boxes indi-
cate GmNAC genes lacking the TM motif.
W and S, WGD and segmental duplication,
respectively.

coding sequence of the two members of a pair was
generally split into an identical number of exons: the
exceptions were the genes in pairs VI and VII (Fig. 3A;
Table II). The gene products were all structurally sim-
ilar to that of AtNTM]1, in that they had a NAC domain
in their N-terminal region (Supplemental Fig. S1) along
with one or two a-helical TMs in their C-terminal re-
gion (Fig. 3B; Table II; Supplemental Table S1). Within a
given pair, gene product length was conserved (except
for pairs VI and VII; Fig. 1C; Table II). The number and
location of TMs were generally conserved within a pair
(except in pairs III and VII; Fig. 1C; Table II). The di-
vergence in gene and protein structure (including the
MEME motif distribution) between GmNTL duplicates

is summarized in Table II.

Variation between Duplicates with Respect to

Transcriptional Behavior

Studies have established that duplicated gene pairs
can be differentially transcribed between tissues or cell
types (Adams et al., 2003; Flagel et al., 2008; Chaudhary
et al., 2009; Buggs et al., 2010; Flagel and Wendel, 2010;
Roulin et al., 2013), and all the Arabidopsis NTL genes
have been shown to transcriptionally respond to at least
one kind of abiotic/biotic stress or stress-related hor-
mone (Kim et al., 2007b; Park et al., 2011). In order to
obtain insights into the functional divergence of the
GmNTL genes after duplication, their expression pat-
terns were examined in terms of both organ specificity
and abiotic stress response. To determine whether
differences in the pattern of transcription between
duplicated GmNTLs reflect the occurrence of sub-
functionalization, the M. truncatula NTLs were used as
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a reference. A series of quantitative real-time (QRT)-PCR
experiments demonstrated that the genes in pairs III
(GmNTL2 and GmNTL12) and VII (GmNTL6 and
GmNTL15) shared a common pattern of transcription
with respect to organ specificity, while those in pairs I
(GmNTL1 and GmNTL11), IV (GmNTLS8 and GmNTL13),
and V (GmNTL7 and GmNTL14) exhibited a degree of
divergence, while pairs II (GmNTL3 and GmNTL4) and
VI (GmNTL9 and GmNTL10) were strongly divergent
(Fig. 4; Table II; Supplemental Fig. S4). On the basis of
the transcription patterns of the M. truncatula homologs
that were not duplicated, most of the divergence be-
tween gene pairs can be interpreted as being due to
subfunctionalization. When the plants were subjected
to abiotic stress, pairs I, II, and V responded similarly,
but for pairs IV and VII, this was not the case. Although
the indication from this analysis was that GmNTL6
(pair VII) had experienced neofunctionalization (Table
I; Supplemental Fig. S5), it appeared that both GmNTL6
and GmNTL15 were expression subfunctionalized,
since they both partially mimic the behavior of
Medtr1g090723 (Fig. 4; Table II; Supplemental Fig.
S4). Additionally, these data demonstrated that
the expression divergence happened not only in
organ specificity but also in inducibility by external
stimuli.

In an attempt to relate their stress response to pro-
moter sequences, the 1,500-bp upstream sequence of
each GmNTL coding region was queried with the
PlantCARE server (Lescot et al., 2002). Various stress-
related cis-acting regulatory elements were detected in
the GmNTL promoters, including ABRE, TC-rich re-
peats, ARE, CGTCA motif, ERE, TGACG motif, SARE,
HSE, LTR, MBS, Box W1, and the TCA element
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Table I. Likelihood ratio tests of the evolutionary model for all branches after gene duplication

Model Branch Estimates of Parameters® In L (Log-Likelihood) 2AL° P
MO (one ratio) 0.07432 —9,248.27
M1 (free ratio) Glyma.10G197600/GmNTL6 16.259820 —9,049.42 397.7 <0.001
M1a (near neutral) p0 = 0.94552, p1 = 0.05448, -9,191.27
w0 = 0.07298, w1 =1
Ma (branch site) Glyma.10G197600/GmNTL6 p0 = 0.84890, p1 = 0.04958, —9,155.89 70.76 <0.01

p2a = 0.09592, p2b = 0.00560,
w0 =0.06996, w1 =1,
w2 = 486.62276

“The proportion of sites (p0, p1, etc.) estimated to have w0, w1, etc.

P2AL is twice the log-likelihood difference between Ma and M1a.

(Supplemental Table S4). The assumption is that the
duplicated GmNTLs respond transcriptionally to mul-
tiple stresses in different ways as a result of the varied
composition in their promoters of relevant cis-acting
elements.

Transactivation Activity Diverged between GmNTL Genes
in Duplicate Pairs

The NAC TFs are classified by the conserved
N-terminal DNA-binding domain and the variable
C-terminal transcriptional regulation region, which can
act as either a repressor or activator in regulatory path-
ways (Tran et al, 2004). To further characterize their
function, the transcriptional activity of the 15 GmNTLs
was studied by fusing their coding sequence with the

GAL4 DNA-binding domain of the yeast expression
vector pDEST32 in yeast MaV203. The NTL fusion pro-
tein is expected to bind with GAL4-binding sites present
in the promoters of the reporter genes lacZ and HIS3, and
if they have acquired transcriptional activation activity,
cells expressing them will be able to both grow on me-
dium lacking His and show B-galactosidase activity. All
of the yeast transformants, including those containing
only the empty vector, grew freely on medium lacking
Leu (Fig. 5). However, on medium lacking His and
supplemented with 10 mm 3AT, cells having the empty
vector pDEST32 could not grow at all, while those car-
rying GmNTLs grew to a greater or lesser extent,
depending on which GmNTL was present. The trans-
activation activity assay (X-8-gal assay) gave a consis-
tent result (Fig. 5). The products of the members of

A gene structure B  protein structure Figure 3. GmNTL and GmNTL structures. A,
GmNTL exon/intron structure. Exons are repre-
GmNTL1 - o — — 1 sented by black boxes and introns by gray lines;
| segment lengths are drawn to scale. B, GmNTL
GmNTL11 I — - i structure. The N-terminal region has the highly
Emiiis conserved NAC domain (black boxes). The
R ——— —— . .
I l a-helical TMs (red boxes) lie close to the C ter-
GmNTL4 - — ——— ] minus. GmNTL7 and GmNTL14 also have an
elongation factor (EF)-hand Ca-binding domain
m GmNTL2 - R e D SR e’ P ———————————H (blue lines). Protein sizes are shown to scale. The
GmNTL12 - —— i - I numerals | to VIl refer to the seven duplicated gene
pairs (Table I).
y GmNTLS B H
GmNTL13 - o - e — —
v GmNTL7 S ———— —————}
GmNTL14 O S — _—
- GmNTL9 . == = . ——
GmNTL10 - - ——f
GmNTL6 - — ——I
Vil
GmNTL15 -—— — — _—I
900 bp for GmNTL9 60 aa
. M NAC domain
500 bp for the other genes I a-helical TM

| EF-hand calcium-binding domain
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Figure 4. Transcription profiling of GmNTL duplicated pairs and their homologs in M. truncatula. Transcript abundances were
derived via gRT-PCR. The numerals | to VIl refer to the seven duplicated gene pairs (Table I). The column at left details the organ
specificity of transcription. Transcript abundances were normalized to the most abundant transcript. The other columns detail the
transcriptional responses to salinity (200 mm NaCl), moisture stress (20% [w/v] polyethylene glycol [PEG] 6000), low temperature
(4°C), oxidative stress (10 mm H,0,), and 100 um abscisic acid (ABA) treatment. For the organ specificity assay, the levels were
normalized against the transcript abundance in the most strongly transcribed organ. For the stress response assay, fold changes in
abundance were log, transformed. R, Root; S, stem; L, leaf; numbers below these letters indicate hours.

pairs II, IV, VI, and VII differed with respect to their of divergence between the products of the GmNTL

transactivation activity, but members of the other pairs duplicate pairs.
behaved consistently with one another (Fig. 5; Table II;
Supplemental Fig. S5). Although the assay did not in- All GmNTLs Associated with the ER, But the Pattern of

dicate the transactivation activity of the GmNTL pro-
tein itself (rather, it reported the combined outcomes of
membrane release and stability, in addition to trans- Membrane association is essential for the function
activation activity), the result indicated some measure of NTLs in signaling transduction. Five NTLs were

Membrane Release Was Divergent

]
2 12

BD 1

Figure 5. GmNTL transcriptional activation activity. The numerals I to VII refer to the seven duplicated gene pairs (Table I). The ability
of yeast transformants to grow on medium lacking His (H) and Leu (L) but containing 10 mm 3-aminotriazole (3AT), and the formation
of color in the X-B-gal assay, indicate transcriptional activation. BD, Empty vector control. The image shows a representative outcome
(detailed results are provided in Supplemental Fig. S6). Measures of B-galactosidase activity represent means of three independent
transformants. Error bars indicate se. B-gal units = 1,000 X OD;,,/(t X V X ODy,), where OD = optical density, t= elapsed incubation
time (min), and V = the volume of culture (mL). The numbers 1 to 15 represent GmNTLT to GmNTL15.
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demonstrated to localize in the ER (Kim et al., 2006;
Klein et al., 2012; De Clercq et al., 2013; Ng et al., 2013;
Block et al., 2014) and four in the plasma membrane
(Kim et al., 2007a; Seo et al., 2010; Park et al., 2011;
Puranik et al., 2011) in plants. The product of each of the
15 GFP-GmNTL fusion transgenes transiently expressed
in Arabidopsis protoplasts colocalized with the ER
marker (Fig. 6; Table II). Exceptionally, GFP-GmNTLS8
also was deposited in the nucleus, suggesting its partial
release from the ER. Thus, divergence in terms of sub-
cellular localization seemed not to contribute to their
functional divergence for the duplicate genes.

In addition to the transcriptional response, the envi-
ronmental induction of membrane release is essential
for NTL function in stress signaling. To characterize
divergence with respect to the environmental signaling
of membrane release of the GmNTLs, transiently
transformed Arabidopsis protoplasts carrying the var-
ious GFP-GmNTL constructs were exposed to various
stresses. Both low-temperature and hydrogen peroxide
(H,O,) treatments provided evidence for stress-induced
processing by some of the GmNTLs (Fig. 7A; Table II).
At room temperature, the GFP signal was restricted to
the ER, but in plants exposed to either 4°C or 0.1 mm

Figure 6. Subcellular localization of the pro- GFP-GmNTL
ducts of GmNTL duplicate pairs. The numerals

I to VIl refer to the seven duplicated gene pairs
(Table 1). GFP-GmNTL fusion proteins local-

ized to the ER in transiently transformed Ara-
bidopsis protoplasts. The left images show the 1
GFP signal (green), the middle images show

the mCherry signal (magenta; an ER marker),

and the right images are merged images. The
magenta color in the control image (right column,
bottom) is chloroplast autofluorescence. Arrows
indicate the nuclei. Bars = 20 um.

-
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H,0O, for 15 min, the signal was distributed between the
ER and the nucleus or totally concentrated in the nu-
cleus. Membrane release was triggered by both H,O,
and low temperature in the case of GmNTL1, GmNTL3,
and GmNTL4, only by H,0O, in the case of GmNTL2, and
only by low temperature in the case of GmNTL10. Thus,
divergence with respect to inducible membrane release
was the case for gene pairs I, III, and VL.

Divergence in Alternative Splicing-Mediated Membrane
Release between GmNTL Duplicates

In addition to the membrane release mediated by
protein processing, alternative splicing has been dem-
onstrated to achieve this purpose (Deng et al., 2011;
Nagashima et al., 2011; Lu et al,, 2012). A detailed
analysis of the GmNTL transcripts was carried out to
check whether alternative splicing could contribute to
diversity in membrane release. GmNTL6 generated
three transcripts, one of which (Glyma.10g197600.1)
encoded an NTL protein, while the other two (Gly-
ma.10g197600.2 and Glyma.109197600.3) encoded
identical TM-free NAC proteins (which seemed to be
the released form of GmNTL6; Supplemental Table S1).

GFP-GmNTL ER merge

GmNTL?

GmNTL14
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Figure 7. Membrane release of

GFP-GmNTL ER

merge GFP-GmNTL

GmNTL1
GmNTL1

GmNTL2
GmNTL4 GmNTL3

GmNTL3

GmNTL4
GmNTL10

B 7 O2h m6h 70 O2h m6h
Ee - 5 60 e §1
w [ w 1
@5 o 50 g
= 4 : £ 40 g1
w w w
o 3 o 30 *kk o
z z H
g2 g 20 B
g1 2 10 2
0 0
Nacl ABA NaCl ABA
Glyma.209172100.4 Glyma.10g197600.2
(GMNTL14) (GmNTLS)

Furthermore, GmNTL14 generated four transcripts: two
(Glyma.20¢172100.1 and Glyma.20g172100.2) encoded the
same product as GmNTL14, one (Glyma.20g172100.4)
encoded a TM-free NAC protein (which seemed to be the
released form of GmNTL14; Supplemental Table S1), and
one (Glyma.20g172100.3) encoded a protein lacking a NAC
domain (Supplemental Table S1). The Glyma.20g172100.4
(GmNTL14) transcript became highly abundant in the
roots in response to either salinity stress or ABA treat-
ment, while the abundance of both Glyma.109197600.2
and Glyma.10g197600.3 (GmNTL6) was increased by sa-
linity stress but decreased by exposure to ABA (Fig. 7B;
Table II). The indication, therefore, was that, since both
GmNTL14 and GmNTL6 can be released from the
membrane in response to salinity stress via alternative
transcription, there has been some divergence in this
respect, involving genes in pairs V and VII. When the
alternative transcripts of their M. truncatula and common
bean homologs were explored, it was shown that
Phoul.007G085600 (ancestral homolog of GmNTL7/
14) and Phoul.007G140500 (ancestral homolog of
GmNTL6/15) produced no alternative transcripts,
while Medtr1g097300 (ancestral homolog of GmNTL7/
14) and Medtr1g090723 (ancestral homolog of GmNTL6/
15) did. However, none of them encodes a TM-free NAC

Plant Physiol. Vol. 172, 2016
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ON A ODON A

GmNTLs. A, Transiently transformed
Arabidopsis protoplasts assayed 5 h
after exposure to low temperature or
H,O,. The GFP (green) and mCherry
(magenta) signals mark the nucleus/
cytoplasm and the ER, respectively.
Cold, Protoplasts exposed to 4°C for
15 min; H,0,, protoplasts exposed
to 10 mm H,0, for 15 min. Arrows
indicate the nuclei. Bars =20 um. B,
The inducibility of alternative GmNTL
transcripts in the roots of plants ex-
posed to either 200 mm NaCl or
100 um ABA. The data shown are
means * s (n = 3). Statistically
significant differences (*, P < 0.05;
** P < 0.01; ***, P < 0.001) in
transcript abundance are shown
between treated and mock-treated
samples.

O2h mé6h

*

P

NacCl ABA

Glyma,10g197600.3
(GmNTLS)

protein. This suggests that the stress-induced membrane
release mediated by alternative transcripts in GmNTL14
and GmNTL6 reflects some neofunctionalization.

Membrane Release Is Required for GmNTL Function
during an Abiotic Stress Episode, and Its Pattern
Contributes to Phenotypic Variation

Since all the GmNTL genes were transcriptionally
responsive to abiotic stress (Fig. 4; Supplemental Fig.
S4) and the membrane release of some of the GmNTLs
was induced by abiotic stress (Fig. 7), the assumption
was that these proteins have a function within the
plant’s response to abiotic stress. The contribution of
GmNTL1 was explored by heterologously expressing its
encoding gene in Arabidopsis. The transgene was effi-
ciently transcribed in the transgene homozygous lines
OE-1 and OE-2 (Fig. 8, A and D). Comparisons of pri-
mary root growth were made between these transgenic
and appropriate control plants (the wild type and a
transgenic line carrying an empty vector) exposed to a
variety of abiotic stresses. The performance of the full-
length GmNTL1 overexpression (OE) lines under either
nonstressed conditions or when exposed to either sa-
linity or mannitol was indistinguishable from that of
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Figure 8. The phenotypes of transgenic Arabidopsis plants constitutively expressing GmNTLT or GmNTL11. A and ], Seedlings
carrying 355pro:GmNTLT (A) or 355pro:GmNTL11 () exposed to 0 to T mm H,0,. B, C, K, and L, Seedlings carrying 35Spro:
GmNTLT-AC (B and C) or 355pro:GmNTL11-AC (K and L) exposed to 200 to 250 mm mannitol (B and K), 0 to T mm H,O,, 200 to
250 mm salinity, or 5 to 10 um ABA (C and L). The photographs in A to C and ] to L were taken 5 d after the stress treatment was
initiated. Bars = 1.5 cm. D and M, Semiquantitative real-time PCR profiles of wild-type and transgenic Arabidopsis. AtTUB was
the reference gene. Eto 1 and N to R, Primary root length measured 5 d after the imposition of H,0,, mannitol, ABA, or NaCl stress.
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the controls (Fig. 8, A and E). However, when the
stress agent was H,O,, primary root growth of the OE
lines was significantly superior to that of the control
plants. To examine whether the membrane release of
GmNTL1, which was induced by H,O, treatment (Fig.
7A), was required for its function, Arabidopsis trans-
genics were constructed having the 355pro:GmNTLI-
AC (encoding an active GmNTL1 form that lacks the
TM domain and is localized in the nucleus) as repre-
sented by the two homozygous transgenic lines (AC-1
and AC-2), which each produced the GmNTLI-AC
transcript (Fig. 8D). As was the case for plants having
35Spro:GmNTL1, the 35Spro:GmNTLI-AC plants were
indistinguishable from the wild type under nonstressed
conditions. However, when exposed to various levels
of NaCl, mannitol, H,0,, or ABA, their ability to
maintain root growth was superior to that of the control
plants (Fig. 8, B, C, and F-I). Thus, GmNTL1 has a de-
monstrable role in abiotic stress tolerance, with the
membrane release of GmNTL likely being an important
factor.

It remains to be explored whether the divergence of
GmNTLs with respect to their protein membrane-
release patterns (Fig. 7) contributes to phenotypic
variation. GmNTL11 and GmNTLI constitute one du-
plicated gene pair. They are very closely related in gene
and protein structure (Fig. 3), expression pattern (Fig.
4), transactivation activity (Fig. 5), and subcellular lo-
calization (Fig. 6). The only difference between them is
the protein membrane-release pattern, where the re-
lease of GmNTL1 was induced by H,O, and cold but
the release of GmNTL11 was not (Fig. 7). The 35::
GmNTL11 and 35::GmNTL11-AC transgenic Arabi-
dopsis homozygous lines also were constructed (Fig.
8M). These plants were exposed to similar stresses to
those for 35:GmNTLI and 35:GmNTLI-AC transgenic
plants. The same phenotype was found in 35:
GmNTL11-AC plants as in the 35::GmNTLI-AC line (Fig.
8, K, L, and O-R). But 35:GmNTL11 overexpression
plants did not display greater tolerance to H,O, com-
pared with the 35:GmNTL1 OE line (Fig. 8, ] and N).
This is clearly due to different membrane-release pat-
terns in response to H,O, of GmNTL1 and GmNTL11.
To our knowledge, these results provide the first evi-
dence that divergence in protein membrane-release
patterns contributes to plant phenotypic variation.

DISCUSSION

The Subfunctionalization/Neofunctionalization of
Duplicated GmNTLs

Functional diversification among gene family mem-
bers is viewed as an important source of evolutionary

Evolutionary and Functional Analysis of GmNTLs

innovation in complex organisms, and duplicated
gene pairs can experience pseudogenization (Moore
and Purugganan, 2005), subfunctionalization (Cusack
and Wolfe, 2007), or neofunctionalization (Blanc and
Wolfe, 2004). In soybean, the major consequences of
polyploidy, especially to TF genes, appear to have
been subfunctionalization and/or neofunctionalization
(Roulin et al., 2013). Soybean and the common bean
diverged from one another approximately 19.2 Mya,
soybean and M. truncatula diverged from one another
approximately 54 Mya, but their common ancestor ex-
perienced a WGD event timed at approximately 56.5
Mya (Lavin et al., 2005; Young et al., 2011). A second
WGD event occurred in soybean specifically approxi-
mately 13 Mya (Schmutz et al., 2010). Sequence com-
parisons between the GmNTLs and their bean homologs
suggest that seven GmNTL pairs were generated by the
latter WGD event (Figs. 1 and 2). The analysis of the
duplicated GmNTLs indicated that 14 of the 15 had
experienced strong purifying selection and, therefore,
have retained their ancestral functions. As suggested by
Bush et al. (1999), using a single individual per species
to test for positive selection on short terminal branches
can generate a high rate of false positives in the calcu-
lation of dN/dS. However, the combined evidence
points to GmNTL6 having not just evolved under
positive selection (Table I; Supplemental Fig. S5); it
shows that the different organ specificity with the pre-
duplication reference gene in M. truncatula, and the re-
lease of its product from the membrane, can be mediated
by alternative splicing (Fig. 7B), but that does not happen
in the reference gene in M. truncatula and common bean.
This suggests the occurrence of neofunctionalization.
Similar neofunctionalization in alternative splicing-
mediated membrane release also was found in
GmNTL14 (Fig. 7B). On the other hand, in both rice and
Arabidopsis, NTLs can be induced by at least one stress
agent (Kim et al., 2010). All known NTL functions, with
the exception of NTM1, have proven to be involved in
abiotic and/or biotic stress signaling (Supplemental
Table S5). So we supposed that function in abiotic and /or
biotic stress signaling was the ancestor function of NTL
genes. The data presented here have added to this picture
as follows: the GmNTLs also proved to be inducible
by various abiotic stress agents (Fig. 4), some of the
GmNTLs were membrane released by the induction of
abiotic stresses (Fig. 7), and GmNTL1 appeared to be a
positive regulator of abiotic stress tolerance (Fig. 8).
Overall, it appears that the GmNTLs have largely
retained their function in the sphere of the plant’s re-
sponse to abiotic stress, and the subfunctionalization
or neofunctionalization that has arisen has conferred a
diversity of roles within this response.

Figure 8. (Continued.)

Error bars indicate st (n = 15). Significant differences (*, between the transgenic line and the wild type; #, between the transgenic
line and the empty vector control) were determined by Student’s t test (P < 0.01). Col-0, Columbia-0; AC-1 or AC-2, transgenic
lines having 355pro:GmNTL1-AC or 355pro:GmNTL11-AC; OE-1 or OE-2, transgenic lines having 355pro:GmNTL1 or 35Spro:

GmNTL11; VC, empty vector control.
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Functional divergence among
duplicated GmNTLs
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Figure 9. Model of functional divergence among duplicated GmNTLs.
The members of each duplicated GmNTL pair variously diverged at the
transcriptional (organ specificity and responsiveness to abiotic stress),
posttranscriptional (alternative splicing), and protein (proteolysis-
mediated membrane release and transactivation activity) levels.

Functional Divergence in the Evolution of GmNTL
Duplicate Genes

The evolutionary mechanisms of the retention of
duplicate genes might vary among different gene
families. Previous studies have shown that divergence
in gene expression or protein function contributes to the
retention of duplicate genes (Ganko et al., 2007; Lan
et al., 2009; Yang et al, 2013). Protein subcellular
relocalization also has been considered another mech-
anism for gene retention, because proteins could alter
their functions when relocalized to a new subcellular
structure (Byun-McKay and Geeta, 2007; Marques et al.,
2008; Qian and Zhang, 2009; Ren et al., 2014). Alterna-
tive splicing involved in the divergence of duplicate
genes was shown recently in vertebrate genomes
(Lambert et al., 2015), but such studies are limited in
plants (Shan et al., 2007). Relatively few studies have
empirically analyzed the functional diversification of a
gene family at different levels. Whether and how these
various functional divergences are involved in the evo-
lution of a gene family remained unknown. Members
of the GmNTL pairs showed diversity in their tran-
scription profile, both in space and in response to abi-
otic stress treatment (Fig. 4). Notably, pair III and VII
genes were similar with respect to where the tran-
scription occurred but differed in their stress induc-
ibility, while pair I and II genes behaved in the opposite
manner (Fig. 4). Thus, complexity in the regulatory
network generated by polyploidization can arise not
just as a result of spatial differentiation in patterns of
transcription (Roulin et al., 2013) but also through the
generation of diversity in the genes’ response to exter-
nal stimuli. Additionally, Roulin et al. (2013) indicated
that the transcriptional divergence and dN/dS were
negatively correlated in genes across the sampled tis-
sues, suggesting that expression divergence across tis-
sues has increased evolutionary pressures to maintain
gene function. But in this study, this relationship was
not observed. For example, dN/dS of genes in the du-
plicate pair IV and V was extremely low, less than 0.07
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(Supplemental Fig. S5), and their expression pattern
had little divergence (Fig. 4). One explanation for this
result is that expression divergence did not contribute
much to the evolutionary pressure of these genes but
other kinds of functional divergence did, such as
subcellular localization, transactivation activity, and
membrane release, as the data showed (Figs. 5-7; Table
II). Another explanation is that the expression diver-
gence is the consequence of the change in promoter
nucleotide sequences, and the dN/dS from gene-
coding sequences may not be consistent with that
from the promoter sequence. A supportive result is that
the topology of the phylogenetic tree of the promoter
sequences of GmNTLs is slightly different from that of
protein sequences (Supplemental Fig. S7). Moreover,
functional divergence apparently has arisen from the
protein character (including transactivation activity,
subcellular localization, and proteolytic cleavage-
mediated membrane release; Table II, Figs. 5-7A) and
alternative splicing (Table II; Fig. 7B; Supplemental
Table S1). Therefore, the functional divergence that has
evolved reflects variation generated within either the
genes’ promoter and/or transcription regions (includ-
ing coding and intron sequences).

Membrane Release Plays an Important Role in the
Functional Divergence of GmNTL Duplicate Genes in
Abiotic Stress Response

The MTF’s unique character is to associate with the
ER, nuclear, or plasma membrane in a dormant format
when the condition is normal, and when the plant is
exposed to specific developmental or environmental
cues, MTFs are proteolytically processed, then trans-
ported to the nucleus and function as TFs (Chen et al,,
2008). It has been proposed that the activation of MTFs
represents an efficient means of achieving a rapid
transcriptional response. The signal that induces the
membrane release of MTFs determines when and
where they exercise their transcription regulation
function. Evidence for the critical role of membrane
release in the function of NTLs include the finding that
when the full-length NTL protein is overexpressed in
plants, there often are no phenotypic differences be-
tween transgenic and control seedlings, but transgenic
plants overexpressing NTL proteins without the TM
motif show a corresponding phenotypic difference
from control plants (Kim et al., 2006, 2007b, 2008; Park
et al.,, 2011; Zhang et al., 2011; Lee et al., 2012). Experi-
mental results in this study also demonstrated this
conclusion. When the full-length GmNTL1 was hetero-
logously expressed in Arabidopsis, the transgenic lines
only showed improved oxidative stress tolerance
when the plants were exposed to H,0O,, which had been
demonstrated to induce its membrane release (Fig. 8).
However, heterogenous expression of GmNTL1 pro-
teins without the TM motif conferred numerous abiotic
stress tolerances to transgenic Arabidopsis during its
early growth (Fig. 8). On the contrary, heterologous
expression of GmNTL11 (in the same duplicate gene
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pair with GmNTL1) full-length proteins conferred no
phenotypic difference from control plants under oxi-
dative or other abiotic stresses to transgenic Arabi-
dopsis (Fig. 8), since its membrane release mediated by
proteolytic cleavage could not be induced under those
conditions. This further demonstrates the critical role of
the membrane release in their function in the abiotic
stress response and, therefore, provides an efficient
evolutionary driving force in subfunctionalization. This
kind of subfunctionalization may have contributed to
the retention of genes in pairs I, I1I, and VI (Table II; Fig.
7A). Alternative splicing is confirmed to be another
efficient way to generate the active form of bZIP MTFs
in Arabidopsis (Nagashima et al., 2011), but it has not
been found in any other kind of MTFs. In this study, we
surprisingly found that alterative splicing that medi-
ated the activation of GmNTLs may contribute to their
subfunctionalization after WGD. The alternative tran-
script of GmNTL14 codes for a TM-free NTL protein,
and its transcription could be induced significantly by
NaCl and ABA treatment (Fig. 7B). At the same time,
GmNTL7 and GmNTL14 were largely similar, includ-
ing expression pattern (Fig. 4), transactivation activity
(Fig. 5), and subcellular localization (Fig. 6), while the
dN/dS of these two genes was as low as 0.01 and 0.05,
suggesting strong purifying selection (Supplemental
Fig. S2). This caused us to propose that an alternative
splicing-mediated activation mechanism mostly con-
tributed to their functional divergence in the evolu-
tionary process.

CONCLUSION

The analysis of complete genome sequences is in-
creasingly revealing the presence of gene duplications,
particularly in plants, where polyploidization has
played a large part in speciation and evolution. The
mechanistic basis of duplicate retention and subsequent
functional divergence remains rather obscure. Here, the
focus was on a family of seven GmNTL gene pairs after
the latest WGD in soybean. A variety of approaches
was applied to determine the evolutionary processes
likely to have contributed to divergence in the gene
family. The findings suggest that multiple levels of
functional divergence (Fig. 9), especially a new kind of
functional divergence in the membrane-release pattern,
and purifying selection have been key to the retention
and subsequent functional divergence of these dupli-
cated genes.

MATERIALS AND METHODS

Identification and Isolation of GuNTL, PuNTL, and
MtNTL Genes

Soybean (Glycine max), common bean (Phaseolus vulgaris), and Medicago
truncatula protein sequences containing the NAM domain (keyword search by
PF02365) were obtained from the Phytozome version 11 database (https://
phytozome.jgi.doe.gov/pz/portal.html), and their TM motif content was
identified using TMHMM (http://www.cbs.dtu.dk/services/ TMHMM/;
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Sonnhammer et al., 1998; Krogh et al., 2001) and TMpred (http://www.ch.
embnet.org/software/ TMPRED_form.html) software. Proteins containing the
Pfam domain PF02365 and at least one transmembrane helix predicted by either
TMHMM or TMpred were assigned as NTLs. The putative GmNTL sequences
having a full open reading frame (as predicted by the Glymal.1 model; https:/ /
phytozome jgi.doe.gov /pz/portal html#!info?alias=Org_Gmax) were subjected
to PCR amplification directed at their open reading frames (primer sequences
are listed in Supplemental Table S6) using a cDNA template derived from
the total RNA extracted from 4-week-old cv Williams 82 seedlings. The
amplicons were introduced into the Gateway pDONR221 vector (Invitrogen)
for sequencing.

GmNTL Identification, Domain Prediction, and
Motif Analysis

The in silico translation of GmNAC was obtained using Phytozome version
11 software (https://phytozome.jgi.doe.gov/pz/portal.html). Protein domain
prediction was performed using ScanProsite implemented in the PROSITE
database (http://prosite.expasy.org/prosite.html). The hydrophobicity of the
various predicted proteins was obtained using the ConPred II program (Arai
et al., 2004). Conserved motifs were identified using the MEME version 4.11.1
program (Bailey and Elkan, 1994; Bailey et al., 2009). The analysis was per-
formed by keeping the number of repetitions, any; the maximum number of
motifs, 20; and the optimum width of the motif, 6 or greater and 50 or less.

Phylogenetic and Molecular Evolution Analyses

The ClustalW-based alignment of GmNTL polypeptide sequences employed
a gap open penalty of 10 and a gap extension penalty of 0.2, as implemented
within MEGAG6 software (Tamura et al., 2013). The resulting phylogenetic tree
was derived by the same software. The cross-species analysis of plant NTLs
used the ML method based on the Jones, Taylor, and Thornton amino acid
substitution model. The NTL peptide sequences were from soybean, common
bean, M. truncatula, Arabidopsis (Arabidopsis thaliana; Kim et al., 2007b), Bra-
chypodium distachyon (Zhu et al., 2015), rice (Oryza sativa; Kim et al., 2010), Setaria
italica (Puranik et al., 2013), and Glyma.16G016400, which is a NAC protein
without transmembrane helix but is coded by the duplicated gene of GmNTL5.
The At4g29230 sequences were adopted as the outgroup in the phylogenetic
analysis of the whole NTL subfamily, which encodes a NAC family protein but
not a member of NTLs. A total of 500 bootstrap replicates were included to
allow for the assigning of confidence levels to each node. To evaluate variation in
selective pressure over a phylogeny, the branch models of CODEML and PAML
(Yang, 2007) were used to estimate » under different assumptions. Analyses were
conducted using the same alignment as the phylogenetic analysis, along with an
ML tree constructed using three a priori assumptions: a one-ratio model in which
one w value was assumed for the entire tree, a free-ratio model that allowed o to
vary throughout the tree, and a two-ratio model in which w values were allowed to
vary between selected branches. To determine whether positive selection had acted
at specific sites in the NTL sequences, four models in the PAML package were
explored: the one-ratio model (MO0), the free-ratio model (M1), the near-neutral
model (M1a), and the positive-selection model (M2a).

Plant Materials and Growth Conditions

Soybean ‘Williams 82’ seedlings were grown in a greenhouse in which the
day /night temperature was maintained at 28°C/20°C, the photoperiod at 14 h,
the level of light intensity at 800 umol m~?s ™, and the relative humidity at 60%.
At the three fully opened trifoliate leaf stage (approximately 25 d after sowing),
roots, leaves, and stems were sampled. Flowers and early R5 stage seeds were
harvested at day 55 and day 100, respectively. Groups of 14-d-old seedlings
were exposed to various abiotic stresses or exogenous ABA by removing them
from the soil, washing their roots, and transferring them to distilled water
(mock treatment), 200 mm NaCl, 20% (w/v) PEG 6000, 100 um ABA, or 10 mm
H,0,. A low-temperature stress episode was imposed by holding the seedlings
in refrigerated water maintained at 4°C. Following treatment, the seedlings
were dissected into their component organs, and the material was snap frozen
in liquid nitrogen. M. truncatula ecotype R108 was grown at 22°C/20°C, the
photoperiod was 16 h, the level of light intensity was 800 wmol m~?s™!, and
the relative humidity was 70%. All the Arabidopsis material was based on the
Columbia ecotype. Seeds were surface sterilized, held at 4°C for 72 h, and then
cultured under a 16-h photoperiod at 22°C on one-half-strength Murashige and
Skoog solidified medium (0.7% [w/v] agar) supplemented with 2% (w/v) Suc.
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Transcriptional Activation Activity Assay

The GmNTL coding sequences in Gateway pDONR221 vector were trans-
ferred into the pDEST32 vector (Invitrogen) via an LR reaction, and the resulting
constructs were transformed into yeast strain MaV203 containing the HIS3 and
lacZ reporter genes. Transformed yeast cells were cultured on yeast nitrogen
base plates, either with or without added His, Leu, and 3AT (Sigma), and were
assayed for B-galactosidase expression. The quantitative B-galactosidase assays
were performed using chlorophenol red-B-p-galactopyranoside as a substrate
in liquid cultures. The protocol was as recommended by the supplier of the
ProQuest Two-Hybrid System (Invitrogen).

Subcellular Localization of GmNTL Proteins

Individual GmNTL sequences were fused to GFP and inserted into the
pB7WGF?2 transient expression vector (PSB) in which the fusion protein coding
sequence was driven by the 35S promoter. Protoplasts were prepared from the
rosette leaves of 4-week-old Arabidopsis seedlings, and the transgene was in-
troduced using PEG-mediated transformation as described by Yoo et al. (2007).
The detection of GFP was carried out by laser scanning confocal microscopy
(LSM 700; Carl Zeiss) following a 12- to 18-h incubation in the dark at 22°C. The
355::GFP (Li et al., 2011) and mCherry-tagged HDEL (Nelson et al., 2007)
transgenic protoplasts were used as localization controls for expression in
the cytoplasm/nucleus and the ER. For the membrane-release experiment,
transformed protoplasts were subjected to a 15-min exposure to either 4°C
or 10 mm H,0, and then held at 22°C in the dark for a further 5 h.

cDNA Synthesis and qRT-PCR

The total RNA isolated from plants using the TRIzol reagent (Invitrogen) was
treated with Turbo DNA-free DNase I (Ambion), following the manufacturer’s
protocol. The first cDNA strand was synthesized from 3 ug of RNA using the
Script cDNA Synthesis Kit (Bio-Rad) in a 20-uL reaction, following the manu-
facturer’s protocol. Gene-specific primers (sequences are given in Supplemental
Table S7) were designed using ProbeFinder version 2.44 (https://www.roche-
applied-science.com). The 15-uL. qRT-PCRs were based on the FS Universal
SYBR Green Master (Roche). Each reaction contained 0.4 um of each primer, and
the PCR cycling regime was composed of an incubation at 50°C for 2 min and at
95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. Dis-
sociation curves were obtained after the final cycle by heating the reaction to
95°C for 15 s, followed by a steadily increasing temperature from 60°C to 95°C.
GmTUB (GenBank accession no. AY907703) and Medtr7g026230 were used as
internal reference genes for profiling across the plant (Song et al., 2014),
Gm60S (Glyma.17g05270) and Mt60S (Medtr4g055270) for the PEG 6000, low-
temperature, and H,O, treatments, and GmELF1b (Glyma.02¢44460) and
MIELF1b (Medtr5g088660) for the salinity and ABA treatments (Le et al., 2012).
Three biological replicates were included for each treatment. Relative transcript
abundances were estimated via the 2722 method (Livak et al., 2013).

Generation of Transgenic Arabidopsis Plants

The GmNTL1 open reading frame or open reading frame without the
C-terminal coding sequence was fused to the cauliflower mosaic virus 35S
promoter and introduced into the binary vector pK2GW7 (PSB; primer se-
quences are given in Supplemental Table S7). The recombinant plasmids were
transformed into Agrobacterium tumefaciens GV3101. Arabidopsis was trans-
formed using the floral dipping method (Clough and Bent, 1998). Positive
transformants were selected by culturing on solidified one-half-strength
Murashige and Skoog medium supplemented with 50 mg L' kanamycin.
Genomic DNA was extracted from the leaf of putative transformants to
confirm the presence of the transgene using PCR, while real-time RT-PCR
was used to estimate the GmNTL1 transcript abundance (primer sequences
are given in Supplemental Table S8).

Transgenic Phenotyping

To assess primary root elongation, 3-d-old seedlings (at least 20 seedlings per
line) were transferred to either fresh one-half-strength Murashige and Skoog
medium (control) or to one-half-strength Murashige and Skoog medium
containing H,0,, NaCl, mannitol, or ABA of different concentrations and
left to grow vertically for 5 d. The primary root length was measured by
Image]. Student’s t test was applied to test the significance of differences

1818

between two data groups, and the s was applied to measure the deviation of
the sampling distribution. Both types of experiment were replicated three or
four times.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Conserved motifs in the GmNTL N-terminal re-
gion.

Supplemental Figure S2. The coding sequence tree of NTL genes.
Supplemental Figure S3. Gene duplication for the GmNTLs.

Supplemental Figure S4. Hierarchical clustering of GmNTL duplicated
pairs and their homologs in M. truncatula.

Supplemental Figure S5. Substitution rate analysis using the free-ratio
model.

Supplemental Figure S6. The transcriptional activation activity assay of
15 GmNTL proteins.

Supplemental Figure S7. The promoter tree of GmNTLs.

Supplemental Table S1. GmNTLs identified and characterized in this
study.

Supplemental Table S2. Conserved motifs in NTLs.
Supplemental Table S3. Flanking sequences of GmNTL within 140 kb.

Supplemental Table S4. Stress-related cis-acting regulatory elements in
GmNTL promoters.

Supplemental Table S5. Functions of NTLs in Arabidopsis.

Supplemental Table S6. Sequences of primer pairs used for the isolation of
GmNTL genes.

Supplemental Table S7. Sequences of primer pairs used for qRT-PCR
analysis.

Supplemental Table S8. Sequences of primer pairs used for the semiquan-
titative real-time PCR of GmNTL genes.

Supplemental Data Set S1. NTL peptide sequences.
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