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ABSTRACT. Members of the 14-3-3 family of proteins are conserved
regulatory proteins that are widely found in eukaryotes and play
crucial roles in diverse physiological processes, including responses to
different stresses. Although genome-wide analysis of 14-3-3 proteins
has been performed in a few plant species, it has not been performed
in switchgrass. In this study, we identified 21 switchgrass 14-3-3
proteins (designated PvGF14a to PvGF14u) and examined genes for
improved stress tolerance in this species. A phylogenetic tree was
constructed to demonstrate that PvGF14 proteins can be divided into
six groups, and that PvGF14 proteins belonging to each class exhibit
similar gene structure. A phylogenetic analysis of PvGF14 proteins
among switchgrass, Arabidopsis, and rice was conducted. Ten PvGF14
proteins were found to be orthologous to several abiotic stresses, and
these were particularly responsive proteins in Arabidopsis and rice.
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Tissue-specific expression profiles showed that PvGF14a, PvGF14k,
PvGF14l, and PvGF14m may play significant roles in the regulation
of lignin metabolism, and that PvGF14r may participate in flower
development. Taken together, these data suggest that PvGF14 proteins
may be involved in various biosynthesis.

Key words: 14-3-3 Protein; Genome-wide analysis; Switchgrass;
Phylogenic tree; Tissue-specific expression

INTRODUCTION

Members of the G-box factor (GF14), 14-3-3 protein family, are highly conserved
regulatory eukaryotic proteins that exist in distinct isoforms in numerous species (Ferl, 1996).
The 14-3-3 protein was first identified as an acidic, heterodimer abundant in bovine brain,
and was named according to its mobility on protein gels (25-32 kD) (Moore, 1967). These
proteins have since been found to be ubiquitously expressed in all tissues, where they modulate
the function of a wide range of cellular proteins. These homo- and heterodimers naturally
recognize and bind phosphorylated serine or threonine residues, enabling the proteins to
interact with many cellular constituents and to take part in a series of signal transduction and
regulation pathways (Comparot et al., 2003; Oh et al., 2010; Pertl et al., 2011). Due to their
roles in the stress response, the physiological function of 14-3-3 proteins is of great interest in
plant science (Fulgosi et al., 2002). Several plant 14-3-3 proteins have been identified so far,
including those from Arabidopsis thaliana (Rosenquist et al., 2001), soybean (Glycine max)
(Li and Dhaubhadel, 2011), barley (Hordeum vulgare) (Finni et al., 2002), maize (Zea mays)
(de Vetten and Ferl, 1994), tobacco (Nicotiana tabacum) (Piotrowski and Oecking, 1998), and
tomato (Lycopersicon esculentum) (Roberts and Bowles, 1999).

Studies have shown that 14-3-3 proteins significantly condition signals that regulate
many cellular activities in plants. For example, a study on the role of barley 14-3-3 isoforms
in germination showed that the 14-3-3 protein gene is induced and expressed following seed
imbibition (Testerink et al., 1999). The combination of certain transcription factors and the
G-box binding complex in maize and Arabidopsis indicates that 14-3-3 protein genes are able
to regulate signal transduction within the cell (Lu et al., 1992). In addition, transcription factors
such as transcription factor IIB (TFIIB), TATA binding protein 2 (TBP2), Vivipa Rous 1 (VP1),
and repression of shoot growth (RSG) were found to be target proteins of the 14-3-3 family
(Schultz et al., 1998). Since 14-3-3 family members regulate the activity of many proteins
involved in signal transduction, it is not surprising that many of these proteins are involved
in stress responses in plants. Several studies have implicated 14-3-3 proteins in responses
to environmental stresses and defense responses induced by pathogen and wounding. For
example, in Arabidopsis, the expression of two 14-3-3 proteins corresponded to the expression
of the genes RCI1/RCI1A and RCI2/RCI1B, which are regulated by cold stress (Jarillo et al.,
1994). Furthermore, Arabidopsis 14-3-3 isoproteins combine and activate calcium-dependent
protein kinase, which is another important protein involved in the stress response (Camoni et
al., 1998). The Arabidopsis gene GF14A, which encodes a 14-3-3 protein, was introduced into
cotton (Gossypium) plants in order to study its role in drought stress. In that study, transgenic
cotton plants were found to have improved drought stress tolerance compared to control plants
(Yan et al., 2004). In cultivated tobacco, the expression of 14-3-3 proteins can be induced by
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salt stress (Chen et al., 1994). The functions of 14-3-3 proteins in plants are broad, and include
participation in nitrogen metabolism, transcription, cell cycle control, and protein transport
(Moorhead et al., 1999; Finni et al., 2002).

Switchgrass (Panicum virgatum L.) is a perennial warm-season C, grass native to
North America, which has the potential to be used as a renewable biomass energy source.
Switchgrass has been identified as one of the candidate energy crops in the U.S. because it
has a relatively high yield and low requirements for fertilization and water (Hoogwijk et al.,
2003). At present, the development of switchgrass as a bioenergy crop is complicated by the
need to improve crop establishment and increase tolerance to abiotic stresses. In order to
comply with state regulations, switchgrass is commonly planted on marginal land, away from
food crops; therefore, it is vulnerable to many abiotic stresses, which lead to reduced yield.
In addition, the physiological responses of switchgrass to various abiotic stresses have been
previously reported (Azevedo Neto et al., 2004; Barney et al., 2009; Burner et al., 2009). As
14-3-3 protein genes are closely related to stress resistance in plants, there is the potential to
greatly improve the efficacy of switchgrass as a biofuel. Obtaining new information on 14-3-3
proteins in switchgrass is pertinent to engineering a more efficient energy crop.

Comprehensive analysis of the gene family combined with translational genomics
provides an unprecedented opportunity to predict the potential functions of 14-3-3 proteins.
For instance, 10 14-3-3 protein genes have been identified in rubber tree, Hevea brasiliensis,
of which, 10 genes responded to the plant hormones jasmonic acid (JA) and ethylene (ET),
suggesting their involvement in JA and ET signaling (Yang et al., 2014). In a recent study,
a comprehensive analysis of common bean identified 14-3-3 proteins, confirming that these
proteins have a variety of functions in many cellular processes including stress responses
(Li et al., 2015). In the present study, we conducted a comprehensive genome-wide analysis
of switchgrass 14-3-3 proteins. Publicly available switchgrass genomic and transcriptomic
databases were employed to systematically analyze the 14-3-3 protein family and to identify
candidate protein genes that may contribute to development and stress tolerance in switchgrass.

MATERIAL AND METHODS
Identification of 14-3-3 proteins in switchgrass

The switchgrass draft genome and protein sequences were downloaded from the
phytozome database (http://phytozome.jgi.doe.gov). The HMMER software (http://hmmer.
janelia.org) was used to build the switchgrass protein database. Additionally, the Hidden
Markov Model (HMM) file (PF00244) of PvGF14 was downloaded from Pfam (http://www.
pfam.org) and used as a query to BLAST against the local switchgrass database (E-value
< 0.001). All hits were confirmed by Pfam (PF00244) and an NCBI conserved domain
search (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Confirmed PvGF14 proteins
were aligned using the MEGA 5.0 software package (version 5.0, www.megasoftware.net)
to remove redundant sequences. The conserved PvGF14 motifs were analyzed for sequence
logos using Weblogo (Crooks et al., 2004).

Gene structure and phylogenetic tree analysis

Information on the coding sequence (CDS), length of the open reading frame (ORF),
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number of introns and exons, amino acids (aa), and chromosomal location of switchgrass
PvGF14 genes were retrieved from the phytozome database (http://phytozome.jgi.doe.gov).
Molecular weights (Da) and isoelectric points of 14-3-3 proteins were calculated using the
ExPASy program (http://web.expasy.org/compute_pi). Exon-introns were displayed using the
gene structure display server (http://gsds.cbi.pku.edu.cn).

A neighbor-joining (NJ) phylogenetic tree of PvGF14 proteins from switchgrass,
Arabidopsis, and rice was built using alignments in ClustalX (1000 bootstrap replicates)
via MEGA 5.0 (version 5.0, www.megasoftware.net). Two PvGF14 genes with alternative
splicing sites were selected from the longest translated proteins and the duplicated result was
deleted following analysis of the phylogenetic tree.

Construction of chromosome location images

The Maplnspect software was used to generate chromosome location images in
order to localize switchgrass PvGF 14 genes. The ratio of non-synonymous and synonymous
nucleotide substitutions (Ka/Ks) was obtained via the DNAsp5 software (http://www.ub.edu/
dnasp/) (Librado and Rozas, 2009).

Cis-element analysis

The PLACE database (http://www.dna.affrc.go.jp/PLACE/) was used to search for
cis-elements in the promoter regions of PvGF14 genes in switchgrass. We selected a 2000-bp
promoter region upstream of the start codon in each PvGF14 gene to search for possible cis-
elements (Manimaran et al., 2015).

Analysis of gene expression in switchgrass tissues and at different developmental
stages

For each of the 21 identified PvGF14 protein genes in switchgrass, Unitranscript
IDs were obtained from the PviUTs database (http://switchgrassgenomics.noble.org/)
(Zhang et al., 2013). The integrated transcript sequence database was recognized by
searching Unitranscript IDs in PviGEAs (http://switchgrassgenomics.noble.org/) (Zhang
et al., 2013). The results obtained from the database were presented graphically in
heatmap format using a log,-fold change following value normalization through the R
Project software (http://miyoviqo.tha.im/).

RESULTS
Identification of PvGF14 proteins in switchgrass

We analyzed the 14-3-3 protein family and identified candidate protein genes in
switchgrass. A total of 21 PvGF 14 genes were identified and designated PvGF14a to PvGF14v
(Table S1) following the removal of redundant and false-positive genes. The full length of
PvGF14 proteins varied in length, between 101 and 314 aa long, and one protein was greater
than 300 aa in length. The calculated molecular weights of proteins were between 11,205.53
and 35,248.37 Da, and the estimated isoelectric points ranged from 4.06 to 9.30 (Table S1).
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Phylogenetic and structural analyses

The NJ phylogenetic tree was constructed to show the evolutionary relationships
between PvGF14 proteins (Figure 1A). A total number of six clades included 16 PvGF14
proteins. Clades I and VI contained more than three proteins, while the other clades only
included two proteins. Although there were large differences between introns and exons,
proteins of the same clade shared highly similar exon-intron structures of encoding genes
(Figure 1B), indicating conserved exon-intron structures across all PvGF14 proteins of each
clade. This strongly supports the reliability of the phylogenetic tree.

A B o s—

b W £ ) W w & )

Legend:
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Figure 1. Phylogenetic relationship and gene structures of PvGF14 proteins. A. Multiple alignments of 21 full-
length PvGF 14 proteins were conducted in ClustalX, and the phylogenetic tree was built using the neighbor-joining
method with 1000 bootstrap replicates in Mega 5.0. Only scores above 50 are shown at each node. B. Exon/intron
display of PvGF 14 proteins in the gene structure display server. Exons and introns are represented by yellow boxes
and black lines, respectively.

To further compare the evolutionary relationships of PvGF14 proteins between
switchgrass and other plant species including rice and Arabidopsis, a phylogenetic analysis
was conducted at the protein level (Figure 2). The analysis revealed that a large number of
PvGF14 proteins clustered with paralogs of the same species. However, a few PvGF14 proteins
in switchgrass were orthologous to Arabidopsis and rice proteins with functional annotations.
Few abiotic stress-responsive PvGF 14 proteins, such as OsGF 14f, were found to be orthologous
to PvGF14g, PvGF 140, and PvGF14h; OsGF14b and OsGF14e were orthologous to PvGF14a
and PvGF14t; OsGF14c¢ was orthologous to PvGF14u, PvGF14c, and PvGF14d (Chen et al.,
2006). Similarly, several genes encoding growth-regulating factors, such as AtGF14phi, were
orthologous to PvGF14i and PvGF14;j (Liu et al., 2009).

Chromosomal locations and duplications in homologous chromosomes

Ten PvGF14 proteins were located on seven different chromosomes (chromosomes
la, 6a, 6b, 7a, 7b, 8a, and 8b) in switchgrass. Each chromosome carried only one PvGF14
gene, with the exception of chromosome 6a, which contained four (Figure 3).

The tandem amplification and segmental duplication of chromosomal regions could
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Figure 2. Phylogenetic tree of 14-3-3 proteins from switchgrass, Arabidopsis, and rice. Multiple-full-length
sequences of 21 switchgrass, 13 Arabidopsis, and 8 rice 14-3-3 proteins were aligned using ClustalX, and the
phylogenetic tree was built using Mega 5.0 through the neighbor-joining method with 1000 bootstrap replicates.
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Figure 3. Chromosomal distribution of 10 PvGF14 proteins identified in this study. The dashed red line indicates

duplications caused by allotetraploidy.
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be observed consistently throughout the gene family (Leister, 2004). However, PvGF14 genes
located on the same chromosome were distributed far from each other (Figure 3), indicating
that the switchgrass PvGF14 protein family originated from segmental duplication rather
than tandem amplification. The phylogenetic tree (Figure 1A) shows that only one pair of
paralogous PvGF 14 proteins (PvGF 14i and PvGF14j) was found within a defined chromosome
location (red-lined pair in Figure 3). We then calculated the non-synonymous/synonymous
substitution ratio (Ka/Ks) for this pair of proteins. Consequently, the Ka/Ks value of PvGF14i
and PvGF14j was found to be 0.805, indicating that this pair of genes might have undergone
purifying selection after duplication with limited functional divergence.

Organ/tissue-level PvGF14 expression atlas identified genes potentially involved in
the development of highly lignified cells and florets

The expression patterns of 21 PvGF14 genes in tissues, organs, and at different
developmental stages were evaluated using the switchgrass Gene Expression Atlas (PviGEA)
(Zhang et al., 2013). Based on the expression patterns, genes (represented by corresponding
probes) and samples were clustered as shown in Figure 4. Samples of reproductive organs,
vegetative organs, and tissues were clearly dispersed into two clusters. Root tissue was
included in the group containing reproductive organs. Overall, PvGF14 transcripts were
clustered into two groups based on their patterns of expression (Figure 4). Transcripts in
Group 1, comprised of PvGF14t s at, PvGF14a at, PvGF14g at, PvGF14h_at, PvGF 140 at,
and PvGF14p_at, were highly expressed in all tissues, while Group 2 contained all remaining
genes with relatively low expression in all tissues.

The analysis of tissue-level gene expression patterns was effective at predicting
the functions of PvGF14 genes. For example, PvGF14a was expressed at low levels in less
lignified tissues (e.g., florets, seeds, leaf, and leaf sheath), while it was highly expressed in
lignified organs (inflorescence branches, roots, node, internode, and crown). Interestingly,
the PvGF14k, PvGF 141, and PvGF14m genes showed the opposite expression pattern. Those
genes were highly expressed in less lignified tissues, and exhibited reduced expression in
lignified tissues. Thus, PvGF14a, PvGF14k, PvGF14l, and PvGF14m may play a significant
role in the regulation of lignin metabolism. The PvGF14r gene had high expression levels in
both Inflo-MER and Inflo-FLO tissues, indicating that these genes may participate in flower
development. In addition, PvGF141 was homologous to OsGF14h (Figure 2), consistent with
their potential contributions to the regulation of lignin metabolism.

Cis-acting-regulatory elements associated with stress in switchgrass PvGF14 proteins

We discovered that 10 PvGF14 proteins were homologous to stress-responsive genes in
Arabidopsis and rice (Figure 2). A promoter analysis was conducted on these 10 genes and their
cis-elements, including abscisic acid (ABA)-responsive element (ABRE), dehydration-responsive
element (DRE), C-repeat binding factors (CBFHV), and low-temperature-responsive element
(LTRE) (Table 1). Among the 10 genes, PvGF 14j, PvGF14c, and PvGF14g, contained the highest
number of elements (25; 21; 20), suggesting that these three genes may be responsive to ABA
and other stresses. However, we found very little stress-responsive cis-elements in PvGF14o,
PvGF14u, and PvGF14i (1; 0; 1). Although they are homologous to the stress-responsive genes
of Arabidopsis and rice, these three genes may not participate in the stress-response mechanism.
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Figure 4. Heat map representation of tissue and developmental stage expression of 21 PvGF14 protein genes.
Detailed information about the tissues and developmental stages is as follows. In abscissa, LFB: leaf blade; LSH:
leaf sheath; 14t: top 1/5 fragment of the 4th internode; 14m: middle 1/5 fragment of the 4th internode; 14b: bottom
1/5 fragment of the 4th internode; node: plant nodes; I13m: middle 1/5 fragment of the 3rd internode; I3mVB:
vascular bundle derived from 1/5 fragment of the 3rd internode; Inflo-MER: inflorescence meristem; Inflo-FLO:
floret of inflorescence; Crown: plant crown; Inflo-PEM: panicle emergence of inflorescence; Root: plant root; Inflo-
REL: rachis and branch elongation of inflorescence; Seed 0d, 5d, 10d, 15d, 20d, 25d, and 30d indicate that seeds
are at the anthesis stage, 5 days post-fertilization, visible caryopsis, milk stage, soft dough stage, hard dough stage,
and physiological maturity, respectively. In ordinate, probes with an affix as “ s at” means non-specific probes
cross-hybridizing with a set of sequences; “ x_at” means mixed probe sets; “ ” at means gene-specific probes.
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DISCUSSION

The aim of our study was to complete a genome-wide analysis of switchgrass and
to identify 14-3-3 proteins that may contribute to increased abiotic stress tolerance in this
species. The phylogenetic analysis revealed that an orthologous relationship exists between
switchgrass and other model plants (Figure 2). Almost half of the PvGF14 proteins identified
in the present study were homologous to abiotic stress-responsive proteins in Arabidopsis and
rice. Two switchgrass orthologs (PvGF14a and PvGF14t) of OsGF14b and OsGF14e were
found. These two genes are important as they are involved in plant responses to indole-3 acetic
acid (IAA), salicylic acid (SA), ABA, JA, heat, heavy icons, and pathogens. mRNA levels
of both OsGF14b and OsGF14e in rice increased significantly in seedlings compared with
control seedlings treated with IAA (Yao et al., 2007). Both transcripts were up-regulated in
response to SA and JA treatment and low-temperature-responsive elements were found within
their promoters. OsGF14b transcripts were up-regulated in response to ET treatment and the
expression of OsGF14b increased in response to ABA treatment. Moreover, oxidative stress
induced by reactive oxygen species, H O,, and heavy ion, Cu** and Cd*, treatments under
heat stress caused an increase in the transcript level of OsGF14b (Yao et al., 2007). In another
study, OsGF14b was shown to positively regulate panicle blast resistance, and negatively
regulate leaf blast resistance. GF14b-mediated disease resistance is associated with SA- and
JA-dependent pathways (Liu et al., 2016). It should be noted that these genes are expressed
at different levels and in different plant tissues. OsGF14b transcripts were abundant in roots,
low in leaves and stems, and almost absent in glumes and seeds. OsGF14e transcripts were
also low in reproductive organs and abundant in vegetative organs (Yao et al., 2007). Three
switchgrass orthologs (PvGF14g, PvGF14h, and PvGF140) of OsGF14f were found to be
related to cold stress. When rice was exposed to low temperatures or high salt concentrations,
the levels of NaCl, SA, and JA were found to accumulate in the seedlings and calluses (Kidou
et al., 1993). Similar to OsGF14b, OsGF14f transcripts were up-regulated in response to SA
and JA treatments. Their promotors contain low-temperature-responsive elements. However,
under heat treatment, levels of the OsGF14f transcript only increased slightly. OsGF14f was
expressed in all tissues, most strongly in mature leaves, stems, roots, and glumes before
pollination, and at relatively low levels in developing seeds (Yao et al., 2007). Levels of
switchgrass PvGF 14u, PvGF14c, and PvGF 14d, which are orthologous to OsGF 14c, and their
transcripts, are enhanced by heat, oxidative stress caused by H,0,, and heavy ion, Cu*" and
Cd*, treatments. Those genes were expressed ubiquitously in all tissues at almost equal levels.
However, in response to ET treatment, levels of their transcripts fell below those observed for
the control standard (Yao et al., 2007). Therefore, it is hypothesized that most PvGF14 genes
that are homologous to OsGF 14 are involved in stress signaling pathways.

The 14-3-3 proteins are part of a large multi-gene family. Contributing to high-
sequence conservation in various species, many 14-3-3 proteins have been identified in plants
(Chen et al., 2006; Yang et al., 2014; Li et al., 2015). Although a high level of overlap occurs
between plant proteins, which exist as different isoforms, an increasing number of studies have
confirmed that variation exists in closely related species, indicating that different isoforms
perform specific functions in distinct processes (Paul et al., 2012). In the present study, we
identified 21 14-3-3 proteins in the switchgrass genome. These PvGF 14 proteins exhibit high
tissue specificity, have different functions within the cell, and interact with various partners
(Rosenquist et al., 2000). Switchgrass has been considered as a front-running feedstock for
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bioenergy; however, the lignin content in plant tissue and the complexity of the cell walls limit
its utilization for ethanol production, and place this plant at an economic disadvantage (Lynd
et al., 2008). In the present study, transcripts of PvGF14a genes were observed at high levels
in lignin tissue, while PvGF14k, PvGF141, and PvGF14m transcripts were observed at low
levels in lignin tissue, indicating that they likely play a vital role in lignin cells. Interestingly,
PvGF14a and PvGF14t are the isoform pair located closest together within the phylogenetic
tree (Figure 2). Intriguingly, these genes exhibit similar expression patterns in different tissues
during development (Figure 4). These results suggest that PvGF14a and PvGF14t may have
similar cellular functions during plant development.

Most of the gene products are closely related at both transcriptional and post-
transcriptional levels. However, the temporal expression, spatial pattern, and transcript levels
are dependent on the regulation of promoters present in cis-elements (Qu et al., 2008). In
the present study, PvGF14g, PvGF140, and PvGF14h proteins were found to be orthologous
to OsGF14f, which has previously been shown to be induced by salinity, drought, and ABA
(Chen et al., 2006). The number of cis-elements for ABA and abiotic stress was high in
PvGF14g (9; 11), PvGF14h (13; 4), and PvGF14c (11; 10) respectively, indicating that these
two proteins may be responsive to ABA and abiotic stresses. In contrast, few cis-elements
were identified in PvGF 140, as well as in PvGF14u and PvGF14i, accounting for the relatively
small promoter region (less than 100 bp) upstream of the start codon. Moreover, OsGF14b
and OsGF14e, which also play a significant role in the regulation of stress and ABA response,
were orthologous to PvGF14a and PvGF14t. Gene functions predicted from the phylogenetic
analysis were computationally derived and may be prone to weakness. For example, no
element was found in PvGF14a, indicating that this protein may not be responsive to ABA.
Further functional verification should be performed to confirm the proteins identified here.

This study comprehensively classified switchgrass 14-3-3 proteins and characterized
them on the basis of gene structures, phylogenetic relationships, chromosomal locations,
expression profiles in different tissues, and predicted cis-elements. A total of 21 PvGF14
proteins were identified from the switchgrass genome, all of which were clustered into six
groups, and had gene structures that were conserved in each group. Analysis of orthologs in
the phylogenetic trees of switchgrass, rice, and Arabidopsis revealed that 10 PvGF14 proteins
might be orthologous to several abiotic stress-responsive proteins, strengthening the link
between 14-3-3 proteins and the stress response. Tissue-specific expression profiles showed
that several PvGF14 proteins might participate in the regulation of lignin metabolism and
flower development. Further research will focus on the effects of each PvGF14 protein in
stress tolerance, and aim to identify possible functional interactions among these proteins.
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