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Abstract
Transcription factors (TFs) fine-tune the host defense transcriptome in response to pathogen invasions. No information is
available on Zingiber zerumbet (Zz) TFs involved in defense response against Pythium myriotylum. Here, we provide a global
identification, characterization, and temporal expression profiling of Zz TFs following an incompatible interaction with
P. myriotylum using a transcriptome sequencing approach. We identified a total of 903 TFs belonging to 96 families based on
their conserved domains. Evolutionary analysis clustered the Zz TFs according to their phylogenetic affinity, providing glimpses
of their functional diversities. High throughput expression array analysis highlighted a complex interplay between activating and
repressing transcription factors in fine-tuning Zz defense response against P. myriotylum. The high differential modulation of TFs
involved in cell wall fortification, lignin biosynthesis, and SA/JA hormone crosstalk allows us to envisage that this mechanism
plays a central role in restricting P. myriotylum proliferation in Zz. This study lays a solid foundation and provides valuable
resources for the investigation of the evolutionary history and biological functions of Zz TF genes involved in defense response.
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Introduction

Plants have developed a plethora of sophisticated defense
mechanisms to ward off damages caused by pathogens. The
host response to an invading pathogen involves a myriad of

complex molecular, biochemical, and physiological processes
that result in compatible or incompatible interaction (Jones and
Dangl 2006). The coordinated activation of these processes
involves the transcriptional reprogramming of several genes
in a synchronized manner that is largely regulated by transcrip-
tional factors (TFs). TFs act as transcriptional activators or
repressors and play a central role in the regulation of devel-
opmental, metabolic processes, biotic and abiotic stresses.
For example, WRKY TFs are involved in the plant immune
system mediated by hormones (jasmonic acid and salicylic
acid) that can respond to attacks by pathogens, such as bac-
teria, viruses, and fungi (Eulgem and Somssich 2007;
Mukhtar et al. 2008). Members of the NAC TF family have
been suggested to play important roles in the regulation of
the transcriptional reprogramming associated with plant
stress responses (Puranik et al. 2012). Considering the im-
portance of TFs, research on TFs had gained momentum
during recent years. Advances in transcriptome sequencing
provide fast, cost-effective, and reliable approach to generate
large expression datasets, especially suitable for non-model
species to identify putative genes, key pathways, and regu-
latory mechanisms. Genome and transcriptome-wide ap-
proaches have allowed the identification and characterization
of TF families regulating vital biological processes in several
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plant species such as the bHLH family in Apple (Yan et al.
2017); MYB, ADP-ribosylation factor, WRKY families in
Foxtail Millet (Muthamilarasan et al. 2014, 2015, 2016),
Rice (Smita et al. 2015); NAC family in durum wheat
(Saidi et al. 2017); Dof family in cucumber (Wen et al.
2016); AP2/ERF family (Lata et al. 2014) and bZIP family
in cassava (Hu et al. 2016).

As the largest group of plant fungal pathogens, the
oomycete genus Pythium causes heavy crop losses world-
wide. This necrotrophic, vascular pathogen causes soft rot
disease in several plant species, including high-value spice
crop ginger (Zingiber officinale Roscoe). Soft rot stands out
to be a major production constraint for ginger cultivation
globally. Besides its broad host range, the pathogen’s ability
to produce oospores able to endure in soil for many years
makes Pythium extremely difficult to control (Yadeta and
Thomma 2013). Therefore, plant genetic resistance is
regarded as a promising key alternative to control crop
diseases and pests. In contrast to the foliar diseases, the
host response and physiological and molecular mechanisms
underlying resistance to soil-borne necrotrophs are scanty
(De Coninck et al. 2015). Characterization of the genetic
components underlying disease resistance is a major re-
search area in crop plants which is highly relevant for
resistance breeding programs. However, sources of resis-
tance against the soil-borne pathogen are rare in cultivated
germplasm (Okubara and Paulitz 2005) and, ginger is not
an exception (Kavitha and Thomas 2007). We have identi-
fied durable resistance in Zingiber zerumbet (L.) Smith
(Zz), a wild relative of cultivated ginger against Pythium
(Kavitha and Thomas 2008). Identifying and understanding
the resistance mechanisms exhibited by the Zz could pro-
vide valuable clues to devising a sustainable and
environment-friendly management option to mitigate soft
rot disease in ginger. Because transcriptional reprogramming
is a key event in plant’s defense response to pathogens, it
is extremely important to understand the role of transcrip-
tion factors that play a pivotal role in fine-tuning this
reprogramming. No information is available on TFs in-
volved in the Zz-Pythium interaction. Here, we provide an
extensive knowledge of Zz transcription factors involved in
P. myriotylum incompatible interaction by a de novo tran-
scriptome sequencing approach. We initially identified Zz
TFs, classified them into various families based on their
homology and investigated evolutionary relationships to that
of model plants. Subsequently, we explored their expression
signatures using a high throughput custom designed expres-
sion array. To the best of our knowledge, this study repre-
sents the first of its kind and provides illuminating insights
into the incompatible Zz-Pythium interaction. The informa-
tion generated in this study will serve as valuable resources
for researchers who wish to explore this pathosystem in
future.

Materials and methods

Plant material, pathogen inoculation, and tissue
sampling

Zingiber zerumbet accession 2010-9, which is resistant to soft
rot disease (Kavitha and Thomas 2008), was used for the
study. Rhizomes harvested frommature plants were germinat-
ed in earthen pots in autoclaved red-earth:river-sand:leaf com-
post (1:1:1) mixture and the plants were maintained in an
insect protected net-house under natural conditions at Rajiv
Gandhi Centre for Biotechnology, Thiruvananthapuram,
India. Four-month-old plants with uniform growth were used
for pathogen inoculation as previously described (Kavitha and
Thomas 2008). The collar (intersection between the
pseudostem and the rhizome) region of the plant was inocu-
lated with four 10 mm diameter mycelial discs, excised from
the growing margin of a 48-h-old highly aggressive
P. myriotylum isolate (RGCB N14) grown on PDA. The au-
thenticity of the isolate was confirmed by ITS amplification
and sequencing using ITS1 and ITS4 universal primers (White
et al. 1990). The inoculated region was covered with wet
cotton to provide sustained humidity. Plants mock inoculated
with plain PDA discs were used as controls. Total RNA was
isolated from 1 in.-long collar region.

Library construction, transcriptome sequencing,
and de novo assembly

Total RNAwas isolated according to method of Salzman et al.
(1999). RNA samples isolated from tissues sampled from con-
trol plants and from treated plants at 24 h post inoculation (hpi)
with P. myriotylum were used for the library construction. We
chose the RNA sample isolated at 24 hpi with P. myriotylum as
the initiation of transcriptional reprogramming was reported
previously in pathogen treated Z. zerumbet at this time period
(Kavitha and Thomas 2008). The deep sequencing of the tran-
scriptome was done at Genotypic Technology PVT. LTD.,
Bengaluru, India. Transcriptome libraries were constructed
using an Illumina TruSeq RNA library Prep kit (Illumina,
San Diego, California, USA). The libraries were separately
sequenced using an Illumina GAIIx platform employing
paired-end module with 73/72 base read length. Base-calls
were performed with CASAVA 1.8.2 software programme
and the raw reads were extracted in a FASTq format for further
analysis. Quality of the raw reads was tested using the software
NGS QC Toolkit v 2.2.3. The reads containing adaptor se-
quences and unknown nucleotides were removed and reads
with ≥ 70% bases with ≥ 20 phred score were filtered as
high-quality reads.

High-quality reads obtained from control and treated sam-
ples were pooled and subjected to de novo assembly using a
de Bruijn graph method (Zerbino and Birney 2008) as
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implemented in the Trinity assembler-Version 20140717
(Grabherr et al. 2011) using default parameters. The quality
of the Trinity assembled contigs was tested based on the num-
ber of reads aligned onto contigs (number of reads ≥ 10) and
the FPKM (fragments per kilobase of exon per million frag-
ments mapped) values (value ≥ 1) and the truly assembled
contigs were filtered out. The truly assembled contigs were
clustered at a 90% identity threshold using the software CD-
HIT-EST (v 4.6.1) (Li and Godzik 2006) and filtered the lon-
gest contig (transcript) from each assembled Trinity locus.

Identification of Z. zerumbet transcription factors

To identify the Zz TFs, the transcriptome sequences were ho-
mology searched against the plant TF database (http://
planttfdb.cbi.pku.edu.cn/) using the software iTAK v 1.7a
(Zheng et al. 2016). This resulted in the classification of Zz
transcripts in various TF families. To confirm the authenticity
of this classification, the Hidden Markov Model (HMM) pro-
file for each of the identified TF families was downloaded
from the Pfam protein family database (http:// pfam.sanger.
ac.uk/) and a HMMER search (http://hmmer.janelia.org/)
was executed to identify the presence of conserved domains
in identified putative TF sequences. All non-redundant se-
quences encoding complete TF domains were considered to
be putative TF genes. Further, all the TF family sequences
were double-checked using a batch CD-search in pfam protein
database and NCBI conserved domain database (https://www.
ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). Finally, a protein
blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi) search was
performed using the deduced amino acid sequences of the
identified TFs to infer their homology with other similar
sequences in the NCBI database.

Protein characterization, conserved motifs, and gene
ontology identification

The TF proteins were further characterized by ProtParam tool
available on Expert Protein Analysis System (ExPASy) pro-
teomics server (http://web.expasy.org/protparam/) and
isoelectric points (pI), molecular weight, aliphatic and
instability index were computed. The subcellular localization
of TFs was predicted using the CELLO online tool v 2.5
(http://cello.life.nctu.edu.tw/) (Yu et al. 2006).

The additional conserved motifs of the TF proteins outside
the family domain were statistically identified using the
Multiple Expectation-maximization for Motif Elicitation
(MEME) programme (http://meme-suite.org/tools/meme) with
the following parameters: motif length set to 6–100 and motif
sites to 2–120; maximum number of motifs: 10. The distribu-
tion of one single motif was Bany number of repetitions^ and
the other search parameter was Bsearch given strand only .̂

TFs are known to regulate multiple pathways. Therefore, to
gain insights into the functional versatility of the identified
TFs, Gene ontology (GO) annotation was executed using the
Blast2GO tool v 4.1 (Conesa et al. 2005). The TF protein
sequences were BLASTP searched against the Reference pro-
tein sequences (RefSeq) of NCBI under default parameters.
The GO terms associated to hit sequences were obtained by
mapping and finally, InterPro annotation was performed. The
Blast2GO output provides information on molecular function,
biological process and cellular component of each TF protein.

Phylogenetic analysis

To infer the phylogenetic relationships, multiple sequence
alignments of Zz TFs along with reference TF proteins of
Arabidopsis thaliana, Glycine max, and Musa acuminata
were conducted using Clustal W (Thompson et al. 1994) with
default settings. Subsequently, MEGAv 7.0 software (Kumar
et al. 2016) was employed to build an unrooted phylogenetic
tree based on the neighbor-joining (NJ) method with the fol-
lowing parameters: JTTmodel, pairwise gap deletion, and
1000 bootstraps to evaluate the significance of the nodes.

Identification of orthologous genes and protein
interactions

The genes reported in other plant species that are closest
(orthologous) to the Zz TFs were determined from well-
characterized model species (A. thaliana, G. max, and Oryza
sativa indica) and also fromM. acuminata, the monocot that is
phylogenetically closest to Zingiberaceae for which the whole
genome is available. The orthologous genes were identified
using eggnog-mapper (Huerta-Cepas et al. 2017) based on
eggNOG 4.5 orthology data (Huerta-Cepas et al. 2016). To
determine the interactions of TF proteins, protein-protein in-
teraction (PPI) analysis was performed using STRING (http://
string-db.org; (Franceschini et al. 2013) database in COG
(Clusters of Orthologous Group) mode. The best-assigned
COGs obtained based on most significant E-value using
Arabidopsis thaliana as the organism was used to construct
an interaction network. Those interactions with a confidence
score of ≥ 0.7 and based on co-expression and experiment
conditions were used to construct the network.

Microarray expression analysis

The custom gene expression microarray was performed at the
University of Delhi South Campus Microarray Centre
(UDSCMAC). The entire pool of 87,897 transcripts obtained
by the de novo assembly of Z. zerumbet transcriptome data
were subjected to probe design by using the software eArray
(Agilent Technologies, Santa Clara, CA, USA; https://earray.
chem.agilent.com/erray/). eArray treatment successfully
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designed probes for 52,432 transcripts. The probes were
printed onto a 1 × 3 in. glass slides using the SurePrint Ink-
jet technology (Agilent Technologies) in an 8 × 60 K format.
Each array consisted of 58,476 probes, including probes de-
signed from the de novo assembled Z. zerumbet transcripts
(52,432 probes), non-plant negative controls (48 probes),
plant-specific positive controls (2725 probes), and specific
genes for probe replicates (3271 probes). There were eight
separate arrays in the glass slides and each array contained
62,625 features and each feature had an array density of
15,000 to 100,000 probes. The high abundance for each probe
in an array eliminates the possibility of probe saturation while
using for one color gene expression analysis.

The RNA samples isolated from two biological replicates
each from Z. zerumbet at 18 hpi, 36 hpi and 48 hpi with
P. myriotylum and untreated control plants were used for ex-
pression analysis. Each biological replicate was sampled from
an independent plant. The hybridization procedure was per-
formed according to the Agilent Technologies’ One-Color
Microarray-Based Gene Expression Analysis Protocol
(GA4140-90040) using a Gene Expression Hybridization kit
(5188-5279). Hybridization was performed in a hybridization
oven (Agilent Technologies, G2505-80085) at 60 °C for 17 h.
The hybridized arrays were scanned using an Agilent
Microarray scanner (G2565CA) at a resolution of 5 μm with
scan control software according to the manufacturer’s instruc-
tions (G2505-90020). The scanned images were analyzed
using the Agilent Feature Extraction software v 10.5 by quan-
tifying the pixel density of each hybridization spot. The soft-
ware will automatically subtract background signals from the
data and the feature extraction is received in .txt format.

Data from each array was extracted using the software
Agilent Feature Extraction 10.5.1.1. The data analysis was
performed using the software Genespring GX12 (Agilent
Technologies). Signals were background corrected and base-
line transformed to the median of all spots. The data was log2
transformed and normalized to 50th percentile using Loess
normalization. The log2 ratios were averaged for replicate
spots. The significance (p < 0.05) in the modulation of the
signal intensity produced by RNA samples from treated sam-
ples (18 hpi, 36 hpi, 48 hpi) in relation to the untreated control
samples was determined by unpaired Student’s t test. The
expression data was visualized as heat maps with clustering
drawn with fold change values using the ClustVis online tool
(Metsalu and Vilo 2015).

Results and discussion

Transcriptome sequencing and de novo assembly

More than 90% of the reads obtained in the two libraries were of
high quality with an average of 98% of bases showing a phred

score > 20. The NGS QC Toolkit analysis filtered 32.9 million
and 31.8 million high-quality reads from control and treated
samples of Z. zerumbet (GenBank Sequence Read Archive
(SRA) accession numbers: control - SRA SRX959143;
treated- SRX959144). The de novo assembly produced
129,905 contigs in Z. zerumbet. Quality of the de novo assem-
bled contigs was further tested and filtered 104,349 truly assem-
bled contigs in Z. zerumbet. CD-HIT-EST treatment of true
contigs identified 87,897 distinct transcripts in Z. zerumbetwith
an average length of 900 bp and 44.5% GC content.

Identification of TFs from Z. zerumbet transcriptome

The iTAK and HMMER analysis of Z. zerumbet transcripts
allowed the identification of 903 non-redundant TFs that were
classified into 96 TF families (Table 1). For convenience, the
identified TFs were named Zz followed by transcript number
and the family name (e.g., Zz_c57373_g1_i1_WRKY).
BLAST searches of the NCBI database revealed that the de-
duced amino acid sequences of majority TFs shared the
highest similarity levels with M. acuminata. The sequence
similarity ranged from 40 to 98% (Supplementary file:
Table S1). More than 50% of the TFs belonged to well-char-
acterized/described TF families viz. WRKY, AP2, bZIP,
MYB, bHLH, and NAC which are known to play a crucial
role in plant defense response (McGrath et al. 2005; Seo and
Choi 2015; Tsuda and Somssich 2015). However, our analysis
also identified some rare TFs that are recently described and
less studied (Bai et al. 2011). Previous transcriptome-based
studies have also highlighted the predominance of well-
characterized TFs in defense response in Arabidopsis
(Eulgem 2005), Camellia sinensis (Jayaswall et al. 2016)
and Chrysanthemum morifolium (Song et al. 2016).

This study focuses on the characterization of 314 TFs be-
longing to WRKY, AP2, bZIP, MYB, bHLH, and NAC
families.

Phylogenetic relationships of Z. zerumbet TFs

As evident from Fig. 1, all the Zz TF proteins could be effi-
ciently grouped into their respective families with subgroups
based on their phylogenetic affinity. Of the 3 main WRKY
groups identified in Arabidopsis, the phylogenetic tree sepa-
rated the 43 Zz WRKYs into Group IIb, IIc, and IIe, suggest-
ing that all the members belonged to Group II WRKY
(Eulgem et al. 2000). The Group IIc formed the major group
with 26 members followed by Group IIb and Group IIe (Fig.
1b). A total of 12 groups have been described for the AP2/
ERF family in Arabidopsis (Sakuma et al. 2002). In our study,
the 32 ZzAP2/ERFs were grouped into 6 groups (A2, A5, B1,
B4, AP2, and APETALA 2) with Group B1 forming the major
clade with 10 members (Fig. 1a). Jakoby et al. (Jakoby et al.
2002) have described 8 groups for the bZIP family in
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Arabidopsis. Here, the 28 Zz bZIPs could be assigned to 4
subgroups (Group A, C, H, and E), together with reference
bZIPs used for the analysis. Group E formed the major group
with 12 Zz bZIP members, whereas Group H was the smallest
with only 5 members, suggesting the existence of a diversified
bZIP family in Zz sp. (Fig. 1c). The ArabidopsisMYBs were
extensively studied and classified into 22 groups by Stracke
et al. (Stracke et al. 2001). The phylogram clustered the 111 Zz
MYBs into 17 groups, which were further sub-grouped into
smaller clades based on their phylogenetic affinity (Fig. 1f).
The analysis revealed that the majority of ZzMYBs belong to
the R2R3 group with only 11 TFs belonging to MYB-related
group having a single MYB domain (Stracke et al. 2001).
Among the 22 bHLH groups described in Arabidopsis
(Toledo-Ortiz et al. 2003), the 64 Zz bHLH TFs could be
categorized into seven groups (Fig. 1e), viz. Group 6, 8, 9,
11, 16, 17, and 18. Group 18 formed the major group with 13
members followed by Group 8 with 10 members. Zhu et al.
(Zhu et al. 2012) have extensively described 21 groups in the
NAC TF family. As illustrated in Fig. 1d, the 49 Zz NAC TFs

Table 1 List of Z. zerumbet transcription factor (TFs) families identified
in this study. The TFs were identified using combination of iTAk and
HMMER searches using the de novo assembled transcriptome sequences
Z. zerumbet following P. myriotylum interaction

Transcription factor family Count

Alfin 2
*AP2 32
ARID 1
AUXIAA 29
Auxin response factor 4
B3 DNA binding 17
BES 1 3
Bromo 1
BTB POZ 23
*bZIP 28
bZIP 2
bZIPc 2
CBFB NFYA 10
CCCT1 13
CCT2 3
CSD 1
CUPIN 2
DDT 2
DFRP 1
DNA POLY 1
DOG 1 3
DP 3
DUF 573 2
DUF 702 1
DUF 2431 1
E2FTDP 2
EIN3 4
ERCC3 1
FAR 1 6
FBOX 2
GAGA BIND 1
GATA 5
GLYCO HYDRO 1
GNAT 11
GRAS 43
HALZ 4
HAREHTH 1
*HLH 64
HOMEOBOX 31
HOMEOBOXKN 5
HSF DNA BIND 17
JMJC 3
KBOX 5
KNOX2 4
LIM 2
LINKERSTONE 1
LOB 7
MBF 1 1
MED 6 1
MED 7 1
MED 26 5
MED 31 1
MFMR ASSO 1
MFMR 1
mTEF 21
MYBCC 6
MYB DNA BIND 4 20
*MYB DNA BIND 111
NAM 49
NUF1P1 1
OVATE 12
PAH 3

Table 1 (continued)

Transcription factor family Count

PC4 3
PHD 12
PLATZ 7
POX 2
PP2C 4
PUB 1
RADICAL SAM 1
RCD1 6
RESPONSE REG 8
RUBISCO 2
RWPRK 1
S1FA 2
SANT 1
SBP 2
SET 20
SKP1 PO2 1
SNF2N1 10
SRFTF 15
SWIB 5
SWIRM 1
SWIRM ASSO 1
TCP 5
TCR 4
TIFFY 13
TUB 15
WHIRLY 3
*WRKY 63
YABBY 2
zFAN1 1
zfC2H2 7
zfC2H2 JAZ 2
zfCCH 27
zDOF 12
zfLSD 3
Total 903

*Transcription factors explored in this communication
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were distributed into 5 groups (Nac 1-a, Nac 1-d, Nac 2-c, Nac
2-e, and Nac-g) (Zhu et al. 2012) with Nac 1-a and Nac 1-d
forming the major clades with 10 members each. Intriguingly,
we observed that few Zz TFs (e.g., AP2 and bZIP family TFs)
that belonged to the same subfamily were clustered in differ-
ent clades in the phylogenetic tree (Fig. 1a, c). This may be
due to the occurrence of duplication and divergent events in Zz
TF genes. A similar observation was reported by
Muthamilarasan et al. (Lata et al. 2014) where Foxtail millet

MYBs failed to cluster in the same clade according to their
subfamilies.

Protein characterization, conserved motif, and gene
ontology identification

The ExPASy analysis of Zz TFs showed a range of variation in
their molecular weight (7.5–69.3 kDa) and isoelectric point
(4.2–12.01). The protein characteristics of Zz TFs belonging

Fig. 1 Phylogenetic relationships
and subfamily designations of
Z. zerumbet TF families along
with model species A. thaliana,
G. max, andM. acuminata. The
deduced amino acid sequences
were aligned using Clustal W and
the phylogenetic tree was
constructed using the neighbor-
joining method implemented in
MEGA 7 software. The colored
branch indicates the different
subfamilies (a) AP2, (b) WRKY,
(c) bZIP, (d) NAC, (e) bHLH, and
(f) MYB
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to six studied families are presented in Supplementary
Table S2. The average value of the aliphatic index was 75.9
which was in agreement with previous reports (Hu et al. 2016;
Song et al. 2016;Wen et al. 2016). More than 85% of TFs was
calculated to be unstable proteins with an instability index
value of more than 40.We envisage that these variations could
be attributed to the presence of putative novel variants, which
needs to be validated by further research.

Subcellular location analysis based on the CELLO (http://
cello.life.nctu.edu.tw/) showed that most Zz TFs proteins were
located in the nucleus followed bymitochondria/plasmamem-
brane (Additional file: Table S2).

To investigate the structural diversity of motif composi-
tions in Zz TFs, a total of 10 conserved motifs for each family
were captured by MEME software. The conserved motifs
were namedmotif 1 through motif 10 for the individual family
and are represented in their relative location within the protein
(Supplementary Figs. 1 and 2). All TFs genes possessed their
highly conserved core domain characteristic of the TF family.
For the WRKY family, Motif 1 was present in all the se-
quences irrespective of the subgroups and was confirmed to
be the highly conserved WRKYGQK domain. The majority
of the Zz TFs in the same group shared similar motifs, sug-
gesting that these conserved motifs play crucial roles in group-
specific functions and reflects functional similarities.
(Pinheiro et al. 2009) However, considerable divergence in
their structures was found between the different groups. Few
subgroups had common motifs in all the members, whereas
other subgroups possessed special motifs. For example,
WRKY Group IIb contained mostly similar motifs, whereas
Group IIC had special motifs (Additional file: Fig. 1),
reflecting the complex nature of the function of TF proteins
in Z. zerumbet. The motif distribution indicated that the genes
containing the same motifs were likely produced via gene
expansion within the same groups. Remarkably, we also ob-
served that despite the presence of a highly conserved motif or
DNA-binding domain characteristic of TF family, the se-
quence similarity of other regions was relatively low in most
TF genes. One reason for this observation is that the conserved
motif or DNA-binding domains of transcription factor genes
are critical for their function and thus appear to have diverged
at a slow pace (Liu et al. 1999). Additionally, nucleotide sub-
stitution might have played a central role in the evolution of
conserved regions, whereas substitutions and small insertions/
deletions contributed to variable region diversification
(Purugganan et al. 1995).

The GO analysis using Blast2GO software distributed the
Zz TFs into three main functional biological categories: bio-
logical process, cellular component, and molecular function
(Supplementary Fig. 3). In the biological processes category,
a predominant portion of TFs was found to be involved in
cellular, metabolic and biosynthetic processes. In themolecular
function category, the highest proportion of TF proteins

corresponded to transcription factor activity, heterocyclic com-
pound binding, organic cyclic compound binding, and protein
binding. The cellular component analysis revealed that most of
the Zz TF proteins are nuclear localized followed by localiza-
tion in plastid and mitochondrion which complemented the
CELLO results. TF localization and its nucleo-cytoplasmic
traffic constitute an important regulatory checkpoint in fine-
tuning of gene expression and the control of gene expression
(Vandromme et al. 1996). Nuclear, mitochondrial and chloro-
plast signaling have key roles in governing host defense re-
sponse against pathogens (Kangasjärvi et al. 2012).

Identification of orthologous genes and protein
interactions

Comparative genomic analyses across different taxa allow the
transfer of functional information from a well-characterized
taxon, such as the model plant Arabidopsis, to another less-
studied taxon, like Z. zerumbet. To this end, orthologous genes
remain the best candidates for functional annotation transfer.
Here, we surveyed orthologous genes from well-characterized
model plants viz. A. thaliana, G. max, O. sativa and
M. acuminata which facilitated in predicting the putative
functions of Zz TF proteins (Supplementary Table S3).
However, for genes belonging to multigene families, such as
plant transcription factors, the definition of orthologous rela-
tionships is highly challenging (Conte et al. 2008).
Accordingly, it is worth commenting that several Zz TF genes
that showed a strong differential modulation in our study
could not be attributed to any known function. Given the fact
that the functional characterization of TFs involved in plant-
pathogen interaction is still in its infancy with only a handful
of studies elucidating the functional role of TFs involved in
plant-pathogen interactions (particularly necrotrophic), this is
justified (Eulgem 2005; Buscaill and Rivas 2014; Seo and
Choi 2015).

Structural protein-protein interaction (PPI) network pro-
vides a comprehensive understanding of interactions between
proteins. The PPI network highlighted several protein func-
tional groups interacting with each other (Fig. 2), suggesting
its role in diverse biological processes. The interaction net-
work clearly portrays the interconnected network of diverse
TF families (e.g., AP2 and bZIP; Fig. 2a) in response to biotic
stress. Most hub genes of this network were involved in the
defense response against pathogens. The detailed description
of key genes involved in the interaction is presented in the
Supplementary Table S4.

Temporal expression signatures of Zz TFs in response
to P. myriotylum

The activation of the defense transcriptome is a complex and
multidimensional process. Analyzing temporal gene
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expression patterns may provide important clues for gene
functions. Here, we conducted a custom designed high
throughput expression array analysis of the probes designed
to the Zz transcripts obtained by the whole genome tran-
scriptome sequencing and de novo assembly. From this

dataset, expression signatures of Zz TFs were filtered out
and 314 TF genes holding a significant expression (P ≤ 0.05)
at least in one time frame as compared to control were
shortlisted (Supplementary Table S5). Modulation varied in
different time frames, some TFs showed a steady upregulation

Fig. 2 Network analysis of Zz
TFs in COG mode using
STRING 10.0 database showing
all connections of TF genes with a
confidence score > 0.4. The
connection colors represent the
types of evidence for inferring
association: recurring
neighborhood in different
genomes (green line), events of
gene fusion (red), co-occurrence
of those genes in the same organ-
isms (dark blue), co-expression
(black), experimental protein–
protein interaction data (pink),
pathway described by other data-
bases (light blue), literature text-
mining (yellow), and homology
(purple lines) (a) AP2 family, (b)
bHLH family, (c) bZIP family, (d)
MYB, (e) NAC, and (f) WRKY
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Fig. 3 Summary statistics of Zz TFs modulated in response to
P. myriotylum infection. a Number of TFs upregulated and
downregulated at 18, 36, and 48 hpi, (P ≤ 0.05). The red bar represents

upregulation while green bar represents downregulation. b Venn diagram
representing the complex modulation of Zz TFs
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and downregulation, while others depicted variable expres-
sion profiles (Fig. 3b). Of the total of 314 TFs, a total of 89,
85 and 120 TFs were upregulated at 18, 36, and 48 hpi while
225, 229, and 194 TFs were downregulated at 18, 36, and 48
hpi respectively (Fig. 3a) in this study reflecting their concert-
ed activator or repressor roles during biotic stress response
(Schenk et al. 2000; Singh et al. 2002; Windram et al. 2012;
Seo and Choi 2015). In comparison to other TF families, the
WRKY and MYB families were found to be predominantly
participating in the transcriptional response to P. myriotylum
as evidenced by their high differential modulation. A total of
13 (20%) WRKY and 34 (30%) MYB TFs were highly up-
regulated, whereas 30 (55%)WRKYand 72 (68%) MYB TFs
were found to be downregulated at least in one of the time
points (Fig. 4e, f). The WRKY and MYB TFs are known to
play pivotal roles in regulatory networks controlling plant de-
velopment, secondary metabolism, hormone signal transduc-
tion, disease resistance and abiotic stress tolerance (Eulgem
et al. 2000; Dubos et al. 2010). We also observed at least 15
AP2 and 14 bHLH TFs strongly induced during the study,
suggesting their crucial role in Zz defense response (Fig. 4a,
b). The majority (60%) of the differential modulation identi-
fied in the NAC and bZIP TFs were of downregulation with 8
bZIP and 14 NAC TFs showing a strong induction (Fig. 4c,
d). Not surprisingly, a predominant portion (80%) of the TFs
depicted a downregulation in our study. It is well established
that when a plant perceives a pathogen it switches its cellular
machinery, recruiting its resources from normal cellular me-
tabolism towards defense responses (Scheideler et al. 2002;
Windram et al. 2012). In Arabidopsis, transcript levels of pho-
tosynthesis, carbon reduction cycle and pigment synthesis
genes decreased in response to biotic stress, while genes cod-
ing for the synthesis of jasmonic acid (JA), salicylic acid (SA),
and ethylene (ET) were upregulated (Bilgin et al. 2010). It has
been suggested that the downregulation of photosynthetic
gene expression enables plant’s nitrogen resources to be
reallocated for the synthesis of new defense proteins (Rojas
et al. 2014). Therefore the role of repressor-type TFs observed
in our study may be to regulate the activation of plant defense
responses in a finely controlled manner in coordination with
other cellular processes. Nevertheless, more research is need-
ed to understand the exact mechanisms behind this
observation.

Regulation of Zz TFs with putative defense functions

Defense response

The ability to perceive and mount a rapid response to patho-
gen attack is critical for plant survival. A study by Windram
et al. (Windram et al. 2012) reported altered expression levels
of at least 53 Arabidopsis AP2/ERF TFs during B. cinerea
infection, suggesting its predominant role in the defense

response. In our study, the expression of ERF1 (ortholog of
Zz_c8433_g1_i1_AP2) was highly abundant at 48 hpi.
AtERF1 is known to induce defense gene expression and
plant resistance against necrotrophs (Lorenzo 2004).
Another TF Zz_63086_g4_i1_HLH, an ortholog of BIM1
displayed a strong induction at 18 hpi. BIMs are known to
regulate Brassinosteroids (BZR1/BES1) genes (growth-
promoting steroid hormones in plants) that are involved in var-
ious developmental processes including plant defense (Kim
and Wang 2010). The diverse roles played by NAC TFs in
response to biotic and abiotic stresses are established beyond
doubt (Nuruzzaman et al. 2013). Here, ATAF1 (ortholog of
Zz_c51821_g1_i1_NAC and Zz_c62470_g1_i1_NAC) was
strongly induced at 36 hpi. ATAF subfamily clearly appears
to have a conserved, but non-redundant function in regulating
the plant defense responses to different pathogens. Wu et al.
(Wu et al. 2009) has reported an increase in the transcript abun-
dance of ATAF1 in response to abiotic stress, wounding and
B. cinerea infection, suggesting that NAC TFs play complex
roles in plant defense. The Zz_c75515_g1_i1_MYB, an
ortholog of Arabidopsis MYB protein AtMYB30 displayed
high induction during 36 and 48 hpi. AtMYB30 is a key regu-
lator of plant defenses and one of the best characterized MYB
regulators directing defense-related transcriptional responses
(Raffaele et al. 2008; Froidure et al. 2010).

Hormone signaling

Signal transduction by hormone signaling is a key component
of basal plant immunity. Among the hormones, SA, JA, and
ethylene are regarded as core immune phytohormones.
Extensive crosstalk between hormone signaling pathways is
well established (Derksen et al. 2013) enabling plants to fine-
tune its defense response against specific pathogens. These
crosstalk between signaling pathways can be synergistic or an-
tagonistic (Pieterse et al. 2009) and was also evident in our
expression array data. WRKY TFs are a large family of regu-
lators involved in various developmental and physiological
processes, specifically in coping with diverse biotic and abiotic
stresses (Eulgem et al. 2000). In this study, Arabidopsis
WRKY33, an ortholog of Zz_c59296_g2_i2_WRKY TF was
strongly induced at all time frames. This TF plays important
role in pathogen resistance and was shown to be critical for
resistance against the necrotrophic fungal pathogen B. cinerea
(Zheng et al. 2006) and Alternaria brassicicola (Birkenbihl
et al. 2012). It is believed that WRKY33 acts as a node of
convergence for integrating SA and JA defense signaling. (Li
2004) Similarly, Zz_c67372_g1_i1_WRKY (ortholog of

�Fig. 4 Heat map representing temporal expression profiles of Zz TFs
following interaction with P. myriotylum. The samples were collected at
18, 36, and 48 hpi. a AP2 family, b bHLH family, c bZIP family, d NAC
family, e MYB, and f WRKY
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Zz_c63321_g2_i2_WRKY (orthologs of WRKY70) displayed
high upregulation in this study. These TFs are involved in
crosstalk between SA and JA-dependent defense pathways
against bacterial and fungal pathogens in A. thaliana. (Li
et al. 2006; Phukan et al. 2016) The MYC subfamily of
bHLH is widely known for its role in plant defense. In our
study, MYC2 (an ortholog of Zz_c67248_g1_i1_HLH) was
found to be highly expressed at 48 hpi. This is particularly
significant as the MYC2 has been demonstrated to act as a
master regulator in the crosstalk between SA-JA-ET signaling
networks in response to necrotrophs leading to resistance
(Pieterse et al. 2009; Kazan and Manners 2013). The members
of TGA family are best-known bZIP TFs involved in plant
defense (Alves et al. 2013). Here, the members of the TGA
family (orthologs of Zz_c53337_g1_i1_bZIP and
Zz_c63239_g2_i4_bZIP) were found to be significantly upreg-
ulated during the entire course of the study. Several TGA-
interacting proteins are known to modulate their activity during
plant defense response and they are involved in hormonal
crosstalk, particularly which connect the SA and JA/ET path-
way (Zander et al. 2010; Gatz 2012). An increasing body of
research suggests the role of AP2/ERF TFs in defense re-
sponses against multiple pathogens (Seo and Choi 2015). In
our study, AtERF9 and RAP2-2 orthologs of Zz
_c45105_g1_i1_AP2 and Zz_c56944_g2_i3_AP2 respectively
showed high induction. In A. thaliana, AtERF9 and RAP2-2
are known to play a pivotal role in resistance to the necrotrophic
fungus Botrytis cinerea by modulating ethylene/JA signaling
pathway (Zhao et al. 2012; Maruyama et al. 2013). MYB TFs
are also known to be involved in hormone signal transduction.
The expression of Zz_c18232_g1_i1_MYB (ortholog of
AtMYB 72) was strongly induced at 18 and 36 hpi. AtMYB
72 is known to play a central role in JA/ET-dependent induced
systemic resistance (ISR) that is effective against a broad range
of pathogens (Van der Ent et al. 2008). From these results, we
envisage that hormonal signaling crosstalk particularly that in-
volves SA and JA plays a crucial role in providing resistance to
Zz against P. myriotylum.

Cell wall fortification

Besides acting as a physical barrier, plant cell wall also serves as
a defense barrier against pathogen attack. Modification of cell
wall architecture is an essential part of plant response to invad-
ing pathogens whereby they restrict the pathogen spread. This
is generally associated with the deposition of polymers such as
lignin, a byproduct of phenylpropanoid secondary metabolite
pathway that originates from phenylalanine. These compounds
have established roles in plant growth and development, more

importantly in defense against biotic stress (Liu et al. 2015).
MYB TFs are regarded as the major regulator playing a key
role in regulating sets of enzymatic genes involved in the
phenylpropanoid biosynthetic pathway (Liu et al. 2015).
Remarkably, we observed a steep increase in the proportion
of upregulated MYB TF genes towards 48 hpi (Fig. 4e), sug-
gesting the concerted role of MYB TFs in cell wall fortification
events in Zz. Corroborating to this observation, AtMYB6, an
ortholog of Zz_c1541_g1_i1_MYB_DNA_BINDING was
strongly overexpressed in our study. AtMYB6 plays a cru-
cial role in cell wall thickening, lignin and phytoalexins
biosynthesis (Atkinson and Urwin 2012). In addition,
Zz_c57289_g1_i1_MYB_DNA_BINDING (ortholog of
MYB36) was abundantly expressed throughout the time period,
which regulates the gene expression of both casparian strip
genes (CASP1, PER64, and ESB1) and lignin polymerization
in the cell wall (Kamiya et al. 2015). Accordingly, it is tempting
to speculate that Zz_c57289_g1_i1_MYB_DNA_BINDING
and Zz_c1541_g1_i1_MYB_DNA_BINDING might be
playing central roles in restricting P. myriotylum invasion in
Zz and should be interesting candidates for future research.

Circadian regulator mediated defense

Circadian regulators play crucial roles in the temporal control
of the defense genes in plants. Wang et al. (Wang et al. 2011)
has reported that several defense genes are under circadian
control by CCA1, allowing plants to ‘anticipate’ infection at
dawn when the pathogen normally disperses the spores and
time immune responses according to the perception of differ-
ent pathogenic signals upon infection. Consistent with this
report, in this study, Arabidopsis circadian regulator,
CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1), orthologs
of Zz_c18367_g1_i1_MYB; Zz_c59008_g2_i1_MYB and
Zz_c31978_g1_i1_MYBwas found to be significantly upreg-
ulated (P ≤ 0.05) at all the time frames implying its crucial role
in Zz-Pythium interaction leading to resistance.

Hypersensitive response

Hypersensitive response (HR) triggered by pathogens leads to
rapid cell death in the vicinity of infection and thus prevents
microbes from spreading. Production of reactive oxygen spe-
cies (ROS) and localized host programmed cell death (PCD)
are crucial mechanisms through which plants respond to path-
ogen attack. ROS may contribute to resistance by strengthen-
ing the host cell wall, thereby confining the pathogen in the
infected site and further orchestrating HR-mediated defense
gene activation (Torres et al. 2006; Lehmann et al. 2015). In
our study, Zz_c8447_g2_i1_NAC (ortholog of NAC87) was
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highly induced at 36 hpi. Recently, Yan et al. (2017) has
shown that NAC87 in Brassica napus L. modulates ROS
and PCD accompanied by typical changes at the morpholog-
ical and cellular levels in response to multiple stresses.
Similarly, two of our bZIP TFs, Zz_c63239_g2_i4_bZIP and
Zz_c53337_g1_i1_bZIP, orthologous to the TGA sub family
of basic domain/leucine zipper was highly upregulated at 18
and 48 hpi, 36 hpi respectively. The members of the TGA
family are known to regulate ROS scavenger, glutathione-S-
transferase and pathogenesis-related (PR) genes (Ndamukong
et al. 2007). Additionally, AtMYB30 (ortholog of
Zz_c75515_g1_i1_MYB), highly expressed at 36 and 48
hpi has been shown to be involved in pathogen-induced hy-
persensitive responses (HR) and cell death (Raffaele et al.
2008). This phenomenon regulates multiple physiological
processes, including terminal differentiation, senescence, and
disease resistance (Pajerowska-Mukhtar and Dong 2009).

Conclusion

Presently our picture of the transcriptional networks underly-
ing plant immunity is extremely fragmentary and mostly relies
on isolated cases of TFs impacting selective signaling path-
ways, and the expression of a limited number of individual
target genes. This study has provided the comprehensive iden-
tification, characterization, and temporal expression profiling
of Zz TF genes with a special emphasis on TFs involved in Zz-
P. myriotylum incompatible interaction. Our results highlight-
ed a complex interplay between activating and repressing tran-
scription factors from multiple families in fine-tuning defense
response against P. myriotylum attack. Several TFs could be
assigned putative functions in defense responses based on
their well-characterized orthologous genes frommodel plants.
In particular, the strong induction of TFs involved in cell wall
fortification, lignin biosynthesis, and SA/JA hormone
crosstalk allows us to envisage that this mechanism plays a
central role in restricting P. myriotylum proliferation in Zz.
Functional analysis of these TFs and delineating their signal-
ing pathways could be the next step of this research. We have
already initiated studies in this regard and are currently in the
process of silencing key TFs using Virus-Induced Gene
Silencing (VIGS) technique.
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