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Profiling of BABA-induced differentially expressed
genes of Zea mays using suppression subtractive
hybridizationT

Arun K. Shaw,? Pardeep K. Bhardwaj,® Supriya Ghosh,€ Ikbal Azahar,®
Sinchan Adhikari,® Ayan Adhikari,® Ang R. Sherpa,® Samir K. Saha®
and Zahed Hossain (2 *<

B-Aminobutyric acid (BABA), a potent chemical priming agent, induces plant resistance to a broad spectrum
of biotic and abiotic stresses. Nevertheless, the molecular mechanisms underlying this phenomenon remain
poorly understood. Therefore, this study aims to identify rare and differentially expressed transcripts in
BABA-primed maize (Zea mays L.) using a suppression subtractive hybridization strategy. Forward
subtraction was performed using the cDNA prepared from a BABA primed leaf as a tester and cDNA
from the control leaf as the driver. For reverse subtraction, tester cDNA was synthesized from control
leaf and driver cDNA from the BABA primed leaf. A total of 626 clones were picked randomly. In total
192 and 204 high quality expressed sequence tags (ESTs) were generated from forward (ZmSF) and
reverse SSH library (ZmSR) respectively. Contigs analyses revealed 27 unigenes from the forward
subtracted library and 4 unigenes from the reverse subtracted library. The ESTs encoding alpha amylase,
inositol monophosphatase 3, tocopherol cyclase, thioredoxin H-type, aspartic proteinase, NADP-malic
enzyme and PEP carboxykinase were expressed predominantly in BABA-primed leaf and found to be
predominantly associated with major metabolic and biosynthesis events along with seed germination,
developmental processes and adaptive responses to environmental stimuli such as drought, salinity,
osmotic stress and pathogen attack. In this study, we present the first report of transcriptome analysis of
maize leaf exposed to BABA. The expression profiles of candidate genes from subtracted libraries were
checked using semi quantitative RT-PCR and further validated by qRT-PCR. Expression profiles largely
corroborated the quality and functional diversity of both libraries. In ZmSF, 130 ESTs (67.70%) did not
show any significant similarity to any protein in the NCBI database, indicating a significant fraction of
novel and rare expressed transcripts that were rapidly and strongly induced in response to BABA. Further
research needs to be done for these novel transcripts to elucidate their function in a BABA-potentiated
stress adaptation mechanism. Overall, our study adds new insights into the BABA potentiated defense
mechanisms in plants, and strengthens the available transcriptome database of maize.

exhibit faster and stronger activation of defense responses upon
renewed exposure to pathogen attack or in response to environ-
mental stresses.>® Besides pathogens, various natural and

Plants are able to remember a previous exposure to stressful
conditions, which helps them to overcome a subsequent harsh
event, a phenomenon known as priming.' The primed plants
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synthetic compounds have emerged as potent inducers of priming,
which is often associated with enhanced resistance to a broad
range of environmental cues including abiotic and biotic factors.
Among the various chemical inducers of plant resistance, -
aminobutyric acid (BABA), a non-protein amino acid has been
known to induce plant defense for more than 50 years.*® A
wealth of reports are available on the BABA-mediated enhanced
defensive capacity of plants against pathogen infection,*®
drought,™*™* salinity,'> heavy metal stress,"*** and acid rain."
Suppression subtractive hybridization (SSH) is one of the most
powerful and effective method for generating subtracted cDNA
libraries to compare two mRNA populations and obtain cDNAs
representing genes that are either overexpressed or exclusively
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expressed in one population as compared to another.*® This PCR-
based cDNA subtraction technique combines normalization and
subtraction in a single procedure, which helps in identification of
differentially expressed abundant genes and enrichment of rare
transcripts to facilitate the identification of novel genes.” In
contrast to high throughput sequencing techniques, SSH is
a more cost-effective approach for rapid discovery of novel genes
as it facilitates enrichment of the rare sequences by more than
1000-fold in a single round of subtractive hybridization.*

In plants, SSH has been widely used to untie the differentially
expressed genes associated with organ-/tissue-specific biochem-
ical pathways and various biotic and abiotic stress responses.***
Applications of SSH technique include identification of genes
associated with salinity stress in tomato,” mangrove Bruguiera
cylindrica,” and Suaeda maritima,”® cadmium stress in maize,”
calcium stress in amaranth leaves,* drought in peanut root and
Alternanthera philoxeroides,”* ozone stress in Pisum sativum,**
low temperature stress in maize,* waterlogging stress in maize
root,* boron-deficiency in citrus rootstock root,** and chilling
stress in pepper plant (Capsicum annuum L.).**

The priming phenomenon has been known for decades.
However, until recently the underlying molecular basis of
chemical priming remains elusive due to insufficient knowl-
edge of how this chemical is perceived in plants. However,
a recent study revealed that perception of B-aminobutyric acid
in plants is mediated by an aspartyl-tRNA synthetase.’® In Ara-
bidopsis, BABA treatment has been reported to induce chro-
matin modifications associated with transcriptional activation
of pattern-triggered immunity (PTI)-responsive genes during
pathogen attack.*?*®* A genome-wide microarray analysis of
BABA-treated Arabidopsis at post-inoculation phase revealed
higher expression of wide number of genes primarily responsive
to salicylic acid and pathogen infection.***® Moreover, Van der
Ent et al* reported enhanced expression of transcription
factors during induced resistance by BABA against the bacterial
pathogen. Recently, we reported that pretreatment of 7 day-old
maize seedlings with 600 pM BABA for a consecutive period of 5
days significantly alleviates the drought stress effects.” Our
findings suggest that BABA induced drought tolerance in maize
is primarily mediated through accelerated stomatal closure
together with fine tuning of JA and ABA pathways and activation
of antioxidant defense system. However, differential expression
of BABA-responsive genes associated with plant stress tolerance
has not been well explored in model crops including maize.

In the present experiment, an attempt was made to identify
rare and differentially expressed transcripts in BABA-primed
maize plants using suppression subtractive hybridization
(SSH) strategy for better understanding the molecular basis of
priming phenomenon. In addition, possible mechanisms
underlying the BABA-potentiated stress tolerance in plants were
discussed.

Materials and methods
Plant material and BABA treatment

Surface sterilized maize seeds (Zea mays L. inbred line HKI-161)
were allowed to germinate in plastic cups containing steam-
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sterilized soil and farmyard manure (FYM) mixture (3 :1).
Seedlings were maintained at 25 °C in plant growth chamber
(Panasonic, Japan, Model: MLR-352H-PE) illuminated with
white fluorescent light (600 pumol m ™2 5™, 16 h light period per
day) and 65% RH. Seven days old seedlings were randomly
divided into two groups of 30 plants each. To induce chemical
priming, one group of plants were treated with 600 uM B-ami-
nobutyric acid (BABA, Sigma-Aldrich, USA) (20 mL per cup) for
a consecutive period of 5 days and considered as BABA-primed.
Soil drenching with BABA was performed as previously
described.*'* A parallel group of 7 day-old plants were main-
tained with equal amount of water (20 mL per cup) for next 5
days and considered as control. The leaves of both control and
BABA-primed plants were randomly harvested for the prepara-
tion of suppression subtractive hybridization ¢cDNA libraries
(SSHL) and gene expression analysis. Soon after harvest, leaves
were immediately freezed in liquid nitrogen, and stored at
—80 °C till further use.

To further confirm the role of candidate genes in stress
mitigation, an additional drought experiment was conducted.
Seven days old maize seedlings were treated with BABA for 5
days and considered as BABA-primed. These BABA-primed
plants were then exposed to drought stress by withholding
watering for 9 days. A similar set of 7 days old seedlings were
maintained with regular watering for 5 days followed by
drought stress for 9 days. These plants without BABA treatment
were considered as non-primed plants. Control plants were
maintained under same growth condition with regular watering
throughout the experimental period. On 9™ day of stress treat-
ment, leaves were harvested in liquid nitrogen and stored at
—80 °C until further use.

Preparation of suppression subtractive hybridization cDNA
libraries

Total RNA was isolated from the leaf tissues of control and
BABA primed seedlings following RNA isolation method
described by Ghawana et al.*> RNA quantity was analysed using
NanoDrop™ 2000c spectrophotometer (Thermo Fisher Scien-
tific Inc., USA) by recording absorbance at 260 and 280 nm. Also,
the RNA was run on a denaturing agarose/formaldehyde gel and
visualized using gel documentation system (Bio-Rad Chem-
iDoc™ XRS+ Imaging system, USA). Poly(A+) RNA (mRNA) was
purified from total RNA of control and BABA primed leaves
using Oligotex® Direct mRNA Mini Kit (Qiagen, Germany) as
per the manufacturer's instructions. SSH was performed using
PCR-select™ cDNA SSH kit (Clontech, USA) as described
Bhardwaj et al.?* Forward subtraction was performed using the
c¢DNA prepared from BABA primed leaf as tester and cDNA from
control leaf as driver. For reverse subtraction, tester cDNA was
synthesized from control leaf and driver cDNA from the BABA
primed leaf. Two successive hybridizations were performed in
order to equalize and enrich differentially expressed sequences.
For first hybridization, excess driver cDNA was added to each of
the tester samples, heat denatured and hybridized at 68 °C for
8 h. In the second hybridization, two tester samples from the
first hybridization were mixed together and freshly denatured
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driver cDNA was added to the sample followed by hybridization
at 68 °C for overnight. For exponential amplification of differ-
entially expressed cDNA, two rounds of PCR amplification were
performed with oligo nucleotides complementary to adapters 1
and 2R. The resulting PCR products enriched for differentially
expressed cDNAs were separately ligated into TA cloning system
(Invitrogen, USA) to make forward and reverse libraries. Then
these ligated products were transformed into Escherichia coli
strain DH5a-competent cells. The transformed recombinant
white colonies were picked randomly from both (forward and
reverse) libraries then cultured in Luria-Bertani broth supple-
mented with 100 ug mL™" ampicillin, and plasmids were iso-
lated using HiYield™ Plasmid Mini Kit (RBC, Taiwan).

Sequencing, functional annotation and sequence assembly of
ESTs

Single pass sequencing of plasmids was performed using the Big
Dye terminator (version 3.1) cycle sequencing mix (Applied Bio-
systems, USA) on an automated DNA sequencer (3130xl, Genetic
Analyzer-1203-019, Applied Biosystems, USA) with M13 forward
primer (5-GTAAAACGACGGCCAGTG-3'). For removal of regions of
vector, adaptor and low complexity contamination, all the ESTs of
both libraries were screened using National Center for Biotech-
nology Information (NCBI) VecScreen software. The resulting
unique transcripts were functional annotated and analyzed using
Blast2GO bioinformatics tool*® using default e-value 10~ and
highly similar segment pair wise (HSP) value of 15. Annotation and
InterPro Scan (IPS) analysis were performed to detect the protein
motifs and domains on the basis of quality hits. Also, ESTs were
mapped for Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway annotation. On the basis of functional annotation, these
ESTs were divided into proteins with known function and proteins
with no match in the database. Based on redundancy, ESTs were
clustered into singletons (i.e., unique clones) and contigs (i.e., 2 or
more clones). Both of these together formed a nonredundant
independent sequence termed as unigenes. In total 27 unigenes
from forward SSH libraries were submitted to NCBI dbEST data-
base with accession numbers JZ923580 to JZ923606.

Semiquantitative RT-PCR analysis of the differentially
expressed ESTs

To validate the quality of the control and BABA primed
subtractive libraries, expression analysis of differentially
expressed genes was performed by semi-quantitative RT-PCR.
First, total RNA (2.0 pg) was treated with DNase I (Amplifica-
tion grade, Invitrogen, USA) to remove contaminating genomic
DNA and first-strand cDNA was synthesized using Superscript
II (Invitrogen, USA) kit following manufacturer's protocol.
GAPDH was used as an internal control. Primers for selected
differentially expressed genes from both the libraries were
designed using the primer3 (v.0.4.0) software (http://
gmdd.shgmo.org/primer3). All the primers used in this study
are listed in ESI Table 1. The PCR reaction was performed on
a programmable thermocycler (Applied Biosystems 2720
Thermal Cycler, USA) following this cycling conditions: initial
denaturation at 94 °C for 5 min, followed by 30-35 cycles at
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94 °C for 30 s, 60 °C for 40 s, 72 °C for 30 s, and then a final
extension at 72 °C for 5 min. Each PCR reaction performed in
triplicates. Final amplified PCR products were separated on
1.2% agarose gel stained with ethidium bromide and visualized
using a gel documentation system (Bio-Rad ChemiDoc™ XRS+
Imaging system, USA).

Gene expression analysis using qRT-PCR

Total RNA was extracted from frozen leaf tissue using TRIzol
reagent (Thermo Scientific) following manufacturer's instruc-
tions. Total RNA (2 pg) was incubated for 5 min at 65 °C and
then 20 pL of first strand cDNA was prepared following protocol
of Verso ¢cDNA synthesis kit (Thermo Scientific).

All the maize gene sequences used for primer designing were
downloaded from NCBI database (http://www.ncbi.nlm.nih.gov).
The primers for quantitative real-time PCR (qRT-PCR) analysis
were designed using the primer 3 v.0.4.0 software (http://
gmdd.shgmo.org/primer3). Gene amplification and gel electro-
phoresis was performed to confirm that the primers amplified
only a single product of expected size (data not shown). Each
gRT-PCR reaction was performed with three biological replicates
and two technical replicates. The reaction was performed in 10
pL reaction mixture containing 1 uL cDNA samples as template, 5
uL of 2x SYBR® Green Master Mix (Applied Biosystems, USA), 3
uL of DEPC-treated water and 1 pL of diluted forward and reverse
primer mix (10 pmol). The reactions were performed in
StepOne™ Real-Time PCR System (Applied Biosystems, USA)
using the following programme: initial denaturation at 95 °C for
10 min, followed by 40 cycles of amplification (95 °C for 15 s,
57 °C for 30 s and 72 °C for 15 s) and final melt curve analysis was
performed to verify specificity of each amplicons. Transcript level
of all the genes was normalized with an internal reference, glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) gene from maize.
The relative expression ratio of each gene was calculated using
comparative C, value method as described previously by Livak
and Schmittgen.** Data represented here are mean values of
relative fold change. Expression is shown after normalization to
GAPDH. Values were calculated using AACr method, and the
error bar showing standard deviation. All the primers used in this
study are listed in ESI Table 2.1

Results

Cloning, sequencing and clustering of ESTs by constructing
suppression subtractive hybridization cDNA library

Suppression subtractive cDNA library (SSHL) was prepared using
the RNA isolated from control (CO) and BABA-primed (BP) maize
leaves. A total of 626 expressed sequence tags (ESTs) were gener-
ated from forward (ZmSF, 286 ESTs) and reverse (ZmSR, 340 ESTS)
SSHL (Table 1). Depending upon the quality of sequences in
ZmSF, 192 ESTs were analyzed for annotation and contigs
assembly and clustered into 10 singletons and 17 contigs,
constituting a total of 27 unigenes. Similarly, gene function
analysis grouped 204 high quality ESTs from reverse library
(ZmSR) into 0 singletons and 4 contigs, constituting a total of 4
unigenes (Table 1). ESTs in ZmSF represent the genes up-
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Table 1 Analysis of ESTs from forward and reverse library

Parameter Forward library Reverse library

Total ESTs sequenced 286 340
High quality ESTs 192 204
Average read length (bp) 205 371
Highest sequence length (bp) 764 669
Unknown ESTs 110 88
No. of contigs 17 4
No. of singleton 10 0
No. of unigene 27 4

regulated in response to BABA-priming (BP) whereas reverse
library (ZmSR) represents the genes which are down-regulated
under BABA treatment.

Table 2 Representation of unigenes in forward library

View Article Online
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Sequence annotation and functional categorization

Blast2GO gene annotation tool** was used to further analyze the
high quality ESTs. In ZmSF, 62 ESTs (32.29%) out of 192 ESTs
showed significant homology to proteins whereas rest of the 130
ESTs (67.70%) did not show any significant homology to any
protein which might suggest their novel functions. In ZmSR,
130 ESTs (63.72%) showed significant homology to proteins and
rest of the 74 ESTs (36.27%) did not show any homology to any
protein. In ZmSF, ESTs were classified into different categories
viz. DNA repair, single organism signaling, r-ascorbic acid
biosynthetic process, inositol biosynthetic process, signal
transduction, salt and oxidative stress, response to cold and
defense, xanthophyll, chlorophyll and fatty acid metabolic
processes etc. (ESI Table 31) whereas ESTs from ZmSR were
classified into transport (ESI Table 41). All the ESTs from ZmSF
were found to be present in different cellular components like

Sr. no. Sequence name Homology Redundancy Seq. length Min. E-value Mean similarity Accession no.
1 Zm_FL171 Alpha-amylase 30 239 3.61 x 1077 93.05% 12923597
2 Zm_FL147 NA 16 181 — — JZ923595
3 Zm_F14 NA 16 163 — — JZ923582
4 Zm_FL16 NA 16 120 — — J7923584
5 Zm_FL18 NA 15 187 — — J7923585
6 Zm_FL3 Inositol monophosphatase 3 12 222 1.44 x 1077 89.65% JZ923581
7 Zm_FL531 Tocopherol cyclase 11 365 2.84 x 107 90.40% 12923605
8 Zm_FL83 Hypothetical protein 11 198 3.54 x 107" 96.00% 12923592
9 Zm_FL142 NA 11 194 — — J2923594
10 Zm_FL2 NA 09 216 — — JZ923580
11 Zm_FL78 NA 08 181 — — 12923591
12 Zm_FL45 NA 08 175 — — JZ923586
13 Zm_FL61 NA 08 178 — — JZ923590
14 Zm_FL6 NA 04 216 — — JZ7923583
15 Zm_FL166 Thioredoxin H-type 03 245 473 x 1077 92.00% 2923596
16 Zm_FL221 Aspartic proteinase 02 237 6.17 x 10" 96.55% JZ923601
17 Zm_FL58 NA 02 142 — — 12923589
18 Zm_FL48 H aca ribonucleoprotein complex 01 108 3.04 x 107" 98.05% JZ923587
subunit 3-like protein
19 Zm_FL554 NADP-dependent malic enzyme 01 764 3.08 x 107 91.35% JZ923606
20 Zm_FL174 Phosphoenolpyruvate carboxykinase 01 192 1.34 x 107°%*  98.00% J2923598
[ATP]
21 Zm_FL216 NA 01 216 — — JZ923600
22 Zm_FL517 Unknown 01 171 4.08 x 107> 94.85% J2923604
23 Zm_FL99 NA 01 187 — — JZ923593
24 Zm_FL300 NA 01 180 — — JZ7923602
25 Zm_FL209 NA 01 199 — — JZ923599
26 Zm_FL51 NA 01 172 — — JZ923588
27 Zm_FL481 NA 01 72 — — JZ7923603
Table 3 Representation of unigenes in reverse library
Sr. no. Sequence name Homology Redundancy Seq. length Min. E-value Mean similarity
1 Zm_R1L202 Metal transporter Nramp5 130 669 9.50 x 10~ 84.65%
2 Zm_RL143 Unknown 37 120 6.20 x 107" 92.78%
3 Zm_RL365 Hypothetical protein VIGAN_UM160600, 35 216 5.40 x 1072 88.45%
partial
4 Zm_RL303 Signal anchor, putative 2 219 1.70 x 107> 85.95%
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Fig. 1 Blast top hit distribution of matched unigenes among different
species generated from BLASTX in forward (A) and reverse (B) libraries.
Distribution of species is shown as the number of total homologous
sequences.

nucleus, extracellular region, mitochondria, cytosol, organelle
envelope, plasma membrane (ESI Table 5f) and ESTs from
ZmSR were predominantly found in mitochondria and integral
component of membrane (ESI Table 6). ESTs for alpha amylase
(30) were found to be most abundant in ZmSF. This was fol-
lowed by ESTs encoding inositol monophosphatase 3 (12),
tocopherol cyclase (11), hypothetical protein (11), thioredoxin H-
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type (3), and aspartic proteinase (2) etc. respectively (Table 2). In
ZmSR, metal transporter Nramp5 was found to be most abun-
dant followed by unknown and hypothetical protein (Table 3).
In ZmSF, most of the ESTs were homologous to genes from
different species, with highest homology from Zea mays (92)
followed by Lotus japonicas (16), Oryza sativa (2), Genlisea aurea
(2), Sorghum bicolor (2), Heuchera sanguine (1), and Setaria italica
(1) (Fig. 1A, ESI Table 71). Most of the ESTs from ZmSR were
homologous to genes from several species with maximum
homology of genes from Glycine max (121), Lotus japonicus (36),
Vigna angularis var. angularis (34), Morus notabilis (5), Medicago
truncatula (3), Cajanus cajan (3), and Jatropha curcas (1)
(Fig. 1B; ESI Table 8t).

Gene ontology annotation categorization and analysis of ESTs

All the ESTs of both libraries were carefully analysed in terms of
their major gene ontology (GO) categories: biological process,
molecular function and cellular component. To compare
specific ESTs of both library, functional annotation were per-
formed separately. In ZmSF, maximum numbers of annotated
ESTs were grouped under GO category of biological process
whereas in ZmSR highest numbers of ESTs were grouped under
GO category of molecular function. Based on biological process,
most of the transcripts in ZmSF were assigned to DNA repair,
single organism signalling, L-ascorbic acid biosynthetic process,
inositol biosynthetic process, response to cold, oxidative and
salt stress, xanthophylls and fatty acid metabolic process,
regulation of defense response and vitamin E biosynthetic
process (Fig. 2A; ESI Table 31). ESTs of ZmSR were categorized
to transport (Fig. 3A; ESI Table 41). Based on cellular compo-
nent category, a large number of ESTs of ZmSF was assigned to
the nucleus, extracellular region, mitochondrion, cytosol,
organelle envelope and plasma membrane (Fig. 2B; ESI Table
51). Interestingly, maximum ESTs of ZmSR were assigned to
mitochondrion, integral component of membrane and chloro-
plast (Fig. 3B; ESI Table 61). Under molecular function category,
most transcripts of ZmSF were pertained to ion and nucleic acid
binding, hydrolase activity, phosphatase and cyclase activity
(Fig. 2C; ESI Table 9%). In contrast, ZmSR had maximum
representation associated with genes involved in ion binding
and transporter activity (Fig. 3C; ESI Table 107).

InterPro scan and KEGG analysis of ESTs

In ZmSF, 143 ESTs were without IPS domains, 49 were with IPS
domains and 35 were with GO annotations (Fig. 4; ESI Table
117). Similarly, 204 ESTs were without IPS domains and none of
the EST was found with IPS domains and GO annotations
(Fig. 4; ESI Table 111) in the ZmSR. All the InterPro protein
domains present in the ESTs of ZmSF were described in ESI
Table 12.f In ZmSF, eight protein domains (IPR013780,
IPR012850, IPR033121, IPR021109, IPR012301, IPR016040,
IPR012302 and IPR008210) were detected which are related to
glycosyl hydrolase (all beta), alpha-amylase (C-terminal beta-
sheet), peptidase family A1 domain, aspartic peptidase domain,
malic enzyme (N-terminal domain), NAD (P)-binding domain,

malic enzyme (NAD-binding) and phosphoenolpyruvate

RSC Adlv., 2017, 7, 43849-43865 | 43853
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Fig. 2 Gene ontology (GO)-based functional characterization of BABA-primed maize leaf ESTs, obtained by SSH. ESTs were categorized into
biological process (A), cellular component (B), and molecular function (C).

carboxykinase (N-terminal) respectively (Fig. 5). Interestingly, and sucrose metabolism, pyruvate metabolism, carbon fixation
no protein domain was detected in ESTs of ZmSR after InterPro in photosynthetic organisms, streptomycin biosynthesis,
scan annotation. KEGG pathway analysis was done to assign phosphatidylinositol signaling system, biosynthesis of antibi-
metabolic pathways to ESTs. In ZmSF, ESTs were assigned for 10  otics and citrate cycle (Fig. 6; ESI Table 13}) but no EST was
KEGG pathways involved in inositol phosphate metabolism, annotated to any KEGG metabolic pathway in ZmSR.
glycolysis/gluconeogenesis, aminobenzoate degradation, starch
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Fig.3 Gene ontology (GO)-based functional categorization of control leaf ESTs, obtained by SSH. ESTs were categorized into biological process

(A), cellular component (B), and molecular function (C).

Differential expression analysis of selected genes using semi-
quantitative RT-PCR

Expression of putative candidate genes were checked by semi-
quantitative RT-PCR (Fig. 7). These genes were selected on the
basis of their abundance and their differential expression in
both libraries. The genes selected for expression analysis are
alpha-amylase (AA), inositol monophosphatase 3 (IMP), tocopherol

This journal is © The Royal Society of Chemistry 2017

cyclase (TC), aspartic proteinase (AP), NADP-dependent malic
enzyme (NADP-ME), phosphoenolpyruvate carboxykinase (PEPCK),
Zm_FL51 (FL51), Zm_FL300 (FL300), metal transporter Nramp5
(Nramp5), Zm_RL303 (RL303), Zm_RL143 (RL143) and
Zm_RL365 (RL365). Semi-quantitative RT-PCR analysis showed
that the expression pattern of all the studied genes largely
corroborates with the SSH results. The mRNA expressions of
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Fig. 4 InterPro Scan (IPS) analysis showing the number of ESTs

without IPS, with IPS, and GO domains in forward and reverse libraries.

genes AA, AP, IMP, NADP-ME, PEPCK, TC, FL51 and FL300 were
found to be upregulated in BABA primed leaf (Fig. 7A). In
contrast, high expression of Nramp5, RL303, RL143 and RL365
were evident in control leaf (Fig. 7B).

gRT-PCR validation of candidate genes

To validate the SSH results, relative expression analyses of
candidate genes from subtracted libraries were performed
using qRT-PCR. Expression pattern of all the five studied genes
(IMP, NADP-ME, PEPCK, AP and Trx-h) fully corroborates with
the SSH findings (Fig. 8A-E). Enhanced mRNA expressions (1.4-
fold to 4.8-fold) of all genes were recorded in leaves of BABA-
primed plants as compared to control.

Moreover, drought stress had significant effect on the
expression of BABA-responsive genes (Fig. 9). As compared to
control plants, enhanced expressions of IMP, NADP-ME and
Trx-h were recorded in drought challenged leaves. However,
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Fig. 6 KEGG pathway analysis of functionally annotated ESTs from
forward SSH library.

magnitude of the increase was more in BABA-primed leaves in
respect of non-primed plants (Fig. 9A-C). In contrast, expres-
sion of PEPCK was down-regulated under stress (Fig. 9D).
Nevertheless, magnitude of the decrease was more in non-
primed leaves (0.9-fold as compared to control) than the
BABA-primed plants (0.6-fold as compared to control). In
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IPS domain analysis of functionally annotated ESTs from forward SSH library. Data distribution summary from BLAST2GO shows blast hits.
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Fig.7 Semi-quantitative PCR analysis of selected genes from maize leaf forward (A) and reverse (B) SSH libraries. Gene expression at mRNA level
was quantified by densitometric analysis in terms of integrated densitometry value (IDV) (C). AA, aloha amylase; AP, aspartic proteinase; IMP,
inositol monophosphatase 3; NADP-ME, NADP malic enzyme; PEPCK, PEP carboxykinase; TC, tocopherol cyclase; FL51, forward library clone 51,
FL300; Nramp5, metal transporter Nramp5; RL303, reverse library clone 303; RL143, reverse library clone 143; RL365, reverse library clone 365.

GAPDH was used as internal control for equal loading.

addition, BABA-primed plants showed higher AP transcriptional
abundance under limited water condition (Fig. 9E).

Discussion

The B-aminobutyric acid (BABA) is a known potent priming agent
which confers tolerance against a wide array of biotic and abiotic
stresses.*#'**5 To better understand the genes which are differ-
entially expressed upon BABA exposure, forward (BABA primed)
and reverse (control) SSH libraries were constructed. In total 192
and 204 high quality expressed sequence tags (ESTs) were gener-
ated from forward and reverse SSH library respectively.
Expressed sequence tags (ESTs) provide a bird's eye view of
genes expressed under certain environmental cue or at
a specific plant developmental stage. Suppression subtractive

This journal is © The Royal Society of Chemistry 2017

hybridization (SSH) is an efficient technique to categorize
differentially expressed genes involved in different stress miti-
gation pathways and specific tissues/organs.”** It is a cost-
effective approach for fast detection of novel genes, since SSH
eliminates equally expressed and common housekeeping genes.
In plants, various strategies based on subtractive libraries have
been exploited to elucidate biological process specific gene
complements such as response to biotic or abiotic stressors and
different growth and developmental stages. Since, SSH has the
advantage to reduce the representation of common transcripts
and to facilitate enrichment of the differentially expressed
sequences by more than 1000-fold in a single round of
subtractive hybridization, it has wide application in identifying
genes associated with complex organ-/tissue-specific biochem-
ical pathways responsible for the biosynthesis of

RSC Adv., 2017, 7, 43849-43865 | 43857
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plants.

pharmaceutically important secondary metabolic compounds
in specific tissues/organs of medicinal plants.?****+¢ To date,
only a few reports are available on exploitation of SSH technique
to identify and characterize genes responsive to salinity,*”
drought,*® waterlogging,® and cadmium stress.”

In this study, several differentially expressed ESTs were
generated from the forward (ZmSF, BABA primed) and reverse
(ZmSR, control) SSH libraries. Approx. 50% of the ESTs in both
libraries did not show any significant homology to any proteins in
the NCBI database, indicating a significant fraction of novel and
rare transcripts (Table 1). In forward SSHL (ZmSF), alpha amylase
(30) was found to be the most abundant EST followed by inositol
monophosphatase 3 (12) and tocopherol cyclase (11). Other

43858 | RSC Adv., 2017, 7, 43849-43865

AP (D) and Trx-h (E) genes in leaves of the control and BABA-primed

abundant ESTs of ZmSF involved in plant oxidative stress
responses include thioredoxin H-type, aspartic proteinase, NADP-
dependent malic enzyme and phosphoenolpyruvate carboxykinase.
Carbohydrate metabolism plays a central role in plant
growth and development. Alpha amylase is the key enzyme
involved in the hydrolysis of starch. This enzyme is turned on
during seed germination and sprouting. Treatment of seeds
with 50 mM BABA was found to increase seed germination with
reduced incidence of downy mildew in the sunflower plants.*
Moreover, enhanced expression of an alpha amylase gene was
evident in water-stressed barley leaves.> Study by Sato et al.>*
revealed dramatic increase in alpha amylase activity and gene
expression in hyacinth in response to low temperature. Elevated

This journal is © The Royal Society of Chemistry 2017
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alpha amylase transcript (AMY1) level was reported in transgenic
Arabidopsis plants conferring tolerance against salinity and
drought.” Such increased expression of amylase gene AMY3D
was also documented in rice in response to osmotic stress.*®
This enhanced amylase activity under stress condition is
supposed to play vital role in the recovery of carbohydrates from
damaged plant tissue to healthy tissues. In present study, BABA
induced overexpression of alpha amylase in maize leaves might
provide the energy by hydrolyzing starch into metabolizable
sugars to overcome a subsequent stressful condition.

This journal is © The Royal Society of Chemistry 2017

Myo-inositol monophosphatase (IMP) is the key enzyme
responsible for both de novo synthesis of myo-inositol as well as
breakdown of inositol (1,4,5)-trisphosphate, a second
messenger involved in Ca®" signalling. In plants, IMP is also
known to catalyse dephosphorylation of r-galactose 1-phos-
phate thus participates in ascorbate biosynthesis as well.**>*
The cellular inositol pool plays important role in many meta-
bolic and signalling pathways in plants.*® In plants, myo-inositol
serves as the precursor and substrate for many metabolites, like
phytate, galactinol, phosphatidylinositol, ascorbate, indole
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acetic acid conjugate, ononitol, and pinitol. These inositol
derivatives are involved in plant stress adaptation in a number
of species.’”*® In chickpea, CaIMP plays an essential role in
improving seed germination and seedling growth under
stressful conditions.* Moreover, transgenic Arabidopsis over-
expressing CalMP displayed improved tolerance to stress
during seed germination and seedling growth. Higher express-
ing of CaIMP gene has been shown to improve tolerance to
drought.®® In our previous study, we have shown that BABA
pretreatment could significantly alleviate drought stress impact
on maize seedlings.” Overexpression of inositol mono-
phosphatase 3 in BABA-primed leaves (ZmSF) as revealed in SSH
forward library and validated through qRT-PCR might
contribute to drought stress acclimation.

Tocopherol cyclase (TC) catalyzes the penultimate step of
tocopherol biosynthesis pathway, converting the substrate 2,3-
dimethyl-5-phytyl-1,4-benzoquinone to y-tocopherol.** In plants,
tocopherol is synthesized in the inner envelope of chloroplasts®
and gives protection to the pigments and proteins of the photo-
synthetic apparatus and of thylakoids lipids against oxidative
degradation.”® Being an effective quencher of reactive oxygen
species, it protects polyunsaturated fatty acids from lipid perox-
idation.** Enhanced accumulation of tocopherol has been re-
ported in wheat under drought stress.*> Moreover, abiotic stress
tolerance and the concentration of a-tocopherol precursor are
correlated.®® Overexpression of TC (VIE1) showed enhanced
tolerance to drought stress in tobacco” and to salinity stress in
rice.®® Here, tocopherol cyclase (TC) was found to be an abundant
EST in forward SSHL (ZmSF), which indicates overexpression of
TC in maize leaf under BABA treatment. The higher abundance of
this EST is also supported by the observed upregulation of TC
gene expression in semi-quantitative RT-PCR (Fig. 7A). Enhanced
expression of TC might help the BABA-exposed plant to overcome
a succeeding harsh condition possibly by protecting cell
membranes from lipid peroxidation.

Among the abundant ESTs associated with plant defense
response, thioredoxin H-type (Trx-h) was found to be overex-
pressed in BABA-primed leaves (ZmSF). qRT-PCR analysis also
confirmed this enhanced expression of Trx-k in BABA-primed
leaves (Fig. 8E). Thioredoxin family protein is a small redox
protein and a key molecule participating in conformation
changes of NPR1 (non-expressor of PR1). The shift from NPR1
oligomer to monomer is a requisite to activate a series of PR
genes conferring tolerance against a wide range of biotic and
abiotic stresses.® Moreover, the NPR1 is a known master
regulator of SA-mediated defense responses.” Proteomic study
by Liu et al.*® also revealed increased thioredoxin activity in the
leaves of BABA-treated Arabidopsis thaliana. They suggest that
BABA-mediated up-regulation of thioredoxin activates SA
responsive genes to mitigate the simulated acid rain stress
damages. In present experiment, BABA-potentiated over-
expression of thioredoxin might make the maize plants more
suitable to handle a subsequent stressful condition.

The aspartic proteases (APs) constitute a large family of
proteolytic enzymes and play versatile roles in diverse biological
processes including plant growth, development, reproduction,
senescence, programmed cell death, as well as plat stress

43860 | RSC Adv., 2017, 7, 43849-43865

View Article Online

Paper

responses.” Study by Yao et al.”” revealed that overexpression of
ASPG1 (ASPARTIC PROTEASE IN GUARD CELL 1) could confer
drought avoidance in Arabidopsis via ABA-dependent signaling
pathway. Moreover, rice AP gene (OsAP77) has been reported to
be involved in defense responses against fungal, bacterial and
viral infections.”? A separate study by Timotijevi¢ et al”
demonstrated that aspartic protease (FeAP9) gene from buck-
wheat resembles the overall exon-intron structure of typical
aspartic proteinases. Findings revealed higher expression of
FeAP9 gene in buckwheat leaves under the influence of various
abiotic stresses like dark, drought and UV-B light, as well as
wounding and salicylic acid. Thus, we can also presume that
better performance of BABA-primed plants under drought
condition® might be due to enhanced expression of aspartic
proteinase in maize leaves under BABA exposure.

The NADP-malic enzyme (NADP-ME) converts r-malate into
pyruvate, NADPH and CO, through oxidative decarboxylation
using NADP" as coenzyme in presence of divalent metal ions.”
It provides the source of CO, for photosynthesis in the bundle
sheath chloroplasts of C, plants and in the cytosol of CAM
plants.” In addition, it serves as a source of NADPH and pyru-
vate in the cytosol of various plant tissues. Apart from the
diverse housekeeping functions, NADP-ME is known to play
crucial role in plant defense by providing building blocks and
energy for the biosynthesis of defense compounds.”” Over-
expression of NADP-ME2 was reported in transgenic Arabi-
dopsis plants conferring tolerance against salt and osmotic
stress.” In addition, rice NADP-ME genes have been reported to
be up-regulated by NaCl stress.” Decreased stomatal conduc-
tance leading to drought avoidance was reported in ME-
transformed tobacco.* Like NADP-ME, phosphoenolpyruvate
carboxykinase (PEPCK) is also an important decarboxylation
enzyme, which actively participates in photosynthetic CO,-
concentrating mechanism in C, and CAM plants. In bundle
sheath cells, PEPCK decarboxylates oxaloacetate releasing
carbon dioxide, which is finally fixed by the enzyme Rubisco. In
addition, PEPCK has been reported to be involved in stomatal
closure through malate metabolism.** As compared to control,
the pck1 mutant Arabidopsis plants with substantially reduced
amounts of PEPCK activity,*> showed increased stomatal
conductance and wider stomatal apertures resulting reduced
drought tolerance. Here, the BABA-primed leaf (ZmSF) showed
overexpression of NADP-ME and PEPCK. This enhanced trend is
consistent with the qRT-PCR expression data for NADP-ME and
PEPCK genes (Fig. 8B and C). The enhanced expression of NADP-
ME and PEPCK in BABA-primed maize leaves could have been
a defense strategy to overcome a subsequent osmotic stress.

In control leaf SSH library (ZmSR), metal transporter Nramp5
was found to be the most abundant EST (Table 3). This protein
plays an essential role in metal homeostasis. In rice,
OsNRAMP5 has been identified as Mn, Fe and Cd transporter.*
Suppression of OSNRAMP5 expression through RNAi showed
high Cd translocation from root to shoot. OSNRAMP5 knock-
down rice plants accumulated more Cd in shoots, which render
it a promising candidate protein for Cd phytoremediation.*
BABA has been reported to enhance Cd tolerance in Arabi-
dopsis* and soybean.” In present experiment, BABA pre-

This journal is © The Royal Society of Chemistry 2017
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exposure found to down regulate the Nramp5 (ZmSF). Semi-
quantitative PCR analysis showed that expression pattern of
Nramp5 largely corroborates with the SSH result. The expression
of Nramp5 was high in control leaf but relatively low in BABA-
primed leaves (Fig. 7B). BABA-mediated down regulation of
Nramp5 might provide tolerance to heavy metal stress particu-
larly Cd. Unknown protein, hypothetical protein, signal
anchored and novel proteins were also abundant ESTs in
control leaf SSH library (ZmSR). Hypothetical protein exhibited
similarity with the dehydration responsive protein which might
render control plants drought susceptible.

Gene ontology (GO) annotations of all the subtractive ESTs
were performed using the Blast2GO program.*® In ZmSF, func-
tional classification of ESTs in biological process categories
revealed that metabolic process (GO:0008152), cellular process
(G0:0009987), response to temperature stimulus (GO:0009266),
response to stress (GO:0006950), biosynthetic process
(GO:0009058), response to abiotic stimulus (GO:0009628),
signal transduction (GO:0007165), inositol phosphate dephos-
phorylation (G0:0046855) and phloem sucrose loading
(G0:0009915) were the highly represented groups (ESI Table
1471). Presence of these well-represented categories indicate that

View Article Online

RSC Advances

BABA-primed plants is getting ready to tackle stressful condi-
tion. In molecular function, sequences related to cation binding
(G0:0043169), nucleic acid binding (G0:0003676), hydrolase
activity, acting on acid anhydrides (GO:0016817), amylase
activity (GO:0016160), hydrolase activity, acting on ester bonds
(G0:0016788), tocopherol cyclase activity (GO:0009976), hydro-
lase activity, acting on glycosyl bonds (GO:0016798) and phos-
phatase activity (GO:0016791) were the abundant categories
(ESI Table 157). In ZmSF, ESTs belonging to major subgroups of
cellular components included sequences related to nucleus
(GO:0005634), extracellular region (GO:0005576), mitochon-
drion (GO:0005739), plasma membrane (GO:0005886), cytosol
(GO:0005829), plastoglobule (GO:0010287), chloroplast thyla-
koid (GO:0009534) and chloroplast envelope (GO:0009941) (ESI
Table 167). In ZmSR, functionally annotated ESTs were assigned
to transport (GO:0006810) in terms of biological process (ESI
Table 171). In molecular function, transcripts belonged to
transporter activity (G0:0005215) and zinc ion binding
(G0:0008270) were major categories (ESI Table 181). In ZmSR,
ESTs related to mitochondrion (GO:0005739), integral compo-
nent of membrane (G0O:0016021) and chloroplast (GO:0009507)
were major subgroups of cellular components (ESI Table 197).

EXS
Exa

NADP-ME 4

Osmotic stress

Forward SSH library (ZmSF) [BABA-primed leaf]

Fig. 10 Schematic illustration summarizing significantly changed BABA-responsive genes and their involvement in stress mitigation.

This journal is © The Royal Society of Chemistry 2017
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In ZmSF, functionally annotated ESTs were found to be
involved in ten pathways based on KEGG analysis including
starch and sucrose metabolism, inositol phosphate metabo-
lism, phosphatidylinositol signaling system, aminobenzoate
degradation, streptomycin biosynthesis, biosynthesis of anti-
biotics, pyruvate metabolism, glycolysis/gluconeogenesis,
carbon fixation in photosynthetic organisms, and citrate cycle.
In addition, it had been observed that maximum numbers of
ESTs were associated with starch and sucrose metabolism fol-
lowed by inositol metabolism, biosynthesis of antibiotics,
pyruvate metabolism, glycolysis/gluconeogenesis, carbon fixa-
tion in photosynthetic organisms, and citrate cycle pathway
(Fig. 6; ESI Table 137). Interestingly, functionally annotated
ESTs of ZmSR was not assigned with any KEGG pathway. Pres-
ence of ESTs linked with diverse pathways related to carbohy-
drate metabolism in the BABA primed SSH library, might help
in plant growth and development under subsequent adverse
conditions.
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To further elucidate the functionally annotated ESTs, InterPro
scan analysis for protein domain detection was performed. In
ZmSF, total eight protein domains were detected (ESI Table 127),
whereas in ZmSR no protein domain was identified. In ZmSF,
maximum protein domains are associated with the glycosyl
hydrolase (all-beta) and alpha-amylase (C-terminal beta-sheet)
domain (ESI Table 121). These domains are found in several
members of the glycosyl hydrolase family 13 that hydrolyse the
glycosidic bonds of glycogen, starch and related polysaccharides.
Peptidase family A1 domain and Aspartic peptidase domain
protein belongs to aspartic peptidase A1l family members, also
known as aspartyl proteases. BABA pre-treatment was shown to
induce resistance against Phytophthora infestans and Fusarium
solani in potato through higher accumulation of StAP1 (aspartyl
protease) protein.** Other protein domains were associated with
NAD(P) malic enzyme. These domains represent NAD- and NADP-
binding domains with a core Rossmann-type fold consisting of 3-
layers alpha/beta/alpha. Malic enzymes (malate oxidoreductases)
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Fig. 11 Proposed model of BABA-mediated drought stress tolerance. Upward arrows indicate increase and downward arrows denote decrease,
respectively. CC, Calvin cycle; NADP-ME, NADP-dependent malic enzyme; NADP-MDH, NADP-malate dehydrogenase; OAA, oxaloacetate; PEP,
phosphoenolpyruvate; PPDK, pyruvate orthophosphate dikinase; PEPCK, phosphoenolpyruvate carboxykinase.
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accelerate the oxidative decarboxylation of malate to form pyru-
vate. This reaction is important in a number of metabolic path-
ways. The carbon dioxide released from the reaction may be used
in sugar production in Calvin cycle.*® NADP-ME transcripts accu-
mulation has been found to be increased during salt stress in
Mesembryanthemum crystallinum.*® Phosphoenolpyruvate carbox-
ykinase, N-terminal was associated with the N-terminal domain
found in both GTP-utilising and ATP-utilising phosphoenolpyr-
uvate carboxykinase enzymes. It has an alpha/beta topology.
Phosphoenolpyruvate carboxykinase (PEPCK) catalyzes the
decarboxylation of oxaloacetate to phosphoenolpyruvate and
carbon dioxide by using either ATP or GTP as a source of phos-
phate in gluconeogenesis. In interpreting our SSH results, we have
proposed a comprehensive hypothetical model about the possible
roles of BABA responsive genes in regulating BABA potentiated
defense to confer tolerance against various environmental chal-
lenges (Fig. 10).

Plant responds to drought by controlling the rate of water loss
from leaves through modulating stomatal aperture size. Potas-
sium plays key role during stomatal opening. The entry of
potassium via specific potassium channel in guard cells is fol-
lowed by accumulation of malate and chloride, resulting opening
of stomata.*” In C, plants like maize, the NADP-ME converts
malate into pyruvate, NADPH and CO, via oxidative decarboxyl-
ation reaction. Growing evidence indicates that such NADP-ME
mediated malate degradation in guard cells may lead to
stomatal closure.®® Transgenic tobacco plants overexpressing
maize NADP-ME showed drought tolerance through altered
malate metabolism in guard cells.** Findings reveal that ME-
regulated stomatal closure and altered plant water-use efficiency
might be due to sudden decline in the intracellular malate
concentration in guard cells rendering them unavailable for
proper stomatal opening or due to elevated CO, level in the whole
leaves as result of ME expression in mesophyll cells. Our previous
study revealed that BABA pre-exposed maize plants (BABA-
primed) performed better under drought stress than non-
primed plants.® In the present drought experiment, elevated
NADP-ME transcript level in BABA primed plants (Fig. 9B) might
confer tolerance against limited water condition through NADP-
ME mediated altered malate metabolism. Moreover, the CO,
generated during conversion of malate to pyruvate might
contribute to increase in internal CO, level, which renders BABA
primed plants more drought tolerant by decreasing stomatal
conductance. In addition, stomatal closure under reduced water
availability is driven by ABA hormone. Recent study by Yao et al.”
suggests that overexpression of APs confer drought avoidance in
Arabidopsis through ABA signalling in guard cells. Comparatively,
high APs expression might also help the BABA-primed plants
(Fig. 9E) to mitigate drought stress by reducing water loss through
stomatal closure. Higher abundance of Trx-h transcript (Fig. 9C)
might be another determining factor for better performance of
BABA-primed maize plants in combating drought induced
oxidative stress damages. In interpreting our data, we have
proposed a hypothetical model for drought tolerance mechanism
in maize by taking into account the possible roles of BABA-
responsive genes in different pathways leading to stress toler-
ance under reduced availability of water (Fig. 11).
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Conclusion

The present study was conducted with the aim to identify rare and
differentially expressed transcripts in BABA-primed maize leaf.
Findings revealed that a number of stress-related genes were
upregulated by BABA. A total 204 ESTs from reverse and 192 ESTs
from forward libraries were identified and analyzed. BLASTX data
revealed that 130 ESTs (63.72%) from ZmSR and 62 ESTs (32.29%)
from ZmSF encoded for polypeptides/proteins (known or putative
proteins). Contigs assembly provided 17 unique clones from
ZmSF and 4 unique clones from ZmSR library. A total of 31
unigenes were identified to be up- or down-regulated by BABA. Of
these 31 genes, 9 genes could be classified into different func-
tional categories based on their putative roles. It is likely that
those genes, which were up- or down-regulated by exogenous
BABA treatment, might have relevance, since BABA plays an
essential role in adaptive responses to environmental stimuli and
many developmental processes in plants. Functional annotation
identified some secondary metabolic pathway genes, which might
have a regulatory role in the inositol phosphate metabolism,
glycolysis/gluconeogenesis, aminobenzoate degradation, starch
and sucrose metabolism, pyruvate metabolism, carbon fixation,
phosphatidylinositol signaling system and citrate cycle. Some
ESTs did not exhibit any significant similarity to any proteins in
the NCBI database, indicating a significant fraction of novel and
rare expressed transcripts. Our study revealed that BABA respon-
sive genes were involved in diverse biological and metabolic
processes such as seed germination, seedling growth, phospha-
tidylinositol signalling, sucrose metabolism, pyruvate metabo-
lism, glycolysis/gluconeogenesis, photosynthesis and citrate cycle.
Moreover, the functionally annotated ESTs were found to be
involved in stress mitigation e.g. drought (alpha amylase, inositol
monophosphatase, tocopherol cyclase, aspartic proteinase, NADP-
malic enzyme, phosphoenolpyruvate carboxykinase), salinity (alpha
amylase, NADP-malic enzyme, tocopherol cyclase), osmotic stress
(NADP-malic enzyme), disease resistance (aspartic proteinase). All
these valuable information provide a first step for further char-
acterization of BABA-mediated candidate genes involved in
various stress tolerance. Moreover, further research needs to be
done for novel and rare expressed transcripts to elucidate their
function in BABA-potentiated stress adaptation mechanism. All
the information would not only enrich us in deeper under-
standing of BABA-mediated plant response to environmental
stressors but would also enable us to design genetically engi-
neered stress tolerant crops. Overall, our study adds new insights
into the BABA potentiated defense mechanisms in plants.
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