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Abstract The AP2/ERFs are one of the most important
family of transcription factors which regulate multiple
responses like stress, metabolism and development in
plants. We isolated PsAP2 a novel AP2/ERF from Papaver
somniferum which was highly upregulated in response to
wounding followed by ethylene, methyl jasmonate and
ABA treatment. PsSAP2 showed specific binding with both
DRE and GCC box elements and it was able to transacti-
vate the reporter genes in yeast. PSAP2 overexpressing
transgenic tobacco plants exhibited enhanced tolerance
towards both abiotic and biotic stresses . Real time tran-
script expression analysis showed constitutive upregulation
of tobacco Alternative oxidasela and Myo-inositol-1-
phosphate synthase in PsAP2 overexpressing tobacco
plants. Further, PsAP2 showed interaction with NtAOXIa
promoter in vitro, it also specifically activated the
NtAOXla promoter in yeast and tobacco BY2 cells. The
silencing of PsAP2 using VIGS lead to significant reduc-
tion in the AOXI level in P. somniferum. Taken together
PsAP2 can directly bind and transcriptionally activate
NtAOXla and its overexpression in tobacco imparted
increased tolerance towards both abiotic and biotic stress.
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Abbreviations

3-AT 3-Amino-1,2,4-triazole

AP2/ERF  Apetela 2/ethylene response factor
bp Base pair

GRA Gel retardation assay

GST Glutathione S-transferase

IPTG Isopropyl B-b-1-thiogalactopyranoside
MeJA Methyl jasmonate

MQ Milli-Q water

MS media Murashige and Skoog media

TF Transcription factor

VIGS Virus-induced gene silencing
YI1H Yeast one hybrid

MIPS Myo-inositol-1-phosphate synthase
AOXla Alternative oxidasela
Introduction

Plants being sessile in nature are regularly encountered by a
number of abiotic and biotic stresses. To combat these
stressed conditions, plants evolve various adaptive mecha-
nisms regulated through number of signaling pathways.
These stresses are never encountered alone and generally
occur along with different forms of stress. Therefore, there is
a need to understand the mechanism of multiple stress tol-
erance and develop varieties resistant to multiple form of
stresses without compromising the yield (Atkinson and
Urwin 2012). Plant transcription factors (TFs) are one of the
most important candidates involved in abiotic and biotic
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stress tolerance in plants (Nuruzzaman et al. 2013). TFs
interact with the cis-elements present in the promoter of
downstream target genes (Cheng et al. 2013). The AP2/ERF
family of TF contains a ~60 amino acid conserved DNA
binding domain through which it bind to various cis-ele-
ments like DRE/CRT, GCC box and JERE like elements
(Okamuro et al. 1997; Fujimoto et al. 2000). Due to the
multiple binding ability of AP2/ERFs to different cis-ele-
ments, these proteins can be a useful target for providing
resistance against multiple stress responses (Wu et al. 2008).

Recent studies have indicated that both abiotic and biotic
stresses are closely connected through a common set of genes
that regulate under both the conditions (Suzuki et al. 2014).
TSI1 an AP2/ERF identified from tobacco can bind strongly
to GCC in comparison to DRE/CRT and can provide toler-
ance to salt stress and pathogen attack (Park et al. 2001).
GmERF3 from soybean binds to both DRE and GCC ele-
ments and imparts resistance against salt, drought and dis-
ease in transgenic tobacco (Zhang et al. 2009). Ethylene
responsive TaERF1 from wheat (Triticum aestivum) also
binds to GCC and DRE/CRT elements. TaERF1 can activate
the stress response genes including pathogen response (PR)
and cold response/response to desiccation (COR/RD) con-
stitutively under normal growth condition leading to
improved pathogen and abiotic stress response in transgenic
plants. (Xu et al. 2007). Over expression of another ethylene
responsive wheat ERF protein TaPIE] in transgenic plant
exhibited increased resistance to Rhizoctonia cerealis and
freezing response by increasing the transcript level of
defense and stress related genes (Zhu et al. 2014). The
simultaneous occurrence of biotic and abiotic stresses in
plants growing in their natural habitat and different regula-
tory roles of AP2/ERF proteins under these stresses raises the
importance to understand the regulatory role of these AP2/
ERF proteins in plants. Though AP2/ERF proteins imparting
both abiotic and biotic stress tolerance have been charac-
terized but the molecular mechanisms involved in these
cross-talk is still unclear.

In our previous study to understand the effect of
wounding (Mishra et al. 2013) in Papaver somniferum, we
identified an EST (AAP56252.1) of AP2/ERF domain
containing TF showing induced expression in response to
wounding, salt and ethylene treatments. We made it full
length and named it PsAP2 which was submitted to Gen-
bank with accession no. JN315881. PsAP2 showed specific
interaction to DRE/CRT and GCC-box cis elements
in vitro. Transgenic tobacco constitutively expressing
PsAP2 showed improved tolerance to abiotic and biotic
stresses. In addition, transgenic tobacco lines showed
induced expression of tobacco alternative oxidasela and
myoinositol phosphate synthase transcripts. Further PsAP2
was able to bind to the promoter of NtAOxla and activate
the transcription of reporter genes in yeast and tobacco
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BY?2 cells. Virus induced gene silencing of PsAP2 down-
regulated the expression of AOXI in P. somniferum sug-
gesting the possible conserved mechanism of action of
PsAP2 in P. somniferum as well.

Materials and methods
Plant material and treatment

PsAP2 was cloned from Papaver somniferum cv. sampada
(CSIR-CIMAP-Genotype). Seedling growth condition,
stress treatment and hormonal treatment were performed as
described in Mishra et al. (2013). For generating PsAP2
transgenic lines Nicotiana tabacum var. Xanthi was used.
PsAP2 was cloned at the BamHI and Xbal site using
PsAP2pBI F and PsAP2pBI R primers (Supporting
Table 1a) under CaMV35S promoter. The resulting con-
struct was mobilized in tobacco using Agrobacterium
tumefaciens (GV3101) mediated transformation according
to Gelvin and Schilperoort (1994).

Cloning and transcript expression analysis of PsAP2

Full length clone of PsAP2 was obtained after 3’ and 5’
RACE using the specific primer sequences given in Sup-
porting Table 1(a). Both the fragments of 3’ and 5 RACE
were cloned in pGEMT and sequenced. The sequences
were aligned and a full length ORF was obtained. The full
length PsAP2 was amplified using gene specific primers
(GSPs) mentioned in Supporting Table 1(a). The semi
quantitative PCR was performed for 28 cycles (94 °C for
45 s, 58 °C for 45 s and 72 °C for 60 s) using GSPs.
Expression analysis of transcripts was analyzed by qRT-
PCR using SYBR green mix according to the protocol
described in Mishra et al. (2013). To investigate the tissue
specific expression of PsAP2, P. somniferum seedlings
were grown for three and half months in green house with
18-22 °C day/10-15 °C at night with 50 % relative
humidity and a photoperiod of 810 h with appropriate
watering. Straw, capsule and floral buds were harvested
under control growing conditions after three and half
months. The capsule was harvested after 135 days under
similar green house growth condition. The relative
expression of PsAP2 in these harvested tissues was
expressed relative to the expression in leaf tissues. The
relative expression of PsAP2 in response to different
stresses like salt (250 mM NaCl), cold (4 °C), dehydration,
wounding and hormone treatments like ethylene, ABA,
methyl jasmonate (MeJA) were monitored in 2 months old
P. somniferum seedlings. Dehydration stress was per-
formed by removing seedlings carefully from the pots and
by keeping them in between 3 mm paper (Whatman
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Cligton, NJ). Cold treatment was given by keeping the
seedlings at 4 °C. For salt treatment seedlings were
removed from the soil and roots were dipped into aerated
water with 250 mM NaCl. Wounding was done with sterile
pins avoiding any major injuries as described in Mishra
et al. (2013). Hormone treatment such as MeJA (50 pM)
and ABA (100 uM) were performed as described in Mishra
et al. (2013). For ethylene treatment 10 pM solution of
ACC was prepared in sterile water and was sprayed on the
leaves of 8 week old seedlings, the control was sprayed
with only sterile water. The control plants for salt and ABA
treatments were removed carefully from soil and kept in
sterile water. For both stress and hormone treatments the
samples were harvested after 1, 3 and 5 h, RNA was iso-
lated and qRT-PCR expression analysis was performed.
Each gRT-PCR result represents the mean of three bio-
logical as well as experimental replicates. The error bars
represent standard deviation.

Gel mobility shift and transactivation assay

PsAP2 was cloned using PsAP2pGEXF and PSAP2p-
GEXR primers with restriction sites BamHI and EcoRI
maintaining the reading frame with GST in pGEX4T2
vector (Supporting Table 1a). GST-PSAP2 construct was
transformed in E. coli BL21 (DE3) cells and induced with
0.3 mM IPTG. The recombinant protein was purified from
bacterial lysate using GST-Sepharose beads (Amersham).
Only GST purified protein was used as a negative control
for Gel retardation assay (GRA). Respective probes for
GRA and their mutated oligos were designed as described
in Shukla et al. (2006) and their sequences are mentioned
in Supporting Table 1(c). For transactivation assay, PsAP2
was cloned in Saccharomyces cerevisiae expression vector
pGBKT7 using PsAP2pGB F and PsAP2pGB R primers
under Ndel and BamHI sites in fusion with GAL4-DNA-
BD (Supporting Table 1a). The construct was transformed
into an auxotrophic yeast strain AHI09 (MATa, trp1-901,
leu2-3, 112, ura3-52, his3-200, gal4D, gal80D, LYS2::-
GAL1UAS-GALITATA-HIS3, GAL2UASGAL2TATA-
ADE2, URA3::MELI1UAS-MEL1TATA-lacZ, MEL1) and
colonies were screened on SD-His-Trp media (Cagney
et al. 2000). The Y1H assay was performed as described in
Mishra et al. (2013).

Southern hybridization analysis of transgenic lines

The genomic DNA isolated from transgenic and vector
control plants were isolated and digested (20 pg/lane)
overnight at 37 °C with BamHI and EcoRI. The digested
products were fractionated on 0.8 % agarose gel in 1x
TBE, pH 8.3 at low voltage (40 V) for 12 h. The DNA
fragments were transferred onto a nylon membrane

(Hybond-N, Amersham) by capillary transfer method with
20x SSC (3 M NaCl, 0.3 M sodium citrate, pH 7.0)
(Southern 1975). Before transfer, the gel was treated with
depurination solution (0.2 N HCI) for 10 min, denaturation
solution (1.5 M NaCl, 0.5 N NaOH) for 20 min, two times,
and neutralizing solution (1 M Tris—=HCl, pH 7.4, 1.5 M
NaCl) for 20 min two times. The DNA fragments were UV
crosslinked and blot was pre-hybridized for 6 h at 60 °C in
a buffer containing 5x SSC, 5x Denhardt’s reagent (0.5 %
Ficoll, 0.5 % PVP, 0.5 % BSA), 0.1 % SDS, 100 pg/ml
denatured salmon sperm DNA, 10 % dextran sulphate,
50 mM Na-phosphate buffer, 5 mM EDTA (Sambrook
et al. 2001). Thereafter, to the pre-hybridization solution,
labelled probe (denatured by boiling for 5 min, and chilled
on ice for 5 min) was added. After hybridization for 18 h at
60 °C, the blot was washed twice with 2x SSC, 0.1 % SDS
and 1x SSC, 0.1 % SDS for 10 min each at 50 °C. Finally,
the blot was exposed to Kodak BioMax MR film and kept
at —80 °C using intensifying screens.

Analysis of transgenic plants for abiotic stress
response

For salt stress, seedlings were first grown for 2 weeks after
germination in MS media, then were transferred to MS
media containing 250 mM NaCl and allowed to grow for
1 week. For dehydration stress, transgenic and vector
transformed seeds were geminated directly on MS media
containing 0.4 M mannitol. The respective seeds were
grown for 3 weeks. For leaf disc assay full grown healthy
leaves from vector transformed and transgenic plants were
detached and briefly washed in distilled water. Leaf discs
of 1 cm diameter were cut and floated in 250 and 400 mM
NaCl solution. The chlorophyll content was measured as
described by Aono et al. (1993), after 7 days.

Analysis of transgenic plants for biotic stress
response

To check the biotic stress response bacterial strain Pseu-
domonas syringae pv. tabaci was used to infect the leaves of
transgenic and vector transformed tobacco plants. The strain
was grown in LB-Tetracycline at 28 °C. The over night
grown culture was pelleted, washed and resuspended in
10 mM MgCl,. The bacterial suspension was infiltrated into
fully expanded and healthy leaves using 5 ml plastic syringe
without needle as described in Park et al. (2001). Approxi-
mately 0.5 ml of inoculum was infiltrated per panel forming
an equal infiltrated area. The lesion diameter was calculated
and plotted. The total bacterial population was measured by
grinding six leaf discs containing the infection from three
independent lines in 10 mM MgCl,. The serial dilution of
ground leaf samples was made in Kings B medium (Martin
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et al. 1993) and colony forming units were counted. To
identify the genes regulated through PsAP2 we screened 26
stress marker genes in control and transgenic plants using
gRT-PCR. The list of selected genes along with their primer
sequences and accession numbers are given in Supporting
Table 1(b).

Antioxidant analysis of transgenic plants

Sample extracts from transgenic as well as vector trans-
formed plants were prepared by grinding 100 mg tissue in
1 ml of 50 % ethanol, centrifuged at 10,000g at 4 °C for
10 min. Supernatant was used within 4 h for antioxidant
assays. For DPPH radical scavenging activity extracts were
made to total volume of 3 ml using methanol. To it 0.15 ml
of freshly prepared DPPH solution (98 pg/ml) was added,
stirred and left to stand at RT for 30 min in dark. The
control contains only DPPH solution in methanol while
methanol served as the blank (negative control). The
reduction capability of DPPH radical was determined by
the decrease in its absorbance at 517 nm (Patel et al. 2011).
The estimation was done for 50 pg and 100 pg extracts and
calculation was done as follows:

Absorbance control — Absorbance sample

% S ing =
o Scavenging Absorbance control

x 100

For NO scavenging assay, to the test sample (50 pg and
100 pg extracts) added 200 pl of 10 mM Sodium Nitro-
prusside and incubated at RT for 2 h. From it 50 pl of the
sample was taken and to it added 100 pl of Griess reagent
(1 part of the 0.1 % Naphthalene Diamine Dihydrochloride
in water and 1 part 1 % sulphanilamide in 5 % concen-
trated phosphoric acid). The absorbance of chromophore
formed was measured at 546 nm on UV-visible spec-
trometer (Patel et al. 2011). NO scavenging was calculated
using following formula similarly using 50 pg and 100 pg
of individual extracts:

Absorbance control — Absorbance sample

% S ing =
o Scavenging Absorbance control

x 100

All spectrophotometric analysis was conducted at room
temperature on a UV/visible spectrophotometer (Eppendorf
BioSpectrometer (Basic).

Relative fresh weight measurement after salt
and mannitol stress

For salt stress seedlings were transferred to MS media

containing 250 mM NaCl after 2 weeks of germination and
allowed to grow for 6 days. Relative fresh weight of the
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seedlings was measured after 2, 4 and 6 days of the treat-
ment by comparing with the seedlings grown in the control.

Similarly for dehydration stress, transgenic and vector
transformed wild type seeds were germinated directly on
MS media, and 2 weeks after germination, seedlings were
transferred to 0.4 M mannitol supplemented MS media.
Relative fresh weight of the seedlings was measured after
2, 4 and 6 days of the treatment by comparing with the
seedlings grown in the control.

Average weight of stress seedlings
Average weight of control seedlings

Relative fresh weight =

Genome walking and cloning of NtAOX1a promoter

The primers for genome walking were designed from the
first exon of NtAOXIa transcript (AB281425.1) (Support-
ing Table 1a). The isolated fragment of 826 bp was cloned
in pGEMT vector and sequenced using M13 forward and
reverse primers (Supporting Fig. 4). Analysis of cis-acting
elements in NtAOXIa promoter was done using the Plant
cis acting regulatory element (PLACE) program. The
predicted transcription start site was indicated within the
promoter sequence of NfAOXla. Further 651 bp of
NtAOXla promoter carrying both DRE and GCC box cis
element was cloned into pHIS2.0 vector using pHIS AOX
F and pHIS AOX R primers with EcoRI and Sacl restric-
tion sites (Supporting Table 1a). Also truncated promoter
fragments carrying only DRE (297 bp) and GCC cis ele-
ments (351 bp) were also cloned under EcoRI and Sac I
sites in pHIS2.0 vector with specific primers (Supporting
Table 1a). The NtAOXIa promoter containing the DRE,
GCC and predicted transcription start site is shown in
Supporting Fig. 5a.

NtAOX1a promoter activation and GRA
with NtAOXIa promoter fragments

GRA was performed with 41 bp dimeric region of
NtAOXla promoter containing both the elements. We also
used 39 bp complementary oligos from NtAOXIa promoter
carrying only DRE or GCC box cis element (Supporting
Table 1c). For Y1H PsAP2 was cloned in Ndel and BamHI
sites of pGAD vector with Leu as a selection marker with
the primers PSAP2pGAD F and PsAP2pGAD R (Support-
ing Table la). All pHIS2-NtAOXla promoter constructs
(carrying both or single cis element) and pGAD-PsAP2
constructs were co-transformed into yeast AH109 strain
and the resulting transformants were selected on SD-His-
Leu-Trp medium supplemented with 3-AT. For the reporter
assay, same 651 bp 5-UAS sequence of NtAOXIa gene
(containing both DRE and GCC box element) was cloned
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between the Hind III and Ncol sites of pCAMBIA1305.1
with primers AOX1BY2F and AOX1BY2R (Supporting
Table 1a). For construction of effector plasmid PsAP2 was
cloned in Xbal and BamHI sites of binary vector pBI121
with primers PsAP2BY2F and PsAP2BY2R. PEG medi-
ated protoplast co-transformation in BY2 cells was per-
formed according to Mishra et al. (2013). Fluorometric
GUS assays was performed as described by Berger et al.
(2007). The results are based upon three independent pro-
toplast co-transfection experiments.

Virus induced gene silencing of PsAP2 in P.
somniferum

A fragment of 495 bp from PsAP2 was cloned in pTRV2
vector with primers PSTRVF and PSTRVR (Supporting
Table 1d). The resulting construct and pTRV1 vector were
transformed into  Agrobacterium  GV3101  strain.
pTRVl1vector and pTRV2-PsAP2 transformed Agrobac-
terium cultures were mixed in a ratio of 1:1 in presence of
0.05 % silwet. For mock treatment pTRV1 and pTRV2
vector transformed Agrobacterium cultures were used. The
poppy seedlings were infiltrated at 6-8 leaf stage. Eight
seedlings were infiltrated at a time. The agroinfiltration and
VIGS was performed using the experimental procedure
described in Hileman et al. (2005); Desgagné-Penix and
Facchini (2012). Total RNA was isolated and cDNA was
prepared from newly emerged leaflets after 2 weeks of
agroinfiltration. Agroinfiltration was confirmed by qRT-
PCR analysis using vector specific primers TRV2F, TRV2R,
TRVIF and TRVIR. The level of PsAP2 and AOXI was
measured using primer pairs PsAP2RTF, PsAP2RTR,
AOXPRTF and AOXPRTR, respectively. Actin was used as
an internal control. The expression levels were monitored in
five experimental plants with three different agroinfiltration.

Results

PsAP2 encodes an AP2/ERF class of plant
transcription factor

The EST identified initially from the wound and salt stress
library (Accession number AAP56252.1) was made full
length by 3’/5" RACE and named as PsAP2. The identified
sequence of 1800 bp with an ORF of 1248 bp encodes a
protein of 416 amino acids and a conserved AP2 domain of
57 amino acids. The nucleotide sequence aligned with its
amino acid sequence is shown in Fig. la. Amino acid
analysis of PsAP2 showed maximum homology with
Populus trichocarpa AP2/ERF followed by DREB6 from
Malus domestica. Phylogenetic analysis with other AP2/
ERF proteins showed that PsAP2 falls in the same lineage

of RAP2-4-like from Vitis vinifera and DREB from Pop-
ulus euphratica (Fig. 1b).

Expression of PsAP2 in response to various stress
and hormone treatments

The transcript level of PsAP2 under normal growth con-
dition as analyzed by qRT-PCR was found to be maxi-
mum in floral bud followed by capsule and root (Fig. 2a).
The expression pattern of PsAP2 was analyzed under
various stress and hormone treatments at different time
intervals. PsAP2 showed induction of 24 fold after 1 h of
wounding and gradually decreased to 8 fold after Sth hour
(Fig. 2b). After MeJA treatment it was showing induction
of 2.8 and 2.7 fold at 3rd and 5th hour of treatment.
Ethylene treatment lead to induction of 3.7 and 4.9 fold
after 1 and 3 h of treatment followed by a decline in 5th
hour with a fold induction of 3.4 fold (Fig. 2b). In dehy-
dration and salt stress PsAP2 showed an induction of more
than twofold after 5th hour. ABA treatment also induced
PsAP2 expression more than 3 fold after Sth hour. PsAP2
showed initial induction of more than twofold after 1 h of
cold stress followed by a gradual decrease in its level
(Fig. 2b).

PsAP2 binds to DRE and GCC box elements in vitro
and transactivates the reporter gene in yeast

GRA was performed to study the binding preferences of
PsAP2 protein towards DRE/CRT and GCC-box elements.
Recombinant GST-PsAP2 purified protein showed gel shift
with the fragment having DRE2 (core sequence-ACCGAC)
and GCC box (core sequence-GCCGCC) unlike DREI cis-
element (core sequence-GCCGAC). The results showed
that PsAP2 was specific towards ACCGAC motif of DRE
cis-element. Also PsAP2 was not able to produce gel shift
with mutated DRE2 or GCC box demonstrating that PsAP2
binds specifically to DRE/CRT and GCC box as shown in
(Fig. 3b). The binding of PsAP2 with both DRE and GCC
box was competed out with (50x) excess cold probe. The
oligos used for gel retardation assay with their consensus
cis elements are shown in Fig. 3a.

Transactivation property of PSAP2 was demonstrated by
the activation of reporter genes in yeast strain AH109
carrying His and Trp auxotrophic markers and lacZ
reporter gene under GAL4 promoter. Gal4 DNA binding
fused pGBKT7-PsAP2 construct was transformed in the
yeast strains and growth of colony was observed on the
minimal auxotrophic SD-His-Trp medium. Colonies con-
taining PsAP2 were able to grow on medium lacking Trp
and His unlike the wild type and vector transformed
colonies (Fig. 3c). PsAP2 transformed colonies also
showed [-galactosidase activity (Fig. 3d).
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(A) (B)
CTGATTACCC GOC CAAGGCTCATT TAACGAAC ATAT AGAAT TCT OCAAGCTTGE ATC CAAACG TTGGAGCT TT CCCCATATG 6 TCG DREBIP Hevea brasiiensis
ACCTGCAGC GC CGGAT CAAT AAG TGATT TCTAATTOGGA CTCCACTATAGG GCAAGCAGT TG TAICAACG CAG AGTAAC APERF Riciss commuis
ATGGCAG CTACAA AAT ATTTTAT GGTATGCA GCACTTTA GTAGTAGGT TTTAATGG TGGAT CTTTATATA ATACAGAT CCA T TTAGAGGA ERF RAP2.4 Mericage ot
MAAT KYFMVCSTLVVGENGGSLYNTDPERSG )
GAGTTGATG CAAGC ACTTGAA CCTT TTATT CATAACA GTGCTT CTACAACT TCTCCTIG TTCATTT TCTTTATCTICAT CTT CATCTCCT DREBG Malus domestica
ELMQALEPFIHENSASTTSPCS FSLSSSSSEP AP2/ERF Popubss tichocarpa
CCAT CATCATCA TCT T CTCATC TTCTTCTT CTCC TT TTTC TT TATCTTCAACTTCTT CATCTICA CAGCCT GATTTTGG TTACCCAGAT PSAP2 (Papaer somiferurm)
T GCANCCTICACAGAC CAMATOTTETCAG G TATATIRSMEATAGA CROTOTITTGATET DXED Popus phoic

A A .
FCSTSSTGTQMFSQGYFSNYEQLSSAVLDS ERF RAP24Jke Vitis urifera
TCATCTC CTTCTTCTT TCAATCTTAA TCATCTTACCTT AGCTCAGATTCA ACAA CTTCAACAACA GATTC TTCTTCAACAACAACAGAAT DREBP1 Vitis pseudoreticutata
SSPSSFNLNHLTLAQIQQLQQQ I LLQGQQQNXN ORCA1 Catharanthus roses
TCATA CGTGAAC ATGATTTCAC AACATCAAACAACC CAGAATTCATACCTAAGTOCAAAATCAATTC CAATGAAAGC AGTGGGTTTATCA ORCACatharanthus msets
SYVNMISQHQT TQNSYLSPKSITPMKAVGLS oRCH
TCACAGACAGCCAAACCCACAAAGCTATACAGGGGAGTTAGACAGAGACATTGGGGAAANTGGGTTGCAGAGATCAGACTACCAAGAAAC )
SQTAKPTKLYRGVRQRHWGKWVAETIRLPRN ORCA2 Catharanttus roseus
AGGACAAGGCTTTGGTTAG GTACTTTTGAC ACTGCTGAGG AAGCTGCCATGGE TTATGACAGAGCTG CTTACAAGCTTAGAGGTGATTTT ERF6 is thakiana
RT RLWLGIFDITAEEAAMAYDRAAYKLRGDF ERF104 Arabidopsis thaliana

GCTAGACTCAA TTTCCCACA TCTGAAGCA CCAATTATCAAGTGC TGGTGATGGGAA ATTTGGAGATG AACAAAATAAA CCTCTTCCTTCA
ARLNFPHLEKHQLS SAGDGKFGDEQNKPLPS
TCTGTTGATG CAAAGCTTG AAGCGATTTGTCAGA GTTTGGCTATTAATAACTCTGCCT CACAGAAACAAGGGAAGATTTCCAAACCAGTT
SVDAK LEATCQSLAINNSASQKQGKI SKEPV
AGAGITTCTA GTAAGAAGACT AAGAAAATCATG GTCACTGAAGCT GCTGCTGTTGTTGATTCAACCCCATCAGTGGTAGTTCCAGAGAAG
RVSSKKTKEKEIMVTEAAAVVDSTPS VVVPEK
GATTCATCAT CATCAAAXTGTGAA ATGGGTTTT CTGGGTTC ATCATATTCA GAGGTTTACA AAGTGGAG AATTCA TTGTC ACCAC CATTG
DS SSSKCEMGFLGSSYSEVYKVENSLSPPL
AGTAGT AGTGATGATGCA TCAGTTTTAT CATATTC TTCACCTGAA TCTTGTAT TGAGATCC CAGATTTC ACAGAA CAAGCAT GGAACAAT
SS SDDASVLSYSSPESCIEIPDFTEQAWNN
GATTGTTCTTCATCAGAGAATTTCATGTTGCAGAAATATCCCTCTTATGAGGTTGATTGGGCTGCTAICCTTICTTAG
DCSSSENFMLQKYPSYEVDWAATIL SSIP
TOCTTTCTTAGAAGTTCAGTTTTTATTTCTCTTGTTCAACTACTGCAAATGGGTTGTTTTTTGRATCATTTGCATAGTTAGTGTTAATGGGGG
TTGTAATTAAGGGTATTAGT GATTAAGTTTCTTTTTTTAGTTTTTTGCCTGTAAARATCCTCAGGTCTGCTAGTTTTTTTATCTTTCATGACCG
TGGAGTAMITTTCTATTACTAATGTAATTCAGATTATCTATTTAAAAAAAAAMMAMAMAMMAM

Fig. 1 The complete cDNA of PsAP2 with deduced protein sequence
and phylogenetic tree. a The nucleotide and amino acid sequence is
shown, translation start site is indicated by ‘M’ (methionine) and
termination by ‘stop’. The AP2 domain is indicated by underline.
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Fig. 2 Relative expression of PsAP2. a The relative expression of
PsAP2 in different tissues in comparison with leaf. b Expression of
PsAP2 in 2 months old seedings of Papaver somnifreum after various
stress treatments such as cold, dehydration, salinity, wounding, ABA
and MeJA treatment. Transcript abundance was compared relative to

PsAP2 overexpression in tobacco increases tolerance
to abiotic and biotic stresses

To establish the functional role of PsAP2 tobacco trans-

genic lines were developed. We have grown 11 indepen-
dent lines up to maturity. However, only two of them were
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TSRF1 Solanum lycopersicum
OPBP1-AP2/ERF (Nicotiana tabacum)

———— ERF109/RRTF1 (Arabidopsis thaliana)

ERFO71/HRE2 Arabidopsis thdiana

CaERFLP1 Capsicum amuum

GITERF3 Glycine max

JERF3 Solanum lycopersicum

ERFO73HRE1 Arabidopsis thdiana

SublA-10ryza sativa

THERF 1 Tamarix hispida

AP2-2 Arabidopsis thaliana
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further taken up for analysis namely PsAP2-L7 and
PsAP2-L2 containing a single copy of the gene as con-
firmed by Southern blotting (Fig. 4b). Constitutive induced
expression of PsAP2 transcript was determined by semi-
gPCR (Fig. 4a). For dehydration treatment PsAP2 TI1
seeds were germinated on MS as well as MS + 0.4 M
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(A)

DRE: AATATACTTTTACCGACATTTAGACGATGGACCGTACCGACATGAGGTGTTA
DRE (M): AATATACTTTTGCCGACATTTAGACGATGGACCGTGCCGACATGAGGTGTTA
GCC: AATATACTTTAGCCGCCTTAGACGATGGACCGAGCCGCCGAGGTGTTA

GCC (M) : AATATACTTTAACCGCCTTAGACGATGGACCGAACCGCCGAGGTGTTA

(B)

DRE2 (50x cold probe)
GCC (50x cold probe)

PsAP2+DRE2(M)
* GST+GCC
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GST+DRE2
PsAP2+GCC
% PsAP2+GCC(M)

K 1 PsAP2+DRE2
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Protein DNA
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C . "

Fig. 3 PsAP2 binds with DRE and GCC box elements in in vitro and
in vivo assays. a Consensus and mutated sequences of the cis
elements are shown in the figure with mutated nucleotides represented
in red color. b GRA representing the binding of PsAP2 with core
DRE2 and GCC box cis elements. PsAP2 didn’t show any binding
with mutated probes. ¢ Transactivation assay of PsAP2. The colonies
carrying pPGBKT7-GAL4:PsAP2 construct can grow on YPD and SD-
His-Trp minimal media while the vector transformed or wild type

mannitol for 3 weeks. Growth and germination rate of
transgenic as well as vector transformed seeds was similar
on MS media but in mannitol added media the germination
rate was significantly higher in transgenic lines (Fig. 4c
and supporting Fig. 3). The percentage germination of
seeds was analyzed after 21 days. It was 54 % for PsAP2-7
line and 42 % for PsAP2-2 line while the vector trans-
formed seeds showed only 10 % in mannitol supplemented
media (Fig. 4d). To analyse the salt stress response
2 weeks old PsAP2 along with vector transformed seed-
lings were transferred to MS + 250 mM of NaCl media
and were allowed to grow for 1 week. Chlorosis appeared
in vector transformed plants after 3 days of transfer and
started appearing in transgenic lines from 5th day. More
than 50 % of the vector transformed seedlings showed
complete bleaching in comparison to PsAP2 overexpress-
ing lines (Fig. 5a). Salt tolerance of vector transformed and
PsAP2 overexpressing tobacco plants was additionally
assessed by chlorophyll estimation in salt treated leaf discs
(Supporting Fig. 2). The average chlorophyll content of
vector transformed leaf discs was found to be less than
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strains could not grow. LacZ reporter activation was also observed in
pGBKT7-GAL4:PsAP2 transformed colonies. All the transformants
could grow similarly on YPD media. d The relative assay of B-
galactosidase reporter in strain, vector transformed strain and
pGBKT7-GAL4:PsAP2 transformants. The [-galactosidase assay
was performed with three independent transformants and were
represented here with their standard deviation

PsAP2 overexpressing transgenic lines in both 250 and
400 mM NaCl solutions (Fig. 5b). Thus PsAP2 overex-
pressing transgenic plants were showing enhanced toler-
ance against osmotic shock of NaCl solution by reducing
chlorosis.

Fresh weight of transgenic as well as vector transformed
seedlings was measured after 2, 4 and 6 days of mannitol
(0.4 M) and salt (250 mM) treatment. It was observed that
relative fresh weight of transgenic lines was higher than the
vector transformed lines (Fig. 4f). Upon 6 days of salt
stress the relative fresh weight of vector transformed con-
trol seedlings was 51 % of those grown in stress free
medium were as relative fresh weight of transgenic seed-
lings remained high i.e. approximately 80 % when com-
pared with normal grown seedlings. Transgenic seedlings
exposed to mannitol stress had almost 2 fold more relative
fresh weight when compared with vector transformed
seedlings. High relative fresh weight content of transgenic
plants under stress condition highlights the better response
of PsAP2 overexpressing plants in salt and mannitol stress
compared with vector transformed plants.

@ Springer



180

Plant Mol Biol (2015) 89:173-186

(A)

Nt-Wt PsAP2
NEWi PsAP2

pBl21 |2 L7

RT-PCR
PsAP2

Actin

©

PsAP2L7

D)

0
60 {
50 1
401
30
20

(E)

% Germination

Nt-Wt
pBI121

PsAP2L2 PsAP2L7

Fig. 4 PsAP2 over-expressing tobacco seedlings are more tolerant to
dehydration stress. a Semi quantitative PCR analysis of PsAP2
overexpressing transgenic lines along with vector transformed
tobacco plant. Actin was used as an internal control (accession
number EB740770). b Southern blot analysis showing the single copy
number of PsAP2 in both transgenic lines. ¢ Survival rates of vector
transformed and PsAP2 overexpressing transgenic seedlings in MS
and MS + 400 mM mannitol. d Percentage germination of vector

To check the response of PsAP2 towards biotic stress, P.
syringae cultures were infiltrated on the leaves of vector
transformed and transgenic lines. The bacterial symptoms
appeared after 2nd day post inoculation in vector trans-
formed plants while in PsAP2 overexpressing lines it
appeared on 4th day post-inoculation. The lesion area of
bacterial infection was significantly less in PsAP2 over-
expressing lines in comparison to vector transformed
plants. Photographs were taken after 8th day post-inocu-
lation of P. syringae (Fig. 6a). The relative percentage of
lesion size was found to be more than 4 fold in vector
transformed plants in comparison to PSAP2 overexpressing
lines (Fig. 6b). The bacterial count CFU/cm® was also
found to be 3 fold less in PsAP2 overexpressing lines
(Fig. 6¢). The above results suggested that the PsAP2
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experiments with their SD. The values are significantly different for
PsAP2 transgenic plants in comparison with vector control with
P value <0.05

overexpressing lines confer enhanced resistance towards
bacterial pathogen P. syringae tabaci.

PsAP2 significantly enhances Nt(AOX1a and MIPS
transcripts and regulates antioxidant activity
in transgenic tobacco plants

To identify the possible target genes of PsAP2, we analyzed
expression level of 26 stress inducible marker genes of
tobacco under control condition. Interestingly, only 2 genes
were showing significant induced expression namely MIPS
with an induction of more than 6 fold and NtAOXIa with an
induction of more than 20 fold in PsAP2 overexpressing lines
in comparison to vector transformed tobacco lines (Fig. 6d).
As AOXla is involved in ROS regulation we estimated the
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Fig. 5 PsAP2 over-expressing tobacco seedlings are more tolerant to
salt stress. a Survival of vector transformed and PsAP2 overexpress-
ing transgenic seedlings in MS + 250 mM NaCl. b Chlorophyll
contents (mg/g fresh weight) were measured from NaCl-treated leaf
discs of transgenic and vector transformed tobacco plants. ¢ Relative

antioxidant properties of PSAP2 transgenic as well as vector
transformed plants. When we measured the total antioxidant
activity through DPPH percent scavenging assay, PsAP2
transgenic lines were showing enhanced activity in com-
parison to vector transformed lines (Fig. 6e). Similar result
was obtained for NO scavenging activity (Fig. 6f). These
results indicated that PsAP2 lead to enhanced abiotic and
biotic stress tolerance may be by regulating antioxidant
enzymes and associated genes.

PsAP2 transcriptionally regulates NtAOx1la
by interacting with the stress responsive cis-elements
present in the promoter

To understand the mechanism of induced expression of
NtAOXla transcript in PSAP2 overexpressing lines, we

250mM NaCl
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fresh weight of vector transformed and transgenic lines under 2, 4 and
6 days of salt treatment. Each data point is the mean of three
independent experiments with their SD. The values are significantly
different in comparison with vector control with P value <0.05

isolated the promoter of NtAOXIa gene by genome walking
(Supporting Fig. 4 and 5). When both the constructs (pHIS-
NtAOXIa and pGAD-PsAP2) were co-transformed in
AHI109 strain of S. cerevisiae, only those colonies that con-
tained both the constructs were able to grow on SD-His-Leu-
Trp minimal media supplemented with 3-AT. The cells
carrying only pGAD-PsAP2 or pHIS-NtAOXlIa or their
truncated fragments (pHIS-NtAOXIa with only DRE or
GCC element) or wild type strain could not grow on minimal
medium (Fig. 7b). On the other hand all the transformants
containing pGAD-PsAP2 alone or pHIS-NtAOX1a promoter
regions and strain were able to grow on YPD media. The
results lead to the confirmation that PSAP2 was able to
activate the NtAOX1a promoter in in vivo condition.

To further examine the direct interaction of PSAP2 with
NtAOXla promoter in vitro, we used one oligo dimer of
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Fig. 6 PsAP2 enhances tolerance to pathogen infection in tobacco.
a Disease symptoms in vector transformed and PsAP2 transgenic
plant leaves after 8 days post inoculation. b The average lesion area
of each independent transgenic line was calculated and their relative
lesion areas are shown in columns after comparison with the average
lesion area on vector transformed plants. ¢ CFU count in transgenic in

41 bp containing both the cis elements (DRE and GCC)
and two oligo dimers of 39 bp having only single cis ele-
ment (DRE or GCC) designed from NtAOXIa promoter
(Fig. 7a, Supporting Fig. 5b). PSAP2 showed interaction
with all the 3 probes, containing DRE and/or GCC box
element/s but the interaction was stronger with the probe
containing both DRE and GCC box cis elements (Fig. 7b).
Specific binding of PsAP2 to NtAOXla promoter was
checked by excess 50x concentration of cold probe. Both
Y1H and GRA results suggested that PSAP2 was able to
bind specifically to NtAOXIa promoter and higher
expression of NtAOXIa in PsAP2 transgenic plants might
be because of transcriptional activation of NtAOXIa
promoter.

To further validate the activation of NtAOXIa by PsAP2
we examined GUS reporter activity in tobacco BY2 cells.
651 bp promoter region of NtAOXIa was cloned in fusion
with GUS reporter gene by replacing the CaMV35S pro-
moter of pPCAMBIA1305.1. This reporter construct was co-
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comparison to vector transformed plants. d Relative expression of
NtAOXIa and MIPS in transgenic and vector transformed plants.
e Percent DPPH inhibition in vector transformed and overexpressing
lines. f Percent NO scavenging in vector transformed and overex-
pressing lines. The data is significant and is represented from three
independent experiment, with P value <0.05

transformed with effector construct pBI121-PsAP2 in
tobacco BY?2 cells. For control pBI vector and NtAOX1a-
pCAMBIA constructs were also co-transformed. The
schematic representation of effector and reporter fragments
is shown in Fig. 8a. GUS activity in the NtAOXla-
pCAMBIA and PsAP2 co-transformed BY2 protoplasts
was more than 18 fold than that of the vector control and
NtAOX1a-pCAMBIA transformed BY?2 cells, showing that
PsAP2 can activate transcription from the NtAOXIa-5'-
UAS (Fig. 8b).

VIGS of PsAP2 downregulates the homologous
AOXI transcript in P. somniferum

Due to lack of functional mutant in P. somniferum, we have
used VIGS to silence the PsAP2 transcript. We identified
an another EST (accession number-GO238748) showing
homology to the the tobacco AOX/ within the same wound
inducible library from where we identified PsAP2 (Mishra
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NtAOX1F: TGGCCGCCATAAAATTAATAAAATATACGTAACTGTCGGTC
NtAOX1 DRE F: AAAAATATACGTAACTGTCGGTCCCACACAGTCTTCACG
NtAOX1 GCC F : AAACGCTAAAAGAAATGGCCGCCATAAAATTAATAAAAT

(B)

PsAP2 + NtAOX1P with DRE box
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Fig. 7 PsAP2 binds with NtAOXIa promoter in in vivo and in vitro.
a The sequences of the oligos from the promoter of NtAOXla
containing DRE and/or GCC cis elements used for GRA. b GRA
showing binding of PsAP2 to the full length probe containing both
DRE and GCC box element along with fragment of Nt
AOXI1P + GCC (Contains only GCC box), and NtAOXIP + DRE
(contains only DRE element). The binding of PsAP2 with individual
probes of NtAOxla was competed out with excess of cold probe

et al. 2013). The relative expression level of PsAP2 along
with the endogenous poppy AOXIa was found to be sig-
nificantly reduced in PsAP2 silenced plants in comparison
to only vector transformed plants (Fig. 8c). To further
study whether silencing of PsAP2 and downregulation of
AOXla has any effect on the antioxidant properties of
PsAP2-VIGS poppy plants, we estimated percent NO
scavenging in vector control and VIGS plants. There was a
decrease in the percent NO scavenging in the VIGS poppy
plants in comparison to the control whereas there was a
higher antioxidant activity in the PsAP2 over expressed
tobacco plants (Fig. 8d). These results highlighted the
significant role of PsAP2 in imparting abiotic and biotic
stress tolerance through AOX1a and antioxidant regulation.
It also indicated an conserved mechanism of action of
PsAP2 and AOXIa in different plant species.

(DRE+GCC)

Strain +
Vector

Strain +
Vector

PsAP2+
NtAOX1

NtAOX1

suggesting the interaction of PsAP2 with NtAOXla promoter was
specific. PSAP2 antisense clone was used as a negative control during
GRA. ¢ PsAP2 transactivates the His reporter gene by binding to the
upstream promoter element of Nt--AOXa (fragment carrying both the
elements as well as the fragment carrying only DRE or GCC). Only
PsAP2 or promoter fragments or strain could not grow on minimal
media while all the transformants carrying both PsAp2 4+ NtAOXIa
promoter fragments were able to grow on YPD

Discussion

AP2/ERFs regulate various processes like development,
stress response and metabolism in plants (Okamuro et al.
1997; Yamaguchi-Shinozaki and Shinozaki 2006; Zhu
et al. 2014). This ability of AP2/ERFs might be because of
the evolved capacity of these proteins to bind to multiple
cis elements present within the promoter of stress respon-
sive genes (Park et al. 2001). We have isolated a novel
AP2/ERF from P. somniferum and named it as PsAP2. At
the protein level PsAP2 only showed maximum homology
with AP2/ERF protein identified from Populus trichocarpa
and it showed significant sequence homology within the
EREBP/AP2 domain with other proteins, otherwise the
amino acid sequences outside the DNA binding domain
was quite unique. PSAP2 showed maximum expression in
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Fig. 8 Reporter activation and VIGS of PsAP2. a The pictorial
representation of effector and reporter constructs used for GUS
reporter activation. b Activity of GUS reporter construct fused to
NtAOxIa promoter sequence in tobacco BY2 cells harboring empty
vector or PBI121-PsAP2. ¢ qRT-PCR analysis of P. somniferum

flower followed by capsule and root in comparison with
leaf. Apart from stress response many AP2/ERFs are
involved in plant developmental response also, so based on
the PsAP2 tissue specific and basal level expression we
assume it might have some direct or indirect role in normal
plant growth or development. Stress induced transcript
expression study has shown that, PsAP2 transcript is
responsive to various stress and hormonal treatment and
early induction highlighted the role of PsAP2 in first line of
defense regulation. Interestingly, the induced expression of
PsAP2 in response to wounding, ethylene and MeJA was
much higher in comparison to dehydration, salt and ABA.
This indicated the probable role of PSAP2 in the regulation
of multiple simultaneous responses in plants. Unlike TSI/
from tobacco and ERFI from Arabidopsis (Park et al.
2001; Cheng et al. 2013), PsAP2 showed late transcript
accumulation in response to salt and dehydration stress.
The transcript of PsAP2 showed induced expression even
after 5th hour of MeJA, ABA and ethylene treatment
showing that mode of action of PsAP2 transcript is dif-
ferent from 7SI/ or AtERFI.
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PsAP2 encodes a conserved AP2/EREBP DNA binding
domain which binds to both DRE/CRT or GCC box ele-
ments. The DRE and GCC box are involved in abiotic and
biotic stress responsive gene expression in plants which
explains the better response of PsAP2 overexpressed lines
under different stresses (Fujimoto et al. 2000; Cheng et al.
2013). We did not observe any difference in the affinity of
binding of PsAP2 towards both DRE/CRT and GCC box
cis element unlike TSI1 from Tobacco which showed
stronger binding affinity towards GCC box cis element.
This binding affinity may explain the involvement of
PsAP2 in the regulation of both biotic as well as abiotic
stresses. But PsAP2 showed preferential binding with the
DRE core element having cis-element ACCGAC, however
it was not able to produce gel shift with a core sequence of
GCCGAC. For GCC-box element PsAP2 showed gel
retardation with GCCGCC whereas it cannot produce a gel
shift with ACCGCC. This specific and preferential binding
of PsAP2 for DRE/CRT with core element ACCGAC and
GCC box element with GCCGCC suggested that PsAP2
might function by same or different mechanism as



Plant Mol Biol (2015) 89:173-186

185

compared to other characterized AP2/ERF proteins. Most
of the AP2/ERF proteins characterized in response to both
biotic and abiotic stresses in plants have induced level of
stress related marker genes like ERD, PDF1.2, LEA and
P5CS1 (Shukla et al. 2009; Zhu et al. 2014). To further
understand the possible mechanism of stress tolerance of
these PsAP2 transgenic lines we analyzed 26 stress indu-
cible marker genes of tobacco. However the tobacco
transgenic plants expressing PSAP2 did not show induced
expression of ERD’s, which contains DRE/CRT box unlike
it showed in CAP2, an ERF from chickpea, under normal
growth condition (Shukla et al. 2006). Also like TSI1,
ERFI and other characterized AP2/ERF proteins, PsAP2
overexpressing lines did not show any induced expression
of other stress related marker genes like LEA proteins. Out
of 26 transcripts analyzed only Nicotiana tabacum AOXIla
and MIPS showed constitutive induced expression in
PsAP2 overexpressing tobacco transgenic plants. MIPS
catalyzes the rate limiting step in myoinositol synthesis that
is required for cell metabolism, plant growth and it acts as
precursor for a variety of compounds (Kaur et al. 2008).
MfMIPS]I transcript cloned from cold tolerant Medicago
falcata showed induced expression in response to cold,
dehydration and salt stress, in addition it also showed
induced expression in response to H,O, and NO. Over
expression of MfMIPS1 in tobacco enhances the resistance
of transgenic lines towards chilling, drought and salt stress
(Tan et al. 2013). On the other hand NtAOXIa is nuclear
encoded gene and generally induced rapidly in response to
both abiotic and biotic stresses (Borecky et al. 2006). A
number of studies in different plant species revealed that
induced expression of NtAOXIa leads to different physio-
logical response that are related to abiotic and biotic stress
(Atkinson and Urwin 2012). During stress, reduced
capacity of electron transport leads to slow relative ATP
turnover which finally results in increased ROS production
(Moller 2001). It is now evident that apart from ROS,
reactive nitrogen species (RNS) are also generated in
mitochondria. Alternative oxidase maintains both the ROS
and RNS level under different stress condition in plants.
Induced expression of MIPS and NtAOXla in PsAP2
overexpressing transgenic tobacco plants, leads to increase
in antioxidant activity which in tern provides better
response of transgenic lines under different stress condi-
tions. While in PsAP2-VIGS poppy plants there was a
decrease in AOXla transcript level leading to decrease in
antioxidant property indicating similar mode of action of
PsAP2 in poppy also, as it was observed in transgenic
tobacco. So by maintaining the level of antioxidant
enzymes, AOXla and MIPS, PsAP2 might be able to
regulate the level of RNS and ROS under stress condition
leading to enhanced resistance against both abiotic and
biotic stress responses. The induced expression of

NtAOXla and MIPS in PsAP2 transgenic tobacco plants,
specific interaction and activation of NtfAOXIa promoter
highlights a new possible direction and involvement of an
AP2/ERF protein in regulating the alternative oxidase gene
and varied stress response.
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