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Endoplasmic reticulum (ER)-stress and unfolding protein response (UPR) has not been implied in
Aeromonas hydrophila-pathogenicity. We report increased expression of the ER-stress markers: CHOP,
BiP and phospho-eIF2a in A. hydrophila-infected headkidney macrophages (HKM) in Clarias batrachus.
Pre-treatment with ER-stress inhibitor, 4-PBA alleviated ER-stress and HKM apoptosis suggesting ER-UPR
critical for the process. The ER-Ca21 released via inositol-triphosphate and ryanodine receptors induced
calpain-2 mediated superoxide ion generation and consequent NF-kB activation. Inhibiting NF-kB
activation attenuated NO production suggesting the pro-apoptotic role of NF-kB on HKM pathology.
Calpain-2 activated caspase-12 to intensify the apoptotic cascade through mitochondrial-membrane
potential (ym) dissipation and caspase-9 activation. Altered mitochondrial ultra-structure consequent to
ER-Ca21 uptake via uniporters reduced ym and released cytochrome C. Nitric oxide induced the cGMP/
PKG-dependent activation of caspase-8 and truncated-Bid formation. Both the caspases converge onto
caspase-3 to execute HKM apoptosis. These findings offer a possible molecular explanation for A.
hydrophila pathogenicity.

A
eromonas hydrophila, Gram-negative bacteria, is the predominant cause of ulcerative disease syndrome
(UDS) in fish1. It also causes soft tissue infections, gastroenteritis and septicaemia in humans2. However,
A. hydrophila-induced pathogenicity is not well understood. Macrophages are essential for innate

immune responses against A. hydrophila and apoptosis has been extensively implicated in macrophage-A.
hydrophila interactions3,4. However, it is difficult to predict whether the outcomes are to the advantage of the
host or the pathogen5.

A. hydrophila-induced macrophage apoptosis is executed by an intracellular proteolytic cascade of caspases,
where initiator caspases are triggered by a range of intracellular signalling molecules to accomplish programmed
demolition of cell through caspase-3 activation3,4,6. As an early initiator of the process, the role of calcium (Ca21) is
foremost7. Among other molecules that initiate A. hydrophila-induced apoptosis, reactive oxygen species (ROS) is
important. The NF-kB pathway is induced in response to ROS accumulation and has been implicated as both
pro- and anti-survival under different conditions8. Among the different pro-apoptotic molecules which are up-
regulated by NF-kB, inducible nitric oxide synthase (iNOS) mediated nitric oxide (NO) production is fairly well-
studied. NO acts on a number of target enzymes and proteins and activation of cGMP-dependent PKG is one9.

The sub-cellular organelle ER, a major intracellular Ca21 source, is the site for appropriate protein folding
leading to production of functionally mature proteins and is emerging as crucial player in apoptosis induction10.
Consequent to [ER]Ca

21 depletion, increased accumulation of mis-folded proteins take place in the ER lumen
causing ER-stress. ER-stress is sensed by three membrane located sensors: RNA-dependent protein kinase-like
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ER kinase (PERK), activating transcription factor 6 (ATF6) and ino-
sitol-requiring ER-to-nucleus signal kinase 1 (IRE1). To alleviate ER-
stress, cells initiate the UPR programme characterized by the phos-
phorylation of eukaryotic translation initiation factor 2a (eIF2a),
expression of glucose regulated protein 78 (GRP78/BiP) and
CCAAT/enhancer-binding protein-homologous protein (CHOP)11.
The expression of CHOP, BiP and phospho-eIF2a are thus consid-
ered as markers for ER-stress.

Stress initiates the depletion of [ER]Ca
21 through the inositol 1,4,5-

triphosphate receptors (IP3R) and ryanodine receptor (RyR) present
on ER. It activates calpain in the cytosol, which cleaves procaspase-12
to mature caspase-12 in the ER12. Activated caspase-12 further
intensifies the apoptotic cascade through the activation of caspase-
9 and caspase-3. This pathway is known as the intrinsic pathway and
mitochondrial permeabilization is crucial in it. Bid, released via cas-
pase-8 (extrinsic pathway) plays a key role on mitochondrial per-
meabilization and caspase-9 activity13. It has recently been
hypothesized that under stress the ER and mitochondria come in
close proximity and the [ER]Ca

21 is taken up by the mitochondrial
uniporters (MUP) thereby dissipating ym and opening the mito-
chondrial permeability transition pores (MPTP), triggering apopto-
sis14. Importantly, though ER-stress has been fairly well-reported in
mammals it is not well-characterised in the fish system15.

Fish are the natural host of A. hydrophila1. They occupy a key
position in the course of evolution being the earliest class of verte-
brates possessing both innate and adaptive immunity. The fish innate
immune system, akin to that in mammals, serves as the first line of
defence against pathogens16. Unlike higher vertebrates, HK is the
principal immune organ in fish and even regulates the neuro-
immuno-endocrine axis17. The HKM play critical role in defence
against invading pathogens and is an alternative model to study A.
hydrophila-pathogenicity at cellular level18.

A. hydrophila induces apoptosis in fish4,19 but the exact mechan-
isms are not clearly elucidated. We demonstrated A. hydrophila-
induced apoptosis to be caspase-3 mediated and Ca21 and its
dependent neutral protease calpain-2, critical for initiating the death
program4. However the potential role of other signalling molecules in
A. hydrophila-induced HKM apoptosis is yet to be investigated.

We therefore addressed the role of ER-stress on A. hydrophila-
induced HKM apoptosis. We suggest ER-stress activates the calpain-
2-caspase-12-superoxide ion-NF-kB axis causing mitochondrial
dysfunction in A. hydrophila-infected HKM.

Results
A. hydrophila-induced ER-stress is critical for initiating HKM
apoptosis. The upregulation of ER stress proteins is a marker for
altered ER homeostasis and subsequently apoptosis20. The
expressions of CHOP, BiP and eIF2a phosphorylation were thus
studied in A. hydrophila-infected HKM by confocal microscopy.
Our results suggested that BiP expression significantly increased
following 1 h post-infection (p.i.) (<6.0 fold) which gradually
decreased to 1.6 fold, 24 h p.i. (Fig. 1a and Supplementary Fig. 1a).
Nonetheless, CHOP expression was increased throughout the course
of infection (2.3–2.6 fold, Fig. 1a and Supplementary Fig. 1a).
Confocal microscopy also indicated enhanced phospho-eIF2a
expression in infected HKM (2.3–3.0 fold, Fig. 1a and
Supplementary Fig. 1a). No significant change was noted in the
total-eIF2a levels during infection (data not shown). To correlate
ER-stress to A. hydrophila-induced pathogenicity, the HKM were
pre-treated with the general ER-stress inhibitor, 4-PBA and the
expression of CHOP, BiP, phospho-eIF2a and ensuing HKM
apoptosis studied. We observed marked inhibition in CHOP, BiP
and phospho-eIF2a expression in infected HKM (Fig. 1b and
Supplementary Fig. 1b, 1c, 1d). Besides, 4-PBA pre-treatment also
attenuated A. hydrophila-induced HKM apoptosis (Supplementary
Fig. 2). Together these results implicate ER-stress-mediated CHOP-

BiP-phospho-eIF2a spree is critical in A. hydrophila-induced HKM
apoptosis.

Activation of ER-stress proteins is a downstream consequence of
[ER]Ca

21 depletion which in turn is implicated in apoptosis20. Hence,
as next step, we studied the role of [ER]Ca

21 on HKM apoptosis. We
observed that Xes and Dant, inhibitors to IP3R and RyR respectively
inhibited the expression of CHOP, BiP and phospho-eIF2a (Fig. 1b
and Supplementary Fig. 1b, 1c, 1d) and attenuated HKM apoptosis
(Supplementary Fig. 2), thus implicating [ER]Ca

21 depletion on ini-
tiating ER-stress protein activation in A. hydrophila-infected HKM.

Calpain-2 augments ER-stress by activating caspase-12 in infected
HKM. We had earlier reported calpain-2 critical for A. hydrophila-
mediated HKM apoptosis4. To document a link between ER stress
and calpain-2 activation, the HKM were pre-treated with 4-PBA and
calpain-2 activity checked by immunoblotting. It is evident from
Fig. 1c, that alleviation of ER-stress down-regulated calpain-2
expression in A. hydrophila-infected HKM. However, the converse
was not true as calpain-2 inhibitor failed to impact ER-stress protein
expression in infected HKM (data not shown). Hence, we suggest
ER-stress is critical for activating calpain-2 in A. hydrophila-infected
HKM.

Calpain-2 has been implicated in the activation of caspase-12, an
endogenous marker for ER-stress12. Confocal microscopy recom-
mended significant increase in caspase-12 activity in A. hydro-
phila-infected HKM (Fig. 1d). Pre-treatment with the caspase-12
inhibitor, Z-ATAD-FMK inhibited caspase-12 activation (Fig. 1d)
and attenuated A. hydrophila-induced HKM apoptosis
(Supplementary Fig. 2). Next, the role of calpain-2 on caspase-12
activation was investigated. HKM were pre-treated with calpain-2i
and we noted that caspase-12 levels were significantly reduced in the
infected HKM (Fig. 1d and Supplementary Fig. 3a) suggesting ER-
stress induced by A. hydrophila to activate calpain-2 initiating down-
stream caspase-12 activity in HKM.

A. hydrophila-induced superoxide ion generation is calpain-2
dependent. Superoxide ion production plays an important role in
microbial pathogenicity21. We observed significant amount of
superoxide ion production at 1 h p.i. which attained peak at 4 h
p.i., thereafter the levels gradually declined reaching basal level at
24 h p.i. (Fig. 2a). We suspected NADPH Oxidase to be involved in
the process and for that the HKM were pre-treated with NADPH
Oxidase inhibitors-Apo and DPI, prior to studying superoxide ion
production. The 4 h interval was selected as maximum superoxide
ion production was recorded during this time point. It is evident
from Fig. 2b that pre-treatment with Apo and DPI led to
significant decline in A. hydrophila-induced superoxide ion levels.
To corroborate our observation, we further studied membrane
translocation of p47phox, which is an index of NADPH Oxidase
activation22. Immunoblotting suggested marked increase in p47phox

expression in the membrane fraction of A. hydrophila-infected HKM
which was inhibited in presence of Apo or DPI. The cytosolic fraction
of the same samples was probed with anti-b-actin to confirm for
equal loading (Fig. 2c).

The next aim was establishing the role of superoxide ion on HKM
apoptosis. The HKM were pre-treated with Apo and DPI and
apoptosis studied at 24 h p.i. We noted that both Apo and DPI
significantly attenuated A. hydrophila-induced HKM apoptosis
(Supplementary Fig. 2) suggesting superoxide ion critical for A.
hydrophila-induced HKM pathology. On establishing the involve-
ment of superoxide ion on A. hydrophila-induced HKM pathology
we sought to study the cross-talk between calpain-2i activation and
superoxide ion generation. We observed that attenuating calpain-2
activation inhibited p47phox membrane translocation and superoxide
ion generation in the infected HKM (Fig. 2b and 2c). On the contrary,
pre-treatment with Apo and DPI failed to impact calpain-2 activa-
tion (Fig. 1c), suggesting superoxide ion generation is downstream to
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calpain-2 activation. To conclude, these results suggest calpain-2
induces NADPH Oxidase mediated superoxide ion generation in
A. hydrophila-infected HKM.

NF-kB is pro-apoptotic in A. hydrophila-infected HKM. NF-kB
activation is redox-regulated23 and implicated in microbial-patho-
genicity8. In the present study we selected p65/RelA phosphorylation
as an index for NF-kB activation24. At the onset, p65-phosphorylation
was studied in the HKM at different time intervals using specific EIA
kit. We observed time dependent increase in p65-phosphorylation
with maximum changes recorded at 16 h p.i. in infected HKM. The
levels of total-p65 remained unaltered during the entire time course
(Fig. 3a). Following activation, NF-kB translocates from the cytoplasm
to nucleus mediating its effects. We studied nuclear translocation of
NF-kB using phospho-p65 antibodies and immunofluorescence

studies demonstrated nuclear localization of phospho-p65 suggesting
sustained NF-kB activation in the infected HKM (Fig. 3c). The next
step was correlating this important molecular event in the pathology of
A. hydrophila. Hence, HKM were pre-treated with the NF-kB inhi-
bitor, NF-kBi and apoptosis studied. We report that pre-treatment
with NF-kBi inhibited phosphorylation (Fig. 3b) and nuclear
translocation of p65 (Fig. 3c) besides attenuating HKM apoptosis
(Supplementary Fig. 2). Based on these results we suggest NF-kB
plays pro-apoptotic role in A. hydrophila-induced HKM apoptosis.

We correlated NF-kB activation with superoxide ion generation.
From our results it is evident that NF-kB activity is superoxide ion-
dependent and pre-treatment with Apo and DPI inhibited p65-phos-
phorylation (Fig. 3b) and nuclear translocation (Fig. 3c). Overall, we
propose that superoxide ion triggers NF-kB in A. hydrophila-infected
HKM leading to the activation of downstream pro-apoptotic genes.

Figure 1 | A. hydrophila-induced ER-stress triggers calpain-2 mediated caspase-12 activation in HKM. (a) HKM were infected with A. hydrophila and at

indicated time p.i. BiP (left panel), CHOP (middle panel) and p-eIF2a (right panel) expression studied by immunofluorescence. TRITC-conjugated

secondary antibody used for red fluorescence. (b) HKM were pre-treated separately with Xes, Dant and 4-PBA and expression of BiP (left panel), CHOP

(middle panel) and p-eIF2a (right panel) studied by immunofluorescence at 1 h, 4 h and 24 h p.i. FITC-conjugated secondary antibody used for green

fluorescence. (c) Representative western blot for calpain-2 expression in lysates of HKM pre-treated separately with 4-PBA, DPI and Apo at 24 h p.i. b-

actin served as the loading control. (d) HKM were pre-treated separately with calpain-2i and Z-ATAD-FMK and at 24 h p.i. caspase-12 activity checked.

The images are representative of three independent experiments and observed under confocal microscope (340). HKM, uninfected control; HKM 1 B,

HKM infected with A. hydrophila; HKM 1 4-PBA 1 B, HKM pre-treated with 4-PBA for 1 h before A. hydrophila-infection; HKM 1 Xes 1 B, HKM

pre-treated with xestospongin C for 1 h before A. hydrophila-infection; HKM 1 Dant 1 B, HKM pre-treated with dantrolene for 1 h before A.

hydrophila-infection; HKM 1 Z-ATAD-FMK 1 B, HKM pre-treated with Z-ATAD-FMK for 1 h before A. hydrophila-infection; HKM 1 calpain-2i 1 B,

HKM pre-treated with calpain-2i for 1 h before A. hydrophila-infection; HKM 1 Apo 1 B, HKM pre-treated with Apo for 1 h before A. hydrophila-

infection; HKM 1 DPI 1 B, HKM pre-treated with DPI for 2 h before A. hydrophila-infection. 4-PBA, ER-stress protein inhibitor; Xes, IP3R inhibitor;

Dant, RyR inhibitor; Z-ATAD-FMK, caspase-12 inhibitor; calpain-2i, calpain-2 inhibitor; Apo and DPI, NADPH Oxidase inhibitor.
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NF-kB induces pro-apoptotic NO release in infected HKM.
Though, A. hydrophila-induced NO production is reported in
fish25 the molecular mechanisms is not well understood. We first
measured NO production and noted time dependent increase in
NO levels with the maximum production recorded 24 h p.i. in the
infected HKM (Fig. 4a). Next we studied iNOS activity and
immunofluorescence results suggested significant iNOS activity in
infected HKM that underwent marked reduction in presence of the
specific iNOS inhibitor, L-Nil (Fig. 4b and Supplementary Fig. 3b).
Pre-treatment with L-Nil also interfered with NO production
(Fig. 4c) and attenuated HKM apoptosis (Supplementary Fig. 2)
suggesting the pro-apoptotic role of iNOS-induced NO in A.
hydrophila-pathogenicity. To investigate whether superoxide ion-
NF-kB axis influenced iNOS activity, the HKM were pre-treated
with NF-kBi and iNOS expression and NO production studied.
We noted that pre-treatment with NF-kBi significantly attenuated
iNOS expression (Fig. 4b) and NO production (Fig. 4c). The
converse however was not observed as L-Nil failed to lower
phospho-p65 levels in infected HKM (Fig. 3b). Based on our
observations we suggest NF-kB mediates pro-apoptotic effect via
activation of iNOS in A. hydrophila-infected HKM and superoxide
ion primal in initiating the process.

A. hydrophila-induced caspase-8 activation is cGMP-PKG depen-
dent. We had earlier demonstrated A. hydrophila-induced HKM
apoptosis to be caspase-3 mediated4. Here, we investigated the role
of caspase-8 on caspase-3 activation. Using specific assay kits, we

observed increased caspase-8 activity in infected HKM, which was
inhibited in the presence of specific caspase-8 inhibitor, Z-IETD-
FMK (Fig. 4d). This encouraged us to study the presence of t-Bid,
an indicator of caspase-8 activation by immunoblotting. We
observed Bid fragmentation in infected HKM that was inhibited in
the presence of Z-IETD-FMK (Fig. 4e). Besides, Z-IETD-FMK also
attenuated HKM apoptosis by inhibiting caspase-3 activation
(Supplementary Fig. 2). Our results suggest caspase-8 initiates
caspase-3 mediated apoptosis of A. hydrophila-infected HKM.

The next aim was correlating the upstream molecular events lead-
ing to caspase-8 activation. cGMP has been reported to be pro-apop-
totic under different conditions of stress and acts downstream of
NO9. We first measured cGMP levels at 24 h p.i. because at this time
point we recorded maximum NO production in infected HKM. Our
results clearly indicate that the levels of cGMP were significantly
elevated in the infected HKM and pre-treatment with cGMP inhib-
itor, LY83583 reduced cGMP levels (Fig. 4f) and rescued the cells
from apoptosis (Supplementary Fig. 2). The cell-permeable cGMP
analogue (8-Br-cGMP) also elevated intracellular cGMP level
(Fig. 4f) and induced HKM apoptosis (Supplementary Fig. 2).
Further, pre-treatment with L-Nil also inhibited A. hydrophila-
induced cGMP production in HKM (Fig. 4f). These results suggest
NO-dependent cGMP is a critical factor in the initiation of A. hydro-
phila-induced HKM apoptosis.

PKG is an important intermediate in transmitting NO-induced
cGMP signals26. To establish the role of cGMP-PKG axis, HKM were
pre-treated with the PKG inhibitor, KT5823 and caspase-8 activity

Figure 2 | Calpain-2 induces NADPH Oxidase mediated superoxide ion production in A. hydrophila-infected HKM. (a) HKM were infected with A.

hydrophila and at indicated time p.i. superoxide ion production measured by NBT assay. Statistically significant amount of superoxide ion was detected at

1 h p.i. and it continued till 16 h p.i. (*P , 0.001/F 5 341.6). (b) HKM were pre-treated separately with Apo, DPI and calpain-2i and superoxide ion

production measured at 4 h p.i. Pre-treatment with the inhibitors significantly lowered superoxide ion production in the infected-HKM (*, #P , 0.001/F

5 125.4). (c) HKM were pre-treated separately with Apo, DPI and calpain-2i and at 4 h p.i. p47phox membrane translocation studied by immunoblotting.

The cytosolic fraction was probed with b-actin to confirm for equal loading. *P vs HKM; #P vs HKM 1 B. Vertical bars represent mean 6 SE (n 5 6).

HKM, uninfected control; HKM 1 B, HKM infected with A. hydrophila; HKM 1 Apo 1 B, HKM pre-treated with Apo for 1 h before A. hydrophila-

infection; HKM 1 DPI 1 B, HKM pre-treated with DPI for 2 h before A. hydrophila-infection; HKM 1 calpain-2i 1 B, HKM pre-treated with calpain-2i

for 1 h before A. hydrophila-infection. Apo and DPI, NADPH Oxidase inhibitor; calpain-2i, calpain-2 inhibitor.
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and apoptosis studied. We observed that KT5823 pre-treatment
inhibited caspase-8 activity (Fig. 4d) and attenuated HKM apoptosis
(Supplementary Fig. 2). Besides, LY83583 also inhibited caspase-8
activation in the infected HKM (Fig. 4d). Taken together, the results
suggest caspase-8 activation to be NO-initiated cGMP-PKG depend-
ent in A. hydrophila-infected HKM.

ER-mitochondria cross-talk is a critical event in A. hydrophila-
infected HKM. Alterations in mitochondrial-Ca21 has been reported
important for microbial pathogenicity27. To look into this we
measured mitochondrial-Ca21 in A. hydrophila-infected HKM.
Using a combination of Rhod-2 and mitotracker green we
observed that mitochondrial-Ca21 uptake occurred within 30 mins
of A. hydrophila-infection that reached its peak at 1 h p.i. and
thereafter the levels started declining reaching the basal level 4 h
p.i. (Fig. 5a and Supplementary Fig. 3c). Ruthenium Red (RR), a
MUP-inhibitor blocks mitochondrial-Ca21 uptake28. We observed
that pre-treatment with RR significantly decreased Rhod-2

fluorescence intensity proving MUP-mediated Ca21 uptake in the
infected HKM (Fig. 5b and Supplementary Fig. 3d).

When we asked the source of mitochondrial-Ca21, ER appeared
attractive. Hence, HKM were treated with Xes or Dant prior to A.
hydrophila-infection and changes in mitochondrial-Ca21 levels
studied. From Fig. 5b and Supplementary Fig. 3d, it is evident that
Xes and Dant reduced mitochondrial-Ca21 load, thereby confirming
our hypothesis. To check the probable mechanism of mitochondrial-
Ca21 uptake we studied the interim relationship between ER and
mitochondria. The A. hydrophila-infected HKM were observed
under TEM at early (1 h) and late (24 h) stages of infection. We
visualised a change in the sub-cellular arrangement at early stages
of infection with the mitochondria in close apposition with ER. TEM
analysis at 24 h p.i., revealed electron dense mitochondria to be
docked onto the ER (Fig. 6a).To confirm the cross-talk between
the two organelles we performed co-localization studies using the
fluorescence probes, ER-tracker and mitotracker green. Our results
confirmed that mitochondria co-localizes with ER which was more
prominent in HKM collected at late stages of infection (Fig. 5c).

Figure 3 | NF-kB activation is pro-apoptotic in A. hydrophila-infected HKM. (a) HKM were infected with A. hydrophila and at indicated time p.i.

changes in total and phosphorylated NF-kB-p65 measured in lysates using EIA kits. No significant change in total NF-kB values were noted (P 5 0.9826/F

5 0.1785). However, phosphorylated NF-kB levels increased significantly at 16 h p.i. and beyond (*P 5 0.0028/F 5 9.157). (b) HKM were pre-treated

separately with NF-kBi, Apo, DPI and L-Nil and at 24 h p.i. changes in total and phosphorylated NF-kB-p65 measured in lysates using EIA kits. Statistical

significance was apparent in infected samples relative to uninfected HKM for phosphorylated NF-kB-p65 levels. Also pre-treatment with the inhibitors

separately significantly lowered phosphorylated NF-kB-p65 levels relative to infected sets (*, #P , 0.001/F 5 480.5). However, no significant change was

observed for total NF-kB-p65 levels in different groups (P 5 0.583/F 5 4.080). (c) HKM were pre-treated separately with NF-kBi, Apo and DPI and at

24 h p.i. nuclear translocation of phosphorylated NF-kB-p65 studied by immunofluorescence (3100). TRITC-conjugated secondary antibody used for

red fluorescence and nuclear staining was done with DAPI. The images are representative of three independent experiments. *P vs HKM; #P vs HKM 1 B.

Vertical bars represent mean 6 SE (n 5 6). HKM, uninfected control; HKM 1 B, HKM infected with A. hydrophila; HKM 1 Apo 1 B, HKM pre-treated

with Apo for 1 h before A. hydrophila-infection; HKM 1 DPI 1 B, HKM pre-treated with DPI for 2 h before A. hydrophila-infection; HKM 1 NF-kBi 1

B, HKM pre-treated with NF-kBi for 1 h before A. hydrophila-infection; HKM 1 L-Nil 1 B, HKM pre-treated with L-Nil for 1 h before A. hydrophila-

infection. NF-kBi, NF-kB activation inhibitor; Apo and DPI, NADPH Oxidase inhibitor; L-Nil, iNOS-specific inhibitor.
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We reasoned that movement towards ER led to increased inter-
action and key to mitochondrial-Ca21 uptake in infected HKM. To
prove that, HKM were pre-treated with actin polymerization inhib-
itor, cyt D29 and mitochondrial-movement and Ca21 uptake studied.
We observed that cyt D interrupted mitochondrial motility towards
ER and lowered mitochondrial-Ca21 levels (Fig. 5b, Fig. 5c and

Fig. 6a) implicating ER-mitochondria crosstalk critical in the patho-
genicity of A. hydrophila.

A. hydrophila-induced alterations in mitochondrial ultra-struc-
ture initiate HKM apoptosis. Altered mitochondrial architecture is
overture to apoptosis14. Ultra-structural analysis of A. hydrophila-

Figure 4 | NO-cGMP/PKG activates caspase-8 in A. hydrophila-infected HKM. (a) HKM were infected with A. hydrophila and NO release measured.

Statistically significant amount of NO was detected at all time points (*P , 0.001/F 5 399.8). (b) HKM were pre-treated separately with L-Nil, Apo, DPI

and NF-kBi and iNOS expression checked at 24 h p.i. (c) HKM were pre-treated separately with Apo, DPI, NF-kBi, L-Nil and LY83583 and at 24 h p.i.

NO release measured. Increase was significant in infected samples relative to uninfected HKM which significantly lowered following pre-incubation with

inhibitors (*, #P , 0.001/F 5 210.9). (d) HKM were pre-treated separately with LY83583, KT5823 and Z-IETD- and caspase-8 activity assayed 24 h p.i. 8-

Br-cGMP set was not infected. Increase was significant in infected samples relative to uninfected HKM which significantly lowered following pre-

incubation with inhibitors (*, #P , 0.001/F 5 98.45). (e) Representative western blot for Bid/t-Bid in lysates of HKM pre-treated with Z-IETD-FMK at

24 h p.i. b-actin served as the loading control. (f) HKM were pre-treated separately with LY83583, L-Nil and Z-IETD-FMK and cGMP release checked in

the cell lysates 24 h p.i. 8-Br-cGMP served as positive control. Increase was significant in infected samples relative to uninfected HKM which significantly

lowered following pre-incubation with inhibitors (*, #P , 0.001/F 5 47.37). *P vs HKM; #P vs HKM 1 B. Vertical bars represent mean 6 SE (n 5 6). The

image represents best of three replicates. HKM, uninfected control; HKM 1 B, HKM infected with A. hydrophila; HKM 1 Apo 1 B, HKM pre-treated

with Apo for 1 h before A. hydrophila-infection; HKM 1 DPI 1 B, HKM pre-treated with DPI for 2 h before A. hydrophila-infection; HKM 1 NF-kBi 1

B, HKM pre-treated with NF-kBi for 1 h before A. hydrophila-infection; HKM 1 L-Nil 1 B, HKM pre-treated with L-Nil for 1 h before A. hydrophila-

infection; HKM 1 LY83583 1 B, HKM pre-treated with LY83583 for 1 h before A. hydrophila-infection; HKM 1 Z-IETD-FMK 1 B, HKM pre-treated

with Z-IETD-FMK for 1 h before A. hydrophila-infection; HKM 1 KT5823 1 B, HKM pre-treated with KT5823 for 1 h before A. hydrophila-infection. L-

Nil, iNOS-specific inhibitor; Apo and DPI, NADPH Oxidase inhibitor; NF-kBi, NF-kB activation inhibitor; LY83583, cGMP inhibitor; 8-Br-cGMP, cell

permeable cGMP analogue; Z-IETD-FMK, caspase-8 inhibitor; KT5823, PKG inhibitor.
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Figure 5 | Ca21-uptake by mitochondria and its subsequent movement towards ER takes place in A. hydrophila-infected HKM. (a) HKM were infected

with A. hydrophila and at indicated time point p.i. mitochondrial-Ca21 uptake studied using Rhod-2/AM. (b) HKM were pre-treated separately with cyt

D, RR, Xes and Dant and at 1 h p.i. mitochondrial-Ca21 uptake studied using Rhod-2/AM. Mitotracker green is the mitochondrial marker. (c) HKM were

infected with A. hydrophila and at indicated time p.i., stained with ER tracker (blue), Mitotracker (green) and PI (Propidium iodide, nuclear staining). In

another set HKM were pre-treated with cyt D before A. hydrophila-infection and at 1 h p.i. ER, mitochondria and nuclear staining were done. The

immunofluorescence images are representative of three independent experiments (3100). HKM, uninfected control; HKM 1 B, HKM infected with A.

hydrophila; HKM 1 cyt D 1 B, HKM pre-treated with cyt D for 1 h before A. hydrophila-infection; HKM 1 RR 1 B, HKM pre-treated with RR for 1 h

before A. hydrophila-infection; HKM 1 Dant 1 B, HKM pre-treated with dantrolene for 1 h before A. hydrophila-infection; HKM 1 Xes 1 B, HKM pre-

treated with xestospongin C for 1 h before A. hydrophila-infection. Cyt D, actin polymerization inhibitor; RR, MUP inhibitor; Xes, IP3R inhibitor; Dant,

RyR inhibitor.
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infected HKM suggested prominent outlines of mitochondrial
cristae as early as 1 h p.i. (Fig. 6a). With the advent of time
mitochondria appeared aggregated, more electron-dense, elongated
and in direct physical contact around phagosome containing bacteria
(Fig. 6a and Supplementary Fig. 4). Besides, the infected HKM were
smaller in size, round with retracted pseudopodia and condensed
nucleus, characteristic of apoptosing cells.

To check whether [ER]Ca
21 depletion was inducing alteration in

mitochondrial structure and function, the HKM were pre-treated
with Xes and Dant or RR and observed under TEM at 24 h p.i. We
observed that Xes and Dant helped in retaining normal mitochon-
drial ultra-structure (Fig. 6b). We further noted RR pre-treatment
restored mitochondrial ultra-structure (Fig. 6b), confirming Ca21-
flux through MUP initiate ultra-structural changes in the organelle in
A. hydrophila-infected HKM.

Alterations in the mitochondrial ultra-structure lead to loss in
ym

30. The mitochondrial ultra-structural changes prompted us to
study this. The HKM were pre-treated with Xes, Dant or RR prior

to A. hydrophila-infection and the changes in ym studied using JC-1
at different time p.i. Our confocal microscopic results suggested time
dependent reduction of ym in infected HKM (Fig. 7a) which was
blocked in the presence of Xes, Dant and RR (Fig. 7b).
Mitochondrial-Ca21 overload and ym loss leads to MPTP opening
and release of cyt C into cytosol triggering mitochondria-dependent
apoptotic cascade31. Immunoblotting studies demonstrated cytosolic
cyt C release in A. hydrophila-infected HKM which was inhibited in
presence of CsA, the MPTP inhibitor (Fig. 7c). The ym loss was also
prevented in the presence of CsA (Fig. 7b). We concluded that
[ER]Ca

21-induced mitochondrial dysfunctioning is a key event in
A. hydrophila-induced HKM apoptosis.

Finally, to prove mitochondrial involvement, we studied caspase-9
activity and recorded significant caspase-9 activation in infected
HKM (Fig. 7d). The improved HKM survival (Supplementary Fig.
2) coupled with ameliorated caspase-9 activity in the presence of RR,
CsA or Z-LEHD-FMK (Fig. 7d) confirmed that altered mitochon-
drial dynamics due to [ER]Ca

21 depletion led to downstream activa-

Figure 6 | [ER]Ca
21 uptake alters the mitochondrial ultra-structure in A. hydrophila-infected HKM. (a) HKM were infected with A. hydrophila and at

indicated time point p.i. mitochondrial positioning with respect to ER studied using TEM. HKM were pre-treated with cyt D and at 1 h p.i. mitochondrial

positioning with respect to ER studied using TEM. (b) HKM were pre-treated separately with Dant 1 Xes and RR and mitochondrial ultra-structural

changes studied at 24 h p.i. using TEM. Elongated mitochondria were noted in infected HKM. Arrow indicates ER. Mitochondria, Pseudopodia, Nucleus,

Phagosome and Bacteria marked as M, P, N, Ph and B respectively. HKM, uninfected control; HKM 1 B, HKM infected with A. hydrophila; HKM 1 cyt D

1 B, HKM pre-treated with cyt D for 1 h before A. hydrophila-infection; HKM 1 Xes 1 Dant 1 B, HKM pre-treated together with Xes and Dant for 1 h

before A. hydrophila-infection; HKM 1 RR 1 B, HKM pre-treated with RR for 1 h before A. hydrophila-infection. Cyt D, actin polymerization

inhibitor; Xes, IP3R inhibitor; Dant, RyR inhibitor; RR, mitochondrial uniporter inhibitor.
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Figure 7 | Altered ym activates caspase-9 mediated HKM apoptosis. (a) HKM were infected with A. hydrophila and at indicated time p.i. Dym studied

using the JC-1 dye. (b) HKM were pre-treated separately with RR, Dant, Xes, CsA, and Z-ATAD-FMK and at 24 h p.i. Dym studied using the JC-1 dye by

confocal microscopy (340). Red images indicate the JC-1 aggregate, while green images indicate JC-1 monomers. Merged images indicate the co-

localization of JC-1 aggregates and monomers. (c) Representative western blot of cyt C release in the cytosol in lysates of HKM pre-treated with CsA at

24 h p.i. (d) HKM were pre-treated separately with Z-ATAD-FMK, Z-IETD-FMK, RR, CsA and Z-LEHD-FMK and caspase-9 activity assayed at 24 h p.i.

in the lysates. Increase was significant in infected samples relative to uninfected HKM which significantly lowered following pre-incubation with

inhibitors (*, #P , 0.001/F 5 93.65). (e) Representative western blot of PARP cleavage in lysates of HKM pre-treated with Ac-DEVD-CHO at 24 h p.i. b-

actin served as the loading control. The image represents the best of three replicates. *P vs HKM; #P vs HKM 1 B. Vertical bars represent mean 6 SE (n 5

6). HKM, uninfected control; HKM 1 B, HKM infected with A. hydrophila; HKM 1 Dant 1 B, HKM pre-treated with dantrolene for 1 h before A.

hydrophila-infection; HKM 1 Xes 1 B, HKM pre-treated with xestospongin C for 1 h before A. hydrophila-infection; HKM 1 RR 1 B, HKM pre-treated

with RR for 1 h before A. hydrophila-infection; HKM 1 Z-ATAD-FMK 1 B, HKM pre-treated with Z-ATAD-FMK for 1 h before A. hydrophila-

infection; HKM 1 CsA 1 B, HKM pre-treated with CsA for 1 h before A. hydrophila-infection; HKM 1 Z-IETD-FMK 1 B, HKM pre-treated with Z-

IETD-FMK for 1 h before A. hydrophila-infection; HKM 1 Z-LEHD-FMK 1 B, HKM pre-treated with Z-LEHD-FMK for 1 h before A. hydrophila-

infection; HKM 1 Ac-DEVD-CHO 1 B, HKM pre-treated with Ac-DEVD-CHO for 1 h before A. hydrophila-infection. RR, MUP inhibitor; Xes, IP3R

inhibitor; Dant, RyR inhibitor; CsA, MPTP inhibitor; Z-ATAD-FMK, caspase-12 inhibitor; Z-IETD-FMK, caspase-8 inhibitor; Z-LEHD-FMK, caspase-9

inhibitor; Ac-DEVD-CHO, caspase-3 inhibitor.
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tion of caspase-9 in A. hydrophila-infected HKM. In this connection
it is important to mention that pre-treatment with caspase-8 inhib-
itor, Z-IETD-FMK also inhibited caspase-9 activity in infected HKM.
This suggests cross-talk between the two caspase pathways initiated
by t-Bid13. The DNA repair enzyme, PARP is one of the substrates for
caspase-322. We noted PARP cleavage in infected HKM which was
prevented by caspase-3 inhibitor, Ac-DEVD-CHO (Fig. 7e), further
establishing PARP cleavage to be an essential requisite for A. hydro-
phila-induced HKM apoptosis.

Discussion
A. hydrophila-induced macrophage apoptosis is well estab-
lished3,4,32,33 although the molecular mechanism remains unknown.
The disruption in ER homeostasis in response to various stimuli with
pathological implications is reported in fish34. However, there are no
reports on the role of ER-stress in bacterial-pathogenicity including
A. hydrophila-infections in fish. Altered Ca21-homeostasis is primal
to ER-stress. After observing Ca21 and its dependent molecules crit-
ical for A. hydrophila-induced HKM apoptosis4,6 we questioned the
involvement of ER-stress in terms of CHOP-BiP-eIF2a-spree and
caspase-12 activation.

Elevated expression of CHOP-BiP and phosphorylation of eIF2a
were noted. In the absence of fish-specific antibodies we used mam-
malian antibodies as these proteins show considerable homology,
both at nucleotide and protein levels15. Among different ER-stress
sensors, CHOP plays pro-apoptotic role by modulating the death
domain receptor DR535. While eIF2a halts translation of new pro-
teins in ER and is implicated in apoptosis, BiP acts as pro-survival
factor under different stress conditions36. Earlier reports implicated
ER-stress and BiP expression to be critical in betanodavirus-induced
apoptosis in fish cells37. We wondered the elevated expression of the
three ER-stress markers have any correlation with A. hydrophila-
induced HKM apoptosis. Pre-treatment with the ER-stress inhibitor,
4-PBA inhibited the expression of BiP, CHOP and phospho-eIF2a,
restored the normal cyto-architecture (data not shown) and attenu-
ated apoptosis of infected HKM. It is widely perceived that the com-
plex interaction of ER-stress proteins regulates the balance between
cell death and survival38. We suggest that following infection, the
HKM up-regulate BiP for survival but the sustained increase in
CHOP and phospho-eIF2a skew the balance in favour of apoptosis.
This is the first report suggesting A. hydrophila actively induces a
UPR that compromises host response. Since, A. hydrophila displays
wide host specificity it would be interesting to see whether same
pathogenic mechanisms are employed across other host species.
Microbe-induced ER-stress and UPR has been reported in fish37

and mammals36,38–41. Our study not only extends these findings to
A. hydrophila but further suggests UPR to be an evolutionarily con-
served pathological mechanism.

Earlier studies suggested calpain activation downstream to ER-
stress42. We observed that 4-PBA attenuated calpain-2 activation in
the HKM. Activated calpain-2 is reported to proteolytically activate
caspase-1212. Importantly, the role of caspase-12 as marker of ER
stress-induced apoptosis has been well reported in rodents43. The
presence and functional significance of caspase-12 in fish has
recently been documented37. We observed caspase-12 activation to
be an obligatory step during A. hydrophila-induced HKM apoptosis
and calpain-2 playing a role in its activation. The results hence con-
firmed the ER-stress induced caspase-12 as a novel signalling mole-
cule in A. hydrophila pathogenesis.

An inevitable event in apoptosis is mitochondrial dysfunctioning
consequent to ER-stress44. The Rhod-2 results clearly indicated
mitochondrial-Ca21 uptake in A. hydrophila-infected HKM. Actin
filaments promote the transport of cellular organelles like mitochon-
dria29,45,46. Cytochalasin D causes focal aggregation of actin filaments
and congestion of cytoplasm causing physical interference with
microtubule-based transport and inhibition of mitochondrial move-

ment29. We thus used cyt D and our immunofluorescence and TEM
studies confirmed the docking of mitochondria and ER in infected
HKM which was prevented following cyt D pre-treatment. Besides,
cyt D pre-treatment also inhibited mitochondrial-Ca21 uptake
implicating mitochondrial motility to be essential for the process.
We suspected ER to be the source for mitochondrial-Ca21. Depletion
of [ER]Ca

21 occurs primarily through IP3R or RyR contributing to
apoptosis47. We observed that Xes and Dant inhibited ER-stress,
uptake of [ER]Ca

21 by mitochondria and abrogated apoptosis in
infected HKM. Ruthenium Red, an inhibitor of MUP that prevents
mitochondrial-Ca21 loading was introduced in the culture28. We
found that mitochondrial-Ca21 uptake was attenuated in the pres-
ence of RR, suggesting MUP-mediated Ca21 uptake inside the organ-
elle. From the results we presume that the docking onto ER promotes
more contact sites, ensuring efficient transfer of [ER]Ca

21 through
MUP leading to apoptotic pathology.

The sequestered Ca21 within mitochondria induces swelling, ym

dissipation and release of cyt C into cytosol through MPTP48. We
observed [ER]Ca

21-induced mitochondrial aggregation and ultra-
structural changes. We found that the inhibition of [ER]Ca

21 release
and its uptake by MUP restored HKM morphology. Altered mito-
chondrial-morphology is a marker of cell’s condition49. Mitochon-
drial elongation and aggregation was noted which was also observed
during M. tuberculosis-induced macrophage apoptosis50. In corrob-
oration to earlier findings, we presume from the TEM images that
changed mitochondrial structural dynamics accompanies HKM
apoptosis. We enquired the impact of mitochondrial-Ca21 uptake
and notedym dissipation. A. hydrophila-induced mitochondrial dys-
functioning leading to apoptosis has been reported. However, the
underlying molecular mechanisms remain largely unexplained.
There are reports suggesting A. hydrophila-induced apoptosis result-
ing from51 as well as independent of mitochondrial depolarization3.
We conclude that inhibiting [ER]Ca

21 release and its uptake by mito-
chondria prevents mitochondrial-structural-functional alterations
thus implying the ER-mitochondrial interactions in apoptosis of A.
hydrophila-infected HKM.

Activated caspase-12 induces ym dissipation, the step preceding
caspase-9 activation52. It was noted that shedding caspase-12 activa-
tion restored ym and caspase-9 activity. The results together suggest
that ER-stress induced calpain-2 activation followed by caspase-12
activation is critical in A. hydrophila-induced HKM pathology.

Our observations established the role of NADPH Oxidase-
mediated superoxide ion generation on A. hydrophila-induced
HKM apoptosis. Interestingly, the role of second messengers on
NADPH Oxidase activation in fish or in A. hydrophila-pathogenicity
was not reported. Hence, we sought to study the role of Ca21-path-
way on NADPH Oxidase activation in HKM. The decrease in super-
oxide ion levels in presence of BAPTA-AM for the first time
suggested Ca21-dependency of NADPH Oxidase (data not shown).
We reasoned that Ca21 was directly binding and inducing conforma-
tional changes necessary for enzyme activity or NADPH Oxidase
could be a substrate for Ca21-dependent proteases, like calpains.
Indeed, earlier reports suggested a cross-talk between superoxide
ion and calpain activation53,54. Our results clearly suggest the role
of calpain-2 on activating NADPH Oxidase mediated superoxide
ion generation in A. hydrophila-infected HKM. We also observed
that alleviating ER-stress by 4-PBA inhibited superoxide ion genera-
tion in the infected HKM (data not shown). We propose that ER-
stress is apical to calpain-2 induced superoxide ion generation in A.
hydrophila-infected HKM.

Coupled to superoxide ion generation is NF-kB activation23. We
used phospho-p65 as marker for NF-kB activity24 and results indi-
cated phosphorylation of p65 trans-activation domain on serine 536
and inhibiting p65 phosphorylation and its nuclear translocation
attenuated A. hydrophila-induced HKM apoptosis. Moreover, p65
phosphorylation and nuclear translocation was inhibited in the pres-
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ence of superoxide ion inhibitors thus specifying redox-mediated
pro-apoptotic NF-kB activation in our model. The results are in line
with earlier observations reporting pro-apoptotic involvement of
NF-kB in A. hydrophila-pathogenicity in mammalian system3. ER-
stress induces NF-kB activation but the mechanism remains yet to be
understood55. The observation that 4-PBA inhibits calpain-2-super-
oxide ion axis together with NF-kB activation being superoxide ion
mediated suggests calpain-2 as the link between ER-stress and NF-
kB activation in A. hydrophila-induced pathogenicity.

A modulatory role of superoxide ion on iNOS-induced NO pro-
duction has been reported with NF-kB as the key intermediate56. In
corroboration to this we noticed that inhibiting the superoxide ion-
NF-kB axis abolished iNOS activation and pro-apoptotic NO pro-
duction. The NO-induced apoptotic signal is principally conveyed by
cGMP/PKG pathway57 and is caspase-8 mediated. We noted that A.
hydrophila-infection was associated with cGMP production and the
amount of cGMP being released is comparable to those recorded
during other microbial infections58 suggesting that such an A. hydro-
phila-induced effect could also be important for the pathogenicity of
this bacterium. The inhibition of HKM apoptosis by cGMP-specific
inhibitor, LY83583 and its induction following addition of cell per-
meable cGMP analogue, 8-Br-cGMP proved cGMP to be pro-apop-
totic in this system. Alongside, we observed that PKG inhibitor,
KT5823 inhibited caspase-8 activation. Truncated-Bid formation
in infected HKM was observed and pre-treatment with the cas-
pase-8 inhibitor, Z-IETD-FMK inhibited Bid fragmentation.
Caspase-8 activity was also inhibited in presence of NO inhibitor,
L-Nil (data not shown); suggesting NO acts via cGMP/PKG pathway
to trigger caspase-8 activity in A. hydrophila-infected HKM.
Caspase-8 influences caspase-9 activation via t-Bid formation13.

We observed that Z-IETD-FMK attenuated caspase-9 and thereby
caspase-3 activation suggesting t-Bid-mediated crosstalk between
extrinsic and intrinsic apoptotic pathways in our model. Together,
our results established for the first time the hierarchy of caspase
activation culminating in PARP cleavage and apoptosis of A. hydro-
phila-infected fish macrophages.

This study provides new insight into A. hydrophila-pathogenicity.
We propose that A. hydrophila-induced ER-stress leads to calpain-2
mediated activation of caspase-12 and the production of superoxide
ion. The redox environment primed NF-kB-iNOS/NO axis initiating
cGMP/PKG mediated caspase-8 activation. Mitochondrial dysfunc-
tioning due to [ER]Ca

21 uptake activated caspase-9. The two initiator
caspases crosstalk via Bid prompting caspase-3 mediated PARP
cleavage and HKM apoptosis (Fig. 8). The ER-mitochondria cross-
talk and Ca21 playing a critical role by triggering several downstream
effector molecules with implications on apoptotic cascade could be
helpful in designing strategies to control A. hydrophila-infection and
can prove as an effective therapeutic candidate.

Methods
The chemicals were purchased from Sigma-Aldrich unless mentioned.

Isolation of HKM. All experiments were performed according to Animal Ethics
Committee [Government of India and University of Delhi (DU/ZOOL/IAEC-R/
2013/33)]. Catfish (Clarias batrachus) HK suspensions were enriched for phagocytes
by adherence following isolation using 34/51% percoll gradient and re-suspended in
RPMI-1640 (Gibco) supplemented with 25 mM HEPES, 10% FBS and 1% penicillin-
streptomycin (complete-RPMI)4.

Bacterial strain and infection studies. Aeromonas hydrophila (strain 500297) was
gift from Dr. T. Ramamurthy, NICED, India. The HKM were infected with A.
hydrophila obtained at late log phase (12 h) with MOI 1550 for 60 mins. The

Figure 8 | Overview of the work. ER-stress due to [ER]Ca
21 depletion activates calpain-2 in the HKM. Calpain-2 plays critical role on the death cascade by

activating caspase-12 and superoxide ion-NF-kB axis leading to the release of pro-apoptotic NO which in turn activates the cGMP/PKG pathway. cGMP/

PKG activates caspase-8 releasing t-Bid. The uptake of [ER]Ca
21 through MUP induces ultra-structural changes in the mitochondria and triggered

mitochondria-dependent or caspase-9 mediated apoptotic cascade. The crosstalk between caspase-8 and caspase-9 is instrumental to caspase-3 mediated

PARP cleavage and apoptosis of A. hydrophila-infected HKM.
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extracellular bacteria were removed by chloramphenicol (30 mg/mL) and the cells
maintained in complete-RPMI4.

Apoptosis study. The HKM were pre-treated with ER-stress alleviator (4-phenyl
butyrate, 4-PBA, 10 mM), NADPH Oxidase inhibitor-apocynin (Apo, 100 mM),
MPTP formation inhibitor-cyclosporin A (CsA, 5 mM, US Biological), RyR inhibitor-
Dantrolene (Dant, 20 mM), iNOS-specific inhibitor (L-Nil, 50 mM, Cayman), cGMP
inhibitor (LY83583, 20 mM), MUP inhibitor-Ruthenium Red (RR, 20 mM), NF-kB
activation inhibitor (NF-kBi, 10 nM, Calbiochem), PKG inhibitor (KT5823, 1 mM),
IP3R inhibitor-xestospongin C (Xes, 1 mM), Caspase-12 inhibitor (Z-ATAD-FMK,
10 mM, Biovision), Caspase-8 inhibitor (Z-IETD-FMK, 10 mM, Promega), Caspase-9
inhibitor (Z-LEHD-FMK, 10 mM, Calbiochem) for 1 h or flavoenzyme inhibitor-
Diphenyleneiodonium (DPI, 10 mM) for 2 h prior to A. hydrophila-infection and
apoptosis studied at 24 h p.i. using Hoechst 33342 (3.25 mM), AV-FITC-PI (BD-
Pharmingen) and caspase-3 assay (Promega). The HKM were stained with Hoechst
33342 or AV-FITC-PI and visualized under fluorescence microscope (Nikon Eclipse
400, 340)4. The caspase-3 assay was done following manufacturer’s instructions.
Briefly, HKM were collected, re-suspended in lysis buffer, plated with reaction buffer
and DEVD-pNA, incubated at 30uC for 5 h and absorbance read at 405 nm.

Superoxide ion and NO generation. The HKM were infected with A. hydrophila and
superoxide ion (O2

2) measured using nitroblue tetrazolium (NBT, 1.374 mM) at 0, 1, 2,
4, 8, 12, 16, 24 h p.i. In another set, HKM were pre-treated with Apo, DPI or calpain-2
inhibitor (calpain-2i, 50 mM), infected with A. hydrophila and O2

2 measured at 4 h p.i.
The HKM were infected with A. hydrophila and NO generation was measured in culture
supernatants at 6, 12, 18, 24 h p.i. using Griess’ reagent (Invitrogen-Molecular Probes).
In separate experiment, HKM were pre-treated with Apo, DPI, NF-kBi, LY83583, L-Nil
or KT5823 before A. hydrophila-infection and NO generation measured. The amount of
nitrite generated was calculated from the NaNO2 standard curve59.

Immunofluorescence studies. The HKM were collected at 1, 2, 4, 8, 16, 24 h p.i., fixed
in methanol/acetic acid (151, v/v) for 30 mins on ice, incubated with blocking and
permeabilizing solution (PBS, 2 mg/ml BSA, 0.2 mg/ml saponin). Cells were washed
and incubated with primary antibodies for total and phospho-eIF2a (rabbit, 15100,
Cell signalling Technology), BiP (rabbit, 15100, Cell signalling Technology) and CHOP
(mouse, 15100, Cell signalling Technology) separately overnight at 4uC. The HKM
were washed, incubated with TRITC or FITC-conjugated secondary antibody (15200)
for 1 h at room temperature (RT) and mounted on microslide with cover slips using
fluoroshield. The phospho-p65 (mouse, 15100, Cell signalling Technology) and iNOS
(mouse, 15250, Abcam) expression were studied similarly at 24 h p.i. Expression of
iNOS, BiP, CHOP, total and phospho-eIF2a were studied using confocal microscope
(340 oil immersion, 1.30 NA, Nikon Eclipse A1Rsi-TiE-300). The corrected total cell
fluorescence (CTCF) was analysed by Image J software. Nuclear translocation of
phopho-p65 was studied under fluorescence microscope (3100, Nikon Eclipse 400).
Nucleus was stained for 15 mins with DAPI (1 mg/ml) before mounting on microslide.

Enzyme immune assays. Assays were done as per manufacturer’s instruction. For
total and phospho-NF-kB activity (Cell signalling Technology), HKM obtained at
30 mins, 1, 4, 8, 16, 24, 36 h p.i. or pre-treated with Apo, DPI, NF-kBi, L-Nil before A.
hydrophila-infection were collected at 24 h p.i., and re-suspended in lysis buffer. The
lysates were added into the well of pre-coated microtitre plates, specific detection
antibodies added followed by washing and addition of HRP-linked secondary
antibody. TMB substrate was added, the reactions terminated and absorbance read at
450 nm. To measure cGMP (Biovision), HKM were pre-treated with LY83583, L-Nil
or Z-IETD-FMK before A. hydrophila-infection, collected at 24 h p.i., resuspended in
0.1 M HCl and plated. To each well, cGMP antibody was added followed by addition
of anti-cGMP-HRP conjugate and incubated at RT. After washing, HRP developer
was added, the reaction stopped by adding 1 M HCl and absorbance read at 450 nm.

Caspase- 8, -9, -12 assays. The assays are based on spectrophotometric detection of
the chromophore-pNA after cleavage from the labelled substrate LEHD-pNA
(caspase-9) and IETD-pNA (caspase-8) respectively and done as per manufacturer’s
instructions (Genescript). For caspase-8 assay, HKM were pre-treated with LY83583,
KT5823 or Z-IETD-FMK before A. hydrophila-infection. For caspase-9 assay, HKM
were pre-treated with Z-ATAD-FMK, Z-IETD-FMK, CsA, RR or Z-LEHD-FMK
before A. hydrophila-infection. The HKM were collected 24 h p.i., washed, re-
suspended in lysis buffer and plated with LEHD-pNA and IETD-pNA respectively.
The plates were incubated at 30uC for 5 h and absorbance read at 405 nm. For
caspase-12 assay (Biovision), 1 ml FITC-tagged ATAD-FMK was added to each well
and left for 30 mins at 30uC followed by washing in fluorescein wash buffer, mounted
and observed under confocal microscope (340).

Immunoblotting. The HKM were collected at 24 h p.i., lysed, equal amount of protein
separated by 10% SDS-PAGE and transferred onto PVDF membranes. Membranes
were blocked with 1% bovine serum albumin in Tris-buffered saline containing 0.10%
Tween-20 (TBST) for 1 h at RT and probed separately with rabbit polyclonal
antibodies against calpain-2 (15500, Abcam), Bid (151000) and PARP (151000) from
Cell Signalling Technology overnight at 4uC. Membranes were incubated for 3 h at RT
with AP-conjugated secondary antibody (151000, Santacruz). Protein loading was
normalized by anti-b-actin antibody (rabbit, 1510, 000, Santacruz) followed by
incubation with AP-conjugated secondary antibody. For p47phox, HKM were collected
4 h p.i., lysed in lysis buffer containing 0.25 M sucrose60, the cytosolic and membrane-

enriched fraction were separated, equal protein then subjected to 10% SDS-PAGE and
immunoblotting as mentioned earlier. The membrane fraction was probed with mouse
polyclonal antibody against p47phox (15100, Santacruz Biotechnology) and cytosolic
fraction was probed with anti-b-actin antibody.

Mitochondrial-Ca21 imaging. The HKM obtained at 30 mins, 1, 2 and 4 h p.i. or in
sets pre-treated with cyt D, RR, Dant, Xes before A. hydrophila-infection were
collected at 1 h p.i. Cells were washed and loaded simultaneously with Rhod-2/AM
and mitotracker green (Invitrogen-Molecular Probes, 50 nM), incubated at 30uC for
30 mins, again washed, mounted on microslide and observed under fluorescence
microscope (3100).

Mitochondrial membrane potential. The HKM obtained at 4, 8, 16, 24 h p.i. or in
sets pre-treated with RR, Dant, Xes, CsA, Z-ATAD-FMK before A. hydrophila-
infection were collected at 24 h p.i., washed with PBS and loaded with JC-1
(Invitrogen-Molecular Probes, 20 mM) at 30uC for 15 mins, followed by washing and
mounted on microslide. The images were acquired under confocal microscope (340).

Cytochrome C detection. Cytochrome C release was checked using assay kit as per
manufacturer’s instruction (Biovision). Briefly, HKM pre-treated with CsA before A.
hydrophila-infection was collected at 24 h p.i. in cytosolic extraction buffer. Cell pellet
was homogenized, centrifuged at 700 3 g for 10 mins at 4uC and the supernatant
centrifuged at 10, 000 3 g for 30 mins at 4uC. The supernatant obtained was collected
as cytosolic fraction. The presence of cyt C in cytosolic fraction was checked by
immunoblotting using mouse cyt C antibody (1 mg/mL) as mentioned earlier. Equal
loading was confirmed by b-actin.

Mitochondrial and ER network imaging. The HKM obtained at 1 and 24 h p.i. or in
set pre-treated with cyt D before A. hydrophila-infection were collected at 1 h p.i.
Cells were washed with PBS, loaded with ER-tracker and mitotracker green
(Invitrogen-Molecular Probes, 10 nM) for ER and mitochondrial imaging
respectively at 30uC for 15 mins and mounted on microslide. The images were
acquired under fluorescence microscope (3100).

TEM analysis. The HKM obtained at 1 and 24 h p.i. or in sets pre-treated with cyt D,
RR or Xes 1 Dant before A. hydrophila-infection were collected, washed in 0.1 M
phosphate buffer and incubated with 2.5% glutraldehyde at 4uC for 8 h. Unreacted
glutaraldehyde was removed by washing, resuspended in 1% OsO4, incubated for 2 h
and again washed. Dehydration was done in ethanol gradient followed by changes in
100% propylene oxide. Samples were embedded in Araldite resin (CY212) and blocks
polymerized at 60uC for 48 h. Ultra-thin sections (60–80 nm) were cut (Leica
Ultracut 6), stained with uranyl acetate (BDH)-lead citrate (Polaron) and grids
examined at 80 kV in TEM (FEI, Morgagni, 268D).

Statistical analysis. Mean 6 SE were calculated and statistical analysis was
performed by one way ANOVA followed by Newman-Keuls post hoc test.
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