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Abstract

Females of the %e shrimp Artemia franciscana produce either free-swimming nauplii via ovoviviparous pathway of repro-
duction or encysted embryos, known as cysts, via oviparous pathway, in which biological processes are arested. While previous
study has shown a crucial role of ATP-dependent molecular chaperone, heat shock protein 70 (Hsp70) in protecting
A. franciscana nauplii against various abiotic and abiotic stressors, the function oms protein in diapausing embryos and cyst
development, however, remains unknown. RNA interference (RNAi) was applied m this study to examine the role of Hsp70 in
cyst development and stress tolerance, with the latter performed by desiccation and freezing, a common method used for diapause
termination in Arfemia cysts. Hsp70 knockdown was apparent in cysts released from females that were injected with Hsp70
dsRNA. The loss of Hsp70 aftected neither the development nor morphology of the cysts. The time between fertilization and cyst
release from Artemia females injected with Hsp70 dsRNA was delayed slightly, but the differences were not significant when
compar the controls. However, the hatching percentage of cysts which lacks Hsp70 were reduced following desiccation and
freezing. Taken together, these results indicated that Hsp70 possibly plays a role in the stress tolerance but not in the development
of diapause-destined embryos of Arfemia. This research makes fundamental contributions to our understanding of the role
molecular chaperone Hsp70 plays in Artemia, an excellent model organism for diapause studies of the crustaceans.
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Introduction or extreme conditions, females release oviparous-developing

encysted embryos which enter diggmuse. Once diapause is

Brine shrimps Arfemia are termed as “extremophiles” due to
their ability to withsta
es (Chen etal. 2007).
emerge from the egg sac of Artemia temales, which then un-
dergo a series of molts before reaching adulthood (Liang and

wide range of environmental stress-
nder favorable conditions, live nauplii

MacRae 1999). Alternatively, in anticipation of unfavorable
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terminated, cysts hatch into nauplii 1f conditions are favorable
or they enter quiescence where they remain dormant until
co?ons suitable for development occur (King 2013).
1apause, a physiological state of developmental delay. is
characterized by dormancy, greatly reduced metabolic activi-
ty, and enhanced stress tolerance in organisms ranging from
crustaceans to mammals (Clegg 1997; Ptak et al. 2012).
Diapause ensures survival under adverse environmental con-
ditions. As one example, encysted embryos of A. franciscana
can withstand repeated heat, desiccation, freezing, and
thawing for years (Clegg 2007), with metabolic activity halted
during diapause (Clegg 2011). Hsps play significant roles dur-
ing diapause of many organisms, including Artemia. Hsps
have been documented to prevent protein damage and protect
against a wide range of environmental perturbations during
diapause. In the event of stress, more than one Hsp is induced,
likely because molecular chaperones like Hsps function to-
gether in networks (Haslbeck 2002). Hsp90, Hsp70, Hsp60,
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% small heat shock proteins (sHsps) are synthesized during
diapause (MacRae 2010) and they me -operate in protein
refolding after diapause termination. sHsps bind denatured
proteins through hydrophobic interactiggms and deliver them
usually via co-factors to Hsp70 which play an important role
in ATP-dependent protein refolding. Hsp90 interacts with
Hsp70, increasing protein folding efficiency, and both chap-
erones may sequester proteins in the absence of ATP. p26, an
abundant diapause sHsp, plays a major role in embryo devel-
opment, diapause maintenance, and stress tolerance in
Argppa cysts (King and MacRae 2012).

0 date, little is known about the function of Hsp70 during
diapause. It has l? shown that Hsp70 and several sHsps in
insects such as flesh . crassipalpis (Li et al. 2007),
Colorado potato beetle L. decemlineata (Yocum 200@ygsoli-
tary bee M mxmrdamﬂncum et al. 2005), silkworm B. mori
(Hwang et al. 2005), onion maggot D. antigua (Chen et al.
2006), and rice stem borer C. suppressalis (Sonoda et al.
2006) are induced prior to diapause, and the accumulation
persists throughout the event. The role of Hsp70 in the dia-
pause stage of Artemia was rarely addressed. In our previous
study, by using RNAi, Hsp70 was shown to be an essential
protein in boosting the tolerance of A. franciscana nauplii
against various abiotic and biotic stressors. The survival of
nauplii lacking Hsp70 was reduced approximately 41% by
heat stress and 34% upon Vibrio campbellii infection when
compared to control animals (Iryani et al. 2017). Knockdown
of Hsp70 with this method was shown to be transient, as the
protein which was initially undetected in nauplii stage was
expressed in juvenile and adult stages of Artemia. The
Hsp70-knockdown nauplii developed normally, with their
morphology similar to those accumulating normal amounts
of the protein (Iryani et al. 2020). Here, we continue this study
to unravel the function of Hsp70 in A. franciscana during
diapause with the aim to first demonstrate the presence of
Hsp70 in the cysts. Knockdown of Hsp70 was performed with
RNAI and the development, viability, and stress tolerance of
Artemia cysts lacking Hsp70 were investigated.

10
Materials and methods
Artemia culture

The cysts of A. franciscana (INVE Aquaculture, Belgium)
were hatched in seawater (30 mg/L salinity) under vigorous
aeration and constant illumination for 24 to 48 h. Nauplii were
collected with a 200-pm plankton net and subsequently trans-
ferred to a 120-L fiber glass culture tank. Nauplii were fed
daily with PKC Nutri+®, a formulated Artemia feed devel-
oped at Universiti Malaysia Terengganu (UMT) for use in
biomass production. Nauplii were grown to adult stage at
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28 °C under constant aeration. Adult Artemia collected after
28-day culture were used for microinjection.

Preparation of Hsp70 dsRNA

pRSET-C plasmid (Invitrogen, Burlington, ON., Canada) con-
taining Artemia Hsp70 ¢cDNA was extracted from the over-
night cultures of E. coli with a miniprep kit (PureLink™
Quick Plasmid Miniprep Kit, Invitrogen, USA). Forward
(5'-TA CGACTCACTATAGGGATTCTCAAAGAC
AAGC-3") and reverse (5-TAATAC GACTCACTATAGGG
CATAGAGCTTGGTAAT-3") primers, specific for Hsp70,
were used for cDNA amplification by PCR using
ImmoMix™ (Biolgen UK) at the manufacturer’s suggested
concentratio@)The PCR product was used as template to gen-
erate Hsp70 dsRNA using MEGA script® RNAI kit (micn
Applied Biosystems, USA) and green fluorescgiice protein
(GFP) dsRNA was used as control solutionw(gyani et al.
2017; Iryani et al. 2020).

Injection of A. franciscana females with dsRNA
and observation of embryo development

Adult A. franciscana females with unfertilized egg sacs were
chosen for microinjection. Artemia females destined to pro-
duce cysts possess a brown shell gland positioned in between
the two egg sacs (Liang and MacRae 1999). Females were
placed on cold agarose, and approximately 100 ng of Hsp70
dsRNA was injected into the egg sac with a micromanipulator
(InjectMan®, Eppendorf, Germany). Males were introduced
to females 24 h after injection. Mating pairs were fed daily
with microalgae Cin’oga vulgaris and females were moni-
tored for fertilization (Iryani et al. 2017; Iryani et al. 2020).
The time from fertilization to release of cysts from females
was determined.

Detection of Hsp70 mRNA and protein
in A. franciscana cysts

Cysts were incubated in filtered, autoclaved seawater at room
temperature for at least 10 days to determine if they hatched
and failed to enter diapause in the absence of Hsp70. Total
RNA from cysts was extracted with TRIsure™ reagent
(Bioline, UK) by following the manufacturer’s mstructions
with minor modification. Twenty cysts released from females
injected with either Hsp70 or GFP dsRNA were homogenized
in 100 pl of TRIsure. Twenty microliters of chloroform
added to the samples, vortex vigorously, and incubated for
2 min at room temperature. The mixture was centrifuged and
colorless aqueous phase was transferred to a new tube prior to
RNA isolation. Single-stranded cDNA was produced with
Tetro cDNA Synthesis Kit (Bioline, UK) and then amplified
by PCR and visualized in a Gel Doc.
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For detection of Hsp70 by SDS-PAGE and westem immu-
noblotting, proteins were extracted from 40 cysts as described
in the previous study with minor modification. Fifteen micro-
liters of each sample was applied per lane of 10% SDS gels
prior to electrophoresis and then blotted to PVDF membrane
(BioRadlmmun-Blot™ PVDF, USA) for antibody probing.
PVDF membrane was probed in monoclonal antibody that
recognize Hsp70 (SMC-164D) (StressMarg, Canada), follow-
ed by polyclonal HRP-conjugated goat anti-mouse IgG
(Bioreagent-SAB-100J) (Stressgen, Canada) prior to the de-
tection of antibody-reactive proteins (Iryani et al. 2020).

Phenotypic modification and metabolic activity
of cysts

Microscopic observation was employed to determine if cysts
released from females injected with Hsp70 dsRNA were mor-
phologically normal compared to the control cysts. Cyst di-
ameter was determined with Nikon Profile Projector V-12B
and Nikon Digital Counter SC-212. The experiment was done
3 times, each with 30 cysts.

Metabolic activity was evaluated by phenol red assay to
determine if cysts were viable upon release from females
(King 2013). Ten cysts, either with or without Hsp70, were
incubated immediately after release from females in 100 pl of
test solution consisting of seawater containing 0.03% phenol
red, 1000 U penicillin, and 100 pg/ml streptomycin sulfate
(pH 8.5) in 96-well plates. Other wells contained test solutions
with commercially produced cysts (INVE Aquaculture,
Belgium) killed by heating in a boiling water bath or test
solution only. Changes in test solution absorbance which in-
dicates metabolic activity were measured at 553 nm. The ex-
periment was done twice, each with three independent cyst
samples.

Assessment of cyst stress tolerance

Cysts collected from Artemia females injected with dsRNA
for Hsp70 or GFP were incubated in seawater for 10 days at
room temperature to allow diapause entry. For diapause ter-
mination, cysts were dried in a desiccator over Dryrite for
4 weeks and then frozen at — 20 °C for 8 weeks (King and
MacRae 2012). Cyst stress tolerance was determined by a
hatching assay, i.e., cysts were incubated in seawater at room
temperature for at least 10 days, during which nauplii were
counted and removed on a daily basis. Experiments were ter-
minated 5 days after last hatching was observed. The experi-
ment was done twice in triplicate, each with 30 cysts.

Statistical analysis

Significant di ces between treatments were determined

by performing one-way analysis of variance (ANOVA) at a

significance level ch.OS,ﬂdata were expressed as the mean
+ standard deviation of these measureggnts. All statistical
analyses were performed with software SPSS® version 20.0

for Windows®,

Results and discussion

RNAI1 was previously used to examine sHsps function in cyst
gess tolerance and embryo development in A. franciscana
Eng and MacRae 2012; King et al. 2014). These studies
indicated that various Hsps occur in Arfemia and their func-
tion may differ across different life stages of development. It is
therefore interesting to determine if Hsp70 has a functional
role in the cysts and early life stages of Artqgga. In this study,
we used RNAI to examine function of Hsp70 in
A. franciscana during diapause. Following injection of
Artemia females with Hsp70 dsRNA, two approaches were
used tgpgest for Hsp70 knockdown in cysts; the detection of
Hsp70 mRNA and protein by RT-PCR and Western immuno-
blotting. Electrophoresis of RT-PCR products yielded a band
in agarose gels stamed with ethidium bromide when mRNA
from cysts produced by Arfemia temales injected with control
solution was used for amplification. However, PCR product of
the cyst mRNA generated in females injected with Hsp70

RNA was greatly diminished (Fig. la). While
immunoprobing of Western blots revealed that Hsp70 oc-
curred in cysts released from females injected with GFP
dsRNA, the protein was undetectable in cysts from females
receiving Hsp70 dsRNA (Fig. 1b). These results proved that
the effectiveness of RNAI in knocking down a specific protein
in A. franciscana and the expression of Hsp70 were obscured
both at gene and protein level, findings similar as seen upon
injection of the A. franciscana with dsRNA for p26 (King and
MacRae 2012).

b W saval

1 2 3

Fig. 1 Knockdown of Hsp70 mRNA and protein in cy: RT-PCR
amplification of Hsp70 mRNA in A. franciscana cysts. PCR products
were resolved in 1.7% agarose gels by electrophoresis. b Western blot
containing Artemia protein extract probed with antibody specific to
Hsp70. Antibody reactive protein was detected by DAB reagent. 1,
markers; 2, cysts from females injected with GFP dsRNA; 3, cysts from
females njected with Hsp70 dsRNA
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Next, we determined whether reduced amounts of Hsp70
affect the development and morphology of diapause-destined
embryos. Twenty-four hours after injection, we transferred one
male to each female for mating and egg fertilization. The time
from fertilization to release of cysts was then recorded. Females
injected with GFP dsRNA required at least 5 days to release
cysts, while those that were injected with Hsp70 dsRNA re-
quired ximately 6 days, but the time difference was insig-
nificant when compared to the control (p > (.05). These similar
results indicated a minor or non-essential role for Hsp70 in the
development of A. franciscana cyst. In addition, an early find-
ing by us revealed that silencing an Hsp70 isoform, out of the
five known isoforms in A. franciscana (Junprung et al. 2019),
did not affect embryo development as the time to release of
nauplii from females was within the normal time frame
(Iryani et al. 2017). To compare, knockdown of p26 delayed
cysts release from A. franciscana females. p26 prevented pro-
tein aggregation during encystment, diapause, and quiescence
with the RNAI effect prolonged to four successive broods re-
leased from the same female (King and MacRae 2012). Also,
the loss of artemin, a sHsp, ncreased the time for complete
brood release in A. franciscana (King et al. 2014).

Having determined the time to post-fertilization liberation
of cysts, we then examined the cysts under a profile projector
to compare the morphology of cysts released from females
injected with Hsp70 dsRNA to the control cysts. Diameter
of cysts was also measured and displayed on a digital counter
attached to the projector. From our observation, cyst morphol-
ogy was similar in both treatments. They were spherical in
shape and brown in color, typical characteristics of Artemia
cysts. The average diameter of cysts was 0.25 +0.014 mm and
0.24 £0.015 mm, respectively, for cysts containing and lack-
ing Hsp70. These results showed that knockdown of Hsp70
had no appa ffect on the cyst morphology. Likewise,
knockdown of a J-domain protein, ArHsp40, and type
2 J-domain protein, ArHsp40-2, had no apparent effect on
brood size and time required to release cysts and nauplii in
A. franciscana (Rowarth and MacRae 2018).

To determine if cysts were viable upon release from fe-
males, we examined their metabolic activity by phenol red
assay. Groups of ten cysts containing Hsp70, cysts lacking
Hsp70, and commercial cysts killed by heating were incubat-
ed in seawater containing 0.03% phenol red for 24 h. We
found that cysts containing or lacking Hsp70 produced similar
color changes in the test solution, indicating that they were
metabolically active and thus considered as alive. Color
changes of phenol red were due to acidification of the test
solution by carbon dioxide released from cysts.

In the last experiment, we investigated cyst tolerance
against stress associated with diapause termination. Diapause
was terminated in laboratory produced cysts by 4 weeks of
desiccation followed by 8 weeks at — 20 °C, procedures re-
quired to break diapause and served as stressors. Following
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desiccation and freezing, 71% of cysts containing Hsp70 sur-
vived whereas for cysts with reduced amounts of Hsp70, 50%
survived as indicated by hatching (Fig. 2). The result demon-
strated that Hsp70 knockdown decreased cyst tolerance
against stress related to diapause termination (p < (.05). The
hatching percentage obtained was higher than those with their
Hsp40 reduced by RNAi. Approximately 20 and 40% of cysts
hatched, respectively, upon ArHsp40 and ArHsp40-2 knock-
down (Rowarth and MacRae 2018). In another case, only 5 to
6% of cysts hatched upon p26 and group 1 LEA protein
knockdown ung®r the same experimental condition as used
in this study &ng and MacRae 2012; Toxopeus et al.
2014). The significant reduction in hatching upon Hsp70
knockdown could be due to several factors. Hsp70 binds sub-
strate proteins in the absence of ATP to reduce the occwrrence
of non-functional protein formation (King and MacRae 2015)
and suppressing Hsp70 expression may disrupt the normal
cellular function during diapause termination. It is reported
that during stress, ArHsp40 and ArHsp40-2 deliver substrates
to Hsp70, providing protection against desiccation, heat, and
oxidation (Rowarth and MacRae 2018). Hsp70 may be a part
of Hspl10-Hsp70-Hsp40 protein disaggregation system
(Kityk et al. 2018), and with cooperation of sHsp p26, they
protect partially denatured proteins from irreversible denatur-
ation (King and MacRae 2012). These molecular chaperones
function together as they promote protein folding to rescue
damaged proteins during stress. In this case, cysts without
Hsp70 may not function as efficiently as when the protein is
present and therefore experience reduced survival upon dia-
pause termination.

It is also possible that Hsp70 knockdown reduces the abil-
ity of Artemia to withstand freezing, as part of the process
coupled with desiccation to break diapause. In fact, numerous
studies revealed that Hsp70 are required for protection of crus-
taceans and insects against cold stress. For example,

wn

o

o
—i

Hatching (%)
&
=]

300

200

100

0.0

GFP Hsp70

Fig. 2 Cysts lacking of Hsp70 exhibited reduced stress tolerance.
Artemia cysts either containing or lacking Hsp70 were exposed to
desiccation and freezing to terminate diapause. Cysts then rehydrated in
seawater at room temperature and monitored for hatching. The bars in the
graph represent hatching percentages a error bars represent the
corresponding SD from three replicates. Asterisks denote statistically
significant differences between treatments with (P < 0.05)
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suppressing the synthesis of Hsp70 g the Flesh fly,
S. crassipalpis reduced cold tolerance during overwintering
pupal diapause (Rinehart et al. 2007). In another example,
injection of PaHsp70 dsRNA reduced adult Linden bug,
P. apterus tolerance to cold stress with severe obstruction to
the repair of chilling injuries (Kostdl and Tollarova-
Borovanska 2009). How Hsp70 protects Arfemia and these
insects against cold tolerance and/or freezing remained un-
known and in this context, it is of great importance to deter-
mine the mechanistic action(s) involved in low temperatures
adaptation and the functional role(s) this Hsp family plays
during diapause.

Regardless of the outcomes, this study represents the first
to reveal the effect of H knockdown on the development,
morphology, and stress tolerance in cysts of the brine shrimp
Artemia. The role of cysts Hsp70 may not be as major as those
observed with sHsps but information generated from this
study provided a clear indication that Hsp70 occurs in cysts
and that they confer stress tolerance during diapause. Findings
herein are novel and fundamentally important for further in-
vestigation on the role of Hsp70 during the diapause of
Artemia, and perhaps other crustacean species.
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