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Emerging, infectious diseases in shrimp like acute hepat@ncreatic necrosis disease
(AHPND) caused byVibrio parahaemolyticusand mortality caused by otheibriospecies

such as Vibrio harveyiare worldwide related to huge economic losses in industrial
shrimp production. As a strategy to prevent disease outbreks, a plant-based phenolic

compound could be used as a biocontrol agent. Here, using thebrine shrimp Artemia

franciscang as a model system, we showed that phloroglucinol treatmendf the parental

animals at early life stages resulted in transgenerationiaherited increased resistance in
their progeny against biotic stress, i.e., bacteriay, parahaemolyticusAHPND strain and

V. harvey) and abiotic stress, i.e., lethal heat shock. Increased réstance was recorded

in three subsequent generations. Innate immune-related gee expression pro les and

potential epigenetic mechanisms were studied to discoverhte underlying protective

mechanisms. Our results showed that phloroglucinol treatmnt of the brine shrimp

parents signi cantly P < 0.05) enhanced the expression of a core set of innate immune
genes OSCAM, proPO, PXN, HSP90, HSP70, and LGBP) in subsequent generations.
We also demonstrated that epigenetic mechanisms such as DNAnethylation, m6A

RNA methylation, and histone acetylation and methylationative chromatin marker

i.e., H3K4Me3, H3K4mel, H3K27mel, H3 hyperacetylation, HR14ac and repression

marker, i.e., H3K27me3, H4 hypoacetylation) might play a te in regulation of gene
expression leading toward the observed transgenerationahheritance of the resistant
brine shrimp progenies. To our knowledge, this is the rst rport on transgenerational

inheritance of a compound-induced robust protected phenoype in brine shrimp,

particularly protected against AHPND caused byV. parahaemolyticusand vibriosis

caused by V. harveyi Results showed that epigenetic reprogramming is likely telay

a role in the underlying mechanism.
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INTRODUCTION exposed to the factor/insult itselfi{). Brine shrimp Artemia
franciscanpacan be maintained under axenic conditions, which
Vibriosis caused byvibrio parahaemolyticusnfects various allows the control of host-associated microbial commuersti
shrimp species and causes acute hepatopancreatic necrogigll-established vibrio infection models as well as abidtiess
disease (AHPND), initially named early mortality syndromemodels are availablel, 16). In addition, the Artemia genome
(EMS). V. harveyiis another pathogen from the Vibrionaceae sequence shares high homology with the genomes of other
family that causes substantial mortality by vibriosis anccrustaceansi(?). Thus, there is a reasonable chance that results
economic loss in shrimp aquaculturé)( Thus, both infections  on administration of immunostimulants in axenic brine ship
a ect animal welfare and are economically devastating to th@an be extrapo|ated to other crustaceans.
shrimp industry @). Shrimp production in aected regions  The brine shrimp is also a particularly appropriate model
has dropped to 60%, with up to 100% mortality and led to organism to study transgenerational epigenetic inheriea(iG-
tremendous glObal losses estimated at more than $1 billion pgo) Apart from being an established axenic host_pathogen
year @, 4). To prevent vibriosis, in particular AHPND/EMS, model, brine shrimp are relatively small, they have a very
many conventional approaches such as the use of antibiotighort generation cycle, and hence are easy to handle in animal
and disinfectants have been applied but had very little ssccesand laboratory facilities 1. In addition, depending on the
Antibiotics can no longer be used as feed additives for pré@en  environmental conditions (favorable or unfavorable), hslcan
of infectious diseases,(5). Therefore, there is an urgent need to yse two independent reproduction pathways, which allows the
develop innovative disease preventive methods that also supp@roduction of either encysted gastrula-stage embryos, calle
sustainable shrimp aquaculture. “cysts” (dormant eggs) by oviparous reproduction or swimming
The epigenetic processes that involve transgenerationglrvae, called “nauplii” by ovoviviparous reproductiohd (the
transfer of phenotypic traits without modifying the gene jife cycle of brine shrimp is explained Figure SJ. Cysts can be
sequence information have drawn attention of evolutionarystored in the fridge for a couple of years, and after termingti
biologists and health scientists and could provide importanthe diapause, cysts of dierent generations can be hatched
tools, complementary to, e.g., selection for increasedadese simultaneously, permitting to perform a common garden
resistance ). The term “epigenetics” literally means “above” experiment, avoiding or minimizing environmental in uense
or “on top of” genetics, and this can be de ned as “the study Exposure to non-lethal heat shock (NLHS) of shrifapnaeus
of changes in gene expression/function that are mitoticallyannamei21), green mussé®erna viridig22), and brine shrimp
and/or meiotically heritable and that do not entail a charige A franciscan23) induced the expression of heat shock proteins
DNA sequence” {, 8). Epigenetic changes involve chromatin (Hsp70 and Hsp90) and subsequently activated the innate
remOdeling, e.g., DNA methylation, histone modi Cations,immune System (e_g_’ proPO System Renaeus Vannan)ei
and RNA-based epigenetic regulatory control, i.e., nongdi resulting in enhanced disease resistance agsibsio infections
RNAs (ncRNA) such as microRNAs, small RNAs, and lonqy. parahaemolyticyd/. alginolyticusandV. campbellj. NLHS
RNAs (IncRNAs) and RNA methylation9( 10). Currently, has been successfully used in parthenogenetic brine shrimp fo
it is well-known that epigenetic programming during the jnducing transgenerational inherited resistance agaiitziasis
early life stage not only can aect the organism directly(17). Thus, exposure to NLHS might be a promising strategy
in subsequent life stages but also can transmit traits Vigor protecting animals and their progenies against vibriosis
the germline to subsequent generations in a non-mendelia@nd possibly other infections. However, its practical application
fashion (L1, 12). Additionally, epigenetics reprogramming can jn industrial shrimp farming is cumbersome. In addition,
be used to train the immune system by pre-exposing them t@emperature shifts are often detrimental and can negatiaeiyt
various stimuli, and it could serve as a promising approactphysiological and immunological balance to the culturechaalis
ensuring enhanced immune response and disease resistance#a). Therefore, the administration of heat shock protein (HSP)
cultured animals. The approach mainly focuses on treating th;yducing compounds as an alternative to NLHS exposure has
parental generation with biotic or abiotic environmentalestsors  peen proposedi@, 25, 26). Plant-based phenolic compounds,
resulting in the production of larvae with elevated enviroemtal  known for their antioxidant/pro-oxidant activities, migie used
tness and disease resistance phenotypes. Therefore, ep@engor this purpose as they can positively a ect the immune response
programming might be an innovative broodstock managemengnd survival of the host24, 27). Kumar et al. {6) showed
method, complementary to selective breeding (3. For that the plant derived polyphenolic compound phloroglucinol
true transgenerational inheritance, the changes in phemdty might be used as a potential biocontrol agent as it increased
or memory must pass on at least beyond the F2 generatiofe resistance against parahaemolyticudHPND infection in
hence, F3 will be the rst true generation that did not getgnotobiotic brine shrimp larvae as well as in freshwaterrsipri
(Macrobrachium rosenbergliarvae by inducing endogenous heat
Abbreviations: F0, Parental generation; F1, First lial generation; F2, Seciid ~ Shock protein 70 (Hsp70).
generation; F3, Third lial generation; CFO, Control parental gatien; CF1, In this study, using brine shrimp as an animal model,
antrql rst lial ggneration; CF2, Control second lial ggneraﬂl; CF3, Control we investigated whether phloroglucinol exposure of the
third lial generation; TFO, Treatment parental generation; TF1, &treent rst . . .. .
lial generation; TF2, Treatment second lial generation; TF3, dtreent third pargntal generation .at early ,“fe stages could elicit a dlse.ase_
lial generation; 7d, 7th day; 16d, 16th day; DAH, Day after hing; CGT, resistant phenotype in the animals as well as transgenerational
Common Garden Test; V. parahaemolyticus/h, V. harveyi. inheritance of the acquired disease-resistant phenotype.tblere

Frontiers in Immunology | www.frontiersin.org 2 November 2019 | Volume 10 | Article 2745


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Roy et al. Transgenerational Epigenetic Resistance in Brine Shrimp

the brine shrimp parental population (TFO) was exposed taelated to culturing the animals). Animals were cultured in 35
phloroglucinol (2mM) until day after hatching (DAH) 16. g/L sterilized arti cial seawater (2&, continuous aeration and
Phloroglucinol exposure of the parental generation couldiicel ~ constant illumination with a light intensity of 2fmol/m?/s).
and transmit a disease-resistant phenotype in three subséqueDuring the entire culture period, all animals were daily libitum
unexposed generations. Subsequent generations were mdeel with live green algaeTétraselmis suecican the treated
resistant against biotic (bacterial challenge) and abi@igthal population, the parental brine shrimp (TFO) were treated with
heat shock) stressors. Underlying molecular and epigenetghloroglucinol (2mM), starting from DAH1 after hatching until
mechanisms of the observed transgenerational inheritand@AH16. For this purpose, every 3rd day, water was exchanged,
were examined by studying the expression of innate immuneadding fresh phloroglucinol (8M). Treatment was stopped at
related genes, measuring global DNA (5-mC) methylationPAH16, to ensure that the uterus, which normally develops by 3
RNA (m6A) methylation, and histone modications. To weeks and carries the cysts/embryos, was not directly exposed
the best of our knowledge, this is the rst description of the compound. In the control population, parental shrimp (CFO)
transgenerational inheritance of compound-induced roloess, were cultured in the absence of phloroglucinol and maintdine
resulting in protection against both biotic (AHPND strain under the same culture and water exchange conditions.

V. parahaemolyticusand V. harvey) and abiotic stressors

(thermal stress). Production and Collection of Progeny
Adult females of the FO generation (after 30 days post-hagghin
MATERIALS AND METHODS from both control and treatment groups produced larvae (F1
. ] generation). All F1 larvae were further cultured to matytiinder
Culture of Experimental Animals controlled environmental conditions as previously explaing2

Brine shrimp @A. franciscanp cysts (dormant embryos) larvae were collected from adult F1 brine shrimp. The expenime
originating from the Great Salt Lake in Utah (USA) (EGype, continued till the F3 generationFigure 1). F1, F2, and F3
batch 21452, INVE Aquaculture, Dendermonde, Belgium) weréarvae were never exposed to phloroglucinol and later used for
used for production of the parental generation (F@xtemia a bacterial challenge assay.

cysts were hatched in axenic conditions. Briey, 29 Af Under non-optimal environmental conditions (such as high
franciscanecysts were hydrated in 89 ml of distilled water for salinity or low oxygen), brine shrimpArtemia) switches from an
1h. Sterile larvae were obtained via decapsulation using I3.3 mvoviviparous to an oviparous mode of reproduction. Hence, to
of NaOH (32%) and 50 ml of NaOCI (50%), providing #a  induce the production of F1, F2, and F3 cysts, the adult FO, F1,
ltered aeration. Decapsulation was stopped after 2min byand F2 animals in both the control and treatment group were
adding 50 ml of Na$03 at 10 g/L followed by washing the cysts cultured by adding autoclaved arti cial seawater with guatly
with ltered autoclaved seawater (FASW) containing 35 gfL oincreasing the salinity from 35 to 80 g/L over a 2-week period
instant ocean synthetic sea salt (Aquarium Systems, Samgpb  (Figure 1). The generated F1, F2, and F3 cysts were remained in
France). The decapsulated cysts, suspended in 1-L glassshottliapause and were not hatched at that point in time. To termgnat
containing FASW, were incubated for hatching at @8with  the diapause, cysts were conditioned by incubating them @ th
constant illumination of approximately 2fE/m? s. After 28 h 20 C freezer for 1 month followed by incubation at@ for

of incubation, hatched larvae at developmental stage instar another 2 monthsZ8). One day after hatching, larvae were used
(mouth was opened to ingest food) were collected and used fan the common garden experiment.

the experiments.

_ Bacterial Strains and Growth Conditions
Phloroglucinol Treatment of the Parental Two pathogenic strains from th&ibrio clade were used: (i)
(FO) Generation V. parahaemolyticu$AHPND strain M0904 29) and (i) the
Phloroglucinol  (Sigma-Aldrich, Belgium), a polyphenol Vibrio harveyistrain BB120 (ATCC BAA-11163(). The M0904
derivative organic plant-derived compound, was dissolved istrain originated from the Collection of Aquatic Important
sterile distilled water at 0.4 g/L (3.17 mM). Before startthg  Microorganism (CAIM) at the A.C. Mazatlan unit of Aquaculture
current experiments, we had tested the protective e ect o{Mazatlan, Sinaloa, Mexico) and was identi ed as an AHPND
phloroglucinol in brine shrimp larvae who were continuously strain using an AP3 primer-based PCRdure S5. Bacteria were
exposed to di erent doses (0.25 to @) of phloroglucinol and  cultured on Luria Bertani agar plates as previously descr{Bed
subsequently infected with'. parahaemolyticustrain M0904. and 40% glycerol stocks were stored &0 C until used. For
A dose of 2nM resulted in a signi cant protection against the challenge assays, bacterial strains were culturechigher
mortality as compared to untreated controls. in Marine Broth 2216 (Difco Laboratories, Detroit, Ml. USA)

The transgenerational experimerfigure 1) was performed at 28 C under constant agitation (100 mirl). Bacterial cell
as previously described &20). To collect enough larvae and density was measured spectrophotometrically at 550 nm, ¢ggkin
cyst samples for the whole transgenerational experiment and the McFarland standard into account, assuming that an optical
be able to perform all the subsequent analysis the parentaédalon density of 1.0 corresponds to 1.2 10° cells/ml. Sterile LVS3
population and phloroglucinol-treated population (a total of (Aeromonas hydrophijavere used as brine shrimp feed during
2,500 animals/population; animals were distributed in fotl 2 the bacterial challenge assay. An LVS3 stock culture wasnetpa
glass bottles/population for practical reasons, e.g., eagjlihg, as previously describe@(), and the 24-h-old LVS3 culture was
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assays assays assays

FIGURE 1 | Schematic representation of the experimental setup. For tntransgenerational experiment, a total of 2,500 brine shrip animals in the control and treated
population were used. In the treated population, the parentebrine shrimp (TF0) were treated with phloroglucinol (@), starting from DAH1 after hatching until
DAH16. In the control population, parental shrimp (CFO) wenmaintained under the same culture and water exchange condiins, but in the absence of phloroglucinol.
Adult parental females (CFO and TFO0) produced next-generian CF1 and TF1 larvae and, under suboptimal conditions, CFand TF1 cysts. Adult females CF1 and
TF1 produced CF2 and TF2 larvae and, under suboptimal condédns, CF2 and TF2 cysts. Subsequently, adult females CF2 an@iF2 produced CF3 and TF3 larvae
and, under suboptimal conditions, CF3 and TF3 cysts. The F1F2, and F3 larvae and cysts were never exposed to phloroglueol. F1, F2, and F3 larvae from treated
and untreated parents were subsequently used foW. parahaemolyticusand V. harveyichallenge assays monitoring survival from 12 h until 60 h posnfection. For the
common garden experiment, all cysts were hatched simultaneusly. Then, age- and size-synchronized axenic 1-day old e shrimp larvae were used for: (V.
parahaemolyticusand V. harveyichallenge assays (7 replicates at the challenge level wittDlarvae/group) and (ii) a thermal tolerance assay (5 repltes at the
challenge level with 20 larvae/group). In addition, for eachrgup, 3 replicates at the challenge level with 100 one-day dllarvae before and after challenge (6 and 12h
post infection) and 3 replicates of 5 juveniles (16 days oldyere sampled for (iii) gene expression analysis, (iv) DNA thglation assays, (v) RNA methylation assays,

and (vi) histone modi cation assays. Finally, FI, F2, and F3ibe shrimp adults (7 pairs) were examined for reproductivegsformance, namely, the production of cysts
and nauplii.

autoclaved (12@C for 20 min), washed in autoclaved arti cial larvae from phloroglucinol-treated parents were maintained in

seawater, and used at approximately ¢6élls/ml. glass tubes containing 10 ml of 35 g/L sterile arti cial satex
and fed with autoclaved LVS3A( hydrophilg. During the
Bacterial Challenge Assay survival assay, the glass tubes with experimentally irdewtiae

One-day-old brine shrimp larvae from F1 to F3, at eachshrimp larvae from both the control and treatment group were
generation from both phloroglucinol treated and non-treéite placed randomly in a rotor and maintained at 6 rotations per
parents, were experimentally infected (immersion’, O©FU/ml) ~ minute (rpm). The rotor was placed in the climatized challenge
with V. parahaemolyticu§M0904) or V. harveyi(BB120) as room where the temperature was constantly maintained aC28
previously describedl, 24). For each experimental infection at and 2000 lux permanent illumination was present. The survival
F1to F3, seven replicates (at the challenge level) of 2Gl&iva  of the brine shrimp larvae was scored from 12 h post infection
non-treated parents and 7 replicates (at the challenge lef¥@)  onwards till 60 h post infection.
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Common Garden Experiment the regression line is related to the ampli cation e ciency&’)
CF1 to CF3 cysts and TF1 to TF3 cysts originating from nonwas calculated for each genefbl bl ™™ where b is the base
treated and treated parents, respectively, were used for ttodéthe logarithm.

common garden experimentlg, 31). All cysts were hatched

simultaneously in axenic conditions for producing age- aizés

synchronized larvae as previously descrild&i).(For each group, Quantitative Real-Time PCR (RT—qPCR)

7 replicates (at the challenge level) of 10 one-day-old &were Analysis

experimentally infected (ZCcells/ml) with V. parahaemolyticus . f 10 . lated h hock
(M0904 or V. harveyi(BB120) and monitored for survival from Expressions of 10 target immune-related genes, heat shoc

12 to 48h post infection. Also, for each group, 5 replicate?rOtem 70 (hsp70),_ heat shock protein 9(.) (hsp90), dov_vn
(at the challenge level) of 20 one-day-old larvae were exipos yndrome cell adhesion molecule (DSCAM), lipopolysaccharide

to abiotic stress, namely, lethal heat shock (15 min at 42.5 and b-1,3-g|ucan-b?r_1ding protein - (Lgbp), prophenolc_)xida_se
and monitored for survival every 3h post exposure from o(proPO), high mobility group box 1 (HMGB1), peroxinectin

to 12 h post exposure. During the survival assay as previous éN)’ lsuperémde dllsmut_ase (202?; traznsglutamlnase ld
described, the glass tubes were placed randomly in a rotor asel), and transglutaminase 2 (TGase2), were measure

rpm) and placed in the climatized challenge room (temperatur y RT-qPCliR Withlp_air of specic primersT(akl)_IedSih _using
28 C and illumination 2000 lux). In addition, from each group, StepOnePlus Real-time PCR systems (Applied Biosystems).

three replicates (at the challenge level) of 100 one-dayaolée EF-1a and GAPDH, which were previously identi ed as most

were sampled for (i) gene expression analyses, (i) exam'rnatic?tably exprestc,ed.reference genes in brine shrimp were used for
of DNA methylation, (iii) examination of RNA methylation, gPCR normalization¥3). The Ct values from the two reference

and (iv) studying histone modi cations. The later analysesrev genes, elongation factor-1alpha (EF-1a) and glyceraldehyde

always performed on larvae sampled before and after chalIeng(a[’h%phate dehydrogenase (GAPDH), were subjected to

(6 and 12 h post infection). Also, 100 remaining 1-day-olciee  9€0mean and used as the internal control. The ampli catiors wa
from each group were allowed to grow out to juveniles. Atperformed in a total volume of 2@, containing 10m of 2X

the age of 16 days, for each group, 3 replicates of 5 juvenil%a)(irna SYBR Green/ROX qPCR Master Mix (Thermo Fisher

were sampled for (i) gene expression analyses, (ii) exammaticf(;ien;' ©). i‘m of C,DNA, (50 n'?/l)’ iof puclease free V\:ja;er, ind
of DNA methylation, (iii) examination of RNA methylation, of each speci ¢ primer. Master mix was prepared for three

and (iv) studying histone modi cations. Sampled larvae anopiological replicates and two technical replicates for eacrpsam
juveniles were frozen in liquid nitrogen and stored &0 C until RT-qPCR for target and reference genes was performed with a

analyses. The remaining 40 juveniles per group (F1-F3) Weﬁgur-step ampli cation protocol: initial denaturation (10 mi

grown to adults and 7 adult pairs were examined for reprodutctio gt 9(:5 %)0 40 Cg&I:eS Ol;asnapli catigw andlquanti cation (15533 at
performance (production of cysts and nauplii). 5C, 30s at » an S at 7Z), melting curve (55~

with a heating rate of 0.1€/s and a continuous uorescence

RNA Extraction and cDNA Synthesis measurement), and cooling (€). Negative control reaction

Total RNA was extracted from brine shrimp samples (larvad/as included for each primer set by omitting template cDNA.
and juveniles) in triplicate (three biological replicates ket The comparative CT method (2! “ method) following Livak

challenge level) with Qiagen RNeasy Plus Mini Kit (Cat Noand Schmittgen 34) was u;ed to analyze the expression level
74136). In each replicate, 100 larvae and 5 juveniles were us¥ the target genes and veri ed by Pfa relative standard ver

for RNA extraction. The quality and quantity of RNA isolates Meéthod 89). The log-transformed 2 ©T values were subjected
were checked on NanoDrop spectrophotometer (ThermoFishdf analysis oft-test, and thep-values smaller than 0.05 were
Scienti ¢, Belgium) and RNA samples withosdAzgo ratios considered statl_stlcglly signi cant. For th.e mtgrpreta’u of

>2.0 andAzed/Azo ratios > 1.5 used for the analysis. ReversereS“|t5- the relatlve. immune gene expression with 'at !easﬁ
transcription was done from Img of total RNA samples at 1% Iev_el of signi cance and 2.0 at 5% level of signi cance
with the RevertAid H Minus First Strand cDNA Synthesis Was considered. The heatmap was generated using heatmapper
Kit (Thermo Fisher Scientic, Belgium) according to the ©nline tool http:/heatmapper.ca/.

manufacturer's guidelines.

Standard Curve Preparation for Primer DNA Extraction

Speci city and Ampli cation Ef ciency Genomic DNA was extracted from cysts (100 cysts/replicate),
For each set of gene speci ¢ primers, the e ciency and specy cit larvae (100 larvae/replicate), and juveniles (5 juvergfdicate)
were veri ed via melting curve analysis and standard cuwas of FO, F1, F2, and F3 generations of brine shrimp in triplisate
prepared. Briey, after PCR ampli cation, the ampli ed PCR using the Qiagen DNeasy Blood & Tissue Kit (Cat No. 69504)
product was cloned into the plasmid pGEMT vector and thenaccording to the manufacturer guidelines. The quality and
sequenced to con rm the qPCR primers of all genes. Dilutionquantity of puried DNA were checked using the NanoDrop
series (1:10) of all the cloned plasmid were prepared, and spectrophotometer (ThermoFisher Scientic, Belgium). DNA
standard curve was drawn by plotting the Ct (threshold cyclesamples withA2s0/ Azgoratios between 1.8 and 2.0 aAdso/A23o
values against the logarithm of the dilution factors. Thepsl of  ratios> 2.0 were used for further analysis.
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Global DNA and RNA Methylation (until no clumps left in solution) and incubated overnight in
Global DNA methylation was determined by using the0.4N HCI on a rotor at 4C to promote the lysis of nuclei
MethylFlash Global DNA Methylation (5-mC) ELISA and solubilization of histones. The extract was centritlige
Easy Kit (Colorimetric) (P-1030, Epigentek, USA). Thel6,000 gfor 10 min, and then the supernatant was transferred
methylated fraction of DNA was quantied using 5- to a new protein LoBind Eppendorf tube. Next, trichloroacetic
methylcytosine (5-mC)-specic antibodies and the amountacid (TCA) (Sigma-Aldrich) was added (drop by drop) to the
of methylated DNA is proportional to the optical density supernatant, and the tubes were mixed for several times intil
(OD) measured at an absorbance of 450nm in an ELISAurns to a milky solution and afterwards incubated on ice for
microplate spectrophotometer (Tecan In nite M200 Microplate 2h to promote the precipitation of histones. The precipitated
Reader). In brief, a standard curve was generated Hyistones were centrifuged at 16,000y for 10 min and pelleted
plotting the OD values of the positive control (PC) athistone was washed twice with ice-cold acetone to remove the
each percentage point in de ned dilutions, and slope ofTCA. Finally, histone pellet was air dried and resuspended
the standard curve was calculated. From all samples, i.én, nuclease-free water. Histone concentration was deteechi
brine shrimp cysts, larvae and juveniles of FO, F1, FZpllowing the Bradford method using bovine serum albumin
and F3 generations, 100 ng DNA was used for analys@s standard 40) and subsequently the histone quality was
in triplicates. checked in 4-20% SDS-PAGE gel using calf thymus histone as
According to the manufacturer's guidelines, the followingcontrol (Figure S7.
formula was used to calculate the percentage of methylate®l DN
(5-mC) in the total DNA: . .
5-mC%D (Sample OD — NC OD)/(Slope §  100%, Histone H3 and H4 Total Acetylation and
whereSis the amount of input sample DNA (100 ng), OD is the Multiple Modi cations by ELISA
optical density at 450 nm, and NC stands for the negative adntr Histone H3 and H4 total acetylation were analyzed from
Genomic DNA methylation levels were expressed as 5-mC%. 7- to 16-day brine shrimp parental generation and three
N6-methyladenosine (m6A) in RNA was measured usingsubsequent F1, F2, F3 generations (cysts and juveniles).
the EpiQuick m6A RNA Methylation Quantication Kit Briey, 1 mg of histone samples both from control and
(colorimetric) (P-9005, Epigentek, USA) following thetreatment brine shrimp was used to examine the H3 and
manufacturers instructions and also previous studi€¥-( H4 total acetylation in an ELISA-based format using Histone
39. In brief, a standard curve was prepared by the PCH3 Total Acetylation Detection Fast Kit (ab131561, abcam,
(provided by the kit) at six dierent concentrations from UK) and Histone H4 Total Acetylation Detection Fast Kit
0.01 to 0.5 ngh. Total RNA was extracted (using Qiagen (ab131562, abcam, UK), respectively, in triplicate followthney
RNeasy Plus Mini Kit as above) from all the brine shrimpmanufacturer's instructions.
control and treatment sample cysts (100 cysts/replicateyatar Next, the histone H3 and H4 multiple modi cations in
(100 larvaelreplicate), and juveniles (5 juveniles/repdica brine shrimp cysts of F1, F2, and F3 generation from both
and 3 biological replicates used for analysis. Total RNA (20@eatment and control were screened using EpiQUildistone
ng) from brine shrimp samples (treatment and control) H3 Modi cation Multiplex Assay Kit (P-3100, Epigentek, USA)
and negative control (provided by kit) were added to theand EpiQuikK™ Histone H4 Modi cation Multiplex Assay Kit
strip wells. m6A was measured using capture and detectiofiP-3102, Epigentek, USA) according to the manufacturers
antibodies following the manufacturer's instructions. €rh instructions. In brief, 200 ng of histone extracts (two loigical
detected signal was enhanced and m6A content was quanti eeplicates) was used to determine the histone H3 and
colorimetrically by reading the OD value in ELISA microplateH4 modi cation at specic sites by a capture antibody
spectrophotometer at a wavelength of 450 nm (Tecan In nitethat was coated in strip wells that targets the appropriate
M200 Microplate Reader). The percentage of m6A on totahistone modi cation pattern and detected with a detection
RNA was calculated using the following formula provided byantibody. Colorimetric data were obtained from Tecan In ait
the manufacturer: M200 Microplate Reader and OD values were measured
m6A (ng) D (Sample OD — NC OD)/Slope and m6A @ at 450nm wavelength and 655nm as reference wavelength
m6A Amount (ng)/S  100%. In this equation, NC stands for for background subtraction. H3 and H4 modi cations were
negative control, PC stands for positive control, @mpresents calculated following the manufacturer's instructions, whalso

the amount of input RNA: 200 ng. accounts for total histone protein amounts, and the nal
_ _ values for each modication were presented as percentage
Histone Extraction over control.

Total histone was extracted from brine shrimp controls and H3 or H4 Modi cation or total H3 or H4 (ng/mg protein) D
treated cysts (3 replicates with 100 cysts/replicate), la(@ae (sample OD—blank OD) S 1000/(Assay Control OD — Blank
replicates with 100 larvae/replicate), and juveniles (3 raf@ie OD) P, whereSis the amount of input sample protein in ng and
with 5 juveniles/replicate). Brie y, the brine shrimp samples., Pis the amount of input assay control in ng.

cysts (after decapsulation), larvae, and juveniles werdedas H3 or H4 Modication % D Amount of H3 or H4
twice with PBS in 1.5ml of protein LoBind Eppendorf tube modi cation (ng/mg protein)/Amount of total H3 or H4 (ngig
at 1,000 g for 5min. Next, the samples were homogenizedprotein) 100%.
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Relative Change % H3 or H4 modi cation % in treated to determine signi cant di erences between the control and

sample/H3 or H4 modi cation % in control sample 100%. treatment group. For each time point, least signi cant di el@n
) _ (LSD) values were generated at dierept levels. Survival
Protein Extraction di erences between the control and treatment at each time

Stored ( 80 C) parenteral brine shrimp (7 and 16 days old, point were tested for the signi cance based on LSD at di erent
10 individuals) were homogenized in cold buer K (150 mM p levels. Results for the gene expressions were represented as
sorbitol, 70mM potassium gluconate, 5mM MgCI5mM  fold-changes relative to the geometrical mean of two in&krn
NaH,PO4, and 40 mM HEPES, pH 7.4) supplemented with acontrol genes (EF-la and GAPDH). The expression level in
protease inhibitor cocktail (Sigma-Aldrich, USA). Afterwlar the control was regarded as 1.0 and thereby the expression
samples were centrifuged (2,200g for 1 min at 4 C) and the ratio of the treatments was expressed in relation to the aaintr
protein concentrations in the supernatants were measurethey t Analysis for signi cant di erences in expression levels betn
Bradford method {0) using a bovine serum albumin (Carl Roth, the control and treatment groups was performed with the single

Germany) as a standard curve. tailed Studentd-tests using log-transformed data, and a two-
] way analysis of variance (ANOVA) was also performed for the
Western Blotting interaction analysis using the Statistical Package for th@aBo

For Hsp70 analysis, protein extracts from the parents (7 an&ciences (SPSS) 19.0 (IBM, Armonk, NY, USA). Signicant
16 days old) were combined with loading bu er, vortexed,di erences between the control and the treatment group for®N
heated for 5min at 95C, and then electrophoresed in 10% and m6A RNA methylation, total histone H3 and H4 acetylation,
SDS-PAGE gel (BioRad, Belgium) with each lane receivingnd histone multiplex modi cations at each generation were
equivalent amounts of protein (5g). Protein extracted from determined by the Studentstest using SPSS version 20.0 (IBM,
a suspension of heat-shocked Hela cells (Enzo Life SciencAsmonk, NY, USA). The signi cance level was sePat 0.05.

USA) (6 ng) served as positive control. Separated proteins

were transferred to a polyvinylidene uoride membrane (BaaR

Immuno-BlotTM PVDF) for antibody probing. Membranes RESULTS

were incubated with blocking bu er [S0ml of 1 phosphate- = Phloroglucinol Treatment of Parental Brine
bu ered saline containing 0.2% (v/v) Tween 20 and 5% (W/V)Shrimp Increased the Resistance of Their

bovine serum albumin] at room temperature for 60 min. All f h b d
antibody dilutions were made in Tris-saline and all waststgps - rogeny for Three Subsequent Unexpose

were performed using Tris—saline bu er. For Hsp70 analysisGenerations
membranes were incubated with a mouse monoclonal antiAgainst Bacterial Infection With V. parahaemolyticus
Hsp70 antibody (3A3) (1/5000, overnight; A nity BioReagents or V. harveyi
Inc.,, Golden, CO) and horseradish peroxidase-conjugateBuring a previously performed dose response experiment,
donkey anti-mouse IgG (1/2500, 2 h; A nity BioReagents Inc.,it was veried that a continuous exposure of gnotobiotic
Golden, CO). brine shrimp to 2mM phloroglucinol could confer protection
For histone analysis, Bg of total histone extracts from againstV. parahaemolyticusiduced mortality (79% increase
F1, F2, and F3 cysts were electrophoresed on a 4-20% Shf-survival as compared to untreated shrimp}igure 2).
PAGE gel (BioRad, Belgium); histone calf thymus (Rocheé\ext, we examined if the protective eect induced by
10223565001) (2g) served as a positive control. Separategbhloroglucinol could be passed on to the next brine shrimp
proteins were transferred to a polyvinylidene uoride membea generations. For this purpose, an experiment was conducted
(BioRad Immuno-BlotTM PVDF) for antibody probing using (i) in which only the parental generation of brine shrimp
rabbit anti-histone H3 trimethyl K4 immunoglobulin (1/1@Q) (FO) was treated (TFO0) with phloroglucinol @V), and
overnight; ab8580) in combination with goat anti-rabbiGgH then, unexposed brine shrimp larvae of the subsequent
C L) (1/1500, 2 h; ab205718), (ii) rabbit anti-histone H3 teéthyl  generations (F1, F2, and F3, produced ovoviviparously), were
K9 immunoglobulin (1/1000, overnight; ab8898) in combioat  experimentally infected witlv. parahaemolyticus10904 orV.
with goat anti-rabbit 1IgG (HC L) (1/1500, 2 h; ab205718), harveyiBB120.
and (iii) a mouse monoclonal antibody against histone H3 TF1 brine shrimp whose parents (TFO) were exposed
trimethyl K27 (1/1000, overnight; ab6002) in combinatioittw to phloroglucinol showed signi cant higher survival rates
goat anti-mouse IgG (HC L) (1/1500, 2h; ab205719). The following challenge test withV. parahaemolyticusor V.
membranes were then incubated with clarity Western EClharveyi as compared to their respective (CF1) controls
substrate (chemiluminescence reagent) (BioRad Labdesfor (Figures 3A,Bi). Interestingly, increased resistance toward
for 5min and the signals were detected by a ChemiDoc MR/. parahaemolyticusor V. harveyiinduced mortality was also

imaging system (BioRad, Belgium). The relative signahisitg  transmitted to TF2 and TF3 brine shrimpFigures 3Ai,iii, B

was quanti ed using Bio-Rad Image lab 4.1 software. ii,ii). These ndings were conrmed and validated during
o _ a common garden experiment under gnotobiotic conditions
Statistical Analysis to minimize environmental inuence Figures 3G-iii,Di—

Survival data were analyzed by logistic regression analgsig iii). Therefore, age- and size-synchronized larvae were ,used
GensStat 16 (VSN International, Hemel Hempstead, UK) softwareshich were obtained by hatching the oviparous produced
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FIGURE 2 | Dose response data on survival of 1-day-old axenic brine shmp larvae after continuous exposure to different concenations of phloroglucinol.
Phloroglucinol treatment of axenic brine shrimp larvae ptected them signi cantly against a subsequentV. parahaemolyticusM0904 challenge (10 cells/ml). Survival
percentages of phloroglucinol-treated brine shrimp lan@48 h post infection are presented. Phloroglucinol untread larvae that were either challenged witlv.
parahaemolyticus(positive control) or unchallenged (negative control) sexd as controls. Error bars represent the standard deviatio (n D 5). Different letters indicate
signi cant differences @ < .001).

brine shrimp cysts (which were collected from the FO-FZheir respective controls (CF1 to CF3yigures S4A-Q. Thus,
animals from both control and treatment groups) under phloroglucinol treatment of the parental generation had no
axenic conditions, allowing to challenge gnotobiotic F3—F in uence on reproduction during three subsequent generasio
larvae with bacteria beiny. parahaemolyticusr V. harveyi

Together, our results showed that phloroglucinol treatment Transcription of Innate Immune-Related
parental brine shrimp (FO) at an early life stage increased th enes in F1-F3 Brine Shrimp

resistance of their progeny for three subsequent unexpos . . - . NN . .
generations (F1, F2, and F3) against a bacterial infectioneexam'ned if resistance against biotighfio spp. infections)

with V. parahaemolyticusr Vibrio harveyiat the end of the or”ab|tot(;c f(lethe}lque?t ?thO;k) strests_or in the axenic tngupl'ltlh
monitoring period. collected from (o} generations was associated wi

altered immune-related gene expression during the common
garden experiment. Newly hatched larvae from both control
Against Lethal Heat Shock and treatment groups of F1-F3 generations were sampled.
Western blotting was used to measure Hsp70 protein productiolRemaining animals from both control and treatment groups
in brine shrimp from parents (TFO; on the 7th and 16th DAH), (F1-F3) were cultured under conventional control conditio
which were treated by continuous exposure to phloroglucinolvithout any challenge or treatment and were sampled at the
(2mM). Exposure to phloroglucinol signicantly increased juvenile (16 days old) life stagd-igures 4A,B. To evaluate
Hsp70 production ( 2-fold) on DAH16 as compared to the the response to the infection and to understand the possible
control (CFO) Figure SJ. Next, resistance against lethal heattransgenerational immune priming e ects of the compound,
shock (42.5C for 15min) was examined for brine shrimp the same innate immune-related genes were examined in F1
animals during a common garden experiment by simultaneouslyo F3 larvae at 6 and 12 h post infectioRigures 5A,B. This
hatching the cysts of F1, F2, and F3. TF1 to TF3 animals aksult also provided some information on the possible di eresic
displayed a signi cantly higher thermotolerance as compdred in reaction of brine shrimp innate immunity against di erent
CF1 to CF3 controlsKigures S3a—x Our ndings indicate that pathogensin the presence and absence of the compound-induced
phloroglucinol treatment of parental brine shrimp at earlyelif immune priming.
stages induced transgenerational inherited thermotoleeaat In the phloroglucinol-treated, non-challenged TF1 to TF2
the end of the monitoring period. larvae and juveniles, mRNA levels for the pattern recognition
Animals originating from phloroglucinol-treated parents receptor down syndrome cell adhesion molecidSCAM were
(TFO) su ered no reproduction cost or changes in reproductivesigni cantly upregulated (2.07- and 2.31-fold rise in TFHalr2
behavior. There were no signi cant di erence® & 0.05) in  juveniles and 2.11- and 1.89-fold rise in TF1 and TF2 laraae)
total o spring production (cysts and nauplii) by TF1 to TF3 compared to animals of CF1to CF2, whereas mRNA levels for the
generations in comparison to total o spring production by lipopolysaccharide and beta-1,3-glucan binding protéiGBP
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FIGURE 3 | Phloroglucinol treatment of parental brine shrimp increasl the resistance of their progeny for three subsequent gemations against a bacterial infection
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FIGURE 3 | subsequent generations TF1, TF2, and TF3 were kept unexposkto phloroglucinol. The parental generation control popalion (CFO) as well as three
subsequent generations CF1, CF2, and CF3 were not treated Wi phloroglucinol (seeFigure 1 for detailed explanations). F1, F2, and F3 larvae from trezd and
untreated parents were subsequently used for vibrio (10cells/ml) challenge trials scoring the survival from 12 uh80 h post challenge withVibrio parahaemolyticus
(AHPND strain MO904)A) or Vibrio harveyi(strain BB120)(B). During the subsequent common garden experiment, age- and ige-synchronized 1-day-old larvae were
used for vibrio (10 cells/ml) challenge trials scoring the survival from 12 uh#8 h post challenge withVibrio parahaemolyticust AHPND strain M0904Y)C) or Vibrio
harveyi(strain BB120)(D). Error bars represent the standard deviationn(D 7) and stars represent the signi cant difference over time atach time point (P < 0.05, **P
< 0.01, **P < 0.001, **P < 0.0001, ****P < 0.00001) between the treatment groups and the control group.

were signi cantly downregulated (0.6 fold decline in juveniles bacterial challenge, we determined global DNA methylation
and 0.1foldinlarvae)Figures 4A,B. Transcriptlevels for the levels (5-mC % to total DNA) in the parental generation and
peroxinectin gene were signi cantly upregulated in TF1 (2.12subsequent generation (TF1-TF3) animals. The global DNA
fold rise) and TF2 larvae (1.8-fold rise). However, in juveniles, methylation level was measured in (i) the parental genenatio
peroxinectimRNA levels were only signi cantly upregulated in TFO and CFO both at DAH7 and at DAH16, (ii) TF1 to TF3
TF1 (2.9-fold rise) and downregulated in TF2 (0.59-foldldey) and CF1 to CF3 cysts, (iii) TF1 to TF3 and CF1 to CF3
and TF3 (0.72-fold decline) animals. Superoxide dismutaseveniles, and (iv) larvae 12 h post challengegarahaemolyticus
(SOD mRNA levels were signicantly upregulated in TF1or V. harvey) (Figure7). At DAH16, the DNA methylation
juveniles (2.2-fold rise) and Heat shock protein 9GSP9) level in the treated parental generation (TFO) was signitban
mRNA levels were signi cantly upregulated in TF1 (1.58-higher thanthe non-treated parental controls (CFBigure 7A).
fold rise) and TF2 (2-fold rise) juveniles, but in larvaegeth Interestingly, a signi cant higher DNA methylation level -(5
relative expression was1.5, wherea$iSP70was signi cantly mC%) was observed in TF1 and TF2 brine shrimp cysts as
upregulated (1.67-fold rise) only in the TF1 larvae. Morepvercompared to their respective controls, whereas this was no
there were no signi cant changes in the expressioMGB1,  longer the case in the TF3 brine shrimpigure 7B). Further,
ProPQ TGase | and TGase lleither in TF1 to TF3 larvae we investigated whether global DNA methylation found in
or juveniles. These results of “phloroglucinol treated, nonthe dormant embryos (cysts) was also present in juveniles
challenged” gene expression pro le suggest thatimmune receptand if methylation was related to pathogen exposure. Results
DSCAM LGBR and peroxinectinwvere di erentially induced in  showed that the DNA methylation level in the juveniles was
TF1 to TF3 generation of brine shrimp. signi cantly higher in TF1 as compared to CFFigure 70).
Some immune-related genes of phloroglucinol-treated andNA methylation in the brine shrimp larvae at 12h post
challenged (AHPND strairV. parahaemolyticusr V. harvey)  exposure withV. parahaemolyticu®r V. harveyi showed a
brine shrimp larvae were upregulated in a time-dependensimilar pattern, revealing a signi cant di erence (increasa
manner Figures 5A,B. DSCAMwas signi cantly upregulated 5-mC% for TF1 animals compared to their respective controls.
in TF1 and TF2 larvae challenged with parahaemolyticys The 5-mC% was statistically the same between TF2 and CF2
and LGBPwas signi cantly upregulated in TF1 and TF2 larvaeand between TF3 and CF¥igures 7D,B. DNA methylation
challenged withv/. harveyiRegardless of the vibrio species usedlevels following phloroglucinol treatment might play a role in
the expression dProPOand PXN was signi cantly upregulated the inheritance of the bacteria-resistant phenotype. However
in TF1 and TF2 larvae at 6 h post infectioBO0 HSP70and regardless of whether DNA levels were increased or decreased
HSP90only showed signi cantly elevated expression levels iMF1 to TF3 all had higher vibrio resistance properties. Thus, we
TF1-TF2 larvae challenged witf. parahaemolyticusThese could not nd a link between DNA methylation levels and higher
results indicate thaVibrio exposure had a stimulatory e ect and disease resistance.
signi cantly modulates the expression of innate immuneated

genes in TF1-TF3 brine shrimp animals. Global Changes of mBA

The results are also summarized in a heatm&mre 6). . L
Overall, the results showed that the transcription pro le of(N6 methyladenosine) RNA Methylation in

innate immune-related genes was dierentially expressefr1—F3 B_rine Shrimp Whose Par_ental
in TF1 to TF3 brine shrimp animals, and it further Generation (FO) Was Treated With
supports the idea that phloroglucinol might be involved in Phloroglucinol

inducing  transgenerational-inherited robust phenotype inTo gain more insights related to phenotypic observation

brine shrimps. of  phloroglucinol-induced  transgenerational  inherited
increased resistance, next we aimed to identify the m6A

Global Changes in DNA Methylation (ﬁ@-metfjlyr:adeng:ing')\lARNAthmletthylatlion IIevel in the b::iing
) Y _ . . shrimp. The m methylation level was measured in
(5-mC%) in F1 F_?’ Brine Shrimp Whose . (i) the parental generations TFO and CFO both at DAH7 and
Parental Generation (FO) Was Treated With at DAH16, (i) TF1 to TF3 and CF1 to CF3 cysts, (iii) TF1
Phloroglucinol to TF3 and CF1 to CF3 juveniles, and in (iv) larvae 12 h post

To examine the underlying mechanism of phloroglucinol-challenge Y. parahaemolyticusr V. harveyj (Figure 8). At
induced transgenerational-inherited increased resistaagainst DAH7, m6A RNA methylation levels were statistically the same
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FIGURE 4 | Continued

for TFO and CFO. However, on DAH16, the RNA of TFO showedvas signi cantly lower in TF1 cysts as compared to CF1.
a signi cantly lower m6A methylation level as compared toOn the other hand, the m6A RNA methylation levels were
that of CFO Figure 8A). The m6A RNA methylation level signicantly higher in TF2 and TF3 cysts as compared to
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FIGURE 4 | During the common garden experiment, age and size synchroréd one-day old larvae originating from phloroglucinol teted and non-treated parents
were used. To assess the immune gene expression pro le of norirfected animals, transcription of immune-related genesiiF1, F2, and F3 larvagA) and F1, F2, and
F3 juveniles(B) was studied. Error bars represent the standard deviatiom(D 3) and signi cant differences between the treatment and conbl groups at each
respective generation are indicated by < 0.05, **p < 0.01, ***P < 0.001.

their respective controls CF2 and CF8idure 8B). In TF1 in TF2 juveniles as compared to CF2 juveniles, and (iii)
juveniles, the m6A RNA methylation level was (i) signi cantl statistically the same for TF3 and CF3 juvenil&g(re 80).
lower in TF1 as compared to CF1, (ii) signicantly higher The m6A RNA methylation level in brine shrimp larvae 12h
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FIGURE 5 | Continued

post infection withV. parahaemolyticuer V. harveyirevealed increase in m6A RNA methylation level in TF2 and TF3 larvae
the following: (i) a signi cantly lower m6A RNA methylation as compared to their respective controlgures 8D,B. RNA
level in TF1 larvae compared to CF1, and (ii) a signi cant(m6A) methylation levels following phloroglucinol treatmte
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FIGURE 5 | During the common garden experiment, age and size synchroréd 1-day old larvae originating from phloroglucinol treatl and non-treated parents were
infected with Vibrio parahaemolyticust AHPND strain M0904) oVibrio harveyi(strain BB120). To assess the immune gene expression pro lefanfected animals
originating from treated or non-treated parents, transcption of immune-related genes in F1, F2, and F3 larvae infeetl with Vibrio parahaemolyticus(A) or Vibrio
harveyi(B) was studied at 6 and 12 h post infection. Error bars representhe standard deviation ( D 3) and signi cant differences between the treatment and conbl
groups at each respective generation are indicated bypr< 0.05, **p < 0.01.

might play a role in the inheritance of the bacteria-resistanall had higherVibrio resistance properties. Thus, we could not
phenotype. However, regardless of whether RNA (m6A)nd a link between RNA (m6A) methylation levels and higher
methylation levels were increased or decreased, TF1 to THEB®ease resistance.
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FIGURE 6 | Heatmap showing transcription levels for innate immune-tated genes analyzed in three subsequent brine shrimp genations F1, F2, and F3 originating
from phloroglucinol-treated parents. Results for non-icted larvae and juveniles and for larvae infected witl. parahaemolyticusor V. harveyiare presented. Gene
upregulation in TF1 to TF3 as compared to CF1 to CF3 is visuaéd in red and gene downregulation upregulation in TF1 to TF& compared to CF1 to CF3 in green.
An asterisk * represents a signi cant difference between théreatment and control groups at each respective generatiorf*? < 0.05, **P < 0.01, ***P < 0.001).

Acetylation of Total Histone H3 and H4 examined for the TF1 to TF3 and CF1 to CF3 cysts. Increased
Followed by Modulation of Multiple H3 and methylation was observed for H3K4 and H3K27 and increased
H4 Epigenetic Modi cations in F1-F3 Brine acetylation for H3K14 and H3K56. Speci cally, the H3K4mel,

. . H3K4me2, H3K4me3, H3K27mel, H3K1l4ac, and H3K56ac
Shrimp Whose Parental Generation (TFO0) contents were signi cantly higher for TF1 vs. CF1 cysts.

Was Treated With Phloroglucinol For TF2 vs. CF2 cysts, H3K4me3, H3K27mel, H3K27me2,
We further studied the histone modications (global and H3K27me3, H3Kl4ac, and H3K56ac were signi cantly
specic) to test whether histone modications have alsohigher. Data for TF3 vs. CF3 were statistically the same
any role in phloroglucinol-induced observed phenotype of(Figure 90. In case of histone H4 protein modi cations,
transgenerational inherited increased resistance inéosirimp.  H4K20m2 was signi cantly lower in TF1-TF3 cysts; H4K5ac,
At DAH7, total histone H3 acetylation levels in TFO parentsH4K8ac, H4K16ac, H4K20ml1, and H4SerlP contents
and CFO controls were statistically the same. However, afere signicantly lower in the TF1 to TF2 cysts while
DAH16, the total histone H3 acetylation level was signi 8gn H4K20m3 was signi cantly lower in TF1 cysts. Moreover,
higher in phloroglucinol-treated TFO parents as compared tahe H4R3m2s and H4K12ac contents were statistically the same
CFO controls. Total histone H3 acetylation was signi cgntl (Figure 9D).
higher in the TF1 to TF2 cysts vs. their respective controls. To verify the reliability of the data obtained by the multiplex
For juveniles, the total histone H3 acetylation levels gated histone ELISA, H3K4me3, H3K27me3, and H3K9me3 contents
brine shrimp and controls were always statistically the samfor TF1-TF3 and CF1-CF3 cysts were also examined by
(Figure 9A) since environmental condition or brine shrimp Western blotting. ELISA results for H3K4me3, H3K27me3, and
after certain life stage might have inuenced the pattern ofH3K9me3 were successfully conrmed by Western blotting
acetylation and are not that evident and could not hold sigait  (Figure 9E and Figure S§. Overall, our data suggest that there
changes in juveniles. In regard to total histone H4 acetytati were signi cant epigenetic modi cations on histone H3 tails
phloroglucinol treatment leads to signi cantly lower totgistone  including several euchromatin marks (i.e., global aceiytaof
H4 acetylation levels in TFO parents, in TF1 to TF2 cysts43, H3K4me3, H3K4mel, H3K4me2, H3K14ac, and H3K56ac)
and in TF1 to TF3 juveniles as compared to their respectivand heterochromatin marks (H3K27mel and H3K27me3) in
controls Figure 9B). the TF1-TF3 brine shrimp cysts. These results indicate that
Next, to gain insight into specic histone modi cations, phloroglucinol treatment in the parental generation might sau
the occurrence of 21 histone H3 protein modi cations (15 epigenetic modi cations of histone H3 that can be inherited
di erent lysine methylations, 4 lysine acetylations, and 8ree  py three subsequent generations of untreated animals. These
phosphorylations) and 10 histone H4 protein modi cations modi cations may be in part responsible for observed increase
(3 dierent lysine methylations, 2 arginine methylations, robustness in the larvae of TF1-TF3 generation comparedgo th
4 lysine acetylations, and 1 serine phosphorylation) wagespective controls.
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FIGURE 7 | Global changes in DNA methylation (5-mC%) in F1-F3 brine
shrimp whose parental generation (FO) was treated with phtoglucinol. Global
(Continued)

FIGURE 7 | methylated DNA levels (5-mC % to total DNA) were analyzed fro
brine shrimp parents(A) and three successive F1, F2, and F3 generations
each time from non-infected cysts(B), non-infected juveniles(C), V.
parahaemolyticusinfected larvae at 12 h post challenggD) and V.
harveytinfected larvae at 12 h post challenggE). The MethylFlash Global DNA
Methylation (5-mC) ELISA Kit (Epigentek, USA) was used. Erfoars represent
the standard deviation D 3) and signi cant difference P < 0.05) in DNA
methylation levels between the control and treatment groupare indicated

with an asterisk (***P < 0.01).

DISCUSSION

At present, there is increasing evidence for epigenetic itdneze
of acquired phenotypic traits across multiple generatiohg (
20, 41-44). Some of these phenotypes were developed in
response to changing environmeritd. Mechanisms by which
an organism acquires phenotypes and passes them to the
subsequent generations through germline is still of majteriest.
Alink has been established in a previous study between isetta
levels of HSP70 production, induced by daily non-lethal heat
shocks in parental generation, and epigenetically regulated
transgenerational inheritance of increased biotic andotbi
resistance phenotypes in clonal parthenogenétitemia (18).
The aim of the current study was to determine the possibitaty f
replacement of costly and labor-intensive heat shock approach
with the application of HSP inducing plant-based compound
in shrimps. This could be an innovative method for disease
prevention and control measures in shrimp farming industry.

In the present study, by using brine shrimp.(franciscanp
as model organism, we showed that frequent application of
phloroglucinol at early life induces phenotypic traits (i.e.,
tolerance against lethal heat shock and vibriosis caused by
pathogenic Vibrio parahaemolyticusAHPND strain as well
as V. harvey) at the end of the monitoring period, and
these acquired traits can be transmitted to three sucagssiv
unexposed generationg-igure 3 and Figure S3. To evaluate
animal disease resistance across F1, F2, and F3 generations,
the survival tests were carried under both conventionafr(ge
associated ovoviviparously produced nauplii at each gererati
and common garden gnotobiotic (axenic system in which the
known bacteria are manually added) conditions. Gnotolgioti
common garden experimental systems exclude the possibility of
confounding factors, such as di erential microbial commugni
and di erent size/age of larvae, e.g., across generatia@fs (
Under both these experimental conditions, we observed simila
phenotypes of acquired resistance against abiotic and biotic
stressors inArtemia This indicates that information from the
treated parents was transmitted to the progenies. These wider
phenotypes were associated with several innate immuneecklat
MRNA expressions and epigenetic marks.

In transgenerational inheritance, the epigenetic inforioat
can be transferred through several mechanisms such as
chromatin  modi cations (DNA methylation, histone
modi cations), non-coding RNA (ncRNA) molecules, and
RNA methylation. These acquired epigenetic marks can be
stably passed through the gametes and persist for multiple
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FIGURE 8 | Global changes of m6A (N6-methyladenosine) RNA methylatian
F1-F3 brine shrimp whose parental generation (FO) was trezt with
(Continued)

FIGURE 8 | phloroglucinol. Total RNA was extracted and N6-methyladessine
(m6A) RNA methylation was analyzed from brine shrimp parentA) and three
successive F1, F2, and F3 generations each time from non-ie€ted cysts (B),
non-infected juveniles(C), V. parahaemolyticusinfected larvae at 12 h post
challenge(D) and V. harveyiinfected larvae at 12 h post challenggE). For this
purpose, the EpiQuik™ m6A RNA Methylation Quanti cation Kit was used.
Error bars represent the standard deviationn(D 3) and signi cant difference P
< 0.05) in RNA methylation levels between the control and tréaent groups
are indicated with an asterisk (***P < 0.01).

generations ¢, 45. The observed phloroglucinol-induced
transgenerational inheritance of robustness could be ategul
various molecular events. To understand the possible mashan
behind transgenerational inherited robust phenotypes, wé rs
analyzed the expression of innate immune-related genes in
brine shrimp across generations (TF1-TF3) and in two life
stages (larvae and juveniles). Moreover, the invertebrafienge
system depends on both constitutive and inducible immune
mechanisms, and phloroglucinol-induced immune gene
expression at both constitutive level and after bacteridlehge
might possibly facilitate resistance to bacterial infectiod haat
stress 46, 47). Therefore, in the present study, both possibilities
were explored.

Our dierential gene expression results suggested that
the observed phenomenon could be associated, at least in
part, with the induction of the pattern recognition receptors
(PRRs), e.g.PSCAM and LGBR The pathogen recognition
receptors (PRRs), e.gDSCAM and LGBR are germline-
encoded host sensors of the innate immune system that
detect pathogen-associated molecular patterns (PAMPS)
(48). DSCAM is a complex organized hypervariable protein
and the molecular diversity 0DSCAM plays an important
role in the specicity derived through alternative splicing
mechanisms 49-51). More advanced studies during the past
decade have demonstrated thBXSCAM is the most likely
candidate for innate immune specicity and adaptive-like
innate immune memory in invertebrates, including crustatea
since DSCAM might be involved in pathogen-speci c splice
variants after immune challenge and microbial neutralgzin
after vaccination 49, 52-60). LGBPregulates innate immune
defense in invertebrates against Gram-negative bacteria
(61, 62). LGBPIs also involved in protection of shrimp against
infections with Gram-positive bacteria and fungv3 64). In
our study, DSCAM mRNA levels were signi cantly elevated
in phloroglucinol treated, non-challenged brine shrimp but
whose ancestors were phloroglucinol treated (TF1-TF3) in
both larvae and juveniles and in postbrio exposed larvae
(Figures 4 5). LGBP expression was only upregulated after
Vibrio challenge. SurprisinghDSCAMwas more responsive to
V. parahaemolyticuand LGBPto V. harveyi Results showed
that these PRR could be involved in the phloroglucinol-induced
transgenerational robustness and brine shrimp PRR could
discriminate to some extent between the twibrio strains.

Along with PRRs, the expression of other important immune-
related genes was studied in three subsequent brine shrimp
generations, namely, genes encoding for signal molecules
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FIGURE 9 | Total acetylation of histone H3 and H4 and multiple modi catins of H3 and H4 in F1 to F3 brine shrimp whose parental generain (TF0) was treated with

phloroglucinol or non-treated (CFO0). Total histone was esdcted from the control and treatments groups (in three bialgical replicates) of FO (DAH7 and DAH16) and

F1, F2, and F3 generations (cysts and juveniles) by the direacid extraction method. Part I. Alteration of total HYA) and H4 (B) histone acetylation patterns in the
(Continued)
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FIGURE 9 | brine shrimp parental generation TFO and three successiveegerations of brine shrimp cysts and juveniles using a uoroetric kit (Abcam). Statistical
data are represented as the mean of three biological repli¢as, error bars represent the standard deviationn(D 3), and signi cant differences P < 0.05) between
control and treatment groups are indicated with an asterisk*). Part Il. Multiple histone H3 and H4 modi ed proteins in F1-3brine shrimp cysts.(C) H3 Histone 21
post-translational modi cation states were analyzed from gsts of treatment and control groups. Results showed signi @antly altered histone modi cations in TF1,
TF2, and TF3 generations as compared to the respective contis. (D) H4 Histone 10 post-translational modi cations were analyzd in cysts of both the treatment
and control group and results showed signi cantly altered tgtone modi cations in TF1, TF2, and TF3 generations as compad to the respective controls. Statistical
data are presented as the standard deviationn(D 2), and signi cant differences P < 0.05) between control and treatment groups are indicated wh an asterisk (*).
Part lll. Elevated H3K4me3 and H3K27me3 levels and decreased H®me3 levels in TF1-TF3 brine shrimp were veri ed by Westerrditing. Western blotting was
performed for H3K4me3, H3K27me3, and H3K9me3 in histone exacts from cysts of three subsequent generations from bothhe treatment and control groups. The
representative cropped blot shown here highlights the prain of interest (full length blots are included in thEigure S6). “C” represents higher protein expression level
and “~" represents lower protein expression level relativi® histone calf thymus (positive control), which was regaet as 1.0. Graphical representation and
quantitative analysis of optical density of histone H3K4n%& H3K27me3, and H3K4me3 levels in brine shrimp were perfored by Image software. Error bars represent
the standard deviation f D 3). Signi cant differences P < 0.05) as compared to the positive control P < 0.05) (*) are indicated with an asterisk (*).

(HSP7Q HSP90 and HMGBY), genes responsible for humoral ~ Among the immunity-related geneproPOis an important
immune defense proPQ peroxinectin TGasg and the constituent of the proPO cascade reaction that plays an
antioxidant defense gen&OD Our results suggested that important role in invertebrate protection against invading
the observed phenomenon could also be associated, at lepsthogens by melanization of pathogen®,(71). Peroxinectin

in part, with the induction of the signaling moleculé$SP70 (PXN) is another defense-related gene and is a cell adhesive
and HSP90 A positive correlation between elevatd®P70and  protein known to be strongly associated with the proPO
HSP90transcript levels and increased resistance phenotypeystem (2). It regulates the expression of antimicrobial peptides
was observed in the TF1 and TF2 generation progenies (who§8MPs) in invertebratesq3, 74). The defense moleculeGasds
ancestors were treated with the compound) before challengenother important constituent of the innate immune reper@ir
and in the TF1-TF3 generations after being challenged withesponsible for catalyzing the clotting reactionsy. Based on
the two di erent strains ofVibrio (i.e.,V. parahaemolyticuand  our results, the genes encoding for the immune e ectprsPO

V. harvey). This result is consistent with the known important and TGase(l and II) mMRNA were not upregulated in TF1-
roles of HSP70 and HSP90 signaling proteins in de ningTF3 generation (both nauplii and juvenile) in the absence of
the resistance of organisms against stressor by performirghallenge. However, despite the absence of any signi camgd
multifaceted functions, such as acting as molecular chagero in the gene expression levelsgwbPOor TGasen these animals,

for proteins, functioning as danger-associated moleculéiepa a signi cant upregulation ofPXN was observed at TF1 (both
(DAMP) during in ammation and various cellular processes nauplii and juvenile) and TF2 generations (only nauplii stage)
(65, 66) and/or participating in the activation of cell surface Surprisingly,PXNwas downregulated at TF2 (juvenile) and TF3
innate immune receptors, thereby modulating many aspectéoth nauplii and juveniles) generations. From this result, it
of hosts immune response21). Additionally, based on our also appears that compound application in parental generation
results, it appears thaiSPOOMRNA expression plays a bigger induces the production oPXN. This priming e ect is passed
role in the transgenerational inherited resistance indlid®yy on to the rst two subsequent generations, but in the absence
phloroglucinol compared toHSP70.We found that in the of the compound, they fade away and are reversed. However,
absence of any stressoldSPO9OMRNA stayed signicantly once nauplii were challenged with eith®t parahaemolyticus
upregulated in the untreated progenies of the parents that werdr V. harveyj an increase in levels pfoPOMRNA expression
through compound treatment, at TF1 and TF2 generationswas observed across TF1-TF3 generations. Interestingdy, th
during both nauplii and juvenile stages. However, after gproPOgene expression patterns were followed®$N once the
challenge withV. parahaemolyticusr V. harveyj it appears animals were challenged with either of the pathogens. These
that bothHSP70and HSP9OMRNA followed similar expression results show a strong link between the two genes. By comparing
patterns at dierent time points and dierent generations. the gene expression analysis resultpaPOand PXN before
Increased levels oHSP70may not be the only factor for and during the challenge, the only possible conclusion ig tha
transgenerational increased resistance of the animalgystga the compound application in the parental generation induces
pathogenic challenge, and other molecular chaperones, sichsome kind of modi cations on these immune-related genes
HSP4QHSP6QandHSP90Qmay play a bigger roles{, 68). Our  that could result in the faster and more e cient expression of
results suggest that application of phloroglucinol has an eaect the mRNA during the challenge. Signi cantly elevatptbPO
keeping signaling molecules and more importarti$P70and  expression levels in treated shrimp were correlated withéiig
HSP90MRNA primed for a more e cient response during the survival rates in subsequent generations. However, we did no
stressful condition41, 69). In our study, the increased levels of measure the phenol oxidase enzyme activity in shrimp, nor
HSP90gene expression under the control conditions where thalid we analyze protein expression at that time. However, we
animals were not challenged were followed by increased mRNéid collect samples for a future LC-MS/MS study to identify
levels of innate immune-related genes includD§CAM PXN,  di erentially expressed and regulated proteins. Free radiaats

and SOD in the same experimental conditions and animals'reactive oxygen species (ROS) are produced in the metabolic
life stage. pathways of aerobic cells. The activated innate immune syste
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also engages in phagocytosis to eliminate ROS and invadimgark, and typically involves addition of methyl groups primwgri
microorganisms with the aid of the antioxidant enzymes sash at the cytosine base when it is adjacent to guanine base to
SOD (76). In shrimp, SOD plays an important role in protection produce 5-methylcytidine (5-mC). Moreover, DNA methylation
againstv. parahaemolyticuand WSSV infectioni6, 76). Inthe  changes the way DNA binds and interacts with proteins to
present study, a signi cant increase in levelSWDmRNA was regulate the transcription, and recent reports also suggested
recorded, only at TF1 generation, in unchallenged nauplii andhat methylation was involved in de ning exon recognition or
juveniles. After the challeng80ODgene showed ¥librio-speci ¢ exon—intron boundaries that a ects splice variant production
expression. The gene was upregulated during both challebhges &80, 81). In the present study, a signi cant increase in global
hpi. However, the di erence between control and treatment wa®NA methylation was observed in treated brine shrimp TFO
signi cant only at TF1 and TF2 in the group that was challetige parents (DAH16) and in subsequent generations of cysts (TF1—
with V. parahaemolyticusAfter challenge withV. harveyj a TF2), juveniles, andibrio challenged larvae (TF1). The results
signi cant upregulation ofSODgene was observed only at TF3highlight possible involvement of DNA methylation in the
generation during the rst 6 hpi compared to the respectiveepigenetic modi cations for creating a resistant phenotype and
control. However, despite this increase, the mMRNA level wagene expression regulation in transgenerational brinenspri
slightly reduced at TF1-TF3 generations at 12 hpi compare@Global DNA methylation can be further varied depending
to the respective controls. This was not the case once then the genotype, dierent environmental stressors, and their
animals were challenged with parahaemolyticug hese results interactions 82). Here, we observed lower levels of global DNA
suggest that treating the parental generation with phlorogloic  methylation under phloroglucinol-induced but no pathogen
compound increases animals' superoxidase dismutase gétivit exposure (parents, cysts, and juveniles) as compared to
subsequent generations, but the induced e ect is reducethdur phloroglucinol-treated and pathogen-exposed larvae (AHPND
later generations. In a study, it has been observed that & hestrainV. parahaemolyticysindicating that both phloroglucinol
shock protein-inducing product mediates its HSP70-inducingand pathogen might have impacted DNA methylation in brine
e ect in the brine shrimp larvae by initial generation of ROS,shrimp. There are few reports showing that DNA methylation is
such as superoxide anion anc8, against pathogenivibrio  aected by environmental stress such as heat shock in the red
and there is a positive correlation between®} release and our beetle Tribolium castaneun{83) and across generation in
HSP70 productionZ4). Similarly, itis shown that phloroglucinol parthenogeneti@. franciscand18). Likewise, the contaminated
application can induce production of free radicals in animalswater environment and chronic gamma irradiation have been
cell (77). reported to modulate the DNA methylation level across
The result of our gene expression analysis indicatedenerations irbaphnia(84, 85). Since DNA methylation was not
that the compound application in parental generation coulduniform across generation, we could not provide a true causal
transgenerationally prime the innate immune system of thdink between DNA methylation and induced inherited bacteri
three subsequent non-treated generations. Additiondligm  resistant phenotype. However, this does not completely rute ou
our results, it appears that the animal's innate immunity ebul the possibility that DNA methylation might possibly be invotive
discriminate to some extent between the twibrio strains in developing resistance in brine shrimp after phlorogludino
and mount an individual innate immune response againstreatment to the parental generation. It needs to be stated th
each species. there are also some discrepancies in the reports on the level of
Since some of these innate immune genes stayed primed global DNA methylation level as analyzed with di erent metiso
upregulated in the absence of environmental stressors, we nesuch as antibody-based or MS-based methdtls 86). Here
aimed at understanding the possible mechanisms behind thiglobal DNA methylation was only analyzed by an antibodydaas
transgenerational inheritance. Recent studies providedesme method. In the future, it is advisable to study DNA methylatio
for epigenetic mechanisms such as chromatin modi cationsin Artemiaon a ner scale targeting speci ¢ genes using more
DNA methylation, histone modi cations, long-lived non-ding  sensitive methodologies such as bisulphite sequencing.
RNA, and, very recently, RNA methylation in transgenerationa Recent studies strongly suggest that RNAs also have
reprogramming across generationgg( 79). The occurrence dynamic regulatory roles in several biological processes,
of epigenetic modi cations results in chromatin remodeling analogous to epigenetic DNA and histone modi catiods,(88).
which, in turn, aects the transcription status of innate RNA methylation adds a new dimension in regulating post-
immune genes 40). In transgenerational inheritance, the transcriptional gene expression, which could aect various
epigenetic information can be transferred through severaaspects of RNA metabolism, e.g., mRNA translation, which
mechanisms such as DNA methylation, RNA methylationcan directly impact protein production. N6-methyladenosine
and histone modi cations. These acquired epigenetic mark$m6A), which refers to methylation of adenosine base at the
can be stably passed through the gametes and persist foitrogen-6 position, is considered the most abundant and
multiple generations §, 45. The observed phloroglucinol- conserved internal modi cation in mRNA and long non-coding
induced transgenerational inheritance of robustness dedeeed RNA (89, 90). It plays an important role in multiple levels
innate immune gene expressions could be a result of som& regulation such as splicing, translation, degradationd a
epigenetic modi cations. possibly microRNA regulated ne-tuning of gene expression
At rst, we measured DNA methylation in the brine shrimp, (91-94). Therefore, it was interesting to investigate if m6A RNA
since it is the most widely studied and prevalent epigenetimethylation was associated with the observed transganaedt
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e ects in our brine shrimp model system. There was a signitanin case of H4, the global acetylation was signi cantly restiic
decrease in global m6A RNA methylation in TFO parents andn both the parental generation DAH16 and the TF1-TF3 cysts
TF1 brine shrimp. However, global m6A RNA methylationand juveniles. Additionally, we also tested the more specic
signi cantly increased in TF2 and TF3 generations cystslysine modi cation on H4. We found that H4K5, H4K8, H4K12,
juveniles (non-challenged), andvibrio challenged larvae and H4K16 were also hypoacetylated in the cysts from F1 and
(Figure 8). Castro-Vargas et al.86) used the invertebrate F2 generations Higures 9A,B. However, at F3 generation,
beetleTenebrio molitormodel system and reported di erential the di erence between treatment and control groups was not
global RNA methylation having a role within generations'signi cant anymore. So, these results indicate that histon
immune priming phenomena rather than DNA methylation. acetylation indeed does play a role in phloroglucinol-induced
In the present study, a dierential RNA methylation was transgenerational-resistant phenotype in brine shrimp.
observed across generations, a lower percentage of m6A RNAHistone methylation is another major modication for
methylation was observed in the parents and TF1, whereasepigenetic gene regulation that is associated with either
higher percentage of m6A RNA methylation was observed itranscriptional activation or gene silencing depending om th
TF2-TF3 generation brine shrimp. However, the exact rolsites/positions and degree of methylationO(). In general,
is not clear from the current pattern across generations andlistone H3K4 methylations mono-, di-, or trimethylation
we could not provide a true causal link between RNA (m6A)are mostly associated with gene activation. In particular,
methylation and the induced inherited bacterial resistantrimethylation H3K4me3 is considered as a hallmark for gene
phenotype. Nevertheless, this does not completely rule out thctivation and directly involved in transcriptional activa (101,
possibility that m6A RNA methylations might have possibly109. Genome-wide distribution patterns of H3K4 methylations
been involved in developing resistance in brine shrimp aftefevealed that all three types of methylation, H3K4mel,
phloroglucinol treatment to the parental generation and inH3K4me2, and H3K4me3, are exclusively present in the genes
transgenerational inherited robustness in brine shrimp. and promoter regions. H3K4me3 and H3K4me2 are mostly
Histone tail modications are examples of epigeneticenriched in the promoters and particularly in the %nd
mechanisms. Indeed, such modications in the promotersof transcribed regions with H3K4me3 slightly upstream of
of defense genes have been shown to correlate witH3K4me2 and H3K4mel depleted in promoters but enriched
transgenerational-induced resistance against abicdig ©6)  within transcribed regions, which suggests that H3K4me@ an
and biotic stresses9() in the Arabidopsis plant model. H3K4me2 might be involved in the transcription initiation én
In the present study, we observed alterations in the globagarly elongation, whereas H3K4mel was primarily involved
acetylation of H3 and H4 as well as in acetylation/methylatio during transcription elongation 103. Interestingly, in the
of specic H3 and H4 lysin tails. Our results indicate thatcurrent study, a signicant increase in H3K4me3 has been
perhaps phloroglucinol-induced transgenerational inheritea observed in the cysts from subsequent generations (TF1)-TF3
of robustness was achieved by histone epigenetic moleculaf brine shrimp. Along with this trimethylation H3K4me3, a
changes 15, 76). Histone acetylation is one of the most studiedsigni cant increase in two other methylated modi ed proteins
modi cations as facilitated by histone acetyltransfergétsTs), at H3K4 sites, i.e., H3K4mel in TF1-TF2 generations and
and it can be reversed also by histone deacetyla@®s9¢). H3K4me2in TF1 generation cysts, was obser¥gi(es 9C,D.
Generally, histone acetylations (speci ¢ or global) are regib  Based on this result, it was evident that a signi cant incea
to be linked with euchromatin formation and increased mRNAof methylation has been observed in H3K4 sites (tri-, mono-,
expression. Histone acetylations such as H3K14ac and H3K9aad di-). However, it was apparent that histone H3K4
at the promoter regions are associated with transcriptionamethylation was lost over generations. In accordance with
activation and promoting gene expression. Elevated total H8ur ndings, H3K4me3 trimethylation has been shown to be
histone acetylation has been reported in successive gamesat transgenerationally transmitted for up to three generasiand
upon environmental heat stress #rtemia (18). Interestingly, to be associated with longevity {Daenorhabditis elegas04).
in the current study, a signi cant increase in global histkon Apart from H3K4 methylation, a signi cant increase in H3K27
H3 acetylation was observed in the parents (DAH16) andnethylation,i.e., H3K27mel and H3K27me3, was also observed
subsequent generations of brine shrimp cysts (TF1-TFZJF& In general, H3K27 methylations are considered as a sign of
generation a slight histone hyperacetylation was observet, heterochromatin and is a repressive marker. It is often dased
it was not signi cantly di erent from CF3. Based on this regul With transcriptional repression or silencing, whereas H3K21
it was apparent that in the absence of compound treatmengre also reported to be associated with active promote@s) (
histone hyperacetylation was lost over generations. Buhe t 105 109. Additionally, some authors have also proposed that
juveniles, there was no signi cant change in global histét® H3K4me3 and H3K27me3 can form bivalent domains that can
acetylation. This may be due to the fact that brine shrimgaft keep regulatory gene expression at very low levels while at
a certain life stage or environmental culture condition maythe same time keeping them poised for activatid? 108.
in uence the pattern of histone acetylation and therefore ant ~ This might be a possibility in the current study here, as we
that evident and could not be detected in juveniles. Alonthwi observed increased levels of H3K4me3 and H3K27me3 and
the transgenerational hyperacetylation global H3, a sigamit low levels of immune gene expression. Overall, the present
increase in levels of H3K14ac and H3K56ac was observed $tudy indicates that exposure of brine shrimp to phloroglagin
the cysts belonging to TF1 and TF2 generations. In contrastpduced mostly a state of transcriptionally active chromaé.g.,
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