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Emerging, infectious diseases in shrimp like acute hepatopancreatic necrosis disease (AHPND) caused by Vibrio parahaemolyticus and mortality caused by other Vibrio species such as Vibrio harveyi are worldwide related to huge economic losses in industrial shrimp production. As a strategy to prevent disease outbreaks, a plant-based phenolic compound could be used as a biocontrol agent. Here, using the brine shrimp (Artemia franciscana) as a model system, we showed that phloroglucinol treatment of the parental animals at early life stages resulted in transgenerational inherited increased resistance in their progeny against biotic stress, i.e., bacteria (V. parahaemolyticus AHPND strain and V. harveyi) and abiotic stress, i.e., lethal heat shock. Increased resistance was recorded in three subsequent generations. Innate immune-related gene expression profiles and potential epigenetic mechanisms were studied to discover the underlying protective mechanisms. Our results showed that phloroglucinol treatment of the brine shrimp parents significantly (P < 0.05) enhanced the expression of a core set of innate immune genes (DSCAM, proPO, PXN, HSP90, HSP70, and LGBP) in subsequent generations. We also demonstrated that epigenetic mechanisms such as DNA methylation, m6A RNA methylation, and histone acetylation and methylation (active chromatin marker i.e., H3K4Me3, H3K4me1, H3K27me1, H3 hyperacetylation, H3K14ac and repression marker, i.e., H3K27me3, H4 hypoacetylation) might play a role in regulation of gene expression leading toward the observed transgenerational inheritance of the resistant brine shrimp progenies. To our knowledge, this is the first report on transgenerational inheritance of a compound-induced robust protected phenotype in brine shrimp, particularly protected against AHPND caused by V. parahaemolyticus and vibriosis caused by V. harveyi. Results showed that epigenetic reprogramming is likely to play a role in the underlying mechanism.
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INTRODUCTION

Vibriosis caused by Vibrio parahaemolyticus infects various shrimp species and causes acute hepatopancreatic necrosis disease (AHPND), initially named early mortality syndrome (EMS). V. harveyi is another pathogen from the Vibrionaceae family that causes substantial mortality by vibriosis and economic loss in shrimp aquaculture (1). Thus, both infections affect animal welfare and are economically devastating to the shrimp industry (2). Shrimp production in affected regions has dropped to ~60%, with up to 100% mortality and led to tremendous global losses estimated at more than $1 billion per year (3, 4). To prevent vibriosis, in particular AHPND/EMS, many conventional approaches such as the use of antibiotics and disinfectants have been applied but had very little success. Antibiotics can no longer be used as feed additives for prevention of infectious diseases (3, 5). Therefore, there is an urgent need to develop innovative disease preventive methods that also support sustainable shrimp aquaculture.

The epigenetic processes that involve transgenerational transfer of phenotypic traits without modifying the gene sequence information have drawn attention of evolutionary biologists and health scientists and could provide important tools, complementary to, e.g., selection for increased disease resistance (6). The term “epigenetics” literally means “above” or “on top of” genetics, and this can be defined as “the study of changes in gene expression/function that are mitotically and/or meiotically heritable and that do not entail a change in DNA sequence” (7, 8). Epigenetic changes involve chromatin remodeling, e.g., DNA methylation, histone modifications, and RNA-based epigenetic regulatory control, i.e., non-coding RNAs (ncRNA) such as microRNAs, small RNAs, and long RNAs (lncRNAs) and RNA methylation (9, 10). Currently, it is well-known that epigenetic programming during the early life stage not only can affect the organism directly in subsequent life stages but also can transmit traits via the germline to subsequent generations in a non-mendelian fashion (11, 12). Additionally, epigenetics reprogramming can be used to train the immune system by pre-exposing them to various stimuli, and it could serve as a promising approach ensuring enhanced immune response and disease resistance in cultured animals. The approach mainly focuses on treating the parental generation with biotic or abiotic environmental stressors resulting in the production of larvae with elevated environmental fitness and disease resistance phenotypes. Therefore, epigenetic programming might be an innovative broodstock management method, complementary to selective breeding (6, 13). For true transgenerational inheritance, the changes in phenotype or memory must pass on at least beyond the F2 generation; hence, F3 will be the first true generation that did not get exposed to the factor/insult itself (14). Brine shrimp (Artemia franciscana) can be maintained under axenic conditions, which allows the control of host-associated microbial communities. Well-established vibrio infection models as well as abiotic stress models are available (15, 16). In addition, the Artemia genome sequence shares high homology with the genomes of other crustaceans (17). Thus, there is a reasonable chance that results on administration of immunostimulants in axenic brine shrimp can be extrapolated to other crustaceans.

The brine shrimp is also a particularly appropriate model organism to study transgenerational epigenetic inheritance (18–20). Apart from being an established axenic host–pathogen model, brine shrimp are relatively small, they have a very short generation cycle, and hence are easy to handle in animal and laboratory facilities (18). In addition, depending on the environmental conditions (favorable or unfavorable), adults can use two independent reproduction pathways, which allows the production of either encysted gastrula-stage embryos, called “cysts” (dormant eggs) by oviparous reproduction or swimming larvae, called “nauplii” by ovoviviparous reproduction (19) (the life cycle of brine shrimp is explained in Figure S1). Cysts can be stored in the fridge for a couple of years, and after terminating the diapause, cysts of different generations can be hatched simultaneously, permitting to perform a common garden experiment, avoiding or minimizing environmental influences.

Exposure to non-lethal heat shock (NLHS) of shrimp Penaeus vannamei (21), green mussel Perna viridis (22), and brine shrimp A. franciscana (23) induced the expression of heat shock proteins (Hsp70 and Hsp90) and subsequently activated the innate immune system (e.g., proPO system in Penaeus vannamei), resulting in enhanced disease resistance against Vibrio infections (V. parahaemolyticus, V. alginolyticus, and V. campbellii). NLHS has been successfully used in parthenogenetic brine shrimp for inducing transgenerational inherited resistance against vibriosis (17). Thus, exposure to NLHS might be a promising strategy for protecting animals and their progenies against vibriosis and possibly other infections. However, its practical application in industrial shrimp farming is cumbersome. In addition, temperature shifts are often detrimental and can negatively affect physiological and immunological balance to the cultured animals (24). Therefore, the administration of heat shock protein (HSP)-inducing compounds as an alternative to NLHS exposure has been proposed (16, 25, 26). Plant-based phenolic compounds, known for their antioxidant/pro-oxidant activities, might be used for this purpose as they can positively affect the immune response and survival of the host (24, 27). Kumar et al. (16) showed that the plant derived polyphenolic compound phloroglucinol might be used as a potential biocontrol agent as it increased the resistance against V. parahaemolyticus AHPND infection in gnotobiotic brine shrimp larvae as well as in freshwater shrimp (Macrobrachium rosenbergii) larvae by inducing endogenous heat shock protein 70 (Hsp70).

In this study, using brine shrimp as an animal model, we investigated whether phloroglucinol exposure of the parental generation at early life stages could elicit a disease-resistant phenotype in the animals as well as transgenerational inheritance of the acquired disease-resistant phenotype. Hereto, the brine shrimp parental population (TF0) was exposed to phloroglucinol (2 μM) until day after hatching (DAH) 16. Phloroglucinol exposure of the parental generation could induce and transmit a disease-resistant phenotype in three subsequent unexposed generations. Subsequent generations were more resistant against biotic (bacterial challenge) and abiotic (lethal heat shock) stressors. Underlying molecular and epigenetic mechanisms of the observed transgenerational inheritance were examined by studying the expression of innate immune-related genes, measuring global DNA (5-mC) methylation, RNA (m6A) methylation, and histone modifications. To the best of our knowledge, this is the first description of transgenerational inheritance of compound-induced robustness, resulting in protection against both biotic (AHPND strain V. parahaemolyticus and V. harveyi) and abiotic stressors (thermal stress).



MATERIALS AND METHODS


Culture of Experimental Animals

Brine shrimp (A. franciscana) cysts (dormant embryos) originating from the Great Salt Lake in Utah (USA) (EG® type, batch 21452, INVE Aquaculture, Dendermonde, Belgium) were used for production of the parental generation (F0). Artemia cysts were hatched in axenic conditions. Briefly, 2 g of A. franciscana cysts were hydrated in 89 ml of distilled water for 1 h. Sterile larvae were obtained via decapsulation using 3.3 ml of NaOH (32%) and 50 ml of NaOCl (50%), providing 0.2-μm filtered aeration. Decapsulation was stopped after 2 min by adding 50 ml of Na2S2O3 at 10 g/L followed by washing the cysts with filtered autoclaved seawater (FASW) containing 35 g/L of instant ocean synthetic sea salt (Aquarium Systems, Sarrebourg, France). The decapsulated cysts, suspended in 1-L glass bottles containing FASW, were incubated for hatching at 28°C with constant illumination of approximately 27 μE/m2 s. After 28 h of incubation, hatched larvae at developmental stage instar II (mouth was opened to ingest food) were collected and used for the experiments.



Phloroglucinol Treatment of the Parental (F0) Generation

Phloroglucinol (Sigma-Aldrich, Belgium), a polyphenol derivative organic plant-derived compound, was dissolved in sterile distilled water at 0.4 g/L (3.17 mM). Before starting the current experiments, we had tested the protective effect of phloroglucinol in brine shrimp larvae who were continuously exposed to different doses (0.25 to 10 μM) of phloroglucinol and subsequently infected with V. parahaemolyticus strain M0904. A dose of 2 μM resulted in a significant protection against mortality as compared to untreated controls.

The transgenerational experiment (Figure 1) was performed as previously described (18–20). To collect enough larvae and cyst samples for the whole transgenerational experiment and to be able to perform all the subsequent analysis the parental control population and phloroglucinol-treated population (a total of 2,500 animals/population; animals were distributed in four 2-L glass bottles/population for practical reasons, e.g., easy handling, related to culturing the animals). Animals were cultured in 35 g/L sterilized artificial seawater (28°C, continuous aeration and constant illumination with a light intensity of 27 μmol/m2/s). During the entire culture period, all animals were daily ad libitum fed with live green algae (Tetraselmis suecica). In the treated population, the parental brine shrimp (TF0) were treated with phloroglucinol (2 μM), starting from DAH1 after hatching until DAH16. For this purpose, every 3rd day, water was exchanged, adding fresh phloroglucinol (2 μM). Treatment was stopped at DAH16, to ensure that the uterus, which normally develops by 3 weeks and carries the cysts/embryos, was not directly exposed to the compound. In the control population, parental shrimp (CF0) were cultured in the absence of phloroglucinol and maintained under the same culture and water exchange conditions.


[image: Figure 1]
FIGURE 1. Schematic representation of the experimental setup. For the transgenerational experiment, a total of 2,500 brine shrimp animals in the control and treated population were used. In the treated population, the parental brine shrimp (TF0) were treated with phloroglucinol (2 μM), starting from DAH1 after hatching until DAH16. In the control population, parental shrimp (CF0) were maintained under the same culture and water exchange conditions, but in the absence of phloroglucinol. Adult parental females (CF0 and TF0) produced next-generation CF1 and TF1 larvae and, under suboptimal conditions, CF1 and TF1 cysts. Adult females CF1 and TF1 produced CF2 and TF2 larvae and, under suboptimal conditions, CF2 and TF2 cysts. Subsequently, adult females CF2 and TF2 produced CF3 and TF3 larvae and, under suboptimal conditions, CF3 and TF3 cysts. The F1, F2, and F3 larvae and cysts were never exposed to phloroglucinol. F1, F2, and F3 larvae from treated and untreated parents were subsequently used for V. parahaemolyticus and V. harveyi challenge assays monitoring survival from 12 h until 60 h post infection. For the common garden experiment, all cysts were hatched simultaneously. Then, age- and size-synchronized axenic 1-day old brine shrimp larvae were used for: (i) V. parahaemolyticus and V. harveyi challenge assays (7 replicates at the challenge level with 10 larvae/group) and (ii) a thermal tolerance assay (5 replicates at the challenge level with 20 larvae/group). In addition, for each group, 3 replicates at the challenge level with 100 one-day old larvae before and after challenge (6 and 12 h post infection) and 3 replicates of 5 juveniles (16 days old) were sampled for (iii) gene expression analysis, (iv) DNA methylation assays, (v) RNA methylation assays, and (vi) histone modification assays. Finally, FI, F2, and F3 brine shrimp adults (7 pairs) were examined for reproductive performance, namely, the production of cysts and nauplii.




Production and Collection of Progeny

Adult females of the F0 generation (after 30 days post-hatching) from both control and treatment groups produced larvae (F1 generation). All F1 larvae were further cultured to maturity under controlled environmental conditions as previously explained. F2 larvae were collected from adult F1 brine shrimp. The experiment continued till the F3 generation (Figure 1). F1, F2, and F3 larvae were never exposed to phloroglucinol and later used for a bacterial challenge assay.

Under non-optimal environmental conditions (such as high salinity or low oxygen), brine shrimp (Artemia) switches from an ovoviviparous to an oviparous mode of reproduction. Hence, to induce the production of F1, F2, and F3 cysts, the adult F0, F1, and F2 animals in both the control and treatment group were cultured by adding autoclaved artificial seawater with gradually increasing the salinity from 35 to 80 g/L over a 2-week period (Figure 1). The generated F1, F2, and F3 cysts were remained in diapause and were not hatched at that point in time. To terminate the diapause, cysts were conditioned by incubating them in the −20°C freezer for 1 month followed by incubation at 4°C for another 2 months (28). One day after hatching, larvae were used in the common garden experiment.



Bacterial Strains and Growth Conditions

Two pathogenic strains from the Vibrio clade were used: (i) V. parahaemolyticus AHPND strain M0904 (29) and (ii) the Vibrio harveyi strain BB120 (ATCC BAA-1116) (30). The M0904 strain originated from the Collection of Aquatic Important Microorganism (CAIM) at the A.C. Mazatlàn unit of Aquaculture (Mazatlàn, Sinaloa, Mexico) and was identified as an AHPND strain using an AP3 primer-based PCR (Figure S5). Bacteria were cultured on Luria Bertani agar plates as previously described (30) and 40% glycerol stocks were stored at −80°C until used. For the challenge assays, bacterial strains were cultured overnight in Marine Broth 2216 (Difco Laboratories, Detroit, MI. USA) at 28°C under constant agitation (100 min−1). Bacterial cell density was measured spectrophotometrically at 550 nm, taking the McFarland standard into account, assuming that an optical density of 1.0 corresponds to 1.2 × 109 cells/ml. Sterile LVS3 (Aeromonas hydrophila) were used as brine shrimp feed during the bacterial challenge assay. An LVS3 stock culture was prepared as previously described (30), and the 24-h-old LVS3 culture was autoclaved (120°C for 20 min), washed in autoclaved artificial seawater, and used at approximately 107 cells/ml.



Bacterial Challenge Assay

One-day-old brine shrimp larvae from F1 to F3, at each generation from both phloroglucinol treated and non-treated parents, were experimentally infected (immersion, 107 CFU/ml) with V. parahaemolyticus (M0904) or V. harveyi (BB120) as previously described (16, 24). For each experimental infection at F1 to F3, seven replicates (at the challenge level) of 20 larvae from non-treated parents and 7 replicates (at the challenge level) of 20 larvae from phloroglucinol-treated parents were maintained in glass tubes containing 10 ml of 35 g/L sterile artificial seawater and fed with autoclaved LVS3 (A. hydrophila). During the survival assay, the glass tubes with experimentally infected brine shrimp larvae from both the control and treatment group were placed randomly in a rotor and maintained at 6 rotations per minute (rpm). The rotor was placed in the climatized challenge room where the temperature was constantly maintained at 28°C and 2000 lux permanent illumination was present. The survival of the brine shrimp larvae was scored from 12 h post infection onwards till 60 h post infection.



Common Garden Experiment

CF1 to CF3 cysts and TF1 to TF3 cysts originating from non-treated and treated parents, respectively, were used for the common garden experiment (18, 31). All cysts were hatched simultaneously in axenic conditions for producing age- and size-synchronized larvae as previously described (32). For each group, 7 replicates (at the challenge level) of 10 one-day-old larvae were experimentally infected (107 cells/ml) with V. parahaemolyticus (M0904) or V. harveyi (BB120) and monitored for survival from 12 to 48 h post infection. Also, for each group, 5 replicates (at the challenge level) of 20 one-day-old larvae were exposed to abiotic stress, namely, lethal heat shock (15 min at 42.5°C) and monitored for survival every 3 h post exposure from 0 to 12 h post exposure. During the survival assay as previously described, the glass tubes were placed randomly in a rotor (6 rpm) and placed in the climatized challenge room (temperature 28°C and illumination 2000 lux). In addition, from each group, three replicates (at the challenge level) of 100 one-day-old larvae were sampled for (i) gene expression analyses, (ii) examination of DNA methylation, (iii) examination of RNA methylation, and (iv) studying histone modifications. The later analyses were always performed on larvae sampled before and after challenge (6 and 12 h post infection). Also, 100 remaining 1-day-old larvae from each group were allowed to grow out to juveniles. At the age of 16 days, for each group, 3 replicates of 5 juveniles were sampled for (i) gene expression analyses, (ii) examination of DNA methylation, (iii) examination of RNA methylation, and (iv) studying histone modifications. Sampled larvae and juveniles were frozen in liquid nitrogen and stored at −80°C until analyses. The remaining 40 juveniles per group (F1–F3) were grown to adults and 7 adult pairs were examined for reproduction performance (production of cysts and nauplii).



RNA Extraction and cDNA Synthesis

Total RNA was extracted from brine shrimp samples (larvae and juveniles) in triplicate (three biological replicates at the challenge level) with Qiagen RNeasy Plus Mini Kit (Cat No. 74136). In each replicate, 100 larvae and 5 juveniles were used for RNA extraction. The quality and quantity of RNA isolates were checked on NanoDrop spectrophotometer (ThermoFisher Scientific, Belgium) and RNA samples with A260/A280 ratios >2.0 and A260/A230 ratios >1.5 used for the analysis. Reverse transcription was done from 1 μg of total RNA samples with the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Belgium) according to the manufacturer's guidelines.



Standard Curve Preparation for Primer Specificity and Amplification Efficiency

For each set of gene specific primers, the efficiency and specificity were verified via melting curve analysis and standard curves was prepared. Briefly, after PCR amplification, the amplified PCR product was cloned into the plasmid pGEMT vector and then sequenced to confirm the qPCR primers of all genes. Dilution series (1:10) of all the cloned plasmid were prepared, and a standard curve was drawn by plotting the Ct (threshold cycle) values against the logarithm of the dilution factors. The slope of the regression line is related to the amplification efficiency (“E”) was calculated for each gene by E = b(−1/m), where “b” is the base of the logarithm.



Quantitative Real-Time PCR (RT-qPCR) Analysis

Expressions of 10 target immune-related genes, heat shock protein 70 (hsp70), heat shock protein 90 (hsp90), down syndrome cell adhesion molecule (DSCAM), lipopolysaccharide and β-1,3-glucan-binding protein (Lgbp), prophenoloxidase (proPO), high mobility group box 1 (HMGB1), peroxinectin (PXN), superoxide dismutase (SOD), transglutaminase 1 (TGase1), and transglutaminase 2 (TGase2), were measured by RT-qPCR with pair of specific primers (Table S1) using StepOnePlus Real-time PCR systems (Applied Biosystems). EF-1a and GAPDH, which were previously identified as most stably expressed reference genes in brine shrimp were used for qPCR normalization (33). The Ct values from the two reference genes, elongation factor-1alpha (EF-1a) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), were subjected to geomean and used as the internal control. The amplification was performed in a total volume of 20 μl, containing 10 μl of 2X Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher Scientific), 1 μl of cDNA (50 ng), 7 μl of nuclease free water, and 1 μl of each specific primer. Master mix was prepared for three biological replicates and two technical replicates for each sample. RT-qPCR for target and reference genes was performed with a four-step amplification protocol: initial denaturation (10 min at 95°C), 40 cycles of amplification and quantification (15 s at 95°C, 30 s at 60°C, and 30 s at 72°C), melting curve (55–95°C with a heating rate of 0.10°C/s and a continuous fluorescence measurement), and cooling (4°C). Negative control reaction was included for each primer set by omitting template cDNA. The comparative CT method (2−ΔΔCT method) following Livak and Schmittgen (34) was used to analyze the expression level of the target genes and verified by Pfaffl relative standard curve method (35). The log-transformed 2ΔΔCT values were subjected to analysis of t-test, and the p-values smaller than 0.05 were considered statistically significant. For the interpretation of results, the relative immune gene expression with at least >1.5 at 1% level of significance and >2.0 at 5% level of significance was considered. The heatmap was generated using heatmapper online tool http://heatmapper.ca/.



DNA Extraction

Genomic DNA was extracted from cysts (100 cysts/replicate), larvae (100 larvae/replicate), and juveniles (5 juvenile/replicate) of F0, F1, F2, and F3 generations of brine shrimp in triplicates using the Qiagen DNeasy Blood & Tissue Kit (Cat No. 69504) according to the manufacturer guidelines. The quality and quantity of purified DNA were checked using the NanoDrop spectrophotometer (ThermoFisher Scientific, Belgium). DNA samples with A260/A280 ratios between 1.8 and 2.0 and A260/A230 ratios >2.0 were used for further analysis.



Global DNA and RNA Methylation

Global DNA methylation was determined by using the MethylFlash Global DNA Methylation (5-mC) ELISA Easy Kit (Colorimetric) (P-1030, Epigentek, USA). The methylated fraction of DNA was quantified using 5-methylcytosine (5-mC)-specific antibodies and the amount of methylated DNA is proportional to the optical density (OD) measured at an absorbance of 450 nm in an ELISA microplate spectrophotometer (Tecan Infinite M200 Microplate Reader). In brief, a standard curve was generated by plotting the OD values of the positive control (PC) at each percentage point in defined dilutions, and slope of the standard curve was calculated. From all samples, i.e., brine shrimp cysts, larvae and juveniles of F0, F1, F2, and F3 generations, 100 ng DNA was used for analysis in triplicates.

According to the manufacturer's guidelines, the following formula was used to calculate the percentage of methylated DNA (5-mC) in the total DNA:

5-mC% = (Sample OD – NC OD)/(Slope × S) × 100%, where S is the amount of input sample DNA (100 ng), OD is the optical density at 450 nm, and NC stands for the negative control. Genomic DNA methylation levels were expressed as 5-mC%.

N6-methyladenosine (m6A) in RNA was measured using the EpiQuick m6A RNA Methylation Quantification Kit (colorimetric) (P-9005, Epigentek, USA) following the manufacturer's instructions and also previous studies (36–39). In brief, a standard curve was prepared by the PC (provided by the kit) at six different concentrations from 0.01 to 0.5 ng/μl. Total RNA was extracted (using Qiagen RNeasy Plus Mini Kit as above) from all the brine shrimp control and treatment sample cysts (100 cysts/replicate), larvae (100 larvae/replicate), and juveniles (5 juveniles/replicate) and 3 biological replicates used for analysis. Total RNA (200 ng) from brine shrimp samples (treatment and control) and negative control (provided by kit) were added to the strip wells. m6A was measured using capture and detection antibodies following the manufacturer's instructions. The detected signal was enhanced and m6A content was quantified colorimetrically by reading the OD value in ELISA microplate spectrophotometer at a wavelength of 450 nm (Tecan Infinite M200 Microplate Reader). The percentage of m6A on total RNA was calculated using the following formula provided by the manufacturer:

m6A (ng) = (Sample OD – NC OD)/Slope and m6A % = m6A Amount (ng)/S × 100%. In this equation, NC stands for negative control, PC stands for positive control, and S represents the amount of input RNA: 200 ng.



Histone Extraction

Total histone was extracted from brine shrimp controls and treated cysts (3 replicates with 100 cysts/replicate), larvae (3 replicates with 100 larvae/replicate), and juveniles (3 replicates with 5 juveniles/replicate). Briefly, the brine shrimp samples, i.e., cysts (after decapsulation), larvae, and juveniles were washed twice with PBS in 1.5 ml of protein LoBind Eppendorf tube at 1,000 × g for 5 min. Next, the samples were homogenized (until no clumps left in solution) and incubated overnight in 0.4 N HCl on a rotor at 4°C to promote the lysis of nuclei and solubilization of histones. The extract was centrifuged at 16,000 × g for 10 min, and then the supernatant was transferred to a new protein LoBind Eppendorf tube. Next, trichloroacetic acid (TCA) (Sigma-Aldrich) was added (drop by drop) to the supernatant, and the tubes were mixed for several times until it turns to a milky solution and afterwards incubated on ice for 2 h to promote the precipitation of histones. The precipitated histones were centrifuged at 16,000 × g for 10 min and pelleted histone was washed twice with ice-cold acetone to remove the TCA. Finally, histone pellet was air dried and resuspended in nuclease-free water. Histone concentration was determined following the Bradford method using bovine serum albumin as standard (40) and subsequently the histone quality was checked in 4–20% SDS-PAGE gel using calf thymus histone as control (Figure S7).



Histone H3 and H4 Total Acetylation and Multiple Modifications by ELISA

Histone H3 and H4 total acetylation were analyzed from 7- to 16-day brine shrimp parental generation and three subsequent F1, F2, F3 generations (cysts and juveniles). Briefly, 1 μg of histone samples both from control and treatment brine shrimp was used to examine the H3 and H4 total acetylation in an ELISA-based format using Histone H3 Total Acetylation Detection Fast Kit (ab131561, abcam, UK) and Histone H4 Total Acetylation Detection Fast Kit (ab131562, abcam, UK), respectively, in triplicate following the manufacturer's instructions.

Next, the histone H3 and H4 multiple modifications in brine shrimp cysts of F1, F2, and F3 generation from both treatment and control were screened using EpiQuik™ Histone H3 Modification Multiplex Assay Kit (P-3100, Epigentek, USA) and EpiQuik™ Histone H4 Modification Multiplex Assay Kit (P-3102, Epigentek, USA) according to the manufacturer's instructions. In brief, 200 ng of histone extracts (two biological replicates) was used to determine the histone H3 and H4 modification at specific sites by a capture antibody that was coated in strip wells that targets the appropriate histone modification pattern and detected with a detection antibody. Colorimetric data were obtained from Tecan Infinite M200 Microplate Reader and OD values were measured at 450 nm wavelength and 655 nm as reference wavelength for background subtraction. H3 and H4 modifications were calculated following the manufacturer's instructions, which also accounts for total histone protein amounts, and the final values for each modification were presented as percentage over control.

H3 or H4 Modification or total H3 or H4 (ng/μg protein) = (sample OD – blank OD) ÷ S × 1000/(Assay Control OD – Blank OD) ÷ P, where S is the amount of input sample protein in ng and P is the amount of input assay control in ng.

H3 or H4 Modification % = Amount of H3 or H4 modification (ng/μg protein)/Amount of total H3 or H4 (ng/μg protein) × 100%.

Relative Change % = H3 or H4 modification % in treated sample/H3 or H4 modification % in control sample × 100%.



Protein Extraction

Stored (−80°C) parenteral brine shrimp (7 and 16 days old, 10 individuals) were homogenized in cold buffer K (150 mM sorbitol, 70 mM potassium gluconate, 5 mM MgCl2, 5 mM NaH2PO4, and 40 mM HEPES, pH 7.4) supplemented with a protease inhibitor cocktail (Sigma-Aldrich, USA). Afterwards, samples were centrifuged (2,200 × g for 1 min at 4°C) and the protein concentrations in the supernatants were measured by the Bradford method (40) using a bovine serum albumin (Carl Roth, Germany) as a standard curve.



Western Blotting

For Hsp70 analysis, protein extracts from the parents (7 and 16 days old) were combined with loading buffer, vortexed, heated for 5 min at 95°C, and then electrophoresed in 10% SDS-PAGE gel (BioRad, Belgium) with each lane receiving equivalent amounts of protein (5 μg). Protein extracted from a suspension of heat-shocked HeLa cells (Enzo Life Sciences, USA) (6 μg) served as positive control. Separated proteins were transferred to a polyvinylidene fluoride membrane (BioRad Immuno-BlotTM PVDF) for antibody probing. Membranes were incubated with blocking buffer [50 ml of 1 × phosphate-buffered saline containing 0.2% (v/v) Tween 20 and 5% (w/v) bovine serum albumin] at room temperature for 60 min. All antibody dilutions were made in Tris-saline and all washing steps were performed using Tris–saline buffer. For Hsp70 analysis, membranes were incubated with a mouse monoclonal anti-Hsp70 antibody (3A3) (1/5000, overnight; Affinity BioReagents Inc., Golden, CO) and horseradish peroxidase-conjugated donkey anti-mouse IgG (1/2500, 2 h; Affinity BioReagents Inc., Golden, CO).

For histone analysis, 5 μg of total histone extracts from F1, F2, and F3 cysts were electrophoresed on a 4–20% SDS-PAGE gel (BioRad, Belgium); histone calf thymus (Roche, 10223565001) (2 μg) served as a positive control. Separated proteins were transferred to a polyvinylidene fluoride membrane (BioRad Immuno-BlotTM PVDF) for antibody probing using (i) rabbit anti-histone H3 trimethyl K4 immunoglobulin (1/1000, overnight; ab8580) in combination with goat anti-rabbit IgG (H + L) (1/1500, 2 h; ab205718), (ii) rabbit anti-histone H3 trimethyl K9 immunoglobulin (1/1000, overnight; ab8898) in combination with goat anti-rabbit IgG (H + L) (1/1500, 2 h; ab205718), and (iii) a mouse monoclonal antibody against histone H3 trimethyl K27 (1/1000, overnight; ab6002) in combination with goat anti-mouse IgG (H + L) (1/1500, 2 h; ab205719). The membranes were then incubated with clarity Western ECL substrate (chemiluminescence reagent) (BioRad Laboratories) for 5 min and the signals were detected by a ChemiDoc MP imaging system (BioRad, Belgium). The relative signal intensity was quantified using Bio-Rad Image lab 4.1 software.



Statistical Analysis

Survival data were analyzed by logistic regression analysis using GenStat 16 (VSN International, Hemel Hempstead, UK) software to determine significant differences between the control and treatment group. For each time point, least significant difference (LSD) values were generated at different p levels. Survival differences between the control and treatment at each time point were tested for the significance based on LSD at different p levels. Results for the gene expressions were represented as fold-changes relative to the geometrical mean of two internal control genes (EF-1a and GAPDH). The expression level in the control was regarded as 1.0 and thereby the expression ratio of the treatments was expressed in relation to the control. Analysis for significant differences in expression levels between the control and treatment groups was performed with the single-tailed Student's t-tests using log-transformed data, and a two-way analysis of variance (ANOVA) was also performed for the interaction analysis using the Statistical Package for the Social Sciences (SPSS) 19.0 (IBM, Armonk, NY, USA). Significant differences between the control and the treatment group for DNA and m6A RNA methylation, total histone H3 and H4 acetylation, and histone multiplex modifications at each generation were determined by the Student's t-test using SPSS version 20.0 (IBM, Armonk, NY, USA). The significance level was set at P < 0.05.




RESULTS


Phloroglucinol Treatment of Parental Brine Shrimp Increased the Resistance of Their Progeny for Three Subsequent Unexposed Generations


Against Bacterial Infection With V. parahaemolyticus or V. harveyi

During a previously performed dose response experiment, it was verified that a continuous exposure of gnotobiotic brine shrimp to 2 μM phloroglucinol could confer protection against V. parahaemolyticus-induced mortality (79% increase in survival as compared to untreated shrimp) (Figure 2). Next, we examined if the protective effect induced by phloroglucinol could be passed on to the next brine shrimp generations. For this purpose, an experiment was conducted in which only the parental generation of brine shrimp (F0) was treated (TF0) with phloroglucinol (2 μM), and then, unexposed brine shrimp larvae of the subsequent generations (F1, F2, and F3, produced ovoviviparously), were experimentally infected with V. parahaemolyticus M0904 or V. harveyi BB120.


[image: Figure 2]
FIGURE 2. Dose response data on survival of 1-day-old axenic brine shrimp larvae after continuous exposure to different concentrations of phloroglucinol. Phloroglucinol treatment of axenic brine shrimp larvae protected them significantly against a subsequent V. parahaemolyticus M0904 challenge (107 cells/ml). Survival percentages of phloroglucinol-treated brine shrimp larvae 48 h post infection are presented. Phloroglucinol untreated larvae that were either challenged with V. parahaemolyticus (positive control) or unchallenged (negative control) served as controls. Error bars represent the standard deviation (n = 5). Different letters indicate significant differences (P < .001).


TF1 brine shrimp whose parents (TF0) were exposed to phloroglucinol showed significant higher survival rates following challenge test with V. parahaemolyticus or V. harveyi as compared to their respective (CF1) controls (Figures 3Ai,Bi). Interestingly, increased resistance toward V. parahaemolyticus- or V. harveyi-induced mortality was also transmitted to TF2 and TF3 brine shrimp (Figures 3Aii,iii,B ii,iii). These findings were confirmed and validated during a common garden experiment under gnotobiotic conditions to minimize environmental influence (Figures 3Ci–iii,Di–iii). Therefore, age- and size-synchronized larvae were used, which were obtained by hatching the oviparous produced brine shrimp cysts (which were collected from the F0–F2 animals from both control and treatment groups) under axenic conditions, allowing to challenge gnotobiotic F1–F3 larvae with bacteria being V. parahaemolyticus or V. harveyi. Together, our results showed that phloroglucinol treatment of parental brine shrimp (F0) at an early life stage increased the resistance of their progeny for three subsequent unexposed generations (F1, F2, and F3) against a bacterial infection with V. parahaemolyticus or Vibrio harveyi at the end of the monitoring period.
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FIGURE 3. Phloroglucinol treatment of parental brine shrimp increased the resistance of their progeny for three subsequent generations against a bacterial infection with Vibrio parahaemolyticus or Vibrio harveyi. The parental generation treatment population (TF0) was treated with phloroglucinol (2 μM) until DAH16 and then three subsequent generations TF1, TF2, and TF3 were kept unexposed to phloroglucinol. The parental generation control population (CF0) as well as three subsequent generations CF1, CF2, and CF3 were not treated with phloroglucinol (see Figure 1 for detailed explanations). F1, F2, and F3 larvae from treated and untreated parents were subsequently used for vibrio (107 cells/ml) challenge trials scoring the survival from 12 until 60 h post challenge with Vibrio parahaemolyticus (AHPND strain M0904) (A) or Vibrio harveyi (strain BB120) (B). During the subsequent common garden experiment, age- and size-synchronized 1-day-old larvae were used for vibrio (107 cells/ml) challenge trials scoring the survival from 12 until 48 h post challenge with Vibrio parahaemolyticus (AHPND strain M0904) (C) or Vibrio harveyi (strain BB120) (D). Error bars represent the standard deviation (n = 7) and stars represent the significant difference over time at each time point (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, *****P < 0.00001) between the treatment groups and the control groups.




Against Lethal Heat Shock

Western blotting was used to measure Hsp70 protein production in brine shrimp from parents (TF0; on the 7th and 16th DAH), which were treated by continuous exposure to phloroglucinol (2 μM). Exposure to phloroglucinol significantly increased Hsp70 production (~2-fold) on DAH16 as compared to the control (CF0) (Figure S2). Next, resistance against lethal heat shock (42.5°C for 15 min) was examined for brine shrimp animals during a common garden experiment by simultaneously hatching the cysts of F1, F2, and F3. TF1 to TF3 animals all displayed a significantly higher thermotolerance as compared to CF1 to CF3 controls (Figures S3a–c). Our findings indicate that phloroglucinol treatment of parental brine shrimp at early life stages induced transgenerational inherited thermotolerance at the end of the monitoring period.

Animals originating from phloroglucinol-treated parents (TF0) suffered no reproduction cost or changes in reproductive behavior. There were no significant differences (P > 0.05) in total offspring production (cysts and nauplii) by TF1 to TF3 generations in comparison to total offspring production by their respective controls (CF1 to CF3) (Figures S4A–C). Thus, phloroglucinol treatment of the parental generation had no influence on reproduction during three subsequent generations.




Transcription of Innate Immune-Related Genes in F1–F3 Brine Shrimp

We examined if resistance against biotic (Vibrio spp. infections) or abiotic (lethal heat shock) stressor in the axenic nauplii collected from TF1 to TF3 generations was associated with altered immune-related gene expression during the common garden experiment. Newly hatched larvae from both control and treatment groups of F1–F3 generations were sampled. Remaining animals from both control and treatment groups (F1–F3) were cultured under conventional control condition without any challenge or treatment and were sampled at the juvenile (16 days old) life stage (Figures 4A,B). To evaluate the response to the infection and to understand the possible transgenerational immune priming effects of the compound, the same innate immune-related genes were examined in F1 to F3 larvae at 6 and 12 h post infection (Figures 5A,B). This result also provided some information on the possible differences in reaction of brine shrimp innate immunity against different pathogens in the presence and absence of the compound-induced immune priming.
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FIGURE 4. During the common garden experiment, age and size synchronized one-day old larvae originating from phloroglucinol treated and non-treated parents were used. To assess the immune gene expression profile of non-infected animals, transcription of immune-related genes in F1, F2, and F3 larvae (A) and F1, F2, and F3 juveniles (B) was studied. Error bars represent the standard deviation (n = 3) and significant differences between the treatment and control groups at each respective generation are indicated by *p < 0.05, **p < 0.01, ***P < 0.001.
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FIGURE 5. During the common garden experiment, age and size synchronized 1-day old larvae originating from phloroglucinol treated and non-treated parents were infected with Vibrio parahaemolyticus (AHPND strain M0904) or Vibrio harveyi (strain BB120). To assess the immune gene expression profile of infected animals originating from treated or non-treated parents, transcription of immune-related genes in F1, F2, and F3 larvae infected with Vibrio parahaemolyticus (A) or Vibrio harveyi (B) was studied at 6 and 12 h post infection. Error bars represent the standard deviation (n = 3) and significant differences between the treatment and control groups at each respective generation are indicated by *p < 0.05, **p < 0.01.


In the phloroglucinol-treated, non-challenged TF1 to TF2 larvae and juveniles, mRNA levels for the pattern recognition receptor down syndrome cell adhesion molecule (DSCAM) were significantly upregulated (2.07- and 2.31-fold rise in TF1 and TF2 juveniles and 2.11- and 1.89-fold rise in TF1 and TF2 larvae) as compared to animals of CF1 to CF2, whereas mRNA levels for the lipopolysaccharide and beta-1,3-glucan binding protein (LGBP) were significantly downregulated (~0.6 fold decline in juveniles and ~ 0.1 fold in larvae) (Figures 4A,B). Transcript levels for the peroxinectin gene were significantly upregulated in TF1 (2.12-fold rise) and TF2 larvae (~1.8-fold rise). However, in juveniles, peroxinectin mRNA levels were only significantly upregulated in TF1 (2.9-fold rise) and downregulated in TF2 (0.59-fold decline) and TF3 (0.72-fold decline) animals. Superoxide dismutase (SOD) mRNA levels were significantly upregulated in TF1 juveniles (2.2-fold rise) and Heat shock protein 90 (HSP90) mRNA levels were significantly upregulated in TF1 (1.58-fold rise) and TF2 (2-fold rise) juveniles, but in larvae, the relative expression was <1.5, whereas HSP70 was significantly upregulated (1.67-fold rise) only in the TF1 larvae. Moreover, there were no significant changes in the expression of HMGB1, ProPO, TGase I, and TGase II either in TF1 to TF3 larvae or juveniles. These results of “phloroglucinol treated, non-challenged” gene expression profile suggest that immune receptor DSCAM, LGBP, and peroxinectin were differentially induced in TF1 to TF3 generation of brine shrimp.

Some immune-related genes of phloroglucinol-treated and challenged (AHPND strain V. parahaemolyticus or V. harveyi) brine shrimp larvae were upregulated in a time-dependent manner (Figures 5A,B). DSCAM was significantly upregulated in TF1 and TF2 larvae challenged with V. parahaemolyticus, and LGBP was significantly upregulated in TF1 and TF2 larvae challenged with V. harveyi. Regardless of the vibrio species used, the expression of ProPO and PXN was significantly upregulated in TF1 and TF2 larvae at 6 h post infection. SOD, HSP70, and HSP90 only showed significantly elevated expression levels in TF1–TF2 larvae challenged with V. parahaemolyticus. These results indicate that Vibrio exposure had a stimulatory effect and significantly modulates the expression of innate immune-related genes in TF1–TF3 brine shrimp animals.

The results are also summarized in a heatmap (Figure 6). Overall, the results showed that the transcription profile of innate immune-related genes was differentially expressed in TF1 to TF3 brine shrimp animals, and it further supports the idea that phloroglucinol might be involved in inducing transgenerational-inherited robust phenotype in brine shrimps.
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FIGURE 6. Heatmap showing transcription levels for innate immune-related genes analyzed in three subsequent brine shrimp generations F1, F2, and F3 originating from phloroglucinol-treated parents. Results for non-infected larvae and juveniles and for larvae infected with V. parahaemolyticus or V. harveyi are presented. Gene upregulation in TF1 to TF3 as compared to CF1 to CF3 is visualized in red and gene downregulation upregulation in TF1 to TF3 as compared to CF1 to CF3 in green. An asterisk * represents a significant difference between the treatment and control groups at each respective generation (*P < 0.05, **P < 0.01, ***P < 0.001).




Global Changes in DNA Methylation (5-mC%) in F1–F3 Brine Shrimp Whose Parental Generation (F0) Was Treated With Phloroglucinol

To examine the underlying mechanism of phloroglucinol-induced transgenerational-inherited increased resistance against bacterial challenge, we determined global DNA methylation levels (5-mC % to total DNA) in the parental generation and subsequent generation (TF1–TF3) animals. The global DNA methylation level was measured in (i) the parental generations TF0 and CF0 both at DAH7 and at DAH16, (ii) TF1 to TF3 and CF1 to CF3 cysts, (iii) TF1 to TF3 and CF1 to CF3 juveniles, and (iv) larvae 12 h post challenge (V. parahaemolyticus or V. harveyi) (Figure 7). At DAH16, the DNA methylation level in the treated parental generation (TF0) was significantly higher than the non-treated parental controls (CF0) (Figure 7A). Interestingly, a significant higher DNA methylation level (5-mC%) was observed in TF1 and TF2 brine shrimp cysts as compared to their respective controls, whereas this was no longer the case in the TF3 brine shrimp (Figure 7B). Further, we investigated whether global DNA methylation found in the dormant embryos (cysts) was also present in juveniles and if methylation was related to pathogen exposure. Results showed that the DNA methylation level in the juveniles was significantly higher in TF1 as compared to CF1 (Figure 7C). DNA methylation in the brine shrimp larvae at 12 h post exposure with V. parahaemolyticus or V. harveyi showed a similar pattern, revealing a significant difference (increase) in 5-mC% for TF1 animals compared to their respective controls. The 5-mC% was statistically the same between TF2 and CF2 and between TF3 and CF3 (Figures 7D,E). DNA methylation levels following phloroglucinol treatment might play a role in the inheritance of the bacteria-resistant phenotype. However, regardless of whether DNA levels were increased or decreased, TF1 to TF3 all had higher vibrio resistance properties. Thus, we could not find a link between DNA methylation levels and higher disease resistance.
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FIGURE 7. Global changes in DNA methylation (5-mC%) in F1–F3 brine shrimp whose parental generation (F0) was treated with phloroglucinol. Global methylated DNA levels (5-mC % to total DNA) were analyzed from brine shrimp parents (A) and three successive F1, F2, and F3 generations each time from non-infected cysts (B), non-infected juveniles (C), V. parahaemolyticus-infected larvae at 12 h post challenge (D) and V. harveyi-infected larvae at 12 h post challenge (E). The MethylFlash Global DNA Methylation (5-mC) ELISA Kit (Epigentek, USA) was used. Error bars represent the standard deviation (n = 3) and significant difference (P < 0.05) in DNA methylation levels between the control and treatment groups are indicated with an asterisk (*, **P < 0.01).




Global Changes of m6A (N6-methyladenosine) RNA Methylation in F1–F3 Brine Shrimp Whose Parental Generation (F0) Was Treated With Phloroglucinol

To gain more insights related to phenotypic observation of phloroglucinol-induced transgenerational inherited increased resistance, next we aimed to identify the m6A (N6-methyladenosine) RNA methylation level in the brine shrimp. The m6A RNA methylation level was measured in (i) the parental generations TF0 and CF0 both at DAH7 and at DAH16, (ii) TF1 to TF3 and CF1 to CF3 cysts, (iii) TF1 to TF3 and CF1 to CF3 juveniles, and in (iv) larvae 12 h post challenge (V. parahaemolyticus or V. harveyi) (Figure 8). At DAH7, m6A RNA methylation levels were statistically the same for TF0 and CF0. However, on DAH16, the RNA of TF0 showed a significantly lower m6A methylation level as compared to that of CF0 (Figure 8A). The m6A RNA methylation level was significantly lower in TF1 cysts as compared to CF1. On the other hand, the m6A RNA methylation levels were significantly higher in TF2 and TF3 cysts as compared to their respective controls CF2 and CF3 (Figure 8B). In TF1 juveniles, the m6A RNA methylation level was (i) significantly lower in TF1 as compared to CF1, (ii) significantly higher in TF2 juveniles as compared to CF2 juveniles, and (iii) statistically the same for TF3 and CF3 juveniles (Figure 8C). The m6A RNA methylation level in brine shrimp larvae 12 h post infection with V. parahaemolyticus or V. harveyi revealed the following: (i) a significantly lower m6A RNA methylation level in TF1 larvae compared to CF1, and (ii) a significant increase in m6A RNA methylation level in TF2 and TF3 larvae as compared to their respective controls (Figures 8D,E). RNA (m6A) methylation levels following phloroglucinol treatment might play a role in the inheritance of the bacteria-resistant phenotype. However, regardless of whether RNA (m6A) methylation levels were increased or decreased, TF1 to TF3 all had higher Vibrio resistance properties. Thus, we could not find a link between RNA (m6A) methylation levels and higher disease resistance.
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FIGURE 8. Global changes of m6A (N6-methyladenosine) RNA methylation in F1–F3 brine shrimp whose parental generation (F0) was treated with phloroglucinol. Total RNA was extracted and N6-methyladenosine (m6A) RNA methylation was analyzed from brine shrimp parents (A) and three successive F1, F2, and F3 generations each time from non-infected cysts (B), non-infected juveniles (C), V. parahaemolyticus-infected larvae at 12 h post challenge (D) and V. harveyi-infected larvae at 12 h post challenge (E). For this purpose, the EpiQuik™ m6A RNA Methylation Quantification Kit was used. Error bars represent the standard deviation (n = 3) and significant difference (P < 0.05) in RNA methylation levels between the control and treatment groups are indicated with an asterisk (*, **P < 0.01).




Acetylation of Total Histone H3 and H4 Followed by Modulation of Multiple H3 and H4 Epigenetic Modifications in F1–F3 Brine Shrimp Whose Parental Generation (TF0) Was Treated With Phloroglucinol

We further studied the histone modifications (global and specific) to test whether histone modifications have also any role in phloroglucinol-induced observed phenotype of transgenerational inherited increased resistance in brine shrimp.

At DAH7, total histone H3 acetylation levels in TF0 parents and CF0 controls were statistically the same. However, at DAH16, the total histone H3 acetylation level was significantly higher in phloroglucinol-treated TF0 parents as compared to CF0 controls. Total histone H3 acetylation was significantly higher in the TF1 to TF2 cysts vs. their respective controls. For juveniles, the total histone H3 acetylation levels in treated brine shrimp and controls were always statistically the same (Figure 9A) since environmental condition or brine shrimp after certain life stage might have influenced the pattern of acetylation and are not that evident and could not hold significant changes in juveniles. In regard to total histone H4 acetylation, phloroglucinol treatment leads to significantly lower total histone H4 acetylation levels in TF0 parents, in TF1 to TF2 cysts, and in TF1 to TF3 juveniles as compared to their respective controls (Figure 9B).
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FIGURE 9. Total acetylation of histone H3 and H4 and multiple modifications of H3 and H4 in F1 to F3 brine shrimp whose parental generation (TF0) was treated with phloroglucinol or non-treated (CF0). Total histone was extracted from the control and treatments groups (in three biological replicates) of F0 (DAH7 and DAH16) and F1, F2, and F3 generations (cysts and juveniles) by the direct acid extraction method. Part I. Alteration of total H3 (A) and H4 (B) histone acetylation patterns in the brine shrimp parental generation TF0 and three successive generations of brine shrimp cysts and juveniles using a fluorometric kit (Abcam). Statistical data are represented as the mean of three biological replicates, error bars represent the standard deviation (n = 3), and significant differences (P < 0.05) between control and treatment groups are indicated with an asterisk (*). Part II. Multiple histone H3 and H4 modified proteins in F1–F3 brine shrimp cysts. (C) H3 Histone 21 post-translational modification states were analyzed from cysts of treatment and control groups. Results showed significantly altered histone modifications in TF1, TF2, and TF3 generations as compared to the respective controls. (D) H4 Histone 10 post-translational modifications were analyzed in cysts of both the treatment and control group and results showed significantly altered histone modifications in TF1, TF2, and TF3 generations as compared to the respective controls. Statistical data are presented as the standard deviation (n = 2), and significant differences (P < 0.05) between control and treatment groups are indicated with an asterisk (*). Part III. Elevated H3K4me3 and H3K27me3 levels and decreased H3K9me3 levels in TF1–TF3 brine shrimp were verified by Western blotting. Western blotting was performed for H3K4me3, H3K27me3, and H3K9me3 in histone extracts from cysts of three subsequent generations from both the treatment and control groups. The representative cropped blot shown here highlights the protein of interest (full length blots are included in the Figure S6). “+” represents higher protein expression level and “–” represents lower protein expression level relative to histone calf thymus (positive control), which was regarded as 1.0. Graphical representation and quantitative analysis of optical density of histone H3K4me3, H3K27me3, and H3K4me3 levels in brine shrimp were performed by Image software. Error bars represent the standard deviation (n = 3). Significant differences (P < 0.05) as compared to the positive control (P < 0.05) (*) are indicated with an asterisk (*).


Next, to gain insight into specific histone modifications, the occurrence of 21 histone H3 protein modifications (15 different lysine methylations, 4 lysine acetylations, and 2 serine phosphorylations) and 10 histone H4 protein modifications (3 different lysine methylations, 2 arginine methylations, 4 lysine acetylations, and 1 serine phosphorylation) was examined for the TF1 to TF3 and CF1 to CF3 cysts. Increased methylation was observed for H3K4 and H3K27 and increased acetylation for H3K14 and H3K56. Specifically, the H3K4me1, H3K4me2, H3K4me3, H3K27me1, H3K14ac, and H3K56ac contents were significantly higher for TF1 vs. CF1 cysts. For TF2 vs. CF2 cysts, H3K4me3, H3K27me1, H3K27me2, H3K27me3, H3K14ac, and H3K56ac were significantly higher. Data for TF3 vs. CF3 were statistically the same (Figure 9C). In case of histone H4 protein modifications, H4K20m2 was significantly lower in TF1–TF3 cysts; H4K5ac, H4K8ac, H4K16ac, H4K20m1, and H4Ser1P contents were significantly lower in the TF1 to TF2 cysts while H4K20m3 was significantly lower in TF1 cysts. Moreover, the H4R3m2s and H4K12ac contents were statistically the same (Figure 9D).

To verify the reliability of the data obtained by the multiplex histone ELISA, H3K4me3, H3K27me3, and H3K9me3 contents for TF1–TF3 and CF1–CF3 cysts were also examined by Western blotting. ELISA results for H3K4me3, H3K27me3, and H3K9me3 were successfully confirmed by Western blotting (Figure 9E and Figure S6). Overall, our data suggest that there were significant epigenetic modifications on histone H3 tails, including several euchromatin marks (i.e., global acetylation of H3, H3K4me3, H3K4me1, H3K4me2, H3K14ac, and H3K56ac) and heterochromatin marks (H3K27me1 and H3K27me3) in the TF1–TF3 brine shrimp cysts. These results indicate that phloroglucinol treatment in the parental generation might cause epigenetic modifications of histone H3 that can be inherited by three subsequent generations of untreated animals. These modifications may be in part responsible for observed increased robustness in the larvae of TF1–TF3 generation compared to the respective controls.




DISCUSSION

At present, there is increasing evidence for epigenetic inheritance of acquired phenotypic traits across multiple generations (18, 20, 41–44). Some of these phenotypes were developed in response to changing environment (13). Mechanisms by which an organism acquires phenotypes and passes them to the subsequent generations through germline is still of major interest. A link has been established in a previous study between increased levels of HSP70 production, induced by daily non-lethal heat shocks in parental generation, and epigenetically regulated transgenerational inheritance of increased biotic and abiotic resistance phenotypes in clonal parthenogenetic Artemia (18). The aim of the current study was to determine the possibility for 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 (A. franciscana) 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 parahaemolyticus AHPND strain as well as V. harveyi) at the end of the monitoring period, and these acquired traits can be transmitted to three successive, unexposed generations (Figure 3 and Figure S3). To evaluate animal disease resistance across F1, F2, and F3 generations, the survival tests were carried under both conventional (germ-associated ovoviviparously produced nauplii at each generation) and common garden gnotobiotic (axenic system in which the known bacteria are manually added) conditions. Gnotobiotic common garden experimental systems exclude the possibility of confounding factors, such as differential microbial community and different size/age of larvae, e.g., across generations (18). Under both these experimental conditions, we observed similar phenotypes of acquired resistance against abiotic and biotic stressors in Artemia. This indicates that information from the treated parents was transmitted to the progenies. These observed phenotypes were associated with several innate immune-related mRNA expressions and epigenetic marks.

In transgenerational inheritance, the epigenetic information can be transferred through several mechanisms such as chromatin modifications (DNA methylation, histone modifications), non-coding RNA (ncRNA) molecules, and RNA methylation. These acquired epigenetic marks can be stably passed through the gametes and persist for multiple generations (9, 45). The observed phloroglucinol-induced transgenerational inheritance of robustness could be a result of various molecular events. To understand the possible mechanism behind transgenerational inherited robust phenotypes, we first 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 invertebrate defense system depends on both constitutive and inducible immune mechanisms, and phloroglucinol-induced immune gene expression at both constitutive level and after bacteria challenge might possibly facilitate resistance to bacterial infection and heat stress (46, 47). Therefore, in the present study, both possibilities were explored.

Our differential 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., DSCAM and LGBP. The pathogen recognition receptors (PRRs), e.g., DSCAM and LGBP, 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 of DSCAM plays an important role in the specificity derived through alternative splicing mechanisms (49–51). More advanced studies during the past decade have demonstrated that DSCAM is the most likely candidate for innate immune specificity and adaptive-like innate immune memory in invertebrates, including crustaceans, since DSCAM might be involved in pathogen-specific splice variants after immune challenge and microbial neutralizing after vaccination (49, 52–60). LGBP regulates innate immune defense in invertebrates against Gram-negative bacteria (61, 62). LGBP is also involved in protection of shrimp against infections with Gram-positive bacteria and fungi (63, 64). In our study, DSCAM mRNA levels were significantly elevated in phloroglucinol treated, non-challenged brine shrimp but whose ancestors were phloroglucinol treated (TF1–TF3) in both larvae and juveniles and in post-Vibrio exposed larvae (Figures 4, 5). LGBP expression was only upregulated after Vibrio challenge. Surprisingly, DSCAM was more responsive to V. parahaemolyticus and LGBP to 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 two Vibrio 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 (HSP70, HSP90, and HMGB1), genes responsible for humoral immune defense (proPO, peroxinectin, TGase), and the antioxidant defense gene SOD. Our results suggested that the observed phenomenon could also be associated, at least in part, with the induction of the signaling molecules HSP70 and HSP90. A positive correlation between elevated HSP70 and HSP90 transcript levels and increased resistance phenotypes was observed in the TF1 and TF2 generation progenies (whose ancestors were treated with the compound) before challenge and in the TF1–TF3 generations after being challenged with the two different strains of Vibrio (i.e., V. parahaemolyticus and V. harveyi). This result is consistent with the known important roles of HSP70 and HSP90 signaling proteins in defining the resistance of organisms against stressor by performing multifaceted functions, such as acting as molecular chaperone for proteins, functioning as danger-associated molecular pattern (DAMP) during inflammation and various cellular processes (65, 66) and/or participating in the activation of cell surface innate immune receptors, thereby modulating many aspects of host's immune responses (21). Additionally, based on our results, it appears that HSP90 mRNA expression plays a bigger role in the transgenerational inherited resistance induced by phloroglucinol compared to HSP70. We found that in the absence of any stressors, HSP90 mRNA stayed significantly upregulated in the untreated progenies of the parents that went through compound treatment, at TF1 and TF2 generations, during both nauplii and juvenile stages. However, after a challenge with V. parahaemolyticus or V. harveyi, it appears that both HSP70 and HSP90 mRNA followed similar expression patterns at different time points and different generations. Increased levels of HSP70 may not be the only factor for transgenerational increased resistance of the animals against pathogenic challenge, and other molecular chaperones, such as HSP40, HSP60, and HSP90, may play a bigger role (67, 68). Our results suggest that application of phloroglucinol has an effect on keeping signaling molecules and more importantly HSP70 and HSP90 mRNA primed for a more efficient response during the stressful condition (21, 69). In our study, the increased levels of HSP90 gene expression under the control conditions where the animals were not challenged were followed by increased mRNA levels of innate immune-related genes including DSCAM, PXN, and SOD in the same experimental conditions and animals' life stage.

Among the immunity-related genes, proPO is an important constituent of the proPO cascade reaction that plays an important role in invertebrate protection against invading pathogens by melanization of pathogens (70, 71). Peroxinectin (PXN) is another defense-related gene and is a cell adhesive protein known to be strongly associated with the proPO system (72). It regulates the expression of antimicrobial peptides (AMPs) in invertebrates (73, 74). The defense molecule TGase is another important constituent of the innate immune repertoire responsible for catalyzing the clotting reaction (75). Based on our results, the genes encoding for the immune effectors proPO and TGase (I and II) mRNA were not upregulated in TF1–TF3 generation (both nauplii and juvenile) in the absence of challenge. However, despite the absence of any significant change in the gene expression levels of proPO or TGase in these animals, a significant upregulation of PXN was observed at TF1 (both nauplii and juvenile) and TF2 generations (only nauplii stage). Surprisingly, PXN was downregulated at TF2 (juvenile) and TF3 (both nauplii and juveniles) generations. From this result, it also appears that compound application in parental generation induces the production of PXN. This priming effect is passed on to the first two subsequent generations, but in the absence of the compound, they fade away and are reversed. However, once nauplii were challenged with either V. parahaemolyticus or V. harveyi, an increase in levels of proPO mRNA expression was observed across TF1–TF3 generations. Interestingly, the proPO gene expression patterns were followed by PXN once the animals were challenged with either of the pathogens. These results show a strong link between the two genes. By comparing the gene expression analysis results of proPO and PXN before and during the challenge, the only possible conclusion is that the compound application in the parental generation induces some kind of modifications on these immune-related genes that could result in the faster and more efficient expression of the mRNA during the challenge. Significantly elevated proPO expression levels in treated shrimp were correlated with higher survival rates in subsequent generations. However, we did not measure the phenol oxidase enzyme activity in shrimp, nor did we analyze protein expression at that time. However, we did collect samples for a future LC-MS/MS study to identify differentially expressed and regulated proteins. Free radicals and reactive oxygen species (ROS) are produced in the metabolic pathways of aerobic cells. The activated innate immune system also engages in phagocytosis to eliminate ROS and invading microorganisms with the aid of the antioxidant enzymes such as SOD (76). In shrimp, SOD plays an important role in protection against V. parahaemolyticus and WSSV infection (16, 76). In the present study, a significant increase in levels of SOD mRNA was recorded, only at TF1 generation, in unchallenged nauplii and juveniles. After the challenge, SOD gene showed a Vibrio-specific expression. The gene was upregulated during both challenges at 6 hpi. However, the difference between control and treatment was significant only at TF1 and TF2 in the group that was challenged with V. parahaemolyticus. After challenge with V. harveyi, a significant upregulation of SOD gene was observed only at TF3 generation during the first 6 hpi compared to the respective control. However, despite this increase, the mRNA level was slightly reduced at TF1–TF3 generations at 12 hpi compared to the respective controls. This was not the case once the animals were challenged with V. parahaemolyticus. These results suggest that treating the parental generation with phloroglucinol compound increases animals' superoxidase dismutase activity in subsequent generations, but the induced effect is reduced during later generations. In a study, it has been observed that a heat shock protein-inducing product mediates its HSP70-inducing effect in the brine shrimp larvae by initial generation of ROS, such as superoxide anion and H2O2 against pathogenic Vibrio and there is a positive correlation between H2O2 release and HSP70 production (24). Similarly, it is shown that phloroglucinol application can induce production of free radicals in animals' cell (77).

The result of our gene expression analysis indicated that the compound application in parental generation could transgenerationally prime the innate immune system of the three subsequent non-treated generations. Additionally, from our results, it appears that the animal's innate immunity could discriminate to some extent between the two Vibrio strains and mount an individual innate immune response against each species.

Since some of these innate immune genes stayed primed or upregulated in the absence of environmental stressors, we next aimed at understanding the possible mechanisms behind this transgenerational inheritance. Recent studies provided evidence for epigenetic mechanisms such as chromatin modifications, DNA methylation, histone modifications, long-lived non-coding RNA, and, very recently, RNA methylation in transgenerational reprogramming across generations (78, 79). The occurrence of epigenetic modifications results in chromatin remodeling, which, in turn, affects the transcription status of innate immune genes (20). In transgenerational inheritance, the epigenetic information can be transferred through several mechanisms such as DNA methylation, RNA methylation, and histone modifications. These acquired epigenetic marks can be stably passed through the gametes and persist for multiple generations (9, 45). The observed phloroglucinol-induced transgenerational inheritance of robustness and elevated innate immune gene expressions could be a result of some epigenetic modifications.

At first, we measured DNA methylation in the brine shrimp, since it is the most widely studied and prevalent epigenetic mark, and typically involves addition of methyl groups primarily at the cytosine base when it is adjacent to guanine base to produce 5-methylcytidine (5-mC). Moreover, DNA methylation changes the way DNA binds and interacts with proteins to regulate the transcription, and recent reports also suggested that methylation was involved in defining exon recognition or exon–intron boundaries that affects splice variant production (80, 81). In the present study, a significant increase in global DNA methylation was observed in treated brine shrimp TF0 parents (DAH16) and in subsequent generations of cysts (TF1–TF2), juveniles, and Vibrio challenged larvae (TF1). The results highlight possible involvement of DNA methylation in the epigenetic modifications for creating a resistant phenotype and gene expression regulation in transgenerational brine shrimp. Global DNA methylation can be further varied depending on the genotype, different environmental stressors, and their interactions (82). Here, we observed lower levels of global DNA methylation under phloroglucinol-induced but no pathogen exposure (parents, cysts, and juveniles) as compared to phloroglucinol-treated and pathogen-exposed larvae (AHPND strain V. parahaemolyticus), indicating that both phloroglucinol and pathogen might have impacted DNA methylation in brine shrimp. There are few reports showing that DNA methylation is affected by environmental stress such as heat shock in the red flour beetle Tribolium castaneum (83) and across generation in parthenogenetic A. franciscana (18). Likewise, the contaminated water environment and chronic gamma irradiation have been reported to modulate the DNA methylation level across generations in Daphnia (84, 85). Since DNA methylation was not uniform across generation, we could not provide a true causal link between DNA methylation and induced inherited bacteria-resistant phenotype. However, this does not completely rule out the possibility that DNA methylation might possibly be involved in developing resistance in brine shrimp after phloroglucinol treatment to the parental generation. It needs to be stated that there are also some discrepancies in the reports on the level of global DNA methylation level as analyzed with different methods such as antibody-based or MS-based methods (84, 86). Here global DNA methylation was only analyzed by an antibody-based method. In the future, it is advisable to study DNA methylation in Artemia on a finer scale targeting specific genes using more sensitive methodologies such as bisulphite sequencing.

Recent studies strongly suggest that RNAs also have dynamic regulatory roles in several biological processes, analogous to epigenetic DNA and histone modifications (87, 88). RNA methylation adds a new dimension in regulating post-transcriptional gene expression, which could affect various aspects of RNA metabolism, e.g., mRNA translation, which can directly impact protein production. N6-methyladenosine (m6A), which refers to methylation of adenosine base at the nitrogen-6 position, is considered the most abundant and conserved internal modification in mRNA and long non-coding RNA (89, 90). It plays an important role in multiple levels of regulation such as splicing, translation, degradation, and possibly microRNA regulated fine-tuning of gene expression (91–94). Therefore, it was interesting to investigate if m6A RNA methylation was associated with the observed transgenerational effects in our brine shrimp model system. There was a significant decrease in global m6A RNA methylation in TF0 parents and TF1 brine shrimp. However, global m6A RNA methylation significantly increased in TF2 and TF3 generations cysts, juveniles (non-challenged), and Vibrio challenged larvae (Figure 8). Castro-Vargas et al. (88) used the invertebrate beetle Tenebrio molitor model system and reported differential global RNA methylation having a role within generations' immune priming phenomena rather than DNA methylation. In the present study, a differential RNA methylation was observed across generations, a lower percentage of m6A RNA methylation was observed in the parents and TF1, whereas a higher percentage of m6A RNA methylation was observed in TF2–TF3 generation brine shrimp. However, the exact role is not clear from the current pattern across generations and we could not provide a true causal link between RNA (m6A) methylation and the induced inherited bacterial resistant phenotype. Nevertheless, this does not completely rule out the possibility that m6A RNA methylations might have possibly been involved in developing resistance in brine shrimp after phloroglucinol treatment to the parental generation and in transgenerational inherited robustness in brine shrimp.

Histone tail modifications are examples of epigenetic mechanisms. Indeed, such modifications in the promoters of defense genes have been shown to correlate with transgenerational-induced resistance against abiotic (95, 96) and biotic stresses (97) in the Arabidopsis plant model. In the present study, we observed alterations in the global acetylation of H3 and H4 as well as in acetylation/methylation of specific H3 and H4 lysin tails. Our results indicate that perhaps phloroglucinol-induced transgenerational inheritance of robustness was achieved by histone epigenetic molecular changes (75, 76). Histone acetylation is one of the most studied modifications as facilitated by histone acetyltransferases (HATs), and it can be reversed also by histone deacetylases (98, 99). Generally, histone acetylations (specific or global) are reported to be linked with euchromatin formation and increased mRNA expression. Histone acetylations such as H3K14ac and H3K9ac at the promoter regions are associated with transcriptional activation and promoting gene expression. Elevated total H3 histone acetylation has been reported in successive generations upon environmental heat stress in Artemia (18). Interestingly, in the current study, a significant increase in global histone H3 acetylation was observed in the parents (DAH16) and subsequent generations of brine shrimp cysts (TF1–TF2). At TF3 generation a slight histone hyperacetylation was observed, but it was not significantly different from CF3. Based on this result, it was apparent that in the absence of compound treatment, histone hyperacetylation was lost over generations. But in the juveniles, there was no significant change in global histone H3 acetylation. This may be due to the fact that brine shrimp after a certain life stage or environmental culture condition may influence the pattern of histone acetylation and therefore are not that evident and could not be detected in juveniles. Along with the transgenerational hyperacetylation global H3, a significant increase in levels of H3K14ac and H3K56ac was observed in the cysts belonging to TF1 and TF2 generations. In contrast, in case of H4, the global acetylation was significantly reduced in both the parental generation DAH16 and the TF1–TF3 cysts and juveniles. Additionally, we also tested the more specific lysine modification on H4. We found that H4K5, H4K8, H4K12, and H4K16 were also hypoacetylated in the cysts from F1 and F2 generations (Figures 9A,B). However, at F3 generation, the difference between treatment and control groups was not significant anymore. So, these results indicate that histone acetylation indeed does play a role in phloroglucinol-induced transgenerational-resistant phenotype in brine shrimp.

Histone methylation is another major modification for epigenetic gene regulation that is associated with either transcriptional activation or gene silencing depending on the sites/positions and degree of methylation (100). In general, histone H3K4 methylations mono-, di-, or trimethylation are mostly associated with gene activation. In particular, trimethylation H3K4me3 is considered as a hallmark for gene activation and directly involved in transcriptional activation (101, 102). Genome-wide distribution patterns of H3K4 methylations revealed that all three types of methylation, H3K4me1, H3K4me2, and H3K4me3, are exclusively present in the genes and promoter regions. H3K4me3 and H3K4me2 are mostly enriched in the promoters and particularly in the 5′ end of transcribed regions with H3K4me3 slightly upstream of H3K4me2 and H3K4me1 depleted in promoters but enriched within transcribed regions, which suggests that H3K4me3 and H3K4me2 might be involved in the transcription initiation and early elongation, whereas H3K4me1 was primarily involved during transcription elongation (103). Interestingly, in the current study, a significant increase in H3K4me3 has been observed in the cysts from subsequent generations (TF1–TF3) of brine shrimp. Along with this trimethylation H3K4me3, a significant increase in two other methylated modified proteins at H3K4 sites, i.e., H3K4me1 in TF1–TF2 generations and H3K4me2 in TF1 generation cysts, was observed (Figures 9C,D). Based on this result, it was evident that a significant increase of methylation has been observed in H3K4 sites (tri-, mono-, and di-). However, it was apparent that histone H3K4 methylation was lost over generations. In accordance with our findings, H3K4me3 trimethylation has been shown to be transgenerationally transmitted for up to three generations and to be associated with longevity in Caenorhabditis elegans (104). Apart from H3K4 methylation, a significant increase in H3K27 methylation, i.e., H3K27me1 and H3K27me3, was also observed. In general, H3K27 methylations are considered as a sign of heterochromatin and is a repressive marker. It is often associated with transcriptional repression or silencing, whereas H3K27me1 are also reported to be associated with active promoters (100, 105, 106). Additionally, some authors have also proposed that H3K4me3 and H3K27me3 can form bivalent domains that can keep regulatory gene expression at very low levels while at the same time keeping them poised for activation (107, 108). This might be a possibility in the current study here, as we observed increased levels of H3K4me3 and H3K27me3 and low levels of immune gene expression. Overall, the present study indicates that exposure of brine shrimp to phloroglucinol induced mostly a state of transcriptionally active chromatin, e.g., H3K4me3, H3K4me2, H3K27me1, total H3 hyperacetylation, and, in some instances, of the gene repression marker, e.g., H3K27me3, H4 hypoacetylation, in the subsequent progenies of brine shrimp. So, histone modifications might have played a role in the phloroglucinol-induced transgenerational-inherited resistant phenotype in brine shrimp.

Phenotypes are made of various genetic and non-genetic components and are often environmentally influenced (109). In transgenerational studies, there is a general interest to examine the presence of associated fitness cost in life history traits such as reproduction. So, in the current study, this possibility was explored. However, neither reproduction cost, nor changes of reproductive phenotypes in the subsequent generations were observed (20, 110), which is beneficial for future applications.

In conclusion, this study reports three major novel findings. At first, phloroglucinol treatment of brine shrimp parents generated transgenerational inheritance of increased resistance against biotic (bacterial challenge) and abiotic stressors (thermotolerance) across three subsequent generations without involving a fitness-related cost. Secondly, some of the innate immune-related genes under study (DSCAM, proPO, PXN, HSP90, HSP70, and LGBP) displayed a differential expression pattern. Third, there is evidence that epigenetic mechanism such as DNA (5-mC) methylation, RNA (m6A) methylation, and histone modifications (active chromatin marker, i.e., H3K4Me3, H3K4me1, H3K27me1, H3 hyperacetylation, H3K14ac, and repression marker, i.e., H3K27me3, H4 hypoacetylation) might be involved in the acquisition of the resistant phenotype. To the best of our knowledge, this is the first demonstration of transgenerational inheritance of a compound-induced robustness, enhancing protection against both biotic (particularly against AHPND causing bacterial strains V. parahaemolyticus) and abiotic stressors (thermotolerance). Therefore, parental conditioning of the brood stock could be a unique and powerful novel strategy for prophylaxis of infectious diseases for future shrimp farming applications. Brine shrimp (A. franciscana) is regarded as a model for crustacean shrimp. However, species differ, and further experiments are necessary to find out if our data can be extrapolated to other shrimp species.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

SR, PN, PB, and DV conceived the study and designed research. SR and VK performed the experiments. SR analyzed the data and wrote the manuscript. All authors were involved in editing of the manuscript.



FUNDING

This work was funded by a Netaji Subhas international doctoral fellowship grant from the Indian Council of Agricultural Research (ICAR), New Delhi. PN was supported by the Research Foundation Flanders, FWO-Vlaanderen, Belgium (postdoc grant FWO 12P2519N). SR was supported by a Netaji Subhas international doctoral fellowship from the Indian Council of Agricultural Research (ICAR), New Delhi, and highly acknowledges the parent institute ICAR-Central Inland Fisheries Research Institute (ICAR-CIFRI). The funders had no role in study design, analysis, or preparation of the manuscript.



ACKNOWLEDGMENTS

The authors thank Lab of Aquaculture & Artemia Reference Center and Lab of Immunology and Animal Biotechnology, Ghent University, for the support. The authors would also like to thank Kartik Baruah, Brigitte Van Moffaert, Thi Minh Tho Dam, Anita De Haese, Gilbert Van Stappen, Alula Petros, Stephanie De Vos, Dung Viet Nguyen, Biao Han, and Christ Mahieu for technical help and animal management.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2019.02745/full#supplementary-material



ABBREVIATIONS

F0, Parental generation; F1, First filial generation; F2, Second filial generation; F3, Third filial generation; CF0, Control parental generation; CF1, Control first filial generation; CF2, Control second filial generation; CF3, Control third filial generation; TF0, Treatment parental generation; TF1, Treatment first filial generation; TF2, Treatment second filial generation; TF3, Treatment third filial generation; 7d, 7th day; 16d, 16th day; DAH, Day after hatching; CGT, Common Garden Test; Vp, V. parahaemolyticus; Vh, V. harveyi.



REFERENCES

 1. Stentiford GD, Sritunyalucksana K, Flegel TW, Williams BAP, Withyachumnarnkul B, Itsathitphaisarn O, et al. New paradigms to help solve the global aquaculture disease crisis. PLoS Pathog. (2017) 13:1–6. doi: 10.1371/journal.ppat.1006160

 2. Dabu IM, Lim JJ, Arabit PMT, Orense SJAB, Tabardillo JA, Corre VL, et al. The first record of acute hepatopancreatic necrosis disease in the Philippines. Aquac Res. (2017) 48:792–9. doi: 10.1111/are.12923

 3. De Schryver P, Defoirdt T, Sorgeloos P. Early mortality syndrome outbreaks: a microbial management issue in shrimp farming? PLoS Pathog. (2014) 10:10–11. doi: 10.1371/journal.ppat.1003919

 4. Lee C-T, Chen I-T, Yang Y-T, Ko T-P, Huang Y-T, Huang J-Y, et al. The opportunistic marine pathogen Vibrio parahaemolyticus becomes virulent by acquiring a plasmid that expresses a deadly toxin. Proc Natl Acad Sci USA. (2015) 112:10798–803. doi: 10.1073/pnas.1503129112

 5. Hong X, Lu L, Xu D. Progress in research on acute hepatopancreatic necrosis disease (AHPND). Aquac Int. (2016) 24:577–93. doi: 10.1007/s10499-015-9948-x

 6. Granada L, Lemos MFL, Cabral HN, Bossier P, Novais SC. Epigenetics in aquaculture – the last frontier. Rev Aquac. (2018) 10:994–1013. doi: 10.1111/raq.12219

 7. Dupont C, Armant RA. Brenner C. Epigenetics: definition, mechanisms and clinical perspective cathérine. Stem Cell Res Ther. (2016) 27:351–7. doi: 10.1055/s-0029-1237423

 8. Wu CT. Genes, genetics, and epigenetics: a correspondence. Science. (2002) 293:1103–5. doi: 10.1126/science.293.5532.1103

 9. Daxinger L, Whitelaw E. Transgenerational epigenetic inheritance : more questions than answers. Cold Spring Harb Lab Press. (2010)1623–8. doi: 10.1101/gr.106138.110

 10. Chen J, Xue Y. Emerging roles of non-coding RNAs in epigenetic regulation. Sci China Life Sci. (2016) 59:227–35. doi: 10.1007/s11427-016-5010-0

 11. Nowacka-Woszuk J, Szczerbal I, Malinowska AM, Chmurzynska A. Transgenerational effects of prenatal caloric restriction on gene expression and histone modifications in the rat. PLoS ONE. (2018) 13:e0193464. doi: 10.1371/journal.pone.0193464

 12. Roth O, Landis SH. Trans-generational plasticity in response to immune challenge is constrained by heat stress. Evol Appl. (2017) 10:514–28. doi: 10.1111/eva.12473

 13. Norouzitallab P, Baruah K, Vanrompay D, Bossier P. Teaching shrimps self-defense to fight infections. Trends Biotechnol. (2019) 37:16–9. doi: 10.1016/j.tibtech.2018.05.007

 14. Blake GET, Watson ED. Unravelling the complex mechanisms of transgenerational epigenetic inheritance. Curr Opin Chem Biol. (2016) 33:101–7. doi: 10.1016/j.cbpa.2016.06.008

 15. Defoirdt T, Pande GSJ, Baruah K, Bossier P. The apparent quorum-sensing inhibitory activity of pyrogallol is a side effect of peroxide production. Antimicrob Agents Chemother. (2013) 57:2870–3. doi: 10.1128/AAC.00401-13

 16. Kumar V, Baruah K, Nguyen DV, Smagghe G, Vossen E, Bossier P. Phloroglucinol-mediated Hsp70 production in crustaceans: protection against Vibrio parahaemolyticus in Artemia franciscana and Macrobrachium rosenbergii. Front Immunol. (2018) 9:1091. doi: 10.3389/fimmu.2018.01091

 17. De Vos S, Bossier PDP, Vuylsteke DM. Genomic tools and sex determination in the extremophile brine shrimp Artemia franciscana. Ph.D thesis, Ghent, Belgium.

 18. Norouzitallab P, Baruah K, Vandegehuchte M, Van Stappen G, Catania F, Vanden Bussche J, et al. Environmental heat stress induces epigenetic transgenerational inheritance of robustness in parthenogenetic Artemia model. FASEB J. (2014) 28:3552–63. doi: 10.1096/fj.14-252049

 19. Norouzitallab P, Biswas P, Baruah K, Bossier P. Multigenerational immune priming in an invertebrate parthenogenetic artemia to a pathogenic vibrio campbellii. Fish Shellfish Immunol. (2015) 42:426–9. doi: 10.1016/j.fsi.2014.11.029

 20. Norouzitallab P, Baruah K, Biswas P, Vanrompay D, Bossier P. Probing the phenomenon of trained immunity in invertebrates during a transgenerational study, using brine shrimp Artemia as a model system. Sci Rep. (2016) 6:1–14. doi: 10.1038/srep21166

 21. Junprung W, Supungul P, Tassanakajon A. HSP70 and HSP90 are involved in shrimp Penaeus vannamei tolerance to AHPND-causing strain of Vibrio parahaemolyticus after non-lethal heat shock. Fish Shellfish Immunol. (2017) 60:237–46. doi: 10.1016/j.fsi.2016.11.049

 22. Aleng NA, Sung YY, Macrae TH, Abd ME. Non-lethal heat shock of the asian green mussel, Perna viridis, Promotes Hsp70 Synthesis, induces thermotolerance and protects against Vibrio infection. PLoS ONE. (2015) 10:e0135603. doi: 10.1371/journal.pone.0135603

 23. Sung YY, Pineda C, MacRae TH, Sorgeloos P, Bossier P. Exposure of gnotobiotic Artemia franciscana larvae to abiotic stress promotes heat shock protein 70 synthesis and enhances resistance to pathogenic Vibrio campbellii. Cell Stress Chaperones. (2008) 13:59–66. doi: 10.1007/s12192-008-0011-y

 24. Baruah K, Norouzitallab P, Linayati L, Sorgeloos P, Bossier P. Reactive oxygen species generated by a heat shock protein (Hsp) inducing product contributes to Hsp70 production and Hsp70-mediated protective immunity in Artemia franciscana against pathogenic vibrios. Dev Comp Immunol. (2014) 46:470–9. doi: 10.1016/j.dci.2014.06.004

 25. Niu Y, Norouzitallab P, Baruah K, Dong S, Bossier P. A plant-based heat shock protein inducing compound modulates host-pathogen interactions between Artemia franciscana and Vibrio campbellii. Aquaculture. (2014) 430:120–7. doi: 10.1016/j.aquaculture.2014.04.001

 26. Baruah K, Norouzitallab P, Phong HPPD, Smagghe G, Bossier P. Enhanced resistance against Vibrio harveyi infection by carvacrol and its association with the induction of heat shock protein 72 in gnotobiotic Artemia franciscana. Cell Stress Chaperones. (2017) 22:377–87. doi: 10.1007/s12192-017-0775-z

 27. Quideau S, Deffieux D, Douat-casassus C, Pouysøgu L. Natural products plant polyphenols : chemical properties, biological activities, and synthesis. Angew Chem Int Ed Engl. (2011) 50:586–621. doi: 10.1002/anie.201000044

 28. Clegg JS, Drinkwater LE, Sorgeloos P. The metabolic status of diapause embryos of Artemia franciscana (SFB). Physiol Zool. (1996) 69:49–66.

 29. Kumar V, Nguyen DV, Baruah K, Bossier P. Probing the mechanism of VP AHPND extracellular proteins toxicity purified from Vibrio parahaemolyticus AHPND strain in germ-free Artemia test system. Aquaculture. (2019) 504:414–9. doi: 10.1016/j.aquaculture.2019.02.029

 30. Defoirdt T, Sorgeloos P. Monitoring of Vibrio harveyi quorum sensing activity in real time during infection of brine shrimp larvae. ISME J. (2012) 6:2314–9. doi: 10.1038/ismej.2012.58

 31. Frost PC, Ebert D, Larson JH, Marcus MA, Wagner ND, Zalewski A. Transgenerational effects of poor elemental food quality on Daphnia magna. Oecologia. (2010) 162:865–72. doi: 10.1007/s00442-009-1517-4

 32. Briski E, Van Stappen G, Bossier P, Sorgeloos P. Laboratory production of early hatching Artemia sp. cysts by selection. Aquaculture. (2008) 282:19–25. doi: 10.1016/j.aquaculture.2008.06.034

 33. Han B, Kaur VI, Baruah K, Nguyen VD, Bossier P. High doses of sodium ascorbate act as a prooxidant and protect gnotobiotic brine shrimp larvae (Artemia franciscana) against Vibrio harveyi infection coinciding with heat shock protein 70 activation. Dev Comp Immunol. (2019) 92:69–76. doi: 10.1016/j.dci.2018.11.007

 34. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2-ΔΔCT method. Methods. (2001) 25:402–8. doi: 10.1006/meth.2001.1262

 35. Pfaffl MW. Relative expression software tool (REST(C)) for group-wise comparison and statistical analysis of relative expression results in real-time PCR. Nucleic Acids Res. (2002) 30:e36. doi: 10.1093/nar/30.9.e36

 36. Gu S, Sun D, Dai H, Zhang Z. N6-methyladenosine mediates the cellular proliferation and apoptosis via microRNAs in arsenite-transformed cells. Toxicol Lett. (2018) 292:1–11. doi: 10.1016/j.toxlet.2018.04.018

 37. Lu N, Li X, Yu J, Li Y, Wang C, Zhang L, et al. Curcumin attenuates lipopolysaccharide-induced hepatic lipid metabolism disorder by modification of m6A RNA methylation in piglets. Lipids. (2018) 53:53–63. doi: 10.1002/lipd.12023

 38. Elkashef SM, Lin AP, Myers J, Sill H, Jiang D, Dahia PLM, et al. IDH mutation, competitive inhibition of FTO, and RNA methylation. Cancer Cell. (2017) 31:619–20. doi: 10.1016/j.ccell.2017.04.001

 39. Zhang C, Samanta D, Lu H, Bullen JW, Zhang H, Chen I, et al. Hypoxia induces the breast cancer stem cell phenotype by HIF-dependent and ALKBH5-mediated m 6 A-demethylation of NANOG mRNA. Proc Natl Acad Sci USA. (2016) 113:E2047–56. doi: 10.1073/pnas.1602883113

 40. Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal Biochem. (1976) 72:248–54. doi: 10.1006/abio.1976.9999

 41. López JH, Schuehly W, Crailsheim K, Riessberger-Gallé U. Trans-generational immune priming in honeybees. Proc R Soc B Biol Sci. (2014) 281: 20140454. doi: 10.1098/rspb.2014.0454

 42. Pinaud S, Portela J, Duval D, Nowacki FC, Olive MA, Allienne JF, et al. A shift from cellular to humoral responses contributes to innate immune memory in the vector snail Biomphalaria glabrata. PLoS Pathog. (2016) 12:1–18. doi: 10.1371/journal.ppat.1005361

 43. Klosin A, Casas E, Hidalgo-Carcedo C, Vavouri T, Lehner B. Transgenerational transmission of environmental information in C. elegans. Science. (2017) 356:320–3. doi: 10.1126/science.aah6412

 44. Heard E, Martienssen RA. Transgenerational epigenetic inheritance: Myths and mechanisms. Cell. (2014) 157:95–109. doi: 10.1016/j.cell.2014.02.045

 45. Horsthemke B. A critical view on transgenerational epigenetic inheritance in humans. Nat Commun. (2018) 9:1–4. doi: 10.1038/s41467-018-05445-5

 46. Hoffmann JA. The immune response of Drosophila. Nature. (2003) 426:33–8. doi: 10.1038/nature02021

 47. Barribeau SM, Schmid-Hempel P, Sadd BM. Royal decree: gene expression in trans-generationally immune primed bumblebee workers mimics a primary immune response. PLoS ONE. (2016) 11:e159635. doi: 10.1371/journal.pone.0159635

 48. Mahla RS, Reddy MC, Vijaya Raghava Prasad D, Kumar H. Sweeten PAMPs: role of sugar complexed PAMPs in innate immunity and vaccine biology. Front Immunol. (2013) 4:248. doi: 10.3389/fimmu.2013.00248

 49. Watson FL. Extensive diversity of ig-superfamily proteins in the immune system of insects. Science. (2005) 309:1874–8. doi: 10.1126/science.1116887

 50. Wang X-W, Gao J, Xu Y-H, Xu J-D, Fan Z-X, Zhao X-F, et al. Novel pattern recognition receptor protects shrimp by preventing bacterial colonization and promoting phagocytosis. J Immunol. (2017) 198:3045–57. doi: 10.4049/jimmunol.1602002

 51. Smith PH, Mwangi JM, Afrane YA, Yan G, Obbard DJ, Ranford-Cartwright LC, et al. Alternative splicing of the Anopheles gambiae Dscam gene in diverse Plasmodium falciparum infections. Malar J. (2011) 10:1–7. doi: 10.1186/1475-2875-10-156

 52. Hung HY, Ng TH, Lin JH, Chiang YA, Chuang YC, Wang HC. Properties of Litopenaeus vannamei Dscam (LvDscam) isoforms related to specific pathogen recognition. Fish Shellfish Immunol. (2013) 35:1272–81. doi: 10.1016/j.fsi.2013.07.045

 53. Ng TH, Chiang YA, Yeh YC, Wang HC. Reprint of “Review of Dscam-mediated immunity in shrimp and other arthropods.” Dev Comp Immunol. (2015) 48:306–14. doi: 10.1016/j.dci.2014.07.017

 54. Armitage SAO, Peuß R, Kurtz J. Dscam and pancrustacean immune memory - A review of the evidence. Dev Comp Immunol. (2015) 48:315–23. doi: 10.1016/j.dci.2014.03.004

 55. Chang YH, Kumar R, Ng TH, Wang HC. What vaccination studies tell us about immunological memory within the innate immune system of cultured shrimp and crayfish. Dev Comp Immunol. (2018) 80:53–66. doi: 10.1016/j.dci.2017.03.003

 56. Dong Y, Taylor HE, Dimopoulos G. AgDscam, a hypervariable immunoglobulin domain-containing receptor of the Anopheles gambiae innate immune system. PLoS Biol. (2006) 4:1137–46. doi: 10.1371/journal.pbio.0040229

 57. Chou PH, Chang HS, Chen IT, Lin HY, Chen YM, Yang HL, et al. The putative invertebrate adaptive immune protein Litopenaeus vannamei Dscam (LvDscam) is the first reported Dscam to lack a transmembrane domain and cytoplasmic tail. Dev Comp Immunol. (2009) 33:1258–67. doi: 10.1016/j.dci.2009.07.006

 58. Chou PH, Chang HS, Chen IT, Lee CW, Hung HY, Han-Ching Wang KC. Penaeus monodon Dscam (PmDscam) has a highly diverse cytoplasmic tail and is the first membrane-bound shrimp Dscam to be reported. Fish Shellfish Immunol. (2011) 30:1109–23. doi: 10.1016/j.fsi.2011.02.009

 59. Chiang YA, Hung HY, Lee CW, Huang YT, Wang HC. Shrimp Dscam and its cytoplasmic tail splicing activator serine/arginine (SR)-rich protein B52 were both induced after white spot syndrome virus challenge. Fish Shellfish Immunol. (2013) 34:209–19. doi: 10.1016/j.fsi.2012.10.021

 60. Jin XK, Li WW, Wu MH, Guo XN, Li S, Yu AQ, et al. Immunoglobulin superfamily protein Dscam exhibited molecular diversity by alternative splicing in hemocytes of crustacean, Eriocheir sinensis. Fish Shellfish Immunol. (2013) 35:900–9. doi: 10.1016/j.fsi.2013.06.029

 61. Kim Y, Ryu J, Han S, Choi K, Nam K, Jang I, et al. Gram-negative Bacteria Binding Protein, a pattern recognition receptor for lipopolysaccharide and beta-1,3-glucan, which mediates the signaling for the induction of innate immune genes in Drosophila melanogaster cells. J Biol Chem. (2000) 275:32721–7. doi: 10.1074/jbc.M003934200

 62. Amparyup P, Sutthangkul J, Charoensapsri W, Tassanakajon A. Pattern recognition protein binds to lipopolysaccharide and β-1,3-glucan and activates shrimp prophenoloxidase system. J Biol Chem. (2012) 287:10060–9. doi: 10.1074/jbc.M111.294744

 63. Chen Y-E, Jin S, Zhao Q-S, Zhang Y, Wang C-L. PtLGBP, a pattern recognition receptor in Portunus trituberculatus involved in the immune response against different challenges. Acta Biol Hung. (2014) 65:294–304. doi: 10.1556/ABiol.65.2014.3.6

 64. Chaosomboon A, Phupet B, Rattanaporn O, Runsaeng P, Utarabhand P. Lipopolysaccharide- and β-1,3-glucan-binding protein from Fenneropenaeus merguiensis functions as a pattern recognition receptor with a broad specificity for diverse pathogens in the defense against microorganisms. Dev Comp Immunol. (2017) 67:434–44. doi: 10.1016/j.dci.2016.07.006

 65. Chen GY, Nuñez G. Are heat shock proteins DAMPs? Nat Rev Immunol. (2011) 11:565. doi: 10.1038/nri2873-c2

 66. Roh JS, Sohn DH. Damage-associated molecular patterns in inflammatory diseases. Immune Netw. (2018) 18:1–14. doi: 10.4110/in.2018.18.e27

 67. Neckers L, Tatu U. Molecular chaperones in pathogen virulence: emerging new targets for therapy. Cell Host Microbe. (2008) 4:519–27. doi: 10.1016/j.chom.2008.10.011

 68. Chen T, Lin T, Li H, Lu T, Li J, Huang W, et al. Heat shock protein 40 (HSP40) in pacific white shrimp (Litopenaeus vannamei): molecular cloning, tissue distribution and ontogeny, response to temperature, acidity/alkalinity and salinity stresses, and potential role in ovarian development. Front Physiol. (2018) 9:1784. doi: 10.3389/fphys.2018.01784

 69. Sable A, Rai KM, Choudhary A, Yadav VK, Agarwal SK, Sawant S V. Inhibition of Heat Shock proteins HSP90 and HSP70 induce oxidative stress, suppressing cotton fiber development. Sci Rep. (2018) 8:1–17. doi: 10.1038/s41598-018-21866-0

 70. Amparyup P, Charoensapsri W, Tassanakajon A. Prophenoloxidase system and its role in shrimp immune responses against major pathogens. Fish Shellfish Immunol. (2013) 34:990–1001. doi: 10.1016/j.fsi.2012.08.019

 71. Cerenius L, Lee BL, Söderhäll K. The proPO-system: pros and cons for its role in invertebrate immunity. Trends Immunol. (2008) 29:263–71. doi: 10.1016/j.it.2008.02.009

 72. Shanthi S, Manju S, Rajakumaran P, Vaseeharan B. Molecular cloning of peroxinectin gene and its expression in response to peptidoglycan and Vibrio harveyi in indian white shrimp fenneropenaeus indicus. Cell Commun Adhes. (2014) 21:281–9. doi: 10.3109/15419061.2014.943396

 73. Sritunyalucksana K, Wongsuebsantati K, Johansson MW, Söderhäll K. Peroxinectin, a cell adhesive protein associated with the proPO system from the black tiger shrimp, Penaeus monodon. Dev Comp Immunol. (2001) 25:353–63. doi: 10.1016/S0145-305X(01)00009-X

 74. Dong C, Wei Z, Yang G. Involvement of peroxinectin in the defence of red swamp crayfish Procambarus clarkii against pathogenic Aeromonas hydrophila. Fish Shellfish Immunol. (2011) 30:1223–9. doi: 10.1016/j.fsi.2011.04.014

 75. Lin X, Söderhäll K, Söderhäll I. Transglutaminase activity in the hematopoietic tissue of a crustacean, Pacifastacus leniusculus, importance in hemocyte homeostasis. BMC Immunol. (2008) 9:58. doi: 10.1186/1471-2172-9-58

 76. Ji PF, Yao CL, Wang ZY. Reactive oxygen system plays an important role in shrimp Litopenaeus vannamei defense against Vibrio parahaemolyticus and WSSV infection. Dis Aquat Organ. (2011) 96:9–20. doi: 10.3354/dao02373

 77. So MJ, Cho EJ. Phloroglucinol attenuates free radical-induced oxidative stress. Prev Nutr Food Sci. (2014) 19:129–35. doi: 10.3746/pnf.2014.19.3.129

 78. Vilcinskas A. The role of epigenetics in host–parasite coevolution: lessons from the model host insects Galleria mellonella and Tribolium castaneum. Zoology. (2016) 119:273–80. doi: 10.1016/j.zool.2016.05.004

 79. Mukherjee K, Twyman RM, Vilcinskas A. Insects as models to study the epigenetic basis of disease. Prog Biophys Mol Biol. (2015) 118:69–78. doi: 10.1016/j.pbiomolbio.2015.02.009

 80. Gelfman S, Cohen N, Yearim A, Ast G. DNA-methylation effect on cotranscriptional splicing is dependent on GC architecture of the exon – intron structure DNA-methylation effect on cotranscriptional splicing is dependent on GC architecture of the exon – intron structure. Genome Res. (2013)789–99. doi: 10.1101/gr.143503.112

 81. Glastad KM, Hunt BG, Goodisman MA. Evolutionary insights into DNA methylation in insects. Curr Opin Insect Sci. (2014) 1:25–30. doi: 10.1016/j.cois.2014.04.001

 82. Asselman J, De Meester L, Decaestecker E, De Coninck DIM, Jansen M, Janssen CR, et al. Global cytosine methylation in Daphnia magna depends on genotype, environment, and their interaction. Environ Toxicol Chem. (2015) 34:1056–61. doi: 10.1002/etc.2887

 83. Feliciello I, Parazajder J, Akrap I, Ugarković -Ð. First evidence of DNA methylation in insect Tribolium castaneum. Epigenetics. (2013) 8:534–41. doi: 10.4161/epi.24507

 84. Chatterjee N, Choi S, Kwon OK, Lee S, Choi J. Multi-generational impacts of organic contaminated stream water on Daphnia magna: a combined proteomics, epigenetics and ecotoxicity approach. Environ Pollut. (2019) 249:217–24. doi: 10.1016/j.envpol.2019.03.028

 85. Trijau M, Asselman J, Armant O, Adam-Guillermin C, De Schamphelaere KAC, et al. Transgenerational DNA methylation changes in Daphnia magna exposed to chronic γ irradiation. Environ Sci Technol. (2018) 52:4331–9. doi: 10.1021/acs.est.7b05695

 86. Vandegehuchte MB, Lemière F, Vanhaecke L, Vanden Berghe W, Janssen CR. Direct and transgenerational impact on Daphnia magna of chemicals with a known effect on DNA methylation. Comp Biochem Physiol C Toxicol Pharmacol. (2010) 151:278–85. doi: 10.1016/j.cbpc.2009.11.007

 87. Morris KV. The theory of RNA-mediated gene evolution. Epigenetics. (2015) 10:1–5. doi: 10.1080/15592294.2014.995536

 88. Castro-Vargas C, Linares-López C, López-Torres A, Wrobel K, Torres-Guzmán JC, Hernández GAG, et al. Methylation on RNA: A potential mechanism related to immune priming within but not across generations. Front Microbiol. (2017) 8:473. doi: 10.3389/fmicb.2017.00473

 89. Slobodin B, Han R, Calderone V, Vrielink JAFO, Loayza-Puch F, Elkon R, et al. Transcription impacts the efficiency of mRNA translation via Co-transcriptional N6-adenosine Methylation. Cell. (2017) 169:326–37.e12. doi: 10.1016/j.cell.2017.03.031

 90. Roignant JY, Soller M. m6A in mRNA: an ancient mechanism for fine-tuning gene expression. Trends Genet. (2017) 33:380–90. doi: 10.1016/j.tig.2017.04.003

 91. Xiao W, Adhikari S, Dahal U, Chen Y-S, Hao Y-J, Sun B-F, et al. Nuclear m 6 a reader YTHDC1 regulates mRNA splicing. Mol Cell. (2016) 61:507–19. doi: 10.1016/j.molcel.2016.01.012

 92. Meyer KD, Patil DP, Zhou J, Zinoviev A, Skabkin MA, Elemento O, et al. 5′ UTR m6A promotes cap-independent translation. Cell. (2015) 163:999–1010. doi: 10.1016/j.cell.2015.10.012

 93. Wang X, Lu Z, Gomez A, Hon GC, Yue Y, Han D, et al. N 6-methyladenosine-dependent regulation of messenger RNA stability. Nature. (2014) 505:117–20. doi: 10.1038/nature12730

 94. Chen T, Hao YJ, Zhang Y, Li MM, Wang M, Han W, et al. M6A RNA methylation is regulated by microRNAs and promotes reprogramming to pluripotency. Cell Stem Cell. (2015) 16:289–301. doi: 10.1016/j.stem.2015.01.016

 95. Dhar MK, Vishal P, Sharma R, Kaul S. Epigenetic dynamics: role of epimarks and underlying machinery in plants exposed to abiotic stress. Int J Genomics. (2014) 2014:1–10. doi: 10.1155/2014/187146

 96. Lämke J, Bäurle I. Epigenetic and chromatin-based mechanisms in environmental stress adaptation and stress memory in plants. Genome Biol. (2017) 18:1–11. doi: 10.1186/s13059-017-1263-6

 97. Luna E, Bruce TJA, Roberts MR, Flors V, Ton J. Next-generation systemic acquired resistance. Plant Physiol. (2012) 158:844–53. doi: 10.1104/pp.111.187468

 98. Berger SL. Histone modifications in transcriptional regulation. Curr Opin Genet Dev. (2002) 12:142–8. doi: 10.1016/S0959-437X(02)00279-4

 99. Meagher RB, Müssar KJ. The influence of DNA sequence on epigenome- induced pathologies. Epigenetics Chromatin. (2012) 5:11. doi: 10.1186/1756-8935-5-11

 100. Barski A, Cuddapah S, Cui K, Roh TY, Schones DE, Wang Z, et al. High-resolution profiling of histone methylations in the human genome. Cell. (2007) 129:823–37. doi: 10.1016/j.cell.2007.05.009

 101. Eissenberg J, Shilatifard A. Histone H3 lysine 4 (H3K4) methylation in development and differentiation. Dev Biol. (2010) 339:240–9. doi: 10.1016/j.ydbio.2009.08.017

 102. Yan C, Boyd DD. Histone H3 acetylation and H3 K4 methylation define distinct chromatin regions permissive for transgene expression. Mol Cell Biol. (2006) 26:6357–71. doi: 10.1128/MCB.00311-06

 103. Zhang X, Bernatavichute YV, Cokus S, Pellegrini M, Jacobsen SE. Genome-wide analysis of mono-, di- and trimethylation of histone H3 lysine 4 in Arabidopsis thaliana. Genome Biol. (2009) 10:1–14. doi: 10.1186/gb-2009-10-6-r62

 104. Greer EL, Maures TJ, Ucar D, Hauswirth AG, Mancini E, Lim JP, et al. Transgenerational epigenetic inheritance of longevity in Caenorhabditis elegans. Nature. (2011) 479:365–71. doi: 10.1038/nature10572

 105. Ferrari KJ, Scelfo A, Jammula S, Cuomo A, Barozzi I, Stu A. Polycomb-dependent H3K27me1 and H3K27me2 regulate active transcription and enhancer fidelity. Mol Cell. (2014) 53:49–62. doi: 10.1016/j.molcel.2013.10.030

 106. Wiles ET, Selker EU. H3K27 methylation: a promiscuous repressive chromatin mark. Curr Opin Genet Dev. (2017) 43:31–7. doi: 10.1016/j.gde.2016.11.001

 107. Bernstein BE, Mikkelsen TS, Xie X, Kamal M, Huebert DJ, Cuff J, et al. A Bivalent chromatin structure marks key developmental genes in embryonic stem cells. Cell. (2006) 125:315–26. doi: 10.1016/j.cell.2006.02.041

 108. Voigt P, Tee WW, Reinberg D. A double take on bivalent promoters. Genes Dev. (2013) 27:1318–38. doi: 10.1101/gad.219626.113

 109. West-Eberhard MJ. Developmental Plasticity and Evolution. Oxford: Oxford university press (2003).

 110. Dhinaut J, Chogne M, Moret Y. Trans-generational immune priming in the mealworm beetle protects eggs through pathogen-dependent mechanisms imposing no immediate fitness cost for the offspring. Dev Comp Immunol. (2018) 79:105–12. doi: 10.1016/j.dci.2017.10.017 

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Roy, Kumar, Bossier, Norouzitallab and Vanrompay. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fimmu-10-02745-g005.gif





OPS/images/fimmu-10-02745-g006.gif
[ et )






OPS/images/fimmu-10-02745-g003.gif





OPS/images/fimmu-10-02745-g004.gif





OPS/images/fimmu-10-02745-g009.gif





OPS/images/fimmu-10-02745-g007.gif





OPS/images/fimmu-10-02745-g008.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Phloroglucinol Treatment Induces Transgenerational Epigenetic Inherited Resistance Against Vibrio Infections and Thermal Stress in a Brine Shrimp (Artemia franciscana) Model



		Introduction



		Materials and Methods



		Culture of Experimental Animals



		Phloroglucinol Treatment of the Parental (F0) Generation



		Production and Collection of Progeny



		Bacterial Strains and Growth Conditions



		Bacterial Challenge Assay



		Common Garden Experiment



		RNA Extraction and cDNA Synthesis



		Standard Curve Preparation for Primer Specificity and Amplification Efficiency



		Quantitative Real-Time PCR (RT-qPCR) Analysis



		DNA Extraction



		Global DNA and RNA Methylation



		Histone Extraction



		Histone H3 and H4 Total Acetylation and Multiple Modifications by ELISA



		Protein Extraction



		Western Blotting



		Statistical Analysis







		Results



		Phloroglucinol Treatment of Parental Brine Shrimp Increased the Resistance of Their Progeny for Three Subsequent Unexposed Generations



		Against Bacterial Infection With V. parahaemolyticus or V. harveyi



		Against Lethal Heat Shock









		Transcription of Innate Immune-Related Genes in F1–F3 Brine Shrimp



		Global Changes in DNA Methylation (5-mC%) in F1–F3 Brine Shrimp Whose Parental Generation (F0) Was Treated With Phloroglucinol



		Global Changes of m6A (N6-methyladenosine) RNA Methylation in F1–F3 Brine Shrimp Whose Parental Generation (F0) Was Treated With Phloroglucinol



		Acetylation of Total Histone H3 and H4 Followed by Modulation of Multiple H3 and H4 Epigenetic Modifications in F1–F3 Brine Shrimp Whose Parental Generation (TF0) Was Treated With Phloroglucinol







		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Abbreviations



		References

















OPS/images/cover.jpg
’ frontiers
in Immunology

Phloroglucinol Treatment Induces
Transgenerational Epigenetic
Inherited Resistance Against Vibrio
Infections and Thermal Stress in a
Brine Shrimp (Artemia franciscana)
Model





OPS/images/fimmu-10-02745-g001.gif
Parental generation brine shrimp

(F0)
Control (-F0) Treatment (T-F0)
Non-reated brine shrimp. Phloroglucinol (2uM) treated brine shrmp.

(from DAHL il DAHIE)

1

Cropt | CRlanae THbnae | T ot

Gro CR2lanae
|
ot | crslanae

Thnae TR as

Tlnee TR ast

T
‘Common garden experiment
(Simultancoushtching of posed F1, 2 0 3 ysts and producing e arvse)
r T T T T T 1
sacterialchalenge Thermaltclerance Gene expression _ ONA A Histone  Reproductive
s [ i melwstion  melhylton  Modicaions performance

assays | assays ssays.





OPS/images/fimmu-10-02745-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





