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The Intestinal microbiome plays a critical role in the health of their host 

organism.  While intestinal microbiome composition is typically inherited vertically from 

parent to offspring or from the environment at birth, composition of the microbiota can 

be modulated by intestinal epithelial cells via expression of key regulatory 

genes.  Endocrine disrupting chemicals found as pollutants in the environment may thus 

perturb composition of the intestinal microbiome via alternation of the interactions 

between host gene expression and microbiota. Bisphenol-A, a ubiquitous endocrine 

disrupting pollutant, has previously been shown to induce microbial dysbiosis via direct 

exposure; however, research on its transgenerational effects is limited.  In this study, 

developing medaka embryos were continuously exposed to bisphenol A (BPA, 10 ug /L) 

from 8 hours post-fertilization to 12 days post-fertilization stages and never thereafter. 

They were allowed to grow in water without chemical exposure for the rest of their life 

and spawn for three generations. An aseptic condition was maintained during the 

exposure period to avoid colonization of environmental microbes in the intestine. Whole 

gut samples were collected from the fish in F0 (grandparents) and F2 (grandchildren) 

generation. DNA from the water samples were collected at the time of sampling to 

determine environmental microbiota population. Alterations in the host intestinal 

epigenome and transcriptome as well as detrimental morphological changes in the 

intestine were observed in the grandchildren.  A dysbiosis of the gut microbiome was 

found in the medaka fish whose grandparents were developmentally exposed to 

BPA.  BPA exposure was associated with decreased number of overall Operational 

Taxonomical Units (OTUS) in F2 intestine.  A decrease in commensal genus Vibrio and 

a higher abundance of pathogenic Aeromonas and Shewanella was 

observed.  Presence of genera typically absent in medaka gut microbiome, such as 

Acidovorax, was also observed in the BPA lineage fish.  
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CHAPTER I: INTRODUCTION 

Animals and microbes have evolved together to form a symbiotic relationship in 

which the host’s health can be greatly affected by the stability and interactions between 

their microbiome.  The presence of commensal intestinal microbes has been shown to 

play an important role in the biological processes of their host organism including, but 

not limited to, nutrient metabolism, epithelial proliferation, xenobiotic metabolism, 

immune function, and neurological behaviors1–4.  The intestinal microbiome is typically 

inherited vertically from parent to offspring or from the environment at birth typically 

acquired environmentally from birth.  Homeostasis of the microbiome is found to be 

modulated in part by intestinal epithelial cells via expression of inflammatory cytokines 

in response to commensal bacteria in humans and murine models5.  In turn the 

intestinal microbiome is believed to play a role in the immune function and tissue 

development of the host organism via induction of microbial specific transcription and 

methylation marks in the host intestinal epithelial cells and liver.6,7 Any shifts to the 

intestinal environment either via xenobiotics or intestinal disease may thus induce a 

detrimental shift of the intestinal microbiome known as dysbiosis.  Dysbiosis is 

associated with increased inflammation and intestinal permeability, increasing 

susceptibility to diseases which may further exasperate alterations to the intestinal 

envionment8  Dysbiosis has been associated with multiple chronic diseases including 

obesity, inflammatory bowel disease, colon cancer, autoimmune diseases, and 

neurological disorders9.  Endocrine disrupting chemicals (EDCs) are environmental 

stressors found as pollutants in the environment that have been found to perturb 

composition of the commensal microbiome via alternation of the interactions between 

host intestinal gene expression and their microbiome.  Chronic exposure to 

environmental EDCs induce microbial dysbiosis directly10; however, it has not yet been 

studied whether EDCs have the potential to induce dysbiosis transgenerationally in non-

exposed descendants.  The epigenome is defined as a set of chemical modifications on 

the DNA that alter the transcription of certain genes.  Examples of epigenetic 

modifications are DNA methylation, histone modifications, and RNA modification. 

Epigenetic modifications can either be temporary or permanent depending on when 
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exposure occurred and the cell type on which exposure occurred.  Evidence suggests 

EDCs have the potential to induce alterations to the epigenome in germline cells that 

persist after exposure to the chemical stops11.  These altered epigenetic marks have the 

potential to be inherited transgenerationally, inducing a maladaptive phenotype that 

appears in grandchildren who were never exposed to the chemical.  Germline 

transmission of this altered epigenome potentially results in an altered intestinal 

environment, thus giving way to a transgenerational occurs of microbial dysbiosis in the 

intestine.12 

Originally developed as a synthetic estrogen in the 1890s, BPA, or bisphenol-A, 

is as endocrine disrupting chemical that has been in wide use since the 1940’s for the 

manufacturing of polycarbonate plastics and epoxy resins.  BPA is widely associated 

with its use in the production of in plastic water bottles and epoxy liners in metal food 

cans.  While the general population is widely exposed to this chemical through its 

presence in food containers, concerns have arisen due to leeching of BPA into 

wastewater and soil from plastic waste.  Due to the nature of its chemical structure, BPA 

is easily released from plastics after normal use.13  BPA metabolites are also released 

from urinary waste into water systems.14  While use has decreased in recent decades 

due to health concerns, the overall widespread use has led to BPA being a ubiquitous 

pollutant in the environment.15,16  In fact, approximately 30-40% of river and ground 

water samples tested were found to have BPA concentrations ranging from 1-28 ug/L.17  

As with any chemical to which humans are highly exposed, there exists concerns on the 

toxicity of BPA and its effects on our health.  BPA is a known endocrine disruptor that 

can bind to surface estrogen receptors (ER) subtypes alpha and beta, potentially 

causing detrimental downstream changes in gene expression via alteration of 

epigenetic responses.  Presence of BPA in the blood has been linked to obesity, 

infertility, polycystic ovary syndrome, behavioral changes, and a wide variety of other 

developmental ailments.  While BPA binds to estrogen receptors with 1000 to 2000-fold 

less affinity than the most active natural-occurring estrogen, 17β-estradiol (E2), the 

chemical has garnered itself a label as a “weak estrogen mimetic”18.  Exposure during 

critical developmental stages has the most potential to cause these toxic effects, as the 

ability to detoxify BPA has not been fully developed during this time period.  BPA 
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exposure during early development is found to induce DNA damage via production of 

reactive oxidative species, impacting embryo development19.  BPA has also been 

shown to alter the epigenome via alteration of expression of DNA and histone 

methyltransferases mRNA in the germ cells of exposed individuals.  DNA 

methyltransferases are involved in the modulation of DNA methylation on cytosine-

guanine (CpG) dinuclotides and histone methyltransferases in post-translational 

modification of histone tails that determine chromatin structure.20  As cytosine 

methylation one of the key mechanisms to regulate gene expression, BPA exposure 

may thus induce alterations in transcription of key regulatory genes in multiple tissue 

systems via alterations in DNA methylation profile.  

Gene-environment interactions lead to emergence of phenotypes which may or 

may not be adaptive to the changing environment.  Phenotypic traits evolving due to this 

interaction are believed to be mediated by mechanisms underlying intergenerational 

epigenetic inheritance21.  A developing embryo undergoes many organizational events, 

including cell lineage specification, differentiation, and organogenesis.  Direct exposure 

to environmental EDCs can lead to a shift in epigenetic alterations in the cells that are 

going through organizational events, including in germ stem cells (also called primordial 

germ cells, PGCs)22.  If one of the cell types affected by embryonic direct exposure are 

the precursors of intestinal cells, population differences in the gut microbiome can be 

expected as it leads to transcriptional alterations in the gut.  Such effects in the somatic 

cells cannot be inherited by subsequent generation; however, the epigenetic alterations 

on genomic regions that are required for proper functioning of intestinal epithelial cells 

(IECs) may have been altered in the PGCs which may then be transmitted to the 

germline and somatic cells of the subsequent generations after corrections by 

epigenetic reprogramming processes that occur during early embryonic development.  

While epigenetic reprogramming events reverse a majority of altered epigenetic 

patterns during embryonic development, some EDC exposure-specific epigenetic 

alterations (also called epimutations) in the germline cells can escape the erasure 

process and establish permanent epimutation patterns in the resulting somatic stem 

cells and germ cells of offspring (F1 generation). When F1 generation individuals 

reproduce, changes are maintained as a memory of ancestors resulting in differential 
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epigenetic landscape in somatic cells, such as intestinal epithelial cells.  Thus, 

alterations in these epimutations give rise to dysregulated patterns of epigenetic 

landscapes and gene expression in intestinal tissues.23,24  The F2 generation, which is 

the first not exposed to the EDCs, gives rise to a population with an adult-onset 

diseased phenotype transmitted from the F0 generation.  This process by which 

exposure-specific epimutations are inherited from grandparents to children is known as 

transgenerational inheritance25.   

 

 

 

Figure 1: Experimental Model demonstrating transgenerational inheritance of epimutations from 

F0 BPA exposure.  Medaka fish embryos will be exposed to an environmentally relevant level of 

BPA from 8hpf -12dpf, inducing epimutations in intestinal epithelial cells and germ cells 

undergoing genetic programming.  Epigenetic footprints are transmitted to F1 offspring via the 

germline.  While epimutations are typically corrected during epigenetic reprogramming events in 

F1, some epimutations resist reprogramming and are transmitted via the germ line to the 

grandchildren, resulting in an adult-onset diseased phenotype in grandchildren inherited from 

grandparents. 
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To better understand the transgenerational effects of BPA on the intestinal 

microbiome, the present study used the Japanese medaka (Oryzias latipes) as a 

vertebrate model organism. Medaka embryos and PGCs undergo epigenetic 

reprogramming events similar to that of mammals (Fig. 1)26,27.  Medaka have a small 

genome (~800mb) with well-established genetic resources available such as genetic 

maps and availability of transgenic strains, making it an ideal model for studying 

mechanisms underlying gene-environment interactions and intergenerational epigenetic 

inheritance28,29 

 

 

 

Figure 2. Epigenetic reprogramming in post-fertilization stage embryo and primordial germ cells 

of zebrafish, mouse, and medaka. Medaka seems to have mechanisms of processing 

epigenome well-conserved with humans and mice. 

 

 

The present study is based on principles of epigenetic inheritance which follows 

non-mendelian inheritance pattern with possibilities for complete reprogramming and 

erasure in each generation (Figure 3). It has two parts. The first part is designed to 
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study effects of direct embryonic exposure to environmental estrogenic chemicals on 

adult intestinal transcriptome and epigenome profile as well as gut microbiome 

population.  The second part is designed to study the association of gut microbiome 

population with host intestinal tissue epigenome and transcriptome as grandchildren 

generations have been found to maintain a slightly different epigenetic profile in their 

somatic cells due to ancestral exposure to environmental stressors30. Preliminary 

results from the Bhandari Laboratory suggest that ancestral BPA exposure leaves 

differential epigenetic memories in the PGCs (germ stem cells) and gametes which can 

escape reprogramming in subsequent generations leading to spreading of these 

epigenetic memories to somatic tissues of derived offspring (Wang et al., in 

preparation). So, the grandchildren of medaka fish used in the present study had 

maintained epimutations established by ancestral BPA exposure.  

  



 7 

 

Figure 3. A hypothetical diagram illustrating effects of environmental stressors on somatic cells 

and germ cells. Environmental stressors cause somatic effects in the exposed organism due to 

direct exposure, whereas the exposure effects are transmitted to subsequent generation via 

eggs or sperm. Epigenetic control mechanisms yield epimutations that escape defined 

reprogramming events during embryogenesis and sex determination. The epimutations are 

generally mitotically stable and heritable which can pass to the offspring. The individual that 

develops as a result of fertilization by the sperm or eggs with established epimutation acquires 

epimutation in each cell type, just like a genetic mutation. Such epimutations may serve as 

biomarkers of exposure or bioindicator of overall organismal and population health. 

 

 

The presented study has two specific aims. The first aim will test the hypothesis 

that developmental BPA exposure induces changes to intestinal microbiome in F0 

generation.  The second aim will test the hypothesis that ancestral BPA exposure leads 

to transgenerational differences in intestinal epigenome, transcriptome, and microbiome 

composition.  Transcriptome (RNAseq) and methylome (Bisulfite seq) patterns will be 

quantified in intestinal epithelial cells from grandchildren controls and grandchildren of the 
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BPA-exposed grandparents.  Associated transgenerational transcriptome and methylome 

profiles in intestinal epithelial cells will be compared with the microbiome composition to 

correlate compositional changes to methylome and transcriptome in the intestinal 

epithelial cells. It is expected that the adult microbiome composition of BPA-exposed F0 

medaka fish will be different from that of exposed F2 generations; and within the 

grandchildren generation, the F2 microbiome population will differ due to epigenetic 

inheritance of altered intestinal epigenome and transcriptome (Figure 1). 

As BPA becomes an increasingly ubiquitous environmental pollutant, it is 

important to know how exposure can potentially cause disease in future generations 

even after remediation of the contamination as accumulating evidence suggest that 

BPA leaves epimutations in the germline of subsequent generations which may result in 

unprecedented adverse health outcomes.  Furthermore, inheritance of a perturbed gut 

microbiome due to environmental stressors has yet to be well-characterized in aquatic 

models such as the medaka or in any current species models.  As aquatic organisms 

undergo prolonged exposure and differential routes of exposure to the xenobiotic, the 

presented study on its effects in medaka would give a more focused insight on the 

potential effects in aquatic environments.
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CHAPTER II: METHODS 

Animals and Experimental Design 

 

All fish husbandry, tissue collection, germ cell preparation, and DNA/RNA sample 

preparation was performed at Bhandari Laboratory, and procedure for animal care and 

handling was approved by Institutional Care Committee of the University of North 

Carolina Greensboro (#20-002).  Fertilized eggs (F0) from 6-10 medaka breeding pairs 

were collected, sorted, and pooled into 9 petri dishes containing 50 mL deionized water. 

Each petri dish contained 50 eggs each with 3 biological replicates for each treatment 

group. BPA exposure began approximately 8 hours post fertilization, immediately after 

the reprogramming of embryo was complete.  For BPA-treated fish, deionized water in 

petri dishes was replaced with water containing test chemical BPA at a concentration of 

10 μg/L (environmentally relevant concentration).  Embryos were continuously exposed 

to BPA for 12 days.  Control water and test chemical solutions were changed every day 

until eggs hatched to ensure minimal degradation and aseptic conditions.  There was no 

further BPA exposure to these F0 fish or subsequent generations (F1, or F2, Figure 4). 

Water temperature was set at 26 ±0.5°C, and light:dark cycle was 14:10. No food was 

provided during the exposure period. 

 

Sampling and Chemical Exposure 

 

Six adult pairs from each treatment group were randomly selected and mated to 

produce offspring for each subsequent generation.  F0 fish were either unexposed or 

directly exposed to BPA treatment.  F1 fish were indirectly exposed as germ cells in 

parental gonads.  Therefore, transgenerational effects can only be examined in the F2 

generation (Bhandari et al., 2015).  For each generation the fertilized eggs from the 6 

breeding pairs of each group were collected over a 2-week period and placed into petri 

dishes with 50 mL well water with a daily change of 80% water until hatched.  Fish were 

fed immediately after yolk sac was resorbed, generally on day 12 or thereafter. Fish 

were raised to adulthood in a stand-alone aquaria system with recirculating water.  In 
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each generation whole intestinal tissue was dissected under aseptic conditions from 

each biological replicate.  As there were 3 biological replicates, tissue samples from a 

total of 9 male fish (9) were isolated for each treatment group for each generation.  After 

dissection F0 fish were flash frozen in liquid nitrogen and kept in -80°C until intestines 

were collected from samples. Intestinal samples were placed in -80℃ freezer until 

analysis.   

 

 

 

Figure 4. Schematic Diagram Outlining the Maintenance of Treated or Control Medaka 

Lineages. F0 embryos only were exposed to BPA.  The F0 embryos were reared into 

reproductively mature adults and their fertilized eggs were collected from each treatment 

lineage to produce the subsequent generations as indicated above. Boxes indicate the adults 

produced from exposed embryos (F0) and the first generation in our experiments to 

demonstrate transgenerational phenotypes (F2). 

 

 

Genomic DNA and total RNA extraction 

 

RNA and DNA samples were extracted using Zymo ZR-Duet™ DNA/RNA 

MiniPrep according to manufacturer’s protocol with the following alterations. Whole 

intestinal samples were placed in 350 uL DNA/RNA shield and bead-beated for 4.5 

minutes at 3,500 rpm with 25 ul of 10 mg/ml lysozyme to ensure break down of gram-

positive bacteria cell walls.  After this step, extraction followed protocol as provided by 

Direct Effects Transgenerational effects

Collect Intestinal Samples

Extract DNA/RNA

Collect Intestinal Samples

F0’s early life F2 grandchildrenF1 childrenF0 adults

Illumina

NovaSeq

Host methylome profile
Host transcriptional profile
Gut microbiota metagenomics

Collect water samples
(environmental)

BPA
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Zymo Research.  DNA and RNA was stored at -20C and -80C respectively after 

quantification using Thermo Scientific Nano Drop 2000c Spectrophotometer. 

DNA was subject to bisulfite conversion and Illumina sequencing libraries were 

prepared from pooled isolated DNA using NEBNext® Ultra™ II FS DNA Library Prep Kit 

(NEB, E6177) according to the user’s manual.  Prepared libraries were sent to NC State 

University Genomic Core for Bisulfite Sequencing of DNA (WGBS) on NovaSeq S4 

platform. 

 

16S Sequencing Process and Bioinformatic Analysis 

  

3ul of extracted DNA from each sample was pooled into their corresponding 

biological replicates.  Quantity of pooled DNA was determined using Thermo Scientific 

Nano Drop 2000/2000c Spectrophotometer.  Samples were sent under dry ice to LC 

Sciences, LLC 16s rRNA sequencing.  50 ng DNA was used to amplify variable regions 

of 16S rRNA Phusion polymerase for 25-35 PCR cycles. V3 and V4 regions of 16S 

rRNA were then amplified. After one cycle of PCR, sequencing adapters and barcodes 

were added for further amplification. The amplified library was then used for 

sequencing. Sequence reads were generated using the Illumina MiSeq platform.  

Barcode information was used to separate data for each sample. For each sample, 

paired-end reads were merged into single tags according to the overlapped region 

between pairs. The tags were subsequently filtered by their Phred quality score (Q20 

and Q30) to generate the clean data.  After generating clean data, sequences were 

grouped into operational taxonomy units (OTUs). One OTU was defined as a cluster of 

tags with sequence similarity greater than 97% within the cluster.  OTU clustering and 

taxonomy analysis was completed by LC sciences. 

 

Bioinformatic Analysis of Transcriptome and Epigenome 

 

To evaluate direct (F0) or transgenerational (F2) transcriptomic changes in 

intestines induced by embryonic exposure to BPA, RNA sequencing was performed to 

obtain transcriptome profiles.  3ul of extracted RNA from each sample was pooled into 
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their corresponding biological replicates.  Quantity of pooled RNA was determined using 

Thermo Scientific Nano Drop 2000/2000c Spectrophotometer. RNA was converted into 

RNA-seq libraries and were sent to Novogene Inc. to be sequenced on Illumina HiSeq 

platform.  Sequencing reads from each replicate were mapped to medaka reference 

transcriptome using HISAT2 software.  Only uniquely mapped reads were used for 

subsequent analysis and differentially expressed genes were computed using Cuffdiff 

function of Cufflinks software.  Gene expression values were generated in the 

normalized form of fragments per kilobase of transcript per million mapped fragments 

(FPKM) values and an FDR-adjusted p-value < 0.05 was considered as significantly 

differentially expressed. 

 To identify differentially methylated regions, bisulfite sequencing reads were 

mapped to the medaka genome using the program Bismark with default parameters.  

Mapped reads on both strands were considered to calculate methylation level.  The 

genome was divided into consecutive 5-kb probes with a step size of 2.5 kb.  Probes 

contain at least 5 CpG sites, and each CpG site that was covered by at least 5 reads 

which were considered for further analysis.  To identify differentially methylated probes 

or promoters, the difference of methylation levels of a prober or promoter in two 

samples were calculated and constructed the Chi-Squared Test with SeqMonk 

software. If the difference of methylation level of the prober or promoter was larger than 

0.2 and the p-value was less than 0.001, the probes or promoter was identified as 

differentially methylated. 

 

Gene Ontology 

 

Gene enrichment analysis was performed using the PANTHER 

Overrepresentation test with the GO ontology Database.  GO terms for biological 

processes (GO biological process complete) was selected and False Discovery Rate 

correction was used to determine significance of enriched pathways.    
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Histology 

 

 Tissue samples from 15 female F2 generation medaka were isolated for each 

treatment group.  Male intestinal tissue samples were also collected for the F2 

generation, however samples are still being processed.  Dissected samples were fixed 

in Bouin’s solution for 7 hours and dehydrated in a series of rising alcohol 

concentrations as described in the Bhandari Lab protocol up to 100% ethanol.  Samples 

were placed in xylene as a clearing agent.  Samples were then placed in a mixture of 

xylene and paraffin for infiltration.  Samples were embedded in paraffin wax and 

sectioned in a transverse position to observe intestinal lining.  Sections were stained 

using hematoxylin.   
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CHAPTER III: RESULTS 

Gut Microbiome 

 

In the F0 Generation, the number of shared OTUs between the control and 

treated groups was 346.  The BPAF0 group had a total of 799 OTUs identified with 453 

unique OTUs.  CTRLF0 was found to have 427 unique OTUs out of 773 total.  F2 

generation showed a significant decrease in the number of OTUs in the BPA treatment 

group as compared to that of the control, with BPAF2 group having a total of 342 OTUS 

whereas the control group was found to have 693.  Between the two treatment groups, 

189 OTUs were shared.  The microbiome of water samples in which F2 treatment 

groups lived were collected at the time of tissue sampling and sequenced.  Water 

samples for the control group were found to have 970 OTUs while 884 OTUs were 

found in the BPA water samples.  474 were shared between the two groups (Figure 5) 
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Figure 5: Venn diagrams indicating number of unique and common OTUs between treatment 

groups. (A) Common number of OTUs between BPAF0 and CTRLF0 (B) Common number of 

OTUs between BPAF2 and CTRLF2 (C) Common number of OTUS between ENVCF2 and 

ENVBF2. Grandchildren of BPA-exposed lineage had fewer OTUs (51%) compared to control 

lineage.  

 

 

Of the genera shared between the control and bpa-treated groups in the F0 

generation, the relative abundances of six genera of bacteria were significantly altered.  

Pedomicrobium, Microtrichaceae, and Allorhizobium-Neorhizobium-Pararhizobium-

Rhizobium group were significantly decreased and Bilophila, Oxyphotobacteria, and 

Niveibactercium were increased in the intestine of directly exposed BPA-treated 

medaka.  In the F2 generation the relative abundances of 37 genera of bacteria were 

significantly altered.  Amongst these, Vibrio was virtually absent in BPAF2 group.  

Aeromonas, Shewanella, and Acidovorax were increased in BPAF2 group. (Figure 6) 

Relative abundances analysis indicated that bacterial composition in BPA-exposed 

(A) (B) 

(C) 



 16 

medaka and unexposed grandchildren of BPA-exposed lineage differed from the control 

groups in each generation. Unweighted UniFrac Principal coordinate analysis was used 

to determine distance between the beta-diversity of each group.  This analysis revealed 

that environment was not indicative of intestinal microbiome composition. (Figure 7) 

 

 

 

Figure 6: Relative abundances of Genera between treatments groups and generations. 
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Figure 7: Principal coordinate analysis of intestinal microbiome composition using unweighted 

UniFrac. 

 

 

SparCC correlation analysis was used to determine significant correlations between 

genera in the intestine.  Genera Aeromonas, Shewanella, and Pseudomoas were found 

to be positively correlated with each other.  Aeromonas had a slight positive correlation 

to Flavobacterium.  Aeromonas, Shewanella, and Pseudomonas were each negatively 

correlated to other genera not specified.  Undibacterium had a positive correlation to 

genera Vogesella, Deinococcus, and Lysobactor. (Fig. 8) 
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Figure 8:  SparCC network plot indicating relations between genera in gut 
microbiome of medaka 

 

 

Host Intestinal Transcriptome and Gene Ontology 

 

 RNA sequencing revealed 3604 differentially expressed genes in the BPA-treated 

group of the F0 generation, with 2694 of genes being upregulated and 882 being 

downregulated. 527 genes were differentially expressed in the BPA-group in the F2 

generation in which 118 genes were upregulated and 409 downregulated (Fig. 9) 
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Figure 9. Differentially expressed genes from the control for each generation 
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Figure 10: Gene enrichment analysis of GO biological process complete PANTHER 

pathways.  FDR < 0.05 indicates significance (A) Functionally enriched genes related to 

biological processes in F2 generation (B) Functionally enriched genes related to 

biological processes in F0 generation 

(A) 

(B) 
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 Gene Ontology analysis was performed using differentially expressed genes 

(DEGs) to relate with functionally enriched biological pathways. Functionally enriched 

genes in the F0 generation were most enriched with pathways related to hemostasis, 

regulation of peptidase activity, cellular, metabolic process, cellular macromolecule, 

metabolic process, and regulation of body fluid levels. In the F2 generation, DEGs were 

enriched with pathways related to lipid biosynthetic process, regulation of catalytic 

activity, defense response to bacterium, adaptive immune response based on somatic 

recombination of immune receptors built from immunoglobulin superfamily domains, 

leukocyte mediated immunity, and inflammatory responses. Overall, majority of the 

DEGs altered were related to tissue development, wound responses, and overall 

metabolic processes in the F0 generation, whereas in the F2 generation a majority of 

DEGs were found to be related to immune responses, in which one altered pathway of 

interest is defense response to bacterium (Fig. 10) 

 

Host Intestinal Methylome and Transcriptome Comparative Analysis 

 

Whole genome bisulfite sequencing was used to determine methylome profile of 

the whole intestine.   A total of 3120 differentially methylated regions (DMRs) were 

observed in the methylome of the BPA-exposed F0 group.  Of these regions, 1590 were 

hypomethylated, while 1530 were hypermethylated (Fig.11, Fig. 12).  A total of 116 

DMRs were found in the methylome of the BPA F2 group.  Of these 38 were 

hypomethylated and 78 were hypermethylated.  In order to infer the relation of 

differentially methylated regions to the transcriptome profile, DMR locations were 

aligned to the medaka genetic database to determine proximity to differentially 

expressed genes found on RNAseq.  DMRs were categorized as either within DEGs 

(intragenic) or within 5mb up or downstream from DEGs (intergenic). If DMRs were not 

within proximity of DEGs within the defined specifications, they were classified as 

“other”.  In the F0 generation 457 DMRs were intergenic to DEGs and 372 were 

intragenic.  In the F2 generation 4 genes were intergenic to DEGs and none were 

intragenic. (Fig. 11, Fig.12). 
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Figure 11: Venn diagrams of intergenic or intragenic overlap of DMRs to DEGs.  (A) 

Intergenic overlap of F0 DMRs to F0 DEGs (B) Intergenic overlap of F2 DMRs to F2 DEGs (C) 

Intragenic overlap of F0 DMRs to F0 DEGs (D) Intragenic overlap of F2 DMRs to F2 DEGs. This 

correlation analysis was performed by Dr. Louis-Marie Bobay, my committee member. 

 

 

 

 

Figure 12: Categorization of DMRs according to methylation pattern and location in relation to 

DEGs. (A)  Categorization of DMRs in F0 generation (B) Categorization of DMRs in F2 

generation 
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Intestinal Morphology 

 

In the intestine of the F2 female BPA-lineage medaka, the muscularis, 

submucosa layer and lamina propria have been contracted, and serosa layer is 

completely degenerated.  An overall intestinal atrophy is observed. Hemorrhaging in the 

submucosa and lymphocyte infiltration was detected, believed to be due to strong 

degeneration in the mucosa and submucosa.  A degenerated epithelium was observed, 

along with hypertrophy of goblet cells (Fig. 13). Histological micrographs of male 

medaka intestines are currently in progress.  

 

 

 

Figure 13: Transverse Intestinal Sections from F2 Females. (A) in BPA lineage (B) in 

control lineage. M: muscularis, SM: submucosa, G: goblet cells, LP: lamina propria, E: 

epithelium: S: Serosa

A 

B 
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CHAPTER IV: DISCUSSION AND CONCLUSION 

Bisphenol-A is a ubiquitous pollutant present in US water and soil systems to 

which the population is continuously exposed.  While the FDA has established that BPA 

has little direct toxic effect in doses far above that of the environmentally relevant 

concentrations, previous studies have indicated that BPA induces potentially detrimental 

physiological changes in those exposed16,30.  Furthermore, early embryonic BPA 

exposure at similar concentrations has shown to induce epigenetic alterations in the 

germline cells of exposed organisms, impacting the phenotypes of subsequent 

generations31.  In the presented study, BPA has been shown to induce 

transgenerational alterations in expressions of key regulatory genes in the intestine of 

unexposed grandchildren of grandparents only exposed during embryonic development.  

It is established that direct BPA exposure induces alterations in the intestinal 

microbiome; however, whether the induced epimutations that are passed on to 

unexposed grandchildren also induce a dysbiosis in the gut microbiome has not yet 

been well studied. The results presented in this study indicate that embryonic BPA 

exposure induces epimutations in the germline cells that are inherited by the intestinal 

epithelial cells of unexposed grandchildren.  In turn, genes related to immune and 

metabolic pathways in the intestine are differentially expressed causing dysbiosis of the 

gut microbiome as compared to the control group.    

Early embryonic BPA exposure did not appear to significantly alter the intestinal 

microbiome of the F0 medaka.  Continuous and perinatal exposure has been shown to 

induce dysbiosis in the microbiome of zebrafish models and mammal models 

respectively10,32; however, no apparent studies appear to examine effects of BPA-

exposure before microbiome colonization begins to occur in the intestine.  The present 

study exposed medaka to BPA before colonization of environmental microbiota in the 

gut as embryos.  As these embryos were reared in an aseptic environment in which 

feeding was not provided during the exposure period, this study is the first to 

demonstrate effects of BPA exposure pre-microbiome development.  Comparison of 

results of mentioned studies to that of this study indicate that effects of direct BPA 

exposure on the microbiome are a result of BPA’s direct toxicity towards specific 
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microbial species.  Direct BPA exposure did induce differential expression of genes, in 

which RNAseq indicated that 3,576 genes were differently expressed.  Gene ontology 

analysis revealed that DEGs in the F0 generation were related to tissue development, 

wound responses, and overall metabolic processes pathways; however, induced 

differential gene expression did not alter the intestinal environment sufficiently to alter 

the core microbiome.  As evidence from the Bhandari Laboratory indicate, direct 

exposure to BPA during embryonic development does not produce a maladaptive 

phenotype during adulthood in other tissue systems31.  This pattern appears to persist in 

the intestinal tissue, although future steps would be to observe the histology of F0 

intestine in both treated groups to confirm. 

The presented results indicate that intestinal microbiome dysbiosis did occur 

transgenerationally in the F2 generation grandchildren of exposed medaka fish.  As this 

generation was completely unexposed to the chemical, dysbiosis occurred as a result of 

inherited epimutations altering key regulatory pathways in the intestine, creating a 

hostile environment for the commensal bacterium.  Gene ontology analysis of 

PANTHER biological process pathways indicated that a majority of the DEGS altered 

were related to immune responses, which one pathway of interest being that of defense 

response to bacterium.  The relative abundance of the genus Vibrio in particular was 

found to be almost nonexistent from the control group.  Vibrio is an opportunistic 

pathogen in fish and humans; however, growing evidence indicates that certain species 

in the genus Vibrio participate in the normal immune function and intestinal 

development of several species of marine models33.  Vibrio also acts as a competitive 

genus against other opportunistic pathogens, specifically the genera Aeromonas and 

Shewanella in the intestine of the closely related zebrafish.34,35  Results from the 

present study confirm this relation as Aeromonas and Shewanella were both 

significantly increased in the intestine of BPA-lineage F2 generation fish.  Alterations of 

the intestinal environment in F2 generation may have allowed for colonization of 

bacteria typically not present in the intestine from the environment.  Acidovorax is a 

genera found present in the environmental microbiome but did not colonize in the gut of 

control-lineage medaka and medaka directly exposed to BPA indicating that the 

intestinal microbiome highly modulated and is not directly influenced by the 



 26 

environment.  No other studies of medaka intestinal microbiome indicate that 

Acidovorax is able to colonize the gut; however, our results indicate that it was highly 

abundant in the intestine of F2 BPA-lineage fish. 

Developmental BPA exposure has been established to induce epimutations in 

the form of alterations to the DNA methylation patterns during the primordial germ cell 

reprogramming events that occur during early embryonic development, but does not 

appear to cause an altered phenotype in adult medaka exposed during this time 

period31.   Epimutations in the primordial germ cells have the potential to be in the F1 

generation, which are then passed on to the F2 generation where PGCs give rise to 

somatic cells resulting in altered phenotypes.  In the Japanese medaka BPA exposure 

induced differential methylation patterns that are inherited to non-exposed offspring and 

grandchildren, resulting in reduced reproductive success, as well as detrimental 

changes to brain-pituitary-testes axis36,37 

Comparative analysis of the methylome and transcriptome in the F2 generation 

indicated that differentially methylated regions did not overlap with genes that were 

determined to be differentially expressed nor were they close to the transcription sites of 

these genes.  While DEGs do not appear to be directly altered due to altered 

methylation marks, increasing evidence has indicated that methylation of CPG islands 

far from transcription sites of genes have potential to alter transcription initiation activity 

via interaction with transcription factor Sp1.38   Furthermore, adaptive anti-microbial 

immune response, specifically that to gram-negative bacteria, is modulated by Sp139.  

The methylome of the sperm cells from the F1 fathers of the F2 generation has been 

sequenced.  The F1 sperm methylomes have already been characterized (Wang et al., 

in preparation), so future steps would be to map the sperm methylome to that of the 

intestinal epithelial cells to confirm that observed epimutations were in fact inherited 

from parents.   

Investigation of the intestinal histology revealed morphology of the BPA-lineage 

F2 female fish was significantly altered from that of the control.  There was an overall 

intestinal atrophy, and hypertrophy of goblet cells signifying excess secretion of mucin 

to protect against immunogenic stress.  Results from gene ontology analysis indicated 

that of the functionally enriched pathways, pathways relating to lymphocyte related 
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immunity, inflammatory response, and defense response to bacterium were amongst 

the most enriched.  The physiological alterations observed were similar to that of the 

digestive tracts of fish species exposed to heavy metal contamination.40   

Transgenerational damage to intestinal tissue has been observed in mice in 

which BPS, a BPA analogue, induced persistent intestinal inflammation in grandchildren 

of exposed mice41.  Male medaka intestine looked morphologically similar to female 

intestine during sampling of tissues. Both were translucent and fragile in the F2 BPA 

lineage compared to F2 control lineage. It is to be noted that for histological analysis 

female intestinal samples were examined in this study as opposed to the male samples 

used for metagenomic analysis.  As female medaka underwent the same exposure 

protocols as the male fish, it is expected that differences between treatment groups are 

still a result of inherited epimutations induced by ancestral BPA exposure.  The 

intestinal microbiome in fish is found to be similar between sexes and modulated more 

extensively due to alterations in lipid metabolism.10  As the most functionally enriched 

pathway in F2 generation males was related to lipid biosynthetic pathways, it is believed 

that morphological results will be similar in males.  Intestinal samples from F2 males 

have been dissected and will be prepared for future observation. We also have found 

non-alcoholic fatty liver disease and severe cirrhosis in the liver of the same F2 male 

and female medaka used in the present study (unpublished results), suggesting a link 

between the dysbiosis of gut microbiome and metabolic disease in the liver in the 

grandchildren medaka.  

The results presented are the first to demonstrate truly transgenerational 

differences in the intestinal microbiome of the male medaka as a result of embryonic 

exposure to environmental relevant levels of Bisphenol-A.  BPA has been established to 

induce heritable epimutations that present detrimental transgenerational phenotypes 

throughout other tissue types in the medaka.  The present study confirms this pattern in 

the intestine, in which induced differential gene expression that results diseased-like 

state in the intestine resulting in gut microbiome dysbiosis.    
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