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Abstract )

The American bullfrog (Lithobates catesbeianus) is a eurythermal amphibian that is naturally distributed 

from subarctic to subtropical areas. The tadpoles of this species overwinter, in water, in cold environments. 

Therefore, they may have adapted to a wide range of temperatures in an active state. To understand the ,

adaptation mechanisms to cope with low or high temperatures, we investigated global epigenetic -

modifications, histone variants, transcript levels of related genes, and the cellular acetyl coenzyme A .

(acetyl-CoA) and free CoA (CoA-SH) levels, in the livers of tadpoles collected in summer and winter and (

of those acclimated to 4°C and 21°C. Among epigenetic marks tested, the levels of acetylated histones and (

the histone variant H2A.Z were influenced by different temperature conditions. Histone acetylation levels (

were higher in summer than in winter and increased within 3 days of warm acclimation, whereas histone ((

H2A.Z levels were higher in winter than in summer and decreased within 2 weeks of warm acclimation. ()

Transcript analysis revealed that decreased expression of histone H2A.Z in warm acclimation was regulated (

at the transcriptional level. Acetyl-CoA levels were not correlated with those of the acetylated histones, (

indicating that cellular acetyl-CoA levels may not directly influence the state of histone acetylation in the (,

tadpole liver. Such epigenetic and metabolic changes in the tadpole liver may contribute to the maintenance (-

of energy balance during seasonal acclimatization and thermal acclimation. (.

 )
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(

1. Introduction )(

American bullfrogs (Lithobates catesbeianus) are now regarded as an invasive species, in introduced areas, ))

and their presence represents a threat to native fauna due to their large size and aggressive behavior (Adams )

and Pearl, 2007; Johnson et al., 2011). Although some bullfrog tadpoles metamorphose in summer or early )

autumn of the hatched year, the remaining tadpoles halt the progression of metamorphosis in autumn, ),

depending on latitude (Viparina and Just, 1975). The overwintering tadpoles become bigger in body weight )-

and then resume metamorphosis in spring to summer of the second year (Viparina and Just, 1975). Recent ).

studies, using toads, demonstrated that larger body size at metamorphosis enhances survival, growth and 

performance of metamorphosed froglets (Cabrera-Guzman et al., 2013). These observations suggest that 

the relatively high eurythermal properties (from subzero to ~30°C) and a complex life cycle of the bullfrogs 

may also have negatively impacted on native species. However, in amphibians, much less attention has (

been paid to the cellular responses to environmental temperature at the transcriptional level. )

Several lines of evidence indicate that epigenetic processes affect gene transcription in response 

to extreme environmental stimuli, such as oxygen deprivation (Krivoruchko and Storey, 2010), drought 

(Hudson et al., 2008; Wu et al., 2013), and cold temperatures (Pinto et al., 2005; Simonet et al., 2013; ,

Hawkins and Storey, 2018), in ectothermic vertebrates. Different epigenetic processes, or combinations -

thereof, are involved in these stress responses including: histone modifications (Krivoruchko and Storey, .

2010; Hawkins and Storey, 2018), specific deposition of histone variants (Pinto et al., 2005; Araya et al., 

2010; Simonet et al., 2013), DNA methylation (Hudson et al., 2008) and miRNA expression (Wu et al., 

2013), in the liver, skeletal muscle or other tissues. Most of these studies have been performed under 

conditions that simulated the extreme environments where these animals may enter into estivation, (

hibernation or torpor, with a transition into hypometabolic states (Storey and Storey, 2004; Storey, 2015). )

There are, to date, few studies on epigenetic processes evaluating the effects of moderate stress conditions, 

such as mild temperature changes, that naturally occur in ectothermic vertebrates. 



)

In previous studies (Mochizuki et al., 2012; Suzuki et al., 2016), in the liver, acclimated to 26°C ,

and 4°C for short periods, we found significant differences in transcript levels for energy metabolism -

between the 26°C- and 4°C- acclimated bullfrog tadpoles, with changes in both mitochondrial enzyme .

activity and the ratio of triglycerides to cholesterol in plasma. This suggests dynamic metabolic ,

reprogramming in response to acclimation temperature. In this study, two experimental designs were set up: ,

(1) to elucidate the effects of seasonal acclimatization using tadpoles collected in winter and summer, and ,

(2) to examine the effects of thermal acclimation (4°C vs. 21°C) for short and long periods (3 days or 2 ,(

weeks), on epigenetic states of the liver. The aim of this study is to assess (1) whether epigenetic ,)

mechanisms are involved in seasonal acclimatization and thermal acclimation, and (2) whether there are ,

different epigenetic changes between the seasonal acclimatization and thermal acclimation process. We first ,

investigated the levels of euchromatin-associated and heterochromatin-associated epigenetic marks (histone ,,

modifications and histone variants) and related gene transcripts by western blotting and reverse ,-

transcription-quantitative polymerase chain reaction (RT-qPCR), respectively. We next quantified cellular ,.

acetyl coenzyme A (acetyl-CoA) and non-esterified free CoA (CoA-SH) in the livers. -

 -

 -

2. Materials and Methods -(

2.1 Reagents -)

3-Aminobenzoic acid ethyl ester, phenylmethylsulfonyl fluoride and CoA-SH were obtained from Sigma--

Aldrich (St. Louis, MO, USA). Leupeptin, E-64, acetyl-CoA and sulfosalicylic acid were purchased from Wako -

(Osaka, Japan). TaqMan reverse transcription reagents kit and Power SYBR Green PCR Master Mix were from -,

Applied Biosystems (Foster City, CA, USA). ProtoBlot AP System and secondary antibodies [alkaline phosphate --

conjugated anti-rabbit immunoglobulin (S3731) and anti-mouse immunoglobulin (S3721)] were obtained from -.

Promega (Madison, WI, USA). Rabbit polyclonal antibodies against trimethylated histone H3 (synthetic .



peptide within amino acids 1‒100) at lysine 36 (H3K36me3; ab9050) and H2A.Z (amino acids 100‒128) .

(ab4174) were obtained from Abcam (Tokyo, Japan), and those against trimethylated histone H3 at lysine 9 (2×-.

branched synthetic peptide) (H3K9me3; 07-442), acetylated histone H3 (amino acids 1‒20) at lysine 9 (H3K9ac; .(

17-615), acetylated histone H4 (amino acids 2-19 of Tetrahymena histone H4) that recognizes acetylated lysines .)

5, 8, 12 and 16 (H4ac; 06-598), histone H3 pan (C-terminal region) (07-690), histone H4 pan (amino acids 17‒.

28 ) (05-858) and histone H3.3 (a peptide specific for histone H3.3) (09-838) were from Merck Millipore .

(Darmstadt, Germany). Mouse monoclonal antibody against human SUMO-1 (amino acids 1‒101; sc-5308) was .,

obtained from Santa Cruz Biotechnology (Dallas, TX, USA). Mouse monoclonal antibody against acetylated .-

lysine (a mixture of acetylated proteins) (Kac) (AAC01-S) was purchased from Cytoskeleton (Denver, CO, ..

USA). All other reagents were of the highest grade commercially available. 

 

2.2. Animal care and experimental design 

American bullfrog tadpoles (L. catesbeianus), weighing 5–9 g, were collected from ponds in the southern (

suburbs of Shizuoka, or in Ibaraki through a commercial supplier, in Japan. The developmental stages of the )

tadpoles were determined according to the criteria of Taylor and Kollros (Taylor and Kollros, 1946). Tadpoles 

(each n = 8) collected in summer (in September, 2016 and July, 2017) and winter (in December, 2016 and 

January, 2017) were anesthetized by immersion in 0.02% 3-aminobenzoic acid ethyl ester, without acclimation ,

to laboratory conditions. After their body weight and body length were measured, their livers were dissected. -

Several pieces of the liver tissues (each 20–40 mg) were snap frozen in liquid nitrogen and stored at -84°C for .

later use. 

In warm acclimation experiments, only tadpoles collected in winter were used. They were maintained 

in aerated and dechlorinated tap water at 4°C, under natural lighting conditions and were fed ad libitum boiled 

spinach (given approximately 0.5 g of a frozen block/tadpole) at 9:00 AM three times per week. After (

acclimation to laboratory conditions at 4°C for 1 week, 32 tadpoles were divided into four groups (8 )



individuals/10 L water/group): two 4°C and two 21°C groups. For 4°C groups (control), tadpoles were 

maintained at 4°C until Day 3 or Day 14. For 21°C groups, tadpoles were subjected to a stepped warming regime 

of 1°C/2 h to a maximum of 6°C/day, to 21°C, over 3 days (from Day -3 to Day 0), and then maintained at 21°C ,

until Day 3 or Day 14. The mean body mass of each group was adjusted to be similar at the beginning of the -

experiment. Half of the water volume in the aquaria (5 L) was changed 3 times per week on the next day after .

feeding. On Day 3 or Day 14, body weight, body length and developmental stages of tadpoles were measured. 

Tadpoles were then anesthetized with 3-aminobenzoic acid ethyl ester, the liver was collected and stored at -

84°C. 

All housing and experimental procedures were conducted in accordance with the guidelines for the (

care and use of laboratory animals of Shizuoka University (permit #29F-8) under the international guideline “Act )

on Welfare and Management of Animals” (Ministry of Environment of Japan). Frozen rat livers (from male 

Wistar rat strain, 28 weeks old, acclimated to 22‒24°C) were provided from Dr. Sakuji Koya, Wakanyaku 

Medical Institute Ltd. (Maebashi, Japan), with the approval from the Animal Research Committee of Wakanyaku ,

Medical Institute, Ltd. (permit Wa-2011-03). -

 .

2.3. Preparation of liver homogenates and western blotting (

Frozen liver (approximately 20 mg) was homogenized in 500 µL of homogenization buffer (50 mM Tris-HCl, (

pH 7.5, 25 mM KCl, 250 mM sucrose, 10 mM sodium butyrate, 1 mM sodium orthovanadate, 0.5 mM (

phenylmethylsulfonyl fluoride, 2 mM leupeptin, 1.4 mM E-64) (Rumbaugh and Miller, 2011) on ice, with a ((

Polytron homogenizer. Homogenate was immediately mixed with 2× sodium dodecyl sulfate (SDS) gel-loading ()

buffer (140 mM Tris-HCl, pH 6.8, 22.4% glycerol, 6% SDS, 0.02% bromophenol blue, 10% mercaptoethanol). (

The mixture was boiled for 5 min, and then stored at -20°C until used.  (

Western blotting was performed as previously described (Tamaoki et al., 2016). In brief, homogenates (,

containing 20‒50 µg proteins were subjected to 10% or 15% SDS-polyacrylamide gel electrophoresis (PAGE). (-



,

After electrophoresis, the resolved proteins were transferred onto a polyvinylidene difluoride membrane (0.22 (.

µm, FluoroTrans®; PALL, Port Washington, New York, USA) at 1.2 mA/cm2 for 1 h. After blocking with 10% )

skim milk in Tris-buffered saline (TBS, 50 mM Tris-HCl, pH, 7.6, and 140 mM NaCl) overnight at 4°C, the )

membrane was then incubated for 1 h at room temperature with rabbit primary antibody directed against )

H3K36me3 (1:1,000), H3K9me3 (1:500), H3K9ac (1:20,000), H4ac (1:500), H2A.Z (1:1,000), H3.3 (1:1,000), )(

H3 pan (1:25,000) or H4 pan (1:30,000), or mouse primary antibody directed against Kac (1:1,000) or SUMO-1 ))

(1:200), in 1% skim milk/TBS. The respective antibody dilutions were first optimized in our laboratory. After )

incubation, membranes were rinsed three times with TBS containing 0.1% Tween 20 and then incubated with the )

secondary antibody (1:2,500, alkaline phosphatase-linked anti-rabbit immunoglobulin, raised in goat; or 1:7,500, ),

alkaline phosphatase-linked anti-mouse immunoglobulin, also raised in goat) in 1% skim milk/TBS for 30 min at )-

room temperature. Immunoblots were then developed using a detection kit containing 5-bromo-4-chloro-3-).

indolyl phosphate and nitroblue tetrazolium do detect alkaline phosphatase activity (ProtoBlot AP System). Band 

intensity was quantified using an image analyzer (LAS-4000, GE Healthcare Life Sciences, Chicago, IL, USA). 

To control for loading in western blots, the intensity of bands stained with antibodies directed against the 

modified proteins or histones in each lane were normalized against bands stained with Coomassie Brilliant Blue (

or bands stained with antibodies against the histones H3 pan or H4 pan. )

The protein content of the homogenates was estimated by the micro-Lowry method (Jain et al., 2002) 

using bovine serum albumin as standard, and then read using a microplate reader. 

 ,

2.4. RT-qPCR analysis -

Total RNA was extracted from liver (~0.1 g) by the acid guanidinium thiocyanate-phenol-chloroform method .

(Chomczynski and Sacchi, 1987), and its integrity was confirmed by agarose gel electrophoresis containing 2.0 

M formaldehyde. RNA (200 ng) was transcribed in 10 µL of 1× Taqman RT buffer using Taqman RT reagents kit 

for 30 min at 48°C and then for 5 min at 95°C according to the manufacturer’s instructions. Sequence data of L. 



-

catesbeianus genes were obtained from public databases. Detailed information of primer sets is shown in (

Supplementary Table 1. Primer specificity was confirmed by BLAST searches and the appearance of a single )

band on gel electrophoresis. We included controls lacking cDNA templates to determine the specificity of target 

cDNA amplification and to assess the contamination of cDNA samples. To avoid amplification of genomic 

DNA, we specified forward and reverse PCR primers at neighboring exons if possible. The expression of genes ,

of interest was estimated in triplicate using Power SYBR Green PCR Master Mix and ABI Prism 7000 sequence -

detection System (Applied Biosystems) with a specific primer set (each 200 nM), using the following protocol: 1 .

cycle of 50°C for 2 min and 95°C for 10 min, and then 40 cycles of 95°C for 15 sec and 60°C for 1 min, as ,

previously described (Tamaoki et al., 2016). All assays gave unique dissociation curves. PCR efficiency, which ,

was 86.3–109.3%, was determined by qPCR using RT-qPCR or RT product of total RNA as a template at ,

different concentrations that covered 3‒5 orders of magnitude. Relative quantification of transcript amounts was ,(

calculated by the comparative Cq method (Pfaffl, 2001), and the transcript amount was set to be 1.0 in the winter ,)

or 4°C-acclimated groups. We tested three candidates as reference genes: b-actin (actb), ribosomal protein L8 ,

(rpl8) and lactate dehydrogenase B (ldhb). As the Cq values for the actb transcript was most invariable among ,

the experimental groups than those for the rpl8 and ldhb transcripts, we used actb as a reference gene. ,,

 ,-

2.5. High-performance liquid chromatography (HPLC) analysis of acetyl-CoA and CoA-SH ,.

CoA compounds were extracted according to previously described methods (Demoz et al., 1995; Shibata et al., -

2012) with minor modifications. Frozen liver (approximately 50 mg) was homogenized with a Polytron -

homogenizer in 500 µL of ice-cold 5% sulfosalicylic acid in 50 µM dithiothreitol. The homogenate was then -

centrifuged at 600 × g for 10 min. The extract obtained was filtered through a disc filter (0.45 µm, 03CP045AN, -(

Advantec, Tokyo, Japan) and then immediately used for analysis. The authentic standards for CoA-SH and -)

acetyl-CoA were prepared in 15 mM in 5% sulfosalicylic acid containing 50 µM of dithiothreitol and stored at --

84°C. The concentration was determined spectrophotometrically using e260 for CoA-SH (14.6) and e259 for -



.

acetyl-CoA (15.4) (King et al., 1988). Individual working standards were prepared from the stock solution -,

immediately before HPLC analysis by diluting with 5% sulfosalicylic acid containing 50 µM of dithiothreitol. --

The HPLC system consisted of a pump (model 600), a controller (model 600), a dual l absorbance -.

detector (model 2487), and an autosampler (model 717 plus), with Empower software, from Waters (Milford, .

MA, USA). An aliquot (20 µL) of the tissue extract was injected onto a reverse-phase C18 analytical column .

(Mightysil RP-18 GP, 4.6 × 250 mm, 5 µm particle diameter, Kanto Chemical, Tokyo, Japan), equipped with a .

guard column (Mightysil RP-18 GP, 4.6 × 5 mm, 5 µm) of the same packing material. The column temperature .(

was kept at 40°C. The samples were kept at 4°C inside a closed chamber of the autosampler. .)

Solvent A consisted of 100 mM sodium dihydrogen phosphate and 75 mM sodium acetate, pH 4.6. .

Solvent B was a mixture of Solvent A and methanol (7/3, v/v). The starting mobile phase (Solvent A/Solvent .

B = 90/10) was pumped at a flow rate of 1.0 mL/min. A linear gradient to 100% Solvent B was applied over 17 .,

min and then 100% Solvent B was applied for the subsequent 20 min. This was followed by a linear gradient .-

back to the starting mobile phase over 3 min. The column was re-equilibrated with the starting mobile phase for ..

15 min before the start of the next run. Each extracted sample and the authentic standards (10 pmol) were 

injected two times, and eluted compounds were monitored by the absorbance at 254 nm. Peaks for CoA-SH and 

acetyl-CoA, in the liver extracts, were identified by comparison of retention times with those of authentic 

standards determined on the same day. The retention times for CoA-SH and acetyl-CoA and their day-to-day (

variations were 17.32 ± 0.07 (n = 5) min for CoA-SH and 20.68 ± 0.07 (n = 5) min for acetyl-CoA. The positions )

of CoA-SH and acetyl-CoA were also confirmed using internal standards. Recovery (mean ± standard deviation) 

of authentic standards CoA-SH and acetyl-CoA were 85.1 ± 5.2% (n = 6) and 87.8 ± 7.4% (n = 6) when they 

were added to the liver extracts. CoA compounds in the liver extracts were quantified using the linear calibration ,

curves [y = 0.5205x - 0.0217, r2 = 0.99993, for CoA-SH ranging from 5 to 60 pmol; and y = 0.5334x - 0.321, -

r2 = 0.99995, for acetyl-CoA ranging from 3.4 to 43 pmol. y, peak area (µVsec × 10-3); x, amount of CoA .

compounds (pmol), r2, coefficient of determination] of the authentic standards. The lower limits of detection for 



CoA-SH and acetyl-CoA were 5 and 3.4 pmol, respectively.  

 

2.6. Statistical analysis (

All assay data are presented as mean ± standard error of the mean (SEM). Differences between two groups were )

analyzed by the Student’s t-test. Differences between groups were analyzed by a one-way or a two-way analysis 

of variance (ANOVA), with Scheffe’s or Fisher’s test for multiple comparisons. Differences were considered 

significant at p < 0.05. ,

 -

 .

3. Results 

3.1. Morphological parameters of seasonally acclimatized and thermally acclimated tadpoles 

There were no significant differences in body length, body weight and developmental stages between the 

winter and summer tadpoles, nor between the 4°C- and 21°C-acclimated tadpoles. Liver weight of the (

summer tadpoles was significantly lower than that of the winter tadpoles (p < 0.05) although no significant )

difference in liver weight was detected between the 4°C- and 21°C-acclimated tadpoles. The hepatosomatic 

index was 0.02‒0.03, with no significant difference between the summer and winter tadpoles nor between 

the 4°C- and 21°C-acclimated tadpoles (data not shown).  ,

 -

3.2. Sumoylated and acetylated proteins in liver homogenates of seasonally acclimatized tadpoles .

The intensities of three bands (approximately 110 kDa, 33 kDa and 24 kDa), immunoreactive to anti-(

SUMO-1, were higher in the liver homogenates of the winter tadpoles than in those of the summer (

tadpoles, whereas the intensity of sumoylated 29 kDa protein was higher in the summer homogenates than (

in the winter homogenates (Fig. 1). In the case of acetylated lysine on proteins, acetylated levels of 18-kDa ((

and 15-kDa proteins were higher in the summer homogenates than in the winter homogenates. There were ()



no significant differences observed in CBB staining pattern between the winter and summer homogenates. (

 (

3.3. Acetylated and methylated histones in liver homogenates of seasonally acclimatized and thermally (,

acclimated tadpoles (-

Amounts of H3K9ac histones were significantly higher in the summer homogenates than in the winter (.

homogenates, however, no significant differences were detected in the amounts of the other histone )

modifications tested (H3K9me3, H3K36me3 and H4ac) between the winter and summer homogenates (Fig. )

2A). In the liver homogenates of tadpoles that were experimentally acclimated to 21°C for 3 days, the )

amounts of H3K9ac and H4ac were significantly increased, compared with those of the 4°C-acclimated )(

tadpoles (Fig. 2B). After 2 weeks of acclimation, increased levels of H3K9ac was maintained in the 21°C-))

acclimated tadpoles (Fig. 2B). )

 )

3.4. Transcript levels of histone acetyltransferases (HATs) and deacetylases (HDACs) in livers of ),

seasonally acclimatized and thermally acclimated tadpoles )-

In the liver of acclimatized tadpoles (Fig. 3A), all of the transcripts tested, except for ncoa1 and p300, were ).

significantly less abundant in summer than in winter. On Day 3 of thermal acclimation (Fig. 3B), the 

transcript levels of one (p300) out of six HAT genes were significantly lower in the 21°C- than in the 4°C-

acclimated tadpoles, whereas there was no significant difference in transcript level of three HDAC genes 

between the 21°C- and 4°C-acclimated tadpoles. After 2 weeks of acclimation (Fig. 3B), transcript amounts (

of five HAT genes (crebbp, kat2a, ncoa2, ncoa3 and p300) and two HDAC genes (hdac1 and sirt1) were )

significantly lower in the 21°C- than in the 4°C-acclimated tadpoles. As positive controls for thermal 

response at the transcription level, levels of three genes that are known to be induced by cold stress (cirp 

and scd1) (Saito et al., 2000; Gracey et al., 2004; Mochizuki et al., 2012; Suzuki et al., 2016) and both cold ,

and heat stresses (hsp90) (Podrabsky and Somero, 2004; Buckley et al., 2006; Teigen et al., 2015) in -



ectothermic vertebrates, were also investigated. All of these transcripts were significantly lower in the .

summer-acclimatized tadpoles than in the winter-acclimatized tadpoles. In thermally-acclimated tadpoles, 

only the cirp transcript and the cirp and hsp90 transcripts were significantly down-regulated in the 21°C-

acclimated tadpoles than in the 4°C-acclimated tadpoles. 

     (

3.5. Histone variants in liver homogenates of seasonally acclimatized and thermally acclimated tadpoles )

The level of histone H2A.Z in the liver homogenates was significantly lower in the summer tadpoles than 

in the winter tadpoles (Fig. 4A). A similar result was obtained in the 2-week acclimation to 21°C compared 

with that to 4°C (Fig. 4B), but not in 3-day acclimation (Fig. 4B). No significant differences were detected ,

in amounts of the histone variant H3.3 between the winter and summer tadpoles and between the 4°C- and -

21°C-acclimated tadpoles. .

 ,

3.6. Transcript levels of histone variants in livers of seasonally acclimatized and thermally acclimated ,

tadpoles ,

In the seasonal acclimatization study (Fig. 5A), the amounts of h2afz (for histone H2A.Z1) and h2afy (for ,(

histone macroH2A.1) transcripts were significantly lower in the summer tadpoles than in the winter ,)

tadpoles. In the thermal acclimation study (Figs. 5B), the amount of h2afz transcript was significantly lower ,

in the 21°C-acclimated than in the 4°C-acclimated tadpoles, only at 2 weeks of acclimation.  ,

 ,,

3.7. Cellular acetyl-CoA and CoA-SH content in livers of seasonally acclimatized and thermally acclimated ,-

tadpoles ,.

Hepatic acetyl-CoA content of the tadpoles was variable (4.01‒13.29 nmol/g wet weight), depending on -

habitat or rearing temperatures and acclimation periods. These values were 23‒77% of those of the rat liver -

samples (17.30 nmol/g wet weight). The CoA-SH content of the tadpole livers (4.64‒9.77 nmol/g wet -



(

weight) was only 3‒6% of those of the rat livers (151. 60 nmol/g wet weight) (Table 2). The acetyl-CoA -(

and CoA-SH content of the rat liver obtained in this study were comparable to those published in previous -)

reports (Williamson and Brosnan, 1974; Demoz et al., 1995; Shibata et al., 2012; Shurubor et al., 2017). -

Acetyl-CoA content of the summer tadpoles was approximately two-thirds of that of the winter -

tadpoles, although there was no significant difference in CoA-SH content between the winter and summer -,

tadpoles, with a parallel change in the ratio of acetyl-CoA to CoA-SH (1.53 in winter vs 0.89 in summer). --

 In acclimation for 3 days, the acetyl-CoA and CoA-SH content of the 21°C-acclimated tadpoles -.

decreased significantly to 71% and 73%, respectively, of those of the 4°C-acclimated tadpoles, while .

maintaining a constant ratio of acetyl-CoA to CoA-SH (2.1‒2.2 nmol/g wet weight). However, in .

acclimation for 2 weeks, we could not detect any significant changes in the acetyl-CoA (4.9‒5.4 nmol/g wet .

weight) and CoA-SH (4.0‒4.6 nmol/g wet weight) content nor in the ratio of acetyl-CoA to CoA-SH (0.8‒.(

0.9) between the 4°C- and 21°C-acclimated tadpoles. .)

 .

 .

4. Discussion .,

In this study, we demonstrate that seasonal acclimatization and thermal acclimation affect global epigenetic .-

states of histones in the liver of bullfrog tadpoles, with a complex pattern of acetyl-CoA and CoA-SH ..

content. The quantities of acetylated histones, typical euchromatin-associated epigenetic marks (Strahl and (

Allis, 2000; Jenuwein and Allis, 2001), were higher, and the amount of histone H2A.Z, which is involved (

in various cellular processes including euchromatic activation, hetrerochromatic silencing or transcriptional (

memory (Subramanian et al., 2015), was lower, in the tadpoles that were acclimatized or acclimated to ( (

warm temperatures. Acetylated histone levels changed quickly (within 3 days), while histone H2A.Z levels ( )

changed slowly (within 2 weeks), during warm acclimation. Transcript analysis revealed that the changes in (

histone H2A.Z levels could be explained by transcriptional control while the changes in acetylated histone (



)

levels could not be explained by changes at transcriptional level. At least two different epigenetic processes ( ,

may therefore be involved in seasonal acclimatization and thermal acclimation. ( -

 ( .

4.1. Different amounts of epigenetic marks detected in livers of seasonally acclimatized and thermally (

acclimated tadpoles (

Cellular proteins may be restrictedly sumoylated or acetylated in the livers of seasonally acclimatized (

tadpoles. Some differences were detected in the amount of these modified proteins in the livers when ( (

comparing the winter and summer tadpoles. In summer tadpoles, we detected a rise in acetylation levels of ( )

only the 15- and 18-kDa proteins, corresponding to core histones (von Holt et al., 1989). In contrast, (

mammalian cells or tissues exposed to heat stress (Saitoh and Hinchey, 2000) or being in hibernation (Lee (

et al., 2007) have many sumoylated proteins that were clearly detected as a ladder of multiple bands of 100- ( ,

to 200-kDa on western blotting. In Xenopus laevis larvae, acetylation of 16- to 18-kDa core-histones, ( -

concomitant with 230- and 100-kDa proteins, accumulated during post-embryonic development (Tsuchiya ( .

et al., 2014). In ground squirrels, many mitochondrial proteins were acetylated during hibernation, (

suggesting mitochondria-based metabolic reprogramming (Hindle et al., 2014). However, we could not (

detect such heavily sumoylated or acetylated high-molecular-weight-proteins in tadpole livers. Sumoylation (

is induced by several environmental stressors including heat, osmotic, hypoxic, oxidative and genotoxic ( (

shocks (Saitoh and Hinchey, 2000; Tempe et al., 2008), and controls the intracellular traffic between the ( )

cytoplasm and nucleus, cell signaling, DNA repair, cell cycle and transcription (Niskanen and Palvimo, (

2017). Acetylation of extranuclear (mainly mitochondrial) proteins is principally associated with their (

functional inactivation in mammalian cells (Drazic et al., 2016). Results from our study and these ( ,

previously published observations suggest that sumoylation and acetylation of extranuclear proteins may ( -

contribute less to the seasonal acclimatization processes in tadpoles. ( .

 Core-histones may be major targets for protein acetylation in the liver of seasonally acclimatized ((



and thermally acclimated tadpoles. Enhanced histone acetylation (H3K9ac and/or H4ac) may facilitate ((

transcriptional activation through changes in chromatin structure from a compact to a more relaxed state ((

(Strahl and Allis, 2000; Jenuwein and Allis, 2001) in the liver of summer-acclimatized and the 21°C-(((

acclimated tadpoles, who had relatively higher metabolic and locomotion activities. Meanwhile, a (()

heterochromatin-associated epigenetic mark for transcriptional suppression, H3K9me3, may play a less ((

important role in seasonal acclimatization or in thermal acclimation, since no global changes in H3K9me3 ((

level between the acclimatized, nor between the acclimated groups were observed. ((,

Higher amounts of histone H2A.Z detected in winter acclimatization and in 4°C acclimation for 2 ((-

weeks suggest that histone H2A.Z may be involved in the regulation of transcriptional activity in cold ((.

environments. Previous reports suggested a major role of histone H2A.Z in transcriptional responses to ()

fluctuations of environmental temperature or seasonal variations in both a plant species (Arabidopsis()

thaliana) (Kumar and Wigge, 2010) and a fish species (Cyprinus carpio) (Simonet et al., 2013). Therefore, ()

the role of histone H2A.Z as a thermoregulator or thermosensor (Talbert and Henikoff, 2014) may be a ()(

fundamental function that is common to higher plants and ectothermic vertebrates. Interestingly, in the ())

short-term acclimation study (for 3 days), we could not detect significant changes in the amount of histone ()

H2A.Z between the 4°C- and 21°C- tadpoles. Adaptive regulation mediated by changes in histone H2A.Z ()

amount may require a prolonged period, longer than 3 days, which is different from the rapid response of (),

histone acetylation, occurring within 3 days. ()-

 As we detected global, and therefore average, epigenetic changes at the cellular level using ().

western blot analyses, more dramatic fluctuations in acetylated histone and histone H2A.Z levels might (

occur in specific gene regions. Therefore, more sensitive analyses such as chromatin immunoprecipitation (

assays, will be necessary to identify the quantitative and qualitative changes in histone modifications or (

replacement of histone variants on specific genes in the liver of the summer-acclimatized and 21°C-( (

acclimated tadpoles. ( )



 (

4.2. Transcript analysis of genes responsible for epigenetic changes  (

Among the genes we analyzed, only the HDAC (hdac1 and sirt1) and histone H2.Z (h2afz) genes were ( ,

possible candidates responsible for epigenetic changes. To clarify the involvement of HDACs in the ( -

changes in the amount of acetylated histones, we investigated the effect of HDAC inhibitors (trichostatin A ( .

and nicotinamide) on the amount of H3K9ac in the livers of the tadpoles acclimated to 4°C and 21°C for 3 (

days. Trichostatin A (100 nM) had effects on histone acetylation in neither the 4°C- nor 21°C-acclimated (

tadpoles. However, nitotinamide (2 mM) significantly enhanced the amount of H3K9ac only in the 21°C-(

acclimated tadpoles (data not shown), suggesting that NAD+-dependent HDACs, sirtuins, were active in the ( (

liver, at least of the 21°C-acclimated tadpoles. From our observations, we conclude that the temperature-( )

dependent changes in the amounts of acetylated histones may not be due to fluctuations in transcript levels (

of HAT and/or HDAC genes. Plausible alternatives that should be tested in future are: (1) temperature-(

dependency of HAT activities, (2) various metabolites that influence the HAT or HDAC activities, e.g., ( ,

concentrations of acetyl-CoA, NAD+, other metabolites, or their derivatives (Yang and Sauve, 2006; ( -

Vogelauer et al., 2012; Shimazu et al., 2013; Lee et al., 2014), and (3) post-translational modifications of ( .

these enzymes or enzyme-associated factors (Santos-Rosa et al., 2003; Marino et al., 2014; Carrer et al., (,

2017).  (,

Analysis of transcript amounts for histone variants revealed that seasonal or temperature-(,

dependent changes in the level of histone H2A.Z are, at least in part, transcriptionally controlled, in (,(

agreement with a previous report in seasonally acclimatized carp (Simonet et al., 2013). A rapid response of (,)

acetylated histone levels and a relatively slow response of histone H2A.Z levels to temperature changes (,

may reflect the different mechanisms underlying their control. Although the transcript amount of h2afy (for (,

histone macroH2A.1) was lower in the livers of the summer tadpoles than in those of the winter tadpoles, (,,

we could not detect a specific immunolabelled signal corresponding to histone macroH2A. In C. carpio, (,-



,

histone macroH2A expression is increased in winter, accompanied by the enrichment of condensed (,.

chromatin and hypermethylation of DNA, suggesting that it may play a role in gene repression in winter (-

acclimatization (Pinto et al., 2005). A recent report indicated that two types of macroH2A (H2A.1 and (-

H2A.2) antagonistically participate in the transcriptional regulation of the ribosomal cistron during seasonal (-

acclimatization (Araya et al., 2010). Therefore, it remains to be elucidated whether histone macroH2A is (-(

involved in transcriptional regulation in bullfrog tadpoles, at least during seasonal acclimatization.  (-)

 (-

4.3. Cellular acetyl-CoA content in liver of seasonally acclimatized and thermal acclimated tadpoles  (-

Cellular acetyl-CoA and CoA-SH content was altered in seasonal acclimatization and thermal acclimation (-,

in a complex manner. Seasonal acclimatization primarily changed the acetyl-CoA content (or the ratio of (--

acetyl-CoA to CoA-SH), which was higher in winter than in summer. After 3 days of acclimation, both (-.

cellular acetyl-CoA and CoA-SH contents were higher at 4ºC than at 21°C. The pooled quantity of summed (.

acetyl-CoA and CoA-SH decreased with increasing period of acclimation, regardless of the acclimation (.

temperature. The ratio of acetyl-CoA to CoA-SH was the same between the 4°C- and 21°C-acclimated (.

tadpoles, but different between Day 3 time-point (approximately 2.1) and Day 14 time-point (0.8–0.9). It is (.(

generally accepted that protein acetylation levels, including histone acetylation levels, change in parallel (.)

with acetyl-CoA levels depending on nutritional status (Pietrocola et al., 2015). For example, starvation (.

induces deprivation of acetyl-CoA and protein or histone deacetylation in cellular homogenates and (.

cytosolic fractions of cultured mammalian cells (Lee et al., 2014; Marino et al., 2014). Reducing the (.,

temperature from 25ºC to 18°C decreased histone acetylation through the suppression of ATP-citrate lyase (.-

activity in fruit flies (Peleg et al., 2016). However, histone acetylation levels were negatively correlated (..

with the acetyl-CoA content in the seasonally acclimatized and 3-day thermally acclimated tadpoles, with )

no correlation in 2-week thermally acclimated tadpoles, suggesting several layers of mechanisms by which )

energy metabolites are modified in response to seasonal acclimatization and thermal acclimation. )



-

The cellular acetyl-CoA content in the tadpole liver varied from 4 to 13.3 nmol/g wet weight, ) (

which represents 23% to 77% of that seen in rat liver, whereas the cellular CoA-SH content in the tadpole ) )

liver was only 3‒6% of that found in rat liver. The relatively small quantities of acetylated proteins (mainly )

histones) in the tadpole liver homogenates, compared with those in the rat liver homogenates, may be due )

to the small size of the acetyl-CoA and CoA-SH pool. Currently, there is a lack of information regarding ) ,

the regulation of cellular acetyl-CoA and CoA-SH content in ectothermic vertebrates in response to ) -

environmental stresses.  ) .

 )

In conclusion, we report here two different types of epigenetic changes in response to seasonal )

acclimatization and thermal acclimation in the liver of bullfrog tadpoles. One is histone acetylation, which )

was higher in the summer or 21°C-acclimated tadpoles. Secondly, histone variant H2A.Z levels changed, ) (

being higher in the winter or 4°C-acclimated tadpoles. Histone acetylation levels changed within 3 days of ) )

acclimation, not through transcriptional control, whereas histone H2A.Z levels changed within 2 weeks of )

acclimation through transcriptional activation. Cellular acetyl-CoA content or the ratio of acetyl-CoA to )

CoA-SH was not correlated with the amounts of acetylated histones, suggesting that histone acetylation ) ,

may be controlled by factors other than cellular acetyl-CoA or the ratio of acetyl-CoA to CoA-SH. ) -

 ) .

 )
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Figure legends 

 

Fig. 1. Amounts of sumoylated and acetylated proteins in liver homogenates of winter and summer bullfrog ,

tadpoles. Tissue homogenates (two of three samples/group) were analyzed by SDS-PAGE, followed by -

Coomassie Brilliant Blue (CBB) staining, and western blotting using antibodies against SUMO-1 and .

acetylated lysine (Kac). Arrowheads denote bands whose intensities were different between the tadpoles ,

collected in winter and in summer. These experiments were repeated at least twice using the liver ,

homogenates from different animals in the same group, with similar results. Molecular markers used were ,

phosphorylase b (97 kDa), BSA (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (30 kDa), trypsin ,(

inhibitor (20.1 kDa) and a-lactalbumin (14.4 kDa). ,)

 ,

Fig. 2. Levels of epigenetic modification of core histones in liver homogenates of seasonally acclimatized ,

and thermally acclimated bullfrog tadpoles. Tissue homogenates (each n = 8) were prepared from the livers ,,

of bullfrog tadpoles that were seasonally acclimatized (A, winter and summer) and acclimated to 4°C and ,-

21°C for 3 days or for 2 weeks (B). Three of 8 homogenates/group were then analyzed by SDS-PAGE, ,.

followed by western blotting using antibodies against acetylated histone H3 at lysine 9 (H3K9ac) and -

histone H4 (H4ac), trimethylated histone H3 at lysine 9 (H3K9me3) and lysine 36, (H3K36me3). Band -

intensities of modified histones were analyzed and are expressed relative to those of histone H3 pan (H3) or -

H4 pan (H4). Each value represents mean ± SEM (n = 3). Differences between groups were analyzed by the -(

Student’s t-test (panel A) or by a one-way ANOVA, with the Scheffe’s or Fisher’s test for multiple -)

comparisons (panel B). Asterisks denote significantly different means between two groups (*, p < 0.05; **, -

p < 0.01). These experiments were repeated at least three times using the liver homogenates from different -

animals (n = 8) in the same group, with similar results (Suppl. Figs. 1 and 2). To examine the effects of two -,

factors (temperature and experimental period) on the amount of H3K9ac in the four thermal acclimated --



groups, we performed a two-way ANOVA (Suppl. Fig. 3). -.

 .

Fig. 3. Transcript amounts of genes involved in histone acetylation and deacetylation in livers of seasonally .

acclimatized and thermally acclimated bullfrog tadpoles. RNA was prepared from the liver of bullfrog .

tadpoles (each n = 8) that were seasonally acclimatized (A, winter and summer) and acclimated to 4°C and .(

21°C for 3 days or for 2 weeks (B). The RNA samples were then analyzed by real-time reverse .)

transcription-quantitative polymerase chain reaction (RT-qPCR). Twelve genes were examined, divided .

into the following three categories: (1) histone acetylation (6 genes; crebbp, kat2a, ncoa1, ncoa2, ncoa3 .

and p300), (2) histone deacetylation (3 genes; hdac1, hdac3 and sirt1), (3) known cold- or heat-response .,

genes in vertebrates (cirp, scd1 and hsp90). Full names of gene tested are shown in Supplementary Table 1. .-

The vertical axis represents the amount of gene transcripts after normalization to actb, and the values are ..

expressed relative to those of the winter or 4°C-acclimated animals that were set to 1.0. Each value 

represents the mean ± SEM (n = 8). Differences between groups were analyzed by the Student’s t-test 

(panel A) or by a one-way ANOVA, with the Scheffe’s test for multiple comparisons (panel B). Asterisks 

denote significantly different means between two groups (*, p < 0.05; **, p < 0.01; ***, p < 0.001). These (

experiments were repeated twice using the RNAs from different preparations from the same animals (each )

n = 8) (Suppl. Fig. 4). To examine the effects of two factors (temperature and experimental period) on the 

transcript amount of crebbp and ncoa2 in the four thermal acclimated groups, we performed a two-way 

ANOVA (Suppl. Fig. 5). ,

 -

Fig. 4. Histone variant levels in liver homogenates of seasonally acclimatized and thermally acclimated .

bullfrog tadpoles. Tissue homogenates (each n = 8) were prepared from the livers of bullfrog tadpoles that 

were seasonally acclimatized (A, winter and summer) and acclimated to 4°C and 21°C for 3 days or for 2 

weeks (B). Three of 8 homogenates/group were then analyzed by SDS-PAGE, followed by western blotting 



,

using antibodies against histone H2A.Z, macroH2A and H3.3. Band intensities of variant histones were (

analyzed and expressed relative to those of histone H4 pan (H4). Each value represents the mean ± SEM (n )

= 3). Asterisks denote significantly different means between two groups (*, p < 0.05; **, p < 0.01). 

Differences between groups were analyzed by the Student’s t-test (panel A) or by a one-way ANOVA, with 

the Scheffe’s test for multiple comparisons (panel B). These experiments were repeated at least three times ,

using the liver homogenates from different animals (n = 8) in the same groups, with similar results (Suppl. -

Figs. 6 and 7). To examine the effects of two factors (temperature and experimental period) on the amount .

of H2A.Z in the four thermal acclimated groups, we performed a two-way ANOVA (Suppl. Fig. 3). 

 

Fig. 5. Transcript amounts of genes for histone variants in livers of seasonally acclimatized and thermally 

acclimated bullfrog tadpoles. RNA was prepared from the liver of bullfrog tadpoles (each n = 8) that were (

seasonally acclimatized (A, winter and summer) and acclimated to 4°C and 21°C for 3 days or for 2 weeks )

(B). The RNA samples were then analyzed by real-time reverse transcription-quantitative polymerase chain 

reaction (RT-qPCR). Gene transcripts investigated were h2afz, h2afv, h2afy, h2afy2 and h3f3a. Full names 

of gene tested are shown in Supplementary Table 1. The vertical axis represents the amount of gene ,

transcripts after normalization to actb, and the values are expressed relative to those of the winter or 4°C--

acclimated animals that were set to 1.0. Each value represents the mean ± SEM (n = 8). Differences .

between groups were analyzed by the Student’s t-test (panel A) or by a one-way ANOVA, with the (

Scheffe’s test for multiple comparisons (panel B). Asterisks denote significantly different means between (

two groups (*, p < 0.05; **, p < 0.01; ***, p < 0.001). These experiments were repeated twice using the (

RNAs from different preparations from the same animals (each n = 8) (Suppl. Fig. 8). To examine the ((

effects of two factors (temperature and experimental period) on the transcript amount of h2afz in the four ()

thermal acclimated groups, we performed a two-way ANOVA (Suppl. Fig. 5). (
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Fig. 4
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Fig. 5
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