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Abstract:  18 

 19 

Background: 20 

The ability of animals and their microbiomes to adapt to starvation and then restore 21 

homeostasis after refeeding is fundamental to their continued survival and symbiosis. The 22 

intestine is the primary site of nutrient absorption and microbiome interaction, however 23 

our understanding of intestinal adaptations in host transcriptional programs and 24 

microbiome composition remains limited. Additionally, few studies on starvation have 25 

investigated intestinal responses to refeeding. The zebrafish presents unique 26 

opportunities to study the effects of long-term starvation and refeeding. We used RNA 27 

sequencing and 16S rRNA gene sequencing to uncover changes in the intestinal 28 

transcriptome and microbiome of zebrafish subjected to long-term starvation and 29 

refeeding compared to continuously fed controls.  30 

 31 

Results: 32 

Starvation over 21 days led to increased diversity and altered composition in the intestinal 33 

microbiome compared to fed controls, including relative increases in Vibrio and reductions 34 

in Plesiomonas bacteria. Starvation also led to significant alterations in host gene 35 

expression in the intestine, with distinct pathways affected at early and late stages of 36 

starvation. This included increases in the expression of ribosome biogenesis genes early 37 

in starvation, followed by decreased expression of genes involved in antiviral immunity 38 

and lipid transport at later stages. These effects of starvation on the host transcriptome 39 

and microbiome were almost completely restored within 3 days after refeeding. 40 



Comparison with published datasets identified host genes responsive to starvation as well 41 

as high-fat feeding or microbiome colonization, and predicted host transcription factors 42 

that may be involved in starvation response. 43 

 44 

Conclusions: 45 

Long-term starvation induces progressive changes in microbiome composition and host 46 

gene expression in the zebrafish intestine, and these changes are rapidly reversed after 47 

refeeding. Our identification of bacterial taxa, host genes and host pathways involved in 48 

this response provides a framework for future investigation of the physiological and 49 

ecological mechanisms underlying intestinal adaptations to food restriction. 50 

 51 

 52 

Introduction 53 

 54 

Starvation is a state of severe caloric restriction regularly experienced by many 55 

animal species and a significant portion of the human population. In humans, starvation 56 

can be the result of environmental or socioeconomic conditions including war, famine, 57 

and poverty 1. It can also occur alongside pathologies such as anorexia nervosa and 58 

cancer 2. In animals, periods of absolute or relative starvation can result from seasonal 59 

changes such as drought and severe cold, or from behaviors such as nesting, lactation, 60 

migration, and hibernation 3. This wide range of circumstances leading to starvation 61 

across the animal kingdom evokes a range of progressive physiologic adaptations to 62 

starvation across different species. Indeed, previous studies have reported similarity and 63 

divergence in starvation physiology across animal taxa such as humans, rodents, polar 64 

bears, penguins, reptiles, amphibians, fish, and insects 4. However, previous studies have 65 

largely focused on tissue histopathologies associated with starvation, whereas effects on 66 

the underlying physiological processes (mediated both by the host and its microbiome) 67 

remain incompletely understood. 68 

Across many animal species, starvation leads to a progressive decrease in 69 

metabolic rate 5. Increased blood glycerol, which serves as a gluconeogenic precursor, is 70 

also common in starved animals, as are fluctuations in free fatty acids 3,4. The overall 71 

depletion in energy stores leads to weight loss, which is generally greater in endotherms 72 

when compared to ectotherms 6. Starvation is also associated with a gradual reduction in 73 

mass in important organs such as the liver, skeletal muscle, and intestine 4,7. These 74 

effects necessitate a recovery from starvation to restore optimal function to these organs. 75 

Inherently linked to starvation, the return to homeostasis in different species 76 

following starvation is facilitated by a refeeding response that gradually reverses 77 

starvation-induced adaptations and restores energy balance. Physiological responses to 78 

starvation and subsequent refeeding are dynamic and complex, involving coordination 79 

between major organ systems via nutritional and hormonal signals. The ultimate outcome 80 



of these responses is often the preservation of lean body mass while favoring the 81 

depletion of energy stores such as glycogen and fat 8,9. However, despite these effects, 82 

starvation often results in lasting defects on bone density, pancreatic function, and mental 83 

development long after refeeding10–12. Thus, improved understanding of these dynamic 84 

physiological processes could lead to new approaches to reduce morbidities and 85 

mortalities associated with starvation in humans and other animals 13.   86 

Previous studies on the effects of refeeding after starvation have largely focused 87 

on tissues such as liver, skeletal muscle, brain, and pancreatic islets 14–18. We have a 88 

relatively poor understanding of the transcriptional starvation and refeeding responses in 89 

the intestine. The intestine is the major site of dietary nutrient sensing and absorption, 90 

and harbors complex communities of microorganisms (aka the gut microbiome). Previous 91 

studies in humans and rodent models have shown that intestinal microbiome composition 92 

changes in response to starvation and diet composition with distinct contributions to the 93 

nutritional physiology of their hosts 19–26. These findings informed more recent studies 94 

that have investigated microbiome-targeted therapeutics for alleviating starvation and its 95 

associated developmental defects 27–29. However, gut microbial responses to starvation 96 

have been largely limited to mammals, and our understanding of intestinal physiological 97 

responses to starvation and feeding in any animal remains quite limited.  98 

Animal models provide opportunities to study the processes that underlie 99 

starvation and refeeding responses in vertebrates, resulting in a general understanding 100 

that may be translated to humans 30.  Poikilothermic vertebrates such as cyprinid fishes 101 

are particularly interesting due to their capacity to endure prolonged starvation periods.  102 

In response to prolonged starvation, cyprinids such as carp exhibit a reduction in intestinal 103 

thickness and weight, altered enterocyte morphology, and a decrease in body weight and 104 

liver size, similar to the starvation response in mice 17,31–35. Zebrafish (Danio rerio) survive 105 

up to 4 weeks of starvation, and a suite of genomic and genetic resources facilitate the 106 

investigation of their physiology 36. Using in vivo imaging to monitor white adipose tissues 107 

as a measure of energy storage, we previously showed that prolonged starvation in adult 108 

zebrafish leads to progressive mobilization of fat stored in white adipose tissues, which 109 

is replenished in response to refeeding 37–39.  Because adipose tissues develop 110 

progressively during juvenile and adult stages, the duration of starvation required to 111 

completely mobilize adipose lipid increases with animal age (e.g., from 1 week in juveniles 112 

up to 3 weeks in adults) 37–39. However, the impact of prolonged starvation and refeeding 113 

on the zebrafish intestine has not been explored. 114 

The zebrafish intestine displays extensive cellular and physiological homology to 115 

that of mammals, and harbors a microbiome that varies in composition as a function of 116 

age and diet composition 40–45. The presence and composition of the intestinal 117 

microbiome in zebrafish impacts the host by regulating dietary nutrient absorption, 118 

epithelial renewal, and inflammation 41,43,46–50. By comparing patterns of gene expression 119 

and accessible chromatin in intestinal epithelial cells from zebrafish, mouse, and human, 120 



we recently discovered a conserved transcriptional regulatory network conserved across 121 

420 million years of vertebrate evolution 51. Building upon this recent work, here we define 122 

the impact of prolonged starvation and refeeding on gene expression in the zebrafish 123 

intestine, and use these results to predict the physiological processes and transcription 124 

regulatory pathways that underlie the response to starvation and refeeding.  We also 125 

show how the taxonomic composition of the zebrafish intestinal microbiome is altered 126 

during the same prolonged starvation and refeeding regimen.  127 

 128 

Results 129 

 130 

Starvation is accompanied by significant changes in gut microbiome composition 131 

that are reversed during refeeding 132 

 133 

 To determine the influence of starvation on zebrafish microbiome composition and 134 

intestinal gene expression, zebrafish were reared under conventional conditions using a 135 

standard diet to early adulthood (60 days post fertilization or dpf). Animals were then 136 

moved into clean tanks and randomly assigned into one of two treatment groups: one 137 

group was starved for 21 days followed by 21 days refeeding, and a reference control 138 

group was consistently fed across the same 42-day time course (Fig. 1A).  This 21 day 139 

starvation regimen was selected because it is sufficient in adult zebrafish to completely 140 

deplete stored lipid from adipose tissues and reduce body weight and liver size, whereas 141 

subsequent refeeding largely restores total adipose tissue lipid, body weight, and liver 142 

size within 14 days 37,38,52,53. We performed 16S rRNA gene sequencing on whole 143 

intestinal samples from zebrafish at 0, 1, 3, 7, and 21 days post-starvation (dpS), then at 144 

1, 3, 7, and 21 days post-refeeding (dpR) with a standard diet (Fig. 1A).  Age matched 145 

siblings fed the same standard diet on a daily basis served as reference controls and 146 

were sampled at the same time points.  147 

During these early adult stages, zebrafish fed normally continued to display  148 

somatic growth as expected. Measurements of animal size as standard length (SL) and 149 

height at anterior anal fin (HAA) revealed that somatic growth in starved fish was largely 150 

arrested compared to control fish (Fig. 1BC). Starved fish were significantly smaller than 151 

fed fish by 7 days post-starvation and this trend continued beyond the end of the 152 

starvation period. Starved animals resumed growth after refeeding, though they remained 153 

significantly smaller than fed fish throughout the duration of the experiment (p<0.05, two-154 

way ANOVA with Bonferroni correction) (Fig. 1BC). We observed no mortality in any of 155 

these conditions consistent with previous studies38,53. Starvation therefore caused a 156 

general arrest in somatic growth which was restored upon refeeding.  157 

Analysis of 16S rRNA gene sequencing data from intestinal samples revealed the 158 

impacts of prolonged starvation and refeeding on intestinal microbiome composition. 159 

Overall the intestinal microbiomes of starved zebrafish maintained a higher Faith’s PD 160 



diversity compared to fed controls. Both conditions displayed an initial loss of diversity by 161 

1dpS, perhaps due to stress caused by tank transfer at 0dpS when the experiment began. 162 

However starved communities maintained significant higher diversity from 1dpS through 163 

the end of starvation at 21dpS and again at 21dpR (p<0.05, ANOVA and Tukey HSD) 164 

(Fig. 1D). Beta diversity analysis of community composition using Bray-Curtis distances 165 

showed that starved and fed communities began to differ by 1 dpS, with the centroid 166 

distances being greatest at 3dpS and 21 dpS (Fig. 2A). During refeeding, the starved fish 167 

samples quickly returned to a composition more similar to fed controls (Fig. 2A).  168 

PERMANOVA further confirmed that starvation and experimental time point are both 169 

significant factors (p<0.05) affecting gut microbiome composition. Thus, prolonged 170 

starvation induced detectable shifts in overall composition of gut bacterial communities 171 

that were reversed quickly after refeeding. 172 



 173 



 174 

Figure 1. Starvation and refeeding affect zebrafish somatic growth as well as intestinal and 175 

environmental microbiome diversity.  176 

(A) Study design graphical abstract. Cohoused adult siblings were divided into either control (fed) 177 

or experimental (starved) tanks. Samples were then taken from each tank on days 0, 1, 3, 7 and 178 

21 post-starvation (dpS) as well as 1, 3, 7, and 21 days post-refeeding (dpR) for 16S rRNA gene 179 

sequencing. RNA-seq samples were taken at 3 dpS, 21 dpS, and 3 dpR.  180 

(B) Fed and starved zebrafish height at anterior of anal fin (HAA) in mm at corresponding 181 

timepoints.  182 

(C) Standard length in mm of starved and fed zebrafish.  183 

(D) Faith’s PD alpha diversity for fed and control zebrafish. Values are log transformed and 184 

normalized by the scores at day 0.  185 

(E) Boxplots of the Bray-Curtis distance between the gut and associated environment sample. 186 

Stars in panels B-E denote significant difference (p < 0.05 by Tukey HSD test). 187 

 188 

  189 



Starvation increases similarity between zebrafish gut microbiomes and their 190 

surrounding water environment.   191 

 192 

The microbiome residing in the zebrafish intestine exists in continuity with that of 193 

the surrounding water environment, however these communities typically display distinct 194 

compositions 42–44. The ecological processes contributing to these differences remain 195 

unclear, but could include non-neutral processes such as host selection 54,55 or the 196 

magnitude of dispersal between the intestine and the surrounding environment 56. To test 197 

if starvation and refeeding alter the relationship between the gut and environmental 198 

microbiomes, we compared Bray-Curtis distance between matched gut and 199 

environmental samples in starved/refed and control fish. The distance between gut and 200 

environmental samples increased between 0 dpS and 7 dpS (Fig. 1E), perhaps reflecting 201 

restoration of homeostasis after the stress of transfer into new tanks that occurred at 0 202 

dpS.  However, from 1-3 dpS the distance between gut and environmental samples was 203 

greater for starved than fed controls, indicating that the fed controls had an intestinal 204 

microbiome composition more similar to the environment compared to starved fish during 205 

those stages. By 7-21 dpS, the distance between gut and environmental samples was 206 

smaller in starved fish compared to fed controls (Fig. 1E). By 3 dpR and for the remainder 207 

of the refeeding period, these distances were not statistically different between treatment 208 

groups. These results indicate that starvation has a biphasic effect on the similarity 209 

between gut and environmental communities, decreasing similarity during early stages 210 

and increasing similarity during later stages. Whereas refeeding rapidly restores 211 

differences between these communities to levels achieved under constant feeding 212 

conditions.   213 

 214 

Vibrio bacteria are significantly enriched in the intestine during starvation 215 

 216 

We next sought to identify the specific bacterial taxa that were significantly affected 217 

by starvation and refeeding using LEfSe 57.  LEfSe identified 120 genus-level taxa that 218 

reached a logarithmic LDA score of 2.0 (Table S1). This set of affected taxa included 219 

twelve abundant genera (median relative abundance >0.1% across all samples; shown 220 

in Fig. 2B) including starvation-induced depletion of Plesiomonas and enrichment of 221 

Vibrio. Strikingly, Vibrio reached a maximum relative abundance of 87% (median 34%) in 222 

the intestines of starved zebrafish at 21dpS, which was markedly higher than that of fed 223 

controls (maximum 62%; median 4%) at the same time point (Fig. 2C). In contrast, 224 

starvation led to reduced relative abundance of Plesiomonas in the intestine by 1dpS 225 

continuing through 7dpR (Fig. 2E). These effects of starvation on Vibrio and Plesiomonas 226 

sp. in the starved guts were reflected in the environmental samples of the starved fish 227 

(Fig. 2DF). Importantly, none of the phyla or orders that were significantly depleted or 228 

enriched were significantly correlated with SL after Bonferroni correction (see Table S2). 229 



This suggests that their depletion and enrichment are due to the dietary treatment, and 230 

not simply the growth arrest observed in starved animals (Fig. 1CD). These results 231 

establish that prolonged starvation leads to significant alterations in intestinal microbiome 232 

composition including marked enrichment of Vibrio genus members, and that these 233 

alterations in microbiome composition are largely normalized within 1-3 days of refeeding. 234 

Vibrio sp. are common members of the intestinal microbiome in zebrafish, and their 235 

relative abundance correlates positively with intestinal inflammation 41,42,48. This suggests 236 

that starvation-induced alterations in the relative abundance of Vibrio sp. and other 237 

bacteria in the zebrafish intestine might be linked with alterations in intestinal gene 238 

expression.  239 

  240 



 241 

 242 

Figure 2. Starvation and refeeding dynamically alters membership of the adult zebrafish 243 

intestinal microbiome.  244 

(A) Principal coordinates analysis of Bray-Curtis diversity for fed and starved zebrafish. The 245 

distance between centroids of the two cohorts at the corresponding timepoint is shown in the top 246 

right of each plot.  247 

(B) Heatmap of log2 ratio of the relative abundance of bacterial genera between starved and fed 248 

controls. Stars denote day identified as significant by LEfSe.  249 

(C) Relative abundance of Vibrio in starved and control zebrafish intestines by day.  250 

(D) Relative abundance of Vibrio in starved and control environmental tank water samples by day.  251 

(E) Relative abundance of Plesiomonas in starved and control zebrafish intestines by day.  252 

(F) Relative abundance of Plesiomonas in starved and control environmental tank water samples 253 

by day.  Stars in panels C-F denote significance (p < 0.05) by pairwise Wilcoxon test with BH 254 

correction.  255 

 256 



Starvation and refeeding leads to distinct changes in intestinal gene expression 257 

that vary with the duration of starvation 258 

 259 

Previous work in vertebrates has shown that starvation can significantly affect host 260 

gene expression in multiple organs4,7,17,33,52. However, studies describing transcriptomic 261 

changes in the host intestine during starvation are lacking. Our analysis of intestinal 262 

microbiomes during starvation and refeeding suggested distinct stages - early starvation 263 

when microbiome effects are initially observed (i.e., 3 dpS), late starvation when 264 

microbiome alterations are greatest (i.e., 21 dpS), and early refeeding when microbiome 265 

composition is largely normalized (i.e., 3 dpR). We sought to evaluate the physiologic 266 

status of the intestine at these stages using a transcriptomic approach. Whole intestinal 267 

tracts dissected from 3dpS, 21dpS, and 3dpR adult zebrafish and their fed age-matched 268 

controls were subjected to RNA-seq analysis (3-4 biological replicate samples/condition; 269 

Fig. 1A).  Principal coordinates analysis (PCoA) of these data revealed similarities 270 

between biological replicates (Fig. 3A). Similar to the observed effects on the intestinal 271 

microbiome, the impact of starvation on intestinal gene expression was greater at 21dpS 272 

than 3dpS or 3dpR. We then used DEseq2 analysis to identify genes differentially 273 

expressed in starved/refed fish compared to their fed controls at each timepoint. In accord 274 

with our PCoA analysis, the number of significant differentially expressed genes 275 

increased from 69 genes at 3dpS to 167 genes at 21dpS, and was reduced to 11 genes 276 

by 3dpR (Fig. 3B). This further supports that starvation has a progressive impact on the 277 

intestinal transcriptome through 3dpS and 21dpS which is largely normalized by 3dpR.  278 

As a control and to estimate the influence of the developmental time covered 279 

during the experiment, we compared differential gene expression between the fed 280 

timepoints. As expected, relatively few genes were found to be differentially expressed 281 

between fed timepoints and they were removed from our subsequent analyses of 282 

starvation effects (Fig. S1B, Table S3B). Hierarchical clustering of the log2 fold changes 283 

in transcript abundance revealed distinct groups of genes that were upregulated or 284 

downregulated in response to starvation, including striking differences between the 285 

response to starvation at 3dpS and 21dpS (Fig. 3C). Though gene expression differences 286 

between starved/refed fish and fed controls was largely restored by 3dpR, there was a 287 

small set of 11 genes that continued to be differentially expressed even at 3dpR (Fig. 3B; 288 

Table S3A). Although this list of persistent genes was too small to permit functional 289 

enrichment analysis, it does suggest a potentially small group of intestinal functions that 290 

remain altered after restoration of feeding or that respond to both starvation as well as to 291 

refeeding. These persistently different genes are discussed below in context. 292 

Among the genes known to be starvation responsive, we first examined transcript 293 

levels of elovl2, a fatty acid elongase previously shown to be downregulated in zebrafish 294 

during starvation 58–60. Elovl2 has also been implicated in inducing insulin secretion in 295 

response to glucose in mice, and fatty acid elongases have been extensively studied in 296 



fish as they function in biosynthesis of long-chain polyunsaturated fatty acids, which are 297 

commercially important in fish aquaculture 58,61,62. In accord, elovl2 was significantly 298 

downregulated by 3dpS, was one of the most significantly downregulated genes in 299 

starved fish at 21dpS, and was also consistently expressed across the control fed fish 300 

group (Fig. 3DE, Fig. S1A). This downregulation suggested a reduction in intestinal fatty 301 

acid synthesis during starvation. 302 

To understand which biological processes are impacted by starvation, we 303 

performed Gene Ontology (GO) term searches of four groups of genes from our dataset; 304 

genes significantly upregulated at 3dpS or 21dpS, and genes significantly downregulated 305 

at 3dpS or 21dpS (Figs. 3C, S1CD, and S2). We first identified distinct, non-overlapping 306 

functions that were enriched early in starvation (i.e., at 3dpS) and late in starvation (i.e., 307 

at 21dpS). For example, functions enriched only among upregulated genes at 3dpS, and 308 

not 21dpS, included “ribosome” and “ribosome large subunit biogenesis” (Fig. S1E). 309 

These included the ribosome biogenesis factor nsa2 and gtpbp4 which is involved in 310 

biogenesis of the 60S ribosomal subunit, which were significantly upregulated at 3dpS 311 

but not 21dpS.  However, the function “ribosomal large subunit assembly” was enriched 312 

among genes upregulated at 21dpS and not 3dpS. This included some genes that were 313 

only significantly increased at 21dpS such as ruvbl1 and srfbp1, and others that were 314 

significantly increased at both 3dpS and 21dpS such as rsl24d1, ptges3l, and gltscr2 315 

(Table S3A). Overall, genes involved in ribosome biogenesis were induced more strongly 316 

at 3dpS compared to 21dpS, suggesting it is a relatively early response to starvation with 317 

aspects that continue through 21dpS (Fig. S2CD, Table S3A).  318 

Also among the genes upregulated specifically at 3dpS was the heat shock protein 319 

hsp90ab1, a molecular chaperone previously shown to be upregulated in adult zebrafish 320 

liver in response to starvation17. The most significantly upregulated gene in our dataset 321 

was the enteropeptidase/enterokinase tmprss15, that converts trypsinogen into active 322 

trypsin which in turn activates pancreatic enzymes and potentially also antimicrobial 323 

proteins in the intestinal lumen (Fig 3DF) 63,64. Intestinal expression of tmprss15 was not 324 

affected by starvation at 3dpS, but was upregulated 6-fold by 21dpS (Fig. 3DF). Notably, 325 

a deficiency in TMPRSS15 has been shown to confer a lean, starvation-like phenotype in 326 

humans, consistent with its known key role in nutrient digestion and absorption 65. 327 

Upregulation of tmprss15 in the starved zebrafish intestine suggests potential adaptive 328 

increases in nutrient digestion programs to salvage nutrients from the intestinal lumen, or 329 

in antimicrobial defense against an altered and potentially pro-inflammatory microbiome. 330 

Similarly, functions enriched specifically among downregulated genes at 3dpS and 331 

not at 21dpS included “metabolism of lipids”, “regulation of cell proliferation”, and 332 

“ubiquitin-dependent protein catabolic process” (Fig. S1E). This included downregulation 333 

of the acyltransferase lclat1 and fatty acid binding protein fabp1b.1 at 3dpS but not 21dpS. 334 

However, related functions “glycerophospholipid metabolism”, “lipid transport”, and “lipid 335 

metabolic process” were enriched among downregulated genes at 21dpS but not 3dpS. 336 



These included the phospholipase pla2g12b which regulates lipoprotein size, the fatty 337 

acid desaturase fads2, the lipid transfer protein scp2a, and multiple apolipoproteins 338 

including apoa1a, apoa4b.1, and apobb.1 (Figs 3D, S1E, S2AB) 66. Notably, 339 

apolipoprotein genes have been shown to be downregulated in starved rainbow trout 340 

livers 67. Although these genes were significantly downregulated only at 21dpS, most 341 

began trending towards downregulation at 3dpS. Yet other genes involved in these 342 

functions including elovl2 and fabp1b.1 were significantly downregulated at both 3dpS 343 

and 21dpS with a larger difference at 21dpS (Figs. 3D and S1A, Table S3A). Notably, 344 

the transporter slc31a1/ctr1 involved in dietary copper uptake was also significantly 345 

downregulated at both timepoints. Thus, while shorter durations of starvation such as 3 346 

days lead to a downregulation of some metabolic functions, most of the genes involved 347 

in lipid metabolism are not significantly downregulated until 21 days of starvation. 348 

Prolonged starvation therefore leads to reduced expression of genes involved in lipid 349 

biosynthesis and transport, perhaps representing an adaptation to the prolonged absence 350 

of dietary fats and other nutrients. However, this contrasts with shorter periods of 351 

starvation, such as 48 hours, where other zebrafish studies have observed an increase 352 

in lipid catabolism, potentially to increase available energy and improve resistance to cold 353 
68. 354 

The genes significantly downregulated by starvation were also enriched for host 355 

immune functions. For example, the signal transducer stat1b, which is required for 356 

inflammatory responses in the intestine and for myeloid development in zebrafish 69,70, 357 

and the interferon responsive gene ifit8 are downregulated by 3dpS and continuing 358 

through 21dpS. By 21dpS, ifit15 and the antiviral protein rsad2 are also significantly 359 

downregulated. In accord, downregulated genes at 21dpS were enriched for functions 360 

involved in “defense response to virus”. Finally, the carboxypeptidase cpa5 which is a 361 

marker for mast cells in zebrafish 71 was also significantly downregulated at 21dpS, 362 

suggesting a potential reduction in mast cell number or activity within the intestinal tissue. 363 

Although several immune-related genes were downregulated in starved fish, complement 364 

proteins c6 and c7 were both significantly upregulated in starved fish (Table S3). Our 365 

analysis of genes downregulated during starvation therefore suggests a reduction or 366 

impairment in immune function and inflammatory tone in the intestine during starvation, 367 

along with significant reductions in lipid metabolism and lipoprotein production.  Reduced 368 

immune function during starvation may represent a mechanism contributing to the 369 

microbial community alterations observed at those timepoints. 370 

 While there were too few significant genes after refeeding at 3dpR to permit 371 

analysis of functional enrichment, several of these genes were suggestive of potential 372 

intestinal functions. This included increased expression at 3dpR of genes encoding the 373 

tandem-duplicated trypsin-like serine proteases prss59.1 and prss59.2. This small set of 374 

genes also included three mitochondrial enzymes beta carotene dioxygenase-like gene 375 

bco2l, involved in cleavage of dietary carotenoids into retinoids towards Vitamin A 376 



synthesis; and dimethylglycine dehydrogenase dmgdh, involved in glycine synthesis and 377 

production of sarcosine in the choline oxidation pathway. Notably, Dmgdh was previously 378 

shown to be induced in mouse livers upon fasting, and reduced in the livers of ground 379 

squirrels preparing for hibernation 72,73. Of the 11 genes differentially expressed in 3dpR 380 

refed fish compared to fed controls, 6 were also differentially expressed at 21dpS 381 

including prss59.1, prss59.2, and bco2l. These may represent starvation adaptations that 382 

remain altered after restoration of feeding or that respond to both starvation as well as to 383 

refeeding.  384 

 Although we had already removed from this analysis any genes that were 385 

differentially expressed between fed control timepoints (Table S1B), we wanted to further 386 

evaluate whether there were broader biological processes that may have been differential 387 

between those fed control samples that could affect our comparisons with starved/refed 388 

animals. We therefore performed GO term analysis of genes identified as significantly 389 

different between our fed control timepoints. The GO term “lipid metabolic process” was 390 

significantly enriched among genes that were significantly downregulated in 21dpS fed 391 

relative to 3dpS fed fish. Conversely, the GO terms “lipid localization” and “response to 392 

lipid” were significantly enriched among genes that were significantly upregulated in 393 

21dpS fed relative to 3dpS fed fish (Table S3D). Importantly, the GO term “lipid metabolic 394 

process” was also enriched in genes that were significantly downregulated in 21dpS 395 

starved relative to 21dpS fed fish, even after genes that were significant in our control 396 

analysis were removed (Fig. S1E). This raised the possibility that our observed impacts 397 

of starvation on lipid metabolism genes here may be driven in part by unusually low 398 

expression of certain lipid metabolic genes in 21dpS fed fish, whereas other related lipid 399 

metabolic functions may be unusually high in 21dpS fed fish relative to the other fed 400 

timepoints.  We therefore evaluated the log2 fold changes of genes from this control 401 

analysis alongside genes that were significantly different between starved and fed fish to 402 

discern if some of these differences may be driven by the control 21dpS fed fish (Fig. 403 

S2). We found that genes under the GO terms “ribosome” and “ribosome large subunit 404 

biogenesis” do not have differential expression in starved fish that is affected by unusual 405 

gene expression in the fed fish (Fig. S2CD). In contrast, a subset of genes such as pdk3b, 406 

syt1b, apoa1a, apoa4b.1, and fads2 which are significantly downregulated in starved fish 407 

at 21dpS relative to 21dpS fed, may be due in part to unusually high expression of these 408 

genes in 21dpS fed fish (Fig. S2AB). However, most genes emphasized here, such as 409 

elovl2, pla2g12b, slc31a1, and many others, are not affected by abnormalities within the 410 

fed fish cohort and are likely true biological effects of the starvation treatment. 411 



 412 



 413 

Figure 3. Starved zebrafish differentially regulate intestinal gene expression when 414 

compared to fed zebrafish 415 

(A) PCoA analysis of RNA-Seq libraries in starved/refed and fed control zebrafish intestines at 416 

3dpS, 21dpS, and 3dpR. 417 

(B) Quantification of the number of significantly upregulated and downregulated genes in 418 

starved/refed zebrafish intestines at each timepoint. Note that these numbers reflect totals after 419 

removing genes that were also significantly changed in our fed control comparisons. 420 

(C) Hierarchical clustering of log2 fold changes in gene expression in starved zebrafish intestines, 421 

along with flattened values that show significant changes in gene expression. 422 

(D) Log2 fold changes in gene expression in starved zebrafish intestines at 21dpS when 423 

compared to 21dpS fed fish plotted according to their -log10 adjusted p-values. 424 

(E) UCSC tracks of representative replicates show that elovl2 mRNA, encoding a fatty acid 425 

elongase, is downregulated in starved zebrafish intestines and returns to levels comparable to 426 

the fed group upon re-feeding. 427 

(F) UCSC tracks of representative replicates show that tmprss15 mRNA, encoding an 428 

enteropeptidase, is upregulated in starved zebrafish intestines and returns to levels comparable 429 

to the fed group upon re-feeding. 430 

 431 

  432 



Several genes responsive to starvation are also responsive to high fat feeding 433 

 434 

To interpret which starvation-responsive genes from our dataset responded 435 

transcriptionally across a broad range of nutrient availability, and which ones may 436 

constitute a starvation-specific response, we referenced our intestinal RNA-seq results 437 

against previously published RNA-seq data comparing digestive tracts from zebrafish 438 

larvae that were either unfed or fed a high-fat meal (chicken egg yolk) 59. This revealed a 439 

large overlap in significantly differentially-expressed genes (Fig. 4). Particularly, genes 440 

involved in lipid transport and metabolism such as fabp1b.1 and pla2g12b that were 441 

downregulated during starvation were upregulated during high fat feeding in zebrafish, 442 

underscoring the ability of these genes to respond to nutrients in zebrafish. Several genes 443 

involved in immune function such as rsad2, stat1b, and ifit15 were downregulated during 444 

starvation, and were upregulated after high fat feeding. Also among the overlapping 445 

genes was the enteropeptidase tmprss15, which was upregulated during starvation but 446 

downregulated by high fat feeding.  447 

While there was an overlap between genes in the above datasets that implicated 448 

them in the intestinal nutrient response, several genes that were significantly affected by 449 

starvation were not significantly affected by high fat feeding. These genes included the 450 

complement factor c6, the fatty acid elongase elovl2, and the phospholipase pla2g4c. 451 

These findings suggest that some classes of genes involved in lipid transport or 452 

inflammation may be differentially regulated by factors uniquely associated with starvation 453 

and not nutrient excess inherent to high fat feeding. Alternatively, these differences could 454 

be ascribed to transcriptional responses unique to zebrafish life stages (adult vs larvae) 455 

or organs (intestine vs complete digestive tract including intestine, liver, pancreas, and 456 

swim bladder), or to indirect effects of high fat egg yolk feeding that are unrelated to 457 

nutrition. 458 

 459 

 460 



 461 



Figure 4. Some genes responsive to starvation in the intestine are also responsive to high 462 

fat feeding and microbial colonization 463 

(A) Log2 fold changes for genes from 21dpS (X-axis) plotted according to their log2 fold changes 464 

in egg yolk-fed larval zebrafish compared to unfed controls (Y-axis), described in Zeituni et al 59. 465 

Significantly differential genes only in starved zebrafish are plotted in blue, whereas genes 466 

significant in both datasets are plotted in red. Pearson’s correlation revealed a significant 467 

correlation between the two datasets (p < 0.05).  468 

(B) Log2 fold changes for genes from 21dpS (X-axis) plotted according to their log2 fold changes 469 

in zebrafish larvae colonized with a microbiome compared to germ-free controls (Y-axis), 470 

described in Davison et al 75. Genes with significant log2 fold changes only in starved zebrafish 471 

are plotted in blue, whereas genes significant in both datasets are plotted in magenta. Pearson’s 472 

correlation did not reveal a significant correlation between the two datasets (p > 0.05). 473 

 474 

  475 



A small subset of genes responsive to starvation are also responsive to microbial 476 

colonization 477 

 478 

We and others have shown that intestinal gene expression is regulated in part by 479 

the presence and composition of the intestinal microbiome 55,74–76.  Our 16S rRNA 480 

sequence data revealed that starvation induced marked and reversible alterations to gut 481 

microbiome composition including enrichment of Vibrio sp., members of which have been 482 

shown to be pro-inflammatory, and a decrease in similarity in microbiome composition 483 

between starved fish and their environmental samples48. Although these results suggest 484 

altered gut microbial ecology during starvation, our study design did not permit us to 485 

causally link our observed changes in intestinal transcriptome and microbiome. 486 

Therefore, in order to identify transcriptional responses to starvation that may also be 487 

sensitive to microbiome, we compared our RNA-seq data to a previous study investigating 488 

the effect of microbial colonization on larval zebrafish digestive tracts 75. We found a 489 

relatively low correlation between the two datasets, implying that there may not be 490 

extensive overlaps between transcriptional responses to microbial colonization and 491 

starvation at these timepoints (Fig. 4B). This modest overlap may be due to 492 

transcriptional responses unique to zebrafish life stages (adult vs larvae) or organs 493 

(intestine vs complete digestive tract including intestine, liver, pancreas, and swim 494 

bladder). However, we did identify several overlapping genes that were significant in both 495 

datasets. Two complement factors, c6 and c7, which were downregulated in germ-free 496 

zebrafish, were upregulated during starvation. In addition, two genes involved in the 497 

processing of major histocompatibility complex, mad2l and erap1, were also among the 498 

overlapping genes. A small set of genes involved in lipid metabolism and intracellular 499 

cholesterol transport, such as fabp1b.1 and scp2a were significantly downregulated in 500 

both datasets. The enteropeptidase tmprss15, which was differentially expressed during 501 

both starvation and high fat feeding, was also significantly downregulated in germ-free 502 

zebrafish. Overall, this comparison identified candidate genes that respond to both 503 

starvation and microbiome induced pathways. 504 

 505 



 506 



 507 

Figure 5. The transcription factor hnf4a may regulate a subset of genes involved in 508 

starvation 509 

(A) Scatterplot for motif enrichment scores for genes at 3dpS (X-axis) and motif enrichment scores 510 

for genes at 21dpS (Y-axis), according to HOMER analysis of transcription factor binding sites 511 

within 10KB upstream or downstream of the genes’ transcription start sites at each time point, 512 

based on whether these sites were located within accessible chromatic regions. HNF4A is among 513 

the transcription factors whose binding sites are enriched at genes downregulated at both 3dpS 514 

and 21dpS. 515 

(B) Log2 fold changes for genes from 21dpS (X-axis) plotted according to their log2 fold changes 516 

in digestive tracts dissected from hnf4a mutant zebrafish larvae compared to wild-type controls 517 

(Mut-CV/WT-CV) (Y-axis), described in Davison et al 75. Genes with genes with significant 518 

differential gene expression (21dpsSta/Fed) changes only in starved zebrafish are plotted in blue, 519 

whereas genes significant in both datasets are plotted in red. Pearson’s correlation revealed a 520 

significant correlation between the two datasets (p < 0.05). 521 

 522 

  523 



Starvation-responsive genes may also be controlled by the transcription factor 524 

Hepatocyte nuclear factor 4 alpha (HNF4A) 525 

 526 

We next sought to identify transcription factors putatively linked to the regulation 527 

of the starvation response.  Using HOMER 77, we queried the genomic regions near all 528 

genes identified as significantly upregulated or downregulated by starvation. We 529 

restricted our search to regions within the gene body plus the flanking 10kb upstream and 530 

downstream that we previously identified as accessible chromatin in the zebrafish 531 

intestine 51. This revealed vertebrate transcription factor motifs significantly enriched near 532 

starvation responsive genes at either 3dpS or 21dpS (Fig. 5A; Table S3C). PAX5 motifs 533 

were significantly enriched near downregulated genes, while FOXA1 motifs were 534 

significantly enriched near upregulated genes, both at 3dpS and 21dpS. Both PAX5 and 535 

FOXA1 have been implicated in intestinal development in mice 78,79. Further, HNF4A 536 

motifs were significantly enriched near downregulated genes at both 3dpS and 21dpS. 537 

We previously showed that the nuclear receptor HNF4A mediates host transcriptional 538 

responses to microbial colonization in zebrafish 75. In addition, HNF4A is required for 539 

intestine-specific gene regulation and has conserved roles in glucose homeostasis, 540 

gluconeogenesis, and lipid metabolism, indicating that starvation-linked genes may be 541 

under the control of HNF4A 80–83. This observation suggested that HNF4 transcription 542 

factors might facilitate both responses to starvation and changes to host microbiome.  543 

Based on these previous findings, a comparison of our starvation dataset to an 544 

RNA-Seq dataset from hnf4a mutant zebrafish 75 demonstrated that genes putatively 545 

controlled by hnf4a were significantly downregulated in our dataset (Fig. 5B). GO Term 546 

analysis revealed that “lipid metabolic process”, “viral response”, and a variety of other 547 

metabolic functions were significantly enriched among these overlapping genes. 548 

Specifically, the genes pla2g12b and elovl2, and other genes involved in lipid metabolism 549 

that were downregulated significantly in starved fish, were all downregulated in hnf4a-/- 550 

fish, implying that lipid metabolic responses to starvation might be positively regulated by 551 

Hnf4a. Similarly, several of the immune response genes downregulated in starved fish 552 

such as ifit15, ifit8, c6, and erap1a were differentially regulated in hnf4a -/- fish, suggesting 553 

that the immune response to starvation may also be partly influenced by Hnf4a function. 554 

 555 

 556 

Discussion 557 

 558 

Interaction between the microbiome and host metabolism is known to occur in diverse 559 

pathophysiological contexts including starvation and malnutrition. However, few previous 560 

studies have simultaneously explored changes in host gene expression and microbiome 561 

composition as a function of starvation 84. We focused here on the intestine as the 562 

animal’s primary interface with the gut microbiome and dietary nutrients. Our RNA-Seq 563 



data suggests that cytoplasmic translation, ribosomal genes, and ribosomal synthesis 564 

genes are upregulated in the zebrafish intestine early in starvation, whereas DNA repair, 565 

and vitamin and cofactor metabolism genes become upregulated at 21dpS. Similarly, 566 

some pathways significantly downregulated at 21dpS were distinct from those 567 

downregulated at 3dpS, with 21dpS including genes involved in antiviral response, 568 

arginine and proline metabolism, and glycerophospholipid metabolism, among others. 569 

The distinct functions encoded at 3dpS and 21dpS suggest different stages of starvation, 570 

as previously described in zebrafish liver 52. In sharp contrast to previous studies in other 571 

organs, only a handful of genes were differentially expressed after refeeding in the 572 

zebrafish intestine, suggesting that the adaptive physiology displayed by the intestine 573 

during prolonged starvation is rapidly reversible after refeeding. In starved and refed 574 

zebrafish livers, upregulated genes are enriched for functions such as the TCA cycle, 575 

proteasome assembly, oxidative phosphorylation, and DNA replication and repair 52. 576 

Similar compensatory mechanisms have been observed to accompany refeeding in cattle 577 

livers, as well as in salmon and trout muscle 85–87. These results suggest that the intestine 578 

may be particularly plastic in its adaptation to starvation and refeeding compared to other 579 

organs such as muscle and liver. 580 

To explore gene regulatory mechanisms underlying the intestinal response to 581 

starvation, we provide evidence that hnf4a may regulate a substantial number of these 582 

starvation-associated changes, expanding the already large number of physiologic 583 

functions associated with this gene. Considering that hnf4a activity is suppressed by the 584 

microbiome in zebrafish and mice 75, hnf4a may link alterations in the host microbiome 585 

and transcriptome during starvation. Future studies could test the impact of starvation on 586 

Hnf4a occupancy using ChIP-Seq, or on chromatin accessibility or histone modifications 587 

in the intestinal epithelium to identify cis-regulatory regions involved in coordinating the 588 

starvation response. Our data also provide numerous candidate genes that can be used 589 

in future experiments to explore the specificity, regionality, and regulation of the starvation 590 

responses in the zebrafish intestine. 591 

Although our RNA-Seq data suggests many commonalities between the starvation 592 

response in zebrafish and other vertebrates, it also highlights unique ways in which the 593 

zebrafish intestine may adapt to long-term starvation. For example, we observed an 594 

induction of complement proteins, ribosomal proteins, and a downregulation of the 595 

antiviral response during starvation. This is in contrast to rainbow trout liver where 596 

starvation was reported to reduce expression of ribosomal proteins 67. Meanwhile, genes 597 

significantly downregulated at 21dpS included several involved in the antiviral response. 598 

These pathways have not been previously reported in other animals in the context of 599 

starvation and thus could represent adaptive mechanisms unique to the zebrafish. 600 

Starved zebrafish exhibited significantly reduced growth that was not fully 601 

recovered during a 21-day refeeding timeline. This suggests that full somatic recovery 602 

from starvation may require more time, or that there are permanent somatic changes 603 



associated with starvation. In contrast, we find that the changes that starvation induces 604 

in the zebrafish intestinal transcriptome and microbiome are rapidly normalized after 605 

refeeding. Whereas starvation significantly affected the expression of over 200 genes in 606 

the intestine compared to fed controls, refeeding for just 3 days restored normal levels of 607 

expression for all but 11 genes (Fig. 3BC). Similarly, intestinal microbial communities 608 

subjected to starvation displayed significantly increased diversity (Fig. 1D) and altered 609 

composition (Fig. 2A) compared to fed controls, yet those differences were largely 610 

normalized within 1 to 3 days of refeeding. By comparison, another animal that undergoes 611 

prolonged starvation, the hibernating ground squirrel, maintained baseline levels of 612 

intestinal microbiome diversity during early stages of winter hibernation, reduced diversity 613 

later in the winter, and then increased diversity upon refeeding in the spring 88. That boost 614 

in diversity upon refeeding was attributed to new bacterial taxa associated with the 615 

introduced food. For this study, no samples of food-associated bacterial taxa were taken, 616 

so we cannot distinguish between these two possible explanations. Regardless, the 617 

distinct effects of starvation and refeeding on intestinal microbiome diversity in zebrafish 618 

and ground squirrels underscores the importance of studying the ecology and physiology 619 

of prolonged starvation and refeeding in diverse animal hosts. 620 

Our results also provide insight into the specific bacterial lineages that are most 621 

senstivie to starvation and refeeding in the zebrafish intestine. We previously 622 

demonstrated that Vibrio and Plesiomonas genera are part of a core gut microbiome of 623 

zebrafish 89. We speculate that the opposing changes in relative abundance of these two 624 

taxa likely reflect differing abilities to survive in the altered environment of the starved gut 625 

(Fig. 2BCE). During starvation in chickens, intestinal mucus is known to increase in 626 

abundance and thickness, possibly creating a competitive advantage for mucin-627 

degrading bacteria 90,91. Vibrio spp. can degrade intestinal mucus, which may be why 628 

there is an observed increase in Vibrio during starvation 92,93. Conversely, Plesiomonas 629 

may be less suited for survival during prolonged starvation periods within the gut. It 630 

remains unclear if these changes in relative abundance were accompanied by alterations 631 

in microbial community density, which could be explored in future studies. It is striking 632 

that these and other starvation-induced perturbations to gut microbiome composition, 633 

similar to host gene expression in the gut, were largely restored within 1 to 3 days after 634 

refeeding. This underscores remarkable plasticity in intestinal physiology and microbial 635 

ecology in response to starvation and refeeding.   636 

 637 

Methods 638 

 639 

Animal husbandry 640 

 641 

Unless otherwise stated, all fish were maintained on a 14-hour light cycle at 28°C. 642 

All zebrafish used for were born on the same day from 1 (RNA-Seq) or 3 (16S rRNA gene 643 



amplicon sequencing) breeding pairs from a single sibship. Fertilized embryos were 644 

transferred into Petri dishes containing egg water (6 g sea salt, 1.5 g calcium sulfate, 0.75 645 

g sodium bicarbonate, 10-12 drops methylene blue, 10L water) at a density of 50 646 

embryos/dish at incubated at 28.5°C. At 1-day post-fertilization (dpf), embryos were 647 

transferred to 3L tanks containing 500mL water from a recirculating zebrafish aquaculture 648 

system (system water). Each tank contained 10 (16S rRNA gene sequencing) or 30 649 

(RNA-Seq) embryos. Fish were then maintained under standard zebrafish husbandry until 650 

the start of the experiment at 60dpf. Zebrafish were then randomly transferred into four 651 

(RNA-Seq) or eight (16S rRNA gene sequencing) clean 10L tanks at a density of 44 652 

(RNA-Seq) or 67 (16S rRNA gene sequencing) fish per tank, with half the tanks receiving 653 

no food for the following 21 days (Fig. 1A). Following the 21 days of starvation, feedings 654 

for all tanks were allowed to occur as per standard husbandry: two feedings of Artemia 655 

per day interspersed with two feedings of Gemma 300 (Skretting). Over the 21 days of 656 

starvation and 21 days of refeeding, we observed no mortality in any condition or 657 

experiment. 658 

All fish to be sampled on a particular day were collected prior to the first daily 659 

feeding in the fish facility. Samples for 16S rRNA gene amplicon sequencing were 660 

collected at 0 days post-starvation (0dpS), 1 dpS, 3dpS, 7dpS, 21dpS, 1 day post-re-feed 661 

(dpR), 3dpR, 7dpR, and 21dpR (Fig.1A) with six randomly selected fish at each time point 662 

per tank were euthanized by tricaine overdose (0.83mg/ml tricaine). Fish were imaged on 663 

a dissecting scope to facilitate subsequent standard length (SL) and height at anterior of 664 

anal fin (HAA) measurements 94. Intestinal tracts were then dissected from each fish and 665 

placed individually in lysis buffer (20mM Tris-HCl (pH 8.0), 2mM EDTA (pH 8.0), 1% Triton 666 

X-100, flash-frozen in a dry-ice/ethanol bath, and stored at -80°C until DNA extraction.  667 

Samples for RNA-Seq were collected at 3dpS, 21dpS, and 3dpR At each time 668 

point, three randomly selected fish per tank were euthanized by tricaine overdose 669 

(0.83mg/ml tricaine). Fish were imaged on a dissecting scope to facilitate subsequent 670 

standard length (SL)94. Intestinal tracts were then dissected from each fish and placed 671 

individually in 2mL cryovials filled with TRIzol reagent (Thermo Fisher, 15596026), flash-672 

frozen in a dry ice-ethanol bath, and stored at -80oC until RNA extraction. 673 

 674 

16S rRNA gene sequencing 675 

 676 

Genomic DNA was extracted from individual zebrafish intestinal tracts using 677 

Qiagen DNeasy Blood and Tissue Kits (Qiagen, modified as previously described) 42. 678 

Genomic DNA was subsequently used as template for PCR amplification of the v4 region 679 

of 16S rRNA gene and 150 paired-end sequencing was performed on an Illumina HiSeq 680 

2000 Sequencing System (see Table S4 for primers) at the University of Oregon 681 

Genomics and Cell Characterization Core Facility. 682 

 683 



16S rRNA gene sequence bioinformatic and statistical analysis 684 

 685 

FASTQ files were demultiplexed and split by sample ID using QIIME (v1.9.1). Within 686 

RStudio version 3.4.1, the files were then quality filtered, trimmed, denoised, merged, 687 

checked for chimeras, and assigned taxonomy using DADA2. Taxonomic assignments 688 

were made using the Silva v132 database.   689 

RNA extraction and sequencing  690 

 691 

Frozen whole intestinal samples stored at -80°C  were homogenized using 692 

Zirconium oxide beads (Biospec, 11079107) and a Vortex Genie2 (Scientific Industries, 693 

1311-V) fitted with a Vortex Adapter (Scientific Industries, 13000-V1-24) in three 45-694 

second intervals. Samples were put on ice in-between homogenization to prevent 695 

overheating.  Following homogenization, a phase separation was performed by adding 696 

200ul of chloroform to each sample and mixing by vigorous inversion 15 times. Samples 697 

were then incubated at room temperature for 3 minutes and centrifuged at 12000rcf for 698 

15 min at 4°C . 500ul of the aqueous upper phase from each sample was then transferred 699 

to a new Eppendorf tube, to which 500uL 70% Ethanol in DEPC water was added and 700 

vortexed. Following phase separation, samples were DNase treated and total RNA was 701 

extracted via column purification using the PureLink DNase Set (Thermo Fisher, 702 

12185010) and the PureLink RNA Mini kit (Thermo Fisher, 12183025) according to the 703 

manufacturer’s instructions. Final sample quality and concentration were assessed via 704 

spectrophotometry and samples were stored at -80°C  until submission to the Duke 705 

Sequencing and Genomic Technologies Core. RNA-seq libraries were prepared and 706 

sequenced by Duke Sequencing and Genomic Technologies Core on an Illumina HiSeq 707 

2500. 708 

 709 

RNA-seq bioinformatics 710 

 711 

All raw zebrafish RNA-seq data was processed on the Galaxy server 95. Raw fastq 712 

files were trimmed using Trim Galore 96. Trimmed fastq files were then mapped to the 713 

zebrafish genome (GRCz10) using STAR using default settings to generate BAM files, 714 

which were converted to counts using HTSeq. BAM files were converted to bigWig files 715 

using the wigToBigWig tool before visualization on the UCSC Genome Browser 97,98.  716 

TPM expression values were obtained for transcripts via Salmon99. Pairwise 717 

differential gene expression tests were carried out with DESeq2 using counts files 718 

generated by HTSeq99,100. For comparisons between starved and fed fish, the default 719 

significance threshold of adjusted p-value 0.05 was used for each comparison. For 720 

comparisons across fed fish controls (See Fig. S1 and S2), the significance threshold 721 

was defined as the gene either having an absolute log2 fold change greater than 1.0 or a 722 

p-value less than 0.05. 723 



Hierarchical clustering of log2 fold change values for genes was performed using 724 

Cluster 3.0, and heat maps were generated using Java Treeview 101,102.  725 

HOMER software (http://homer.ucsd.edu/homer/motif/) analysis was performed on 726 

significantly upregulated and downregulated genes at both 3dpS and 21dpS (3dpS 727 

starved/3dpS fed and 21dpS starved/21dpS fed, respectively), using regions within the 728 

gene body plus the flanking 10kb upstream and downstream that we previously identified 729 

as accessible chromatin in the zebrafish intestine 51 using the findMotifs.pl command. A 730 

motif score was obtained by taking the -log10 values of the p-values assigned by HOMER. 731 

A motif was then deemed ‘enriched’ amongst either upregulated or downregulated genes 732 

at each timepoint (3dpS or 21dpS) based on whether it had a higher motif score among 733 

the upregulated or downregulated gene sets.  734 

For comparisons with the larval zebrafish egg yolk feeding dataset, log2 fold 735 

changes in 21dpS fed fish relative to 21dpS starved were compared to log2 fold changes 736 

in larval zebrafish digestive tracts 4 hours after egg yolk feeding (i.e. “HF 4h logFC”) 737 

obtained from Supplementary Table 1 in 59, the raw data for which is available at 738 

accession GSE87704. For comparisons with hnf4a mutant and microbially colonization 739 

datasets, data was obtained from Supplemental Table 2 in 75, using log2 fold changes 740 

comparing digestive tracts from hnf4a homozygous mutant and wild-type 6dpf zebrafish 741 

larvae raised under conventionalized ex-germ-free consitions (“MutCV/WTCV”) and from 742 

wild-type 6dpf zebrafish larvae reared under germ-free of ex-germ-free conventionalized 743 

conditions (“WTGF/WTCV”), respectively. Raw data from 75 is available at accession 744 

GSE90462. 745 
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Figures

Figure 1

Starvation and refeeding affect zebra�sh somatic growth as well as intestinal and environmental
microbiome diversity. (A) Study design graphical abstract. Cohoused adult siblings were divided into
either control (fed) or experimental (starved) tanks. Samples were then taken from each tank on days 0, 1,



3, 7 and 21 post-starvation (dpS) as well as 1, 3, 7, and 21 days post-refeeding (dpR) for 16S rRNA gene
sequencing. RNA-seq samples were taken at 3 dpS, 21 dpS, and 3 dpR. (B) Fed and starved zebra�sh
height at anterior of anal �n (HAA) in mm at corresponding timepoints. (C) Standard length in mm of
starved and fed zebra�sh. (D) Faith’s PD alpha diversity for fed and control zebra�sh. Values are log
transformed and normalized by the scores at day 0. (E) Boxplots of the Bray-Curtis distance between the
gut and associated environment sample. Stars in panels B-E denote signi�cant difference (p < 0.05 by
Tukey HSD test).

Figure 2

Starvation and refeeding dynamically alters membership of the adult zebra�sh intestinal microbiome. (A)
Principal coordinates analysis of Bray-Curtis diversity for fed and starved zebra�sh. The distance
between centroids of the two cohorts at the corresponding timepoint is shown in the top right of each
plot. (B) Heatmap of log2 ratio of the relative abundance of bacterial genera between starved and fed



controls. Stars denote day identi�ed as signi�cant by LEfSe. (C) Relative abundance of Vibrio in starved
and control zebra�sh intestines by day. (D) Relative abundance of Vibrio in starved and control
environmental tank water samples by day. (E) Relative abundance of Plesiomonas in starved and control
zebra�sh intestines by day. (F) Relative abundance of Plesiomonas in starved and control environmental
tank water samples by day. Stars in panels C-F denote signi�cance (p < 0.05) by pairwise Wilcoxon test
with BH correction.

Figure 3



Starved zebra�sh differentially regulate intestinal gene expression when compared to fed zebra�sh (A)
PCoA analysis of RNA-Seq libraries in starved/refed and fed control zebra�sh intestines at 3dpS, 21dpS,
and 3dpR. (B) Quanti�cation of the number of signi�cantly upregulated and downregulated genes in
starved/refed zebra�sh intestines at each timepoint. Note that these numbers re�ect totals after removing
genes that were also signi�cantly changed in our fed control comparisons. (C) Hierarchical clustering of
log2 fold changes in gene expression in starved zebra�sh intestines, along with �attened values that
show signi�cant changes in gene expression. (D) Log2 fold changes in gene expression in starved
zebra�sh intestines at 21dpS when compared to 21dpS fed �sh plotted according to their -log10 adjusted
p-values.(E) UCSC tracks of representative replicates show that elovl2 mRNA, encoding a fatty acid
elongase, is downregulated in starved zebra�sh intestines and returns to levels comparable to the fed
group upon re-feeding. (F) UCSC tracks of representative replicates show that tmprss15 mRNA, encoding
an enteropeptidase, is upregulated in starved zebra�sh intestines and returns to levels comparable to the
fed group upon re-feeding.



Figure 4

Some genes responsive to starvation in the intestine are 462 also responsive to high fat feeding and
microbial colonization (A) Log2 fold changes for genes from 21dpS (X-axis) plotted according to their
log2 fold changes in egg yolk-fed larval zebra�sh compared to unfed controls (Y-axis), described in
Zeituni et al 59. Signi�cantly differential genes only in starved zebra�sh are plotted in blue, whereas
genes signi�cant in both datasets are plotted in red. Pearson’s correlation revealed a signi�cant



correlation between the two datasets (p < 0.05). (B) Log2 fold changes for genes from 21dpS (X-axis)
plotted according to their log2 fold changes in zebra�sh larvae colonized with a microbiome compared to
germ-free controls (Y-axis), described in Davison et al 75. Genes with signi�cant log2 fold changes only in
starved zebra�sh are plotted in blue, whereas genes signi�cant in both datasets are plotted in magenta.
Pearson’s correlation did not reveal a signi�cant correlation between the two datasets (p > 0.05).

Figure 5



The transcription factor hnf4a may regulate a subset of genes involved in starvation (A) Scatterplot for
motif enrichment scores for genes at 3dpS (X-axis) and motif enrichment scores for genes at 21dpS (Y-
axis), according to HOMER analysis of transcription factor binding sites within 10KB upstream or
downstream of the genes’ transcription start sites at each time point, based on whether these sites were
located within accessible chromatic regions. HNF4A is among the transcription factors whose binding
sites are enriched at genes downregulated at both 3dpS and 21dpS. (B) Log2 fold changes for genes
from 21dpS (X-axis) plotted according to their log2 fold changes in digestive tracts dissected from hnf4a
mutant zebra�sh larvae compared to wild-type controls (Mut-CV/WT-CV) (Y-axis), described in Davison et
al 75. Genes with genes with signi�cant differential gene expression (21dpsSta/Fed) changes only in
starved zebra�sh are plotted in blue, whereas genes signi�cant in both datasets are plotted in red.
Pearson’s correlation revealed a signi�cant correlation between the two datasets (p < 0.05).
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