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Abstract 24	  

 25	  

Growing evidence indicates that disrupting the microbial community that comprises the 26	  

intestinal tract, known as the gut microbiome, can contribute to the development or severity of 27	  

disease. As a result, it is important to discern the agents responsible for microbiome disruption. 28	  

While animals are frequently exposed to a diverse array of environmental chemicals, little is 29	  

known about their effects on gut microbiome stability and structure. Here, we demonstrate how 30	  

zebrafish can be used to glean insight into the effects of environmental chemical exposure on the 31	  

structure and ecological dynamics of the gut microbiome. Specifically, we exposed forty-five 32	  

adult zebrafish to triclosan-laden food for four or seven days or a control diet, and analyzed their 33	  

microbial communities using 16S rRNA amplicon sequencing. Triclosan exposure was 34	  

associated with rapid shifts in microbiome structure and diversity. We find evidence that several 35	  

operational taxonomic units (OTUs) associated with the family Enterobacteriaceae appear to be 36	  

susceptible to triclosan exposure, while OTUs associated with the genus Pseudomonas appeared 37	  

to be more resilient and resistant to exposure. We also found that triclosan exposure is associated 38	  

with topological alterations to microbial interaction networks and results in an overall increase in 39	  

the number of negative interactions per microbe in these networks. Together these data indicate 40	  

that triclosan exposure results in altered composition and ecological dynamics of microbial 41	  

communities in the gut. Our work demonstrates that because zebrafish afford rapid and 42	  

inexpensive interrogation of a large number of individuals, it is a useful experimental system for 43	  

the discovery of the gut microbiome’s interaction with environmental chemicals.  44	  

 45	  

 46	  
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Introduction  47	  

 48	  

The gut-associated microbiome performs vital functions in the gastrointestinal tract, which 49	  

prevents colonization with pathogens[1,2], stimulates immune system development and 50	  

function[3,4],  and produces micronutrients utilized by the host[5]. Deviation from normal 51	  

microbiome structure or function, known as dysbiosis, has been associated with human diseases, 52	  

including diabetes[6], heart disease[7], arthritis[8],  and malnutrition[9]. These findings have 53	  

inspired investigation into the mechanisms of perturbation of the gut microbiome, which have 54	  

identified several potent modulators of microbiome composition, including antibiotic 55	  

therapy[10,11], infection with pathogens[12,13], and diet[14,15]. Establishing a comprehensive 56	  

catalog of the factors that influence gut microbiome structure and function is an essential first 57	  

step in designing therapies to treat dysbiosis or prevent its deleterious effects. 58	  

 59	  

Humans are exposed to a diverse array of chemicals on a daily basis through contact with the 60	  

environment. While some of these exposures may be innocuous or even beneficial (e.g., dietary 61	  

micronutrients), others have been associated altered host physiology and chronic disease[16,17]. 62	  

Each chemical also represents a potential source of perturbation for microbial communities that 63	  

might 1) modulate growth rates or kill microbes, 2) alter nutrient availability, or 3) restructure 64	  

niche space.  Although studies of the impact of environmental chemical exposure on gut 65	  

microbiome structure and function are limited, the information available implicates their 66	  

influence over shaping the composition and function of microbial communities. For example, 67	  

dietary chemicals such as dietary fiber can be fermented by microbes in the gut to produces 68	  

short-chain fatty acids, which can be anti-inflammatory and influence the permeability of the gut 69	  
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epithelial barrier by enhancing tight junction expression[18]. Conversely, the metabolism of 70	  

other dietary chemicals, such as L-carnitine, can lead to metabolites that are associated with 71	  

disease[7]. Heavy metals, such as arsenic, lead and cadmium also perturb microbial community 72	  

composition and metabolic profiles in mice[19] and are associated with  altered immune 73	  

responses, and gut barrier function[20,21]. Interestingly, many of the environmental chemicals to 74	  

which humans are exposed are antimicrobial in their action. For example, parabens, sulfites, 75	  

nitrites, nitrates, and many phenols are preservative agents present in foods, cosmetics, and 76	  

cleaning supplies. Despite generally being considered safe, some of these antimicrobial 77	  

compounds have been associated with endocrine disruption[22,23] and inflammatory diseases 78	  

such as ulcerative colitis[24]. However, the impact of exposure to these compounds, or their 79	  

derivatives, on the structure and function of the microbiome remains unclear.  80	  

 81	  

Due to the diversity of environmental chemicals that animals are exposed to, experimental 82	  

systems that enable rapid screening of the effect of their exposure on the microbiome need to be 83	  

developed. Here, we use zebrafish as a model system to explore the impact of environmental 84	  

chemical exposure on the animal gut microbiome. Zebrafish were selected as they are a widely 85	  

used toxicology model [25–27], are easily housed in large numbers, are inexpensive, and afford 86	  

access to a wide array of high-throughput genomic[28], developmental[29], and physiological 87	  

experimental tools[30,31]. Additionally, zebrafish are a well established model system of 88	  

ecological dynamics of gut microbial communities [32–34] and have provided valuable insights 89	  

into interactions between gut microbes and host immune and metabolic processes[35–37]. These 90	  

features are useful in microbiome studies as the subtle effects of low concentration toxicant 91	  

exposure are likely to require large sample sizes to resolve, and the follow-up investigations on 92	  
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the impact of the perturbation on host physiology will be benefitted by access to diverse 93	  

experimental resources. 94	  

 95	  

We use zebrafish to examine the impact of short-term exposure of an environmental antibiotic, 96	  

triclosan, on the gut microbial communities of adult zebrafish (Danio rerio) using 16S rRNA 97	  

amplicon sequencing. This polychlorinated phenoxy phenol, which is widely used as an 98	  

antimicrobial agent in consumer products[38], was selected for a variety of reasons. First, 99	  

triclosan is readily absorbed through the skin and gastrointestinal tracts, and is excreted in urine, 100	  

breast milk, and feces[39–41]. Second, exposure to triclosan is associated with endocrine 101	  

disruption in fish and rats, research implicates its role as a liver tumor promoter[22,42,43], and it 102	  

can alter inflammatory responses by modulating toll-like receptor signaling[44]. Third, triclosan 103	  

can disrupt microbial communities. Exposing aquatic- or soil-associated microbial communities 104	  

to triclosan alters community composition and reduces diversity[45,46].  Moreover, triclosan has 105	  

been associated with disruption of the gut microbiome in juvenile fathead minnows (Pimephales 106	  

promelas)[47]. Here, we found that triclosan exposure is associated with restructuring of the 107	  

zebrafish gut microbiome over short time intervals in adult fish. In addition, triclosan exposure 108	  

was associated with increased correlation between a large number of microbial taxa and broad 109	  

restructuring of microbial interaction networks. Taken together these results indicate that 110	  

triclosan exposure disrupts the structure and ecological dynamics of the gastrointestinal tract 111	  

microbiome of adult zebrafish. 112	  

 113	  

Materials and Methods 114	  

 115	  
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Animals and triclosan exposure 116	  

 117	  

The use of zebrafish in this research project conducted at the Sinnhuber Aquatic Research 118	  

Laboratory was approved by the Institutional Animal Care and Use Committee at Oregon State 119	  

University (permit number: 4696). Adult, male, 5D wild type zebrafish were separated into nine 120	  

tanks (n=5 fish / tank), and placed in flow-through tanks isolated from the rest of the colony. The 121	  

nine tanks were randomly assigned to a group (unexposed, four-day treatment, seven-day 122	  

treatment) and fish were fed a commercial pelletized lab feed (Gemma Micro 300; Skretting, 123	  

Westbrook, ME USA) containing 100µg/g fish a day triclosan, a dose sufficient to cause 124	  

endocrine disruption in fish[22], or a control diet that was compositionally identical with the 125	  

exception that it contained no triclosan. There were three exposure groups, (1) a four-day 126	  

exposure group, which received the triclosan diet for four days followed by a control diet for 3 127	  

days, (2) a seven day group which received triclosan laden food for seven days, and (3) an 128	  

unexposed control group, which received the control diet for seven days. On the morning of the 129	  

eighth day the remaining fish in each tank were euthanized by ice water bath immersion. Each 130	  

fish was then surface sterilized using 70% ethanol and intestinal contents were collected by 131	  

removing the length of the intestine (esophagus to anus), and then gently squeezing the intestine 132	  

with forceps to extract contents. The contents were collected in a sterile DNAse free tube and 133	  

stored at -20˚C until processing.   134	  

 135	  

16S rRNA amplicon library preparation and sequencing 136	  

 137	  
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The MoBio PowerSoil® DNA isolation kit (MOBIO, Carlsbad, CA USA) was used to extract 138	  

DNA from the intestinal contents samples following the manufacturer’s protocol with the 139	  

addition of an incubation step of 10m at 65˚C immediately before bead beating on the highest 140	  

setting for 20m using Vortex Genie 2 (Fisher, Hampton, NH USA) and a 24 sample vortex 141	  

adaptor (MOBIO).  Two microliters of purified DNA was then used for input into PCR reaction 142	  

and the remaining DNA stored at -20˚C. Amplification of the 16S rRNA gene was performed as 143	  

previously described using primers directed against the V4 region[48,49]. Amplicons were 144	  

visualized using gel electrophoresis to ensure a band corresponding to ~350 bp was present in 145	  

each library. Each library was then quantified using the Qubit® HS kit (Life Technologies, 146	  

Carlsbad, CA USA) according to the manufacturer’s instructions and 200ng of each library were 147	  

pooled. The pooled library was then cleaned using the UltraClean® PCR clean-up kit (MOBIO) 148	  

and diluted to a concentration of 10nM.  The prepared libraries were then subjected to cluster 149	  

generation and sequencing on an Illumina MiSeq instrument. This generated ~4.5 million 100bp 150	  

single end reads (median reads per sample = 51758) which were input into QIIME[50] for open 151	  

reference OTU picking and taxonomic assignment using the UCLUST algorithm against the 152	  

Greengenes (version 13_8) reference. 153	  

 154	  

Statistical analysis 155	  

 156	  

A QIIME generated rarefied BIOM table (sampling depth 10,000 counts) was imported into R 157	  

for statistical comparisons. The dataset was first filtered to remove OTUs that were only present 158	  

at very low levels (max percent total community abundance less than 0.1% in all samples), or 159	  

present in fewer than ~10% of the samples. The resulting filtered dataset was used for 160	  

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 14, 2016. ; https://doi.org/10.1101/039669doi: bioRxiv preprint 

https://doi.org/10.1101/039669
http://creativecommons.org/licenses/by-nc-nd/4.0/


	   8	  

downstream analysis.  Statistical comparisons between groups were performed using non-161	  

parametric tests (e.g., Kruskal-Wallis tests) and multiple tests were corrected using q-value[51]. 162	  

Tests with a q-value less than 0.2 and significant p-value (p < 0.05) were then subjected to 163	  

pairwise Mann-Whitney U tests with Holm correction for multiple comparisons to determine 164	  

which groups significantly differed. Fold changes in taxon abundance across groups were then 165	  

calculated for each significant test. Here, fold change was defined as the quotient of the taxon 166	  

abundance for an individual sample in the experimental group divided by the mean abundance of 167	  

the normalizing group (i.e., the group to which a sample’s fold change is being compared).  A 168	  

small value (0.01 counts) was added to each observation in the OTU table prior to fold change 169	  

analysis to prevent means of zero, which would produce spurious fold change values.   170	  

 171	  

Indicator species analysis was used to identify OTUs that are characteristic of microbiomes from 172	  

fish that were exposed to triclosan. Briefly, indicator species were identified for exposed 173	  

(combined 7-day and 4-day exposure groups) and unexposed fish by using the labdsv R package. 174	  

Q-values were calculated for each indicator species and poor indicators were removed (indicator 175	  

values < 0.4, p-value > 0.05, or q-value > 0.2; labdsv::indval).  176	  

 177	  

Alpha-diversity was measured using the Shannon index and statistical comparisons were 178	  

calculated using Kruskal-Wallis tests that were subsequently subject to post-hoc pairwise Mann-179	  

Whitney U tests (Holm p-value correction) to determine group specific differences. Species 180	  

richness was assessed using the rarefy function in the R package vegan (sampling depth 5,000 181	  

counts). Beta-diversity was measured using Bray-Curtis distance, and non-metric 182	  

multidimensional scaling (NMDS) was used to quantify and visualize compositional similarity of 183	  
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communities. Significant differences in overall beta-diversity were calculated using analysis of 184	  

similarity (ANOSIM; vegan::anosim), Permutational Multivariate Analysis of Variance 185	  

(PERMANOVA, vegan::adonis), and environmental fit (vegan::envfit) using 5000 permutations 186	  

for each test with the exception of envfit for which 10,000 permutations were calculated. 187	  

Differences in Bray-Curtis dissimilarity between and within groups were calculated using 188	  

Kruskal-Wallis tests and pairwise Mann-Whitney U tests (Holm correction). 189	  

 190	  

Microbial Correlation Network Analysis 191	  

 192	  

Correlation networks of microbial abundance were constructed for each group (unexposed, 4-193	  

day, and 7-day) by calculating the Spearman’s rank correlation of OTU abundances. Weak (|rho| 194	  

< 0.5) correlations and those that failed to reach significance (p > 0.05) and q-value thresholds (q 195	  

> 0.2) were filtered. The remaining correlations were used to establish an interaction network 196	  

where weighted nodes represent OTUs and edges represent the correlation coefficient calculated 197	  

for a pair of OTUs. Next, networks were trimmed of self and duplicate edges before statistical 198	  

analysis and visualization. Network statistics were calculated using the R package igraph and 199	  

differences between exposure groups were tested using the Kruskall-Wallis and pairwise Mann-200	  

Whitney U tests with Holm correction. Pairwise Fisher’s exact tests were used to determine if 201	  

proportions of negative and positive associations were different between unexposed and exposed 202	  

groups. Pairwise p-values were adjusted using Holm’s method. Network community structure 203	  

was detected using the fastgreedy.community function in the igraph R package. 204	  

 205	  

Results 206	  
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 207	  

Triclosan exposure associated with shifts in microbial community 208	  

structure 209	  

 210	  

We established an experimental designed aimed at determining whether short-term, repeated 211	  

exposure to triclosan can affect adult zebrafish gut microbial communities (Fig 1). Zebrafish 212	  

were separated into three replicate tanks per treatment group (unexposed, four-day exposure, 213	  

seven-day exposure; n=5 fish/tank). These fish were then fed diets that contained triclosan for 214	  

four or seven days or diets without triclosan (control diet).  After seven days the fish were 215	  

euthanized and intestinal contents collected. We then constructed and sequenced 16S rRNA 216	  

amplicon libraries from the intestinal contents samples.  217	  

 218	  

Consistent with previous work in zebrafish[34,52] and other aquatic organisms[53], 219	  

Proteobacteria, and Fusobacteria, dominated the zebrafish gut microbiome (Fig 2A). At lower 220	  

taxonomic levels the genera Cetobacterium, Shewanella, Aeromonas, the family 221	  

Aeromonadaceae, and the class CK-1C4-19 were highly abundant in all groups. We then 222	  

measured the beta-diversity among  samples to quantify the impact of triclosan exposure on gut 223	  

microbiome structure. Our analysis reveals a significant association (environmental fit p < 0.001; 224	  

ANOSIM p < 0.05; PERMANOVA p < 0.05) between triclosan exposure and microbiome 225	  

composition (Fig 2B). Additionally, there was a significant increase in intra-group Bray-Curtis 226	  

dissimilarity between the unexposed and seven-day exposure groups (p < 0.05) indicating that 227	  

the microbiomes of animals exposed to triclosan for 7 days were significantly more variable than 228	  

unexposed animals (Fig 2C). We also observe differences in alpha-diversity among populations, 229	  
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finding that the seven-day exposure group has depreciated Shannon entropy relative to the four-230	  

day (p < 0.05) population (Fig 2D). Concordantly, species richness was reduced in the seven-day 231	  

exposure animals relative to the four-day (p < 0.01).  Taken together these data indicate that 232	  

triclosan exposure results in destabilization and restructuring of microbial communities.  233	  

 234	  

Zebrafish carry triclosan sensitive and resistant taxa 235	  

 236	  

Triclosan inhibits bacterial growth by interfering with fatty acid synthesis through binding the 237	  

enoyl-acyl carrier protein reductase enzyme (Fabl)[54]. However, several triclosan resistant 238	  

mechanisms have been described and include mutations in triclosan target enzymes, increased 239	  

enzyme expression, degradation of triclosan, and active efflux[55–57].  We reasoned that if 240	  

resistant taxa exist in the microbiomes of zebrafish, their abundance should be increased or 241	  

unchanged in exposed animals. Conversely, the abundance of susceptible microbes would be 242	  

decreased.  To determine if zebrafish microbiomes harbor resistant or susceptible microbes, we 243	  

compared the abundance of OTUs and phylotypes between exposed and unexposed groups. 244	  

Altered abundance was observed for 32 unique OTUs in the triclosan exposed fish when 245	  

compared to unexposed fish.  Triclosan exposure was indeed associated with changes in taxa that 246	  

are consistent with the hypothesis that resistant and susceptible microbes are present in the 247	  

zebrafish gut.  For example, microbes phylotyped to the family Enterobacteriaceae were 248	  

decreased in abundance in both exposure groups when compared to controls. These data were 249	  

consistent with tests of OTU abundance, wherein a large portion of significantly altered OTUs in 250	  

the exposed groups (67% in the four-and 57% in the seven-day exposure groups) were associated 251	  

with the family Enterobacteriaceae (Fig 3 A,B). Notably all of these OTUs decreased in 252	  
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abundance in both exposure groups and many OTUs were associated with the genus 253	  

Plesiomonas.  Similarly, an OTU associated with the Aeromonadaceae family was also 254	  

decreased in both exposure groups. These taxa appear to be more susceptible or less able to 255	  

inhabit a gut niche environment associated with triclosan exposure. In addition, these taxa appear 256	  

to have protracted vulnerability to triclosan exposure (i.e., taxa abundance does not recover to 257	  

levels consistent with unexposed taxa abundance after removal of triclosan). In contrast, three 258	  

OTUs associated the genera Chitinilyticum decreased in abundance in the seven-day exposure 259	  

group when compared to unexposed controls, however, the abundance of these organisms was 260	  

similar to unexposed controls in the four-day exposure group (Fig 3B). This potentially indicates 261	  

that while these microbes are susceptible to triclosan exposure they are resilient to this 262	  

perturbation (i.e., their abundance returned to levels of the control after removal of triclosan).   263	  

 264	  

We also identified microbes that are potentially resistant to triclosan in the zebrafish gut. We 265	  

classified these organisms in two ways: (1) taxa that increased in abundance during exposure, 266	  

and (2) taxa whose abundance was uninfluenced by triclosan exposure. A total of eleven OTUs 267	  

increased in exposed groups when compared to controls. The majority of the OTUs that 268	  

increased (~64%) were associated with Pseudomonas and only significantly increased in the 269	  

four-day exposure group (Fig 3A). Phylotype analysis confirmed that the abundance of the genus 270	  

Pseudomonas was increased in the four-day group when compared to the unexposed groups. 271	  

Similarly, an unknown member of Rhodobacteraceae family increased in abundance in the four-272	  

day exposure group. Concordantly, an OTU associated with this family was significantly 273	  

increased in both exposure groups when compared to unexposed animals. Increased abundance 274	  

of an OTU associated with the order Rhizobiales was also observed in the four-day exposure 275	  
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group. The increased abundance of these taxa indicates that they likely possess some degree of 276	  

triclosan resistance or might have a higher relative fitness for inhabiting a triclosan exposed gut 277	  

environment compared to other taxa. Indeed members of both the genus Pseudomonas and the 278	  

family Rhodobacteraceae are known to be resistant to triclosan[58,59].  279	  

 280	  

Finally, we examined taxa whose relative abundance was unaltered by triclosan exposure. We 281	  

restricted this analysis to only highly abundant organisms (mean abundance > 100 counts) whose 282	  

abundance did not change significantly during exposure (p > 0.05). This analysis identified 283	  

sixteen OTUs, nine associated with the family Aeromonadaceae and six with the genus 284	  

Cetobacterium, and one with the class CK-1C4-19 whose abundance remained unchanged 285	  

despite triclosan exposure. Examination of the phylotype analysis confirmed that these taxa were 286	  

unchanged during exposure. It is possible that these microbes encode triclosan resistance genes 287	  

or that they constantly are replenished via environmental exposure (i.e., their water).  Indeed 288	  

triclosan resistant mutants carrying the FabV gene have been described for members of the 289	  

family Aeromonadaceae [60]. Taken together these results indicate that the zebrafish gut harbors 290	  

microbes both resistant and susceptible to triclosan exposure and that triclosan exposure is 291	  

associated with altered abundance of specific taxa in this compartment.  292	  

 293	  

Triclosan exposed environments are associated with unique 294	  

indicator taxa  295	  

 296	  

One potential application of studying the effects of environmental chemicals on microbiome is 297	  

that it might be possible to use shifts in these communities as biomarkers for these specific 298	  
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exposures. Ideally biomarkers are present at high abundance in only one group under 299	  

investigation. However, the inferential techniques used to examine abundance do not consider 300	  

presence and absence in their calculations. Thus, significant differences may exist between 301	  

groups even if each group has relatively high abundance of a given OTU. This means that not all 302	  

OTUs that differ significantly in abundance across groups are suitable biomarkers. To account 303	  

for this we investigated whether any zebrafish gut microbiota produce predictive patterns of 304	  

triclosan exposure duration through the use of indicator species analysis[61].  Importantly, this 305	  

analysis considers both the abundance and frequency of occurrence (i.e., the number of samples 306	  

in which a taxon is has an abundance greater than zero) of each taxon or OTU across samples, 307	  

and assigns a value that indicates how representative each taxon or OTU is for each treatment 308	  

group (i.e., an indicator value). We reasoned that this analysis could potentially identify 309	  

biomarkers unique to specific environments or environmental chemical exposure.   310	  

 311	  

We asked if there were any taxa that characterized triclosan-exposed environments and 312	  

unexposed environments. For this analysis the seven-day and four-day exposure groups were 313	  

combined and compared to the unexposed fish. We identified a total of 18 indicators of the 314	  

unexposed group, all but two of which were associated with the family Enterobacteriaceae (Fig 315	  

4A), and seven indicators of triclosan exposed fish.  These seven indicators are all OTUs 316	  

associated with Pseudomonas, Rhodobacteraceae, Rhizobiales, and CK-1C4-19 (Fig 4B). Many 317	  

of the indicators for exposed and unexposed environments overlapped with taxa we identified 318	  

above as resistant and resilient. These results indicate that many, but not all, of the taxa whose 319	  

abundance was significantly altered can be considered potential biomarkers for triclosan 320	  

exposure.  321	  
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 322	  

 323	  

Altered microbial correlation network parameters is associate with 324	  

triclosan exposure 325	  

 326	  

The gastrointestinal ecosystem is diverse and complex, and the microbes that inhabit this space 327	  

form intricate interactions with other microbes that are crucial to the operation of this ecosystem. 328	  

While much has been learned about how perturbations to the gut microbiome impact its structure 329	  

and diversity, less is known about how these perturbations impact the ecological interaction of 330	  

the taxa that comprise the microbiome. We used inferential techniques[62,63] and comparative 331	  

network topological analysis to assess whether triclosan exposure perturbs how gut microbiota 332	  

ecologically relate to one another.  333	  

 334	  

Correlations of abundance were calculated for all pairs of microbes separately for each group and 335	  

these correlation datasets were filtered to remove weak interactions and those that did not reach 336	  

significance or pass q-value filtering (see methods). Those pairs that passed our criteria were 337	  

then used to create correlation networks. After filtering, the networks were comprised of 195, 338	  

269, and 231 vertices for the unexposed, four-, and seven-day groups respectively (Fig 5 A-C). 339	  

Interestingly, the majority of these vertices were shared between the three groups (Fig 5D), 340	  

however, triclosan exposed fish had starkly different topological parameters and a significant 341	  

enrichment for negative correlations between taxa (p < 1x10-6). The increase in negative 342	  

correlations was accompanied by an overall increase in degree centrality (number of edges per 343	  

vertex) of both the four-day exposure group (p < 1.0x10-12) and the seven-day exposure group (p 344	  
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< 0.0005) when compared to the unexposed groups (Fig 5E). The increase in degree distribution 345	  

was robust to directionality of the edge (i.e., there was increased numbers of both positive and 346	  

negative distributions). Moreover, the proportion of negative edges per vertex increased in the 347	  

exposed groups, as did the proportion of nodes that contained at least one negative edge (Table 348	  

1). The enrichment for negative correlations might indicate increased competition among 349	  

intestinal microbes for niche space or nutrient availability.  350	  

 351	  

We then asked how exposure to triclosan influenced the connectivity of networks by measuring 352	  

betweenness centrality. Betweenness measures how many shortest paths between every pair of 353	  

vertices pass through a specific vertex and represents an approximation of a vertex’s influence on 354	  

information flow through a network[64]. The networks from triclosan-exposed fish had increased 355	  

betweenness centrality when compared to unexposed fish (p < 1.0x 10-10 both groups; Fig 5F). 356	  

This was consistent with the increased degree distribution in these groups and indicates that the 357	  

vertices in correlation networks of exposed fish tend to have a greater influence and a higher 358	  

degree of connectivity than do unexposed networks. This increased connectivity was also 359	  

reflected in a decreased number of communities in the networks of triclosan-exposed fish (Fig 360	  

5A-C; Table 1). Community detection analysis attempts to divide a network into communities of 361	  

vertices that share many edges with members of the community but few with vertices outside the 362	  

community[64] and can be used to infer relationships between its members[65–67]. Together 363	  

these data indicate that triclosan exposure is associated with topological rearrangement of 364	  

microbial correlation networks and that these changes are manifested primarily as increased 365	  

connectivity in exposed communities.  366	  

 367	  
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Discussion 368	  

 369	  

A growing body of evidence suggests that triclosan might alter host physiology [22,42], disrupt 370	  

environmental microbial communities[45,46], and increase antimicrobial and antibiotic 371	  

resistance in the environment and in laboratory bacterial strains[38,68]. Narrowe et al. recently 372	  

demonstrated that triclosan exposure alters the microbiome of juvenile fathead minnows 373	  

(Pimephales promelas)[47].  However, they did not specifically investigate the impact of 374	  

triclosan exposure on adults, which are known to be more refractory to microbiome 375	  

perturbation[69]. In the present study we have investigated the impact of triclosan on the gut 376	  

microbiomes of adult zebrafish using a dietary triclosan exposure regimen. Similar to Narrowe et 377	  

al., we find that triclosan exposure is associated with disruption of the composition of microbial 378	  

communities of adult fish over short time intervals. Our results complement and extend the 379	  

findings of Narrowe et al. in several ways. For example, despite examining different life stages 380	  

(i.e., adult vs. juvenile) both studies identified similar taxa that change as a result of triclosan 381	  

exposure (e.g., Rhodobacter, Pseudomonas, etc.). These data bolster the strength of both studies 382	  

and indicate that the effects of triclosan exposure are, at least in part, robust to developmental 383	  

stage of the organism, and that there may be conserved patterns of microbiome sensitivity across 384	  

host species. Through additional analyses we were also able to identify potential biomarkers of 385	  

triclosan exposure and evidence indicates that triclosan exposure perturbs how gut microbiota 386	  

interact. This study provides novels insights into the shifts in microbial communities and their 387	  

interactions that are associated with triclosan exposure.    388	  

 389	  
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Antibiotics are strong perturbing agents of the microbiome and are associated with dramatic[69], 390	  

and in some cases long lasting[10,11], alterations of the microbial community composition. 391	  

Microbial community disruption by antibiotics can lead to dysbiosis and potentially to increased 392	  

susceptibility to infection with opportunistic pathogens. For example, disruption of the gut 393	  

microbiome by antibiotics contributes to the colonization efficiency Clostridium difficile in 394	  

humans and mice[70,71]. Moreover, the microbial community compositions that confer 395	  

resistance to C. difficile are varied and no one taxon confers complete protection. Triclosan 396	  

exposure was associated with a similar, but more modest, restructuring of community 397	  

composition when compared to clinical antibiotics. For example, although there were clear 398	  

differences in beta-diversity between exposed and unexposed fish relatively few distinct taxa that 399	  

changed during exposure. However, the changes in taxon abundance we did observe were 400	  

consistent with the hypothesis that triclosan resistant taxa would accumulate in the exposed 401	  

environment. Previous studies have found that concentrations of triclosan in sediment are 402	  

correlated with the number of triclosan resistant bacteria in these communities [72]. Although we 403	  

did not quantify triclosan resistant bacteria directly in this study, it is well established that many 404	  

members of the genus Pseudomonas, which increased in the present study, are highly resistant to 405	  

triclosan[56,58,73]. Mutants with increased resistance to triclosan have also been described for 406	  

members of Rhodobacteraceae[59]. Conversely many members of the family Enterobacteriaceae 407	  

are known to be susceptible to triclosan [74,75], although resistant mutants have also been 408	  

described[76]. These observations raise the possibility that triclosan exposure might lead to 409	  

increased abundance of triclosan resistant organisms in the gut. This is potentially concerning as 410	  

triclosan exposure has also been associated with increased abundance and diversity of 411	  

antimicrobial genes in laboratory strains[68]. Recent evidence also suggests that some 412	  
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mechanisms of triclosan resistance might be able to be transferred horizontally[77]. Future 413	  

studies should endeavor to clarify if OTUs that increase during exposure possess adaptations that 414	  

confer triclosan resistance and if triclosan exposure is correlated with increased diversity of 415	  

antibiotic resistance genes in microbial communities.  416	  

 417	  

Indicator species analysis identified several gut microbiota that statistically stratify exposed and 418	  

unexposed fish and may serve as biomarkers of exposure. Specially, triclosan exposed fish have 419	  

low abundance of several OTUs associated with the family Enterobacteriaceae, and increased 420	  

abundance of OTUs associated with Pseudomonas.  Characterization and cataloging of indicator 421	  

species of environmental chemical exposure in this manner may uncover biomarkers that could 422	  

be useful in environmental and health monitoring. For example, samples obtained from aquatic 423	  

organisms could be screened against a catalog of known environmental contaminants with 424	  

defined indicator species to determine to presence or identity of a toxicant. Alternatively, clinical 425	  

samples could be screened against a database to determine if a patient had any known chemical 426	  

exposure. Indicator species analysis of microbial communities has previously been used to 427	  

identify biomarkers of mucosal disease[78,79] highlighting the potential of this technique.  428	  

 429	  

Notably, triclosan exposure resulted in substantial topological changes to microbial correlation 430	  

networks, indicating that exposure might alter how microbes interact and communicate with one 431	  

another in the gut. Unexpectedly, the mean degree, and betweenness of the networks increased 432	  

with triclosan exposure indicating more connective networks. Increased degree and betweenness 433	  

could be, in part, explained by succession in these communities. For example, in the unexposed 434	  

gut environment there likely exist a number of metabolic and physiological interactions between 435	  
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microbes, however when this environment is perturbed and the abundance of microbes shift, 436	  

these relationships breakdown and niche space is opened. As new triclosan resistant microbes 437	  

begin to immigrate into the niche space vacated by triclosan sensitive microbes new metabolic 438	  

and physiological partnerships form. Alternatively, the increased interactions might simply 439	  

reflect similar growth kinetics of species immigrating to these vacant niches. Regardless, 440	  

increased positive correlations in the exposed networks suggests increased cooperative 441	  

interactions between microbes in these networks. Although counter-intuitive, this increase may 442	  

indicate that these networks are less, not more, stable as cooperation may create dependencies 443	  

between microbes[80]. The increased number of negative correlations in the exposed 444	  

communities might indicate increased competition for nutrient or niche space in exposed 445	  

communities. While competition can be stabilizing[80] it can also produce undesired effects such 446	  

as loss of taxa beneficial to the host. Importantly, changes in the interaction landscape among 447	  

microbiota may affect host physiology. For example, children that develop type-1 diabetes had 448	  

significant differences in the microbial interaction networks at a young age[63]. Future research 449	  

should explore the physiological outcomes of the altered network topology associated with 450	  

triclosan exposure in zebrafish.  451	  

 452	  

Given the frequency and diversity of environmental chemical exposure to which animals are 453	  

subject and the importance of the gut microbiome to animal health, understanding what the 454	  

impacts of these exposures are on the microbiome is of paramount importance.  Although the 455	  

impacts of acute exposures may be modest, some chemical exposures might also have 456	  

cumulative impacts. Therefore it is not only important to understand the individual effects of 457	  

these toxicants, but also the synergistic impacts. We posit that zebrafish lends itself well to 458	  
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studies of this kind as large samples sizes are more manageable and economically feasible than 459	  

in other animal models. As seen here, access to a large number of individuals enables the 460	  

resolution of statistically subtle, but biologically meaningful effects and affords the power 461	  

needed to understand how microbial correlation networks are affected by exposure. Additionally, 462	  

these features of the zebrafish model mean that a large array of chemicals across a spectrum of 463	  

concentrations can be screened. Chemicals identified as potentially important perturbing agents 464	  

of the microbiome can then be further examined in other animal models or in epidemiological 465	  

investigations in humans. Moreover, the results of the present study are largely consistent with 466	  

the findings of Narrowe et al. indicating that the effects of chemical exposure may be a 467	  

conserved feature of the microbiome across fish species.  This observation, coupled with the 468	  

similarity between the microbiomes of zebrafish and other aquatic organisms[53], indicates that 469	  

the zebrafish could be used to model the effects of environmental chemical exposure on the 470	  

microbiome and health of wild and farm-raised fish. We used this model to demonstrate that 471	  

triclosan exposure is associated with restructuring of gut microbial communities and altered 472	  

topology of microbial correlation networks in adult fish.  One caveat of this study is that fish 473	  

were exposed to triclosan through their diet, which means that the dose that an individual 474	  

receives varies with the amount of food it consumes. Future work should investigate how the 475	  

route and concentration of exposure impacts the zebrafish microbiome, and quantify how these 476	  

perturbations impact zebrafish physiology. Regardless, these data add to a growing body of 477	  

evidence that indicates that triclosan exposure might impact hosts in previously unexpected the 478	  

ways and underscore the utility of zebrafish as an experimental tool for understanding how 479	  

environmental chemical exposure impacts the gut microbiome.  480	  

 481	  
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 727	  

Fig 1. Triclosan exposure design.   728	  

A schematic diagram of the experimental groups and triclosan exposures. Labeled tick marks 729	  

represent days.  730	  

 731	  

Fig 2. Triclosan exposure is associated with altered microbial community structure.  732	  

(A) Phyla level taxa plot of most abundant taxa. (B) Non-metric multidimensional scaling 733	  

analysis of unexposed (red dots), four-day (blue dots) and seven-day (green dots) exposure 734	  

group’s microbial communities. Colored ellipses represent the 99.9% confidence interval for 735	  

standard error of each group. (C) Comparisons of within group Bray-Curtis dissimilarity between 736	  

groups. (D) Shannon diversity between exposure groups. Significant p-values (p < 0.05) are 737	  

denoted with an asterisk. 738	  

 739	  

Fig 3. Triclosan exposure is associated with significant alterations in OTU abundance.  740	  
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Fold change values for OTUs that were significantly altered in abundance in the (A) four-day, 741	  

and (B) seven day exposure groups. Genus level taxonomic assignments are provided and 742	  

corresponding OTU IDs indicated inside parentheses.   743	  

 744	  

Fig 4. Triclosan exposure is associated with unique indicator OTUs.   745	  

Significant indicator taxa for the (A) unexposed and (B) exposed fish. The size of each point is 746	  

proportional to its class-wide relative abundance, and its color is proportional to its class-wide 747	  

frequency. 748	  

Fig 5. Triclosan exposure is associated with alterations in microbial correlation networks.  749	  

Interaction networks for microbial communities in (A) unexposed, (B) four-day exposure and 750	  

(C) seven-day exposure groups. Communities (subgraphs) are colored by identity. Each line 751	  

represents an abundance correlation between two OTUs. The size of each vertex is proportional 752	  

to its degree and each vertex is colored by its community identity. Edges between that connect a 753	  

vertex from one community to a vertex of another are colored red.  (D) Venn diagram of shared 754	  

vertices between networks. (E) Degree and (F) betweenness centrality distribution for all vertices 755	  

in network. *** p < 0.001. 756	  

Table 1. Network Properties. 757	  

Group Vertices Total 
Edges 

Positive 
Edges 

Negative 
Edges 

Mean 
Degree 

Mean 
Betweenness 

Vertices 
> 1 

negative 
edge 

%Vertices 
> 1 

negative 
edge 

Vertices 
> 1 

positive 
edge 

%Vertices 
> 1 

positive 
edge 

 Communities 

Unexposed 195 324 289 35 3.3 2.2x10-5 43 22.1 189 96.9 36 
Four-Day 269 1040 792 248 7.7 4x10-5 155 57.6 258 95.9 14 

Seven-Day 231 627 460 167 5.4 6.2x10-5 102 44.2 221 95.7 19 
 758	  
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