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Abstract 32 

In order to supply human demand for food, the aquaculture industry has been growing 33 

fast in the last years, being fish usually cultivated in overcrowded conditions. Hence, to 34 

prevent disease spreading, antibiotics may be applied to both sick and healthy animals. Due 35 

to its broad spectrum, oxytetracycline (OTC) is one of the most used antibiotics in food-36 

production. Yet, although useful to prevent infections, antibiotics residues may persist in 37 

the environment and may reshape non-target aquatic animals’ microbiome, disturbing 38 

hosts’ welfare. However, the impact of this exposure to the organism microbiome and its 39 

surrounding environment is poorly understood. Then, the objective of this study was to 40 

analyze in detail the long-term effect of OTC in both zebrafish gut and water microbiomes. 41 

Zebrafish adults were exposed, via water, for two months to three concentrations of OTC 42 

(0, 10 and 10000 µg/L). Total DNA was extracted from gut and water samples and the V3-43 

V4 region of the bacterial 16S rRNA gene was sequenced using Illumina technology. 44 

Results of alpha and beta-diversity analyses revealed that long-term exposure to OTC 45 

impacted both zebrafish gut and water microbiomes. In water samples, effects were 46 

observed even at the lowest (10 µg/L) OTC concentration tested resulting in an increase in 47 

Deltaproteobacteria, namely the Myxococcales and Bdellovibrionales orders. On the other 48 

hand, effects on zebrafish gut were mainly observed at the highest concentration with the 49 

selection of Alphaproteobacteria and Actinobacteria classes. Although these classes are 50 

common in fish gut, the increase of Actinobacteria may represent a health problem since 51 

some genera like Gordonia include human pathogens. Nevertheless, in both gut and water, 52 

it was observed a decrease in Gamaproteobacteria. On the other hand, the selection of 53 

bacterial groups intrinsically resistant to OTC was observed, including emergent fish 54 

pathogens. In silico functional metagenomic analysis revealed that OTC exposure selected 55 

general detoxification mechanisms. Selection of functional genes involved in Quorum 56 

Sensing (QS) suggests that QS may help bacteria to survive OTC stress. Future studies 57 

should consider post-exposure scenarios for a deeper analysis of the water and zebrafish gut 58 

resistome, since bacteria may react differently after exposure ceased. 59 

 60 
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1. Introduction 64 

In the last decades, due to society pressure and overpopulation, aquaculture industry has 65 

been rising in order to supply human necessities (Føre et al., 2018). Consequently, 66 

organisms are usually cultivated in highly stressed conditions (e.g. overcrowded) in 67 

intensive and semi-intensive production, facilitating dissemination of infectious diseases. 68 

Hence, to prevent animal death and economic losses, antibiotics may be used as a 69 

prophylactic therapy meaning that they are applied to both healthy and sick organisms 70 

(Cabello, 2006; Santos and Ramos, 2018). Oxytetracycline (OTC) is one of the most used 71 

antibiotics in food-production in European countries (European Medicines Agency, 2017) 72 

due to its broad spectrum and effectiveness against Gram-positive and Gram-negative 73 

bacteria. In aquaculture, antibiotics are mainly administrated through feed incorporation 74 

and thus, uneaten food constitutes an important source of OTC residues in the in the 75 

environment. In addition, it is known that organisms such as fish, do not absorb all the OTC 76 

ingested and more than 90% of this chemical may be excreted in feces and urine resulting 77 

in another source of environmental contamination (Cravedi et al., 1987). Consequently, 78 

OTC was already detected at concentrations of 287 ng/L in Dou river in China (Zou et al., 79 

2011), 19.2 ng/L in Po river in Italy (Calamari et al., 2003) and 340 ng/L in USA surface 80 

waters (Kolpin et al., 2002). Furthermore, values of 7993 and 15163 ng/L of OTC were 81 

also found in aquaculture systems in Brazil and China respectively (Chen et al., 2015; 82 

Monteiro et al., 2016). As these compounds remain bioactive in the environment, non-83 

target organisms might be unavoidably exposed. Then, effects in the organisms themselves 84 

and in their associated and surrounding bacterial communities can be expected.  85 

The balance of the interactions between the microbiome and its host is of high 86 

importance to the host health and welfare (Miller et al., 2018). It is known that this is not a 87 

static relationship and organism’s microbiome change along its life due to several factors 88 

like diet and nutritional status (Xia et al., 2014), immunological conditions (Maynard et al., 89 

2012), environmental stress (Boutin et al., 2013) and chemical exposure (Zhou et al., 2018). 90 

Studying the changes in the microbiome is of high importance to understand the impact that 91 

these factors may have in host health.  92 

Due to its several advantages, zebrafish has been indicated as a suitable organism to 93 

study host-microbiome interaction (Roeselers et al., 2011). In fact, zebrafish have a high 94 
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fecundity, allowing to derive and cultivate embryos in germ-free or gnotobiotic conditions 95 

(Rawls et al., 2004) while its transparency and rapid development allows the monitoring of 96 

all the embryonic development. In addition, its genome sequencing 97 

(http://www.sanger.ac.uk/Projects/D_rerio/) instigated the development of several tools for 98 

forward and reverse genetic analysis (e.g infection and disease studies) (Lieschke and 99 

Currie, 2007). Moreover, numerous works relating zebrafish microbiome changes and host 100 

health have been published. For instance, bacterial communities may influence zebrafish 101 

intestinal growth and differentiation (Wallace et al., 2005), affect metabolism of fatty acid 102 

absorption (Semova et al., 2012) and modulate anxiety-related behavior (Davis et al., 103 

2016). For this reason, studying the changes of organism’s microbiome is of high 104 

importance to understand the impact of a chemical exposure may have in host health.  105 

Water microbiome plays a role in important environmental processes such as 106 

decomposition of organic matter, nutrient and carbon cycle (Moriarty, 1997; Widenfalk et 107 

al., 2008) and thus, changes in bacterial communities may lead to alterations in water 108 

parameters like pH, ammonia or oxygen content compromising water quality (Moriarty, 109 

1997). Since water microbiome is highly dynamic, it can be easily affected by external 110 

factors like salinity, temperature and chemicals (Hollister et al., 2010; Mark Ibekwe et al., 111 

2012; Maul et al., 2006). Consequently, changes in water microbiome may compromise not 112 

only biogeochemical processes but also organism’s health, which in an aquaculture context 113 

may result in economic loss. In addition, aquatic organisms, like fish, are always 114 

surrounded by water and in intimal relationship with their environment. Through water 115 

ingestion, bacterial communities of water shape fish gut microbiome. However, through 116 

feces and urine, the organism itself may also impact water communities. Therefore, 117 

changes in water microbiome may not only have a direct, but also an indirect impact at 118 

ecological level and thus, an integrated analysis of the antibiotic impact is needed.  119 

For this reason, the objective of this work is to study how the long-term exposure of 120 

OTC may impact the bacterial communities of both zebrafish and water. To do that, 121 

zebrafish adults were exposed via water to three concentrations of OTC for two months, 122 

under the scope of a previously conducted study (Almeida et al., 2019). In that work, 123 

effects of OTC in both zebrafish and water microbiome were studied through DGGE 124 

analysis. The approach assessed only the effects on the structure of the communities in 125 

http://www.sanger.ac.uk/Projects/D_rerio/
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terms of their dominant members. No information was obtained on the phylogenetic 126 

affiliation of the affected microorganisms. Consequently, a deeper understand of which 127 

bacterial phylotypes were affected and possible effects at functional level were needed. 128 

Hence, in this work, changes in gut and water microbiomes were studied through Illumina 129 

next generation sequencing. This approach allows the structural analysis of bacterial 130 

communities of a sample in a fast and cost-effective way (Caporaso et al., 2012; Rud et al., 131 

2017). Moreover, microbiomes functional diversity was predicted in silico based on the 132 

Illumina sequences using Piphillin software (Iwai et al., 2016). 133 

 134 

 135 

2. Materials and Methods 136 

 137 

2.1 Zebrafish experiment 138 

Zebrafish adults used in the experiment were obtained from zebrafish facility stablished 139 

at the Biology department in the University of Aveiro, Portugal. The fish were selected 140 

following the OECD guideline 230 (OECD, 2009) recommendations. Organisms were 141 

exposed to three concentrations of oxytetracycline hydrochloride (0, 10 and 10000 µg/L) 142 

for two months under a semi-static condition as described by Almeida et al. (2019).  In the 143 

end of the experiment (two months of exposure), fish were euthanized with tricaine 144 

overdose (tricaine methane sulfonate, Metacain, MS-222; CAS number: 886-86-2) 145 

followed by spinal cord severing. Fish guts (5 guts per replicate (5 replicates) in a total of 146 

25 guts per treatment) were sampled individually in aseptic conditions, snap frozen and 147 

stored at -80ºC until DNA extraction. Water bacterial community’s DNA was collected by 148 

filtering 100 ml of each water condition in triplicate (300 ml per treatment) using a 0.22 µm 149 

hydrophilic PVDF durapore membrane filter (Merck Millipore; Massachusetts, EUA).  150 

 151 

2.2 Molecular analysis of microbiome 152 

2.2.1 DNA extraction 153 

For fish gut DNA analysis, the total DNA was extracted individually (1gut = 1 154 

extraction) using the commercial kit PowerSoil® DNA isolation kit (MOBIO laboratories, 155 

CA, USA), following manufactures instructions. Later, pools of 5 guts DNA per replicate 156 
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were prepared. For water microbiome analysis, total DNA extraction was performed using 157 

the commercial kit Genomic DNA Purification kit (Thermo Fisher Scientific; 158 

Massachusetts, EUA) as described by Henriques et al. (2004).  159 

 160 

2.2.2 Illumina high-throughput sequencing 161 

Fish guts and water samples were prepared for Illumina Sequencing by 16S rRNA gene 162 

amplification of the bacterial community. The hypervariable V3-V4 region was amplified 163 

with specific primers (Bakt_341F and Bakt_805R) and further reamplified in a limited-164 

cycle PCR reaction to add sequencing adapters and dual indexes. First PCR reactions were 165 

performed for each sample using KAPA HiFi HotStart PCR Kit (Table S1 and S2). In the 166 

second PCR indexes and sequencing adapters were added to both ends of the amplified 167 

target region according to manufacturer’s recommendations (Illumina Inc., 2013). Using a 168 

SequalPrep 96-well plate kit (ThermoFisher Scientific, Waltham, USA) (Comeau et al., 169 

2017) PCR products were one-step purified and normalized, pooled and paired-end 170 

sequenced in the Illumina MiSeq® sequencer, according to manufacturer’s instructions 171 

(Illumina, San Diego, CA, USA) at Genoinseq (Cantanhede, Portugal). Sequences were 172 

then processed at Genoinseq: raw reads were quality-filtered with PRINSEQ version 0.20.4 173 

(Schmieder and Edwards, 2011) to remove sequencing adapters, reads with less than 150 174 

bases and trim bases with an average quality lower than Q25. Furthermore, the forward and 175 

reverse reads were merged by overlapping paired-end reads with Adapter Removal version 176 

2.1.5 using default parameters (Schubert et al., 2016).  177 

Sequences were processed using VSEARCH (Rognes et al., 2016) and QIIME pipeline 178 

(Caporaso et al., 2012) as described in Alves et al (2016). Briefly, a VSEARCH script was 179 

used to identify and discard dereplicated sequences (derep_fulllength); to identify 180 

Operational Taxonomic Units (OTUs) defined at 97% similarity (cluster_fast), and to 181 

identify and discard chimeras (uchime_ref). Taxonomy assignment was achieved through 182 

QUIIME (assign_taxonomy.py) using SILVA reference database (132 release; 97% 183 

sequence identity) (Quast et al., 2012). Due to new proposed rearrange of classification, the 184 

Betaproteobacteria were considered as Betaproteobacteriales, a new order within the class 185 

Gammaproteobacteria (Parks et al., 2018). 186 

 187 
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2.2.3 In silico metagenome analysis 188 

Piphillin software (Iwai et al., 2016). was used for functional profile inference based on 189 

the OTU sequences and OTU abundance table obtained. These were matched against the 190 

Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/kegg/) 191 

database of phylogenetically referenced prokaryotic genomes using an identity cut-off of 192 

97% to obtain a list KEGG orthologs (KO)  and their abundance for each sample. 193 

 194 

 195 

2.3 Statistical analysis 196 

PRIMER v6 software (Primer-E Ltd., Plymouth, UK) (Clarke and Gorley, 2006) was 197 

used to perform cluster and principal coordinate analysis (PCoA) using a Bray-Curtis 198 

distance matrix constructed by a rarefied and transformed (Log x+1) OTU abundance table.  199 

Alpha-diversity, namely species richness (number of OTU; S), diversity (Shannon-Wiener 200 

index; H’) (Shannon and Weaver, 1964) and evenness (Pielou's evenness index; J) indexes 201 

were calculated based on OTU abundance table. Rarefaction curve were obtained through 202 

the function rarecurve of vegan package (Oksanen, J. et al., 2016) from the R software (R 203 

Core Team, 2016). 204 

Differences significance among indexes, bacterial abundance at classes, genus and OTU 205 

levels, and KO abundance were discriminate using a one-way analysis of variance 206 

(ANOVA) followed by the Dunnett's method with the Sigma plot V.12.5 (SysStat software 207 

Inc., CA, USA) software. A significant level of 0.05 was considered. 208 

 209 

 210 

3 Results 211 

In our study, the impact of OTC in the microbiomes of zebrafish gut and exposure 212 

water was assessed through Illumina sequencing analysis. After quality-filtering, a total of 213 

752940 sequence reads from zebrafish gut and 669018 reads from water bacterial 214 

communities were achieved. Unassigned reads, singletons and chloroplast-affiliated reads 215 

were removed from analysis (Table S3). The obtained rarefaction curves tended to 216 

saturation, suggesting for each sample that the OTUs detected were a good estimated of the 217 

community richness (Fig. S1). 218 

http://www.genome.jp/kegg/
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 219 

3.1 Zebrafish gut microbiome 220 

After long-term exposure to OTC, the composition of zebrafish gut microbiome at class 221 

level has changed (Fig. 1-a)).  In control organisms, most bacterial sequences affiliated with 222 

classes Fusobacteria (53.2 ± 13.5%), Gammaproteobacteria (17.7 ± 1.3%), Planctomycetia 223 

(7.5 ± 5.3%) and Alphaproteobacteria (6.2 ± 3.0%). On the other hand, in organisms 224 

exposed to 10 µg/L of OTC, the classes Fusobacteriia (33.2 ± 7.1%), Alphaproteobacteria 225 

(18.2 ± 5.2%), Gammaproteobacteria (15.3 ± 4.0%) and Erysipelotrichia (11.96 ± 6.5%) 226 

were the most abundant; in organisms exposed to 10000 µg/L of OTC the most abundant 227 

classes were Fusobacteria (31.6 ± 21.4%), Alphaproteobacteria (38.9 ± 21.5%) 228 

Actinobacteria (13.1 ± 5.4%) and Planctomycetia (5.6 ± 1.8%). Changes in abundance of 229 

specific bacterial classes due to OTC exposure were only statistically significant at the 230 

highest concentration (10000 µg/L) for Gammaproteobacteria (H= 5.60, p= 0.05; 231 

abundance decrease) and Actinobacteria (F= 8.08, p= 0.02; abundance increase). Moreover, 232 

at genus level (Fig. 1-b)) the genus Defluviimonas (F= 52.01, p< 0.001; abundance 233 

increase) was affected significantly only in the lowest OTC concentration (10 µg/L) while 234 

the genera Gordonia (F= 7.91, p= 0.021; abundance increase), Crenobacter (F= 21.12, p< 235 

0.002; abundance increase), Bosea (F= 85.08, p< 0.001; abundance increase) and 236 

Shewanella (H= 7.45, p= 0.004; abundance decrease) were affected significantly only in the 237 

highest concentration (10000 µg/L) (Fig. 1-b)). 238 
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Fig. 1: Relative abundance of top 15 most abundant classes [a) and c)] and top 15 most 240 

abundant genera [b) and d)] of zebrafish gut and water microbiomes exposed to OTC. 241 

Genera classified as “uncultured” were indicated with the respective family name. Results 242 

of three replicates (R1, R2 and R3) are presented for control (0 µg/L) and for each OTC 243 

concentration (10 and 10000 µg/L).  244 

 245 

 246 

Regarding to OTUs structure and abundance, through cluster and PCoA analysis an 247 

impact in the structure due to OTC exposure was observed. Samples of organisms exposed 248 

to OTC highest concentration, clustered in a different branch from the other treatments 249 

(Fig. 2- a)). The same spatial separation is possible to observe in PCoA (Fig. 2- b)). 250 

Although there is some variability among samples, two groups with 50% of similarity were 251 

formed.  252 
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  253 

Fig. 2:  Changes in zebrafish gut and water microbiomes exposed to oxytetracycline: a) and c) Dendrograms; b) and d) PCoA based on 254 

Bray-Curtis similarity matrices. Concentrations are in µg/L. 255 
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 256 

The top 30 most abundant OTUs, in zebrafish gut, for each condition are represented in 257 

the Heatmap presented in Table 1. OTC exposure significantly affected the abundance of 258 

20 OTUs. The OTUs affiliated with Alphaproteobacteria class (Rhodobacteraceae: 259 

OTU_25054, Rhodobacteraceae: OTU_24710; Rhodobacter: OTU_25507; Bosea: 260 

OTU_32606;  Rhizobiaceae: OTU_31612; Rhizobiaceae: OTU_33018; Aminobacter; 261 

OTU_24656 and Xanthobacteraceae: OTU_33056), Actinobacteria (Gordonia: OTU_7849, 262 

OTU_41647, OTU_26247, OTU_26531) and Acidimicrobiia (Microtrichales: 263 

OTU_32536) significantly increased in abundance in the highest concentration of OTC 264 

(10000 µg/L) (Table S4). OTUs affiliated with Alphaproteobacteria, namely Defluviimonas 265 

(OTU_35219 and OTU_34457), significantly increased in abundance only in 10 µg/L of 266 

OTC. On contrary, the OTUs affiliated with Planctomycetia (Pirellula: OTU_7240) and 267 

Alphaproteobacteria (Reyranella: OTU_9167) significantly decreased in abundance in both 268 

OTC concentrations (Table S4). Gammaproteobacteria (Crenobacter: OTU_7574 and 269 

Shewanella: OTU_7855) and Planctomycetia (Pirellula: OTU_7123) were only 270 

significantly affected (abundance decrease) in the highest concentration of OTC. In 271 

addition, some OTUs not present in the control group, emerged in exposed communities: in 272 

the highest concentration of OTC (10000 µg/L), a significant abundance increase was 273 

observed for the OTUs affiliated with Alphaproteobacteria class (Rhizobiaceae: 274 

OTU_31612; Xanthobactereaceae: OTU_33056 and Rhodobacter: OTU_25507) (Table 275 

S4). 276 

 277 
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 278 

Table 1: Abundance of the most represented OTUs (30 most abundant per treatment) in zebrafish gut. The color code 

represents the relative OTU abundance in each sample. Asterisks (*) indicate significant differences in relative 

abundances towards the respective control (p≤ 0.05; Dunnett's test).    

#OTU ID 
OTC conc. (µg/L) 

Phylogenetic affiliation 
  0 0 0 10 10 10 10000 10000 10000 
 

Relative 

abundance 

(%) 

Color 

code 
OTU_7409 28.673 21.926 36.135 20.900 12.277 16.171 27.477 4.584 21.864 Cetobacterium 

 OTU_8309 14.172 11.296 19.283 7.959 7.909 13.613 13.419 2.295 9.001 Cetobacterium 
 

50 - 10   

OTU_20004 8.682 6.844 11.919 4.696 5.578 9.962 8.350 1.480 5.673 Cetobacterium 
 

10. - 05   

OTU_7123* 5.145 12.094 1.702 2.279 3.679 3.089 3.528 3.477 8.875 Pirellula 
 

5 - 0.2   

OTU_8498 2.714 2.904 5.292 3.528 3.477 8.875 0.001 0.001 0.000 Plesiomonas 
 

< 0.2 
 OTU_7574* 3.470 2.478 4.040 3.256 2.800 1.711 0.001 0.000 0.000 Crenobacter 

   OTU_8095 2.957 3.589 1.543 7.211 12.140 3.622 0.000 0.004 0.029 Erysipelotrichaceae 
   OTU_7854 0.159 3.934 2.824 0.428 0.534 3.807 0.000 0.000 0.002 Aeromonadaceae 
   OTU_7855* 2.568 1.751 1.061 0.700 0.523 0.321 0.000 0.000 0.000 Shewanella 
   OTU_6819 1.853 2.217 0.995 4.188 7.123 2.207 0.000 0.007 0.017 Erysipelotrichaceae 
   OTU_8449 2.766 1.848 0.358 0.431 0.954 0.054 3.734 3.099 0.000 Chitinophagaceae 
   OTU_8072 1.732 2.171 0.669 0.664 3.035 9.297 0.024 0.000 0.033 Luteolibacter 
   OTU_8242 2.375 1.729 0.338 0.366 0.918 0.063 3.603 3.096 0.002 Chitinophagaceae 
   OTU_8202 1.030 1.066 2.009 1.341 1.248 3.351 0.001 0.000 0.000 Plesiomonas 
   OTU_9167* 2.055 1.629 0.368 1.047 0.771 1.319 0.000 0.003 0.000 Reyranella 
   OTU_8415 2.244 1.183 0.527 2.604 0.573 0.171 0.021 0.000 0.017 Burkholderiaceae 
   OTU_16890 1.193 1.113 1.339 0.862 0.849 0.129 0.639 0.895 0.152 Burkholderiaceae 
   OTU_25054* 0.989 1.646 0.649 2.542 2.770 3.326 10.247 15.395 7.640 Rhodobacteraceae 
   OTU_7240* 1.004 1.220 1.050 0.058 0.625 0.038 0.006 0.013 0.000 Pirellula 
   OTU_7849* 0.954 1.763 0.239 3.321 6.542 1.172 6.666 7.161 14.045 Gordonia 
   OTU_35219* 0.769 1.471 0.498 5.418 3.943 4.193 0.034 0.157 0.015 Defluviimonas 
   OTU_24583 1.627 0.477 0.056 0.200 1.450 0.004 0.435 13.357 0.644 Rhizobiales Incertae Sedis 
   OTU_6111 0.643 0.699 0.815 0.599 0.585 0.081 0.310 0.685 0.141 Burkholderiaceae 
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OTU_29001 0.663 0.532 0.947 0.477 0.314 0.385 0.655 0.120 0.513 Cetobacterium 
   OTU_7118 0.252 0.735 0.438 0.431 1.985 0.161 0.001 0.000 0.000 Saccharimonadales 

OTU_19964 0.000 1.388 0.000 0.325 2.171 1.287 0.004 0.000 0.035 Chryseobacterium  
  OTU_20811 1.041 0.252 0.000 0.010 0.234 0.007 0.000 0.000 0.000 Fluviicola  
  OTU_24710* 0.361 0.610 0.275 0.893 1.350 1.564 4.003 7.011 3.372 Rhodobacteraceae  
  OTU_9062 0.767 0.275 0.132 0.190 0.075 0.153 0.000 0.000 0.000 Chitinibacter  
  OTU_10920 0.372 0.334 0.373 0.286 0.229 0.041 0.165 0.279 0.050 Burkholderiaceae  
  OTU_8932 0.137 0.164 0.020 7.909 3.078 2.198 0.123 0.282 5.177 Hyphomicrobium  
  OTU_7515 0.000 0.013 0.000 2.532 0.279 1.128 0.021 0.169 2.273 Candidatus Protochlamydia  
  OTU_7990 0.230 0.533 0.091 0.597 1.769 0.381 0.000 0.000 0.000 Dinghuibacter  
  OTU_34457* 0.189 0.295 0.093 1.049 0.716 0.766 0.004 0.031 0.006 Defluviimonas  
  OTU_19538 0.039 0.010 0.000 2.344 0.069 0.001 2.670 13.765 5.948 Hyphomicrobium  
  OTU_19398 0.000 0.959 0.054 1.336 0.348 0.720 0.303 0.067 0.048 Barnesiellaceae  
  OTU_7846 0.033 0.020 0.079 0.000 0.000 0.000 4.874 4.223 7.815 Pirellula  
  OTU_32606* 0.276 0.493 0.270 0.173 0.417 0.193 3.366 4.514 4.728 Bosea  
  OTU_41647* 0.128 0.199 0.035 0.238 0.447 0.087 1.365 1.476 2.942 Gordonia  
  OTU_31612* 0.000 0.001 0.004 0.000 0.000 0.000 0.529 3.308 0.305 Rhizobiaceae  
  OTU_26247* 0.063 0.066 0.011 0.079 0.159 0.020 0.542 0.483 1.074 Gordonia  
  OTU_26531* 0.046 0.063 0.011 0.063 0.133 0.023 0.466 0.445 0.845 Gordonia  
  OTU_8487 0.211 0.072 0.006 0.031 0.174 0.004 0.071 1.436 0.085 Rhizobiales Incertae Sedis   
  OTU_27070 0.152 0.066 0.014 0.048 0.099 0.048 0.796 0.535 0.245 Microtrichaceae  
  OTU_25507* 0.000 0.000 0.000 0.048 0.044 0.041 0.031 0.980 0.334 Rhodobacter  
  OTU_33018* 0.002 0.040 0.128 0.019 0.019 0.146 0.463 0.661 0.162 Rhizobiaceae  
  OTU_33056* 0.000 0.000 0.000 0.000 0.000 0.001 0.145 0.577 0.378 Xanthobacteraceae  
  OTU_24656* 0.000 0.008 0.000 0.000 0.000 0.000 0.286 0.500 0.164 Aminobacter  
  OTU_24832 0.450 0.263 0.139 0.039 0.033 0.001 0.222 0.177 0.457 Ancylobacter  
  OTU_32536* 0.037 0.040 0.006 0.077 0.072 0.061 0.316 0.204 0.322 Microtrichales 
  OTU_9185 0.000 0.000 0.000 0.000 0.000 0.000 0.240 0.272 0.177 Pseudomonas 
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 279 

Regarding alpha-diversity, no statistically significant effects were observed on the 280 

indexes of gut samples (Table 2). 281 

The function inference analysis revealed that overall the bacterial communities’ 282 

metabolism may be affected by OTC. A significant decrease in glycolysis/gluconeogenesis 283 

and oxidative phosphorylation was predicted. Also, the biosynthesis of amino acids seems 284 

to be affected and a decrease in sequences of tRNA was predicted (Leu; Met; Arg; Val; Ser; 285 

Gly and Ala) was predicted (Table 3 and Table S5). From our results, it was also predicted 286 

an increase in the detoxification mechanisms, due to a predicted increase in the metabolism 287 

of xenobiotics by cytochrome P450; drug metabolism- cytochrome P450 and GST. On the 288 

other hand, a decrease in tetracycline resistance mechanisms, namely in the prevalence of 289 

determinants such as tetB, tet35; tetV; tetM and tetO, was predicted for samples exposed to 290 

OTC. Our results suggest that Quorum Sensing (QS) cellular communication may also be 291 

promoted upon antibiotic exposure (Table 3 and Table S5). 292 
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 293 

294 

Table 2: Species richness (number of OTU; S), diversity (Shannon-Wiener index; H’) and evenness (Pielou's evenness index; J) index 

of the zebrafish gut and water bacterial communities exposed to oxytetracycline (OTU based profile). Values presented per mean ± 

standard deviation. Asterisks (*) indicates differences towards the respective control (p< 0.05; Dunnett's test). 

Samples 
Oxytetracycline 

(µg/L) 

Species richness 

(S) 

Shannon - Wiener diversity 

index (H’) 

Pielou's evenness index 

(J) 

Zebrafish gut 

0 287 ± 56.93 2.83 ± 0.39  0.50 ± 0.07  

10 294 ± 34.04 3.19 ± 0.17  0.56 ± 0.04 

10 000 248 ± 26.35 2.99 ± 0.21  0.51 ± 0.03 
     

Water 

0 279 ± 17.06 2.49 ± 0.17 0.44 ± 0.03 

10 358 ± 60.58 3.31 ± 0.37* 0.56 ± 0.05* 

10 000 346 ± 21.83 2.89 ± 0.35 0.49 ± 0.06 
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Table 3: Predicted functional pathway changes of zebrafish gut and water 

microbiomes exposed to OTC. Differences in relative abundance towards the control 

(decrease; increase) are indicated (p≤ 0.05; Dunnett's test). 
 

Sample 

type 
KEGG Pathway KEGG ID Tendency F p 

G
U

T
 

Metabolic pathways ko01100  20.805 0.002 

Biosynthesis of 

secondary metabolites 
ko01110  15.752 0.004 

2-Oxocarboxylic acid 

metabolism 
ko01210  6.770 0.029 

Aminoacyl-tRNA 

biosynthesis 
ko00970  6.512 0.031 

Quorum sensing ko02024  20.536 0.002 

Purine metabolism ko00230  11.066 0.010 

Ribosome ko03010  8.251 0.019 

Pyrimidine metabolism ko00240  6.010 0.037 

Oxidative 

phosphorylation 
ko00190  6.947 0.027 

Glycolysis / 

Gluconeogenesis 
ko00010  18.267 0.003 

Glycine, serine and 

threonine metabolism 
ko00260  6.550 0.031 

Alanine, aspartate and 

glutamate metabolism 
ko00250  11.255 0.009 

Fatty acid biosynthesis ko00061  5.756 0.040 

Metabolism of 

xenobiotics by 

cytochrome P45 

ko00980  11.770 0.008 

Drug metabolism - 

cytochrome P450 
ko00982  10.929 0.010 

W
A

T
E

R
 

Two-component system ko02020  H= 5.600 0.050 

Quorum sensing ko02024  H= 5.600 0.050 

Glyoxylate and 

dicarboxylate 

metabolism 

ko00630  182.266 <0.001 

Sulfur metabolism ko00920  17.525 0.003 

 295 

 296 

3.2 Water microbiome 297 

Bacterial communities of exposure water were also affected by OTC presence at class 298 

level (Fig. 1-c)). In control samples, the classes Gammaproteobacteria (53.5 ± 13.3%), 299 

Alphaproteobacteria (18.9 ± 15.0%), Actinobacteria (10.1 ± 10.9%) and Bacteroidia (9.6 ± 300 

3.1%), were the most abundant. In the samples exposed to the lowest concentration of OTC 301 
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(10 µg/L), the classes Gammaproteobacteria (27.7 ± 7.1%), Bacteroidia (21.0 ± 5.4%), 302 

Deltaproteobacteria (17.9 ± 7.3%), Alphaproteobacteria (13.2 ± 3.4%), Actinobacteria (8.9 303 

± 8.8%) and Planctomycetia (5.8 ± 3.9%) were observed as the most abundant. On the 304 

other hand, in the samples exposed to the highest concentration of OTC (10000 µg/L), the 305 

classes Alphaproteobacteria (49.7 ± 10.5%), Gammaproteobacteria (21.3 ± 9.0%), 306 

Bacteroidia (17.1 ± 11.6%) and Chlamydiae (6.3 ± 2.9%) were the most abundant. 307 

Statistically significant differences in the abundance of specific classes due to OTC 308 

exposure were observed in the highest concentration (10000 µg/L), namely for 309 

Gammaproteobacteria (F= 8.45; p=0.02) and Anaerolineae (F= 9.77; p= 0.01), which 310 

decreased in abundance while Alphaproteobacteria (F= 10.00; p=0.01) and Chlamydiae 311 

(H= 5.60; p= 0.05) abundance increased. For Deltaproteobacteria a significant abundance 312 

increase (H= 6.48; p=0.01) occurred in the lowest concentration (10 µg/L). At genus level, 313 

OTC lowest concentration (10 µg/L) significantly affected the genus Phaselicystis (H= 314 

6.49; p= 0.011; abundance increase), an uncultured genus from Burkholderiaceae (H= 5.69; 315 

p= 0.029; abundance increase), Chryseobacterium (H= 6.49; p= 0.011; abundance increase) 316 

and Acidovorax (H= 7.20; p=0.004; abundance increase). In the highest concentration, the 317 

genera uncultured from Caldilineaceae family (F= 9.60; p= 0.013; abundance decrease), 318 

uncultured from Rhizobiales Incertae Sedis (F= 21.66; p= 0.002; abundance increase) and 319 

the Candidatus Protochlamydia (H= 5.60; p= 0.050; abundance increase) were affected. 320 

The genera Polynucleobacter (H= 5.60; p= 0.050; abundance decrease) and Limnobacter 321 

(H= 5.60; p= 0.050; abundance decrease) were affected by both OTC concentrations (Fig. 322 

1-d)). 323 

The analysis of OTUs structure and abundance in water samples is represented in the 324 

cluster and PCoA analysis (Fig. 2). In the dendrogram, the highest concentration of OTC 325 

impacted the OTU structure and abundance, clustering in a different branch than the control 326 

and lowest concentration (10 µg/L) (Fig. 2-c)). Also, the spatial distribution shows that 327 

similarity among treatments is less than 30% (Fig. 2-d)).  328 

In water samples, 32 abundant OTUs were significantly affected by the presence of OTC 329 

(Table 4 and S6). The OTUs affiliated with the class Chlamydiae (Candidatus 330 

Protochlamydia: OTU_7515) presented an increase in the abundance while in the 331 

Anaerolineae class (Caldilineaceae: OTU_8489; OTU_24365) was observed an abundance 332 
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decrease due to OTC highest concentration exposure. The OTUs affiliated with 333 

Deltaproteobacteria (Phaselicystis: OTU_6634, OTU_4880, OTU_7538) and Bacteroidia 334 

(Sediminibacterium: OTU_7428) presented a significant abundance increase in the 10 µg/L 335 

OTC concentration (Table S6). Also, due to OTC exposure, some OTUs significantly 336 

decreased their abundance, not being detected in exposed samples: OTU_8650 337 

(Flavobacterium), OTU_20619 (Fluviicola), OTU_33311 (Prosthecomicrobium) and 338 

OTU_8611 (Lysobacter). On the other hand, some OTUs not detected in the control 339 

treatments raised their abundance with OTC exposure, namely: OTU_9362 and OTU_7969 340 

(Runella); OTU_24165 (Flectobacillus); OTU_8242 and OTU_8449 (uncultured 341 

Chitinophagaceae); OTU_7691 (Fluviicola); OTU_38765 (Rhizobiales Incertae Sedis); 342 

OTU_19538 (Hyphomicrobium); OTU_7846 (Pirellula); OTU_7687 (Burkholderiaceae) 343 

and OTU_6796 (Acidovorax) (Table S6).  344 

Significant differences in alpha-diversity were observed in the Shannon-Wiener (H: F= 345 

5.235; p= 0.048) and Pielou's evenness (J: F= 5.484; p= 0.044) in the lowest concentration 346 

tested (10 µg/L OTC) (Table 2).  347 

Regarding to function inference, similar to the gut samples, our results suggest that an 348 

increase in Two-Component system and QS (Table 3). 349 

  350 
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 351 

Table 4: Abundance of the most represented OTUs (30 most abundant per treatment) in water samples. The color code 

represents the relative OTU abundance in each sample. Asterisks (*) indicate significant differences in relative 

abundance towards the respective control (p≤ 0.05; Dunnett's test).    

#OTU ID 
OTC conc. (µg/L) Phylogenetic affiliation 

 

Relative 

abundance 

(%) 

Color 

code 
0 0 0 10 10 10 10000 10000 10000 

  OTU_8190* 38.603 53.220 18.869 7.164 4.833 1.070 14.205 1.580 6.938 Polynucleobacter 

 
60 - 10   

OTU_8401 0.107 0.028 30.455 0.188 0.088 7.486 0.025 0.006 1.828 Zavarzinia 10 - 5   

OTU_9020 15.203 3.133 1.087 3.334 12.565 0.841 1.294 0.192 0.064 Brevibacterium 

 
5 - 0.2   

OTU_7923* 3.777 3.527 10.289 0.257 0.066 0.467 0.557 0.480 0.338 Limnobacter 

 
< 0.2 

 OTU_6849* 2.902 2.681 7.899 0.213 0.050 0.396 0.470 0.389 0.259 Limnobacter 

   OTU_24832 8.781 3.563 0.071 0.063 6.879 1.601 23.984 4.694 20.410 Ancylobacter 

   OTU_24809 7.171 1.429 0.652 1.789 5.457 0.370 0.766 0.195 0.026 Brevibacterium 

   OTU_8339* 2.637 3.586 1.594 5.750 13.246 6.644 0.283 0.034 0.034 Chryseobacterium 

   OTU_9248 0.845 4.642 0.695 0.044 0.008 2.463 0.015 0.000 0.281 Rhizobacter 

   OTU_8489* 0.945 2.500 2.440 1.092 1.175 1.191 0.043 0.225 0.320 Caldilineaceae 

   OTU_8650* 0.047 0.032 5.743 0.002 0.000 0.001 0.001 0.000 0.000 Flavobacterium 

   OTU_24365 0.849 2.262 2.248 1.040 1.014 1.071 0.043 0.274 0.255 Caldilineaceae 

   OTU_32698 2.429 1.412 0.002 0.010 0.000 0.020 0.001 0.000 0.000 Phenylobacterium 

   OTU_6535* 1.309 1.559 0.660 0.235 0.123 0.028 0.476 0.069 0.225 Polynucleobacter 

   OTU_7118 1.630 1.291 0.244 1.384 0.346 0.165 0.000 0.001 0.000 Saccharimonadales 

OTU_7123 0.725 0.594 1.189 7.600 7.812 1.186 0.015 0.006 0.001 Pirellula 

   OTU_22567 0.449 1.799 0.231 3.328 0.381 1.670 0.131 0.017 0.041 Flavobacterium 

   OTU_31612 0.806 1.295 0.353 0.124 0.235 0.005 0.000 2.099 0.004 Rhizobiaceae 

   OTU_21385 0.434 1.738 0.221 2.872 0.358 1.620 0.095 0.011 0.041 Flavobacterium 

   OTU_24583* 0.004 0.004 2.186 0.078 0.011 0.040 22.361 13.038 27.658 Rhizobiales Incertae Sedis 

   OTU_21358 0.411 1.427 0.197 2.709 0.340 1.322 0.103 0.014 0.048 Flavobacterium 

   OTU_25440 0.347 0.328 0.758 0.861 0.358 0.700 0.012 0.064 0.079 Caldilineaceae 

   OTU_33311* 0.139 0.245 0.977 0.000 0.001 0.002 0.000 0.000 0.000 Prosthecomicrobium 
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OTU_7688 1.337 0.006 0.000 0.014 0.049 0.000 0.004 0.000 0.000 Staphylococcus 

   OTU_20626* 0.120 0.094 1.120 0.231 0.016 0.097 0.001 0.000 0.000 Chitinophagales 

  OTU_8611* 0.402 0.639 0.131 0.000 0.003 0.000 0.000 0.000 0.000 Lysobacter 

   OTU_9008 0.147 0.049 0.934 0.300 0.811 0.019 0.028 0.011 0.000 Sphingobacteriales  

 OTU_20619* 1.016 0.019 0.008 0.000 0.000 0.000 0.000 0.000 0.001 Fluviicola 

   OTU_8999 0.691 0.100 0.168 0.180 0.260 0.008 0.017 0.040 0.187 Burkholderiaceae 

   OTU_7240* 0.316 0.443 0.096 0.023 0.142 0.009 0.000 0.000 0.005 Pirellula 

   OTU_7687* 0.002 0.002 0.000 6.439 0.811 23.922 2.231 0.130 0.380 Burkholderiaceae 

   OTU_6796* 0.019 0.032 0.010 6.043 16.994 2.003 0.415 0.133 0.054 Acidovorax 

   OTU_6634* 0.015 0.053 0.010 6.336 2.802 11.030 0.608 0.025 0.305 Phaselicystis 

   OTU_4880* 0.013 0.021 0.010 4.404 2.013 7.873 0.363 0.030 0.217 Phaselicystis 

   OTU_7538 0.011 0.009 0.007 3.123 1.370 5.028 0.308 0.021 0.193 Phaselicystis 

   OTU_8407* 0.000 0.217 0.015 3.124 0.818 1.331 0.190 0.001 0.048 Sediminibacterium 

   OTU_24730 0.066 0.000 0.002 4.088 0.373 0.108 0.209 0.003 0.004 Bdellovibrio 

   OTU_32665 0.006 0.000 0.050 0.026 0.005 3.910 0.014 0.027 0.069 Phenylobacterium 

   OTU_27302 0.083 0.000 0.017 0.000 2.909 0.864 0.000 0.000 0.000 Bdellovibrio 

   OTU_25153 0.002 0.028 0.003 3.368 0.090 0.066 0.048 0.000 0.003 Brevundimonas 

   OTU_32724 0.004 0.045 0.003 2.317 0.534 0.547 0.026 0.003 0.006 Azospirillum 

   OTU_8345 0.008 0.085 0.008 0.372 0.080 2.919 6.604 0.016 1.771 Ideonella 

   OTU_9167 0.011 0.026 0.272 0.611 1.789 0.092 0.000 0.000 0.003 Reyranella 

   OTU_7428* 0.000 0.045 0.002 1.381 0.364 0.636 0.066 0.001 0.024 Sediminibacterium 

   OTU_8844 0.000 0.002 0.000 0.018 1.853 0.002 0.000 0.001 0.000 Staphylococcus 

   OTU_7515* 0.006 0.004 0.035 0.098 0.521 0.004 2.979 6.705 8.489 Candidatus Protochlamydia 

   OTU_7969* 0.036 0.045 0.068 0.213 1.046 0.042 1.295 3.360 10.686 Runella 

   OTU_19538* 0.002 0.000 0.000 0.001 0.002 0.012 1.683 7.715 1.559 Hyphomicrobium 

   OTU_8548 0.006 0.019 0.002 0.001 0.003 0.001 0.085 9.211 0.098 Burkholderiaceae 

   OTU_7691* 0.002 0.013 0.000 0.001 0.000 0.000 1.195 6.282 0.310 Fluviicola 

   OTU_8487 0.002 0.000 0.257 0.014 0.000 0.006 2.613 1.096 3.297 Rhizobiales Incertae Sedis 

   OTU_7846* 0.002 0.000 0.000 0.000 0.000 0.000 0.158 6.535 0.265 Pirellula 

   OTU_8242* 0.002 0.000 0.060 0.003 0.000 0.000 0.138 6.603 0.134 Chitinophagaceae 
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OTU_8449* 0.002 0.002 0.078 0.000 0.003 0.000 0.144 6.579 0.121 Chitinophagaceae 

   OTU_22727 0.000 0.000 0.819 0.006 0.060 0.000 0.428 4.240 0.108 Flectobacillus 

   OTU_9362* 0.013 0.019 0.023 0.067 0.324 0.005 0.430 0.654 3.426 Runella 

   OTU_25054 0.009 0.196 0.126 0.184 0.089 0.011 0.039 2.835 0.060 Rhodobacteraceae 

   OTU_9319 0.013 0.049 0.529 0.010 0.000 0.028 2.268 0.235 0.241 Solimonas 

   OTU_38765* 0.000 0.000 0.008 0.000 0.000 0.000 1.353 0.293 0.960 Rhizobiales Incertae Sedis 

   OTU_6695 0.008 0.168 0.008 0.075 0.216 0.134 0.524 1.348 0.362 Variovorax 

   OTU_24738 0.008 0.002 0.003 1.554 0.036 0.004 1.433 0.000 0.497 Leifsonia 

   OTU_24710 0.002 0.072 0.068 0.068 0.033 0.008 0.025 1.682 0.015 Rhodobacteraceae 

   OTU_15427 0.002 0.006 0.000 0.000 0.000 0.000 0.011 1.501 0.018 Caenimonas 

   OTU_25509* 0.015 0.081 0.002 0.004 0.000 0.001 0.140 0.564 0.670 Stella 

  OTU_16551 0.000 0.002 0.000 0.228 0.049 0.019 0.399 0.103 0.856 Burkholderiaceae 

   OTU_24165* 0.000 0.000 0.000 0.001 0.007 0.000 0.076 1.067 0.024 Flectobacillus 
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 352 

4 Discussion 353 

The present study assessed the effects of OTC on the bacterial community of both water 354 

and fish gut after a long-term exposure to this antibiotic through a metagenomic approach. 355 

In a previous work we reported long-term effects of OTC in fish gut and exposure water 356 

microbiome structure through a DGGE analysis (Almeida et al 2019). Based on that, this 357 

work intended to identify the changes observed, indicating the bacterial phylogenetic 358 

groups affected and possible changes in the microbiomes function. 359 

In the literature, teleost fish microbiome is usually characterized by dominance of 360 

Gamaproteobacteria, Alphaproteobacteria and Fusobacteria, which constitute the core 361 

microbiome (Llewellyn et al., 2014; Roeselers et al., 2011). Since the fish microbiome is 362 

defined not only by intrinsic factors (e.g. fish species) but also by the environmental factors 363 

(e.g. water, food and geological characteristics) (Parlapani et al., 2018; Pimentel et al., 364 

2017), differences observed in this study, in the control group, were expected. Moreover, 365 

the variability observed among samples, natural of interindividual variation of gut 366 

microbiome, agrees with literature (Lan and Love, 2012; Stephens et al., 2015).  367 

Considering that OTC exposure was performed via water, it was expected a higher 368 

impact in the water bacterial communities. Nevertheless, in our previous work changes in 369 

structure of water bacterial communities were mainly observed in the highest OTC 370 

concentration tested (Almeida et al. 2019). On the other hand, in this work, changes in the 371 

class abundance were observed even in the lowest OTC concentration tested, with the 372 

abundance increase of Deltaproteobacteria class. This increase was related with the increase 373 

of Myxococcales (Phaselicystidaceae family) and Bdellovibrionales (Bdellovibrionaceae 374 

family). Since Bdellovibrio and like organisms (BALOs) are a group of major obligate 375 

predators of bacteria, some authors indicate that this group may be highly responsive to 376 

bacterial community structure changes (Chauhan et al., 2009; Chen et al., 2011). In 377 

addition, Bdellovibrio have a specific preference for some bacterial species, namely fish 378 

pathogens, indicating that they may play a role in keeping organisms healthy (Rogosky et 379 

al., 2006). For instance, a previous work has shown that BALOs may reduce the disease 380 

occurrence caused by Aeromonas hydrophila in fish ponds (Chu and Zhu, 2010). Hence, 381 
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the exposure to the lowest concentration of OTC (10 µg/L) may favor the increase of some 382 

bacterial groups with potential biocontrol in fish diseases.  383 

Nevertheless, at the highest OTC concentration, other classes were affected in water 384 

samples, namely the Alphaproteobacteria and Chlamydiae, being observed an abundance 385 

increase. Chlamydiae is a known pathogen of both mammalians and fish organisms. 386 

Members of this group are agents of epitheliocystis disease, responsible for economic loss 387 

in fish’s aquacultures (Blandford et al., 2018; Stride et al., 2014). Also, the increase of this 388 

group may be of high concern since it was reported that Chlamydiae may acquire 389 

tetracycline resistance genes (tet) when exposed to selective pressure (Sandoz and Rockey, 390 

2010). Regarding Alphaproteobacteria, Rhizobiales was the most affected order by OTC 391 

exposure. This bacterial group, specially the genus Hyphomicrobium, is particularly 392 

abundant in biofilms (Chee and Liu, 2007). The biofilm formation is usually a mechanism 393 

of stress response. For instance, in the presence of antibiotics, biofilms can provide 394 

bacterial cells a higher capacity to resist to antibiotic exposure (Olsen, 2015). 395 

Bacterial communities of fish larval stages tend to reflect more the surrounding 396 

environment, being more influenced by external factors, such as feed regime and water 397 

quality. On the opposite, adult fish tend to have a more specific and stable microbiome 398 

(Burgos et al., 2018; Stephens et al., 2015). Yet, in our work, the long-term exposure to 399 

OTC induced a significant change in bacterial communities of zebrafish gut, namely, the 400 

increase of Actinobacteria and Alphaproteobacteria abundance. Both classes are usually 401 

found in the gut microbiome of freshwater organisms like shrimp and fish (Liu et al., 2019; 402 

Romero et al., 2014; Rosado et al., 2019). In particular, the Rhodobacteraceae family 403 

(Alphaproteobacteria class) was pointed as playing a role in organisms health being usually 404 

more abundant in healthy fish (Xue et al., 2017). Indeed, some tropodithietic acid-405 

producing clades were indicated as being a potential probiotic agent due to its effects 406 

against pathogens (Sonnenschein et al., 2017). Regarding Actinobacteria, this class presents 407 

a global interest in biotechnological application due to its capacity to synthetize secondary 408 

metabolites capable of removing xenobiotics (Alvarez et al., 2017; Jami et al., 2015). For 409 

instance, Gordonia genus has been indicated has a recalcitrant pollutant degrader (Abraham 410 

et al., 2013; Alvarez et al., 2017). Thus, these microbiome changes may have provided the 411 

host an adaptative advantage to survive in an OTC contaminated environment. On the other 412 
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hand, Gordonia genus includes human pathogens causing serious infections on soft tissues 413 

and bones (Sowani et al., 2017). Therefore, although there may be a positive effect of 414 

Gordonia abundance to the host and the ecosystem, this abundance increase may represent 415 

a public health risk. 416 

On the other hand, in both gut and water samples an abundance decrease in 417 

Gammaproteobacteria, a class to which belong many fish pathogens, like the Shewanella 418 

genus, was observed. Fish microbiome are naturally colonized by potential pathogenic 419 

bacteria (Rosado et al., 2019). Nevertheless, the pathogenic effect is only observed when 420 

the host undergoes a stress (e.g. chemical). OTC is an antibiotic broadly used in 421 

aquaculture to control fish diseases and so, the observed effect in Shewanella and other 422 

Gammaproteobacteria was expected since these bacteria are included in OTC spectrum of 423 

activity.  424 

Differences observed in bacterial communities among the water (environment) and fish 425 

gut may be also influenced by host internal regulation mechanisms like immunological 426 

system. Usually, healthy animals are associated to a high diversity of bacterial 427 

communities, reflecting greater metabolic capacity and well-being (De Schryver and 428 

Vadstein, 2014). In our work, a slight impact of OTC in Shannon index was only observed 429 

in the water samples exposed to 10 µg/L of OTC, which reflected an increase in diversity. 430 

Nevertheless, the impact observed in the relative abundance (increase or decrease) of some 431 

bacterial classes and OTUs, due to OTC exposure, may however, had affected the overall 432 

bacterial function. Indeed, changes in bacterial diversity have been linked to dysbiosis with 433 

consequent metabolic disorders (Jin et al., 2017). In this study, the predicted decrease in 434 

cellular activity like the inhibition of protein biosynthesis may be related with OTC mode 435 

of action. In particular, OTC molecule prevents aminoacyl-tRNA to bind the ribosome 436 

preventing the translation (Chopra and Roberts, 2001). Also, the cellular mechanisms of 437 

stress may have been triggered in both water and gut samples resulting in an increase in cell 438 

communication mechanisms like Quorum sensing (QS). This mechanism is related with 439 

biofilm formation, which, as mentioned before, can provide protection against antibiotic 440 

exposure. In addition, the general detoxification mechanisms like the metabolism of 441 

xenobiotics by cytochrome-P450 and glutathione S-transferase (GST) activities were likely 442 

enhanced. However, an opposite effect was observed in the specific mechanisms of 443 
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defense, with the decrease of tetracycline (tet) resistance genes. This result may indicate 444 

that non-specific mechanisms may be firstly activated, probably due to less energy 445 

requirements. On the other hand, since the QS selection occurred, this may be a more 446 

advantageous strategy of bacterial communities to fight against the OTC stress. 447 

 Worth to note that in our work, in both gut and water samples, OTC exposure has 448 

selected intrinsically resistant genera, like Rhodobacter, Acidovorax and Defluviimonas 449 

which may lead to a replacement of the susceptible genera (e.g. Pirellula, Reyranella and 450 

Fluviicola). It was also observed the increase of some potential health risk groups like the 451 

Chlamydiae (discussed above) and Chryseobacterium genus. Chryseobacterium is 452 

considered as an emerging pathogen, responsible for Bacterial gill disease (BGD) and 453 

systemic hemorrhagic septicemia in fish, with a worldwide economic impact (Loch and 454 

Faisal, 2015; Shahi et al., 2018). Besides, Chryseobacterium was not only reported in 455 

literature as a tetracycline resistant taxon but also indicated as a multi-drug resistant 456 

bacterium (Harnisz et al., 2015; Zhao et al., 2019). Hence, although OTC exposure lead to a 457 

decrease of some pathogenic agents included in Gammaproteobacteria class (also reported 458 

in this work) the increase of other taxa may represent a health and economic problem. 459 

Therefore, even though in our work a decrease in some tet resistance genes was detected, 460 

the selection of resistant bacteria may indicate that a different behavior possibly occurs 461 

when the exposure ceased. 462 

In this work, a general selection of some groups that play a role in nitrogen cycle (e.g. 463 

Rhizobiaceae; Hyphomicrobium and Defluviimonas) was also observed. Since fish were 464 

kept under a semi-static system, ammonia released by the organisms in the water may have 465 

influenced bacterial communities. In addition, some of the selected genera were indicated 466 

in literature as tetracycline resistant groups explaining our results (Gerzova et al., 2014; 467 

Huang et al., 2014). Notwithstanding, the selection of some bacteria genera due to OTC 468 

may induce changes in the nitrogen cycle, like nitrification, ammonia oxidation (anammox) 469 

and denitrification processes with potential ecological impact in the environment since the 470 

accumulation of nitrate (NO3
−
), nitric oxide (NO), and nitrous oxide (N2O) may be toxic to 471 

aquatic organisms (Camargo et al., 2005; Roose-Amsaleg and Laverman, 2016). Thus, in 472 

future works, post-exposure scenarios should be considered, since bacterial communities 473 

may react differently after exposure ceased. For instance, bacterial selection by OTC may 474 
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induce function changes with unknown impact in the environment. Also, fish gut and water 475 

bacterial resistome may play a role in pathogen dissemination.  476 

 477 

 478 

5 Conclusion 479 

In our work, the long-term effect of OTC exposure in water and zebrafish gut bacterial 480 

communities was assessed. Overall, the OTC revealed to impact both water and gut 481 

bacterial communities’ structure. Indeed, in water samples, effects were observed even in 482 

the lowest concentration tested with the increase of Deltaproteobacteria class, while in the 483 

zebrafish gut, effects were mainly observed in the highest concentration. Changes in 484 

zebrafish gut due to OTC exposure revealed to be selective for some taxa like 485 

Alphaproteobacteria and Actinobacteria. Although some Actinobacteria genera, like 486 

Gordonia, may play a role in chemical degradation, this genus may also represent a health 487 

problem since it is linked to human infection diseases. However, in both gut and water 488 

samples, the decrease in Gammaproteobacteria was observed. Also, the exposure to OTC 489 

resulted in the selection of bacterial groups intrinsically resistant to this antibiotic, some of 490 

which are considered emergent fish pathogens (e.g. Chryseobacterium). Function inference 491 

revealed that general mechanisms of defense as the QS were selected, while specific 492 

mechanisms of tetracycline resistance (e.g. tet genes) decreased. This result may indicate 493 

that under stress, general mechanisms may be preferable since the cells do not require as 494 

much energy as in the specific ones. In addition, effects in some bacterial groups that have 495 

a role in nitrogen cycle may lead to an increase in toxic nitrogen products with a possible 496 

ecological effect. Future studies should analyze in detail post-exposure water and zebrafish 497 

gut resistome to understand the long-term impact of the observed alterations.  498 
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Table S1: PCR products, concentration used. Total volume of 25 μL 

PCR products Conc. 

Forward primer* 

Bakt_341F 5’- CCTACGGGNGGCWGCAG -3’ 

0.3 μM 

Reverse primer** 

Bakt_805R 5’- GACTACHVGGGTATCTAATCC -3’ 

0.3 μM 

DNA template 12.5 ng 

* Herlemann et al., (2011); ** Klindworth et al., (2013) 
 
 
 
 
Table S2: PCR program used to amplify gut and water samples 

 Temperature Time 

1
st
 step 95 ºC 3 min 

 98 ºC 20 s 

2
nd

 step* 55 ºC 30 s 

 72 ºC 30 s 

3
rd

 step 72 ºC 5 min 
*The second step corresponds to 25 cycles 
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Table S3: Number of reads and OTUs per sample after singletons removal 

 
 

Reads OTUs 

 
Conc. 

(µg/L) 
Unassigned  Bacteria + Archaea  Unassigned  Bacteria + Archaea  

G
U

T
 

0 2514 46090 681 232 

0 2097 103472 503 343 

0 2599 120028 589 316 

10 15548 41590 1745 273 

10 12763 65378 1442 310 

10 11479 71265 1563 341 

10000 12478 70889 1571 247 

10000 19623 69387 1976 303 

10000 11490 53224 1353 239 

W
A

T
E

R
 

0 361 53243 50 269 

0 111 46973 31 279 

0 359 60295 47 308 

10 162 92494 32 437 

10 149 91266 30 369 

10 111 84899 13 309 

10000 1274 72732 50 351 

10000 119 70703 18 382 

10000 2478 79669 70 336 



 

 

Fig. S1: Rarefaction curves (without singletons) for: a) zebrafish gut samples and b) 

water samples



 

Table S4: OTUs significantly affected by OTC exposure of zebrafish gut. Asterisks (*) indicate differences in the relative abundance towards the respective 

control (decrease; increase) (p≤ 0.05; Dunnett's test). 

OUT id F p Abundance (/ ) Taxonomic affiliation Graphical representation 

OTU_25054 16.003 0.004  

Proteobacteria 

Alphaproteobacteria 

Rhodobacterales 

Rhodobacteraceae 

uncultured 

 

OTU_24710 12.352 0.007  

Proteobacteria  

Alphaproteobacteria 

Rhodobacterales 

Rhodobacteraceae 

---- 

 

OTU_35219 57.071 < 0.001  

Proteobacteria  

Alphaproteobacteria 

Rhodobacterales 

Rhodobacteraceae 

Defluviimonas 
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OTU_7849 6.490 0.032  

Actinobacteria  

Actinobacteria 

Corynebacteriales 

Nocardiaceae 

Gordonia 

 

OTU_32606 79.856 < 0.001  

Proteobacteria  

Alphaproteobacteria 

Rhizobiales 

Beijerinckiaceae 

Bosea 

 

OTU_7123 H= 5.600 0.050  

Planctomycetes  

Planctomycetia 

Pirellulales 

Pirellulaceae 

Pirellula 

 

OTU_7574 21.909 0.002  

Proteobacteria  

Gammaproteobacteria 

Betaproteobacteriales 

Chromobacteriaceae 

Crenobacter 
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OTU_7855 7.448 0.004  

Proteobacteria  

Gammaproteobacteria 

Alteromonadales 

Shewanellaceae 

Shewanella 

  

OTU_9167 5.337 0.047  

Proteobacteria  

Alphaproteobacteria 

Reyranellales 

Reyranellaceae 

Reyranella 

  

OTU_7240 23.669 0.001  

Planctomycetes  

Planctomycetia   

Pirellulales  Pirellulaceae

   

Pirellula 

 

OTU_41647 11.175 0.009  

Actinobacteria  

Actinobacteria  

Corynebacteriales  

Nocardiaceae   

Gordonia 
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OTU_31612 H= 6.764 0.011  

Proteobacteria  

Alphaproteobacteria  

Rhizobiales  

Rhizobiaceae 

----- 

 

OTU_26247 10.814 0.010  

Actinobacteria  

Actinobacteria  

Corynebacteriales  

Nocardiaceae   

Gordonia 

 

OTU_26531 15.454 0.004  

Actinobacteria  

Actinobacteria  

Corynebacteriales  

Nocardiaceae   

Gordonia 

 

OTU_25507 H= 5.793 0.050  

Proteobacteria  

Alphaproteobacteria  

Rhodobacterales  

Rhodobacteraceae  

Rhodobacter 
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OTU_33018 5.632 0.042  

Proteobacteria  

Alphaproteobacteria  

Rhizobiales  

Rhizobiaceae  

Allorhizobium-Neorhizobium-

Pararhizobium-Rhizobium  

OTU_33056 H= 6.720 0.050  

Proteobacteria  

Alphaproteobacteria  

Rhizobiales  

Xanthobacteraceae  

uncultured 

 

OTU_24656 H= 6.720 0.050  

Proteobacteria  

Alphaproteobacteria  

Rhizobiales  

Rhizobiaceae  Aminobacter 

 

 

OTU_32536 34.187 <0.001  

Actinobacteria  

Acidimicrobiia  

Microtrichales   

uncultured   

uncultured bacterium 
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OTU_34457 40.201 <0.001  

Proteobacteria  

Alphaproteobacteria  

Rhodobacterales  

Rhodobacteraceae  

Defluviimonas 
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Table S5: Predicted functional genes/ proteins (KEGG ID) significantly affected by OTC in 

zebrafish gut and water microbiomes. Differences in relative abundance towards the control 

(decrease; increase) are indicated (p≤ 0.05; Dunnett's test). 
 

Sample 

type 
Description KEGG ID Tendency F p 

G
U

T
 

ABC.PE.P; peptide/nickel 

transport system permease 

protein 

K02033  28.853 <0.001 

ABC.PE.S; peptide/nickel 

transport system 

substrate-binding protein 

K02035  30.386 <0.001 

tRNA-Leu; tRNA Leu K14228  12.092 0.008 

tRNA-Met; tRNA Met K14230  9.367 0.014 

tRNA-Arg; tRNA Arg K14219  11.724 0.008 

tRNA-Ser; tRNA Ser K14233  11.884 0.008 

tRNA-Gly; tRNA Gly K14225  10.020 0.012 

tRNA-Ala; tRNA Ala K14218  6.899 0.028 

tRNA-Val; tRNA Val K14237  10.403 0.011 

5SrRNA, rrf; 5S 

ribosomal RNA 
K01985  7.510 0.023 

23SrRNA, rrl; 23S 

ribosomal RNA 
K01980  8.002 0.020 

16SrRNA, rrs; 16S 

ribosomal RNA 
K01977  7.750 0.022 

GST, gst; glutathione S-

transferase [EC:2.5.1.18] 
K00799  13.991 0.006 

tetB; MFS transporter, 

DHA2 family, metal-

tetracycline-proton 

antiporter 

K08168  H = 7.20 0.004 

tet35; tetracycline 

resistance efflux pump 
K18218  9.436 0.014 

tetV; MFS transporter, 

DHA3 family, 

tetracycline resistance 

protein 

K18215  6.088 0.036 

tetM, tetO; ribosomal 

protection tetracycline 

resistance protein 

K18220  H = 5.956 0.025 

W
A

T
E

R
 

chrA; chromate 

transporter 
K07240  7.495 0.023 

TC.FEV.OM; iron 

complex outermembrane 

recepter protein 

K02014  H=6.489 0.011 

frc; formyl-CoA 

transferase [EC:2.8.3.16] 
K07749  6.164 0.035 

kpsS, lipB; capsular 

polysaccharide export 

protein 

K07265 

 
 H=6.489 0.011 



 

Table S6: OTUs significantly affected by OTC in exposure water. Asterisks (*) indicate differences in the relative abundance towards the respective control 

(decrease; increase) (p≤ 0.05; Dunnett's test). 

OUT id F p Abundance (/ ) Taxonomy affiliation Graphical representation 

OTU_8190 H = 5.600 0.050  

Proteobacteria  

Gammaproteobacteria  

Betaproteobacteriales  

Burkholderiaceae  

Polynucleobacter 

 

OTU_7687 H = 6.489 0.011  

Proteobacteria  

Gammaproteobacteria  

Betaproteobacteriales  

Burkholderiaceae  

uncultured 

 

OTU_6796 H = 7.200 0.004  

Proteobacteria  

Gammaproteobacteria  

Betaproteobacteriales  

Burkholderiaceae  

Acidovorax 
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OTU_7923 H = 6.489 0.011  

Proteobacteria  

Gammaproteobacteria  

Betaproteobacteriales  

Burkholderiaceae  

Limnobacter 

 

OTU_6849 H= 5.956 0.025  

Proteobacteria  

Gammaproteobacteria  

Betaproteobacteriales  

Burkholderiaceae  

Limnobacter 

 

 

OTU_24583 22.672 0.002  

Proteobacteria  

Alphaproteobacteria  

Rhizobiales 

Rhizobiales Incertae Sedis 

uncultured 

 

OTU_19538 H= 6.543 0.011  

Proteobacteria  

Alphaproteobacteria  

Rhizobiales  

Hyphomicrobiaceae  

Hyphomicrobium 

 

Oxytetracycline (µg/L) 

0 10 10000

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

0.00

0.02

0.04

0.06

0.08

0.10

0.12

OTU_7923 

*

0 10 10000

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

0.00

0.02

0.04

0.06

0.08

0.10

OTU_6849 

**

Oxytetracycline (µg/L) 

Oxytetracycline (µg/L) 

0 10 10000

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

0.00

0.05

0.10

0.15

0.20

0.25

0.30

OTU_24583 

*

Oxytetracycline (µg/L) 

0 10 10000

R
e
la

ti
v
e

 A
b

u
n

d
a

n
c
e

0.00

0.02

0.04

0.06

0.08

0.10

OTU_19538 

*



OTU_8339 9.496 0.014  

Bacteroidetes 

Bacteroidia 

Flavobacteriales 

Weeksellaceae 

Chryseobacterium 

 

OTU_7691 H= 6.161 0.025  

Bacteroidetes 

Bacteroidia 

Flavobacteriales 

Crocinitomicaceae 

Fluviicola 

 

OTU_6634 H= 6.489 0.011  

Proteobacteria  

Deltaproteobacteria  

Myxococcales  

Phaselicystidaceae  

Phaselicystis 

 

OTU_4880 H=7.200 0.004  

Proteobacteria  

Deltaproteobacteria  

Myxococcales  

Phaselicystidaceae  

Phaselicystis 
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OTU_7515 H= 5.600 0.050  

Chlamydiae 

Chlamydiae  

Chlamydiales  

Parachlamydiaceae  

Candidatus Protochlamydia 

 

OTU_7969 H= 5.956 0.025  

Bacteroidetes 

Bacteroidia  

Cytophagales  

Spirosomaceae 

Runella 

 

OTU_8489 8.800 0.016  

Chloroflexi  

Anaerolineae  Caldilineales

  Caldilineaceae 

uncultured 

 

OTU_24365 H= 5.600 0.050  

Chloroflexi  

Anaerolineae  Caldilineales

  Caldilineaceae 

uncultured 
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OTU_7538 H= 7.200 0.004  

Proteobacteria  

Deltaproteobacteria  

Myxococcales  

Phaselicystidaceae  

Phaselicystis 

 

OTU_7846 H= 6.720 0.050  

Planctomycetes  

Planctomycetacia  

Pirellulales  Pirellulaceae 

Pirellula 

 

OTU_8242 H= 5.793 0.050  

Bacteroidetes 

Bacteroidia  

Chitinophagales  

Chitinophagaceae  

uncultured 

 

OTU_8449 H= 6.006 0.025  

Bacteroidetes 

Bacteroidia  

Chitinophagales  

Chitinophagaceae  

uncultured 
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OTU_8650 H= 5.793 0.050  

Bacteroidetes 

Bacteroidia  

Flavobacteriales  

Flavobacteriaceae  

Flavobacterium 

 

 

OTU_6535 10.968 0.010  

Proteobacteria  

Gammaproteobacteria  

Betaproteobacteriales  

Burkholderiaceae  

Polynucleobacter 

 

OTU_33311 H= 6.764 0.011  

Proteobacteria  

Alphaproteobacteria  

Rhizobiales  

Pleomorphomonadaceae 

Prosthecomicrobium 

 

OTU_20626 H= 5.647 0.050  
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uncultured 

uncultured bacterium 
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OTU_8611 H= 6.720 0.050  

Proteobacteria  

Gammaproteobacteria  

Xanthomonadales  

Xanthomonadaceae  

Lysobacter 
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Bacteroidetes 
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Fluviicola 

 

OTU_7240 5.595 0.043  
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Pirellula 

 

OTU_9362 H= 5.600 0.050  
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OTU_38765 H= 6.720 0.050  

Proteobacteria  

Alphaproteobacteria  

Rhizobiales 

Rhizobiales Incertae Sedis 

uncultured 

 

OTU_25509 7.280 0.025  

Proteobacteria  
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Azospirillales  

Azospirillales Incertae Sedis 

Stella 

 

OTU_24165 H= 6.764 0.011  
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OTU_8407 5.674 0.041  
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OTU_7428 H= 5.600 0.050  

Bacteroidetes 

Bacteroidia  

Chitinophagales  

Chitinophagaceae  

Sediminibacterium 
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