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Ibuprofen As A Water Pollutant On The Defensive Behaviour And

Microbiome Of Grass Shrimp Palaemonetes Spp.

By Vanessa Ma

ABSTRACT

Over-the-counter use of painkillers dates to the 1900s, and has become
increasingly normalized in modern society. The first-pass effect coupled with
insufficient sewage treatment mechanisms have led to significant levels of
pharmaceutical pollution in the environment. Scientists are only recently delving into
the implications of chronic use on the human gut microbiome, and similar
ramifications may hold for marine life that ingest pharmaceutical waste. As one of the
first research efforts to understand the effects of non-steroidal anti-inflammatory
drugs (NSAIDs) on the gut microbiome of common marine species, this study points
to potential microbiome alterations that may be correlated to behavioural

complications from ibuprofen pollution.

INTRODUCTION

With increasing environmental conservation efforts, the body of research
surrounding the impact of personal care and pharmaceutical products (PCPPSs)
pollution in natural waters on humans and other organisms has grown significantly in
recent years. 19% of U.S adults are estimated to be chronic users of NSAIDs(1), of
which ibuprofen is one. While this behaviour has long been linked to stomach ulcers,
intestinal bleeding and perforation(2), recent research has shown effects on human
gut microbiome profiles, specifically an increased abundance of
Pseudomonadaceae, Puniceicoccaceae families(3). Altered microbial expression

has yet to be definitively linked, however, to gastrointestinal effects in humans.

Seawater harbours up to 3 pg/L of ibuprofen(4), making it one of top eight PCPP
contaminants (5). This study aims to understand the effect of different ibuprofen

concentrations on Palaemonetes spp., a common grass shrimp.
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Current literature on the effects of PCPPs on marine life focuses on direct
consequences for the organism itself, such as decreased motor skills(6), metabolic
disorders(7), endocrine disruption, and oxidative stress(8), with limited investigation
of effects to the host’s microbiome. Thus, my hypothesis is two-fold: firstly, the
shrimp will exhibit lethargic and delayed defensive mechanisms with increasing
ibuprofen concentration. Secondly, taxonomic abundance of Pseudomonadaceae,
Puniceicoccaceae families in the shrimps’ microbiome will increase with increasing

ibuprofen concentrations.

METHODOLOGY
Sample Collection

Twenty-four shrimp were collected off the dock at the Marine Resources Center at
the Marine Biological Laboratory (MBL), in Woods Hole, Massachusetts. Six shrimp
each were put into four three-liter ambient seawater tanks dosed with ibuprofen at
final concentrations of 0 (Control-IB), 3 (Low-IB), 21 (Medium-IB), and 80 (High-I1B)
mg/L respectively. Ibuprofen was added using powdered 200 mg dosage Advil
tablets.

To sample the gut microbiome, | extracted the digestive tract through dissection at
the time of death or after five days, whichever occurred earlier. Three samples were

collected per treatment, and stored at -80°C.
Behavioural Analysis

In response to perceived threats, shrimp flick their tails and jump a horizontal
distance (9). Throughout the experiment, the shrimp were tested regularly on their
defence mechanisms by inserting a glass rod into the water and moving it closer to
individual shrimp. Two metrics were recorded: perceived threat — the distance
between the rod and the shrimp right before it jumps; the defence distance — defined

as the distance jumped following the disturbance.
DNA isolation, 16S rRNA amplification, lllumina MiSeq sequencing

DNA was extracted following manufacturer protocol for the QIAGEN DNeasy
PowerSoil kit (10), except the entire shrimp gut was used in place of 0.25 g of
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sample to avoid contamination. The V4 region of 16S rRNA gene was amplified with
primers 515F and 816R, following 16S Illlumina Amplicon protocol in the Earth
Microbiome Project (11). DNA concentration was confirmed with Nanodrop (12),
PicoGreen assay (13) and agarose gel electrophoresis (14). PCR products were

sequenced on the lllumina MiSeq platform in the Bay Paul Center at the MBL (15).
Sequencing Data and Statistical Analysis

Sequence data was demultiplexed using the “demux emp-paired” command (16).
One Low-IB sample was lost due to low yield. The DADA2 plugin in QIIME2-2018.2
(17) was used to group related sequences into exact sequence variants (ESVs). All
sequences with Phred scores below 25 were excluded, and taxonomy was assigned
using the Greengenes database v13.8 (18). Sequences unidentifiable beyond
kingdom level were discarded. Rarefaction curves using the Shannon H index (19)
were plotted to ensure the filtered data accurately represented samples’ microbial

diversity.

| used UniFrac distances (20) to examine inter-sample taxonomic differences,
alongside principal coordinate analysis (PCoA) (21) and permutational multivariate
analysis of variance (PERMANOVA) (22). Power calculations were conducted using
HMP R package (23) and G*Power ANOVA (24).

RESULTS
Sequencing Analysis
Alpha and Beta Diversity

Shannon index analysis across the concentration gradient yielded no significant
differences between any treatment groups, with an average index of 6.68 at
insignificant p-value 0.082. Between dead and live samples however, there was a

significant H-index of 7.5 and p-value 0.006.

The weighted Unifrac metric (Figure 1) showed more meaningful clustering
compared to the unweighted counterpart. Statistically significant clustering was not
observed between treatments, but was observed between live and dead samples.
Thus, both dead and live shrimp microbiome profiles show intra-group similarity in
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phylogenetic distance and relative taxonomic abundance, but live profiles are more

heterogenous.
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Fig. 1: A) Plot of principal coordinate analysis (PCoA) from weighted Unifrac showing insignificant clustering
of the gut microbiome profile difference between treatments, with pairwise PERMANOVA p-values above
0.05 threshold. B) Significant gut microbiome profile difference between live and dead samples observed,

with sianificant p-value of 0.001.
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Fig.2: Taxonomic composition of samples by treatment. Asterisks denote samples that were dead upon

collection. Only top 13 most abundant taxa are shown.
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Dead shrimp gut microbiota (Figure 2) has lower average taxonomic diversity, and is
overwhelmingly populated by Vibrionaceae (96.2%). Average relative abundances

are denoted in parentheses.

The gut microbiome of live shrimp is more diverse, with significant microbial
abundances of Moraxellaceae (30.1%), Pseudomonadaceae (16.1%),
Weeksellaceae (11.72%) and Comamonadaceae (10.5%). Vibrionaceae (3.02%)
was the sixth most abundant taxa, and notably contain a different, though
unidentified, strain compared to dead counterparts.

ANCOM analysis (25) of the live shrimp (data not shown) did not identify any
ESVs that differed significantly between treatments.

Behavioural Analysis

All shrimp in High-1B were dead by day 2, and 8 molts were deposited. On day 3,
5 shrimp in Medium-IB had died, and 4 molts were deposited. 1 molt in Low-IB and O

molts in Control-IB were deposited by day 6.
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Fig. 3: A) Perceived threat distances measured for Control-IB and Low-IB treatments on day 0, 1, 3, 6 of the
experiment. Each record corresponds to one shrimp. Low-IB showed statistically significant decreasing
relationship with time at 0.05 p-value threshold. B) Defence distances measured under the same conditions
as (A).
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Logistic regression of behavioral data (Figure 3) showed visually negative
correlations between ibuprofen concentration and defence capabilities, though only

the trend for perceived threat was statistically significant.

DISCUSSION

Along the concentration gradient for live samples, | was unable to identify
statistically significant differences in taxonomic abundances and diversity. However,
the microbiome profiles of live and dead samples did differ significantly, especially in
the abundance of Vibrionaceae. While a form of predominant marine bacteria,
research has also shown that many strains are naturally virulent, and marine hosts
have evolved mechanisms to restrict pathogenesis (26). It is therefore possible that
higher fatality relative to concentration is linked to Vibrionaceae spp. by
compromising host immunity, aiding vibrio pathogenesis — by either colonization of
external strains or once commensal strains. It is also possible that the predominant
strain observed in the dead samples is commonly found in decaying grass shrimp

gut microbiome.

However, significant physical effects were observed. High mortality rates in High-
IB and Medium-IB show that ibuprofen is lethal for grass shrimp at high
concentrations. Ibuprofen ingestion can compromise host survival in the face of
predators also, shown by significantly shorter perceived threat distances and visibly
lowered defence distances measured by Low-IB compared to Control-IB. Lastly, the
alarming count of shrimp molts in High-IB and Medium-IB suggests that ibuprofen
can indirectly alter the circadian rhythm of the molting cycle. Given that the regular
molting cycle ranges from fourteen to twenty-one days (27), the newly developed
shells may be lacking in protective capabilities and may compromise survival.
Further research is needed to determine if weakened external shells are correlated

to or accelerate shrimp death.

| was underpowered to conclude significant differences in alpha and beta
diversity. Power analysis using G*Power ANOVA on the Shannon H index across the
concentration gradient for live samples only yielded 0.11 power, and the minimum

sample size for 0.8 power given my effect size is 36. Using Dirichlet-Multinomial
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parameter test on the beta diversity across the concentration gradient yielded 0.50
power. Thus, these results are best taken as a starting point for further research.

Aside from sample size, a few alterations should be made to the experimental
design in further research. Firstly, the duration of the experiment should be
increased. Secondly, the experiment should be conducted with seawater diluted by
pure ibuprofen salt concentrations as well as powdered Advil solutions. While
ibuprofen is the active ingredient in Advil tablets, | cannot exclude the possibility that
some trace ingredient in the tablets, undigested by the human body, is the true
culprit for host compromise and fatality in this experiment. Should this be true, this
could have implications for pharmaceutical companies as they revise peripheral
ingredients in pills and for waste management systems filtering for pharmaceutical

contaminants.

Ma 7



154

155
156
157

158
159
160

161
162

163
164

165
166

167
168
169

170
171
172

173
174
175

176
177
178

179
180

181
182

WORKS CITED

(2) Davis JS, Lee HY, Kim J, Advani SM, Peng H-L, Banfield E, Hawk ET, Chang
S, Frazier-Wood AC. 2017. Use of non-steroidal anti-inflammatory drugs in US
adults: changes over time and by demographic. Open Heart 4.

(2) Goldstein J, Cryer B. 2015. Gastrointestinal injury associated with NSAID use:
a case study and review of risk factors and preventative strategies. Drug, Healthcare
and Patient Safety 31.

(3) Rogers M, Aronoff D. 2016. The influence of non-steroidal anti-inflammatory

drugs on the gut microbiome. Clinical Microbiology and Infection 22.

(4) Deo R, Halden R. 2013. Pharmaceuticals in the Built and Natural Water
Environment of the United States. Water 5:1346—1365.

(5) Miller TH, Bury NR, Owen SF, Macrae Jl, Barron LP. 2018. A review of the

pharmaceutical exposome in aquatic fauna. Environmental Pollution 239:129-146.

(6) Xial, Zheng L, Zhou JL. 2017. Effects of ibuprofen, diclofenac and
paracetamol on hatch and motor behavior in developing zebrafish ( Danio rerio ).
Chemosphere 182:416-425.

(7)  Ogueji E, Nwani C, Iheanacho S, Mbah C, Okeke C, Yaji A. 2018. Acute
toxicity effects of ibuprofen on behaviour and haematological parameters of African

catfish Clarias gariepinus (Burchell, 1822). African Journal of Aquatic Science 1-11.

(8) Gonzalez-Rey M, Bebianno MJ. 2012. Does non-steroidal anti-inflammatory
(NSAID) ibuprofen induce antioxidant stress and endocrine disruption in mussel

Mytilus galloprovincialis? Environmental Toxicology and Pharmacology 33:361-371.

(9) Kunz AK, Ford M, Pung OJ. 2006. Behavior of the Grass Shrimp
Palaemonetes pugio and its Response to the Presence of the Predatory Fish
Fundulus heteroclitus. The American Midland Naturalist 155:286—294.

(10) DNeasy PowerSoil Kit. Confidence in Your PCR Results - The Certainty of
Internal Controls - QIAGEN.

(11) Greg J, Ackermann G, Apprill A, Bauer M, Berg D, Betley J, Fierer N, Fraser

L, AJ, AJ, Gormley N, Humphrey G, Huntley J, K J, Knight R, L C, A C, Mcnally

Ma 8



183 S,MD,MS, EA, Parsons R, Smith G, R L, Thompson L, JP, AW, Weber L. 2018.

184 EMP 16S lllumina Amplicon Protocol v1 (protocols.io.nuudeww). protocolsio.

185 (12) NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer with Wi-Fi.
186 Thermo Fisher Scientific. Thermo Fisher Scientific.

187 (13) Quant-iT PicoGreen dsDNA Assay Kit. Thermo Fisher Scientific. Thermo
188  Fisher Scientific.

189 (14) Voytas D. 2001. Agarose Gel Electrophoresis. Current Protocols in

190 Neuroscience.

191 (15) Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer

192 N, Owens SM, Betley J, Fraser L, Bauer M, Gormley N, Gilbert JA, Smith G, Knight
193 R. 2012. Ultra-high-throughput microbial community analysis on the Illumina HiSeq
194  and MiSeq platforms. The ISME Journal 6:1621-1624.

195 (16) emp-paired: Demultiplex paired-end sequence data generated with the EMP
196  protocol. QIIME 2 Docs.

197 (17) Callahan BJ, Mcmurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
198 2016. DADAZ2: High-resolution sample inference from Illlumina amplicon data. Nature
199 Methods 13:581-583.

200 (18) Desantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, Huber T,
201  Dalevi D, Hu P, Andersen GL. 2006. Greengenes, a Chimera-Checked 16S rRNA
202 Gene Database and Workbench Compatible with ARB. Applied and Environmental
203  Microbiology 72:5069-5072.

204 (19) Shannon CE. 1948. A Mathematical Theory of Communication. Bell System
205 Technical Journal 27:379-423.

206 (20) Lozupone C, Knight R. 2005. UniFrac: a New Phylogenetic Method for
207  Comparing Microbial Communities. Applied and Environmental Microbiology
208  71:8228-8235.

209 (21) Ramette A. 2007. Multivariate analyses in microbial ecology. FEMS
210  Microbiology Ecology 62:142-160.

Ma 9



211
212

213
214
215

216
217
218

219
220
221

222
223
224
225
226

227
228
229

(22) Anderson MJ. 2017. Permutational Multivariate Analysis of Variance
(PERMANOVA). Wiley StatsRef: Statistics Reference Online 1-15.

(23) Rosa PSL, Brooks JP, Deych E, Boone EL, Edwards DJ, Wang Q, Sodergren
E, Weinstock G, Shannon WD. 2012. Hypothesis Testing and Power Calculations for

Taxonomic-Based Human Microbiome Data. PLoS ONE 7.

(24) Faul F, Erdfelder E, Lang A-G, Buchner A. 2007. G*Power 3: A flexible
statistical power analysis program for the social, behavioral, and biomedical
sciences. Behavior Research Methods 39:175-191.

(25) Shapiro NR, Rosellini RA. 1980. ANCOM: A BASIC program for analytical
comparisons among means. Behavior Research Methods & Instrumentation 12:633—
633.

(26) Roux FL, Wegner KM, Baker-Austin C, Vezzulli L, Osorio CR, Amaro C,
Ritchie JM, Defoirdt T, Destoumieux-Garzon D, Blokesch M, Mazel D, Jacq A, Cava
F, Gram L, Wendling CC, Strauch E, Kirschner A, Huehn S. 2015. The emergence of
Vibrio pathogens in Europe: ecology, evolution, and pathogenesis (Paris, 11-12th

March 2015). Frontiers in Microbiology 6.

(27) Freeman JA, Bartell CK. 1975. Characterization of the molt cycle and its
hormonal control in Palaemonetes pugio (decapoda, caridea). General and
Comparative Endocrinology 25:517-528.

Ma 10



