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Abstract

Circulating saltwater aquariums hosting marine animals contain a wide range of microorganisms,
which have strong implications on promoting animal health. In this study, we investigated the
degradation of chloroquine phosphate, an anti-parasitic bath pharmaceutical used in saltwater
quarantine and exhibition systems, and attributed the reduction in drug concentration to
microbial degradation of chloroquine associated with pipeline microbial communities. To
advance our knowledge on chloroquine degradation in aquatic syste: s, we conducted microbial
and chemical analyses on three tropical saltwater systems. Ou~ fi,2i:1gs show that aquarium
microbiome composition is shaped by sampling location (1.. . tank water and pipeline;
PERMANOVA R? = 0.09992, p = 0.0134), chloroquine u:sing (PERMANOVA R? = 0.05700, p
=0.0030), and whether the aquarium is occupiec L* mirine animals (PERMANOVA R? =
0.07019, p = 0.0009). Several microbial taa b :longing to the phyla Actinobacteria,
Bacteroidetes, Chloroflexi, and Proteobe ~teria, along with functional genes related to pathways
such as phenylethylamine degradati~n cn-l denitrification, appeared to have differential (relative)
abundance between samples wh.ve cilloroguine degradation was observed and those without
degradation (Benjamini-H2~h.~' g adjusted p-value < 0.05). Together, these results provide
practical mitigation optius to prevent or delay the development of chloroquine-degrading
microbial communities in saltwater aquariums. Our results further demonstrate the need to
improve our understanding of the interactions between nitrogen availability and microbial

activity in saltwater systems.
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Highlights

e Microbial processes dominate the degradation of chloroqu'ine i~ saltwater aquariums.
e Pipeline communities represent the main contributors o chloroquine degradation.

e Nitrogen limitation likely affects chloroquine der,. 2qc‘on in saltwater aquariums.



1. Introduction

Chloroquine (C1gH26CIN3), a 4-aminoquinoline derivative, is an anti-parasitic drug widely used
as a bath pharmaceutical for external protozoa infection control in aquariums, ranging from small
in-house fish tanks to large public aquariums. At public display aquariums, chloroquine
phosphate along with copper sulfate are commonly used in response to white dot diseases caused
by Cryptocaryon irritans *, a ciliated protozoan ectoparasite. Such parasitic outbreaks can be
harmful or even deadly to a wide range of marine animals, especiai,” those that are under stress
from activities such as long-distance transport % 3. To effective':/1ciove Cryptocaryon irritans,
a bath treatment should last for 14 to 21 days, during whici. tfime the chloroquine concentration
needs to be maintained above a therapeutic dose determu. < by professional veterinarians (10
mg/L in this study). In the last four years, multip'e < xh.bitions and quarantine systems treated
with chloroquine at Shedd and other aquar um-, underwent minimal to severe chloroquine
degradation and the therapeutic dose cou:1 not be maintained for the 14-day prescribed period,
even with continuous and daily dos*~g ~f chloroquine (B. Van Bonn, personal communication,
May 2021). Moreover, drug dey.adauon in circulating saltwater aquariums has become
increasingly problematic a< Aeradation of a similar anti-parasitic drug, praziquantel has been
reported on multiple occ.ions *. Immediate water change after the disappearance of chloroquine
at Shedd did not yield any improvement. Even if it had been effective, the practice of addressing
undesirable chloroquine degradation using a water change to provide a system “reset” is
resource-intensive and may not be feasible for larger exhibits which can contain millions of

gallons of artificial saltwater °.



Despite the existence of copper-based drugs, chloroguine phosphate is one of the few options
available for treating Cryptocaryon outbreaks in large-scale aquarium habitats, as many marine
animals, invertebrates, and fishes are sensitive to copper drugs at concentrations that are below
therapeutic levels ®. Additionally, many non-targeted microorganisms such as nitrifying bacteria
will be negatively impacted by parasitic treatments that utilize copper. Thus, degradation of
chloroquine severely limits available treatment options. As a result, it is critical to understand the

contributors to the degradation process and reveal options to restore Jrug efficacy.

Prior studies have demonstrated the abiotic transformatinn ¢ f chloroquine under physical and
chemical stresses (e.g., acid, alkaline, heat, light ar.u >xidation) "8 as well as in vitro chloroquine
metabolism mediated by cytochrome P450 i~ ma ~malian cells °. However, the current
understanding of chloroquine degradation in a~uatic habitats is limited, and microbial
degradation pathways specific to chlc roy.ine have not been established in prokaryotic species.
Chloroquine along with many othe~ bharmaceuticals and personal care products (PPCPs) have
become an emerging concern in (e natural environment because of their ability to reach aquatic
systems with sewage ~ #fluente ** 1. The Oslo-Paris Convention for the Protection of the Marine
Environment of the Nor..-East Atlantic (OSPAR) in the EU included chloroquine and
chloroquine diphosphate as substances of possible concern in 2002 . Studying microbial
chloroquine degradation and the environmental fate of chloroquine in saltwater aquariums is thus
informative for aquarium management and for understanding phenomena that may occur in

marine environments.



Here, we sought to characterize the microbial communities from saltwater aquarium systems
recognized to degrade chloroquine and investigated the contribution of abiotic and microbially-
mediated chloroquine degradation through analytical chemistry and metagenomic sequencing.
Using statistical differential abundance analysis, we identified community members and
functional genes associated with microbial chloroquine degradation in tropical saltwater systems.
This study is the first to address the microbial degradation of chloroquine in marine systems and
our findings will improve management practices that best support e 2lthy animal populations in
closed loop aquariums, as well as advancing our understanding 7 t=e microbial ecology of these

specialized built environments.

2. Material and Methods

2.1. System Setup and Sampling Overvievw.
Between November 2018 and 2020, <. 'ss were collected from multiple tropical saltwater
aquariums extensively focusing ni. a benind-the-scenes quarantine system #3 (Q3) at Shedd
Aquarium (lllinois, USA). Q3 is » 1500-gallon closed loop system composed of 17 tanks, one
sump, and a series of * 7t v tre.atment units (Figure 1). Q3 was not inhabited by any marine
animals during the samp..ng period and underwent a complete water change before the treatment
in January 2020. To maintain the nitrifying microorganisms (e.g. ammonia-oxidizing bacteria,
ammonia-oxidizing archaea, nitrite-oxidizing bacteria, etc.) in the biotower, either ammonium
chloride solution or organic drip leftover from stingray food prep was used for continuous
seeding of nitrogen. Chicago city water filtered through activated carbon units on site was mixed
with Instant Ocean™, a commercial salt mix, in the sump before being distributed into individual

tanks. After reaching the holding capacity on January 9", no additional inflow was pumped into



the system until January 22". Due to evaporation and volume loss from continuous sampling, 80
gallons of artificial salt water were added to the sump on January 22"°. Prior to the chloroquine
treatment conducted in January 2020, Q3 was treated with chloroquine on June 7™ 2019 (SI

Figure 1) and did not exhibit severe drug degradation.

Samples were taken from tanks R1-R8 and the sump for ease of access. Chloroquine phosphate
was dosed into the sump after pretreatment samples (PRE) were coli.cted on January 9™.
Decrease in chloroquine concentration was first observed o1 January 16™, therefore a set of
samples (DEG1) were taken on January 17" to capture “ny \ hanges associated with this
transition. Before terminating the test run on Januz.y 27", additional samples were taken on
January 21% (DEG2). At each timepoint mer..;~ne - above, 2.05 L bulk water was collected from
the sump and four out of the 17 tanks. Swabs .~om inlet and outlet PVVC pipes were taken from
tanks only. 2 L water was filtered thrcury = 0.22 um polyethersulfone (PES) membrane onsite.

50 mL water samples, swabs, an4 .?lter membranes were stored at -20°C until use.

2.2. Bench-Scale Enrie hment for Chloroquine-Degrading Microorganisms
To demonstrate the involvement of microbially-mediated degradation processes, bench-scale
enrichment experiments were conducted in 40 mL artificial sea water (ASW) supplemented with
10 mg/L chloroquine phosphate to select for chloroquine-degrading microorganisms capable of
using chloroquine as the sole carbon and nitrogen source for growth (SI Methods). Filter
membranes and swabs collected on site were transferred into ASW enrichment culture and kept

in the dark at 25 °C to avoid possible photodegradation. Controls for abiotic degradation were



included as well. Chloroquine concentration was measured every other day using a UV-Vis
spectrophotometry protocol *2. Enrichment samples were sub-cultured every nine days by mixing
10 mL current enrichment sample with 30 mL fresh ASW containing 10 mg/L chloroquine
phosphate. In addition to Q3, tank/sump and pipeline swab samples were collected as in Q3 from
two display exhibits (UB14: Underwater Beauty 14 and LM: Lagoon and Mangrove Forest) and
included in this bench-scale enrichment study. More information on the ASW formulation and

these two exhibits can be found in the SI.

2.3. DNA Extraction and Sequencing
Samples selected for metagenomic sequencing we’e - ollected during two sampling events (Q3:
January 2020 and UB14: May 2019). Both i~..:ar ~nd enrichment samples were included. All
liquid samples were concentrated on PFS 0.2 um filters (Millipore Express Plus, MA) before
DNA extraction, following the manufac.u-er’s protocol of the MasterPure™ Complete DNA and
RNA Purification Kit (Lucigen, \W "\. Library preparation and shotgun metagenomic sequencing
were performed at the DNA Sen ces (DNAS) facility of the Research Resources Center (RRC)
at the University of II'*no.< at Chicago (UIC) using the Nextera DNA Flex Library Prep
(Mumina, CA). In total, Z7 libraries (54 biological samples and three kit/field blanks) were
pooled and sequenced across two lanes using a NovaSeq6000 with 250 bp paired-end reads. Raw

sequencing data has been deposited under NCBI BioProject PRINA731192.

2.4. Microbiome Data Analysis



Raw sequences were trimmed using Kneaddata v0.7.10 (https://github.com/biobakery/kneaddata)
to remove any field and/or human contaminants, adapters, and low-quality reads. Sample
coverage was assessed using Nonpareil v3.304 **. To conduct genome-centric analysis, trimmed
reads were assembled using metaSPAdes v3.14.1 *. Binning tools including CONCOCT v1.0.0
1 MetaBAT2 v2.12.1 *®, MaxBin2 v2.2.6 *', were used to reconstruct draft genomes from
shotgun metagenomic assemblies. Metagenome-assembled genomes (MAGS) were dereplicated
at 95% Average Nucleotide Identity (ANI) using deRep v2.6.2 8. Loreplicated bins were further
refined, and quality-controlled using MetaWRAP v1.3.0 ¥ an? ~t,c2<M v1.0.12 %, respectively.
Bins with greater than 50% completeness and less than 10v. contamination were annotated using
Prokka v1.14.6 **. KEGG ?*, COG %, and MetaCyc ** dav. "ases were used for pathway
reconstruction. Short reads were mapped onto drai* oir.s using MetaWRAP v1.3.0 *°,
Comparative genomic analysis was condu’ red Jased on Amino Acid Identity (AAI) using
CompareM v0.1.2 (https://github.com/dprks1134/CompareM). Taxonomic profiling of the
dereplicated MAGs was determiner nr,m.rily using PhyloPhlAn 3.0 %; results from Kaiju Web
26 GTDB-TK v1.4.0 ’, and MiC A Gnline 2 were also incorporated to better support taxonomic
profiling of unknown feati*~=s >~d resolve inconsistencies in taxonomic assignment across
different tools. Due to ti.~ high percentage of unknown taxonomic classifications associated with
environmental taxa that are often poorly characterized in existing databases (i.e. MetaPhlan3 %
and Kraken2 *°), taxonomic classifications of the dataset were conducted using Metaxa2 v2.2 **
focusing on Small Subunit rRNA (i.e. 16S rRNA) filtered from the shotgun metagenomic
libraries. Community functions and metabolic potentials were assessed using HUMANN

v3.0.0.alpha.3 %2,



2.5. Statistical Analysis
Differential abundance analyses were conducted focusing on Metaxa’s taxonomic profile

(relative abundance rarefied to the 15™ percentile according to 3 3*

), MAG abundance (genome
copies per million reads, CPM), and functional genes/pathways using MaAsLin2 linear model
fitting with the following parameters: min_abundance = 0, min_prevalence = 0.1, normalization
= TSS, transform = LOG, and standardize = TRUE *. Taxonomic features, MAGs, functional
genes/pathways with a Benjamini-Hochberg adjusted p-value less i.on 0.05 were determined to
be statistically significant. Covariates included in differential ~2'n.2unce analyses were
determined using permutational multivariate analysis of va, ‘ance (PERMANOVA). Variables
with PERMANOVA (permutation 9,999) p<0.05 were ru. s1dered as sources of variation. Other

R packages (R version 4.0.4, 2021-02-15) used inc" 1d¢ phyloseq *, vegan

(https://github.com/vegandevs/vegan), anc agr.ot2 (https://github.com/tidyverse/ggplot2).

2.6. Liquid chromatography-n.>ss spectrometry (LC-MS) Analysis
Liquid samples were filtered usi 71 0.22 um Target2™ Regenerated Cellulose Syringe Filters
(ThermoFisher Scient’¥ic, M£.) with quinine added as an internal standard. Following filtration,
0.5 pL samples were inje.ted into a 2.1 mm x 50 mm Hypersil™ BDS Ci5 column
(ThermoFisher Scientific, MA) connected to a Bruker AmaZon-X lon Trap Mass Spectrometer
with a mobile phase consisting of 13% acetonitrile, 87% water, and 0.1% formic acid. Flow (0.3
mL/min) exiting the column in the first minute was diverted to waste, preventing highly soluble
salt ions from entering the electron spray ionization (ESI) channel and causing ion suppression.
MS detection was performed with positive mode ESI. Putative degradation products were

identified based on the isotopic features of chlorine and carbon atoms. Selected samples were
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submitted to the Integrated Molecular Structure Education and Research Center (IMSERC) at
Northwestern University for accurate mass determination and formula verification of previously
identified putative degradation products using an Agilent 6210 Time of Flight (TOF) Mass
Spectrometer coupled with Agilent 1100 Series LC. Positive-ion spectra were collected under
positive ESI and 2 GigHz detector mode. Data acquisition and analyses were done using the
Agilent MassHunter Software. 5 pl/min methanol with 1% formic acid was used as the mobile

phase and samples were analyzed with 2 pL direct loop injection.

3. Results and Discussion

3.1. Contribution of Microbially-Mediated Ch’orucuine Degradation Processes
Following a complete water replacement aru s abi.*zation of the system, the Q3 chloroquine
treatment trial started on January 9, 2029. Chlu,oquine concentration dropped after seven days of
gradual increase in chloroquine concen’rawu.on (Figure 2). The contribution of microbially-
mediated chloroquine degradatic n .vocesses in Q3 was validated through a series of bench-scale
enrichment experiments (Fig 're .»). Abiotic controls, kept in either dark or ambient light, did not
show significant decr :.~e .~ 2nloroquine concentration over 19 days. In Q3, decreases in
chloroquine concentration primarily occurred in outlet swab samples and less prevalently in inlet
samples, indicating that inlet and outlet microbial communities might be shaped differently (e.g.
by differences in hydrodynamics characteristics such as flow turbulence). This observation was
consistent across six out of the eight quarantine tanks, where water, inlet swab, and outlet swab
were collected. The R4 and R6 tanks, operated at a higher flow rate compared to the other tanks,

did not demonstrate evident chloroquine degradation.
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Chloroquine degradation had previously been observed in the Q3 system, therefore it might have
already been colonized by chloroquine-utilizing microbial communities. However, enrichment of
DEGL1 and DEG2 samples (samples collected after the occurrence of chloroquine degradation on
site) exhibited an immediate decrease in chloroquine concentration, whereas enrichment of
pretreatment samples (PRE) tended to require more time (paired student’s t-test p<0.05 for PRE
vs DEGL1). This may indicate that the initial abundance of chloroquine-degrading
microorganisms in PRE samples is lower compared to degradation scmples (e.g. DGEL, and
DEG2). In contrast, tank water and outlet swab samples collert>a ;= August 2019 from a studied
exhibit system (LM), where chloroquine degradation did nc* occur on site, were able to maintain

a stable chloroquine concentration throughout the enrichi, =nt period (SI Figure 2).

Consistent with previous Q3 observatinns tha. 1o chloroquine degradation was observed from
water samples composed mainly of p’ara*onic cells, an exhibit sampled in May 2019,
Underwater Beauty 14 (UB14), a1.~ demonstrated the importance of pipeline (inlet and outlet)
communities for chloroquin~ dey -adation (SI Figure 3). Therefore, water pipes may play an
essential role in facilit~tir. 1 th 2 attachment of chlorogquine-degrading communities. The potential
involvement of pipeline Ldtached biofilm in aquarium veterinary drug degradation has been also
hypothesized *; praziquantel, a similar anti-parasite drug, was shown to degrade within marine
aquariums during a typical 30-day treatment. Unoccupied systems treated with up to 200 ppm CI°
for 24 hours still displayed praziquantel degradation within three days of treatment, likely due to

slow or incomplete penetration of bleach within biofilms.
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3.2. The Aquarium Microbiome
Trimming resulted in a total of 342 Gbp and 1,446 million high-quality reads with an average
length of 237 bp. Estimated sequencing coverage ranged from 52.63% to 97.3% (n= 54; average
= 82.38%, median = 85.94%, standard deviation = 11.14%) (SI Figure 4 and Sl File 1). 16S
rRNA reads extracted from the shotgun metagenomic dataset revealed 668 known microbial
genera, belonging to 259 families, 133 orders, 60 classes, 30 phyla and 2 kingdoms after
removing singletons (Sl Figure 5). Prominent bacterial phyla in pipeline and tank water samples
collected from Q3 and UB14, in descending average relative 2='u.Jznce, included
Proteobacteria, Actinobacteria, Bacteroidetes, Firmicutes, 2lanctomycetes, Cyanobacteria,
Nitrospirae, and Chlamydiae (Figure 4A and Figure 4B). .“rchaeal phylum Thaumarchaeota was
also detected in relatively high abundance and fr2(,' .en :ies. Comparing the alpha diversity
indices (Chaol, observed species, Shannor arJ Simpson diversity indices) of the unoccupied
aquarium (Q3) to UB14, which served as the habitat of eight marine species (details listed in Sl),
statistical testing showed no signifi~anu d’fference for all indices (SI Figure 6; Wilcox’s p > 0.05).
Outlet samples were shown to h\e greater species richness (Chaol and observed) than inlet
samples (Wilcox’s p < 0.05) 1."zanwhile, Shannon and Simpson diversity indices of outlet
microbial communities v. ~re significantly higher (Wilcox’s p < 0.05 for Shannon and Wilcox’s p

< 0.01 for Simpson) than tank water microbiomes.

Based on nonmetric multidimensional scaling analysis, microbial communities cluster by
aquarium (Q3 vs UB14; PERMANOVA 9,999 permutation R? = 0.07, p = 0.0009), despite the
similarities in alpha-diversity (Figure SI 5 and Figure 4D). Within each aquarium, inlet and

outlet microbiome compositions overlapped more compared to tank water (location:
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PERMANOVA R?= 0.1, p = 0.0134). Furthermore, Q3 samples collected before- and after-
dosing (Figure 4E) demonstrated compositional changes following chloroquine dosing across
sampling locations; compared to inlet and tank water samples, outlet microbial communities
show the least amount of variation in microbial community and remained highly stable (location:
R?=0.58, p = 0.0003; collection time: R? = 0.11, p = 0.06). Q3 inlet samples collected before
chloroquine dosing were uniquely inhabited by Cyanobacteria, whose relative abundance
quickly declined following chloroquine dosing. This change was nu. 2bserved from any other
locations within Q3. From a genome-centric approach, a total =€ 2 dereplicated metagenome-
assembled genomes (MAGs, < 95% ANI) were recovered i.om this dataset (>50% completeness
and <10% contamination). 745 were assigned to bacteria zenomes, with the remaining nine
assigned as archaea. 500 of the bacterial genomes > :l0.1g to the phylum of Proteobacteria and
the five most prevalent phyla include Prot ob7cteria, Bacteroidetes, Actinobacteria, Firmicutes,
and Cyanobacteria. The five MAGs detected with the highest copy numbers were 1)
Thalassobaculum litoreum, 2) Gorr~ni~ op MMS17 SY073, 3) Nitratireductor sp StC3, 4)
Altermonas flava, and 5) Leisiny,~ra sp ANG1. This taxonomic classification aligns well with the

previous 16S rRNA-based *=xcomic profiling (Figure 4A & 4B).

3.3. Differentially Abundant Taxa, MAGs, and Metabolic Potentials
511 out of the 754 dereplicated MAGs were detected in both Q3 and UB14 samples, whereas
151 and 92 MAGs were unique to Q3 and UB14, respectively. Furthermore, 241 core MAGs
were detected from more than 75% of the aquarium samples (41 samples or more) and 357 rare
MAGs were identified from less than 50% of the samples (26 samples or less). Seven microbial

taxa resolved at genus level and 21 MAGs (SI File 2) were significantly enriched (FDR < 0.05)
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in samples where chloroquine degradation was observed during bench-scale enrichment,
compared to those where chloroquine degradation was not observed (Figure 5). The majority of
the features were taxonomically assigned to phyla Actinobacteria, Bacteroidetes, Chloroflexi,
and Proteobacteria, among which Nitratireductor and Nitrospira (Q3-DEG1-R60UT-BIN38)
represented the feature with the greatest effect size (coefficient) in short-read-based and genome-
centric analyses, respectively. The MAG of Nitrospira contains several annotated genes related

to nitrate and nitrite reduction (nirD, nirK, narG, narZ, nxrA, narh, ~arY, and nxrB; Sl File 3).

Chemical analysis (Section 4.4 below) suggested that th2 m.zrobial degradation of chloroquine
involved deamination on the alkyl side chain, reler.sn.g both carbon and nitrogen into the
nutrient- and ammonia-limited system. Inde~.. V. AGs and taxa present at high relative
abundance in degradation samples (e.g outler ~amples taken from tank R1 and R2) were
predicted able to utilize a diverse ran¢e ,. carbon sources for growth, such as starch-degrading
Sandaracinus amylolyticus (Q3-7=G2-R1I0UTLET-BING0) " as well as Cellulomonas (Q3-

PRE-R40UTLET-BIN19) with , igh amylase, cellulase and xylanase activities *°.

Additionally, differential analysis focusing on Q3 outlet samples (R4 and R6 vs R1 and R2)
revealed that Polyangiaceae were present at higher relative abundance in outlet samples where
chloroquine degradation occurred during enrichment compared to those where chloroquine
concentration was stable. Although lacking resolution to further taxonomically assign genus
and/or species identification, bacteria belonging to the family of Polyangiaceae have been either

40, 41

directly shown to be cellulose-, agar-, and toluene-degraders or significantly enriched in

15



activated sludges receiving wastewater containing petroleum products ** and BTEX (benzene,

toluene, ethyl benzene, and xylene) *.

In addition to bacteria associated with diverse carbon metabolic strategies, a large proportion of
differentially abundant features have important ecological functions in nitrogen cycling;
particularly, Nitratireductor, along with many genera and species "elong to the order of
Rhizobiales, are capable of reducing nitrate into nitrite. Few isol itea strains were shown to
reduce nitrite into nitrous oxide for energy production **“°. N'trat2 is a pollutant that
accumulates quickly in closed systems, such as marine “qua iums, but considered less toxic
compared to ammonia and nitrite *“®, It is usually' 1= moved biologically in an anerobic
denitrification system, where oxygen is repl~..>d cV nitrate as an electron acceptor in bacterial
respiration, or more commonly through comp. ~te or partial water changes. Although the tank
water was constantly aerated, there m v v>#*st microaerobic or anoxic environments within
biofilms where nitrate reduction ¢. occur, since according to existing studies, mature biofilms
can be mostly anaerobic, and ox,Jen can only penetrate approximately 50 um below the oxic-

anoxic interface giver a 210 1.m thick biofilm *°.

In conjunction with microbial community members present at differential relative abundance, we
assessed the metabolic potentials of the aquarium microbial community using HUMANNS3 and
MaAsLin2 linear model fitting, focusing on MetaCyc Pathway definitions (Figure 6). Several
pathways related to denitrification (e.g. nitrate reduction I, nitrifier denitrification) were enriched

in samples where bench-scale chloroquine degradation was reported (FDR < 0.05). KEGG

16



Orthologs (KO) belonging to these pathways, including nitrate reductase (FDR = 0.023), and
nitrite reductase (FDR = 0.011), have significantly higher copy numbers in degradation samples.
Other pathways corresponding to the superclass of polyamine degradation (i.e.,
phenylethylamine degradation, and phenylacetate degradation) were associated with
chloroquine-degrading communities as well. Future transcriptomic studies can further
substantiate our findings and advance our understanding of the aquarium microbiome in relation

to veterinary drug degradation.

3.4. ldentification of Putative Microbially-Mediatec' Chiyroquine Degradation Products
From LC-LRMS, two potential degradation produ~.ts, m/z 279.05 and m/z 265.07 (SI Figure 7),
were identified from multiple Q3 and enrick...om camples. No degradation products were found
from abiotic control samples. To further confi ™ the identity of these degradation products, HR-
MS yielded accurate masses of m/z 279 u2%5 and m/z 265.1103, which most likely match with
the protonated adduct of C14H15C1h -0, (278.082205 g/mol) and C14H17CIN,O (264.102941
g/mol) at a precision of 0.02 mD.., respectively. Putative structures for the above chemicals (S|
Figure 8), developed *.~se or. structural similarity and previous literature on chloroquine

metabolism, support the .iypothesis that chloroquine degradation is linked to N utilization.

Few studies have addressed the microbial degradation of chloroquine in aquatic environments as
the majority of the studies have focused on abiotic degradation of chloroquine under physical
and chemical stresses (e.g. acid, alkaline, heat, light and oxidation) "8, as well as in vitro

chloroquine metabolism mediated by cytochrome P450 in mammalian cells °. Despite the
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existence of established pathways of aromatic amine degradation, the quinoline ring of
chloroquine is believed to be resistant to most abiotic and biotic degradations ***2 This is in
good agreement with the two degradation products detected in the saltwater aquariums; likewise
for metabolic products associated with cytochrome P450 (CYPS) proteins (e.g. desethyl
chloroquine and bisdesethyl chloroquine), modifications are mostly associated with the alkyl side
chain "2, Consistent with our HR-MS results, early studies on drug metabolism have also
identified 4-[(7-chloroquinolin-4-yl)amino]pentanoic acid (C14H15C:N,0O5) from both human
plasma > and urine >* samples (S| Figure 8). Furthermore, the i~vc' ement of enzymatic
deamination in drug metabolism has been demonstrated by ~ther of xenobiotic drugs structurally
similar to chloroquine; for example, a dimethylamino anu = diethylamino group were separated

from diphenhydramine and metoclopramide, resne~avely >,

In systems where ammonia is tightly cc..olled (i.e. Q3), microbial deamination and utilization
of organic nitrogen may alleviate e shortage of nitrogen and carbon simultaneously, potentially
providing essential elements for ~itrogen assimilation and amino acid synthesis. On the other
hand, the cellulose- ar 1 p~lysiccharide-degrading microorganisms preciously discussed in
Section 4.3 may indirect., relate to the deamination of chloroquine as nitrogen source and
availability have important implications on cellulose and polysaccharide degradation °® .
Bacillus subtilis isolated from environmental samples rich in cellulose displayed the highest
activity of cellulose-degrading enzymes when a 1:1 ratio of organic and inorganic nitrogen
mixture was supplied *°. In contrast, Phanerochaete chrysosporium was found to degrade

58
I

cellulose faster with organic nitrogen sources compared to inorganic NH4CI °°. While nitrogen

uptake preferences are different across different microorganisms, degradation of chloroquine
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may alter aquariums’ nitrogen availability, and potentially facilitate the increase in relative
abundance of cellulose-degrading microorganisms. Interestingly, an outlet sample plated on
solidified artificial saltwater agar with chloroquine (10 mg/L) displayed a pitting morphotype.
This morphological feature suggestive of agar degradation was not found on artificial saltwater
agar plates without chloroquine (SI Figure 9), supporting the importance of chloroquine as a

nitrogen source for cellulose-degraders.

3.5. Practical Implications on Managing Veterinary Dri'g Dec,radation in Saltwater
Aguariums
Although our results indicated the importance of niu..gen management in relation to chloroquine
degradation in circulating saltwater aquariur... ai:ration of current nitrogen management
practices is impractical, considering the acute :2xicity of ammonia and nitrite for aquatic animals.
Being able to maintain an aquarium v 1t *mmonia and nitrite concentrations as close to zero as

possible remains one of the most e2sential animal health objectives.

Meanwhile, our enrichment 1.sults highlight the importance of pipeline-associated
microorganisms in miCichics chloroguine degradation. Outlet samples collected from tank R4
and R6, which were operated at a slightly higher flow rate, did not demonstrate significant
chloroquine degradation during enrichment. Furthermore, in Q3, chloroquine degradation was
primarily localized within outlet pipes not inlet, likely due to differences in hydrodynamic
characteristics at the sampling locations. Flow velocity, along with other factors such as pipe
materials, biodegradable organic matter, and disinfectants, have been shown to profoundly
influence the formation and development of biofilms ® . Since many hydrodynamic conditions

studied previously might not be directly applicable for aquarium management from an animal
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health perspective (e.g., overly-high flow rates can exhaust small-bodied fish), aquarium trials
under conditions that reflect specific needs of the animals will be beneficial to prevent or delay

the attachment of chloroquine-degrading microorganisms to pipeline surfaces.

For systems that continuously experienced drug degradation, chemical removal of chloroquine-
degrading microbial communities remains challenging. In an atter ot to mitigate microbial
degradation of praziquantel in saltwater aquariums, bleach clean ng \ sith up to 200 ppm CI" did
not yield notable improvements #, which is likely a result of 1ostrited penetration of disinfectant
through the extracellular polymeric substance (EPS) of iot.'ms ®2. Microorganisms that survived
the chemical cleaning could also participate in red’sp >rsal and subsequent recolonization of the
system * ®. If chemical removal is preferred, _~letion of disinfectants, concentration, and
exposure time need to be examined with prece 'tions to avoid phenotypic adaptations of biofilm
cells to sublethal concentrations of di ir.. ~tants. Alternatively, depending on system design,
physical removal of biofilms may e feasible especially for pipes directly connected to inlets and

outlets.

4. Conclusions

We incorporated a metagenomic approach with analytical chemistry to investigate the microbial
contribution to veterinary drug degradation which occurred in Shedd’s tropical saltwater
aquariums. Through a series of bench-scale enrichment experiments, we showed that the
chloroquine-degrading communities were primarily localized within system pipelines.

Depending on specific hydrodynamic characteristics (e.g., flow rate, turbulence) unique to each
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system, chloroquine-utilizing microorganisms may colonize outlet and/or inlet pipes. Although
chloroquine dosing caused structural and compositional differences between pre- and post-
dosing samples, aquarium microbiomes mainly reflected sampling location. Samples enriched
with chloroquine-degrading microorganisms contained higher proportions of microbial taxa and
MAGs with diverse carbon and nitrogen metabolism capabilities. Overall, our results expand the
body of knowledge surrounding aquarium microbiomes and veterinary drug degradation,
revealing how microbial ecology and chemistry can be integrated in. future management of
saltwater circulating enclosures. Furthermore, these findings r::m.: idluminate phenomena
occurring in other nitrogen-limited environments when niti 2aen-containing anthropogenic

chemicals are added.
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7. Figure Captions

Figure 1 Quarantine System 3 (Q3) Set-up. Tanks R1, R2, and R3 each have a maximum holding
capacity of 110.4 gal; tan<s k5, R6, R7, and R8, 91.7 gal; R4, R9, R10, R11, R12, R14, R15,
R16, R17, 53.5 gal. Sumr nas a holding capacity between 75 and 104 gal. Sampling primarily
focused on tanks R1-8 for ease of access; therefore, tanks R9-17 were omitted from the diagram
for simplicity. All tanks were continuously aerated during the operation. The system is also
equipped with a UV sterilizer that was not in use at the time of sample collection, therefore
excluded from the above diagram. During the January 2020 sampling period, R4 and R6 were

operated at a higher flow rate than the rest of the Q3 tanks.
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Figure 2 Water quality measurements (temperature, pH, salinity, ammonia, nitrite, and nitrate),
chloroquine dosing (g), chloroquine concentration (mg/L) measured on-site using a UV-Vis
spectrophotometer, and expected chloroquine concentration (mg/L) calculated based on daily
chloroquine addition and concentration measurements between January 9" and January 27",
2020. Nitrate and nitrite were measured once per week, whereas other water quality metrics were

monitored daily.

Figure 3 Chloroquine concentration of enrichment cultures se>dew with PRE (A), DEG1 (B), and
DEG?2 (C) samples collected from eight tanks (R1-8) a1 th. sump. Abiotic controls were kept
either under ambient light or in dark along with acua' ium samples for 19 days. Color

corresponds to the sample type/location.

Figure 4 Taxonomic composition, ai.Ya-, and beta-diversity of the saltwater aquarium
microbiomes. Phylum-level miarchial composition of 18 tank water and swab samples (un-
enriched) collected from s (A) and UB14 (B); a complete taxonomic compositional plot
including all 54 samples ¢ n be found in SI Figure 5. Alpha-diversity indices (Chaol, Observed,
Shannon, and Simpson) of 46 samples after rarefication (C). Bray-Curtis based non-metric
multidimensional scaling (NMDS) of 46 rarefied samples (D) and 12 Q3 samples collected

before and after chloroquine dosing (E). Significance level: ** p <0.01; * p < 0.05.

Figure 5 Differentially abundant (relative abundance) genera (A) and metagenome-assembled
genomes (B) detected using MaAsLin2’s linear model fitting. Large dots correspond to the
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average logo values of samples belonging to each group (N — significant chloroguine
degradation not observed from bench-scale enrichment experiments and Y - chloroquine
concentration decrease observed from bench-scale enrichment experiments). Taxonomic
classification of the 21 differentially abundant MAGs was manually curated by incorporating
results from Kaiju ®, GTDB-TK ?/, Phylophlan °, and MiGA %, Significance level: *** p <

0.001; ** p<0.01; * p <0.05.

Figure 6 Relative abundance in log;o(CPM) (copies per mil'icn reads) of differential abundant
pathways based on MetaCyc definitions. Differentially »bur.Jant pathways were determined
using MaAsLin2 linear model fitting with FDR < ., 3. Coefficients indicate the contrast
between samples where chloroquine degrad~..~n :7as observed during enrichment and those
where chloroquine degradation did not occur. .\ greater coefficient corresponds to a higher effect

size. Significance level: *** p < 0.00";~ "n < 0.01; * p<0.05.
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Figure 5
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Figure 6
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Graphical abstract

Microbial Degradation of Veterinary Drug
in Large Saltwater Aquariums
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Highlights

e Microbial processes dominate the degradation of chloroquine in saltwater aquariums.
e Pipeline communities represent the main contributors to chloroquine degradation.

e Nitrogen limitation likely affects chloroquine degradation in saltwater aquariums.
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