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Abstract

This study performed a comprehensive assessment of the impact of Hurricane Maria (HM) on 

drinking water quality in Puerto Rico (PR) by integrating targeted chemical analysis of both 

inorganic (18 trace elements) and organic trace pollutants (200 micropollutants) with high-

throughput quantitative toxicogenomics and in vitro biomarkers-based toxicity assays. Average 

concentrations of 14 detected trace elements and 20 organic micropollutants showed elevation 

after HM. Arsenic, sucralose, perfluorooctanoic acid (PFOA), atrazine-2-hydroxy, benzotriazole, 

acesulfame, and prometon were at significantly (p<0.05) higher levels in the post-HM than in the 

pre-HM samples. Thirteen micropollutants, including four pesticides, were only detected in post-

hurricane samples. Spatial comparison showed higher pollutants and toxicity levels in the samples 

from northern PR (where eight Superfund sites are located) than in those from southern PR. 

Distinctive pathway-specific molecular toxicity fingerprints for water extracts before and after HM 

and at different locations revealed changes in toxicity nature that resulted likely from the impact of 

HM on drinking water composition. Correlation analysis and Maximum Cumulative Ratio 

assessment suggested that metals (i.e. arsenic) and PFOA were the top ranked pollutants that have 

the potential to cause increased risk after HM, providing a possible direction for future water 

resource management and epidemiological studies.

*Corresponding Author: aprilgu@cornell.edu, Tel: 607 255 8778; Fax: 607 255 9004. 

SUPPORTING INFORMATION
Tap water sampling scheme, map distribution and ethics compliance; method description on elements and targeted organic 
micropollutants analyses; list of 74 proteins and data processing steps for toxicogenomics-based assay in yeast cells; maximum 
cumulative ratio (MCR) calculation; disease enrichment analysis using Comparative Toxicogenomics Database (CTD); concentration 
statistics of drinking water trace elements impacted by the hurricane and their spatial distribution; the primary usage and 
physicochemical properties of the detected organic micropollutants and their concentration statistics; Hurricane Maria impact on 
drinking water molecular toxicity levels/profiles based on the two toxicity assays and their spatial distribution; comparison of 
measured contaminant concentrations to human-health benchmarks.
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Graphical Abstract

INTRODUCTION

On 20 September 2017, Hurricane Maria (HM) made direct landfall south of Yabucoa 

Harbor in Puerto Rico (PR) as a strong Category 4 storm, resulting in catastrophic flash 

floods and island-wide devastation.1, 2 HM directly killed 64 people in PR with excess 

deaths estimated from 990 1 to 4645 3, destroyed over 90% of the electrical systems and 

80% of the agricultural sectors, and left large areas without communication, water, and 

health care services, all of which resulted in an extremely slow post-hurricane recovery.1, 4 

Limited studies on the impact of HM have reported increasing rates of adverse physical and 

psychological health consequences (e.g. fall-related injuries, leptospirosis infection, anxiety, 

post-traumatic stress) 5–8 and hurricane-exacerbated environmental effects including 

persistent hydrological disruption,2 deterioration of coastal water quality,9 increased air 

pollution,4 and disturbance of forest ecosystems.10, 11 However, little is known about the 

disruption of HM on drinking water quality that is critical to waterborne/water-related 

disease control and public health protection.12

Environmental pollution in PR was extensive even prior to HM, with over 200 hazardous 

waste sites including 18 active Superfund sites primarily contaminated by pesticides, 

chlorinated volatile organic compounds (CVOCs), and heavy metals.13 Recent studies have 

reported the HM-impaired regional water cycle and coastal waters in PR due to the disturbed 

land-surface vegetation and enhanced runoff,2, 9 which may trigger the release of various 

toxic substances into source waters and ultimately, degradation of drinking water quality 

when lack of effective water treatment systems.14 Initial investigation under the NIEHS 

Puerto Rico Test site for Exploring Contamination Threats (PROTECT) program suggested 

higher turbidity, bacteria counts, and concentrations of CVOCs, relative to water quality 

before HM.1, 14 Watkins et al. recently reported HM-related increases of urinary phthalate 

levels in the PR population,15 providing an evidence in hurricane-affected chemical 

exposures mostly via contaminated water and food sources. A recent water quality study 

focusing on microbial community characterization after two back-to-back hurricanes (Irma 

and Maria) on St. Thomas pointed out the urgent need for cistern water management to 
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prevent ingestion- and/or inhalation-related waterborne diseases.16 To our knowledge, post-

disaster toxicological studies of drinking water for Hurricane Maria in PR have not yet been 

reported. Identities of the priority water pollutants that likely pose health risks due to HM 

are not yet clear.

Drinking water contains a large number of regulated and unregulated contaminants at trace 

levels from various environmental pollution sources and/or from water treatment processes,
17–21 with known or unknown toxic effects on exposed human populations.22–24 Previous 

water quality surveys or disaster research often focused on individual or a single group of 

chemicals,15, 25, 26 which would not reflect the complexity and changing dynamics of 

chemical mixtures in drinking water supplies that may be exacerbated by hurricane events. 

Conventional resource-intensive animal-based and isolated bioassays targeting varying 

specific toxic effects at high doses may not meet the demands posed by disaster research 

which often requires timely response.27–29 Cost-effective and high throughput in vitro 
effect-based mixture toxicity evaluation methods, which can capture the multiple, diverse, 

and perhaps overlapping modes of action (MOA) resulting from trace-level water 

contaminant mixtures,30–33 are considered suitable for timely assessment of disaster impact 

on chemical exposure or whole water quality.29 This study provide the first comprehensive 

evaluation of a hurricane’s impact on drinking water quality and associated toxicity effects 

in PR by integrating wide-spectrum and targeted chemical analysis of both inorganic and 

organic trace pollutants with high-throughput quantitative toxicogenomics and in vitro 
biomarkers-based toxicity assays.34–37 Furthermore, correlation analysis and a cumulative 

risk assessment tool were further employed to probe the potential relationships between 

detected chemicals and environmental or human health outcome indicators. The outcome 

will contribute to our understanding of post-hurricane evolution and dynamics of complex 

contaminant mixtures in drinking water, providing timely yet informative results for initial 

toxicity screening and risk identification that can be potentially incorporated into the risk 

assessment and post-disaster water resource management strategy.

MATERIALS AND METHODS

Sampling Sites and Time

Two sampling schemes were introduced for tap water collection across PR before and after 

HM (Supporting Information, Part 1): (1) Sixteen tap water samples were collected in 

Northern PR from the households of participants recruited under the PROTECT program 

from April 2016 to June 2017, and they represented base-line condition before HM 

(designated as “B”). (2) Twenty tap water samples were collected post HM (designated as 

“P”) including eighteen samples from 9 locations across PR at two time points in December 

2017 and February 2018, and two additional samples at Northern PR in February 2018. Note 

that the post-hurricane tap water sampling locations were different from the pre-HM 

locations because sampling at participants’ households under the PROTECT program were 

impossible at the time due to the devastating conditions. Tap water samples were collected in 

a 5-liter pre-washed, baked amber glass jar with Teflon lid according to established 

standardized protocols38, 39 and ethics policies. Water samples were immediately transported 
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to the collaborating lab in the University of Puerto Rico on ice and were subjected to sample 

extraction within 24 hrs.

Sample Extraction and Preparation

For trace element analysis, raw tap water aliquots (20 mL each) were first filtered through a 

0.45-pm mixed cellulose ester membrane (Millipore) and then acidified with 0.5% HNO3 

(v/v). Organic compounds from tap water samples were enriched via a porous teabag 

extraction paddle (PEP) method on-site with deionized (DI) water as blank control, as 

described elsewhere.40 The PEP assembly includes a wire mesh bag (Cat. # 3862, 25-μm 

pore, Welch Fluorocarbon. Inc., USA) containing 1.0 g of Oasis HLB (60 μm, Waters, MA, 

USA) that is anchored on a paddle in a 0.5-gallon glass jar (Industrial Glassware, NY, USA) 

where the raw tap water sample was continuously stirred at 190 rpm for ~16 hours per run. 

PEPs after sample extraction were dried and shipped to the lab at the Northeastern 

University (NU) under room temperature with Drierite Desiccant bags for elution and 

further analyses.

Sorbent in the PEP were eluted with acetonitrile (ACN) followed by methanol (MeOH), and 

the eluate was transferred into a sterile 5-ml cryogenic vial. The eluate was then blown dry 

using nitrogen gas, and re-dissolved in designated volume of sterile Milli-Q water, achieving 

an enrichment factor of 1400 times for the stock solution of tap water extract. Dilutions for 

the extracts were prepared using Milli-Q water for targeted organic analysis or phosphate 

buffer saline (PBS) for the two toxicity assays as described in later sections.

Trace Elements and Targeted Organic Micropollutants Analyses

A subset of the tap water samples (n = 21) was pre-acidified and analyzed for 18 trace 

elements (Supporting Information, Part 2) using inductively coupled plasma mass 

spectrometry (ICP-MS) method, including 10 samples before the hurricane and 11 samples 

after the hurricane (Figure S1).

Organic extracts from the 36 tap water samples were first diluted with Milli-Q water to 

achieve the final enrichment factor of 1000 times, filtered with 0.22-μm 

polytetrafluoroethylene (PTFE) membrane (Fisher Scientific), and then subjected to target 

screening for 200 organic micropollutants (Table S2) by means of high-performance liquid 

chromatography (HPLC) coupled to high-resolution mass spectrometry (HRMS, 

quadrupole-orbitrap, Thermo Scientific).41, 42 These targeted chemicals include 13 

PROTECT-relevant chemicals that were previously detected in water at PR 43 or in human 

subject samples 44–46 and other emerging micropollutants often detected in surface waters 

around the world (Table S3). The analytical HPLC-HRMS method was previously 

developed and validated for a broad range of micropollutants,41, 42 details of which are 

summarized in the Supporting Information, and the target micropollutants and their limits of 

quantification (LOQ) are provided in Table S2.

Quantitative Toxicogenomics Assay

A quantitative toxicogenomics assay was employed to detect and quantify molecular-level 

changes in biomarker (protein) expression for fast, sensitive and mechanistic mixture 
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toxicity evaluation of tap water extracts.34–37 This assay employs a library of 74 yeast 

reporters with inframe green fluorescent protein (GFP)-fused biomarkers (Table S4) 

(Invitrogen, no. 95702, ATCC 201388), where the biomarker expression level was directly 

reflected by measured GFP signal.35–37, 47 The 74 biomarkers covered five key cellular 

stress response categories involved in general stress response, oxidative stress, protein stress, 

chemical stress and DNA stress.36, 37 Yeast cells share conserved strategies and stress 

responses with different eukaryotic cells 48, 49 with substantial information available on gene 

function, and offer advantages over higher organisms, including being easy and fast to grow 

and store, low cost, and rapid response. These advantages make yeast a suitable testing 

platform for environmental applications with large numbers of samples.34–37, 50–52

Due to the requirement of sub-cytotoxic exposure and the limitation of practical sample 

volume, we chose one dose of each tap water extract at relative enrichment factor (REF) of 

200 for both yeast cell toxicogenomics-based and human cell biomarker-based assays. A 

detailed protocol for the toxicogenomics assay was previously described.34–37 In brief, the 

selected frozen yeast strains were seeded in SD medium with Dropout (DO) supplement-His 

(Clontech, CA, US) on a sterile clear bottom 384-well plate at 30 °C for 4-6 hours until the 

early exponential growth was reached. Tap water extract (REF=200) of 10 μL in PBS, blank 

control (SD medium + 0.25% YPD medium with or without chemical) or internal house-

keeping control 53 (SD medium + 0.25% YPD medium + PGK1 strain with or without 

chemical) were added into the designated well. Plates were then placed in a Microplate 

Reader (Synergy TM H1 Multi-Mode, Biotech, Winooski, VT) for simultaneous cell growth 

(absorbance at 600 nm) and fluorescence (excitation at 485 nm, emission at 528 nm) 

measurements every 5 min for 2 hours after fast shaking (double orbital) for 1 minute. All 

tests were performed in dark in duplicate.

Detailed information on data processing was described previously (Supporting Information, 

Part 4).34–37 The molecular toxicity endpoint, Protein Effect Level Index (PELI), was 

calculated by integrating the temporal up-regulated induction factor (I) values over the 

exposure time. In this study, the assay cutoff threshold PELIORF value of 1.5 was determined 

for differential gene expression in exposure to the tap water extract, on the basis of 

approximately 2 times the standard deviation for PELIORFi in our yeast assay, as well as the 

threshold commonly used in previous toxicogenomics research.34, 36, 37, 54, 55

Transcriptional Analysis of selected Biomarkers in Human A549 Cells

Reverse transcription quantitative PCR (RT-qPCR) technology was applied to quantify 

relative expression changes of 12 key biomarkers (genes) in human epithelial A549 lung 

cells involved in seven cellular stress and toxicity responses in exposure to the 34 tap water 

extracts (REF=200) for 6 hrs, including inflammation (TNF-α), apoptosis (p53 and Casp3), 

oxidative damage (HO1), DNA damage (Rad51 and KU70), chemical stress (MTF-1), 

endocrine disruption (ESR2 and AR), and aryl hydrocarbon receptor (AhR, CYP1A1, and 

CYP1B1). No measurement was taken for 2 samples named BN1-QU and BN6-CI because 

of the limited sample volume. Detailed protocols were described previously.34, 36, 56 

Exposed cells were subjected to RNA extraction using one-step RNA reagent (Bio Basic 

Inc., Canada), and reverse transcription to produce cDNA using Verso cDNA Synthesis Kit 
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(Thermo Fisher Scientific, US). Real-time quantitative PCR targeting the selected 

biomarkers was performed with SYBR® Green detection chemistry on iQ5 Multicolor Real-

Time PCR detection system (Bio-Rad, CA). In this study, GAPDH was selected as internal 

control to normalize target gene quantities in each reaction.57 The fold changes reflecting 

relative expression changes of targeted genes after sample treatment compared to an 

untreated calibrator control (all in triplicates), also referred to as induction factor I, were 

determined by the comparative CT method (ΔΔCT method).58

Maximum Cumulative Ratio (MCR) Calculation

To untangle toxicant interactions of complex mixtures, we applied the recently introduced 

maximum cumulative ratio (MCR) concept to identify potentially high-risk mixtures that 

may require further investigation, and the major chemicals possibly driving the cumulative 

risk in tap water samples.59–61 When calculating hazard quotient (HQ), permitted doses 

were selected as regulatory U.S. Environmental Protection Agency (USEPA) Maximum 

Contaminant Levels (MCLs) for regulated contaminants under the Safe Drinking Water Act 

(SDWA) or non-regulatory U.S. Geological Survey (USGS) Health-Based Screening Levels 

(HBSLs) for unregulated contaminants, when available. Details are described in the 

Supporting Information, Part 5.

Statistical Analysis

Mapping and geospatial analyses of chemicals and molecular toxicity levels were conducted 

in ArcGIS Desktop 10.2 (http://resources.arcgis.com/en/help/main/10.2/index.html). 

Concentrations of organic micropollutants were natural log transformed to more closely 

approximate a normal distribution. The Kolmogorov-Smirnov test was used to test data 

distribution pattern, and all chemical and toxicity data were standardized by creating z-

scores to minimize the effects of varying chemical concentration and toxicity level 

differences at different sample sites.62 Unpaired t-test and Mann-Whitney U (MWU) test 

were then used to evaluate differences of chemical concentrations and toxicity responses 

between pre-hurricane samples and post-hurricane samples. Only the chemicals and toxic 

effects with p < 0.05 in both tests were considered as significantly changed after HM.

Hierarchical clustering analysis (HCA) was performed using correlation distance and 

average linkage as the distance measuring criteria, to group sampling sites with statistically 

similar protein expression patterns in yeast cells.63 Correlation analysis was conducted to 

identify the potential association between molecular toxicity quantifiers and organic 

micropollutant concentrations detected in the tap water extracts using Pearson correlation (p 
< 0.05 as significant), assuming linear dose-response range of molecular toxicity effect at 

very low environmentally-relevant sub-cytotoxic levels as previously demonstrated.64 Since 

toxicity assays were carried out on PEP-extracted samples with Oasis HLB sorbents that is 

mainly designed for sorptive preconcentration of organic compounds,65, 66 no correlation 

analysis was performed between molecular toxicity and inorganic trace elements. Finally, 

the Comparative Toxicogenomics Database (CTD) were used to test the input genes list 

associated with a target chemical for enrichment in diseases (details in Supporting 

Information, Part 6).67, 68
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RESULTS AND DISCUSSION

Impact of HM on Trace Element Levels in PR Drinking Water

Comparison of detected trace element levels in drinking water samples from PR before and 

after HM are shown in Figure 1a and Table S6. Eighteen trace elements were detected in tap 

water samples with frequencies ranging from about 19% to 100%, with their concentrations 

all below the MCLs or HBSLs (Table S6). Seven elements, including As, Ba, Cr, Cu, Fe, Pb, 

and Rb, were detected in all 21 tap water samples. The top 3 elements with highest average 

concentrations were Sr (160 μg/L), Cu (43 μg/L), and Ba (31 μg/L) (Figure 1a). Sixteen out 

of eighteen elements had elevated average concentration in the post-hurricane samples 

compared to those prior to HM, with Mn, Ni, As, and Cu exhibiting highest fold changes of 

14.2, 3.5, 1.8 and 1.6 times (Table S6), respectively. According to both unpaired t-test and 

MWU test, contamination levels of arsenic in the tap water samples collected after HM were 

significantly higher than those before HM (p < 0.05), whereas concentrations of Ga and Th 

were significantly decreased after HM. As previously mentioned, the sampling locations 

before and after HM were not the same due to practical limitations. Recognizing that the 16 

pre-HM samples were all from the Northern PR region, comparison analyses of chemical 

contamination levels for only Northern PR samples were also performed, which indicated 

similar overall trends in the elevation of pollutants after HM as for the entire PR island 

(Supporting Information, Part 10).

Cumulative concentrations of all detected trace elements and their distributions in each 

drinking water sample from different locations in PR are illustrated in Figure 2. Spatial 

comparison indicated higher cumulative trace element levels in the 17 samples collected 

from northern PR (where 8 active Superfund sites were located) than in the 4 samples 

collected at southern PR (other regions to the south of the PROTECT cohort, Figure 2). The 

highest cumulative element concentration was measured in the PN1-HA sample collected 

after HM on Dec. 18th, 2017 at Hatillo, PR, where 88Sr contributed over 60% of the 

cumulative concentration (543 μg/L) (Figure 2). Storms and flooding brought about by HM 

could cause the releases of trace elements from air, soil, and/or sediments into the source 

waters, which might inadvertently be introduced into drinking water supplies. Our results 

indicated generally elevated trace element levels in the drinking water that are potentially 

associated with HM.

Impact of HM on Organic Micropollutants in PR Drinking Water

Targeted analysis was performed to detect 200 organic micropollutants (Table S2) in the 16 

pre-HM samples and 20 post-HM samples.41 A summary of micropollutants detection 

frequencies and concentration statistics throughout the sampling scheme is provided in Table 

S8. Twenty-seven micropollutants (Table S7) were detected in at least one of the 36 samples, 

among which, 17 were wastewater-derived (including pharmaceutical and personal care 

products (PPCPs), plasticizers, perfluorochemicals, artificial sweeteners, etc.) and another 

10 were agricultural-derived (pesticides) based on their primary uses.41 The top 5 

micropollutants showing the highest occurrence frequency were N,N-diethyl-meta-

toluamide (DEET, insect repellent), diethyl phthalate (DEP, plasticizer), benzophenone 

(PPCP), sucralose (artificial sweetener), and perfluorooctanoic acid (PFOA, 
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perfluorochemical) (Table S8). All micropollutants were measured within the 0.5 – 860 ng/L 

range and they were below the human-health benchmark levels (Table S11).

The temporal and spatial distribution of the organic micropollutants are shown in Figure 1b 

and Figure 2. Contamination levels of sucralose, PFOA, atrazine-2-hydroxy (atrazine 

degradation product), benzotriazole (ultraviolet stabilizer), acesulfame (sweetener), and 

prometon (herbicide) in the post-hurricane samples were significantly higher than in the pre-

hurricane ones (p < 0.05). Generally, 22 out of the 27 detected micropullutats had higher 

detection frequencies in the 20 post-HM samples than in pre-hurricane samples, and 13 

micropollutants, including 4 pesticides, were only detected in post-hurricane samples. 

Meanwhile, 20 out of the 27 micropollutants showed elevated average concentrations after 

HM with sucralose, atrazine-2-hydroxy, PFOA, and 2,4-dichlorophenoxyacetic acid (2,4-D) 

exhibiting the highest fold changes of 7.47, 3.64, 3.35, and 2.05, respectively (Figure 1b and 

Table S8). Figure 2 also shows a clear and consistent difference in the composition 

distribution of detected micropollutants with DEP and sucralose as the dominant component 

in pre-hurricane and post-hurricane samples, respectively. Close observation of chemical 

screening data for pre-hurricane samples revealed that 10 out of 14 detected organic 

micropollutants were only present in the samples collected during 2017 (Figure 2), 

demonstrating dynamic chemical contamination changes in PR even before HM from 2016 

to 2017.

Similar to trace elements, average concentrations of the organic micropollutants showed a 

noticeable spatial pattern with overall higher concentrations in the tap water samples 

collected in northern PR than those in the southern PR samples (Figure 2). Higher detection 

frequencies were observed in the northern PR samples for 74% of the detected 

micropollutants. Seventeen (63%) micropollutants, including 8 pesticides, were only 

detected in the northern PR region.

For pesticide compounds, DEET, 2,4-D, and atrazine-2-hydroxy were among the top 10 

most frequently detected micropollutants (Table S8), occurring in 100%, 47.2%, and 27.8% 

of all tap water samples, respectively. Among the 11 pesticides detected, occurrence of 7 

pesticides was higher in the post-hurricane samples as compared to those collected before 

HM. DEET was detected in all 36 tap water extracts in the concentration range of 1.3 to 59.6 

ng/L, which is higher than the detection frequency (25%) previously reported by USGS and 

the Centers for Disease Control and Prevention (CDC) in 2004 69 for finished drinking water 

samples in the US. DEET is the active ingredient of most commercial insect repellents, and 

its average usage in PR may be greater compared to the continental U.S. mainly due to 

greater prevalence of mosquito borne illness and monsoonal climates,70 thus leading to 

higher detection frequency of DEET in the drinking water samples collected in PR. DEET 

was reported to have antagonistic interactions with cholinesterase and when used 

excessively, can cause some toxic side effects in humans including seizures 71, Gulf War 

Syndrome 72, and genotoxicity.73

Hurricane Impact on Drinking Water Molecular Toxicity Profile

Toxicogenomics assay in yeast reporters—Distinctive stress response-related 

molecular toxicity profiles were revealed for tap water extracts retrieved before and after 
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HM and at different locations (Figure 3), demonstrating composition differences of tap water 

samples captured by the sensitive molecular toxicity assay, even at sub-cytotoxic doses. The 

molecular endpoint, PELI, derived from the yeast toxicogenomics assay allowed further 

quantitative comparison of the extent of molecular perturbation for each specific stress 

response category in exposure to the samples before and after HM (Table S9). Hierarchical 

clustering analysis reveals three major clusters that define groups of tap water samples 

inducing similar protein expression patterns in yeast cells (Figure 3). The first cluster 

contains 9 pre-hurricane samples that were collected in northern PR from March 2016 to 

June 2017 and 1 post-hurricane sample (Figure 3), inducing mainly up-regulation of 

biomarkers in protein and chemical stress. The second cluster includes 4 pre-hurricane 

samples collected in June 2017 and 1 post-hurricane sample from northern PR, showing 

stronger effect in oxidative stress. Meanwhile, 18 out of 20 tap water samples after HM were 

grouped together to form a third cluster, suggesting an impacting force (i.e. HM) covering 

the entire island (Figure 3).

The expression level of biomarkers related to oxidative stress (Skn7p regulation, glutathione 

biosynthesis) and protein stress (endoplasmic reticulum and mitochondrial unfolded protein 

response) were significantly different in the samples before and after HM (p < 0.05). A 

quantitatively higher extent of DNA damage in two specific pathways (DNA damage 

signaling, base excision repair) and stronger effect in three general stress pathways 

(apoptosis, osmotic stress, and trehalose synthesis) was detected for the post-hurricane 

samples compared to pre-hurricane ones (Table S9). In contrast, exposure to the pre-

hurricane samples resulted in higher maximum PELI values in 24 out of 29 stress-response 

pathways primarily within chemical, protein, and oxidative stress categories (Table S9). 

These distinct molecular toxicity responses suggested the dynamic nature of toxicity 

resulting from co-exposure to varying contaminant mixtures in tap water extracts likely 

impacted by HM. It was noted that PELI values for all five stress categories and overall 

cellular stress response generally decreased for 8 out of 9 sampling sites from December 

2017 to February 2018 (Figure S6a), indicating a possible temporal toxicity reduction trend 

of the water which needs further investigation by more extensive sampling.

RT-qPCR assay in Human biomarkers—Comparison of gene expression fold changes 

(I) for 12 biomarkers in human A549 cells in exposure to 14 samples collected before HM 

and 20 samples after HM were shown in Figure 4, Figure S6b and Table S10. Exposure to 

post-hurricane extracts induced significantly higher expression levels (p < 0.05) of ESR2 
and TNF-α genes, which are involved in endocrine disrupting (ED) and inflammation 

pathways, respectively, than those for pre-hurricane samples (Figure 4 and Table S10). 

Meanwhile, Rad51 gene, assisting in DNA double-strand break repair (DSBR) mainly via 

homologous recombination (HR), exhibited significantly lower fold change levels in post-

HM samples than pre-HM samples (p < 0.05).

Eight stress genes that are involved in six different cellular stress response pathways showed 

differential expression (fold change > 2 or < 0.5) relative to untreated control in at least one 

of the total 34 samples tested (Table S10). Noticeably, two genes, CYP1A1 and CYP1B1, 
both in AHR pathway, showed differential up-regulation levels (fold change > 2) in 100% 

and 97% of all tap water samples, with higher expression levels in post-hurricane samples 
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compared to those prior to HM (Figure 4 and Table S10). Cytochrome P450s (CYPs), 

including CYP1A1 and CYP1B1, are essential heme-containing enzymes that were reported 

to be expressed in the human lung where they participate in metabolic inactivation and 

activation of numerous exogenous and endogenous compounds.74, 75 However, expression 

levels of the AhR gene, a ligand-activated transcriptional activator for the expression of 

multiple phase I and II xenobiotic chemical metabolizing enzyme genes, in all samples were 

comparatively low (I = 0.67 to 1.59) (Table S10), suggesting the possibility of the activation 

of the two CYP1 genes via alternative mechanisms other than AHR.76

Higher molecular toxicity levels were detected in exposure to tap water collected at northern 

PR than southern as revealed by the two toxicity assays (Figure S7). In yeast cells, average 

expression levels of protein stress related to unfolded protein responses and autophagy to 

turn over misfolded or damaged proteins, was significantly higher for northern PR samples 

(p < 0.05) as compared with southern PR samples. In human cell assay, 46% of the northern 

PR samples exhibited averaged gene expression fold change across all biomarkers greater 

than 2, in contrast to only 25% of the samples collected at southern PR (Figure S7b). 

Exposure to northern PR samples mainly led to DNA damage, chemical stress and AHR 

stress, as indicated by the differential up-regulation (fold change > 2) of Rad51, MTF-1, and 

two genes in CYP1 family (Figure S6b). In contrast, exposure to the eight samples collected 

at other PR regions at the same concentration (REF=200) induced altered up-regulation of 

TNF-α (inflammation) and two CYP1 genes compared to the untreated control.

Correlation of Molecular Toxicity Quantifiers with Detected Contaminants

Pearson correlation was performed to investigate potential relationships between molecular 

toxicity quantifiers and organic micropollutant concentrations detected in the tap water 

extracts. Ten micropollutants were significantly correlated (p < 0.05) with the yeast-based 

stress response-relevant toxicity endpoints, while 17 were associated with expression 

changes of human biomarkers (Figure 5). The yeast toxicogenomics assay revealed 

quantitatively stronger DNA damage effect in two specific functional pathways after HM 

(Table S9), which showed significant correlation (p < 0.05) with caffeine (Figure 5a). 

Exposure to caffeine at environmentally-relevant concentrations (ng/L-μg/L) 77 has 

previously shown to potentially induce genotoxic effects mainly through double-strand break 

and DNA repair inhibition in yeast cells, freshwater organisms and terrestrial insects.78–80 In 

our study, the correlation between the genotoxicity biomarkers with caffeine is therefore 

consistent with previous reports. However, since there was no significant difference in the 

caffeine levels in the samples obtained before and after HM, the stronger DNA damage 

effect observed in the post-hurricane samples was likely resulted from other DNA-damaging 

chemicals rather than caffeine. Meanwhile, benzoylecgonine (illicit drug metabolite), MCPA 

(herbicide) and temazepam (sedative drug), the three chemicals that were only detected in 

post-hurricane samples, showed significant correlation (p < 0.05) with ESR2 gene in ED 

pathway (Figure 5b). Considering the significantly elevated expression level of this specific 

gene after HM (Figure 4 and Table S10), it is suggested that storms and flooding during HM 

may cause the subsequent releases of certain endocrine-disrupting chemicals (EDCs) 

potentially exhibiting increased ED activity in the aftermath of HM.
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The targeted chemical analysis revealed statistically significant (p < 0.05) elevation of 

sucralose, PFOA, atrazine-2-hydroxy, benzotriazole, acesulfame, and prometon after HM 

(Figure 1b and Table S8). According to Pearson’s correlation, PFOA was significantly 

correlated (p < 0.05) with chemical and oxidative stress categories in yeast cells (Figure 5a), 

and DNA damage (Rad51) in human A549 cells (Figure 5b). PFOA, at concentrations within 

and/or beyond that found environmentally, has been previously reported to induce oxidative 

stress by stimulating intracellular reactive oxygen species (ROS) production 81–83, which 

may cause indirect oxidative DNA damage including DNA strand breaks 84–86 and may 

developed to mutagenicity under the condition where PFOA-induced apoptosis is not 

sufficient to remove damaged cells.86 Acesulfame, a globally-used no-sugar or low-calorie 

sweetener, has been recently listed as an emerging contaminant due to its wide occurrence 

and persistence in the environment, mostly in water bodies.87–89 Our results showed that 

acesulfame, together with another artificial sweetener—sucralose, were both significantly 

correlated (p < 0.05) with oxidative stress in yeast cells and CYP1B1 gene in human cells 

(Figure 5). Limited ecotoxicological data suggested that exposure to the two sweeteners, 

either at environmentally-relevant concentrations or at higher doses, may induce oxidative 

stress in different target species such as Cyprinus carpio,90, 91 zebrafish embryo,92 or 

Daphnia magna 93.

Maximum Cumulative Ratio (MCR) Approach Reveals Potential Cumulative Risk Drivers

Because of the growing concern on the potential mixture effects of multiple contaminants, a 

tiered approach integrating the MCR concept has been applied in this study to further probe 

the potential risk driver(s).61, 94 Human-health benchmarks were available for 29 of the 45 

contaminants (18 trace elements and 27 organic micropollutants) detected in PR drinking 

water samples (Table 1 and S11). The other 16 contaminants without benchmarks, including 

12 organic contaminants and 4 trace elements, were excluded from this analysis. The 

concentrations of the 29 detected contaminants with human-health benchmarks were below 

their corresponding guideline levels (HQ < 1, Table S11); among them, 3 contaminants (As, 

Fe, and Cu) had detected concentrations greater than one-tenth of their human-health 

benchmarks (0.1 < HQ ≤ 1) in at least one of the 21 samples. Further monitoring to analyze 

trends in their occurrence, and to evaluate their potency (which may approach or exceed 

human-health benchmarks) may be needed for preventive actions on source control.95, 96

For mixture risk analysis of different samples based on the hazard index (HI) (Part 5, 

Supporting Information) and MCR values, HI is <1 in about 90% of the samples (all 10 pre-

hurricane samples and 9 out of 11 post-hurricane samples), indicating low or no concern for 

potential cumulative adverse effects to tap water consumers from these 29 contaminants 

present in the mixture (group II, Table S5). Only 2 samples collected after HM at the 

municipalities of Manati and Cayey, fall into the group IIIA, where HI is > 1 and MCR < 2, 

indicating the majority of the identified potential risk offered by the mixtures may be driven 

by one dominant contaminant (Table 1). In addition, chemical components with benchmarks 

have been ranked according to their HQ values, and the top five high-priority substances in 

different mixtures were listed in Table 1. It was shown that nine naturally occurring trace 

elements (As, Fe, Cu, Sr, Pb, Ba, Zn, Ni, and Al) and one radionuclide (U) accounted for 

80% to 100% of the top five predominant contaminants in all tap water samples collected in 
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PR. Starting from 1983, seven contaminated sites across PR have been listed as Superfund 

sites due to releases of metals such as Hg, As, Pb, Cd, Cr, and Mn, primarily from runoff 

from industrial or landfill wastes, and/or discharge of drilling wastes and metal refineries.13 

Particularly, arsenic was the top-prioritized contaminant in all samples with HQ values 

ranging from 0.17 (in sample BN10 before HM) to 0.99 (in PN1-MN after HM), with 

contamination levels significantly higher (p < 0.05) in the post-hurricane samples than the 

pre-hurricane samples. Enrichment analysis using the CTD 68 revealed that arsenic exposure 

may selectively enrich (corrected p-value < 0.05) a total of 642 different diseases including 

138 “cancer” diseases, 96 nervous system diseases, 60 digestive system diseases, 54 

cardiovascular diseases, 41 immune system diseases, etc., in human, mouse and/or rat.

PFOA, which was elevated in post-hurricane samples, was the only organic contaminant that 

has been ranked as a top-five contaminant in 6 of the 21 samples including 1 pre-hurricane 

and 5 post-hurricane samples. PFOA has been previously reported to be detected in drinking 

water supplies, typically associated with industrial manufacturing and through use and 

disposal of PFAS-containing products.97 Due to its high solubility in water and high 

resistance to degradation, the wide distribution, mobility, and toxicity of PFOA results in the 

potential for several adverse effects to human health under different exposure scenarios.97, 98 

Based on the CTD screening, a total of 598 diseases were selectively enriched by PFOA 

exposure with the top 5 ranked diseases in the categories of “digestive system diseases” 

(MESH: D004066 and D008107), “cancer” (MESH: D009369 and D009371), and a 

nutritional and metabolic disease (MESH: D009750).

Overall, drinking water in PR showed different contamination levels before and after HM 

with clear spatial patterns for both trace elements and organic micropollutants. Both 

chemical composition analysis and toxicity fingerprints evaluation suggested that Hurricane 

Maria likely affected drinking water quality in PR, with the recognition of other impacting 

factors (i.e. background spatial and temporal changes in water sources). However, note that 

all the observed chemical contamination levels for both pre-HM and post-HM samples were 

well below their corresponding heath-based guideline levels. Moreover, the toxicity assays 

were performed at enriched concentrations (REF = 200) with the purpose to identify 

potential adverse effects at the molecular level and the results cannot be directly translated 

into health outcomes. Although lack of human-health benchmarks for many of the detected 

contaminants prevents the MCR analysis from including all detected contaminants, the 

exercise suggested that the chemicals that potentially drive the cumulative risk in drinking 

water were mostly trace metals, pointing out a direction for post-disaster source control and 

water treatment process management in PR. Our combined approach of targeted chemical 

analysis and high-throughput toxicogenomics-based assay provides a feasible and efficient 

alternative for time-sensitive research such as post-disaster effect-based water quality 

monitoring, providing bases for further investigation of associated potential health risks and 

outcomes. Efforts are still on-going for continuous monitoring of the drinking water quality 

and toxicity after HM in PR, aiming to gain understanding of potential long-term impact of 

hurricanes on water quality and associated human and environmental health.
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Figure 1. 
Box plots showing concentration statistics of top 10 frequently detected (a) trace elements, 

(b) organic micropollutants and those showed significant (p < 0.05) changes after Hurricane 

Maria (HM) in the tap water samples collected at Puerto Rico. The black line within each 

box is the median with box top and bottom as 75th percentile and 25th percentile, 

respectively. The maximum observation (after removal of outliers) and minimum value are 

also shown. Outliers are defined based on the interquartile range (IQR) rule. Those 
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contaminants highlighted with red asterisks (*) showed significant (p < 0.05) difference in 

their concentrations before and after HM in both unpaired t-test and MWU test.
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Figure 2. 
Top: Cumulative concentration of detected trace elements in raw tap water samples collected 

at different sampling locations in Puerto Rico measured via ICP-MS, before and after 

Hurricane Maria (Top); and percentage distribution of element concentration in each tap 

water sample for before-HM samples (orange square) and post-HM sample (green square) 

(Bottom pie charts).

Bottom: Cumulative concentration of detected organic micropollutants in tap water samples 

collected at different sampling locations in Puerto Rico, before and after Hurricane Maria 

(Top); and percentage distribution of micropollutants concentration in each tap water sample 

extract for before-HM samples (orange square) and post-HM sample (green square) (Bottom 

pie charts).
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Figure 3. 
Hierarchical clustering analysis (HCA) diagram on the basis of differential protein 

expressions (average lnI) of the 74 stress biomarkers in yeast strains in exposure to tap water 

extracts (REF=200) across Puerto Rico before and after Hurricane Maria. The mean natural 

log of positive induction factors (lnI) indicate the magnitude of altered protein expression 

(scaled by the green-black-red color spectrum). Green color spectrum indicates down-

regulation compared to the untreated control without chemical dosage, and red color 

indicates up-regulation. The lnI values beyond ±2 were indicated as ±2. X-axis top: cluster 
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root of the samples that was cut (dashed line) to present three main clusters. X-axis bottom: 

sample names color-coded according to time-lines: before HM (light yellow) and after HM 

(light green). Y-axis left: list of proteins color-coded based on the five stress categories 

(Table S4). Y-axis right: cluster root of stress response-related proteins.
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Figure 4. 
Box plots showing statistics of fold difference (I) of 12 biomarkers in human A549 cell upon 

exposure to tap water samples collected at Puerto Rico before and after Hurricane Maria 

(HM) based on RT-qPCR assay. The black line within each box is the median with box top 

and bottom as 75th percentile and 25th percentile, respectively. The maximum observation 

(after removal of outliers) and minimum value are also shown. Outliers are defined based on 

the interquartile range (IQR) rule. A red asterisk (*) shows a biomarker in human cells that 

was significantly different (p < 0.05) in the samples before and after HM in both t-test and 

MWU test.
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Figure 5. 
Pearson correlation analysis between organic micropollutant content in the 36 tap water 

extracts and molecular toxicity quantifiers of (a) different stress response categories in yeast 

library or (b) human biomarkers. Lines connecting two parameters indicating significant 

correlation between the two (p < 0.05).
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Table 1.

Hazard index (HI), maximum cumulative ratio (MCR), and top-ranked high-priority substances in the twenty-

one tap water samples collected at Puerto Rico (PR) 
a
.

Sample ID HI HQmax MCR Top 5 High-Priority Substances (HQ from high to low)

BN7 0.4260 0.2056 2.0721 As, Fe, Sr, Cu, Pb

BN8 0.3498 0.2089 1.6744 As, Fe, Sr, Ba, PFOA

BN9 0.3143 0.1748 1.7979 As, Fe, Sr, Cu, Ba

BN10 0.3164 0.1678 1.8854 As, Fe, Sr, Cu, Ba

BN11 0.5733 0.3302 1.7361 As, Fe, Cu, U, Pb

BN12 0.5954 0.4439 1.3412 As, Fe, Sr, Pb, Ba

BN13 0.7416 0.4166 1.7804 As, Fe, U, Pb, Sr

BN14-BA 0.4411 0.2480 1.7785 As, Fe, Sr, Pb, Cu

BN15-BA 0.4667 0.2458 1.8982 As, Fe, Sr, Cu, Ba

BN16-MN 0.5037 0.2367 2.1278 As, Fe, Cu, Sr, Pb

PN1-VA 0.5213 0.2770 1.8819 As, Cu, Fe, Sr, Al

PN2 0.5263 0.2754 1.9107 As, Fe, Sr, Ni, Pb

PN1-SJ 0.7110 0.4206 1.6903 As, Fe, PFOA, Cu, Sr

PN1-CL 0.8349 0.4912 1.6998 As, Cu, Fe, PFOA, Sr

PN1-MN 1.3403 0.9914 1.3520 As, Fe, Sr, Pb, Cu

PN1-HA 0.8359 0.4801 1.7411 As, Fe, Sr, Cu, Pb

PN1-AG 0.6382 0.4054 1.5742 As, Fe, Cu, U, PFOA

PS1-MY 0.4576 0.3011 1.5200 As, Fe, Sr, Ba, Zn

PS1-GU 0.8760 0.5339 1.6407 As, Fe, Ba, Cu, PFOA

PS1-CY 1.0016 0.6448 1.5534 As, Fe, Sr, PFOA, Pb

PS1-HU 0.4242 0.3202 1.3248 As, Fe, Pb, Cu, Sr

a:
HI, HQmax, and MCR values were calculated based on selected human-health benchmarks as indicated in Table S11.
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