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Abstract $+!

Naturally occurring phytoestrogens may mimic biogenic estrogens and modulate $"!

endocrine action in vertebrates.  Little is known about their temporal and spatial $#!

variability in the environment and the biological effects associated with exposures.  This $$!

study assessed the environmental presence of phytoestrogens in human-impacted and $%!

relatively pristine areas. The response in larval and sexually mature fathead minnows to $&!

environmentally relevant concentrations of three common phytoestrogens (genistein, $'!

daidzein, and formononetin) singly and in mixture was also quantified. Phytoestrogens $(!

were only present in the human-impacted surface waters. When detected, mean $)!

concentrations were low, (±standard deviation) 1.4 ± 0.5 ng/L, 1.6 ± 0.7 ng/L, and 1.1 ± $*!

0.2 ng/L for genistein, daidzein, and formononetin, respectively, in an urban lake, and %+!

1.6 ± 0.4 ng/L, 1.8 ± 1.3 ng/L, and 2.0 ng/L in treated wastewater effluent.  Biochanin A %"!

was detected twice while zearalenone and coumestrol were never detected. No clear %#!

temporal trends of aqueous phytoestrogen concentration were evident.  Larval survival %$!

was significantly reduced in genistein, formononetin and mixture treatments while adult %%!

male fish only exhibited subtle changes to their anatomy, physiology and behavior. %&!

Daidzein exposed adult females produced greater quantities of eggs. This research %'!

indicates that genistein, daidzein, and formononetin are likely rapidly attenuated and are %(!

unlikely to cause widespread ecological harm in the absence of other stressors. %)!

 %*!
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INTRODUCTION &"!

Numerous studies have evaluated sublethal consequences for androgenic, &#!

estrogenic and anti-androgenic contaminants originating from agricultural runoff, &$!

municipal wastewater and industrial effluent [reviewed by 1,2]. These effects range from &%!

reproductive impairments and skewed sex ratios in adult fish [3-6] to reduced &&!

locomotion and predator avoidance performance in larval fish [7-9]. Less attention, &'!

however, has been focused on naturally occurring phytoestrogens with similar &(!

endocrine modulating capabilities. Analogous to biogenic estrogen counterparts, &)!

phytoestrogens can influence development [10-14], alter behavior [11,15,16], and impair &*!

reproductive success [10-17] in individuals, with population significance yet to be '+!

established. Further understanding of biological responses following phytoestrogen '"!

exposure singly and in mixtures across adult and larval life stages will aid in assessing '#!

deleterious contributions of phytoestrogens to aquatic life.  '$!

Despite possible effects on wild populations of fish, the presence of '%!

phytoestrogens in the environment, both in human-impacted and relatively pristine '&!

surface waters, is still widely unknown. Several studies have assessed phytoestrogen ''!

occurrence downstream from pulp and paper mill discharges, finding elevated '(!

concentrations of isoflavones and phytosterols [4,18-20]. Municipal and industrial ')!

effluents are also highly variable sources of phytoestrogens to surface water, containing '*!

concentrations ranging from 1 to 250,000 ng/L genistein plus daidzein [14,21-23]. Non-(+!

point agricultural runoff can also contribute phytoestrogens to surface water, although ("!

such runoff generally contains much lower concentrations of phytoestrogens (1-10 ng/L) (#!

[24,25]. Combined or individually, these sources could convey significant quantities of ($!
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phytoestrogens to aquatic ecosystems. It is not known, however, whether and at what (%!

concentrations phytoestrogens are present in most surface waters.  (&!

Given the remaining uncertainty regarding the environmental presence and ('!

biological effects of phytoestrogen exposure on fish species such as the fathead ((!

minnow (Pimephales promelas), two major objectives were evaluated during this study. ()!

First, environmental presence of phytoestrogens in human-impacted and relatively (*!

pristine areas was assessed. Second, organismal response (larval and sexually mature )+!

fish) was quantified following exposure to three common phytoestrogens (genistein, )"!

daidzein, and formononetin) singly and in mixture at concentrations relevant to )#!

environmental exposures. Taken together, these objectives allow for much clearer )$!

assessment of phytoestrogen risk to ecologically relevant fish species based on their )%!

environmental presence, apparent persistence, and biological effects. )&!

 )'!

METHODS )(!

Surface water samples ))!

Sample collection. To understand the environmental concentrations of )*!

phytoestrogens, surface water samples were taken at five sites in the Upper Midwest. *+!

Three sites: Lake Vadnais (Vadnais Heights, MN), the Metropolitan Wastewater *"!

Treatment Plant (Metro Plant) effluent channel (St. Paul, MN) and Straight Lake *#!

(Straight Lake State Park, WI) focused on the temporal variability of phytoestrogens *$!

over two sampling campaigns (February 5, 2011 to July 21, 2011 and May 5, 2012 to *%!

June 1, 2012 for Lake Vadnais, May 10, 2011 to September 19, 2011 and May 5, 2012 *&!

to June 1, 2012 for the Metro Plant, and April 25, 2011 to October 30, 2011 and May 5, *'!
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2012 to May 13, 2012 for Straight Lake), during which samples were taken in triplicate. *(!

The remaining two sites, Minnesota River (Mankato, MN) and Okabena Creek *)!

(Brewster, MN) were sampled intensely on three (two for the Minnesota River and one **!

for Okabena Creek) occasions for spatial variation in phytoestrogen concentrations "++!

upstream and downstream from suspected phytoestrogen point sources. Samples from "+"!

the upstream locations, the suspected phytoestrogen discharges themselves, and 1-2 "+#!

points downstream of the discharges were sampled in triplicate. "+$!

Samples were collected from the top 0.5-meter of the water column in solvent-"+%!

rinsed 1-L amber glass containers. Upon collection, all samples were packed on ice for "+&!

transport to the laboratory where they were refrigerated at 4°C. Once at the laboratory, "+'!

samples were filtered through glass wool, split into 0.6-L aliquots, and amended with "+(!

chemical surrogates (d3-genistein and d4-daidzein, Cambridge Isotopes, Andover, MA). "+)!

Samples were then concentrated via solid phase extraction (SPE), cleaned with silica "+*!

gel, and analyzed via liquid chromatography tandem mass spectrometry (LC-MS/MS) ""+!

(described below). """!

Sample preparation for phytoestrogen analysis. SPE cartridges (6 mL 200 mg ""#!

HLB Oasis cartridges, Waters, Milford, MA) were conditioned with two column volumes ""$!

of acetone followed by two column volumes of ultrapure (Milli-Q, Millipore, Billerica, MA) ""%!

water. Samples were loaded onto the SPE cartridge at a flow rate <10 mL/min. One ""&!

column volume of a 1:8 MeOH:ultrapure water solution was then flushed through each ""'!

cartridge to remove salts and polar organics. The SPE cartridges were vacuumed to ""(!

dryness and immediately frozen at -20oC. Two column volumes of acetone were used to "")!

elute phytoestrogens from the cartridges and were collected in conical sample vials. For ""*!



! (!

additional sample clean-up, the acetone was blown down to approximately 0.25 mL "#+!

using a gentle stream of nitrogen (UHP/Zero-grade). Silica gel columns were prepared "#"!

by placing a glass wool plug in a glass pipette then loading 1 gram of silica gel into the "##!

pipette. Columns were conditioned with two column volumes of a 60:40 "#$!

acetone:hexanes solution. Concentrated samples, followed by 6 mL of 60:40 "#%!

acetone:hexanes solution were loaded onto the silica gel column without allowing the "#&!

column to run dry. Permeate was collected in a conical sample vial then blown down to "#'!

dryness under a gentle nitrogen stream (UHP/Zero-grade). The samples were then "#(!

redissolved in 100 !L of 70:30 ultrapure water:methanol, placed in silanized 300 !L "#)!

HPLC vials (ChromTech, Apple Valley, MN), and analyzed using LC-MS/MS. All "#*!

solvents used for sample preparation were HPLC-grade. "$+!

High pressure liquid chromatography (HPLC) and liquid chromatography-mass "$"!

spectrometry (LC-MS). HPLC and LC-MS were used to confirm the concentrations of "$#!

phytoestrogens in the minnow exposure experiments. These analytical methods are "$$!

described in detail in the supporting information.  "$%!

LC-MS/MS analysis of phytoestrogens. Analyte separation was achieved on a "$&!

Waters NanoAcquity Ultra Performance Liquid Chromatography system equipped with a "$'!

Phenomenex Synergi 4u Polar-RP 80A column (150 x 0.55 mm 4!m). The following "$(!

optimized elution gradient, modified from Kang et al. [26], was applied at room "$)!

temperature with a flow rate of 10 !L/min: 80% A (20% B) at t=0 min, 16.2% A at t=17 "$*!

min, 5% A at t=18 min, 5% A at t=23 min, 80% A at t=24 min, and 80% A t=38min "%+!

[Eluent A consisted of 95% 10 mM ammonium acetate and 5% acetonitrile, eluent B "%"!

consisted of 95% acetonitrile and 5% 10 mM ammonium acetate]. Sample injection "%#!
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volume was 5 !L. Analyte detection was performed by means of negative ESI tandem "%$!

mass spectrometry on a Thermo Finnigan TSQ Quantum Ultra MS.  Limits of "%%!

quantification (LOQs) were determined to be 1.43, 1.7, 2.05, 3.83, 2.01, and 2.31 !g/L "%&!

for daidzein, genistein, formononetin, coumestrol, biochanin A, and zearalenone, "%'!

respectively. Absolute recovery through SPE and silica gel cleanup was as follows: "%(!

genistein 35% ± 6.4% (n=9), daidzein 64% ± 5.5% (n=9), coumestrol 22.5% ± 6.6% "%)!

(n=9), formononetin 93% ± 7.0% (n=9), biochanin A 61% ± 5.3% (n=9), and "%*!

zearalenone 87% ± 6.3% (n=9). Process blanks were analyzed three times during the "&+!

experiment. Ultrapure water was collected in a 3.78-L glass container (the same bottle "&"!

used for sample collection) and treated in the same manner as the environmental "&#!

samples. No phytoestrogens were detected in the process blanks. Additional details of "&$!

the method are described in Supporting Information and in Table S1. "&%!

Laboratory exposure experiments "&&!

To assess the biological effects of phytoestrogens at concentrations reflecting "&'!

environmental occurrence, larval or adult fathead minnows were exposed for 21 days in "&(!

a 50% daily static-renewal system or a flow-through system, respectively.  We "&)!

compared the potency of three phytoestrogens: genistein, daidzein, (TCI America, "&*!

Portland, OR, 96% and 95%, respectively), and formononetin (Acros Organics, Geel, "'+!

Belgium, 99%) singly and in mixture.  Following exposure, survival, growth and predator "'"!

avoidance performance were assessed in the larval fathead minnows, while adult fish "'#!

were examined for morphological, physiological and behavioral alterations that may "'$!

affect reproductive output.  "'%!
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Larval fathead minnow phytoestrogen exposures. Larval fathead minnows (<24 "'&!

hrs old) were obtained from the US Environmental Protection Agency aquaculture "''!

facility in Cincinnati, OH.  Upon arrival, larval minnows (n=25) were randomly assigned "'(!

to one of three exposure beakers providing 75 larvae per treatment. We compared six "')!

treatment groups: water blank, ethanol carrier, daidzein, formononetin, genistein, and a "'*!

mixture of all three phytoestrogens (each at 1,000 ng/L (nominally) singly or in mixture). "(+!

Larvae were exposed for 21 days via daily 50% static renewals providing constant "("!

environmental conditions (water temperature 21± 2°C; 16:8 light:dark photoperiod).  "(#!

Fish were fed 1 mL of a live brine shrimp solution (Brine Shrimp Direct, Ogden, UT) "($!

twice daily following established US EPA culturing procedures [27]. Composite water "(%!

samples (200 mL from each of the three beakers in a treatment) were taken every four "(&!

days to confirm phytoestrogen concentrations by HPLC (Table S2). Samples were "('!

acidified in 1L amber bottles and kept at 4°C until analysis.  "((!

Following exposure, predator avoidance performance was assessed following "()!

previously published protocols [7,8]. Briefly, larvae were transferred individually to a "(*!

testing arena to film their response to a vibrational stimulus mimicking an approaching ")+!

predator. Larval fish were examined through cycling individuals by treatments (i.e. ")"!

control, genistein, daidzein, formononetin, Mix-L, Mix-H, control, genistein, etc.).  A total ")#!

of ten fish from each beaker (n=30/treatment) were used for this analysis, with each ")$!

larvae being filmed only once for the analysis. Larval body length (BL, mm), latency ")%!

(time to response, msec), and escape velocity (BL/msec) were quantified. All data were ")&!

digitized using morphometric software (NIH ImageJ).  ")'!
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Adult fathead minnow phytoestrogen exposures. Mature (approximately six ")(!

months old) fathead minnows were obtained from a laboratory fish supplier "))!

(Environmental Consulting and Testing Inc., Superior, Wisconsin).  Each treatment ")*!

contained four aquaria with randomized assignment of 10 males per 35-L aquarium (2 "*+!

aquaria) or 10 females (2 aquaria).  The seven treatments included the phytoestrogens "*"!

daidzein, genistein, and formononetin, singly at a nominal concentration of 1,000 ng/L "*#!

and mixtures of the three compounds at a low (Mix-L, all three phytoestrogens at 333 "*$!

ng/L, nominally) and high concentration (Mix-H all three phytoestrogens at 1,000 ng/L, "*%!

nominally). A negative control (ethanol equivalent) served as baselines to compare "*&!

biological responses.  Fish maintenance followed established protocols [27].  The flow-"*'!

through exposure system continuously pumped the appropriate amount of a "*(!

concentrated phytoestrogen stock solution into a temperature-adjusted flow of well "*)!

water supplied by a dedicated in-house well. The system provided flow rates of 200 "**!

mL/min per aquarium, allowing for approximately eight exchanges per day.  All #++!

environmental parameters during the exposure experiment were maintained constant as #+"!

follows: 21 ± 1°C; 5.5 ± 1.0 mg/L dissolved oxygen; 240 ppm CaCO3 alkalinity; 0.95 ± #+#!

0.02 mS/cm conductivity; and 8.1 ± 0.1 pH.  Abiotic parameters were monitored using a #+$!

YSI-556 unit and Hach 5-in-1 test strips. Ammonia was measured weekly using a Hach #+%!

(Loveland, CO) low-range test kit (mg/L).  Water temperature was recorded using Hobo #+&!

data loggers (Onset Computer Corp., Bourne, MA) set to record temperature at 10-#+'!

minute intervals. Water samples were collected in 1-L bottles at weekly intervals #+(!

throughout the experiment and analyzed to calculate system loss. Samples were #+)!

acidified using 0.2 mL H2SO4 and stored at -4°C to prevent chemical degradation prior #+*!
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to analysis. Water chemistry data, as measured on the LC-MS for the exposure #"+!

experiments is provided in the Supporting Information (Table S3). #""!

Post-exposure assessment of fathead minnows. Following the 21-day exposure, #"#!

10 male and 10 female fish from each treatment were sacrificed and dissected, with the #"$!

remaining fish moved to the reproductive assay (see below). Mass (g) and total and #"%!

standard length (mm) were taken prior to dissection to calculate body condition factor #"&!

[(total mass/(total length^3))*100,000] [28]. Secondary sex characteristics for males #"'!

were rated for color, breeding tubercle prominence, and dorsal pad thickness and #"(!

summed for statistical analysis. Hepatic-somatic index (HSI=(liver mass/total #")!

mass)*100) and Gonadal-somatic index (GSI=(gonad mass/total mass)*100)) were #"*!

calculated post dissection. After excision, liver and gonadal tissues were immediately ##+!

weighed (g) and stored in 10% buffered formalin. Tissues were dehydrated using a ##"!

Leica (Wetzlar, Germany) 1050 Automated Tissue Processor and embedded using a ###!

Tissue-Tek (Torrance, CA) Embedding Center. Tissues were sectioned using a Jung ##$!

2030 manual microtome to prepare slides to be stained using a Leica Autostainer XL ##%!

(Haematoxylin and Eosin staining) after 24 hours. Livers were assessed for the ##&!

prominence of vacuoles within hepatocytes using a severity scale (1-inconspicuous to ##'!

4-prominent vacuoles) following protocols established by the US EPA [29].  ##(!

Whole blood was taken from the caudal region using heparinized capillary tubes. ##)!

A competitive ELISA (polyclonal fathead minnow antibody) was used to quantify ##*!

vitellogenin (VTG) concentrations by incorporating a species-validated anti-VTG #$+!

antibody and purified VTG as standard following previously published protocols [30]. #$"!

Standard curves were generated using Ascent software with eight standard #$#!



! "#!

concentrations ranging from 0.075 to 4.8 !g/mL.  The minimum detection limit was 3.75 #$$!

!g/mL.  For statistical purposes, samples below the lower detection limits were given a #$%!

value of 1.875 !g/mL and above detection defined as 4,800 !g/mL. #$&!

The remaining fish were transferred as single-treatment pairs of one male and #$'!

one female fish to 4-L spawning aquaria.  Varying survival during the exposure and #$(!

unequal quantities of male and female fish reduced the number of pairings per #$)!

treatment that could be established to nine for the ethanol control and genistein #$*!

exposures, eight for formononetin and Mix-L, seven for daidzein and six for Mix-H.  #%+!

Each aquarium contained a spawning tile constructed from a half section of 10-cm #%"!

diameter PVC pipe. Spawning was recorded daily after afternoon feeding for two weeks. #%#!

Spawning tiles with eggs were replaced while the tiles with eggs were placed into #%$!

aerated 1-L beakers to monitor successful embryonic development (formation of #%%!

eyespots) and hatching rates. Following previously published protocols [30], male nest #%&!

defense was assessed three times in the week following phytoestrogen exposure. #%'!

Briefly, a decoy minnow was lowered to the nest entrance to evoke male attacks. #%(!

Latency, defined as time (s) to first attack (no response within five min was assigned a #%)!

value of 300 s), and the number of attacks were enumerated for 60 s after initial contact. #%*!

A total aggression index (TAI) was calculated by dividing the number of attacks #&+!

(multiplied by a factor of 10 to equally weigh parameters) by male latency to first attack. #&"!

Testing order was randomized and observations were averaged across testing events #&#!

for statistical analysis [7,8]. #&$!

Statistical Analysis #&%!
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Data were tested for normality using a Kolgomorov-Smirnov test. For the larval #&&!

exposure experiment, beakers within treatments were compared by ANOVA prior to #&'!

data being combined, as no beaker-specific differences were found. Normally #&(!

distributed data were compared using ANOVAs followed by a Dunn’s post test. Plasma #&)!

VTG concentrations were log10 transformed prior to statistical analysis by ANOVA.  The #&*!

nonparametric Kruskal-Wallis test was used to compare responses in data with non-#'+!

parametric distributions. Larval survival was compared relative to ethanol carrier #'"!

controls via Fisher’s exact test (2,2 contingency table). (Prism 6.0 statistical package, #'#!

GraphPad Software Inc., Oxnard, CA).  The Friedman test was used to compare daily #'$!

egg production between treatments, followed by a Dunn’s post test.  Significance for all #'%!

tests was pre-established at a p < 0.05 level.  #'&!

 #''!

RESULTS #'(!

Occurrence of Phytoestrogens in the Environment #')!

The analysis of surface water samples showed that some phytoestrogens were #'*!

present in the low nanogram per liter range in the human-impacted samples (Lake #(+!

Vadnais and the Metro Plant effluent channel) whereas none of the monitored #("!

phytoestrogens were detected in relatively pristine Straight Lake (n=12). Genistein, #(#!

daidzein, and formononetin were detected in 5, 4, and 7 out of 12 total samples, #($!

respectively, taken at Lake Vadnais, and in 4, 3, and 1 out of 7 total samples, #(%!

respectively, taken in the Metro Plant effluent channel. When detected, the average #(&!

concentrations were 1.4 ± 0.5 ng/L, 1.6 ± 0.7 ng/L, and 1.1 ± 0.2 ng/L for genistein, #('!

daidzein, and formononetin, respectively, in Lake Vadnais, and 1.6 ± 0.4 ng/L, 1.8 ± 1.3 #((!
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ng/L, and 2.0 ng/L for genistein, daidzein, and formononetin, respectively, in the Metro #()!

Plant effluent channel.  Biochanin A was also detected twice (1.1 and 0.9 ng/L), but only #(*!

in Lake Vadnais. Zearalenone and coumestrol were never detected. In addition, no #)+!

clear temporal trends with respect to phytoestrogen concentration were evident from the #)"!

data (data not shown).  #)#!

Similarly, even downstream of suspected anthropogenic phytoestrogen sources #)$!

on the Minnesota River and Okabena Creek, the phytoestrogens monitored in this study #)%!

were only detected in the low nanogram per liter range (Figure S1). Surface water #)&!

samples collected from the Minnesota River in June contained all phytoestrogens #)'!

monitored with the exception of coumestrol (Figure S1A). Only one of the samples from #)(!

the Minnesota River collected in November (the effluent sample from the Mankato #))!

Wastewater Treatment Plant) contained detectable phytoestrogens (daidzein and #)*!

formononetin, Figure S1B). Samples from Okabena Creek showed a similar pattern of #*+!

low phytoestrogen presence, with only genistein and daidzein detected in the low #*"!

nanogram per liter range (Figure S2). These results suggest that the sampled #*#!

phytoestrogens attenuate rapidly in the environment, likely reducing fish exposure risk #*$!

to those areas immediately downgradient of more concentrated phytoestrogen #*%!

discharge points [e.g., 23].  #*&!

Larval Minnow Exposure to Phytoestrogens #*'!

Phytoestrogen exposure had dramatic effects on larval survival.  The Fisher’s #*(!

Exact Test revealed significant declines in survival for genistein (p<0.001), formononetin #*)!

(p<0.001), and mixture (p<0.001) treatments relative to the ethanol control (Figure 1A). #**!

No difference was found when comparing survival of daidzein-exposed larvae with that $++!
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in the ethanol carrier control (p=0.12). A compound at the daidzein retention time on the $+"!

HPLC, either daidzein itself or a co-eluting compound produced in this highly $+#!

biologically active system, was detected in all samples (including the ethanol control) $+$!

(Table S1). Because no effect was seen on larval minnows with daidzein exposure, this $+%!

was deemed to be irrelevant. Despite the decrease in survival, those larvae that did $+&!

survive were of similar length (Figure 1B) and had reaction times to a threatening $+'!

stimulus that were comparable to those of control larvae (Figure 1C). In addition, $+(!

escape velocity was not affected by exposure to single phytoestrogens or a mixture of $+)!

phytoestrogens (Figure 1D).  $+*!

Adult minnow exposure to phytoestrogens $"+!

Biological effects on adult minnows were generally subtle, with exposures to $""!

genistein, daidzein, formononetin and mixtures of the three causing no statistically $"#!

significant (with 95% confidence) effects on body condition factor, gonadosomatic index, $"$!

hepatosomatic index, liver vacuolization, or plasma VTG concentrations in male (Table $"%!

1) or female fathead minnows (Table S4).  Analysis of expression of secondary sex $"&!

characteristics and nest defense behavior did not reveal statistically significant $"'!

differences in total aggression assay among males across treatments (Table 1).  $"(!

Nevertheless, non-statistically significant feminizing trends were consistently observed $")!

across all of the experiments during phytoestrogen exposure as suggested by the $"*!

aggregated ranking of all measured dependent variables (Table 1). Despite the $#+!

generally subtle effects of phytoestrogen exposure on adult minnows, egg production $#"!

was found to be significantly greater in adult female minnows that were exposed to $##!

daidzein as compared to those in the ethanol control or any other treatment (p<0.001, $#$!
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Figure 2).  $#%!

!$#&!

DISCUSSION $#'!

Phytoestrogens are discharged to the environment from anthropogenic and $#(!

natural sources and can reach concentrations >1000 ng/L in municipal wastewater $#)!

treatment plant effluent [e.g., 23]. Of the six phytoestrogen species measured in this $#*!

study, four (genistein, daidzein, formononetin, and biochanin A) were detected in $$+!

human-impacted surface waters (Lake Vadnais, the effluent channel of the Metro Plant, $$"!

the Minnesota River, and Okabena Creek), but not in a relatively pristine surface water $$#!

(Straight Lake), indicating that non-anthropogenic inputs are likely to be irrelevant to the $$$!

health of aquatic organisms. Our observation of periodic phytoestrogen presence at low $$%!

concentrations in human-impacted water is similar to observations made in the literature $$&!

[21,22,25,26,31,32], where low phytoestrogen concentrations were also measured $$'!

downstream of likely anthropogenic sources. No obvious temporal or spatial trends $$(!

were observed with respect to detection or the concentration of the phytoestrogens $$)!

detected. $$*!

With respect to the minnow exposure data, two observations can be made: (1) $%+!

larval minnow survival is diminished when exposed to genistein, formononetin or a $%"!

mixture of genistein, daidzein, and formononetin (Figure 1), and (2) adult minnows are $%#!

minimally impacted by genistein, daidzein, and formononetin exposure except with $%$!

respect to egg production, where a stimulatory effect of daidzein exposure was $%%!

observed (Figure 2). With respect to larval fish, numerous studies suggest fish may be $%&!

susceptible to contaminants during early ontogenetic stages [33,34] and although $%'!
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previous research has demonstrated estrogenic impairment to escape performance in $%(!

larval fish with 17"-estradiol exposure [7], the exposure of developing larvae to $%)!

phytoestrogens appears to only decrease survival. With respect to adult minnows, our $%*!

experiments suggest that the threshold for biological changes, particularly in males, $&+!

occurs at higher concentrations. This is despite the previously demonstrated estrogenic $&"!

nature of phytoestrogens [11,35,36]. Indeed, parallel to the nest defense total $&#!

aggression index seen in this study, Clotfelter and Rodriguez [11] reported no significant $&$!

declines in latency by males below 1,000 µg/mL. A trend of the subtle feminization of $&%!

adult minnows, including increased plasma VTG and decreased secondary sex $&&!

characteristics, was observed with phytoestrogen exposure (Table 1).  These finding $&'!

suggest that fish exposed at a higher concentrations, for a longer period, or during a $&(!

different developmental stage (for example sexual differentiation) may exhibit a more $&)!

pronounced estrogenic response.  $&*!

The lack of any effects observed in mature female fathead minnows (other than $'+!

changes to fecundity) is not surprising as the naturally much higher plasma $'"!

concentrations of estradiol in female fish would likely buffer any effect of these weakly $'#!

estrogenic phytoestrogens. $'$!

This research indicates that genistein, daidzein, and formononetin are rapidly $'%!

attenuated in the environment and they are unlikely to cause widespread ecological $'&!

harm in surface waters, except in the cases of female minnow egg production and larval $''!

survival. This points to a need for perhaps more treatment of anthropogenic $'(!

phytoestrogen sources during critical developmental periods (e.g., larval development) $')!

and in those locations where high concentrations of phytoestrogens are likely, such as $'*!



! ")!

industrial discharges or discharges from municipal wastewater treatment plants that $(+!

receive waste from particular industries [4,19,20,23]. Furthermore, effluent discharge $("!

sites often attract fish due to higher water temperatures and greater nutrient supplies $(#!

and may result in fish being exposed continuously to phytoestrogens at higher $($!

concentrations than can be expected below the mixing zone.  Exposure to “pseudo-$(%!

persistent” endocrine active compounds has been identified in several studies as a $(&!

common “worst-case” scenario for the exposure of aquatic organisms [37,38] and could $('!

occur with phytoestrogens. In addition, little is known about the degradation products of $((!

phytoestrogens [e.g., 35], and although the parent compounds do appear to attenuate $()!

readily, degradation products may be formed with estrogenic or androgenic character $(*!

(Kelly et al., submitted). Finally, phytoestrogens are likely to sorb to sediment $)+!

[24,39,40], and could build up in sediment, particularly over cold-temperature seasons $)"!

when environmental attenuation would be expected to be slower (Kelly et al., $)#!

submitted). Based on the consistent, yet non-statistically significant estrogenic trends $)$!

observed in our experiments (Table 1), it is possible that sorbed phytoestrogens could $)%!

impact wild minnow populations with particle ingestion or during egg production and $)&!

larval life stages. $)'!

Although a step in the right direction, our study only focused on a specific time $)(!

period of exposure, during breeding and larval development. Chronic exposure could $))!

cause different results or even biological compensation to impairment. Future research $)*!

examining complexities of seasonal variation in environmental estrogen discharge, $*+!

compound attenuation, and seasonal fish vulnerability will help provide relevant $*"!

ecosystem-based risk assessment. $*#!
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Table 1.  Mean ± standard error of body condition factor (BCF), gonadosomatic index (GSI), hepatosomatic index (HSI), $%&!

liver hepatocyte vacuolization (Vacuole – not ranked), sum of secondary sex characteristics (SSC), plasma vitellogenin $%$!

concentrations (VTG), and total aggression index (TAI) by treatment in male fathead minnows.  Ranking and aggregation $%'!

of biological trends observed in male fathead minnows across treatments are listed below the measured value in bold $%#!

Italic font. Similar values are given the mean rank.  Lowest rank for any dependent variable suggests least feminization $%(!

(based on the direction in which values would be observed in female fathead minnows). $%)!

 BCF GSI HSI Vacuole SSC VTG 

(ug/mL) 

TAI Aggregate 
rank 

EtOH (n=14) 1.08±0.04 

3 

0.92±0.09 

1.5 

1.2±0.17 

3 

3.01±0.26 6.08±0.4 

1 

861±195 

3 

31.75±12.8 

2 

 

13.5 
Genistein (11) 1.05±0.03 

2 
0.92±0.16 

1.5 

1.35±0.18 

5 
3.18±0.26 5.46±0.64 

3 

1311±479 

5 
14.08±5.9 

4 
 

20.5 
Daidzein (12) 1.01±0.05 

1 
1.84±0.54 

5 
0.99±0.14 

1 
3.27±0.27 4.5±0.71 

2 

726±420 

2 

37.07±20.7 

1 
 

12 
Formononetin 

(13) 

1.12±0.03 

5 
1.27±0.26 

4 
1.3±0.15 

4 
3.08±0.15 5.41±0.42 

4 

479±143 

1 
13.14±5.1 

5 
 

23 
Mix-Low (12) 1.1±0.03 

4 
1.04±0.18 

2 
1.06±0.15 

2 
2.92±0.26 4.3±0.37 

6 

1477±584 

6 
19.7±18.1 

3 
 

23 
Mix-High (11) 1.16±0.05 

6 
1.14±0.19 

3 
1.68±0.21 

6 
3±0.23 5.09±0.64 

5 

875±518 

4 
7.32±4.3 

6 
 

30 
 $&*!
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Figure 1.  Larval survival (A), growth (B), latency (C) and escape velocity (D) after 21 $%"!
day exposure to phytoestrogen singly or in mixture.  Small caps in (A) indicate $%'!
significant differences in survival among treatments (Fisher Exact Test, p<0.05); sample $%%!
size in (B-D) = 30/ treatment. $%$!

  $%(!
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Figure 2.  Mean cumulative egg production for female fathead minnows exposed 21-$%)!
days to phytoestrogens. Egg production was monitored daily for nine days. $$+!
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METHODS $()!

HPLC analysis. All HPLC analyses were performed with an Agilent 1200 series $*+!

HPLC system with photodiode array detection. The LC was equipped with an Ascentis $*&!

RP-Amide column (15 cm x 4.6 mm, 5 µm, Supelco). A double solvent system with $*"!

internal buffer was used: solvent A consisted of 10 mM ammonium acetate in 90% pure $*'!

water (Milli-Q, Millipore) and 10% HPLC-grade acetonitrile adjusted to pH 5 with glacial $*%!

acetic acid; solvent B was 100% HPLC-grade acetonitrile. The flow rate for the mobile $*$!

phase was 1 mL/min and was operated isocratically with 40% solvent A, 60% solvent B. $*(!

Genistein was detected at 259 nm, daidzein was detected at 249 nm, and estradiol was $**!

detected at 230 nm. The limits of quantification (LOQ) for genistein, daidzein, and $*#!

estradiol on the HPLC were 19 µg/L, 50 µg/L, and 8 µg/L, respectively.  $*)!

LC-MS analysis. A Hewlett-Packard 1050 model liquid chromatograph equipped $#+!

with an Agilent 1100 Mass Spectrometer Detector and Agilent ChemStation software $#&!

was used to analyze samples in selected ion mode. The same column and two-solvent $#"!

system used in HPLC was used for LC separation. The following elution gradient was $#'!

used: 60% A (40% B) at t=0 min, linear addition of solvent B to 45% by t=25 min, $#%!

followed by a 5 min flush of 100% B, then ending in a 5 min equalization of 45% solvent $#$!

B. The LC effluent was fed directly into the mass spectrometer with electrospray $#(!

ionization source operated at 300oC in negative ion mode. Nitrogen was used as the $#*!

drying and nebulizing gas and a fragment voltage of 70 mV was kept constant $##!

throughout the run. One scan window was used to identify genistein (269 m/z, 15 min), $#)!

formononetin (267 m/z, 12.5 min), daidzein (253 m/z, 6.5 min), deuterated daidzein (256 $)+!

m/z, 6.5 min) and deuterated genistein (272 m/z, 15 min). Peak area response $)&!



! '"!

associated with each analyte was normalized by surrogate recovery to compensate for $)"!

variation in machine performance and variable SPE recovery through the extraction $)'!

process. For the LC-MS method the LOQ was 4.43 !g/L for genistein, 3.53 !g/L for $)%!

daidzein and 2.79 !g/L for formononetin. The absolute recovery for the SPE process as $)$!

determined in ultrapure water was 30.0% ± 1.1%, 41.1% ± 7.7%, and 30.4% ± 3.8% for $)(!

daidzein, formononetin, and genistein, respectively.    $)*!

LC-MS/MS analysis of phytoestrogens $)#!

Analyte separation and detection was performed as described in the manuscript. $))!

Interface parameters for the LC-MS/MS system were as follows: Capillary temperature (++!

300oC, skimmer offset -10, spray voltage 3000 V, and sheath gas 38. The collision cell (+&!

gas (Ar, 99.999%) pressure was 1.5 mTorr, Detection of the phytoestrogens was (+"!

performed using the mass transitions specified in Table S1. Analyte presence was (+'!

confirmed based on a comparison of fragmentation ratios seen in standards, as well as (+%!

elution time. The analytes were quantified using external calibration curves using (+$!

standards in ultrapure water. To test recovery, 0.6 L of ultrapure water was amended (+(!

with genistein, daidzein, coumestrol, biochanin A, formononetin, and zearalenone three (+*!

different times at three different concentrations (0.5, 1, 10 ng/L). The spiked samples (+#!

were treated in the same manner as the environmental samples, and recoveries were (+)!

determined by comparing the quantity of compound added to the sample and (&+!

subsequently measured by the LC-MS/MS. As stated in the manuscript, recovery (&&!

through SPE and silica gel cleanup was not concentration-dependent, with absolute (&"!

recoveries as follows: genistein 35% ± 6.4% (n=9), daidzein 64% ± 5.5% (n=9), (&'!



! ''!

coumestrol 22.5% ± 6.6% (n=9), formononetin 93% ± 7.0% (n=9), biochanin A 61% ± (&%!

5.3% (n=9), and zearalenone 87% ± 6.3% (n=9). (&$!

 (&(!

 (&*!

 (&#!

Table S1.  Optimized instrumental parameters for phytoestrogens and corresponding (&)!

surrogates ("+!

Compound Scan 

Event 

Retention 

Time (min) 

Precursor 

Ion (m/z) 

Fragments 

[1] 

Collision 

Energies 

(eV) 

Genistein 

4 13.17 269.19 

180, 159, 

133 32 

D3-genistein 4 13.17 272.19 183, 134 32 

Daidzein 

1 11.17 253.19 

223, 208, 

132 40 

D4-daidzein 

1 11.16 256.19 

226, 211, 

135 40 

Formononetin 2 13.31 267.19 182, 166 45 

Coumestrol 5 14.45 267.19 252, 223 25, 35 

Biochanin A 

3 16.49 282.19 

268, 239, 

211 30, 35, 40 

Zearalenone 2 16.43 317.19 317 25 

[1] Bold fragments were used for quantification. ("&!
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Table S2.  Confirmatory water chemistry for the larval minnow phytoestrogen exposure ("%!

experiment (mean ± st. err.; n=5; Note: n=1 for the ethanol control) ("$!

Treatment Genistein Daidzein Formononetin 

EtOH Control 10 ng/L 120 ng/L 70 ng/L 

Genistein 308 ± 291 ng/L 244 ± 262 ng/L 38 ± 35 ng/L 

Daidzein 18 ± 27 ng/L 676 ± 348 ng/L 106 ± 221 ng/L 

Formononetin 22 ± 30 ng/L 502 ± 739 ng/L 414 ± 274 ng/L 

Mixture 250 ± 149ng/L 812 ± 352ng/L 294 ± 192ng/L 

Note: the daidzein detection in the ethanol control and in all other treatments not ("(!

receiving daidzein was thought to be a co-eluting compound as a result of biological ("*!

activity in the system. No response was observed in the daidzein exposed larvae or in ("#!

the ethanol control; therefore, the presence of daidzein or a co-eluting compound in (")!

these samples was deemed to be unimportant. ('+!

 ('&!

Table S3.  Confirmatory water chemistry for the adult minnow phytoestrogen exposure ('"!

experiment (mean ± st. err.; n=3); nd is non-detect. (''!

Treatment Genistein Daidzein Formononetin 

EtOH Control nd nd nd 

Genistein 440±170 ng/L nd nd 

Daidzein nd 1200±540 ng/L nd 

Formononetin nd nd 590±110 ng/L 

Mix Low 160±28ng/L 280±120ng/L 380±94ng/L 

Mix High 490±66ng/L 940±230ng/L 620±44ng/L 
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Table S4.  Mean ± standard error of body condition factor (BCF), gonadosomatic index (GSI), hepatosomatic index (HSI), #"$!

liver hepatocyte vacuolization (Vacuole), and plasma vitellogenin concentrations (VTG) by treatment in female fathead #"%!

minnows.   #"#!

 BCF GSI HSI Vacuole VTG (ug/mL) 

EtOH (n=14) 1.06±0.06 7.56±1.22 1.64±0.22 2.67±0.37 1049±313 

Genistein (11) 1.03±0.05 9±2.04 1.53±0.47 3±0.26 481±284 

Daidzein (12) 1.08±0.22 9.4±1.93 1.52±0.15 3.11±0.39 386±103 

Formononetin (13) 1.22±0.22 13.13±2.3 1.74±0.29 3.44±0.29 258±84 

Mix-Low (12) 1±0.06 5.86±1.11 1.04±0.16 2.92±0.29 830±505 

Mix-High (11) 0.98±0.04 7.45±1.63 1.01±0.12 2.67±0.33 1956±859 

 #"&!

 #"'!
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Figure S1. Concentrations of genistein ( ) daidzein ( ), formononetin ( ), biochanin A $&'!

( ), and zearalenone ( ) in water samples taken from the city of Mankato (MN) WWTP $&(!

effluent and the Minnesota River upstream and downstream of the WWTP effluent. $&)!

Distances are as measured downstream from the WWTP effluent discharge. Panel (A) $&"!

shows results from samples taken on June 20, 2011 and panel (B) shows results from $&&!



! "*!

samples taken on November 8, 2011. Samples upstream of the effluent, the effluent $&+!

itself, and 150 and 580 m downstream of the effluent were collected in triplicate. Error $&$!

bars represent the standard deviation of these triplicate samples. Direct sampling of the $&#!

WWTP effluent was impossible on November 8, 2011 as a result of high water levels in $&*!

the Minnesota River.  $&%!
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Figure S2: Concentrations of genistein ( ) and daidzein ( ) in water samples taken from the $+"!

city of Brewster (MN) WWTP effluent and Okabena Creek upstream and downstream of the $+&!

WWTP effluent on June 6, 2012. Distances are as measured downstream from the WWTP $++!

effluent discharge. Samples upstream of the effluent, the effluent itself, and 2.3 km downstream $+$!

of the effluent were collected in triplicate. Error bars represent the standard deviation of these $+#!

triplicate samples. $+*!


