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Abstract 
 

 Phytoestrogens are plant-derived hormonally active compounds known to cause 

varied reproductive, immunosuppressive and behavioral effects in fish. Environmentally 

relevant concentrations of phytoestrogens have been identified in numerous industrial and 

wastewater effluents, but their presence in surface water has received little attention. 

Additionally, no work has been performed to assess the degradability of phytoestrogens 

in surface waters or to determine which microbial communities may be responsible for 

their degradation. Given the fundamental questions that exist regarding phytoestrogens in 

the environment, the objectives of this research were three-fold: 1) Determine the 

degradation capacity of genistein, a potent and common phytoestrogen species, in surface 

waters under a variety of environmental conditions, 2) Monitor the temporal and spatial 

fluctuations of 6 phytoestrogen species in wastewater-impacted and unimpacted surface 

waters, 3) Examine if genistein, like similarly structured steroidal estrogens, is capable of 

being degraded cometabolically by nitrifying organisms. Triplicate batch reactors with 

triplicate negative controls were used to investigate genistein degradation in both surface 

water and enriched nitrifying cultures. Grab samples were collected from impacted and 

unimpacted surface waters to identify temporal and spatial phytoestrogen patterns. 

  Genistein degradation rates in surface water samples were found to vary 

significantly and depended on initial concentration, incubation temperature, season of 

water collection, and surface water source. Overall genistein degraded rapidly and 

variably, with the time to 50% degradation ranging from 15 to 70 hours. In reactors 

amended with 100 µg/L genistein, an enrichment period during which there was no or 
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little degradation was followed by a period of rapid genistein degradation (zero-order), 

suggesting that genistein may be degraded intentionally as an energy source rather than 

incidentally via some cometabolic pathway. Experiments with nitrifying organisms 

indicated that genistein was not cometabolically degraded by nitrifying organisms, but it 

was degraded by organisms that were enriched under nitrifying conditions. Temporal and 

spatial studies detected several phytoestrogen species in surface waters at low nanogram 

per liter concentrations with no discernible temporal or spatial pattern.  

 This research suggests that like genistein, phytoestrogens in general may be 

readily degraded in surface waters. It also suggests that phytoestrogens are not likely to 

cause widespread ecological harm, but caution should be taken as numerous compounds 

in this class exist and only a limited number of surface waters were sampled for 

phytoestrogen presence.
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3. Introduction 

Phytoestrogens, a class of plant-produced hormonally active compounds, come 

from a variety of anthropogenic sources and are known endocrine disrupting compounds 

(EDCs). Numerous studies have linked phytoestrogen exposure in mammals (4, 47, 50, 

58) and fish (5, 45, 52, 54, 61) to wide ranging reproductive (4-5, 25, 45, 47, 50, 54, 58, 

61), developmental (4-5, 45, 50, 61), or behavioral effects (5, 25, 54) at levels as low as 1 

µg/L. Municipal (2, 34-35) and industrial wastewater streams (43, 61) have been found to 

serve as point sources of phytoestrogens into the environment, with effluent 

concentrations ranging from 1 to 250,000 ng/L (43). Non-point sources of phytoestrogens 

also exist, including farmland runoff, but generally contain much lower concentrations of 

phytoestrogens (1-10 ng/L) (20, 35). Combined or individually, these sources convey 

what could be significant phytoestrogen concentrations into aquatic systems.  

Phytoestrogens may enter the environment in high concentrations; therefore, 

understanding their fate is critical for better understanding exposure and ecological risk. 

Unfortunately, little is known about the phytoestrogen concentrations that exist in 

impacted and unimpacted aquatic systems. In addition, the degradation potential of 

phytoestrogens within receiving waters is unknown. Although neither the organisms nor 

the conditions under which phytoestrogens are degraded have been identified, studies 

conducted on wastewater treatment systems suggest that phytoestrogens can be readily 

degraded. Further studies are needed to determine whether degradation also occurs 

readily in the environment and under what conditions (2, 43).  
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 Given the gaps that exist in our collective knowledge about phytoestrogen fate 

and the rapid expansion of plant processing in the United States, more must be learned 

about how phytoestrogens behave in the environment once discharged from a source. 

This should then enable one to determine the likely exposure of aqueous organisms to 

phytoestrogens. Such information can also be used to understand more fully what 

treatment might be required to safeguard organisms and how best to design such 

treatment systems for effective phytoestrogen degradation. 
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4. Literature Review 

4.1  Introduction to the Endocrine System 

The endocrine system participates in many vital functions in humans and animals 

such as sexual determination before birth, sexual maturation, metabolism, digestion, and 

cardiovascular function (62, 66). This system is regulated by hormones that act as 

signaling molecules, conveying information within an organism. The timing and 

concentration of hormones released plays a vital role in the sexual development of 

vertebrates (44, 62). 

There are numerous hormones that act as part of the endocrine system, but two of 

these hormone classes, androgens and estrogens, referred to as steroidal hormones, are 

found in most vertebrate species. Androgens are the primary male sex hormones and are 

the structural precursor to all estrogens, the primary female sex hormones (62). These 

steroidal hormones share a tetracyclic molecular framework that is comprised of a 

phenol, two cyclohexanes, and a cyclopentane (30). Three primary estrogens found in 

vertebrates are 17β-estradiol (E2), estriol, and estrone (62). Testosterone, 5α-

dihydrotestosterone and 11-ketotestosterone are the primary androgens in vertebrates (62, 

Figure 1).  
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Figure 1: Chemical structures of the main steroidal hormones in vertebrates and fish. 

 

4.2  Endocrine Disrupting Compounds (EDCs)  

EDCs interfere with the production, release, transport, metabolism, binding, 

action, or elimination of the natural hormones within an organism (63). Two mechanisms 

of endocrine disruption can occur when an EDC directly binds to the estrogen receptor 

(32, 62). The EDC can act as an agonist or hormone mimic, where once bound to the 

receptor it elicits an unintended cellular response. Alternatively, an EDC can act as an 

antagonist, where the compound binds to a receptor and blocks the natural hormone from 

binding, preventing the intended cellular response. Shared structural similarities between 

endogenous hormones and EDC are thought to be an important factor in dictating 

whether an EDC is capable of binding to a nuclear steroid receptor (Figure 2). Because 

antagonism or agonism is so common, EDCs are ranked by their relative ability to bind to 

a nuclear steroid receptor compared to the target hormone, such as E2. This relative 
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ability to bind is referred to as an EDC’s binding affinity (50). Typically EDCs bind to 

the hormone receptor with much weaker affinities than the natural hormone (19, 51). 

Agonism, antagonism, and the ability for EDCs to impact the production and transport of 

natural hormones within an organism comprise the main mechanisms of endocrine 

disruption (63). 

 
Figure 2: The structures of the hormone E2 and various natural or xenobiotic EDCs. 

Dichlorodiphenyltrichloroethane (DDT) is a banned pesticide, polychlorinated biphenyl 

is a banned industrial chemical, ethinyl estradiol (EE2) is a xenobiotic hormone mimic 

used in the contraceptive pill, 4-nonylphenol is a detergent breakdown product, and 

coumestrol and genistein are both plant-derived phytoestrogens. 

 

Numerous studies have shown wide ranging health affects as a result of EDC 

exposure in a broad spectrum of animal species. Indeed, exposure to EDCs in the 

environment has been associated with decreased fertility in birds, fish, shellfish, and 

mammals; decreased hatching success in fish, birds, and turtles; demasculinization and 
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feminization of male fish, birds, and mammals; defeminization and masculinization of 

female fish, gastropods, and birds; behavioral effects in fish; and alteration of immune 

function in birds and mammals (6). To date, estimates have placed the number of EDCs 

currently in the environment in the tens of thousands, crossing numerous chemical 

classifications (22).  

The variation in sexual determination seen between species can make some 

species much more acutely susceptible to damage by EDCs. Fish and amphibians are 

highly sensitive to the presence of natural hormones or EDCs in water because they lay 

their eggs in aqueous habitats and they have very complex sexual determination 

mechanisms based on a multitude of environmental factors (7, 62). In fish and reptiles the 

development of male or female characteristics is dependent on the presence or absence of 

estrogens, which makes reproductive development very sensitive to the presence and 

concentration of environmental estrogens or EDCs (7, 62). Mammals, on the other hand, 

have been found to be less susceptible to external sources of estrogens because the sex of 

their offspring is determined in utero based on ratios of androgens and estrogens in the 

body (62). 

Finally, the susceptibility of an organism to EDCs is dependent on where that 

organism is in its life cycle (44, 62). Hormones or hormone mimics may in some 

organisms have entirely different effects on embryos, fetuses, or perinatal organisms (44, 

56, 61-62) than on the adult (44, 56, 60, 62) and in some organisms effects can manifest 

in offspring and not in an exposed parent (6, 62). For example, a study conducted on 

zebra fish exposed to EE2 during gonadal development showed a delay in the onset of 
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spawning, decreased fertilization success, and lower fecundity later in life, whereas an 

adult fish exposed to the same concentrations of EE2 showed no effects (56).   

 

4.3  Phytoestrogens   

Phytoestrogens are defined as any plant-derived compound that is structurally 

and/or functionally similar to ovarian and placental estrogens and their active metabolites 

(65). Phytoestrogens can have estrogenic and anti-estrogenic character and can be 

broadly broken down into flavonoids and non-flavonoids (Figure 3). Flavonoids 

encompass a large group of substituted natural phenolic compounds, with coumestans 

and isoflavones exhibiting the most estrogenic characteristics. Phytosterols and 

mycotoxins, belonging to the non-flavonoid group, also exhibit estrogenic characteristics. 

The estrogenic behavior of phytoestrogens is thought to be derived from structural 

similarities with E2 (11, 37). These key shared structural elements are: a phenolic ring, 

low molecular weight (similar to E2), and a pattern of hydroxylation at the 4, 5, and 7 

positions. Phytoestrogens exhibit a range of binding affinities, but are generally several 

orders of magnitude lower than E2 (Table 1). 
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Figure 3: Phytoestrogen chemical subclasses  

 

Table 1: Estrogen receptor binding affinities of phytoestrogens normalized to E2 
   RBA* 

 
Trout ER 

[a]
 

Sturgeon ER 
[a]

 
hER(α) 

[b]; [c]
 hER(β) 

[c]
 

17β-estradiol 100 100 100 100 

Genistein 1.22 2.3 0.12; 4 87 

Daidzein 0.077 0.006 0.18; 0.1 0.5 

Formononetin 2.69 0.5 0.0265; 0.01 0.01 

Biochanin A 0.007 0.005 0.0012; <0.01 0.01 

Coumestrol 1.75 3.5 0.264; 20 140 

Equol 0.13 0.06 0.86 2 

β-sitosterol - - 0.0875
[d]

 1.6
[d]

 

Zearalenone - - 2.83; 7 5 
*Relative binding affinity, human estrogen receptor α (hER(α)), human estrogen receptor β (hER(β)) 
[a]

 (40) 
[b]

 (49) 
[c]

 (38) 
[d]

 (19) 

 

4.3.1 Phytoestrogen Content in Plants  

Numerous cultivated and uncultivated plants can contain varying concentrations 

of phytoestrogens and estrogenic mycotoxins (hereafter referred to inclusively as 

phytoestrogens, Table 2). Genistein, daidzein and their methylated derivatives biochanin 

A and formononetin, respectively, are the primary isoflavones found in many legumes 
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(16, 36, 40-41). Coumestrol is produced in high concentrations in sprouting legumes like 

clover and alfalfa (16, 36). Zearalenone is a mycotoxin produced primarily by Fusarium 

fungi that infect certain seed crops such as corn, wheat and barley (12, 20, 35). 

Collectively, genistein, daidzein, biochanin A, formononetin, coumestrol, and 

zearalenone are phytoestrogens found to be produced in the highest concentrations from 

cultivated plants, as well as those that tend to be the most estrogenic properties of this 

compound class (16, 19, 25, 32, 36-37, 39, 40-41). 

 

Table 2: Phytoestrogen content of some common cultivars  

 
GEN 

[μg/kg] 

DAI 

[μg/kg] 

FOR 

[μg/kg] 

COU 

[μg/kg] 

BIOA 

[μg/kg] 

Total 

[μg/kg] 

Soybean
[a]

 5.83 × 10
5
 8.38 × 10

5
 - - - 8.38 × 10

5
 

Clover
[b]

 3.50 × 10
3
 - 2.28 × 10

5
 2.81 × 10

5
 4.40 × 10

3
 3.11 × 10

5
 

Brown 

Rice
[c]

 
6.13 × 10

2
 7.13 × 10

2
 - - - 1.33 × 10

3
 

Alfalfa
[b]

 - - 4.68 × 10
4
 3.40 × 10

3
 - 5.02 × 10

4
 

Currants
[a]

 1.78 × 10
3
 4.61 × 10

2
 - - - 2.24 × 10

3
 

Raisins
[a]

 1.25 × 10
3
 5.90 × 10

2
 - - - 1.84 × 10

3
 

Strawberry
[a]

 4.61 × 10
1
 4.50 × 10

0
 - - - 5.06 × 10

1
 

Hazelnuts
[a]

 1.84 × 10
2
 5.52 × 10

1
 - - - 2.40 ×10

2
 

Peanuts
[a]

 1.58 × 10
2
 7.70 × 10

1
 - - - 2.35 × 10

2
 

Sweet 

Corn
[a]

 
2.28 × 10

1
 1.82 × 10

1
 - - - 4.10 × 10

1
 

Phytoestrogens listed are genistein (GEN), daidzein (DAI), formononetin (FOR), coumestrol (COU), and 

biochanin A (BIOA).
  

[a]
 (40) 

[b]
 (16) 

[c]
 (41) 

 

4.3.2 Sources of Phytoestrogens 

Industrial effluents related to plant or animal product processing has been found 

to contain the highest phytoestrogen concentrations (9, 33, 43, 46). The most 

comprehensive study of industrial effluents surveyed 19 different waste streams for 6 

phytoestrogen species (43). Of these industrial effluents, 8 contained total phytoestrogen 
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concentrations in excess of 1 µg/L: biodiesel (1.3-22.5 µg/L), soy milk (250 µg/L), 

ethanol (4.7 µg/L), soy oil (127 µg/L), dairy (39.9 µg/L), barbeque meat (30.8 µg/L), and 

peanut processing (6.3 µg/L). Effluents from pulp and paper mills have also been closely 

studied because of widespread developmental and reproductive defects seen in 

downstream fish populations (9, 18, 33, 61). Isoflavones and phytosterols are believed to 

be responsible for the majority of the estrogenicity seen in pulp and paper mill effluents 

(33). Indeed, 2 pulp and paper mill effluents were analyzed for 6 phytosterols; β-

sitosterol, β-sitostanol, and campesterol were found to be dominant at average total 

concentrations varying from 350 to 950 µg/L (46). Kipparissis (33) found genistein at 

10.1 µg/L in pulp and paper mill effluent, which is well above the 1 µg/L phytoestrogen 

threshold concentration believed to result in ecological effects (43).    

Humans are capable of excreting up to several milligrams of phytoestrogens per 

day depending on diet, which points to the likely presence of these compounds in 

wastewater and therefore also in wastewater treatment plant (WWTP) effluents (42). 

Only a limited number of studies have been conducted on municipal WWTP effluents 

and have found phytoestrogens over a wide range of concentrations. Studies have also 

shown the presence of these compounds in surface water impacted by wastewater 

effluent, again suggesting the importance of wastewater effluents as a source of 

phytoestrogens to the environment (2, 27, 38). Table 3 summarizes WWTP effluent 

concentrations of some of the common phytoestrogens.  
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Table 3: Summary of phytoestrogen content in analyzed WWTP effluents 

Compound 

WWTP Effluent 

Conc.  

[ng/L]  

Number of 

WWTP 

Effluents 

Surveyed 

Reference 

Daidzein 

59.3 - 1,380    3 43 

0.1 - 18    3 27 

7 - 16   1 38 

Genistein 

32.6 - 158    3 43 

0.1 - 0.4   3 27 

15 - 83   1 38 

Formononetin 

33.7 - 46.0   3 43 

0.1 - 0.6    2 27 

5.0    1 2 

Biochanin A 

166 - 300   3 43 

nd - 0.9    1 27 

3 - 5    1 38 

Coumestrol 

33.7 - 46.0   2 43 

nd - 0.7    1 27 

2.0    1 2 

Glycitein 
6.0    1 2 

1.0    1 27 

Zearalenone 3 - 10    1 38 
*non-detect (nd) 

 

Agricultural field runoff can also act as a non-point source of phytoestrogens into 

the environment. Land-applied livestock manure and decomposing crop vegetation can 

contain significant concentrations of phytoestrogens that could then runoff into adjacent 

surface waters during precipitation or irrigation (3, 20-21, 35). Phytoestrogen runoff from 

agricultural fields generally results in low nanogram per liter concentrations in adjacent 

waterways (20-21, 35), but smaller catchments subject to proportionally higher levels of 

runoff could be more significantly impacted (20-21). 
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4.3.3 Evidence of Phytoestrogen Effects in Fish 

 As mentioned above, there is substantial evidence for EDCs causing reproductive, 

behavioral, and immunosuppressive effects on numerous organisms, including fish. Fish 

are likewise susceptible to endocrine disruption as a result of phytoestrogen exposure.  

Reproductive impacts on fish as a result of phytoestrogen exposure are the most 

widely studied. Kiparissis (32) exposed juvenile Japanese medaka (Oryzias latipes) to 

genistein (1-1000 µg/L) and equol (0.4-0.8 µg/L), then measured the effects seen on 

gonadal development. Populations of males exposed to 0.4 µg/L and 0.8 µg/L equol 

exhibited 10% and 87% intersex character, where genistein-exposed males (1000 µg/L) 

had a low, 12% incidence of intersex gonads but a 72% incidence of altered secondary 

sex characteristics (32). The ovaries of female medaka showed delayed oocyte 

maturation, an enlarged ovarian lumen, proliferation of somatic stromal tissue, and 

primordial germ cells upon equol and genistein exposure (32). All effects on females 

were concentration dependent (32). In a similar study, Stevenson et al. (60) exposed adult 

male fighting fish (Betta Splendens) to genistein and β-sitosterol at concentrations 

ranging from 1 to 1000 µg/L. The fish were assessed for sex-steroid hormone levels, 

gonadosomatic index (GSI), sperm concentrations and motility, and fertilization success. 

Limited effects were seen on sperm concentration and motility, but otherwise, the fish 

remained unaffected by genistein and β-sitosterol (60), suggesting that exposure of adult 

fish may have limited effects and that these effects can be recovered from once exposure 

ceases. Because the estrogenic potency of pulp and paper mill effluents is believed to be 

the result of the presence of phytosterols and phytoestrogens (33), Tremblay (61) 
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investigated the effects of pulp and paper mill effluent and β-sitosterol exposure on 

immature rainbow trout (Oncorhynchus mykiss). A 21-day in vivo experiment was 

performed in which exposure to two pulp and paper mill effluents and β-sitosterol (75-

150 µg/L) occurred (61). In all three treatments, elevated vitellogenin levels were 

observed but there were little to no effects seen on fish testosterone levels (61). In 

addition, pregnenolone levels were significantly reduced while E2 levels remained 

constant, suggesting β-sitosterol and pulp and paper mill effluent treatments had an anti-

estrogenic effect on the immature rainbow trout. Ovarian aromatase activity dictates the 

conversion of androgens to estrogens and is critical for reproductive development (61). 

Pelissero et al. (53) investigated the inhibitory effects of a range of flavonoids and 

isoflavones on the ovarian aromatase enzyme complex for rainbow trout (Oncorhynchus 

mykiss). Equol was found to be a potent inhibitor of aromatase whereas biochanin A and 

genistein (50-1000 µM) only slightly inhibited aromatase activity (53). Formononetin, 

daidzein, coumestrol, and E2 did not inhibit ovarian aromatase activity at doses up to 

1000 µM (53).  

Interestingly, different species of fish have shown very different susceptibilities to 

the reproductive effects of phytoestrogens. Gontier-Latonnelle (18) investigated the 

differing sensitivities of rainbow trout (Oncorhynchus mykiss) and Siberian sturgeon 

(Acipenser baerii) to in vivo exposure of genistein via ingestion. It was found that the 

Siberian sturgeons were 50x more sensitive to genistein than rainbow trout, as measured 

by vitellogenin synthesis (18). Radiolabeled genistein showed that this differing 

sensitivity was a result, not to differences in estrogen receptors or binding affinity, but to 
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the higher accumulation of genistein in the sturgeon (18). Trout were seen to be much 

more effective at excreting genistein, whereas the sturgeon proved to have genistein 

plasma levels 15x higher than that of the trout (18). This study shows that differing 

sensitivities to phytoestrogens between fish species must be considered when assessing 

the environmental impacts of phytoestrogen contamination. 

Ardia and Clotfelter (1) studied the immune response of Japanese medaka 

(Oryzias latipes) exposed to genistein, equol, and β-sitosterol (1000 µg/L). Following 

exposure, the fish were injected with phytohaemagglutinin, a lectin derived from red 

kidney beans, to assess immune response (1). All three phytoestrogen treatments elicited 

a reduced immune response when compared to the baseline control (1). This 

demonstrated that phytoestrogens can have an immunosuppressant effect in some fish 

species. Clotfelter and Rodriquez (5) investigated the behavioral effects of genistein, 

equol, and β-sitosterol on male fighting fish (Betta Splendens). Several behavioral 

metrics were measured in response to the phytoestrogen treatments (1-1000 µg/L), which 

were then compared with that of a negative and positive E2 control (5). It was found that 

there were significant decreases in aggressive behavior toward a mirror following 

exposure to the phytoestrogen treatments at all concentrations as well as the E2 positive 

control (5). This suggested that wild fish populations exposed to these environmentally 

relevant levels of phytoestrogens could suffer behavioral effects and changes in 

aggression. The varied reproductive, immunosuppressive, and behavioral effects of 

phytoestrogens at environmentally relevant concentrations (1 µg/L) are clear (5, 32, 60). 

As with other EDCs, it appears that reproductive effects can differ depending on the 
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developmental stage and species (18, 32, 60), making it even more important to 

understand temporal and spatial exposure patterns in the environment.  

  

4.3.4 Removal of Phytoestrogens 

4.3.4.1 Abiotic Mechanisms 

Recent work has shown direct and indirect photolysis to be important 

environmental degradation mechanisms for phytoestrogen species (13, 29). The 

isoflavones formononetin, biochanin A, genistein, equol and daidzein were all found to 

be capable of photodegradation under certain conditions (13, 29). Daidzein and 

formononetin proved to degrade primarily by direct photolysis with summer half-lives 

(pH 7 at 47
o
 N latitude) of 10 and 4.6 h, respectively. Biochanin A, genistein, and equol 

showed negligible direct photolytic degradation under environmentally relevant pH 

values but did show increased rates of degradation in the presence of natural organic 

matter (13). This research suggests that phytoestrogen removal via photolysis is likely to 

be important in some aquatic environments.  

The limited sorption data that exists for phytoestrogens and mycotoxins indicates 

that soil organic matter is critical for sorption. Schenzel et al. (20) determined the organic 

matter-water partitioning coefficient (Koc) for zearalenone, daidzein, and equol in their 

neutral forms (pH 4.5) using a dynamic HPLC-based flow-through column packed with 

Pahokee Peat (Table 4). log Koc values (Table 4) showed that sorption to organic matter 

was moderate (57). Using EPA’s EPI Suite program, octanol-water partitioning 

coefficients (log Kow) for equol, daidzein, zearalenone, formononetin, coumestrol, 
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biochanin A, and genistein were estimated, allowing further prediction of log Koc values 

for a wide range of phytoestrogens. Although estimated log Koc values only describe 

sorption of the neutral form of phytoestrogens to organic matter, these values do suggests 

that sorption should play an important role in phytoestrogen loss when organic matter is 

present in environmental and engineered systems.  

 

Table 4: Estimated and experimental log Kow and log Koc values 

Compound Estimated Values Experimental Values 

log Kow log Koc
[a]

 log Kow
[b]

 log Koc
[c]

 

Equol 3.67 3.09 ± 0.06 3.2 ± 0.12 2.78 

Daidzein 2.55 2.9 ± 0.03 2.51 ± 0.06 3.29 

Zearalenone 3.58 3.37 - 3.42 

Formononetin 3.11 3.12 - - 

Coumestrol 1.57 2.06 - - 

Biochanin A 3.41 3.45 - - 

Genistein 2.84 3.36 ± 0.02 3.04 ± 0.02 - 
[a] 

Values were estimated using experimental log Kow or if not present using estimated log Kow values. 
[b]

 (55) 
[c]

 (57). 

  

4.3.4.2 Biological Mechanisms 

To date, no studies have investigated the degradation rates of phytoestrogens in 

environmental systems; nevertheless, a handful of studies have broadly investigated 

phytoestrogen removal in some WWTPs (Table 5). Biological treatment appears to be 

capable of effectively decreasing phytoestrogen concentrations in such systems, but a 

high degree of variability in removal extent exists (2, 14, 17, 27, 38, 43). A study of two 

WWTPs in Rome, Italy found higher removal rates for various phytoestrogens when 

coupled with greater BOD5 destruction (2). Kang (27) found that advanced tertiary 

treatment typically led to higher removal rates for phytoestrogens, and that the majority 

of the phytoestrogen removal occurred during activated sludge treatment, suggesting that 
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biological removal, contact with biological solids, or some combination of the two were 

the dominant loss mechanisms. The limited number and the limited depth of the 

biodegradation studies in the literature, however, allow only speculation as to how 

phytoestrogens are lost in WWTPs and how this might transfer to the natural 

environment.  

 

Table 5: Summary of WWTP influent, effluent and % removal for phytoestrogen species 

from published literature 

Compound 
WWTP 

Type (n)
[a]

 

Influent 

Conc. 

ng/L 

Effluent 

Conc. 

ng/L 

% Rem.
[c]

 
Avg. % 

Rem.
[b]

 
Reference 

Genistein 

AS (8) 50 - 25,300 0 - 42.4 88.7 - 100 97.2 2, 14, 27, 38, 43 

TR (1) 10,200 158 98.5 98.5 43 

PR-SC (1) 13,100 10,100 22.9 22.9 33 

Daidzein 
AS (8) 341 - 28,100 0 - 28.7 88 - 100 97.1 2, 14, 27, 38, 43 

TR (1) 7,840 860 89 89.0 43 

Coumestrol 
AS (8) 0.2 -244 0 - 33.7 66 - 100, G 92.9 2, 27, 43 

TR (1) - 46 G - 43 

Biochanin A 
AS (6) 0 - 76 0 - 166 66 - 100, G 85.4 2, 27, 43 

TR(1) - 300 G - 43 

Formononetin AS (3) 0.1 - 10 0 - 0.6 93.3 - 100 97.7 2, 27 

Glycitein AS (3) 3 - 128 0 - 16 62 - 100 82.5 2, 27 

Zearalenone AS (2) 3 - 18 3 - 10 - - 38 

Equol 
UASB-TR 

(1) 

9.4×10
5
 - 

1.1×10
6
 

170 - 410 99.9 99.9 17 

[a]
 Activated sludge (AS), trickling filter (TR), primary treatment + secondary 7 day HRT (PR-SC), and up-

flow anaerobic sludge blanket (UASB).  
[b]

 Average % removal was calculated using the reported removal rates from each study.  
[c]

 Generation (G) indicates analyte presence in effluent but not influent. 

 

No microorganisms or particular conditions have been identified as active in 

phytoestrogen degradation, but similarly structured estrogens have been shown to be 

preferentially removed under nitrifying conditions, suggesting a potential avenue of study 

(59). Furthermore, the low concentrations at which phytoestrogens are likely to exist in a 

relatively unimpacted environment suggest that little energy or biomass would be 

generated by a microorganism specializing in the degradation of a specific phytoestrogen. 
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This points to non-specific degradation as potentially important in both engineered and 

natural environments. Ammonia monooxygenase is an enzyme used in the initial steps of 

ammonia oxidation. This enzyme is also known to be promiscuous, catalyzing the 

transformation of a variety of compounds (23-24, 31, 59, 67), and has been implicated in 

the transformation of synthetic micropollutants (31, 59, 67).  Further investigation of the 

organisms involved in phytoestrogen degradation, including the possible role of ammonia 

oxidizers in this process, could lead to better design of wastewater treatment technology 

with higher and more consistent phytoestrogen removal efficiencies. 

 

4.4  Summary and Research Needs 

From the published literature it is clear that phytoestrogens are discharged from a 

variety of sources in sufficient quantity to cause potential reproductive, behavioral, or 

immunosuppressive effects in fish populations. Wastewater treatment technologies 

appear to remove phytoestrogens from waste streams, but the specific conditions under 

which this occurs most readily and the populations or communities responsible for that 

degradation are unknown. It is likely that these compounds biodegrade in the 

environment, but again, under what environmental conditions and at what rates are 

currently unknown. In an attempt to bridge these gaps in our understanding, the research 

described in this thesis was conducted. First, the degradation potential of genistein in 

surface water under a variety of conditions was determined. The role of nitrifying 

communities or conditions conducive to nitrification on the removal of genistein was 

studied. Finally, assessment of several wastewater-impacted and unimpacted surface 
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waters in the upper Midwest was conducted, with Megan Kelly, to determine the 

phytoestrogen concentrations present. This research will further our understanding of 

phytoestrogens and their fate in the environment and in engineered systems. 
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5. Site Descriptions 

To understand the environmental concentrations of phytoestrogens regionally, 

surface waters samplers were taken at different times and locations at five sites in the 

Midwest. Samples focused on temporal variability were taken at three sites: Lake 

Vadnais (Vadnais Heights, MN), the Metropolitan WWTP effluent channel (St. Paul, 

MN) and Straight Lake (Straight Lake State Park, WI) with samples taken biweekly or 

monthly over the course of a year. Two sites, Minnesota River (Mankato, MN) and 

Okabena Creek (Brewster, MN) were sampled intensely for spatial variation in 

phytoestrogen concentrations downstream from a suspected point source. 

 

5.1  Temporal Study 

Lake Vadnais in Vadnais Heights, MN (Figure 4) is a suburban lake used as a 

drinking water source for St. Paul, MN. Located at the end of a chain of lakes fed by the 

Mississippi River, Lake Vadnais is not directly impacted by wastewater sources but is 

indirectly influenced by wastewater and agricultural runoff via the Mississippi River 

inflow. Samples were collected at the inlet to East Lake Vadnais from Sucker Lake. 

Samples were collected from February, 2011 to June, 2012.  

The Metropolitan (Metro) WWTP in St. Paul, MN discharges to the Mississippi 

River (Figure 4) and is the largest WWTP in the state, treating over 75% of the entire 

State’s wastewater and serving 1.8 million people and 617 industries. The Metro WWTP 

employs an activated sludge system followed by tertiary biological removal of 

phosphorus and nitrogen, and concludes with seasonal chlorination then dechlorination. 
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The effluent channel of the WWTP was sampled and analyzed for phytoestrogens from 

May, 2011 to May, 2012. 

Straight Lake is located in Straight Lake Wilderness State Park near Luck, WI 

(Figure 4). Straight Lake is a 400 acre lake that is part of a watershed isolated from 

wastewater inputs or agricultural influences. This site served as a control site intended to 

measure the natural background concentrations and fluctuations of certain 

phytoestrogens. Samples were taken at the outlet of Straight Lake on the southeastern 

side of the lake. Samples were collected from April, 2011 to May, 2012. 
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Figure 4: Sites used for temporal study of phytoestrogen fluctuations
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5.2  Spatial Study  

Samples for the spatial study were taken on the Minnesota River (11/8/11, 

5/14/12, and 6/6/12) and Okabena Creek (11/8/11 and 6/6/12). The Mankato WWTP is 

located in downtown Mankato, MN on the MN River (Figure 5). Treating 7 million 

gallons of wastewater per day (MGD), the Mankato WWTP employs an activated sludge 

system combined with tertiary treatment for biological removal of nitrogen and chemical 

removal of phosphorus. The plant itself serves approximately 35,000 residents and 

several industries, which include local ethanol and biodiesel refineries. The contribution 

of industrial effluents to the Mankato WWTP and the agricultural nature of the MN River 

make this location ideal for investigating phytoestrogens. The Brewster WWTP located 

on Okabena Creek in Brewster, MN (Figure 6) serves a small community of 1,000 

residents and one large biodiesel refinery. The Brewster WWTP consists of two pond 

systems designed to operate in parallel. One pond system is composed of two primary 

ponds (4.58 and 4.42 acres) and a secondary pond (3.52 acres). The second pond system 

consists of one primary stabilization pond and one secondary stabilization pond, each 

with a surface area of 8.74 acres. At varying times during the year, depending on pond 

volume and water quality, effluent is discharged to the adjacent Okabena Creek with a 

design flow of 0.191 MGD. In both cases WWTP effluent samples as well as staggered 

downstream samples were taken for analysis to assess the receiving bodies for spatial 

phytoestrogen impact. Bulk water was also collected at downstream locations for use in 

batch reactors measuring genistein degradation.  
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Figure 5: Spatial study sample location on Minnesota River at Mankato, MN  
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Figure 6: Spatial study sample location on Okabena Creek at Brewster, MN 
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6. Materials and Methods  
 

6.1  Materials 

Genistein and daidzein were purchased from TCI America. Zearalenone, 

coumestrol, and biochanin A were purchased from Sigma Aldrich. Formononetin was 

purchased from Acros Organics. Surrogate d3-genistein and d4-daidzein were purchased 

from Cambridge Isotopes (Andover, MA). All solvents were HPLC-grade. Nitrogen was 

UHP/Zero-grade. 

 

6.2  Water Collection and Processing 

Samples for the spatial study were collected from the top 0.5-meter of the water 

column in solvent-rinsed 1-L amber glass containers. Water for the genistein degradation 

experiments was collected from the top 0.5-meter of the water column, roughly 1-meter 

from the river bank and approximately 500 meters downstream of the WWTP outfall at 

each location. These samples were placed in 23-L carboys (Reliance Products, Winnipeg, 

Canada). Upon collection, all samples were packed on ice for transport to the laboratory 

where they were refrigerated at 4
o
C. Water temperature and dissolved oxygen (DO) were 

measured at each site using a field probe (YSI Environmental, EcoSense, DO200, Yellow 

Springs, OH). Upon return to the laboratory, the pH, suspended solids (SS), volatile 

suspended solids (VSS), optical density (OD), and dissolved organic carbon (DOC) 

content of the water samples were measured. Water samples were either processed for 

analysis within 24 hours or used in batch experiments within 2 weeks of collection. 
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Samples taken for the spatial and temporal studies were filtered through glass 

wool, split into 0.6-L aliquots, spiked with surrogates (d3-genistein and d4-daidzein), and 

then concentrated with solid phase extraction (SPE) cartridges (preconditioned 6 mL 200 

mg HLB Oasis cartridges, Waters, Milford, MA). After extraction into acetone, samples 

were cleaned with silica gel and analyzed via LC-MS-MS. All samples collected for the 

temporal study were taken and processed in triplicate. Upstream, effluent and one 

downstream sample were collected in triplicate for the spatial study. 

 

6.3  Enrichment of Nitrifying Organisms 

Activated sludge was collected from the Metropolitan Wastewater Treatment 

Plant located in St. Paul, Minnesota. A 2.5-L continuous flow reactor (CSTR) was seeded 

with 2 mL of the collected sludge and enriched with a nitrifying media (Table 6) over the 

course of 3 months. During enrichment, a pH of 7.5-8.5 was maintained and dissolved 

oxygen (DO) was maintained above 4 mg/L through the use of an air-stone. The reactor 

was operated under a 15 day solids retention time (SRT) and a 12 hour hydraulic 

residence time (HRT). The ammonia oxidizing and glucose degrading potential of the 

enriched solids were measured prior to genistein addition and degradation experiments, to 

evaluate the level of enrichment.  
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Table 6: Nitrification reactor media 

Chemical Formula 
Concentration 

mg/L 

Sodium Phosphate Na2HPO4-7H2O 3000 

Potassium Phosphate KH2PO4 83.3 

Magnesium Sulphate MgSO4-7H20 80 

Calcium Chloride CaCl2 75 

Sodium Bicarbonate NaHCO3 1.5 

Ferric Chloride FeCl3-6H2O 0.8 

Copper Sulphate CuSO4 0.2 

EDTA Na3EDTA-4H2O 1 

Cobalt Chloride CoCl2-6H2O 2.0 x 10
-4

 

Zinc Sulphate ZnSO4-7H2O 0.1 

Sodium Molybdate Na2MoO4-2H2O 0.1 

Manganese Chloride MnCl2-2H2O 2 

Ammonium Sulphate (NH4)2SO4 1000 

 

6.4  Experimental Setup 

6.4.1 Genistein Degradation in Surface Water Samples 

 Batch reactors were set up in triplicate in sterilized 4-L Erlenmeyer Flasks capped 

with gas permeable stoppers. Reactors were covered to prevent genistein loss via 

photolysis. Oxygen was supplied to reactors through stirring and headspace entrainment. 

Batch reactors were seeded with the water collected at the Mankato and Brewster sites. 

Before adding the water to the reactors, it was allowed to reach to the desired 

experimental temperature. Negative controls containing 50 mM sodium azide were also 

set up in triplicate. 

 Batch reactors containing water collected from the Mankato site (5/14/12 and 

6/6/12) and the Brewster site (6/6/12) were amended with 0.5 µg/L genistein, added from 

an 800 µg/L genistein stock solution (pH 11 water). Approximately 200 mL samples 
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were withdrawn from each reactor over time, spiked with d3-genistein surrogate, 

concentrated via SPE, and analyzed by LC-MS. Periodic samples were also taken for OD 

and DOC determination. 

 Batch experiments were also conducted with reactors containing water collected 

from the Mankato site (11/8/11 and 5/14/12) and from the Brewster site (11/8/11) 

amended with 100 µg/L genistein. Because of the higher concentration of genistein in 

these reactors, experiments were started by first adding 4 mL of methanol containing 100 

µg genistein/mL to the reactors, evaporating the methanol, then adding the surface water 

to the reactors. In experiments conducted with the water collected on 11/8/11, 100 mL 

samples were withdrawn over time, concentrated with SPE as described above, and 

analyzed by HPLC. In experiments conducted with water samples obtained on 5/14/12, 

0.5 mL samples were taken over time, syringe-filtered with a glass fiber filter (GFF), 

amended with the d3-genistein surrogate, and analyzed directly via LC-MS. Periodic 

samples were also taken for OD and DOC determination. OD and final DOC 

measurements were not taken for reactor sets conducted with water retrieved on 11/8/11. 

 

6.4.2 Genistein Degradation Under Nitrifying Conditions 

 Six 4-L Erlenmeyer flasks were each filled with 4 L of nitrifying media and 

inoculated with rinsed nitrifying sludge to a reactor biomass concentration of 

approximately 50 mg/L. The initial pH of each flask was adjusted to 8 and maintained 

between 7.5 and 8 over the course of the experiment with 5 M NaOH or H2SO4 solutions. 

DO was maintained above 4 mg/L using air-stones. Flasks were periodically amended 
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with a concentrated (NH4)2SO4 solution to maintain total ammonium/ammonia 

concentrations between 10 and 100 mg/L. To begin the experiment, genistein was added 

to each flask (using a 2.5 μM aqueous genistein solution) to attain a nominal 

concentration of 2 μg/L. The ammonia monooxygenase (AMO) inhibitor, allylthiourea 

(80 μM), was added to flasks 22 hours after the experiment had started (t=22 hr) to stop 

nitrification. Triplicate killed controls (50 mM sodium azide) were run concurrently to 

distinguish biological removal of genistein from abiotic genistein removal. Samples (100 

mL) were filtered using GFF (to determine SS), amended with the d3-genistein surrogate, 

concentrated via SPE as described above, and analyzed by LC-MS. Total 

ammonium/ammonia, nitrate, and nitrite were also measured periodically.  

 

6.5  Analytical Methods 

6.5.1 Optical Density (OD), Suspended Solids (SS), Volatile 

Suspended Solids (VSS), and Dissolved Organic Carbon 

(DOC) 

 OD was measured using a Beckman DU 530 UV/VIS Spectrophotometer 

(Fullerton, CA) at a wavelength of 600 nm. Well-mixed samples (2 mL) were placed in 

cuvettes (Life Sciences, Foster City, CA) and measured three times; the average value 

was recorded. GFF (Whatman Ltd, Piscataway, NJ) used in SS, VSS and DOC analysis 

were pre-combusted at 500
o
C (Sybron, Thermolyne, Type 6000 Furnace) for 30 min to 

remove water and volatile organics and stored in a desiccator until use. SS and VSS were 

measured according to Standard Method 2540D and 2540E (67), respectively. Samples 
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(20 mL) were analyzed for DOC by first filtering them with a GFF, acidifying the filtrate 

to pH 2 with 5 M H2SO4, purging inorganic carbon with N2 gas, then analyzing the 

residual carbon (assumed to be organic) with a Sievers 900 Portable TOC Analyzer 

(General Electric, Fairfield, CT). 

 

6.5.2 Ion Analysis 

 Total ammonium/ammonia concentration was determined using a Thermo 

Scientific Orion Ammonia Specific Electrode (Waltham, MA). GFF-filtered samples (2 

mL) were adjusted to pH 11 using 100 µL of Ammonia ISA Solution (HACH, Loveland, 

CO). The probe was placed in the sample and continuously mixed until the conductivity 

stabilized. An external calibration curve was used to quantify ammonium/ammonia. 

Nitrate and nitrite concentrations were determined using a Metrohm (Riverview, FL, 

USA) 761 ion chromatograph using a Metrohm 766 sample processor and IC Net 

software. An eluent solution comprised of 1mM NaHCO3 and 32 mM Na2CO3 was used. 

Regenerant was a 0.2 mM sulfuric acid solution. A combined external calibration curve 

for nitrate and nitrite in Milli-Q was used to quantify sample concentrations.  

 

6.5.3 Phytoestrogen Analysis 

6.5.3.1 Sample Preparation 

 SPE cartridges were conditioned with two column volumes of acetone followed 

by two column volumes of ultrapure (Milli-Q, Millipore) 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 
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and polar organics. The SPE cartridges were vacuumed to dryness and immediately 

frozen at -20
o
C. To elute the phytoestrogens from the cartridges, two column volumes of 

acetone were used and collected in glass conical sample vials. Samples that did not 

undergo silica gel cleanup were blown down to dryness under nitrogen, re-dissolved in 

0.5 mL of 50:50 MeOH:ultrapure water, and placed in 2.5-mL HPLC vials (ChromTech, 

Apple Valley, MN).  

For those samples that underwent further silica gel cleanup, the acetone was 

blown down to approximately 0.25 mL using a gentle stream of nitrogen. Silica gel 

columns were prepared by placing a glass wool plug in a glass pipette (5 ¾” Fisherbrand) 

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 glass conical sample vial 

then blown down to dryness under a gentle nitrogen stream. The samples were then 

redissolved in 100 µL of 70:30 ultrapure water:methanol solution, placed in silanized 300 

µL HPLC vials (ChromTech, Apple Valley, MN), and analyzed using LC-MS-MS. 

 

6.5.3.2 HPLC Analysis 

All HPLC analyses were carried out using an Agilent 1200 series HPLC system 

with photodiode array detection. The LC was equipped with an Ascentis RP-Amide (15 

cm x 4.6 mm, 5 µm) Supelco column. A double solvent system with internal buffer was 

used: solvent A consisted of 10 mM ammonium acetate in a mixture of 90% Milli-Q 
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water and 10% HPLC-grade acetonitrile adjusted to pH 5 with glacial acetic acid; solvent 

B contained 100% HPLC-grade acetonitrile. The flow rate for the mobile phase was 1 

mL/min and was operated an isocratic regime comprised of 40% solvent A, 60% solvent 

B. Genistein was detected at 259 nm. Limit of quantification for genistein was 19 µg/L. 

 

6.5.3.3 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 

the samples by LC/ESI-MS in selected ion mode. The LC was equipped with an Ascentis 

RP-Amide (15 cm x 4.6 mm, 5 µm) Supelco column. A two-solvent system was used: 

solvent A consisted of 10 mM ammonium acetate in a mixture of 90% Milli-Q water and 

10% HPLC-grade acetonitrile; Solvent B contained 100% HPLC-grade acetonitrile. A 

sample injection volume of 35 µL was used together with a 1 mL/min flow rate. 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 (ESI) source operated at 300
o
C 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). 

The method limit of quantification (LOQ) was determined be 4.43 µg/L for genistein, 
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3.53 µg/L for daidzein and 2.79 µg/L for formononetin. The LOQ was determined by 

95% confidence interval associated with an external standard curve. Peak area response 

associated with each analyte was normalized by surrogate recovery in order to 

compensate for variation in machine performance and variable SPE recovery through the 

extraction process. Relative recovery of SPE, in Milli-Q, was tested and found to be 

30.0% ± 1.1%, 41.1% ± 7.7%, and 30.4% ± 3.8% for daidzein, formononetin, and 

genistein, respectively.    

 

6.5.3.4 LC-MS-MS Analysis 

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 4µm). The following optimized elution gradient, modified from 

Kang et al. (2006), was applied at room temperature with a flow rate of 10 µL/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 consists of 95% 10mM ammonium acetate 

and 5% acetonitrile, eluent B consists of 95% acetonitrile and 5% 10mM ammonium 

acetate]. Sample injection volume was 5 µL. Analyte detection was performed by means 

of negative ESI tandem mass spectrometry on a Thermo Finnigan TSQ Quantum Ultra 

MS. Interface parameters for the LC-MS/MS system were as follows: Capillary 

temperature 300
o
C, 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 7.  
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Table 7: 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. 

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. The LOQ was determined to be 

1.43, 1.7, 2.05, 3.83, 2.01, and 2.31 µg/L for daidzein, genistein, formononetin, 

coumestrol, biochanin A, and zearalenone, respectively. The LOQ was determined by 

95% confidence interval associated with an external standard curve. 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. Recovery through SPE and 

silica gel cleanup was not concentration-dependent, with analyte 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). Process blanks were also analyzed three times during the experiment. 
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Ultrapure water was collected in a 1 gallon glass container (the same bottle used for 

sample collection) and treated in the same manner as the environmental samples. Blanks 

were then analyzed by LC-MS/MS for phytoestrogens. No phytoestrogens were detected 

in the process blanks.  

 

6.5.3.5 Data Analysis 

Stata 10.1 (StataCorp, College Station, TX) was used to perform principal 

component analysis (PCA), Spearman’s rho correlation, and construct correlation 

matrices. No correlation between environmental conditions (SS, VSS, water temperature, 

pH, or DOC) and genistein degradation rate in surface waters was identified. To model 

lag and decay of genistein in high concentration (100 µg/L) surface water reactors the 

Gompertz curve was used  , where a is the initial genistein concentration 

(C/Co), b sets the x displacement of the curve, c sets the degradation rate of genistein, 

and t is time. The model was fit to the data by a least-squares approach using Microsoft 

Excel Solver. Microsoft Excel Paired Student t-test (Two-sample assuming unequal 

variance) was performed on genistein degradation in surface water data in order to assess 

statistical significance between two data sets. Statistical significance was placed when 

p<0.05. 
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7. Results and Discussion 
 

7.1  Genistein Degradation in Surface Waters 
 

 Figures 7 and 8 show the degradation of genistein in different surface water 

samples.  Degradation rate coefficients (Tables 8-10, Figure 9A) and time to 50% 

removal (Figure 9B) for all of experiments were determined. Time to 50% removal 

varied between 15 and 70 hours (Figure 9B).  
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Figure 7: Batch reactors amended with 0.5 µg/L genistein and seeded with water from 

different sources collected on 6/6/12. Panel (A) shows experimental results from reactors 

incubated 20
o
C and panel (B) shows results from reactors incubated at 10

o
C. Symbols 

are: (A) Minnesota River water ( ) with accompanying negative control ( ) 

and Okabena Creek water ( ) with accompanying negative control ( ). (B) 

Minnesota River water ( ) with accompanying negative control ( ). Error bars 

represent standard deviation of three replicate reactors. 
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Figure 8: (A) Batch reactors amended with 0.5( ) or 100 µg/L ( ) genistein and 

seeded with water collected on 5/14/12 from the Minnesota River. Negative controls are 

represented by open symbols (  for 0.5 µg/L and  for 100 µg/L genistein). (B) 

Batch reactors amended with 100 µg/L genistein and seeded with water from the MN 

River ( ) and Okabena Creek ( ) on 11/8/11 with accompanying negative 

controls (MN River , Okabena Creek ). Error bars represent the standard 

deviation of three replicates. All reactors were incubated at 20
o
C. 

A) 

B) 
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Figure 9: (A) Genistein degradation rate coefficients and (B) time to 50% degradation. 

MN River water collected on June 6
th

, spiked with 500 ng/L, and run at 20
o
C ( ). MN 

River water collected on May 14
th

, spiked with 500 ng/L, and run at 20
o
C ( ). MN River 

water collected on June 6
th

, spiked with 500 ng/L, and run at 10
o
C ( ). Okabena Creek 

water collected on June 6
th

, spiked with 500 ng/L, and run at 20
o
C ( ). MN River water 

collected on May 14
th

, spiked with 100 µg/L, and run at 20
o
C ( ). MN River water 

collected on Nov. 8
th

, spiked with 100 µg/L, and run at 20
o
C ( ). Okabena Creek water 

collected on Nov. 8
th

, spiked with 100 µg/L, and run at 20
o
C ( ). Time to 50% 

degradation was calculated using the first order kinetic model for the low concentration 

reactors and using the Gompertz function for the high concentration reactors. Error bars 

are 95% confidence interval. 
 

A) 

B) 
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Table 8: Genistein degradation rate coefficients in surface water samples amended with 0.5 µg/L genistein 
 

 Zero Order Kinetics First Order Kinetics 

Source 

Water 

Collection 

Date 

Reactor 

# 

Temp

. 

[
o
C]

[A]
 

K 

[µg/L-

hr] 

R
2
 

Avg. K ± 95% CI 

[µg/L-hr] 

K 

[1/hr] 
R

2
 

Avg. K ± 95% CI 

[1/hr] 

MN River, 

Mankato, MN 
6/6/12 

1 

20 

7.60×10
-3

 0.83 
7.00 × 10

-3
 ±  

2.42 × 10
-3

 

2.98×10
-2

 1.00 
3.39 × 10

-2
 ±  

1.76 × 10
-3

 
2 8.20×10

-3
 0.80 3.60×10

-2
 0.99 

3 5.19×10
-3

 0.71 3.76×10
-2

 1.00 

MN River, 

Mankato, MN  
5/14/12 

1 

20 

3.48×10
-3

 0.94 
4.88 × 10

-3
 ±  

5.64 × 10
-4

 

1.83×10
-2

 0.98 
2.24 × 10

-2
 ±  

1.28 × 10
-3

 
2 5.72×10

-3
 0.95 2.52×10

-2
 1.00 

3 5.43×10
-3

 0.96 2.38×10
-2

 0.99 

MN River, 

Mankato, MN  
6/6/12 

1 

10 

1.86×10
-3

 0.79 
2.07 × 10

-3
 ± 

 6.25 × 10
-4

 

2.03×10
-2

 0.98 
1.76 × 10

-2
 ±  

1.71 × 10
-3

 
2 2.33×10

-3
 0.90 1.93×10

-2
 0.99 

3 2.01×10
-3

 0.96 1.30×10
-2

 0.99 

Okabena 

Creek, 

Brewster, MN 

6/6/12 

1 

20 

7.17×10
-3

 0.93 
7.96 × 10

-3
 ±  

1.79 × 10
-3

 

1.62×10
-2

 0.81 
2.11 × 10

-2
 ±  

6.99 × 10
-3

 
2 9.93×10

-3
 0.88 2.72×10

-2
 0.82 

3 6.77×10
-3

 0.89 2.00×10
-2

 0.77 
 
[A]

 Reactors were incubated at either 10 or 20 
o
C. 
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Table 9: Genistein degradation rate coefficients in surface water samples amended with 100 µg/L genistein  
 

 Zero Order Kinetics First Order Kinetics 

Source 

Water 

Collection 

Date 

Reactor 

# 

Temp

. 

[
o
C]

[A]
 

K 

[µg/L-

hr] 

R
2
 

Avg. K ± 95% 

CI 

[µg/L-hr] 

K 

[1/hr] 
R

2
 

Avg. K ± 95% 

CI 

[1/hr] 

MN River, 

Mankato, MN 
5/14/2012 

M1 

20 

6.83 0.97 
6.08 ±  

7.68 × 10
-1

 

2.78×10
-1

 0.84 
2.31 × 10

-1
 ±  

7.48 × 10
-2

 
M2 5.59 0.98 1.72×10

-1
 0.88 

M3 5.81 0.98 2.43×10
-1

 0.87 

MN River, 

Mankato, MN 
11/8/2011 

M1 

20 

2.32 0.96 

2.86 ± 1.12 

4.99×10
-1

 0.84 
9.37 × 10

-2
 ±  

2.34 × 10
-1

 
M2 4.21 0.94 9.49×10

-1
 0.80 

M3 2.04 0.97 5.46×10
-1

 0.77 

Okabena 

Creek, 

Brewster, MN 

11/8/2011 

B1 

20 

2.29 0.63 

2.92 ± 2.07 

2.19×10
-1

 0.60 
1.29 × 10

-1
 ±  

1.83 × 10
-1

 
B2 3.20 0.93 1.63×10

-1
 0.62 

B3 3.29 0.92 1.75×10
-1

 0.60 
 
[A]

 Reactors were incubated at either 10 or 20
o
C. 
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Table 10: Analysis of genistein degradation in surface water samples amended with 100 µg/L genistein using the Gompertz Function 
 

 Gompertz Function 

Parameters 

 

Source Date 
Reactor 

# 

Temp 

[
o
C]

[E]
 

A
[A]

 B
[B]

 C
[C]

 95% CI
[D]

 

MN River, 

Mankato, MN 
5/14/2012 

M1 
20 

 

9.80×10
-1

 -2.93×10
-4

 3.34×10
-1

 

2.95×10
-1

 ± 8.40×10
-2

 M2 9.58×10
-1

 -1.23×10
-4

 2.78×10
-1

 

M3 9.57×10
-1

 -1.95×10
-4

 2.73×10
-1

 

MN River, 

Mankato, MN 
11/8/2011 

M1 

20 

9.70×10
-1

 -7.02×10
-4

 1.35×10
-1

 

2.35×10
-1

 ± 2.59×10
-1

 M2 9.54×10
-1

 -2.57×10
-7

 3.43×10
-1

 

M3 9.07×10
-1

 -3.10×10
-5

 2.27×10
-1

 

Okabena 

Creek, 

Brewster, MN 

11/8/2011 

B1 

20 

1.03 -4.6×10
-8

 3.32×10
-1

 

3.61×10
-1

 ± 6.59×10
-2

 B2 9.50×10
-1

 -4.1×10
-8

 3.69×10
-1

 

B3 9.81×10
-1

 -2.1×10
-8

 3.83×10
-1

 
[A]

 Parameter A sets upper asymptote. 
[B]

 Parameter B sets the x displacement. 
[C]

 Parameter C sets the growth/decay rate for the Gompertz function. 
[D]

 Confidence intervals were calculated for parameter C. 
[E]

 Reactors were incubated at either 10 or 20 
o
C. 
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Table 11: Genistein degradation rate coefficients for the negative controls (surface water samples amended with either 0.5 or 100 

µg/L genistein and 50mM sodium azide). 
 Zero Order Kinetics First Order 

Kinetics 

Source 

Water 

Collectio

n Date 

Temp

. 

[
o
C]

[A]
 

Genistein 

Conc. 

[µg/L] 

Reactor 

# 

K 

[µg/L-hr] 
R

2
 

Avg. K 

[µg/L-

hr] 

K 

[1/hr] 
R

2
 

Avg. K 

[1/hr] 

MN River, 

Mankato, 

MN
[B]

 

11/8/11 20 100 

M1 4.19×10
-2

 0.09 

3.71×10
-2

 

4.65×10
-4

 0.08 

4.33×10
-4

 M2 3.23×10
-2

 0.10 4.00×10
-4

 0.10 

M3 N/A N/A N/A N/A 

MN River, 

Mankato, MN 
5/14/12 20 100 

M1 1.03×10
-1

 0.47 

1.64×10
-1

 

8.04×10
-4

 0.47 

1.60×10
-3

 M2 3.32×10
-1

 0.46 3.05×10
-3

 0.44 

M3 5.64×10
-2

 0.21 9.53×10
-4

 0.22 

MN River, 

Mankato, MN 
5/14/12 20 0.5 

M1 2.27×10
-3

 0.53 

1.63×10
-3

 

2.30×10
-3

 0.53 
1.67×10

-3
 

 
M2 2.43×10

-3
 0.22 2.48×10

-3
 0.19 

M3 2.00×10
-4

 0.54 2.20×10
-4

 0.54 

MN River, 

Mankato, MN 
6/6/12 20 0.5 

M1 1.34×10
-3

 0.82 

1.2×10
-3 

2.93×10
-3

 0.86 

2.68×10
-3

 M2 1.36×10
-3

 0.74 2.87×10
-3

 0.76 

M3 1.04×10
-3

 0.97 2.24×10
-3

 0.98 

MN River, 

Mankato, MN 
6/6/12 10 0.5 

M1 9.49×10
-5

 0.14 

7.53×10
-5

 

4.35×10
-4

 0.1 

3.30×10
-4

 M2 1.05×10
-4

 0.29 4.40×10
-4

 0.28 

M3 2.59×10
-5

 0.30 1.16×10
-4

 0.28 

Okabena 

Creek, 

Brewster, MN 

11/8/11 20 100 

B1 2.35×10
-1

 0.75 

1.96×10
-1

 

3.07×10
-3

 0.88 

2.77×10
-3

 B2 1.33×10
-1

 0.99 1.89×10
-3

 0.99 

B3 2.19×10
-1

 0.89 3.35×10
-3

 0.73 

Okabena 

Creek, 

Brewster, MN 

6/6/12 20 0.5 

B1 9.30×10
-4

 0.37 

6.06×10
-4

 

1.95×10
-3

 0.40 
1.40×10

-3
 

 
B2 4.81×10

-4
 0.85 1.14×10

-3
 0.85 

B3 4.07×10
-4

 0.53 1.11×10
-3

 0.54 
[A]

 Reactors were incubated at either 10 or 20 
o
C. 

[B]
 Reactor M3 was lost 
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 A significant difference (p=0.0218) was seen in the degradation rate coefficients 

between identical water samples amended with different genistein concentrations (100 

versus 0.5 µg/L) (Figure 8A). Reactors amended with 100 µg/L genistein exhibited a 

variable lag-like period followed by rapid zero-order degradation. In contrast, slower 

first-order degradation was observed in reactors to which 0.5 µg/L genistein was added. 

Interestingly, the source of the water sample (Minnesota River versus Okabena Creek) 

only significantly (p=0.0291) influenced the value of the degradation rate coefficient at 

low (0.5 µg/L) initial genistein concentrations (Table 8), with the first order degradation 

rate coefficient for the Minnesota River water samples being 60% higher than the first-

order degradation rate coefficient for the Okabena Creek water samples (Table 8). The 

effect of incubation temperature (20
o
C versus 10

o
C, Table 8) was also assessed using MN 

River water collected on 6/6/12 to which 0.5 µg/L genistein was added. Decreasing the 

incubation temperature caused a significant (approximately 50%, p=0.0069) decrease in 

the first-order degradation rate coefficient. In the same water source temporal variability 

in genistein degradation rates were also observed, with a significantly (p=0.0195) higher 

degradation rate coefficient seen in water samples amended with 0.5 µg/L genistein and 

collected from the Minnesota River on 6/6/12 as compared to samples taken only about a 

month earlier, on 5/14/12. Similarly, at the higher amended genistein concentration (100 

µg/L), significantly higher (p=0.0258) degradation rate coefficients were seen in 

Minnesota River water collected on 5/14/12 as compared to Minnesota River water 

collected on 11/8/11. 
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 Abiotic phytoestrogen losses in these experiments were generally low, ranging 

between 5 and 28% (Table 11) of the initial concentration and did not correlate with SS, 

VSS, DOC, or water source. No significant increase in biomass concentration as 

measured by OD was found for any reactor set (Figures A1-A5). 

 Genistein was found to degrade both readily and variably in surface water 

samples, with differences in degradation rates based on source water, month of sample 

collection, and incubation temperature. This was not unexpected, as steroidal estrogens 

(estrone and 17β-estradiol), which are also natural compounds with similar structures, 

were found to degrade readily and variably in surface waters (0.1 to 11 days and 0.2 to 9 

days, respectively) when investigated at equivalent concentrations (0.1-100 µg/L) (26). 

Interestingly, there were no statistically significant correlations between environmental 

variables in the water samples (water temp, SS, VSS, or DOC) and degradation rates.   

 Organisms active in genistein degradation (referred to as genistein degraders) 

appear to be gaining energy from genistein degradation. At high genistein concentrations, 

genistein degraders seemed to go through an enrichment period, after which rapid zero-

order genistein removal occurred. If enrichment is in fact occurring in these samples, it 

suggests that differences in genistein removal potential may exist in different surface 

waters, but such differences may disappear upon exposure to higher genistein 

concentrations and enrichment. This pattern was observed in the comparison of the 

Minnesota River and Okabena Creek samples in which low genistein concentrations 

resulted in different degradation rates in the two waters whereas the addition of higher 

genistein concentrations showed no significant difference in removal rate, presumably as 
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a result of enrichment. Biomass concentrations did not increase over the course of the 

experiments in those reactors in which it was measured (see Methods) (Figures A1-A5), 

but this could be because growth is not always seen on the same timescale as degradation 

(64) or only a subset of the community was growing, which was not evident in the bulk 

biomass measurements. From an evolutionary perspective, genistein is a naturally 

produced compound, which suggests that an organism(s) capable of obtaining carbon and 

energy from genistein could certainly have evolved. Cometabolic degradation of 

genistein could also be occurring, as DOC concentrations were 4 to 5 orders of 

magnitude greater than that of the highest spiked genistein concentration. No significant 

change in DOC concentrations was observed in the reactors over the course of the 

experiment in the reactors in which DOC was measured (see Methods); nevertheless, 

because DOC is a bulk carbon measurement with limited precision, a loss of a portion of 

the DOC pool may not be measurable and may not be sufficient to monitor degradation 

of only a subset of DOC in the reactors. Cometabolic removal also makes sense from an 

evolutionary perspective, because environmental phytoestrogen concentrations would be 

expected to be low (2, 10, 21, 27, 34-35, 38), and might in fact be lower than the 

threshold required to generate sufficient energy for growth.  

 Again, not unexpectedly, genistein degradation was more rapid in samples 

collected during warmer periods and a reduction in water temperature from 20 to 10
o
C 

produced a 50% decrease in the genistein first-order degradation rate coefficients (Table 

8, 9). 
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7.2  Degradation of Genistein Under Nitrifying Conditions 
 

 In order to determine which organism(s) were responsible for genistein 

degradation, and therefore better understand the spatial and temporal degradation patterns 

observed in surface water samples, genistein degradation under highly enriched nitrifying 

conditions was investigated. At 22 hours, an inhibitor of nitrification, allylthiourea, was 

added to the reactor. Allylthiourea halted ammonia and nitrite oxidation (Figure 11), but 

did not stop or slow genistein degradation (Figure 10). No statistically significant growth 

in biomass, as measured by SS, was observed during the experiments (Figure A6). 
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Figure 10: Degradation of genistein under nitrifying conditions. Panel (A) shows 

genistein degradation ( ) prior to the addition of allylthiourea, an inhibitor of 

nitrification. Panel (B) shows genistein degradation before and after allylthiourea (80 

mM) addition at 22 hours ( ). Genistein degradation in killed controls (amended with 

50 mM sodium azide) is also shown ( ). Error bars represent the standard deviation 

for the three replicate reactors. 
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Figure 11: Ammonia ( ), nitrite ( ), and nitrate ( ) concentrations in 

experiments with enriched nitrifiers amended with genistein. Ammonia was added at 

t=9.5 and t=22 hrs; nitrification was inhibited with allylthiourea at t=22 hrs ( ). Error 

bars represent the standard deviation for three replicate reactors.  
 

 Enriched nitrifying activated sludge (NAS) and pure cultures of Nitrosomonas 

europea have been shown to rapidly degrade steroidal estrogens (59). Additionally, 

nitrifying organisms have been found to be important for the degradation of a range of 

micropollutants (24, 31, 67). In our experiments, however, these organisms did not 

appear to be responsible for the degradation of genistein. No apparent slowing of the 

degradation rate occurred following the addition of allylthiourea to the reactors (Figure 

10B), although ammonia and nitrite oxidation both stopped (Figure 11). Interestingly, 

genistein was degraded by the enriched nitrifying community despite not being fed 

genistein or any other carbon source during the three-month enrichment period. This 

supports the notion that genistein degraders could be multiple substrate utilizers or, again, 
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may degrade genistein cometabolically. Others have shown that similarly enriched NAS 

cultures did not stop degrading steroidal estrogens upon the addition of a nitrification 

inhibitor, but degradation rates did slow, suggesting that multiple populations, including 

nitrifying organisms, were involved in steroidal estrogen degradation (59). The results 

herein imply that the higher genistein removal rates observed in WWTPs that employ 

tertiary treatment (2, 27) may not be a direct result of nitrifying organisms, but rather to 

other microorganisms enriched under similar conditions. 

 

7.3  Phytoestrogen Spatial and Temporal Studies 
 

 Finally, samples taken to determine the spatial and temporal distribution of 

selected phytoestrogens showed that genistein, daidzein, and formononetin were present 

in the low nanogram per liter range in samples collected from Lake Vadnais (Figure 12) 

and the Metropolitan WWTP effluent channel (Figure 13). Biochanin A was also 

detected in a few samples in Lake Vadnais (Figure 12). Zearalenone and coumestrol were 

never detected. In addition, none of the phytoestrogens monitored were detected in any 

Straight Lake samples.  
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Figure 12: Concentrations of genistein ( ), daidzein ( ), formononetin ( ), and 

biochanin A ( ) in Lake Vadnais, Vadnais Heights, MN. Samples taken between 8/8/11 

and 1/10/12 were lost. Zearalenone and coumestrol we not detected in any samples. 

Phytoestrogens were detected on 11 of 24 sample dates. 
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Figure 13: Concentrations of genistein ( ), daidzein ( ), and formononetin ( ) in the 

Metropolitan WWTP’s effluent channel, St. Paul, MN. Samples taken between 10/10/11 

and 12/22/11 were lost. Zearalenone, biochanin A, and coumestrol were not detected in 

any samples. Phytoestrogens were detected on 6 of 13 sample dates. 

 

 Similarly, even downstream of suspected phytoestrogen sources, the 

phytoestrogens monitored in this study were only detected in the low nanogram per liter 

range (Figure 14-15). In Minnesota River water sampled on 6/20/11 (Figure 14A), all 

species, with the exception of coumestrol, were present; in the Minnesota River samples 

taken on 11/8/11, only one sample, the WWTP effluent from the city of Mankato, 

contained phytoestrogens (daidzein and formononetin) (Figure 14B). Samples from 

Okabena Creek and the Brewster WWTP effluent showed a similar pattern, with only 

genistein and daidzein detected in the low nanogram per liter range (Figure 15). 
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Figure 14: 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 6/20/11 and panel (B) shows results from samples 

taken on 11/8/11. Samples upstream of the effluent, the effluent itself, and 500 and 1900 

ft downstream of the effluent were collected in triplicate. Error bars represent the 
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standard deviation of these triplicate samples. Direct sampling of the WWTP effluent was 

impossible on 11/8/11 as a result of high water levels in the Minnesota River.  

 
Figure 15: 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 6/6/12. Distances are as measured downstream from the 

WWTP effluent discharge. Samples upstream of the effluent, the effluent itself, and 1.4 

mi downstream of the effluent were collected in triplicate. Error bars represent the 

standard deviation of these triplicate samples. 

 

 These results again indicate that the ability to biodegrade genistein (and other 

phytoestrogens) is likely to be ubiquitous. This is supported by the lack of high genistein 

concentrations in environmental samples (Figure 12-13) and downstream of probable 

sources (Figure 14-15). Additionally, since no phytoestrogens were detected in Straight 

Lake, a surface water unimpacted by wastewater or agricultural inputs, this suggests that 

natural background phytoestrogen concentrations are likely to be <1 ng/L.  

 Taken in total, this research suggests that phytoestrogens are not likely to cause 

widespread ecological impacts in surface waters, even downstream of WWTPs. It also 



56 

 

 

suggests that genistein degraders are capable of obtaining energy from genistein and that 

they are likely to be multiple substrate utilizers. Nevertheless, it also points to some areas 

where more research, and perhaps caution, is needed. For example, studies on pulp and 

paper mill effluents have found that wastewater treatment does not necessarily eliminate 

the estrogenic character of plant extracts (9). Little is known about the degradation 

products of phytoestrogens, and although the parent compounds do readily degrade, it is 

possible that longer-lived degradation products may be formed and may retain some 

estrogenicity. In addition, phytoestrogens are likely to sorb to sediment and during low 

temperature periods it is possible that these sorbed compounds may not degrade readily 

and may in fact build up over cold-temperature seasons. Because fish experience 

differential spawning patterns and temporal sensitivities to endocrine disruptors (18, 32, 

60), eggs, larvae, or adult fish that spend cold-temperature seasons in the sediment may 

therefore be exposed to higher concentrations of phytoestrogens and as a result, may be 

impacted. Even if this is the case, the labile nature of the phytoestrogens we studied 

suggests that seasonal treatment could be augmented to mitigate any such effects.  
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8. Conclusions and Recommendations 

 Phytoestrogens are EDCs released from many sources and are poorly understood 

with respect to their degradation rates and prevalence in surface waters.  

 This research represents the first examination of how genistein (a potent 

phytoestrogen) degrades in surface waters and begins to shed light on the question of 

which bacteria may be involved in genistein degradation. Genistein was degraded both 

readily and variably in surface water samples. Environmental factors such as sample 

collection season, genistein concentration, incubation temperature, and sample source all 

affected the rate at which genistein degraded. The bacteria responsible for genistein 

degradation do not appear to be nitrifying organisms, which are thought to play a 

significant role in the removal of other known EDCs. Multiple substrate utilizers that are 

maintained under nitrifying conditions, however, do seem to be involved in genistein 

degradation. This may explain literature observations of higher phytoestrogen removal 

rates in WWTPs with advanced treatment (27). 

 The spatial and seasonal variability of six phytoestrogen species in wastewater-

impacted and unimpacted surface waters was also investigated. Similar to observations 

made in the literature (2, 10, 21, 27, 34-35, 38), low phytoestrogen concentrations were 

measured downstream of likely phytoestrogen sources. Both spatial and seasonal studies 

found phytoestrogen concentrations in the low nanogram per liter range in impacted 

waters. No obvious temporal or spatial trends existed, reinforcing the notion that these 

compounds may degrade readily once introduced to surface water. Additionally, no 
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detectable phytoestrogens were present in surface waters unimpacted by wastewater, 

indicating natural aqueous concentrations of these compounds in surface waters are likely 

<1 ng/L. 

 Based on the rapid rate of genistein degradation and the low phytoestrogen levels 

that were detected in wastewater impacted systems, this research suggests that 

phytoestrogens are not likely to cause widespread ecological harm in surface waters. 

Nevertheless, this study assessed the biodegradability of only one phytoestrogen species 

(genistein), whereas multiple phytoestrogens exist, at times in high concentrations, in 

select wastewater effluents. Additional studies should investigate the degradation rates of 

other common and potent phytoestrogens such as formononetin, daidzein, and β-

sitosterol to more fully understand their fate in engineered and environmental systems. 

Moreover, phytoestrogens may pose a greater risk during cold-temperature seasons when 

they are less likely to degrade and more likely to build up in sediments. Further research 

should be conducted into whether phytoestrogens sorbed onto sediments pose a threat to 

fish (larvae, eggs, and adults) and benthic organisms. Literature on pulp and paper mill 

effluents suggests that after degradation some phytoestrogens may retain their estrogenic 

character (9). Therefore, research is needed to identify phytoestrogen degradation 

products and determine the estrogenic effect these products may have on vulnerable 

organisms. As more is determined regarding the biodegradation of a range of 

phytoestrogens, the development of better-tailored treatment technologies will be 

possible for those industries and municipalities that release environmentally relevant 

levels of phytoestrogens.
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9. Appendix 

9.1 Genistein Degradation in Surface Waters 

 
Figure A1: Optical density for triplicate reactors containing MN River water (5/14/12, 

20
o
C, 100 µg/L genistein). Error bars represent standard deviation. 
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Figure A2: Optical density for triplicate reactors containing MN River water (5/14/12, 

20
o
C, 0.5 µg/L genistein). Error bars represent standard deviation. 

 

 
Figure A3: Optical density for triplicate reactors containing MN River water (6/6/12, 

20
o
C, 0.5 µg/L genistein). Error bars represent standard deviation. 
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Figure A4: Optical density for triplicate reactors containing MN River water (6/6/12, 

10
o
C, 0.5 µg/L genistein). Error bars represent standard deviation. 

 

 
Figure A5: Optical density for triplicate reactors containing Okabena Creek water 

(6/6/12, 20
o
C, 0.5 µg/L genistein). Error bars represent standard deviation. 
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Table A1: DOC (initial and final) measurements taken from genistein degradation in surface water reactors. 

Source 

Water 

Collection 

Date 

Tem

p. 

[
o
C]

[

A]
 

Genistein 

Conc. 

[µg/L] 

Reactor 

# 

Initial 

DOC 

[mg/L]
[B]

 

Initial 

95% CI 

[mg/L] 

Final 

DOC 

[mg/L] 

Final 

95% CI 

[mg/L] 

MN River, 

Mankato, MN 
11/8/11 20 100 

1 11 

11 

 

N/A 2 11 N/A 

3 11  

MN River, 

Mankato, MN 
5/14/12 20 100 

1 10.4 

10.6 ± 1.54 

9.66 

8.54 ± 2.91 2 11.3 7.32 

3 10.1 8.66 

MN River, 

Mankato, MN 
5/14/12 20 0.5 

1 6.5 

7.00 ± 1.94 

13.3 

10.11 ± 7.07 2 7.91 7.84 

3 6.61 9.19 

MN River, 

Mankato, MN 
6/6/12 20 0.5 

1 8.8 

8.8 

11 

8.39 ± 6.21 2 8.8 8.16 

3 8.8 6.02 

MN River, 

Mankato, MN 
6/6/12 10 0.5 

1 8.8 

8.8 

14 

18.3 ± 54.65 2 8.8 N/A 

3 8.8 22.6 

Okabena 

Creek, 

Brewster, MN 

11/8/11 20 100 

1 13.6 

13.6 

 

N/A 2 13.6 N/A 

3 13.6  

Okabena 

Creek, 

Brewster, MN 

6/6/12 20 0.5 

1 3.6 

3.6 

9.47 

7.33 ± 4.61 2 3.6 6.2 

3 3.6 6.32 
[A]

 Indicates incubation temperature for surface water reactors 
[B]

 Initial DOC measurements were taken prior to separation of surface water into triplicate reactors (except for water collected on 5/14/12).  
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Table A2: Suspended solids (SS), volatile suspended solids (VSS), dissolved organic carbon (DOC), temperature, pH and optical 

density measurements of surface water used in genistein degrading batch reactors. SS, VSS, DOC, pH and optical density was 

measured within 24 hours of water collection and temperature was measured immediately following sampling. 

Sample Location 
Sample 

Date 

SS 

[mg/L] 

VSS 

[mg/L] 

DOC 

[mg/L

] 

Temperature 

[
o
C] 

pH 
Optical Density at 

600nm 

Okabena Creek, 

Brewster, MN 
11/8/2012 21.1 - 13.6 12.7 8.16 - 

MN River, 

Mankato, MN 
11/8/2012 106 13 11 14.5 7.92 - 

MN River, 

Mankato, MN 
5/14/2012 141 ± 7.4 (n=5) 32.2 ± 2.6 (n=5) 8.5 16.5 8.26 0.065 ± 0.004 (n=5) 

MN River, 

Mankato, MN 
6/6/2012 

139.25 ± 12.2 

(n=4) 
32 ± 8.9 (n=4) 8.8 22.5 8.21 0.027 ± 0.002 (n=5) 

Okabena Creek, 

Brewster, MN 
6/6/2012 38.6 ± 8.4 (n=5) 18.2 ± 1.9 (n=5) 3.4 22.5 8.4 

0.0062 ± 0.00013 

(n=5) 
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9.2 Degradation of Genistein Under Nitrifying            

Conditions 

 

 
Figure A6: Average biomass concentration as measured by suspended solids during 

genistein degradation under nitrifying conditions. Error bars represent standard deviation 

from three replicate reactors. 
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Figure A7: Ammonia Oxidizing Potential of enriched nitrifier community. A 

nitrification enrichment media inoculated with an average nitrifier biomass concentration 

of 53.1 mg/L. Reactor pH was maintained at ~8.1. Glucose degradation potential was 

also measured for the enriched culture and yielded no degradation over a 24 hour period. 

Error bars represent standard deviation from triplicate reactors.
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9.3  Phytoestrogen Spatial and Temporal Studies 

 

 
Figure A8: Chemical structures of phytoestrogen species investigated 
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Table A3: Detected phytoestrogen species in triplicate samples collected from Lake Vadnais  

Sample 

Date 

Genistein [ng/L] Daidzein [ng/L] Formononetin [ng/L] D3-Genistein 

Reading Ave. Stdeva. Reading Ave. Stdeva Reading Ave. Stdeva 
% 

Rec. 
Ave. Stdeva 

2/5/2011 ND ND 

0.9 

1.15 0.27 

10.8 

13.67 3.25 1.5 17.2 

1.1 13 

2/16/2011 

1.19 

1.53 0.42 ND ND 

6.2 

6.63 0.4 2.00 6.7 

1.4 7 

3/2/2011 

3 

2.00 0.87 ND 

1.4 

1.29 0.1 

12 

9.39 1.02 1.6 1.3 11.7 

1.4 1.2 10.1 

3/15/2011 ND 

2.0 

1.86 0.15 ND 

9.3 

7.9 0.71 1.9 8.8 

1.7 7.9 
*Non-detect (ND) 

 

Table A4: Detected phytoestrogen species in triplicate samples collected from the Metropolitan WWTP 

Sample 
Date 

Genistein [ng/L] D3-Genistein 

Reading Ave. Stdeva. % Rec. Ave. Stdeva 

5/10/2011 ND 

8.2 

9.4 2.0 11.7 

8.4 

6/5/2011 

1.45 

1.9 1.1 

6.7 

8.8 4.94 3.1 14.4 

1.1 5.2 
*Non-detect (ND)
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9.4  Fish Exposure to Phytoestrogen Degradation Products 

 
9.4.1 Experimental Setup 

 A 4 L reactor was seeded with activated sludge collected from the Metropolitan 

WWTP (St. Paul, MN). The reactor was operated as a CSTR with a HRT of 34 hours and 

an SRT of 14 days. An air-stone provided mixing and maintained an oxygen level above 

4 mg/L. The bioreactor was run to steady state over 35 days while intermittently 

monitoring SS, phytoestrogen concentrations, NH4, O2 and chemical oxygen demand 

(COD). The CSTR was fed a modified synthetic sewage media (Tables 14-15) and 500 

µg/L of each genistein, daidzein and formononetin in an EtOH carrier (0.4 mL EtOH per 

L of media). 

 The steady state bioreactor was used in fish exposure experiments conducted at 

St. Cloud State University by Dr. Heiko Schenofuss. The bioreactor effluent was one of 

three treatments (Bioreactor, Phytoestrogen Mixture, and EtOH Control) used to 

determine the exposure effects of phytoestrogens (genistein, daidzein, and formononetin) 

and their degradation products on mature fathead minnows. Samples collected from the 

various treatments were taken and analyzed for phytoestrogens using LC-MS. 
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Table A5: Synthetic Sewage media used in bioreactor 

Chemical Formula 
Concentration 

mg/L 

Bacto Peptone - 300 

Sodium Acetate CH3COONa 100 

Ammonium Chloride NH4Cl 57 

Ammonium Bicarbonate NH4HCO3 60 

Potassium Phosphate KH2PO4 44 

Potassium Busulphate KHSO4 34 

Sodium Bicarbonate NaHCO3 394 

Calcium Chloride CaCl2 220 

Magnesium Sulphate MgSO4-7H20 150 

Ferric Chloride FeCl3-6H2O 20 

Alum Al2(SO4)3-18H2O 20 

Trace Element Solution - 2 mL 

 

Table A6: Concentrated trace element solution used in bioreactor 

Chemical Formula 
Concentration 

[g/L] 

Citric Acid - 2.73 

Hippuric Acid - 2 

EDTA Na3EDTA-4H2O 1.5 

Ferric Chloride FeCl3-6H2O 1.5 

Boric Acid H3BO3 0.25 

Zinc Sulfate ZnSO4-7H2O 0.15 

Manganese Chloride MnCl2-2H2O 0.12 

Copper (II) Sulfate CuSO4 0.06 

Potassium Iodide KI 0.03 

Sodium Molybdate Na2MoO4-2H2O 0.03 

Cobalt Chloride CoCl2-6H2O 0.03 

Nickel (II) Chloride NiCl2-6H20 0.03 

Sodium Tungstate NaWO4-2H2O 0.03 

Water - 1L 
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9.4.2 Fish Exposure Results 

Table A7: Genistein, daidzein, and formononetin concentrations measured in fish 

exposure treatments 
     Surrogate Recovery 

% 

Treatment 

Option 
Date 

Daidzein 

[ng/L] 

Formononetin 

[ng/L] 

Genistein 

[ng/L] 
Daidzein Genistein 

Phytoestrogen 

Mixture 

3/27/2012 0 8.4 15.3 13.0 5.5 

4/1/2012 78.5 387.9 205.3 3.4 24.5 

4/6/2012 55.4 275.6 157.1 3.2 17.4 

4/11/2012 183.8 422.8 172.9 8.9 15.6 

4/16/2012 31.6 276.7 97.8 3.1 17.0 

Bioreactor 

Effluent 

3/27/2012 0 8.4 15.9 4.5 11.9 

4/1/2012 0 9.9 15.5 4.7 20.9 

4/6/2012 0 8.5 15.8 5.1 20.2 

4/11/2012 0 8.3 93.2 14.3 12.6 

4/16/2012 0 7.7 31.2 12.6 9.4 

EtOH Control 

3/27/2012 0 8.0 15.6 15.3 12.1 

4/1/2012 0 8.5 16.4 4.6 21.7 

4/6/2012 0 9.7 16.1 0.3 16.5 

4/11/2012 0 9.4 21.4 0.1 11.9 

4/16/2012 0 8.5 18.4 0.0 8.7 

Bioreactor 

Influent 

4/1/2012 0 19102 28911 11.5 23.7 

4/8/2012 71648 169623 117824 9.3 22.8 

4/9/2012 59281 156592 97958 8.0 19.4 

4/11/2012 62004 158165 108821 8.8 20.6 

4/14/2012 68120 167807 110650 8.9 20.9 

 

Table A8: Steady state phytoestrogen removal by bioreactor 
 % Removal by Bioreactor 

Date Daidzein Genistein Formononetin 

2/28/12 99.9 99.9 100.0 

3/1/12 99.9 100.0 100.0 

3/3/12 99.8 100.0 100.0 

3/5/12 100.0 99.9 100.0 

3/7/12 99.8 100.0 100.0 

3/11/12 100.0 100.0 100.0 
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Figure A9: COD destruction by bioreactor used in fish exposure. Measurements were 

taken during steady state acclimation.  

 

 
Figure A10: Biomass as measured by SS in bioreactor used for fish exposure. 

Measurements were taken during steady state acclimation.  

 

 


