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Abstract 30 

Estrogenic active compounds are present in a variety of sources and may alter biological 31 

functions in vertebrates. Therefore, it is crucial to develop innovative analytical systems that 32 

allow us to screen a broad spectrum of matrices and deliver fast and reliable results. We 33 

present the adaptation and validation of a fungal biosensor for the detection of estrogen 34 

activity in cow derived samples and tested the clinical applicability for pregnancy diagnosis in 35 

140 mares and 120 cows. As biosensor we used a previously engineered genetically modified 36 

strain of the filamentous fungus Aspergillus nidulans, which contains the human estrogen 37 

receptor alpha and a reporter construct, in which β-galactosidase gene expression is controlled 38 

by an estrogen-responsive-element. The estrogen response of the fungal biosensor was 39 

validated with blood, urine, feces, milk and saliva. All matrices were screened for estrogenic 40 

activity prior to and after chemical extraction and the results were compared to an enzyme 41 

immunoassay (EIA). The biosensor showed consistent results in milk, urine and feces, which 42 

were comparable to those of the EIA. In contrast to the EIA, no sample pre-treatment by 43 

chemical extraction was needed. For 17β-estradiol, the biosensor showed a limit of detection 44 

of 1 ng/L. The validation of the biosensor for pregnancy diagnosis revealed a specificity of 45 

100% and a sensitivity of more than 97%. In conclusion, we developed and validated a highly 46 

robust fungal biosensor for detection of estrogen activity, which is highly sensitive and 47 

economic as it allows analyzing in high-throughput formats without the necessity for organic 48 

solvents. 49 

Keywords: Estrogen activity; Aspergillus nidulans; Bioassay; Pregnancy diagnosis; Green 50 

chemistry 51 

52 
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1. Introduction 53 

 54 

Naturally occurring estrogens are cholesterol-derived members of the steroid hormone 55 

family, which are important for sexual development of vertebrates and play an essential role 56 

in the female reproductive cycle [1-3]. The class of estrogens includes compounds, such as 57 

estrone, estradiol and estriol, which share the same chemical backbone structure [4]. Besides 58 

their physiological function in the reproductive cycle, estrogens have also been associated 59 

with the development of breast, ovarian and prostate cancer, and reproductive abnormalities 60 

in vertebrates [5-7]. The genotoxic effect has been linked to long term exposure to elevated 61 

estrogen levels, which leads to accumulation of genotoxic catechol metabolites derived from 62 

estrogen metabolism [8-10]. Prolonged exposure may be linked to consumption of food 63 

containing high levels of natural estrogens, for example milk or food contaminated with 64 

estrogen mimicking compounds, so called xenoestrogens [11-14]. Xenoestrogens are for 65 

example derived from plants (phytoestrogens) or packaging plastic materials [14]. Estrogenic 66 

active compounds or endocrine disruptors may alter the natural hormone cycle by modifying 67 

regulatory pathways, competing for the binding of estrogen receptors, antagonizing 68 

endogenous estrogens or mimicking estrogen dependent effects [11, 15]. Thus, the 69 

determination of natural estrogen and xenoestrogen levels in potential sources of estrogenic 70 

active compounds is an important task. 71 

The gold-standard are methods based on the use of either gas chromatography/mass 72 

spectrometry or multi-residue-liquid chromatography tandem mass spectrometry, which are 73 

able to detect small amounts of estrogens in a variety of sample matrices. However, the 74 

sample matrices have to undergo extensive chemical extraction protocols prior to 75 

measurements and also the maintenance of costly infrastructure is required [16-18]. Methods 76 

based on antibodies are less expensive, however, equally susceptible to matrix effects and 77 

thus, the samples need to be extracted prior to measurement [19]. Another type of estrogen 78 
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detection methods are receptor based bioassays, which have been realized in human cell lines, 79 

bacterial cells and yeast cells [20-26]. Receptor based bioassays are useful to detect all 80 

compounds, which are able to penetrate living cells and have affinity for a given receptor. In 81 

addition, assays based on human cell lines would give advantages over other systems due to 82 

their high sensitivity and ability to identify estrogenic compounds that require human 83 

metabolism for activation [27]. However, human cell lines are not robust and require delicate 84 

handling compared to yeast or bacterial cells. Systems based on yeast or bacteria strains give 85 

the advantage of robust cell lines, low maintenance costs, media devoid of steroids and the 86 

lack of known endogenous estrogen receptors [28]. Thus, yeast strain based assays have been 87 

extensively used for the detection of estrogenic compounds in water, urine of calves, food 88 

packaging, soil and surfactants [11, 28-31]. However, all these assays still need chemical 89 

sample extraction prior to measurement, which leads to organic solvent and toxic compound 90 

waste. 91 

Thus, to reduce the usage of organic solvents and toxic compounds the search for 92 

estrogen-reporting cell lines able to cope with non-extracted samples or reduced extraction 93 

protocols but at the same time still displaying high sensitivity and specificity for estrogenic 94 

compounds is essential. The estrogen-responsive expression system developed in our group as 95 

metabolically-independent gene expression tool uses the highly robust filamentous fungus 96 

Aspergillus nidulans [32], which belongs to a fungal group known to be strongly competitive 97 

and persistent in nature enduring various detrimental environments. 98 

Beside the detection of natural estrogens or xenoestrogens as described above, the use of 99 

estrogen detection tests is of interest to livestock industry. Evaluation of the natural estrogen 100 

levels in livestock may be useful for the detection of pregnancy, estrus or reproductive 101 

abnormalities, for example cryptorchidism in horses [33-35]. It has been shown that the 102 

estrogen level in milk and urine of cows correlates with the level in blood [36]. Previous 103 

studies have demonstrated that fecal estrogen levels can be used for pregnancy diagnosis in 104 
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cows [34, 37] and mares with breed dependent differences in the estrogen content [35]. In 105 

cows, 17α-estradiol is the major excreted estrogen metabolite [38], and equilin and equilenin 106 

are typical equine estrogen metabolites. These estrogens are synthesized by the placenta 107 

during pregnancy and can therefore be used for pregnancy diagnosis [37, 39]. In large scale 108 

cattle farming it is important to use easy to obtain and non-invasive matrices, such as milk or 109 

feces for estrogen detection. High-throughput methods for the detection of estrogens in cows 110 

and horses have received increasing clinical interest [40, 41]. Therefore, it is imperative to 111 

develop innovative analytical methods that are able to handle non-invasive matrices and 112 

deliver fast and reliable results. 113 

The objective of this study was to assess the applicability of the estrogen-responsive 114 

fungal expression system as a robust alternative to other bioassays or biosensors and to 115 

evaluate the possibility of this system to tolerate non-extracted sample matrices. In this study, 116 

we used samples taken from cows including saliva, blood, milk, urine and feces. Furthermore, 117 

the clinical applicability of the fungal biosensor assay for pregnancy diagnosis in cows and 118 

mares was assessed using feces as non- or minimal-invasive sampling material. 119 

 120 

2. Experimental 121 

The study was approved by the institutional ethics committee and the national authority 122 

according to § 26 of Animal Experiments Act (Tierversuchsgesetz-TVG 2012) 68.205/0190-123 

WF/V/3b/2014). 124 

 125 

2.1. Fungal bioassay 126 

2.1.1. Chemicals 127 

The compounds estrone, 17ß-estradiol, 17α-estradiol, estrone sulfate and estrone 128 

glucuronide were purchased from Sigma Aldrich (Germany). All compounds were dissolved 129 

in ethanol (100 µg/mL) and stored at -20 °C. Ammonium tartrate, p-amino benzoic acid, 130 
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biotin and riboflavin were obtained from VWR (Germany). ONPG (o-nitrophenyl-β-D-131 

galactopyranoside) was obtained from ThermoFisher scientific (Germany) and dissolved in 132 

sterile water at a concentration of 5 mg/mL. β-D-Glucuronide glucuronosohydrolase was 133 

obtained from Sigma Aldrich (Germany). 5-Brom-4-chlor-3-indoxyl-β-D-Galactosid (X-Gal) 134 

was obtained from Roth (Germany). 135 

 136 

2.1.2. Strain 137 

The Aspergillus nidulans strain (ERE-URA-RS; riboA1) [32] was taken from our strain 138 

collection and inoculated as described on Aspergillus minimal medium agar (AMM) 139 

supplemented with appropriate amounts of riboflavin, p-amino benzoic acid and biotin 140 

according to standard protocols [32]. The bioreporter strain harbors two expression cassettes 141 

stably integrated in the genome. One contains the human estrogen receptor alpha (hERα) 142 

driven by a constitutive fungal promoter and the second one contains the β-galactosidase 143 

reporter driven by an estrogen-responsive element (ERE) containing promoter construct. The 144 

promoter architecture provides a very strong transcriptional response to the presence of 145 

estrogens and can thus be regarded as highly sensitive to estrogenic compounds [32].  146 

 147 

2.1.3. Sample preparation and fungal biosensor assay 148 

The sample matrices were diluted 1:1 (v/v) with 96% ethanol. Fecal samples were diluted 149 

1:1 (w/v) with 96% ethanol. Prior to measurement, 3 µL of the biosensor strain were 150 

inoculated at a concentration of 10
6 

spores/mL on supplemented AMM agar (1% glucose, 151 

KCL, KH2PO4, K2HPO4,MgSO4*7H2O, Hutner´s trace elements [42] and 1.5% agar) and 152 

incubated at 37 °C until a visible white culture spot had developed (roughly 14-16 hours). 153 

Samples and standards were dissolved in 96% ethanol and pipetted (5 µL) directly on top of 154 

the fungal culture spots. The fungal biosensor strain was further incubated at 37 °C for 6 155 

hours to induce the reporter. To perform qualitative estrogen activity screening 3 µL of X-Gal 156 
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were pipetted directly onto the fungal culture spots and visible color development was noted 157 

as early as 30 minutes after X-gal addition (strong activity) up to 4 hours after X-Gal addition 158 

(weak activity). Incubation during X-Gal staining was proceeded at room temperature. The 159 

limit of detection was estimated using standards. The limit of detection was calculated by 160 

using the standard deviation of the reference value of water and ethanol by adding three times 161 

the standard deviation on the mean value of the water and ethanol reference. 162 

For a semi-quantitative determination of estrogenic activity in relation to the standards, 163 

the incubated fungal culture spots were stamped out together with the underlying agar. The 164 

agar stamp was transferred into a 96 deep well plate containing lysing matrix Z (2.0 mm 165 

Yttria-Stabilized Grinding Beads) from MP Biomedicals (Germany) and 750 µL of 100 mM 166 

buffer Z (Na2HPO4*H2O, KCl and MgSO4*7H2O). The cell lysis was performed in a 167 

FastPrep-96 from MP Biomedicals (Germany) three times for 30 seconds at 1800 rpm. After 168 

lysis the plates were centrifuged at 4 °C for 20 minutes at 4000 g to pellet cell debris and agar 169 

traces. From the supernatant, 100 µL were transferred into a novel 96 shallow well plate and a 170 

Bradford protein assay (Bio-Rad, Germany) was performed to normalize the β-galactosidase 171 

activity to protein content of the induced and control culture spots. Furthermore, 100 µL of 172 

the supernatant were transferred into a novel 96 shallow well plate and mixed with 100 µL of 173 

buffer Z and 20 µL of ONPG (5 mg/mL). After a yellow color developed in the standards, the 174 

reaction was stopped by adding 10 µL of 1M NaCO3 solution. The reaction was measured in a 175 

multi plate reader (Synergy H1, Biotek, USA) at absorbance of 420 nm and 610 nm for 176 

background deduction. As negative controls fungal culture spots not confronted with 177 

anything, culture spots confronted with solvent only (3 µL of 96% ethanol) and culture spots 178 

confronted with 5 µL of water were used. 179 

The high-throughput assay was performed on Hamilton Starlet platforms (Switzerland) as 180 

described above with the adjustment that the fungal spore solution was pipetted into 96 deep 181 

well plates (Nerbe, Germany) containing the lysing matrix Z with an overlay of modified 182 
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AMM (1% agar content). After incubation, 5 µL of sample and standard were pipetted 183 

automatically onto the fungal culture spots followed by incubation of the plates for 6 hours at 184 

37 °C. Lysis was performed in the FastPrep 96 (MP Biomedicals, Germany) followed by 185 

centrifugation at 4000 g. The supernatant was transferred into 96 shallow well plates 186 

(Corning, Germany). 187 

 188 

2.2. Determination of assay characteristics 189 

2.2.1. Animals and experimental design 190 

All matrices derived from cows used for assay characterization and validation were 191 

collected during this study. The sample collection was performed from March to April 2015 192 

on the Teaching and Research Farm Kremesberg, University of Veterinary Medicine, Vienna, 193 

Austria. The animals were housed in freestall barns with straw-bedded cubicles. From six 194 

cows, plasma, feces, urine, saliva and milk were taken at 7 different time points. The estrous 195 

cycle of each cow was synchronized using the previously described OvSynch program [43]. 196 

In brief, animals received Gonadotropin-Releasing-Hormone (GnRH)-analogon buserelin 197 

(0.01 mg, i.m., Receptal, MSD-Intervet, Austria), seven days later Prostaglandin F2α (PGF2α)-198 

analogon cloprostenol (0.5 mg, i.m., Estrumate, MSD-Intervet, Austria) and two days after 199 

PGF2α, a second dose of GnRH was administered. All six cows ovulated between 24 and 36 200 

hours after the last GnRH injection, which was confirmed by transrectal ultrasonographic 201 

examination using a 5 MHz linear-array transducer (Easy-Scan, BCF Technology, Scotland). 202 

Six sampling time points were chosen around ovulation (at the time point of the last GnRH 203 

injection and 6, 12, 24, 36 and 48 hours later). One sampling time point was during diestrus, 204 

14 days after the last GnRH injection. These time points were chosen to obtain samples with 205 

estradiol concentrations in the physiological range of the reproductive cycle [44]. Blood was 206 

taken using an S-Monovette
 
(Sarstedt, Germany) and lithium heparin as anticoagulant, and 207 

centrifuged at 2000 g for 10 minutes to obtain plasma. Fecal samples were collected directly 208 
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from the rectum with a gloved hand, and urine collection was performed by manual 209 

stimulation of the ventral vulva commissure. Saliva was collected using Salivettes (Sarstedt, 210 

Germany) followed by centrifugation at 1000 g for 10 minutes. Plasma, feces, urine and saliva 211 

samples were stored at -20 °C until further analysis. Milk samples were taken during the daily 212 

milking routine. Pre-milk was gained by hand before the mechanical milking, main-milk was 213 

sampled from the collector of the milk machine and post-milk was manually collected after 214 

the milking process. The milk was either stored at -20 °C until analyses by an enzyme 215 

immunoassay or at 4 °C for analysis with the fungal biosensor assay. Additionally, 10 216 

representative samples from the daily diet of the cows were taken and analyzed for estrogen 217 

activity. 218 

 219 

2.2.2. Pregnancy tests in fecal samples of mares and cows 220 

To evaluate the fungal biosensor assay for a clinical application, it was used to assess the 221 

estrogen level in mare and cows fecal samples to determine or exclude pregnancy. Mares 222 

fecal samples are routinely sent to the laboratory of our partner for pregnancy determination. 223 

The fecal samples are routinely tested by the established estrogen EIA test [35]. A total 224 

number of 140 mare fecal samples, sent in by their respective owners, were used for the 225 

bioassay and compared to the results obtained with the EIA test. In addition, 120 fecal 226 

samples were taken from pregnant cows at 4 different gestation periods (each n = 30), i.e. 40-227 

60, 100-120, 180-200, 260-280 days and from 22 not pregnant cows. The estrogen activity 228 

was determined with the fungal biosensor assay and the results were compared to clinical 229 

examinations. 230 

Using the estrogen activity of both sets of samples the cut off value for pregnancy was 231 

established.  232 

 233 

2.2.3. Decision limit and detection capability 234 



  

10 

 

The fungal biosensor was validated with ethanol solved estrogens to assess specificity and 235 

sensitivity for the substrates. Thus, dilutions of 17β-estradiol, the main active estrogen in the 236 

reproductive cycle, in ethanol (0.01 ng/L to 100 mg/L) were used. Furthermore, estrone, 17α-237 

estradiol, estrone sulfate and estrone glucuronide were tested. 238 

17β-estradiol was used as standard for the evaluation of the matrix samples. The results 239 

were therefore considered as 17β-estradiol equivalents. 240 

The fungal biosensor assay was validated for the matrices bovine plasma, feces, urine, 241 

saliva and milk. Samples from 6 cows at 8 time points per matrix (n = 400 including 242 

replicates) were spiked with 17ß-estradiol (15 and 1.5 ng/L). In order to determine potential 243 

detrimental matrix effects and to calculate the decision limit CCα and the detection capability 244 

CCβ of the fungal biosensor assay, spiked and unspiked samples were analyzed in parallel. 245 

All sample measurements were corrected with signals obtained from ethanol and fungal 246 

cultures not challenged with estrogen and the reagent blank signal. Spiked samples were 247 

prepared at three different days in three technical replications and analyzed with the fungal 248 

biosensor assay. According to the EC decision 2002/657 [45], we used the mean of 8 249 

unspiked samples plus 3 times the according standard deviation as base for the decision limit 250 

CCα (α = 1%) and used the CCα plus 2 times the standard deviation of the spiked samples as 251 

base for the CCβ (β = 5%). As control methods EIA for estrogens and the XenoScreen (Yeast 252 

assay) were used with extracted and non-extracted samples. 253 

 254 

2.2.4. Specificity 255 

The specificity of the fungal biosensor assay was determined by using the natural 256 

estrogens 17β-estradiol, estrone, 17α-estradiol and the conjugated estrogens estrone sulfate 257 

and estrone glucuronide. Conjugated substrates were in parallel deconjugated using molluskan 258 

β-glucuronidase with sulfatase activity (Sigma Aldrich, Germany). In addition, 10 feed 259 

samples were taken directly from the diet of the study animals and dried for 4 hours at 104 260 
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°C. This treatment did not inactive the estrogenic activity of spiked samples (data not shown). 261 

The composition of the ration on dry matter (DM) basis is presented in table 1. The 262 

completely dry feed was ground to a fine powder and tested with the fungal biosensor assay to 263 

evaluate the presence of estrogenic activity which may be derived from phytoestrogens of 264 

leguminoses present in the diet.  265 

 266 

2.2.5. Stability 267 

To determine the stability of sample matrices and spiked samples of milk, urine, feces, 268 

saliva, and plasma, aliquots of 2 mL were kept at -20 ° and at 4 °C for 6 months. Periodically, 269 

matrices and spiked samples were thawed and tested with the fungal biosensor assay. 270 

 271 

2.2.6. Enzyme immunoassay 272 

The enzyme immunoassay (EIA) was performed according to Möstl et al. [46] with 50 µL 273 

sample extract per reaction. The antibody used in this assay shows a cross reactivity to 274 

estrone, 17β-estradiol and 17α-estradiol. All matrices used in the EIA were extracted prior to 275 

measurement. Urine samples were prepared as previously described [47]. In brief, 250 µL of 276 

urine were added to 300 µL of sodium acetate buffer and hydrolyzed with β-glucuronidase 277 

aryl-sulphatase (Sigma, Germany). After incubation over night at 38 °C, 5 µL of diethylether 278 

were added followed by centrifugation at 5 °C for 15 minutes. The ether was dried and the 279 

sample was resolved in 300 µL of assay buffer.  280 

Fecal samples were prepared as previously described [46]. In brief, 0.5 g of fecal matter 281 

were extracted with 4 mL of 100% methanol and 0.5 mL of distilled water. From this solution 282 

1 mL was dried and 1.2 mL of 1M KOH and 1 mL of n-Hexan/Chloroform (v/v 1:1) was 283 

added. After vortexing, 200 µL of acetic acid (90% solution) and 5 mL of diethylether were 284 

added and the mix was stored at -20 °C. The organic layer was decanted into a new reaction 285 

tube and dried under a nitrogen stream. Then 5 mL of diethylether was added and the 286 
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extraction was repeated. After the second extraction step, 300 µL of assay buffer were used to 287 

resolve the sample.  288 

Blood plasma (1 mL) was extracted using 5 mL of diethylether. After storage at -20 °C, 289 

the organic phase was transferred into a new tube and evaporated under a nitrogen stream. 290 

The extraction was repeated two times, and finally the ether was dried and 300 µL of assay 291 

buffer were added to resolve the sample. 292 

Saliva was extracted as described for blood plasma, with the variation, that 900 µL of 293 

saliva were used.  294 

Milk was extracted by adding 5 mL of diethylether to 1 mL of milk. After storage at -20 295 

°C, the organic phase was transferred into a new tube and evaporated under a nitrogen stream. 296 

After a second extraction step, 1.5 mL of 1M KOH and 1 mL of n-hexane-chlorophorm (v/v 297 

1:1) was added. After vortexing, 200 µL of acetic acid (90% solution) and 5 mL of 298 

diethylether were added and frozen. The organic layer was decanted into a new reaction tube 299 

and dried under a nitrogen stream. Then, 5 mL of diethylether were added and the extraction 300 

was repeated. After the last extraction step, 300 µL of assay buffer were used to resolve the 301 

sample.  302 

 303 

2.2.7. XenoScreen XL YES assay 304 

The XenoScreen XL YES for the detection of estrogenic activity by yeast cells was 305 

obtained from Xenometrix (Switzerland) and performed according to the manufacturer´s 306 

protocol. 307 

 308 

2.3. Assay validation 309 

Prior to screening of clinical bovine samples the test system was validated with spiked 310 

samples following the EC Decision 2002/657 for estrogenic active banned substances by 311 

determining the detection capability (CCß), specificity and stability in all matrices [48]. 312 
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Furthermore the test was established in a high-throughput format to fulfil the requirements for 313 

high-throughput prescreening (HTPS) set by the EDSTAC report (1998) for estrogenic 314 

activity measurements. The fungal biosensor assay’s sensitivity and specificity was calculated 315 

using a 2x2 contingency table and the sensitivity (SENS) as test system was calculated with: 316 

SENS = 100*number of true positives/(number of true positives+number of false negatives) 317 

and the specificity (SPEC) of the test system was calculated with: SPEC = 100*number of 318 

true negatives/(number of false positives+number of true negatives). 319 

 320 

2.3.1. High pressure liquid chromatography (HPLC) 321 

The extracts were resolved in acetonitrile and cleaned on a Sep-Pak C18 column (waters, 322 

USA). The eluate was analyzed on a HPLC-DAD system (LC-20AD, Shimadzu, Austria) 323 

coupled with a DAD (SPD M 20A) using a Nova-Pak, 5µm C18 (Waters, USA) column. 324 

Separation was performed at 20 °C using a column oven (CTO20A, Shimadzu, Austria) with 325 

a linear gradient starting at 20% rising to 40% of Acetonitrile in phosphate buffer (0.01 M, at 326 

pH 7). Absorbance of fractions was measured at 280 nm.  327 

 328 

3. Results 329 

3.1. Assay characteristics 330 

The sensitivity and reproducibility of the fungal biosensor assay for ethanol solved 331 

standards were assessed by using dilutions of 17β-estradiol, the main active estrogen in the 332 

reproductive cycle, in 96% ethanol (0.01 ng/L to 100 mg/L; Figure 1A). The fungal culture 333 

spots of the highly-sensitive ERE-URA-RS reporter strain were directly challenged with 5µl 334 

of the dissolved compounds (Figure 1B). Every measurement was performed in three 335 

technical and three biological replications on three different days. Using the qualitative 336 

approach with the X-Gal staining, the limit of detection was influenced by the time the color 337 

reaction needed to develop and the intensity of the visually observed color. The limit of 338 
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detection was 850 ng/L of 17β-estradiol or – correlated to the applied volume – an absolute 339 

amount of approximately 2.5 pg was detected by the biosensor. Lower concentrations were 340 

not discriminable visually alone from the developing background signal in the highly 341 

sensitive strain used. Using the quantitative method, the limit of detection was calculated to 342 

be 1 ng/L or an absolute amount of 5 fg of 17β-estradiol, and the response of the fungal 343 

biosensor assay to the concentrations range was highly reproducible. 344 

The specificity of the biosensor was determined by the ability to respond to estrone, 17α-345 

estradiol (Figure 1A), and to the conjugated estrogens, estrone sulfate and estrone glucuronide 346 

(Figure 2). The limit of detection for estrone was comparable to that for 17β-estradiol. The 347 

limit of detection for 17α-estradiol was observed at 10 ng/L, which indicates less specificity 348 

of the receptor. The limits for the conjugated estradiols were observed a concentration of 10 349 

ng/L for estrone sulfate and 100 ng/L for estrone glucuronide. The conjugated estrogens were 350 

further deconjugated with glucuronidases and sulfatases from limpets which lead only to 351 

slightly increased signals in the fungal biosensor assay (Table 2).  352 

 353 

3.2. Assay validation 354 

The fungal biosensor assay was validated for the ability to detect estrogenic activity in 355 

non-extracted milk, urine, feces, blood and saliva. Samples of the respective matrices were 356 

used from the same time points. Three milk samples were chosen from 6 cows, dividing the 357 

samples into pre-, main- and post-milk and the estrogenic activity was evaluated. The 358 

calculated mean value using 17β-estradiol standards of 6 samples of main-milk was 8 ± 2.4 359 

ng/L of estrogen. The estrogen level measured by the control EIA assay displayed for the 360 

same 6 milk samples after chemical extraction a mean value of 9.71 ± 3.49 ng/L of estrogen. 361 

The pre-milk samples displayed no significant difference to the main-milk samples. However, 362 

the reproducibility of the post milk samples varied compared to the main-milk sample results 363 

(data not shown). Thus, for further validation main-milk was chosen. The fungal biosensor 364 
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assay recorded a mean base estrogen activity level of 620.4 ± 90.9 ng/L for the fecal samples 365 

and the EIA recorded a mean base level of 580 ± 140.2 ng/L of estrogen. The fungal 366 

biosensor recorded 375.5 ± 98.4 ng/L and the EIA recorded 348.5 ± 110 ng/L in urine 367 

samples. Saliva and plasma samples contained insufficient levels of estrogenic activity to be 368 

detected by either the fungal biosensor assay or the EIA (Figure 3). The estrogen 369 

concentrations in non-extracted milk obtained by the Xenoscreen assay were comparable to 370 

those obtained by the fungal biosensor strain. However, non-extracted urine and feces led to 371 

no results using the Xenoscreen assay (Figure 3). To determine the presence of natural 372 

occurring estrogens in the bovine feces, an HPLC separation method, which was able to 373 

separate 17β-estradiol from 17α-estradiol (estron fraction 55 – 57; estradiol 17α fraction 47 – 374 

49; estradiol 17β fraction 43 – 45), was established and 90 collected fractions containing 375 

increasing amount of acetonitrile were screened with the fungal biosensor assay (Figure 4A). 376 

The fungal biosensor assay recorded estrogen activity respectively in the fractions containing 377 

the estrogens, which was confirmed with the EIA assay and the retention time of estrogen 378 

standards. A feed sample was resolved in ethanol and tested for estrogenic activity with the 379 

fungal biosensor assay. The sample displayed a strong estrogenic activity of 640 ± 84 ng/L 380 

which indicated the presence of phytoestrogens or other estrogenic active compounds. The 381 

dried feed sample was further extracted and separated using the HPLC protocol established. 382 

Testing of the feed fractions with the fungal biosensor assay revealed several estrogenic active 383 

fractions (Figure 4B). The estrogenic active fractions observed in feces eluted at higher 384 

organic phase content than the estrogenic active fractions observed in feed using the same 385 

separation protocol. Weak signals at the retention time observed in feed occurred in feces as 386 

well. 387 

 388 

3.3. Performance characteristics 389 
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To validate the fungal biosensor strain as bioassay, the decision limit CCα, the detection 390 

capability CCβ and the stability of the assay in the respective matrices were evaluated 391 

according to the EC decision 2002/657 for banned estrogenic active substances. Milk, urine, 392 

and fecal samples were spiked at a level of 15 and 1.5 ng/L with 17ß-estradiol and CCα and 393 

CCβ were calculated for all three matrices (Table 4 and 5). Spiking with the lowest 394 

concentration of 1.5 ng/L led to significant signals in all three tested matrices. The stability of 395 

the spiked samples was evaluated every three weeks for a period of 6 months (8 time points). 396 

Milk was kept at 4 °C. Feces and urine samples were frozen and kept at -20 °C until further 397 

use. After fouling started in the milk samples, usually after ten days, the results of the fungal 398 

biosensor assay became inconclusive (data not shown). Freezing of the milk samples lead to 399 

no detectable amount of estrogen after mixing with ethanol. The lipid phase remained 400 

separated, which indicated that the lipophilic estrogen compounds remained in the insoluble 401 

lipid phase. Feces and urine displayed no decline of estrogenic activity after freezing and 402 

during storing. 403 

 404 

3.4. Clinical applicability of High through put evaluation of pregnancy 405 

The fungal biosensor assay was used to determine pregnancy of mares and cows due to 406 

the estrogen activity in the respective fecal samples. Fecal samples of 140 randomized mares 407 

were used to predict pregnancy. Extracted fecal samples were tested with the EIA, defined as 408 

gold standard. Non-extracted fecal samples were mixed with ethanol (1:1 w/v) and the 409 

supernatant was directly used for the fungal biosensor assay. According to the EIA assay, 18 410 

mares were evaluated as pregnant. Using the fungal bioassay, pregnant mare samples showed 411 

in all but one case a signal at least 3 times higher than the observed background signal of the 412 

fungus. Thus, we chose a cut-off value for estrogenic activity above 0.1 at 420 nm. Using this 413 

cut-off the fungal biosensor assay predicted 17 pregnant individuals and 1 false negative 414 

individual (sensitivity: 97.4%, specificity 100%). The fungal biosensor assay was further 415 
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evaluated to predict pregnancy in cow fecal samples. Thus, 149 fecal cow samples were tested 416 

with the fungal biosensor for elevated estrogenic activity. As gold standard for pregnancy 417 

diagnosis, cows were examined ultrasonographically at day 39 after artificial insemination 418 

(AI) and a second pregnancy diagnosis was performed at day 92 after AI. The biosensor 419 

predicted 129 pregnant cows and 2 false negative cows (sensitivity: 99.2%, specificity 100%). 420 

Pregnancy was detectable from the first quarter to the third quarter. However stronger overall 421 

signals were received starting from the second quarter to the third. The false negative results 422 

were derived from the third and the second quarter of pregnancy. This indicates a technical 423 

issue in sample preparation. 424 

The high-throughput adaption of the fungal biosensor assay was realized on a robotic 425 

pipetting unit (Hamilton, StarLet). Up to five 96 deep well plates can be processed per run, 426 

which takes approximately 2 hours including the preparation before and after the automated 427 

sequence. Thus, up to 1440 samples can be processed per day with these units. 428 

 429 

4. Discussion 430 

Estrogenic compounds have been identified in a wide range of environmental sources and 431 

consumer products. Drainage water from cattle pasture, for example, contains up to 14 ng/L 432 

17β-estradiol equivalents measured by the yeast estrogen screen (YES) [49]. In commercial 433 

whole milk from cows, 13.6 pg/mL estrone and 2.7 pg/mL 17β-estradiol were detected by 434 

High performance liquid chromatography-tandem mass spectrometry [50]. With a detection 435 

limit of 1 ng/L for 17β-estradiol and estrone, the fungal biosensor assay is a promising tool 436 

for a sensitive screening of a wide range of matrices for the presence of estrogenic active 437 

compounds. The ability of the chromosomally integrated hERα receptor to react to various 438 

naturally occurring estrogens, i.e. estrone, estradiol, estriol and the conjugates estrone sulfate 439 

and estrone glucuronide, enables the determination of the total estrogenic activity in the 440 

investigated matrix. In milk, the estrogenic activity derives from natural occurring free 441 
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estrogens and their respective glucuronated and sulfated metabolites. However, of the tested 442 

estrogens, 17β-estradiol has been shown to lead to the highest signal in the fungal biosensor 443 

screen which is supported by the findings in yeast based receptor screens [51]. 444 

The presented data and determined characteristics of the fungal biosensor assay prove that 445 

the assay is able to detect low levels of estrogenic activity (1 ng/L for 17β-estradiol), which is 446 

comparable to yeast based screening systems (2 ng/L) [31]. Furthermore, the assay is able to 447 

detect an increase of 1.5 ng/L in non-extracted feces, milk and urine originating from cows. 448 

The signal of all spiked samples in the respective matrices was higher than the calculated CCα 449 

value and the mean response was higher than the calculated CCβ value for the respective 450 

matrix. Thus, there is less than 5% of probability of a false decision when the matrices contain 451 

equal or higher amounts of estrogen activity.  452 

The fungal biosensor displayed a weak sensitivity (100 ng/L) for estrone glucuronide and 453 

moderate sensitivity (10 ng/L) for estrone sulfate, indicating that the sulfate residue does not 454 

influence the receptor binding as strong as the glucuronide residue. It was shown in 455 

Aspergillus niger that highly specific glucuronidases are secreted [52]. However in this study 456 

no indications for conversion of estrogens have been observed. In Aspergillus nidulans the 457 

presence of glucuronidase genes originating from bacteria has been confirmed in silico [53]. 458 

Deconjugation by glucuronidase and sulfatase of milk, urine and feces did only marginally 459 

increase the detected estrogen activity of the samples. This can be explained by the fact that in 460 

feces mainly unconjugated estrogens are present [54] and that in urine the major estrogen 461 

metabolite is estrone sulfate [55], for which the fungal test system showed moderate 462 

sensitivity. Milk mainly contains conjugated estrogen metabolites [56, 57] and therefore, it 463 

remains unclear why in the present study deconjugation did not lead to an increased 464 

estrogenic activity. We speculate that the naturally occurring bacterial flora rapidly degrades 465 

the conjugated estrogens.  466 
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In this study, we could not detect estrogenic activity in saliva or plasma. The amount of 467 

estrogen in both matrices is probably below the limit of detection of 1 ng/L of the biosensor 468 

assay and the used control assays (EIA and YES assay). Monk et al. [36] recorded on average 469 

three-times higher estrogen (estrone and estradiol) levels in bovine milk (80 pg/mL) 470 

compared with plasma (26 pg/mL) throughout the estrous cycle using RIA. A strong positive 471 

correlation was observed between estrogen concentrations in saliva, blood plasma and milk 472 

with highest concentrations in with highest concentrations in milk. The estrogen 473 

concentrations in serum ranged from 7 to 31 pg/mL, saliva from 10 to 35 pg/mL and milk 474 

from 10 to 43 pg/mL throughout the estrous cycle [58]. The discrepancies between studies 475 

may be because of different methods used for the estrogen measurement. The bovine fecal 476 

and urine samples used for validation of the fungal biosensor assay showed higher amounts of 477 

estrogen activity compared to the milk samples. Studies using radiotracers to investigate 478 

estrogen excretion have shown that the main excretion route in cows is feces (58%) and urine 479 

(42%) [38]. In addition, it has also been shown that phytoestrogens in the diet of the animals 480 

can effect fecal estrogenic activity [59]. To avoid the potential detection of phytoestrogens 481 

from the diet of the study animals, we screened HPLC fractions of feed and fecal samples for 482 

estrogenic activity. Using the fungal biosensor, different fractions of estrogenic activity were 483 

detected in feces compared with the feed samples. Signals at the retention time of standard 484 

estrogens were observed in feed and feces as well. This indicates that some phytoestrogens 485 

would influence the biosensor. However the second strong signals from feed do not appear in 486 

the feces fraction. This observation can be supported by the findings that isoflavones and 487 

plant lignans are heavily degraded in the bovine metabolism and only small portions are 488 

excreted [60].  489 

As clinical application, the fungal biosensor assay is able to predict early pregnancy 40-490 

60 days of gestation due to the elevated estrogens level in bovine and mare feces. From 140 491 

fecal samples originating from mares, the fungal biosensor assay showed 1 false negative 492 
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result, which is below the accepted false negative rate of 5% . In case of 149 cow fecal 493 

samples, 2 false negative results were observed, which is equally below the accepted 5% rate. 494 

This observation indicates that the animal specific differences in the estrogen and 495 

phytoestrogen metabolism are neglectable for the prediction of pregnancy due to the estrogen 496 

activity in feces. 497 

The relative stability of estrogenic activity in stored samples for milk ten days at 4 ° C or 498 

until fouling occurs and for the frozen samples at least 6 months shows that the procedure is 499 

robust and reproducible. Thus, the fungal biosensor assay meets all the required criteria 500 

demanded by the EC Decision 2002/657 for validation of a qualitative screening method [48]. 501 

The robustness of the fungal biosensor makes a chemical extraction and clean-up 502 

procedure obsolete, which makes it possible to perform the test without organic solvents and 503 

toxic compounds. Lysis of the fungal biosensor cells is based on mechanical lysis technology 504 

and avoids the use of chemicals. The method is in accordance with the green chemistry 505 

principle by preventing solvent waste of clean-up processes and reduction of harmful 506 

substances in the usage [61]. The fungal biosensor assay is further faster than comparable 507 

yeast based systems which take 3 to 4 days until a read-out is available. 508 
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Tables 706 
 707 

Table 1 708 
Composition of the feed ration on dry matter (DM) basis 709 

Ingredient % of diet DM 

Corn silage 33.8 

Lucerne silage 33.4 

Grass silage 22.8 

Maize grain 4.0 

Protein feed 2.2 

Wheat grain 1.6 

Hay 1.2 

Rye grain 0.5 

Minerals 0.3 

 100.0 

 710 

 711 

Table 2 712 
Limit of detection of the biosensor assay for tested estrogenic hormones 713 

Tested estrogenic hormone Limit of detection (ng/L) 

17β-estradiol 1.0 

Estrone 2.5 

17α-estradiol 10.0 

Estrone sulfate  10.0 

Estrone glucuronide  100.0 

Deconjugated estrone sulfate  9.0 

Deconjugated estrone glucuronide  95.0 

 714 

 715 

Table 3 716 
Mean base estrogen activity in different samples originating from dairy cows 717 

Sample Mean base estrogenic activity (ng/L) 

 Fungal Biosensor EIA 

Fecal sample 620.4 ± 90.9 580 ± 140.2 

Urine samples 375.5 ± 98.4  348.5 ± 110  

Saliva samples n.d. n.d. 

Plasma samples n.d. n.d. 

Milk (Main milk) 8 ± 2.4 9.71 ± 3.49 

n.d., non-detectable 718 

 719 
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 720 

Table 4 721 
Mean estrogenic activity triggered fungal biosensor assay signal of 8 blank samples derived 722 

from cows and the determination of the decision limit CCα 723 

Sample type 
Mean 

signal 

OD420 

SD CCα Sample number 

   1 2 3 4 5 6 7 8 

Milk            

Blank 0.072 0.005 0.084 0.068 0.078 0.069 0.075 0.076 0.075 0.064 0.074 

E2 1.5 ng/L
 0.096 0.006  0.098 0.101 0.089 0.092 0.095 0.100 0.089 0.104 

E2 15 ng/L 0.118 0.005  0.118 0.120 0.125 0.124 0.115 0.110 0.120 0.114 

Feces            

Blank 0.840 0.061 1.020 0.790 0.801 0.890 0.750 0.840 0.810 0.768 0.740 

E2 1.5 ng/L 0.925 0.021  0.910 0.940 0.960 0.910 0.945 0.914 0.901 0.920 

E2 15 ng/L 1.028 0.032  1.020 1.040 1.070 1.020 0.990 1.040 1.060 0.980 

Urine            

Blank 0.500 0.019 0.557 0.540 0.490 0.510 0.480 0.520 0.510 0.490 0.520 

E2 1.5 ng/L
 0.586 0.018  0.610 0.570 0.590 0.560 0.600 0.590 0.570 0.600 

E2 15 ng/L 0.678 0.020  0.710 0.660 0.680 0.650 0.690 0.680 0.660 0.690 

SD, standard deviation; CCα, decision limit  724 

 725 

Table 5 726 
Determination of the detection capability CCβ and the content of estrogenic activity  727 

Sample type CCα 

Mean 
signal 

OD420 (X) 

SD CCβ 

CCβ criterion 

met 

(X > CCβ) 

CCβ  

(ng/L) 

Content  

(ng/L) 

Milk        

E2 1.5 ng/L
 0.048 0.096 0.006 0.096 Yes 11.080 17.650 

E2 15 ng/L 0.048 0.118 0.005 0.095 Yes 11.070 25.490 

Feces        

E2 1.5 ng/L 1.020 1.159 0.062 1.143 Yes 780.460 790.850 

E2 15 ng/L 1.020 1.509 0.062 1.143 Yes 780.460 946.300 

Urine        

E2 1.5 ng/L
 0.557 0.597 0.018 0.592 Yes 423.120 429.650 

E2 15 ng/L 0.557 0.678 0.020 0.597 Yes 423.120 520.670 

SD, standard deviation; CCα, decision limit; CCβ, detection capability 728 
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Figure legends 731 

 732 

Fig. 1. Response of the Aspergillus nidulans biosensor strain to 17β-estradiol and 17α-733 

estradiol after 6 hours of exposure (A). The fungal biosensor was exposed to 3 µL of 17β-734 

estradiol in ethanol which was pipetted directly onto the fungal culture spots (B). Signals are 735 

the mean of three technical replications with the respective standard deviation and have been 736 

corrected with the recorded blank and ethanol values. 737 

 738 

Fig. 2. Response of the Aspergillus nidulans biosensor strain to estrone sulfate and estrone 739 

glucuronide after 6 hours of exposure. Signals are the mean of three technical replications 740 

with the respective standard deviation and have been corrected with the recorded blank and 741 

ethanol values. 742 

 743 

Fig. 3. Comparison of the response of the Aspergillus nidulans biosensor strain, the YES 744 

assay to unextracted spiked sample matrices and the reference method EIA with extracted 745 

sample matrices to 17ß-estradiol. Signals are the mean of three technical replications with the 746 

respective standard deviation and have been corrected with the recorded blank and ethanol 747 

values. Asterisks indicate non-detectable values. 748 

 749 

Fig. 4. HPLC fractions of bovine feces (A) tested with the Aspergillus nidulans biosensor 750 

strain for the presence of estrogenic active fractions. HPLC fractions of feed from the test 751 

animal diet (B) tested with the Aspergillus nidulans biosensor assay for the presence of 752 

estrogenic active fractions. 753 

 754 
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Figure 1 757 

 758 

759 



  

29 

 

Figure 2 760 
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Figure 3 763 
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Figure 4 767 
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Zutz et al.: A robust high-throughput fungal biosensor assay for the detection of estrogen 772 

activity 773 

 774 

 775 

Highlights 776 
 777 
 778 

• Adaptation and validation of a fungal biosensor for detection of estrogen activity  779 

• Development of a highly sensitive and economic high-throughput method 780 

• With green chemistry assay no chemical extraction and clean-up procedure  781 

• Detection of estrogen activity in feces for pregnancy diagnosis in cows and mares  782 
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