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Abstract—Adult African clawed frogs (Xemopus laevis) were collected from a corn-growing region (CGR) and 4 non-corn-growing
region (NCGR) with different exposure profiles for atrazine and related triazines. Physical, chemical, and biclogical parameters
from the catchment areas were also measured. Frogs were surveyed for possible effects of exposure to triazine herbicides on plasma
testosterone (T) and estradiol (E2) titers, gonadal aromatase activity, and gonad growth (GSI). Concentrations of both T and E2
varied among locations and were correlated to some accessory factors, such as pH, several ions, and metals. Greatest median plasma
T concentrations (males: 19 ng/ml; females: 16 ng/ml) occurred in frogs inhabiting NCGR as compared to those from the CGR
{males: 4 ng/ml; females: 1 ng/ml). Median E2 concentrations were also greater in frogs collected from the NCGR (males: 3 ng/
ml; females: 28 ng/ml) than those in frogs from the CGR (males: 2 ng/ml; females: 5 ng/ml). Because some exposure to agricultural
chemicals at both regions occurred, as did simultaneous exposures to multiple chemicals, a regression analysis was employed.
Negalive correlations were observed between plasma T concentrations and concentrations of atrazine. deisopropylatrazine, deethy-
latrazine, and tertbuthylazine in females and between T and diaminochlorotriazine in males, Estradiol in females exhibited a
significant negative correlation with atrazine and deethylatrazine. No correlations were observed between gonadal aromatase activity
or GSl and any of the agricultural chemicals measured, Median aromatase activities in ovaries varied among sampling sites ranging
from 7 to >3,000 times greater than those in males when measurable. Testicular aromatase activity was below the detection limit
of the assay in male frogs at most of the sites. Although exposure to agricultural inputs did not affect aromatase activities, effects
of atrazine or coapplied pesticides on sex steroid homeostasis cannot be excluded at this point.
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INTRODUCTION

Considerable interest and controversy have recently sur-
rounded the issue of potential endocrine-disrupting effects of
agricultural chemicals on development and reproduction in
amphibians, particularly in habitats adjacent to application [1].
It has been suggested that these chemicals contributed to frog
population declines that occurred in several areas since the
1960s [2]. In particular, concern has been raised about the
widely used herbicide atrazine (6-chloro-4-ethylamino-6-iso-
propyl-amino-s-triazine) [3—7]. Since the early 1960s, atrazine
has been used extensively in corn-growing regions of many
areas of the world, including North America and South Africa
[8]. Although less atrazine is now being used and it is being
used in combination with other chemicals, it is still the most
widely used herbicide in the United States, and probably the
most widely used herbicide in the world for the past four
decades [9]. Atrazine was not predicted to have measurable
effects on the survival or growth of most fish, amphibians, or
inveriebrates at the concentrations at which it is found in the
environment [10-14]. Atrazine does not have a high potential
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to bioaccumulate or biomagnify [14,15] but is persistent in the
environment, with an estimated half-life in water ranging from
40 to 240 d [16] and field dissipation half-lives ranging from
8 to 99 d [17]. depending on environmental conditions. As a
result of both its widespread use and its persistence, atrazine
has been widely detected in surface waters and rainfall with
peak concentrations ranging up to approximately 20 pe/L
[11,16].

Recently, several studies have suggested that atrazine may
disrupt the endocrine systems of frogs [3,4,18,19]. It has been
reported that environmentally relevant concentrations of at-
razine, as low as 0.1 pwg/L, caused both gonadal abnormalities
and demasculinization of the larynx, as indicated by reduced
size of the laryngeal dilator muscle in male Xenopus laevis
exposed from hatching through completion of metamorphosis
[3]. However, other studies with X /aevis have found no effects
of atrazine on the size of the laryngeal dilator musele, gonadal
development, or plasma hormone concentrations [20,21]). It
has been hypothesized by Hayes et al. [3] that atrazine can
affect the development of frogs, including X. laevis, by in-
duction of aromatase activity. Aromatase is the enzyme that
catalyzes the aromatization of testosterone (T) to estradiol
(E2). Atrazine has been reported to up-regulate the activity of
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the CYP-19 gene in a human adrenocarcinoma (H295R) cell
line [22]. This hypothesis—the decrease of androgen levels as
a consequence of increased estrogen production through up-
regulation of aromatase enzyme activity—was proposed to ex-
plain the observed smaller laryngeal dilator muscles in male
X. laevis exposed to atrazine than in those of unexposed in-
dividuals [3]. Since laryngeal development is an androgen-
dependent process and a decrease in plasma concentration of
plasma T was observed in adult frogs, the authors proposed
that up-regulation of aromatase resulted in a decrease in plasma
T, which then resulted in a smaller laryngeal dilator muscle
[3]. To date, no direct evidence has been found linking in-
duction of aromatase activity in anuran species with atrazine
or related pesticides exposure [3,21].

The present study was conducted to test the hypothesis that
atrazine or related triazines might affect aromatization of T to
E2 under field conditions. Specifically, aromatase activities in
the gonads and plasma concentrations of T and E2 were mea-
sured in adult male and female X. /aevis from corn-growing
region (CGR) in the Potchefstroom region of South Africa and
compared to frogs from an area where corn is not grown
(NCGR). In addition, various other measures of water quality,
such as ions, metals, temperature, and pH, were made as po-
tential confounding factors that may interfere with the animal’s

physiology.
MATERIALS AND METHODS
Sampling locations

A total of eight sites were studied in two adjacent regions
in the vicinity of Potchefstroom, South Africa [23]. One region
was in the Viljoenskroon area, which is a corn-growing region
(CGR) where predominantly comn (Zea mays) is cultivated.
The other area, in an adjacent watershed near Potchefstroom
where comn is not cultivated, was designated as a non-corn-
growing region (NCGR). The sites were selected to give a
range of concentrations of atrazine and other pesticides used
in corn production that were likely to run off into catchment
ponds adjacent to the fields [23]. Compounds of major interest
were atrazine and its degradation products deethylatrazine
(DEA), deisopropylatrazine (DIA), diaminochlorotriazine
(DACT), and tertbuthylazine. In addition, concentrations of
simazine and acetochlor were also measured [23]. During the
sampling period, various environmental parameters were mea-
sured at each field site to describe the habitat, including a brief
description of vegetation and water depth. In addition, a series
of ions and metals were routinely measured as parameters for
water quality.

NCGR. Site NCGR3 is a small (surface area 2,000 m?),
heavily vegetated site with clear water. Maximum depth was
38.5 cm and secchi depth was 32 em. Sites NCGR1 (surface
area 20,500 m*; maximum depth 261 cm) and NCGR6 (surface
area 14,860 m? maximum depth 104 ¢m) are large, earth-
walled farm ponds with muddy water and secchi depths of
11.5 and 6.5 cm, respectively. Vegetation was limited to the
periphery of the ponds. Conductivity varied from 47 ps/cm at
site NCGR1 and NCGR3 to 38 ps/cm at site NCGR6. The pH
varied between 5.1 at site NCGR3 and 8.8 at site NCGR6 [23].
The pH was slightly alkaline, ranging from 7.3 to 8.3 at site
NCGR3 and NCGRI, respectively. Site NCGR3 dries up fre-
quently, while sites NCGR1 and NCGR6 are semipermanent
ponds. All three sites have fairly large catchment areas (170—
480 ha), and sites NCGR1 and NCGR3 have in-flowing
springs.
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CGR. Pond surface areas in the Viljoenskroon CGR were
from 2,400 (sites CGR4 and CGRS), 4,700 (site CGR1),
46,000 (site CGR3), and 68,000 m? (site CGR6). All sites had
vegetation around the periphery and had floating aquatic
plants. Conductivity ranged from 210 (site CGR3) to 1,567
ps/em (site CGR4). The pH ranged from 7.2 (site CGR3) to
10.8 (site CGR8). All sites had clear water. Light penetrated
to the bottom in sites CGR1, CGR3, CGR4, and CGRS. Site
CGR6 had a secchi depth of 207 cm. Water and sediment grab
samples were analyzed for the presence of atrazine, related
triazines, other pesticides, and metals.

Frog collection

Xenopus laevis has an extended breeding season from early
spring to late summer. In the study area, this ranges from
October to April. Reproductive activity is stimulated by rain-
fall. Several thousand small sticky eggs are deposited and
attached to plants and other objects. Wild X. laevis of both
sexes were collected after the rainy season in April and May
2002. Sampling events took place once or twice and within a
few days of each other. In the NCGR, 20 males and 20 female
individuals were collected per site. In the CGR, in this par-
ticular year, it was more difficult to obtain a similar number
of X. laevis as in the NCGR. This was most likely due to an
introduction of predatory catfish from the adjacent river flood-
ing CGR ponds during the rainy season earlier that spring/
summer. In order to maintain sampling within the necessary
time window, the number of frogs caught was reduced to 10
males and 10 females per pond (except from CGRS, where
only three males and eight females could be caught). Corn in
this region of South Africa is usually planted in October/No-
vember and is treated with atrazine and the related triazine
terbuthylazine. Frogs were collected using 10 bucket traps per
site baited with liver and marrow bones. Traps were collected
2 d later and the frogs were transferred to a container labeled
with a number corresponding to the site. Frogs were then trans-
ported to the laboratory at Potchefstroom University for further
processing.

Blood and tissue collection

After capture, frogs were kept individually in 2-L plastic
containers containing laboratory water for 48 h to minimize
possible variances resulting from immediate capture stress be-
fore blood and gonad tissue were collected. Blood was col-
lected by cardiac puncture with syringes coated with 7.5%
ethylenediaminetetraacetic acid to prevent clotting. Blood
samples were centrifuged at 2,000 g for 3 min at room tem-
perature to separate out the plasma fraction. Plasma was stored
at —80°C until further analyses. Gonads were removed, mea-
sured, and weighed. One gonad was fixed in 10% neutral-
buffered formalin or Bouin’s for 48 h and then transferred to
ethanol before preparation for sectioning and staining for his-
tological examination. The second gonad of each specimen
was snap frozen in liquid nitrogen for subsequent biochemical
analyses. The gonadosomatic index was calculated.

GSI (%) = (gonad wt/body wit) X 100 (1)

Biochemical analyses

Steroid hormones. Plasma samples were extracted twice
with diethyl ether, and concentrations of E2 and T were mea-
sured by competitive enzyme-linked immunosorbent assay
(ELISA) as described by Cuisset et al [24] with modifications
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[25]. In this competitive ELISA, plasma steroid competes with
acetylcholinesterase-labeled steroid for the binding site on the
polyclonal rabbit antisteroid antibody. Antiserum to T was
obtained from D.E. Kime (University of Sheffield, Sheffield,
UK). Cross reactivities of the T antiserum are described in
Nash et al. [26]. The antiserum to E2 (Cayman Chemical, Ann
Arbor, MI, USA) has been reported to cross-react with estra-
diol-3-glucoronide (17%), estrone (4%), estriol (0.57%), T
(0.1%), and S«-dihydrotestosterone (0.1%). For all other ste-
roids, cross-reactivities were reported as less than 0.1%. The
steroid ELISAs were performed using Costar high binding
plates (Costar, Bucks, UK). The working ranges of these assays
were determined to be as follows:

T:  0.78-800 pg/well
17B-estradiol: 0.78-800 pg/well

Both E2 and T ELISAs were validated for use with plasma
from X. laevis by use of standard additions methods. Plasma
of male and female frogs from both regions (NCGR and CGR)
was spiked with T and E2 at various dilutions before extraction
and processed in exactly the same manner as unspiked samples.
In addition, a series of samples was split and one subsample
was analyzed for T by the endocrinology laboratory of the
Veterinary Medical Department at Michigan State University
(East Lansing, MI, USA) by a commercially available ra-
dioammunoassay (Diagnostic Products, Los Angeles, CA,
USA), while the second subsample was analyzed in our lab-
oratory using the previously described ELISA. A total of three
male and three female plasma samples from both regions (CGR
and NCGR) were subjected to this interlaboratory verification
of the T ELISA. Each sample was split, and each subsample
was extracted separately with the second extract being spiked
with a T solution as an internal control.

CYP19 aromatase activity. Aromatase activity was mea-
sured following the protocol of Lephart and Simpson [27] with
minor modifications. Less than 0.5 g of gonadal tissue was
homogenized in 600 .l of ice-cold gonad buffer (50 mM KPO,,
1 mM ethylenediaminetetraacetic acid, 10 mM glucose-6-
phosphate, pH 7.4). The homogenate was incubated with 21.33
nM *H-androst-4-ene-3,17-dione (25.9 Ci/nmol; lot 3467-067;
NET-926; New England Nuclear, Newton, MA, USA), 0.5 U/
ml glucose-6-phosphate (Sigma, St. Louis, MO, USA, G6378),
and 1 mM NADP (Sigma N-0505) at 37°C and 5% CO, for
120 min. Tritiated water released from each sample was ex-
tracted and activity determined by liquid scintillation. Aro-
matase activity was expressed as pmoles of androstenedione
converted per hour per milligram protein. The specificity of
the reaction for the substrate was determined by use of a com-
petitive test with nonlabeled androstenedione. Addition of
large amounts of androstenedione reduced tritiated water for-
mation to the levels found in the tissue blanks, which dem-
onstrated that the activity being measured was specific for
aromatase. The within-day and between-day coefficients of
variations for the assay were 0.3 and 2.8%, respectively.

Statistical analyses

Because of the nature of the parameters measured, several
statistical models were used for data analyses. Data for males
and females were analyzed separately. The study was designed
to be analyzed by both fixed-effects models and regression
types of statistics. This type of analysis was necessitated be-
cause the specific locations could not be classified as exposed
or unexposed. A range of concentrations of the primary res-
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idues of concern existed, with greater concentrations in the
CGR. However, residues were also detected in the NCGR.
Because most of the investigated parameters were not normally
distributed (one-sample Kolmogorov—Smirmov test) and to
make the analyses insensitive to outliers, statistical compari-
sons were made between the median values of plasma T and
E2 concentrations as well as the E2/T ratio, the GSI, and
gonadal aromatase activity. Differences between the different
exposure groups were tested by comparing medians of the
CGR with medians of the NCGR using both a two-sided, two-
sample ¢ test assuming equal variances and the nonparametric
Mann—Whitney U test. The power to detect significant differ-
ences between the two groups (CGR and NCGR) was deter-
mined for each biological parameter at the given sample size
and number of sites investigated. Furthermore. necessary sam-
ple sizes to be able to detect the observed differences between
the geometric means were calculated based on the given with-
in- and among-site variances. The among-site and a within-
site variance components were estimated from the log-trans-
formed data using a simple linear mixed-effect model [28].
The site-group (NCGR or CGR) was included as a fixed effect
to ensure that any site-group difference was not included in
the background variance. The mixed procedure [29] in Version
8.2 of SAS?® (SAS Institute, Cary, NC, USA) was used to fit
these mixed models to the data. Because a primary objective
of this study was to investigate the relationships between ex-
posure lo atrazine and/or its degradation products and other
triazine herbicides, correlations between atrazine or concen-
trations of degradation products and each parameter were also
investigated. When necessary, data were log-transformed to
approximate a normal distribution before calculating linear
regressions and Pearson correlation coefficients. Physiological
parameters such as plasma T and E2 or aromatase activity
react quickly to environmental changes in as little time as a
few hours, days, or weeks. Therefore. the four-week means
(4WM) of the period before collecting frogs at the individual
sites for pesticide concentrations and environmental cofactors
were used for the calculations of significances and correlations/
regressions in this study. Values were considered to be statis-
tically significant when p < 0.05.

RESULTS
Sex steroid ELISA verification

Accuracy and precision of the assays for E2 and T were
determined. Recoveries were 96 + 13% (n = 4) and 87 =13%
(n = 7) for E2 in males and females, respectively, and 90 +
28% (n = 10) and 113 *= 19% (n = 19) for T in males and
females, respectively, Except for one single outlayer in the
RIA experiment (206% recovery), the average recoveries of
T spiked into X /aevis blood plasma of male and female X,
laevis for the interlaboratory verification were similar between
the ELISA and RIA methods (RIA = 123.6 = 26.7%:; ELISA
= 125.6 = 9.6%). The absolute concentrations in the spiked
samples in both tests were also similar (average deviation =
23%). No difference was observed in the CV for the RIA and
ELISA methods for either males (26%) or females (25%). No
trend was observed of negative or positive bias for either the
RIA or the ELISA. These results suggest that the concentra-
tions reported are both accurate and precise.

Pesticide concentrations

Concentrations of pesticide residues varied among locations
and among seasons. With the exception of site CGRS, the
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Table 1. Concentrations of triazine herbicides and degradation products (ug/L) in non-corn-growing regions (NCGR) and corn-growing regions
(CGR) in South Africa measured by GC/MS[23]. Values represent two individual samplings that were conducted four weeks before collecting
Xenopus laevis within a time period in 2002¢

Date (all 2002) Simazine (ug/L) DACT (pg/L)  DIA (ug/l) DEA (pg/L) ATZ (pg/l) Tert (pg/L)
NCGRI April 2 <05 3.91 0.23 0.18 0.28 <0.1
April 15 <0.5 <0.1 0.27 <0.1 0.26 <0.1
Mean® 0.25 1.95 0.25 0.12 0.27 0.05
NCGR3 March 18 <0.5 <0.1 0.30 0.15 0.36 <0.1
April 2 <0.5 <0.1 0.61 <0.1 0.57 <0.1
Mean® 0.25 0.05 0.46 0.1 0.47 0.05
NCGR6 May 1 <0.5 <0.1 0.13 0.12 <0.1 0.51
May 13 <0.5 <0.1 0.15 0.13 0.2 0.59
Mean® 0.25 0.05 0.14 0.13 0.13 0.55
CGRI April 15 <05 <0.1 0.7 1.29 4.14 3.66
May 1 <05 <0.1 0.93 1.16 35 2.95
Mean® 0.25 0.05 0.82 1.23 3.82 331
CGR3 April 2 <0.5 0.38 0.47 0.43 1.05 0.97
April 15 <05 <0.1 0.28 0.38 1.01 1.07
Mean* 0.25 022 0.38 0.41 1.03 1.02
CGR4 April 2 <05 <0.1 0.18 0.11 0.32 0.19
April 15 <05 <0.1 0.64 <0.1 0.29 0.24
Mean® 0.25 0.05 0.41 0.08 0.31 0.22
CGR6 April 15 <05 5.45 0.49 1.09 3.78 2.46
May 1 <0.5 <0.1 032 0.90 3.90 2.40
Mean® 0.25 2.75 0.41 0.10 3.84 243
CGRS April 15 1.70 1.24 0.70 1.04 3.53 0.86
May 1 1.20 <0.1 0.88 0.91 3.12 0.72
Mean® 1.45 0.65 0.79 0.975 3.33 0.79

*DACT = diaminochlorotriazine; DIA = deisopropylatrazine; DEA = deethylatrazine; ATZ = atrazine; Tert = tertbutylazine.
® When concentration is below the detection limit, one-half of the detection limit was used for the calculations.

greatest concentrations of atrazine in pond water were ob-
served at the end of the rainy season (March through May).
The greatest mean atrazine concentrations (4WM) were mea-
sured at sites CGR1 (4.1 pg/L), CGR6 (3.9 pg/L), and CGRS
(3.5 pg/L) (Table 1). Concentrations of atrazine at locations
NCGRI, NCGR3, NCGR6, and CGR4 were low, but, in most
cases, detectable. At CGR4, 4WM concentrations of pesticides
were as small as in water from the reference sites. Detection
limits for the different compounds measured were 0.5 pg/L
for simazine and 0.1 pg/L for all other triazines. The log of
atrazine concentration (4WM) was significantly correlated
with the log concentrations of its degradation product DIA (r
= 0.829; p = 0.011) and DEA (r = 0.905; p = 0.002). Tert-
buthylazine concentrations between 2.4 and 3.7 pg/L were
measured at CGR1 and CGR6,

The log of concentrations of the triazine metabolites DIA
(r = 0.770; p = 0.025), DEA (r = 0.746; p = 0.034), and
atrazine (r = 0.802; p = 0.017) were positively correlated with
the pH of the water at the sampling sites. The log DIA con-
centration was positively correlated with log temperature (r =
0.801; p = 0.017) and the log visual depth (r = 0.814; p =
0.014). Atrazine, some of its metabolites, and tertbuthylazine
were also significantly correlated with a series of ions mea-
sured in water and sediments of the different ponds during this
study (Table 2).

Physiological responses

GSI. Although not significant, the GSI values for both fe-
male (7 test: p = 0.082; Mann—-Whitney U test: p = 0,053)
and male (7 test: p = 0.073; Mann-Whitney U test: p = 0.180)
X laevis from the CGR sites appeared greater than the female
and male means from the NCGR (Fig. 1). Of the sites in the
CGR, CGR6 had the least median GSI in males (0.10%) and
females (1.34%) that was similar to those in the NCGR (males:

0.10-0.12%; females: 1.10-1.90%). The GSI of female X,
laevis from CGR1 and CGRS8 were more variable than that at
other locations. In general, less variation was observed among
individuals of both sexes in the NCGR, where the median GSI
values were less than that for almost all other locations (Fig.
1). The GSI of males (r = 0.732; p = 0.039) as well as the
log GSI of females (r = —0.847; p = 0.008) were significantly
and positively correlated with the log conductivity, A signif-
icant negative correlation was observed for the GSI in males
(r=0.817; p = 0.013) with the log visual depth. Furthermore.
the GSI was positively correlated to a variety of ions, while
a negative relationship occurred with molybdenum concentra-
tion in sediments only (r = 0.697; p = 0.026) (Table 2).
Testosterone. The median plasma T concentrations of fe-
males were significantly greater at the NCGR sites than at the
CGR sites when using the ¢ test (p = 0.018) and close to
significance when compared with the nonparametric Mann—
Whitney U test (p = 0.053). The median plasma T concen-
trations of males were not significantly different between the
CGR and the NCGR. However, the power to detect significant
differences between the two arcas for males was poor. With
the sample sizes available in this study, the statistical power
(1-B) was approximately 0.065. A sample size of more than
1,000 male individuals would have been necessary to test for
statistical significance (p < 0.05) of the observed difference
with a power of 0.80. The greatest median T concentrations
in plasma of males were 39 ng/ml (CGR4), 23 ng/ml (NCGR3),
and 19 ng/ml (NCGR6) (Fig. 2). Similar plasma T concentra-
tions in females were observed only at NCGR1 (20 ng/ml)
and NCGR6 (16 ng/ml). At all other sites, median plasma T
concentrations of females were less than 6 ng/ml (Fig. 2).
Plasma T concentrations of females were negatively correlated
with the logarithm of the concentrations of atrazine (r =
—0.934; p = 0.001), tertbutylazine (» = —0.736; p = 0.028),
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Fig. 1. Gonadosomatic index (GSI) (A and B) and aromatase activity
(C and D) of male (A and C) and female (B and D) Xenopus laevis
from the Potchefstroom region of South Africa. Solid dots = atrazine
concentrations in water as four-week means. Bold horizontal lines =
group medians of medians for non-corn-growing region (NCGR) sites
and corn-growing region (CGR) sites. Box plots: The center horizontal
line marks the median of the sample. The length of each box shows
the range within which the central 50% of the values fall, with the
top and bottom of the box at the first and third quartiles. The vertical
T-lines represent intervals in which 90% of the values fall.

DIA (r = —0.778; p = 0.023), and DEA (r = —0.880; p =
0.004) but not DACT concentrations. Plasma T concentration
in males was not correlated with the 4WM concentration of
atrazine (r = —0.554; p = 0.154). However, a significant neg-
ative correlation was observed between the log of plasma T
concenfrations in males and the log of the DACT concentration
(r = —0.831; p = 0.011). In male X. laevis, a significant
negative correlation was observed between the pH and log T
(r = —0.823; p = 0.012). No significant correlations with
other cofactors were observed for males or females. Plasma
T concentrations in both males and females were negatively
related to a variety of ions, such as SO, and S, in water and
Fe in sediment (Table 2).

Estradiol. In general, median concentrations of E2 in the
plasma of females from the CGR were significantly less than
those of females from the NCGR (7 test: p = 0.002; Mann-
Whitney U test: p = 0.025), but no significant difference was
observed for males (Fig. 2). However, for male frogs the var-
iability between and within sites was such that only a true
difference as great as 9.3-fold could have been detected with
a power of 0.80 (Table 3). In contrast, the observed difference
was 2.9-fold. The greatest median E2 concentrations occurred
in males from sampling sites NCGR6 (48 ng/ml) and CGR4
(34 ng/ml). However, these sites were characterized by a rel-
atively great amount of variation among individuals. Concen-
trations in the lower (first) quartiles were considerably less
(NCGR6 = 0.18 ng/ml; CGR4 = 0.8 ng/ml) than the medians.
At all other sites, plasma E2 concentrations in males were 3
ng/ml or less. In females, the greatest plasma E2 concentrations
occurred in X. laevis from the NCGR (27-44 ng/ml) (Fig. 2).
In both males and females, plasma E2 concentrations at the
sites CGR4 were similar to those in the NCGR, while at all
other CGR sites, E2 concentrations were less than in the NCGR
(Fig. 2). Concentrations of E2 in the plasma of both males
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Fig. 2. Plasma T concentrations (A and B), plasma estradiol (E2)
concentrations (C and D), and E2/T ratios (E and F) in male (A, C,
and E) and female (B, D, and F) Xenopus laevis from the Potch-
efstroom region in South Africa. Solid dots = water atrazine con-
centrations at the sampling sites as four-week means. Bold horizontal
lines = group medians of medians for non-corn-growing region sites
(NCGR) and corn-growing region (CGR) sites. See legend of Figure
| for an explanation of the box plots. * = group median at CGR sites
significantly different from that at C sites (NCGR) (T females [B]: p
= 0.018; E2 females [D]: p = 0.0018).

Table 3. Statistical power (1-f) to detect significant differences for
the investigated parameters between the non-corn-growing region and
the corn-growing region using a linear mixed-effect model. The mode!
was set to detect differences between the geometric means (GM) at
a significance level of <0.05 and at a target power of 0.80. The
magnitude of difference that could be detected with the available
sample size and inherent variance as well as the theoretical sample
size required to give a statistical power of (.80 with observed variance
are also given. n = number of individuals®

Detectable fold Necessary
difference  Observed fold  a/site to
between GM difference  achieve 0.80
Sex Parameter  (0.80 power) between GM power
Females GS8I 2,51 248 15
£ 39 3.54 15
E2 8.62 2.88 =1,000
E2/T 2.44 133 >1,000
CYP 4318 1.09 >1,000
Males GSI 1.4 1.32 35
i 11.39 1.65 >1,000
E2 931 2.8% 4]
E2T 4.57 1.34 250
CYP

* GSI = gonadosomatic index; E2 = estradiol: T = lestosterone; E2/
T = estradiol/testosterone ratio; CYP = aromatase activity.
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and females were more variable in sites of the NCGR as com-
pared to the CGR. A similar degree of variability as for females
at the NCGR sites was observed in male X laevis collected
at locations CGRI and CGR4. In females, plasma E2 was
negatively correlated with 4WM atrazine concentration (» =
—0.851; p = 0.007) and DEA (r = —0.821; p = 0.012). Plasma
E2 concentrations in males and females were negatively cor-
related with some of the ions measured during this program,
including SO,, S, St, Mg, and Sr, in water (Table 2).

E2/T ratio. The E2/T ratios of both males and females were
not significantly different between the CGR and NCGR re-
gardless of whether the comparisons were made based on me-
dians or means. At the given variabilities (within and between
regions), a true difference of 2.4-fold and 4.6-fold for females
and males, respectively, could have been detected with a power
of 0.80 (Table 3). The observed differences between the NCGR
and CGR were low (1.3-fold) for frogs of both sexes (Table
3). Except for males and females at site NCGR6 and females
at CGRS, no significant differences were observed in the me-
dian E2/T ratios (Fig. 2). In general, E2/T ratios were slightly
greater in females than in males. In comparison with other
locations, within-population variation was greater at NCGR6
(both sexes), NCGR3 (males), and CGRS (females). The dis-
tribution of E2/T ratios of males from CGRS was skewed with
greater values within the upper quartile. The only significant
correlation between the E2/T ratio for males was with DIA (-
= —=0.830; p = 0.011). No significant relationships were ob-
served for the E2/T ratio for females and any of the triazine
residues.

Significant negative correlations were observed between
log E2/T ratio of male X. /aevis and both log temperature (r
= 0.810; p = 0.015) and dissolved oxygen (r = 0.717; p =
0.045). No such correlations were observed for the E2/T in
females. When compared to ion concentrations in water and
sediment, no significant negative relationships were observed
for either males or females. However, the E2/T ratio in frogs
of both sexes was positively correlated with concentrations of
Al in the water (Table 2).

Aromatase activity. In most testes from most sites (except
NCGR3 and CGR4), no gonadal aromatase activity was de-
tectable (Fig. 1). No significant difference was observed in the
median aromatase activity in ovaries between the CGR and
the NCGR. The power to detect significant differences between
the two regions was such that a difference of 43-fold and higher
could have been detected with a power of 0.80 (Table 3). In
comparison, the observed difference was small (1.1-fold) (Ta-
ble 3). No power analyses could be conducted for aromatase
activity in males since most of the measured values were below
the detection limit. When aromatase activity was measurable
in males, values ranged from 7 to 53 fmol/h/mg protein. In
males from these locations, median aromatase activities in
testes were 7-fold (CGR4) to 14-fold (NCGR3) less than that
in ovaries of females collected at the same sites. The greatest
aromatase activities in ovaries were observed at NCGR3 (1.9
X 10? fmol/h/mg protein), CGR1 (1.2 X 102 fmol/h/mg pro-
tein), and CGR8 (3.2 X 10? fmol/h/mg protein) (Fig. 1). In
both testes and ovaries, greater median activities were char-
acterized by proportionately greater variabilities (Fig, 1). The
greatest variability was observed in ovaries of X, laevis from
CGRS where sampling occurred over an extended time period
(April through September). The accessory factors with which
log ovarian aromatase activity was correlated were the water
concentrations of several ions (negative correlations) such as
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NO;, NOy, 8i, Ti, and V (Table 2). Aromatase activity was not
correlated with any of the pesticides measured. No statistical
tests were run on the aromatase data in males because in over
90% of the analyzed testes, aromatase activity was not de-
tectable.

Relationships between physiological parameters. Statisti-
cally significant positive correlations were observed between
the log T and log E2 concentrations in both males (r = 0.757;
p < 0.001) and females (r = 0.868; p < 0.001). Both sexes
also exhibited positive correlations between log E2 and log
E2/T ratio (males: » = 0.804; p < 0.001; females: r = 0.580;
p < 0.001). However, neither aromatase activity nor GSI were
correlated with plasma concentrations of T or E2 in either
males or females.

DISCUSSION

Atrazine concentrations measured in pond water of most
of the ponds that are located in the CGR of the Viljoenskroon
region were similar to those reported for a variety of waters
in the Midwest (USA) that receive agricultural runoff [30,31].
Although less than peak concentrations that can be observed
during extreme exposure scenarios, such as storm runoffs,
these concentrations reflect a typical exposure situation for
many water bodies. In the current study. trace amounts of
atrazine and other triazines were also detected in water from
the NCGR. This is likely due to atmospheric deposition from
wet and dry fall into water bodies in nonagricultural areas
[32]. Atrazine concentrations in the Potchefstroom region dis-
play typical exposure scenarios likely to oceur in many dif-
ferent areas of the world where modern agriculture is practiced,
Furthermore, the fact that most concentrations of degradation
products were strongly correlated with atrazine suggests that
calculation of the 4WM atrazine concentration was an appro-
priate and accurate way to gauge atrazine levels over time at
these sites.

While several studies have been conducted in which X
laevis were exposed to atrazine under laboratory conditions
[3,20,21], no studies have been undertaken to investigate the
effects of atrazine on X laevis in their natural habitat, Studies
on other species, such as the leopard frog (Rana pipiens) and
the cricket frog (dcris crepitans), have been conducted to
investigate possible impacts of atrazine in the wild [4,7]. Al-
though these studies found an increase in the occurrence of
intersex in male frogs from areas of more intense agriculture,
no significant correlation was observed between concentra-
tions of atrazine and degree of response. Therefore, the present
results may be of general importance for the evaluation of
atrazine exposure in the environment.

Effects on gonad growth and development

In a recent study in which female tadpoles of the African
clawed frog (X. laevis) were exposed to 21 ug/L atrazine, a
reduced number of primary germ cells (20%) compared to
controls (2%) was observed after a 48-h exposure period [19].
The same exposure in male tadpoles resulted in a 57% reduc-
tion in testicular volume, with concomitant reductions in pri-
mary spermatogonial cell nests, nursing cells, and testicular
resorption among 70% of exposed animals and failed testicular
development in 10% of animals [18]. Assuming that exposure
to atrazine in our study was similar to that in the studies of
Tavera-Mendoza (atrazine concentration in Tavera-Mendoza
study: 18 ppb: maximum average concentration of triazines in
the CGR during summer 2001-2002: 17.03 ppb; data not
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shown), similar effects on the gonads would be expected,
namely, a decrease in the GSI. But instead an increase in the
GSI was observed for both male and female frogs collected
at the CGR, where they had been exposed to greater concen-
trations of atrazine. A possible explanation for the differences
in GSI could be differences in food resources, which may allow
frogs from the CGR to expend more energy on gonad growth.
This could be a consequence of general eutrophication in ag-
ricultural areas that may lead to increased primary production
and subsequently to an increase in aquatic invertebrate bio-
mass. The positive correlation between conductivity and GSI
would favor this hypothesis since increased conductivity is
known to result in an increased buffering capacity and is likely
to result in greater overall production. However, differences
in food availability and production were not determined in this
study. It remains to be elucidated whether the increase in gonad
growth is a response to edaphic conditions and whether it has
any effect on the populations of X_ /aevis at these sites [23].
In summary, no evidence from the reported data shows that
exposure lo atrazine or degradation products had a negative
impact on gonad growth under field conditions.

Plasma sex steroid titers in ranids: Natural versus
laboratory backgrounds

To our knowledge, no published studies report plasma sex
steroid concentrations in wild X. laevis. However, when males
from the NCGR were compared to a laboratory study sampled
during summer (June and August) [33]. plasma concentrations
of T were similar. In contrast, plasma T concentrations in
females from the NCGR were greater than those reported by
Kang et al. [33] but similar to those reported for female X
laevis by Pickford and Morris that were stimulated to breed
by injection with human chorionic gonadotropin (hCG) [34].
It is known that plasma sex steroid titers in anurans change
significantly during the reproductive season [35,36]. Given that
the females analyzed in the Kang et al. [33] study were sampled
only twice within a year at unknown time points during their
reproductive cycle (three-month sample interval, total n = 8),
it is unlikely that their reproductive status was similar to that
of frogs that were collected in the late breeding season in our
study. In contrast, female X, laevis from the Pickford et al.
[34] study were induced to breed and were most likely at a
similar reproductive stage as females collected from the
NCGR. This hypothesis is supported by findings in other an-
uran species, the European green frog (Rana esculenta) and
the bull frog (Rana catesbeiana), which were collected from
the wild. In these studies, frogs at the end of their spawning
season had plasma T levels that were similar to frogs from
our study [35,36]. Furthermore, these findings are consistent
with observations of seasonal profiles for plasma T concen-
trations in females of other vertebrate species such as fish
[37,38,39]. Another reason for the discrepancy between Kang
et al. [33] and our study is that frogs from our study were
collected from the wild, while X. /aevis used in the Kang et
al. study [33] were commercially supplied and kept under ar-
tificial conditions in the laboratory. Distinct differences have
been reported for the concentrations of plasma sex steroids in
another ranid species, R. catesbeiana, held under laboratory
conditions [36]. These authors hypothesized that commercially
supplied frogs were not likely to provide useful information
on normal seasonal changes in plasma sex hormone profiles.
They based this on the fact that these animals were maintained
in an artificial environment and may have been subjected to
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long-term stress from both transport and/or confinement and
that effects on hormone profiles could persist for many weeks
even though the frogs appear to be well.

Estradiol concentrations in plasma of NCGR females were
similar to those observed for X. Jaevis females that were in-
jected with hCG [34,40] but were slightly greater than those
reported for feral R. esculenta and R. catesbeiana during their
breeding period [35,36]. These results indicate that NCGR
frogs were still at the peak of their reproductive activity, and
thus the differences in the absolute concentrations of plasma
sex steroids measured in the study by Paolucci et al. [35] and
our study may be due to differences among species. In our
study, males from the NCGR exhibited greater E2 concentra-
tions than those reported for males from another study [41],
but were similar to those in R. ¢/lamitans (control group) that
were confined under laboratory conditions [42]. The reasons
for these discrepancies are unknown, However, a study with
the European green frog (R. escudenta) found that plasma E2
concentrations in males at the end of their reproductive period
were similar to the results of our study [35]. It has been hy-
pothesized that E2 might be involved with the interruption of
reproductive processes in males and its increase could be re-
sponsible for the inhibition of androgen biosynthesis at the
end of the spawning season (summarized in Paolucci et al.
[35]). It has been shown in mammalian studies that estrogens
derived from the testis play an important role in the negative
feedback regulation of follicle-stimulating hormone [43,44].
In our study, frogs were collected in the late or postspawning
period when follicle-stimulating hormone would be expecied
to be down-regulated. It is therefore possible that the elevated
E2 concentrations measured in males resulted from the neg-
ative feedback control of gonadotropin secretion. While plas-
ma E2 concentrations reported by Tobias et al. [41] were mea-
sured at a different time during the reproductive season, none
of the frogs in that study had completed yet a breeding cycle
in their life history. Since different stages in the reproductive
cycle are characterized by dramatic changes in plasma sex
steroids titers and frogs in our study were investigated at a
different time than those in the Tobias et al. [41] study, it is
difficult to directly compare these results. However, no direct
evidence exists for this type of regulatory mechanism from
the data presented, and it would require further research to test
for this hypothesis.

The variability observed in plasma T and E2 concentrations
was likely due to the fact that frogs were collected at the end
of the breeding season, when physiological processes are
known to undergo massive changes. This large variability re-
duced the power to demonstrate differences among locations,
However, il was still possible to discriminate statistically be-
tween concentrations in females from the two regions. In con-
trast, the power to detect statistically significant differences
for T in males was poor. To detect such differences with a
power of 0.80 or greater would have required a sample size
of more than 1,000 individuals. It was logistically impossible
to sample the frogs over a shorter period of time, let alone to
collect the required number of male frogs. Also, the sample
sizes were such that it was impossible to stratify the frogs by
season or age. The variability in concentrations of plasma T
and E2 observed in our study is comparable to the variability
in two other laboratory studies [33,41].

Effects on plasma sex steroids and gonadal aromatase
activity

The reason for the differences in plasma concentrations of
T and E2 in female X. laevis between the CGR and NCGR is
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unknown at this time. Statistically significant differences were
observed between the CGR and NCGR, and a statistically
significant negative correlation was observed between both T
and E2 concentrations in females and atrazine as well as most
of its degradation products and overall chlorotriazine concen-
trations. Although a similar trend was observed in males be-
tween plasma T and E2 concentrations at the NCGR and CGR
sites, these differences were not significant. This may have
been due to the fact that the power to detect significant dif-
ferences for T was poor in males compared to that for females,
resulting in an increase of the chance of a type II error. There-
fore, it cannot be totally excluded that any significant effects
on plasma T concentrations existed. However, the differences
in the concentrations of T between the different regions were
small for males (1.7-fold) as compared to differences in fe-
males (3.5-fold), while no difference in the absolute average
values in the NCGR existed. It is questionable—given the
variability within and between sites—if such a difference is
of any biological relevance. No significant correlation was
observed between plasma sex steroids in males and atrazine.
However, plasma concentrations of T in males were signifi-
cantly negatively correlated with DACT (p = 0.011) and over-
all chlorotriazine concentrations (p = 0.01). It is not possible
from the correlation alone to establish causality between ex-
posure to atrazine and plasma concentrations of T or E2, es-
pecially since other factors, such as ions, were covariant to
both triazine concentrations and biomarker responses. How-
ever, the significant relationships between plasma T in males
and DACT and overall chlorotriazine concentrations indicate
a possible effect of environmentally relevant triazine concen-
trations and Xenopus physiology that deserves further inves-
tigations. The CGR was characterized by intensive agriculture,
and a variety of different chemicals, including herbicides, fun-
gicides, insecticides, and fertilizers, was applied. Thus, to de-
termine a possible causative agent, more detailed studies would
be necessary to determine the effects of both chemical and
edaphic factors.

Few studies have reported effects of atrazine on plasma E2
concentrations. A study in which juvenile X lgevis were ex-
posed to a range of atrazine concentrations (0.1-25 wg/L) from
72 h posthatch until two to three months postmetamorphosis
found no statistically significant differences in plasma T con-
centrations among atrazine treatments and controls [21]. Also,
no statistically significant effects of waterborne atrazine ex-
posure were observed on plasma concentrations of E2 in fe-
males. However, in males exposed to 1.0 p.g/L atrazine, plasma
concentrations of E2 were significantly less than those of con-
trols, but not at greater or lesser doses, such that no consistent
dose-response relationship was seen [21]. In summary, no
evidence exists from both laboratory and field studies that
atrazine leads to an increase of plasma E2 concentrations in
the blood plasma of male X. /aevis subsequently resulting in
feminization.

The presence of small concentrations of atrazine in the
reference ponds precluded the ability to make an absolute test
of hypothesis that frogs from atrazine-exposed and unexposed
areas were different using a fixed-effects model. However, the
small concentrations of atrazine in water in the NCGR, which
were initially selected as the reference areas, did not seem to
have an effect on plasma T concentrations of males because
the average concentration and variability observed in this re-
gion were both similar to those reported for adult male X
laevis in a different study under control conditions [33].
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Induction of aromatase as a potential mode of action

It has been hypothesized that atrazine affects sexual dif-
ferentiation in both sexes by inducing aromatase. Such a
change in aromatase activity could result in lesser concentra-
tions of T, which could result in demasculinization of males
or, through inappropriate synthesis and secretion of E2, in
feminization of males [4]. Such a mechanism was deemed
plausible based on in vitro studies with human and fish cell
lines [22,45], but until the studies on which we report here,
the hypothesis had not been tested in vivo in amphibians under
field conditions. Differences were not observed in aromatase
activities among regions, nor were significant correlations be-
tween exposure to triazines and aromatase activity and in-
creases in plasma estradiol levels. These results do not support
the hypothesis that atrazine causes an increase in the produc-
tion of E2 by inducing aromatase activity [3]. However, aro-
matase activities were rather variable in this study. Thus, the
statistical power to determine significant differences at the
given number of samples was poor.

Given the good reproducibility and very low intra-assay
variation, it is unlikely that the test systems used are respon-
sible for the observed variability. We believe that the time of
sampling, during the late spawning season, is the major factor
contributing to the variability within sites observed during this
study. The frogs were caught after or during the late breeding
season (April through May), when physiological processes are
known to change dramatically. Although the power to detect
significant differences was poor, the observed difference be-
tween the different regions was small and may not be of any
biological relevance. Given the very low aromatase activities
in males regardless of season, it is unlikely that such minute
levels of activity would have much biological significance.

In males, no significant correlation was observed between
atrazine concentrations and plasma concentrations of T or the
E2/T ratio, which would be expected if a causal relationship
existed between atrazine exposure and an aromatase-mediated
response. However, a significant negative correlation was ob-
served between the E2/T ratio of males and DIA, In the H295R
human adenocarcinoma cell line, DIA significantly increased
CYP-19 mRNA expression as well as aromatase activity [22].
The observed relationship between E2/T ratio and DIA was
not consistent with published literature or with the hypothesis
that atrazine or its degradation products cause changes in plas-
ma T concentrations through an aromatase-mediated process.
The observed trend in plasma E2 concentration was in the
opposite direction that would be expected if aromatase activity
was up-regulated. Thus, it is unlikely that an effect on aro-
matase activity existed that was due to atrazine or its degra-
dation products, and it also seems unlikely that a strong case
existed for decreased plasma T in males that was associated
with the presence of atrazine.

Alternative modes of action

In fact, the significant positive correlation between E2 and
T in both males and females indicates that both E2 and T are
equally affected, and, therefore, the observed effects may be
due to a more generalized mechanism, such as increased me-
tabolism. A study of Atlantic salmon (Salmo salar) hypoth-
esized that atrazine can affect T concentrations by increasing
metabolic breakdown of the hormone [46]. However. no E2
measurements were made in that study. Increased metabolic
activity is a common response to exposure of environmental
pollutants as well as being a natural phenomenon in the re-
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crudescence cycle. Thus, it cannot be excluded as a possible
cause for the observed decrease in plasma sex steroids,

Another hypothesis is that atrazine or its degradation prod-
ucts may affect the endocrine system at the level of the central
nervous system. Atrazine has been found to affect serum-lu-
teinizing hormone and prolactin concentrations in Sprague-
Dawley and Long-Evans female rats by altering the hypotha-
lamic control of these hormones [47]. Similar conclusions were
drawn in a recent paper by Stoker et al. [48] suggesting effects
of atrazine degradation products on puberty and thyroid func-
tion in male Wistar rats via actions on the central nervous
system and its control of the pituitary—gonadal axis. However,
the doses at which atrazine caused the observed effects were
much greater than those observed in this study (100-200 mg/
kg; oral administration). Because of atrazine’s low bioconcen-
tration factor, this is unlikely to reflect realistic exposure sce-
narios of atrazine in the environment. Thus, again, it is unlikely
that atrazine would cause the observed decreases in plasma
concentrations of E2 and T.

Study design and future research needs

Both laboratory and field investigations have advantages
and disadvantages. Laboratory studies allow for replication
and the control of various parameters and conditions to allow
the isolation of potential factors or causative agents, This often
results in less variation in both the stressor of interest and the
response. While this allows for efficient tests of mechanistic
hypotheses, it does not represent the real-world situation in
which we are ultimately interested. Alternatively, field studies,
while realistic, are limited by a lack of replication, small sam-
ple sizes, and the confounding effects of many factors. Cer-
tainly that was the case in this study. Therefore, the authors
feel that a combination of both types of studies would be useful
for drawing conclusions about the potential effects of envi-
ronmentally relevant concentrations of agricultural chemicals
on frogs. The study conducted here was designed to test the
hypothesis that aromatase and plasma concentrations of E2
and T were altered when exposed to agricultural chemicals
under field conditions. Furthermore, the study was designed
to investigate frog populations in two distinct regions, one of
which was expected to have greater concentrations of triazine
herbicides and one expected to have lesser concentrations.
Additionally, the study was designed so that if no differences
were observed between the two regions and no significant
correlations were found between exposure to triazine herbi-
cides and study parameters, it could be concluded that a causal
relationship was unlikely. This information could be used
along with information collected in controlled laboratory stud-
ies in a weight-of-evidence approach to make conclusions
about the potential for triazine herbicides to affect populations
of X. Jaevis under likely exposure scenarios along with the
effects of other stressors, including chemical, physical, and
biological. This was not the case; thus, a simple interpretation
of the results is not possible. In regulatory terms, this study
was designed to rebut the presumption of effects. While this
could not be done the way the study was designed, it is im-
possible to determine the causes of differences in response
between the two regions. The results of this study indicate that
differences existed in some of the parameters among locations
and between the two regions, so the simple hypothesis that
modulation of plasma concentrations of E2 and T are caused
by exposure to atrazine or coapplied triazines could not be
rejected.
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CONCLUSION

The current study provides evidence that plasma concen-
trations of both T and E2 in females are less in the CGR as
compared to the NCGR, where concentrations of pesticides,
including atrazine, were greater. While the median plasma ti-
ters of hormones were less in the CGR, the ranges of values
overlapped such that it is unlikely that biologically relevant
effects would have been expected to oceur in these populations.
For instance, the observed effects on steroid homeostasis in
wild frogs did not negatively affect gonad growth as reported
in two different studies [18.19]. Furthermore, while atrazine
has been used in these areas for over 40 years, all the locations
have robust populations of frogs with similar age distributions
[49].

No evidence exists that these differences were due to in-
duction of aromatase as has been previously suggested [3.4].
The data presented here demonstrate that, if there is an effect
of atrazine on the endocrine system, it is unlikely to be via
direct alteration of aromatase enzyme activity. Because frogs
in the two areas were exposed to other factors, some of which
(e.g.. selected ions) showed significant correlations with both
alrazine concentrations and biomarkers, it is impossible to de-
termine the extent and mode of action by which atrazine may
affect the endocrine systems of A7 /aevis. To adequately test
this hypathesis, the critical mechanism of action of atrazine
needs to be established. When this is done, an appropriate
biomarker for atrazine-specific responses can be developed for
use in definitive laboratory studies and field investigations,
The use of larger-scale mesocosms might be one way to test
for the potential effects of specific compounds like triazine
herbicides [50]. These types of studies could be designed to
isolate and control for a number of parameters. In addition,
mesocosm studies could allow for a reasonable sample size
while still allowing for more realistic exposure conditions,
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