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Seven of the nine vulture species in South Africa are listed as endangered on the International Union for
the Conservation of Nature (IUCN) red list. From these, the Cape Griffon vulture (Gyps corprotheres) is the
most endangered species in the region. Although inadequate nutritional support has been blamed on the
constant decline in populations, the process of vulture restaurants has failed to improve the population
status over the last twenty years. One possible reason for the decline may be an underlying reproductive
disorder as described in endocrine disruptive syndromes. Both DDT and p,p’-DDE have been detected pre-

gg’_}fvords" viously at very high concentrations in the mid 1980s, with lower concentrations still being detectable as
DDE late as 2001. To establish the effect of DDT and DDE, the vulture estrogen receptor o (ERa) was sequenced
Endocrine disruptor from two species using 5’ and 3’ rapid amplification cDNA ends (RACE). Using transient transfected mam-
Vulture malian cell assays, vulture ERa estrogen-dependent transcription activity was validated using various

estrogens and DDT derivatives. The receptor assay was sensitive to p,p’-DDT, o,p’-DDT and p,p’-DDE with
ECso of 2.41 x 1076, 3.47 x 107 and 3.81 x 10> M. When compared to results obtained from human,
zebrafish, chicken, salamander and turtle, the vulture ERa showed high sensitivity to o,p’-DDT and inter-
mediately responsive to p,p’-DDE. Vulture ERa is, however, not responsive to the DDT and DDE levels
reported in the plasma of vultures from the last population survey, indicating that the Southern African

Organochlorine
Estrogen receptor

vulture are not currently exposed to disruptive levels of these contaminants.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

From the nine vulture species resident to Southern Africa,
seven are currently listed on the IUCN red list (2007) as being
endangered, with even the once ubiquitous White-backed vul-
ture (Gyps africanus) now being considered near threatened.
The most endangered of the species is still, however, the Cape
Griffon vulture (Gyps coprotheres). In addition to being endemic
to only Southern Africa, the Cape Griffon is arguably the largest
vulture in Africa (Mundy et al., 1992). Unfortunately, despite
being very prominent in their environment, the species has stea-
dily declined over the last century with poor fertility, high nest-
ling mortality, African witchcraft, malicious poisonings and
pylon/power line injuries being listed as causes (Piper et al.,
1981; Komen, 1991; Fernie and Reynolds, 2005; IUCN red list,
2007). Of these, nestling mortalities is probably the most impor-
tant as estimates in the 1980s placed the survival of first-year
nestlings at 17%, with the overall probability of a hatchling
reaching three years being 10% (Piper et al., 1981). This low
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rearing rate is made more extreme when one considers that
sexual maturity is only reached at 5 years with only one egg
being produced a year.

With the majority of dead chicks from the above study showing
abnormal bone development (osteodystrophy), a deficiency of die-
tary calcium was believed to be the underlying cause of both the
poor hatchability and rearing success seen in the species (Piper
etal.,, 1981). More importantly, this calcium deficiency was directly
related to the encroachment of cattle ranches into the vulture for-
aging areas (Mundy et al., 1992). With cattle ranching requiring the
removal of the large carnivores an important symbiotic relation-
ship had become disrupted, as the only source of calcium available
to the wild vultures were the crushed bones left behind from large
predator feedings. Thus with the adult birds being calcium defi-
cient, the egg and developing fetus were also denied sufficient cal-
cium with the end result being abnormal skeletal development
and/or death.

To overcome this problem, the Endangered Wildlife Trust
(EWT) of South Africa initiated a system of vulture restaurants
where farmers and game hunters were encouraged to place
out dead cattle and trophy Kkills for the feeding of the birds
(Mundy et al., 1992; Reynolds et al., 2004). To accommodate
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for the osteodystrophy, farmers were also advised to place out
crushed bones. Over the years this feeding system has flourished
and still operates smoothly to this day with hundreds of birds,
mainly G. africanus, G. coprotheres and Torgos tracheliotus, feeding
at over 180 sites around the country in any week (unpublished
restaurant survey). However, despite the country-wide success
of the vulture restaurant program, the population of G. coprot-
heres continues to decline with the latest ICUN red list listing
the species at only 4000 breeding pairs. More importantly, only
ten breeding pairs are believed to be present in Mozambique,
none in Namibia and Zimbabwe, with the species already extinct
in Swaziland. With the species steadily declining, despite ade-
quately nutritional support, some other underlying mechanism
has to be involved with the poor breeding success of the species.
With skeletal abnormalities, poor hatchability and increased
hatchling mortalities in other species being blamed on estrogenic
effects of low doses of the organochlorines (Griinfeld and
Bonefeld-Jorgensen, 2004; Kojima et al., 2005), it is plausible
that the poor breeding and rearing success in the Cape Griffon
is also due to an underlying endocrine disruptive (ED) syndrome
(Bitman et al., 1968; Akins and Tuan, 1993; Danzo, 1997; Sonne
et al,, 2004; Derfoul et al., 2003).

Further support for an ED syndrome in the Cape and other vul-
ture populations comes from their documented history of exposure
to fairly high levels of DDT. In one study, DDT was present in the
eggs at concentrations up 4 x 10~® mg/kg dry weight (Mundy
et al., 1982). In more recent studies, DDT and DDE were detectable
in tissues at concentrations up to 1.6 to 3.2 x 10~ M and 10 pg/L,
respectively (van Wyk et al., 2001a). Even though these concentra-
tions were considered low and non-significant i.e. non-toxic by the
authors, we feel that these concentrations could still have an influ-
ence on the vulture estrogen receptor (ER) in an endocrine disrup-
tive manner. The latter is important as ERs in vertebrates function
as transcription factors that, when stimulated, induced physiolog-
ical changes in cellular functions via gene expression (Blumberg
and Evans, 1998; Hawkins et al., 2000). At present, three different
types of ERs have been identified, ERa, ERB and ERYy, of which the
former two have previously been identified in avian species (Krust
et al.,, 1986; Bernard et al., 1999; Lakaye et al., 1998). In addition to
being responsive to natural ligands such as estradiol and synthetic
estrogens such as diethylstilbestrol, the ERs are also responsive to
estrogen-like agrochemicals. The most common of these chemicals
are the organochlorines such as DDT and DDE, which are known to
be demonstrated innate competitive agonistic activity for ER bind-
ing sites (Kojima et al., 2005).

Therefore, to ascertain if DDT and DDE could have an adverse
effect on vulture reproduction, we sequenced and cloned the vul-
ture ERa from two vulture species, validated an in vitro ER reporter
assay prior to determining the influence of p,p’-DDT, o,p’-DDT and
p,p’-DDE on receptor transcription activity. These compounds
selected as historical tissue and plasma concentrations were also
available for evaluation.

2. Materials and methods
2.1. Chemical reagents

17B-Estradiol (Ep, purity: 98%), diethylstilbestrol (DES, purity:
99%), estrone (Eq, purity: 98%), estriol (Es, purity: 98%) and 17a-
ethynylestradiol (EE,, purity: 98%) were from Sigma-Aldrich Corp.
(St. Louis, MO, USA). p,p’-DDT (purity: 99%), o,p’-DDT (purity:
99.5%) and p,p’-DDE (purity: 99%) were obtained from Chem Ser-
vices (West Chester, PA). All chemicals were dissolved in dimethyl-
sulfoxide (DMSO) prior to use. The concentration of DMSO in the
culture medium did not exceed 0.1%.

2.2. Animals

An adult Lappet Faced (T. tracheliotus), African White-backed
(G. africanus) and Cape Griffon (G. corprotheres) vultures were used
in the study. The Cape Griffon was obtained from the Onderste-
poort Veterinary Research Institute (OVI) following a case of poi-
soning while the other birds were donated by the Rhino and Lion
non-profit organization after rehabilitation efforts had failed. For
the latter euthanasia was by sodium pentobarbitone overdose
intravenous. Liver samples were harvested by sterile necropsy
and stored in RNAlater at —30 °C.

2.3. Molecular cloning of estrogen receptor

Two conserved amino acid regions in the DNA-binding
domain (GYHYGVW) and the ligand-binding domain (NKGM/
IEHL) of the ER were selected for degenerated oligonucleotides
(primer A: 5-GGNTAYCAYTAYGGNGTNTGG-3 and primer B:
5-ARRTGYTCNATNCCYTTRTT-3). As a template for PCR, the
first-strand cDNA was synthesized from 1.0 pg of total RNA iso-
lated from liver tissue using SuperScriptlll reverse-transcriptase
(Invitrogen, Carlsbad, CA). Primers A and B were used for the
first-round PCR, and then the second-round PCR using primer
C (CEGCKAF: 5-TGYGARGGNTGYAARGCNTTY-3) and primer B
was done. The amplified DNA fragment was subcloned with
the TA-cloning plasmid pCR2.1 vector (Invitrogen), sequenced
using a BigDye terminator Cycle Sequencing-kit (PE-Biosystems,
Foster City, CA) with T7 and M13-reverse primer, and analyzed
on the ABI PRISM 377 automatic sequencer (PE-Biosystems).
The 5'- and 3’- ends of ER cDNA were amplified by rapid ampli-
fication of the cDNA end (RACE) using a SMART RACE cDNA
Amplification kit (BD Biosciences Clontech, Palo Alto, CA). A
single full-length transcript of the open reading frame was
amplified using the primer set at the 5 untranslated region
and 3’ untranslated region, and then PCR products were cloned
into TOPO-Blunt vector (Invitrogen) and sequenced from multi-
ple clones, using a majority rule method to correct sequence
errors.

2.4. Database and sequence analysis

All sequences generated were searched for similarity using
Blastn and Blastp on the online server of the National Center
of Biotechnology Information. The predicted amino acid se-
quences for the vulture and the three other reported avian
species, domestic chicken (Gallus gallus, X03805), Japanese
quail (Coturnix japonica, AF442965) and the zebrafinch (Taenio-
pygia guttata, NM_001076701) were aligned with Clustal W
(Thompson et al, 1994), and compared for homology using
BioEdit (Hall, 1999). The domains of the ER were compared
to human (Homo sapiens, M12674), mouse (Mus musculus,
NMO007956), Japanese giant salamander (Andrias japonicus,
AB252211), turtle (Pseudemys nelsoni, AB301060) and zebrafish
(Danio rerio, AB037185).

2.5. Construction of plasmid vector

The full-coding region of vulture, human (GenBank Accession
number, M12674), chicken (X03805), turtle (AB301060), Japanese
giant salamander (AB252211), zebrafish (AB037185) ERs were
amplified by PCR with KOD DNA polymerase (TOYOBO Biochemi-
cals, Osaka, Japan). The PCR products were gel-purified and ligated
into pcDNA3.1 vector (Invitrogen). An estrogen-regulated reporter
vector containing four estrogen-responsive elements (4xERE),
named pGL3-4XERE was constructed as described previously
(Katsu et al., 2006).
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2.6. Transactivation assays

HEK293 cells were seeded in 24-well plates at 5 x 10* cells/well
in phenol-red free Dulbecco’s modified Eagle’s medium (Sigma-Al-
drich Corp.) supplemented with 10% charcoal/dextran treated fetal
bovine serum (Hyclone, South Logan, UT). After 24 h, the cells were
transfected with 400 ng of pGL3-4xERE, 100 ng of pRL-TK (as an
internal control to normalize for variation in transfection effi-
ciency; contains the Renilla reniformis luciferase gene with the her-
pes simplex virus thymidine kinase promoter; Promega), and

400 ng of pcDNA3.1-ER using Fugene 6 transfection reagent (Roche
Diagnostics, Basel, Switzerland) according to the manufacturers’
instructions. After 1 h of incubation, cultures were exposed to var-
ious concentrations of steroid hormones or chemicals for 48 h as
previously described (Katsu et al., 2006). The cells were collected,
and then the luciferase activity of the cells was measured by a
chemiluminescence assay with Dual-Luciferase Reporter Assay
System (Promega) on a Turner Designs Luminometer TD-20/20
(Promega). Promoter activity was calculated as firefly (Photinus
pyralis)-luciferase activity/sea pansy ( R. reniformis)-luciferase
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Fig. 1. Nucleotide sequence and the deduced amino acid sequence of African white-backed vulture ERo.. The numbers on the right represent the position of the nucleotides

and the amino acids.
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activity. All transfections were performed at least three times, and
the values shown are means+SE from the three separate
experiments.

2.7. DDE depletion extrapolations

The species depletion of DDE was extrapolated from previously
reported data over the last 20 years for G. africanus and G. corprot-
heres (Mundy et al., 1982; van Wyk et al., 1993, 2001a). Egg DDE
concentrations were converted to plausible maternal muscle con-
centrations according to the following equation: y=18.191X+
3211, established by Rauschenberger et al. (2002). This extrapola-
tion was based on the pharmacokinetics of DDT and DDE which
shows that tissue drug concentration is a factor of perfusion,
compartmental lipid content and the lipid solubility of the
drug (US Department of Health and Human Services, 2002). Muscle
concentrations were converted to an approximate plasma concen-

tration using the partition co-efficient of 0.84 established from
data presented in van Wyk et al. (2001a).

2.8. Statistical methods

Results are presented as means * SE (SEM). All multi-group com-
parisons were performed using ANOVA followed by Bonferroni. Soft-
ware used was GraphPad Prism (version 4.0c; GraphPad Software,
Inc., San Diego, CA). P < 0.05 was considered statistically significant.
3. Results

3.1. Cloning of vulture ERx

Using standard PCR techniques described above, we obtained
the partial DNA fragments of estrogen receptor alpha (ERa) from
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Fig. 2. Aligned amino acid sequences of avian ERa.. The numbers on the left represent the amino acid position. DNA-binding domain (DBD) and ligand-binding domain (LBD)
are indicated by bold and underlined. Chicken ERa (X03805); quail ERal (AF442965), and zebrafinch ERoe (NM_001076701).
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Fig. 3. Comparison of WB-vulture ERa protein with ERas of several species (WB-V,
white-backed vulture; H, human; C, chicken; T, turtle; S, salamander; Z, zebrafish;
GenBank accession numbers are human ERa, M12674; chicken ERo, X03805; turtle
ERa, AB301060; Japanese giant salamander ERo, AB252211; and zebrafish ERa,
AB037185). The functional A/B to F domains are schematically represented with the
numbers of amino acid residues indicated.

African white-backed vulture (WB-vulture) and Lappet Faced vul-
ture (LF-vulture). Using RACE technique, the full-length clones of
WB-vulture and LF-vulture ERo were isolated (Genbank Accession
numbers, WB-vulture ERo: AB447536 and LF-vulture ERo:
AB447537). The deduced protein of WB-vulture ERa is 587 amino
acids (aa), calculated molecular weight of 66,524.64 Da (Fig. 1). The
deduced amino acid sequence of LF-vulture ERo is almost the
same, except for valine residue in exchange for alanine one at
565th in the F domain, and the eight points differences between
WB- and LF-vulture ERa of nucleic acid sequence were detected
(data not shown).

The identity of between vulture ERa and avian ERas that are
entered in GenBank were examined. Full-length avian ERoa
sequence was reported from chicken, Japanese quail and zebra-
finch (GenBank accession numbers, X03805, AF442965 and
NM_001076701, respectively). The overall identity percentages of
WB-vulture ERo were 97% (chicken ERo), 96% (Japanese quail
ERa), and 96% (zebrafinch ERa) (Fig. 2).

Using the nomenclature of Krust et al. (1986), the WB-vulture
ERa sequence can be divided into A/B, C (DNA-binding domain),
D, E (ligand-binding domain) and F domains based on its
sequence identity with other steroid hormone receptors. The vul-
ture (WB) sequence was compared with six other available ERa
sequences (human, chicken, turtle, Japanese giant salamander,
zebrafish). WB-vulture ERa shared 96-61% identity in the A/B
domain of human, chicken, turtle and Japanese giant salamander

7e¢ E1

sdo0 E2

Je B
[ J

fold activation

c L L] L L) L) L L] L L) L L]

-17-16-15-14-13-12-11-10 -9 -8 -7 -6
log [(M)]

Fig. 4. Transcriptional activities of WB-vulture ERa. Dose-response profile of WB-
vulture ERa activation by estrogens. HEK293 cells were transiently transfected with
the ERE-containing vector together with a vulture ERa expression vector. Cells were
incubated with increasing concentrations of E;/E5 (10> M=10"5 M), E; (10~ ' M-
107 M) and EE,/DES (10" M-10"7M). Each point represents the mean of
triplicate determinations, and vertical bars represent the means * SE.

significantly lower (29%). In general, the A/B domains of the fish
ERs are different from other vertebrates. When WB-vulture ERa
was compared to other domains of common vertebrates, we
found a 100-95% identity in the C domain (DNA-binding
domain), 94-44% identity in the D domain, and 100-64% identity
in the E domain (the ligand-binding domain) (Fig. 3). The F
domains in the C-terminal region of ERa are different from each
other. Thus, domains C (DNA-binding domain) and E (ligand-
binding domain) are highly conserved among all vertebrate ERs
studied to date. The overall identities of WB-vulture ERa with
human, turtle, Japanese giant salamander or zebrafish ERa were
78%, 91%, 76% and 50%, respectively.

3.2. Transcriptional activity of vulture estrogen receptor

A transactivation assay was used to determine whether vulture
ERa shows an estrogen-dependent transcriptional activity. ERs
activate transcription in an estrogen-dependent manner through
a variety of response sites, the most typical of which is composed
of two head-to-head GGTCA half sites separated by three nucleo-
tides, estrogen-response elements (EREs). To analyze the transcrip-
tional activities of vulture ERa, we cotransfected a reporter
plasmid containing four EREs in front of a minimal tk promoter
driving the luciferase reporter gene (EREtkLuc), together with a
vulture ERa encoding plasmid and pRL-TK control plasmid. The
vulture ERa activated the expression of luciferase reporter gene
in a dose-dependent manner of estrogens (Fig. 4). ECso values were
calculated from the concentration-related responses for the five
steroidal estrogens and used for determining their potency (Table
1). For vulture ERa, the relative potency of EE, (160.6%) was higher,

(Fig. 3). In contrast, the similarity to zebrafish ERa is but lower for E; (1.2%) and E5 (6.1%) as compared to E2.

Table 1

Gene transcription activity of WB ERa. following 48 h of incubation with various estrogens, DDT and DDE

Drug EC50(M) 95% CI (M) RP (%) NOEL

E» 3.035 x 1072 1.45 x 1072 t0 6.36 x 10~ '2 100 1x10°13
E; 2.576 x 10710 112 x 107'° t0 5.91 x 10~ '° 1.17 1x107 "
E; 4.958 x 10" 2.91 x 107! t0 8.44 x 107! 6.12 1x10713
EE, 1.890 x 10712 8.70 x 103 t0 4.10 x 1012 160.58 1x107
DES 3.314 x 10712 1.87 x 1072 t0 5.88 x 10~ '2 91.58 1x10°16
p,p/-DDT 241 x10°° 1.16 x 107° to 5.01 x 10~° 1.x 107 1x107°
0,p'-DDT 3.47 x 1077 2.46 x 107 to 4.89 x 10~/ 1.x 1073 1x107°
p,p’-DDE 3.81 x10°° 3.24 x 1077 to 447 x 103 9.x 107 1x10°°

Eq, estrone; E,,17p-estradiol; Es,estriol; EE,.17a-ethynylestradiol; DES, diethylstilbestrol; NOEL, no observable effects level; RP (%), potency compared to vulture E; = ECsq
vulture 17p-estradiol/ECso chemical x 100; 95% CI, represents the upper and lower confidence interval of the EC50 obtained from each assay.
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Table 2
ECsp values determined in different species for DDT/DDE and their potency compared to 17B-estradiol
Species Chemicals

E> p.p’-DDT o,p'-DDT p.,p’-DDE
Vulture 3.32 x 10712 (100) 2.41 x 1076 (1.38 x 107%) 3.47 x 1077 (9.58 x 107%) 3.81 x 107> (8.73 x 10°°)
Salamander 1.67 x 107'° (100) 3.89 x 107 (4.30 x 107%) 1.98 x 107° (8.45 x 1073) 2.13 x 107 (7.87 x 107%)
Turtle 6.82 x 10712 (100) 3.31 x 107° (2.06 x 107°) 3.71 x 1077 (1.84 x 1073) 9.50 x 107> (7.18 x 1075)
Human 1.51 x 10~'2 (100) 133 x 107° (1.13 x 107°) 1.25 x 1077 (1.21 x 1073) 6.97 x 107> (2.17 x 107%)
Chicken 4.05 x 1072 (100) 7.09 x 107 (5.71 x 107°) 2.90 x 1077 (1.40 x 1073) 7.11 x 107° (5.70 x 107)
Zebrafish 1.62 x 1071° (100) 2.17 x 1072 (7.48 x 1077) 2.41 x 107° (6.75 x 107%) 2.23 x 107> (7.27 x 107%)

Figures in parenthesis, % potency compared to species E, = ECsq species 17p-estradiol/[ECso chemical x response reported for the species x 100.
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Fig. 5. Transcriptional activities of ERat by DDT and DDE. Dose-response profile of vulture (A), human (B), chicken (C), turtle (D), Japanese giant salamander (E) and zebrafish
(F) ERa activation by DDT and DDE. HEK293 cells were transiently transfected with the ERE-containing vector together with an ERa expression vector. Cells were incubated
with increasing concentrations of E; (10~'® M-10~7 M for vulture, human, chicken, turtle and salamander; 10~'® M-10-¢ M for zebrafish), and p,p’-DDT, o,p’-DDE and p,p'-
DDE (10~ M-107° M). Each point represents the mean of triplicate determinations, and vertical bars represent the means + SE.
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Fig. 6. The Cape Griffon vulture (Cape) and African White-backed vulture (AWBV) estimated population decline in plasma DDE levels to the last sample taken in 2001. Results

are extrapolated from mean data of Mundy et al., 1982; van Wyk et al., 1993, 2001.

Next, we examined whether vulture ERa is activated by DDT
and DDE (Table 1). We used ERa from six animal species, vulture
(avian), human (mammalian), chicken (avian), turtle (reptile),
Japanese giant salamander (amphibian) and zebrafish (fish) as
comparison (Table 2). The vulture, chicken and turtle ERas were
activated by DDT and DDE with the same pattern. Activations of
these ERas were detected at 10~7 M o,p’-DDT, and the maximal
level of ERa activity by o,p’-DDT was reached at the 107> M. The
ERo activities by p,p’-DDT and p,p’-DDE were detected at 107> M
(Fig. 5A, C and D). The other, human ERa was also activated by
p,p’-DDT, o,p’-DDT and p,p’-DDE, however, o,p’-DDT-induced
human ERa activity was not reached at the maximal level of the
activity by E, (Fig. 5B). Zebrafish ERa is not activated at 107’ M
o,p’-DDT, but its activity was reached at the maximal level at 10
~5M o,p’-DDT (Fig. 5F). Japanese giant salamander ERa is activated
by 0,p’-DDT, however, its activity is low, and p,p’-DDT and p,p’-DDE
did not induce the salamander ERa activity (Fig. 5E). These results
suggest that avian and reptile ERas are more sensitive to o,p’-DDT
than other species ERos.

4. Discussion

The aim of this study was to determine if the plasma concentra-
tions of DDT and DDE in the Cape and African and White-backed
vultures (AWBV) could have adversely influence the endocrine sys-
tems. To this end, the ERa was cloned from two vulture species.
Although attempts were made, we were unable to clone the ERo
from the threatened Cape Griffon vulture (CGV). We are, however,
confident that the results obtained from the in vitro assay would be
predictive for the CGV as the sequences were essentially identical
for the two other vulture species. Further support for using the
results of the AWBV comes from van Wyk et al. (2001b), who
showed high phylogenetic conservation between the AWBV and
CGV. The results are also considered physiologically representative
as the maximum response to E; was evident at a concentration of
1 x 1071° M, which is lower than the maximum levels of 1 x 10
~12M reported in other in avians during normal reproduction
(Johnson and van Tienhoven, 1980).

From the results, it is evident that the vulture ERo is more
sensitive to the influence of p,p’-DDT and p,p’-DDE in comparison
to the other animal species tested (Table 2). Although this

sensitivity is likely related to the general sensitivity of avians to
the organochlorines, the chicken assay was slightly less sensitive.
If the species tested could be used as an indicator of familial sensi-
tivity to p,p’-DDT, in increasing sensitivity would be fish, amphib-
ians, reptiles, and lastly birds. Interestingly, this sensitivity is
different for p,p’-DDE as the order is reptiles, galliformes, human,
raptors, fish and amphibians. The significance of the species differ-
ence evident cannot be explained at this stage. It does, however,
indicate the importance of species differences when evaluating
the ER response to the organochlorines.

When the results obtained are compared to published values for
o,p’-DDT and E,, the response seen for human was similar, while
the zebrafish o,p’-DDT assay was approximately 13-fold less sensi-
tive despite a comparative response to E, (Legler et al., 2002). In
contrast, the assay was more sensitive than that reported by
Gordon et al. (2004), using human ERa for E; but correspondingly
ten-fold less sensitive for p,p’-DDT and p,p’-DDE. While the differ-
ences in response are unknown, it may be due to the difference in
the cell types used, as the current assays makes use of human kid-
ney epithelium cells while both the published assays made use of
carcinogenic cell lines.

The sensitivity of vulture assay to the organochlorines does
explain the poor reproductive success of the species over the last
twenty years, as the organochlorines interfere with fertility, egg
hatchability, chick survival and bone development. One problem
with the assays is their static nature which fails to consider the phar-
macokinetics of the molecule in vivo. To allow for this comparison,
the in vitro results were matched with the plasma concentrations
using simple Pharmacokinetic-Pharmacodynamic modeling. Using
the 10 yearly DDE concentrations in various vultures sampled, the
population half-life of plasma excretion in the AWBV and CGV was
3.12 and 3.88 years, respectively. When the no effect levels from
the reporter gene assay (Table 1) of the DDE is related to the extrap-
olated depletion curve, it would appear that AWBV and CGV were
only free of the estrogenic effects of DDE by mid 1990s (Fig. 6).

5. Conclusion

In conclusion, we cloned and sequenced the AWBV and LFV
ERa. This is the first report of the full-sequence and in vitro tran-
scriptional activity for the vulture ER. In addition to being the first
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avian ER luciferase assay, it is also the first study to relate the
pharmacokinetic pharmacodynamic interaction of DDT and DDE
concentration in an endangered species at known plasma concen-
trations. More importantly, using the in vitro assay, we were able to
demonstrate that the vulture ER is sensitive to DDT and DDE.
Although these data will not be able to explain the poor reproduc-
tive success of the species in the 20th century, the absence of
chemicals at effective concentrations from the 2001 would indicate
that other factors also play a role in the current constant decline in
vulture numbers.
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