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aternally derived steroid hormones are known to be
resent in the yolks of avian eggs; however, the physiologi-
al mechanisms involved in their deposition remain
argely unexplored. Investigations of steroid production
y avian follicles have demonstrated temporal differ-
nces in the concentrations of progesterone, 17b-
stradiol, and testosterone during yolk formation. Be-
ause yolk is deposited peripherally in concentric spheres
s the oocyte develops, differences in the production of
ollicular hormones during yolk formation should be
anifested in differences in the localization of steroids
ithin layers of the yolk. To investigate this hypothesis
e analyzed steroid hormone concentrations in layers of

ndividual eggs of the dark-eyed junco (Junco hyemalis)
nd the red-winged blackbird (Agelaius phoeniceus). We
ound that in the dark-eyed junco the concentration of
rogesterone is significantly greater at the periphery of
he yolk, while the concentration of 17b-estradiol is
ignificantly greater near the center of the yolk. We also
ound in both the dark-eyed junco and the red-winged
lackbird that the concentration of testosterone remains
onstant from the interior to the intermediate layers of
he yolk and then drops sharply between the intermedi-
te and exterior layers. The patterns of hormone localiza-
ion that we found agree with those predicted by studies
f temporal changes in steroidogenesis in the maturing
ollicle of the chicken, thus suggesting that within-yolk
ariation in yolk steroid concentrations in the dark-eyed

1 To whom correspondence should be addressed. Fax: (812) 855-

y705. E-mail: jlipar@indiana.edu.

220
unco and the red-winged blackbird reflects temporal
ifferences in the pattern of follicular steroidogenesis.
ariation in the concentration of hormones among yolk

ayers presents a methodological concern for studies that
nvolve the removal of yolk samples from viable eggs for
ubsequent hormonal analysis. This variation also has
mplications for the timing of embryonic exposure to
teroid hormones. r 1999 Academic Press

Key Words: egg; yolk; follicle; progesterone; testoster-
ne; estradiol; dark-eyed junco; red-winged blackbird.

Recent investigations have revealed the presence of
aternally derived steroid hormones in the yolks of

vian eggs (Schwabl, 1993; Adkins-Regan et al., 1995;
chwabl et al., 1997; Lipar et al., 1999). The physiologi-
al mechanisms involved in the deposition of yolk
teroids have not yet been fully elucidated. However,
xperimental elevation of steroid concentrations in
aternal plasma results in a corresponding increase in

teroid concentrations in the yolk (Adkins-Regan et al.,
995; Schwabl, 1996a), indicating that the hormonal
rofiles of avian yolks reflect the concurrent hormonal
tatus of the laying female.

Although the oocytes in a female bird contain some
mount of yolk throughout most of her lifetime, most
olk deposition occurs rapidly over a period of 3 to 10
ays (depending on the species) just prior to ovulation

King, 1973). The concentrations of steroid hormones
n both the plasma and the follicles of females are
nown to undergo changes during this period of rapid

olk formation (Shahabi et al., 1975; Wingfield and

0016-6480/99 $30.00
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Interlayer Variation in Yolk Steroids 221
arner, 1978; Donham, 1979; Hammond et al., 1980;
ohnsen and van Tienhoven, 1980; Sharp, 1980; Etches
nd Cheng, 1981; Bahr et al., 1983). Yolk is deposited in
oncentric spheres around the periphery of the oocyte
Romanoff, 1960). Therefore, if steroid concentrations
n the yolk reflect either follicular or plasma steroid
oncentrations in the female during yolk deposition,
hen one might expect to find variation in the concen-
ration of steroid hormones among layers of yolk

ithin an egg.
Bahr et al. (1983) found that in the domestic hen

Gallus gallus) the follicular concentrations of progester-
ne, testosterone, and 17b-estradiol change as the
ollicle matures during the 5 days prior to ovulation.

oreover, the patterns of temporal change in the
oncentrations of each of these hormones differ mark-
dly from one another (Fig. 1). Progesterone concentra-
ions increase significantly during follicle develop-

ent, while 17b-estradiol concentrations decrease.
estosterone production increases slightly early in the
eriod and then remains relatively constant before
ropping off sharply during the last 24 h of yolk
eposition. In addition, the absolute concentrations of
ach of the three hormones differ from one another,
ith progesterone present in greater amounts than

ither testosterone or 17b-estradiol.
To determine whether there is variation in steroid

IG. 1. A schematic representation of changes in follicular steroid
oncentrations during follicular maturation. F1 represents a follicle 1
ay prior to ovulation, F2 represents a follicle 2 days prior to
nvulation, etc. (Modified with permission from Bahr et al., 1983.)
oncentration among yolk layers of wild birds and, if
o, whether it corresponds to the known pattern of
ollicular steroid production in chickens, we measured
rogesterone, 17b-estradiol, and testosterone concen-

rations in eggs of the dark-eyed junco (Junco hyemalis).
e also measured testosterone concentration in eggs

f the red-winged blackbird (Agelaius phoeniceus). Based
n the results of Bahr et al. (1983), if the reproductive
hysiology of these two species resembles that of the
hicken, then we predicted that (a) progesterone levels
ould increase from the interior to the exterior layers

f the yolk, (b) 17b-estradiol levels would decrease
rom the interior to the exterior layers of the yolk, and
c) testosterone levels would increase from the interior
o the intermediate layers and then decline in the
utermost layers of the yolk. We also predicted that the
bsolute concentrations of each of these hormones
ould differ from one another as they do in the follicle

f the domestic hen (Bahr et al., 1983). Such results
ould support the hypothesis that yolk steroid concen-

rations mirror follicular steroid concentrations in the
aying female. In addition, variation in steroid concen-
ration among yolk layers, regardless of whether it
eflects temporal variation in the follicular production
f steroids, could lead to variation in the amount of
ormone that the embryo is exposed to at different
oints during its development. Further, the presence of
ariation in hormone concentration within the yolk
ould mean that there are potential methodological
roblems in the protocol that is currently being used

or the removal of yolk samples from viable eggs for
ubsequent hormonal analysis.

ETHODS

eneral Methods

We collected 7 dark-eyed junco eggs from 7 nests
ocated at or near the Mountain Lake Biological Station
f the University of Virginia (approximately 37°14’N,
0°25’W) between 14 May and 2 June 1997. We also
ollected 17 red-winged blackbird eggs from 17 nests
ocated near the Cedar Point Biological Station of the

niversity of Nebraska (approximately 41°20’N,
01°43’W) between 18 May and 4 July 1997. We found

ests while they were being built, visited them daily,

Copyright r 1999 by Academic Press
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nd collected whole clutches on the day that the last
gg was laid. All of the eggs were frozen whole and
tored at 220°. Only one egg per clutch was analyzed
n this investigation, and it was selected randomly

ith respect to its position in the laying order. Incuba-
ion in both the dark-eyed junco and the red-winged
lackbird typically does not begin until after the laying
f the penultimate egg (personal observation); there-
ore, no egg, when collected, would have been incu-
ated for longer than about 24 h. In the domestic
hicken, embryos that have been incubated for 24 h
ave just completed the formation of the neural groove
nd are initiating differentiation of the mesoderm into
omites and nephrotomes (Rol’nik, 1970). If we assume
hat the differentiation of dark-eyed junco and red-

inged blackbird embryos proceeds at approximately
he same rate in the early stages of development as that
f the chicken, no steroidogenic tissues would yet have
ormed in the embryos at the time the eggs were
ollected; therefore, embryos could not have contrib-
ted to the hormone pool present in the yolk.
To prepare the yolks for hormone analysis, we first

eparated the yolk of each egg from the albumin by
aking advantage of the fact that albumin thaws more
uickly than yolk. The frozen yolks were then dis-
ected with a razor blade, and samples of similar mass
ere taken from the interior, intermediate, and exte-

ior layers of the yolk (Fig. 2). Sample masses were
ecorded immediately upon dissection and ranged
rom 5.1 to 17.9 mg; the largest difference in mass
etween samples from the same egg was 6.8 mg.
ecause hormone concentrations are expressed as
icograms per milligram of yolk, variation in sample
asses does not contribute to error in the measure-
ent of hormone concentrations. After the masses of

he yolk samples were recorded, individual samples
ere homogenized in 1.5-ml Eppendorf microcentri-

uge tubes with 500 µl of water using a Vortex mixer.
omogenization was facilitated by the addition of

everal glass beads to each tube.

adioimmunoassay

All samples from dark-eyed junco eggs were ana-
yzed for the presence of progesterone, 17b-estradiol,
nd testosterone with a competitive-binding radioim-
unoassay, as outlined by Wingfield and Farner (1975).
amples from red-winged blackbird eggs were ana- b

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
yzed for the presence of testosterone, but not for
rogesterone or 17b-estradiol. Two separate assays
ere performed, one for the dark-eyed junco samples

nd one for the red-winged blackbird samples. The
etails of this procedure are as follows: approximately
000 cpm each of [3H]progesterone, [3H]testosterone,
nd 17b-[3H]estradiol (New England Nuclear Corp.,
oston, MA) were added to each yolk sample to allow

he calculation of recovery percentages following ex-
raction and chromatography. Because only testoster-
ne was measured in the eggs of the red-winged
lackbird, yolk samples from that species received
nly [3H]testosterone. The endogenous and tritiated
teroids were extracted with petroleum and diethyl
thers (30%:70%), followed by a precipitation with 95%
thanol to remove excess lipids (Schwabl, 1993). The
xtracts were evaporated and redissolved in 10% ethyl
cetate in isooctane before being applied to chromatog-
aphy columns that consisted of a celite:ethylene glycol:
ropylene glycol upper phase and a celite:water lower
hase. The progesterone fraction was eluted with 2%
thyl acetate in isooctane, the testosterone fraction
ith 20% ethyl acetate in isooctane, and the 17b-

stradiol fraction with 40% ethyl acetate in isooctane.
ormone concentration was measured by competitive-

IG. 2. A schematic representation of the dissection of interior,
ntermediate, and exterior layers from a whole frozen yolk. A disk
pproximately 1 mm in thickness passing through the core of the
olk was first removed (a). This disk was then reduced to a
hree-dimensional rectangular structure approximately 3 mm in

idth (b). Yolk samples of approximately equal mass were then
xcised from the interior, intermediate, and exterior portions of the
olk (c).
inding radioimmunoassay with tritiated hormone
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Interlayer Variation in Yolk Steroids 223
nd specific antibody. (Progesterone and testosterone
ntisera were purchased from Wien Laboratories, Suc-
asunna, NJ, and 17b-estradiol antiserum was from
rnel, New York, NY). Duplicate values of each

ample were compared to a standard curve that ranged
n concentration from 3.91 to 1000 pg for progesterone
nd from 500 to 1.95 pg for 17b-estradiol and testoster-
ne. Recovery values for the dark-eyed junco samples
veraged 47% for progesterone, 71% for 17b-estradiol,
nd 71% for testosterone. The average recovery value
or testosterone in the red-winged blackbird samples

as 65%. Intra-assay variation, which was calculated
s the coefficient of variation of values obtained from
tandard samples of known concentration, was 19%
or progesterone, 19% for 17b-estradiol, 26% for testos-
erone in the dark-eyed junco samples, and 3% for
estosterone in the red-winged blackbird samples.

tatistics

We used a repeated measures analysis of variance to
etermine whether differences in progesterone and

estosterone concentrations existed among layers within
n egg. We used a Friedman repeated measures analy-
is of variance on ranks to determine whether 17b-
stradiol concentration varied among layers of yolk. A
onparametric statistic was used in the case of 17b-
stradiol because the sample population failed the
olmogorov–Smirnov test for normal distribution.
ultiple contrasts between layers were made for all

hree hormones using the Student–Newman–Keuls
ethod.
We performed a Kruskal–Wallis analysis of variance

n ranks to determine whether the average concentra-
ions (calculated as the average of values from all of the
ayers) of progesterone, 17b-estradiol, and testosterone
n the dark-eyed junco eggs differed from one another.
gain, nonparametric statistics were used because

ests for normality failed. The Student–Newman–
euls method was used to make multiple comparisons
mong the three treatment groups.

ESULTS

Progesterone concentrations in the eggs of dark-

yed juncos averaged (61 SE) 147.6 6 29.1, 205.7 6 (
7.5, and 982.1 6 122.3 pg/mg of yolk for the interior,
ntermediate, and exterior layers, respectively, and
ncreased significantly from the interior to the exterior
f the yolk (F2,20 5 49.9, P , 0.001, Fig. 3). Pairwise
ultiple comparisons revealed that progesterone con-

IG. 3. Mean progesterone, 17b-estradiol, and testosterone concen-
rations in interior, intermediate, and exterior layers of yolk in eggs
f the dark-eyed junco. Error bars represent 1 SEM. A repeated
easures ANOVA indicated significant differences among the layers
P , 0.001, n 5 7) for all three hormones.

Copyright r 1999 by Academic Press
All rights of reproduction in any form reserved.
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entration in the exterior layer was significantly higher
han those in the interior and intermediate layers
P , 0.05). In contrast, 17b-estradiol concentrations
veraged 12.6 6 4.3, 8.7 6 3.4, and 1.7 6 1.1 pg/mg of
olk for the interior, intermediate, and exterior layers,
espectively, and decreased significantly from the inte-
ior to the exterior layers of the yolk (x2 5 14.0,
, 0.001, df 5 2, Fig. 3). The concentration of 17b-

stradiol in each of the layers was significantly differ-
nt from the concentration in each of the other layers
P , 0.05). Testosterone concentrations averaged 34.0 6

.0, 38.6 6 5.7 and 16.4 6 2.4 pg/mg of yolk for the
nterior, intermediate, and exterior layers, respectively,
nd remained constant from the interior to the interme-
iate layers of the yolk before dropping sharply
etween the intermediate and exterior layers
F2,20 5 36.2, P , 0.001, Fig. 3). Testosterone concentra-
ion in the exterior layer was significantly lower than
he concentrations in both the interior and intermedi-
te layers (P , 0.05), which did not differ from one
nother.
Testosterone concentrations in the eggs of red-
inged blackbirds averaged 34.4 6 4.6, 37.8 6 4.8, and

1.6 6 3.4 pg/mg of yolk for the interior, intermediate,
nd exterior layers, respectively, and also remained
onstant from the interior to the intermediate layers of
he yolk before dropping sharply between the interme-
iate and exterior layers (F2,50 5 32.7, P , 0.001, Fig. 4).

IG. 4. Mean testosterone concentration in interior, intermediate,
nd exterior layers of yolk in eggs of the red-winged blackbird. Error
ars represent 1 SEM. A repeated measures ANOVA indicated
significant differences among the layers (P , 0.001, n 5 17).

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
airwise multiple comparisons using the Student–
ewman–Keuls method revealed that, as in the eggs of

he dark-eyed junco, testosterone concentration in the
xterior layer was significantly lower than in both the
nterior and the intermediate layers (P , 0.05), which
id not differ from one another.
In the dark-eyed junco, the absolute concentrations

f progesterone, 17b-estradiol, and testosterone (calcu-
ated as the average of values from all of the layers)
iffered significantly from one another (H 5 50.4,
, 0.001, df 5 2). The means and standard errors of

he concentrations of the three hormones were 445.12 6

5.09 pg/mg of yolk for progesterone, 29.64 6 3.31
g/mg of yolk for testosterone, and 7.63 6 2.03 pg/mg
f yolk for 17b-estradiol. Pairwise multiple compari-
ons revealed significant differences (P , 0.05) in all
ases.

ISCUSSION

As predicted, we found significant variation in the
oncentrations of progesterone, 17b-estradiol, and tes-
osterone among the yolk layers of individual eggs.

oreover, the patterns of hormone deposition matched
hose predicted by previous studies of the temporal
atterns of steroidogenesis in the follicle of the chicken

Bahr et al., 1983). These results indicate that steroid
oncentrations in the yolk vary in parallel with steroid
oncentrations in the follicle of the laying female.
egardless of the maternal source of hormone, the
resence of this variation in the concentrations of
teroids has implications for the reliability of yolk
ampling techniques and for the timing of embryonic
xposure to sex steroids.

he Relationship between Yolk Steroid
oncentrations and Follicular and Plasma Steroid
oncentrations in the Female

In the domestic hen the follicular concentrations of
rogesterone, 17b-estradiol, and testosterone change

ndependently throughout the period of yolk forma-
ion (Bahr et al., 1983; Fig. 1). The profiles of progester-
ne, 17b-estradiol, and testosterone within the yolks of
ark-eyed juncos and red-winged blackbirds corre-

pond to the temporal changes in steroid production
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Interlayer Variation in Yolk Steroids 225
hat occur in the chicken. These results suggest that the
roduction of steroids in the follicles of dark-eyed

uncos and red-winged blackbirds during yolk forma-
ion may resemble that of the chicken.

It is likely that yolk steroids play a role in chick
evelopment and are not simply by-products of the
hysiological processes of the female, i.e., steroidogen-
sis and yolk deposition. Indeed, Schwabl demon-
trated in the canary (Serinus canaria) that between-egg
ariation in yolk testosterone concentration is corre-

ated with nestling growth rates (1996b) and with
uvenile social rank (1993). If variation in hormone
oncentration among eggs influences the reproductive
uccess of females, then we would expect that selection
ould favor mechanisms that regulate or adjust the

mount of hormone that is delivered to individual
ggs. Similarly, we would expect mechanisms that
egulate the amount of hormone that is delivered to
ayers within any individual egg, particularly if varia-
ion in steroid concentration within an egg contributes
o the fitness of offspring.

Studies of female domestic hens and of quail (Cotur-
ix coturnix japonica) have indicated that the hormonal
rofile of the follicle does not necessarily mirror the
ormonal profile of the circulating plasma (Doi et al.,
980; Hammond et al., 1980). If steroid concentrations
n the follicle and the plasma can vary independently,
hen one might ask whether hormonal concentrations

ithin any particular yolk are more directly influenced
y hormonal concentrations in the follicle, which
nvelops the yolk during its growth phase, or by
ormonal concentrations in the plasma, which flows

hrough the follicle and supplies proteins and lipids
rom the liver to the maturing ovum. If we assume that
teroidogenesis in the follicles of the dark-eyed junco
nd the red-winged blackbird is similar to that of the
hicken, then our results suggest that the follicle is the
rimary influence on the pattern of steroid deposition
ithin an individual yolk. The partial separation of

ollicular and circulating plasma steroid levels could
e a mechanism that has evolved to help control the
mount of hormone that is delivered to eggs.
Previous studies have found that the concentration

f yolk testosterone increases with laying order in the
anary (Schwabl, 1993), the red-winged blackbird (Lipar
t al., 1999), and the dark-eyed junco (unpublished

ata). One possible explanation for why testosterone is p
levated in later-laid eggs is that there is a progressive
levation in female plasma testosterone levels during
he egg-laying stage (Wingfield and Farner, 1978;
onham, 1979; Hegner and Wingfield, 1986), perhaps

eflecting the summation of follicular contributions.
ecause yolk is deposited in concentric spheres at the
eriphery of the yolk, one would also expect testoster-
ne concentration to increase from the interior to the
xterior layers of the yolk. However, this does not
appen as evidenced by the results presented here.
herefore, an alternative explanation is required. Sha-
abi et al. (1975) found in the domestic hen that there
re intrinsic differences among follicles collected from
he same bird in the amount of testosterone that they
roduce. Follicles that mature into earlier-laid eggs
ithin a clutch produce significantly lower amounts of

estosterone than those that develop later in the laying
rder. It may be that intraclutch variation in yolk
estosterone concentration in the canary and the red-

inged blackbird is a result of the increase in follicular
roduction of testosterone that is correlated with the
rder of follicle maturation. This variation in hormone
roduction at the level of the follicle could represent a
econd mechanism that has evolved to control the
mount of hormone the female transfers to her eggs.
Intraclutch variation in testosterone concentration is

lso found in cattle egrets (Bubulcus ibis; Schwabl et al.,
997), but it differs from that of the canary and the
ed-winged blackbird. The testosterone concentration
f cattle egret eggs decreases with laying order, a
attern that is presumably linked to the fact that in this
pecies the last-hatched young is often subjected to
igh levels of sibling aggression, sometimes with fatal
esults (Ploger and Mock, 1986; Schwabl et al., 1997).

e predict that in the cattle egret the follicles that
roduce later-laid eggs would produce less testoster-
ne than those that produce first-laid eggs.

mplications for Yolk Sampling Techniques

To assess the effects of yolk steroid hormones on
evelopment and on fitness, it is necessary to investi-
ate the relationship between yolk steroid levels and
ertain behavioral and physiological parameters of
atchlings. One technique that has been used to accom-
lish this is to take biopsies of yolk from viable eggs
nd then to measure selected traits of the birds that are

roduced from those eggs. For example, Schwabl

Copyright r 1999 by Academic Press
All rights of reproduction in any form reserved.
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1993) collected yolk samples from viable canary eggs
nd found a positive correlation between testosterone
oncentration and juvenile social rank. The removal of
olk samples requires the insertion of a needle through
he shell and albumin and into the yolk. We have
ound that there is variation in steroid concentration
cross the layers of a yolk; therefore, the accuracy of
ny hormonal information gathered from yolk samples
cquired in this way would depend on the placement
f the point of the needle within the yolk. In light of
his finding, we would caution that care be taken in
btaining yolk samples so that samples are consis-
ently collected from the same location within the yolk.
ecause eggs are usually placed over a fiberoptic light
ource when samples are taken, one should be able to
uccessfully position the biopsy needle by sight alone.

mplications for Developmental Effects of Steroid
ormones

Steroid hormones in avian egg yolks have been
hown to have developmental effects on the embryos
hat are produced. As already noted, the social rank of
uvenile canaries is positively correlated with the
oncentration of yolk testosterone in the eggs from
hich they hatch (Schwabl, 1993). Schwabl (1996b)

lso found that the injection of exogenous testosterone
nto the yolks of canary eggs enhances nestling growth
ates (measured as body mass and tarsus length),
ccelerates the development of eye slits, and increases
he likelihood that nestlings will beg immediately after
atching. Our finding that hormone concentrations
ary within the yolks of individual eggs suggests that
eveloping embryos may be exposed to different
teroid levels as development proceeds.

The utilization of yolk by developing embryos is
ccomplished by the formation of the yolk sac, a
emporary embryonic organ that encapsulates the yolk
nd is connected to the embryo via a system of vitelline
rteries and veins (Rol’nik, 1970). These blood vessels
over the sac and are responsible for the transport of
olk substances to the circulatory vasculature of the
mbryo. There are two separate mechanisms by which
olk is absorbed into the yolk sac (Rol’nik, 1970). The
rst of these is phagocytosis of yolk granules, a process

hat may be facilitated by the presence of folds on the
nternal surface of the yolk sac. The second mechanism

nvolves the secretion of proteolytic and lipolytic H

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
nzymes by the yolk sac into the yolk. These enzymes
reak down yolk globules for transfer to the embryonic
asculature through the epithelium of the yolk sac.
Both endocytosis and enzymatic catabolism of yolk

lobules occur at the interface of the yolk and the yolk
ac, which might suggest that absorption of the yolk
roceeds from the exterior to the interior of the yolk. If

rue, then variation in the concentration of steroid
ormones among yolk layers, such as we report here,
ould lead to corresponding temporal variation in the

vailability of those hormones during embryonic devel-
pment. However, the absorption of the yolk probably
oes not proceed in so simple a manner. First, in the
hick embryo the maximum activity of proteases oc-
urs on the 10th day of development, while lipase
ctivity reaches a maximum on day 16 (Rol’nik, 1970).
hese maxima coincide with peaks of protein and lipid
etabolism by the embryo, therefore suggesting that

ifferent components of the yolk may be selected for
bsorption independently of one another. Second, in
he ostrich (Struthio camelus) there is extensive mixing
f the yolk during the middle and late phases of

ncubation (J.M. Starck, personal communication). If
hese processes occur in all avian species, then the
nterlayer variation in steroid concentrations that is
ound in freshly laid eggs may not persist throughout
he embryonic period. Whether the continuity of layer
ariation in steroid hormones persists throughout
mbryonic development must be clarified before infer-
nces about the developmental effects of yolk steroid
ormones can be made. Our study could be extended
y selecting eggs at various times during development
nd analyzing them for variation in steroid content.
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