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A simple method for identifying the sex of sexually 
monomorphic birds would be widely applicable to 
studies of population-genetic structure, demography, 
and behavior. In this paper we describe a method for 
identifying W-chromosome-specific genetic markers 
and show that these markers can be used to identify 
sex from very small samples of tissue, such as single 
mature feathers and, thus, from individuals of any 
age. We have applied this technique to Roseate Terns 
(Sterna dougallii) and further shown that the marker 
correctly identified sex in a closely related species, 
the Common Tern (Sterna hirundo). This method can 
be used to develop markers for other groups of birds, 
or any organism with chromosomal sex determina- 
tion. 

The Roseate Tern is a cosmopolitan species of sea- 
bird that occurs in widely separated breeding popu- 
lations in temperate and tropical regions of the At- 
lantic, Indian, and West Pacific oceans (Cramp 1985). 
The population in the northwestern Atlantic, which 
is the subject of our study, is listed as endangered 
(U.S. Fish and Wildlife Service 1987). Preliminary ob- 
servations indicate a female-biased sex ratio in this 

population (Hatch and Nisbet pers. obs.). Information 
about the sex of many more individuals at various 
life cycle stages will be important for characterizing 
sex-specific behavior and investigating this female- 
biased population sex ratio. 

Like many terns and other seabirds, the Roseate 
Tern is sexually monomorphic in plumage, and the 
size differences between males and females are small 

and not well characterized. Sex-specific behaviors 
(copulation, courtship feeding) in this species are usu- 
ally performed away from the nest site and only oc- 
casionally can be used to identify the sex of individual 
birds. Alternative methods for sexing include lapa- 
roscopy and handling the adults during the period 
of egg laying when morphological differences are 
distinct. However, both of these methods pose un- 
acceptable risks of injury or nest abandonment for 
members of this endangered population. Another 
method for sexing birds based on analysis of tissue 
samples is karyotyping from fibroblasts grown from 
blood-feather pulp (Parker et al. 1991). This method 
is laborious and has not been used on terns. 

Molecular techniques for sexing used on several 
bird species have been based on hybridizing labeled 
probes to genomic DNA. The probes are either 
W-chromosome-specific or they identify multigene 

families with W-specific members (Griffiths and Hol- 
land 1990, Quinn et al. 1990, Dvorak et al. 1992, Grif- 

fiths 1992, Millar et al. 1992, Graves et al. 1993, Long- 
mire et al. 1993). These molecular methods are slow 
and laborious, they require relatively large quantities 
of DNA, and most of them involve use of radioiso- 

topes. Such methods are neither economical nor prac- 
tical for field studies involving large sample sizes or 
nestlings. With the advent of random-amplified poly- 
morphic DNA (RAPD; Williams et al. 1990), a new 
source of easily accessible genetic markers is avail- 
able. These markers have been applied to genetic 
studies in plants (Tingey et al. 1992) and, recently, 
have been used for sexing birds (Griffiths and Tiwari 
1993). 

We describe a method for sexing Roseate Terns based 
on the polymerase chain reaction (PCR) that offers 
considerable advantages in technical simplicity and 
time. The method was developed with blood samples 
from adult Roseate Terns. However, because only 
nanogram quantities of DNA are required, the meth- 
od is much more versatile and works with single ma- 
ture feathers. 

Genetic markers specific to the W chromosome are 
identified by separately pooling samples of male and 
female DNA, and then screening the two pools for 
RAPDs (Michelmore et al. 1991). A typical RAPD re- 
action yields 6 to 10 bands (loci) that are produced 
by amplification with one arbitrary 10-base primer. 
Once a W-linked RAPD marker has been identified, 
it can be converted to a more specific and reliable 
PCR-based marker (i.e. a sequence-characterized am- 
plified region, SCAR; Paran and Michelmore 1992) 
by increasing the length of the original primer at each 
end of the targeted region. The high specificity of a 
SCAR marker overcomes several of the drawbacks of 

RAPDs (Kesseli et al. 1992, 1994, Paran and Michel- 
more 1992). 

Methods.--Roseate Terns initially were sexed using 
an RFLP probe (Zoogen Inc., Davis, California). The 
method was verified using field-sexed Common Terns. 
The Roseate Terns sexed by this method were used 
to identify RAPD markers and develop SCAR prim- 
ers. Finally, these primers were tested on a larger 
sample of field-sexed Common Terns. 

Terns were trapped at nests on Bird Island, Marion, 
Massachusetts (41ø40'N, 70ø43'W). Roseate Terns were 
trapped shortly before their eggs hatched. Common 
Terns were trapped within 24 h after the first egg was 
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laid; at this time, females were gravid with subse- 
quent eggs in the clutch, and adults were sexed by 
the presence or absence of a palpable egg in the ovi- 
duct, or by body mass. In our studies, we have found 
that Common Terns over 140 g at this stage in the 
laying cycle were females, and birds under 130 g were 
males. DNA was extracted from samples of blood fol- 
lowing the protocol of Dvorak et al. (1992), and from 
2 to 5 mm of the calamus (shaft), including its tip, of 
single breast feathers following the protocol of Lee- 
ton et al. (1993). 

The 32p labeled probe DZWM1 (Zoogen Inc., Davis, 
California) was hybridized to Southern blots of sam- 
ples from each species cut with Sacl. This RFLP probe 
identifies a single gene which is both Z and W chro- 
mosome-linked in a wide variety of bird species and 
in most species displays sex dimorphism (Dvorak et 
al. 1992). 

To identify RAPD markers specific to the W chro- 
mosome, we employed the technique of bulked se- 
gregant analysis (Michelmore et al. 1991, Mulcahy et 
al. 1992). Separate pools of DNA from 12 male and 
12 female Roseate Terns were constructed and screened 

for RAPDs following the protocol of Williams et al. 
(1990). Amplified samples were electrophoresed on 
2% agarose gels in 1 x TBE buffer for 3.5 h at 70 mA 
and then stained with ethidium bromide. Ten-base 

primers (Operon Technologies, Alameda, California) 
that produced bands in the female pool and not in 
the male pool (Fig. 1A) were tested on the 24 indi- 
vidual DNA samples. If the band was found in all 
females and no males, it was considered W-linked. 

To develop the SCAR, the band was excised from 
the gel and the DNA was purified using Gene Clean 
II (Bio 101 Inc., La Jolla, California). The DNA was 
reamplified using the same primer and purified again. 
The fragment was cloned using the pT7Blue T-Vector 
from Novagen (Madison, Wisconsin). To verify that 
the correct sequence had been cloned, the amplified 
fragment was used as a labeled probe and hybridized 
to a Southern blot of the RAPD profile. The probe 
hybridized to bands of correct size in the females 
only. The SCAR primers were developed by sequenc- 
ing the two ends of the cloned RAPD fragment. Two 
new primers, forward and reverse, were produced 
(Operon Technologies). They contain the first 10 bas- 
es of the original primer used to detect the RAPD, 
along with an additional 19 or 20 bases. This increased 
length, along with a high annealing temperature, en- 
sures the amplification of only the specific W chro- 
mosome marker, not the 6 to 10 bands often found 
with RAPDs. 

Samples of known and unknown sex were screened 
for presence of the SCAR specific to the W chromo- 
some. The reaction mixtures were in volumes of 25 

•1 containing 2.5 •1 of 10x buffer (100 mM Tris-HC1, 
pH 8.3, 500 mM KC1, 15 mM MgC12, 0.1% gelatin), 2.0 
•1 dNTP (1.25 mM each of dATP, dCTP, dGTP and 
dTTP), 0.25 •l of the forward and reverse primers (2.5 

•M), 12.5 ng of DNA and 1 unit Taq polymerase. The 
PCR conditions were as follows: initial DNA dena- 

turation at 94øC for 2 min followed by 30 cycles of 
denaturation at 94øC for 1 min; primer annealing at 
65øC for 1 min and primer extension at 72øC for 1 min. 
To produce positive controls we used reduced an- 
nealing temperatures (55øC or less) to generate faint, 
nonspecific bands in males (see Results). Amplifica- 
tion products were analyzed by electrophoresis under 
the conditions stated above. 

Results.--The Zoogen probe DZWM1 correctly 
identified the sex of 21 Common Terns of known sex. 

Two additional specimens that gave contradictory re- 
suits were from birds that were handled at the same 

time, and it is likely that the samples were mislabeled 
in the field. These two samples are excluded from 
subsequent analysis. The 52 Roseate Terns evaluated 
produced banding patterns identical to these Com- 
mon Terns and were sexed on this basis. Two separate 
pools of Roseate Tern DNA were constructed from 
12 females and 12 males selected for similar DNA 

quantity and quality as determined from hybridiza- 
tion to the Southern Blot. 

From 180 10-base primers (Operon Technologies), 
we identified approximately 1,400 readable bands, 6 
of which distinguished the pools. Of these six bands, 
two (OPj18, 1,720 bp and OPo16, 615 bp) were 
W-linked; they were present in all 12 female indi- 
viduals and in none of the 12 males (Fig. 1A). The 
other four bands were polymorphic and generally 
more frequent in females than males, but not W-linked. 
Fifty-two samples scored for sex in the RFLP study 
and retested with the RAPD primers OPj18 and OPo16 
were all correctly identified. 

We were unable to clone band 1720 from primer 
OPj18; large fragments are generally more difficult to 
clone and specific sequences within fragments may 
inhibit the cloning. The RAPD locus 0Po166•5 was 
successfully converted to SCAR (SCo16•5). The ex- 
tended primers for this SCAR are as follows: Forward 
(SCo16F), 5' -TCGGCGGTTCATAAACCCATCAG- 
TTGGGG-3' (29 bases); Reverse (SCo16R), 5'-TCG- 
GCGGTTCCGTAATCGTGTGTGTATATT-3' (30 bas- 
es). We tested these SCAR primers on all 21 Roseate 
Terns sexed by Zoogen (with RFLP probe DZWM1) 
and correctly identified the sex of all individuals. In 
addition, the SCAR primers correctly identified sex 
in 45 Common Tern samples sexed by morphology 
(Fig. lB). 

The absence of a band indicates either maleness or 

a faulty reaction. Lowering the annealing tempera- 
ture creates an internal control that distinguishes be- 
tween these possibilities. At 55øC mismatching oc- 

. curred and a larger (ca. 2,100 base pairs [bp]), faint 
band in the males was amplified while maintaining 
an intense W-specific marker in the females. Presence 
of this 2,100-bp band without the 615-bp band indi- 
cated that all components of the reaction were present 
and that the individual was male (Fig. lB). Keeping 
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A 
Lane: 1 2 3 45 6 78 910 

M FM FM FMFMF 

-1720 bp 

-615 bp 

B 
Lane: 1 2 34 5 6 78 910 1112 

MM FF MM FF MM F F 
13141516 

MFMF 

-2100 bp 

-615 bp 

Fig. 1. Agarose gels stained with ethidium bromide demonstrating (A) bulked segregant analysis and (B) 
RAPDs and SCARs. (A) Pools of DNA from 12 male [M] and 12 female [F] Roseate Terns screened for RAPDs. 
DNA of each pair of pools amplified by five different 10-base primers. Operon primers OPjl8 (lanes 7 and 
8) and OPo16 (lanes 9 and I0) produced bands 1,720 bp and 615 bp, respectively, that were present in female 
pool and not in male pool (arrows). These bands subsequently shown to be present in every female and 
absent in every male, hence W-linked. (B) Lanes I to 12 (6 males [M] and 6 females [F]) contain amplified 
DNA of Roseate Terns. Lanes 13 to 16 contain amplified DNA (2 M and 2 F) of Common Terns. Lanes 1 to 
4, 13, and 14 show fragments amplified with primer OPo16. Band for RAPD 0Po166•s present only in females 
is identified. Lanes S to 8, 1S, and 16 show fragments amplified with extended primers (SCo16F and SCo16R) 
at 65'C annealing temperature. Lanes 9 to 12 show same reactions for Roseate Terns at SS'C annealing 
temperature. A large band (2,100 bp) serves as internal control in males at SS'C. A smaller band is amplified 
with extended primers in some females (lanes 7, 8 and 16) and possibly represents a duplicated region on W 
chromosome. 
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the high annealing temperature at which no internal 
control is amplified could lead to incorrect scoring, 
so we recommend adjusting the annealing tempera- 
ture until a positive control is achieved. If the an- 
nealing temperature is too low, however, the speci- 
ficity of the SCAR will be lost and many bands will 
be amplified. An alternative strategy would be to de- 
velop primers for an autosomal or Z-specific locus of 
a different size. These primers would produce bands 
in both males and females and could be incorporated 
into a single reaction. 

DNA extracted from single feathers (either grow- 
ing or mature) yielded the 615 bp band when am- 
plified with the SCAR primers. However, the internal 
control for males, developed with blood DNA, proved 
to be unreliable with feather DNA and a more specific 
marker is necessary. 

Discussion.--We have identified a marker linked to 

the W chromosome that allows us to identify the sex 
of sexually monomorphic Roseate Terns. The ap- 
proach used can be applied to any genetically based 
sex-determination system and, once this type of mark- 
er is developed, it can be particularly useful for field 
biologists. 

The pooling procedure used to identify a female- 
specific marker was first used to identify markers 
linked to disease resistance genes in plants (Michel- 
more et al. 1991). The procedure, termed bulked se- 
gregant analysis (BSA), can be used to identify mark- 
ers (e.g. RFLPs or RAPDs) linked to any gene that 
segregates in any population. A simplified modifi- 
cation of this procedure was used later to identify 
markers specific to the Y chromosome in dioecious 
plants (Mulcahy et al. 1992). Recently, Griffiths and 
Tiwari (1993) used the same procedure to identify 
W-chromosome-specific markers in three species of 
passerines. 

RAPDs offer several advantages over RFLP assays 
(Tingey et al. 1992). They do not require DNA li- 
braries. They utilize PCR so they require only nano- 
gram quantities of DNA and do not require radio- 
activity. RAPDs are fast and technically simple, but 
have the serious drawback of being highly sensitive 
to reaction conditions (Kesseli et al. 1992, Ellsworth 
et al. 1993). Slight deviations in magnesium, primer, 
or DNA concentration can alter the banding pattern, 
possibly masking the marker. With greater specificity 
and higher annealing temperatures, SCARs offer a 
reproducible marker that is less sensitive to reaction 
conditions. This is advantageous for studying natural 
populations where the quality and quantity of DNA 
collected in the field often vary. SCARs are also faster 
than RAPDs, requiring fewer PCR cycles and one- 
half the gel-running time. SCARs require less DNA 
and, because of the higher specificity obtained with 
two extended primers, they are less affected by con- 
taminants such as bacterial DNA. Such contamination 

may be important for tissues containing very little 
DNA, as is the case with mature feathers, which are 

a desirable source of DNA for studies involving young 
or endangered birds. 

Our SCAR primers amplify a 615-bp segment lo- 
cated on the W chromosome. With this marker, vi- 
sualized by electrophoresis, we are now able to dis- 
tinguish between male and female Roseate Terns. This 
will permit further investigation of the female-biased 
sex ratio among breeding adults at Bird Island, which 
is evident from the occurrence of supernormal clutch- 
es and unusual mating associations including female- 
female pairs (Hatch and Nisbet pers. obs.). Although 
supernormal clutches have been found in several spe- 
cies of gulls and terns, they usually occur at low fre- 
quencies (Conover 1984) and are not well understood. 
In general, there is little information available about 
the population sex ratios of bird species (Clutton- 
Brock 1986). 

The SCAR primers, derived from Roseate Tern ge- 
nomic sequences, were also used to identify sex in 
the Common Tern, and they may be applicable to 
other related species. This topic is being investigated. 
Because of the rapid evolution of sex chromosomes, 
it is likely that these primers will apply only to a 
small range of species. Similar SCAR primers can, 
however, be developed for other groups of birds. 

The successful sexing of individuals with the low 
amounts of DNA from single mature feathers rep- 
resents a significant advance. Sufficient DNA can 
readily be obtained from individuals of any age (chick 
to adult, although nata! down may be an unsuitable 
source). Such samples could be collected in conjunc- 
tion with banding programs, which could lead to 
greatly expanded knowledge of sex-specific patterns 
of movement and mortality. 

Acknowledgments.--We thank the town of Marion, 
Massachusetts for permission to work on Bird Island. 
We also thank Michael Chase for technical advice, 

and April Mills for assistance in the laboratory. Jeff 
Dole, David F. Westneat, and an anonymous reviewer 
provided useful comments on the manuscript. This 
work was supported by NSF grant BIO-9200415, the 
U.S. Fish and Wildlife Service, the Massachusetts Nat- 

ural Heritage and Endangered Species Program, and 
the Island Foundation. 

LITERATURE CITED 

CLUTTON-BROCK, T.H. 1986. Sex ratio variation in 
birds. Ibis 128:317-329. 

CONOVER, M. R. 1984. Occurrence of supernormal 
clutches in the Laridae. Wilson Bull. 96:249-267. 

CRAMP, S. (Ed.). 1985. The birds of the western Pa- 
learctic, vol. IV. Oxford Univ. Press, Oxford. 

DVORAK, J., J. L. HALVERSON, P. GULICK, K. A. RAUEN, 
U. K. ABBOTT, B. J. KELLY, AND F. T. $HULTZ. 1992. 
cDNA cloning of a Z- and W-linked gene in gal- 
linaceous birds. J. Hered. 83:22-25. 

ELLSWORTH, D. L., K. D. RITTENHOUSE, AND R. L. 



October 1994] Short Communications and Commentaries 1027 

HONEYCUTr. 1993. Artifactual variation in ran- 

domly amplified polymorphic DNA banding pat- 
terns. BioTechniques 14:214-217. 

GRAVES, J., J. ORTEGA RUANO, AND P. J. B. SLATER. 1993. 
Sex ratio of chicks in the Shag Phalacrocorax ar- 
istotelis determined by a female-specific band in 
DNA fingerprinting. Ibis 135:470-472. 

GRIFFITHS, R., AND P. W. H. HOLLAND. 1990. A novel 

avian W chromosome DNA repeat sequence in 
the Lesser Black-backed Gull (Larus fuscus). Chro- 
mosoma (Berl.) 99:243-250. 

GRIFFITHS, R. 1992. Sex-biased mortality in the Lesser 
Black-backed Gull (Larus fuscus) during the nest- 
ling stage. Ibis 134:237-244. 

GRIFFITHS, R., AND B. TIWARI. 1993. The isolation of 

molecular genetic markers for the identification 
of sex. Proc. Natl. Acad. Sci. USA 90:8324-8326. 

KESSELI, R. V., I. PARAN, AND R. W. MICHELMORE. 1992. 

Efficient mapping of specifically targeted geno- 
mic regions and the tagging of these regions with 
reliable PCR-based genetic markers. Pages 31-36 
in Applications of RAPD technology to plant 
breeding: Selected papers from the Joint Plant 
Breeding Symposia Series; 1992 November 1; 
Minneapolis, Minnesota (J. Nienhuis, Ed.). Crop 
Science Society of America; American Society for 
Horticultural Science; American Genetic Asso- 
ciation. 

KESSELI, R. V., I. PARAN, AND R. W. MICHELMORE. 1994. 

Analysis of a detailed genetic linkage map of 
Lactuca sativa (lettuce) constructed from RFLP and 
RAPD markers. Genetics 136:1435-1446. 

LEETON, P., L. CHRISTIDIS, AND g. WESTERMAN. 1993. 

Feathers from museum bird skins--A good source 
of DNA for phylogenetic studies. Condor 95:465- 
466. 

LONGMIRE, J. L., M. MALTBIE, R. W. PAVELKA, L. M. 
SMITH, S. M. WIT/E, O. A. RYDER, D. L. ELLSWORTH, 
AND R. J. BAKER. 1993. Gender identification in 
birds using microsatellite DNA fingerprint anal- 
ysis. Auk 110:378-381. 

MICHELMORE, R. W., I. PARAN, AND R. V. KESSELI. 1991. 
Identification of markers linked to disease resis- 

tance genes by bulked segregant analysis: A rapid 
method to detect markers in specific genomic 

regions by using segregating populations. Proc. 
Natl. Acad. Sci. USA 88:9828-9832. 

MILLAR, C. D., D. M. LAMBERT, A. R. BELLAMY, P. M. 
STAPLETON, AND E. C. YOUNG. 1992. Sex-specific 
restriction fragments and sex ratios revealed by 
DNA fingerprinting in the Brown Skua. J. Hered. 
83:350-355. 

MULCAHY, D. L., N. F. WEEDEN, R. V. KESSELI, AND S. 

B. CARROLL. 1992. DNA probes for the Y-chro- 
mosome of Silene latifolia, a dioecious angiosperm. 
Sexual Plant Reprod. 3:1-3. 

PARAN, I., AND R. MICHELMORE. 1992. Development 
of reliable PCR-based markers linked to downy 
mildew resistance genes in lettuce. Theor. Appl. 
Genet. 85:985-993. 

PARKER, J. S., T. R. BIRKHEAD, S. K. JOSHUA, S. TAYLOR, 
AND M. S. CLARK. 1991. Sex in a population of 
Guillemots Uria aalge determined by chromo- 
some analysis. Ibis 133:423-426. 

QUINN, T. W., F. COOKE, AND B. N. WHITE. 1990. Mo- 

lecular sexing of geese using a cloned Z chro- 
mosomal sequence with hornology to the W chro- 
mosome. Auk 107:199-202. 

TINGEY, S. V., J. A. RAFALSKI, AND J. G. K. •VILLIAMS. 
1992. Genetic analysis with RAPD markers. Pages 
3-8 in Applications of RAPD technology to plant 
breeding: Selected papers from the Joint Plant 
Breeding Symposia Series; 1992 November 1; 
Minneapolis, Minnesota (J. Nienhuis, Ed.). Crop 
Science Society of America; American Society for 
Horticultural Science; American Genetic Asso- 
ciation. 

U.S. FISH AND WILDLIFE SERVICE. 1987. Endangered 
and threatened wildlife and plants: Determina- 
tion of endangered and threatened status for two 
populations of Roseate Tern. Federal Register 52: 
42064-42071. 

WILLIAMS, J. G. K., A. R. KUSELIK, K. J. LIVAK, J. A. 
RAFALSKI, AND S. V. TINGEY. 1990. DNA poly- 
morphisms amplified by arbitrary primers are 
useful as genetic markers. Nucleic Acids Res. 18: 
6531-6535. 

Received 19 January 1994, accepted I March 1994. 


