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factors for the development of the young (Ballard et al., 
1995; Trott et al., 2003), and may regulate the function of 
the mammary gland by autocrine/paracrine mechanisms 
(Nicholas et al., 1997; Hendry et al., 1998). Macropod mar-
supials, such as the tammar wallaby  (Macropus eugenii)  and 
red kangaroo  (Macropus rufus) , are able to feed a pouch 
young and an older animal at heel with milk of different 
constituents from adjacent mammary glands (Bailey and 
Lemon, 1966; Griffiths et al., 1972; Nicholas, 1988; Nicholas 
et al., 1997). Therefore, milk secretion is likely to be con-
trolled by endocrine stimuli, and other factors intrinsic to 
the mammary gland (Nicholas et al., 1997, 2001). The mo-
lecular mechanisms which regulate marsupial milk compo-
sition are not well understood. 

 The cDNA for the Early Lactation Protein  (ELP)  gene has 
been isolated from the lactating mammary gland of two 
Australian marsupials from the order Diprotodontia, the 
tammar wallaby  (Macropus eugenii)  (Simpson et al., 1998b) 

  Abstract.  We report the first isolation and sequencing of 
genomic BAC clones containing the marsupial milk protein 
genes Whey Acidic Protein  (WAP)  and Early Lactation Pro-
tein  (ELP) . The stripe-faced dunnart  WAP  gene sequence 
contained five exons, the middle three of which code for the 
 WAP  motifs and four disulphide core domains which char-
acterize WAP. The dunnart  ELP  gene sequence contained 
three exons encoding a protein with a Kunitz motif com-
mon to serine protease inhibitors. Fluorescence in situ hy-
bridization located the  WAP  gene to chromosome 1p in the 
stripe-faced dunnart, and the  ELP  gene to 2q. Northern blot 
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analysis of lactating mammary tissue of the closely related 
fat-tailed dunnart has shown asynchronous expression of 
these milk protein genes.  ELP  was expressed at only the ear-
lier phase of lactation and  WAP  only at the later phase of 
lactation, in contrast to  � -lactoglobulin  (BLG)  and �-lactal-
bumin  (ALA)  genes, which were expressed in both phases 
of lactation. This asynchronous expression during the lacta-
tion cycle in the fat-tailed dunnart is similar to other mar-
supials and it probably represents a pattern that is ancestral 
to Australian marsupials.  Copyright © 2006 S. Karger AG, Basel 

 Marsupials have evolved a unique reproductive strategy 
of short gestation, birth of immature young and a relatively 
long lactation period, which contrasts with the relatively 
long gestation period of eutherian mammals (Tyndale-Bis-
coe and Janssens, 1988). Whereas eutherians usually pro-
duce milk of a constant composition after the expression of 
the initial colostrum (Jenness, 1986), marsupials progres-
sively change the composition of milk during lactation 
(Green, 1984; Nicholas, 1988). The components of marsu-
pial milk provide important nutrients and putative growth 
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and brush-tailed possum  (Trichosurus vulpecula)  (Piotte 
and Grigor, 1996). Marsupial  ELP  is expressed only in early 
lactation (Piotte and Grigor, 1996; Simpson et al., 1998b), 
suggesting that it has a specific temporal role in the develop-
ment of either the pouch young or the mammary gland. The 
marsupial  ELP  gene belongs to the Kunitz family of serine 
protease inhibitors and has significant homology to the se-
quence of bovine colostrum inhibitor (Simpson et al., 
1998b). A potential role of the  ELP  protein as a protease in-
hibitor to protect immunoglobulins in the milk from prote-
olysis has been suggested (Piotte and Grigor, 1996; Simpson 
et al., 1998b). However, the function and potential physio-
logical substrate of  ELP  has yet to be established. 

 Whey Acidic Protein  (WAP)  is a major whey protein 
gene, expressed throughout lactation in many eutherian 
species, including rat, mouse (Henninghausen et al., 1982), 
rabbit (Devinoy et al., 1988), camel (Beg et al., 1986) and pig 
(Simpson et al., 1998a). However, it is not found in rumi-
nants or primates (including human) milk (Clauss et al., 
2002; Rival-Gervier et al., 2003; NCBI Accession AY267466) 
suggesting that the gene either became inactive due to DNA 
mutations or was lost after the divergence of these lineages. 
A recent study using mouse  Wap  gene  knockouts has shown 
that the expression of WAP is necessary for adequate nour-
ishment of the offspring but not functional differentiation 
of mammary epithelial cells (Triplett et al., 2005). WAP is 
asynchronously secreted in the milk of diprotodontid mar-
supials including the tammar (Simpson et al., 2000), red 
kangaroo (Nicholas et al., 2001) and possum (Demmer et 
al., 2001). Partial WAP protein sequences have also been 
determined from the milk of the two monotremes, platypus 
and echidna (Simpson et al., 2000) but the pattern of secre-
tion in these species is yet to be established. WAP protein 
secretion has not been characterized in dasyurid marsupi-
als. 

 Alignment of the amino acid sequence of WAP proteins 
from many marsupial and eutherian species shows limited 
sequence identity of amino acids (Simpson et al., 2000). 
However, these genes are all recognized by the presence of 
the WAP motif (KXGXCP) and a two-domain structure 
known as the four disulphide core (4-DSC) domain (Ran-
ganathan et al., 1999), which consists of eight cysteine resi-
dues (Hennighausen et al., 1982). The 4-DSC may be a re-
quired conformation for the action and stable structure of a 
specific class of protease inhibitors (Ranganathan et al., 
1999). 

 The aim of the present study was to isolate and sequence 
large insert Bacterial Artificial Chromosome (BAC) clones 
containing the  ELP  and  WAP  genes from the dasyurid mar-
supial species  Sminthopsis macroura  (the stripe-faced dunn-
art). The presence of the  ELP  and  WAP  genes in dasyurid 
marsupials (which are only distantly related to the previ-
ously studied tammar wallaby and possum) would imply 
that both genes are ubiquitous at least in Australian marsu-
pials. Furthermore, the long and homologous DNA seg-
ments of the BAC clones are ideal for fluorescence in situ 
hybridization (FISH) mapping to provide the first reliable 
map position of marsupial milk protein genes.  

 Materials and methods 

 Library screening 
 The BAC library RZPD 688 stripe-faced dunnart  (S. macroura)  

(Chapman et al., 2003) was screened for the  ELP  and  WAP  genes. The 
tammar  WAP  cDNA (Accession AJ005356) and  ELP  cDNA (Accession 
AJ000490) were labeled with [ � - 32 P]-dCTP and used for probing the 
libraries as described in Sambrook et al. (1989). Positive signals were 
identified and DNA extracted from the individual clones as described 
in Sambrook et al. (1989). 

 Identifying and sequencing the ELP and WAP genes in the BACs 
 DNA from the stripe-faced dunnart BACs with either the  ELP  or 

 WAP  gene were subcloned using the TOPO Shotgun kit (Invitrogen, 
USA) according to the manufacturer’s instructions. Subclones were 
screened for  ELP  and  WAP  exons, and positives sequenced as described 
in Sambrook et al. (1989). The entire stripe-faced dunnart BAC contain-
ing the  ELP  gene was sequenced by a fluorescent shotgun method. Brief-
ly, plasmid DNA was sequenced from both directions, and sequence 
reads were then assembled using the Phrap assembler (Ewing and 
Green, 1998). The 14 kb of DNA surrounding the stripe-faced dunnart 
 WAP  gene (including 7 kb of DNA 5 �  of the first exon) was sequenced 
by the Australian Genome Research Facility (Queensland, Australia), 
using primers designed from the tammar  WAP  cDNA sequence. 

 Bioinformatics and BAC sequence analysis 
 Gene exon/intron structure was determined by comparing genom-

ic DNA sequence with other marsupial  WAP  and  ELP  cDNAs in the 
GenBank database. In addition GENESCAN (http://genes.mit.edu/
GENSCAN.html) was used to predict the putative cDNA and protein. 
Predicted protein alignments were carried out using ClustalW (http://
clustalw.genome.jp/ or http://searchlauncher.bcm.tmc.edu/multi-
align/multi-align.html). 

 A seven-fold coverage of short genomic sequences of approximate-
ly 1 kb were available for the didelphid marsupial, the Brazilian short-
tailed gray opossum  (Monodelphis domestica)  (at www.ncbi.nlm.nih.
gov/BLAST/tracemb.shtml). The gray short-tailed opossum  WAP  and 
 ELP  sequences were assembled from short genomic sequences retrieved 
using the cDNA of  WAP  and  ELP  from the stripe-faced dunnart, tam-
mar (Accession AJ000490, AJ005356) and brush-tailed possum (Ac-
cession AF275314) to Blast the gray short-tailed opossum genome to 
obtain matching sequence reads and their mate pairs. The sequences 
were assembled using phrap (http://www.phrap.org/). Assembled 
fragments were used to retrieve further the gray short-tailed opossum 
overlapping sequences together with mate pairs in order to extend local 
assemblies around  WAP  and  ELP  genes.  

 RT PCR of cDNA for the milk protein genes 
 Tissue was excised from the lactating mammary gland of the fat-

tailed dunnart, homogenized and total RNA extracted using the Qia-
gen RNeasy Lipid Tissue mini kit (Melbourne). The total RNA (2  � g) 
was reverse transcribed (RT) using a SuperScript TM  II kit (Invitrogen, 
Melbourne), following the manufacturer’s recommended protocol. 

 Milk protein gene DNA primers were designed from both euthe-
rian and marsupial  � -lactoglobulin  (BLG)  and �-lactalbumin  (ALA) 
by aligning sequences from GenBank. However, only marsupial  WAP  
genes and marsupial  ELP  genes were aligned for primer design, because 
eutherian and marsupial  WAP  gene sequences differ greatly, and  ELP  
has not been identified in eutherians. Highly conserved regions were 
selected for the priming region. Lactating mammary gland template 
cDNA (50 ng), 5  � l 10 !  buffer, 1  � l 10 mM each forward and re-
verse primer (Table 1), 1  � l 10 mM dNTPs and 2.5 units Taq Poly-
merase in a total volume of 50  � l were PCR amplified by initial dena-
turization at 94   °   C for 2 min, then 35 cycles at 94   °   C for 1 min, at 47   °   C 
for 30 s, at 72   °   C for 1 min, and a final extension of 72   °   C for 10 min.
All PCR products showed a single band when electrophoresed on a 
0.8% agarose gel and the bands were subsequently excised and DNA 
extracted using the Qiagen gel extraction kit. The DNA was ligated in-
to pGEM T-easy and clones sequenced using primer sites T7 and SP6 
in the vector.  
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 Expression of the WAP and ELP genes analyzed by Northern 
blotting 
 Total RNA (10  � g, as determined by spectrophotometer) was elec-

trophoresed together with markers of known size and concentration in 
a 1% agarose gel with 1 !  MOPS and 1.1% formaldehyde. The RNA was 
transferred to Zeta probe membrane and the Northern blot was probed 
(Sambrook et al., 1989) with the full length tammar cDNA for  ELP  
 (Accession AJ000490),  WAP  (Accession AJ005356),  ALA  (Accession 
X15211) and  BLG  (Accession L14954-L14960) genes.  

 Fluorescence in situ hybridization (FISH) 
 Metaphase spreads were prepared from the stripe-faced dunnart 

and FISH was carried out as previously described (Toder et al., 1996).
The stripe-faced dunnart BACs (237 L6-ELP, 002 F17-WAP) were
used as probes. Slides were viewed under a Zeiss Axioplan microscope, 
images collected with software package Spot Advance and pictures pro-
cessed using Image J, Confocal Assistant, Adobe Illustrator 7.0, and 
Adobe Photoshop. At least ten metaphase spreads were captured that 
had three or four signals of a possible maximum of four. 

 Results 

 Isolation and sequencing of the stripe-faced dunnart ELP 
and WAP genes 
 One  ELP  positive BAC (237 L6) was recovered from the 

stripe-faced dunnart BAC library and was completely se-
quenced by the shotgun method. The BAC was found to be 
80 kb in length and to contain the entire  ELP  gene. One 
 WAP  positive BAC (002 F17) was detected by screening the 
stripe-faced dunnart library with the  WAP  probe. Approxi-
mately 14 kb was sequenced and found to include 7 kb of 
promoter and the first four exons of the stripe-faced dunn-
art  WAP  gene.  

 Comparison of the marsupial ELP sequences 
 Comparison of a large set of  ELP  EST (cDNA) sequences 

from the tammar mammary gland pooled from all phases 
of lactation (the database is held by the Collaborative Re-
search Centre for Innovative Dairy Products, Melbourne, 
Australia) provided 510 bp of contiguous sequence for 
 ELP.  

 Alignment of the stripe-faced dunnart and gray short-
tailed opossum ELP genomic sequences with the tammar 
cDNA from the EST library was carried out to determine 
the exon/intron boundaries in the genomic regions ( Fig. 1 a). 
Stripe-faced dunnart and gray short-tailed opossum ge-

nomic ELP aligned with tammar ELP cDNA predicted that 
the complete coding sequence of the dunnart and opossum 
ELP is contained in three exons ( Fig. 1 a). In the stripe-faced 
dunnart the first exon contained a 5 �  untranslated region 
plus a region coding for the first 24 amino acids of ELP, in-
cluding a signal peptide sequence. The second exon com-
prised most of the coding region. Exons 2 and 3 encode the 
stop codon (TAG). The last nucleotide in exon 2 is T, and 
the first two nucleotides in exon 3 are AG. Exon 3 contains 
154 bp up to the canonical transcription termination signal 
(AATAAA) at the 3 �  end of the gene.  

 An NCBI BlastP search of the stripe-faced dunnart ELP 
predicted protein revealed the best alignment to be with 
ELP proteins of other marsupials including the tammar and 
the brush-tailed possum. The best alignment with the hu-
man genome was tissue factor pathway inhibitor 2 (TFPI2) 
located on human chromosome 7q22. The stripe-faced 
dunnart ELP sequence also has homology with eutherian 
genes coding for a Kunitz motif, including human LOC 
391253 and WAP8, bovine trypsin inhibitor, bovine colos-
trum trypsin inhibitor, and both sheep and bovine tropho-
blast Kunitz domain proteins. 

 Identification of other sequences in the stripe-faced 
dunnart ELP BAC 
 A second gene, phosphatidyl inositol glycan class T 

 (PIGT) , was found in the stripe-faced dunnart  ELP  BAC
by BlastP analysis of the GENESCAN predicted protein;
stripe-faced dunnart PIGT shared nearly 72% protein iden-
tity with mouse, rat and human PIGT. The GENESCAN 
program searches for conserved start codons, 3 �  and 5 �  
splice sites, canonical TATA boxes, and stop codons. There-
fore, the prediction by GENESCAN that the  PIGT  sequence 
represents a functional gene, together with the sequence 
similarity between the stripe-faced dunnart and eutheri-
ans, strongly suggests that the stripe-faced dunnart  PIGT  
is a functional gene rather than a pseudogene. The BAC 
also contained two identifiable repetitive elements: one 
with 42% protein identity with a long interspersed se-
quence element (LINE 1) in human and other eutherian 
genomes, and the second which showed no significant 
matches when subjected to BlastP, but a match of 100% 
with 24 bases of a human MER repeat element revealed by 
BlastN ( Fig. 2 ). 

Gene Forward primer 5�-3� Reverse primer 5�-3�

WAP exon2F 
AGAAGGCTGGGCGCTGCCC

exon3R 
CATCGCAGTCCAGGTCAG

ELP exon1F 
ATGAAATTCACCATCATTGCCCTCT

exon3R 
GCAGAAGAGGGAATCATAGAGGG

ALA exon2F 
CTGCTCCTCTTTGCTCCTGCT

exon5R 
ACTGGTCCAGGTCCTCAATG

BLG exon2F 
AATTCCCTTGTTTGACATGGAC

exon6R 
GCTTTCCCTAAAGARGGCAC

    

  Table 1.  Primers used in PCR of cDNA 
from lactating mammary gland 
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 Characterization of marsupial WAP genes 
 The structures of the stripe-faced dunnart and gray 

short-tailed opossum  WAP  genomic sequences were deter-
mined by comparing sequence with the tammar and pos-
sum  WAP  cDNAs in order to identify the five exons. The 
gray short-tailed opossum  WAP  gene genomic sequence 

was sourced from the database, as described in Materials 
and methods, and shown by alignment with the tammar 
and possum cDNAs to have five exons ( Fig. 3 a). The limited 
sequence available from the partial sequencing of the stripe-
faced dunnart genomic  WAP  identified the first four of 
these five exons.  
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  Fig. 2.  Comparison of human and stripe-
faced dunnart genomic regions surrounding 
the  ELP / PIGT  genes. The arrows represent the 
direction of transcription.  PIGT  is represent-
ed by a grey background with black spots.  ELP  
in the stripe-faced dunnart is represented by 
a grey background with black stripes as are the 
human genes that have sequence homology to 
stripe-faced dunnart  ELP . The black boxes 
represent other genes. The human map is 
adapted from Clauss et al. (2002). The stripe-
faced dunnart chromosome position has been 
assigned to chromosome 2 by FISH mapping 
(see Fig. 4b). 
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stripe-faced dunnart

opossum

5' 3'

5' 3'

striELP   MKFTIIALCFAFSLAGMTSSEKLLDQIPVNSLENPSRLV-PAL--CQLSPQRGNCNDNIR---RYYYNTTSRI
fattELP   MKFTIVALFFAFSLAGMTSSEKLLDQIPMNSLENPSRLV-PAL--CQLSPQRGNCNDNIR---RYYYNTTSRI
possELP   MKFTIIALCLALSLVGMTSSEKLLDRIRANSLENLSRLV-PSL--CLLPSGRGNCDSQIL---RYFYNATSHT
tammELP   MKFTIVALYFALSLAGMTSSEKCLDQIQVNSLENLSLLV-PSL--CLLPPVRGNCSSQIL---HYFYNTTSRT
oposELP   MKFTIVALCFALGLAGITSSEEVLEQNPLNTQENPVPLVLP-L--CLLPPERGNCDSLNL---RYFYNSTSRL

striELP  CEEFIYTGCNGNGNNFDSV-EC----CLKTCKLN----------------------------------------
fattELP  CEEFIYTGCNGNGNNFDSV-EC----CLKTCKLN----------------------------------------
possELP  CEVFLYSGCNGNGNNFDSL-EC----CLKTCRLNKYRNNN----------------------------------
tammELP  CETFIYSGCNGNRNNFNSE-EY----CLKTCRRNKNRNNNN---------------------------------
oposELP  CEAFIYSGCNGNGNNFDTV-EC----CLKTCRPN----------------------------------------

a

b

  Fig. 1.  Structure of the ELP gene. ( a ) Comparison of marsupial  ELP  gene structure. The black squares represent ex-
ons in the stripe-faced dunnart and opossum. Both species have three exons of almost identical size, but the introns 
vary in size. ( b ) Alignment of the stripe-faced dunnart ELP protein with other marsupial ELP proteins. The conserved 
Kunitz motif sequences are shown in white type with a black background. Other matches between marsupial ELP pro-
teins are shown in black type with a grey background. striELP = Stripe-faced dunnart ELP conceptually translated from 
the BAC sequence; fattELP = fat-tailed dunnart ELP conceptually translated from the cDNA sequence; possELP = 
brush-tailed possum ELP gi1002806; tammELP = tammar wallaby ELP gi3046758; and oposELP = gray short-tailed 
opossum ELP, assembled from the short sequences available at www.ncbi.nlm.nih.gov/BLAST/tracemb.shtml .  
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 The five exons of the marsupial  WAP  genes contrast with 
the eutherian  WAP  genes, which have only four exons 
( Fig. 3 a). Domains I and II of the WAP protein are encoded 
by exons 2 and 3 in eutherians, and exons 3 and 4 in marsu-
pials. Exon 2 in marsupials codes for domain III ( Fig. 3 a), 
an extra domain described by studies using 3-dimensional 
modeling (Simpson et al., 2000). Domains I, II and III con-
tain eight cysteine residues (represented by C in  Fig. 3 b) 
which constitute the 4-DSC domain, with the exception of 
domain II in the stripe-faced dunnart which has only six 
cysteines. The WAP motif (KXGXCP) is present at the 5 �  
end of marsupial domains I, II and III. However, the motif 
in domain II of the stripe-faced dunnart WAP is replaced 
by KXCXCP. In contrast, eutherians have the WAP motif 
only in domain II ( Fig. 3 b). 

 A BlastP search of the NCBI database with the stripe-
faced dunnart predicted WAP protein revealed the best 
match to be with the eutherian milk WAPs from mouse, rat, 
camel, rabbit and pig. There is no functional human milk 
WAP protein as it has become a pseudogene in the human 
lineage (Clauss et al., 2002). A BlastP search of the human 
protein database (at NCBI) revealed the two best matches 
with the stripe-faced dunnart predicted WAP protein to be 
 WFDC3  and  WFDC5  which are both functional WAP genes 

located on human 20q13. The stripe-faced dunnart predict-
ed WAP protein is compared to other marsupial milk WAPs 
in  Fig. 3 b. Homology is observed in the region of the WAP 
motif, the 4-DSC consensus sequences and the leader pep-
tide sequences.  

 Chromosome mapping of marsupial ELP and WAP 
genes in marsupials 
 FISH onto metaphase spreads localized the  ELP  gene to 

chromosome 2q in the stripe-faced dunnart ( Fig. 4 b), and 
the  WAP  gene to chromosome 1p ( Fig. 4 a). 

 Milk protein gene expression 
 Studies were carried out to examine if there was asyn-

chronous expression of the  ELP  and  WAP  genes during the 
lactation cycle in the stripe-faced dunnart. No lactating an-
imals were available from a stripe-faced dunnart  (S. mac-
roura)  colony. However, mammary glands were collected 
from lactating females of the closely related fat-tailed dunn-
art  (Sminthopsis crassicaudata) .  

 Milk protein gene expression was analyzed by Northern 
blot analysis of RNA from mammary glands on day 37 of 
fat-tailed dunnart development, which is the early to middle 
stage of lactation where the young are permanently attached 
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a  Fig. 3.  Structure of the WAP gene. ( a ) 
Comparative genomic organization of the 
 WAP  genes in eutherians and marsupials. The 
exons common to both marsupials and euthe-
rians are shown in black, the extra exon in 
marsupials is shown by a grey background 
with black stripes. In eutherians exons 2 and 
3 encode the two 4-DSC domains. In marsupi-
als exons 2, 3 and 4 encode the three 4-DSC 
domains. Hence, domain III has been found 
in marsupials, but not in eutherians. The fifth 
marsupial exon has been identified in opos-
sum, but the stripe-faced dunnart sequence 
does not extend far enough to reach the fifth 
exon. ( b ) Alignment of the stripe-faced dunn-
art WAP protein with other marsupial WAP 
proteins expressed in the mammary gland. In 
all marsupials there is homology between the 
protein domains as well as the leader se-
quence. The consensus sequence which in-
cludes the WAP motif (KXGXCP) and the 
four disulphide core domain represented by 
eight cysteines (C) is shown below each do-
main in bold. In the protein alignment the 
consensus sequence is shown in white type 
with a black background and other conserved 
proteins are shown in black type with a grey 
background. striWAP = stripe-faced dunnart 
WAP, conceptually translated from the BAC 
sequence; fattWAP = fat-tailed dunnart WAP 
conceptually translated from the partial cDNA 
sequence from domains III and I; possWAP = 
possum WAP gi 14582214;  tammWAP = tam-
mar WAP gi gi7711019, oposWAP = opossum 
WAP, assembled from the short sequences 
available at ww.ncbi.nlm.nih.gov/BLAST/
tracemb.shtml. 
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to the teat, and on day 58 when the young are no longer per-
manently attached to the teat but are still suckling. Expres-
sion of the  ELP  gene was detected on day 37, and the  WAP  
gene on day 58. In contrast, the  ALA  and  BLG  genes were 
expressed in lactating mammary gland on both day 37 and 
58 ( Fig. 5 ). The PCR products for  ALA,   BLG, ELP  and  WAP  
genes were sequenced for comparisons with other species.  

 Homology between ELP and WAP from the two dunnart 
species was greater than 97%, suggesting that the  ELP  and 
 WAP  genes in both dunnart species are homologous genes. 
Comparison of the  ELP  and  WAP  partial cDNA sequence 
from the fat-tailed dunnart with the  ELP  and  WAP  exon se-
quence predicted from the stripe-faced dunnart genomic 
sequence showed overall 1–3 base differences every 100 kb 
of sequence; seven differences in the 242 nucleotides se-
quenced from  WAP  (and two differences in the 80 amino 
acids of the predicted protein translation) and six differ-
ences in the 432 nucleotides sequenced from  ELP  (and two 
differences in the 96 amino acids of the predicted protein 
translation).  

 Discussion 

 Expression pattern of ELP, WAP, BLG and ALA genes 
during marsupial lactation cycles 
 The timing of gestation and lactation in the two dunn-

art species (the fat-tailed dunnart and the stripe-faced 
dunnart) is very similar. The stripe-faced dunnart has the 
shortest gestation (10.5–11 days) known for any mammal 
(Selwood and Woolley, 1991; Gemmell and Selwood, 1994), 
and a lactation length of 65–70 days (Frigo and Woolley, 
1997). The newborn remains permanently attached to the 
teat for the first 30–40 days of lactation, and then on day 55 
commences eating solid food while still intermittently suck-
ling milk (Frigo and Woolley, 1997). The gestation time for 
the fat-tailed dunnart (13–16 days) is slightly longer and the 
duration of lactation is approximately 70 days. Permanent 
attachment to the teat ceases after 40 days, and after 60 days 
solid food is consumed by the young (Ewer, 1968; Godfrey 
and Crowcroft, 1971). 

 This study has shown that the fat-tailed dunnart  ELP 
and  WAP  genes are expressed at different stages of lactation. 

 ELP  is expressed on day 37, when the young remain perma-
nently attached to the teat and have a diet exclusively of 
milk, and  WAP  is expressed on day 58 when the young are 
no longer permanently attached to the teat and have a diet 
of both solids and milk. This expression pattern is similar 
to that in diprotodont marsupials (which include the tam-
mar and possum) that diverged about 45 MYA (Woodburne 
et al., 2003). The tammar and brush-tailed possum  ELP  
gene is expressed for 100 days after parturition, when the 
young remain permanently attached to the teat (Piotte and 
Grigor, 1996; Simpson et al., 1998b) ( Fig. 6 ). In contrast, 
 WAP  is expressed in the tammar from day 100 to 200 when 
the young are in the pouch and intermittently suckling but 
are no longer permanently attached to the teat (Simpson et 
al., 2000) ( Fig. 6 ). In possum,  WAP  is expressed during day 
80–180, and then declines at permanent pouch exit (Dem-
mer et al., 2001). In contrast to the tammar and fat-tailed 
dunnart, there is a switch period in the brush-tailed pos-
sum, during which  ELP  and  WAP  are both expressed in the 
mammary gland, then  WAP  continues to be expressed, for 
about an additional 60 days after solid food is consumed by 

2q

2q

1p

1p

stripe-faced dunnart WAP stripe-faced dunnart ELPa b

  Fig. 4.  Mapping of marsupial  WAP  and 
 ELP  genes on metaphase spreads. ( a )  WAP  is 
located on chromosome 1p of the stripe-faced 
dunnart. ( b )  ELP  is located on chromosome 
2q of the stripe-faced dunnart. 

WAP

ELP

ALA

BLG

lactation days
37 58

  Fig. 5.  Milk protein gene expression in the 
lactating mammary gland of the fat-tailed 
dunnart. The Northern blot shows that  ALA  
and  BLG  are expressed on days 37 and 58. 
 WAP  is expressed on day 58 only and  ELP  is 
expressed on day 37 only. The  WAP ,  ALA  and 
 BLG  transcripts were detected as single bands 
at approximately 700 bp. The  ELP  transcript 
was detected as a single band at about 
500 bp. 
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the young (Demmer et al., 2001). Due to the limited avail-
ability of tissue samples in the fat-tailed dunnart, the cur-
rent study could not determine whether there is a similar 
switch period in this species.  

 It is interesting that  WAP  and  BLG  are concurrently ex-
pressed in the marsupials and monotremes studied to date. 
When  WAP  was first identified in the milk of mouse, rat 
(Hennighausen et al., 1982), rabbit (Beg et al., 1986) and cam-
el (Devinoy et al., 1988), it was thought that animals secreted 
either  WAP  or  BLG  as their major whey protein, but not both. 
However, a more recent report showed the pig lactating mam-
mary gland secretes  WAP  and  BLG  concurrently (Simpson et 
al., 1998a), suggesting that not all eutherians express only one 
of  WAP  or  BLG . The current study suggests that  WAP  and 
 BLG  were expressed concurrently in the common mamma-
lian ancestor, and the one or the other of  WAP  or  BLG  was 
lost subsequently in some eutherian lineages. In the human 
lineage both the ‘milk  WAP ’ gene and the  BLG  gene function 
have been lost and both are now pseudogenes (Clauss et al., 
2002). 

 The evolution of the marsupial WAP and ELP genes 
 The sequence of the stripe-faced dunnart, tammar, and 

brush-tailed possum  ELP  and  WAP  genes showed more 
than 80% homology with the corresponding partial gene 
sequence from the fat-tailed dunnart. Sequence compari-
sons suggest that the gene structure, asynchronous expres-
sion and function of these genes is common at least to Aus-
tralian marsupials. This study shows the genomic structure 
of the  ELP  and  WAP  genes in the gray short-tailed opossum 
is similar to that of Australian marsupials, therefore, it is 
likely that both genes are also present in the genome of oth-
er American marsupials. However, the expression pattern 
of these genes during lactation in the gray short-tailed opos-
sum is yet to be studied.  

 The stripe-faced dunnart ELP protein contains a Kunitz 
motif with homology at the C terminal end (3 �  end) of pro-
teins to other Kunitz proteins. This suggests that the mar-
supial evolved additional sequences on the 5 �  end of the  ELP  
gene required for specific functions in marsupial lactation. 

However, a similar  ELP  gene in monotremes would suggest 
that the additional 5 �  sequences were present in the com-
mon mammalian ancestor and lost in the eutherian lineage. 
Information on a potential platypus  ELP  should be avail-
able soon with the platypus genome nearly completely se-
quenced (http://www.ncbi.nlm.nih.gov/BLAST/tracemb.
shtml). The Kunitz motif is common to one of the numer-
ous families of serine protease inhibitors (NCBI protein da-
tabase), including human TFPI2, trypstatin a mast cell in-
hibitor of trypsin in rats, isoinhibitor from the garden snail, 
a number of venom basic protease inhibitors, and basic pro-
tease inhibitor from sea turtle. Thus Kunitz motif genes are 
not exclusive to the mammary gland but are present in many 
genes expressed in different tissues with various functions. 

 The  WAP  genes expressed in the mammary gland of eu-
therians have two 4-DSC domains (Hennighausen et al., 
1982; Simpson et al., 1998b), whereas WAP in all marsupials 
studied to date, as well as platypus and echidna, have only 
three (Simpson et al., 2000; Demmer et al., 2001). This extra 
domain is probably ancestral for all mammals, and was lost 
in the eutherian lineage. In eutherians, the identical distri-
butions of cysteine residues within the two domains suggest 
that the  WAP  gene evolved by intergenic duplication (Hen-
nighausen et al., 1982). The three domains of marsupials 
also have similar distributions of cysteine residues, suggest-
ing they arose from two intergenic duplications. 

 Location of the stripe-faced dunnart WAP and ELP 
genes  
 The mouse milk  Wap  gene is located on chromosome 11, 

flanked by the genes  Ramp3  and  Tbrg4.  This region is equiv-
alent to human chromosome 7p13 ] p12, where a non-func-
tional human  WAP  relic is also flanked by  RAMP3  and 
 TBRG4  (Clauss et al., 2002; Rival-Gervier et al., 2003). 
Functional  WAP -like genes in the human genome are clus-
tered on chromosome 20q13, and are ubiquitously ex-
pressed, including non-lactating breast tissue (Clauss et al., 
2002). However,  WAP  has not yet been identified in human 
milk, and the mouse milk  WAP  gene does not share orthol-
ogy with the human  WAP  genes on chromosome 20 (Clauss 
et al., 2002). Therefore, the marsupial milk  WAP s along 
with the mouse and other eutherian ‘milk  WAP s’ are likely 
to share orthology with the human ‘milk  WAP ’ pseudogene. 
Hence, the finding of stripe-faced dunnart WAP on chro-
mosome 1p suggests that stripe-faced dunnart 1p shares a 
common ancestry with human chromosome 7, where the 
human  WAP  pseudogene is located.  

 The finding that the stripe-faced dunnart  PIGT  gene is 
located next to the stripe-faced dunnart  ELP  gene, and that 
the sole human  PIGT  gene (and also the mouse  Pigt  gene) 
are near to two other genes ( WAP8  and  LOC391252 ) that 
also share the Kunitz motif suggests that the putative the-
rian common ancestor may have had a  PIGT  gene and a 
Kunitz protein motif gene neighboring each other on an 
ancestral chromosome. This shows that the chromosomal 
locations of this gene on stripe-faced dunnart chromosome 
2q and the human chromosome 20q probably share com-
mon ancestry. 

  Fig. 6.  The timing of expression of the ELP, WAP, BLG and ALA 
milk proteins during the lactation cycle of the tammar. BLG and ALA 
are expressed throughout lactation, but ELP and WAP are expressed at 
specific phases of lactation. 
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 Cross-species painting between the stripe-faced dunn-
art, and gray short-tailed opossum (Rens et al., 2001) reveals 
which chromosome regions are shared between these spe-
cies. The gene mapping from this study can therefore pre-
dict that in the gray short-tailed opossum genome the  ELP  
gene should be found on chromosome 1q, and the  WAP  gene 
on chromosome 6q near the centromere. As the gray short-
tailed opossum genome currently has only scaffold regions 
assembled (http://www.ensembl.org), which are not yet 
identified as belonging to specific chromosomes, the gene 
locations predicted in this study provide valuable reference 
points to anchor sequence to particular chromosomes in the 
opossum. The human/marsupial comparative map posi-
tions discovered in this milk protein gene study can now be 
used to advance the construction of a comparative map be-

tween human and marsupial genomes, which will be vital 
for exploring the evolution of the mammalian genome.  

 GenBank submissions 

  S. crassicaudata ALA  partial cDNA AC DQ518240,  S. crassicau-
data   BLG  partial cDNA AC DQ518241,  S. crassicaudata ELP  partial 
cDNA AC DQ518242,  S. crassicaudata WAP  partial cDNA AC 
DQ5182403,  S. macroura  ELP BAC (237 L6) AC 186006,  S. macroura 
 WAP BAC (002F17) 14 kb AC DQ518244. 
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