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Abstract The Major Histocompatibility Complex (Mhc)
class I DRB locus of vertebrates is highly polymorphic and
some alleles may be shared between closely related species
as a result of balancing selection in association with
resistance to parasites. In this study, we developed a new
set of PCR primers to amplify, clone, and sequence
overlapping portions of the Mhc class 1 DRB-like gene
from the 5'UTR end to intron 3, including exons 1, 2, and 3
and introns 1 and 2 in four species (20 Humboldt, six

The nucleotide sequence and amino acid sequence data reported in
this paper have been submitted to the DDBJ database and have been
assigned the accession numbers AB301478, AB301944-AB301950,
AB302087-AB302090, AB302190-AB302192, AB302843,
AB302844, and AB303942-AB303945.
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African, five Magellanic, and three Galapagos penguins)
of penguin from the genus Spheniscus (Sphe). Analysis of
gene sequence variation by the neighbor-joining method of
21 Sphe sequences and 20 previously published sequences
from four other penguin species revealed overlapping
clades within the Sphe species, but species-specific clades
for the other penguin species. The overlap of the DRB-like
gene sequence variants between the four Sphe species
suggests that, despite their allopatric distribution, the Sphe
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species are closely related and that some shared DRBI1
alleles may have undergone a trans-species inheritance
because of balancing selection and/or recent rapid specia-
tion. The new primers and PCR assays that we have
developed for the identification of the DRBI DNA and
protein sequence variations appear to be useful for the
characterization of the molecular evolution of the gene in
closely related Penguin species and might be helpful for
the assessment of the genetic health and the management
of the conservation and captivity of these endangered
species.

Keywords Penguin - Mhc - Evolution - DRB -
Trans-species polymorphism

Introduction

Penguins (order Sphenisciformes, family Spheniscidae) are
aquatic, flightless birds with their native habitats located
mostly in the Southern Hemisphere between latitudes 45°
and 60° S. Phylogenetically, they are closely related to the
Procellariiformes order of seabirds such as albatrosses,
shearwaters, and petrels (Ho et al. 1976; Sparks and Soper
1987; Hackett et al. 2008). The penguins, based on
molecular and morphological phylogenetic evidence and
fossil taxa, are believed to have originated in Gondwana-
land from an ancestor of the flying seabirds about 71 mya
with the emergence of the extant basal lineage Aptenodytes
about 40—49 mya (Davis and Darby 1990; Sibley et al.
1988; Baker et al. 2006). The geographical expansion and

radiation of most of the present-day penguin species
probably did not occur until between 35 and 4 mya (Baker
et al. 20006). It was proposed recently on the basis of
multiple gene analysis that the modern penguins expanded
from Antarctica by way of the circumpolar current to
oceanic islands and eventually to the southern continents
after Antarctica became ice-encrusted 35-25 mya (Baker et
al. 2006), possibly involving two separate dispersals to the
equatorial regions (Clarke et al. 2007).

The extant penguins are classified into six genera and
16-18 species (del Hoyo et al. 1992; Jouventin 1982; Baker
et al. 2006; Clarke et al. 2007), but inconsistencies and
questions still remain about their classification and phylo-
genetic relationships particularly with respect to the closely
related species, such as the Humboldt penguin (Sphe
humboldt), the Magellanic penguin (Sphe magellanicus),
the African penguin (Sphe demersus), and the Galapagos
penguin (Sphe mendiculus). A geographic map of wild
penguin location shows that the Sphe species are distributed
widely in the subantarctic and their locations range from the
southern coastal regions of South Africa to South America,
but also as far north as the equatorial Galapagos Islands of
the Pacific Ocean (Fig. 1). Although these four species have
distinctly different geographic habitats, they still share a
number of common traits, including morphological simi-
larities, living in temperate climates and nesting in burrows.
They are collectively known as “the banded penguins”
because of their similar coloration and external forms.
Furthermore, the Sphe appears to be a penguin genus that is
capable of interspecies breeding (Thumser and Karron
1994; Williams 1995; McCarthy 2006).

Fig. 1 A global distribution
map of wild penguins in their
natural habitats. This map was
modified from a figure by
Mackintosh (1960) and
Williams (1995). Breeding
places of Spheniscus (Humboldt
penguin, Magellanic penguin,
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The Mhc is a high-variable genomic region within and
between different vertebrate species due to duplicated gene
clusters involved in the gene control of the immune
response and the influence of positive (balancing) selec-
tion (Hughes and Nei 1989a, b; Ellis and Ballingall 1999;
Ellis 2004). The Mhc DRB-like gene is known to be a
useful marker of trans-species allele distribution between
closely related species of ungulates, canivores, birds,
primates, and various other mammals (Bollmer et al.
2007; Cutera and Lacey 2007). Most research on the
vertebrate Mhc class Il DRB-like genes has been done on
mammals (Trowsdale 1995), and studies on the avian Mhc
DRB-like genes have been restricted primarily to gallina-
ceous birds (Zoorob et al. 1993; Kaufman et al. 1999,
Wittzell et al. 1999; Hosomichi et al. 2006; Chaves et al.
2007; Strand et al. 2007), several passerines (Edwards et al.
1995a, b, 1998, 2000; Gasper et al. 2001; Hess et al. 2000;
Aguilar et al. 2006), raptors (Alcaide et al. 2008; Burri et al.
2008), a shore bird (Ekblom et al. 2007), and some penguins
(Tsuda et al. 2001; Kikkawa et al. 2005; Bollmer et al.
2007).

In this study, we have further examined the Mhc class 11
DRB-like gene as a potential evolutionary and adaptive
molecular marker in four closely related penguin Sphe
species. We sequenced 21 new penguin alleles of the Mhc
class II DRB-like gene sequence from seven Humboldt, six
African, five Magellanic, and three Galapagos penguins
and examined their allele distribution and variation. Allele
sharing of the DRB-like gene sequences in the genus Sphe
emphasizes that they are closely related species with an
allopatric distribution and that some common alleles have
undergone trans-species inheritance probably because of
balancing selection or recent rapid speciation.

Materials and methods
Collection of penguin samples, DNA extraction

Our field collaborators obtained blood samples from 24
captive penguins at aquariums and zoological garden in
Japan and Korea and from ten wild penguins in Chile,
Argentina, and the Galapagos Islands of Ecuador (Table 1).
The 20 Humboldt penguin samples listed in Table 1 are the
same as previously described by Kikkawa et al. (2005). A
liver sample for RT-PCR was obtained from a captive
Humboldt penguin at Oji Zoo in Japan.

DNA was extracted from peripheral blood cells of seven
Humboldt penguins (six captive and one wild), six captive
African penguins, five Magellanic penguins (three captive
and two wild), and three wild Galapagos penguins by the
standard phenol-chloroform extraction method after pro-
teinase K treatment (Inoko et al. 1986).

Genomic and RT-PCR

Total RNA was isolated from the liver sample of a captive
Humboldt penguin using the TRIZOL reagent method. The
cDNA was synthesized using a GeneAmp RNA PCR kit
(Applied Biosystems). The primers RT1-ex2F and RT3-
ex3R were newly designed for the RT-PCR assay (Fig. 2).
These primers were also used to amplify a 568 bp genomic
segment of exon 2 to exon 3, including intron 2 of the
Humboldt penguin DRB-like gene. The PCR amplification
was performed in 20ul volumes containing 10x Ex Taq
buffer, 0.2 mM of each dNTP, 0.5uM of each primer,
0.5 units Ex Taq (TaKaRa, Shiga, Japan), and 50-100 ng of
cDNA or genomic DNA. Amplification included an initial
incubation at 96°C for 3 min followed by 35 cycles with
each cycle temperature profile consisting of 96°C for 30 s,
60°C for 30 s, 72°C for 1 min, and then a final cycle at
72°C for 5 min. The same DNA and cDNA sample was
amplified using b-antin-F and b-actin-R primers (Shimizu
et al. 2004) as a control. The PCR products were loaded on
a 1.5% agarose gel with TBE buffer and run at 100 V for
45 min at room temperature.

Amplification and sequencing

A total of nine PCR primers were used to amplify selected
portions of the Sphe DRBI-like gene by PCR for direct
sequencing or sequencing after cloning the PCR products.
Figure 2 shows the PCR primer sequences, the gene
sequence location of the primers relative to 5'UTR and
intron 3 of the DRBI gene, and primer orientation (sense
and antisense). The previously designed five primers
(Kikkawa et al. 2005) and four newly designed primers
(Lpen.5'UTR-F, Lpen.hum.1F2, Lpen.hum.2F2, and Lpen.
hum.3R2) were used for PCR amplification.

The DNA sequences from the 5'UTR to intron 2 of the
DBRI-like gene were amplified from 34 penguin genomic
DNA samples (Table 1) using the previously published LP1
and Lpen.hum 2R primer pairs (Kikkawa et al. 2005). The
PCR amplification was performed in 25ul volumes
containing 50-100 ng of genomic DNA, 10x NH, buffer,
2 mM MgCl,, 0.2 mM of each dNTP, 0.12uM of each
primer, and 0.02 units of BIO Taq (BIO LINE). The PCR
product of the expected target length (568 bp) was not
obtained successfully with other Taq commercial products,
Ampli Taq and Gold Taq (Applied Biosystems). Amplifi-
cation included 96°C incubation for 3 min followed by
35 cycles with each cycle at 96°C for 30 s, 61°C for 30 s,
72°C for 2 min, and then a final cycle at 72°C for 5 min.
Similarly, the 34 penguin genomic DNA samples were used
to amplify the DRB1-like sequences of intron 1 to intron 3
using two other primer sets, the previously published Lpen.
humlF and Lpen.hum.3R (Kikkawa et al. 2005) and the
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Table 1 The DRBI allelic

details and origins for 34 captive Individual Wild (W) or captive (C) Allele Locality or institute (natal place)
or wild penguins of the
Spheniscus genera Humboldt penguin
82 W Sphu001, — Chile
83 w Sphu001, 003 Chile
84 w Sphu001, 007 Chile
85 w Sphu001, — Chile
86 W Sphu001, — Chile
60 C Sphu001, — Kasai Sea Life Park, Japan
61 C Sphu001, 006 Kasai Sea Life Park, Japan
62 C Sphu003, — Kasai Sea Life Park, Japan
63 C Sphu001, 005 Kasai Sea Life Park, Japan
64 C Sphu001, — Kasai Sea Life Park, Japan
127 C Sphu0011, 002 Kasai Sea Life Park, Japan
128 C Sphu001, 003 Kasai Sea Life Park, Japan
129 C Sphu004, — Kasai Sea Life Park, Japan
130 C Sphu001, 003 Kasai Sea Life Park, Japan
131 C Sphu003, — Kasai Sea Life Park, Japan
151 C Sphu003, 005 Kasai Sea Life Park, Japan
152 C Sphu001, — Kasai Sea Life Park, Japan
153 C Sphu001, 005 Kasai Sea Life Park, Japan
154 C Sphu001, 003 Kasai Sea Life Park, Japan
155 C Sphu005, — Kasai Sea Life Park, Japan
African penguin
23 C Spde001, 002 Ueno Zoological Gardens, Japan
24 C Spde001, — Ueno Zoological Gardens, Japan
25 C Spde001, — Ueno Zoological Gardens, Japan
27 C Spde001, 003 Ueno Zoological Gardens, Japan
ml196 C Spde001, — Korea
m197 C Spde001, 004 Korea
Magellanic penguin
222 w Spma002, 003 Argentina
224 w Spma004, 008 Argentina
67 C Spma006, 007 Suma Aqualife Park, Japan
68 C Spma001, — Suma Aqualife Park, Japan
m56 C Spma004, 005 Oji Zoo, Japan
Galapagos penguin
212 w Spme001, — Ecuador: Galapagos Islands
214 w Spme001, — Ecuador: Galapagos Islands
215 w Spme001,002 Ecuador: Galapagos Islands

new set Lpen.hum.1F2 and Lpen.hum.3R2 (Fig. 2). The
PCR condition was the same as described above for
the LP1 and Lpen.hum 2R primer pairs, except that only
the annealing temperature was changed to 67°C for the
Lpen.hum1F2 and Lpen.hum.3R2 primer set.

The nucleotide sequences of the PCR products were
determined directly by using the Big Dye Terminator Cycle
Sequencing Ready Reaction kit (Applied Biosystems) with
the LP1, Lpen primers, and the ABI PRISM 3130
automated sequencer (Applied Biosystems). The PCR
products were also subcloned into the plasmid pT7Blue T

@ Springer

vector (Novagen, CA, USA) for sequencing using the
Ligation convenience kit (NIPPON GENE, Tokyo, Japan)
and introduced by transformation into the competent cell
DH5a (TOYOBO, Osaka, Japan). At least ten subclones per
PCR product were used to determine their nucleotide
sequences with all ten primers (Fig. 2).

Sequence data analysis

All sequences were assembled using a SEQUENCHER and
analyzed using the GENETYX MAC software package for



Immunogenetics (2009) 61:341-352 345
Fig. 2 Information and gene 70bp 514 or 515bp 270bp 255bp 282bp
map of the PCR oligonucleotide —
primer locations used to amplify _
portions of the penguin Mhc
class II DRBI-like gene. The LP1’
previously published five pri- LP1 [ Lpen.humiF2 |
mers (LP1, Lpen.humlF, Lpen.
hum?2F, Lpen.hum2R, and Lpen. <
hum3R; Kikkawa et al. 2005) Lpen.humiF Lpen.hum2R Lpen.hum3R
used for PCR and sequencing .
are included in the figure. The [ New primer
six newly designed primers for primer Sequence (5' to 3') Length |Location |Orientation |Origin
R asl}g seduencing (hRTlilngz’ LpenSUTRF  |GTGGCAGGAGACCTCAGGTG 20mer |SUTR [sense
pen. -F, Lpen.hum1F2,
Lpen.hum 2F2, and Lpen.hum Lpen.hum1F2 ACTCCTGGCACAGCCGCGTG 20 mer |[int1 sense
3R2) are boxed. The LP1 primer Lpen.hum2F2 TCCCCTGCAGCCTCCCTG 18 mer |Int2 sense Humboldt
was designed on the basis of Lpen.hum3R2 |AGGGTGCCGGACAGGGCG 18 mer [Int3 antisense penguin
exon 1 sequences of birds, but — RTq_exoF CCAAGTACTGGAACAGCCAGACG |23 mer [Ex2 sense
E‘?r‘;{ included a portion of the 5" "gyy g3R GTAGGTCCAGTCTCCGTTCTGGATC |25mer  |Ex 3 antisense
n
sequence RT3_ex3R TCCAGCATCACCAGCACCTG 20mer |Ex3 antisense

Apple computers. The gene trees were constructed using
the neighbor-joining method with the Kimura 2 parameter
settings provided by the MEGA 2 software. Sequences that
were homologous to our sequences were found in the
GenBank database (www.ncbi.nlm.nih.gov) by using online
BLAST searches. We submitted our sequences to DDBJ
and obtained accession numbers as part of the international
nucleotide sequence database collaboration with EBI/
EMBL and NCBI/GenBank (www.ddbj.nig.ac.jp/Wel
come-j.html).

Southern hybridization

Genomic DNA (15ug) was digested with 60 U of the
restriction enzyme PstI (NEB, England) and electrophor-
esed on 0.8% TAE agarose gel. The DNA was transferred
from the agarose gel to Hybond-N+ membrane (Amersham,
England) for hybridization with the Lpen.hum1F/2R PCR
product and RT1/RT2 PCR product used as probes. The
probes were labeled using the PCR DIG Probe synthesis kit
(Roche, Germany). The hybridizations were detected by
using AlkPhos Direct Labelling and Detection System with
CDP-Star (Amersham, England).

Results and discussion
Genomic- and RT-PCR and Southern hybridization

The newly designed primers RT1-ex2F and RT3-ex3R
(Fig. 2) were used successfully in a separate RT-PCR and
genomic PCR assay to amplify a 313 bp ¢cDNA and a
568 bp genomic segment from the expressed liver cDNA
and genomic fragment of the Humboldt penguin DRB-like
gene, respectively (Fig. 3). Sequencing data of the PCR

products (not shown) revealed that the 313-bp cDNA band
expressed by the liver represented the nucleotide sequence
of exon 2 and exon 3 of the DRB-like gene, whereas the
568 bp single band represented exon 2 to exon 3, including
intron 2 that was amplified from the Humboldt penguin
DRB-like gene of the genomic DNA extracted from the
liver. The homogeneity of the direct sequencing results
(data not shown) showed that these and other primers

a
Bactin

Fig. 3 Gene expression analysis by RT-PCR. The DNA and cDNA
isolated from the liver of a Humboldt penguin were amplified using
the RT1 and RT3 primer pair and b-actin primers as control. The RT1
and RT3 primer pair amplified a PCR product of 568 bp using
genomic DNA in a standard PCR and 313 bp using cDNA in a RT-
PCR. The b-actin primer pair amplified a product of 887 bp using
genomic DNA in a standard PCR and 353 bp using cDNA in a
RT-PCR

RT1/RT3
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® |«3832bp # |« 833bp

. « 370 bp

RT1/RT2

Lpen.hum1F/2R

Fig. 4 Southern hybridization analysis of Humboldt penguin. The /eft
panel shows the 832 bp single band obtained with Lpen.hum1F/2R
probe, and the right shows 833 and 370 bp band obtained with RT1/
RT2 probe because of having one Pstl recognition site in sequence

(Kikkawa et al. 2005) amplified sequences from a single
encoding DRBI-like gene and not multiple heterologous
DRB-1-like gene sequences that may or may not be present
in penguins because of DRBI gene duplications as in

Table 2 The allele frequencies of DRB-like gene of Spheniscus

chickens and other birds (Shiina et al. 2004). Indeed, single
band was obtained as a result of Southern hybridization

(Fig. 4).

Nucleotide and amino acid sequence diversity and allele
frequency variation

About 1.5 kb of nucleotide sequence from the S'UTR of
exon 1 to intron 3 of the DRBI-like gene was determined
for 34 genomic DNA samples from the four Sphe species
(Table 2). A comparison of nucleotide sequence differences
detected within intron 1, exon 2, intron 2, exon 3, and
intron 3 of the 22 haplotypes of the DRBI-like gene of the
Galapagos penguin, Humboldt penguin, African penguin,
and Magellanic penguin is shown in Fig. 5. All four species
had the identical nucleotide sequences at exon 1 (70 bp).
The three alleles Sphu 001, 002, and 0011 of the Humboldt
penguins had deletions at nucleotide position 94 in intron 1

Allele All Wild Captive Accession ID
n % n % n %

Humboldt penguin (n=20) Sphu001 20 50.0 8 80.0 12 40 AB154393, AB301947
Sphu003 9 22.5 1 10.0 8 26.7 AB154396, AB301949
Sphu005 5 12.5 - - 5 16.7 AB154398, AB302087
Sphu004? 2 5.0 - - 2 6.7 AB154397, AB301950
Sphu0011 1 2.5 - - 1 33 AB154394, AB302090
Sphu002 1 2.5 - - 1 33 AB154395, AB301948
Sphu006 1 2.5 - - 1 33 AB154399, AB302088
Sphu007 1 2.5 1 10.0 - - AB162144, AB302089
Total 40 100.0 10 100.0 30 100.0

African penguin (n=6) Spde001 9 75.0 - - 9 75.0 AB301478
Spde002 1 8.3 - - 1 8.3 AB301944
Spde003 1 8.3 - - 1 8.3 AB301945
Spde004 1 8.3 - - 1 8.3 AB301946
Total 12 100.0 - - 12 100.0

Magellanic penguin (n=5) Spma001? 2 20.0 - - 2 333 AB302843
Spma004 2 20.0 1 25.0 1 16.7 AB303943
Spma002 1 10.0 1 25.0 - - AB302844
Spma003 1 10.0 1 25.0 - - AB303942
Spma005 1 10.0 - - 1 16.7 AB325529
Spma006 1 10.0 - - 1 16.7 AB303944
Spma007 1 10.0 - - 1 16.7 AB303945
Spma008 1 10.0 1 25.0 - - AB325530
Total 10 100.0 4 100.0 6 100.0

Galapagos penguin (n=3) Spme001 5 83.3 5 83.3 - - AB302190
Spme002 1 16.7 1 16.7 - - AB302191
total 6 100.0 6 100.0 - -

?The alleles that have the same nucleotide sequence
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L_im | ex2 | _in2 Jed [in3]
112233455666 6666666666666666667777777777777778888888l80900l2333| 3 Ol varicle
7904112679900012445555666678888901134457738888000022344{83692/6178] 9 Llength site
340306280[7834909890456013681234280291241302345324589012{119204i5768/6 p) n x
Humboldt Sphd@l |G* TGCGCGCAGGTTTCTATGAGGAATCGACGTCGTCGAGTACGAGAACTAGGGCTICCGAGCGCC| A 1,485 - -
L T~ | A--| - 1,487 1 0.7
2 B C-n-hoecaGTeoTomnfimmcanana - 1,475 5 0.34
Sphue3 N ol R TR G e ) BTy T T A--=-C=-====== A-GTGA-C----T-=----=--A-~--0G} - 1,488 19 1.28
Sphddd  |-CC-TC---GAC-GC-=-T--Teueucueunnn- C--mmmmn- C--=-CC-AT-T-nufomcenmnann - 1,493 18 1.21
Sphudds (- CC------ GA-GGC-=-T---=-T-=-=-=-A-==CTCA=-=-==-- o -T---T---| - 1,47 18 122
Sphudd6 [ACC--===afoonoann L T-=-CTCA-TC-A-===== e - 1,58 14 0.88
Sphu@@?  lACC - - - - - - GAC S TS S s e e A-GTGA-C-=-=-T=-=-l----A---G| - 1498 20 1.34
African Spde@dl (- CC- - - - - - GA-CGC------- T--CGTTACCTCA----A-GTGA-C----T---j----- oo - 1,488 25 1.68
penguin Spde@d2 |- CC-- - - - - o G i o o i ¥ e R o sy PR S EIRES) o At SRR Lol 1488 19 1.8
Spdedd3 |- CC== === ofu-m-nn-- TeoTeeCeomonnn- Covemmnnns [ TC-TCj-==-- - ---f - 1,488 12 0.81
Spde@dd - CC- - - - - - GA» vsmavaan R e e T e Rl i i i i ----| - 1,488 16 1.88
Mogellanic Spmo@dl |- CC-TC---1GAC-GC--T~-T-nnooon--- C---n----- C----CC-AT-T---f-u--- - ---] - 1,462 18 1.23
penguin Spma@d2  |AC- - - - - ; o [ 1 O il e SRR o Ry RO 5, o Y Ty i e B €t Sl aosi -A--| - 1,524 20 131
Spma@d3 |- CC---- - T6A-6-C-=-T-==CT-===T-==-CTCA-TC-ncmmmmmnnnnn- Tomofnn-- .- - 1,483 18 121
Spmadd4 [ACC----T-[GA-GGC--T---CT---GT---C----TC-A-GTGA-C---TTT--f----- -A--| - 1,476 27 1.83
Spmades GA=GeC==ToseaeTeleseTeealTCA==scaseans Aeiaaasa R e e o 946 16 1.69
Spmadd6 [ACCA----- GAC-GC----- ) e e Wi S e (5 £ U] IR r---] - 1,50 19 123
Spmadd? - CCATC---[GAC-GC-=-T-=-Tenoucononnn- [ C----CC-AT-T---f--=-G-f----16 1,51 21 1.3
SpmoRds ey e e 4 G ) T R G G G G- - -T---fT----\-a--|- 100 19 1.9
galapogos Spme@dl |- CC- - - - - - o CTCA--=--A-=-=-=-=-- C----T---f---- - -] - 1,53 10 0.67
penguin Spme@® [ACC- - -T--|6A--GC--T-=-T-=oouuuoonn CTCA-=---h-=ooocmmoocomaa]caan ----] - 1,53 15 1.00

Fig. 5 Comparison of nucleotide sequences obtained for exon 1,
intron 1, exon 2, intron 2, and exon 3 of 22 haplotypes of the DRBI-
like gene of the Spheniscus species (Humboldt penguin, African
penguin, and Magellanic penguin, Galapagos penguin). This figure
showed only variation sites, sequence sites number (bp) above the
Spme001 sequence, and determined sequence length of each gene

and a “C” stretch of >11 bp (351 to 361 bp or 352 to
362 bp) where the precise copy number of cytosines was
unknown. Thus, the complete lengths of intron 1 for the
Humboldt penguins were estimated to be about 514 or
515 bp. There were eight or nine deletion sites within intron
1 of the Magellanic penguins, but no evidence of frameshift
mutations or premature stop codons in any of the samples
that we sequenced. The number of different alleles that we
identified was eight for the Humboldt penguin, four for the
African penguins, eight for the Magellanic penguins, and
two for the Galapagos penguins. However, the sequences of
the Sphu004 allele (AB301950) in a Humboldt penguin and
the Spma001 allele (AB302843) in a Magellanic penguin
were identical and varied by only three nucleotides from the
Spma007 allele (AB303945) of a Magellanic penguin. A
198-bp portion of the exon 2 sequences for alleles
Spma001, Spma004, Spme001, and Spme002 have been
previously published as accession numbers (alleles)
EF212010 (Spmal), EF212011 (Spma2), EF212008
(Spme2), and EF212007 (Spmel) by Bollmer et al.
(2007). Overall, the nucleotide differences between the
four penguin species varied from 1 (0.07%) to 27 (1.83%).

Figure 6 shows a comparison of the amino acid
sequences translated from the nucleotide sequences of exon
2 for 22 allele variants of the DRB-like gene of Sphe and
the DRB1*0101 allele sequence of the human that was
included here as an outgroup reference. Three hyper-
variable regions (HV1 to HV3) were identified in the
penguin sequences that corresponded to the well-defined

allele on the right side. There was no variation site on exon 1
sequence. Asterisks of position 94 on intron 1 indicate the deletion
sites. The number and percentage difference of nucleotides for each
gene allele relative to the Sphu001 sequence is listed in the column on
the right

hypervariable regions within the human DRB1*0101
sequence (Stern et al. 1994; Brown et al. 1993). We
obtained identical amino acid sequences in exon 2 of the
Magellanic penguin alleles Spma001 and Spma007 and the
Humboldt penguin allele Sphu004.

The number and percentage difference of the amino
acids within the different haplotype sequences of Sphe
varied from 4 (4.5%) to 15 (16.9%). In addition, the base
difference between alleles of exon 2 (270 bp) within each
of the Sphe species and the human DRBI alleles was
calculated. The average value of the base difference
between Japanese high frequency DRBI alleles (Hashimoto
et al. 1994) was 21.2 bp (maximum 37 bp and minimum
1 bp), whereas it was 15.1 bp (21 and 5 bp) for the
Magellanic penguin and 13.6 bp (19 and 1 bp) and 20.3 bp
(28 and 8 bp) for the African penguin.

The allele percentage frequencies of the DRB-like gene
of ten wild and 24 captive Sphe ranged between 2.5% and
75% and are shown in Table 2. The greatest number of
alleles (eight each) was for the Humboldt and Magellanic
penguins that both reside naturally on the southern coasts of
South America (Fig. 1). Four of the five Magellanic
penguins and 50% of the 20 Humboldt penguins were
heterozygous when applying our PCR conditions. The
homozygosity for our set of primers was high at 75% and
83% for the six African penguins and three Galapagos
penguins, respectively, although there is a possibility that
our PCR assay did not amplify all allelic forms and that
some of these homozygotes may in fact be heterozygotes.
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Fig. 6 Comparison of amino acid sequences obtained for exon 2 of
22 alleles of the DRB-like gene of Spheniscus (Humboldt penguin,
African penguin, Magellanic penguin, and Galapagos penguin). The
bottom sequence is the DRB1*0101 allele sequence of human. The
vertical boxed columns indicate the hypervariable regions (hyper-

The sample numbers in our study are too low to be
representative of actual native population frequencies,
which still need to be determined for all penguin species.
Therefore, we cannot conclude with certainty whether there
is an unnatural increase in the homozygosity of the DRBI
gene in any of the Sphe species and whether there are fewer
sequence variations within these species that are due in part
to population or environmental factors or an increase in
inbreeding activity. Because of the absence and/or small
sample sizes for these species, we may have underestimated
the actual number of DRB]I alleles and the genetic diversity
among the study taxa. However, our results are consistent
with the findings of Bollmer et al. (2007) who recently
reported a low genetic variation for exon 2 at the DRBI
locus of 30 Galapagos penguins. Taken together, these
findings confirm that the polymorphic DRBI gene is an
important marker for assessing the genetic health of these
endangered species and its genetic variations may have an

variable region I (HV1), hypervariable region II (HV2), and hyper-
variable region III (4V3)) for human. The number and percentage
difference of amino acid sites for each allele relative to the Sphu001
amino acid sequence is listed in the column on the right. Sphu004 and
Spma001 have the same nucleotide sequence

application for conservation management of wild animals
and the efficient breeding management of captive penguins.

Nonsynonymous and synonymous nucleotide substitution
rates at exons 2 and 3

The detection of nonsynonymous and synonymous substi-
tution ratios within the Mhc class 11 amino acid sequences
with values of greater than one provides strong evidence for
positive or balancing selection acting on the gene sequence.
The nonsynonymous (dy) and synonymous (ds) substitu-
tion rates and ratios for exon 2 (90 AA) and 3 (94 AA) of
DRB-like gene for each species of Sphe are shown in
Table 3. The dn/ds ranged in value from 11 to possibly
greater than 16 for the region of exon 2 for all four species
of Spheniscus, and the ratio was one and three for exon 3 of
the Humboldt penguin and the Magellanic penguin,
respectively, confirming the affects of balancing selection

Table 3 Nonsynonymous (dy)

and synonymous (ds) substitu- ex2 ex3

tions rate of the DRB-like gene

for each species of Spheniscus dn (%) ds (%) dn/ds dw (%) ds (%) dnlds
Humboldt penguin 10.39 0.94 11:1 0.72 0.27 3:1
African penguin 15.78 0 16:0 0 0 -

These values were determined Magellanic penguin 12.00 0 12:0 0.57 0.53 1:1

for exon 2 (90AA) and exon Galapagos penguin 10.33 0 10:0 0 0 -

3 (94AA).
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on the penguin DRB-like gene as previously indicated for
exon 2 by Bollmer et al. (2007). The large nonsynonymous
substitution rates at exon 2 of the Spheniscus DRBI gene is
consistent with strong positive selection forces acting on
the genetic region of antigen presentation in order to cope
with various infections and parasites.

Trans-species allele sharing of the penguin DRBI gene

The reconstruction of a gene tree by the neighbor-joining
method of exons 1, 2, and 3 nucleotide sequences (622 bp)
of 20 DRB-like gene sequences from the four species of
Spheniscus and one chicken Mhc class II beta chain
sequence (chosen as the outgroup) is shown in Fig. 7.
The gene tree branching has revealed allele sharing
between the Humboldt penguin and the Magellanic and
Galapagos penguins and some allelic overlaps between the
African penguin and the Galapagos and Magellanic
penguin sequences. The Humboldt penguin sequence
Sphu004 that is identical to the Magellanic penguin
sequence Spma001 clustered with other Magellanic pen-
guin sequences Spma006 and Spma007. The low bootstrap
percentages (<70%) seen on the tree branches highlight the
uncertainty of the branching nodal origins.

In order to view the extent of the trans-species poly-
morphisms of the DRB-like gene alleles in penguins, we
used the neighbor-joining method to reconstruct an
unrooted gene tree of nucleotide sequences (198 bp) from
exon 2 for 21 representative DRB-like gene sequences from
the four species of Spheniscus and 20 previously reported

Fig. 7 Rooted gene tree of
complete exons 1, 2, and 3
sequences (622 bp) for the DRB-
like gene for four species of
Spheniscus. Gene tree analysis
was performed by the neighbor-
joining method. The chicken
Mhec class 11 beta chain sequence
was used as an outgroup (Xu et
al. 1989) to root the tree. The
numbers on the branches show
the bootstrap values as a
percentage calculated after
1,000 replications. Allele names
of Spheniscus were indicated as

orthologous sequences from four other penguin species, the
little penguin (Eudyptula minor), the Adelie penguin
(Pygoscelis adeliae), the chinstrap penguin (Pygoscelis
antartica), and the Gentoo penguin (Pygoscelis papua).
The unrooted gene tree is shown in Fig. 8, and it can be
seen that the gene sequences formed into distinct clades for
all the species, except for the Spheniscus species. The gene
alleles obtained from the genus Spheniscus formed a
separate clade to Pygoscelis and Eudyptula, but the gene
alleles obtained from the four species within the genus
Spheniscus grouped into intermingling clusters. The gene
tree also shows that the DRBI alleles of the little penguin
genus Fudyptula is intermediate between the sequences
obtained from the genera Spheniscus and Pygoscelis.

The sharing of identical Mhc class II alleles has been
documented in primates (Kenter et al. 1992; Doxiadis et al.
2006; Otting et al. 2002), the European bison (Radwan et
al. 2007), and in the Humboldt and Magallenic penguins
(Bollmer et al. 2007 and present study). We found that the
allele sequences, named Sphu004 for the Humboldt
penguin and Spma001 for the Magellanic penguin, were
identical from the 5'UTR end to intron 3 end of the DRBI
gene. These identical allelic sequences were homozygotes
in a captive Humboldt and a Magellanic penguin, but their
frequency in the wild penguin populations is not known.
According to Bollmer et al. (2007), the identical alleles may
have arisen because of an ancestral hybridization event as
the distribution of these two species overlap in the wild.

Although the sharing of DRBI gene variants between
species may imply interspecific hybridization between

g9y Humboldt (Sphu001)
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Fig. 8 Unrooted gene tree of

the DRB-like gene partial exon 2 =D %‘ 2

sequences (198 bp) for the four
species of Spheniscus and the
orthologous sequences for four
other penguin species taken
from Tsuda et al. (2001). Gene
tree analysis was performed by
the neighbor-joining method.
Allele names of Spheniscus are
indicated as Sphu for the
Humboldt penguin, Spma for
the Magellanic penguin, Spde
for the African penguin, and
Spme for the Galapagos LS
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members of different species despite their allopatric
isolation, recent rapid speciation events, gene conversion,
or maintenance of trans-species alleles because of balancing
selection provide alternative explanations (Meyer-Lucht et
al. 2008). Allele or haplotype sharing between species
suggests an inherent closeness and recent speciation or
divergence events. Speciation within Spheniscus based on
the reconstructed phylogeny of nuclear and mitochondrial
DNA sequences is considered to have occurred mainly
within the last 4 myrs with the African and Magellanic
penguin sister groups and the Galapagos and Humboldt
penguin sister groups emerging on the islands and coastal
land masses of the Atlantic Ocean and Pacific Ocean,
respectively (Fig. 1), well after the Spheniscus and
Eudyptula split about 25 mya (Baker et al. 2006).
Therefore, recent speciation is a reasonable explanation
for the trans-species allele sharing of the DRBI genes
within Spheniscus, particularly if speciation was completed
before fixation of the segregating alleles. With recent, rapid
speciation events, closely related species can be expected to
share alleles or sequences more frequently than more
distantly related species as supported by the results of our
reconstructed gene tree for the DRBI sequences of the four
closely related Spheniscus species and the more distantly
related four Eudyptula and Pygoscelis species.

Numerous previous studies have implicated balancing
selection in the retention of Mhc alleles between closely

@ Springer

related species for much longer periods than expected under
neutral evolution due to a population's interaction with
infectious agents (Klein 1987; Takahata 1993; Cutrera and
Lacey 2008). However, it is often difficult to distinguish
between the effects of balancing selection, gene conversion,
and rapid speciation on allele retention between species,
which in reality probably depends on one or all of these
processes to some degree (Meyer-Lucht et al. 2008).

Conclusion

We have developed a PCR amplification method to
sequence RT-PCR products of the expressed DRB1 gene
and overlapping portions of the DRB-like gene from the
end of the 5S'UTR to intron 3, including exons 1, 2, and 3
and introns 1 and 2 in four species of Spheniscus. These are
the longest Mhc class II B gene sequences (946 to
1,586 bp) obtained so far in a study of Spheniscus. In the
sequence analysis, we confirmed that there was little
nucleotide sequence variation within the exon 1 and exon
3 regions of the gene, but that there were many poly-
morphic or variable sites and a high rate of nonsynonymous
substitutions within exon 2 that corresponds to the hyper-
variable regions of the human DRB/ gene. It is known that
the hypervariable regions of the human DRBI gene are
binding sites that interact with a variety of short antigenic
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peptide sequences involved in the adaptive immune
regulatory system (Klein 1986). In addition, balancing
selection is believed to contribute to the allele sequence
variation of the DRBI genes at Mhc loci where the rates of
nonsynonymous base pair substitutions are usually greater
than expected for neutral loci (Hughes and Nei 1988,
1989a, b). On the basis of these analyses and the
comparison of the Spheniscus sequences to the human
DRBI gene, we conclude that the penguin sequences using
our PCR amplification method represent a classical single
copy class II gene of the Mhc. The specificity of our PCR
method however does not exclude the possibility that
penguins have duplicated copies of the DRBI-like se-
quence that have yet to be identified using other detection
methods. The reconstruction of the penguin DRBI gene tree
could be greatly improved in future studies by incorporat-
ing greater sample numbers and providing a more repre-
sentative analysis of all 16—18 extant penguin species. The
addition of the DRB-like sequence to other gene sequences
with neutral evolutionary histories for a multigenic ap-
proach to molecular phylogeny also will be important in
further analysis and assessments of penguin evolutionary
history and Mhc molecular dating, but possibly not as a
reliable marker for the phylogenetic classification of
penguins.
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