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Abstract

Previous studies on a limited number of birds suggested that the IgD-encoding gene was
absent in birds. However, one of our recent studies showed that the gene was definitely
expressed in the ostrich and emu. Interestingly, we also identified subclass diversification of
IgM and IgY in these two birds. To better understand immunoglobulin genes in birds, in this
study, we analyzed the immunoglobulin heavy chain genes in the zebra finch ( Taeniopygia
guttata) and Gentoo penguin (Pygoscelis papua), belonging respectively to the order Pas-
seriformes, the most successful bird order in terms of species diversity and numbers, and
Sphenisciformes, a relatively primitive avian order. Similar to the results obtained in chick-
ens and ducks, only three genes encoding immunoglobulin heavy chain isotypes, IgM, IgA
and IgY, were identified in both species. Besides, we detected a transcript encoding a short
membrane-bound IgA lacking the last two CH exons in the Gentoo penguin. We did not find
any evidence supporting the presence of IgD gene or subclass diversification of IgM/IgY in
penguin or zebra finch. The obtained data in our study provide more insights into the immu-
noglobulin heavy chain genes in birds and may help to better understand the evolution of
immunoglobulin genes in tetrapods.

Introduction

As the characteristic molecules of the adaptive immune system, immunoglobulins (Igs) are
only expressed in jawed vertebrates [1, 2]. IgH (immunoglobulin heavy chain) isotype is deter-
mined by the heavy chain constant genes [3]. To date, several distinct IgH isotypes, including
IgM, IgD/W, IgA, 1gY, IgE, and IgG, have been identified in multiple vertebrates. IgM and
IgD are the first Igs expressed during B cell development, and coexpression of both Igs on the
surface of B cells is a mature B cell marker in mammals. Both IgM and IgD are found in most
taxa of vertebrates and are believed to be the most primitive IgH isotypes [4]. IgY, expressed in
birds, reptiles and amphibians, is considered a progenitor of the functional mammalian IgG
and IgE, and is structurally close to IgE [5].

IgM maintained its primordial four CH-domain structure and has been found in nearly all
jawed vertebrates, whereas many internal duplications and deletions have occurred in IgD,
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crocodile IgM3, AFZ39216; Python IgM,
AFR33764; Snake IgVl, AFR33841; Ostrich IgM1,
AFA41927; Ostrich IgM2, KR030054; Emu Ig1,
KU641024; Emu IgM2, KU641025; Chicken IgM,
P01875; Duck IgM, CAC43061; Grey goose IgM,
AFM77858; Pigeon IgM, EMC81140; Human IgM,
AAS01769; Mouse IgM, CAA24199; Pig IgM,
AAC48775; Rabbit IgM, AAAB4251; Panda IgM,
AAX73309; Platypus IgM, AA037747; Opossum
IgM, AF135043; Chicken IgA, AAB22614; Duck
IgA, AAK17834; Human IgA, P01876; Mouse IgA,
AAB59662; Pig IgA, 147175; Cow IgA, AAC98391;
Sheep IgA, AAC64980; Rabbit IgA, S09264; Panda
1gA, AAX73304; Dog IgA, AAA56796; Platypus
IgA1, AAL17700; Platypus IgA2, AAL17701; X.
tropicalis IgX, AAI57651; X. laevis 1gX, AAI29629;
Ostrich IgA, AFA41929; Emu IgA, KU641023;
Axolotl IgX, CA0O82107; Opossum IgA, AAC48835;
Grey goose IgA, AEF79983; Siamese crocodile
IgA1, AFZ39174; Siamese crocodile 1gA2,
AFZ39175; Siamese crocodile IgA3, AFZ39176;
Chinese alligator IgA1, AFZ39164; Chinese alligator
IgA2, AFZ39165; Chinese alligator 1gA3, AFZ39173;
Kea IgA, KFQ46330; Gecko IgA, ABG72684; X.
laevis 1gY, CAA33212; X. tropicalis IgY, AAH89679;
Pleurodeles waltl IgY, CAE02686; Axolotl IgY,
$31436; Lizard IgY, ABV66132; Gecko IgY,
ACF60236; Chinese soft-shell turtle IgY,
ACU45374; Snake IgY1, AFR33842; Snake IgY2,
AFR33843; Python IgY1, AFR33765; Python IgY2,
AFR33766; Chinese alligator IgY1, AFZ39169;
Chinese alligator gY2, AFZ39170; Chinese alligator
IgY3, AFZ39171; Siamese crocodile IgY1,
AFZ39180; Siamese crocodile IgY2, AFZ39181;
Siamese crocodile 1gY3, AFZ39182; Chicken IgY,
CAA30161; Duck IgY, CAD57004; Grey goose IgY,
AFN08753; Ostrich IgY1, AFA41930; Ostrich IgY2,
KM510516; Emu IgY1, KU641026; Emu IgY2,
KU641027; Human IgG, AH007035; Mouse IgG,
CAD32497; Platypus 1gG1, AY005781; Platypus
1gG2, AY005782; Human IgE, AAB59395; Mouse
IgE, AAZ05128; Platypus IgE, AY005780.
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which generated a high degree of structural diversity [6-10].It is also known that IgD has been
lost in some jawed vertebrates such as some mammals and birds [11-14]. The discovery of dis-
tinct IgH classes in jawed vertebrates has provided significant insight into the evolution of IgH
genes, suggesting that both IgM and IgD (which are orthologous to IgW in lungfish and carti-
laginous fish) are the most ancestral IgH classes [15]. In addition to the well-known Igs men-
tioned above, a number of specific IgH classes have been identified in various species, including
IgNAR (in cartilaginous fish), IgZ/T (in teleosts), IgO (in platypus), IgP (in Pleurodeles waltl),
and IgX and IgF (in amphibians) [8, 16-21].

Birds are highly evolved jawed vertebrates, and the expression and genomic organization
of Ig genes in birds exhibit some unusual characteristics. The bursa of Fabricius is a critical
immune-related organ involved in avian B cell development that is bird-specific [22, 23]. Pre-
vious studies have shown that there are only three IgH isotypes in birds (IgM, IgA and IgY)
encoded by the Cy, Coand Cu genes, respectively, and clear evidence has shown that the IgD-
encoding gene is absent in chickens and ducks [11, 12, 24, 25]. However, in a recent study, one
¢ gene and two additional y and v genes were discovered in certain birds such as the ostrich
and emu [4]. This result suggests that the common ancestors of modern birds might express
multiple IgH isotypes, including IgD, as well as IgM and IgY subclasses.

Using the ostrich IgY sequence as a template, we performed a thorough genomic survey
using BLAST searches against the 48 recently sequenced bird genomes. The results implied
that the penguin and zebra finch might encode two IgY genes. The Gentoo penguin is a flight-
less aquatic bird that is widely distributed in the Southern Hemisphere and is a representative
Sphenisciforme, which is a remarkable order of birds but the structure and expression of Igs
have not yet been studied in detail [26]. The zebra finch, which diverged from the chicken
(Galliformes) more than 100 million years ago (MYA) [27, 28], is a member of Passeriformes
that possesses almost a half of birds. Therefore, to determine whether IgM and IgY subclass
diversification is present in the Sphenisciformes or Passeriformes, we chose the Gentoo pen-
guin and zebra finch as model birds. In this study, we cloned and analyzed Ig heavy chain
genes in two different species, the Gentoo penguin (Pygoscelis papua) and zebra finch (Taenio-
pygia guttata), trying to elucidate the evolution of Ig genes in birds.

Materials and methods
Animals, RNA and DNA isolation, and reverse transcription

Our study was approved by the Animal Care and Use Committee of the China Agricultural
University. Gentoo penguin (Pygoscelis papua) blood samples were obtained from Haichang
Polar Ocean World in Qingdao, Shandong Province, China (36°N, 120°E). Zebra finches (Poe-
phila guttata) were purchased from a local market named Guanyuan in Beijing, China (40°N,
116°E). The animals were handled in accordance with the guidelines of China Agricultural
University regarding the protection of animals used for experimental and other scientific pur-
poses. Zebra finches were killed after anesthetized excessively when we got them back to the
laboratory immediately. All efforts were made to minimize suffering. Total RNA from whole
blood and different tissues was extracted using the TRIzol Kit (Tiangen Biotech, Beijing,
China). Reverse transcription was performed using M-MLV (Moloney murine leukemia
virus) reverse transcriptase following the manufacturer’s instructions (Invitrogen, Carlsbad,
CA, USA). One microgram of RNA was used for cDNA synthesis. Reverse transcription was
performed in a 20 pL volume consisting of 4 uL of 5 x RT buffer, 1 uL 10mM dNTP (deoxy-tri-
phosphatnucleotides solution), 2 uL 0.1M DTT, 1 uL RNaseOUT™ (40 U/uL), 1 uL moloney
murine leukemia virus (M-MLV) (200 U/uL), and so on. All samples were incubated at 25°C
for 10 min for primer annealing, then incubated at 37°C for 50 min.
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Transcriptome analysis

A total of 10 ug RNA (800 ng/pl) extracted from the whole blood of Gentoo penguins and
those derived from the spleen and bursa of Fabricius of zebra finches were subjected to tran-
scriptome sequencing. The RNA libraries were examined using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA) and the ABI StepOnePlus Real-Time PCR System
(Life Technologies, Waltham, MA, USA) and then sequenced using an Illumina HiSeq™ 2000
platform (Illumina, San Diego, CA, USA).

3’ RACE using JH-derived primers and cDNA library construction

Total RNA from Gentoo penguin whole blood and zebra finch spleen was reverse-transcribed
using the primer NotI-d(T),5 (5 AAC TGG AAG AAT TCG CGG CCG CAG GAA TTT TTT TTT
TTT TTT TTT 3'). The 3 RACE PCR parameters were as follows: 94°C for 5 min; followed by
40 cycles at 94°C for 30 s, 60°C for 30 s, 72°C for 90 s; and a final extension at 72°C for 5 min
with LA-Tag DNA Polymerase (Takara, Dalian, Liaoning Province, China). The primers used
were based on the conserved J region as follows: Gentoo penguin Jiy GSP1 (5’ ATC GAC
GCG TGG GGC AGC 3’ ) and GSP2 (5’ GCA GCG GGA CCT CCGTCACCGTCTCCTC 3');
zebra finch Ji; GSP1 (57 ATT GAC GCC TGG GGC AGC 3’ ) and GSP2 (5’ ACC GTC GTC ACC
GTC AGC 3" ). Two PCR products were cloned into the pMD19-T vector (Takara, Dalian,
Liaoning Province, China) to generate Ig cDNA mini-libraries.

Analysis of CDR3 fragments

We used the 5’ RACE System for Rapid Amplification of cDNA Ends (Invitrogen, Carlsbad, CA,
USA) to study CDR3. The RACE PCR was performed using Cu-derived primers and total RNA
derived from whole blood or the spleen. Positive PCR products were cloned and sequenced. The
CDR3 length and amino acid usage were then calculated.

Detection of IgH gene expression in different tissues in zebra finch by
quantitative real-time PCR

Total RNA was isolated from various tissues (liver, spleen, lung, stomach, small intestine, large
intestine, and the bursa of Fabricius) using an RNeasy Mini Kit (Qiagen, North Rhine-West-
phalia, Hilden, Germany). RNA quantity and quality were assessed with a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). First-strand cDNA was
synthesized using a QuantiTect Reverse Transcription Kit (Qiagen, North Rhine-Westphalia,
Hilden, Germany) and oligo(dT),, primers. Quantitative RT-PCR (qPCR) was performed
using the LightCycler480 and LightCycler480 SYBR Green I Master Mix (Roche, Basel, Basel-
Stadt, Switzerland) with the following cycling conditions: 95°C for 5 min; then 40 cycles at
95°C for 10 s, 60°C for 10 s, and 72°C for 10 s. Each sample was run in triplicate. The primers
used were as follows: EF1A1 (sense: 5’ GCG TGA GCG TGG TAT CAC TA 3', antisense: 5’
ACA CCAGCAGCAACAATCAG 3'); IGHM (sense: 5’ GGA GGT CAC CAT GAGGAAGA 3/,
antisense: 5/ GAG CCA TTG GAG GAG GAT TT 3’ ); IGHA (sense: 5’ GGA CGA AGG GAA CAA
CTT CA 3’,antisense: 5/ GTG GTC GGA GAG GAA AAG GT 3’ ); IGHY (sense: 5’ GGA CTC
CAT CAA CGT CCAGT 3, antisense: 5’ CAC TCT TCC CGT TCC ACT TC 3”).

Sequence alignment and phylogenetic analysis

The accession numbers for the sequences used in the construction of phylogenetic trees in this
study are presented in supplemental data (S1 Table). The nurse shark IgM gene was used as an
outgroup. The multiple sequence alignments and percent identity calculations were performed
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with ClustalW method using the MegAlign program of the LASERGENE bioinformatics com-
puting suite (DNASTAR program). Phylogenetic trees were generated using MrBayes3.2 [29]
and viewed in TreeView [30]. Multiple sequence alignments were performed using the Clus-
talW program [31].

Results
Ig isotypes expressed in the Gentoo penguin

To determine the IgH classes expressed in the Gentoo penguin, transcriptome sequencing was
performed on total RNA samples isolated from whole blood. A total of 83,583,032 clean reads
ranging in size from 200 bp to 500 bp were generated, accounting for 148,562 annotated uni-
gene sequences. BLAST searches were performed against these unigenes, and three IgH partial
fragments (y, o and v) were identified. Because distinct IgH isotypes can share identical JH seg-
ments, we performed 3° RACE using JH gene segment primers and constructed a blood IgH
gene library. From the 200 clones in the library, we identified membrane-bound and secretory
forms of IgM and IgA and only the secretory form of IgY. We also detected a transcript encod-
ing a short membrane-bound form of IgA (lacking the last two CH exons); however, no IgD
gene was detected. The identities of these genes were verified by phylogenetic analysis.

Ig isotypes expressed in the zebra finch

To better characterize the IgH classes expressed in the zebra finch, transcriptome sequencing
was performed on total mixed RNA samples isolated from the spleen and bursa of Fabricius. A
total of 55,008,340 clean reads ranging in size from 125 bp to 250 bp were generated, account-
ing for 43,308 annotated unigene sequences. After BLAST searches against these unigenes, we
identified three IgH partial fragments (¢, o and v). We performed 3° RACE using the JH gene
segment primers and RNA samples isolated from the spleen, the tissue believed to have the
highest level of IgH gene expression. Consequently, we obtained the secretory form of the
IgM, IgA and IgY heavy chain transcripts, similar to those observed in the Gentoo penguin;
however, no membrane-bound forms of IgM, IgA or IgY were detected. The identities of these
genes were verified by phylogenetic analysis.

To investigate whether the Gentoo penguin and/or the zebra finch express IgD, the degen-
erate primers based on the conserved C8§ regions of other species, including the ostrich, were
used. Consistent with the results described above, we did not find any IgD segments.

Characterization of the IgM CH gene

Similar to that in other species, the secretory form of IgM heavy chain constant region ampli-
fied from the Gentoo penguin encodes 449 amino acids consisting of four CH domains and
shares 64.4% and 48.8% identity with ostrich IgM1 and ostrich IgM2, respectively. Overall,
there were three potential N-linked glycosylation sites (N-X-S/T) identified throughout the
entire constant region (N-45, N-199 and N-434), all of which are conserved among amphibi-
ans, reptiles, birds and humans. However, the N-127 site, which is conserved in other species
including the zebra finch, was absent in the Gentoo penguin (Fig 1). The identities of the
genes were confirmed by phylogenetic analysis (Fig 2).

The secretory form of the IgM heavy chain constant region from the zebra finch encodes 458
amino acids with a conserved three amino acid motif (TCY) in the carboxy-terminal, which is
the site where cysteine is assumed to bind the J chain for polymer formation. The amino acid
sequence of the IgM constant region shares 44.2% and 37.8% overall identity with ostrich IgM1
and ostrich IgM2, respectively. These two values are much lower than those for the Gentoo
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Penguin MCH1 : —---PRAPNLFPLVSCGTGPPTQELYSVGCVAVGFLPDDLAFHWTDAANASVAEG-VAAFPSVP-AAGGYAAASSLSLPLAEGKR--QQPFYCRAAHPQGR-RVVRVSNPGT -~
Zebra finch MCH1 -BE . e F.AP.ELS.S.VG.R.A.G---....A..-RS.TFLR. .R.GMEPE...S--R...R.W.R.GR.G-.S.E..... PGA
Ostrich MICH1 : --GRAS..K ..EE.T.S..NYV.D.ISS.-.S..... L-.GEF.TV..Q.T...MD..S--.....L W.Q.AE.N-..LE.A...---
Ostrich M2CH1 : ---S.SPfls.® ..LA.D.S.RT.DGHNYSQ.-AWSS.P.LN.D.TS. .LAVVT. .A.QLAG--RV.LT.L.K. .E.D-QRLTITW.P--~
Emu MICH1 J ...EA...S..NY,_.E..SG.~..V..ATL-.D.L.T...Q.T...PD..S--.....}.. R.SE.D-.YL..V..AD--
Emu M2CH1 : --GSSQ..AV...YPACG-TADE-PVA...L....S.SS.D.S.RT..GGNYSQ.~-AWSS.ATLSDD.T.T.LAAVT. .G.QLAA--RA.LT.L.R. .EED-ARLT.TW.L-~-~
Chicken MCH1 : ASAS.SP.R..... L.SP---SDSV.T...A.FD.Q.SSI..T.F.SN.S..SG--MDVI.K.I-SGPP.R.V.RIQMNQS. . .E--K...R... .R.N-VE.S.M...PIP
Duck MCH1 : ---T..G.T....L..SSSSSssSs..A..H.... HV.AGVT.S.. '..T..TT-IVN. .EAR-GP. .NW...R.E...Q...G--R....L..... R.NPV.LA. ———
X.laevis MCH1 : =-ATSNP.S. I...ES---MDPVTI..L.KD...ETIS.T.G KN .YST.-LKSYKP.MQSS.S.S.S. QVNVAS VWDK--ME. ...N.K.LDTI-KS. ELKKDIEP-
X.tropicalis MCH1: ——AVTSP.S....I.,.ES———MDPVTL..L.K ..... SIS.S.E.KS;Z;ISN.—.KSYRP.MQ.S.T.S.S QINVDS.TWDK--SK. ...N.K.LEVT-KR.EIGK-IDS-
Lizard MCH1 .IPI.S.D--G.NIAI..L.KD....SIT.A.N.PK. .TIDDSNIKT...ISD.S.TFM.S.QTAVSVTDW. A——RSA ..K.K..S.D-.EIA.RA-CSP-
Human MCH1 ~  : --GSAS..T....... ENS.SDTSSVA...L.QD....SIT.S.KYKN.SDISS--TRG....L-RG.K...T.QVL. .SKDVMQGTDEHVV.KVQ. .N.N-KEKN.PL.VIA-

Penguin MCH2
Zebra finch MCH2 : . .R.J.R...Q......TL.W....
Ostrich MI1CH2
Ostrich M2CH2

...V..LLGRW--..L..F.D..AQAA.FS.A.P.A..L.
..RVVS..GL.--V..Q..R..ALQEA..A..RP.P..R.----G..

Emu MI1CH2 ..GLS.S .
Emu M2CH2 .+.LT.LLSRV--..L....D..SQAS.FS.V.P.A. .R.----G..L. .FLA. . -K.
Chicken MCH2 -.R. §.T..R.R-—--PTE.T.Y.

Duck MCH2 : GSSQ.TA..LSIH...R..... L..RV....GL---TP.T. .D.

.DID. .

--KFEK. ..SIH...KDALALN-ESLFIV. LATNFTPKH--IVIK 3 3
.DLE. T SE VVEHVDSGSLQVK M. S M.DTQ.-

LRTQ....IH...KDALALN ESLY.V.LAT . FNPKS--IS.K. Q KQTT

X.laevis MCH2 3
X.tropicalis MCH2:

Lizard MCH2 : —-=--MGCLTDMAVRA.PVKA.SSA.L.ATIT.EALRLDTQR--TTLK.YR.EEL. DS FE TKPTLNSQ.----C.NMR.KLI. .KED.LS.VKFY.EVON--FKYNNTLVI.LYDV.PDSGP
Human MCH2 : ==--ELP.K.SVFV.PRDG.F.NP.K.KLI..AT.FSPRQ--IQ.S..RE.KQVGS. .. .DQVQAEA .ESGPTT.KVT.TL.IK.SD.LGQSMF..RVDHR----GLTFQQONASSM.VP.Q-
Penguin MCH3 : ——-GTNGDITVEAVPPAFADIFKDKVAKLTCKVGNLPS- VEG--LDISWWQENGE--—KLETKKLPQVLQPNGLFSVAGVASVCADDWDKAEVYTCKVSHP-ELLFPKEVKLQKTVG
Zebra finch MCH3 : ---LSA...R..T...Q..... R.RS.R...R.T...AAAD.--.EVT.LK.D.Q---V.A. .TSSPAP..D..LAAE...E.G.EL.ESGQTF..R.A..~-........ TMR. .LV
Ostrich MICH3 WSk ¢ A.A.RK.T.Q---E...RT.......... Y ...G...V@R....-D....V.E...RKAD
Ostrich M2CH3 .RV..ERAD.K---A...ALGAREP.S...YT. .E.GDG.V.R.T..—D..A.A.AR.ERQD—
Emu MICH3 A.ALGK.SEQ---E..[f.T.......... Y. . .G....WRA...~.8... A.E....KSD
Emu M2CH3 .RVR.ERAD.A---A...ALG.RAP.S...Y.. .E.GYG.V.T.T..-D..E.AQAR. .RQD-
Chicken MCH3 i 56 .EV... ¢ oBuss YD GGDG.V...N..-D. .M.E.MR..KA
Duck MCH3 .RVL..S.V...NE...... O .A.S.YG. N.E N .. =l s V.E AT-
X.laevis MCH3 : .ITI..SLES..EK.S.T...L.S.MANSEDLR--S .YKKS.TQEIP.K ELGDAIYSD RTY. .E.NN-DKFV...E.T-..ASM...F.F.EK.
X.tropicalis MCH3: .ITI..SLES..EK.S.T...L.S.MDNSEDLR--S...FKIS.NKEEQ.K. TLGNDIYHD RTY. KE T T .E.N.-DSFV...E.T-..ASV...S.S.EK.
Lizard MCH3 ..TIA.TY...YQTSS.....RIS.I.YGQ.LTE.E!E.T..P.HK--I.N.EYGKPTD.G..MQYIDAT.T...TE.RSGQTFS...NF.GA.PK.V.K..R..IS
Human MCH3 .S..S8..LT.ST....L.TD.T-TYDSV--T...TRQ. .---EAVK.HTNISESH. .AT..AV.E. .I.E.. .NSG.RF..T.T.T-D.PS.LKQTISRPK.
Penguin MCH4 : —~RDAKAPSIFVFSPPSEQLSMRETATVICLVKGFNPPDLFVRWLRNGEVLPAADYVTMPPVPE-SQPPV-~---SYLTCSSLTVSGEDWAAGNVFTCLVGHEQIPLQVAQKSVDKASG
Zebra finch MCH4 : -PSPSP...HLLP..P...RDHTW..L....RD....EILLQ..HD.RP..PGHAL.WR.R..PGPA.RGHAPA..SV.T... ..L...A.
Ostrich MI1CH4 : -SN.R..T.Y.LP..A... <..L..AAL ..FAY.A.

Ostrich M2CH4 : -AAGT..T.Y.LP..A..L ..L..AA. .FAY.A.

Emu M1CH4 i =8k o oflen Y...Q8- A ..L..AA. - .F.YSA.

Emu M2CH4 : -GAGTP...Y.LP.APD. «o..L. AR ..F.Y:A.

Chicken MCH4 : =SN.RP..VY..P..T. P..QSQS..SA.MA. .VAY.V.

Duck MCH4 : E....P.ALY. .P..P. L P A. .F.YSA.S.AT..BG.&....N.8 . BERLS. .......8. .
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Chicken MTP

Duck MTP
X.laevis MTP
X.tropicalis MTP
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Human MTP

Fig 1. Multiple sequence alignment of the Gentoo penguin, zebra finch, ostrich, emu, chicken, duck, X. laevis, X. tropicalis, lizard and
human Cu gene. MTP, secretory tailpiece of Cu gene. Identical amino acid residues were denoted as dots, and conserved amino acid residues
were shaded. Canonical cysteines were marked with dark shade. Dashes were used to adjust the sequence alignment. Potential N-linked
glycosylation sites were underlined. The alignment was performed using ClustalW with some manual adjustment.

https://doi.org/10.1371/journal.pone.0173334.9001

penguin, in accordance with our phylogenetic analysis. There are four conserved N-linked gly-
cosylation sites (N-X-S/T; N-44, N-127, N-202, and N-444) in zebra finch IgM constant region,
all of which are conserved among amphibians, reptiles, birds, and mammals (Fig 2).

Sequence alignment of the IgM constant regions of the Gentoo penguin and zebra finch
with those of other species by Clustal W demonstrated that the Cu3 and Cy4 domains are less
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Fig 2. Phylogenetic analysis of IgM-encoding genes in tetrapods. Phylogenetic trees were constructed with
MrBayes 3.1.2 using the amino acid sequences of the IgH constant region derived from various vertebrates. The scale
bar indicates the genetic distance, and the credibility value is shown for each node. The IgM sequences of the Gentoo
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divergent than the Cul and Cy2 domains. We did not find any evidence indicating IgM sub-
class diversification in the Gentoo penguin or the zebra finch.

Characterization of the IgA CH gene

As an important first line of defense, IgA is the principal antibody class in mucosal secretions
[32]. The IgA sequences obtained from both the Gentoo penguin and zebra finch encode four
CH domains. In addition, we detected a transcript encoding a short membrane-bound form of
IgA (lacking the last two CH exons) in the Gentoo penguin. The short IgA consists of 252
amino acids and shares a 50.6% identity with the ostrich IgA. The four CH domains of the
secretory IgA and the short membrane-bound IgA were comparatively analyzed among several
birds (Gentoo penguin, zebra finch, ostrich, emu, chicken, and duck), reptile (lizard), amphib-
ians (X. tropicalis and X. laevis) and mammal (Human) (Fig 3). The amino acid sequences of
full length Co. gene in the Gentoo penguin and zebra finch share 56.1% and 36.6% identity
with the Co gene in ostrich, respectively. The degree of sequence identity between the Gentoo
penguin and the ostrich is higher than between the zebra finch and ostrich, which agrees with
the phylogenetic analysis of the IgA gene (Fig 4). Protein sequence alignment of the Co. genes
revealed that ten conserved cysteine residues are distributed in an identical pattern between
the different species. There are two N-linked glycosylation sites in CH1, CH2, and one in the
IgA secretory tail, all of which are conserved in birds (Fig 3).

Characterization of the IgY CH gene

Initial BLAST searches against the 48 recently sequenced bird genomes showed that the penguin
and zebra finch may have two IgY genes. However, only a single IgY heavy chain constant
region was identified from both the Gentoo penguin and zebra finch in our study. The secretory
form of IgY includes four CH domains. Compared with v in the Gentoo penguin, the v gene in
zebra finch shows a more conserved cysteine distribution relative to IgY-encoding genes in
other birds, reptiles and amphibians. Sequence alignment with other species revealed two cyste-
ines in the Cvl, which suggests that these molecules associate with the light chain. Moreover,
eight additional conserved cysteines were observed in Cv2-Cv4 across all of the species exam-
ined. The secretory form of the IgY constant region in the Gentoo penguin contains three
potential N-linked glycosylation sites, whereas the zebra finch IgY constant region contains two
potential N-linked glycosylation sites. The N-413 site is exclusive to the Gentoo penguin. Com-
pared with IgY2 in ostrich and emu, IgY1 shows a less conserved cysteine distribution. For
example, IgY?2 features a conserved double cysteine in the N-terminal of CH1 and another cys-
teine in the N-terminal of CH2. The differences were marked with black boxes (Fig 5).

Using the amino acid sequences of IgY-encoding genes from different jawed vertebrates,
we constructed an IgY phylogenetic tree. The results suggest that subclass gene diversification
likely occurred during the early stages of bird evolution but after their divergence from non-
avian reptiles (Fig 6).

Analysis of rearranged VDJ fragments

To analyze the expressed VD] fragments, we designed primers based on the 1 gene constant
region and amplified the VH regions associated with IgM heavy chains using 5° RACE. For
both the Gentoo penguin and zebra finch, all of the obtained sequences began with the same
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Fig 3. Multiple sequence alignment of the Gentoo penguin, zebra finch, ostrich, emu, chicken, duck, X. laevis, X. tropicalis, gecko, human Ca
gene and Gentoo penguin short Ca gene. ATP, secretory tailpiece of Ca gene. ATM, transmembrane domain of Ca gene. Identical amino acid
residues were denoted as dots, and conserved amino acid residues were shaded. Canonical cysteines were marked with dark shade. Dashes were used
to adjust the sequence alignment. Potential N-linked glycosylation sites were underlined. The alignment was performed using ClustalW with some

manual adjustment.

https://doi.org/10.1371/journal.pone.0173334.9003

leading peptide-encoding sequence. This strongly suggests that only one VH gene can partici-
pate in VD] recombination, and that gene conversion is the primary mechanism for antibody
diversity in these species. CDR3 plays an important role in determining antibody specificity
and affinity, and the length of the CDR3 region is important for the capacity to bind antigen
[33]. Among the 251 clones obtained from the Gentoo penguin, 48 unique sequences were fur-
ther analyzed to determine CDR3 length. The results showed that CDR3 varies from 5 to 19
amino acids, with the most common length being 12 amino acids. For the zebra finch, 200
cDNA fragments that contained 119 unique CDR3 regions were sequenced. The length of
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Fig 4. Phylogenetic analysis of IgA-encoding genes in tetrapods. Phylogenetic trees were constructed with
MrBayes 3.1.2 using the amino acid sequences of the IgH constant region derived from various vertebrates. The
scale bar indicates genetic distance, and the credibility value is shown for each node. The IgA sequences from the
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CDR3 varies from 14 to 19 residues, which is much smaller range than that of the Gentoo pen-
guin. The length of the span is much shorter in the Gentoo penguin and zebra finch than in
the ostrich and emu (Fig 7). There are more than two Jij gene segments in the Gentoo penguin
and zebra finch (17 and 18, respectively).

Quantitative real-time PCR (g-PCR) in the zebra finch

The expression pattern of immunoglobulin transcripts were examined in various tissues (liver,
spleen, lung, stomach, small intestine, large intestine, and bursa of Fabricius) in the zebra
finch using q-PCR. IgM is highly expressed in immune-related organs such as the spleen and
the bursa of Fabricius, as expected. IgY is highly expressed in the spleen and at relatively high

~AKVTAPSVFPLETCR---GGATAFVAVCLVDGYFPQPVT-VIWKSGTSPTATQHFPAALRPS-GLYTSGSQLSASAG--RPS-TLQCTVGHPPSGFTKTVS--

-.RPSP...S..AG.G----- PAPSAIG..AS.F..S.AH-FS.SP-APSPGPAPL.QISSQ. -RRPLA. .W.RLPEAS-GSDVIFR.R.R.A. . .ADVA.D-—

: -.R..S.A....RA.T---A.PGEL.VGMF.N.F..E.A.-.S.AG.PAGGRE.T. . ... FR.-...SLS..FAMA.S--GTQ-..T...D.S...... E.T--
: -.RP...TL... -GA..S.AAVG...S....E...-.S.S--AGAG--LTSH...D.AT...RLS.L.PLP..QQAAAH.YT.. .H....NSRLAT.VE
: =RT........ VA.G---D.GSGLTVA.F.N.F..E...-...DGAAADKRILT. . .VKQ. .S..FSLS...TVP.D--SS.-.YT.V.V.T...SR...R--
: -G.A....L.A.PP[OR-GAA.APQAVG. .IR.F..E.A.-LS.G--AAVGRAEASA. .WD.AT. . .RLS.R.LLPP.TEAAEGVYT. .AH.A. .NTRVAREVE
. ASPTSP.RLY..SA.CS--DS.VPPAVGh.LS—-—.SSAGGIS .EG---SGG---~T.VAGRVS . TPVKL.FVRL.P. --EKRKSFV. SA--A.G.ALLKKEVQ
----...A...ISS.CG--STQQQP.VG..AT..I.G...-FS.SG---ASGATSVIVPETHGV.PHKRA.F .RPPHA--GAGDFFT.S .N.QATRTSL . QNVE

. .RP.CGSSSSDSHVTIG. .ST.FL.A. .D-.K.N..SITSGLKN...V.QQ.~..FA.S...TIPLSDWKAKKSFE.N.E.K.TSTKV.QKI~-

. .RP.CGSL.SDSHVTVG. .SS.FL.A...-.K.N. .AITSGIKN...V.QQ.~.SFA.S. . . TIPLSDWKDK-SFE.N.E.A. TSTKVNKKIP

: . .SP.CEDTSS.SQVTMG..IS....E.A.-.Q.N. .ALSSGI.N..SL.QS.S.H.IFS...TVPGSSWQSQ-NFE.N.E.ASTNT . ISKEIE
: --STKG...... APSSKSTS.-GTAALG. . .KD...E...-.S.N. .ALTSGVHT...V.QS.~...SLS.VVTVPSSSLGTQ-.YI.N.N.K. . NTKVDKKV-

: ----FAASPRPPAVDFFHA--CDG----TSVRLVCLVTGFTPAEVTLEWLVDERPLFP-APPLDPVEPEAARGTFRTASRLNVTLEDWR-QKTYACKVTHRGSDTTREVTGNKCL

: VRPRPPRP....T..V..S--.PAP---DL.E.L....T.S.PP.SVD..R.GSKMAAGHAHTE.AA.DVVS..... V.....SV.E..-DEVFS.RA. .GATGAEV.A.VGR.A
: --VLPPGKLV..T.RLLY.--.AR----QT.E.H..ISH.Y.KD.RV...L.GE.VSL-S.VT. .AD.GSH..S.T..V..SARE.A-E. .FG..... P.TG.VLQDNVY..P
: ——AE}EVTVS..E.RVL.STS.SARPGDD..E LE.AS. .A.RA...... L.GV. GLLGPSAATAPRRQDGAA YLAS..T..SRD..LEG..VT.Q. . .VVQDHARN.A
: VEGKPQPK.AA.T.RLLYS--.TP----.T.E.H..MSH.Y.K..RAQ.RA.GAATTL-V.HEE..T.D.RG...S.S.QIT.STAE.L-E. .FS.Q...P.TG.VL.EVAR..P
: —-AE}PTAVSA.E.RVL.STS.SARPGGD..E.L. S..S8.P.AV.H... GV.GLL- LATATRPRRRDGAAGYAAS..T;;ERD..LEG...T.Q.K.A..N.VVQDHARN.A
: VCRVDPVP.VA.E.QVL.PSS.TP-SQSE..E.L...... S..SAEV..... GVGGLL-VASQS-PAVRSGS-.YSLS. .V..SGT...EG.S.S.R.R.PATN.VV.DHVKG. P
: -GCVAGGE.T..E.QVL.SSV.ST-LGDD..E.L.VI...S.PP.EV..... GA.AHL-VATMTRPQR. .GSK.YMAT.QT. . SR. . .KAG.AFT.R.K. PATGG.AQGHARF.P
: -ECQDEPE.IE.T.EILQG-P.AS---SK..E.L..I..YA.S.IKVH. .LNGQVTNI-S.SNSKPCK.ENG-..SSR.KVS.PK.H.NSEDS.T..... PA.H.KT.ASTK..D

~DCKDETE. SE.T.EILQG-S.AA---PN.IE.L. .M.EYA.S.IKVQ. .RNGEDASL~-. .SNS.PCK.DNG-. .ASR.KVF.PK...NSGD..T.R. . .PATRSKTD.SIS..S
: —-ACLMHE.VT.E.LLL.S-S NRNTDNATIQ....IS..Y.RT.KVN...NRQLATL-PAHTENPRKD. TGD..S.T.TA. QI .KEG...T.Q.I.Q.--HKV.KHAT..R

: —-AAPPDAGNIQVFVLPPTPSE-LYVSQSPKLRCLAVGLPSDD-GLVVAWNRRPG--VSLR-PNPLHLAAQFNGTFTATSEVPISTHDWEGGETFSCTVQHSELPSPISRSISKKP
Zebra finch YCH3 :

----GSTSAS.SI.TI..S..D-..IT.T..I...VIN...N.-..S.T.S.DGADFGK.AQ.L..Q.SQN....L..V..L.V.VG...S.AA.V.R.G.A.. .A.AE.RVERR.
: -GGST...SA.H..A...S.AD-..M..Y.Q.V..VSS....E-..Q.S.A.EHA--GA.N-.R..Q.KE. Y. S...VL....RA.DE..K.T...N.RD..A..A.TVVRQ.
: -GSGSRCT.G.VTY....S.AG-...RHDA..L....N....S-..Q.S.S.EKP--GA.Q-.DS.A.REH. S.ALAVAIA...A..R.T...R.E..EA.LTK. .A.RT
: --GDG.RDSG..... T..S.A.-..M..N.Q...QVSNM....-..R.D.AGDRS--G..S-.L..Q.HE.L ..IGVL....RHEDE....TQ..I..... G.SVHP.AR.S
: -GGEGRCTSS.STY....S.AG-..MR.DG..L.VI.N....A-..Q.L.S.EKP--GA.H-.ES.A.RE. . Y..V.ALAVTQKE. .S..R.T...K.E..QA. .AK.VA.GS
: --DGAQSCSP..LYAI..S.G.-..I.LDA..... V.N....S-S.S.T.T.EKS--GN..-.D.MV.QEH. ¥S.S.A..V..Q..LS..R.T..... E...L.L.K.VYRNT
: -GSG.QSCSP..I..V..S.GS-..IR.DA.VH..V.N....A-S.SIS.T.EKS--GA..-.D.MV.TEH. S.SLA...Q..LA..R.T..... ED..E.LGK..A.HA
S ET.ITPK.D....S.KD-.L.TKEA.VY. VISRMA T.-D.T.Q.S.SD.---KKALAFDSAPEKAYD .VK.TLK..PG...NKKQ.N.K.V.PD..... EK..Q.SQ

————— DT.LTPK.E......KD-.L.NRE. .VY.VISKMA.AE-..T.K.S.SDK---KRVIAFDSPPEKEYD. .. .VK.ILK..SG..QPRNQ...NII.PD.....EK..Q.DQ

GDSGNCT.NG.K.SI..... AD-. .MNGE.R.I.VVT..E.NV-.MK.R.SKEKP--GT.N-.E. .EP.QDSD....LK.PLI..KQ..LA. .IYT..LE..SGIA.Y.KT.A..T

.MI.RT.EVT.VV.DVSHE.PEVKFN.

YVDGV---EVHNAKTKPREE.Y.S.YRVV.VLTVLHQ. .LN.KEYK.K.SNKA. .A. .EKT. . .AK

...FP... .G.EG-R....... E.E..E.EK.A.FV.T .VHRN. .N-
Q.cveee...GEH. . BL..R-..V...}....H.BAA...QBL...A, .EPD.~========-A . [......,~===== RGAA.-AF........ PKSS.EQ.N..V.. . ..T.SR..A
T --RP..S-AF.V..K.T.A.AN.ED.T..AR........... T..PLQ.G.|..-
.R......F..P.....L..SG..AT.....T....SEV..Q.LQ. .AAAEPGT-~---------AS.GA.ARD------. AGA.G-AF........ AKAQ.Q..SSFA...... A..... V...ASRG. .N-
AV . .H...VAQG--RV..G..I..... . .Q.LRDHDAVPEGS----------AV.T. .LR.------ GP..S-.F.V..KMT.PLDE.Q..S.FA...... Ao T...LORG...-
.PTTP.LI.PF..HP..L.LS--RVT.S...... R.R..EIR.LRDHRAVP.TE- TAVLP ERTANGAG. .GDTF.V. .KMS.ETAK. .G.TVFA. .A. ..R.S..TLQ.QA. .-
: ..VIT..YIFTFP.H...L.LA--EVT. .Q..... Q..HVE.Q.LR.HNSVP. .E------=--=-FV.T..L..-===== PN..G-TF....KMT.PKAS.QG.VS.A.......... R.TH.PIQ.T.8.-
: DPGTE.TIT..P.SDD.LRND--FI..I.MLKN.R.Q..Y.F.K.DGV. .EEDY- ---EEEEGFISF.K.TIA.S..M..A..S.IAA .N----TIS..D.K.NR..-
DQGAE.IIS..P.SDD.LRND--FV..V.V.KD.K.KE.YIF.K.DGVPIEKEY- ..D.K.NR. .-
..TQAQ...FR.HN..LK.RDPNV.I....Q..N..... IK.LE.HNAV.GNN- . ..T.E.TQ..
.QPRE.Q..T.P.SRD.LTK.--QV...L.. K.§.5S. .A. .JES.--GQPENN---======= K§T. ..LD======== S.G- ..K.T.DKSR.QQ.NVFS.S.M. .A.HNHYT .K.LSL. ...~

Fig 5. Multiple sequence alignment of the Gentoo penguin, zebra finch, ostrich, emu, chicken, duck, X. laevis, X. tropicalis, gecko Cu gene and
human Cy1 gene. Identical amino acid residues were denoted as dots, and conserved amino acid residues were shaded. Canonical cysteines were marked
with dark shade. Dashes were used to adjust the sequence alignment. Potential N-linked glycosylation sites were underlined. The alignment was performed
using ClustalW with some manual adjustment. The black boxes were used to mark the different cysteines between IgY1 and IgY2.

https://doi.org/10.1371/journal.pone.0173334.g005
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Fig 6. Phylogenetic analysis of IgY-encoding genes in tetrapods. Phylogenetic trees were constructed with
MrBayes 3.1.2 using the amino acid sequences of the IgH constant region derived from various vertebrates. The
scale bar indicates genetic distance, and the credibility value is shown for each node. The IgY sequences of the
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Gentoo penguin and zebra finch were obtained in this study; all of the other sequences were obtained from NCBI
GenBank (for accession numbers see the Materials and Methods section).
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levels in the liver, the bursa of Fabricius and the intestine. IgA is usually highly expressed in
mucosal tissue and is the main antibody class in mucosal secretions, acting as an important
first line of defense [32]. In accordance with the expected results, our q-PCR data showed that
zebra finch IgA is primarily expressed in the small intestine (Fig 8).

Discussion

The ostrich (Struthio camelus) is a primitive avian species of the order Struthioniformes, hav-
ing diverged from other avian lineages approximately 140 MYA [34]. Based on the recently
sequenced genomes of 48 bird species and the high-throughput transcriptome sequencing of
immune-related tissues, we demonstrated that the ostrich (S. camelus) possesses a functional &
gene similar to that of reptiles, such as lizards and turtles, as well as IgM and IgY subclass
diversification, as in crocodilians [4,28,35]. Therefore, this study was performed for the follow-
ing reasons: to determine whether IgM and IgY subclass diversification is present in the Sphe-
nisciformes or Passeriformes and, ultimately, how widespread this phenomenon is in birds.
However, in this study, only three Ig isotypes (IgM, IgA and IgY) were identified, and there
was no evidence of a functional IgD gene or of subclass diversification in the Gentoo penguin
or zebra finch, which is the case for most birds.

IgM subclass diversification is not common in avian reptiles (birds), although it is common
in non-avian reptiles (Crocodylia, Testudines and Squamata) [36, 37]. To date, it has been
reported that there are three functional y genes in the crocodilian IgH locus and two in the
ostrich and emu, and at least four Squamata species have more than one y gene [4, 35, 38]. The
isotypes mentioned above originated from duplications of the exons that encode for the Cy
located at the 5’ end. Phylogenetic analyses suggested that the duplication in birds occurred
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Fig 7. CDR3 length distribution in different species. The x-axis represents CDR3 length. The y-axis
represents the relative frequency of each length.

https://doi.org/10.1371/journal.pone.0173334.g007
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Fig 8. Expression of three immunoglobulin genes in the zebra finch. The data are representative of
three independent experiments. The y-axis indicates fold changes in normalized expression. The vertical lines
indicate standard deviations from the mean. The EF1A1 gene was used as an internal control, and the values
shown in the figure were calculated using the AACt method. s-intestine: small intestine; I-intestine: large
intestine. (A) Expression of IgM in the zebra finch. (B) Expression of IgA in the zebra finch. (C) Expression of
IgY in the zebra finch.

https://doi.org/10.1371/journal.pone.0173334.g008

after the divergence of Aves and reptiles and before the divergence of modern birds. Although
the ostrich and emu both have two  genes, many other birds, including the Gentoo penguin
and zebra finch, evolutionarily retained only the u1 gene and lost the y2 gene (Table 1).

As shown in the phylogenetic trees, the gene subclass diversification of v genes was similar
to IgM, also occurring in the early stages of bird evolution. Although the ostrich and emu, as
primitive birds, encode two v genes, many other birds retained only one during evolution.
Unlike that almost all birds retain IgM1, our data show that some birds retain IgY1, while oth-
ers retain IgY2 (Table 1).

Table 1. The IgH gene isotypes in different birds.

Order Species (references) IgM1 IgM2 IgD IgA IgY1 IgY2
Struthionformes Ostrich [4] v/ v v Vv v v
Casuariiformes Emu [4] v/ v Vv v v v
Sphenisciformes Penguin Vv v NG

Passeriformes Zebrafinch Vv v Vv

Galliformes Chicken [12] v v v/
Anseriformes Duck [25] v Vv v
Anseriformes Goose [39] V4 V4 Vv

https://doi.org/10.1371/journal.pone.0173334.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0173334  April 12,2017

13/16


https://doi.org/10.1371/journal.pone.0173334.g008
https://doi.org/10.1371/journal.pone.0173334.t001
https://doi.org/10.1371/journal.pone.0173334

@° PLOS | ONE

IgH of Gentoo penguin and zebra finch

In summary, based on transcriptome sequencing and additional experiments, we success-
fully identified three immunoglobulin heavy chain genes (4, @ and v) expressed in the Gentoo
penguin and zebra finch. Furthermore, a single leader peptide in the expressed heavy chain V
regions indicates that gene conversion also plays a major role in the generation of antibody
diversity in these two birds. Our study enriches the current knowledge of IgH gene evolution
in birds and provides more data to elucidate the evolutionary history of the adaptive immune
system.
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