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MHC paralogous regions
Only 36 of the 114 genes in the opossum MHC have paralogs in one of the three
paralogous regions (Supplementary Table 1). Genes represented in at least three of the
four paralogous regions (13 genes) were used to compare gene order, revealing
rearrangements between the four regions in opossum.

Table 1. MHC genes with paralogs on opossum chromosomes 1, 2 and 3, corresponding
to MHC paralogous regions on human chromosomes 9, 1 and 19 respectively.

MHC Chromosome 1 Chromosome 2 Chromosome 3
(Human Chr 9) (Human Chr 1) (Human Chr 19)

AGPAT1 AGPAT?2

AlF1 C9orf58

ATP6V1G2 ATP6V1G1 ATP6V1G3

B3GALT4 B3GALT2

BAT1 DDX39

BAT2 KIAA0515 BAT2D1

BRD2 BRD3 BRDT BRD4

C4 C5 C3

SLC44A4 SLC44A5 SLC44A2

CLIC1 CLIC3 CLIC4

COL11A2 COL5A1 COL11A1 COL5A3

CREBL1 ATF6

DDAH2 DDAH1

DDR1 DDR2

EGFLS8 EGFL7

EHMT2 EHMT1

GPX5 GPX4

MHC Class | CD1

HSPA1A HSPA5

MDC1 PRG4

NOTCH4 NOTCH1 NOTCH2 NOTCH3

PBX2 PBX3 PBX1 PBX4

PHF1 MTF2

PRSS16 DPP7

PSMB9 PSMB7

RGL2 RALGDS RGL1 RGL3

RING1 RNF2

RXRB RXRA RXRG

SYNGAP1 RASAL?2

TAP ABCA2

TNF/LTA/LTB TNFSF8/TNFSF15  TNFSF4 CD70/TNFSF9/

TNFSF14/
TNXB TNC TNR




Table 2. Summary of opossum antimicrobial peptides.
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Cathelicidins

Cathelicidins exhibit broad spectrum antibiotic activity against several gram-positive and
gram-negative bacteria, fungi, protozoa and enveloped viruses (Zaiou and Gallo 2002).
They can bind and neutralize endotoxin and induce chemotaxis of neutrophils, T cells and
monocytes (Giacometti et al. 2004). Some cathelicidins can act as immune modulators
and mediators of inflammation, playing a part in cell proliferation and migration, wound
healing, angiogenesis and the release of cytokines and histamine (Bals and Wilson 2003).
Cathelicidins were previously only known in mammals, but have recently been
discovered in chickens, salmonids and hagfish (Chang et al. 2006; Uzzell et al. 2003;
Xiao et al. 2006).

Cathelicidins are characterized by a highly conserved prosequence at the N-terminus and
a structurally variable mature peptide at the C-terminus. The conserved region (cathelin
domain) contains four cysteines which form two disulphide bonds. Predicted opossum
cathelicidin genes share common characteristics with cathelicidin genes found in all
vertebrates, including four exons and three introns (Xiao et al. 2006), except MdoCATHS8
which is missing the terminal exon and MdoCATH10 which is missing the first exon (and
hence signal sequence). An alignment of cathelicidins is shown in Supplementary Figure
1, and a summary of the AMP gene features are shown in Supplementary Table 2. The
first three exons contain the conserved preproregion including signal peptide and the
cathelin domain. All predicted peptides contain a signal peptide as predicted by SignalP.
The opossum signal peptides range from 19-23 amino acids in length and are
comparatively shorter than the signal peptides found in eutherian mammals (29-30 aa)
(Chang et al. 2006), and more similar in length to the signal peptides found in fish (22-
26aa) (Chang et al. 2006). The signal peptide is followed by a conserved cathelin-like
domain (the pro-region), which is highly conserved across all vertebrate species and
contains four conserved cysteine residues, which are arranged to form two disulfide
bonds. These residues are conserved in the opossum sequences. In the opossum, the
cathelin domains range from 96-120 in length, similar to cathelin domains in eutherian
mammals (94-114 aa) (Chang et al. 2006) and shorter than cathelin domains in fish (115-
127 aa) (Chang et al. 2006). All ten full length cathelicidin genes encode mature peptides
that are cationic, suggesting that the peptides will interact with negatively charged
microbial membranes resulting in membrane disruption.

The size of opossum cathelicidin mature peptides ranges from 29-58 residues, as
compared to a range from 12-80 in eutherian mammals.



Supplementary Figure 1. Amino acid sequence alignment of opossum cathelicidin genes.
The signal peptide is underlined. The putative propeptide cleavage site is shown. The
conserved cysteines are boxed.

cathl
cath2
cath3
cath4
cathi
cathé
cath7
cathB
cath9
cathlD
cathll
cathl2

cathl
cath2
cath3
cath4
cathi
cathé
cath7
cath8
cath9
cathll
cathll
cathl2

cathl
cath2
cath3
cathd
cathd
cathé
cath7
cath8
cath9
cathll
cathll
cathl2

10 20 30 4n a0 &l 70
5 Sooolloanal

MASFRILLPLLLLG-LIETKALET SCLSYODALKVAMSHFNKNSEEKNSYWITATEAQT - SESKEFQ
MASFRILLFLLLLG-LIETKAART SGLSYODALKVAMSHFNRESEEKNSYWITATEAQT -KWD SESKEF(Q
MERLREVLIMASVATILPAOVLSOSSLSYEKTLSVATHFYNOVHGIENVFEVLEVHFPE SHOKPODORLE
MOVP--LINVLGLLSLLTP - -LASAQDLNYONAVTEF IREYNSHIRSGHNLFRLSVLTLPP -GEGHNPTLS -
MERGOIMWLLLLLMLVTP--LASTOTLTYODLVNRF I INYNKEKSHSRNLFELLALNLOF -GANNDFATFR
MASFRILLPFLLLLG-LMEVEKATEVRGLSY YDALTIAMSHFNSKCDEKHAYWITATRPOL-KWDRKSKELH
MASFRILLPLLLLG-LMEVEATEVRGLSYYDALTIAMSHFNSKCDEKHAYWITATTPOL-KWDRKSKEPH
MENTWRVLLLLGLATVVS--ATPRRVF TYKEAAVLASRNFNRGENEGREKYRVVEASLST -—--FPDSFLEL
MEHFRSILLLVSVATLIPTOAVPOSSLSY SKALSTATHFYNOITHSRENAFWLLKTHPPSPSOD PEEQVEK

MEHLREVLLLVSVVTLIPAQVLPOSSPRDGHNTLSAATHFYNOVHGTENAFKVLETHPPP SHOGALEQRLE
MASFRFLLPLLLLG-LIEIKAART SGLSYODALKVAMSHFHRESEVENSYWITATEAQT -KWDRKSKEFH

BO 50 100 110 120 130 140
PR [ [P Y A [P Y U (PP I Y [ I e
HLGETVOETHLKTETHPLIEJ IKTD - - ——— —————— ——— GEVKHENATVOFISHSETD EEVE
HLGETVOETRCLKTETHPL IR TRTD - - - ——— —————— ——— GRVKHCHATVOFISHSETD EEVE
LLSFAMKEMVIOPRTGELPLDOCPFERD - - — —— - ————————— GLVKEGS ISHEQD-IPSTTLTIPPVA
FVSFTITETVCKED GRD PERCPFRDH —— - ——— —————— ——— CMVKECFCVIRLEFT-KPIVDVSCPGAS
PLNFTIMETWCPH TKOROLVECD FKKH - - - ——— —————— ——— GLVKVCFGIISLDAT-OPSIDISCEEEG
RMGFTIOETECLEGETRT SRR FRRD - —— ——— ————————— GEEKYRAAVKFICDGEAD S EM2
RMGFATOETHOLEGETRT PSR FERD - - ————————————— GEEKYERAAVKFICDGEAD S EM2
PLTFRIKETHCPS TERODPETICRFREN - — - ——— —————— ——— GAEKOCTANFTKLSR-FCLRSLEGCND IV
LLSFTLKETICPVTEELLLDOCP FKAD GVNSOWEDGLDE TLKKLVKECDGSVSNEQD -TAAT ILTCEFVA
LLSFAMKEM—-————————- e LVKECASVSSEOD-IVATTLTEPSGA
FLSFTMKETMCPRNEEFPLOOCDFRRD —— - ——— ————————— GLVKENASVSHEOD - TVATTLTLPLGA
HLGFTVOETECLKTETHTLSKCP TKKD - - — - - === ===~ GEVKHCNATVOFISHSETD EEVE

150 160 170 180 190 200

saoolooos ladaalleoaslleaas laaacllacaallacanlBaaallaaaallaacalcacalcaae
SHOMVERTKRGARRGLTKVLKKIFGSIVEKAVSK- - - -GVAEGLKAVDEARKAEKKGKKH-———
SHOMVERTKRGIKKGISKVLKKFFSSMIKKAVSKCISKG ISKGIOEVDKA TKOKKE GOKH- - ——
PVTP-—--APPGFTTSSKKKGKKKLEY TVIFG-————————— RTDFP-——————————m—————

OIMNDGFWYOLIRTFGNLI HOKYRKLLEAYRKLRDIFSG—— ———————————————————————
SHTMVRRSKRG-- IKVESFVKKVLEDVVSESISH-—— -G IPKATSAVNKLIKKKKKGAT TERVE
SHNTIVRRSKRG-- IKVPGFVKKFLEDVVSETISH----5 IPKATS AVNKLIKKKKKGATTERVK

MDNMD—— - —
PVES-———- RSRRTPLPKOKNGSKNRRFRIGGY TMI SMKUPRVOKAPYMEAL - ———————————
PLVOGRIEEVTHGDPMLATLTOAHCPY FLRKKPEGEMATGGRPOETPRLLGAL -~ —————————
LLLP----RSR---RALYRRRKYPTSYYLLLGGKG-—--- NNRGYKPHIIYV-—----=m==—~

SHOMVERTHER----EISKILEEIFSTVIKIFIPK----GEFYKGIQLVHE ITKENNEROKOKE - —



Defensins

= B defensins
[ defensins are cationic, amphipathic molecules, which range from 38-42 amino acids in
length. They are expressed in epithelial tissues of vertebrates and invertebrates as well
granulocytes, macrophages and thrombocytes. 3 defensin peptides have broad spectrum
antimicrobial activity and resemble chemokines both structurally and functionally.
defensin genes encode a precursor protein which contains a signal sequence, a pro-
sequence and a mature peptide that contains six highly conserved cysteine residues
(reviewed in Ganz 2003; Selsted 2004).

The number of B defensin genes varies between different mammalian genomes, with 39
in humans, 52 in the mouse, 42 in the rat, 43 in the dog and 13 in the chicken (reviewed
in Patil et al. 2005).

To identify opossum [ defensin genes we searched the genome with a HMMer profile of
the mature peptide. Gene prediction resulted in the identification of 32 putative 3
defensin genes and four putative pseudogenes for which we were unable to predict a first
exon. The availability of a single opossum defensin cDNA sequence on GenBank
(accession EC091475) provided support for our gene prediction methodology, as this
sequence was identical, bar a single amino acid difference, to 3 defensin MdoDEFB18.

In vertebrates, B defensin genes contain either two, three or four exons (Zou et al. 2007).
Bird and fish B defensins consist of four exons and three exons respectively, although
both have only three coding exons. In fish, the conserved cysteine residues are spread
over two exons, with four cysteines found in exon 2 and two in exon 3, while in birds all
six cysteines are found in exon 3. In eutherian mammals, 3 defensins are encoded by two
exons, the second exon encoding the entire mature peptide. It has been suggested that the
fusion of defensin exons in mammals was an adaptive event, allowing faster mobilization
of innate host immunity (Xiao et al. 2004). This fusion event most likely occurred prior
to the divergence of marsupials and eutherians, as no three exon gene predictions were
observed prior to manual curation. However, our approach has low sensitivity for
detecting defensins containing three exons and it is possible that these genes have been
overlooked.

An alignment of the opossum B defensins is shown in Supplementary Figure 2, and their
features are summarized in Supplementary Table 2. The percentage amino acid identity
of opossum mature peptides ranged from 7-92% and the precursors from 8-94%. The
majority of predicted precursor proteins contained a signal sequence, with only defensins
MdoDEFB12, 13, 14 and 29 having no predicted signal sequence. Absence of signal
peptides could be the result of inaccurate gene prediction or SIGNALP false negatives.
Alternatively these genes may be pseudogenes. The mature peptides range from 37-83
amino acids in length. The majority of the predicted peptides were cationic, with only
four having a negative charge. The six conserved cysteine residues are highlighted in the
figure.



Supplementary Figure 2. Amino acid sequence alignment of opossum 3 defensins. The
signal peptide is underlined. The six conserved cysteines are boxed.
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The o and 6 defensins are believed to have evolved from an ancestral 3 defensin after the
separation of the bird and mammal lineages (Xiao et al. 2004). Opossum sequences were
aligned with the data set used by Patil et al. (Patil et al. 2005), with resulting phylogenetic
trees supporting the topology obtained by Patil and colleagues and are shown in
Supplementary figure 3.



Supplementary Figure 3. Phylogenetic tree representing evolutionary history of
defensins. Shading corresponds to genomic location as shown in Figure 3; Cluster A is
green, Cluster B is pink, Cluster C is orange and Cluster D is blue. Opossum sequences
are shown in red.
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Nomenclature for defensin genes is confusing, as different names have been given to
rodent and primate gene families. Here we numbered defensin genes based on their order
in clusters. Figure 3 shows that opossum Cluster A is located on Chromosome 1 and
contains 29 genes. Eutherian Clusters B and C evolved from a single cluster in early
mammals, which remains in the opossum on chromosome 2 and contains two putative
genes, and two putative pseudogenes. Cluster D, found on opossum chromosome 1, also
contains two putative genes and two putative pseudogenes. A single defensin was found
on the unordered chromosome but is likely to be part of Cluster A, based on its
phylogenetic position.

= q defensins
The human genome contains a cluster of 10 o defensin genes and pseudogenes that span
a region of 132kb on chromosome 8p23 (Patil et al. 2004). In eutherian mammals, the
length of o defensin precursors range from 80 to105 amino acids and contain a signal
sequence, prosegment and cationic mature peptide (Patil et al. 2004). The opossum o
defensin is 91 amino acids in length and contains a 19 amino acid signal peptide. The
genomic sequence has a single amino acid difference from an opossum o cDNA
sequence available on Genbank (accession EC091476).

There are two o defensin types in mammals: myeloid, which are expressed in the bone
marrow, and enteric, which are primarily expressed in Paneth cells (Patil et al. 2004).
Phylogenetic analysis places the sole opossum o defensin at the base of both lineages,
albeit without bootstrap support (Supplementary Figure 4). The tree topology indicates
that the sole opossum o defensin may be ancestral to both the myeloid and enteric
defensin lineages. Characterization of the function of the marsupial gene will help test
this hypothesis.



Supplementary Figure 4. Phylogenetic tree showing relationship of opossum o defensins
to eutherian o defensins genes.
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= 0 defensins
0 defensins are cyclic peptides, derived from a mutated o defensin gene (Tang et al.
1999). They are expressed in several species of old world monkey and orangutan. A
mutation in the human 6 defensin gene has been implicated as a contributory cause for
HIV and AIDs in humans and absence in old world monkeys (Selsted 2004). 6 defensin
genes were not identified using BLAST searches of the opossum genome.



The chemokines

Chemokines (CHEMotactic cytoKINES) are the largest family of cytokines in humans.
They are small proteins that have a role in cell activation, migration, and differentiation
(Laing and Secombes 2004). They are involved in many biological processes such as
lymphocyte polarisation, angiogensesis, hematopoiesis, apoptosis and tumor metastasis
(Esche et al. 2005). Many chemokines may also have defensin-like antimicrobial actions.
In fact, chemokines are very similar to  defensins in that they are found in clusters and
contain conserved cysteine motifs. Opossum chemokines were identified using a PFAM
profile spanning the amino acids of exons 2 and 3. Assignment of genes to families was
done phylogenetically (Supplementary Figure 5).

Supplementary Figure 5. Phylogenetic tree of mammalian chemokines. The opossum
CCL expansion is shown in yellow. CXC chemokines are shown in green.
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The human genome encodes 47 chemokines, while 24 have been identified in the genome
of the chicken (Kaiser et al. 2005). We have identified 31 chemokine genes in the
opossum genome. All chemokines contained the conserved cysteine motifs. The
chemokine family is traditionally divided into four subgroups based on the arrangement
of one or two N-terminal cysteine residues: CXC, CC, C and CXsC.

In humans, 16 CXC-type chemokines have been identified. Seven CXC genes were
identified in the opossum genome. Some CXC chemokines contain a three residue motif
(ELR) immediately adjacent to the cysteines. This motif plays a role in the neutrophil
attraction (Laing and Secombes 2004). Opossum chemokines containing an ELR motif
(MdoCXCL 2, 3 and 4) are grouped with other ELR positive CXC chemokines from
mammals and chickens on the phylogenetic tree. MdoCXCL1 appears orthologous to
eutherian CXCL12, with greater than 93% bootstrap support. MdoCXCL6 and
MdoCXCL7 are possible orthologues of CXCL10 and CXCL13 in eutherians.

In opossum, as with eutherians and birds, the largest subgroup of chemokines is the CC
family. There are 22 members of this subfamily in opossum. Humans and chickens have
28 and 14 members, respectively. A large cluster of CC-type chemokines is present on
opossum chromosome 2. This cluster contains 16 putative genes distributed in just over 2
Mb. Phylogenetic analysis suggests that MdoCCL 3, 5, 6, 7 and 8, are likely to have
resulted from either a marsupial- or an opossum-specific lineage expansion.

Two highly similar C chemokines have been identified in the human genome (Laing and
Secombes 2004). A homologous protein is also present in chickens (Rossi et al. 1999).
We identified a member of this group in the opossum genome, MdoXCL1. Only one
member of the CX3C family is found in eutherians and birds (Bazan et al. 1997, Kaiser,
2005 #168). A CX3C homologue was identified in the opossum genome on chromosome
1, adjacent to MdoCCL1 and MdoCCL2

The identification of 31 chemokine family members in the opossum suggests that
chemokine numbers in marsupials are midway between those of chickens and humans.
Chemokine diversification may have occurred in two waves; after the divergence of birds
and mammals and after the divergence of marsupials and eutherians. However, it is more
likely that chemokine diversification has been driven by pathogen pressures which have
resulted in lineage specific chemokine expansions. Detailed characterization of gene
expression profiles of opossum specific CC chemokines may lead to a greater
understanding of immune function in marsupials.



The Natural Killer Complex (NKC)

Supplementary Figure 6. Phylogenetic tree of the natural killer complex gene families.

CLEC genes are highlighted in blue, KLR genes in yellow, CD69 in green and OLR1
genes in pink.
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The Leukocyte Receptor Complex (LRC)

Supplementary Figure 7. A schematic diagram of the immunoglobulin domains of
eutherian, marsupial and chicken LRC genes. Phylogenetic type of each domain is based
on phylogenetic tree shown in Supplementary Figure 9.
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Supplementary Figure 8. Phylogenetic tree showing relationship of opossum SIGLEC
genes with those of humans. MAG and CD22 orthologs were identified. Three opossum
SIGLECs do not have eutherian orthologs and are basal to the eutherian CD33-related
genes.
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SIGLEC molecules, containing V set and C2-set Ig domains, recognize and bind
sialylated glycans. There are eleven known SIGLECs in humans and eight in mice
(Angata et al. 2004). Chaining of Ig domains and gene prediction in the opossum
SIGLEC cluster resulted in the identification of MAG (SIGLEC4) and CD22 (SIGLEC?2).
The discovery of MAG is not surprising as it is a highly conserved molecule which has
already been identified in birds, amphibians and fish. CD22 has previously not been
identified outside eutherian mammals. As in humans, MAG and CD22 are located
adjacent to each other in the opossum genome.

Aside from MAG and CD22 the opossum genome also contains three other SIGLEC
genes. These genes belong to the CD33-related group of highly related and rapidly
evolving SIGLECs. Even within eutherian mammals, these genes differ significantly in
composition and domain architecture due to their rapid evolution via multiple
mechanisms including gene duplication, gene loss and exon shuffling (Angata et al.
2004). Phylogenetic comparison of SIGLEC genes (Supplementary Figure 8) shows clear
orthology between opossum and human MAG and CD22. The other three opossum genes
are basal to the human CD-33-related genes, indicating that these genes are not
orthologous, and that human and opossum immune defence molecules have evolved to
recognize different sialic acids on different pathogens.



Recent studies of catfish immunoglobulin-like receptors have identified receptors with a
unique combination of Ig domains (Stafford et al. 2006). The distal domain is related to
the Fc receptors, while proximal domains share homology with domains seen in the
leukocyte receptor complex. This is interesting, because C2-set Ilg domains, seen in the
LRC, and Fc receptor Ig domains are believed to have shared a common ancestor.

Supplementary Figure 9. Phylogenetic tree showing the relationship between mammalian
and chicken leukocyte receptor complex Ig domains. Chicken CI and eutherian M1 genes
are shown in green. Chicken CII and eutherian MII genes are shown in blue. Opossum Ig
domains are located within both of these clades, and form an additional la clade, shown
in orange.




Supplementary Figure 10. Phylogenetic tree showing that predicted opossum MAIR
encompassing LRC domains 112, 113 and 114 is orthologous to GP6. We used
mammalian Fc receptor Ig domains as an outgroup for two reasons. Firstly, Fc receptors
and Ig-like receptors are believed to have evolved from a common ancestral element, and
secondly, we wanted to test that opossum Ig-domains were not actually Fc type, as in
catfish. No opossum LRC encoded Ig-domains clustered with these sequences and they
are not shown on this figure.
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Chaining of HMMer profiles

Both cathelicidins and immunoglobulin domain containing genes of the LRC were
identified by chaining HMMer matches. To assess the reliability of this approach, we
searched the human genome (build NCBI 36.1) with the cathelicidin (PF00666) and
immunoglobulin (PF00047) Pfam profiles using HMMer. Since both HMMer profiles are
likely to contain some of the human genes, this will only provide us with an estimate of
the sensitivity and specificity for the chaining strategy, given our chosen E-value
threshold and maximum gap size for each gene families.

As the conserved cathelin domain that is represented by the cathelicidin Pfam domain is
encoded by exons 2 and 3, the fully local alignment model (fs) was used. An E-value
threshold of 0.1 and maximum intron length of 2kb were chosen. The single cathelicidin
gene encoded in the human genome was correctly identified with no false positives.

Chains of immunoglobulin domains with E-value<1 and maximum gap size of 10kb were
compared with known LILR and KIR genes encoded in the human LRC. Genes were
identified using ENSEMBL. Thirty-two genes and five pseudo-genes or poorly annotated
features were identified using ENSEMBL. No false positives could be identified. The
search showed 100% sensitivity and specificity at the gene level. Five out of the 73
immunoglobulin domains were not detected (93% sensitivity at the domain level),
affecting the predicted structure prediction of 3 genes.

Methods

Phylogenetic analysis

Phylogenetic analysis for o and 3 defensins trees was conducted using MEGA 3.1
(Kumar et al. 2001). Amino acid alignments were generated using MUSCLE (Edgar
2004). Accession numbers for human, mouse, rat, dog and chicken defensins are
provided in (Patil et al. 2004; Patil et al. 2005; Xiao et al. 2004). As per Patil (2005), the
neighbour joining method was used to construct phylogenetic trees based on the
proportion of amino acid differences (p distance) and the topology was tested by 1000
bootstrap replicates.

Phylogenetic analysis for chemokines was conducted on exon 2 and 3 chains using
MEGA 3.1 (Kumar et al. 2001). Amino acid alignments were generated using MUSCLE
(Edgar 2004). Sequences used for tree construction were obtained from Pfam.

Phyogenetic trees for NKC genes were constructed using MEGAS3.1, as described above.
Sequences used in alignments were obtained from (Hao et al. 2006; Nikolaidis et al.
2005).

Signal peptides and charge

Signal peptides in the defensins and cathelicins were predicted using SIGNALP
(Bendtsen et al. 2004; Nielsen et al. 1997), while net charge was calculated using
PROTPARAM (Gasteiger et al. 2005).



Physical mapping

To physically map opossum cathelicidin genes, which were assigned to the unordered
chromosome, opossum BACs VMRC18 477123, VMRC18 139C5, VMRC18 504P8
and VM18RC_15619 were labelled by nick translation with digoxygenin-11-dUTP or
biotin-16-dUTP (Roche Diagnostics, Basel, Switzerland), hybridized to male opossum
metaphase chromosomes and fluorescent signals were detected following a previously
described protocol (Alsop et al. 2005). Fluorescent signals were visualized on a Zeiss
Axiolplan2 epifluorescence microscope (Carl Zeiss, Thornwood, NY, USA) and captured
on a SPOT RT Monochrome CCD (charge-coupled device) camera (Diagnostic
Instruments Inc., Sterling Heights, MI, USA). DAPI stained chromosome and fluorescent
signal images were merged using IP Lab imaging software (Scanalytics Inc., Fairfax, VA,
USA).
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