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Abstract: A phylogenetic analysis of vertebrate and Introduction

invertebratea integrins supported the hypothesis that

two major families of vertebrate integrins originated Integrins are adhesion receptors involved in cell-cell and
prior to the divergence of deuterostomes and protocell-matrix interactions in animals (Bosman 1993; Gum-
stomes. These two families include, respectively, thebiner 1996; Piggott and Power 1993; Sonnenberg 1993).
aPS1 andaPS2 integrins oDrosophila melanogaster, In vertebrates, integrins are involved in several immune
and each family has duplicated repeatedly in vertebrategystem functions, including leukocyte adhesion to extra-
but not inDrosophila.In contrast, a third family (includ- ~cellular matrix proteins and binding of cytotoxic T lym-
ing aPS3) has duplicated iProsophila but is absent phocytes to target cells (Shimuzu et al. 1999; Springer
from vertebrates. VertebratePS1 andaPS2 family ~ 1990; Wei et al. 1997). Integrins also function in signal
members are found on human chromosomes 2, 12, arii@nsduction, providing a link between extracellular li-
17. Linkage of these family members may have beerffands and both cytoskeletal structures and intracellular
conserved since prior to the origin of vertebrates, and th&ignaling mechanisms (Ginsberg et al. 1992; Howe et al.
two genes duplicated simultaneously. A phylogenetic1998; Humphries 1996). Several integrins are known to
analysis ofp integrins did not clearly resolve whether recognize the tripeptide Arg—Gly—Asp (RGD), fre-
vertebrate integrin genes duplicated prior to the origin quently found in matrix proteins (Sonnenberg 1993;
of vertebrates, although it suggested that at least the gerfetark et al. 1997). The integrin receptor is a heterodimer
encoding vertebrat@4 may have done so. In general, the consisting of noncovalently associatedand g chains,
phylogeny of neither nor B integrins showed a close Which are encoded by evolutionarily unrelated gene
correspondence with patterns@fp heterodimer forma- families. In mammals, there are numerous distineind

tion or other functional characteristics. One major excep# chains; however, only a small minority of the theoret-
tion to this trend involvedlL, M, oX, andaD, a mono-  ically conceivablea—3 heterodimers actually occurs in
phyletic group of immune cell-expressed integrins, ~ Cells.

which share a number of common functional character- The purpose of the present paper is to use phyloge-

istics and have evolved in coordinated fashion with theimnetic analysis ok and 8 integrin sequences to under-
B integrin partners. stand the evolution of these gene families. Three specific

questions are addressed: (1) the time of origin of major

Key words:  Adhesion molecules — Gene duplication groups of integrins relative to the origin of vertebrates,
— Hox clusters — |ntegrin — Po|yp|0dization — Pro- (2) the relationship between the map location of human
tein phylogeny integrin genes and their origin by gene duplication, and
(3) the correspondence between gene phylogeny and in-
tegrin function.

Regarding the first of these questions, previous phy-
Correspondence toAustin L. Hughes, Ph.D.email: austin@biol.sc.  logenetic studies of the relationship between vertebrate
edu and invertebratg3 integrins have been inconclusive
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Table 1. Sequences used in analyes

a Integrin
Chordata
Human Homo sapiensal [5] (P56199),a2 [5] (P17301),a3 [17] (P26006)x4 [2] (P13612),a5 [12], a6 [2] (P08648),a7 [12]
(AF032108),a8 (P53708)9 [3] (Q13797),210 [1] (AF074015),a11 [15] (AF109681)xV [2] (P06756),alIB [17] (P08514),aE
(P38570),aL [16] (P20701),aM [16] (P20701),aX [16] (P11215),aD (U37028)
Mouse Mus musculusa2 (Q62469),a3 (Q62470),a4 (Q00651),a5 (P11688)a6 (Q61739),a7 (161186),08 (AF041409),aV (P43406),
oE (Q60677),aL (P24063),aM (P05555)
Rat (Rattus norvegicysal (P18614)aD (AF021334)
Chicken Gallus gallug a1 (AB000470),a6 (P26007)a8 (P26009)aV (P26008)
Frog (Xenopus laevjsa3 (L43057),a4 (Q91687),a5 (Q06274),a6 (L35051)
Newt (Pleuroldeles wal)l aV (S60571)
Echinodermata
Lytechinus variegatua-SU4, Strongylocentrotus purpuratusP (AF177914)
Arthropoda
Drosophila melanogastexPS1 (Q24247)xPS2 (P12080)xPS3 (U76605), CG16827 (AAF58154), CG5372 (AAF47029)
Nematoda
Caenorhabditis elegansl (P34446)a2 (Q03600)
Porifera
Geodia cydoniuna (X97283)

B Integrin
Chordata
HumanB1 [10] (P05556),82 [21] (P05107)33 [17] (P05106)34 [17] (P16144)35 (P18084)36 [2] (P18564),37 [12] (P26010)38
(P26012)

MouseB1 (P09055)32 (P11835)B83 (054890),35 (AF022110),37 (P26011)
Ratp4 (U60096)
Rabbit Oryctolagus cuniculysp8 (P26013)
ChickenB1 (P07228)32 (S32659)33 (S43534)
Frog B1A (P12606),31B (P12607)33 (151530)
Catfish (ctalurus punctatusp2 (AF141656)
Echinodermata
Lytechinus variegatuBC (AF05907)
Strongylocentrotus purpuratydC (AF0559607) 3G (U77584),BL (AF078802)
Arthropoda
Signal crayfish Pacifastacus leniusculy$ (X98852)
D. melanogastePS (P11584)Bv (L13305)
Mollusca
Planorb snail Biomphalaria glabrata g (AF060203)
Nematoda
C. elegans3-pat3 (U19744)
Cnidaria
Acropora milleporg3 (AF005356)
Porifera
G. cydoniumB (Y18168)
Ophlitaspongia tenuig-PO1 (AF005357)

@Database accession numbers are given in parentheses. Numbers in brackets are chromosome locations of human genes.

(Brower et al. 1997; Burke 1999). Such analyses havespecify what they meant by evolution “in parallel.” Re-
not been conducted in the case of the extensive set @arding the third question, Hughes (1992), in an analysis
vertebrate and invertebrate integrins now available, of the limited number of integrin sequences then avail-
including sequences newly discovered in the completable, found no close correspondence between the phy-
genome oDrosophila melanogastgRubin et al. 2000). logeny ofa integrins and that of integrins with which
Regarding the second question, mapping of human intethey form heterodimers. However, many more sequences
grin genes has raised interesting questions regarding theith which to address this question are now available.
mechanisms involved in these genes’ origins. For ex-

ample, Wang et al. (1995) noted the presence aite-

grin gene clusters on human chromosomes 2, 12, and 1fsethods

which are three of the four human chromosomes bearing

the developmentally importartiox clusters. These au- Sequences used in analyses are listed in Table 1. Forddaihd 3

thors SUggeSt?d that bo‘jha'nd B integrin genes “prob- integrins, a representative group of available sequences was chosen,
ably evolved in parallel with Hox genes” but did not including human sequences, nonhuman mammals (usually rodent),
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Table 2. Data matrix of dummy variables representing functional characteristiesiraegring'

p1 B2 B3 B4 B7 Co Ln Fn Ve Ic Fb Vn RGD Im P1 Ms Ep
al 1 0 0 0 0 1 1 0 0 1 0 0 0 0 0 1 0
a2 1 0 0 0 0 1 1 0 0 0 0 0 0 1 1 0 0
a3 1 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0
ad 1 0 0 0 1 0 0 1 1 0 0 0 0 0 0 0 0
o5 1 0 0 0 0 0 0 1 0 0 0 0 1 1 1 1 0
b 1 0 0 1 0 0 1 0 0 0 0 0 0 1 1 0 1
o 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 0
a8 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0
a9 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 1
«l0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0
aV 0 0 1 0 0 0 0 1 0 0 0 1 1 1 1 0 0
allB 0 0 1 0 0 0 0 1 0 0 1 1 1 0 1 0 0
aE 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0
alL 0 1 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0
aX 0 1 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0
abD 0 1 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0
aM 0 1 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0

2Dummy variables are given a value of 1 if a characteristic is known senting tissue expression: Im (immune system cells), Pl (platelets), Ms
to be true of a giverx integrin and of O otherwise. Variables repre- (muscle tissue), Ep (epithelial tissue). Based on information from Swis-

senting heterodimer formation with specificintegrin chainsg1, g2, sprot database annotations, Camper et al. (1998), Kumar (1998), Pigott
B3, B4, B7. Variables representing ligands of integrins: Co (collagen), and Power (1993), Sonnenberg (1993), Stark et al. (1997), and Van der
Ln (laminin), Fn (fibronectin), Vc (V-CAM), Ic (I-CAM), Fb (fibrino-  Vieren et al. (1999).

gen), Vn (vitronectin), RGD (binding RGD maotif). Variables repre-

nonmammalian vertebrates, and invertebrates. Amino acid sequencebain, and (3) its tissue expression. The variable definitions, scores for
were aligned using the CLUSTAL W program (Thompson et al. 1994).individual o chains, and sources of information are summarized in
Certaina integrins include a domain in the N-terminal portion of the Table 2. Principal components were extracted from the correlation
mature protein that shows evidence of homology to domains in carti-matrix among the dummy variables, and principal-component scores of
lage matrix protein and certain complement components (Takada anahdividual integrina chains were used to form functional groupings.
Hemler 1989) referred to as the “inserted domain” or “I-DOM.” This Map locations of genes on the humidox cluster-bearing chromo-
region was deleted prior to alignment. The alignments are availablesomes (2, 7, 12, and 17) were obtained from the Online Mendelian
from the author upon request. Because the alignment among distantlinheritance in Man and Human Genome Map View resources at the
related sequences was poor in the signal peptide, transmembrane, ahtional Center for Bioinformatics website.
cytoplasmic portions, only the mature extracellular region was used in
phylogenetic analyses. However, preliminary analyses using the entire
sequence produced essentially identical results, although some boot-
strap confidence percentages were lower (data not shown). In phonReSU|tS
genetic analyses, any position at which the alignment postulated a gap
in any sequence was excluded from all pairwise comparisons.

Phylogenetic trees were constructed by the neighbor-joining (NJ)Phongeny ofx Integrins
method (Saitou and Nei 1987) on the basis of three amino acid dis-

tances: (1) the uncorrected proportion of differer@e (@) the Poisson- . . .
corrected amino acid distance, and (3) the gamma-corrected amino ac’(:jlgure 1 shows the phylogenetic treecointegrins. In a

distance (Kumar et al. 1993; Ota and Nei 1994). The NJ method ior€vious analysis with a small number of sequences, the
known to be preferable to other commonly used methods when rates ait integrins having the 1-DOM domain formed a mono-
evolution differ among branches of a phylogenetic tree (Nei 1991), apphyletic group apart from othes integrins (Hughes

may often be true in the case of multigene families whose membersiggz)‘ The same pattern was seen in the present analysis;

have adapted to different functions. The three distances produced es; . . . . .
sentially identical results; therefore, we show only the resultspfor %hea Integrins possessing this domain (the I-DOM fam-

When sequences are distantly related, phylogenetic tree reconstructidhy) clustered apart from all others, and the branch sup-
based on the uncorrected proportion of differences tends to outperforrporting this pattern received highly significant (100%)
that based on corrections for multiple hits, presumably because th¢yootstrap support (Fig. 1). Therefore, although dhie-
variance of correction formulas becomes high as the proportion Ottegrin tree itself was unrooted, the 1-DOM family served

difference becomes large (Nei 1991). . .
The reliability of clustering pattern in all phylogenetic trees was as an outgroup to root the remainder of the tree, while the

tested by bootstrapping, which involves creating pseudo-samples bj€Mmaininga integrins served to root the 1-DOM family
sampling sites from the data set with replacement and constructingree.

phylogenetic trees based on the pseudosamples (Felsenstein 1985). In \\ithin the I-DOM family, there were two main clus-
each case 1000 pseudo-samples were used. ters, each receiving 100% bootstrap support: (1) a cluster

To quantify functional similarity among integria chains, dummy ..
variables were defined corresponding to three aspects ofeealchin’s containingal, a2, «10, andall and (2) a cluster con-

functional biology: (1) thed chain or chains with which it can form  tainingal, aM, aX, andaD (Fig. 1).«E clustered closer
heterodimers, (2) the major ligands of heterodimers involving shat  to the latter group, with 92% bootstrap support (Fig. 1).



66

G. cydonium o

Human ollB  (17)
100 Newt aV
100 100 Chicken aV
63 1OOE Mouse aV
78 1 Human aV  (2)
I 100 Frog a5
100 100 Mouse a5
52 Human o5 (12) PS2
100 ———— Chicken a8
lﬂ: Human a8
82| Mouse o8
79 100 ————— L. variegatus a-SU4
S. purpuratus oP
D. melanogaster aPS2
53 C. elegans o1
C. elegans a2
D. melanogaster aPS1
08 100 Frog a3
54 l 100——— Human a3 (17)
100 —— Mouse a3 PS1
100 ——— Mouse a7
100 —— Humana7 (12)
100 Frog 06
100 Chicken a6
100 Human a6 (2)
Mouse 06
1007 D. melanogaster CG16827
L84y D. melanogaster aPS3 PS3
D. melanogaster CG5372
100 Human a9 (3)
100 Frog a4
100——— Human o4 (2)
—— Mouse a4
100 Chicken a1
99 \—m: Rat a1
Human o1  (5)
100 100 ——— Mouse a2
o6 L Human a2 g?g
Human 10
100 — 1 Human o11  (15)
100 Human oE .
: Mouse oE -DOM
100 —— Mouse alL
921 100 t—————— HumanaL (16)
I S— A R
100 Mouse oM
100 Human oX (16)
L Humanao
Rat aD
0.1

p

Fig. 1. Phylogenetic tree ok integrins, constructed by the NJ method on the basis of the proportion of amino acid diffguentee(humbers
on the branches represent the percentage of 1000 bootstrap pseudo-samples supporting that branch; only values >50% are shown.

Because the I-DOM family contains no known inverte- chicken and mammaliaxl clustered together with
brate members, the phylogeny did not clarify the timing100% bootstrap support (Fig. 1) supported the hypothesis
of duplication events within the I-DOM family relative that this duplication occurred before the divergence of
to the origin of vetebrates. All members of the I-DOM birds and mammals. Likewise, the phylogeny supported
family excepta10 andall are known from both human the hypothesis that the two major clusters of I-DOM
and rodents. Because human and rodent homologuesequences arose by a gene duplication prior to the diver-
clustered together with 100% bootstrap support in everygence of birds and mammals.

case (Fig. 1), the phylogeny supported the hypotheses Outside of the I-DOM familyq integrins formed four
that differentiation of the 1-DOM family took place be- major clusters, but the relationships among these clusters
fore the radiation of the orders of eutherian (placental)were not well resolved (Fig. 1). Three of these clusters
mammals. The only known nonmammalian member ofcontainDrosophilasequences. Because these three clus-
the I-DOM family is a1l from chicken; the fact that ters contain, respectively, tligrosophilasequences des-
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ignatedaPS1,aPS2, andaPS3, they were designated theB1 andp3 families in Fig. 2. The31 family included
PS1, PS2, and PS3 families (Fig. 1). The PS1 familyyvertebrate31, 32, andB7 in a cluster that received 95%
which received 99% bootstrap support, contained vertebootstrap support (Fig. 2). THgS family, including ver-
bratea3, a6, anda7, along with aC. elegansequence tebrateB3, 5, andB8, also received 98% bootstrap sup-
and DrosophilaaPS1 (Fig. 1). The PS2 family, which port (Fig. 2). Neither1 nor 3 clusters included any
received 79% bootstrap support, contaired o8, oV, invertebrate sequences (Fig. 2). The only vertebpate
and «llB, two echinoderm sequences,Ga elegansse- integrin that fell outside of th@1 andB3 families was
quence, androsophilaaPS2 (Fig. 1). Thex integrin B4, and no clustering of vertebrate and invertebiate
from the spong&eodia cydoniunalso clustered close to integrins was observed in the phylogeny (Fig. 2). Thus,
the PS2 family (Fig. 1). In contrast, the PS3 family con-the phylogenetic analysis could not rule out the hypoth-
tained no sequences from vertebrates or any other orgaesis that differentiation g8 integrins has occurred inde-
isms excepbDrosophila.In addition toDrosophilaePS3,  pendently in the deuterostome and protostome lineages.
there were twox integrin sequences revealed by com-  Within the 31 integrin family, the phylogeny placed
plete sequencing of thBrosophilagenome; these three B1 outsidef2 andp7, and this pattern received signifi-
Drosophilasequences clustered together with highly sig-cant (96%) bootstrap support (Fig. 2). The catfish mol-
nificant (100%) bootstrap support (Fig. 1). The internalecule identified as @82 homologue clustered outside
branch separating the PS3 family from the PS1 and PSBoth 32 andB7 from mammals and birds (Fig. 2). How-
families received 82% bootstrap support (Fig. 1). Theever, the branch supporting this clustering pattern re-
fourth cluster ofa integrins lacking I-DOM contained ceived only 81% bootstrap support. Thus, the relation-
only mammaliane4 anda9 (Fig. 1). ships of this molecule were not definitively resolved,;
The phylogeny thus provided strong support for thehowever, the phylogeny suggested the possibility that the
hypothesis that the common ancestor of vertebsé8e gene duplication giving rise t@2 and 7 may have
a6, anda7 diverged from othew integrins before deu- occurred in the tetrapod lineage after its divergence from
terostomes (including vertebrates) diverged from proto-bony fishes. On the other hand, the fact that frog homo-
stomes (including insects). It also suggested, with somelogues clustered with mammalian and avjgh (Fig. 2)
what weaker support, that the common ancestor ofupported the hypothesis that duplication of fliegene
vertebraten5, a8, oV, andalIB diverged from otherx ~ occurred at least as early as prior to the amphibian—
integrins before deuterostomes diverged from proto-amniote divergence.
stomes. Likewise, it suggested that the PS3 family of Within the B3 family, the phylogeny indicated, with
Drosophila originated prior to the deuterostome— 99% bootstrap support, thg8 was the first to diverge,
protostome split. The phylogeny thus suggested that théollowed by 6 (again with 99% bootstrap support),
common ancestor of deuterostomes and protostomeében, finally, B3 andB5 (Fig. 2). The fact that a frog
possessed at least three typesuafitegrins, correspond- homologue clustered with mammalian and a\g@(Fig.
ing to aPS1,aPS2, andxPS3, and that, while the first 2) supported the hypothesis that all of these duplications
two have diversified in vertebrates as a result of gengreceded the amphibian—aminote divergence.
duplication, the last has been lost in the vertebrate lin-
eage. In contrast, iBrosophila,only the PS3 family has
diversified. Phylogeny and Integrin Function
Within the PS1 family, the phylogenetic tree indicated
thata3 was the first vertebrate gene to diverge, th#n  Figure 3 summarizes available information on integrin
anda7; the branch supporting this pattern received 100%heterodimer formation in relation to vertebrateand 3
bootstrap support (Fig. 1). Because fr@§ anda6 se-  integrin phylogenies (based on Figs. 1 and 2). As with an
guences clustered with mammalian orthologues (Fig. 1)earlier analysis involving a smaller number of integrin
the phylogeny supported the hypothesis that vertebratehains (Hughes 1992), this figure shows that overall
PS1 family genes duplicated before amniotes divergedhere is not a close correspondence between integrin phy-
from amphibians. In the case of the PS2 family, thelogeny and heterodimer formation. For exampp,
phylogeny indicated with 100% bootstrap support thatforms heterodimers with certain integrins from the
allB was the first to diverge (Fig. 1). However, the pat- I-DOM family and all three other major clusters af
tern of duplication ofa5, a8, andaV was not well re-  integrins (Fig. 3). LikewisexV forms heterodimers with
solved. The tree indicated thab was the first of these to all members of thd3 family and also with31 (Fig. 3).
diverge, but bootstrap support was only 63% (Fig. 1). However, there are some cases in which phylogeny and
heterodimer formation show some correlation. Most no-
tably, the closely relatedL, aM, aX, andaD all form
Phylogeny of3 Integrins heterodimers exclusively witB2 (Fig. 3).
When principal components were extracted from vari-
In the phylogenetic tree d8 integrins, most vertebrate ables corresponding to functional aspectsxdhtegrins
molecules were found in two main clusters, designateqTable 1), the first two components accounted for 27.6
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Fig. 2. Phylogenetic tree o integrins, constructed by the NJ method on the basis of the proportion of amino acid diffqueritee(numbers
on the branches represent the percentage of 1000 bootstrap pseudo-samples supporting that branch; only values >50% are shown.

and 21.6% of the total variance, respectively. A plot of with other integrins. The latter constitute a functionally
scores of individual a chains on these two componentsinique group in that they form heterodomers wathand
showed that the first component contrast&tdand «llB have an immune system expression (Table 2). They also
with othera integrins (Fig. 4). These twa chains are formed a monophyletic group in the phylogeny @f
unique in that they form heterodimers that bind vitronec-integrins (Fig. 1). This group thus represents the closest
tin, and they share other characteristics as well (Table 2)correspondence between phylogeny and function among
The second component contrastdd aM, aX, andaD  the vertebratex integrins.
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a Integrins belonging to the PS1 and PS2 families are
found on human chromosomes 2, 12, and 17 (Fig. 1).
Members of the PS1 and PS2 families on these chromo-
somes show parallel phylogenies, with the gene on chro-
somome 17 clustering outside those on chromosomes 2
and 12 (Fig. 1). This phylogenetic pattern suggests that,
if the original duplication giving rise to the PS1 and PS2
families was a tandem duplication and if the duplicate
genes remained linked, these linked pairs of genes may
have been simultaneously duplicated as outlined in Fig. 5
to give rise to the present human genes. According to this
scenario, the first duplication gave rise to the genes in the
PS1 and PS2 families now on human chromosome 17,
while the second duplication gave rise to the genes now
on human chromosomes 2 and 12 (Fig. 5). This scenario
gives a parsimonious explanation of the current linkage
relationships among these genes in humans. As regards
the assumption of a conserved linkage between PS1 and
PS2 family members, it is of interest the®S1 andrPS2
in Drosophila are both located on the X chromosome,
though not closely linked. In contrast, the other three
Drosophilaa integrin genes are all located on 2R.

Because human chromosomes 2, 12, and 17 are
among the four chromosomes beariHgx clusters, it
may be tempting to hypothesize that PS1 and PS2 family
members on these chromosomes duplicated simulta-
neously with theHox clusters. In the study by Zhang and
Nei (1996) of Hox phylogeny, the relationships of the
Hox clusters were not fully resolved, but there was strong
bootstrap support for clustering 6fOXC (on chromo-
some 2 in human) an8iOXD (on chromosome 12 in

Fig. 4. Plot of scores on the first two principal components extracted NUMan) (Fig. 6A). This phylogeny is consistent with that

from the correlation matrix of dummy variables in Table 2.

Discussion

of human PS1 and PS2 family members (compare Figs.
5 and 6A). Thus these genes may have been duplicated
simultaneously with thélox clusters. Since PS1 and PS2
family members are not known from human chromo-
some 7, on this hypothesis it must be assumed that either

The results of the phylogenetic analyses indicateddhat (1) the duplication of thedox cluster on chromosome 7
integrins include ancient families that originated by gene(HOXA) was not accompanied by duplication @finte-
duplication prior to the divergence of deuterostomes andfin genes or (2 integrin genes originally linked to
protostomes, which is estimated to have occurred aboUiOXA have been deleted.

993 million years ago (Wang et al. 1999). The PS1 and Many biologists have cited the hypothesis that the
PS2 families both include members in vertebrates andertebrate genome underwent two rounds of whole ge-
Drosophila, supporting the origin of at least these two nome duplication by polyploidization early in vertebrate
families prior to the deuterostome—protostome diver-history (Ohno 1970; Sidow 1996). It is often assumed
gence (Fig. 1). Although the PS3 family includes nothat theHox clusters were duplicated as a part of these
known vertebrate members, it also probably originatedoolyploidization events (Sidow 1996), and it might be
prior to the deuterostome—protostome divergence. It imrgued that the duplication of integrin genes occurred
interesting that the PS3 family has undergone gene duas a result of the same events. However, the hypothesis
plication in Drosophila,whereas the PS1 and PS2 fami- of polyploidization early in vertebrate history should be
lies have not done so, in spite of the fact that the lattetreated with some caution. Skrabanek and Wolfe, re-
two families have extensively duplicated in the verte-viewing the evidence in 1998, concluded that as yet no
brates. In contrast to the integrins, the phylogenetic firm support for the polyploidization hypothesis was
analysis did not clarify whether major groups of verte- available. More recently, Hughes (1999a) conducted the
brateB integrins arose prior to the origin of vertebrates. first rigorous test of a prediction of the hypothesis that
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Fig. 6. Schematic phylogenies of some gene families including mem-
bers on human chromosomes 2, 7, 12, and 17H# clusters (Zhang
and Nei 1996); (B) collagen genes (Bailey et al. 1997); §Ghtegrin

(based on Fig. 2).

the vertebrate genome underwent two rounds of poly-
ploidization; the results failed to support this hypothesis.
As regards the genes on thiex cluster-bearing chro-
mosomes of humans, the evidence in support of poly-
ploidization is very weak. As mentioned, the present
phylogenetic analysis was consistent with the hypothesis
that « integrins of the PS1 and PS2 families duplicated
simultaneously wittHox clusters. However, the phylog-
enies of other genes on th#ox cluster-bearing chromo-
somes are not easily reconciled with the hypothesis of
simultaneous duplication as would occur in polyploidi-
zation. For example, the phylogeny of the collagen genes
closely linked to theHox clusters (Bailey et al. 1997)
revealed a phylogeny that is not easily reconciled with
that of theHox clusters themselves (compare Figs. 6A
and B). Moreover, in the present study, the phylogeny of
B integrins mapped to human chromosomes 2, 7, 12, and
17 yields a phylogeny that cannot be reconciled with
either that of thex integrins or that of théHox clusters
(Fig. 6C). Thus, although the present phylogenetic analy-
ses support the hypothesis that vertebrate PS1 and PS2
family « integrins were duplicated simultaneously, pos-
sibly at the same time as th¢ox cluster duplications,
they did not support the hypothesis thatfaihtegrins on
the same chromosomes were duplicated at the same time.
Map locations of most, but not alk integrin genes on
the humanHox cluster-bearing chromosomes show a
tight linkage consistent with the hypothesis of simulta-
neous duplication. On chromosome ROXD maps to
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+ B3 family This in turn is consistent with the phylogeny in Fig. 2,
v which suggests that these two families pfintegrin
+ B4 genes arose within the vertebrates. On the other hand, the
5 incongruity of Hox and integrin phylogenies (Fig. 6)
ki argues against the hypothesis that other integrienes
-B1, +p3 were also duplicated along with the Hox clusters.
g B6 has not been precisely mapped, but appears to

~N o W

- B1

+[32

Hypothetical events of gain and loss of heterodimer-forming

capacity in the phylogeny of vertebradeintegrins.

occur somewhere in the region 2923-q31, thus fairly
close toHOXD. Similarly, B8 maps to 7p15—p21, close
to HOXA.If it is true that the ancestors of il andp3
families duplicated along with thelox clusters,6 and
8, both members of th@3 family, must have originated
subsequently by tandem duplication. If so, & gene
must have been translocated from its presumed original
location in linkage tdHOXBto a new location in linkage
with HOXD. Likewise, the 38 gene must have been
translocated from linkage wittdOXB to linkage with
HOXA.On the other hand34, apparently quite distantly
related top3 (Fig. 2), was apparently translocated to
chromosome 17 at some point in its evolutionary history,
now mapping to 17qll-qter.

Overall, then, available map information on human
andp integrin genes suggests that, in addition to possible
simultaneous duplication of certain genes with Hiex
clusters, there have been additional independent events
of duplication and translocation of integrin genes onto
theHox cluster-bearing chromosomes. These results thus
support other results suggesting that the mere fact that
members of two or more families are linked in two ge-
nomic regions need not imply that the genes involved
were duplicated simultaneously (Hughes 1998).

2931-q32, as does integritl. On the other handx6 If the « andp integrin families had coevolved closely,
maps to 2pter—p25.3. On chromosome HAAXC maps  one might expect to find that the phylogeniesxathains

to 12913, as does integrin/, while integrina5 maps to  corresponded to those @fchains with which they form
12911—g13. Likewise, on chromosome HOXBmaps heterodimers. Clearly this is not the case (Fig. 3). Rather,
to 17921-qg22, while integrimellB maps to 17g21.32. it seems that, as-chain genes have duplicated, they
Mapping of an STS homologous tiB suggests a posi- have lost and acquired the ability to form heterodimers
tion close toHOXB. However, there is evidence that with different chains in an opportunistic fashion. Fig-
close linkage need not reflect past simultaneous duplicadre 7 summarizes a parsimonious reconstruction of evo-
tion events, since integria4, which is distantly related lutionary changes in heterodimer formation patterns
to the PS1 and PS2 families (Fig. 1), maps to 2931-32given thea integrin phylogeny of Fig. 1. According to
along withHOXD. Yet it is very unlikely thata4 dupli-  this reconstruction, heterodimer formation wpi was
cated along with thélox clusters, and its closest relative, the ancestral state for known vertebratentegrins. In

«9, maps to chromosome 3. the case of the I-DOM family membesd, al, aM, aX,

Map information on theB integrins reveals further andaD, loss of the ability to associate wifil seems to
complexities. Integrin7 maps to 12q13.13, close to have coincided with duplication @1 to form the com-
HOXC, while B3 maps to 17921.32, close tdOXB. mon ancestor op2 andp7. When the latter gene dupli-
Thus, it seems possible that the ancestors of thes@two cated,oE was specialized for pairing with7, while the
integrin genes might have duplicated along with theseothers specialized in pairing wig2. This scenario of the
two Hoxclusters. Since37 belongs to th@1 family, and  evolution of heterodimer formation is thus consistent
B3 belongs to the33 family (Fig. 2), this would imply  with the hypothesis that specialized gene functions arise
that these two families themselves arose through dupliafter duplication of a more generalized ancestral gene
cation of ap integrin gene along with thelox clusters.  (Jensen 1976; Hughes 1994, 1999b).
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The present analyses suggest that phylogeny and gett@mar S, Tamura K, Nei M (1993) MEGA: Molecular evolutionary
function were not in genera| closely correlated in either 9enetic analysis, version 1.01. Pennsylvania State University, Uni-

. . A . - versity Park
« or B integrins. A multivariate analysis of functional | _"v (1991) Relative efficiencies of different tree-making methods

traits of o integrins id_entiﬁed 0n|Y_ one monophylgtic for molecular data. In: Miyamoto M, Cracraft JL (eds) Phylogenetic
group which was functionally well differentiated: the im-  analysis of DNA sequences. Academic Press, New York, pp 90—

mune system-expressed I-DOM family membetis, 128
aM, aX, and aD (Fig. 4). These molecules are also Ohno S (1970) Evolution by gene duplication. Springer Verlag, New
unique in that they originated in a coordinated duplica- YO

. fth d hai . inall h Ota T, Nei M (1994) Estimation of the number of amino acid substi-
tion of thea- andB-chain genes (Flg' 7)' Finally, these tutions per site when the substitution rate varies among sites. J Mol

genes are uniqgue among human integrins in that all ex- gvol 38:642-643

ceptaD (which is unmapped) have been mapped to chroPiggott R, Power C (1993) The adhesion molecule factsbook. Aca-
mosome 16. Thus, in marked contrast to other integrin demic Press, London

genes, this group of immune cell-expressedntegrin Rubin GM, Yandell MD, Wortman JL, Miklos GLG, Nelson CR, Hari-

titut f ti I d phvi tically di haran IK, Foortini ME, Li PW, Apweiler R, Fleischman W, Cherry
genes constitutes a functionally and phylogenetically dis- JM, Henikoff S, Skupski MP, Misra S, Ashburner M, Birney E,

tinctive group of physically linked genes. Boguski MS, Brody T, Brokstein P, Celniker SE, Chervitz SA,
Coates D, Cravchik A, Gabrielian A, Galle RF, Gelbart WM,
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