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DNA Offers New Insight Concerning Cat Evolution

By NICHOLA ADE

Researchers have gained a major insight into the evolution of cats by showing how they migrated to new continents and developed new species
as sea levels rose and fell.

About nine million years ago - two million years after the cat family first appeared in Asia - these successful predators invaded North America
by crossing the Beringian land bridge connecting Siberia and Alaska, a team of geneticists writes in the journal Science today.

Later, several American cat lineages returned to Asia. With each migration, evolutionary forces morphed the pantherlike patriarch of all cats
into a rainbow of species, from ocelots and lynxes to leopards, lions and the lineage that led to the most successful cat of all, even though it has
mostly forsaken its predatory heritage: the cat that has induced people to pay for its board and lodging in return for frugal displays of affection.

This new history of the family, known as Felidae, is based on DNA analyses of the 37 living species performed by Warren E. Johnson and
Stephen J. O'Brien of the National Cancer Institute and colleagues elsewhere.

Before DNA, taxonomists had considerable difficulty in classifying the cat family. The fossil record was sparse and many of the skulls lacked
distinctiveness. One scheme divided the family into Big Cats and Little Cats. Then, in 1997, Dr. Johnson and Dr. O'Brien said they thought
most living cats fell into one of eight lineages, based on the genetic element known as mitochondrial DNA.

Having made further DNA analyses, the researchers have drawn a full family tree that assigns every cat species to one of the lineages. They
have also integrated their tree, which is based solely on changes in DNA, with the fossil record. The fossils, which are securely dated, allow
dates to be assigned to each fork in the genetic family tree.

Knowing when each species came into existence, the Johnson-O'Brien team has been able to reconstruct a series of at least 10 intercontinental
migrations by which cats colonized the world. The cheetah, for instance, now found in Africa, belongs to a lineage that originated in North
America and some three million years ago migrated back across the Bering land bridge to Asia and then Africa.

Dr. O'Brien said the cats were very successful predators, second only to humans, and quickly explored new territories as opportunity arose. Sea
levels were low from 11 million to 6 million years ago, enabling the first modern cats, in paleontologists' perspective (saber-tooth tigers are
ancient cats), to spread from Asia west into Africa, creating the caracal lineage, and east into North America, generating the ocelot, lynx and
puma lineages.

The leopard lineage appeared around 6.5 million years ago in Asia. The youngest of the eight lineages, which led eventually to the domestic cat,
emerged some 6.2 million years ago in Asia and Africa, either from ancestors that had never left Asia or more probably from North American
cats that had trekked back across the Bering land bridge.

Sea levels then rose, confining each cat species to its own continent, but sank again some three million years ago, allowing a second round of
cat migrations. It was at this time that the ancestors of the cheetah and the Eurasian lynxes colonized the Old World from the New.

Chris Wozencraft, an authority on the classification of carnivorous mammals, said the new cat family tree generally agreed with one that he had
just published in Mammal Species of the World, a standard reference. Dr. Wozencraft, a taxonomist at Bethel College in Indiana, based his
classification on fossil and zoological information, as well as on DNA data already published by Dr. O'Brien's laboratory.

Cat fossils are very hard to tell apart, because they differ mostly just in size, and the DNA data emerging over the last decade has helped bring
the field from confusion to consensus, Dr. Wozencraft said.

Despite their evolutionary success, most of the large cats are in peril because their broad hunting ranges have brought them into collision with
people. "With the exception of the house cat and a few other small cat species, nearly every one of the 37 species is considered endangered or
threatened," Dr. Johnson and Dr. O'Brien write in the current Annual Review of Genomics and Human Genetics.

Fewer than 15,000 tigers, cheetahs and snow leopards remain in the wild, they estimate, and pumas and jaguar populations have been reduced
to about 50,000 each.
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The Late Miocene Radiation

of Modern Felidae:

A Genetic Assessment

Warren E. Johnson,™ Eduardo Eizirik,"? Jill Pecon-Slattery,* William J. Murphy,t
Agostinho Antunes,™* Emma Teeling,'t Stephen ]. O'Brien™*

Modern felid species descend from relatively recent (<11 million years ago) divergence and
speciation events that produced successful predatory carnivores worldwide but that have
confounded taxonomic classifications. A highly resolved molecular phylogeny with divergence dates
for all living cat species, derived from autosomal, X-linked, Y-linked, and mitochondrial gene
segments (22,789 base pairs) and 16 fossil calibrations define eight principal lineages produced
through at least 10 intercontinental migrations facilitated by sea-level fluctuations. A ghost lineage
analysis indicates that available felid fossils underestimate (i.e., unrepresented basal branch
length) first occurrence by an average of 76%, revealing a low representation of felid lineages
in paleontological remains. The phylogenetic performance of distinct gene classes showed that
Y-chromosome segments are appreciably more informative than mitochondrial DNA, X-linked,

or autosomal genes in resolving the rapid Felidae species radiation.

the Oligocene, approximately 35 mil-

lion years ago (Ma). Living cat species
(subfamily Felinae) originated in the late
Miocene and evolved into one of the world’s
most successful carnivore families, inhabiting
all the continents except Antarctica (/, 2). Un-
derstanding their evolutionary history and
establishing a consensus taxonomic nomencla-
ture has been complicated by rapid and very
recent speciation events, few distinguishing

The first felidlike carnivores appeared in
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dental and skeletal characteristics, incidents of
parallel evolution, and an incomplete fossil
record (/-5). Recent analyses (6-8) identified
eight major felid lineages, although their
chronology, branching order, and exact compo-
sition remained unresolved (4-8). Here, we
present an analysis of DNA sequence from 19
independent autosomal (aDNA), five X-linked
(xDNA), six Y-linked (yDNA), and nine
mitochondrial (mtDNA) gene segments (tables
S1 to S3) sampled across the 37 living felid
species plus 7 outgroup species representing
each feliform carnivoran family (9).

We present a phylogenetic analysis (Fig.
1) for nuclear genes (nDNA) [combined y, x,
and aDNA = 18,853 base pairs (bp)] that
leads to several conclusions. First, the eight
Felidae lineages are strongly supported by
bootstrap analyses and Bayesian posterior
probabilities (BPP) for the nDNA data and
most of the other separate gene partitions
(Table 1 and figs. S1 to S11), by rare shared
derived indels, including endogenous retro-
viral families in the domestic cat lineage (10),
by transposed nuclear mtDNA sequences

(Numt) in the domestic cat (node 9) and
Panthera lineages (node 33) (11, 12) (Table 1
and table S7), by 11 to 65 diagnostic sites for
individual lineages (tables S5 and S8), and by
amino acid data analyses of 14 genes (1457 sites)
(tables S9 and S10 and fig. S1). Second, the four
species previously unassigned to any lineage
(marbled cat, serval, pallas cat, and rusty spotted
cat) (6) have now been confidently placed.
Third, the hierarchy and timing of divergences
among the eight lineages are clarified (Fig. 1
and Table 1). Fourth, the phylogenetic relation-
ships among the nonfelid species of hyenas,
mongoose, civets, and linsang corroborate pre-
vious inferences with strong support (13, 14).
The radiation of modern felids began with
the divergence of the Panthera lineage lead-
ing to the clouded leopard and the “great
roaring cats” of the Panthera genus (node 33 in
Fig. 1). Support for this basal position was
strong (88 to 100%) with all analytic methods
and gene partitions (Table 1 and table S4) con-
trasting with some previous results that sug-
gested a more internal position for the big cats
(7). The split of the Panthera lineage was
followed by a rapid progression of divergence
events. The first led to the bay cat lineage, a
modern assemblage of three Asian species (bay
cat, marbled cat, and Asian golden cat) (node
31), followed by divergences of the caracal
lineage, with three modern African species
(caracal, serval, and African golden cat) (node
29) and of the ocelot lineage (node 23),
consisting of seven Neotropical species. Boot-
strap support (BS) for the nodes that produced
these three early divergences (nodes 2 to 4) was
moderate (74 to 97% nDNA BS) relative to
nodes defining lineage groups (23, 29, and 31)
with 100% nDNA BS. A more recent clade,
including four lineages (lynx, puma, leopard
cat, and domestic cat lineages) (node 5), is well
supported (97 to 99% nDNA BS). The di-
vergence of the lynx lineage was followed very
closely by the appearance of the puma lineage
(Fig. 1). However, these two North American
groups were united as sister groups in some
analyses using different data partitions and
phylogenetic algorithms (figs. S6 to S11 and
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Fig. 1. Phylogenetic
relations among felid
species and outgroup
taxa depicted in a maxi-

mum likelihood tree [tree
bisection-reconnection
(TBR) search and general
time reversible (GTR) +
G + I model of sequence
evolution from 18,853

bp of nDNA concate-
nated data] (9). Terminal
nodes are labeled with
three-letter codes, scien-
tific name, and common
name, and felid species
are grouped into eight
major lineages. Scientific
names and branches are
color coded to depict
recent and historic zoo-
geographical regions
(Oriental, Palearctic,
Ethiopian, Neotropical,
and Nearctic), as inferred

Blue: Oriental

Zoogeographical Regions

Purple: Palearctic

Gold: Ethiopian [African)
Violet: Neotropical
Green: Nearctic

(9.4MY) 2

(10.8MY) 1

from current distribu-
tions, fossil records, and
our phylogenetic analy- 4
ses (1-5, 9). Branches in
black reflect either less
certain historical inter-

pretations or geographic

—/f|_|

distributions beyond one

zoogeographic zone.
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: Felis catus Domestic cat -
F. silvestris European wild cat |
: F libyca African wild cat ]
: F. bieti Chinese desert cat E
: F. margarita Desert cat .
F. nigripes Black-footed cat b
F. chaus Jungle cat a
1 Ot Pallas cat h
Pri lurus rubigi) 15 Rusty spotted cat B
: P. bengalensis Asian leopard cat E..
P. viverrinus Fishing cat §:
: P. planiceps Flat-headed cat 3
: Puma concolor Puma N
: P. yagouaroundi Jaguarundi E
Acil yx jubatus Cheetah E-
: Lynx pardinus Iberian lynx
L. lynx Eurasian lynx 4
L. canadensi c Tynx
L. rufus Bobcat =
: Leopardus pardalis Ocelot
iz L. wiedii Margay
L. jacobita Andean mt. cat -]
: L. colocolo Pampas cat E
: L. geoffroyi Geoffroy's cat o
: L. guigna Kodkod =
L. tigrinus Tigrina
% Cca: Caracal caracal Caracal E 4
Cau: C. aurata African goldencat |
Cse: C. serval Serval 6_
Pba: Pardofelis badia Bay cat ® n
Pte: P. temminckii Asian golden cat |"’
Pma: P. marmorata Marbled cat E.
Ple: Panthera leo Lion
Pon: P.onca Jaguar £
Ppa: P. pardus Leopard 2%
Pti: P. tigris Tiger i
Pun: P. uncia Snow leopard ad
Nne: N felis nekb cl ded |
Prionodon linsang Banded linsang
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Suricata suricatta Suricate
Cryptoprocta ferox Fossa
Paradoxurus hermaphroditus Palm Civet
Gennetta genetta Genet

bered, and an asterisk

0.005 substitutions/site

indicates relatively low

resolution (Table 1). Estimated divergence dates of lineage-defining nodes (1—7) are in red. Rare insertion/deletions supporting lineages as shared derived cladistic

characters are indicated by an arrow (Table 1).

table S5). The two most recently derived groups
were the domestic cat and leopard cat lineages
(99 to 100% nDNA BS) (node 7). Support for
inclusion of the pallas cat within the leopard cat
lineage was moderate (76 to 100% nDNA BS)
but included a single insertion/deletion (APP +
1) (Table 1 and table S7).

Together, each of the eight lineages re-
ceived strong BS and BPP of 100% using nDNA,
with slightly less support for the hierarchical
intralineage relationships (Table 1). A few in-
ternal nodes with lower support must remain as
uncertain (asterisk in Fig. 1), including the posi-
tion of Andean mountain cat within the ocelot
lineage, the branching order of jungle cat and
black-footed cat within the domestic cat lineage,
and the precise hierarchy among Panthera spe-
cies. Support for these relations was low, prob-
ably as a result of inconsistent sorting patterns of
ancestral polymorphisms. Even so, the overall
support of the major nodes is strong, increasing
confidence in the proposed topology (Fig. 1).

The earliest records of the Felinae are
ascribed to late Miocene (~9 Ma) Felis attica
fossils from western Eurasia (/5). Estimates of
divergence dates using a Bayesian approach
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with 16 fossil calibration dates (9) indicate that
the major felid lineages were established during
a short evolutionary time period (10.8 to 6.2
Ma) (Fig. 1 and Table 1). Within-lineage di-
vergences occurred during the late Miocene and
early Pliocene (6.4 to 2.9 Ma), when sea levels
were generally 90 to 100 m above modern
levels (16). A second major surge in species
differentiation followed from 3.1 to 0.7 Ma,
with the initial appearance of 27 of 37 extant
species that comprise modern felids (Fig. 1 and
Table 1). These late Pliocene-Pleistocene spe-
cies divergence episodes occurred during a
period of relatively low sea levels before the
onset of Pleistocene glacial oscillations (Fig. 2).

We propose a plausible biogeographic
hypothesis of felid evolutionary history (Fig.
2) based on our results and geological events
(16—19). The most parsimonious scenario implies
that modern felids arose in Asia with the di-
vergence of the Panthera lineage 10.8 Ma and,
subsequently, the bay cat linecage 9.4 Ma. These
dates correspond to extremely low sea levels of
the late Miocene (Fig. 2). An early migration
(M1) occurred 8.5 to 5.6 Ma when a progenitor
of the caracal lineage arrived in Africa. The

second migration (M2) relocated a common an-
cestor to five felid lineages (ocelot, lynx, puma,
leopard cat, and domestic cat) across the Bering
land bridge to North America for the first time,
8.5 to 8.0 Ma (Fig. 2). This New World migra-
tion (M2) would be coincident with a period
when a rich assemblage of Eurasian carnivores
(ursid, procyonid, mustelid, and saber-toothed
felid species) is postulated to have crossed from
Eurasia to North America (/9) and would precede
the differentiation of the ocelot, puma, and lynx
lineages 8.0 to 6.7 Ma (Fig. 1). The divergence of
the ocelot lineage occurred 8.0 to 2.9 Ma (Table
1, nodes 4 and 23), and further species
differentiation was likely facilitated by the
Panamanian land bridge 2.7 Ma (M3) and faunal
exchange with South America (20). Between 6.7
and 6.2 Ma the domestic cat and leopard cat
lineages probably diverged from Eurasian fore-
bears that either had remained in Asia (split off
from the New World M2 immigrants) or derived
from American migrants that crossed the Bering
land bridge (M4), as has been postulated for
several Canidae and Camelidae species (27).
Today, four major Felidae lineages occur
within zoogeographical regions of their orig-
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Table 1. Summary of support values for each of the nodes depicted in Fig. 1, including Bayesian
estimated date of divergence, with the corresponding 95% credibility interval, the estimated
time before the node, and bootstrap support values for the minimum evolution (ME), maximum
parsimony (MP), and maximum likelihood (ML) analyses and Bayesian (BAY) posterior
probabilities (9). Bootstrap values <50% are marked (<). Indels that support each node are

Divergence Time (Ma)

Time  Divtime
Date  Confidence prior to  fossil

noted by the gene abbreviation where they occur, the number of base pairs inserted (+) or
deleted (-), and an asterisk denoting a possible short tandem repeat element (STR) (table S7).
RD114 and FelV are endogenous retroviral families (10), and Numt are large nuclear insertions
of mtDNA (11, 12). Y-linked genes are in bold capital letters. Species abbreviations are defined
in Fig. 1.

Percentage Statistical Support

nDNA nDNA nDNA nDNA mt mt mt mt Total Total Total Total

Node Description of node . . Insertion/deletion variants? DNA DNA DNA DNA DNA DNA DNA DNA
(Ma) interval node Constraint ME MP ML BAY ME MP ML BAY ME MP ML BAY
(My) (My)
1 Felidae base 10.78 8.38, 14.45 <16.0 100 100 100 100 100 100 88 100 100 100 100 100
2 Bay cat lineage and node 3 9.43  7.36, 12.77 1.35 82 74 93 100 64 < 70 < 99 100 100 100
3 Caracal lineage and node 4  8.51 6.66, 11.56  0.92 UBE1Y(+2) 85 97 87 100 < < < < 74 50 55 100
4 Ocelot lineage and node 5 8.05 6.30, 10.95 0.46 >5.0 90 79 80 100 < < < < 70 40 55 100
5 Lynx lineage and node 6 ~ 7.15 5.62,9.81  0.90 >5.3  SRY5(-5)* 98 97 99 100 < < < < 92 72 94 100
6 Puma lineage and node 7 6.70  5.27,9.20  0.45 < 56 59 92 < < < < < < 55 <
7 nodes 8 and 14  6.18 4.80, 8.55 0.52 >4.2 100 99 99 100 < 69 < 100 100 96 100 100
8 Domestic cat lineage 3.36 241,488 2.82 SMCY(+SINE), UBE1Y(+2)*, RD114, Felv 100 100 100 100 100 100 100 100 100 100 100 100
9 (Fni, Fma, Fca, Fsi, Fli, Fbi)  3.04 2.16, 4.44  0.32 SRY5(-9), Numt insertl < 76 75 65 < < < < < < < 100
10 (Fma, Fca, Fsi, Fli, Fbi)  2.49 1.72,3.67 0.55 >1.0 99 98 99 100 100 100 100 100 100 100 100 65
11 (Fca, Fsi, Fli, Fbi) 1.40 0.89,2.16 1.09 100 100 100 100 < 100 89 100 100 100 100 100
12 (Fca, Fsi)  0.99 0.59, 1.62 0.41 62 < 54 63 < < < < < < < <
13 (Fli, Fbi)  1.17 0.72,1.86 0.23 76 68 68 100 < < < < < < < <
14  Leopard cat lineage 5.86 4.53,8.16 0.32 >1.0 APP(+1) 93 76 83 100 < < < < < < < 83
15 (Pru, Pbe, Pvi, Ppl)  4.59 3.42, 6.54 1.27 CLU(+2) 99 100 100 100 69 100 100 100 100 100 100 100
16 (Pbe, Pvi, Ppl) 2.94  2.04,431 1.65 CLU(-1) 100 100 100 100 99 98 99 100 100 100 100 100
17 (Pvi, Ppl)  2.55 1.74,3.82 0.39 81 72 72 100 100 100 100 100 100 100 100 100
18  Puma lineage 4.92 3.86, 6.92 1.78 >3.8 100 100 100 100 73 < 55 100 100 100 100 100
19 (Pco, Pya) 4.17 3.16, 6.01  0.75 >1.8  DGKG(-4)*, CLU(-1)* 99 100 100 100 < < < 56 78 94 100 100
20  Lynx lineage 3.24 253,474 393 >2.5 CLU(-1), GNB(-1), ALAS(-2)*, ZFY(-6) 100 100 100 100 98 99 99 100 100 100 100 100
21 (Lca, Lyp, Lly) 1.61 1.06, 2.60  1.63 100 100 100 100 100 100 100 100 100 100 100 100
22 (Lyp, Lly) 1.18 0.70, 1.98  0.43 < 92 84 100 54 < < < < < 56 100
23 Ocelot lineage? 291  2.02,4.25 5.15 <5.0  CLU(-1), DGKG(-3), GNB(-1), TCP (-1), 100 100 100 100 100 100 99 100 100 100 100 100
TCP(+6)
24 (Lpa, Lwi)  1.58 1.01, 241 143 84 68 99 100 100 100 < 100 < < 54 100
25 (Lja, Lco, Lti, Lge, Lgu)  2.43 1.68, 3.56  0.48 >1.0 100 99 < 100 98 52 100 100 100 100 100 100
26 (Lja, Lco) 1.80 1.18,2.70 0.14 98 80 < 100 63 < < 100 < < < 100
27 (Lti, Lge, Lgu)  0.93 0.56, 1.48  1.01 < 100 100 100 < < < < 97 80 99 100
28 (Lge, Lgu) 0.74  0.41,1.21 0.19 GNB(-3)* 75 96 90 100 100 100 100 100 100 100 100 100
29  Caracal lineage 5.59 414,791 293 >3.8  CLU(+1), CLU(+1), SMCY(-4) 100 100 100 100 80 86 77 100 100 100 100 100
30 (Cca, Cau) 1.88 1.19, 293 3.71 GNB(-3), RASA(-3)*, UBE1Y(-4) 100 100 100 100 100 100 100 100 100 100 100 100
31  Bay cat lineage 5.86 4.27,8.42 3.57 PLP(+1), UBE1Y(-18) 100 100 100 100 < @< < < 100 100 100 100
32 (Pba, Pte) 430  2.96, 6.42 156 < 100 100 100 100 100 100 100 100 100 100 100
33 Panthera lineage 6.37 4.47,9.32 441 >3.8 SRY3(+4), Numt insert 2 100 100 100 100 58 100 100 100 100 100 100 100
34 (Ple, Pon, Ppa, Pti, Pun) 3.72 2.44,5.79  2.65 SRY3(-7) 100 100 100 100 64 100 100 100 100 100 100 100
35 (Ple, Pon, Ppa) 2.87 1.81, 4.63 0.85 90 88 93 100 < < < < < < 68 100
36 (Ple, Pon)  2.06 1.22,3.46 0.81 68 77 78 100 < < < 99 < < < 100
37 (Pti, Pun)  2.88 1.82,4.62 0.84 >1.0 99 92 92 100 < < 76 < 100 99 100 100
The NNI ML search placed Lja basal to the six other species in the lineage, but with a lower score (-ln 66463.95 versus 66459.92), as did the ME and MP analyses. 2Indel variants are indicated in combined alignment of all gene segments in figure S2.
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inal establishment: the bay cat and leopard
cat lineages (Oriental), the caracal lineage
(Ethiopian), and the ocelot lineage (Neotrop-
ical) (Figs. 1 and 2). The other lineages include
species inhabiting different continents, sup-
porting the premise of six additional Pliocene/
Pleistocene migrations (M5 to M10). Among
them was the cheetah, which originated in the
North American puma lineage (Fig. 1) and mi-
grated to central Asia and Africa (MS5).
Similarly, progenitors of the Eurasian and
Iberian lynxes migrated across the Bering
peninsula to Eurasia 1.6 to 1.2 Ma (M6).
Further, Asian-derived Panthera species spread
into America (jaguar-M7 and lion-M8) and into
Africa (lion and leopard-M9) (22). Our pro-
posed scenario would also require Pleistocene
migrations into Africa of the sand cat, black-
footed cat, and African wild cat (M10). More
temperate climates and substantially lower sea
levels associated with major Pleistocene glaci-
ations facilitated several other faunal move-
ments between North America and Asia during
this period, including pulses of dispersal by
microtine rodents (2/) and humans (23).

Modern felids examined to date have relatively
recent coalescent dates (24).

Although we employ 16 fossil dates (9),
estimated molecular dates (Table 1) reveal
large portions of felid history for which the
fossil record is incomplete. By identifying the
oldest fossil for every branch on the tree and
comparing it with the Bayesian estimated
molecular divergence date for that branch (table
S6 and fig. S12), we estimated the average
unrepresented basal branch length (UBBL)
(25). This analysis indicated that the fossil rec-
ord underestimates the first age of evolution-
ary divergences along each evolutionary branch
on average by 76% or by 73% for the terminal
branches and 79% for the internal branches.
These figures are comparable to those derived
for bats (Chiroptera) (25) and support the per-
ception that a large portion of felid evolutionary
history is not represented in the fossil record.

Our combined data set resulted in a fairly
well resolved phylogenetic tree, but as in
Rokas er al. (26), specific subsets of the data
seldom produced comparable resolution or sta-
tistical support (figs. S1 to SI1 and table S4).
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Fig. 2. A depiction of hierarchical divergence, estimated dates, and inferred intercontinental
migrations along the phylogenetic lineages in Fig. 1 imputed from Bayesian dating, phylogenetic
analyses, the fossil record, current species distributions, and an analysis of possible migration scenarios
(9). Deduced intercontinental migrations (M1 to M10) and correspondence with major changes in
worldwide sea levels, as depicted on a eustatic sea-level curve (on left) [modified from (16)], are

described in the text.
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Of the four main genetic data groups, mtDNA
was the most divergent, followed by yDNA.
There were 1175 mtDNA parsimony informa-
tive sites (PI) among felids and 838 nDNA PI
(443 aDNA, 279 yDNA, and 116 xDNA PI)
(table S1). Despite the comparatively larger
amount of data (and signal) (table S5), overall
mtDNA variation was least robust in node
resolution with a high mtDNA homoplasy
index (HI) (0.705), compared with aDNA
(0.197), xDNA (0.111), and yDNA (0.114).
The 4456 bp of yDNA and the 11,166 bp of
aDNA did the best at distinguishing the eight
major lineages (eight of eight with >97% ML
BS), whereas mtDNA genes (3936 bp) pro-
vided >80% ML BS for only four of these eight
lineages. The yDNA genes also provided the
most shared derived sites defining each lineage
and the relative order of lineages (four of seven
nodes with >83% ML BS) (9).

The evolutionary time frame and phylogenet-
ic challenges for the Felidae are analogous to
those encountered in great ape studies [e.g.,
(27, 28)], in which, for example, only 60% of
the phylogenetically informative sites or loci sup-
ported a generally accepted human/chimpanzee
clade, whereas the remaining 40% supported
alternative arrangements (29). Within the felid
phylogeny, 21 of the 36 divergences occurred
in less than 1.0 million years, and the seven
basal nodes are spaced an average 600,000
years apart. Similar radiations are common
throughout mammalian evolutionary history,
which suggests that confident resolution of these
will also require large, multigenic data sets.
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Alterations in 5-HT,; Receptor
Function by p11 in
Depression-Like States

Per Svenningsson,™? Karima Chergui,? llan Rachleff," Marc Flajolet,* Xiaoqun Zhang,?
Malika El Yacoubi,? Jean-Marie Vaugeois,3 George G. Nomikos,* Paul Greengard*

The pathophysiology of depression remains enigmatic, although abnormalities in serotonin
signaling have been implicated. We have found that the serotonin 1B receptor [5-hydroxytryptamine
(5-HT, ;) receptor] interacts with p11. p11 increases localization of 5-HT,, receptors at the cell
surface. p11 is increased in rodent brains by antidepressants or electroconvulsive therapy, but
decreased in an animal model of depression and in brain tissue from depressed patients.
Overexpression of p11 increases 5-HT,; receptor function in cells and recapitulates certain
behaviors seen after antidepressant treatment in mice. p11 knockout mice exhibit a depression-like
phenotype and have reduced responsiveness to 5-HT,, receptor agonists and reduced behavioral
reactions to an antidepressant.

he serotonin system plays a key mod-

I ulatory role in a plethora of functions
of the central nervous system in physi-
ological and disease states (/, 2). Compounds

that alter either the reuptake or the metab-
olism of serotonin are used as medications
against many neuropsychiatric disorders (/—4).
A better understanding of the role of individ-

ual serotonin receptors in mediating the ef-
fects of these medications would improve our
comprehension of the etiology of certain
neuropsychiatric disease states and enhance
our ability to design more effective medica-
tions. There are 14 different serotonin recep-
tors (2), some of which have multiple splice
variants that enable binding of distinct sets of
intracellular proteins (5). 5-HT ; receptors
play a crucial role in regulating serotonin
neurotransmission, as they serve as both auto-
receptors on serotonin-containing neurons
originating from the raphe nuclei and het-
eroreceptors on several neurons that do not
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Fig. 1. Identification of an A B
interaction between 5-HT,, N Tag
receptors and pll. (A) Re- 3
sults from a yeast two-hybrid g
screen showing an interac- s
tion of p11 with the 5-HT,,

5HT;g-V5 = + p11KO WT

IP:c-V5 + + IP:0-5HTg + +

receptor (left; blue color), but LW -LWH

not with an unrelated bait — — 43- 434
(CA115; right; no color), or 5-HT1a (@2 218-345)| + | | - Nor pa— o
with pRP21, 5-HT,,, 5-HT,,, 5-HTyg (aa 230-310)| + | [ + ON-SPEC

5-HT,,, 5-HT,, D, or D, re- 5-HTpp (a2 236-302) | + | | -

ceptors. (B) Coimmunoprecip- 5-HTsp (aa 233-295) | + -

itation confirming that pll 5-HTg (aa 209-265) | + -

interacts with (left panel) Dy (aa256-312) | + || - p11 —>» 11 114
V5 epitope-tagged 5-HT,, D, (aa211-343) | + -

receptors in Hela cells and catis | + || -

with (right par]el) native 5- prRP21 | + || -

HT, g receptors in brain tissue e D

from wild-type, but not pll
KO, mice. The immunoprecipi-
tates were analyzed by Western
blotting using a pll-specific
antibody. The nonspecific band
corresponds to the light chains
of the antibodies against V5 or
5-HT,, receptors (o-V5 and
a-5HT ;). (€) Immunofluores-
cence staining of p11 (left, red fluorescence), V5 epitope—tagged 5-HT
receptors (middle, green fluorescence) and their colocalization (right, yellow
fluorescence) at the cell surface in Hela cells. (D) In situ hybridization made on

pii|;

5-HTyB

coronal sections from a rat brain showing that the distribution of p11 mRNA is
similar to that of 5-HT, ; receptor mRNA in (left to right) frontal cortex, ventro-
medial hypothalamus (arrow), hippocampus (arrow), and raphe nuclei (arrow).
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