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Nonhandled.animals were completely undisturbed
until day 12 of life at which time normal cage main-
tenance was initiated. The behavior of each damwas
observed [M. M. Myers, S. A. Brunelli, H. N. Shalir,
J. M. Squire, M. A. Hofer, Dev. Psychobiol. 22, 55
(1989)] for eight 60-min observation periods daily for
the first 10 days after birth with six periods during the
light phase and two periods during the dark phase of
the L:D cycle. The distribution of the observations
was based on the finding that nursing in rats occurs
more frequently during the light phase of the cycle.
Handling occurred each day at 1100, and an obser-
vation was scheduled at 1130 to correspond to the
reunion of the mothers and pups. Within each obser-
vation period the behavior of each mother was
scored every 4 min (15 observations per period X 8
periods per day = 120 observations per mother per
day) for mother off pups, mother licking and groom-
ing any pup, or mother nursing pups in either an
arched-back posture, a “blanket” posture in which
the mother lies over the pups, or a passive posture in
which the mother lies either on her back or side while
the pups nurse. Behavioral categories are not mutu-
ally exclusive.

D. Liu et al., data not shown.

Nine Long-Evans female rats were mated in our an-
imal facility and housed and observed as described
(76). The animals underwent routine cage mainte-
nance beginning on day 12 but were otherwise not
manipulated. At the time of weaning on day 22 of life,
the male offspring were housed in same-sex, same-
litter groups. Testing of offspring occurred no earlier
than 100 days of age.

We then rank-ordered the dams on licking and
grooming, identifying those mothers whose scores
fell above the mean, and as a group these dams
were classified as high LG-ABN. The remaining
dams were classified as low LG-ABN. The offspring
were tested beginning at 100 days of age.

For restraint stress (20 min) testing (6), two animals
from each of the nine litters were randomly selected
for testing. Blood samples were collected from in-
dwelling right jugular vein catheters (6), implanted 4
days before restraint stress testing, and replaced
with an equal volume of normal saline (0.9%;) via the
same route. We have found that by 72 hours after
surgery, basal ACTH and corticosterone levels have
returned to normal (6). Plasma corticosterone was
measured by radioimmunoassay [L. C. Krey et al.,
Endocrinology 96, 1088 (1975)]. Plasma (25 wl)
ACTH was measured by radioimmunoassay as de-
scribed [C.-D. Walker, S. F. Akana, C. S. Cascio,
M. F. Dallman, ibid. 127, 832 (1990); V. Viau and
M. J. Meaney, ibid. 128, 2503 (1991)]. All samples
were run within a single assay. In our lab the intra-
and interassay coefficients of variation are 7 and
10%, respectively, for corticosterone and 8 and 11%
for ACTH. The data were analyzed by two-way anal-
yses of variance (ANOVA) with one between (group})
and one within (sample) measure. Post hoc analysis
was performed by Tukey test.

We used a delayed negative-feedback paradigm [M.

. Keller-Wood and M. F. Dalman, Endocr, Rev. 5, 1

(1984)] in which animals are steroid-treated 2 to 4
hours before acute stress. The animals used in this

- study were the same animals prepared with jugular
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catheters for acute restraint testing. The animals were
tested 4 days after restraint stress, and all but one of
the catheters remained patent during this interval. The
critical measure here is the ability of the steroid to
inhibit subsequent HPA responses to stress. Animals
were injected subcutaneously with either vehicle
alone or a low to moderate dose of corticosterone (1
mg/kg in ethanol:saline/1:9) on the basis of earlier
studies (6) showing that this dose discriminates feed-
back sensitivity in handled versus nonhandled rats.
Restraint stress was done as described above and
plasma samples were obtained from jugular catheters
immediately before and at the end of the 20-min pe-
riod of restraint, a time point that corresponds to the
peak plasma ACTH level (6). The percentage sup-
pression of plasma ACTH responses to stress for the
high- versus low—LG-ABN groups was derived by
comparing A(peak stress level — basal level) for each
of the corticosterone-treated animals in both groups

22.

23.

24,

with that of the mean for the respective control groups
(vehicle-treated high— or low—LG-ABN animals). Per-
centage suppression scores were used to accommo-
date for the groups differences’in plasma ACTH re-
sponses to acute stress. The results were examined
statistically by Mann-Whitney U test on the basis of
percentage scores.

CRH mRNA in situ hybridization was done with a
48-base pair (bp} oligonucleotide sequence
(CAGTTTCCTGTTGCTGTGAGCTTGCTGAGCTA-
ACTGCTCTGCCCTGGC) (Perkin-Elmer,Warring-
ton, UK) and a modified version of the procedure
previously described [N. Shanks, S. Larocque, M. J.
Meaney, J. Neurosci. 15, 376 (1995)] with brain
sections obtained from animals rapidly killed under
resting-state conditions. After hybridization, sections
were apposed to Hyperfilm (Amersham) for 21 days
along with sections of 35S-labeled standards pre-
pared with known amounts of radiolabeled 35S in a
brain paste. The hybridization signal within the par-
vocellular subregion of the PVYNh was quantified by
densitometry with an MCID image analysis system
(Imaging Research, St. Catherine’s, Ontario, Cana-
da). The data are presented as arbitrary absorbance
units after correction for background. These data
were analyzed by t test for unpaired groups.

P. M. Plotsky, J. Neurcendocrinol. 3, 1 (1991); W. H.
Whitnall, Prog. Neurobiol. 40, 573 (1993).

GR in situ hybridization was done as described [(9);
J. R. Seck|, K. L. Dickson, G. Fink, J. Neuroendocri-
nol. 2, 911 (1990)] with [33S]UTP-labeled cRNA an-
tisense probes transcribed with T7 RNA polymerase
from a 674-bp Pst -Eco Rl fragment of the rat GR
cDNA linearized with Ava |. After hybridization, sec-
tions were dehydrated, dried, and dipped in photo-
graphic emulsion (NTB-2, Kodak), and then stored at
4°C for 21 Gays before development and counter-
staining with Cresyl Violet. The hybridization signal
within dorsal hippocampal subregions was quanti-
fied by grain counting within high-power microscop-
ic fields under brightfield illumination. Grain counting

25,

26.

27.

28.

was performed by an individual unaware of the group
from which the slide was derived. For each cell field,
grains over ~40 to 50 individual neurons per section
were counted, on three sections per animal (9). After
subtraction of background (grains over neuropil),
mean values were derived for each hippocampal cell
field for each animal. Background ranged between
10 and 15% of values found over hippocampal cells.
Grain counts are presented as a function of cell area
to account for possible morphological differences
[J. T. McCabe, R. A. Desharnais, D. W. Pfaff, Meth-
ods Enzymol. 168, 822 (1989)]. These data were
analyzed by two-way ANOVA with one between
measures (group) and one repeated measure (hip-
pocampal sub-field) by Tukey post hoc test.

R. M. Sapolsky, L. C. Krey, B. S. McEwen, Proc.
Natl. Acad. Sci. U.S.A. 81,6174 (1984); R. M. Sapol-
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Acad. Sci. 746, 260 (1994); C. L. Moore, Dev. Psy-
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Structure of a Murine Leukemia Virus
Receptor-Binding Glycoprotein at
2.0 Angstrom Resolution

Deborah Fass, Robert A. Davey, Christian A. Hamson,
Peter S. Kim,* James M. Cunningham,* James M. Berger

An essential step in retrovirus infection is the binding of the virus to its receptor on atarget

cell. The structure of the receptor-binding domain of the envelope glycoprotein from
Friend murine leukemia virus was determined to 2.0 angstrom resolution by x-ray crys-
tallography. The core of the domain is an antiparallel 8 sandwich, with two interstrand
loops forming a helical subdomain atop the sandwich. The residues in the helical region,
but notin the B sandwich, are highly variable among mammalian C-type retroviruses with
distinct tropisms, indicating that the helical subdomain determines the receptor spec-
ificity of the virus.

Retroviruses are simultaneously a profound
human medical problem and a potential med-

ical solution. They can be pathogenic, causing
immunodeficiency, leukemia, and neurologi-
cal disease, but they are also actively studied
for their proposed utility as gene therapy vec-
tors. Essential to both roles is the targeting of
the virus to the host cell through interactions
between viral envelope proteins and cell sur-
face proteins. :

Retrovirus envelope glycoproteins (1) are

synthesized as single chain precursors that
are subsequently cleaved into two subunits,
the surface (SU) and the transmembrane
(TM) (Fig. 1). The SU glycoprotein binds
the receptor. The TM subunit contains the
hydrophobic fusion peptide and transmem-
brane segments and is likely to participate
directly in the fusion of the viral and cellular
membranes after receptor binding.

Efforts to understand the structural basis

of retroviral binding and entry and to devel-
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op retrovirus-based gene therapy vectors (2)
with engineered tropisms have been hin-
dered by the lack of high-resolution models
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Fig. 1. Domain organi- A

for the receptor-binding regions of retrovirus
envelope glycoproteins. To address this
problem, we initiated structural studies on
the envelope glycoprotein of the mammalian
C-type retrovirus, Friend murine leukemia
virus (Fr-MLV). The cellular receptor for
Fr-MLV and other ecotropic MLVs (3) is the
14—transmembrane-pass cationic amino acid
transporter MCAT-1 (4). The receptor-
binding function of Fr-MLV has been local-
ized to the NH,-terminal region of the SU
glycoprotein (5, 6), which has been defined
as a domain by proteolysis (7); thus, we refer
to this region as the Friend receptor-binding

zation of the Fr-MLV en- PR, o S o aaE B
velope glycoprotein and 1 | | I
sequence of Fr-RBD. (A) Iss Fr-ABD ] FP | I
The Fr-MLV envelope gly-

coprotein is synthesized L l J
as a single polypeptide SU subunit TM subunit
chain, shown schemati- B 1B 2 38 Ae o B
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quence, cleavage to
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TM subunits, and re- T s . g

moval of a short peptide
at the COOH-terminus.

Cleavage sites are indicated by dotted lines. The crystallized Fr-RBD region is shaded. Amino acid
residues at the junctions of each indicated segment are numbered. (B) Secondary structural elements
are indicated above the amino acid sequence of Fr-RBD. B strands are numbered and shown as black
bars, with strand 3 dotted because it does not classify as a true strand (9). a helices are lettered and
shown as gray bars and 3,, helices are dotted in gray. N-linked glycosylation sites are underlined.
Regions conserved among MLVs are boxed in gray, whereas regions with lengths and sequences that
vary with the tropism of the virus are boxed in blue and labeled VRA, VRB, and VRC (73). N, NH,-

terminus; C, COOH-terminus.
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CHO

+
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domain (Fr-RBD) (Fig. 1). Here, we present
the x-ray crystal structure (8) of Fr-RBD at
2.0 A resolution (Table 1).

The Fr-RBD is a roughly L-shaped mol-
ecule consisting of a lopsided antiparallel
B sandwich and a helical subdomain
formed from two extended loops of the
sandwich (Fig. 2, A and B). Six strands
(strands 1, 2, 4, 5, 8, and 9) form the large
sheet of the Fr-RBD sandwich, whereas
three strands (strands 3, 6, and 7) make up
the second face (9). The large sheet is
curved to form nearly half a barrel, and the
small sheet packs against the half-barrel at
an angle of about 40°. The first loop of the
helical subdomain (between strands 3 and
4) contains two a helices (helices A and
D). Also within this loop is an extended
coil from Leu®® to Thr!%® that passes al-
most 360° around the end of the helical
lobe. The second loop (between strands 6
and 7) contains an a helix (helix G) that
packs in an antiparallel orientation
against helix D. Fr-RBD contains six di-
sulfide bonds, four of which Linder and
co-workers had previously identified bio-
chemically and two of which they had
predicted correctly by computer modeling
(10). Although the overall tertiary struc-
ture of Fr-RBD is unique, a comparison of
the Ca coordinates of Fr-RBD against all
known folds (11) reveals modest similarity
between the Fr-RBD B sandwich and pro-
teins with immunoglobulin (Ig) folds (12)
(Fig. 3).

Amino acid sequence alignments of
receptor-binding domains from C-type
MLVs that use distinct receptors have
highlighted regions that vary with tropism

Fig. 2. Structure of Fr-RBD. (Left) A ribbon representation is shown with disulfide bonds
and carbohydrates indicated as balls and sticks. Strands are numbered and helices are
lettered to correspond to Fig. 1. Variable regions are indicated (73). VRA includes the
extended coil in the helical subdomain (residues 50 to 100) and helix D, and VRB
corresponds to helix G. VRC is located in the loop between strands 4 and 5 and is
separated from VRA and VRB in the Fr-RBD structure by conserved elements such as
strands 4, 5, 8, and 9 (76). The figure was generated with Ribbons (36). (Right) A stereo
diagram of Fr-RBD is numbered every 10 residues. The figure was generated with Molscript (37).
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(Fig. 1). These variable regions, called
VRA, VRB, and VRC (13), are mapped
onto the Fr-RBD structure in Fig. 2A. The
sequence throughout most of the B sand-
wich is conserved, whereas the sequence
corresponding to the helical lobe is highly
divergent. VRA, VRB, and, to a lesser
extent, VRC vary in length as well as in
sequence between MLVs with different
tropisms. For example, VRA in ampho-
tropic MLVs is considerably shorter than
VRA of ecotropic MLVs (61 residues and
one putative disulfide bond compared
with 98 residues and three disulfides
bonds), whereas amphotropic VRB is
longer by 19 residues, including two addi-
tional cysteines. The pattern of sequence
conservation in the receptor-binding do-
mains of MLVs, when viewed in light of
the Fr-RBD structure, indicates that the
Ig-like core is used as a scaffold for dis-
playing the receptor-binding regions of
the envelope glycoprotein.

Chimeric envelope proteins have been
constructed by others in attempts to localize

the receptor-choice determinants in MLV
SU glycoproteins. Although functional chi-
meras can be constructed readily between
various nonecotropic viruses (14), it has not
been possible to construct functional chi-
meras containing both ecotropic and non-
ecotropic variable regions (15). Upon ex-
amination of the Fr-RBD structure, this
observation is not surprising. VRA and
VRB are intimately associated with one
another in the helical lobe, and a signifi-
cant alteration of the length and sequence
of either VRA or VRB alone would not
easily be accommodated by the rest of the
structure (16).

Despite the absence of useful chimeras,
mutagenesis experiments have identified
amino acids in the VRA region of the
Moloney murine leukemia virus (Mo-MLV)
SU that, when altered, inhibit MCAT-1
binding without affecting envelope process-
ing and assembly into virions (17). Substi-
tution of Lys for Asp® in Mo-MLV SU
(corresponding to Asp® in the closely re-
lated Fr-MLV) blocks binding and infec-

Table 1. Multiple isomorphous replacement and refinement statistics. Diffraction data were collected by
means of a rotating anode source (Rigaku RU200) with an RAXIS lic detector. All data were collected at
—180°C with a Molecular Structure Corporation cryogenic crystal cooler (X stream). Crystals were
mounted in a 20-pm rayon fiber loop and flash-frozen in the gaseous nitrogen stream. Reflections
[average //o(/) of 10.6] were indexed and integrated with the program DENZO (28) and were scaled with
SCALEPACK (28). Subsequent data manipulations were carried out with the CCP4 package (29). We
accomplished heavy atom derivatization by harvesting crystals into reservoir solution, adding solid heavy
atom to 1 mM, and soaking overnight. Heavy atom sites were located for each derivative by Patterson
methods. Heavy atom refinement and phasing (overall figure of merit 0.599) were carried out with
MLPHARE (30), and the sites for each derivative were verified by calculation of difference Fourier maps
with the use of phases from all other derivatives. Density modification was performed on the MIR map
with the program DM (37). The 3 A, density-modified map was displayed with the program O (32) for
tracing of the polypeptide chain. The model was refined against data to 2.0 A with the program X-PLOR
(33). Cycles of positional refinement, temperature factor refinement, and rebuilding were continued until
the free R factor (34) fell below 35%, at which point ordered waters were added and a bulk solvent
correction was applied. The quality of the structure was verified by Procheck (29), with no residues falling
in disallowed regions of Ramachandran space, and by 1D-3D (35), which gave a score consistent with
all side chains being located in acceptable environments.

PtInE,2":6',2™ Phenyl-

Parameter Native HgCl, terpyriding)Cl HgAc AgNO4 PtCN,
Resolution (&) 2.0 3.0 3.0 4.0 3.0 3.0
Reym” (%) 6.7 13.5 10.7 7.9 7.9 15.9
Completeness (%) 97.2 99.6 99.2 84.4 98.6 80.2
RisoT (%) 22.0 20.4 20.0 15.8 19.7
Number of sites 4 1 4 4 2
Phasing powers 1.11 1.33 1.31 1.02 0.74
Cullis R§ 0.812 0.745 0.758 0.818 0.904

Refinement Structure and stereochemistry
Resolution (&) 20.0-2.0 Number of atoms
Number of Protein 1,786
reflections Carbohydrate 28
Working 18,928 Water 191
Free 1,393 Zinc ions 3
Ruori/Rieell (%) 22.3/26.4 RMSD bond lengths (4) 0.014
RMSD bond angles (degrees) 2.90

“Reym = 2Z; | l; — ) |21, where |, is the intensity measurement for reflection j and (/) is the mean intensity for multiply
recorded reflections. tRso = Z |IFonl = |Fo IV2IF, |, where Fiy, and F, are the derivative and native structure factors,
respectively. $Phasing power = {F.)/E, where (F,,) is the root-mean-square heavy-atom structure factor and £ is
the residual lack of closure error. ~ §Cullis R = 2 || Fon = Fo | = | Fog Il /ZIFon = Fl, where £y, . is the calculated
heavy-atom structure factor.  |IRuork, free = 2 || Fobs | = | Feaie | / [Fops |» Where the working and free R factors are
calculated with the working and free reflection sets, respectively. The free reflections (6.9% of the total) were held aside
throughout refinement.
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tion. When residues Arg®®, Glu®, and
Glu®? in Mo-MLV (homologous to Arg®,
Asp®8, and Glu® in F--MLV) are changed
individually to Glu, Lys, and Lys, respec-
tively, binding is abrogated, although virus
titer is not significantly affected (18). The
binding surface defined by the positions of
these mutants is a textured landscape that
includes a hydrophobic pocket and a
charged ridge (Fig. 4).

The Fr-RBD structure demonstrates
that, in the SU glycoproteins of MLVs, the
polypeptide chain is partitioned structurally
into a conserved Ig-like antiparallel B-sheet
framework and a variable subdomain. The
Fr-RBD architecture will therefore facilitate
the development of viruses with novel re-
ceptor specificities for the purpose of gene
therapy. Current approaches have included
tethering large binding domains such as
single-chain antibodies to the NH,-termi-
nus of the envelope protein (19) or substi-
tuting erythropoietin in place of SU se-
quences (20). The resultant recombinant
viruses have very low transduction efficien-
cies and in some cases (20) require the
wild-type glycoprotein to be co-incorporat-
ed into virions. With the use of the F--RBD
structure as a model, modifications can now
be directed to the receptor-binding lobe
alone, with a detailed understanding of how
the components of this subdomain interact
with one another and with the core of the
protein. The feasibility of replacing the
variable subdomain sequences to generate

V-type
Ig fold [

ﬂ b a &mc-
Fr-RBD

iy

Fig. 3. Topological relation between Fr-RBD and
the Ig fold. Side views of the topologies of a v-type
Ig fold and of Fr-RBD are shown with the B sand-
wiches splayed open between strands ¢” and din
the Ig fold and between strands 5 and 6 in Fr-
RBD. Strand ¢” of the v-type Ig fold can be re-
placed by a loop (38), as is the case in Fr-RBD.
Strand a of the v-type Ig fold can be associated
with either sheet (38); only one alternative is
shown. Strands 1 and 2 of Fr-RBD are shown in
light gray to indicate that they are a modification of
the v-type Ig-fold topology (38).
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new receptor specificities and tropisms has
already been demonstrated by the success of
viral evolution in generating the receptor
diversity of this subgenus.

1.

2.
3. MLVs have been grouped on the basis of superin-
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Fig. 4. The putative re-
ceptor-binding surface.
A molecular surface is
superimposed on the
striicture of the region
containing likely recep-
tor-contacting residues.
Residues Arg®, Glu®?,
Pro®, and Thr® form a
ridge across the top of
this region. The face just
below the ridge contains
the critical Asp®®, which
lies adjacent to a hydro-
phobic pocket. This
pocket is lined with the
residues Pro®, Leu®*,
and Trp'®?, as well as
Asp®®, and its base is
formed by Leu®'. The re-
lation of the putative re-
ceptor-binding surface
to the intact domain can
be derived from the in-
set, in which the expand-
ed region is boxed inred,
and the helices are let-
tered as in Figs. 1 and

2A. The orientation is roughly a 180° rotation about the y axis from
the views in Fig. 2. The figure was generated with Grasp (39).

J02192) (22). The coding sequence was fused in-
frame to a factor Xa protease site (IEGR), three cop-
ies of the hemagglutinin epitope (YPYDVPYA) (23,
24), and a six-histidine motif. Details of this vector
and of protein production will be provided elsewhere
(6). Briefly, insect cells in logarithmic growth phase
were infected with the recombinant virus. Culture
supernatants were collected 3 days after infection,
protein was purified over a nickel-primed chelating
resin (Pharmacia), and the tags were removed with
factor Xa protease (New England Biolabs, Beverly,
MA). Cleaved protein, containing residues 1 through
236 of mature Fr-MLV, as well as six additional resi-
dues remaining on the COOH-terminus from the fac-
tor Xa cleavage site, was repurified by means of a
Mono S ion exchange column (Pharmacia). The elut-
ed protein was dialyzed against 20 mM sodium ac-
etate (pH 5.5) and concentrated to 10 mg/ml with a
centricon-3 microconcentrator {Amicon, Beverly,
MA). We initially grew crystals of Fr-RBD by the hang-
ing drop method at 20°C by equilibrating over a res-
ervoir containing 150 mM calcium acetate, 100 mM
sodium cacodylate {pH 6.5), and 19% polyethylene
glycol 8000. In 3 to 4 days, crystals with a long
rodiike or needlelike morphology appeared. When
zinc acetate was substituted for calcium acetate in
the well solution, crystals did not grow readily, and
the crystals that were observed were clustered.
However, streak-seeding with a human eyelash from
the crystals grown in the presence of calcium to
protein that had been preequilibrated for 12 hours in
zinc solution yielded single blocklike crystals in the
space group P2,2,2, (a = 55.3A b =68.4A c =
80.4 A, @ = B =y = 90°), with a single Fr-RBD
monomer in the asymmetric unit. Subsequent crys-
tals were grown by streak-seeding either from crys-
tals grown in calcium or from zinc crystals that were
themselves grown by streak-seeding. Seven percent
glycerol was later included in the crystallization con-
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13.

14,
15.

16.
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ditions as a cryo-protectant. The solvent content of
the crystals was about 52%. The Fr-RBD model con-
tains all residues in the fragment except the first eight
at the NH,-terminus and the COOH-terminal resi-
dues from the factor Xa cleavage site. The model
contains one N-acetylglucosamine (GIcNAc) at each
of the two N-linked glycosylation sites, residues 12
and 168 (70). There is clear electron density in the
molecular isomorphous replacement (MIR) map for
the first GIcNAc at position 168, but density is not
visible for additional carbohydrate units. One GicNAc
was placed at position 12, but the precise orientation
of this carbohydrate unit should be considered am-
biguous because it is difficult to interpret its electron
density. Three zinc ions were bound in the Fr-RBD
crystals: one at His55 and two at sites spaced 3.58 A
apart from one another at a crystal contact, bridging
Asp?! and Ser®! of one molecule and Asp®® of an-
other. Data to 2.8 A were subsequently collected on
a crystal grown in calcium acetate. The lengths of
unit cell edges b and ¢ were decreased in these
crystals by 2.8 and 3.9%, respectively (a = 55.3 Ab
=665A,¢c=77.3A a=p =y = 90°. Molecular
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The Importance of Recent Ice Ages in
Speciation: A Failed Paradigm

John Klicka and Robert M. Zink

Late Pleistocene glaciations have been ascribed a dominant role in sculpting present-day
diversity and distributions of North American vertebrates. Molecular comparisons of
recently diverged sister species now permit a test of this assertion. The Late Pleistocene
Origins model predicts a mitochondrial DNA divergence value of less than 0.5 percent
for avian sister species of Late Pleistocene origin. Instead, the average mitochondrial
DNA sequence divergence for 35 such songbird species pairs is 5.1 percent, which
exceeds the predicted value by a factor of 10. Molecular data suggest a relatively
protracted history-of speciation events among North American songbirds over the past

5 million years.

Evidence from molecular systematics has
provided fresh insights into several long-
standing controversies regarding avian evo-
lution, including the origin of birds (1), the
origin and distribution of modern-day avian
orders (2), and the survival of avian lin-
eages across the Cretaceous-Tertiary
boundary (3). The timing of the origin of
modern bird species remains unclear. Many
authors (4, 5) postulate a recent origin for
North American songbird species (Order
Passeriformes) and species complexes.

These origins are typically associated
with Late Pleistocene glacial cycles (6-8)
involving (i) fragmentation of a widespread
ancestral species into refugia during periods
of glacial advance and (ii) subsequent ge-
netic divergence among small isolated pop-
ulations, followed by (iii) range expansion
during interglacials. Typically, one [begin-
ning circa (ca.) 100,000 years ago] or two
(ca. 250,000 years ago) such cycles are in-
voked. This model, here termed the Late
Pleistocene Origins (LPO) model, is widely
accepted today [see (9) for example].

If mitochondrial DNA (mtDNA)
evolves at a clocklike (10) rate of 2% per
million years (My) (11), then a plot of
divergence values for sister species of Late
Pleistocene origin should be strongly left-
skewed and leptokurtic. Invoking either
one or two glacial cycles, mtDNA se-
quences of species pairs should differ on
average by 0.2 to 0.5%. The LPO model
also predicts that phylogenetic analyses of
mtDNA sequences (haplotypes) from re-
cently separated species will result in trees
that do not reflect recognized species (tax-
onomic) limits. That is, haplotypes in one
species can be more closely related to hap-
lotypes in the sister species than to those
in their own (12). We tested the LPO
paradigm directly by analyzing most of the

J. F. Bell Museum of Natural History and Department of
Ecology, Evolution, and Behavior, University of Minneso-
ta, 1987 Upper Buford Circle, St. Paul, MN 55108-6097,
USA.

songbird taxa used to construct it. Table 1
depicts all North American songbird spe-
cies (13) for which Late Pleistocene ori-
gins have been postulated (4, 5) and for
which comparative mtDNA data (14) are
now available (16-19). These compari-
sons represent the best estimates of diver-
gence times among what are presumed to
be the most recently evolved songbird spe-
cies. The plot of observed divergence val-
ues (Fig. 1) is neither left-skewed nor lep-
tokurtic. The average percent divergence
for the 35 taxon pairs is 5.1% (SD =+ 3.0),
which suggests an average Late Pliocene
divergence time of 2.45 million years ago
(Ma) (20). This estimated divergence
time and a divergence time consistent
with a Late Pleistocene origin differ by an
order of magnitude. Alternatively, if the
molecular clock is improperly calibrated
and our average percent divergence does
correctly reflect genetic change occurring
since the beginning of the last glacial ad-
vance (assume 5.1% change per ca.
100,000 years), two taxa isolated for 1 My
would differ by 50%. Multiple substitu-
tions at the same nucleotide position and
eventual DNA saturation make a figure
this high improbable, and no such satura-
tion effects were detected in the taxon
pairs examined.

An additional test of the LPO model
derives from comparing the 35 “Late Pleis-
tocene” species pairs with 13 pairs of spe-
cies not specifically theorized to have
evolved in the Late Pleistocene (21). The
mean mtDNA pairwise distance for these
presumably older songbird pairs is 5.2%
(SD = 2.3), a value not significantly dif-
ferent from that of the 35 “Late Pleisto-
cene” pairs (Mann-Whitney U test, P =
0.48). Furthermore, the distributions of
mtDNA distances for the two groups are
not different (Kolmogorov-Smirnov two-
group test; X = 1.4, df = 2, P = 0.50).
These results contradict the expectations
of the LPO model. Overall, these data
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