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Rejection of the "Flying Primate" Hypothesis by 
Phylogenetic Evidence from the €-Globin Gene 

Wendy J. Bailey, Jerry L. Slightom, Morris Goodman 
Whether the bat suborder Megachiroptera (megabats) is most closely related to the other 
suborder of bats, Microchiroptera (microbats), or whether Megachiroptera is the sister 
group of order Primates has been an issue of much debate. Should all bats be classified 
into a monophyletic order (Chiroptera) or do bats have diphyletic origins, and are the 
megabats actually "flying primates"? These questions were addressed by phylogenetic 
analysis of €-globin gene sequences from a number of primates and other eutherian 
mammals. Resultsof parsimonyanalysis not only support bat monophyly,but the strength 
of Chiroptera grouping is comparable to that supporting the monophyly of the prosimian 
primate suborder Strepsirhini (galago and lemur). Furthermore, 39 derived nucleotide 
sequencechanges are uniquelyshared by the megabat (Cynopterussphinx) and microbat 
(Megaderma lyra) versus three commonly shared by the megabat, primates, and Der-
mopteraor flying lemur (Cynocephalusvariegatus), and only two shared by either megabat 
and primates, or by megabat and flying lemur. 

D e b a t e  over chiropteran origins began as microbats, suborder Microchiroptera, in 
early as the 1700s when Linnaeus (I ) first order Chiroptera-is based on an array of 
placed the bats with the order Primates in morphological traits including common 
mammalian taxonomy. The classical hy- wing structure, cranial vascular features, 
pothesis (2)-a monophyletic grouping of and fetal membranes (3). Furthermore, 
megabats, suborder Megachiroptera, with Novacek proposed that Dermoptera (flying 

lemur) and Chiroptera are most closely 

W. J. Bailey, Department of Molecular B~ologyand related to each othkr and that they should 
Genet~cs,Wayne State Univers~tySchool of Medicine, be included in a superorder Archonta with 
Detroit, MI 48201 Primates and Scandentia (tree shrews) 
J. L Slightom, Department of Anatomy and Cell Biol-
ogy, Wayne State University School of Med~cine,De- (4). 
troit, MI 48201, and Molecular Biology Unit 7242, The In contrast, the diphyly of bats or 
Upjohn Company, Kalamazoo, MI 49007 "flying primate" hypothesis advocates that 
M Goodman, Department of Anatomy and Cell Biolo- flight evolved twice in mammals, once in 
gy and Department of Molecular Biology and Genet-
ics, Wayne State Univers~tySchool of Medicine, De- the descent Microchiro~tera*and 
troit, MI 48206. again later in the lineage leading to the 

Megachiroptera from a common lineage 
shared with Primates and Dermoptera (5, 
6) .  Pettigrew's analysis of neural anatomy 
in the visual and motor pathways led him 
to conclude that the brains of Primates. 
Dermoptera, and Megachiroptera share 
important derived features that are absent 
in Microchiroptera (5, 7).  Additional ev-
idence for the diphyly of bats is the pres-
ence of a glans penis, found only in 
Dermoptera, Megachiroptera, and Pri-
mates (8). 

Elucidating the true phylogeny of Chi-
roptera has relevance to the origins of 
Primates, Dermoptera, and Scandentia. It 
also provides a framework for exploring 
evolutionary processes, because both mega-
bats and microbats share similar wing struc-
tures, whereas megabats and primates share 
similar neural pathways. Thus, one set of 
these shared traits represents homoplasy 
(superficial similarity due to convergence or 
reversal). Morphological evidence has 
failed to define accurate phylogenetic rela-
tionships between megabats, microbats, 
and other eutherian mammals (3, 6, 7) .  

The evidence on bat origins from earlier 
molecular studies have been inconclusive as 
well (9, 10). In seeking more definitive 
molecular evidence, we have analyzed a 
data set of DNA sequences representing the 
e-globin gene from 11 primates, flying le-
mur, tree shrew, megabat, microbat, rabbit, 
and goat. Our study provides molecular 
evidence from a nuclear gene directed at 
answering whether megabats share a more 
recent common ancestor with primates or 
microbats. 

The e-globin gene in mammals is the 5'-
most member of the p-globin gene cluster 
that arose from a series of tandem duplica-
tions, the first of which occurred about 200 
million years ago (Ma) and led to the 
embryonically expressed proto-€ gene and 
the postnatally expressed proto-p gene. By 
the time of the first placental mammals (90 
to 100 Ma), further tandem duplications 
resulted in five gene loci linked in the order 
5'-e-y-q-6-P-3' (I 1 ). In placental mam-
mals, the E gene has been much less prone 
to undergo further tandem duplications 
than have the other P-type globin genes. 
Therefore, it is well suited for the study of 
phylogenetic relationships because the 
problem of comparing paralogous genes 
(genes derived from duplication events) is 
largely avoided. In addition, the majority of 
the sequence data is noncoding, hence it is 
not under selective constraints that may 
result in functional homoplasies. 

Sequence analysis encompassed 17 or-
thologous genes (genes derived from speci-
ation events). The data set consisted of 
sequences from previously published data, 
lambda library subclones, and polymerase 
chain reaction (PCR)-generated clones 
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(12). Six sequences are represented by a 
4.1-kb Eco RI subcloned fragment (Fig. 1). 
Four of these, human (13 ) ,  orangutan 
(14), galago (15), and rabbit (16), were 
sequenced previously, whereas two others, 
gibbon and capuchin monkey, were se-
quenced for this study. Tarsier (17 ) ,  lemur 
(18), and goat (19 )  were also previously 
nublished lambda-derived seauences snan-
ning 1.8 kb of the gene proper beginning 
just upstream of the promoter and ending 
about 100 bp downstream of the polyade-
nylation signal. Four other sequences each 

Fig. 1. Map of the €-globingene region. Primers 
C and D were used when amplification reac-
tions failed from primers A and B because of 
mismatches to DNA from species that are more 
distantly related to the primates. Three PCR-
derived clones from three ~ndependentPCR 
reactions were sequenced from each species. 
Where sequence discrepancies existed be-
tween clones, more than three cloned inserts 
were sequenced and the consensus was used 
for comparative analysis. 

1.8 kb in length from common chimpanzee, 
pygmy chimpanzee, gorilla, and rhesus 
monkey were amplified by PCR from primers 
A and B (Fig. 1). Four more PCR-generated 
sequences, each 1.2 kb in length, from flying 
lemur, tree shrew, megabat, and microbat 
were am~lifiedfrom rimers C and D (Fig., -
1). Initial sequence alignments were ob-
tained by the painvise alignment algorithm 
of Smith and Waterman (20) as modified by 
Goodman et al. (11), and alignment for all 
17 sequences was completed by hand. Gaps 
were inserted where they maximized the 
alignment by increasing similarities that 
could be attributed to common ancestry. 

Evolutionary reconstruction began 
with pairwise sequence comparisons over 
shared nucleotide ~os i t ionsto obtain esti-
mates of divergences. The divergence val-
ues in Table 1 compare the major primate 
clades [the anthropoids, the strepsirhines 
(galago and brown lemur), and the tarsier 
(the prosimian primate that may be closest 
cladistically to anthropoids) (17)] ,  flying 
lemur, tree shrew, megabat, microbat, 
rabbit, and goat. Flying lemur diverges less 
from the primates (23.5% to 28.7%) than 

Table 1. Sequence divergence values between primate and nonprimate species. Divergence 
values were calculated from the 1.2-kbregionwhere all species were represented over all positions. 
Values represent actual divergence corrected for superimposed mutations (28).For each pairwise 
comparison, average divergence values are given for the eight anthropoid primates and two 
strepshirhine primates (galago and iemur). 

Species Sequence divergence values 

9. C. hirus 
8. 0. cuniculus 
7 .  M, lyra 
6. C, sphinx 
5. T glis 
4. C, variegatus 
3. Strepsirhine 
2. T syrichta 
1. Anthro~oid 

Fig. 2. Maximum parsimony tree with strength 
of grouping results based on a number of 
eight-branch trees. First the global swap Gorilla 

(PTRFC) program was used with the full se- orangutan 
quence alignment to generate the most parsi- Gibbon 
monious or lowest-length (LL) tree-that is, the Rhesus 
tree with the fewest number of hypothesized Capuchin 
evolutionary changes. This LL tree was then Tarsier 

submitted to the "all trees" (PTRALL) program Lemur 
to determine whether a lower score could be Treeshrew 

obtained. For PTRALL, subtrees can be desig- Flying%fi',
nated within which no branch swaps are al- M e ~ a b a t ~  

lowed, producing a starting tree with eight Microbat 

terminal taxa. Therefore, a terminal taxon can Goat 

either be an exterior node (one of 17 extant 
species) or a designated subtree. PTRALL examines all possible 10,395 unrooted trees for these 
eight terminal taxa. Further exhaustive branch swaps by the PTRALL program, with starting trees 
having different sets of eight terminal taxa, failed to lower the score found by PTRFC. Due to limited 
data and a very high degree of sequence similarity between chimpanzee, human, and gorilla, no 
resolution of the trichotomy was observed in this analysis. 

it does from the nonprimates (32.9% to 
38.8%), indicating that Dermoptera may 
be the sister taxon of Primates. This find-
ing is consistent with recent paleontolog-
ical evidence (21). The two bats diverge 
less from each Gther than either does from 
any other species, indicating a recent 
common ancestry. Furthermore, the di-
vergence value for the two bats (23.5%) is 
essentially equal to divergence values ob-
served within the primates themselves 
(24.5% to 28.9%), which is congruent 
with the hypothesis that megabats and 
microbats are monophyletic. In contrast, 
interordinal divergence values range be-
tween 33% (flying 1emur:tree shrew) and 
47.8% (rabbit:goat). 

This divergence matrix was then used 
to construct trees by the UPGMA method 
(22) and the neighbor-joining (NJ) meth-
od (23). The UPGMA tree placed flying 
lemur among the primates, joining it to 
the anthropoids, followed successively by 
strepsirhines, tarsier, tree shrew, rabbit, a 
bat clade, and goat. The  NJ tree grouped 
all the primates together; in succession, 
these were then joined by flying lemur, a 
tree shrew-rabbit clade, a bat clade, and 
goat. These topologies were used as input 
trees with the full 4.2-kb sequence align-
ment to generate a number of alternative 
branching arrangements by two branch-
swapping parsimony programs, a global 
swap program PTRFC (24) and an  all trees 
program PTRALL (25). 

The lowest length (LL) tree joins rabbit 
to tree shrew which then joins the pri-
mates, the primate-tree shrew-rabbit 
clade is next joined by flying lemur, then 
by the bat clade, and by goat (Fig. 2). The 
grouping of tree shrew and rabbit agrees 
with a previous study in which amino acid 
sequences of a and p hemoglobin were 
used (10, 25) .  The  "all trees" program was 
used to assess how strongly these E se-
quences support the monophyly of bats as 
well as other phylogenetic relationships. 
In the LL tree (Fig. 2) ,  the numbers 
within circles on each stem represent the 
minimum number of nucleotide substitu-
tions that must be added to the maximum 
parsimony score to break up that clade. 
Note that the number of nucleotide sub-
stitutions required to break up the bats 
(31) is comparable to that required to 
break up the strepsirhines (37). The other 
strongly supported monoph~let ic  group-
ings are the catarrhines (27), the anthro-
poids (65), and the grouping of primates, 
flying lemur, tree shrew, and rabbit (23). 

The most narsimonious tree was then 
compared with opposing hypotheses. Fig-
ure 3A shows the LL tree and its score, 
and Fig. 3 ,  B to E, shows alternative 
hypotheses of Primate-Dermoptera-Chi-
roptera relationships tested by parsimony 
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and the resulting scores. Novacek's hy- hypotheses or the diphyly of bats (Fig. 3, 
pothesis of Chiroptera-Demoptera mono- C to E), each require greater than 100 
phyly in a superorder Archonta, which postulated changes over the LL tree. For 
also contains Primates joined to Scanden- Pettigrew's trees, alternative topologies 
tia (Fig. 3B), requires postulating 52 were tested with respect to the position of 
changes more than the most parsimonious lagomorph and microbats and for each the 
tree. Three of Pettigrew's "flying primate" lowest scoring topology is presented. 

Fig. 3. Comparison of 
the most parsimonious 
tree versus alternative 
hypotheticaltopologies. 
Groups representedare 
order Primates, tree 
shrew (family Scanden-
tia), flying lemur (order 
Dermoptera), megabat 
(suborder Megachi-
roptera), microbat (sub-
order Microchiroptera), 
rabbit (order Lagamor-
pha), and goat (order 
Artiodactyla). (A) The 
most parsimonious tree 
and its score; (6)No-
vacek's hypothesis with 
its parsimony score and 
the difference between 
that tree's score and the 
lowest score; and (C to V 
E) three of Pettigrew's 
hypotheses, scores, E e e E 
and differences. s 2 % ~ s 

e g s g g . a  CLg f! g g" % =.gg g z g  0 ;  g g E g o = + ?  
m m 5 g .g 
~ E q " j y ~ ~g , g e i g $'C 
n a h ' % B I Y $ s  

D 

Table 2. Positions with synapomorphic sequence characters supporting various Megachiroptera 
groupings. Abbreviations are listed in (12) and Primates = Pri. The positions in bold type denote 
where there are no convergent nucleotides between the bats and any other species.To determine 
whether the number of positions supporting one hypothetical tree over another is significant, we 
applied the winning-sites method (29). The winning-sites test determined whether 39 supportive 
positions were significantly greater than the 11 or 3 positions supportingalternative hypotheses. In 
comparing Csp:Mly (39 positions)versus Csp:Chi (11) by a binomial distribution,p = 4.51 x 
In comparing Csp:Mly (39) versus Csp:Pri/Cva (3), p = 2.82 x lo-'. Therefore, support for the 
monophyletic grouping of the bats is significantly greater than either competing alternative. 

Sequence positions 

2388 2846 3539-43 2560 2830 2861 2390 
2396 2893 3583-87 2821 3213 2891 2415 
2400 3219 3625 3614 2448 
2405 3231 3626 2615 
2416 3441 3627 2629 
2477 3476 3628 2872 
2731 3494 3629 3199 
2838 3495 3630 3396 
2779 3496 3637 3685 
2782 3502-04 3688-89 3721-22 
2811-14 3511 3743 3750 
2815 3523 3763 
2816 3536 3830 
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Over the 1200 nucleotide positions 
representing the megabat, microbat, tree 
shrew, and flying lemur, there are 39 
different, single or contiguous positions 
where the sequences uniquely group the 
two bats (C. sphinx and M. lyra) (Table 
2). It is worth noting that just one of these 
putative synapomorphic positions or 
shared derived nucleotides, site 2477, is 
within exon 2, which is the only coding 
region represented in these species. This 
would argue against any selected conver-
gences accounting for the similarity in the 
two bat sequences. In contrast, only two 
positions support either a megabat-flying 
lemur clade or a megabat-primate clade 
and only three support a megabat-pri-
mate-flying lemur clade. Because the first 
tree to break up Chiroptera joined the 
megabat to goat, the number of putative 
synapomorphic characters supporting that 
grouping was tabulited. The megabat and 
goat share only 11 such nucleotides 
(Table 2). 

Additional molecular data involving 
different representatives of Megachi-
roptera and Microchiro~teraalso support 
~ h i r o ~ t e r amonophyly. In recent studies 
of the mitochondria1 12s ribosomal RNA 
and the cytochrome oxidase I and I1 
genes, the megabat Pteropus capestratus 
and the microbat Brachyphylkz cavernarum 
were included in one analysis and the 
megabat Rousettus leschenaulti and the mi-
crobat Phyllostomus hastatus were included 
in another (26). Another study comparing 
sequences of the interphotoreceptor retin-
oid binding protein gene from primates 
and a number of nonprimate species, in-
cluding the megabat Pteropus hypomelanus 
and the microbats Tonatia bidens and To-
natia silvicokz, found a monophyletic Chi-
roptera to be the most parsimonious solu-
tion (27). 

Pettigrew's view that microbats are not 
closely related to primates may be more 
correct than Novacek's, which places all 
the bats in the superorder Archonta with 
primates, but we find that neither mega-
bats nor microbats are closely related to 
primates. Although the question of which 
mammalian order is the sister group of 
primates was not resolved in this study, 
evidence based on divergence values and 
parsimony analysis demonstrates that 
Megachiroptera is not the sister group of 
the primates and that a more likely can-
didate is one of flying lemur, tree shrew, or 
rabbit (2 1). Morphological homoplasies 
must have occurred during the descent of 
Primates and Chiroptera either in wing 
structure, present only in the two subor-
ders of bats, or in some neural ~athways 
common only to primates and megabats. 
According to a diphyletic hypothesis, 
powered flight in mammals evolved twice, 



but due to anatomical constraints much 
homoplasy resulted. Pettigrew argues that 
"functionally obscure" neurological fea-
tures are less aDt to be under selective 
constraints and similarities between pri-
mates and megabats are due to recent 
common ancestry rather than convergence 
(7). Our €-globin noncoding DNA data 
strongly oppose the "flying primate" view 
of wing convergence during the descent of 
two separate bat lineages, in support of the 
classical hypothesis of a monophyletic 
Chiroptera and a common origin of mam-
malian flight. 
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Maternal-Effect Selfish Genes in Flour Beetles 
R. W. Beeman,* K. S. Friesen, R. E. Denell 

A previously unknown class of dominant, maternal-effect lethal Mfactors was found to be 
widespread in natural populations of the flour beetle, Triboliumcastaneum, collected on 
several continents. Such factors are integrated into the host chromosomes at variable 
locationsand show the remarkable property of self-selection by maternal-effect lethalityto 
all hatchlings that do not inherit a copy of the factor itself. Offspring are rescued by either 
paternally or maternally inherited copies. The M-bearing chromosome is thereby perpet-
uated at the expense of its non-M homolog. Mfactors that map to different regions of the 
genome do not rescue one another's maternal-effect lethality. Factors expressing these 
properties are predicted to spread in a population, even in the absence of any additional 
selective advantage. Similar factors also occur in the related species T. confusum. 

Much of an animal's genome may be com-
posed of parasitic or "selfish" DNA that 
serves no immediate function for the host 
but rather exploits the host for its own 
propagation ( I  ).Parasitic DNA may thrive 
and spread by replicative transposition, by 
segregation distortion, by mechanisms in-
volving supernumerary chromosomes (2) or 
by other non-Mendelian mechanisms. We 
report a novel mechanism by which a selfish 
gene (or gene complex) may facilitate its 
own propagation at the expense of its un-
selfish homolog. We show evidence for the 
widespread distribution in nature of a chro-
mosomally integrated factor that confers 
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matemal-effect lethality to all progeny that 
do not inherit a copy of the factor itself. To 
our knowledge similar mechanisms are un-
known in the animal kinedom. 

In a screen for hybgd dysgenesis (3) 
between geographicallydiverse strains of T. 
castaneum, we found numerous cases of 
reciprocal hybrid female semisterility. One 
example of such bidirectional, female-spe-
cific semisterility, observed in hybrids be-
tween strains collected in Singapore (SP) 
and the United States (US) (4), is docu-
mented in Fig. 1A. Crosses within each 
strain and reciprocal crosses between strains 
are fertile. F, hybrid males from either 
interstrain cross are fertile when back-
crossed to females from either varental 
strain. F, hybrid females from either inter-
strain cross are fertile when crossed to SP 
males, but semisterile when crossed to US 
males. This semisterility is due to a preadult 
mortality rate of 50 to 80% among the 
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