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ABSTRACT We have analyzed the phylogenetic distribu-
tion of introns in the gene coding for xanthine dehydrogenase
in 37 species, including 31 dipterans sequenced by us. We have
discovered three narrowly distributed novel introns, one in
the medfly Ceratitis capitata, the second in the willistoni and
saltans groups of Drosophila, and the third in two sibling
species of the willistoni group. The phylogenetic distribution of
these introns favors the ‘‘introns-late’’ theory of the origin of
genes. Analysis of the nucleotide sequences indicates that all
three introns have arisen by duplication of a preexisting
intron, which is pervasive in Drosophila and other dipterans
(and has a homologous position as an intron found in humans
and other diverse organisms).

The ‘‘exon theory of genes’’ (ref. 1; and the related ‘‘introns-
early’’ theory, refs. 2–3) proposes that the first genes were
made of short DNA sequences that coded for small polypep-
tide chains and correspond to modern exons. According to this
theory, introns were in existence at the very beginning of
evolution and were used to assemble the early genes, but many
were lost during evolution (4). The ‘‘introns-late’’ theory
proposes that introns arose late in evolution, perhaps around
the origin of multicellularity, and may have been instrumental
in creating, during the Cambrian explosion, a profusion of new
genes by exon shuffling (5–9). The two theories make different
predictions with regard to the evolutionary rates of intron
insertion and deletion after diversification of the progenote.
According to the exon theory, later divergent eukaryotes have
lost many of their introns, and the ones that remain are a subset
of the total number that existed in earliest times. In contrast,
the introns-late theory claims that introns were inserted some-
time after archeozoan divergence and have proliferated in
various lineages. Recent evidence manifests that the patterns
of intron distribution and insertion across lineages typically
show a restrictive phylogenetic distribution indicative of a
recent origin (9–13). However, the process of spliceosomal
intron gain remains to be elucidated.

We have studied the phylogenetic distribution of introns in
a gene coding for xanthine dehydrogenase (Xdh; EC 1.2.1.37)
across a broad phylogenetic spectrum that includes 33 dipter-
ans, 1 lepidopteran, 2 vertebrates, and 1 fungus. We have
uncovered in the dipterans the presence of three narrowly
distributed introns, which cannot parsimoniously be reconciled
with the exon theory. The evidence indicates that the most
likely explanation for the origin of these introns is a recent
duplication from preexisting but not very proximal introns.

MATERIALS AND METHODS

A 1,605-bp-long fragment of the Xdh gene (corresponding to
positions 1,078 to 2,682 in the Drosophila melanogaster se-
quence; ref. 14) was amplified, cloned, and sequenced in 31

species of dipterans. The region comprises about half (975 bp)
of exon 2, intron 2 (between positions 2,052 and 2,335), and
most of exon 3 (348 bp).

Genomic DNA was prepared according to Kawasaki (15);
the region was amplified by PCR with Ampli-tak DNA poly-
merase (Perkin–Elmer) by using high-fidelity conditions (16).
PCR primers were designed by identifying conserved regions
in homologous Xdh sequences available in GenBank for
distantly related insects, vertebrates, and fungi. PCR primer
sequences were sense, 59-GCTCCTGGAGGCATGATHGC-
CTATCGTCG-39; antisense, 59-ATGAATTCCARTGT-
GAANAGKCCRTAGCCYTGCAT-39 (H 5 A,C,T; K 5 G,T;
N 5 G,A,C,T; R 5 A,G; Y 5 C,T). PCR conditions: template
denaturation for 1 min at 95°C, primer annealing for 1 min at
56°C, and primer extension for 2 min at 72°C (30 sec added for
each successive cycle), for a total of 32 cycles. PCR products
were purified with the Wizard PCR Preps DNA purification kit
(Promega), and the amplified Xdh region was ligated to the
PCR II vector from the TA-cloning kit (Invitrogen) and cloned
into Escherichia coli INV a F9 competent cells. Plasmid DNA
was prepared for sequencing by using the QIA prep kit
(Qiagen) and sequenced manually by the dideoxy termination
method (17) with Sequenase 228 V3.0 DNA sequencing kit
(Amersham). Both strands of the Xdh region were completely
sequenced with 14 primers that included, in addition to the
standard M13ypUC sequencing oligonucleotides, the two am-
plifying primers and the following sequencing primers: XL1,
59-GATGACAWCCMCGMATGGA-39; XL2, 59-GTGATT-
GTGACCATHGAGSAGGC-39; XL3, 59-TCCACTCAG-
CATCCGTCNKAGGTRCA-39; XL4, 59-ACAGCCTGYGA-
BATTGARTGCTA-39; XL5, 59-GGAATCGCATTCGGNG-
YNATGCA-39; XL6, 59-GATCCGATCTVAAYGGMATG-
GC-39; XR1, 59-GCCTTGTTGATCCAYTCYTKCCA-39;
XR2, 59-CCAGCCTGGTTNARRTGCAT-39; XR3, 59-AAG-
GACARATCCATNGACCA-39; XR4, 59-TGCACCTCNGA-
NGGATGCTG-39; XR5, 59-TAGGAGTTGTGCTYDATR-
GCCT-39; XR6, 59-CCAGATAGAGYTCDCCDTCCAT-39
(B 5 C,G,T; D 5 A,G,T; M 5 A,C; R 5 A,G; S 5 C,G; V 5
A,C,G; W 5 A,T). The primer XL3 failed in Drosophila
sturtevanti, for which it was replaced by XL3s, 59-TACTTA-
AATAGGAACGGATG-39.

Sequences were aligned with CLUSTAL W (18), with minor
adjustments by eye. Intron positions were inferred by reference
to the coding and the canonical spliceosomal intron splice sites.

RESULTS

Fig. 1 displays the 443 aa corresponding to the Xdh region
sequenced in this study. The seven species listed include three
Drosophila (out of the 28 species we have analyzed), the medfly
Ceratitis capitata, the moth Caliphora vicina, the mold Aspergil-
lus nidulans, and Homo sapiens. The region includes 11 of the
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FIG. 1. Alignment of 443 residues of the amino acid sequence of xanthine dehydrogenase in seven species. Previously known intron positions
are numbered (as in humans) above the sequences and denoted by shading: over two residues when the site falls between two codons, or over one
residue when the codon is split, in which case the number in parentheses refers to the base in the triplet just before the intron. Black shading denotes
novel inserted introns, labeled A, B, and C. Sources for published sequences are as follows: Drosophila melanogaster (14, 19), Calliphora vicina (20),
Homo sapiens (21), and Aspergillus nidulans (22). Human intron 24 is at the same position as Drosophila intron 2.
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35 introns reported for the human sequence (numbered 16–26
on top of the sequences), which are precisely the same also
present in the mouse (not shown). The moth Caliphora does
not have any intron in this region. The mold has only one
intron, located 4 bp upstream from human intron 21. Human
intron 24 is present in all other species (with the noted
exception of the moth and the fungus) and is the only one
present in this region of D. melanogaster (where it is known as
intron 2). The figure shows the position of three novel introns
(designated A, B, and C), previously unknown in Drosophila.
Intron C is found only in the medfly. Intron B is present in D.
willistoni and D. sucinea, as well as in other species of the
willistoni species group (not shown). Intron A is present only
in D. sucinea and its sibling D. capricorni (not shown).

The three new introns fall into positions that are clearly
distinct from any previously known intron position in this
region. The physical distances between these introns and any
of those previously described is 48 bp (between intron B and
human intron 18), 67 bp (between intron C and human intron
26), and 75 bp (between intron A and human intron 16). In the
Drosophila Xdh coding region, intron A is located 276 bp (92
codons) upstream from intron B, which is located 606 bp (202
codons) upstream from intron 2 (human intron 24). Intron C
is located 269 bp (89.7 codons) downstream from intron 2. The
newly discovered Drosophila introns have sizes ranging from 52
to 66 bp, which are typical for Drosophila introns (except for
the first one for each gene, which is typically longer). Introns
A and B are in phase 0 and intron C is in phase 2. All three
introns fit to the ‘‘GT-AG’’ consensus splicing signal.

The phylogeny depicted in Fig. 2 indicates the distribution
and insertion of the three newly discovered introns. Each of the
three introns exhibits a clustered distribution. Intron A is
present in the two closely related species D. capricorni and D.
succinea, but not in the other species of the willistoni group
even though these are all close relatives, nor in any other

Drosophila species. Intron B is found in all the representatives
of the saltans (six sequenced species) and willistoni (five
sequenced species) groups of Drosophila, but is not present in
other species of the Sophophora subgenus, such as the mela-
nogaster and obscura groups, nor in any other Drosophila
species. Intron C is exclusively present in the mediterranean
fruit f ly C. capitata (but we have not sequenced any other
species of the family Tephritidae, to which Ceratitis belongs).

Fig. 3 (Upper) shows an alignment of introns A, B, and 2 in
D. sucinea and D. capricorni. Intron A is identical in both
species, and there is only one nucleotide difference between
the species in intron B and one in intron 2 (indicated by
arrows). These similarities reflect the very recent divergence of
these two species.

Unexpectedly, for seemingly nonhomologous noncoding
sequences, introns A, B, and 2 exhibit striking sequence
similarity. Ignoring the 59 and 39 consensus splicing sites, there
are several identical runs of consecutive nucleotides in regions
1 and 2 (highlighted in Fig. 3). Introns A and B show two strings
of 6 and 4 consecutive, identical nucleotides in region 1, and
a string of 6 identical nucleotides in region 2. Introns B and 2
show two strings of 4 consecutive identical nucleotides in
region 1 (ATCT and TTAA) and two strings of 6 and 5 in
region 2 (separated by a single-nucleotide putative indel).
Similarity between introns 2 and A is much less apparent; their
alignment would be difficult if considered separately from
intron B.

To ascertain the probability of observing this much similar-
ity by chance only, we have carried out a simple, random
permutation test as follows. For each pairwise comparison, the
first 6 and the last 2 nt of each sequence, corresponding to the
intron consensus splicing sites (59-GTRAGT and AG-39, re-
spectively) were excluded. The sequence of intron B, which is
the largest, is placed as the reference against which two sets of
100,000 randomly permuted sequences of equal length are
compared. As nucleotide frequencies for each set we use those
from the second intron involved in the comparison (A or 2,
depending on the set). In this respect, the test is conservative
because it disregards observed differences that could easily be
accounted by transitional events. In none of the two sets of
100,000 random permutations did we observe a single se-
quence carrying a combination of strings as large as, or larger
than, the observed ones. This means that the estimated chance
probability of the observed identity is P ,, 0.001 for either A
to B, or A to 2, or B to 2 intron comparisons.

Fig. 3 (Lower) displays the alignment between introns C and
2 of Ceratitis. Ignoring the 59 and 39 consensus splicing sites, we
can see four strings of 6, 4, 6, and 4 identical consecutive
nucleotides. The probability that this much similarity might
have come about by chance is also P , 0.001 (only one case out
of 100,000 random permutations).

DISCUSSION

The introns-early theory proposes the presence of many in-
trons in the common ancestor of all organisms alive today. In
the early primitive organisms, introns would have been criti-
cally important for assembling short, primordial minigenes
(encoding 15–20 aa) into more complex genes through exon
shuffling. In contrast, the introns-late theory assumes that
present-day exonyintron structures arose through evolution by
random insertion of introns into continuous genes after the
emergence of the eukaryotic cell or the emergence of the
mitochondria. According to the introns-late theory, spliceo-
somal introns were never present in the remote ancestors of
groups of organisms that now lack them, such as the eubac-
teria, archaeobacteria, and archaezoan protists. One source of
evidence for or against the two theories has been the pattern
of intron distribution across taxa.

FIG. 2. Phylogenetic distribution of intron 24 and of the three novel
introns, A, B, and C, detected in the Xdh studied region. Presence of
an intron is represented by a plus sign, and absence is represented by
a minus. The putative phylogenetic insertion of the novel introns is
indicated by arrows. The consensus cladogram is based on data from
refs. 22–24. The number of species included within taxonomic cate-
gories is shown in parentheses. The species are: for the willistoni
subgroup, D. equinoxialis, D. paulistorum, D. willistoni, D. tropicalis,
and D. insularis; for the saltans group, D. saltans, D. prosaltans, D.
emarginata, D. neocordata, D. sturtevanti, and D. subsaltans; for the
melanogaster group, D. melanogaster, D. simulans, D. teissieri, and D.
erecta; for the obscura group, D. subobscura, D. pseudoobscura, and D.
persimilis; for the Drosophila subgenus, D. gymnobasis, D. robusta,
D. virilis, D. hydei, D. funebris, and D. busckii; Zaprionus tuberculatus;
for Hirtodrosophila, D. pictiventris; Scaptodrosophila lebanonensis;
Chymomyza amoena; and Ceratitis capitata. The nucleotide sequences
of the introns in the Drosophilid species have GenBank accession
numbers AF039603–AF039649.
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Parsimony arguments generally have favored the introns-
late hypothesis. To accommodate the observed distribution of
introns in the tree of life, proponents of the early-intron view
have to postulate massive parallel intron losses from many
different protistan lineages, including complete intron extinc-
tion from the several earliest lineages, as well as repeated,
independent losses in numerous lineages of all animal and
plant lineages extensively studied (7, 9–13).

The clustered phylogenetic distribution of the three novel
introns reported in this study suggests that they are recently
derived evolutionary features. The presence of intron A ex-
clusively in D. sucinea and D. capricorni (Fig. 2) is parsimo-
niously explained by a single gain in the recent common
ancestor of both species with no subsequent losses. If this
intron would have been present in the ancestor of all species
shown in Fig. 2, it would be necessary to invoke a minimum of
13 independent losses to account for the observed distribution.
Similarly, the presence of intron B in all the representatives of
the willistoni and saltans groups, but not in the other species,
can be parsimoniously interpreted as the result of a single gain
in their shared ancestral lineage after divergence from other
Sophophora subgenus groups (melanogaster and obscura).
Alternatively, 10 independent losses would be required if this
intron would have been present in the ancestor of all species
in Fig. 2. Parsimony also favors an insertional origin of intron
C in the Ceratitis lineage. Otherwise, at least four independent
losses must be invoked, rather than a single gain.

Intron sliding from one to another position within a gene is
one possible way to account for the appearance of introns in
new positions, while claiming that the introns are ancient.
Intron sliding has been invoked to account for otherwise
putative intron insertions in several genes (e.g., ref. 25; review
in ref. 9). Evidence for putative intron sliding is scarce (review
in ref. 26). In any case, this claim has been vigorously chal-
lenged, because the cases of intron slippage required by the
early-introns theory seem to be too numerous to be consistent
with the reported correlation between the boundaries of the
ancient protein modules and the ends of ancient exons (27).
The intron-sliding hypothesis has recently been evaluated on
the basis of its implications with respect to the spatial and
phylogenetic distribution of intron positions. Examination of
205 distinct intron positions from five sets of genes shows no
sign of the excess closeness or clustering expected from sliding,
leading to the conclusion that intron sliding has been a
negligible phenomenon (9). In the present case, intron sliding
could hardly account for the observed phylogenetic distribu-
tion of introns. The best candidate new intron position to be
involved in sliding is 48 bp from the nearest intron (intron B
with regard to human intron 18). This distance falls well
outside the supposed 12 bp limit for intron displacement (28).
The observation of three putative new intron insertions within
the short nucleotide sequences sampled in this study, two of

them within a set of closely related species, suggests that new
spliceosomal introns can be gained, at least in some regions,
more easily than it is often assumed.

A proposal of the introns-late theory is that spliceosomal
introns are originally derived from group II introns that
invaded the nuclear genome from organelles. Given that group
II introns appear to be absent from animal mitochondria and
that animals do not have chloroplasts, this hypothesis leaves
unexplained how recent introns, such as the ones uncovered in
this and other studies, may be acquired in animals (e.g., refs.
7 and 9–13). At least two hypothetical mechanisms can ac-
count for recent intron gains (reviewed in ref. 26): (i) the
insertion of a transposable element that can be removed from
the transcript utilizing splice sites within the transposon or in
the flanking host sequences, and (ii) duplication of a preex-
isting intron. There is evidence that some transposable ele-
ments in maize can be spliced out like introns. However,
transposable elements do not seem to be good candidates as
sources for the putative intron gains in the Xdh region because
intron insertion by this mechanism will delete or insert a few
amino acids at the site of integration (29). The results obtained
in our study suggest that intron duplication might be a pow-
erful mechanism at generating new intron positions in the
nuclear genomes, evidence of which, to date, has been lacking.

We have shown that the sequence similarity between intron
2 and introns A, B, and C cannot be explained by chance. Two
processes that could account for the similarities are functional
constraints (natural selection) and duplication. Apart from the
59 and 39 spliceosomal signals, the most obvious candidate
region to be conserved in nonhomologous short introns is the
branch point. This signal appears to be involved in the recog-
nition of the 39 splice site, being critical for the correct splicing
of the intron. Based on the distribution of branch points in
Drosophila introns, Mount et al. (30) have suggested that the
minimum distances between branch points and the farthest 59
and 39 splice sites are 38 and 15 nt, respectively. This allows us
to discard the possibility of the branch point to be located in
region 1 of either intron A or B (Fig. 3), because it would be
too close to the 59 splice site. Similarly, region 2 of intron A is
fully encompassed by the first 37 nt downstream from the 59
splice site, and most of region 2 in intron 2 (9 out of 11 nt) is
included within the last 15 nt from 39. Hence, it seems unlikely
that branch points can account for the similar sequences in
these introns. This conclusion is supported by analysis of the
distribution of nucleotide bases within the conserved region 2
(Fig. 3) in relation to the Drosophila branch-point consensus
‘‘CTAAT.’’ The branched nucleotide (underlined) is predom-
inantly A. Introns 2, A, and B share a single A within region
2, but this is preceded by a G, which is very rarely observed at
this position in Drosophila introns (30). Thus, even if the
branch point were located in region 2, it would be unlikely that
it would be located in the same central position in all the three

FIG. 3. (Upper) Alignment of the nucleotide sequences of introns A, B, and 2 for D. sucinea and D. capricorni. Black shading over sites denotes
identical nucleotides shared by at least two nonhomologous introns. Regions 1 and 2, denoted by light-shading overlay, indicate two regions of
extensive site identity between the Drosophila introns. The two arrowheads indicate nucleotide substitutions between D. sucinea and D. capricorni.
(Lower) Alignment of the nucleotide sequences of introns C and 2 in C. capitata.
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introns and thereby account for this region’s sequence simi-
larity among the three introns.

The hypothesis that the observed similarity among the
introns is due to causes other than natural selection is rein-
forced by examination of the intron sequences in related
species. We were unsuccessful in aligning introns B and 2
(intron A is present only in D. capricorni and D. sucinea) across
all the species of the willistoni and saltans groups. Inability to
obtain a reliable alignment indicates that the sequence simi-
larities across regions 1 and 2 are not conserved outside the
lineages of D. sucinea and D. capricorni. Also, a BLAST (31)
computer search over the sequences currently stored in Gen-
Bank and other molecular databases did not yield any similar
motifs in other Drosophila regions. We conclude that natural
selection by itself cannot account for the sequence similarity
among the introns. Other factors, such as gene conversion, also
seem unlikely because the coding regions surrounding the
introns are quite dissimilar from the intron sequences. If the
intron sequences proceed from unrelated origins, they would
likely be too different to undergo gene conversion. We propose
that intron duplication is the most likely explanation for the
new introns A and B in the Xdh region of Drosophila (and by
extension of the argument, we suggest that intron C of Ceratitis
has also been acquired by duplication, although the evidence
is more limited).

Intron duplication could have occurred via reverse splicing
of some preexisting nuclear intron in the new intron positions
of a pre-mRNA, followed by reverse transcription and homol-
ogous recombination (32). Reverse splicing has recently been
proposed for the addition of spliceosomal introns to the U6
small nuclear RNA genes in yeast (33–35). The phylogenetic
distribution of intron A indicates that this intron was gained
more recently than intron B, and that these two introns are
much more recent than intron 2, which is present across a
broad range of taxa from mammals to Drosophila. The se-
quence of events leading to the duplication of introns A and B
could be as follows: at some time point during the evolution of
the common ancestor of the willistoni and saltans groups, and
after it had diverged from the ancestor of the melanogaster and
obscura lineages (some 30–50 million years ago; see ref. 24),
intron 2 spliced out of the mRNA and inserted into the location
currently occupied by intron B according to the mechanism
described above. Subsequently, during the evolution of the
willistoni group, a similar event would have taken place in the
common ancestor of D. sucinea and D. capricorni, after it had
separated from the main willistoni lineage, originating intron
A. This intron could originate either from intron B or intron
2, because it is about equally different from both (7 indels plus
11.5 substitutions or 10 indels plus 8.4 substitutions, respec-
tively). Because D. capricorni and D. sucinea are very similar
at the molecular level (which contrasts with their substantial
degree of morphological differentiation), the insertion of
intron A must have been a recent event.

In conclusion, we have provided evidence of (i) recent
acquisition of new introns in Diptera, two (A and B) in
Drosophila and one (C) in Ceratitis; and (ii) duplication of a
preexisting intron present in the same gene but at a remote
location. Two intriguing questions arise. Why is it that intron
24 but not other introns within this Xdh region has persisted
from a remote ancestor into mammals and flies? What is
distinctive of intron 24 that has made it a source of duplication?
This second question may, of course, have a trivial answer;
namely, that it is the only intron that has persisted in the
Diptera and thus the only one available for repeated duplica-
tion in Drosophila and in Ceratitis. Similarly, the first question
has a possible trivial answer; namely, that the persistence of

intron 24 is a matter of chance, through the one billion years
(half a billion in each lineage) of separate evolution of
mammals and flies.
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