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Abstract

This paper deals with a general question posed by the origin of new processed chimerical genes: when a new retrosequence
inserts into a new genome position, how does it become activated and acquire novel protein function by recruiting new functional
domains and regulatory elements? Jingwei ( jgw), a newly evolved functional gene with a chimerical structure in Drosophila,
provides an opportunity to examine such questions. The source of its exon encoding C-terminal peptide has been identified as an
Adh retrosequence, which extends the concept of exon shuffling from recombination to retroposition as a general molecular
mechanism for the origin of a new gene. However, the origin of 5∞ exons remains unclear. We examined two hypotheses concerning
the origin of these non-Adh-derived jgw exons: (i) these exons might originate from a unique genomic sequence that fortuitously
evolved a standard intron–exon structure and regulatory sequence for jgw; (ii) these exons might be a duplicate of an unrelated
previously existing gene. Genomic Southern analysis, in conjunction with construction and screening of a genomic bookshelf (sub-
library), was conducted in a group of Drosophila species. The results demonstrated that there are duplicate genes containing the
same structure as the recruited portion of jgw. We name this duplicate gene in Drosophila teissieri and Drosophila yakuba and its
orthologous gene in Drosophila melanogaster as yellow-emperor ( ymp). Thus, the 5∞ exons/introns originated from a previously
existing gene that provided new modules with specific sub-function to create jgw. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction of genes is largely unknown. To study the origin of a
gene in detail requires the discovery of a young gene,
and in particular one that has retained significant fea-How new genes with novel functions originate is a
tures of its early stages. If a gene is old, signals of itsfundamentally important but poorly understood evolu-
early evolution will have been obscured by noise fromtionary problem. The recent success in sequencing whole
later evolutionary processes. Furthermore, duplicatedgenomes clearly shows that organisms vary in the
genes and shuffled exons, which may lead to the originnumber and type of genes they possess (e.g., the bacterial
of new genes, are usually associated with rapid sequencegenomes sequenced by Fraser et al., 1995 and
evolution (Long et al., 1996; Ohta, 1994). This featureHimmelreich et al., 1996). The roles of those lineage-
of gene duplication reinforces the need to study youngspecific genes in evolution, and the way those genes
genes.originated, are largely unexplained. Yet, any gene in an

The jingwei ( jgw) gene in Drosophila provides anorganism at some remote time had an origin and a
opportunity to investigate the early stage of evolutionperiod early in its evolution when it acquired new
of genes, because of its young age and specific genefunctions. The actual picture for this exciting early stage
structure. Jgw exists only in two Drosophila sibling
species, Drosophila teissieri and Drosophila yakuba,Abbreviations: Adh, alcohol dehydrogenase; NIB, nuclear isolation

buffer; PCR, polymerase chain reaction; ymp, yellow-emperor; ynd, which were separated less than 2.5 million years ago
yande. (Lachaise et al., 1988). A portion of this gene was first
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tRNA retrosequence (Martignetti and Brosius, 1993a;
Brosius and Gould, 1992); the second gene encoding
BC200 RNA in primates recruited a unique region after
the 7SL RNA-derived monomeric Alu element inserted
into the genome (Martignetti and Brosius, 1993b;
Brosius and Gould, 1992). (ii) Alternatively, the three
5∞ jgw exons might be from an unrelated pre-existing
gene. In this paper we will show that the second scenario
is true, supporting the concept of exon shuffling (Gilbert,
1978), a mechanism for new gene evolution.

Fig. 1. The chimerical structure of the jgw gene in D. teissieri and
yakuba. The grey region flanked by two oligonucleotide primers, A747
and A698, is the recruited exons. 2. Materials and methods

2.1. Extraction of genomic DNAsthree original introns lost (Jeffs and Ashburner, 1991),
suggesting an important role of retroposition in the
origin of new genes as discussed by Brosius (1991). In Genomic DNAs were extracted from 200 to 300 adult

flies of D. yakuba (strain Y5), D. teissieri (T7), anda survey of population genetic variation of jgw DNA
sequences in D. teissieri and yakuba, Long and Langley Drosophila melanogaster (strain MK47) (for the sources

of these strains, see Long and Langley, 1993; Richter(1993) found that most nucleotide polymorphisms are
synonymous changes, suggesting a strong purifying et al., 1997). The anesthetized flies were homogenized

in a 10 ml Wheaton tissue homogenizer with 5 ml ofselection acting at the protein sequence level and, thus,
jgw is more likely a functional gene. The further identifi- cold Nuclear Isolation Buffer (NIB) containing 10 mM

Tris–HCl, 60 mM NaCl, 10 mM EDTA, 0.15 mMcation of mRNA transcribed from jgw and its specific
expression patterns are consistent with the conclusion Spermidine, 0.15 mM Spermine, and 0.5% Triton X-100.

The debris was isolated from the homogenate by briefthat this newly originated genetic element is a functional
gene, a notion different from a previous conclusion that centrifugation, and discarded. The nuclear pellets were

washed several times using NIB by centrifugation beforeit was a processed pseudogene (Jeffs and Ashburner,
1991). We also found that the origin of jgw is coincident the pellets were resuspended in 4 ml NIB. 500 mg of

proteinase K and 500 ml of 10% SDS were added to thewith about the same period of the speciation of D.
teissieri and yakuba. This revealed a young age of jgw,
less than 2.5 million years, making it possible to directly
observe the early evolution of jgw in protein sequence,
a process driven by strong adaptive evolution.

Furthermore, we found that the previously observed
DNA sequence does not represent a complete gene.
Instead, the newly inserted Adh retrosequence recruited
a group of upstream exons and introns into its transcrip-
tion unit, which created a novel gene with chimerical
structure. Fig. 1 is a sketch of this chimerical gene: three
exons with small introns are joined with a fused large
exon that originated from the Adh gene. Such a gene
structure would give rise to a general question pertinent
to the origin of chimerical processed genes: when a
retrosequence lands on a new position of genome, how
does it acquire new functional domains and new regula-
tory elements?

Although the origin of the Adh-derived exon of jgw
is clear, the source for the recruited portion of jgw has
not been certain. Two possible scenarios concerning the
origin of these recruited jgw exons need to be investi-
gated. (i) These exons might fortuitously originate from
a unique non-coding genomic sequence, a possibility
similar to the origin of two new RNA genes in mammals.
The first gene encoding BC1 RNA in rodents, recruited Fig. 2. The genomic Southern blots for the three Drosophila species,

hybridized with the probe of the recruited portion of the jgw gene.a unique genomic sequence after the insertion of a
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nuclear resuspension. The resuspension was incubated 2.3. Construction of genomic bookshelves
at 37°C for 50 min. DNAs were extracted using phenol-
chloroform and were resuspended in 1×TE buffer. 20–30 mg of genomic DNA of D. teissieri (T7) and

D. melanogaster (MK47) were digested with 200–
400 units of EcoRI, and were electrophoresed in 0.8%2.2. Southern analysis
agarose gel. The gel containing DNA of the expected
sizes, as detected by Southern analysis, was sliced usingOne microgram of genomic DNAs was digested with

5–10 units of restriction enzyme EcoRI. We purposely a razor blade. The DNA (approx. 1 mg) was isolated
and purified using GeneClean kit (Bio101).chose this enzyme because there is no restriction site for

EcoRI in the region of the DNAs we used as probe. Genomic bookshelves were constructed using a
lambda ZAP II vector kit (Stratagene). The isolatedThe Southern transfer procedures (Southern, 1975) fol-

lowed Sambrook et al. (1989). Hybond-N membrane genomic DNAs were ligated to the vector lambda Zap
II and packaged with extract. These bookshelves (the(NEN Life Science) was used as transfer membrane.

The PCR product of a 314 bp DNA fragment of the sub-genomic phage libraries contained 107 pfu) were
screened using the same probe as that used in therecruited region of jgw was used as probe, which was

amplified from D. teisseiri genomic DNA using primers Southern analysis (see Section 2.2) for the phage clone
that contains the Southern-detected genomic DNA frag-A747 and A698 (for the oligonucleotide sequences, see

Section 2.3) (Fig. 1). The probe was labeled using the ments. Plasmid clones were made by in vivo excision of
the positive phage clones following the protocol of therandom-priming method with the BRL kit and labeled

by 32P. kit. The inserts in these plasmid clones were sequenced

Fig. 3. The aligned sequences, similar to the recruited portion of jgw, of newly identified genes: the ymp gene in D. melanogaster (below), and the
ymp gene in D. teissieri (top). The underlined regions indicate exons.
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using a sequencing kit (United States Biochemical ), large introns in this species, while those introns in jgw
evolve to a smaller size.with the following sequencing primers:

A747: 5∞-CCAATTTGTTATAATGGCGCTTCG-3∞; We named this newly identified gene in D. teissieri
and yakuba as yellow-emperor ( ymp), a brother of theA691: 5∞-AAGCAGCACCGACAACACGCAC-3∞;

A698: 5∞-CATGGTGCATGATGGCCTTC-3∞. emperor yande in the Chinese legend that was used to
name jgw, following Long and Langley (1993). TheThese primers were designed for sequencing double

strands of the recruited region of jgw: A747 and A691 original suggestion to name this duplicate gene in D.
teissieri and yakuba as yande ( ynd) (Long and Langley,are for the sense strand, A698 for the antisense strand.
1993) did not anticipate such a complex history,
although ynd is indeed a gene in D. melanogaster struc-2.4. Computer analysis
turally related to jgw. We also found that the phyloge-
netic distribution of this recruited portion of genes canThe assembling and alignments of the DNA

sequences of inserts from the clones isolated from the be extended to several Drosophila subgroups, such as
Drosophila suzhuki subgroup (>20 million years) and isBookshelves were done using the GeneJockeyII program

package (BIOSOFT). The translation of DNA associated with a complex evolutionary history ( Wang
and Long, unpublished data).sequences to protein sequences and analysis of general

properties and multiple alignment of the translated
protein sequences were also carried out with the

3.2. Bookshelf screening
GeneJockeyII package. The BLAST search of GenBank
was conducted in the web-site of NCBI of the National

Three positive plaques from D. teissieri bookshelf
Institute of Health USA (www.ncbi.nlm.nih.gov).

and five positive plaques from D. melanogaster bookshelf
were identified by screening 10 000 pfu and 50 000 pfu
for the two species separately. (The genomic DNAs of3. Results
D. melanogaster that include all three bands were pooled
to make a single bookshelf, for technical and economical

3.1. Genomic Southern analysis
reasons.) By sequencing the inserts in these clones, we
identified the duplicate genes, ymp in D. teissieri and D.

Genomic Southern analysis indicated that there is
melanogaster. These DNA sequences and their hypothet-

duplicate copy paralogous to the recruited portion of
ical protein sequences are shown in Figs. 3 and 4 in a

jgw. Fig. 2 shows the Southern blot hybridized with the
form of alignment, which is highly similar to the

probe synthesized using the recruited portion of jgw.
sequence of the recruited portion of jgw. All three

The restriction pattern using EcoRI generated two dis-
sequences contain three exons and three introns in the

tinct bands. Because there is no EcoRI site in the
same positions and same phases as the homologous

recruited sequence of jgw, the two bands should be
portion of jgw.

interpreted as representing duplicate copies paralogous
Searching GenBank using BLAST and Psi-BLAST

to the template sequences, which was confirmed by
(Altschul et al., 1990, 1997) with nr option identified

sequencing of the DNA bands. This provides evidence
no similar sequences, suggesting that the protein

to distinguish the two alternative hypotheses discussed
sequences encoded by the recruited portion of jgw

in the Introduction: the activation of Adh-derived ret-
are novel.

rosequence does NOT occur because a single random
DNA sequence mimics a structure of regulatory
sequence, but because of a previously existing duplicate 3.3. Hydrophobicity analysis
gene as target of the Adh-retrosequence.

The recruited portion of jgw is not restricted to the Fig. 4B–D also shows hydrophobicity plots, defined
by the method of Kyte and Doolittle (1982), of thesingle lineage of D. teissieri and yakuba, like jgw. Fig. 2

shows that the D. melanogaster lane contains three hypothetical peptides of ymp and jgw in D. teissieri and
ynd in D. melanogaster, which show a hydrophobicbands with sizes of 2.5 kb, 2.7 kb, and 3.4 kb. Given the

size of the probe (about 314 bp), the three bands at least property. The hydrophobic property at this N-terminal
peptide is similar to signal peptides in many proteins orrepresent two distinct genes except in some rare events,

e.g., one single gene in D. melanogaster could contain transit peptide/presequence in the organellar-evolved

Fig. 4. (A) The hypothetical peptide sequences of ymp, and ynd corresponding to the recruited exons of jgw (its peptide sequence is also included).
The dots show the identical residues, and the bars indicate similar residues. (B–D) Kyte–Doolittle hydropathy plots for ymp in D. teissieri (b);
jgw in D. teissieri (C); and ymp in D. melanogaster (D).
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nuclear-encoded protein (Long et al., 1996), possibly of exon shuffling has been extended from illegitimate
recombination to retroposition. Brosius (1991) empha-suggesting a related function carried by these peptides.
sized the significance of retrosequence in generating
novel gene structures. Jgw provide a clear case for such
a process. Another new gene in D. melanogaster, Sdic,4. Discussion
found by Nurminsky et al. (1998), was also clearly
created by exon shuffling but with a different molecularWe tested two alternative hypotheses about the origin

of the recruited portion of jgw, in relation to a particular process that did not involve retroposition (Nurminsky
et al., 1998; Capy, 1998).process of molecular origin of retroposition that created

the special chimerical structure of jgw. These hypotheses The hydrophobic property of the recruited gene
region of jgw may reflect the shift of functional propertyaddress a most general question of how a processed

gene becomes activated and acquires novel function by of the original Adh gene from cytoplasmic locations to
some unknown cellular membrane-related location. Inrecruiting new protein domains and regulatory elements.

The two evolutionary scenarios would bring different fact, the different expression patterns in D. teissieri and
yakuba, as detected by Long and Langley (1993), mayevolutionary consequences. If the recruited portion

sequence just originated from a unique non-coding further manifest functional divergence in these two
species. The expression pattern of D. teissieri is male-sequence, the elegant chimerical structure and regula-

tory sequence in the recruited portion would have to be specific. This is consistent with the testis-specific expres-
sion patterns of its parental gene ymp in D. melanogasterevolved fortuitously, as shown in the origins of BC1 in

rodents (Martignetti and Brosius 1993a) and BC200 in revealed by RNA-PCR experiments (Long, unpublished
results), suggesting some distinct biological functions ofprimates (Martignetti and Brosius, 1993b). If the single

region represents a previously existing single-copy gene, these genes, although the database search has not yet
found any matches to known genes.then the insertion of the Adh retrosequence might

demolish the established function and could only be
fixed in species in some special conditions. For instance,
the newly evolved function can just replace or improve Acknowledgements
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