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Abstract
In Drosophila, heat shock protein 27 (Hsp27) is a critical single-copy intron-free nuclear gene involved in the defense response
against fungi and bacteria, and is a regulator of adult lifespan. In the present study, 33 homologous Hsp27 nucleotide sequences
from different Drosophila species were ampliﬁed by PCR and reverse transcription PCR, and the phylogenetic relationships
were analysed using neighbour-joining, maximum-likelihood and Bayesian methods. The phylogenetic topologies from analysis with different algorithms were similar, suggesting that the Hsp27 gene was split by a recently acquired intron during the
evolution of the Drosophila ananassae subgroup.
[Zhang L., Kang H., Jin S., Zeng Q. T. and Yang Y. 2016 Hsp27 gene in Drosophila ananassae subgroup was split by a recently acquired
intron. J. Genet. 95, 257–262]

Introduction
Since the ﬁrst intron was discovered in 1977, a considerable
number of intron gains have been described (Coghlan and
Wolfe 2004; Roy and Irimia 2009), although the origin of
introns in eukaryotes remain controversial. Several excellent
reviews and articles on the mechanisms of intron evolution
have been published (Rodrıguez-Trelles et al. 2006; Roy and
Gilbert 2006; Roy and Irimia 2009; Ragg 2011). In general,
intron gain is considerably less frequent than intron loss (Qiu
et al. 2004).
The small heat shock proteins (Hsps, 15–40 kDa)
expressed at different stages during development and catalyzing the refolding of damaged polypeptides following stress
were initially discovered in Drosophila melanogaster (Maria
et al. 1993; Hartl and Hayer-Hartl 2002; Wang et al. 2004).
Most Hsps do not include introns and this is believed to facilitate their rapid expression (Corces et al. 1980). Hsp27 is
a highly conserved single-copy nuclear gene and its molecular evolutionary history in Drosophila has not been studied before (He et al. 2011). To investigate the molecular
evolution of Hsp27 in the D. melanogaster species group,
we designed primers to amplify a 550-bp DNA fragment of
the Hsp27 gene. Unexpectedly, when compared with other
Drosophila species, an intron of 72–92 bp was observed in
∗ For correspondence. E-mail: Qing Tao Zeng, Zengqit@hubu.edu.cn; Yong
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Hsp27 of D. ananassae, D. bipectinata, D. malerkotliana
and D. parabipectinata, indicating that Hsp27 was split by a
recently acquired intron in D. ananassae subgroup.

Materials and methods
Source of Drosophila stocks

Most species in this study were collected from China (Yang
et al. 2004) and some were from the Drosophila stocks
of Ehime University in Ehime Japan (table 1). Drosophila
stocks were reared on standard cornmeal at 25◦ C.
Hsp27 DNA sequences from D. melanogaster, D. yakuba,
D. erecta, D. simulans, D. sechellia, D. willistoni, D. virilis, D.
pseudoobscura, D. persimilis, D. mojavensis, and D. grimshawi were downloaded from FlyBase at http://ﬂybase.org/.

DNA preparation and ampliﬁcation

Total DNA was extracted from a single fresh adult ﬂy and
stored at −80◦ C for further experiments. The following
primers were designed according to the D. melanogaster
Hsp27 sequence: F: 5 -CTG GAG GAT GAC TTC GG-3 and
R: 5 -TGC CAG TCT CCA TTT TCT-3 (R: 5 -TGC CAG
TCT CCA TCT TCT-3 for D. ananassae, D. montium and D.
takahashii subgroup species; ﬁgure 1); F: 5 -ATG TCG ATT
GTT CCA CT-3 and R: 5 -TAT TTG CCA GTC TCC AT-3
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Table 1. Experimental materials used in this study.
Subgenus

Group

Subgroup

Species

GenBank/ﬂybase Hsp27 (DNA/cDNA)

Sophophora

melanogaster

melanogaster

D. melanogaster
D. yakuba
D. simulans
D. sechellia
D. erecta
D. teissieri
D. mauritiana
D. triauraria
D. quadraria
D. tani
D. baimaii
D. jambulina
D. lini
D. kikkawai
D. suzukii
D. biarmipes
D. takahashii
D. lutescens
D. eugracilis
D. elegans
D. ﬁcusphila
D. ananassae
D. bipectinata
D. malerkotliana
D. parabipectinata
D. willistoni
D. pseudoobscura
D. persimilis
D. repletoides
D. virilis
D. mojavensis
D. grimshawi
D. albomicans

FBgn0001226
FBgn0238124
FBgn0185864
FBgn0180004
FBgn0107623
HQ679618
HQ679612
HQ679619
HQ679614
HQ679617
HQ679601
HQ679607
HQ679609
HQ679608
HQ679615
HQ679603
HQ679616
HQ679610
HQ679620
HQ679605
HQ679606
HQ679600/HQ679575*
HQ679604/HQ679576*
HQ679611/HQ679577*
HQ679613/HQ679574*
FBgn0219636
FBgn0078212
FBgn0160037
HQ679580
FBgn0201054
FBgn0135844
FBgn0124480
HQ679578

montium

suzukii
takahashii
eugracilis
elegans
ﬁcusphila
ananassae

willistoni
obscura
Drosophila

tumiditarsus
virilis
repleta
immigrans

nasuta

Location

DSEU (E-24501)
DSEU (E-18901)
Shanghai, China
Taiwan, China
Wuhan, China
Hainan, China
Nagarahole, India
DSEU (E-24801)
Wuhan, China
Wuhan, China
DSEU (E-17501)
Hunan, China
DSEU (E-12001)
Yunnan, China
Hainan, China
Guangdong, China
Inner Mongolia, China
Wuhan, China
Hubei, China
Hainan, China

DSEU (E-14501)

DSEU (E-10801)

*HQ679575, HQ679576, HQ679577 and HQ679574 are cDNA sequences.
DSEU, Drosophila stocks of Ehime University.

for other Drosophila subgenus species. Sequences were compared using BLAST search.
PCR ampliﬁcation mixture contained 50 ng template DNA
or cDNA (see cDNA synthesis), 20 pM of each primer,
0.2 mM each dNTP, 2.5 mM MgCl2 , 2.5 mM Taq DNA
polymerase buffer and 2 U Taq DNA polymerase in a
50 μL reaction volume. Ampliﬁcation was implemented by
denaturing at 95◦ C for 5 min, followed by 30 cycles of
denaturing at 95◦ C for 30 s, annealing at 50◦ C for 30 s,
extension at 72◦ C for 40 s, and a ﬁnal extension at 72◦ C for
5 min.

RNA extraction and synthesis of cDNA

Total RNA was extracted from 25 fresh adult ﬂies using
trizol (Invitrogen Life Technologies, Carlsbad, USA) and
treated with DNaseI prior to reverse transcription PCR (RTPCR) using a ReverTraACE-α-RT Kit (Toyobo Life Science,
Shanghai, China) following the manufacturer’s instructions.
The concentration of dNTPs was 1 mM. The Oligo dT20
and RNase inhibitor concentrations were 0.5 pmol/μL and
0.5 U/μL, respectively. After mixing <1 μg RNA, dNTPs,
RNase inhibitor, Oligo dT20 and ReverTraAce, the reaction
(total volume: 20 μL) was incubated at 42◦ C for 20 min,

Figure 1. The Hsp27 gene of D. ananassae. Black boxes represent exons, grey boxes
denote the untranslated region and the grey line indicates the intron. Horizontal arrows
indicate the primers used for PCR ampliﬁcation. Forward primer F was from 195 to
214 bp and reverse primer R was from 807 to 825 bp (GenBank accession number
HQ679600). The scale bar represents 100 bp.
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vector (Takara Biotechnology, Dalian, China). Clones were
sequenced using universal M13-47 forward (5 -CGC CAG
GGT TTT CCC AGT CAC GAC-3 ) and M13-48 reverse
(5 -AGC GGA TAA CAA TTT CAC ACA GGA-3 ) primers
with an ABI3730 sequencer. Two or more independent PCR
products of the same species were sequenced separately to
ensure accuracy and the nucleotide sequences were deposited
in GenBank (table 1).
Sequence alignment, statistical and phylogenetic analyses

Figure 2. PCR and RT-PCR products of representative species of
the D. melanogaster species subgroup. (a) PCR products using
genomic DNA as templates from 1, D. melanogaster; 2, D. suzukii;
3, D. takahashii; 4, D. triauraria; 5, D. elegans; 6, D. eugracilis; 7, D.
ficusphila; 8, D. ananassae; 9, D. bipectinata; 10, D. parabipectinata;
11, D. malerkotliana; M, DNA marker. (b) PCR products using
cDNA as template from 1, D. melanogaster; 2, D. suzukii; 3, D.
takahashii; 4, D. triauraria; 5, D. elegans; 6, D. eugracilis; 7, D.
ﬁcusphila. (c) Comparison of PCR and RT-PCR products. 1, 3, 5,
7: PCR products using genomic DNA as templates from D. ana,
D. ananassae; D. bip, D. bipectinata; D. mal, D. malerkotliana;
D. par, D. parabipectinata. 2, 4, 6, 8: PCR products using cDNA as
templates from D. ana, D. bip, D. mal and D. par, respectively.

heated at 99◦ C for 5 min to stop the reverse transcription and
stored at –20◦ C until needed for PCR.
DNA cloning and sequencing

The ampliﬁed products were puriﬁed from a 1.4% agarose
gel using a gel extraction kit (Axygen Biotechnology
Hangzhou, China) and cloned into the PMD-18T cloning

Nucleotide sequences were aligned using MUSCLE (Edgar
2004) and checked manually. Statistical tests were conducted
prior to phylogenetic analysis. Substitution saturation was
performed using DAMBE 4.5.47 (Xia and Xie 2001; Xia
et al. 2003) to check whether there were substitution saturations, as this would likely inﬂuence the branch length.
To investigate the homogeneity of the nucleotide base
composition across taxa, a chi-square test was conducted
using PAUP4.0b (Swofford 2002) to analyse the rate of
genetic evolution, as base composition bias is known to distort determination of phylogenetic relationships in simulated
datasets (Lockhart et al. 2006; Ruano-Rubio and Fares
2007). Based on DNA sequence alignment, two phylogenetic
trees were constructed using PAUP4.0b (Swofford 2002)
by the neighbour-joining (NJ) and maximum-likelihood
(ML) methods. We chose the Akaike information criterion
of MrModeltest 2.2 (Nylander 2004) to identify the most
accurate models of nucleotide substitution in the ML analysis. A Bayesian tree was constructed using MrBayes 2.01
(Huelsenbeck and Ronquist 2001). Conﬁdence levels of the
clusters were evaluated using the bootstrap test. At least
1000 replications were performed for the NJ and ML trees,
and 2,000,000 replications were performed for the Bayesian

Figure 3. Alignment of Hsp27 genomic and cDNA sequences from Drosophila species. Sequences from the
genomic DNA of D. ananassae subgroup species are marked with asterisk. Other sequences are from cDNA.
All insertion segments begin with GT and end with AG.
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tree. D. albomicans was used as the outgroup. All trees were
examined using unbiased tests with CONSEL (Shimodaira
and Hasegawa 2001).

Results and discussion
D. ananassae subgroup Hsp27 genes contain a novel intron

Genomic DNA fragments of ∼550 (+ ∼70) bp within Hsp27
were ampliﬁed from 22 species of D. melanogaster group

(ﬁgure 1), and Hsp27 sequence homology varied greatly
across species. Electrophoretic analysis showed that the
length of DNA fragments of D. ananassae subgroup species
were longer than the other species (ﬁgure 2), indicating the
presence of an insertion. RT-PCR was performed using the
same primers, and PCR products resulting from genomic and
cDNA templates were compared with electrophoretic analysis. PCR products resulting from cDNA templates were
smaller than those obtained from genomic DNA, further

Figure 4. Phylogenetic relationships between D. melanogaster subgroup and related species based on Hsp27 and COI, COII, ND1 and
ND4L gene sequences. Trees constructed using NJ, ML and Bayesian approaches are similar (only the ML tree is displayed). Numbers
on branches are conﬁdence scores from ML and NJ analysis evaluated by the bootstrap procedure with 1000 replicates. Numbers below
branches are posterior probabilities from the Bayesian analysis using the MCMC algorithm. The arrow indicates the position of intron gain.
*Different phylogenetic position determined by NJ, Bayesian and ML analysis.
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suggesting that Hsp27 of D. ananassae subgroup species
contains an intron. Sequencing of PCR products and subsequent alignment revealed that insertions of various lengths
were indeed present, and all insertions were located at the
same canonical splice site (GT|AG; GenBank accession
numbers of these sequences are: HQ679574, HQ679575,
HQ679576, HQ679577; table 1; ﬁgure 3).
To further investigate the origin of the identiﬁed Hsp27
intron, Hsp27 DNA sequences from 11 species belonging to
D. melanogaster and D. obscura were downloaded from FlyBase or sequenced from ampliﬁed PCR products, and aligned
using the MUSCLE program (Edgar 2004). The results
showed that four species (D. ananassae, D. bipectinata, D.
malerkotliana and D. parabipectinata) of D. ananassae
subgroup contained an insertion of 72–92 bp between exons
1 and 2 (ﬁgure 3). The percentage of mononucleotide repeats
of at least 4 bp in the intron was high: 16.9% of the 72
bp intron in D. ananassae, 23.3% of the 90 bp intron in D.
bipectinata, 20.0% of the 74 bp intron in D. malerkotliana
and 28.3% of the 92 bp intron in D. parabipectinata
(ﬁgure 3).
Intron insertion occurred after the splitting of D. ananassae and
D. melanogaster groups

The index of substitution saturation (Iss; 0.4906) was less
than the critical index of substitution saturation (Iss.c;
0.7142), which signiﬁes that there was little or no saturation.
This was determined using the substitution saturation test
The chi-square test score was 0.81378 (P > 0.05), indicating
signiﬁcant homogeneity in the base composition.
Although, the approximately unbiased (AU) test in CONSEL (Shimodaira and Hasegawa 2001) suggested that the
ML tree gave higher P values than both NJ and Bayesian
trees, all three trees showed similar topologies at the level
of subgroups (ﬁgure 4, ML tree only). We constructed a
phylogenetic tree of D. melanogaster based on their Hsp27
sequences and the COI, COII, ND1 and ND4L sequences
(Yang et al. 2004, 2012). This revealed that the D. montium subgroup formed the ﬁrst lineage, and the D. ananassae and other subgroups formed the second or third lineage
(ﬁgure 4). Although, the phylogenetic relationships based on
different gene sequences are distinct (Da Lage et al. 2007;
Yang et al. 2012), most evidence supports the theory that the
D. ananassae subgroup was the earliest lineage to diverge
from the D. melanogaster group. Therefore, the D. ananassae subgroup may have independently acquired the intron
subsequent to its divergence from the D. melanogaster group
In contrast, evidence from mitochondrial genes suggests that
the D. montium subgroup was the ﬁrst lineage to diverge
(Yang et al. 2012). Regardless of the divergence order of
different Drosophila subgroups, our results show that an
Hsp27 intron was acquired during the evolutionary history of
species in D. ananassae subgroup.
Further, similar introns have not been identiﬁed in the
Hsp27 gene of any other Drosophila or arthropod species

sequenced to date. Phylogenetic analysis showed a clear clustering of D. ananassae subgroup Hsp27 sequences (ﬁgure 4),
suggesting that the insertion of the intron occurred after the
D. ananassae subgroup split from the D. melanogaster group.
A single intron gain event is much more likely than several
independent loss events, therefore it is more likely that the
Hsp27 introns were acquired recently rather than inherited
from a common ancestor (Hartung et al. 2002). These results
strongly indicate that the Hsp27 gene of D. ananassae subgroup species was split by a recently acquired intron.
Amino acid sequences alignment of Hsp27 from 33
species showed that there are insertions or deletions in both
the N-terminal and C-terminal regions of Hsp27 proteins,
while the mid region containing the α-crystallin domain
(ACD) is well conserved across species. The function of
ACD is still unclear, however, mutations of a conserved arginine in the ACD domain of several human small Hsp family
members causes common inherited diseases of the lens and
neuromuscular system (Clark et al. 2011). It remains to be
determined whether amino acid substitutions in Hsp27 of
different Drosophila species affect protein function.
In summary, based on PCR, RT-PCR and phylogenetic
analysis, we found that Hsp27 gene in D. ananassae subgroup species was split by a recently acquired intron. Further
studies are needed to establish how and when the intron
was inserted into the genome and what is the functional
signiﬁcance of it.
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