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Our recent study found that 30% 
of young genes were essential for 

viability that determines development 
through stages from embryo to pupae 
in Drosophila melanogaster, revealing 
rapidly evolving genetic components 
involved in the evolution of develop-
ment. Meanwhile, many young genes 
did not produce complete lethal phe-
notype upon constitutive knockdown, 
suggesting that they may not be essen-
tial for viability. These genes, neverthe-
less, were fixed by natural selection, and 
might play an important functional role 
in their adult stage. Here we present a 
detailed demonstration that a newly 
duplicated serine-type endopeptidase 
gene that originated in the common 
ancestor in the D. melanogaster sub-
group 6~11 million years ago, named 
Slfc, revealing a strong effect in post-
eclosion. Although animals survived 
constitutive knockdown of Slfc to adult 
stage, however, their life span reduced 
significantly by two-thirds compared to 
wild-type. Furthermore, the Slfc-RNAi 
males dropped their fertility to less 
than 10% of the wild-type level, with 
over 80% of these males being sterile. 
The Slfc-RNAi females, on the other 
hand, showed a slight reduction in 
fertility. This case study demonstrates 
that a young gene can contribute to fit-
ness on the three important traits of 
life history in adults, including the life 
expectancy, male fertility and female 
fertility, suggesting that new genes 
can quickly evolve and impact multiple 
phenotypes.
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New genes arose frequently in various 
organisms.1,2 Many young genes were 
recently identified in various Drosophila 
species.3-5 These young genes are often 
observed to be evolving under positive 
selection6-8 and many of them have been 
found to be associated with reproductive 
and other biological functions.2,9 These 
observations implicated significant phe-
notypic effects of new genes. We therefore 
attempted to investigate the phenotypic 
effects of these young genes in attempt 
to understand how they contribute to 
the phenotypic evolution of Drosophila. 
Unraveling their phenotypes becomes 
critical to detecting the underlying pro-
cesses and mechanisms that drove the 
evolution of Drosophila.

In our recent genome-wide phenotypic 
study of the lineage-specific genes for their 
viability effects of lineage-specific genes, 
we knocked down the 195 genes that 
originated in recent 35 mys using con-
stitutive RNAi. We found that 30% of 
these new genes showed complete lethal-
ity when silenced, which were thus essen-
tial genes.10 This suggests that a new gene 
can evolve essential functions rapidly and 
frequently. The remaining 70% of the 
new genes appear to be non-essential for 
viability; when constitutively knockdown, 
they eclose to viable adults.10 We sought 
to understand how these non-lethal young 
genes contribute to the phenotypes of 
Drosophila at the adult stage. Here, we 
present a genetic analysis of a young serine 
endopeptidase gene, Short-lived and few-
children (Slfc, CG4259) for its important 
phenotypic effects and evolution. Our 
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Figure 1. Evolution of Slfc, a young duplicated serine endopeptidase. the simplified phylogenetic tree shows the origin of Slfc gene in the internal 
branch leading to the common ancestor of the Drosophila melanogaster species subgroup. the syntenic block from UCSC genome browser supports 
the presence of Slfc orthologs (orange star) in Drosophila melanogaster subgroup species (D. melanogaster, D. simulans, D. sechellia, D. yakuba, D. erecta), 
and the absence Slfc orthologs in outgroup species (D. ananassae, D. pseudoobscura, D. persimilis). Orange star in internal branch denotes the origin 
of the initial Slfc gene. tree not drawn to scale. Levels 1–6 indicate the UCSC genome browser synteny alignment level between D. melanogaster 
and another species. Level 1 alignments with D. simulans, D. sechellia, D. erecta and D. yakuba show continuous synteny in these species; non-level 
1  alignment with D. ananassae,  D. pseudoobscura, D. persimilis and A. gambiae (Anopheles gambiae) show synteny breaks. Black and blue blocks are 
 annotated gene regions.
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wild-types. At both conditions the RNAi 
death rates are significantly higher than 
wild-types and controls (KS test, p < 0.01 
for all comparisons) (Fig. 3). The data 
indicated that the new gene Slfc is required 
for the well-being of wild-type flies and 
removal of the gene product led to severely 
shortened life expectancy.

Fertility effects of Slfc. We assay the 
fertility of Slfc-RNAi animals. We found 
that Slfc has a strong effect in male repro-
duction (Student’s t test, p = 3 x 10-52). 
The number of offspring an average Slfc-
RNAi male produce is less than 10% of 
the wild-type level (Fig. 4), and 86% 
of the Slfc-RNAi males are completely 
sterile, while in wild-type flies the sterile 
proportion is no larger than 5% (Fig. 4). 
The UAS and Gal4 controls do not 
shown significant reduction in male fer-
tility compared to wild-type. However, 
because these observations were based on 
the knockdown experiments, potential 
residual transcripts, albeit in low concen-
tration within the cells, might keep a low 
level of functions. Thus, the observed 
low fertility and high but incomplete 
sterility may just give a conserved experi-
mental conclusion; the complete sterility 
cannot be ruled for a thorough knock-
out experiment. These data suggested 
that Slfc plays an important role in male 
reproduction.

Conversely, we also detected a small but 
significant effect on female reproduction: 

vials respectively and recorded their life 
span. We observed that the Slfc-RNAi 
animals lived for a much shorter time 
than the wild-type animals and all other 
controls (Fig. 3). Both males and females 
exhibited a lifespan reduction under Slfc-
RNAi, suggesting that this gene is required 
for longevity in adult stages (Kormogorov-
Smirnov (KS) test, p < 0.01 for all com-
parisons) (Fig. 3).

While both sexes showed phenotypic 
effects of life span reduction from the Slfc-
RNAi experiments, the males and females 
were impacted to different degrees; males 
had significantly shorter lifespans than 
females. This observation suggests that 
the effect of gene knockdown is stronger 
in males than females (KS test, p < 0.01 
for all comparisons) (Fig. 3).

We then tested whether temperature 
had an effect on the longevity of these 
flies. We reared animals at 17°C and 
21°C. Under both conditions, the Slfc-
RNAi animals lived for a shorter time than 
the wild-type flies and controls. At 17°C, 
within 25 days, the number of the Slfc-
RNAi males and females subject to RNAi 
reduced by 25% and 15%, respectively. 
In the same period, only 5% of individu-
als died in the wild-types and controls. In 
21°C, the effect of RNAi to the reduc-
tion of life expectancy in both males and 
females appears to be more pronounced, 
where 45% males and 24% females of the 
RNAi animal died, compared to 5% in 

data show that this gene, after a short 
period of evolution, has been involved in 
multiple important biological processes 
and displayed several distinct phenotypic 
effects.

Results

Evolution of Slfc, a young duplicated ser-
ine endopeptidase. It has been reported 
that the serine endopeptidase class of 
protein coding genes has expanded into 
a large gene family by gene duplication,11 
implying their important roles in the adap-
tive evolution of Drosophila. A young ser-
ine-type endopeptidase gene, Slfc, arose 
by DNA-based interspersed duplication, 
after the divergence between D. mela-
nogaster and D. annanassae, and before 
the divergence between D. melanogaster 
and D. yakuba, aged between 6–11 mys 
(Fig. 1). It is a young gene specific to the 
Drosophila melanogaster subgroup and has 
evolved rapidly, showing the distribution 
pattern of presence of the copy within the 
melanogaster subgroup and the absence 
of the copy in all tested outgroup species 
(Fig. 1) (Long M lab, unpublished data). 
The SLFC protein likely maintained the 
serine endopeptidase activity, because its 
active sites are present in the homology-
based structure modeling (Fig. 1).

Using a similar method described pre-
viously in reference 10 and 12, we employ 
the RNAi procedure with the ubiquitous 
Act5C-Gal4 driver to knockdown con-
stitutively the gene transcript of Slfc in 
order to examine the consequential phe-
notypic effect. We measured the level of 
Slfc mRNA transcript in Slfc-RNAi and 
control animals by semi-quantitative 
RT-PCR, and confirmed that RNAi 
knockdown reduced the mRNA level of 
the gene to an undetectable level, while 
the wild-type level showed an obviously 
high level of expression (Fig. 2). This indi-
cates that the RNAi protocol successfully 
knocked down the expression of Slfc. We 
then measured several different aspects of 
the fitness phenotypes of this gene by con-
stitutive knockdown.

The phenotypic effects on life 
expectancy. We measured how long the 
Slfc-RNAi animals lived under normal 
laboratory conditions. We grew the Slfc-
RNAi males and females in individual 

Figure 2. Semi-quantitative rt-PCr confirms the reduction of Slfc in rNai animals. wild-type, 
control and Slfc rNai animals were labeled on the right. the transcript level of Slfc is abundant in 
wild-type and control but reduced to merely detectable level in Slfc rNai animals. Multiple PCr 
cycles were shown above the lanes.
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affect female fertility. Due to the fact that 
UAS-Slfc-IR and Act5C-Gal4 are both in 
heterozygous state, the effect did not come 
from homozygous insertion, but is still 
likely come from the interaction between 
UAS and Gal4, i.e., RNAi against Slfc, 
which is shown by RT-PCR (Figs. 2 and 
5). These data imply that the gene Slfc 
might also play a significant role, although 
smaller than male, in female reproduction.

the number of offspring an average RNAi 
female is reduced by one quarter (t test, p 
= 0.0009) (Fig. 5). There are 23% of Slfc-
RNAi females that are completely sterile, 
compared to 2%~7% in wild-type females 
(Fig. 5). The UAS control also showed 
reduced female fertility due to slightly 
increased sterility (16%). The P-element 
insertion of this construct (UAS-Slfc-IR), 
when homozygous, seems to aversely 

Figure 3. Survival phenotype of Slfc. Standard survival curve of wild-type, control and Slfc rNai 
animals at 17°C (a) and 21°C (B) aged in single vials in normal laboratory condition. Genotypes 
were labeled for each curve. Stars denote statistical significant comparisons (p < 0.01) by KS test.

Discussion

The genetic basis underlying phenotypic 
evolution is critical for understanding the 
causes of adaptive evolution. For example, 
the explicit genetic changes in three inter-
acted genes in beach mouse have been 
identified and found to be the causes for 
the adaptation to the sand color on beach 
by regulating the animals’ coat color.13,14 
In this paper, we reported a new genetic 
change responsible for the phenotype evo-
lution: the presence of new genes, which 
evolved phenotypic effects on several dis-
tinct traits in life history. It is known that 
young genes have frequently originated in 
recent evolution. The number of adults 
that survive to reproductive age and the 
number of offspring a male or a female 
can reproduce are direct measurements 
of fitness, the phenotypic components 
critical to the understanding of the roles 
of new genes in evolution of Drosophila. 
These data revealed that the young gene 
Slfc have strong survival and reproductive 
phenotypes, implying that it contributes 
significantly to the overall fitness of the 
organism in multiple aspects. We found 
that the impact of Slfc varied due to dif-
ferent temperatures and sexes. In general, 
males are more affected when knocking 
down this young gene. These observations 
are in accordance with previously detected 
pattern of new genes that the excess of 
new genes evolved male functions, e.g., 
in expression in testis of fruit flies5,9 and 
mammals.2,15 The observed greater effects 
on the male fertility than on the female 
fertility is consistent with what was 
observed in the difference between the 
male and female expression.16

Structural modeling supports the func-
tionality of the SLFC protein as a serine 
endopeptidase/protease (Fig. 6). The ser-
ine proteases are important components of 
extracellular signaling cascades in various 
biological processes, especially in embry-
onic development of invertebrates.17 The 
SLFC structure model displays a canonical 
SPL domain, which contains key catalytic 
residues (Histidine 72 and Glycine 210) 
in putative active sites (Fig. 6). Moreover, 
this protein has evolved rapidly among the 
multiple members. The rapid evolution of 
gene sequences as well as divergent expres-
sion patterns might be the reason why 
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of nonfunctionalization. New genes 
 usually evolve novel functions by neo-
functionalization, which were advanta-
geous and fixed by positive selection.1,18,21 
Our data show that Slfc is involved in 

evolutionary fates of  subfunctionalization, 
neofunctionalization and nonfunction-
alization.18-20 The new genes we are dis-
cussing are functional with important 
phenotype, thus rejecting the possibility 

other paralogs are unable to provide full 
redundancy, thus depletion of Sflc leads to 
multiple severe phenotypic effects.

Duplicate genes which diverge 
from their paralogs generally face the 

Figure 4. Male reproduction phenotype of Slfc. (a) Overall fertility of males in fertility test, with genotypes labeled underneath. the Slfc-rNai animal 
showed strong reduction in number of offspring produced when mated to wild-type virgin female, while related controls did not. (B) Percent of 
completely sterile males in fertility test, with genotypes labeled underneath. the Slfc-rNai animal showed high percentage in complete sterile males, 
while related controls did not. *Statistical significance (wilcoxon rank test, p < 0.001).

Figure 5. Female reproduction phenotype of Slfc. (a) Overall fertility of females in fertility test, with genotypes labeled underneath. the Slfc-rNai 
animal showed a slight reduction in number of offspring produced when mated to wild-type virgin males. (B) Percent of completely sterile females in 
fertility test, with genotypes labeled underneath. the Slfc-rNai animal showed an elevated percentage in complete sterile females compared to wild-
types. the effects from UaS insertion are discussed in the text.
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SLFCF1: 5'-ACT TTG CGT TTC 
TCA CGA CA

SLFCR1: 5'-AGT TCA CAA TGC 
CCA CCT GT

SLFCF2: 5'-CTT TGC GTT TCT 
CAC GAC AC

SLFCR2: 5'-AGT TCA CAA TGC 
CCA CCT GT

Evolutionary Analyses were carried 
out as described previously in references 
10 and 16. Briefly, serine-endopeptidase 
gene sequences were retrieved from 
Flybase and ensemble. Gene origina-
tion events were carried out as previ-
ously described in references 10 and 16. 
Homology-based modeling was per-
formed using Swiss-model.22
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