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Significance Statement 
Many obligately asexual lineages have hybrid origins, and it has been suggested that asexuality may be caused by the 
unbalanced expression of alleles from the hybridizing species. We test this hypothesis in Daphnia pulex, in which 
obligate parthenogens (OP) and cyclical parthenogens (CP) coexist. We found that OP clones have significantly more 
genes experiencing allele-specific expression (ASE) than that in CP clones, and several of the ASE genes (ASEGs) in OP 
clones have known functions in meiosis-related processes. Our results suggest that ASEGs originating from hybridi- 
zation, through direct effects on meiosis, may underly the origin of asexuality in D. pulex. 
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Abstract 
Although obligately asexual lineages are thought to experience selective disadvantages associated with reduced efficiency of fixing 
beneficial mutations and purging deleterious mutations, such lineages are phylogenetically and geographically widespread. 
However, despite several genome-wide association studies, little is known about the genetic elements underlying the origin of 
obligate asexuality and how they spread. Because many obligately asexual lineages have hybrid origins, it has been suggested that 
asexuality is caused by the unbalanced expression of alleles from the hybridizing species. Here, we investigate this idea by identifying 
genes with allele-specific expression (ASE) in a Daphnia pulex population, in which obligate parthenogens (OP) and cyclical parthe- 
nogens (CP) coexist, with the OP clones having been originally derived from hybridization between CP D. pulex and its sister species, 
Daphnia pulicaria. OP D. pulex have significantly more ASE genes (ASEGs) than do CP D. pulex. Whole-genomic comparison of OP 
and CP clones revealed ~15,000 OP-specific markers and 42 consistent ASEGs enriched in marker-defined regions. Ten of the 42 
ASEGs have alleles coding for different protein sequences, suggesting functional differences between the products of the two 
parental alleles. Atleast three ofthese ten genes appear to be directly involved in meiosis-related processes, for example, RanBP2 can 
cause abnormal chromosome segregation in anaphase I, and the presence of Wee1 in immature oocytes leads to failure to enter 
meiosis II. These results provide a guide for future molecular resolution of the genetic basis of the transition to ameiotic 
parthenogenesis. 
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Introduction 
Most obligately asexual lineages do not have meiotic recom- 
bination and are thought to suffer from selective disadvan- 
tages resulting from the reduced efficiency of fixing beneficial 
mutations and purging deleterious mutations (Muller 1932; 
Maynard Smith 1978; Bell 1982). In the absence of recombi- 
nation, deleterious-mutation accumulation is expected to pro- 
gressively reduce fitness (Maynard Smith 1978; Bell 1982; 
Barton and Charlesworth 1998). However, despite the long- 
term evolutionary cost of asexual reproduction, transitions 
from an ancestrally meiotic condition to obligate asexuality 
have occurred in many taxa (Bell 1982; Lynch 1984; Barton 
and Charlesworth 1998; Burke and Bonduriansky 2019). 
Although the contrast between the expected reduced effi- 
ciency of natural selection and the phylogenetically and geo- 
graphically wide distributions of obligate asexuals has 
prompted considerable theoretical investigation, the ge- 
netic/cellular mechanisms underlying the origin of asexual lin- 
eages are still largely unknown, except in a few cases such as 
Wolbachia-induced asexuality (Weeks and Breeuwer 2001; 
Charlat, et al. 2003). 

Many obligately asexual lineages have hybrid origins (Lynch 
1984; Simon et al. 2003; Neaves and Baumann 2011; Neiman 
et al. 2014; Lamelza et al. 2019). However, it is still unclear 
whether hybridization causes genetic changes that induce 
asexuality or whether natural selection simply favors hybrid 
asexuals (Lynch 1984). Consistent with the view that asexu- 
ality results from incompatibilities between hybridizing species 
that disrupt meiosis, hybrids from distantly related species are 
more likely to produce unreduced eggs (Moritz et al. 1992). 
Wang et al. (2010) found that unreduced gametes result from 
erroneous homologous chromosome pairing in plants, which 
may be caused by the asynchronous movement of paired 
homologous chromosomes during meiosis. Such asynchro- 
nous movement is thought to be caused by the unequal ex- 
pression of the parental alleles in polyploids (Carman 1997). 
Owing to differences in cis-regulation (Pastinen and Hudson 
2004) or genomic imprinting (Lawson et al. 2013), the two 
parental alleles within hybrids may have unequal expression 
(Springer and Stupar 2007; Shao et al. 2019), in some cases 
resulting in novel phenotypes (Springer and Stupar 2007; Bell 
et al. 2013; Corral et al. 2013; Shao et al. 2019). However, 
although it has been suggested that the production of unre- 
duced gametes in hybrids may be determined by a single gene 
with ASE (Corral et al. 2013), a general link between ASE and 
asexuality remains to be established. 

Here, we explore the latter issue by analyzing genome- 
wide ASE in the freshwater microcrustacean Daphnia pulex. 
Most D. pulex reproduce by cyclical parthenogenesis (CP), 
with females reproducing via parthenogenesis under favor- 
able environmental conditions, but male production and hap- 
loid resting-egg production (i.e., ephippia) are induced under 
unfavorable conditions. However, some lineages have lost the 

 
ability to engage in meiosis and have become OP (Hebert and 
Crease 1980; Paland et al. 2005). OP D. pulex still produce 
embryos through parthenogenesis in favorable conditions, 
and in unfavorable conditions, produce diploid resting eggs 
requiring no fertilization. Moreover, in some cases, the OP 
females retain the ability to produce males capable of produc- 
ing functional haploid sperm (Innes and Hebert 1988; Xu et al. 
2015). As a consequence, the transition from CP to OP in 
D. pulex is thought to result from the proliferation of 
meiosis-suppressing genetic elements with sex-limited expres- 
sion, transmitted by OP-produced males backcrossing with CP 
females (Lynch et al. 2008; Tucker et al. 2013). 

Previous analyses have shown that all OP D. pulex share 
common haplotypes on chromosomes 5, 8, and 9, which 
arose by introgression from CP Daphnia pulicaria (Lynch 
et al. 2008; Tucker et al. 2013; Xu et al. 2015). However, 
crossing experiments in the laboratory using D. pulex females 
(because most OP D. pulex clones have a D. pulex maternal 
genome, based on mitochondrial genome sequence) and 
D. pulicaria males from multiple locations have only generated 
CP hybrids (Heier and Dudycha 2009), suggesting that hybrid- 
ization between CP D. pulex and CP D. pulicaria does not 
always create OP hybrids. Thus, it has been suggested that 
OP D. pulex initially originated from a single ancestral hybrid- 
ization event, with a diverse set of asexual haplotypes being 
generated subsequently by the backcrossing of OP-produced 
males with CP females (Lynch et al. 2008; Tucker et al. 2013; 
Xu et al. 2015). Because OP males carry full sets of 
D. pulicaria-derived alleles in regions of OP-shared haplotypes 
(Tucker et al. 2013; Xu et al. 2015) and CP females carry 
D. pulex alleles, the asexuality in OP D. pulex is likely caused 
by the sequence or expression-level divergence of alleles from 
two hybridizing species (i.e., D. pulex and D. pulicaria). Thus, it 
follows that genes in regions of OP-shared haplotypes must 
underlie the origin of asexuality in D. pulex, possibly via ASE. 
To establish a reliable gene set to pursue this analysis, we 

first generated a high-quality genome assembly of a CP 
D. pulex using 80x coverage PacBio reads, and predicted 
gene models from RNA-seq evidence. Second, we generated 

high-coverage RNA-seq data for four OP and four CP D. pulex 

clones to reveal ASEGs in each clone. Third, we identified ge- 
nomic regions with markers unambiguously associated with 
obligate asexuality and tested for their enrichment with 
ASEGs. Finally, based on patterns of gene regulation in candi- 
date regions, we identified ten candidate ASEGs with potential 
involvement in the origin of asexuality in D. pulex, with three 
of them having known functions in meiosis-related processes. 

 

Results 
Daphnia pulex Genome Assembly and Annotation 
Although a reference genome assembly from Illumina reads is 
available for a clone of D. pulex (Ye et al. 2017), it is still 
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Table 1. 
Comparison of the PacBio Assembly (PA42 4.2) and the Previous Assembly 
(PA42 3.0) 

 

Assembly PA42 4.2 PA42 3.0 
Total size of scaffolds (bp) 155,146,858 156,418,198 

Number of scaffolds 320 1,822 

Longest scaffold (bp) 7,007,577 1,661,524 

Mean scaffold size (bp) 484,834 85,850 

Median scaffold size (bp) 188,098 5,441 

N50 scaffold length (bp) 1,294,056 494,773 

L50 scaffold count 27 96 

Total size of gaps (bp) 3,046,365 13,443,613 

Final gene models
a

 18,449 18,440 

BUSCO completeness 97.8% 94.4% 

a

Gene models with >200 bp region covered by unique RNA-seq reads. 

 

 

fragmented (1,822 scaffolds) and contains ~13 million gaps. 
To reduce potential limitations from the old assembly, we 
generated an improved genome assembly of a CP D. pulex 

using 80x coverage of PacBio reads from an RSII platform, 
with a subread N50 of 8.5 kb. The draft genome presented 
here, PA42 4.2, consists of 155 Mb of sequences located on 
320 scaffolds. The N50 scaffold size of 1.3 Mb represents a 
1.3x increase over the previous assembly (table 1). The N50 
scaffold number is 27, the largest scaffold is 7.0 Mb (table 1), 
and mean and median scaffold sizes are 5.6x and 34.6x 

larger than in the previous assembly, indicating high integrity 
of the assembly. The predicted genome size is almost the same 
as the previous assembly (155 Mb vs. 156 Mb), while the total 
gap size has decreased by 10.4 Mb, likely due to the resolution 
of repetitive genomic regions by the long reads. PA42 4.2 is 
estimated to have a completeness of 97.8% by BUSCO 
(Sima~o et al. 2015), 3.4% higher than the previous version 
PA42 3.0 (Ye et al. 2017). Results from KAT (Mapleson et al. 
2017) indicate that PA42 4.2 has fewer duplicate regions com- 
pared with PA42 3.0 (Supplementary fig. S1). 

Gene prediction is vital to our analysis, which requires ac- 
cess to key genes related to asexuality. To obtain a reliable 
gene set, we predicted gene models using direct RNA-seq 
evidence. Because gene expression is environment- 
dependent, to obtain a relatively complete gene profile, we 
used previously published D. pulex RNA-seq data from various 
conditions, including six environmental stressors and three 
developmental stages (Ye et al. 2017), as well as transcrip- 
tomes induced by the predator Chaoborus larvae (An et al. 
2018), and induced by juvenile hormone (Toyota et al. 2015). 
A total of 18,449 gene models predicted based on unique 
RNA transcripts were used in the subsequent analyses. 

 
Identification of genes with ASE 
To identify genes with allele-specific expression (ASEGs) (i.e., 
genes with imbalanced expression levels for the two alleles), 
we generated both DNA and RNA-seq data from four 

 
obligately parthenogenetic (OP) clones and four cyclically par- 
thenogenetic (CP) clones from a D. pulex population (BRG) 
collected from Iowa, USA, where OP and CP clones coexist. 
To determine the DNA-level divergence among BRG clones to 
gain insight into their degree of independence, we constructed 
a phylogenetic tree using phased haplotypes from previously 
defined hybrid regions (i.e., chromosome 8 and 9), revealing 
that asexual haplotypes for OP BRG clones have the same or- 
igin as those collected from previous papers (Tucker at al. 
2013; Xu et al. 2015; Supplementary fig. S2). The mean 
silent-site divergence in the hybrid regions among asexual hap- 
lotypes of OP BRG clones is estimated to be ds ¼ 0.00017, 
which is comparable to an average of 0.00023 obtained 
from OP clones in a broader geographic range 
(Supplementary fig. S2). Our results suggest that the asexual 
haplotypes of the BRG clones did not fully develop endoge- 
nously, but represent multiple colonizations of this population. 
Under the assumption of silent-site neutrality, the mean 
divergence time of the asexual haplotypes in BRG clones can 

be estimated as ds/(2-l), where l ¼ 5.69 x 10-9/site/genera- 
tion is the DNA mutation rate estimated in Keith et al. (2016). 
Assuming approximately five generations per year based on 
our understanding of the biology of these species, we estimate 
that asexual haplotypes in OP BRG clones started to diverge 
2,988 years ago. This estimate is similar to the radiation time of 
the asexual haplotypes in OP clones from a broader geo- 
graphic range (4,000 years, based on pairwise synonymous 
divergence of all asexual haplotypes in Tucker et al. [2013] 
and Xu et al. [2015]), thus further ruling out the possibility 
of OP BRG clones being close relatives. In addition, the sexual 
haplotypes for the OP BRG clones have an average silent-site 
divergence of 0.016 6 0.0002, which is similar to that for CP 
BRG clones (0.017 6 0.0002), again indicating that these OP 
clones have different genetic backgrounds, at the levels of 
both OP- and CP-inherited chromosomal regions. 

In an attempt to reveal why OP clones produce unreduced 
eggs, RNA-seq data were generated at the stage just before 
resting-egg (i.e., ephippium) reproduction, with each clone 
having ~220 million reads after filtering (Supplementary table 
S1). By mapping filtered reads to the 18,449 predicted gene 
models, we found: 15,751 (85%) genes to be expressed in at 
least one clone; 14,754 and 14,737 expressed in every OP and 
CP clone, respectively; and 14,157 expressed in every clone. 
To distinguish alternative alleles in each gene, we used both 
RNA and DNA data to reveal 10,233 genes with heterozygous 
SNPs in every OP clone and 7,576 genes with heterozygous 
SNPs in every CP clone. These genes provide the basis for ASE 
analysis in each phenotype. 

Among the 10,233 genes that are potentially suitable for 
ASE analysis in OP clones, only 3,239 (32%) can be phased by 
short reads; in CP clones, 1,217 (16%) out of the 7,576 genes 
can be phased. To avoid the massive loss of data, we used 
GeneiASE (Edsg€ard et al. 2016) to predict genes experiencing 
ASE, which does not require phasing. GeneiASE records read 
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FIG. 1.—Genes experiencing ASE in each (A) OP and (B) CP D. pulex clone—the numbers following BRG are clone designations. (C) Chromosome
distribution of 91 consistent OP ASEGs and (D) fraction of genes on each chromosome experience ASE (number of ASEGs divided by total analyzed genes on
each chromosome) (**P<0.01).

counts for each SNP in a gene and converts the count data to 
a test statistic for each SNP. SNP effects are combined for each 
gene to obtain a gene effect, and the gene effect is then
compared with a null distribution obtained from resampling 
(Edsg€ard et al. 2016). Here, ASEGs were identified as those
with significant gene effects from GeneiASE after correction 
for multiple testing.

To avoid false mapping of reads from paralogs, only 
uniquely mapped reads were used, and we further selected 
reads that are equally good at mapping to the two parental 
alleles (see the “Methods” section). On average, 17.4% of 
the 10,233 genes from each OP clone exhibit ASE, while
12.0% of the 7,576 genes in CP clones do so (P<0.0001;
v2 test; fig. 1). The number of shared ASEGs in OP clones is 
greater than that in CP clones—308 (3.01% of the 10,233) 
and 33 (0.44% of the 7,576) genes experience ASE in every 
OP and every CP clone (P<0.0001; v2 test; figure 1A and B),
respectively. Only 12 ASEGs overlap between the two repro-
ductive types. We found that the number of CP-shared ASEGs 
is not significantly different from the random expectation (33 
vs. 35, P¼0.33), while the number of OP-shared ASEGs is

significantly higher than the random expectation (308 vs. 14, 
P < 0.0001). After excluding the 12 shared OP and CP ASEGs, 
we found that 91 of the remaining 296 OP ASEGs showed
consistent directional patterns of ASE (biased toward the 
same alleles) in all OP clones.

Forty-one (45%) of these 91 consistent ASEGs locate to 
chromosomes 5 and 8 (P < 0.01; fig. 1C). This result is not 
simply due to chromosomes 5 and 8 containing more anno-
tated gene models, as the fractions of genes exhibiting ASE 
on each of these chromosomes are significantly higher than 
on other chromosomes (P<0.01; fig. 1D). Intriguingly, these
two chromosomes are known to carry markers associated
with hybridization between D. pulex and D. pulicaria, impli-
cating their involvement in the origin of obligate asexuality in
D. pulex (Lynch et al. 2008; Xu et al. 2015). Thus, our results 
suggest that hybridization played an important role in gener-
ating ASEGs in OP clones.

ASEGs in the Hybrid Chromosomal Regions
Because OP D. pulex originated from hybridization between 
CP D. pulex and CP D. pulicaria, chromosomal regions in OP
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Table 2. 
Genome-Wide Distribution of 13,039 OP-Specific SNPs and 1,813 OP- 
Specific INDELs 

 
 

 
expression differences must be associated with cis-regulatory 
elements. To potentially identify such elements, we searched 
for OP-specific SNP/Indels in the likely cis-regulatory regions 

Chr Scaffold #SNP #INDEL ASEGs Size 
(Mb) 

Marker 
density (/Mb) 

(i.e., UTRs, introns, and within 1 kb upstream of the transcrip- 
tion start sites). All 18 ASEGs on chromosomes 8 and 9 (ta- 
ble 2) contain OP-specific SNP/Indel markers (~8 markers per 
gene) in these regions, while none of the 24 ASEGs on chro- 
mosome 5 contain OP-specific SNP/Indels in potential regula- 
tory regions. Because the closest OP-specific SNP/Indels are 
>100 kb away from the ASEGs on chromosome 5, it is un- 
likely that ASEGs on this linkage group are regulated by OP- 
specific SNP/Indels. Thus, our results suggest that ASEGs on 
chromosomes 8 and 9 are controlled by cis-regulatory ele- 
ments derived from hybridization. As this appears not to be 
the case for the highlighted genes on chromosome 5, ASE in 
this case might result from differential genomic imprinting of 
the two alleles caused by epigenetic modifications of DNA 

Note: Scaffolds with <30 markers are not shown (135 SNP and 15 INDEL 

markers). 

 

 

 

D. pulex that uniquely and consistently differ from those in CP 
clones are likely remnant products of introgression from 
D. pulicaria. Owing to the recurrent production of novel asex- 
ual lineages by backcrossing of OP-produced males to sexual 
D. pulex, only the chromosomal regions in such lineages as- 
sociated with OP are expected to retain D. pulicaria DNA 
(Lynch et al. 2008). Thus, to determine if the 91 OP ASEGs 
are associated with historical hybridization, as suggested by 
their excess abundance on chromosomes 5 and 8, we per- 
formed a genome-wide search for regions suggesting histor- 
ical introgression of D. pulicaria into D. pulex. 

By comparing whole-genomic sequences of 11 CP and 29 
OP D. pulex clones from North America, we identified 13,039 
SNP markers and 1,813 indel markers present in all OP 
D. pulex but absent from all CP D. pulex (Supplementary file 
S1). All of the sites containing OP-specific SNP markers are 
heterozygous, with the alternative allele being identical to 
that in CP D. pulex. Ninety-nine percent of these markers 
are contained within 12 scaffolds, 9 of which locate to chro- 
mosome 9, 2 to chromosome 8, and 1 to chromosome 5 
(table 2). Although these 12 scaffolds constitute 20.0% of 
the D. pulex genome, they contain 42 (46%) of the 91 OP 
ASEGs (P < 0.001; table 2 and Supplementary file S2), indi- 
cating that ASEGs are enriched in regions associated with 
hybridization. Among the 42 ASEGs, 38 locate to chromo- 
somes 8 and 5. Although the marker-enriched scaffolds on 
chromosome 9 cover 48% of the entire length of identified 
hybrid regions, they contain only four ASEGs. 

To gain a better understanding of the nature of the 42 
ASEGs in the hybrid regions, we first checked their directional 
bias, revealing that the D. pulex allele had higher expression in 
41 of them (fig. 2). Because the alleles of such genes reside in 
the same trans-acting regulatory environment, the allelic 

(Lawson et al. 2013), from regulatory differences encoded 
within coding regions, or from mRNA stability differences. 

 
Impacts and Functions of the 42 ASEGs in the Hybrid 
Regions 
To further examine the potential significance of the 42 ASEGs 
in the hybrid regions, we investigated whether the average 
combined expression level of the two alleles between OP and 
CP clones are different. Only one (dp_gene2903) out of the 
42 ASEGs is found to be differentially expressed between OP 
and CP clones, which is not different from random expecta- 
tion (v2 test, P < 0.632). Our results suggest that although the 
two alleles in the 42 ASEGs experience unbalanced expres- 
sion, their combined expression levels are not significantly 
different between OP and CP clones. 

To understand how the combined expression of the two 
alleles in OP is left the same as in CP while maintaining ASE for 
the two alleles, we checked the expression levels of the two 
alleles for the 42 ASEGs in OP clones by comparing them with 
the combined expression level of the two alleles in CP clones. 
After excluding the outlier DE gene (dp_gene2903), the aver- 
age expression levels for the D. pulicaria and D. pulex alleles in 
OP clones are, respectively, 44.5% and 63.2% of the com- 
bined expression in CP clones. Although the expression-level 
difference between the two alleles in OP clones is 18.7% 
(63.2–44.5%), the combined expression level for the two 
alleles in OP clones is only 7.7% (63.2% þ 44.5–100%) 
higher than that that in CP clones. Our results suggest a com- 
pensatory effect between the two alleles in OP clones, that is, 
one goes up, and the other goes down. The higher expression 
for D. pulex alleles may be due to OP clones having trans- 
regulatory environments more similar to that in D. pulex, as 
only 20% of the genome in OP clones is associated with 
D. pulicaria introgression. 

Comparison of sequence variation between the two pa- 
rental alleles for the 42 ASEGs revealed the heterozygosity 
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Table 3. 
Ten ASEGs with Nonsynonymous Substitutions that Impact Function of the 
Two Parental Alleles 

 
0.3  

ASEGs 

 
 

Notes: Gene symbol and descriptions came from the best hits in NCBI when 

performing BLASTp search with minimum e-value of 10-
5

 and query coverage 

FIG. 2.—Expression proportion of the D. pulex alleles for the 42 loci 
showing consistent ASE in all OP clones. Each gene in OP clones has two 
alleles (D. pulex allele and D. pulicaria allele). The proportion is calculated 
by dividing the number of reads mapped to the D. pulex allele to the total 
mapped reads for the two alleles. Error bars are standard errors of the 
means. A value of >0.5 at the Y-axis suggests the D. pulex allele has a 
higher expression level. 

 
level for ASEGs to be higher than that in non-ASEGs (genes in 
the hybrid regions that do not show ASE), although not 
greatly so (0.0064 vs. 0.0050; t-test; P < 0.001). To under- 
stand if these 42 ASEGs are simply an outcome of hybridiza- 
tion, or if they are maintained by natural selection, we 
calculated neutrality index (NI; Rand and Kann 1996) for these 
genes. NI is defined to be the ratio of pn/ps to dn/ds, where pn 
and ps are nonsynonymous and synonymous polymorphisms 
within OP clones, and dn and ds are nonsynonymous and 
synonymous substitutions compared with the outgroup 
D. obutsa. NI < 1 indicates an excess of nonsynonymous sub- 
stitution caused by positive selection and NI > 1 indicates neg- 
ative selection. We found that NI for these ASEGs are all >1, 
and not different from those for the non-ASEGs, indicating a 
lack of positive selection in the coding region during the di- 
vergence of the two alleles. 

To understand whether the sequence-level difference 
impacts function, we searched for shared SNPs/Indels in OP 
clones with inferred moderate to high impacts on function 
(i.e., causing nonsynonymous changes, protein truncation, 
or loss of function) defined by SnpEff (Cingolani et al. 2012). 
Ten of the 42 ASEGs contain SNPs/Indels with moderate 
predicted impacts (table 3 and Supplementary fig. S2), which 
is more than in the expectation based on non-ASEGs (23.8% 
versus 15.3%, P < 0.001). Nine of the above 10 ASEGs have 
upwardly biased expression toward the D. pulex allele. 
However, we found one gene (Wee1) with moderately lower 
expression level for the D. pulex allele than the D. pulicaria 

allele (39% vs. 61%). Among the 10 ASEGs with predicted 
functional diversity, Wee1 is located on chromosome 9, 

>50% are required to be considered as true candidate. 

 

 

while the remaining nine ASEGs are located in a 3.8-Mb 
region on chromosome 8 (fig. 3). Transposable elements 
(TEs) unique to OP clones are thought to be involved in asex- 
uality in D. pulex (Eads et al. 2012), but none of the above 
ASEGs have OP-specific TEs within flanking regions of 10 kb 
from both ends of the gene. 

To understand whether and how the above ten ASEGs 
might be involved in asexuality, we performed functional an- 
notation based on homology at the level of sequence and/or 
protein-domain structures in other model species, which sug- 
gested orthologs for nine of the ten, three of which (RanBP2, 
Ggnbp2, and Wee1) are inferred to be involved in meiotic cell 
cycles. For example, Ran-binding protein 2 (RanBP2), is a 
nucleoporin with SUMO E3 ligase activity that plays an impor- 
tant role in chromosome segregation during both mitotic and 
meiotic cell cycles (Pichler et al. 2002; Klein et al. 2009; Kim 
et al. 2017). During mouse oocyte development, the loss of 
RanBP2 leads to abnormal chromosome segregation during 
anaphase I (Kim et al. 2017). Ggnbp2 is a zinc-finger protein 
expressed abundantly in spermatocytes and spermatids in 
mice, loss of which affects prophase I and inhibits the forma- 
tion of haploid cells in vitro (Guo et al. 2018). Finally, Wee1 is 
a universal mitotic inhibitor, known to be down-regulated 
during oogenesis in Xenopus, with ectopic expression in im- 
mature oocytes leading to failure to enter meiosis II (Nakajo 
et al. 2000). Although indirect, these results suggest that sev- 
eral of the ten candidate ASEGs in chromosomal regions in- 
ferred to be associated with asexuality are likely involved in 
meiosis-related processes. 

 
Discussion 
Here, we have sought candidate genes underlying asexuality 
by searching for those showing ASE specifically in OP D. pulex. 
Although it has been shown that unreduced eggs in hybrids 

D
ow

nloaded from
 https://academ

ic.oup.com
/gbe/article/13/11/evab243/6415829 by Arizona State U

niversity user on 30 N
ovem

ber 2022 

D
. p

ul
ex

 a
lle

le
 e

xp
re

ss
io

n 
pr

op
or

tio
n 

Gene symbol Gene ID Description Chr. 
RanBP2 dp_gene11888 Ran-binding protein 2 8 

Nrt dp_gene4347 Neurotactin 8 

Mfsd11 dp_gene4379 UNC93-like protein 8 

Ggnbp2 dp_gene4428 Gametogenetin-binding protein 2 8 

Alix dp_gene4578 ALG-2 interacting protein X 8 

 dp_gene4606 Hypothetical protein 8 

Upf2 dp_gene4654 Regulator of nonsense transcripts 2 8 

Ace dp_gene4684 Angiotensin-converting enzyme 8 

Arrdc3 dp_gene4780 Arrestin domain-containing 3 8 

Wee1 dp_gene6398 Wee1 kinase 9 
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FIG. 3.—Chromosome distributions of the ten ASEGs with SNPs/Indels with moderate predicted impacts on functions. Each scaffold is scaled to its 
length and red bars indicate the locations of the ten candidate genes on scaffolds. Numbers preceding the parentheses are scaffold numbers and those 
within parentheses are scaffold lengths. Rec8 is a previously identified candidate gene underlying asexuality (Lynch et al. 2008). 

 

can be caused by genes showing ASE in plants (Sharbel et al. 
2009; Corral et al. 2013), identification of genes underlying 
asexuality via genome-wide study is still very challenging, as it 
is difficult to separate causal elements from background 
noise. For example, more than 50% of human genes experi- 
ence ASE and while such genes are thought to be involved in 
many biological processes (Lo et al. 2003; Palacios et al. 
2009), only a small fraction of them have been linked to phe- 
notypic changes (De La Chapelle 2009; Wei et al. 2013; Liu 
et al. 2018). To control for background noise, we focused on 
ASEGs in regions containing markers perfectly associated with 
the OP trait, almost all of which are located on chromosomes 
5, 8, and 9 (table 2), consistent with previous analyses (Lynch 
et al. 2008; Xu et al. 2015). 

For causal ASEGs underlying asexuality, regulation is 
expected to occur in a consistent manner with functional 
consequences in all OP clones. Only nine genes on chromo- 
some 8 and one on chromosome 9 satisfy these conditions. 
All ten genes contain nonsynonymous substitutions/indels 
that impact the coding sequences, and at least three of 
them have functions directly involved in meiosis-related pro- 
cesses. Aside from the above ten candidate genes on chro- 
mosome 8 and 9, 24 ASEGs on chromosome 5 are regulated 
in a consistent manner but the two alleles do not differ in the 
cis-regulatory regions. It is still unclear how ASEGs on chro- 
mosome 5 are regulated, but possible explanations include 
genomic imprinting, with the expression difference of the two 
alleles caused by epigenetic modifications of DNA (Lawson 
et al. 2013); and/or mRNA stability differences. 

Although it has been postulated that asexuality in D. pulex 

may be controlled by a single dominant mutation (Hebert 
1981), our results are more supportive of a multilocus mode 
for asexuality. The ten ASEGs implicated to be underlying asex- 
uality in our study span at least a 3.8-Mb region on chromo- 
some 8 and one locus on 9 (fig. 3). Because chromosomes 
8 and 9 can freely segregate and crossover events occur within 
chromosome 8 during OP male spermatogenesis (Xu et al. 
2015), the probability of a single sperm acquiring all paternal 
alleles for the ten ASEGs should be :::0.5. Assuming all ten 

paternal alleles are required for OP, and at least one recombi- 
nation event within the region of ASEGs on chromosome 8, 
then the transmission rate of obligate asexuality by sperm 
would be no more than 0.25. Consistent with this, Lynch 
et al. (2008) found that only 2 of the 31 hybrids between 6 
OP and 6 CP D. pulex are obligate asexual clones. Also, Xu 
et al. (2015) showed that in crosses of 5 OP and 1 CP D. pulex, 
only 3 out of the 122 F1s are OP clones, while most of the F1s 
appear to suffer from reproductive deficiency that prevents 
resting-egg (ephippial) production. Although Innes and 
Hebert (1988) obtained close to a 1:1 ratio (6 CP: 4 OP) for 
F1 hybrids, their experiments suffered from a low success rate 
with only 10 out of the 178 F1 hybrids producing ephippia. If 
ephippial production requires all paternal alleles from the ten 
ASEGs, the low success rate of ephippial reproduction in this 
study is also consistent with a multilocus mode of asexuality. 
That being said, we cannot entirely rule out a one gene model 
for asexuality as none of the above studies have tested whether 
each OP male produces viable sperm, and the low efficiency of 
the transmission rate may be simply due to defective sperm. 

It has been hypothesized that meiosis suppression in 
resting-egg reproduction is the same as that during parthe- 
nogenetic reproduction (Hiruta et al. 2010) because meiosis- 
related genes have similar expression patterns during sexual 
reproduction and parthenogenesis (Schurko et al. 2009). 
Parthenogenesis in D. pulex proceeds by arresting cell division 
at early anaphase I, followed by a division similar to meiosis II 
(Hiruta et al. 2010). The result is similar to central fusion 
known in automictic parthenogenesis in ants and earthworms 
(Suomalainen et al. 1987), except that in the latter case the 
two daughter cells from meiosis I fuse. Our results reveal one 
ASEG (RanBP2) that may play an important role in chromo- 
some segregation during anaphase I in mouse (Kim et al. 
2017) and might be the cause of anaphase I abortion. We 
also identified one ASEG (wee1) that controls entrance to 
meiosis II (Nakajo et al. 2000). In Xenopus, wee1 needs to 
be silenced for the cell to enter meiosis II (Nakajo et al. 2000). 
Nonetheless, the function for those ASEGs is predicted from 

26 (1.60 Mb) 
Rec8 

5 (4.96 Mb) 
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species with large evolutionary distance with D. pulex and the 
conservation of the function requires further verification. 

Although meiosis-suppression in OP Daphnia is female lim- 
ited, with males sometimes still producing functional haploid 
sperm (Innes and Hebert 1988), it is thought that male produc- 
tion will eventually be reduced or eliminated by mutation accu- 
mulation in OP D. pulex, because unreduced diapausing eggs 
do not require fertilization. Consistent with this hypothesis, field 
and laboratory experiments show that most OP D. pulex clones 
have much reduced or no male-producing ability, while most 
CP D. pulex clones are capable of producing males (Hebert et al. 
1989; Innes et al. 2000). In our study, all four CP clones produce 
males, while only two of the four OP clones can do so. 

It has been shown that some OP clones produce males with 
functional haploid sperm, providing a route to the spread of the 
OP trait via backcrossing to CP clones (Xu et al. 2015). The 
spread of asexuality into a CP population under such a system 
can be very rapid, even though it involves multiple independent 
loci (Lynch et al. 2008). Assuming a four-locus model and an 
undetectable frequency (0.0001) of a male-producing OP clone, 
it takes only 300 sexual generations to completely displace a CP 
population (Lynch et al. 2008). If, as proposed here, the OP trait 
is controlled by only two loci, one on chromosome 8 and the 
other on chromosome 9, provided functional males can be 
produced by OP clones, only ~50 sexual generations (assuming 
one generation per year, it is 50 years) are required to essentially 
entirely displace a CP population via backcrossing starting from 
a very low OP frequency (Lynch et al. 2008). Moreover, 
Mergeay et al. (2006) found that native CP D. pulex in Africa 
have coexisted for ~60 years with the invasive OP D. pulex be- 
fore they were completely displaced by those OP clones. 
Although it is still unclear whether such displacement is caused 
by competition or hybridization, the observation suggests that 
the displacement of CP by OP was a rapid process. 

Although obligately asexual lineages often have hybrid ori- 
gins (Lynch 1984; Simon et al. 2003; Neaves and Baumann 
2011; Neiman et al. 2014; Lamelza et al. 2019), it is still 
unclear whether and how hybridization causes asexuality. 
Here, we have brought things closer to a mechanistic under- 
standing by showing that hybridization results in ASE associ- 
ated with genes involved in meiosis-related processes that may 
result in asexuality. In particular, hybridization leads to unbal- 
anced expression of the two alleles for genes involving meiosis 
that may interfere with homologous chromosome segregation 
during anaphase I (Kim et al. 2017) and stop the cell from 
entering meiosis II (Nakajo et al. 2000). Our observations are 
consistent with the others showing that hybrids from distantly 
related species are more likely to produce unreduced eggs 
(Moritz et al. 1992). As the phylogenetic distance increases, 
the two hybridizing species are more likely to have divergent 
cis- and trans-regulatory environments, resulting in unbal- 
anced expression of paternal and maternal alleles for 
meiosis-related genes (as well as other processes). 

 
Materials and Methods 
Daphnia pulex Genome Assembly and Annotation 
A sexual isolate of D. pulex (PA42) was used for whole ge- 
nome sequencing. DNA of the PA42 isolate was extracted 
from the mass culture of clonally reproducing individuals us- 
ing MagAttract HMW DNA kit. To minimize bacterial contam- 
ination, animals were starved 24 h in COMBO media before 
DNA extraction. The DNA was sent to the University of 
California, Irvine, genomics high-throughput facility for 
PacBio sequencing. Reads were generated from 20 PacBio 
SMRT cells and sequenced using the RSII platform. We assem- 
bled the raw reads using Canu 1.3 (Koren et al. 2017) with 
default parameters. Then the initial assembly was further scaf- 
folded with dovetail reads. Bacteria contamination from the 
assembly was removed following Ye et al. (2017). The dupli- 
cation level for the assembly was estimated using the comp 
tool from KAT kit 2.4.2 (Mapleson et al. 2017) with default 
kmer length, and the duplicate regions were then purged 
using the program purge_dups (Guan et al. 2020). We esti- 
mated the completeness for the genome assembly using 
BUSCO V5.1.2 (Sim~ao et al. 2015), with the lineage param- 
eter set to arthropoda_odb10. The genome-wide heterozy- 
gosity level for the PA42 4.2 assembly was estimated using 
GenomeScope 2.0 (Ranallo-Benavidez et al. 2020). 

We annotated the PA42 draft genome using RNA-seq- 
guided gene discovery. To perform annotation using gene 
expression data, we collected RNA-seq data for D. pulex 

from various conditions, including D. pulex (PA42) under six 
environmental stressors and three developmental stages (Ye 
et al. 2017), predator-induced expression (An et al. 2018), 
and expression induced by juvenile hormones (Toyota et al. 
2015). The transcriptome for all life stages/conditions were 
pooled and assembled de novo using the software Trinity 
(Haas et al. 2013) and assembled transcripts were then 
used as seed for evidence-based gene annotation using 
Maker 2.0 (Holt and Yandell 2011). Furthermore, we per- 
formed ab initio gene prediction on the draft assembly using 
the software SNAP (Korf 2004) and gene models were trained 
from 800 genes with complete gene structure (i.e., 30-UTR, 50- 
UTR, and more than three exons). From the ab initio gene 
prediction, we kept those supported by >200 bp transcripts 
from RNA-seq data. 

 
Daphnia Culture and RNA Sequencing 
Daphnia pulex clones used for ASE analysis were collected 
from O’Brien Conservation Area (BRG), IA (latitude 40.084; 
longitude -93.6896) in the spring of 2014. To maximize the 
likelihood that each individual would represent a unique ge- 
notype, we collected adult individuals soon after hatchlings 
and clonally expanded the individual clone in the laboratory. 
For each clone, we removed males from the beaker, which 
can be visually distinguished from females based on enlarged 

D
ow

nloaded from
 https://academ

ic.oup.com
/gbe/article/13/11/evab243/6415829 by Arizona State U

niversity user on 30 N
ovem

ber 2022 



GBE ASE in Obligately Asexual D. pulex 

9 Genome Biol. Evol. 13(11)  https://doi.org/10.1093/gbe/evab243  Advance Access publication 2 November 2021 

 

 

 
 
 
 

antennules and a flattened ventral carapace margin. To de- 
termine whether a particular clone is a sexual or obligately 
asexual clone, we tested their ability to produce viable em- 
bryos in the ephippia in the absence of males. 

Consistent results of no ephippial embryos (empty ephip- 
pia) from at least ten independent tests indicate the status of 
CP, otherwise, the status of OP would be determined. 

Adult females from each clone were isolated and placed 
into 150 mL beakers and kept at 20oC with 120,000 cells/mL 
single-celled alga Scenedesmus obliquus. To obtain sexually 
reproducing (pre-ephippial) females, we selected ~200 new- 
born females from the mass culturing beakers and put them 
into ten new beakers, with each beaker containing ~20 indi- 
viduals. We fed the clones on day 1 with 120,000 cells/mL 
single-celled alga S. obliquus and a 12/12 light cycle. No more 
food was added. These clones will reach maturity and food 
shortage will promote sexual production. Under favorable 
conditions, both CP and OP D. pulex directly produce embryos 
through parthenogenesis; in unfavorable conditions, CP 
D. pulex switch to producing haploid resting eggs (i.e., 
ephippium) and OP D. pulex produce diploid resting eggs. 
We used the color of D. pulex ovaries to distinguish females 
that will produce live embryos or ephippial eggs in the next 
clutch. Females reproducing asexually have green and bul- 
bous ovaries, while reproducing sexually have black and 
smoother ovaries. Pre-ephippial females from both OP and 
CP clones were collected from each beaker and sacrificed 
for RNA and DNA extraction within 15 min. RNA for each 
genotype was extracted using ISOLATE II RNA Mini Kit from 
~20 individuals. RNA-seq libraries were then constructed us- 
ing TruSeq Stranded Total RNA Kits (Illumina) by the 
Genomics core facility at Arizona State University. The 150- 
bp paired-end reads were sequenced using Highseq 2500 
platform at Genomics core facility at Arizona State 
University. DNA for each genotype was extracted using a 
cetyltrimethylammonium bromide (CTAB) method (Doyle 
and Doyle 1987) and libraries constructed using a Nextera 
kit, followed by tagging a unique oligomer barcode for 
each sample. A total of 250 bp paired-end reads were se- 
quenced using the Highseq 2500 platform at Center for 
Genomics and Bioinformatics at Indiana University. 

 
Identification of OP Specific Markers 
Illumina reads from 11 CP and 29 diploid OP D. pulex (Tucker 
et al. 2013; Xu et al. 2015) were mapped to the D. pulex 

reference genome (PA42 4.2), using Novoalign (http://www. 
novocraft.com) with option “r None” to exclude reads that 
mapped to more than one location. We then applied 
Samtools (Li et al. 2009) to generate a mpileup file for each 
sample (samtools mpileup -f reference.fasta sample.bam > 

sample.mpileup). 
To avoid false-positive genotyping, we removed sites cov- 

ered by less than five reads and sites with minor-allele 

 
frequencies < 0.05. A pro file is generated by pooling all 
mpileup files using the proview program in MAPGD 
(Ackerman et al. 2017), followed by calling genotype using 
the genotype program from MAPGD. After obtaining geno- 
types for each sample, we searched for alleles that existed in 
every OP clone but not found in any CP clone, which were 
defined as OP-specific SNPs. The mpileup2indel program from 
VarScan (Koboldt et al. 2009) was used to identify OP-specific 
INDELs from mpileup files with default parameters. Likewise, 
OP-specific INDELs indicate insertions and deletions exist in 
every OP clone but not found in any CP clone. 

 
Identification of Heterozygous SNPs and Allelic Expression 
To identify heterozygous SNPs, we mapped RNA and DNA 
reads for each clone to the assembly PA42 4.2 using Tophat2 
(Kim et al. 2013) with “-g 1.” SNPs from each clone were 
identified using Samtools (Li et al. 2009) with command 
“samtools mpileup -uf ref.fasta sorted.bam j bcftools call - 
mv > raw.vcf” and “bcftools filter -s LowQual -e 
‘%QUAL < 20’ raw.vcf >flt.vcf.” 

Analyses of ASE are known to suffer from allelic mapping 
bias, genotyping errors, and technical artifacts (Castel et al. 
2015). To minimize such effects in our estimation, the follow- 
ing filters were applied: 1) Only uniquely mapped reads were 
used, which is controlled by using the “-g 1” option in 
Tophat2 (Kim et al. 2013); 2) Remove duplicate reads; 3) 
we masked regions with >3 SNPs within 100 bp because 
additional differentiating sites will bias read alignment 
(Castel et al. 2015); and 4) the read mapping Bam files 
from Tophat2 (Kim et al. 2013) and SNPs identified from 
both RNA-seq and genomic reads are provided to WASP 
(Van de Geijn et al. 2015) to select reads that have equal 
chances of mapping to paternal and maternal alleles. Reads 
passed WASP selection are counted for each allele using the 
ASEReadCounter module from GATK v3.8 with parameters - 
mmq 50 and -mbq 25 (Castel et al. 2015). Then, ASEGs for 
each sample are detected by GeneiASE (Edsg€ard et al. 2016) 
static model. Because GeneiASE does not require phasing of 
variants to estimate expression differences, to determine the 
directions of bias (paternal or maternal ASEGs) for genes, we 
used two strategies. First, for genes with OP-specific SNPs, all 
OP-specific SNPs were assigned into the same haplotype and 
the other allele into the background haplotype. Second, for 
the remaining genes, we searched for shared SNPs across 
clones. If >80% of the shared SNPs across clones have the 
same direction of bias, then it would be considered as con- 
sistent ASEG. 

 
Silent-Site Nucleotide Diversity and Phasing Asexual 
Haplotypes 
For each site in the coding region of D. pulex assembly PA42 
4.2, we first defined each site as 0-fold, 2-fold, 3-fold, and 4- 
fold  synonymous  depending  on  whether  potential 
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substitutions will change the amino acid. For example, if none 
of the potential substitutions change the amino acid, then a 
site will be defined as 4-fold synonymous (silent site). Then, 
DNA reads for the eight BRG clones were mapped to the 
reference assembly using Novoalign (http://www.novocraft. 
com) with option “r None.” SNPs from each BRG clone 
were identified using Samtools (Li et al. 2009) with command 
“samtools mpileup -uf ref.fasta sorted.bam j bcftools call -mv 
> raw.vcf” and “bcftools filter -s LowQual -e ‘%QUAL < 20’ 
raw.vcf >flt.vcf.” For each defined silent site, pairwise com- 
parison was performed between all pairs of clones to search 
for nucleotide differences. The silent-site nucleotide diversity 
was calculated by the total number of nucleotide differences 
divided by the number of sites compared. 

We followed the method in Tucker et al. (2013) to phase 
the hybrid regions in OP clones, that is, all OP-specific SNPs 
and SNPs within the same reads goes to the asexual haplotype 
(because the asexual haplotype are thought to be non- 
recombining; Tucker et al. 2013) and the other allele into 
the background haplotype. Coding sequences were extracted 
from the phased haplotypes and provided to MEGA-X (Kumar 
et al. 2018) for phylogenetic inference using the neighbor- 
joining (NJ) method. Maximum composite likelihood model 
with uniform rate and homogeneous pattern among sites 
was used for NJ tree construction. 

 
NI Analyses 
For each of the 42 ASEGs in OP clones, we first phased them 
into two haplotypes (see the “phasing asexual haplotypes” 
section for details). Phased haplotypes from all OP clones were 
pooled for each gene and provided to MEGA-X (Kumar et al. 
2018) to calculate within-population diversity at nonsynony- 
mous and synonymous sites, pn and ps. When running 
MEGA-X, maximum composite likelihood model with uniform 
rate and homogeneous pattern among sites was used for the 
calculations. To estimate synonymous and nonsynonymous 
substitutions per nonsynonymous and synonymous sites, dn 
and ds, a Daphnia obtusa clone (accession number: 
JAACYE000000000) was used as an outgroup. Orthologous 
genes between D. pulex and D. obtusa were obtained by 
reciprocal BLAST and aligned using the Muscle program in 
MEGA X. dn and ds were calculated for each haplotype of 
the 42 ASEGs using MEGA-X and then averaged between the 
two haplotypes in a gene. The NI (Rand and Kann 1996) was 
calculated for each gene as the ratio of pn/ps to dn/ds. 

 
Differential Expression 
To detect differentially expressed genes between OP and CP 
D. pulex, we first mapped RNA-seq reads to the D. pulex ref- 
erence genome with Tophat2 (Trapnell et al. 2012) using the 
“-g 1” option. Then the number of uniquely mapped reads 
on each gene was counted using the python script countex- 
pression.py. DEseq2 (Anders and Huber 2010) was used to 

 
detect differentially expressed genes between OP and CP 
clones with FDR 0.05. 

 

Data Availability 
The D. pulex genome assembly PA42 v4.2 is available at 
www.ebi.ac.uk under accession PRJEB46221 and the corre- 
sponding annotation file can be accessed at https://osf.io/ 
y57ct. PacBio reads for PA42 v4.2 were uploaded to NCBI 
SRA under accession SAMN12816806. Transcriptomes for 
OP and CP D. pulex generated in this study can be accessed 
under SAMN14096463-SAMN14096470. Genomic data for 
OP and CP D. pulex generated in this study can be accessed 
under SAMN16056572-SAMN16056579. Genomic data 
used for identifying OP-specific markers can be accessed at 
accession numbers SAMN03964756–SAMN03964769 (Xu 
et al. 2015) and accession numbers SAMN02252729– 
SAMN02252752 (Tucker et al. 2013). Genome sequence of 
the D. obtusa clone is available at the NCBI GenBank (acces- 
sion number JAACYE000000000). 
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