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Abstract 

 

We know very little about the determining genetic factors that control the recombination events 

within a genome. Moreover, the cause of recombination rate variation in population-level remains 

poorly understood, especially in non-mammalian species. The scarcity of population-level 

recombination rate data makes pinpointing genetic loci responsible for recombination rate 

variation even more challenging. Due to a lack of population-level recombination data, this 

hypothesis remains untested mainly in natural systems, like Daphnia. In response to the limitation 

of genetic tools used to dissect the genetic determinant of a trait in Daphnia, we put an effort to 

address these shortcomings in the Daphnia research. We started the exploration by first showing 

strong support for the adaptive divergence of meiotic recombination rate between two incipient 

sister species of Daphnia, D. pulicaria and D. pulex. Then, we explored optimizing two genetic 

tools that are crucial in population genetics. First, we fine-tuned and meticulously established a 

technique to develop an efficient biallelic and heritable gene-editing technique in D. pulex using 

CRISPR-Cas9. Further, we implemented different modifications to explore developing an 

inexpensive multiplexing protocol by re-engineering the whole genome amplification method 

before multiplex library preparation.  

 

 

 

 



vii 
 

Acknowledgment…………………………………………………………………………..…… iii 
Dedication…………………………………………………………………………………..…… v 
Abstract …………………………………………………………………………………….……vi 

 

Table of Contents 
Chapter 1 ....................................................................................................................................................... 1 

Introduction ............................................................................................................................................... 1 

Chapter 2 ....................................................................................................................................................... 3 

Adaptive divergence of meiotic recombination rate in ecological speciation .......................................... 3 

Introduction ........................................................................................................................................... 5 

Results ................................................................................................................................................. 11 

Recombination rate estimates ......................................................................................................... 11 

Discussion ........................................................................................................................................... 13 

A new model system for studying recombination rate divergence ................................................. 13 

Single-sperm sequencing for studying recombination rate variation in emerging systems ............ 14 

Pst-Fst comparison ............................................................................................................................ 15 

Within-species recombination rate divergence ............................................................................... 17 

Materials and Methods ........................................................................................................................ 18 

Daphnia culture and sperm extraction ............................................................................................ 18 

Single-sperm cell sorting ................................................................................................................ 19 

Whole-Genome Amplification ........................................................................................................ 20 

Pre-amplification stage ................................................................................................................... 20 

Standard PCR amplification stage .................................................................................................. 20 

Recombination rate estimation ........................................................................................................ 21 

Pst-Fst comparison ............................................................................................................................ 22 

References ........................................................................................................................................... 26 

Figure .................................................................................................................................................. 35 

Table ................................................................................................................................................... 38 

Chapter 3 ..................................................................................................................................................... 39 

An efficient CRISPR-Cas9 based heritable gene-modification in D. pulex. .......................................... 39 

Abstract ............................................................................................................................................... 40 

Materials and Methods ........................................................................................................................ 44 

CRISPR-Cas9 reagents ................................................................................................................... 44 



viii 
 

Microinjection equipment ............................................................................................................... 44 

Daphnia maintenance and screening ............................................................................................... 45 

Embryo collection ........................................................................................................................... 45 

Microinjection ................................................................................................................................. 46 

Screening for phenotype ................................................................................................................. 46 

Results ................................................................................................................................................. 47 

Scarlet knockout mutants ................................................................................................................ 47 

Genotypes of scarlet knockout mutants .......................................................................................... 47 

Discussion ........................................................................................................................................... 47 

References ........................................................................................................................................... 50 

Figure .................................................................................................................................................. 55 

Table ................................................................................................................................................... 64 

Chapter 4. .................................................................................................................................................... 66 

Indexing of re-engineered Multiple Annealing and Looping-based Amplification Cycle (MALBAC) 
method for multiplexing. ........................................................................................................................ 66 

Abstract ............................................................................................................................................... 67 

Introduction ......................................................................................................................................... 68 

Results ................................................................................................................................................. 70 

Generation of indexed MALBAC primers ...................................................................................... 71 

Testing the synthesized MALBAC primers .................................................................................... 72 

Discussion ........................................................................................................................................... 73 

Materials and Methods ........................................................................................................................ 76 

Whole-Genome Amplification ........................................................................................................ 76 

Standard PCR amplification............................................................................................................ 76 

References ........................................................................................................................................... 77 

Figure .................................................................................................................................................. 80 

Table ................................................................................................................................................... 83 

 

 

 

 



1 
 

Chapter 1 
Introduction 

 

Meiosis is widespread in most sexual eukaryotes, and recombination is the hallmark of meiosis. 

Meiotic recombination is also a key determinant of many aspects of genomic evolution, including 

the distribution of genetic diversity, rate of adaptation, accumulation of deleterious mutations, and 

nucleotide substitution. Different molecular pathways that lead to recombination, including 

maintaining a certain number of crossovers (minimum and a maximum number of crossover) to 

controlling the crossover location in a chromosome, are tightly regulated by molecular 

mechanisms. However, recombination rate is a heritable quantitative trait that exhibits a 

remarkable variation at multiple biological levels in all species studied to date. The recombination 

rate variation has prompted many questions, including exploring the genetic factor that controls 

the recombination rate variation. Meiotic recombination rate varies greatly at multiple biological 

levels, e.g., within the genome, between individuals and populations, and between species.  

Nevertheless, we know little about the genetic factors controlling recombination events within a 

genome in most model organisms, including Daphnia. The cause of recombination rate variation 

in population-level remains poorly understood, especially in non-mammalian species. Because of 

the scarcity of population-level recombination rate data, pinpointing genetic loci responsible for 

recombination rate variation remains challenging. Despite emphasizing the importance of different 

evolutionary forces in recombination rate evolution, these theories converge on predicting that the 

transition to a novel environment will lead to an increased recombination rate due to novel 

selection pressure. In the following dissertation, we investigate three topics related to exploring 

new and re-engineered techniques to help better estimate the recombination rate and dissect the 

genetic basis of recombination rate variation. The following dissertation first shows strong support 
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for the adaptive divergence of meiotic recombination rate between two incipient sister species of 

Daphnia, D. pulicaria and D. pulex. Second, we developed an efficient biallelic and heritable gene-

editing technique in D. pulex using CRISPR-Cas9. Third, explore developing a re-engineered 

whole genome amplification method for multiplex library preparation to reduce cost significantly. 

Collectively, this dissertation works to develop and upgrade molecular techniques to help estimate 

genome-wide recombination rate and dissect the genetic basis of recombination rate variation in 

non-model organisms, like Daphnia. 
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Abstract 

Theories predict that directional selection during adaptation to a novel habitat results in an elevated 

meiotic recombination rate. Yet the lack of population-level recombination rate data leaves this 

hypothesis untested in natural populations. Here we examine the population-level recombination 

rate variation in two incipient ecological species, the microcrustacean Daphnia pulex (an 

ephemeral-pond species) and D. pulicaria (a permanent-lake species). The divergence of D. 

pulicaria from D. pulex involved habitat shifts from pond to lake habitats as well as strong local 

adaptation due to directional selection. Using a novel single-sperm genotyping approach, we 

estimated the male-specific recombination rate of two linkage groups in multiple populations of 

each species in common garden experiments and identified a significantly elevated recombination 

rate in D. pulicaria. Most importantly, population genetic analyses show that the divergence in 

recombination rate between these two species does not follow the evolution of a neutral trait and 

is therefore most likely due to divergent selection in distinct ecological habitats.  
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Introduction 

Meiotic recombination is a hallmark of meiosis as it occurs in the majority of sexually reproducing 

eukaryotes (Cavalier-Smith 2002; Otto and Lenormand 2002). Although it remains contested as to 

why recombination originated in the last common ancestor of eukaryotes (Kondrashov 1988; 

Cavalier-Smith 2002), recombination plays an essential role in repairing the actively induced 

double-strand DNA breaks in the prophase I of meiosis (Pâques and Haber 1999). The presence of 

at least one recombination event (i.e., crossover event) per chromosome between homologous 

chromosomes ensures the correct segregation of chromosomes into daughter cells, preventing the 

otherwise disastrous outcome of chromosome non-disjunction and aneuploidy (Hassold and Hunt 

2001).    

Besides its well-known role in creating new haplotypes and in facilitating adaptation (Rice 

2002), meiotic recombination is an important evolutionary force shaping the eukaryotic genomic 

architectures. Recombination rate is a determinant of the distribution of genetic diversity in the 

genomes, exhibiting a positive correlation with nucleotide diversity in many species including 

human (Lercher and Hurst 2002), mice (Booker et al. 2017), and Drosophila (Begun and Aquadro 

1992; Charlesworth et al. 1993). Moreover, as genetic linkage reduces the efficacy of natural 

selection, i.e., Hill-Robertson effect (Hill and Robertson 1966), recombination, which breaks down 

genetic linkage, can greatly reduce selection interference between linked sites (Barton 1995a; 

Cutter and Payseur 2013) As a result, recombination can slow down the accumulation of 

deleterious mutations, i.e., Muller’s ratchet (Felsenstein and Yokoyama 1976; Lynch et al. 1993), 

and of transposable elements (Rizzon et al. 2002; Dolgin and Charlesworth 2008; Kent et al. 2017). 

Moreover, recombination and associated biased gene conversion can also influence codon usage 

bias (Comeron et al. 1999; Pouyet et al. 2017) and base composition (Duret and Arndt 2008; Mugal 
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et al. 2015).  

 Meiotic recombination rate varies greatly at multiple biological levels, e.g., within 

genome, between individuals and populations, and between species (Smukowski and Noor 2011; 

Ortiz-Barrientos et al. 2016; Dapper and Payseur 2017; Ritz et al. 2017). Understanding the genetic 

basis and evolutionary forces underlying such variation is a major challenge to biologists. Striking 

progress has been made in mapping the genetic factors responsible for within-genome variation 

and for between-individual variation. For example, the zinc finger domain protein PRDM9 is a 

major determinant of recombination hotspots in the genomes of human and mice (Baudat et al. 

2010; Myers et al. 2010; Grey et al. 2011; Brick et al. 2012). Also, promoters and transcription 

start sites have been identified to be associated with elevated recombination rate in dogs (Auton et 

al. 2013), the yeast Saccharomyces cerevisiae (Pan et al. 2011), birds (Singhal et al. 2015), and 

Arabidopsis (Choi et al. 2013). On the individual level, several meiosis-related genes (e.g., Rnf212, 

Cplx1, Rec8, Prdm9) have been identified to be responsible for variation of recombination rates in 

mammalian species including humans, cattle, and Soay sheep (Kong et al. 2008; Chowdhury et al. 

2009; Sandor et al. 2012; Johnston et al. 2016; Halldorsson et al. 2019). However, it should be 

noted that these loci explain only a small portion (~3-11%) of the phenotypic variance between 

individuals (Kong et al. 2014; Johnston et al. 2016).    

In contrast, the genetic factors governing the inter-specific variation of recombination rate 

remains understudied (Dapper and Payseur 2017), although many studies have compared 

recombination rate differences between closely related species at different genomic scales 

(Smukowski and Noor, 2011). We note that this research area has drawn increasing amount of 

attention, with a dicistronic gene mei-217/mei-218 recently identified to be responsible for 

recombination rate difference between Drosophila melanogaster and D. mauritiana (Brand et al. 
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2018). On the other hand, another equally understudied question is whether natural selection plays 

a role in shaping the between-species divergence. Despite numerous evolutionary theories have 

examined how natural selection can modulate the evolution and divergence of recombination rates 

between species, the lack of in-depth population-level data (see below) leaves these theories 

untested in natural systems, severely limiting our understanding of the evolutionary forces driving 

recombination rate divergence.    

In populations undergoing divergence and incipient speciation, recombination rates could 

be driven to increase if the breakdown of overrepresented association of alleles, i.e., linkage 

disequilibrium, is beneficial. Generally speaking, three different situations can lead to the buildup 

of linkage disequilibrium and determine how recombination rate would response to natural 

selection. In the presence of linkage disequilibrium caused by weak negative epistasis selection 

favors increased recombination in a large population in stable environment (Otto and Lenormand 

2002). Genetic drift can also lead to the accumulation of linkage between beneficial alleles and 

deleterious alleles in finite populations, and the increase of recombination rate would be favored 

by selection to bring together beneficial alleles (Otto 2009). Furthermore, temporal fluctuations in 

the environment favor different combinations of alleles, which could lead to increased 

recombination rate in environments with rapid and consistent temporal variation (Charlesworth 

1976; Barton 1995b; Otto and Michalakis 1998), whereas in the absence of fluctuations 

recombination is selected against. 

Despite the diverse views on the relative importance of these evolutionary forces in shaping 

the evolution of recombination rate, it is consistently predicted that transition to a novel 

environment would lead to an increase of recombination rate due to directional selection (Butlin 

2005). Empirical work on indirect selection of physiology-related traits in Drosophila supports 
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this view (Korol and Iliadi 1994; Aggarwal et al. 2015). However, for domesticated animals that 

underwent strong directional selection, there seems to be no increase of recombination rate 

(Munoz-Fuentes et al. 2015), contradicting previous views of elevated recombination in 

domesticated plants (Ross-Ibarra 2004) and animals (Burt and Bell 1987; Poissant et al. 2010).  

Notably, few studies have directly addressed whether habitat shift in natural populations 

results in elevation of recombination rate. A key challenge is that, for model organisms where 

recombination is heavily investigated, e.g., human, mice, Drosophila, and yeast, little is known 

about the ecological changes involved in speciation. Thus, the inter-specific difference between 

Drosophila species, e.g., ~2-fold difference between D. melanogaster and D. mauritiana (Brand 

et al. 2018), and the difference between yeast species, e.g., 40% lower recombination rate in 

Saccharomyces paradoxus than in S. cerevisiae (Liu et al. 2019), are unfortunately de-coupled 

from the consideration of ecology.  

Another challenge in understanding the relationship between ecological shifts, directional 

selection, and recombination rate evolution is that multi-population data on recombination rate is 

lacking (but see Saleem et al. 2001). Recombination rate is laborious to measure, which usually 

involves producing and genotyping hundreds of recombinant progenies with a large number of 

genetic markers to generate only a single genetic map. Such practice is difficult to scale up to 

population-level studies. Thus, current estimates of recombination rates for most species are 

derived from the average recombination rates in the two lineages used for crossing-based map 

construction. Often the number of genetic maps for a single species remains below a handful except 

for some heavily studied model organisms and economically important crops and animals, yielding 

low statistical power for rigorously investigating the driving forces of interspecific differentiation 

of recombination rate in a population-genetic framework. 
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If a genetic map is constructed using computational methods based on linkage 

disequilibrium through population sequencing, we can obtain estimates of population 

recombination rates (4∙Ne∙c), which is an average of two sexes over large span of evolutionary 

time (McVean et al. 2004). The fact that population recombination rate is scaled by effective 

population size (Ne) makes it difficult to directly estimate recombination rate and can confound 

comparisons between diverging populations that may have distinct demographic histories. 

Moreover, studies using this method to compare multiple populations remain rare beyond the 

classic models, mostly with a focus on intragenomic variation and between-sex differences (e.g., 

Auton et al., 2012; Bherer et al., 2017). Therefore, we argue that the lack of understanding on the 

population- and individual-level variation of recombination rates ought to be addressed if we are 

to dissect the genetic basis of recombination rate variation.                     

The emergence of novel genomic sequencing techniques such as whole-genome 

sequencing of single-sperm cells (Xu et al. 2015) provides an efficient solution to estimating 

population-level recombination variation (albeit it only measures male-specific recombination 

rate). Taking advantage of this approach to investigate how ecological shifts and directional 

selection impact recombination rate, this study examines the male-specific recombination rate in 

two ecologically distinct, incipient microcrustacean species Daphnia pulex and D. pulicaria.  

A well-known characteristic of the Daphnia system resides in its cyclically parthenogenetic 

reproduction. Under favorable environmental conditions female Daphnia produces directly 

developing embryos (i.e., live birth of neonates released from brood pouch) via apomictic 

parthenogenesis, generating genetically identical, diploid daughters. However, stressful 

conditions, e.g., food shortage (Deng 1996) and decrease in temperature, triggers Daphnia  females 

to switch to sexual reproduction and also to parthenogenetically produce males via environmental 
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sex determination (Olmstead and Leblanc 2002). The parthenogenetic production of males allows 

us to amass a large number of males and sperm cells of the same genotype to examine 

recombination rate.  

As members of the D. pulex species complex, D. pulex and D. pulicaria are estimated to 

have started diverging from 800,000 – 2,000,000 years ago (Colbourne and Hebert 1996; Omilian 

and Lynch 2009; Cristescu et al. 2012). These two species are morphologically nearly 

indistinguishable (Brandlova et al. 1972) but occupy distinct, overlapping freshwater habitats in 

North America, with D. pulex mostly living in ephemeral fishless ponds and D. pulicaria 

inhabiting stratified permanent lakes. Importantly, population genetic data suggest that the 

divergence of D. pulicaria from D. pulex most likely involved a habitat transition event from pond 

to lake systems (Cristescu et al. 2012).    

As stratified permanent lakes and ephemeral ponds pose distinct selection regimes (e.g., 

distinct predators, environmental factors), these two species have most likely undergone strong 

local adaptation and divergent selection in their distinct habitats, resulting in clear physiological 

and behavioral differences. For example, compared to D. pulicaria, D. pulex grows faster to a 

larger size, reproduces at an earlier age. Also, D. pulicaria exhibits diurnal vertical migration in 

lakes, whereas D. pulex displays no such behavior. Interestingly, the frequency of sexual 

reproduction is also different between the two. Daphnia  pulex goes through sexual reproduction 

producing resting eggs before ponds dry up in early summer every year, whereas D. pulicaria can 

persist in lakes largely without sex for a few years (Dudycha and Tessier 1999; Cáceres and Tessier 

2004; Dudycha 2004). Notably, prezygotic isolation has developed between these two species 

(Deng 1997), with D. pulex switching to sexual reproduction at long-day hours (16 hours/day) and 

D. pulicaria switching to sexual at short-day hours (10 hours/day). Nonetheless, D. pulex and D. 
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pulicaria can still generate fertile cyclically parthenogenetic F1 offspring in laboratory crossing 

experiments, indicating the absence of complete reproductive isolation (Heier and Dudycha 2009).  

In this study we examine whether neutral evolution (i.e., genetic drift) is sufficient to 

explain the divergence of meiotic recombination rate between these two species, with the 

alternative hypothesis being that directional selection involved in ecological shifts better explains 

the between-species divergence. We estimated recombination rate for a 1.5-Mbp on linkage group 

8 and a 0.5-Mbp region on linkage group 9 in three geographically isolated populations of each 

species. Most interestingly, our results yield strong support for significantly higher recombination 

rate in D. pulicaria than in D. pulex, and the between-species divergence in recombination rate 

cannot be accounted for by genetic drift and is most likely due to directional selection.   

Results 
 

Recombination rate estimates 
 

We performed microsatellite genotyping on whole-genome amplified single-sperm cells to 

estimate recombination rates for a 1.5-Mbp on linkage group 8 and a 0.5-Mbp region on linkage 

group 9 in three populations of D. pulex and D. pulicaria each. Our recombination rate estimates 

show that D. pulicaria tends to recombine at a higher rate than D. pulex (Figs. 1 and 2). For the 

region on linkage group 8 alone, although the mean recombination rate is higher in D. pulicaria, 

no statistically significant difference (t-test P=0.10) is found between the mean of D. pulex (16.9 

cM, SD=8.4) and that of D. pulicaria (28.4 cM, SD=4.5). However, for the region on linkage group 

9, the average recombination rate of D. pulicaria (mean=24.5, SD=1.4) is higher (t-test P=0.046) 

than that of D. pulex (mean=13.0, SD=6.8). When we compared the recombination rates of both 
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linkage groups in these two species, D. pulicaria has an overall significantly higher recombination 

rate than D. pulex (t-test P=0.006).    

Remarkably, our recombination rate estimates show that the within-species recombination 

rate variation is markedly higher in D. pulex than in D. pulicaria for regions on both linkage 

groups. In D. pulex, recombination rates of the three sampled populations range from 8.6 Kosambi 

cM to 25.4 Kosambi cM for the 1.5-Mbp region on linkage group 8 with a nearly 3-fold difference 

(Fig. 1). On the other hand, within-species variation in D. pulicaria for the interval in linkage 

group 8 is much lower, ranging from 24.5 to 33.3 Kosambi cM among the three examined 

populations (Fig. 1). 

A resembling pattern of distinct within-species variation is also observed for linkage group 

9. For D. pulex, the map distance of the 0.5-Mbp region on linkage group 9 range between 7.5 cM 

and 20.6 Kosambi cM, showing a nearly 3-fold difference among populations (Fig. 2). However, 

for D. pulicaria, the recombination rates of the same interval in linkage group 9 from the examined 

populations show little variation between 22.9 and 25.6 Kosambi cM (Fig. 2).   

Pst-Fst comparison 

 

An important approach for determining whether the divergence of phenotypic traits is neutral is to 

compare Qst of phenotypic traits and Fst of neutral molecular markers. As Fst for molecular markers, 

Qst is a metric measuring the population differentiation for phenotypic traits (Prout and Barker 

1993; Spitze 1993). In theory, the Qst of neutral traits on average should be equal to the mean Fst 

of neutral molecular markers (Rogers and Harpending 1992; Whitlock and Mccauley 1999; 

Whitlock 2008). We calculated Pst (Leinonen et al. 2006), an analog of Qst, based on the 

recombination rates of both linkage groups 8 and 9 (see Discussion for the implications of using 
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Pst). The mean Pst for recombination rate is 0.52 based on our ANOVA analyses of 1000 bootstrap 

replicates. We also estimated that the average genome-wide Fst of four-fold degenerate sites 

between D. pulex and D. pulicaria is 0.15. Based on the distribution of Fst of four-fold degenerate 

sites, we simulated the Qst of a neutrally evolving trait to estimate the distribution of the test 

statistic Qst – Fst. Interestingly, our Pst – Fst value is significantly higher than the Qst – Fst values of 

the simulated neutrally evolving trait (Fig. 3, P=0.03), leading us to reject the neutral hypothesis 

and to conclude that recombination rate divergence between these two species is adaptive.  

Discussion 
 

A new model system for studying recombination rate divergence 
 

Meiotic recombination is one of the most laborious genetic parameters to estimate, with most 

species having no more than a handful of genetic maps each. Due to the lack of data on population-

level recombination rate variation, many theories on the evolution of recombination remain 

untested in natural populations. Using novel single-sperm genotyping approach, this study 

examines the hypothesis that directional selection coupled with habitat shift leads to elevated 

recombination rate in the model system of microcrustacean Daphnia. Interestingly, based on Pst - 

Fst comparison analysis we find strong evidence that the divergence of recombination rates 

between these two species is adaptive and unlikely to be explained by genetic drift. With overall 

significantly higher recombination rates observed in D. pulicaria than in D. pulex, we argue that 

the directional selection that led to the local adaptation of D. pulicaria to permanent lake habitats 

most likely shaped the recombination rate divergence, providing unequivocal support to the theory 

that directional selection leads to elevated recombination rate. 
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Although prior work identified some empirical support for this theory, these work has 

largely been restricted to comparing domesticated animals and plants (Ross-Ibarra 2004; Munoz-

Fuentes et al. 2015) with their wild progenitors and to examining laboratory populations (Korol 

and Iliadi 1994; Aggarwal et al. 2015). Although studies investigating interspecific recombination 

rate divergence are not uncommon (reviewed in Smukowski and Noor (2011)), this kind of studies 

are usually deficient in an ecological understanding of the speciation process or lack the 

population-level sampling required for inferring the driving forces of recombination rate 

differentiation. In contrast, our study is valuable in providing solid evidence in support of this 

hypothesis from the perspective of incipient species pairs undergoing ecological speciation. More 

importantly, the sampling strategy of examining multiple populations within each species is 

powerful in partitioning the recombination rate variation into between- and within-species level, 

allowing us to use established quantitative genetics methodologies (i.e., Qst-Fst comparison) to 

understand the evolutionary forces driving such divergences in recombination rate. We therefore 

argue that the well-understood ecology (distinct ephemeral pond vs. permanent habitats) and 

evolutionary history (speciation associated with transition from pond to lake habitats) of D. pulex 

and D. pulicaria set up an excellent framework for future in-depth investigation of the evolutionary 

and genetic basis of divergence in recombination rates.  

Single-sperm sequencing for studying recombination rate variation in emerging systems  
 

A major hurdle in studying recombination rate variation is the laborious process of generating 

genetic maps. This study greatly benefited from the novel whole-genome sequencing technique 

developed for single-sperm cells (Xu et al. 2015; Xu and Young 2017). Single sperm sequencing 

emerged in 1980’s as a methodology for estimating localized recombination rates (Li et al. 1988; 

Cui et al. 1989). Nonetheless, empowered by whole-genome sequencing technologies, this 
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technique has recently been applied to human and mouse to examine whole-genome recombination 

patterns (Lu et al. 2012; Wang et al. 2012; Hinch et al. 2019).  

We note that as collecting a large number of sperm/pollen cells is feasible in many species, 

our experimental procedure for single-sperm sequencing/genotyping can be applied to other 

emerging model systems. Although our protocol uses flow cytometry to isolate single cells and 

relies on whole-genome amplification of single cells, these are currently common laboratory 

procedures. We hope that an increasing number of researchers will take advantage of this approach 

to examine the divergence of recombination rates in a diverse set of emerging model systems with 

interesting ecological attributes.  

Pst-Fst comparison  
 

We used Pst-Fst comparison to determine whether the divergence of recombination rate between 

D. pulex and D. pulicaria is adaptive. This test is based on the observation that for neutral 

phenotypic traits that are controlled by purely additive genes the mean Qst (we used Pst as a 

surrogate for Qst) is equal to the mean Fst of neutral genetic loci (Lande 1992; Whitlock 1999). 

Although this observation is based on several assumptions and this study likely violated some of 

them, we argue that the strong evidence pointing to the adaptive nature of the observed divergence 

in recombination rate is unlikely compromised (see below).   

An important assumption of Qst=Fst for neutral phenotypic traits is that the loci from which 

Fst is derived should be neutral. Although there have been concerns about whether Qst=Fst when 

the Fst is based on markers such as microsatellites that have high mutation rate (Hendry 2002), the 

use of SNPs in our study alleviates this concern. Furthermore, despite that in other species four-

fold degenerate sites have been shown to experience purifying selection, population genomic 
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analyses of D. pulex show that these sites evolve in a nearly neutral fashion (Lynch et al. 2017). 

Therefore, our use of genome-wide four-fold degenerate sites (n= 94711) should provide a 

meaningful estimate of the mean Fst of neutral sites.   

 Our analysis differs from the standard Qst-Fst analysis in the use of Pst as a substitute of Qst. 

However, this study differs significantly from studies directly collecting phenotypic data from the 

field because the recombination rates were estimated in a common garden experiment. As 

recombination rate is known to be of great phenotypic plasticity due to biotic and abiotic factors 

such as age and temperature (Hunter, Robinson, et al. 2016; Lloyd et al. 2018), we estimated 

recombination rates from 2-week old males that were maintained under controlled temperature and 

photoperiod.  Therefore, the obtained Pst value is unlikely to be inflated by environmental variance.   

 Because Qst is defined based on additive variance of traits, one may wonder whether the 

Pst - Fst test in this study is biased towards rejecting the neutral hypothesis. Based on previous work 

that examines how dominance and epistatic effects may affect this test, we argue that our results 

are unlikely to be biased. Although the genetic basis of recombination rate variation (e.g., relative 

contribution of additive variance, dominance effects, and epistasis) is poorly understood, we 

consider the potential impact of epistasis and dominance effects in turns. It is true that our Pst 

estimates could be affected by dominance and epistasis. However, it has been shown that epistasis 

tends to produce Qst values less than neutral Fst (Whitlock 1999). Similarly, dominance makes Qst 

equal or less than neutral Fst under the assumption of an island model (Goudet and Büchi 2006; 

Goudet and Martin 2007). Even though dominance under limited demographic circumstances can 

make Qst of neutral traits exceed neutral Fst, this is unlikely for traits affected by multiple loci 

(Goudet and Martin 2007) such as recombination rates. Taking all these into consideration, we 

argue that our use of Pst in this study most likely makes our test conservative.    
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Due to limited resources this study only examined the recombination variation of two 

genomic regions in males. Despite the promising evidence that the positive selection is responsible 

for elevated recombination rate in D. pulicaria, it remains unclear whether this is true for the 

genome-wide variation in males and whether this is true for female-specific recombination rate. 

Sex-specific difference in recombination rates often shows that females recombine more 

frequently than males. For example, human females on average recombine 1.6 times as much as 

males (Kong et al. 2010), and sticklebacks show a similar pattern (Sardell et al. 2018). Considering 

that a minimum of one recombination event per chromosome must occur in meiosis and too many 

recombination are detrimental to genomic integrity (Ritz et al. 2017), it is likely that recombination 

rate in males has more potential room to be fine-tuned by natural selection compared to female 

recombination rate.  

Within-species recombination rate divergence  
 

With much of the focus of this study probing whether between-species divergence in 

recombination rate is adaptive, it is necessary to provide some explanation about the contrasting 

pattern of within-species divergence in these two species. As mentioned in the Results, the intra-

specific recombination rate of D. pulex varies by nearly 3-fold for both linkage groups 8 and 9, 

whereas the intraspecific variation within D. pulicaria is much lower with a ~1.3-fold difference 

on linkage group 8 and little variation on linkage group 9 (Figs. 1 and 2). The within-species 

divergence in D. pulex is larger than all the currently available within-species divergence 

(reviewed in Ritz et al. 2017), such as ~1.6-fold variation in both sexes of human  (Coop et al. 

2008), 1.9 fold in mice (Dumont et al. 2009), 1.1-2 fold in Drosophila (Brooks and Marks 1986; 

Hunter, Huang, et al. 2016), 1.3 fold in Arabidopsis (Sanchez-Moran et al. 2002), whereas the 

within-species divergence in D. pulicaria is in line with these available estimates.    
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One plausible explanation for this drastic difference between these two species is that 

selection pressure for maintaining recombination rates among different D. pulicaria populations 

is much more uniform than among D. pulex populations. To better understand this, we can use 

results of previous work on how spatially heterogeneous selection pressure influences the 

evolution recombination rate (Lenormand and Otto 2000). Regardless of the forms of epistasis and 

linkage disequilibrium and the amount of linkage between recombination rate modifier and the 

selected loci, when environmental selection pressures vary between populations with frequent 

migration it is predicted that more variation in recombination rate is expected in populations 

inhabiting highly spatially variable environments (Lenormand and Otto 2000). Although it is often 

said that the typical habitat of D. pulex is ephemeral pond habitats, we have to acknowledge that 

ecological conditions of each pond population probably differ substantially in terms of pond sizes, 

depths, hydrological conditions, habitat heterogeneity, predators, and other biotic and abiotic 

factors. On the other hand, the ecology of the different stratified permanent lake habitats of D. 

pulicaria may differ to a lesser extent. We therefore hypothesize that the greater variability of 

recombination within D. pulex is likely due to the greater amount of heterogeneity among the pond 

habitats. This hypothesis is certainly worth future investigation by examining a large number of 

populations of each species, which can provide insight into how spatially heterogeneous selection 

shapes the evolution of recombination rates.  

Materials and Methods 
 

Daphnia culture and sperm extraction 
 

Males were collected for three isolates of D. pulex and D. pulicaria each (Table 1). Each individual 

represents a distinct population. To induce production of males, mature females with early sign of 
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carrying broods were collected and cultured at 20 °C in artificial lake water (Kilham et al. 1998) 

containing 400 nM Methyl Farnesoate (MF), a juvenile hormone that determines the sex of 

Daphnia  offspring (Olmstead and Leblanc 2002). They were fed ad libitum with a suspension of 

Scenedesmus obliquus, and the offspring were screened for males.  A total of 15-18 males were 

collected from each clone and were maintained in the lab for two weeks before sperm collection.  

For analyzing recombination rate of each Daphnia isolate, we collected sperm from all the 

identified males because they have identical genotype.  To extract sperm, each male immersed in 

a drop of double-distilled water (ddH2O) was gently pressed with a cover-slip on a microscope 

slide. The ddH2O  surrounding each individual was collected using Sigmacote-washed capillary 

needles and mouth pipettes into a 1.5 mL microcentrifuge tubes containing 50 μl of 1x PBS 

solution (Xu et al. 2015). To facilitate the sorting of single sperm cells by flow cytometry, we 

stained sperm cells using 8 μl of Hoechst 33342 (100 μg/mL) (Sigma-Aldrich) and incubated the 

sample in the dark at room temperature for 2 hours.  

Single-sperm cell sorting 
 

A BD FACS Aria-II cell sorter was used to isolate single sperm cells into individual wells of 96-

well PCR plates containing cell lysis buffer. The specific settings of the FACS Aria II instrument 

were 488 nm 100 mW laser for light scatter detection and 355 nm 20 mW for Hoechst detection. 

A nozzle of 70 mm was used at 45 psi, and FSC-PMT was used for optimal small particle 

discrimination.  

Each well of the PCR plate contained 5 μl of lysis buffer consisting of Tris (30 mM), EDTA 

(2 μM), potassium chloride (20 μM), Triton (0.2%), DTT (40 mM), and protease/ Proteinase K 
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(2.5 μg/μl). Cell lysis was performed in a thermal cycler at 50 °C for 3 hours, 75 °C for 20 minutes, 

and 80 °C for 5 minutes. 

Whole-Genome Amplification  
 

To obtain enough DNA from each sperm for genotyping, the lysed single sperm cell was used for 

MALBAC (Multiple annealing and looping-based amplification) whole-genome amplification 

(Zong et al. 2012). MALBAC consists of a pre-amplification stage and a standard PCR 

amplification. The pre-amplification is initiated with random primers, each having a common 27-

nucleotide sequence (5ʹ-GTGAGTGATGGTTGAGGTAGTGTGGAG-3ʹ) and 8 variable 

nucleotides that can evenly hybridize to the templates.  

Pre-amplification stage  
 

A solution of 3.0 μl ThermoPol buffer (New England Biolabs), 1 μl dNTPs (10 mM), 0.75 ul each 

of two primers NT and NG (10 μM), and 19.5 μl H2O was added to each sperm sample. The 

samples were incubated at 95 °C for 5 min and quenched immediately on ice. 0.5 μl of Bst large 

fragment polymerase (New England Biolabs) was added to each sample and the following thermal 

amplification regime is performed: 10 °C for 45 sec, 15 °C for 45 sec, 20 °C for 45 sec, 30 °C for 

45 sec, 40 °C for 45 sec, 50 °C for 45 sec, 65 °C for 2 min, 95 °C for 20 sec, followed by quenching 

on ice. Subsequently, five cycles of pre-amplification cycles were performed, consisting of 10 °C 

for 45 sec, 15 °C for 45 sec, 20 °C for 45 sec, 30 °C for 45 sec, 40 °C for 45 sec, 50 °C for 45 sec, 

65 °C for 2 min, 95 °C for 20 sec, and 58 °C for 40 sec, followed by quenching on ice. 0.5 μl Bst 

large fragment polymerase was added to each sample before carrying out the next cycle.  

Standard PCR amplification stage 
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A standard PCR amplification was performed on the amplicons from the pre-amplification stage 

using the 27mer as primer (5ʹ-GTGAGTGATGGTTGAGGTAGTGTGGAG-3ʹ) to generate the 1-

2 μg DNA required for downstream genotyping. Each reaction consisted of the product from the 

pre-amplification, 3 μl ThermoPol Buffer (New England Biolabs), 1 μl dNTPs (10 mM), 23.5 ml 

H2O, 1.5 μl 27mer (10 μM), and 1 μl DeepVentR exo- polymerase (New England Biolabs). The 

PCR thermal regime consisted of 22 rounds of 94 °C for 20 sec, 59 °C for 20 sec, 65 °C for 1 min, 

72 °C for 2 min, which was followed by 72 °C for 5 min. 

Recombination rate estimation  
 

To examine recombination rate variation in D. pulex and D. pulicaria, we focused on two regions 

that have ~20 cM genetic distance on linkage groups 8 and 9 from the microsatellite-based genetic 

map by Cristescu et al (2006). For linkage group 8, located between the microsatellite markers 

d077 and d068, the interval is 1.5 Mbp, whereas on linkage group 9, the region spans ~0.5 Mbp 

lying between the microsatellite markers d171 and d118. 

For detecting recombination events, two heterozygous markers are required. However, the 

four mapped microsatellite markers (i.e., d077, d068, d171, d118) are not heterozygous in all the 

Daphnia isolates. In cases where any of these markers are homozygous, new heterozygous 

microsatellites were identified within a 50-kb window centered at the mapped marker and were 

used for estimating recombination. The web-based platform WebSat (Martins et al. 2009) was 

used for identifying microsatellite markers and primer designs.   

Our microsatellite genotyping followed the strategy outlined by (Schuelke 2000). Briefly, 

a M13 tail is added to the 5’ prime end of the forward primer, and a M13 sequenced labelled with 

one of the NED, PET, FAM and VIC fluorescent dye was used in the PCR. The thermal cycling 
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program for microsatellite amplification consisted of 3 min at 95 °C, 10 cycles of 35 sec at 95 °C, 

35 sec at 56 °C (the temperature increased by 1 °C for each cycle) and 45 sec at 72 °C, 30 cycles 

of 35 sec at 95 °C, 35 sec at 48 °C, 45 sec at 72 °C, and a final 10 min at 72 °C. Fragment analysis 

was performed on an ABI 3130 Genetic Analyzer (Life Technologies) using 20x diluted PCR 

product. The four different M13 dyes allowed the pooled genotyping of different markers labelled 

with different dyes. The genotypes were called using the software GeneMapper 4.0 (Life 

Technologies).  

To estimate the recombination rate for the two intervals of interests, 2-locus genotypes 

were examined for the pool of genotyped sperm for each Daphnia isolate. The two most abundant 

genotypes were identified as the parental genotypes, whereas the two rare genotypes were derived 

from recombination events. For example, the two locus genotypes for d077 (alleles: 227 and 232 

bp) and d068 (alleles: 337 and 343 bp) are 227/337 (10 sperm cells), 232/343 (10 sperm cells), 

232/337 (40 sperm cells), and 227/343 (40 sperm cells). Then, the genotypes 227/337 and 232/343 

are recognized as recombinant genotypes with a recombinant frequency of 0.2. The frequency of 

recombinants is converted to Kosambi centiMorgan map distance. The standard error (SE) of 

recombination was calculated as �𝑝𝑝(1 − 𝑝𝑝)/𝑛𝑛, where the p represents proportion of recombinant 

sperm cells and n represents the number of sampled sperm cells.  

Pst-Fst comparison 
 

To investigate whether the divergence of recombination rate between these two species is adaptive, 

we performed Pst-Fst comparison analysis. As the divergence of quantitative traits can be shaped 

by mutation, selection, and genetic drift, various methods have been developed for deciphering 



23 
 

whether the divergence of phenotypic traits is neutral (i.e., can be adequately explained by drift 

alone) or adaptive. An important approach among these is the comparison of Qst and Fst values.  

Analogous to the famous Fst for measuring population differentiation using molecular 

markers (reviewed in Holsinger and Weir, (2009)), Qst (Prout and Barker 1993; Spitze 1993) is 

established as a measure of the genetic differentiation among populations for phenotypic traits. 

For a neutral quantitative trait with additive genetic basis, its Qst value on average should be 

equivalent to the mean Fst of neutral loci (Rogers and Harpending 1992; Whitlock and Mccauley 

1999; Whitlock 2008), providing an important means for distinguishing between neutral and 

adaptive divergence. Therefore, if the Qst of a trait is significantly higher than the mean Fst of 

neutral loci, it would indicate divergent selection on this trait. On the contrary, if Qst of a trait is 

significantly smaller than the mean Fst of neutral loci, it would indicate stabilizing selection on the 

trait in the presence of drift. Moreover, identical values of Qst and Fst would indicate no evidence 

for selection acting in a spatially heterogeneous manner.  

As specific breeding experimental designs in a common garden environment are required 

for estimating additive variance that is required for calculating Qst, many studies on wild 

populations used another metric Pst that is analogous to Qst (Leinonen et al. 2006). Pst is a metric 

measuring total phenotypic variance (rather than additive variance) among populations, which 

could be confounded by environmental effects for phenotype data directly collected from the field.   

Although our recombination rates were measured in a controlled environment and in same-aged 

males, our experiments did not allow us to estimate the additive variance. Thus, we decided to use 

Pst as a surrogate for Qst in this analysis.       

To estimate Pst of recombination rate, we used recombination rate data for both 

chromosomes 8 and 9 to quantify within- and between-species variances using ANOVA in R. This 
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strategy gave us a larger sample size and more statistical power than examining single linkage 

groups alone. The between-species variance was calculated using the equation Var(s) =(MSs - 

MSe)/n, where MSs and MSe represent the mean squares of between- and within-species, 

respectively, and n represents the number of data points for each species (n=6). The within-species 

variance Var(e) is equal to MSe, which is the mean squares of within-species. The Pst value is 

calculated using the equation Var(s)/[Var(s) + 2Var(e)]. A total of 1000 bootstrap replicates were 

generated and analyzed using ANOVA to estimate the distribution and mean value of Pst. 

To determine whether the divergence of recombination rates between D. pulex and D. 

pulicaria is adaptive, we followed the approach of (Whitlock and Guillaume 2009) to examine the 

difference between Qst and Fst with Qst – Fst as the test statistic. This approach rests upon the 

notion that the mean Qst value of neutral traits is expected to be the same as the mean Fst of neutral 

makers under certain assumptions (Whitlock and Guillaume 2009). The Fst between D. pulex and 

D. pulicaria was estimated using genome-wide four-fold degenerate sites (n=94711) extracted 

from the whole-genome sequences of these isolates from (Tucker et al. 2013). To simulate the 

distribution of the Qst of a neutral trait, we calculated the expected between-species variance Var(s) 

using the formula Var(s) = 2Fst.bootstrap∙Var(e)/(1-Fst.bootstrap), where Fst.bootstrap is the mean value of a 

bootstrap sample of four-fold degenerate sites and Var(e) is the observed within-species variance. 

Then we simulated the between- and within-species variance, Var(s).hat and Var(e).hat, 

respectively. Var(e).hat was calculated as 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑉𝑉𝑉𝑉𝑉𝑉(𝑒𝑒)
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑖𝑖𝑖𝑖

 multiplied by a random number drawn 

from a chi-square distribution with the degree of freedom at within-species level (i.e, DFwithin), 

whereas Var(s).hat was simulated as  
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑉𝑉𝑉𝑉𝑉𝑉(𝑠𝑠)
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

 multiplied by a random number drawn from a 

chi-square distribution with the degree of freedom at between-species level (i.e., DFbetween). 

Furthermore, the simulated Qst was calculated as Var(s).hat/[Vars(s).hat + 2Var(e).hat]. The 
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simulation was repeated for 10,000 times to obtain a distribution of the test metric Qst – Fst. Lastly, 

we determined whether the observed Pst – Fst differs significantly from the neutral expectations by 

identifying the quantile of simulated distribution that had higher values than the observation, which 

gave us the P value of the test. This procedure was perform using a R script slightly modified from 

Lind et al. (2011). 
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Figure 1. Estimated recombination rates for a 1.5-Mbp region on linkage group 8 for three isolates 

of D. pulex (px) and D. pulicaria (pa) each. Each grey bar represents the recombination estimate 

from a specific Daphnia isolate with error bar representing standard error.  
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Figure 2. Estimated recombination rates for a 0.5-Mbp region on linkage group 9 for three isolates 

of D. pulex (px) and D. pulicaria (pa) each. Each grey bar represents the recombination estimate 

from a specific Daphnia isolate with error bar representing standard error. 
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Figure 3. The simulated distribution of Qst – Fst for a neutral trait and the observed Pst – Fst 

(indicated by an arrow) for recombination rate.  
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Table 1: Summary of the Daphnia  isolates used for the recombination rate estimates. 

Species Isolates Lab code Location 

D. pulex px1 SW4 Illinois 

 px2 LPB17 Long point, Ontario, Canada 

 px3 Tex21 42°12, -83°12, Textile Road, Michigan 

D. pulicaria pa1 Little Curtis 45°43, -122°44, Curtis Lake, Oregon 

 pa2 RLSD26 44°57, -96°49, Round Lake, South Dakota 

 pa3 AroMoose 44°50, -69°16, Sebasticook Lake, Maine 
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Abstract 
 

Daphnia offers a variety of benefits for the study of ecology, toxicology, speciation genetics, 

epigenetics, sex, and recombination. Also, Daphnia's parthenogenetic life cycle allows the genetic 

study in the absence of confounding genetic differences. The availability of a reference genome 

has allowed further exploration in the field of genetics in Daphnia. Here, we present an efficient 

genetic engineering tool based on CRISPR-Cas9 editing in Daphnia pulex. After meticulous 

exploration of factors responsible for an efficient gene knockout, we streamlined a technique that 

would be top of the shelf in the Daphnia genomics toolkit. We successfully disrupted an eye-

pigment transporter gene, Scarlet, that phenotypically stands out as a white-eyed Daphnia. We 

coinjected two RNPs targeting two exons of the scarlet gene, creating a heritable mutation. This 

study is the first reported heritable biallelic gene disruption in D. pulex and will help advance the 

dissection of other genetic factors in Daphnia.
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Introduction 

CRISPR (clustered regularly interspaced short palindromic repeats) has gained recognition 

in the genetic modification field for its ease and versatility (Cong et al., 2013; Jinek et al., 2012; 

Mali et al., 2013). Various revolutionary ambitions have been ignited using this technique; an 

exemplary is to create a malaria-free mosquito population (Gantz et al., 2015), to cure genetic 

diseases such as muscular dystrophy (Nelson et al., 2016), and to understand the genetics of a 

mammalian system (Grunwald et al., 2019). Cas9 nucleases, when guided by the gRNAs to the 

complementary sequence region, create double-strand breaks (DSBs) at a targeted location. The 

double-strand breaks are usually short-lived, repaired by either one of the two methods, depending 

on the availability of a repair template. In the absence of a DNA repair template, the DSBs can be 

repaired by an error-prone non-homologous end joining (NHEJ) pathway, which results in indels 

leading to often a disruption of gene function (Rodgers & Mcvey, 2016). In the presence of a 

homologous DNA repair template, DSBs can be repaired through homology-directed repair (HDR) 

(Liang et al., 1998; Sekelsky, 2017). CRISPR-cas9 gene editing has revolutionized genomic 

research and proves to be a valuable tool for emerging model organisms. 

One emerging model organism where CRISPR/Cas9 genetic editing could be beneficially 

exploited is the freshwater crustacean Daphnia pulex, reviewed in (Xu et al., 2020). Well-known 

for its genomic studies scope, population genetic studies, and toxicology, this model organism has 

a lot to offer to the evolutionary and population genetic field. The development of genetically 

identical asexual embryos from Daphnia provides ideal embryos for genetic editing (Figure 1). 

Daphnia can provide enough clonal asexual embryos which can be easily collected for injection. 

After microinjection, the injected embryos can quickly hatch into neonates (G0 generation) within 

48 hours and have asexual offspring (G1 generation) within ten days.  
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It would be fair to state that only the tip of the iceberg has been touched in the gene-editing 

field on the Daphnia model system. One of the widely studied species of Daphnia, D. pulex, has 

become a critical genomics model system for understanding gene-environment interaction 

(Altshuler, 2012), epigenetics (Harris et al., 2012), and evolutionary genomics (Lynch et al., 2017). 

Few studies so far have edited (knockout) the desired gene and obtained a phenotype using either 

CRISP/Cas9 (Binti Ismail et al., 2018) or RNAi (Hiruta et al., 2013; Kato et al., 2011) and TALEN 

mediated gene editing (Nakanishi et al., 2016). The escalated necessity to further improve the 

CRISPR/Cas9 editing in Daphnia after successful but limited agility of RNAi and TALEN systems 

needs prompt addressing. Significant improvement of CRISPR/Cas9 has already opened to 

discovering the molecular mechanism of environmental sex determination in Daphnia magna 

(Kato et al., 2018).   

This study presents a highly efficient way to successfully generate a heritable knockout 

mutation in the Daphnia pulex gene using CRISPR/Cas9 via microinjection. The previous efforts 

on the species Daphnia magna have ~200-million-year divergence from D. pulex (Colbourne & 

Hebert, 1996). They also have a larger body size and embryo size compared to D. pulex, making 

D. pulex even challenging to handle. (Hiruta et al., 2018) attempted to knock out the Hox gene 

distaless in D. pulex, but biallelic knockout was impossible to generate because it would be lethal. 

Establishing a workflow to achieve an efficient gene modification technique 

We meticulously streamlined a process based on various physical stages and timelines of 

an asexual oocyte development to answer the timing and location to inject. We looked into the 

cytological timeline of ameiosis in Daphnia to determine when to introduce the biomolecules. In 

asexual reproduction, female Daphnia produces chromosomally unreduced diploid embryos when 

oocytes undergo modified meiosis (i.e., ameiosis). For a heritable modification, the RNPs 
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(ribonucleotide proteins – Cas9 fused with gRNAs) should be delivered to the nucleus of a one-

cell stage embryo, else it would be a mosaic. We first considered the timing of critical events in 

the oogenesis of asexually produced D. pulex embryos.  

During asexual embryo production, first, the germinal vesicles break down when the eggs 

are still in the ovary. At the same time, females molt. Molting provides an easy visual cue to know 

that ovulation will start in the next 10-15 mins. After ovulation, the cells enter anaphase I; at this 

time, the chromosome is supposed to be in the periphery of the cell membrane (Ojima, 1958; 

Zaffagnini & Sabelli, 1972). Within 20-60 minutes post-ovulation, the chromosomes move to the 

center of the embryo. The ameiotic division proceeds to anaphase II in 10 minutes post-ovulation. 

Based on these key timings, the first 10 minutes post ovulation provides a good window for 

delivering RNPs to establish biallelic heritable modifications. The chromosome is less condensed 

during this time interval, providing a good chance of RNPs binding to the chromosomes. Oocytes 

rapidly lose the elasticity of their membrane (chorion), making the early stage perfect for 

microinjecting since the membranes can withstand the piercing needles (Kato et al., 2011).  

The size of the asexual embryo is small (diameter of ~200-300 μm). Considering that the 

chromosomes move from the periphery of the embryo membrane to the central part of the embryo 

after the ameiotic division (Ojima, 1958; Hiruta et al., 2010), we aimed to deliver RNPs to the 

center of the embryo, essentially trapping the reagents within the fat droplets.  

We successfully disrupted (knockout) the Scarlet gene involved in eye pigmentation on 

Daphnia pulex. Scarlet is responsible for transporting eye pigment precursors, and disrupting 

scarlet gene results in white-eyed daphniids providing an easy phenotypic difference to screen for 

mutants (Ismail et al., 2018). Here, we present the improved microinjection-based CRISPR/Cas9 

gene-editing technique in D. pulex, increasing efficiency (Figure 2).  
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Materials and Methods 
 

CRISPR-Cas9 reagents 
 

We chose two exons as our target and designed two sgRNAs (Figure 3, Table 2) targeting the 

exons based on the DNA sequence of a D. pulex isolate, EB1. The sgRNAs were custom ordered 

(Alt-RTM custom sgRNAs, Integrated DNA Technologies). RNP was prepared by mixing each 

sgRNA and the crRNA (Alt-RTM crRNA, Integrated DNA Technologies) and incubated at 95° C 

at room temperature to form the guide RNA. The guide RNA was fused with the Cas9 enzyme 

(catalog no. 1081058, Integrated DNA Technologies) at room temperature for 15 minutes. We co-

injected two different RNPs into embryos, each at a concentration of 250ng/ul, with a 

concentration of 1000ng/ul for the Cas9 enzyme. 

Microinjection equipment 
 

The microinjection needles were prepared prior to dissection. The needles used were custom made 

and pulled using Sutter needle puller P1000 (Sutter Instrument, Novato, CA, USA) and 

aluminosilicate glass capillary, injection parameters (constant pressure, injection time, and 

injection pressure) were calibrated for each needle. We chose aluminosilicate glass over 

borosilicate glass because it neatly penetrates the chorion and membrane of Daphnia embryos. We 

pulled microinjection needles to have a final specification of ~1.5-μm tip size and ~7-mm taper 

length on a P-1000 needle puller (Sutter Instrument), using the following pulling parameters: heat 

535 (ramp test value 525 + 10), pull 65, velocity 70, time 200, and pressure 250. Then, the pulled 

needles were beveled on a BV-10 micropipette beveler (Sutter instrument) over a fine 104D 

grinding plate (Sutter Instrument) to forge a 30-degree bevel at the tip, followed by the tip 

thoroughly cleaning with 70% Ethanol and 100% Ethanol to remove any debris. 
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Daphnia maintenance and screening 
 

The microinjection utilized the 2-3 weeks old Daphnia pulex females with asexual ovaries as 

described previously by (Nakanishi et al., 2014). The Daphnia were fed algae ad libitum every 

day and cultured in artificial lake water (Kilham et al., 1998) in 18° C and 12:12 (light: dark hours) 

photoperiod. The babies were cleared out every other day, accompanied by the artificial lake water 

change once every week to prevent overcrowding that can trigger the Daphnia to switch to sexual 

reproduction.  

Embryo collection 
 

The healthy sexual females with dark and distinct ovaries were collected prior to the injection. The 

collected females were then screened until they started molting. Molted females were separated, 

placing them in a drop of a solution of COMBO lake water containing 60mM sucrose. These 

animals were regularly checked to see if they started to ovulate (i.e., oocytes starting to enter the 

brood chamber), which usually occur 10-15 minutes after molting (Figure 2). Once the ovulation 

was almost ~80% completed (Figure 2), we transferred that individual female to an ice-cold 

(~1.5°C) COMBO solution with 60mM sucrose. 

Daphnia was then left in iced sucrose combo water for around 5 minutes, followed by 

dissection to obtain the embryos for microinjection. We also microinjected embryos with a 2-

minute wait time and a 10-minute wait time for comparison, revealing a less hatching rate and no 

expected phenotype. We dissected the female on the bottom surface of the Petri dish (60 mm x 15 

mm, cat no. FB0875713A, Fisher Scientific). Throughout this process, the dissection and dissected 

embryos were in 60 mM Sucrose containing artificial lake water shown previously by (Hiruta et 

al., 2018). These dissected embryos were ready for injection. 
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Microinjection 
 

The microinjection parameters in microinjector (FemtoJet 4i; Eppendorf, Hamburg, Germany) and 

micromanipulator (Injectman 4; Eppendorf, Hamburg, Germany) were adjusted to flow 1-2 nL for 

each custom pulled needle. At the beginning of each microinjection session, 2-3 uL of the 

Cas9/sgRNA (RNP mix) was loaded onto the needle from the blunt rear end using the Eppendorf 

needle loader, Microloader™ (Eppendorf, cat no. 930001007). The injection pressure is generally 

between 250 and 450 psi, where the constant pressure is between 200 and 400 psi (injection 

pressure at least 50 psi more than constant pressure), with an injection duration around 0.8 to 1 

sec.  

We injected immediately after the embryos were dissected to avoid the resuming of ameiotic 

division at room temperature. We delivered the RNPs near the center of the round or pear-shaped 

embryo. After injection, we added 60 mM Sucrose containing lake combo to the embryos. We 

incubated at room temperature for about 30 minutes before transferring them to 12 well-plate 

containing fresh artificial lake water. At the end of the microinjection session (~1-2 hours), the 

injected embryos were incubated at 25℃ (12:12 light: dark) for 24 hours. After 48 hours, the 

neonates hatch.  

Screening for phenotype 
 

After 48 hours of incubation post-injection, the hatched neonates were screened as tentative 

knockout mutants for white-eyed individuals. We maintained and cultured the white-eyed 

individuals. If the asexually produced G1 offspring of the G0 mutant were white-eyed, we 

concluded the mutation to be heritable. For each heritable knockout mutant, we maintained a clonal 

line. We performed Sanger sequencing to examine the DNA sequences at the target scarlet regions.  
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Results 
 

Scarlet knockout mutants   
 

We optimized the CRISPR-Cas9 gene-editing process successfully as validated by the generation 

of biallelic heritable mutation in D. pulex. We targeted the first two exons of the scarlet gene by 

microinjecting a mixture of RNPs carrying two different sgRNAs (sgRNA1 and sgRNA2, sgRNA2 

and sgRNA3) (Figure 3). Our microinjection successfully generated scarlet germline knockout 

mutant lines with an average success rate of 3% (Table 1). All of the white-eye we observed were 

heritable (Figure 8). We also did observe mosaic mutants having partial black pigments in the eyes 

(Figure 9).  

Genotypes of scarlet knockout mutants  
 

We coinjected two RNPs and observed only one mutant with a double-stranded DNA break. This 

mutant had a ~230bp homozygous deletion (Figure 7). The remainder of the white-eyed mutants 

carried heterozygous insertion/deletions alleles at the targeted location (i.e., two alleles carry 

different insertions/deletions, Figure 5-7). The lengths of insertions range between 3 and 237 bp. 

Discussion 
 

Establishing an effective heritable biallelic gene modification technique in Daphnia pulex is 

crucial for future research avenues, and here we meticulously established individual parameters to 

fine-tune the microinjection technique in D. pulex. Carefully establishing each factor guiding the 

successful microinjection and delivery of reagents to the embryo, we tried to tackle each factor at 

a time. Dissecting the critical events in oogenesis in asexual reproduction, we tested if the initial 

10 minutes post ovulation is an effective time window for microinjecting RNPs 

(ribonucleoproteins). We further tested if another time window gives us a similar or better 
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phenotype; an earlier (2-minute) and later (15-minutes) post ovulation timepoints yielded no 

observable white-eye phenotype along with a low hatching rate post-injection. We find that all 

individuals showing white-eye phenotype due to insertion or deletion at a scarlet locus are 

germline mutants, as all their asexually produced progenies inherit the white-eye phenotype. 

We then transferred the ovulating females to the ice-cold (~1.5 °C) artificial lake water 

with 60mM sucrose solution after about 80% ovulation. Sucrose helps balance the osmotic 

pressure between the inside of embryos and the surrounding solution, essentially creating an 

isotonic environment. The low-temperature solution is crucial as it slows down the embryo's 

development, providing an extended time window to inject. Furthermore, a transfer at a late or 

early time point makes the embryo unsuitable for microinjection. Earlier time would have fragile 

embryos and late time would have hardened embryos. Also, at the 80% ovulated stage, there is a 

mixture of embryos at different stages: early elongated, oval-shaped, and round embryos allowing 

us to obtain many embryos. 

 Then, we optimized the protocol further by testing the storing of the ovulating females in 

ice-cold water for ~5 minutes before injection. A shorter (1-3 minutes) storage time made them 

irreversibly vulnerable during dissection and, for a longer storage time (~10 minutes), we observed 

a low hatching rate. 

 Finally, we figured out that the needle pulling parameter that gave us a higher hatching rate 

using aluminosilicate glass capillary with a ~1.5 μm diameter tip size. The aluminosilicate glass 

capillaries offer more hardiness to penetrate the Daphnia embryos' chorion than the borosilicate 

capillary. Beveling the tip also helps reduce clogging of the injection needle and easy penetration 

during injection, significantly increasing efficiency. 
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           We set up an efficient microinjection-based delivery of RNPs to introduce heritable biallelic 

mutation in the D. pulex. This toolkit will be of immense value in Daphnia research, allowing us 

to directly test the effects of genetic variants that potentially modulate recombination rate by 

introducing a subtle change in gene sequences through homology-directed repair. Recombination 

rate variation is an intensively studied field; however, it still has a lot unexplored in the Daphnia 

system, allowing us to dissect genetic factors responsible for this variation. We can also develop a 

mutant line that can be clonally maintained. Any casual genetic variants pointed out from prior 

association mapping that is suspected to regulate recombination rate variation can be identified by 

introducing identified variants to a common genetic background and testing their effects on 

recombination rates. Furthermore, the technique established here needs to be further tuned to 

effectively introduce our choice of nucleotide through homology-directed repair, leaving 

significant room for further improvement.  
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Figure 1. The parthenogenetic life cycle of Daphnia . Asexual reproduction produces clonal 

offspring.  

Figure adapted from Xu et al. 2021,  https://doi.org/10.1101/2021.08.26.457823 (preprint, 

bioRxiv) 
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Figure 2. Tentative timeline of oogenesis in Daphnia along with injection workflow. Females 

with distinct and dark ovaries are screened and observed until they molt. Once molted the female 

will ovulate within 10-15 min, after ovulation start, there is a window of 1-2 min until they 

almost complete ovulating. Once 80% of ovulation is complete, the female is transferred to ice-

cold solution for 5min. The animal is then ready for dissection and microinjection. 
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Figure 3. A schematic gene structure of Scarlet. The sgRNA1, sgRNA2, and sgRNA3 target 

exon 1 and 2 in the scarlet gene. Green boxes represent the exons. The black bar represents the 

intron. 
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Figure 4. Top view (left) and side view (right) of organizing and positioning embryos on the 

petri dish after dissection (Top panel). Top view of organized and lined up embryos for 

microinjection (Bottom panel). 
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Figure 5. Alignment of mutant line KO1 with the wildtype EB1. Allele 1 has 13 bp insertion. 

Allele 2 has 3 bp insertion. 
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Figure 6. Alignment of mutant line KO3 with wildtype EB1. Allele 1 has 17 bp insertion. Allele 

2 has 29 bp insertion. 
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Figure 7. Alignment of mutant line KO4 with wildtype EB1. Biallelic deletion of 237 bp.   
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Figure 8. A white-eye mutant lacking a functioning scarlet gene (Left) labelled with a white 

triangle. A wildtype with normal black eye (Right). 
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Figure 9. A mosaic phenotype with a black and white eye (blue triangle), note that the brood the 

female carries has a normal black eye (white triangle), making the mutation somatic.  
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Table 1. Summary of CRISPR-Cas9 microinjection with Scarlet gene knockouts. 
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Injected 

embryos 

Hatching 

embryos  

White-eye 

Phenotype 

Mosaic 

phenotype 

80 28 1 (3.6%) - 

176 45 7 (15.6%) - 

147 67 1 (1.5%) - 

63 24 1 (4.1%) - 

107 35 2 (5.7%) 1 (2.9%) 

245 100 1 (1.0%) - 

140 80 1 (1.3%) - 

200 117 4 (3.4%) 3 (2.6%) 

235 130 2 (1.5%) - 

204 92 1 (1.1%) - 
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Table 2. The sgRNA sequence chosen on exon 1 and exon 2. sgRNA1 is present on exon 1, 

sgRNA2 and sgRNA3 are present on exon 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

sgRNA Sequence 

sgRNA1 cgtctcccacgtccgacacg 

sgRNA2 ccattcggatcgaccgctcg 

sgRNA3 gtgacgacccccaaagccaa 
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Abstract 
 

The advancement in next-generation sequencing techniques having high throughput and benchtop 

instruments has considerably reduced the time and cost of sequencing; however, in the field where 

many samples need to be sequenced, the cost and laboriousness of library preparation emerge as a 

bottleneck. Library preparation protocols require costly reagents and substantial hands-on time 

making it impractical to sequence even a hundred samples, thus limiting the study where genomic 

data on a population is required. Here, we present a strategical approach where 96 single sperm 

samples can be uniquely indexed during the whole genome amplification process, making it 

suitable for a pooled library preparation, reducing cost by at least 100 times. The barcoding 

strategy simultaneously tags and whole-genome amplify a single sperm cell, reducing the time 

required for separate tagmentation, as often found in various methods. This strategy exploits the 

multiple annealing and looping-based amplification cycle (MALBAC) process and provides a tool 

for low quantity DNA samples. We present a practical approach to introducing a unique barcode 

to a single cell genome as a proof of concept.   
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Introduction 
 

The emergence of new cost-efficient next-generation sequencing (NGS) platforms has opened new 

doors for advancing research, especially in single-cell genomics. However, the availability of 

abundant genomic DNA content is critical for many available sequencing platforms; the same is 

valid for the majority of the downstream molecular biology assays. Often due to the nature of 

sampling or the availability of samples, the number of tissue/cells is limited. Several whole-

genome amplification (WGA) methodologies have been developed to mitigate this shortcoming in 

the past few decades (Gawad et al., 2016; Hughes et al., 2005).  

Single-cell genomics is one such study where the quantity of DNA is low. Single-cell 

genomics advances our understanding of genetics by increasing the resolution of genome study. 

With the improvement in genome sequencing, single-cell genome sequencing is exploring 

investigation in cancer research (Wang et al., 2014), haplotype analysis (Amini et al., 2014), and 

genomic variability. The primary technical challenge in this single-cell research field is to amplify 

a whole-genome by recovering a high percentage of the genome with a minimal amplification bias 

(Blainey, 2013; Gawad et al., 2016; Lasken, 2013). 

NGS includes sample generation, library preparation, sequencing, and bioinformatics. 

Even though next-generation sequencing has developed, reducing the costs per base (National 

Human Genome Research Institute, 2019), the library preparation cost still takes a considerable 

portion (Gawad et al., 2016; Rohland & Reich, 2012). Studies centered around single-cell 

genomics are usually sample hungry, requiring hundreds of samples to make valid inferences. 

Especially when working with gametes, the studies need hundreds of gametes (sperms/eggs) to be 

sequenced.  
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Generating high-quality single-cell sequencing data has four primary technical aspects: 

efficient physical isolation of individual cells; amplification of single cells to obtain sufficient 

material for downstream analyses; cost-effective analysis for hypothesis testing; and interpreting 

the data (Gawad et al., 2016). The first step, isolating individual cells, is a rigorous study sector. 

With the advanced development in Fluorescent Activated Cell Sorting (FACS), single-cell 

isolation has become accessible to various sampling types. Different single-cell isolation 

technologies, including laser capture (Bagnell, 2005), micropipetting (Zong et al., 2012), have 

recently been reviewed (Blainey, 2013; Gawad et al., 2016; Navin, 2014; Shapiro et al., 2013) in 

different contexts. The current study focuses on the second step, where labs can efficiently amplify 

the low-content DNA to obtain enough starting material for further downstream analyses. We 

propose incorporating the third step to cost-effectively query the genome by adding DNA barcodes 

to the single-cell DNA samples while performing WGA. Each unique barcode is associated with 

a single cell. It would allow us to multiplex multiple single barcoded DNA to create a sequencing 

library that can be NGS sequenced as a single sample, thus drastically lowering the cost involved 

in the library preparation. 

Multiplexing involves pooling and sequencing a large number of libraries simultaneously 

during a single run (Amini et al., 2014; Di et al., 2020; Rohland & Reich, 2012), reviewed in 

(Adey, 2021). The ultimate purpose is to increase sample throughput, reducing time and effort. 

While multiplexing, unique "barcode" or “tag” sequences are added to each DNA fragment during 

next-generation sequencing (NGS) library preparation. These barcodes, or index adapters, as of 

now, can follow one of two indexing strategies; examples are oligo indexing, barcodes introduced 

with the help of Tn5 endonucleases to tag RNA, or even single cells (Amini et al., 2014; Di et al., 

2020). Tn5 tagmentation method uses an active transposase to fragment target DNA before 
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incorporating universal adapters (Di et al., 2020), also see review (Adey, 2021). In a follow-up de-

multiplexing step, the reads need to be separated using the attached barcode (sample marker) 

sequences, done by the sequencing facility, and the barcodes we used that can be identified with 

unique tags. The strategy we propose is to add in-house indices or barcodes (Table 1). One unique 

barcode is added to a single sperm—ninety-six of these unique barcodes tag a 96 well-plate 

consisting of a single sperm cell in each well. The tagging happens when a specially designed 

MALBAC primer containing a barcode is used to amplify a single sperm cell genome using the 

MALBAC procedure (described later). Then standard library preparation and NGS can be 

performed. The revolutionary aspect of this procedure is that at least 96 individual sperm samples 

can be library prepped as a single sample, significantly reducing the cost by at least 100-fold. 

Results 
 

MALBAC consists of five cycles of linear amplification, making a pre-amplification stage and a 

final standard PCR amplification (Figure 1). The pre-amplification is initiated with a pair of quasi-

degenerate primers (NT and NG, see Figure 1), both having a common 27mer sequence (5’-GTG 

AGT GAT GGT TGA GGT AGT GTG GAG- 3') followed by eight variable nucleotides that can 

evenly hybridize to DNA templates and create an overlapped amplicons throughout the whole 

genome. Five cycles of pre-amplification are performed, where the Bst large fragment polymerase 

(New England Biolabs) having strand displacing activity is added to each reaction. A full-amplicon 

is formed at the end of each cycle, which loops at 58°C. The looping is due to the complementary 

sequence of 27mer at the one end (green bar in Figure. 1). This looping prevents further pre-

amplification reducing the overrepresentation of some genomic regions in the final pool of 

amplicons. After the pre-amplification stage, a standard PCR amplification is performed with only 

a common 27mer to generate 1–2 µg DNA used for downstream applications. Our first approach 
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is to verify that the deviation from the original common 27mer while maintaining the primer 

criteria would amplify as effectively as the original primer. So, we changed the 8-bp region in the 

original 27mer and proceeded to MALBAC using ~1 picogram of genomic DNA as a template 

(Table 1). The modified 27mers generated comparable DNA content (μg) compared to the original 

one when observed in electrophoresis gel intensity and multiple microsatellite PCR. The indices 

(barcodes) are introduced in the first pre-amplification stage of MALBAC; the final stage 

(amplification with common 27mer), however, only amplifies the generated full amplicons 

exponentially. We first developed a list of 8-bp (base pair) barcode indices incorporated in the 

27mer to perform indexed MALBAC amplification (1-tier indexing). Each unique barcode is 

embedded in the 27mer portion of one set of NT, NG, and 27mer primers, which labels a single 

cell's amplicons. It will allow the pooling of the amplicons of 96 single sperm cells in one 

sequencing library preparation, where the 2-tier indexing (commercial standard library 

preparation) gets introduced.  

Generation of indexed MALBAC primers 
 

Preserving the nature of MALBAC, we created indexed MALBAC primers that have few 

requirements. The requirements are: 1) strictly exclude C nucleotide in the barcode, and A, T, and 

G nucleotides must be all present to maximize the randomness. 2)  Two neighboring A nucleotides 

in the barcode must be at least three bp apart so that the triple Ts of NT primer would not bind to 

the 27mer. 3) Each barcode varies from the remaining barcodes by at least two nucleotides, which 

would allow accurate de-multiplexing in case if sequencing errors occur in the barcoded region. 

4) No five or more G nucleotides in a row were allowed in the primer, as our initial test reflected 

that five or more stretch of G nucleotides inhibited the MALBAC. We have developed a Python 

computer program (MALBAC Barcodes R' Us) to select the barcodes following these parameters, 
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generating approximately 300 valid unique 8-bp barcodes. We synthesized 96 different sets of 

indexed NT, NG, and 27mers, with barcodes located between sites 18 and 25 in the 27mer 

sequence (Table 1). 

Testing the synthesized MALBAC primers 
 

 We performed MALBAC using the synthesized primers on ~1 picogram of DNA (similar to the 

amount of DNA in a Daphnia sperm). The amplification with all sets of primers was successful, 

yielding ~1μg of DNA amplicon. The amplification coverage of these indexed primers across the 

genome is equivalent to the original primers. Regular PCR for 12 randomly selected loci from each 

chromosome using these MALBAC products as templates showed that these loci are all present in 

the MALBAC amplicons (Figure 2).  

To further ease the MALBAC process, we tested if a common stretch of 27mer present in all the 

modified NG and NTs can exponentially amplify the full-amplicons. We designed oligos 

containing only the common 5' stretch GTG AGT GAT GGT TGA GG that is 17 nucleotides long 

or referred to as 17mer henceforth. The strategy was to ease the laborious task of adding individual 

27mer in all the 96 samples in a plate by adding a common 17mer that can be premixed in the PCR 

buffer. Using 17mer, we observed that the MALBAC amplified the samples. However, compared 

to the original common 27mer used in the amplification stage, the 17mer generated almost half 

DNA content than did 27mer, and the size distribution was also different (bigger size generated by 

the 17mer than 27mer) (Figure 3). The lesser DNA quantity generated by the 17mer would have 

been the slightest problem because the DNA content was still enough for library preparation. 

Nevertheless, the bigger DNA size and distribution would mean that the DNA needed to be sheared 

for library preparation. 
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In contrast, the DNA size distribution for the generated DNA from 27mer is around 600 bp, 

desirable for library preparation (Figure 3). However, the major problem is that shearing would 

very much destroy the purpose of introducing the barcode during the MALBAC amplification. So, 

we set aside the strategy of using a common 17mer during the amplification stage.  

 Discussion 
 

With improvements in technology, DNA sequencing has reduced the cost to the point where the 

reagent cost of sample preparation is the limiting factor. The quality and quantity of sequence data 

required per sample is often less than the commercial cost of library preparation. The available 

library preparation kits have limited throughput, drastically increased cost when scaling to 

hundreds or thousands of samples. However, several published studies have presented a way to 

drastically reduce the cost associated with library preparation (Rohland & Reich, 2012). One 

strategy is to pool samples before library preparation to save funds and time, but the samples need 

to be indexed (barcoded) first.  

We based our strategies to help examine the evolutionary forces in the evolution of recombination 

rate. Different theories converge on predicting that the transition to a novel environment will lead 

to an increased recombination rate due to novel selection pressure (Butlin, 2005). However, 

domesticated animals under strong directional selection seem to have no recombination rate 

increase (Munoz-Fuentes et al., 2015). Due to the lack of population-level recombination rate data, 

this hypothesis remains untested mainly in natural systems. In species with well-understood 

ecology like Daphnia, the lack of population and individual level recombination rate data is a 

significant challenge for understanding how ecological shift and selection affect recombination 

rate evolution. Despite our efforts to assess fine-scale recombination rate data on two different 

chromosomal segments (Neupane & Xu, 2020) being attainable, it is still laborious to scale up.   
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An analysis to sequence 96 sperms for 50 individuals, making ~5,000 libraries. Some low-cost 

library construction methods like RIPTIDE (https://igenomx.com/product/riptide. Accessed Nov 

2021) still cost about $10 per sample, summing up library construction to almost $50,000. We 

planned to develop a novel 2-tier combinatorial indexing single-cell sequencing approach, 

reducing the library costs by a hundred-fold. The current study focuses on the first-tier indexing, 

which is accomplished by barcoding the DNA amplicon of each cell using re-engineered 

MALBAC amplification (described in Results). Furthermore, the 2-tier indexing occurs through 

barcoded sequencing library construction using available kits (future scope). MALBAC costs 

~$0.7 per sample and provides an even amplification coverage across the genome (Zong et al., 

2012), hence, making it our choice. 

Here we present that modifying eight nucleotides in the common 27mer can introduce a unique 

barcode indexed during MALBAC amplification itself; this poses a very efficient strategy to 

introduce barcode in hundreds of single sperm samples integrating it with the mandatory WGA 

step. First, when combined with indexing (introducing the first barcode during WGA), 96 single 

sperm cells can be grouped, pooled, and sequenced in a few runs. We tested the first step of the 2-

tier indexing on ~1 pg of genomic DNA. Second, a potential concern is the differences in ligation 

or primer efficiency of different barcodes. We performed a screening of 96 unique barcoded 

primers that gave us insight into whether the primer’s efficiency varies (Figure 3). It is noteworthy 

to mention that one of the parameters, having five or more G nucleotides in a series, would reduce 

the primer efficiency, later added to the primer design rules.  

This approach would significantly increase throughput by streamlining the indexing and library 

preparation in 96-well plates, reducing the technician’s time. The significant reduction of cost in 

multiplexing hundreds of samples to perform NGS would make it revolutionary because this 
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method can readily be adopted across various model organisms, owing to the sensitivity and 

versatility of MALBAC. Lesser financial investment in sequencing hundreds of sperm samples 

breaks the barrier to effectively producing genetic maps that would otherwise be financially 

impractical. The future work continuing to establish the whole streamlined workflow is to 

implement the 2nd -level indexing. We will be performing standard barcoded Illumina library 

preparation eliminating the DNA fragmentation step on a pool of indexed MALBAC products of 

96 single sperm cells from Daphnia species. These libraries are appropriate for whole-genome 

sequencing; each sperm will be sequenced at 5X genome-wide coverage (Xu et al., 2015). After 

sequencing, we will de-multiplex the Illumina barcodes and then the MALBAC barcodes into 

individual sperm using open-source de-multiplexing software. Our goal is to increase throughput 

and decrease reagent costs while building appropriate libraries for pooled sperm sequencing to 

generate genetic maps of multiple Daphnia species. However, our engineered method is still 

applicable and adoptable by academic laboratories to create hundreds of barcoded libraries at a 

hundred magnitude less cost than the commercial cost of library preparation. 
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Materials and Methods 
 

Whole-Genome Amplification 
  
To obtain enough DNA from each sperm for genotyping, the lysed single sperm cell was used for 

MALBAC (multiple annealing and looping-based amplification) whole-genome amplification 

(Zong et al., 2012). MALBAC consists of a pre-amplification stage and a standard PCR 

amplification. The preamplification is initiated with random primers, each having a common 27-

nucleotide sequence (5’-GTGAGTGATGGTTGAGGTAGTGTGGAG- 3’) and eight variable 

nucleotides that can evenly hybridize to the templates. Despite the indexed primers, the MALBAC 

protocol was unchanged. The change introduced here is the indexed 27mer, and its respective NG 

and NT sequences were used as described in Table 1. 

Standard PCR amplification 
 

The standard touchdown PCR was used to evaluate the presence of different microsatellite 

markers. The thermal cycling program for microsatellite amplification consisted of 3min at 95° C, 

ten cycles of 35 s at 95° C, 35 s at 56° C (the temperature increased by 1° C for each cycle) and 

45 s at 72° C, 30 cycles of 35 s at 95° C, 35 s at 48° C, 45 s at 72° C and a final 10 min at 72° C. 
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Figure 1: MALBAC mechanism and workflow. Barcoded primers (27mer) are shown in a dark 

blue bar. 
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Figure 2. Microsatellite marker PCR results on MALBAC were performed with 27mer vs. 17mer. 
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Figure 3. Agarose Gel electrophoresis on modified MALBAC primers with 17mer during final 

amplification. Lanes 4 and 10 had primers with 5 G nucleotides in a series (not working). Lanes 

14 and 15 show DNA distribution when using 17mer vs. 27mer during the final amplification 

stage. 
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Table 1. The barcodes in each MALBAC primer set, capital letters are the barcode stretch. 

NG 5’- g t g a g t g a t g g t t g a g g T T G T A G T T a g  -3’ 

NT 5’- g t g a g t g a t g g t t g a g g T T G T A G T T a g  -3’ 

27mer 5’- g t g a g t g a t g g t t g a g g T T G T A G T T a g -3’ 
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