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Abstract 

Title of Dissertation: Characterization of filarial parasite evolution through genome 

assembly and transcriptomic analysis of Brugia malayi and Brugia pahangi 

John S. A. Mattick, Doctor of Philosophy, 2022 

Dissertation Directed by: Julie C. Dunning Hotopp, PhD, Professor, Department of 

Microbiology & Immunology, Institute for Genome Sciences 

To study the chromosomal structure of filarial parasites, the genomes of Brugia malayi 

and Brugia pahangi were assembled using a combination of Illumina, PacBio and Oxford 

Nanopore sequencing. The assembly was able to reconstruct all of the major 

chromosomes, including the X chromosome, which comprised over 20% of the genome 

in both species. Male specific sequencing was used to identify contigs associated with the 

Y chromosome of B. malayi, and showed that these contigs contained the majority of the 

repetitive sequences in the genome. A chromosomal fusion of the sex chromosomes of 

these species that created a pseudoautosomal region of the X chromosome and a haploid 

region in males was also identified. Analysis of other filarial parasites revealed that while 

not all species had the same fusion, this haploid region was consistently conserved.  

In order to compare the chromosomes of these filarial species to other species whose 

genomes had not been assembled into chromosome form, a classification system called 

Nigon elements was created to assign large conserved syntenic blocks to specific Nigon 

elements that were comparable across species. A large reduction in nucleotide diversity 

across this region of the sex chromosome was also identified, indicating that the fusions 

were recent.  



  

Finally, short read transcriptomics identified novel microRNAs in B. malayi that 

originate from both the parasite and its Wolbachia endosymbiont. Target prediction 

across the mammalian portion of the parasite life cycle revealed seven major clusters of 

co-regulated genes, including a number of developmental and adult-specific gene 

pathways. Furthermore, in situ hybridization imaging confirmed that the microRNAs 

predicted to originate from the Wolbachia were not present in the parasite nuclei, 

suggesting that these sequences are bacterial in origin. These findings reveal a new co-

evolving pathway for endosymbiont and parasite communication. 
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Chapter 1. Introduction 

Filarial nematodes and the diseases they cause 

Filarial nematodes are a sub-class of roundworms that infect humans and other species, 

often causing significant morbidity and reduced quality of life. Lymphatic filariasis, 

which currently affects up to 36 million people worldwide [1], is caused by prolonged 

and repeated infection by filarial nematodes, and can lead to fever, inguinal pain, 

swelling and eventual tissue damage resulting in elephantiasis [2]. Lymphatic filariasis is 

caused by a specific subset of nematode species in humans: Wuchereria bancrofti, Brugia 

malayi and Brugia timori. While B. malayi and B. timori are geographically restricted to 

south-east Asia, W. bancrofti causes infections across Asia, India, Africa and Haiti, and 

accounts for 95% of lymphatic filariasis cases [3]. Despite a concerted elimination effort, 

levels of infection remain above elimination thresholds in these regions, necessitating 

continued intervention and novel strategies for parasite elimination [4]. 

 

Figure 1.1. Lymphatic filariasis distribution across Africa and South-East Asia (adapted from Cromwell 

et al (2020) [4]). Despite a broad decline in levels of infection globally, Africa and South-East Asia 

continue to maintain high levels of infection with an estimated 51 million individuals who remain 

infected as of 2018. 
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In addition to lymphatic filariasis, filarial nematodes are responsible for other diseases, 

including onchocerciasis [5], caused by the filarial nematode Onchocerca volvulus, and 

loiasis [6], caused by Loa loa. These diseases are not characterized by the same 

symptoms as lymphatic filariasis. For example, onchocerciasis is characterized by intense 

itching, rashes and loss of vision [7]. Loiasis is characterized by less severe symptoms, 

including joint itching and pain, but treatment of L. loa infections with common anti-

helminth drugs can cause severe adverse reactions, leading in some cases to death [8]. In 

addition to the individual burden of these diseases, in regions where the parasites 

geographically overlap, people can be co-infected by multiple parasite species 

simultaneously [9]. This creates the need for accurate and complete diagnosis, as 

different parasites have different responses to different treatments: O. volvulus responds 

to ivermectin. Similarly, the same drug will cause serious side effects in people infected 

with L. loa, while antibiotics are effective against Wuchereria, Onchocerca, and Brugia 

parasites but not L. loa. 

Filarial nematodes share a complex life cycle that involves a definitive mammalian host 

where the worms reproduce, and an insect vector host, although the specific hosts in both 

the vector and mammalian life stages differ between species and can be broad for some 

filarial nematodes. In B. malayi, W. bancrofti, and B. timori, which cause lymphatic 

filariasis, adults worms reside in the lymph of the mammalian host, where they mate and 

produce offspring. These offspring quickly mature into a microfilarial stage, migrating to 

the blood and are picked up by mosquitos. This migration is often, but not always, 

associated with nocturnal periodicity [10], which is thought to have evolved to coincide 

with mosquito feeding times. Brugia and Wuchereria nematodes use a variety of 
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mosquito genera as vectors, including Anopheles, Culex, Aedes, Mansonia and 

Ochlerotatus [11]. Once taken up into the arthropod host, these nematodes undergo two 

molts as they migrate from the mid-gut to the proboscis [12, 13]. At that stage, they are 

re-introduced into a mammalian host following the mosquito’s next blood meal, wherein 

they migrate to the lymph, and molt twice more to mature into adults [12, 13]. O. 

volvulus has blackflies as its primary arthropod host, and adults reside primarily in 

nodules in the skin, rather than in the lymph. Meanwhile, L. loa is transmitted by 

deerflies [14], and inhabits both subcutaneous tissues and lymphatic systems in its 

mammalian hosts. 

Several species of filarial nematodes contain Wolbachia endosymbionts that in some 

cases has proven critical to treatment of the parasite infection [15], while species that lack 

this endosymbiont show evidence of having lost it at some point in their history. 

Wolbachia is an intracellular bacterial genus that is divided into supergroups, and has a 

diverse range of organisms it can infect, including many insects and parasitic nematodes. 

These insect hosts can also serve as the hosts of filarial nematodes at the same time as 

they can contain a Wolbachia infection. Obligate endosymbiont Wolbachia can be 

distinguished from free living Wolbachia species by the insect’s ability to survive when 

the infection is cured. A phylogenetic analysis of nematode endosymbionts against free-

living Wolbachia indicates that in at least one super-group of Wolbachia, Group F, there 

are both free-living infectious and endosymbiont Wolbachia, while other super groups are 

restricted to one or the other [16]. Furthermore, an analysis of nematode mutualist 

Wolbachia compared to their free living and parasitic cousins shows reduced genome size 
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and a loss of parts of key amino acid synthesis pathways in both the host and the 

endosymbiont that require mutualistic cooperation in order to function [17]. 

Elimination of Wolbachia across Brugia and Onchocerca species through antibiotic 

treatment results in the death of the nematode [18]. Interestingly, not all filarial 

nematodes have Wolbachia endosymbionts: L. loa does not have a Wolbachia infection 

and there are reports of Mansonella perstans without Wolbachia [19]. However, clinical 

trials using doxycycline against M. perstans have shown that antibiotics are capable of 

eliminating microfilariae [20]. An analysis of the genomes of both of these species 

reveals evidence of ancient horizontal gene transfer from Wolbachia into those genomes 

[21, 22], indicating that L. loa may have once harbored a Wolbachia endosymbiont and 

lost it, though the mechanisms by which the endosymbiont was lost are still unknown. 

Because these nematodes undergo complicated life cycles, and often reside in difficult to 

access regions of their hosts, the study of their biology and of potential treatments has 

required the development of animal models, including monkey, ferrets, dogs, cats, rats, 

SCID-mice (homozygous for the severe combined immune deficiency spontaneous 

mutation Prkdcscid) and gerbils. As such parasites that can only infect both human and 

non-human mammals (ideally rodents) can be modeled, which has prevented 

experimental research in human specific parasites such as W. bancrofti, and limited 

laboratory research in lymphatic filariasis to B. malayi and other zoonotic filarial species. 

In addition, the closely related Brugia pahangi, whose primary mammalian host is 

domestic cats, has been used in the laboratory to study filarial infection. The NIAID 

Filariasis Research Reagent Resource Center (FR3) maintains and distributes worms for 

research purposes [23]. Almost all B. malayi laboratory populations descend from a 
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single cat that was infected with microfilariae originating from a sub-periodic zoophilic 

B. malayi strain isolated from a human individual, in the early 1960s, at the Institute for 

Medical Research in Kuala Lumpur [24]. Similarly, the source for B. pahangi stocks used 

in research can be traced to worms isolated from a leaf monkey in the 1970s [25], which 

has been propagated and maintained in the laboratory since then. 

Current treatments of lymphatic filariasis can either target the nematode directly using 

pharmaceutical compounds, including diethylcarbamazine, ivermectin, and albendazole 

[26, 27], or the Wolbachia endosymbiont with antibiotics. Anti-nematode compounds 

primarily target the microfilarial stage, though diethylcarbamazine has some limited 

adulticidal activity [28]. Wolbachia targeting is typically done through doxycycline 

treatment [27] and indirectly leads to nematode death through the loss of the Wolbachia 

endosymbiont. This treatment has better adulticidal efficacy than other anti-filarial 

compounds, but it is limited by the long length (4-6 weeks) of the treatment course, and 

by the fact that it is contraindicated in children under 8 and in pregnant women [29], 

which has hindered its use in mass drug administration and disease elimination 

campaigns. 

More recently, mass screening trials conducted by a partnership between the anti-

Wolbachia consortium and AstraZeneca have identified five distinct chemical structures 

that appear to be highly effective at killing the Wolbachia endosymbiont, with strong 

macrofilaricidal efficacy [30], though the mechanisms by which these compounds act are 

unknown. Current research indicates that it is possible that antibiotics are hindering worm 

survival via off target effects, and not through elimination of the bacteria [31]. In vitro 

studies have shown that increasing antibiotic dosages increase the level of Wolbachia 
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titers while hindering worm motility. These surprising results suggest that there is still 

much we do not understand about the relationship between these species and their 

obligate mutualism. 

Overall, our understanding of nematode biology and evolution has been drastically 

increased through the application of next-generation sequencing in combination with 

large scale studies both in laboratory and endemic populations. However, the differences 

both between nematode species and amongst different geographic populations of the 

same species are largely unknown, and understanding those differences is critical to the 

applicability of in vitro laboratory findings. In addition, advances in multi-species 

transcriptomics and species-specific nucleic acid enrichment have opened the door for the 

concomitant study of filarial nematodes, their hosts, and their endosymbionts. Identifying 

novel successful therapeutic targets for lymphatic filariasis will require further multi-

omics experiments to better understand the role that Wolbachia is playing in helminth 

development and survival. 

Nematode genomics 

Brugia malayi: Genome assembly of a model parasite 

In the case of organisms that are difficult to culture in the laboratory, such as obligate 

host-associated parasites, genomics and transcriptomics are critical tools for 

understanding infection biology and organism development. The genomes of B. malayi 

and of its Wolbachia endosymbiont have been the focus of significant sequencing and 

assembly efforts [32-36] owing to B. malayi being the only medically important 

nematode that can be reared in large numbers in the laboratory [37]. 
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The first B. malayi genomic fragments were generated by sequencing BAC clones around 

known B. malayi expressed sequence tags (ESTs) in the year 2000 [34], capturing most 

of the Wolbachia endosymbiont, as well as 80% of the mitochondrial genome, and 

allowed the first comparative genomic analyses between parasitic nematodes and their 

free-living relatives, primarily Caenorhabditis elegans. Later, whole genome shotgun 

sequencing in the year 2007 [36] allowed for 71 Mbp of the genome to be resolved and 

identified 11,500 genes, greatly expanding the known gene repertoire of the parasite from 

those discovered from EST tags. Large scaffolds facilitated the first structural 

comparisons between B. malayi and C. elegans, and novel gene predictions served as the 

foundation for future drug discovery efforts. The advent of long-read sequencing 

technologies such as PacBio and optical mapping techniques led to the most recent B. 

malayi genomic assembly effort [38], which is mostly complete, resolving the 4 

autosomes and chromosome X. Chromosome X of the species is by far the largest 

chromosome (24 Mb), while chromosome Y is extremely repeat rich and remains 

unassembled but is expected to be ~10 Mb based on karyotyping [39]. The analysis of 

this genome was able to identify that chromosome X shares a large 5 Mb 

pseudoautosomal region with chromosome Y, and that there are multiple male specific 

genes that were associated with chromosome Y-specific contigs in the genome [35]. 

As part of further efforts to enable inexpensive large-scale sequencing of novel nematode 

genomes in the field, Oxford nanopore technology was able to generate long reads 

capable of de novo assembling 97% of the B. malayi genome, allowing for rapid and 

inexpensive assembly options for other nematodes. Because of the computational costs 

involved, long read sequencing and de novo assembly are not ideal for rapid diagnostics 
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in the field relative to other morphological techniques [40], but they can easily be 

employed to generate the genome assembly of other filarial nematodes, particularly those 

that do not infect humans. With decreasing costs, further genome sequencing can provide 

more insight into the evolutionary landscape of parasitic nematodes and, in particular, the 

differences that might explain how parasites adapt to and infect specific hosts. 

Onchocerca volvulus: Genome assembly of a parasite from clinical samples 

Unlike B. malayi, Onchocerca volvulus does not have a laboratory model, making it 

much more difficult to study and sequence. The latest methods for studying 

developmental life stages of O. volvulus involve harvesting parasites from wild caught 

insects and co-culturing them with human cells under conditions that favor molting so 

that the parasite can be studied. The first sequencing for O. volvulus produced a complete 

mitochondrial assembly from DNA isolated from material from the African savanna [41]. 

Two years later, an O. volvulus transcriptome was published using ESTs , which allowed 

for the first genomic survey of gene content in the species, as well as a comparison of 

genomic diversity between O. volvulus samples from different regions of Africa [42]. 

In 2013, the genome of L. loa was assembled using Illumina sequencing [21], and the 

same techniques were used for the genome of O. volvulus, which was published three 

years later and was the most completed chromosomal assembly of any filarial nematode 

at that time [43] with a nearly complete genome with two major gaps, and an unresolved 

chromosome Y. This genome assembly totaled 97 Mb and identified 12,143 protein 

coding genes. The O. volvulus assembly was completed using short read sequencing and 

optimal mapping, without the aid of any long-read sequencing techniques. However, 

completing the chromosomal assemblies required significant manual curation and 
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extension using optical maps as a guide, with major scaffolds used to complete the 

chromosomes. 

O. volvulus has three autosomes and a sex chromosome, which is similar but not identical 

to B. malayi, which has four autosomes and a sex chromosome. A comparison of 

genomic content between the O. volvulus and B. malayi suggests that there have been 

several chromosomal fusions [35], where chromosome 1 in O. volvulus appears to be a 

fusion approximately half of the B. malayi chromosome X and chromosome 3, while the 

chromosome X of O. volvulus is a hybrid of the other half of the B. malayi chromosome 

X and chromosome 4. In addition, O. volvulus also has significant evidence of lateral 

gene transfer between its Wolbachia endosymbiont and the nuclear genome, and the 

Wolbachia appears to contain enzymes lacking in the nematode that are critical to 

nematode metabolic pathways. 

Other filarial species 

In addition to O. volvulus and B. malayi, which are currently the two complete filarial 

nematode genomes, there have been widespread efforts to produce genome assemblies 

for as many nematodes as possible. Assemblies have been constructed for L. loa [21], B. 

pahangi [44], W. bancrofti [45] and others [46]. In addition, the Sanger Center 

(Cambridge, UK) undertook the 50-helminth genome project, where they sequenced 45 

nematode and platyhelminth species for comparative genomic analysis [47]. The 

techniques used to assemble these genomes and their relative states of completeness 

varied across the taxa. Most of the genomes from the 50-helminth genome project were 

assembled using only Illumina short-read sequencing data, and captured mostly the non-

repetitive regions of the genome, without generating complete chromosome sequences. 
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Meanwhile, long read sequencing has been employed in the cases of both B. pahangi and 

W. bancrofti [48], which has allowed for the identification of large chromosomal 

segments. Although gaps remain, comparison with B. malayi indicates that B. pahangi 

has the same number of chromosomes with similar genomic content. 

Although the assemblies of many nematodes are incomplete, they can still be used for 

comparative gene content analysis [47], as well as rough estimates of chromosomal 

content using homology to completed nematode genomes [35]. A major gap in our 

knowledge, however, is the assembly of the genomes of L. loa, and of 

Acanthocheilonema viteae, both of which lack Wolbachia endosymbionts. There are draft 

genomes of these species, and the short-read assemblies have been able to accurately 

identify the presence of lateral gene transfers in these species, despite the fact that these 

species no longer carry an endosymbiont [21, 49]. 

However, there is still significant room for genomic assembly improvement in nematode 

genomes. The emphasis now should be on completion and comparative genomic 

assessments of the chromosomal makeup and gene content of different nematode species, 

to further our understanding of the evolutionary processes that have shaped them, and to 

identify parasite-specific elements of their common genomic structures that could be 

developed into novel prophylactic or therapeutic targets.  

Nematode population structures 

Onchocerca volvulus: Geographical diversity 

In contrast to many other parasitic nematodes, which are difficult to isolate as adults from 

human hosts, O. volvulus’ infection of the skin lends itself to the isolation of adults from 
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clinical samples without significant surgery in the host. In contrast, other filarial 

parasites, such as B. malayi, which reside in the lymph cannot be isolated from the patient 

in this manner. This advantage has allowed for an extremely informative assessment of 

O. volvulus population structure between the areas in which it is endemic [45]. Choi et al. 

(2016) sequenced 27 samples from Ecuador, Uganda, and various counties in West 

Africa (both from forested and savanna regions), yielding a mean sequencing depth 

ranging from 40-100x [50]. This allowed variants to be identified across the entire 

genome, and the assessment of inter- and intra-population metrics, such as FST, and 

Tajima’s D [51]. The results support the hypothesis that the divergence between O. 

volvulus populations is largely driven by the insect vector, which differs between strains 

of Simulium damnosum and Simulium neavei [45]. In addition, they identified that 

previous markers of ancestry used to classify O. volvulus samples could be misleading, 

and produced a more robust set of genomic sequences for rapid ancestry classification 

[45]. 

Wuchereria bancrofti: Variants without isolation 

Advances in sequencing have allowed population analyses of filarial worms that do not 

have animal hosts [45]. This is important, as the process of passaging through a non-

human host could be causing population bottlenecks that lead to a population of test 

parasites that are not fully representative of their clinical counterparts. In this study [45], 

infective third molt (L3) larvae were isolated from mosquitos for sequencing, allowing 

for 13 distinct W. bancrofti genomes, and a more robust W. bancrofti genome assembly. 

The results of this study identified key regions of the W. bancrofti genome that show 

signs of strong purifying selection and may be important to the parasite. Furthermore, 
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advances in selective genome amplification allowed W. bancrofti DNA to be amplified 

from human blood and enabling the sequencing of the parasite genome, previously 

impossible due to the ratio of human to parasite DNA in samples [48]. This led to the 

sequencing of enough W. bancrofti worms to conduct a population analysis that proposes 

the origin of New World filariasis from African infections 400 years go. This work 

represents a new avenue of parasite research for lymphatic filariasis, although B. malayi 

and other laboratory models still are extremely important for in vivo assays. 

Nematode microRNAs 

MicroRNAs were first identified in Caenorhabditis elegans, a free-living soil-based 

nematode that has served as a model organism for the last 70 years [52]. Small RNA 

molecules were originally thought to be exclusive to C. elegans and had strong roles in 

translational inhibition and RNA destabilization, with phenotypes related to embryonic 

development [53], though further work has expanded their role to almost every facet of 

cell function [54]. MicroRNAs are common to almost all eukaryotic organisms, and 

many parasitic nematodes have large families of microRNAs that are related to those in 

C. elegans. In B. malayi, microRNAs have promise both for adult detection [55], and also 

as direct targets for parasite treatments [56]. These microRNAs have been detected in 

extracellular vesicles released by the parasite, suggesting that they could also be playing a 

role in host-parasite communication. MicroRNAs in C. elegans play a critical role in 

nematode development, but as of yet, only adult and microfilarial life stages have been 

studied for small RNA expression in B. malayi and B. pahangi. It is important to 

characterize active microRNA over the parasite’s entire developmental cycle to identify 

key targetable pathways in parasite development.  
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Summary 

The reduced price of next generation sequencing has radically changed filarial parasite 

research. New genomes for parasites are being sequenced constantly [57], and the data 

obtained are changing our views on how these parasites evolved, their relationship to 

other species in the Nematoda phylum, and novel biochemical mechanisms by which 

they can be targeted and treated. 

Thesis objectives 

The goals of this thesis are to understand filarial nematode chromosomal structure and 

evolution in the broader context of the Nematoda phylum, as well as to identify novel 

regulatory mechanisms for filarial development and infection.  

The assembly of the B. malayi genome enabled the study of sex chromosome evolution in 

filarial nematodes. This placed the B. malayi chromosome X into the broader context of 

nematode sex chromosomes by pulling from other genomes with completed genomes – 

C. elegans and O. volvulus [43] – as well as data from male and female nematodes of 

different species from multiple clades. The analysis of this sex specific data allowed for 

the prediction of the genomic elements that make up nematode sex chromosomes across 

multiple clades [35]. Filarial nematode clades differ in the distribution of major 

chromosomal elements in their sex chromosomes, in many cases due to the fusion of 

different autosomal elements to specific sex-specific elements. 

The assembly of the B. pahangi genome and its high similarity to B. malayi allowed the 

development of methods for population analysis using both species. Studies of individual 
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Brugia isolates revealed an absence of genetic variation across the X chromosome where 

a recent chromosomal fusion was identified previously, and investigation of homologous 

sequences in other filarial species enabled the identification of a similar loss of variance 

in all species that shared the same chromosomal fusion. 

Sequencing of small RNAs has shed light on nematode development, both by the 

identification of novel active microRNAs throughout the mammalian portion of the 

filarial life cycle, and by the identification of novel microRNA-like sequences produced 

by the bacterial Wolbachia endosymbiont that are predicted to have regulatory function in 

nematode development. 

The work presented in this thesis has furthered our understanding of nematode evolution, 

sex chromosome evolution, and transcriptional regulation.  

_________________________________ 
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Abstract 

Sex determination mechanisms often differ even between related species but the 

evolution of sex chromosomes remains poorly understood in all but a few model 

organisms. Some nematodes such as Caenorhabditis elegans have an XO sex 

determination system while others, such as the filarial parasite Brugia malayi, have an 

XY mechanism. We present a complete B. malayi genome assembly and define Nigon 

elements shared with C. elegans, which we then map to the genomes of other filarial 

species and more distantly related nematodes. We find a remarkable plasticity in sex 

chromosome evolution with several distinct cases of neo-X and neo-Y formation, X-

added regions, and conversion of autosomes to sex chromosomes from which we propose 

a model of chromosome evolution across different nematode clades. The phylum 

Nematoda offers a new and innovative system for gaining a deeper understanding of sex 

chromosome evolution. 

Introduction 

Nematodes are the most abundant animals on earth [58, 59]. At least a third of the human 

population is infected with a nematode at any given time [60]. Phylogenetic analyses 

have resolved nematode species into five broad clades with parasitic representatives in 

each [61, 62]. Nematodes can be free-living, like Caenorhabditis elegans (Clade V), 

which is used as a model organism in genetic studies, or parasitic, like Brugia malayi 

(Clade III), the most intensely studied human filarial nematode. B. malayi can be 

maintained in the laboratory using feline, rodent, and insect hosts, and its genome was the 

first reported for any parasitic nematode [36, 63]. Eight species of filariae infect humans 
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causing significant morbidity, disability, and socioeconomic loss in developing regions of 

the world [64]. 

From an evolutionary perspective, the filariae represent an interesting contrast to the 

model nematode C. elegans, which has, like many other nematodes, XX/XO sex 

determinism [58], while filarial species can have Y chromosomes [39, 65-71]. It is 

generally held that evolution of heteromorphic sex chromosomes (e.g., X and Y) begins 

when a pair of homologous autosomes acquires a sex determining factor [72]. Sex-

specific genes are typically linked to this factor and recombination becomes suppressed 

in the heterozygous sex to facilitate inheritance of these genes en bloc. This suppression 

of recombination between the proto-sex chromosomes can be mediated by various 

mechanisms and typically expands to the majority of the Y chromosome resulting in 

heteromorphic chromosomes, as the Y chromosome degenerates following gene decay 

through mutation [72-76]. This necessitates some form of dosage compensation to 

account for the 2:1 ratio of sex-linked genes in the homogametic sex relative to the 

heterogametic sex [72, 73, 75, 76]. Nature has evolved numerous variations to this 

generally accepted theory of sex chromosome evolution and sex determination. For 

example, neo-sex chromosomes can also evolve in situations where a sex chromosome 

pair already exists, either by fusion to an autosome or by acquisition of a new sex-

determining factor on an autosome, both leading to sex chromosome turnover [72]. 

The absence of a Y chromosome in many studied nematodes suggests the XO sex 

chromosome system is the ancestral state in nematodes, while XY is a derived state [70, 

77]. This led to the suggestion that the Y chromosome evolved once in the ancestor of all 

filarial nematodes [70]. Using our new assembly of the complete B. malayi 



 

 19 

 

chromosomes, and chromosome information from other parasitic and non-parasitic 

nematodes, we explore the evolution of nematode sex chromosomes. In contrast to the 

prevailing model, our comparative genome analyses reveal a dynamic evolutionary path 

in filarial nematodes involving multiple neo-Y and neo-X chromosomes. 

Materials and methods 

Parasite material 

All B. malayi parasite material was obtained from intraperitoneal infections of gerbils 

(Meriones unguiculatus) maintained by TRS Labs (Athens, GA, USA) or by the FR3 

(Filariasis Research Reagent Resource Center; BEI Resources, Manassas, VA, USA). 

The FR3 and TRS life cycles have been maintained independently for decades, but were 

initiated with material from the same clinical infection [23]. Live adult parasites were 

shipped from TRS Labs to New England Biolabs (NEB) for preparation of DNA for 

sequencing on the Pacific Biosciences single molecule real-time sequencing platform and 

for optical mapping.  

Infected gerbils were shipped from the FR3 to the University of Wisconsin, Oshkosh for 

recovery of virgin female worms. The care, maintenance, and treatment of the animals 

used in this study followed protocols approved by the University Institutional Animal 

Care and Use protocol (#0026-000246-R1-09-14). Sexually immature L4 and adult 

female worms were collected from gerbils that were euthanized 24-27 days post infection 

(dpi). Worms were collected by flushing the peritoneal cavity with 37°C RPMI-1640 

(ThermoFisher, Waltham, MA, USA) supplemented with 0.4 U/mL penicillin + 0.4 

µg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA) and 2 µg/mL heparin (Sigma-
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Aldrich, St. Louis, MO, USA). The sex of worms was determined by light microscopy, 

then the worms were washed in 1x PBS and flash frozen. All females were determined to 

be unmated based on the absence of sperm at the junction of the oviduct and the ovary. 

Purification of B. malayi DNA and RNA for sequencing 

For sequencing on the Pacific Biosciences platform, high molecular weight B. malayi 

genomic DNA was prepared by grinding frozen worms in liquid nitrogen and transferring 

the ground material to 100 mM Tris-HCl (pH 8.5), 50 mM NaCl, 50 mM EDTA, 1% 

(v/v) SDS, 1.1% (v/v) β-mercaptoethanol. Proteinase K (NEB, Ipswich, MA, USA) was 

added to 100 µg/ml and the sample rocked gently at 55oC for 4 h. DNA was recovered by 

phenol-chloroform extraction with gentle phase mixing by rotation on a shaker rotisserie 

(ThermoFisher, Waltham, MA, USA) followed by centrifugation at 4000 x g. DNA was 

spooled from solution following ethanol precipitation of the aqueous phase in the 

presence of 0.2 M NaCl and transferred to TE (pH 8.0). RNase A (Epicentre, Madison, 

WI, USA) was added to 25 µg/ml and the sample incubated at 37oC for 1 h. DNA was re-

extracted with phenol-chloroform and precipitated once more by centrifugation at 12,000 

x g at 4oC. DNA size and concentration were assessed using gel electrophoresis and a 

Nanodrop spectrophotometer (ThermoFisher, Waltham, MA, USA). DNA was extracted 

from virgin female worms by first disrupting tissues using the TissueLyser LT (Qiagen, 

Germantown, MD, USA), following the protocol for purification of DNA from plant 

tissues. DNA was then purified using the QIAamp DNA Micro Kit (Qiagen), following 

the isolation of genomic DNA from tissues protocol. β-mercaptoethanol (11.1 ng/ml) was 

added to the Proteinase K incubation step to help disrupt nematode cuticle. Final DNA 

concentration was determined via NanoDrop spectrophotometry. 
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For the SL1 analysis, total RNA was purified using the TRizol Plus Kit (Invitrogen). 

Frozen B. malayi microfilaria, L3, L4, adult male or adult female worms were removed 

from dry ice and ground with a disposable plastic pestle and 0.1 mm silica spheres in 

Trizol (Invitrogen). The worms were returned to dry ice, and then the grinding process 

repeated 3 more times. Chloroform was added, the tube shaken by hand and placed at RT 

for 2 min. To separate phases, the tube was spun at 12,000xg for 15 minutes at 4oC. The 

clear aqueous phase containing the RNA was removed to a new tube and ethanol added 

to a final concentration of 35%, followed by hand mixing for 30 s. The RNA was then 

purified using a spin cartridge and centrifuged at 12,000xg for 15 s. Total RNA was 

eluted with 3 sequential spins of 75 µl RNase-free water. Polyadenylated mRNA from 

each life stage was purified from total RNA with the Dynabeads mRNA purification kit 

(Invitrogen) following the manufacturer’s protocol. 

DNA sequencing 

For PacBio sequencing, 30 µg genomic DNA was randomly sheared to 20 kb using a G-

tube device and the manufacturer’s recommended procedure (Covaris, Inc., Woburn, 

MA). The SMRTbell template library was prepared using the standard protocol. The final 

sequencing library was size-selected using the Blue Pippin (Sage Science, Inc., Beverly, 

MA, USA) high-pass protocol with a 7 kb size cut-off. The library was sequenced using 

24 SMRT cells on the RSII instrument with P5C3 chemistry, and 180 min sequencing 

time. Genomic DNA from 76 B. malayi virgin females (27 dpi, L4) was used to prepare 

500 bp fragment size, amplification-free IIlumina libraries [78]. The library was run on 

an Illumina HiSeq v4, generating 75 bp paired end reads. 
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Optical mapping 

B. malayi male worms were washed in PBS then placed individually into disposable plug 

molds (Bio-Rad, Hercules, CA, USA). Approximately 50 µl of 1% (w/v) Incert Agarose 

(Lonza, Rockland, ME, USA) in PBS, held at 50oC, was added and the plugs solidified at 

4oC for 1 h. Plugs were extruded into 1 ml of 1% (w/v) N-lauroylsarcosine, 2 mg/ml 

Proteinase K in 0.5 M EDTA (pH 9.5) held at 50oC and then incubated overnight on a 

rocking platform in a 50oC oven. The plugs were then washed five times for 1 h each 

wash in TE (pH 8.0) on a rocking platform at 4oC and stored at 4oC in 0.5M EDTA (pH 

8.0). For optical mapping, DNA molecules were stretched and immobilized along 

microfluidic channels before digestion with the restriction endonucleases SpeI and AflII 

(NEB, Ipswich, MA, USA), yielding a set of restriction fragments ordered by position 

along the genome. The fragments were fluorescently stained and visualized to determine 

the fragment sizes. Assembling overlapping fragment patterns of single molecule 

restriction maps produced an optical map of the genome. The B. malayi SpeI optical map 

(created from an assembly of molecules >550 kb) consists of 17 contigs, an assembled 

size of 96.58 Mb and approximately 80x genome coverage of optical data. The B. malayi 

AflII optical map (created from an assembly of molecules >575 kb) consists of 12 

contigs, an assembled size of 77.57 Mb and approximately 80x genome coverage of 

optical data. The optical data were generated and analyzed using the Argus Optical 

Mapping System from OpGen (Gaithersburg, MD, USA) and associated MapManager 

and MapSolver software tools. Additionally, OpGen’s GenomeBuilder software was used 

to generate optical map assemblies from the sequence contigs to provide additional 

mapping information. 
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B. malayi genome assembly and improvement 

An unpublished B. malayi assembly in Wormbase WS242 (9,827 contigs with an 

assembled size of 94,136,248 bp and a contig N50 of 191,089 bp) was generated from a 

mixture of capillary [36], 454 (3, 8 and 20 kb mate pair libraries) and Illumina (500 bp 

paired end and 3 kb mate pair libraries) sequence data [79]. In this study a total of 11.3 

Gb of long read data produced on the PacBio RSII instrument passed the 0.75 quality 

filter. A long-read de novo assembly was produced using HGAP 2.0 [80] and consisted of 

1,371 contigs with an assembled size of 90,313,157 bp and a contig N50 of 160,895 bp. 

The Pacific Biosciences assembly contained the Wolbachia genome whereas this had 

been removed from the WS242 assembly. 

The PacBio de novo assembly was compared to the de novo SpeI optical map using 

MapSolver (OpGen, Gaithersburg, MD, USA). The lack of gaps in the PacBio assembly 

enabled many short contigs to be aligned against the optical contigs, resulting in fewer 

map gaps than WS242. The alignments were confirmed and further refined using the AflII 

optical map. A gap5 database ‘hybrid assembly’ was created by mapping the component 

reads (capillary, 454 and Illumina) of the WS242 assembly to the PacBio contigs. The 

additional paired-end data this provided combined with the long-range optical mapping 

data provided evidence for scaffolding the assembly in gap5 [81], a genome visualization 

and editing tool. Sequences were manually grafted into the PacBio assembly using gap5 

when sequence data from WS242 mapped to sequences either side of a scaffold gap in 

the hybrid assembly (from inspection of sequences aligning to the optical contigs in 

MapSolver). Once this process was complete the hybrid assembly contained the best 

sequence data from the two input assemblies. Three iterations of sequence correction 
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were undertaken using ICORN2 [82] using Bowtie v.2.2.3 mapping with fake reads taken 

from the WS242 assembly contigs, followed by an additional 3 iterations using Illumina 

reads. Automated gapfilling (24 iterations) was performed using IMAGE [83]. PBJelly 

[84] and Quiver (https://www.pacb.com/support/software-downloads/) were used to 

further close gaps, add additional scaffolding (PBJelly), and error correct and trim 

(Quiver) with PacBio data. Finally, ICORN was run once more (3 iterations) to correct 

any errors introduced by the Quiver process and the sequence scaffolds were checked 

back against the optical map. Corrected PacBio reads were created from the PacBio 

filtered subreads using Sprai-0.9.9.1 (http://zombie.cb.k.u-tokyo.ac.jp/sprai/index.html) 

and aligned back to the hybrid assembly to provide additional evidence for manual 

extension of sequence contigs. This allowed further placement of sequence contigs into 

scaffolds and gap-closure within scaffolds. Following this process, the total gap count in 

the assembly was reduced to 8. The completeness of the assembly was assessed by 

CEGMA v2 analysis [85], to report the percentage of full or partial gene orthologs of 248 

highly conserved eukaryotic gene families. 

Nigon element determination in B. malayi, O. volvulus and C. elegans 

To visualize the chromosomal rearrangements between B. malayi and other nematodes 

with well assembled genomes, the new B. malayi v4.0 genome was compared against the 

O. volvulus and C. elegans genomes using the Promer tool from the MUMmer alignment 

suite [86, 87]. Hits with less than 80% sequence homology between any two genomes 

were discarded, and the resulting alignments between the major chromosomes were 

plotted using R, Circos [88], and mummerplot. Nigon elements were assigned based on 

C. elegans chromosomes: chromosome I was assigned to Nigon-A, chromosome II to 
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Nigon-B, chromosome III to Nigon-C, chromosome IV to Nigon-D, chromosome V to 

Nigon-E, and chromosome X to Nigon-X. While the original description of Nigon 

elements included a Nigon-N [89], we found no evidence for a seven-element ancestor. 

Therefore, we opted for a six-element nomenclature that seems to reflect the ancestral 

state of Spirurina, Tylenchina and Rhabditina nematodes and possibly all members of 

Chromodoria. We opted for using NX over NN to preserve the link to the C. elegans 

chromosome nomenclature. 

Nigon element determination in other nematode genomes 

In order to determine and visualize conserved sex chromosomal elements in nematode 

genomes beyond B. malayi, O. volvulus and C. elegans, each species’ most current 

genome assembly was compared to B. malayi, O. volvulus and C. elegans using the 

Promer tool from the MUMmer alignment suite [86, 87]. Each contig of every nematode 

genome included in this analysis was assigned to a Nigon element based on chromosome 

Promer matches to B. malayi, O. volvulus and C. elegans, based on Nigon terminology 

defined in Tandonnet et al (2019) [89]. The Nigon element that covered the largest 

fraction of the contig when all three Promer matches were combined was assigned to that 

contig. 

Generation of data/images for Nigon elements 

Contigs of the same Nigon element were concatenated together in the same order that 

they are listed in their respective FASTA files in order to analyze the sequencing depth of 

the element as a whole. In the case of Onchocerca volvulus and B. malayi, where the 

genomes are complete and there are chromosomal fusions, this involved breaking the 

fused chromosomes into the respective pieces. In some cases (S. ratti, T. muris, T. 
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spiralis), there was a similar reduced chromosome number as a result of fusions, but they 

could not be easily broken due to a large number of intrachromosomal rearrangements 

following fusion. This leads to an underrepresentation of Nigon elements due to the 

assignment of fused chromosomes to only a single Nigon element (see Fig 2.7). Illumina 

HiSeq or MiSeq data (depending on species) was downloaded and mapped to each 

nematode genome using BWA MEM (v. 0.7.12), and the resulting BAM file was sorted 

and had its duplicates removed using Picard Tools (v. 2.5.0). The depth was calculated 

using SAMTOOLS depth (v. 1.3.1), with settings to include all bases (-aa) and not limit 

depth (max depth = 108). The contigs in each of these depth files was converted to Nigon 

elements based on the contig to element assignments created by the Promer analysis of 

that genome, and the resulting Nigon depth files were visualized in R. The R package 

ggplots (v. 3.1.0) was used to visualize the depth per 10 kb across each Nigon element. 

Box plots of the depth in each Nigon element per 10kb were generated with 

geom_boxplot in ggplots with the default parameters. The center line is drawn at the 

median of the depth at each Nigon element, the upper and lower hinges are at the 25% 

and 75% quartiles of the depth, while the whiskers extend 1.5x the interquartile range. 

Outliers are plotted as points outside of that range. 

The major mode of the sequencing depth of each Nigon element for each species was 

calculated with the density function in the core R package using data where N > 0.2. The 

major modes of each Nigon element and the density distributions were used to determine 

putative haploid regions that likely correspond to sex chromosome associated elements in 

each genome relative to the diploid autosomal Nigon elements. In addition to plots, a 

table was constructed of every nematode analyzed this way, which includes sample 
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characteristics where available and the sex determination system of each nematode 

species. 

Identification of Y chromosome contigs and putative pseudoautosomal region 

Illumina paired end reads from a pool of virgin females and 22 individual males were 

mapped to the B. malayi genome with BWA MEM (bma 0.7.12) and positional 

sequencing depth was calculated using the DEPTH function of SAMtools v1.1 [90]. The 

Wolbachia genome was included in the mapping but reads primarily mapping to it were 

excluded from further analysis. Average sequencing depth of the genome, as well as each 

contig, was calculated based on the sum of the sequencing depth at all positions divided 

by the total number of bases per contig. Copy number for each contig was then calculated 

from the ratio of contig sequencing depth to genomic sequencing depth.  

Putative chromosome Y contigs were defined as contigs that were >0.8 N in males and 

<0.7 N depth in virgin females and had a male/female sequencing depth ratio of >4. The 

pseudoautosomal region was identified by examining the ratio of sequencing depth in the 

males to the virgin females across 100kb windows along chromosome X. A putative 

pseudoautosomal (PAR) region was identified as the large contiguous region of the X 

chromosome where no bins were defined as female dominated (ratio <0.8). The 

cumulative length of the Y-specific contigs was calculated to be the sum of the calculated 

copy number of each predicted Y-chromosome contig multiplied by the contig length. 

The calculated DNA totals were added to the ~2.6 Mb PAR to provide an estimate of the 

size of chromosome Y. 
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Identification of Wolbachia-Brugia lateral gene transfers 

Putative lateral gene transfers from Wolbachia sp. wBm to B. malayi, termed nuclear 

Wolbachia transfers (nuwts) were identified by manually curating an aggregate of 

nucmer v.3.23 and blastn and blastx searches in blastall v.2.2.26 against the wBm 

genome and predicted proteins [https://www.ncbi.nlm.nih.gov/nuccore/NC_006833.1]. 

Because nuclear mitochondrial transfers (numts) often interfere with the proper 

prediction of nuwts, numts were also predicted using the B. malayi mitochondrial 

genome. NUCMER from the MUMMER package was used with MAXMATCH. NCBI 

BLASTN and BLASTX searches were performed with an e-value of 1e-15. Once an 

initial set of nuwts were predicted they were excised from the genome and searched 

against the predicted wBm (NC_006833) using PRAZE [http://ber.sourceforge.net/]. 

Frameshifts, truncations, and premature stop codons were manually counted from the 

PRAZE results. Curation, including specific BLAST-based searches of NT/NR, resulted 

in refining nuwt boundaries, eliminating some nuwts that were merely conserved between 

bacteria and eukaryotes, and reclassifying putative nuwts as LGT from other bacterial 

origins. 

Identification of SL1 genes, intrinsic SL1s and PAO retrotransposons 

SL1 sequences within the genome were identified using Nucmer, and the query sequence 

“GGTTTAATTACCCAAGTTTGAG”. PAO retrotransposons were identified using 

Exonerate 2.2.0 [https://www.ebi.ac.uk/about/vertebrate-genomics/software/exonerate] 

and multiple queries of peptide sequences of published PAO retrotransposon sequences  

170596945 [https://www.ncbi.nlm.nih.gov/protein/170596945] 

170593441 [https://www.ncbi.nlm.nih.gov/protein/170593441] 
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170592491 [https://www.ncbi.nlm.nih.gov/protein/170592491] 

170589333 [https://www.ncbi.nlm.nih.gov/protein/170589333] 

170589149 [https://www.ncbi.nlm.nih.gov/protein/170589149] 

170588831 [https://www.ncbi.nlm.nih.gov/protein/170588831].  

rRNA sequences were identified using Infernal 1.1rc1 [91]. SL1 sequences were 

classified as either occurring within standard SL1 gene arrays, or as intrinsic sequences 

elsewhere in the genome, either flanking PAO retrotransposons, or isolated. For an SL1 

sequence to be considered as flanking a PAO retrotransposon, it had to occur within 1000 

bp of either the predicted start or end of the PAO retrotransposon. To examine the 

homology of SL1-PAO elements, for each SL1 sequence 5′ to a PAO element the 

downstream 1,000 bp were retrieved, and similarly for SL1 sequences 3′ to a PAO 

element, the upstream 1,000 bp were retrieved. Two alignments were generated from 

these using Muscle (v3.8.31) [92], and phylogenetic trees for each were generated using 

PhyMLv 3.1 [93] with the GTR substitution model, and rates across sites modeled on an 

alpha distribution approximated using four site rate categories. 

Results and Discussion 

Genome assembly and tracing of chromosome evolution 

Using single molecule sequencing (PacBio), optical mapping, and manual curation, we 

assembled the B. malayi genome into 5 chromosomes, with only 8 gaps (Table 2.1). With 

an N50 of 14.2 Mb, this improves substantially on the previous assemblies [36] and is 

one of very few parasitic nematodes for which essentially complete chromosome 

assemblies are available [43]. The assembly process also led to a closed mitochondrial 
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genome and a closed Wolbachia genome—the symbiotic partner of a number of filarial 

worms. Over 97% of the 248 CEGMA (Core Eukaryotic Genes Mapping Approach) 

genes were identified (Table 2.1); 4 absent genes (corresponding to KOG IDs KOG1468, 

KOG2303, KOG2531 and KOG2770) were found to be missing in all filarial genomes, 

and one gene (corresponding to KOG1185) found in the current B. malayi assembly, is 

absent in other filariae [43]. No methylation was detected in the PacBio sequencing. The 

optical maps resolved 5 telomeres, two on each of chromosomes 2 and 4, and one on 

chromosome 3. Consistent with earlier karyotyping, centromeres were not identified on 

any of the chromosomes, supporting the hypothesis that, like C. elegans [94], filarial 

nematodes have holocentric chromosomes [95]. 
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Table 2.1. Genome properties. 

 B. malayi v3.0 B. malayi v4.0 

Assembly version WS242 WS267 

Assembly size (Mb) 94 88 

Number of scaffolds1 9,827 197 

N50 of scaffolds (Mb) 0.191 14.2 

N50 number 62 3 

N90 of scaffolds (Mb) 0.002 13.5 

N90 number 2,451 5 

Maximum length of scaffold (Mb) 5.2 24.9 

G+C content (%) 27 28 

Sequence coverage (% not gap) 83.5 99.37 
2Cegma completeness (%; complete / partial) 96.77 / 97.18  97.18 / 97.58 

Number of protein-coding genes 14,114 11,018 

Gene density (genes / Mb) 150 125 

Mean protein aa length 370 479 

Median protein aa length 241 349 

Number of coding exons 137,127 135,429 

Combined length of coding exons (Mb) 19.8 20.2 

Mean number of coding exons per gene 9.8 12 

Mean coding exon length (bp) 145 149 

Median coding exon length (bp) 133 135 

Number of introns 121,035 128,347 

Mean intron length (bp) 337 349 

Median intron length (bp) 223 226 

While intrachromosomal rearrangements are common in nematodes, and obliterate local 

synteny within chromosomes, interchromosomal rearrangements are rare and most genes 

                                                

1 Scaffold number does not include haplotypes 
2 Assembly completeness was estimated by CEGs (Core Eukaryotic Genes) with CEGMA v2 software. The 
4 missing genes in B. malayi v4.0 correspond to KOGs 1468, 2303, 2531 and 2770, and are missing in 
other filarial genomes. 



 

 32 

 

maintain an association with a given chromosome over long evolutionary periods [36, 96-

99], even between diverse taxa like C. elegans (Rhabditina) and Trichinella spiralis 

(Enoplia) [99]. To examine chromosome evolution, we used Nigon elements, previously 

defined ancestral linkage groups analogous to Drosophila Muller elements [89, 100]. We 

assigned Nigon homology by pairwise PROMER [87] alignments between chromosomes 

of B. malayi, the related filarial parasite O. volvulus, and C. elegans (Fig. 2.1a,b and Fig. 

2.2). This helped us develop a model of chromosome evolution for the filaria and other 

nematode species across several clades (Fig. 2.1c). 
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Figure 2.1. Homology between B. malayi, O. volvulus, and C. elegans chromosomes using conserved 

blocks. The B. malayi chromosomes were mapped against the (a) O. volvulus and (b) C. elegans 

chromosomes. The correlation between chromosomes was predicted using comparisons of chromosome 

homology between B. malayi, O. volvulus, and C. elegans. The nematode chromosomes were broken into 

Nigon elements, with the coloring based on corresponding regions in C. elegans chromosomes. (c) Model 

of chromosome evolution according to clades [61, 62] where each Nigon element is color-coded and 

described by the number of the corresponding C. elegans chromosome. The stars denote the PAR in both 

O. volvulus and B. malayi, color-coded by element, and the pins appearing next to the chromosomes 

denote the orientation of the Nigon elements between these two species, with “0” representing where the 

contig in the fasta file begins relative to the diagram. The portion of the Y chromosome that is 

significantly diverged from the X chromosome yet maintains identity with the Nigon element is 

illustrated with stripes. The Y chromosomes between O. volvulus and B. malayi have arisen twice from 

two different autosomes, while the X chromosomes also show significantly different composition, which 

correlates with the composition of the Y chromosome. Despite these differences, in both B. malayi and O. 

volvulus, ND is now part of the X chromosome and is 1N. (d) Mapping of B. malayi Y contigs on O. 

volvulus chromosomes, and of O. volvulus contigs on B. malayi chromosomes. The conserved sequences 

between the B. malayi chromosome Y specific contigs and the O. volvulus NX span 150 kbp, while they 

span only 15 kbp for ND and 7-9 kbp for all the remaining Nigon elements. Combined with the PAR, 

shared between X and Y, which is in NX, suggests that chromosome Y is largely derived from NX. 



 

 34 

 

  

 



 

 35 

 

 

Figure 2.2. Nigon element assignment (NA to NX) across the B. malayi and O. volvulus genomes. The 

percentage of a 10 kb window with a promer match (% match) was identified and color-coded by Nigon 

element. (a) Matches between O. volvulus and B. malayi (top) and between C. elegans and B. malayi 

(bottom) are visualized across the B. malayi genome. (b) Matches between B. malayi and O. volvulus 

(top) and between C. elegans and O. volvulus (bottom) are visualized across the O. volvulus genome. 

Sequencing depth differences between males and virgin females (Fig. 2.3a,b) reveal that 

the largest B. malayi chromosome (24.9 Mb) is the X chromosome (Table 2.2). To 

determine which regions of the genome were haploid or diploid in males, we calculated 

the number of copies per cell (N) of chromosomes, Nigons, and contigs by dividing the 

mean sequencing depth of each region by half the mean sequencing depth for the 
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genome. While most of the X chromosome in the male worms is 1N, there is an ~2.6 Mb 

putative pseudoautosomal region (PAR) starting at 22.3 Mb with 2N sequencing depth 

that is shared between the X and the Y chromosomes (Figs. 2.3c,d). Consistent with this, 

males display many heterozygous single nucleotide variants (SNVs) in this putative PAR 

region (Figs. 2.3e,f).  

Based on karyotyping data [39], the Y chromosome of B. malayi is expected to be similar 

in size to the autosomes, but it was not fully recovered in the assembly. Using the 

sequencing depth of males and virgin females, 63 contigs were identified as putative 

chromosome Y-specific with >0.8 N depth in males and very little sequencing depth in 

virgin females (Fig. 2.4). These included three contigs containing significant matches to 

the Y chromosome marker, tag on Y (TOY) [71]. Most of these contigs correspond to 

Nigon-X (NX), suggesting that the X chromosome of C. elegans and the Y chromosome 

of B. malayi share a common ancestry. Many of the contigs are predicted to have a high 

copy number indicating that they may contain collapsed repeats, making assembly 

difficult for the Y chromosome. 

Given the deduced copy number of the putative chromosome Y-specific contigs and the 

~2.6-Mb estimate of the PAR region, the identified putative Y chromosome contigs span 

17.3 Mb, which represents 70% of the size of the X chromosome, a size that is consistent 

with the karyotyping. While the assembled size of the genome is ~81 Mbp (Table 2.2), 

this suggests the complete B. malayi genome is likely ~96 Mbp, also consistent with 

previous estimates [39]. 
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The Onchocerca volvulus PAR (OvPAR) and Y-specific contigs [43] are different from 

those of B. malayi (Fig. 2.3d). While the predicted Y contigs of B. malayi are largely 

from NX and map to O. volvulus chromosome 1, those of O. volvulus are from Nigon-E 

(NE) and map to B. malayi chromosome 4 (Fig. 2.3d). There is in fact only a single gene 

(Bm17149)—encoding a protein with an aspartic protease domain and containing a 

CCHC-type zinc finger—that is conserved on the Y-specific contigs of both B. malayi 

and O. volvulus. 

Table 2.2. Chromosome characteristics. 

Chromosome Size (bp) % GC Gaps (bp) Predicted Copy Number 

X 24,943,668 29.4 12,977 1.19 +/- 0.03 

1 14,701,151 28.1 110,166 2.04 +/- 0.04 

2 14,214,749 28.0 0 2.04 +/- 0.03 

3 13,951,302 27.9 152,426 2.05 +/- 0.04 

4 13,467,244 27.8 1,796 2.00 +/- 0.04 

M 13,657 24.5 0 90.85 +/- 25.649 

Wolbachia 1,080,084 34.2 0 9.08 +/- 4.24 
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Figure 2.3. Pseudoautosomal region of B. malayi. The normalized sequencing depth (N) is plotted for (a) 

pooled data from 22 males for each position in all chromosomes; (b) a pool of virgin females for each 

position in all chromosomes; (c) pooled data from 22 males for each position in the X chromosome; (d) a 

pool of virgin females for each position in the X chromosome. (e) The density of heterozygous SNPs (Pi) 

in 10 kb windows from the male data is plotted across the X chromosome. (f) The ratio of the normalized 

sequencing depth between females and males is plotted across the X chromosome. Red box highlights 

PAR region on X chromosome.  
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Figure 2.4. Sequencing depth from virgin females compared to males normalized to the average of each 

sample. The average sequencing depth calculated for each contig is compared between a pool of virgin 

females and pooled data from individual males with putative chromosome Y-specific contigs are 

highlighted in orange for (a) all data and (b) a subset of data where both points are <10N. The line 

represents where the male sequencing depth is twice the virgin female sequencing depth.  

B. malayi, like other members of the Onchocercidae family, was expected to have four 

autosomes, with both X and Y chromosomes (4A+XY) [70]. Because O. volvulus and O. 

gibsoni, also in the Onchocercidae, are 3A+XY, it led to the hypothesis that the 3A+XY 

state was derived from the 4A+XY, which assumes a single 4A+XY state. However, 

while the B. malayi X chromosome is a fusion of Nigon-D (ND) and NX, the O. volvulus 

X chromosome (OM2) is a fusion of ND and NE (Fig. 2.5). Remarkably, the sex 

chromosome of C. elegans is not part of the O. volvulus X chromosome. These 

observations indicate that there are clearly multiple 4A+XY states in filarial nematodes. 
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Figure 2.5. B. malayi Chr X mapping across O. volvulus Chr 1 (NX) and Chr X (ND). An analysis of the 

B. malayi X chromosome indicates that it is the product of a fusion of two Nigon elements: ND and NX, 

in contrast with the O. volvulus X chromosome, which is composed of a fusion between ND and NE. The 

middle panel, which includes combined mummerplots to highlight Nigon element matches, shows the 

synteny of the B. malayi X chromosome to its corresponding two Nigon elements in O. volvulus. Each 

axis is marked with a corresponding sequencing depth plot of that chromosome. Thus, the X axis of the 

main plot is linked to the sequencing depth of the Brugia malayi X chromosome, which is divided into 

ND (grey) and NX (blue). The left Y axis shows the corresponding O. volvulus chromosome X, 

composed of ND (grey) and NE (green), while the right Y axis shows the corresponding O. volvulus 

chromosome 1, composed of NA (red) and NX (blue). In both B. malayi and O. volvulus ND is fused to 

an autosome, but those fusions occur at opposite ends of ND in the two nematodes. 

In both O. volvulus [43] and B. malayi, the ND portion of the X chromosome is unpaired 

in males but the fusion to the NE or NX, respectively, occurs at opposite ends of ND 

(Fig. 2.5c and Fig. 2.6). To determine whether ND is unpaired in males of other filarial 
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nematodes, we compared the sequencing depth of contigs across Nigon elements using 

publicly available sequence data for additional filarial species: B. pahangi, Wuchereria 

bancrofti, L. loa, O. ochengi, O. flexuosa, and Dirofilaria immitis (Fig. 2.5 and Fig. 2.6). 

The majority of ND appears to be universally unpaired in male filarial nematodes (Fig. 

2.6). In contrast, NX is at least partially unpaired in males for all clade V nematodes 

(Rhabditina) including Pristionchus pacificus, Dictyocaulus viviparus, and Necator 

americanus relative to C. elegans (Fig. 2.5 and Fig. 2.6) The P. pacificus X chromosome 

was previously shown to be derived from part of NX with the remainder of NX as a 

NX/NE fused autosome [101]. 

Analysis of available sequence data for Strongyloides papillosus, a clade IV nematode, 

reveals that ND is haploid (Fig. 2.7), and may have fused to a sizable portion of Nigon-B 

(NB) (Fig. 2.5). These results are consistent with prior results showing chromosomal 

diminution due to a fusion between an autosome (NB) and a chromosome that is 

homologous to the X chromosome in sister taxa [102], which we predict are NB and ND, 

respectively. This suggests that ND is the ancestral X chromosome in at least clade III, 

IV, and V, which we expect to be monophyletic within Nematoda, and that a neo-X 

chromosome has evolved from an autosome in the ancestor of clade V nematodes 

including C. elegans with a corresponding conversion of a sex chromosome to an 

autosome. Neo-X chromosomes arose at least twice more through an X-added region 

(XAR) in filarial nematodes with the NX/ND fusion in Brugia and Wuchereria and the 

ND/NE fusion in Onchocerca. The previously described fusion in P. pacificus [101] 

resulted in a neo-X chromosome in this clade V species. In addition, neo-Y chromosomes 

appear to have evolved from different autosomes at least twice in filarial nematodes, 
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likely after the evolution of the neo-X chromosome via a XAR. Intriguingly, a neo-

X/neo-Y system with an ND/NX fusion has also been observed in C. elegans [103]. In 

this system, it is NX that is unpaired in males, and not ND as we observed in B. malayi. 

Figure 2.6. Sequencing depth per Nigon element for diverse species across clade III, IV, and V 

nematodes. (a) The calculated N (average sequencing depth over a 10 kb window normalized to half the 

average sequencing depth of the whole diploid genome) is visualized for each of the Nigon elements for a 

representative set of species in different clades. Haploid regions are likely contiguous, but not visualized 

as such in these plots since data is plotted by the contig order in the reference genome. On the X axis, 

distances between ticks represent 5 Mb. This shows how S. papillosus is unpaired in males for ND and 

portions of NB. (b) Box plots showing the calculated N according to Nigon element reveals that B. malayi, 

B. pahangi and W. bancrofti all share similar unpaired chromosome segments in males corresponding to 

ND and NX. L. loa appears to only be unpaired in males for ND, while O. volvulus and O. ochengi are 

unpaired in males for ND and NE. D. viviparus and N. americanus are unpaired in males for only NX, 

while P. pacificus is only partially unpaired in males for NX, as expected and previously described. The 

center line of the box plots is drawn at the median of the depth at each Nigon element, the upper and lower 

hinges are at the 25% and 75% quartiles of the depth, while the whiskers extend 1.5x the interquartile 

range. Outliers are plotted as points outside of that range.  
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Figure 2.7. Density plot of the sequencing depth over Nigon elements for species across the phylum 

Nematoda. The density of depth per Nigon element was calculated in R for positions and aggregated by 

the predicted Nigon elements. The modes for these plots were calculated for all values of N > 0.2 and 

presented in Supplementary Data 2 (https://www.nature.com/articles/s41467-020-15654-6 - Sec25). B. 

malayi, B. pahangi and W. bancrofti all share similar unpaired chromosome segments in males 

corresponding to ND and NX. L. loa appears to only be unpaired in males for ND, while all three 

Onchocerca species are unpaired in males for ND and NE. D. viviparus and N. americanus both appear to 

be unpaired in males for NX only. The grey boxes around S. ratti, T. spiralis, and T. muris highlight the 

limitations of the analysis method for complete genomes with fused chromosomes, as described in the 

methods.  
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Although there are no common Nigon elements between the X chromosomes of B. 

malayi, O. volvulus, and C. elegans, and interchromosomal rearrangements are 
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uncommon in nematodes [36, 96-99], 278 genes are shared on the X chromosomes of all 

three organisms despite the widespread lack of conservation of linkage groups. Among 

these genes we observed an overrepresentation of functional terms for G-protein coupled 

receptors (GPCRs), fibronectin type III proteins, and immunoglobulins. Given the 

evolutionary distances, it is difficult to discern any smaller scale rearrangements to 

understand the movement of these genes—whether through chromosomal fusion, gene 

translocations, or retrotransposition. Further sequencing aimed at generating complete 

chromosomes from more filarial and non-filarial nematodes is needed to resolve this 

issue. 

We also determined whether any conserved dosage compensation genes could be 

identified in B. malayi. Using BLASTp we found homologs to 4 C. elegans genes 

involved in dosage compensation, sdc-1, dpy-21, dpy-27, and dpy-30. While the first 3 

are found on the B. malayi X chromosome, the homolog to dpy-30 is located on 

chromosome 4. Other genes involved in dosage compensation in C. elegans—including 

sdc-2, sdc-3, dpy-26, dpy-28, and xol-1—did not have homologs in B. malayi. 

Enrichment of repeat elements on sex chromosomes 

Since sex chromosomes frequently accumulate repetitive DNA [104], we compared the 

content of various repeats on the sex chromosomes with those on autosomes. B. malayi 

has 2 very well characterized repetitive DNA elements, the HhaI and MboI repeats. HhaI 

is in tandemly arrayed copies of a ~322 bp monomer and has been successfully used as a 

real-time PCR target for detection of B. malayi infections from patient blood [105]. MboI 

is less conserved, with monomers that show considerable variation in sequence and 

length [106]. The HhaI tandem DNA repeats were previously thought to constitute close 
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to 12% of the genome [107], but the initial assembly of the genome [36] as well as our 

current assembly only identifies HhaI as 1.6% of the genome, with a read-based analysis 

of sequencing data from 22 males suggesting 2.6+/-1.6%. The HhaI repeats are over-

represented on the small haplotype contigs as well as the unplaced contigs not attributed 

to chromosome Y or haplotypes (Fisher’s Exact Test, p-value < 0.00001) (Fig. 2.8a). The 

HhaI repeats tend to occur at the ends of the chromosomes consistent with being 

subtelomeric repeats (Fig. 2.8a). 

In contrast, MboI repeats were overrepresented on the putative chromosome Y contigs 

(Fisher’s Exact Test, p-value < 0.00001) (Fig. 2.8b) with 21% of the MboI sequence on 

these contigs being attributed to BmMbo8 [106], considered the prototypic member of 

this family of repeats. In fact, 90% of the BmMbo8 sequences were found specifically on 

the putative chromosome Y contigs while the remaining 10% are located on one end of 

NB as well as the small, unplaced contigs not attributed to chromosome Y or haplotypes. 

PAO-type long terminal repeat-containing (LTR) retrotransposons, another well-

characterized transposable element family, are enriched on the putative Y contigs. They 

are also enriched on ND of the B. malayi X chromosome compared to the autosomes 

(Fisher’s Exact Test, p-value < 0.00001) (Fig. 2.8a), but not on NX. Many of the 

retrotransposons present on the X chromosome (30%) are flanked by sequence 

resembling the SL1 spliced leader (SL) elements (Fig. 2.8a). SLs in nematodes are 22 nt 

leader sequences that are normally trans-spliced onto the 5′-end of transcripts from 100 nt 

SL RNAs [108]. In C. elegans, 70% of mRNAs have a trans-spliced leader sequence 

(either SL1 or SL2); in B. malayi, the SL is identical to that of C. elegans SL1. From our 

annotation of B. malayi genes, we estimate that 70% (8,300/12,000) of genes have SL1 
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addition sites. We found 316 elements in the genome containing an SL1 signature. Of 

these, 196 (62.0 %) were a close match to the 22 nt region of the 100 nt SL1 RNA gene. 

The remaining 120 SL1 represent integral SL1 sequences within the B. malayi genome, 

not associated with a 5S rRNA or an array of SL1 RNA encoding genes. These sequences 

are scattered across the chromosomes with 60 of these within 1 kb of PAO 

retrotransposons. An occasional configuration was two SL1 sequences flanking a PAO-

type LTR retrotransposon with both SL1 sequences on the same strand. This pattern of 

SL1 integration indicates that at some point spliced leaders were added onto expressed 

PAO retrotransposons and integrated with them into the genome. 

Another class of multi-copy B. malayi repeat that could contribute to chromosome 

remodeling are the lateral gene transfers (LGT) from Wolbachia [79]. B. malayi, like 

several filarial nematodes, carry obligate intracellular bacterial Wolbachia endosymbionts 

that frequently transfer their DNA to their host, creating nuwts (for nuclear Wolbachia 

transfers). In this assembly there are 345 nuwts spanning 428,883 bp (Fig. 2.8).  

 

Figure 2.8. Repeat distribution across chromosomes. (a) Repeat distribution of major families across the 

B. malayi genome. Hidden Markov models were generated for the HhaI repeats (black), MBO8 repeats 

(gray), and telomeric repeats (plum) which were then applied to the B. malayi genome in order to 

determine their genomic locations. These were plotted in conjunction with the rRNA (red), PAO repeats 

(blue), SL1 (green) and lateral gene transfers – LGT (turquoise) across the genome. Pseudo- 

chromosomes were formed using non-chromosomal contigs. All contigs that were identified as Y specific 

form a 1.7 Mb pseudo Y chromosome; the non-Y non-haplotype contigs form a 4.3 Mb pseudo-contig, 

and the predicted 1.7 Mb non-Y haplotype contigs form a third pseudo-contig. (b) Zoomed-in view of the 

3 pseudo- chromosomes/contigs.  
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These correspond to portions of 133 unique Wolbachia protein coding genes of which 59 

are present more than once with 5 having >10 copies, confirming that nuwts are novel 

repeat families in the B. malayi genome. Surprisingly, nuwts are significantly under-

represented on NX (Fisher’s Exact Test, p-value = 0.00022) (Fig. 2.8), while they are 

over-represented on small unplaced contigs not attributed to either chromosome Y or 

haplotypes (Fisher’s Exact Test, p-value <0.00001) (Fig. 2.8). The vast majority of nuwts 

are pseudogenized protein-coding regions with frameshifts, large insertions/deletions, and 

premature stop codons. Twenty-one full-length protein-coding regions can be found in 

the nuwts although some have altered start and stop codons when compared to the 

Wolbachia coding sequences.  

Summary 

The results presented here point to a system of sex determination in B. malayi and other 

filarial nematodes that differs substantially from the model nematode, C. elegans. 

Heteromorphic sex chromosome evolution seems to have occurred numerous times in the 

filarial nematodes creating natural replicate experiments in sex chromosome evolution. 

Future research should focus on resolving this further including complete sequencing of 

the two neo-Y chromosomes. Further sequencing is also needed to elucidate how 

widespread PARs are in nematodes. Small PARs may be missing in karyotyping data and 

not apparent with fragmented genome assemblies. Recent advances in ultra-long 

sequencing (e.g., Oxford Nanopore sequencing) are likely to enable such future studies. 

Future work using a comparative approach will shed more light on sex chromosome 

evolution and sex determination in nematodes and give us a unique opportunity to 
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observe the evolution of sex chromosomes and the diversity of sex determination 

systems. 

Data availability 

B. malayi v4 assembly with the WS270 annotation are available in the European 

Nucleotide Archive (ENA) database under accession number GCA_000002995.5 

[https://www.ebi.ac.uk/ena/data/view/GCA_000002995.5], as well as at WormBase 

(http://www.wormbase.org/species/b_malayi) and WormBase-Para-Site 

(http://parasite.wormbase.org/Brugia_malayi_prjna10729/Info/Index/).  

Illumina HiSeq 2000 paired end sequencing data from virgin female resequencing data 

are available at ERS992391 [http://www.ebi.ac.uk/ena/data/view/ERS992391].  

The PacBio data is available under PRJNA421950 

[https://www.ncbi.nlm.nih.gov/bioproject/PRJNA421950].  

Spliced leader RNAseq reads are available under PRJNA525735 

[https://www.ncbi.nlm.nih.gov/bioproject/PRJNA525735]. Accession numbers for each 

dataset obtained from public data, and used in the analyses, are listed in Supplementary 

Data 2 (https://www.nature.com/articles/s41467-020-15654-6#Sec25). 
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Chapter 3. The nearly complete genome of Brugia pahangi FR3 

This chapter contains material published in Microbiology Resource Announcements 9, 

e00479-20 (2020). https://journals.asm.org/doi/10.1128/MRA.00479-20. 
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__________________________________ 

Abstract 

Brugia pahangi is a zoonotic parasite that is closely related to human-infecting filarial 

nematodes. Here we report the nearly complete genome of Brugia pahangi including 

assemblies of four autosomes and an X chromosome, with only 7 gaps. The Y 

chromosome is still not completely assembled. 

Genome announcement 

We sequenced the zoonotic parasitic roundworm B. pahangi FR3, which was originally 

obtained from a green leaf monkey in Kuala Lumpur and is distributed by the NIAID 

Filariasis Research Reagent Resource Center, known as FR3 [23]. 

Materials and methods 

The 107,643,863 Illumina HiSeq2500 150 bp paired-end reads were generated from 

KAPA Hyper libraries using Brugia pahangi FR3 genomic DNA acquired from BEI. 

Genomic DNA for PacBio RSII sequencing was obtained from 16 adult male and 16 

adult female frozen worms obtained from FR3 that were homogenized in Qiagen G2 
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buffer with RNase A and purified with Qiagen gravity flow genomic tips with 80 U of 

proteinase K and with DNA precipitation by centrifugation in the presence of 20 µg of 

glycogen. PacBio RSII data (P6C4 chemistry; reads=3,267,281; average=8,695 bp; 

N50=25.4 kbp; max=139 kbp) were generated from Sage Blue Pippin size selected (>15 

kbp) SMRTbell 1.0 libraries constructed using Covaris gTUBE-fragmented DNA. For 

ONT sequencing, 185 adult females acquired from TRS labs (Athens, Georgia, USA) 

were ground in liquid nitrogen and DNA extracted with a single phenol-chloroform DNA 

extraction with spooling from an ethanol precipitation. Rapid libraries were constructed 

(SQK-RAD004) four times from 4 µg, 1.8 µg, 0.9 µg, and 0.2 ug DNA. The latter three 

were sequenced on a R9.4 MinION flow cell (FLO-MIN106) replacing the loading beads 

with water. The 4 ug library was modified using 1.5 ul of DNA fragmentation mix and 

3.5 µl of 10 mM Tris-Cl pH 8.0 and 0.02% Triton X-100 [109] and sequenced on a 

different R9.4 MinION flow cell from the previous runs. This collectively resulted in 

727,358 reads called using Guppy v.3.1.5 (average=10,109 bp; N50=22 kbp; max=828 

kbp).  

Illumina reads after QC and trimming with FASTQC v.0.11.7 [110] and Trimmomatic 

v.0.38 [111] and untrimmed PacBio and MinION reads were assembled multiple times 

with Canu v1.8 [112] but using different subsets of MinION experiments (excluding and 

including the 4 µg sample) and varying the estimated genome size as 90 Mbp and 100 

Mbp. Default parameters were used except as otherwise noted. These assemblies were 

manually examined including unique joins leading to a manual merger of assemblies. 

This manually merged assembly was indel corrected using Illumina reads and PILON 

v1.22 (mindepth=5; K=85; minmq=0; minqual=35; --fix indels) [113]. Contigs were 
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ordered and oriented according to the B. malayi reference genome (Tracey et al. MRA, 

accepted) using nucmer v.3.1 to identify matches between the two genomes and order B. 

pahangi contigs based on their B. malayi counterparts (Fig. 3.1). The genome spans 80.8 

Mbp with 7 gaps (N50=11.2 Mb, L50=3), is 29%GC with 4 autosomes and an X 

chromosome, and was deemed 96.4% complete with BUSCO v3 [114] with 206X 

Illumina, 182X PacBio, and 72X ONT sequencing depth. The remaining 142 contigs 

spanning 16 Mbp likely contain the mitochondria genome, and pseudo-autosomal and Y-

chromosome fragments. 

After masking repeats identified with RepeatModeler v.1.0.11 [115] and RepeatMasker 

v.4.0.7 [116], the genome was annotated using RNAmmer v.1.2 [117] to predict rRNA, 

tRNA-scan v.1.4 [118], and BRAKER v.2.1.2 [119] for gene prediction using RNA reads 

from microfilarial, L3 and adult life stages that were mapped with HISAT2 v.2.1.0 [120] 

(strandness=RF; max-intronlen=50000) using Illumina HiSeq 4000 reads generated from 

NEBNext Ultra Directional RNA libraries sequenced with 318,480,950 bases of strand 

specific 150 bp paired end reads from adult, microfilarial, and L3-stage RNA obtained 

from BEI and treated with Invitrogen TurboDNase. 
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Figure 3.1. Synteny between Brugia pahangi and Brugia malayi chromosomes. The current Brugia 

pahangi genome was aligned to the Brugia malayi V4 genome (Tracey et al. MRA, in revision) using 

nucmer (version 3.1, default options). The resulting delta file was converted into tabular form using the 

show-coords with the options -qlTHb. Contigs >4.5% of the length of the matching B. malayi 

chromosome were identified in R (version and reference and libraries) and plotted with ggplots by 

chromosome (Chromosome 1, Panel A; Chromosome 2, Panel B; Chromosome 3, Panel C; Chromosome 

4, Panel D; Chromosome X, Panel E). This nearly complete B. pahangi genome spans most of the B. 

malayi genome with some rearrangements. The orthologous regions of the genomes vary in percent 

identity but typically are >90% identity with more nucleotide variation at the ends of chromosomes 

relative to the middle of the same chromosome using the B. malayi chromosomes as a reference. 
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Data availability 

This genome has been deposited in GenBank JAAVKF010000000. The version described 

in this paper is the first version, JAAVKF010000000. The raw data is deposited in the 

SRA projects: PacBio: SRX4135331, SRX4135330, SRX4135329, SRX4135328, 

SRX4135327, SRX4135326, SRX4135325, SRX4135324, SRX4135323, SRX4135322, 

SRX4135321, SRX4135320, SRX4135319, SRX4135318, SRX4135317, SRX4135316, 

SRX4135315, SRX4135314, SRX4135313, SRX4135312. Illumina: SRX7658407, 

SRX7658383, SRX7658378, SRX7658377, SRX7658352, SRX7658349, SRX7658341, 

SRX7658327, SRX7658323, SRX7658322, SRX7658317, SRR10997235. MinION: 

SRR11565851, SRR11472020, SRR11565849, SRR11565826. 
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Abstract 

Nucleotide diversity of natural and laboratory populations of Brugia pahangi and Brugia 

malayi was assessed with Illumina resequencing followed by mapping to identify single 

nucleotide variants and insertions/deletions. In natural and laboratory Brugia populations, 

there is reduced nucleotide diversity on chromosome X relative to the autosomes (pX/pA 

= 0.2), which is lower than the expected pX/pA = 0.75). A reduction in diversity is also 

observed in other filarial nematodes with neo-X chromosome fusions in the genera 

Onchocerca and Wuchereria, but not those without neo-X chromosome fusions in the 

genera Loa and Dirofilaria. In the species with neo-X chromosome fusions, chromosome 

X is abnormally large, containing a third of the genetic material such that a sizable 

portion of the genome is lacking sequence diversity. Higher levels of genetic diversity are 

associated with drug resistance and adaptability with the potential to affect filarial 

eradication efforts. 
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Introduction 

B. malayi, W. bancrofti, and B. timori are filarial nematodes (roundworms) that are 

responsible for lymphatic filariasis in humans with almost a billion people receiving >7.7 

billion doses of treatment through lymphatic filariasis elimination efforts [121]. All 

filarial nematodes undergo a complex reproductive cycle that includes multiple larval 

stages within an arthropod vector followed by more larval stages, sexual development, 

and reproduction in vertebrate hosts [122]. Of the three filarial species responsible for 

human lymphatic filariasis, only a subset of B. malayi strains can be maintained in small 

animals in the laboratory, a prerequisite for rigorous laboratory-based studies. These 

laboratory populations are critical to our understanding of filarial biology, and are 

commonly used for anti-filarial drug trials [23]. B. pahangi can also be maintained in a 

laboratory life cycle, infects cats and dogs, and is occasionally zoonotic. B. pahangi and 

B. malayi use mosquito insect vectors and can co-infect dogs and cats [123]. Male B. 

malayi and female B. pahangi can produce viable offspring following mating in 

laboratory conditions [124, 125], but the extent to which this happens successfully in 

nature is unknown. In addition to lymphatic filariasis, filarial nematodes are responsible 

for other diseases of medical and veterinary important, including human onchocerciasis 

[5] caused by the filarial nematode Onchocerca volvulus, human loiasis [6] caused by 

Loa loa, and dog and cat heartworm caused by Dirofilaria immitis [126]. 

Onchocerca volvulus [50], B. malayi [35, 36, 38], and B. pahangi [44] all have nearly 

complete genomes with chromosome-level assemblies of autosomes and chromosome X, 

while chromosome Y has yet to be resolved in any filarial nematode. Draft genomes are 

available for many other filarial nematodes [47], including W. bancrofti [45], L. loa 
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[127], and D. immitis [128]. The genomes of all filarial nematodes are represented by six 

Nigon elements [35] that reflect conserved chromosomal segments that likely reflect the 

ancestral chromosome state in many nematodes, similar to Muller elements in Drosophila 

species [129]. In the case of filarial nematodes, the determination of these elements was 

primarily generated through homology to the completed genomes of O. volvulus, 

Caenorhabditis elegans, and/or B. malayi [35]. 

An important resource for filarial nematode research is the Filariasis Research Reagent 

Resource Center, better known as FR3, which maintains both B. malayi and B. pahangi 

worms across the life cycle in both Mongolian gerbils (jirds; Meriones unguiculatus) and 

cats [23]. At FR3, B. malayi and B. pahangi are passaged in cats via a mosquito vector. 

First, blood containing microfilariae is drawn from multiple cats, and pooled together. 

Then, this pooled blood is fed to mosquitos to allow microfilariae to develop to infective 

third-stage larvae (L3) which are extracted from the mosquitos and introduced into an 

uninfected cat. Not all mosquitos survive infection with microfilariae, and not all of the 

infective L3 worms that are introduced into cats mature into viable adults. Infective L3s 

are also used to inoculate Mongolian gerbils that are used as a source of much of the 

material that is distributed by FR3. There are several steps where bottlenecks could 

occur, and different labs that maintain the life cycle have their own methods to prevent 

bottlenecks. 

Genetic diversity can be influenced by bottlenecks, polyandry, population size, sex-

biased population size, sex-biased or sex-exclusive inheritance, rate of recombination, 

mutation rate, and selection [130, 131]. Bottlenecks occur when there is a rapid reduction 

in population size, such that allele frequencies may shift dramatically [132], and have 



 

 63 

 

been studied in other parasite species [133-135]. These bottlenecks can significantly 

reduce genome-wide genetic variation, but the presence of advantageous alleles can also 

generate selective sweeps that produce similar reductions in genetic variation across the 

genome [136]. Sex chromosomes add additional complexity to genetic diversity. For 

instance, in heteromorphic sex chromosomes like those in X-Y sex determination systems 

(which includes some filarial nematodes), the X chromosome has reduced diversity by 

virtue of reduced effective population size. In a population with random mating (e.g., one 

without polyandry), this results in ~0.75 variance on chromosome X and ~0.25 variance 

on chromosome Y relative to the autosomes, but in species with multiple mating, this 

variance can be reduced even further [137]. 

Though multiple centers across the globe maintain B. malayi in laboratory conditions, 

many of these laboratory populations are derived from the same initial population. 

Several cats were experimentally infected in the early 1960s with a sub-periodic 

zoophilic B. malayi strain that is reported to be derived from a human patient from 

Malaysia [138] and distributed to numerous places by Prof. Dr. C. P. Ramachandran [24, 

139]. Recipients included the Central Drug Research Institute, Lucknow, India, and the 

University of California Los Angeles (UCLA), among others. Most modern B. malayi 

laboratory lines are descended from this latter line at UCLA [23], including populations 

maintained and distributed by TRS labs and the NIAID-funded Filariasis Research 

Reagent Resource Center (FR3). FR3 and TRS supply one another worms when either 

laboratory has issues with their populations. In addition, investigators acquire worms 

from FR3 and/or TRS to establish their own culture collections and replenish with worms 

as needed, including the laboratories of Prof. Mark Taylor and Dr. Joseph Turner in the 
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Liverpool School of Tropical Medicine and Dr. Gary Weil and Dr. Ramakrishna Rao at 

Washington University in St. Louis. A further B. malayi line was established 

independently from an infected woman in Narathiwat Province, southern Thailand, and 

has been maintained at The Faculty of Tropical Medicine, Mahidol University, Bangkok, 

then Chiang Mai University, Thailand, for ~40 years with no mixing with the other 

laboratory lineages [140]. 

The B. pahangi lineage at FR3 is thought to have been established in the 1970s [25] from 

a green leaf monkey. Because B. pahangi and B. malayi share very similar life cycles, the 

procedure for laboratory maintenance for both species at FR3 is similar. 

Using samples of B. malayi and B. pahangi from multiple laboratory centers as well as 

natural samples of B. pahangi that were acquired from wild cats [141], we sought to 

investigate the genomic diversity within these Brugia populations. Given the potential for 

frequent bottlenecks both in nature and the laboratory, there is the repeated and 

significant risk of a founder effect that we sought to examine. To this end, we have 

employed public data from other filarial nematodes, including W. bancrofti, L. loa, O. 

volvulus and D. immitis in order to investigate this population diversity in the context of 

the broader filarial nematode family. 

Materials and methods 

B. malayi library preparation and sequencing 

Adult male worms were provided from the following B. malayi centers: Washington 

University in St. Louis, MO, USA; Liverpool School of Tropical Medicine, UK; TRS 

Laboratories, Athens, GA, USA; FR3, Athens, GA, USA; Central Drug Research 
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Institute, Lucknow, India; and Chiang Mai University, Chiang Mai, Thailand. Adult male 

worms were sequenced as females are typically gravid precluding obtaining their 

individual genome. While virgin females would be a viable alternative, the difficulties in 

isolating them would have precluded us from obtaining many of the samples used here. 

Frozen single adult males recovered from the host gerbil were homogenized separately in 

50 µl Buffer G2 from the genomic DNA buffer set (Qiagen) supplemented with RNase A 

(Qiagen) to 200 µg/mL. Homogenization was performed in a 1.5 mL microcentrifuge 

tube using a disposable micro pestle (Kimble-Chase). The homogenate was removed to a 

fresh tube and then the pestle and original tube were washed with an extra 0.95 mL of G2 

buffer with RNase which was then added to the sample. The homogenized sample was 

then processed according to the protocol for tissue samples described in the genomic 

DNA handbook (Qiagen) and using genomic-tip 20/G gravity flow columns (Qiagen) 

except 80 U proteinase K (New England Biolabs) were used. Elution buffer QF was 

prewarmed to 50 °C to increase DNA recovery. The DNA was precipitated by 

centrifugation as recommended, but in the presence of 20 µg glycogen (Invitrogen). 

Genomic DNA was sheared to ~380 bp with an ultrasonicator (Covaris) and used to 

construct indexed PE Illumina libraries using the NEBNext Ultra DNA kit (New England 

Biolabs). All samples were sequenced on the Illumina HiSeq 2500 with a read length of 

100 bp, except for W_male_2 and W_male_6, which were sequenced on the Illumina 

HiSeq 4000 with a read length of 150 bp. While the data was generated specifically for 

this study, the data from a subset of samples were used in a previously published study to 

aid in identification of sex chromosomes and as such these methods are previously 

described for those samples [35]. 
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B. pahangi library preparation and sequencing 

Adult B. pahangi male worms were provided from the following locations: FR3 

laboratories, at both University of Georgia, Athens, GA, USA; University of Wisconsin, 

OshKosh, WI, USA and University of Malaya, Kuala Lumpur, Malaysia [141]. Adult 

females were obtained from FR3 laboratories and pooled for the purposes of this analysis. 

Pooled adult female samples were prepared as described in Mattick et al (2020) [44]. 

Endemic isolates from Malaysia were prepared in an identical fashion to the Brugia 

malayi samples described above. Frozen single adult males obtained from FR3 and 

recovered from the same host gerbil were separately homogenized under liquid nitrogen 

in 1.5 mL microcentrifuge tubes. The samples were processed according to the Qiagen 

DNeasy blood and tissue insect protocol using 180 µl buffer ATL and 20 µL proteinase 

K. The samples were processed according to the manufacturer’s recommendations and 

eluted in 200 µL of buffer AE. After DNA isolation, the pooled adult female sample and 

the B. pahangi male FR3_UWO_Bp1AM_09 sample were sequenced on the Illumina 

HiSeq2500 from KAPA Hyper libraries, and 150 bp paired-end reads were generated. For 

all other B. pahangi samples, genomic DNA was sheared to ~380 bp with an 

ultrasonicator (Covaris) and prepared into an indexed, paired-end Illumina library using 

the NEBNext Ultra DNA kit. These samples were sequenced on the Illumina HiSeq 4000 

with a read length of 150 bp. 

Sample variant calling and processing for all individual nematode species 

Each individual B. pahangi, B. malayi, O. volvulus, D. immitis, C. elegans and 

Drosophila melanogaster sample was mapped against its respective 

genome(GCA_000002995.5, GCA_012070555.1, GCA_000002985.3, 



 

 67 

 

GCA_001077395.1, GCA_000499405.2, GCA_000001215.4) [38, 43, 44, 142-144] 

using BWA MEM [145] with the following settings: -M -a. The resulting BAM files 

were all sorted and de-duplicated using the Picard tools SortSam and MarkDuplicates, 

respectively [146] using default parameters for both. Single Nucleotide Variants (SNVs) 

were jointly called for each sample using Genomic Variant Call Format (GVCF) files 

generated using the Genome Analysis Tool kit (GATK) [147] with the HaplotypeCaller 

with the --read-filter MappingQualityReadFilter setting. The resulting GVCF files were 

merged and jointly called for SNVs using the GATK GenomicsDBImport and 

GenotypeGVCFs functions, then filtered using a manual filter with the following settings: 

--filter-name "QD" --filter-expression "QD < 5.0" --filter-name "QUAL" --filter-

expression "QUAL < 30.0" --filter-name "DP" --filter-expression "DP < 14.0" --filter-

name "MQ" --filter-expression "MQ < 30.0" --filter-name "MQRankSum" --filter-

expression "MQRankSum < -12.5" --filter-name "ReadPosRankSum" --filter-expression 

"ReadPosRankSum < -8.0" --filter-name "FS" --filter-expression "FS > 60.0". For male 

samples from species where chromosome structure was known (B. malayi, B. pahangi), 

the autosomes were called with a ploidy of 2, while the X chromosome was called at a 

ploidy of 1. For female samples from species where chromosome structure was known 

(O. volvulus), the autosomes and X chromosome were called with a ploidy of 2. Filtration 

in samples called with a ploidy of 1 were filtered with --filter-name "DP" --filter-

expression "DP < 7.0" to reflect the reduced sequencing depth on those sequences. 

Putative known pseudoautosomal regions from B. malayi, B. pahangi, and O. volvulus 

were excluded from variant analysis. 
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Sample variant calling and processing for multi-individual samples 

Each multi-individual W. bancrofti sample was mapped against its respective genome 

(GCA_000002995.5, GCA_012070555.1) [38, 44] using BWA MEM [148] with the 

following settings: -M -a. The resulting BAM files were all sorted and de-duplicated 

using the Picard tools SortSam and MarkDuplicates respectively [149] using default 

parameters for both. SNVs were called using the Freebayes software, specifically the 

freebayes-parallel feature using default parameters. 

Single nucleotide variant (SNV) density and nucleotide diversity (p) analysis 

SNV density can allow for the identification of regions of the genome that are under or 

overrepresented in variants relative to the entire genomic sequence. p is the standard 

measure of genetic diversity, but SNV density has some utility in being easy to both 

calculate and interpret. However, SNV density will have an issue when all of the samples 

are different than the reference, which we did not observe in this data set. SNV density 

across each of the chromosomes was calculated over 10-kbp sliding non-overlapping 

windows, considered as 20,000 possible variant sites with homozygous ALT variants 

counting for 2 site changes and heterozygous ALT variants counting as 1 site change. p 

was calculated using VCFtools [150] over 10 kbp non-overlapping windows for all 

samples with a genomic coverage > 80% for samples with a ploidy of 2. Because 

VCFtools requires diploid sites, the R package PopGenome [150] was used with default 

parameters to calculate Pi for B. malayi, B. pahangi and O. volvulus X chromosomes. 

Plots of SNV density and Pi were generated using the ggplots2 package in R [151], with 

the 10-kbp regions as the X-axis and Pi as the Y axis. Density plots for Pi for each 

species were generated using the geom_density function of ggplots with default settings 
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on the 10-kbp values of Pi across each chromosome. SNV density and Pi were assigned 

to Nigon elements, which were determined as previously described [35]. Briefly, contigs 

were mapped against B. malayi, O. volvulus and C. elegans using the NUCmer tool from 

the MUMmer package v. 3.23 [152], and contigs were assigned to a specific Nigon 

element based on the largest match against each specific Nigon element. Principal 

component analysis was conducted on all autosomal variants in Brugia malayi and 

Brugia pahangi individuals using PLINK v.1.9 [153] with the --pca parameter. The 

resulting primary two principal components for each species were plotted using the 

geom_point function of ggplots with default settings in R. 

Phylogenetic relationships 

Phylogenetic relationships for the X chromosome and the autosomes were developed by 

first obtaining current genomes for B. timori, W. bancrofti and O. volvulus from 

WormBase [154]. Conserved nematode genes from these genomes, in addition to B. 

malayi and B. pahangi, were predicted using BUSCO v. 4.06 package and its 

nematoda_odb10 database [155]. To ensure orthology, the genomes that were not in 

chromosome form (i.e., B. timori and W. bancrofti) were aligned against B. malayi using 

the NUCmer tool from the MUMmer package v. 3.23 [152]. Contigs were binned to a 

chromosome based on maximum match length, and genes were assigned to chromosome 

X or the autosomes based on their contig matches. Genes present in all 5 species were 

aligned using TranslatorX [156] and filtered to include only those that were =<15% 

dissimilar (>85% similarity) at the amino acid level and had at most a difference of 10% 

in gene length amongst all 5 orthologues. This left a total of 38 genes on chromosome X, 

and 228 genes on the autosomes. Trees were generated for these sequences using IQ-
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TREE with default parameters (maximum likelihood, equal rates Markov) [157], and 

plotted using iTOL [158]. Mitochondrial sequences (NC_004298.1, CM022469.1, 

NC_016186.1, AP017686.1) for each species were obtained from GenBank, and aligned 

at the nucleotide level using MAFFT v.7.427 [159]. The mitochondrial tree was 

generated and plotted in an identical manner to the autosome and chromosome X trees. 

Results 

Genomic variation in B. malayi laboratory populations 

Between 4-6 individual adult male B. malayi worms were sequenced from each of six 

laboratory populations, which are from three primary B. malayi population groups: (a) 

FR3 and FR3 derived lines, including the continually maintained FR3 line, the line 

maintained by TRS labs, and the lines at Washington University in St. Louis and the 

Liverpool School of Tropical Medicine; (b) those established at the same time and from 

the same worm population as the FR3-derived lines, but maintained independently for 

decades in Lucknow, India; and (c) those isolated in Chiang Mai, Thailand, established 

from a completely independent human infection and maintained in the laboratory 

independently for ~40 years. Paired-end Illumina sequencing reads were generated to an 

average of 85´ sequencing depth from individual adult male B. malayi worms. These 

adult male worms from each site were collected from the same gerbil, with the exception 

of TRS, where half of the worms were obtained from a different host gerbil (Table 4.1). 

All of the reads were mapped to the reference B. malayi genome [35, 36, 38] that was 

obtained with worms from FR3 and TRS. 
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The B. malayi samples had an average of 105,264 SNVs relative to the reference, and 

21,227 insertions/deletions per sample identified with the GATK HaplotypeCaller called 

jointly on all samples. The B. malayi samples also had a transition/transversion ratio 

(Ts/Tv) ranging from 2.10-2.60 (Table 4.1). 

Table 4.1. B. malayi sequencing samples and statistics. 

Sample 
(source) 

Total reads 
Mapped reads 
(% mapped; 

% duplicates) 

Genome 
coverage SNPs Indels Ts/ 

Tv SRA ID 

Male #1 from LucknowJird 
(CDRI, Lucknow, India) 199,765,518 

193,445,884 

(96.84%; 4.62%) 
214.6 120,745 23,114 2.56 SRR3111731 

Male #2 from LucknowJird 
(CDRI, Lucknow, India) 161,338,601 

153,566,992 

(95.18%; 4.42%) 
170.3 107,075 20,351 2.58 SRR3111738 

Male #3 from LucknowJird 
(CDRI, Lucknow, India) 139,096,397 

134,664,495 

(96.81%; 4.21%) 
149.4 103,731 19,865 2.60 SRR3111864 

Male #4 from LucknowJird 
(CDRI, Lucknow, India) 146,389,497 

138,971,798 

(94.93%; 6.21%) 
154.1 100,588 19,300 2.60 SRR3112012 

Male #1 from TRSJird1 (TRS 
Labs, Athens GA, USA) 128,370,799 

125,619,904 

(97.86%; 11.86%) 
139.3 81,568 16,272 2.56 SRR3111504 

Male #2 from TRSJird1 (TRS 
Labs, Athens GA, USA) 160,515,165 

148,505,984 

(92.52%; 42.70%) 
164.7 93,123 18,382 2.58 SRR3111510 

Male #3 from TRSJird2 (TRS 
Labs, Athens GA, USA) 151,714,742 

146,153,959 

(96.33%; 5.10%) 
162.1 82,989 16,590 2.56 SRR3111514 

Male #4 from TRSJird2 (TRS 
Labs, Athens GA, USA) 151,755,568 

146,768,982 

(96.71%; 5.95%) 
162.8 92,964 18,278 2.57 SRR3111517 

Male #1 from FR3Jird Bmalayi 
(FR3, Athens GA, USA via BEI) 155,603,716 

143,354,391 

(92.13%; 5.42%) 
159 93,736 18,079 2.59 SRR3111544 

Male #2 from FR3Jird Bmalayi 
(FR3, Athens GA, USA via BEI) 149,039,127 

144,835,701 

(97.18%; 4.42%) 
160.6 91,910 17,866 2.57 SRR3111568 

Male #3 from FR3Jird Bmalayi 
(FR3, Athens GA, USA via BEI) 124,735,107 

118,897,816 

(95.32%; 4.32%) 
131.9 81,492 16,588 2.56 SRR3111579 

Male #4 from FR3Jird Bmalayi 
(FR3, Athens GA, USA via BEI) 133,410,240 

128,637,986 

(96.42%; 4.29%) 
142.7 86,291 17,051 2.37 SRR3111581 

Male #1 from LiverpoolJird 
(Liverpool School of Tropical 
Medicine, UK) 

127,497,968 
120,867,980 

(94.80%; 19.16%) 
134.1 85,484 16,858 2.58 

SRR3111629 

SRR3111630 

Male #2 from LiverpoolJird 
(Liverpool School of Tropical 
Medicine, UK) 

147,875,193 
138,940,896 

(93.96%; 7.56%) 
154.1 91,244 17,924 2.58 SRR3111634 
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Table 4.1 continued. B. malayi sequencing samples and statistics. 

Male #3 from LiverpoolJird 
(Liverpool School of Tropical 
Medicine, UK) 

104,120,525 
94,291,226 

(90.56%; 29.82%) 
104.6 95,267 18,213 2.56 SRR3111636 

Male #4 from LiverpoolJird 
(Liverpool School of Tropical 
Medicine, UK) 

125,644,938 
112,568,346 

(89.59%; 18.12%) 
124.9 83,685 16,567 2.55 SRR3111640 

Male #1 from WashUJird 
(Washington University, St. 
Louis MO, USA) 

146,560,331 
142,124,306 

(96.97%; 4.05%) 
157.6 87,443 17,164 2.60 SRR3111318, 

SRR3111319 

Male #2 from WashUJird 
(Washington University, St. 
Louis MO, USA) 

306,184,363 
296,328,670 

(96.78%; 16.51%) 
328.7 85,980 17,775 2.55 SRR5190289S

RR5190290 

Male #3 from WashUJird 
(Washington University, St. 
Louis MO, USA) 

182,969,464 
175,947,111 

(96.16%; 5.50%) 
195.1 102,025 20,153 2.58 SRR3111488 

Male #4 from WashUJird 
(Washington University, St. 
Louis MO, USA) 

125,625,465 
116,354,111 

(92.62%; 8.26%) 
129 91,310 16,334 2.63 SRR3111493 

Male #5 from WashUJird 
(Washington University, St. 
Louis MO, USA) 

169,550,837 
163,971,862 

(96.71%; 4.72%) 
181.9 92,187 17,951 2.56 SRR3111498 

Male #6 from WashUJird 
(Washington University, St. 
Louis MO, USA) 

566,992,421 
509,872,583 

(89.93%; 20.00%) 
565.5 104,676 20,835 2.59 SRR5190287S

RR5190288 

Male #1 from ThaiJird (Chiang 
Mai University, Thailand) 210,734,204 

194,975,880 

(92.52%; 84.32%) 
216.2 173642 72369 2.15 SRR12884294 

Male #2 from ThaiJird (Chiang 
Mai University, Thailand) 193,090,525 

184,367,394 

(95.48%; 75.59%) 
204.5 209772 97820 2.18 SRR12884293 

Male #3 from ThaiJird (Chiang 
Mai University, Thailand)) 141,348,257 

128,102,591 

(90.63%; 88.59%) 
142.1 187810 77645 2.10 SRR12884292 

Male #4 from ThaiJird (Chiang 
Mai University, Thailand) 170,523,642 

152,924,413 

(89.68%; 81.85%) 
169.6 190595 74983 2.23 SRR12884291 

SNV density and p across the B. malayi genome 

The analysis of SNV distribution using p was calculated over the Nigon elements 

associated with each chromosome. Nigon elements are regions of nematode genomes that 

likely reflect five autosomes and a single sex chromosome. Nigon elements persist 

despite genome rearrangements because of the infrequency of recombination between 

chromosomes in nematodes [35, 89, 160]. These are similar to Muller elements in 

Drosophila [129] with Nigon elements being denoted as Nigon-A, Nigon-B, Nigon-C, 
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Nigon-D, Nigon-E, and Nigon-X. The gene content on Nigon elements remains largely 

conserved even following neo-X chromosome evolution, like the fusion of Nigon-D and 

Nigon-X in Brugia spp. and Nigon-D and Nigon-E in O. volvulus [35]. 

The average SNV density across all samples (Fig. 4.1) and the amount of nucleotide 

diversity (p) (Fig. 4.2) for all 26 B. malayi samples were similar when calculated in 10-

kbp windows across each of the Nigon elements for each sample. For species where 

chromosome X and the pseudoautosomal region were defined and the samples were 

known to be male (B. malayi and B. pahangi), Pi for this chromosome was calculated 

using a ploidy value of 1, while the remaining chromosomes were calculated using the 

standard ploidy of 2. In these cases, X-specific will refer to the region of the X 

chromosome that is not shared with the Y chromosome, while the pseudo-autosomal 

region will refer to the shared sequence between X and Y. After excluding the pseudo-

autosomal region of the X chromosome, the average Pi across the X specific Nigon 

elements D and X are 5-fold lower (pX/pA = 0.19) when compared to similar regions of 

the autosomes (Fig. 4.3). 

A principal component analysis identified that while populations recently supplemented 

from the FR3 lineage are very similar, the Thai samples and the Indian samples are 

significantly different, despite those from Lucknow, India sharing a common background 

with the FR3 lines (Fig. 4.4A). 

Genomic variation in B. pahangi samples 

Individual adult male B. pahangi worms were sequenced from endemic B. pahangi from 

a cat in Malaysia and from the B. pahangi FR3 laboratory population. For sequencing of 
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endemic B. pahangi, Aedes togoi mosquitos were allowed to feed on a naturally-infected 

microfilaremic wild cat, L3s were recovered, and these L3s were used to infect gerbils as 

previously described by Lau et al. (2015) [141]; three of these adult worms from a single 

gerbil were individually sequenced and used for variant analysis. These three worms 

were compared to seven adult male B. pahangi worms from the FR3 laboratory 

population from two gerbils. All of these samples were sequenced on the Illumina HiSeq 

platform, resulting in an average 105´ sequencing depth (range: 22´-217´) per individual 

across the genome (Table 4.2). All samples were mapped to the B. pahangi FR3 genome 

[44]. On average there were 315,514 SNVs and 107,463 insertions/deletions identified 

with the GATK HaplotypeCaller in each B. pahangi sample with a consistent Ts/Tv of 

2.67-2.95. 



 

 75 

 

 

Figure 4.1. B. malayi variant distribution across samples from multiple laboratory backgrounds. SNV 

density was calculated across each of the B. malayi chromosomes and averaged across all samples using 

10 kbp windows across each contig and normalized to the total sample number (n=26). Heterozygous 

variants were considered as half of the value of homozygous variants for the purposes of density 

calculations. There is a significant loss of variants in chromosome X that is consistent across all 

individual samples and is displayed here in aggregate. The pseudoautosomal region of chr X is indicated 

by a red bar. 
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Table 4.2. B. pahangi sequencing samples and statistics. 

Sample 
(source) 

Host 
source Total reads 

Mapped reads 
(% mapped; 

% duplicates) 

Genome 
coverage SNPs Indels 

Ts/ 
Tv 

SRA ID 

Male #1 from FR3Jird 
Bpahangi (FR3, 
Athens GA, USA via 
BEI) 

Likely 
green 
leaf 
monkey 

139,474,487 
135,519,121 

(97.16%; 
24.56%) 

138.52 225,448 85,623 2.77  

Male #2 from FR3Jird 
Bpahangi (FR3, 
Athens GA, USA via 
BEI) 

Likely 
green 
leaf 
monkey 

139,330,858 
90,985,568 

(65.30%; 
29.20%) 

93.001 216,603 69,534 2.77  

Male #3 from FR3Jird 
Bpahangi (FR3, 
Athens GA, USA via 
BEI) 

Likely 
green 
leaf 
monkey 

150,399,461 
148,539,735 

(98.76%; 
27.62%) 

151.83 215,498 78,213 2.67  

Male #1 from 
MalaysiaJird 
(University of Malaya, 
Kuala Lumpur, 
Malaysia) 

Cat 115,429,999 
110,368,364 

(95.61%; 
2.38%) 

112.81 505,118 151,790 2.95 SRR7226912 

Male #2 from 
MalaysiaJird 
(University of Malaya, 
Kuala Lumpur, 
Malaysia) 

Cat 507,610,482 
428,540,883 

(84.42%; 
65.79%) 

438.04 563,120 176,724 2.91 
SRR7227476 

SRR7227477 

Male #3 from 
MalaysiaJird 
(University of Malaya, 
Kuala Lumpur, 
Malaysia) 

Cat 627,331,651 
582,697,145 

(92.89%; 
31.92%) 

595.61 454,154 149,676 2.87 
SRR7227478 

SRR7227479 

Male #1 from Jird158 
(FR3, University of 
Wisconsin Oshkosh, 
Oshkosh WI, USA) 

Likely 
green 
leaf 
monkey 

246,787,275 
244,527,292 

(99.08%; 
56.07%) 

249.95 186,524 67,308 2.75 SRR12884299 

Male #2 from Jird158 
(FR3, University of 
Wisconsin Oshkosh, 
Oshkosh WI, USA) 

Likely 
green 
leaf 
monkey 

216,007,431 
214,184,297 

(99.16%; 
50.86%) 

218.93 183,020 67,632 2.76 SRR12884298 

Male #3 from 
Jird158(FR3, 
University of 
Wisconsin Oshkosh, 
Oshkosh WI, USA) 

Likely 
green 
leaf 
monkey 

314,320,190 
277,785,807 

(88.38%; 
54.97%) 

283.94 244,243 85,843 2.81 SRR12884297 

Male #4 from 
Jird158(FR3, 
University of 
Wisconsin Oshkosh, 
Oshkosh WI, USA) 

Likely 
green 
leaf 
monkey 

103,981,464 
95,243,496 

(91.60%; 
59.15%) 

97.35 202,616 72,275 2.75 SRR12884296 
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Figure 4.2 Pi across B. malayi and B. pahangi samples from multiple laboratory backgrounds. Pi was 

calculated across each of the B. malayi and B. pahangi contigs/scaffolds using VCFTools on a combined 

VCF file containing all samples. The results are organized by chromosome and Nigon elements. 

Chromosome X shows a distinct lack of nucleotide diversity relative to the autosomes. The lack of 

diversity on chromosome X appears to be present in nematodes from all laboratory centers for B. malayi 

and in both endemic and laboratory populations for B. pahangi. The plots for chromosome X are larger 

reflecting the increased size of chromosome X which is approximately twice the size of the autosomes. 

Chromosome Y is not resolved in either organism and, as such, Pi could not be calculated. 
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Figure 4.3. Pi across filarial nematode species and model organisms. Pi was calculated across B. malayi, 

B. pahangi, W. bancrofti, O. volvulus, L. loa, D. immitis, D. melanogaster and C. elegans using 

VCFTools on a combined VCF file containing all samples for each of those species. For all nematode 

species, contigs were assigned to a Nigon element based on their homology to B. malayi, O. volvulus and 

C. elegans. Values of Pi were log10-transformed to more readily visualize the distributions. Filarial 

nematodes with neo-X chromosomes (Nigon-D/Nigon-X in Brugia spp. and W. bancrofti and 

NigonD/Nigon-E in O. volvulus) have a significantly depressed p  compared to autosomal Nigon 

elements or X chromosomes in other species (Nigon-D in L. loa and D. immitis, Nigon-X in C. elegans, 

and chromosome X in D. melanogaster). This suggests that the loss of diversity observed in B. malayi 

and B. pahangi is not limited to Brugia species but rather related to the formation of the neo-X 

chromosome. Chromosome 4 in D. melanogaster also has a decrease in Pi; it is a small chromosome 

sometimes referred to as the dot chromosome that is largely heterochromatic and may formerly have been 

a sex chromosome [161].  
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Figure 4.4. Principal component analysis of B. malayi and B. pahangi samples. Principal component 

analyses of the B. malayi (A) and B. pahangi (B) samples were conducted using PLINK with default 

parameters on each individual sample for each population, and the resulting outputs were imported into R 

and plotted using geom_point from ggplots. All of the FR3-derived B. malayi samples cluster very tightly 

together, except for those derived from the Lucknow strain, which are separated by principal component 

2. Principal component 1 primarily divides the 4 samples from Thailand, which not only are distinct from 

FR3-derived worms, but are much more distinct from each other than FR3-derived worms are from each 

other. The FR3 single adult male B. pahangi all cluster together, while samples from wild infected cats 

from Malaysia appear to dominate the variation along both principal components. 

SNV density and Pi across the B. pahangi genome 

The average SNV density across all samples (Fig. 4.5) and the amount of allelic diversity 

(Pi) (Fig 4.2) for all 10 samples were calculated in 10-kbp windows across each of the 

Nigon elements for each sample. Based on both the sequencing depth (Fig. 4.6) 

difference between BP_ChrX_c and other contigs in the B. pahangi chromosome X and 

the decrease in apparent sequence diversity on chromosome X contigs in all but 

BP_ChrX_c (Fig 4.7), BP_ChrX_c was used as the pseudoautosomal region for all 

subsequent analyses. As such the remainder of the chromosome was excluded in the 
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analysis of Pi. After excluding the pseudoautosomal region of the X chromosome, the 

average Pi across Nigon elements D and X is 5-fold lower (pX/pA = 0.21) when compared 

to Nigon elements in the autosomes (Fig 4.2, Fig. 4.3). 

A principal component analysis of autosomal variants using PLINK identified that the 

FR3 B. pahangi samples are distinct from the endemic samples, but that the FR3 samples 

are also much more closely related to each other than the endemic samples are to one 

another (Fig 4.4). The second principal component primarily separates out each endemic 

sample, suggesting that these worms have significantly more diversity than those from 

the FR3 lineage. 

Brugia shared X chromosome origin via introgression 

In each Brugia nematode, there are three genomes—the mitochondrial genome, the 

Wolbachia endosymbiont genome, and the nuclear genome. Because of the similarities in 

nucleotide identity, chromosome structure (including a largely shared X chromosome and 

similar pseudoautosomal region) and genome size between B. pahangi and B. malayi, as 

well as the documented ability for these species to successfully cross [124], we tested if 

there was introgression between B. pahangi and B. malayi. If an introgression occurred 

that resulted in the transfer of a chromosome X from one Brugia species to the other, one 

would expect that a phylogenetic tree drawn from chromosome X would look different to 

that of the autosomes.  

However, phylogenetic trees of a subset of conserved genes on the autosomes of these 

agents of lymphatic filariasis and a related filarial parasite, Onchocerca volvulus, are 

similar in topology and relative distance when compared to those on chromosome X and 
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the mitochondria, while the rates of variation are different (Fig. 4.8). These phylogenetic 

patterns between B. malayi and B. pahangi that are the same for chromosome X, the 

autosomes and mitochondrial sequences suggest that the decreased variation on 

chromosome X did not result from introgression. The conserved phylogenetic topology 

suggests that this lack of sequence diversity predates the origins of these species. 

 

Figure 4.5. B. pahangi variant density. SNV density was plotted across each of the B. pahangi 

chromosomes averaged across all samples. Density was calculated using 10 kbp windows across each 

contig using R and normalized to the total sample number (n=10). Heterozygous variants were considered 

as half of the value of homozygous variants for the purposes of density calculations. Similar to B. malayi, 

chromosome X of all of the B. pahangi samples show a significant lack of variation in the central region 

that is in contrast to the autosomes and the rest of chromosome X.  



 

 83 

 

 

BP_Chr1_a P_Chr1 ChP_Chr1

5 10 0.51.01.50.20.4 0.51.0
0.000

0.005

0.010

0.015

0.020

Position (Mbp)

SN
V 

De
ns

ity
BP_Chr2_a BP_Chr2_b

1 2 3 5 10
0.000

0.005

0.010

0.015

0.020

Position (Mbp)

SN
V 

De
ns

ity
BP_Chr3_a BP_Chr3_b

5 10 1 2 3
0.000

0.005

0.010

0.015

0.020

Position (Mbp)

SN
V 

De
ns

ity

BP_Chr4

5 10
0.000

0.005

0.010

0.015

0.020

Position (Mbp)

SN
V 

De
ns

ity

BP_ChrX_a BP_ChrX_b P_ChrX_

1 2 5 10 15 0.51.0
0.000

0.005

0.010

0.015

0.020

Position (Mbp)

SN
V 

De
ns

ity



 

 84 

 

 

Fig 4.6. B. pahangi sequencing depth across all samples. Depth plots were calculated over 10 kbp non 

overlapping regions across the B. pahangi chromosomes. The predicted pseudoautosomal region (Fig 4.7) 

has depth that is consistent with autosomal depth while the rest of chromosome X appears to be at half 

depth. This is consistent with a pseudo-autosomal profile in this contig. 
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Fig 4.7. Heterozygous B. pahangi SNV density across chromosome X. Density plots were generated for 

heterozygous SNV density values calculated over 10 kbp non-overlapping regions across the B. pahangi 

chromosome X. Pseudo-autosomal regions in chromosome X of B. malayi have been previously 

described [41], and an analysis of heterozygous SNVs in chromosome X of adult B. pahangi males 

(which should only be possible in pseudoautosomal regions) reveals that a similar region of the 

chromosome has an enriched value of Pi, indicating that B. pahangi has a similar pseudoautosomal region 

to B. malayi. 

Other filarial genomes 

To examine the loss of sequence diversity on chromosome X more widely, particularly 

with respect to the two neo-X chromosomes, we compared the sequence diversity across 

exemplar filarial nematodes that have sequence data from multiple samples, including the 

two Brugia species described above, O. volvulus [50], W. bancrofti [45], L. loa [127] and 

D. immitis [128]. These analyses capitalized on the organization of nematode genomes in 

Nigon elements described above that allows for the attribution of contigs to Nigon 

elements even in the highly fragmented genomes like W. bancrofti [45], L. loa [21] and 

D. immitis [143]. W. bancrofti has a Nigon-D and Nigon-X fused neo-X chromosome like 

Brugia spp., O. volvulus has a Nigon-D and Nigon-E fused neo-X chromosome, and D. 

immitis and L. loa are predicted to have just Nigon-D as their X chromosome [35]. If the 
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loss of sequence diversity in chromosome X of Brugia is associated with neo-X 

chromosome evolution, we would expect there to be a similar loss in O. volvulus that we 

do not see in D. immitis or L. loa. In addition, the results were compared to similar data 

[162, 163] for the model organisms C. elegans and D. melanogaster that have complete 

genomes [164, 165], and a large amount of available population data. C. elegans is a free-

living nematode with an XO reproductive system, while D. melanogaster is an arthropod 

with an XY reproductive system. 

Publicly-available WGS data from populations of O. volvulus (mixed sex individuals), W. 

bancrofti (mixed samples), L. loa (mixed samples), D. immitis (individual males), C. 

elegans (mixed sex individuals), and D. melanogaster (mixed sex individuals) were 

analyzed to ascertain whether the loss of diversity observed in B. malayi and B. pahangi 

was present in other filarial nematodes. Given the fragmented nature of some of the 

filarial nematode genomes, the pseudo-autosomal region could only be excluded from O. 

volvulus and D. melanogaster. Contigs from the nematode genomes were assigned to 

Nigon elements based on their homology to B. malayi, C. elegans, and O. volvulus. The 

distribution of Pi across Nigon elements was non-normal with a mean outside the 

interquartile range such that the data violates many of the assumptions of common 

statistical tests. However, visual inspection of the box plots reveals that in nematodes 

with neo-X chromosomes (i.e., Brugia spp., W. bancrofti, and O. volvulus) chromosome 

X can clearly be delineated with a lower Pi (Fig. 4.3), despite the difference in the 

composition of those neo-X chromosomes. In contrast, in nematodes without neo-X 

chromosomes (i.e., D. immitis, L. loa, and C. elegans) as well as in D. melanogaster, 

chromosome X cannot be clearly delineated (Fig. 4.3), and Pi on chromosome X is in line 
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with Pi on the autosomes. This indicates that the lack of sequence diversity on Pi is not 

due solely to the life cycle and lifestyle of filarial nematodes, but instead to the recent 

origin of neo-X chromosomes through fusion with an autosome. 

 

Fig 4.8. Phylogenetic trees of nucleotide alignments of conserved nematode BUSCO genes and 

mitochondria between filarial species. Conserved genes predicted by BUSCO in B. malayi, B. pahangi, 

W. bancrofti, B. timori and O. volvulus were separated out by their location and divided based on their 

presence on chromosome X of B. malayi and B. pahangi (A) or the autosomes of those species (B). These 

gene sets were used to construct phylogenetic trees using IQ-TREE (bootstrap=1000) that were midpoint 

rooted in IQ-TREE (https://itol.embl.de/). (C) Mitochondrial genome sequences of these organisms were 

aligned via MAFFT, and trees were generated via IQ-TREE. The relationships between filarial species 

consistently show B. malayi and B. timori as more closely related to each other than to B. pahangi such 

that any loss of chromosome X diversity likely predates the divergence of the three organisms. 
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Discussion 

B. malayi and B. pahangi filarial nematode populations have genetic diversity that is 

consistent with the known separation over time of these populations (Fig. 4.8). The 

greatest difference is seen between endemic nematodes and laboratory populations in the 

case of B. pahangi, or between independently derived laboratory populations in the case 

of B. malayi. To a lesser extent there are differences between nematodes that were 

derived from the same human sample but have been maintained separately for decades 

reflected in the differences between Lucknow and the FR3 samples. 

Lack of access to clinical samples precluded their inclusion in this study. While the 

passage of laboratory populations through non-native hosts could impact the genetic 

diversity, introducing new bottlenecks and selective pressures, the lack of diversity on 

neo-X chromosomes was found in at least two populations for each of four species with 

known neo-X fusions (B. malayi, B. pahangi, W. bancrofti, and O. volvulus) and was 

absent from the two filarial nematodes that lack such fusions (L. loa and D. immitis). 

Further population level data and the completion of filarial nematode genomes will likely 

shed further light on the factors influencing genetic diversity in filarial nematodes as well 

as parasitic nematodes more broadly. 

A difference in genetic diversity was observed between autosomes and chromosome X. 

Genetic diversity can be influenced by bottlenecks, polyandry, rate of recombination, 

mutation rate, selection, and effective population size [130, 131]. The loss of genetic 

diversity on chromosome X is not limited to just laboratory populations (and the 

bottlenecks associated with laboratory propagation) since natural populations of W. 

bancrofti and B. pahangi have the same loss diversity. Although polyandry and 
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population shrinkage may also contribute to loss of diversity in filarial nematodes, it is 

quite likely to be similar for the examined filarial nematodes given their life history. 

 
Fig 4.9. Phylogenetic relationships related to sex chromosome Nigon content. The phylogenetic 

relationship of filarial nematodes is shown as adapted from Lefoulon et al. (2015) [166]. Nigon element 

assignments for the sex chromosomes are shown when known or inferred previously [35]. The loss of 

diversity on the sex chromosome co-occurs with the instances of chromosomal fusions between Nigon-IV 

and Nigon-X in ONC5 and between Nigon-IV and Nigon-V in ONC3, but does not appear to be present 

in species that do not contain the chromosomal fusion in either the ONC3 or ONC5 clades. 

The rate of recombination is expected to be suppressed in sex chromosomes relative to 

autosomes [167], which is supported by the signficant reduction in intrachromosomal 

inversions observed in the Brugia chromosome X relative to its autosomes [35]. In 
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addition, chromosome Y has an abundance of repeats and transposable elements that 

prevented its assembly [35], and these repetitive elements are predicted to play a critical 

role in the further suppression of recombination [168]. 

In mammals and birds, the higher mutation rate in males over females leads to 

differences in the mutation rate between autosomes and sex chromosomes [169] while in 

at least one plant [170] the autosome and sex chromosome mutations are approximately 

equal. Differences in mutation rate on the sex chromosomes in mammals relate to more 

rounds of replication in male gametes, which is likely also the case in filarial nematodes. 

However, we expect male gametogenesis to be similar between these filarial nematodes, 

such that the differences we observe are not likely attributed to the mutation rate. 

Genetic diversity can also be influenced by sex-biased effective population size, sex-

biased inheritance, and sex-exclusive inheritance [130, 131]. While we cannot rule out 

the effects of sex-biased inheritance or sex-exclusive inheritance, we suggest that they 

would likely be the same across all of these filarial nematodes. 

Across nematodes and even filarial nematodes, there is a diversity of sex chromosomes 

with XO sex determination being common, but XY being present, and even some 

nematodes having three sexes [171]. Among the filarial nematodes examined, L. loa and 

D. immitis are thought to be XO [70], with Brugia spp. and Onchocerca spp. being XY 

[70] resulting from different neo-X fusions [35]. In the absence of selection and no sex 

bias in reproduction, the expected population size for an organism with heteromorphic 

XY chromosomes, like Brugia and Onchocerca filarial nematodes, the 

autosome:chromosome X:chromosome Y allelic frequency is 4:3:1. As a consequence, a 
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reduction of nucleotide diversity is expected on heteromorphic sex chromosomes, with 

pX/pA ~ 0.75 [50, 130]. Similarly, nematodes with XO sex determination would have an 

expected autosome:(chromosome X):(chromosome Y) allelic frequency is 4:3:0 with 

pX/pA ~ 0.75. However, we observe pX/pA ~ 0.2 for both Brugia species. 

Upon examination of other filarial nematodes, a similar reduction in pX/pA was observed 

for W. bancrofti and O. volvulus, all four of which have neo-X chromosomes that 

emerged after fusion of chromosome X with an autosome. In the case of filarial worms, 

different neo-X chromosomes were formed at least twice by the fusion of two Nigon 

elements [35, 89, 160]. The common Nigon element in these fusion events appears to be 

Nigon-D, which is likely the ancestral sex chromosome of filarial nematodes [35, 89, 

160]. The chromosomal fusion event in the ONC3 clade containing Onchocerca spp. 

joined Nigon-D and Nigon-E while the chromosomal fusion in the ONC5 clade 

containing Brugia spp. and Wuchereria sp. joined Nigon-D and Nigon-X (Fig. 4.9). Both 

times that there is a loss in diversity on chromosome X in this study there is a 

concomitant neo-X fusion. And conversely, where there is not a neo-X fusion, there is 

not the loss of diversity (i.e., L. loa and D. immitis). As such this lack of genetic diversity 

on chromosome X seems consistent with the formation of the neo-X chromosomes prior 

to several speciation events, like that of Brugia spp. and W. bancrofti (Fig. 4.9). 

Chromosomal fusion events are known to reduce genomic diversity in species as the 

effective population size of the sex chromosome is reduced and novel genes and dosage 

mechanisms must be generated to compensate for the fusion [172, 173]. For example, in 

Sylvoidea bird species, a loss of diversity on chromosome Z (the equivalent of 

chromosome X in ZW systems) is attributed to a neo-sex chromosome fusion [174]. 
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Chromosomal fusions may not be the only source of diversity loss on chromosome X. 

For example, Haemonchus contortus, a parasitic nematode, does not show evidence of a 

recent chromosomal fusion. Yet the H. contortus πX/πautosome is 0.36 [175], which is also 

lower than neutral expectation of πX/πautosome ≃ 0.75. This decrease in H. contortus was 

attributed to host sex biases due to reproductive fitness being over-dispersed between 

males and females from polyandry and high fecundity [175]. However, filarial nematodes 

only seem to have this lack of genetic diversity on neo-X chromosomes despite likely 

polyandry and high fecundity across many or most filarial nematodes. 

In nematodes, there has also been a transition in the sex chromosomes. Nigon-D is likely 

the ancestral chromosome for all Rhabditida nematodes, with a conversion of Nigon-X to 

chromosome X in Rhabditina nematodes, which includes C. elegans [35]. This transition 

does not appear to be associated with a difference in genetic diversity for chromosome X 

upon comparisons of C. elegans and the filarial nematodes without neo-X fusions, like D. 

immitis and L. loa. (Fig. 4.3). It is possible that altering the sex determining Nigon 

element is not enough to cause diversity loss, and that it is specifically associated with 

chromosomal fusion. Alternatively, it is possible that enough time has elapsed to 

eliminate the signature associated with that transition at least with the resolution with 

which it was examined here. 

The same processes that subject chromosome X to decreased genetic diversity and 

Muller’s ratchet also affect chromosome Y to a much larger degree [169, 176]. In filarial 

nematodes, we do not have an assembled chromosome Y, and are limited to male-

specific contigs attributed to chromosome Y. But the high repetitiveness of the sequences 

and the lack of expression of Y specific genes in male nematodes [35] suggests that 
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filarial nematode Y chromosomes are undergoing a degeneration consistent with neo-Y 

formation.  

Although chromosomal fusions appear to be associated with diversity loss in filarial 

worms, it is not yet clear if this will be found universally in other parasitic nematodes. 

This lack of chromosome X genetic diversity is important since most medically important 

filarial nematodes have neo-X fusions with a third of all genetic material being on 

chromosome X, representing a substantial loss of sequence diversity. Genetic material on 

chromosome X also undergoes recombination at a lower rate than the rest of the genome 

[167]. Thus the sex chromosome is more susceptible to Muller’s Ratchet [177], which is 

a process whereby deleterious mutations accumulate in the absence of recombination. 

This loss of diversity on such a large portion of the genome could have significant 

consequences. In other parasites, drug resistance and adaptability are associated with a 

higher level of genetic diversity, and its absence can prevent an organism from 

developing strategies of coping with adverse events [178]. 

Conclusions 

Populations were examined that were derived from two independent isolates of B. malayi 

and B. pahangi. For B. malayi this includes several populations derived from a human 

from Malaysia and a population from an infected woman in Thailand. For B. pahangi this 

includes the populations derived from a green leaf monkey from Malaysia and from 

naturally infected Malaysian cats. We observe a lack of sequence diversity on 

chromosome X in all independent populations of B. malayi and B. pahangi that is 

consistent with reduced chromosome X diversity in other sequenced filarial nematodes 

with neo-X chromosomes. Given the importance that sequence diversity has with respect 
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to adaptability and the size of chromosome X, which is a third of the genome, this lack of 

sequence diversity in a third of the genome in medically important filarial nematodes is 

likely to have a large effect on the sex chromosome evolution of these species. 

Supporting Information 

Software availability 

All code used for data analysis and generation of figures used in this project can be found 

at https://github.com/jeanmattique/BrugiaPopulationGenomics. 

Animal protocol availability 

All animals in the US were handled in accordance with guidelines defined by the Animal 

Welfare Act (A3381-01), Association for Assessment and Accreditation of Laboratory 

Care International (AAAALAC), PHS Policy for the Humane Care and Use of 

Laboratory Animals, and the Guide for the Care and Use of Laboratory Animals. Animal 

work for FR3 was approved under the University of Georgia Athens Institutional Animal 

Care and Use protocol A2010 12-005 and A2013 11-009 or the University of Wisconsin 

Oshkosh under IACUC protocol number 0026-000246-R2-01-12-17. All animal research 

at TRS was approved under Institutional Animal Care and Use Protocol 13-03 or 14-03. 

All animal work at WUSM was approved under WUSM Institutional Animal Care and 

Use Protocol 20120025. 

The study in Lucknow India bears IAEC approval number 129/08/Para/IAEC/renew 

(84/09) dated April 27, 2009. 

All experiments on animals at Liverpool School of Tropical Medicine were approved by 

the ethical committees of Liverpool School of Tropical Medicine and the University of 
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Liverpool and were conducted according to Home Office Legislation, the revised 

Animals (Scientific Procedures) Act of 1986 (project license numbers 3002974, 

P86866FD9). 

Approval for using gerbils for sample work in Malaysia was granted by the University of 

Malaya Animal Care and Use Committee (Ref. No. PAR/29/06/2012/RM [R]). 

The protocol for samples obtained from Thailand was approved by the Institutional 

Animal Care and Use Committee (Protocol Number 15/2562) of the Faculty of Medicine, 

Chiang Mai University, Chiang Mai province, Thailand. 

Accession Numbers 

All sequencing data is deposited in the SRA and can be found under the following run 

numbers, which are also detailed in Supplementary Tables 1 and 2: TRS B. malayi males: 

SRR3111504, SRR3111510, SRR3111514, SRR3111517. FR3 B. malayi males: 

SRR3111544, SRR3111568, SRR3111579, SRR3111581. The Liverpool School of 

Tropical Medicine B. malayi males: SRR3111629, SRR3111630, SRR3111634, 

SRR3111636, SRR3111640. Washington University B. malayi males: SRR3111318, 

SRR3111319, SRR3111488, SRR3111493, SRR3111498, SRR5190290, SRR5190289, 

SRR5190290, SRR5190289. Lucknow, India B. malayi males: SRR3111731, 

SRR3111738, SRR3111864, SRR3112012. Thailand B. malayi males: SRR12884294, 

SRR12884293, SRR12884292, SRR12884291. FR3 B. pahangi males: SRR7229557, 

SRR7244205, [pending]. FR3 B. pahangi females: SRR10997235, SRR10997259, 

SRR10997264, SRR10997265, SRR10997290, SRR10997293, SRR10997301, 

SRR10997315, SRR10997319, SRR10997320, SRR10997325. Kuala Lumpur B. 
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pahangi males: SRR7226912, SRR7227476, SRR7227477, SRR7227478, SRR7227479. 

In addition, we used the following files from the SRA for the analysis presented in this 

paper. W. bancrofti samples: SRR8188284, SRR8188279, SRR8188269, SRR8188264, 

SRR8188300, SRR8188272, SRR8188273, SRR8188271. O. volvulus samples: 

SRR2924837, SRR2924836, SRR2924835, SRR2924834, SRR2924832, SRR2924830, 

SRR2924828, SRR2924826, SRR2924824, SRR2924823, SRR2924812, SRR2924811, 

SRR2924784, SRR2924783, SRR2924782, SRR2924781, SRR2924780, SRR2924779, 

SRR2924778, SRR2924733, SRR2924722, SRR2924721, SRR2924720, SRR2924719, 

SRR2924532, SRR2924467, SRR2924442, SRR2924439, SRR2924434, SRR2924383, 

SRR2924326, SRR2924211. L. loa samples: SRR3136724, SRR3136977, SRR3136722, 

SRR3136723, SRR3136973, SRR3136975, SRR3136979, SRR3140170, SRR3140171, 

SRR3136725, SRR3136972, SRR3136976. C. elegans samples: SRR9322180, 

SRR9322887, SRR9322632, SRR9322850, SRR9322406, SRR9322439, SRR9322420, 

SRR9322366, SRR9322508, SRR9322360, SRR9322172, SRR9322278, SRR9321994, 

SRR9322517, SRR9322739, SRR9322241, SRR9322893, SRR9322681, SRR9322222, 

SRR9322809, SRR9322720, SRR9322512, SRR9322507, SRR9322002, SRR9322671, 

SRR9322510, SRR9322657, SRR9322769. D. immitis samples: SRR10533236, 

SRR10533238, SRR10533239, SRR10533240, SRR10533237, SRR13154013, 

SRR13154014, SRR13154015, SRR13154016, SRR13154017. D. melanogaster samples: 

SRR189389, SRR306629, SRR306612, SRR306616, SRR306614, SRR306609, 

SRR306621, SRR306619, SRR306624, SRR306611, SRR306618, SRR189102, 

SRR218317, SRR189040, SRR189101, SRR189105. 
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Abstract 

Brugia malayi is a parasitic nematode and a causative agent of lymphatic filariasis in 

humans. A total of 178 novel microRNA were identified from short read transcriptional 

data, which when combined with known B. malayi microRNA yields 284 characterized 

microRNA in the species. About half (123/284 or 43%) of these microRNA sequences 

are differentially expressed over the mammalian life stages of B. malayi. Putative targets 

of these microRNA were identified from inversely expressed target clusters that contain 

valid seed sequences for the corresponding microRNAs. The largest identified cluster is 

downregulated in adult females and enriched in zinc finger domains, helicase domains, 

and DNA binding domains suggesting this microRNA cluster has regulatory control over 

a large proportion of adult female specific mRNA genes. Finally, microRNA-like 

molecules are identified as produced by the Wolbachia endosymbiont, providing 

evidence for direct, nucleic acid-based, cross species communication between filarial 

nematodes and their bacterial obligate endosymbiont. 
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Introduction 

Human lymphatic filariasis affects 36 million people worldwide [179-181]. The causative 

agents of lymphatic filariasis are filarial nematodes, specifically B. malayi, Brugia timori, 

and Wuchereria bancrofti. Filarial nematodes share a dual host life cycle, being 

transmitted through an invertebrate vector but maturing sexually and reproducing in a 

vertebrate host [182]. The microfilariae produced by adults in the vertebrate are taken up 

by vectors and mature through several larval stages to L3s that can re-infect a vertebrate 

host, including humans. For B. malayi, adult nematodes, which reside in the lymph, can 

survive for 4-8 years [183]. Though lymphatic filariasis is not typically fatal, it creates 

severe social and economic costs in affected communities, and can lead to permanent 

physical disfiguration [184]. 

Currently, lymphatic filariasis can be treated with three drugs that target the nematode: 

diethylcarbamazine, ivermectin, and albendazole [26, 27]. All of these primarily target 

microfilariae, though diethylcarbamazine has some limited adulticidal activity [28]. The 

antibiotic doxycycline can also be used for treatment [27] by killing the obligate bacterial 

symbiont Wolbachia that is required for worm survival. Adult worms require Wolbachia 

to survive, which gives this treatment macrofilaricidal activity, but it is limited in its 

capacity for mass treatment by the long length of the treatment course (4-6 weeks), and 

by the fact that it is contraindicated in children under 8 and pregnant women [29]. More 

recently, mass screening trials conducted by a partnership between the anti-Wolbachia 

consortium and AstraZeneca have identified 5 distinct chemical structures that appear to 

be highly effective at killing the Wolbachia endosymbiont, with strong macrofilaricidal 

efficacy [30], though the mechanisms by which these compounds act are unknown. 
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Regulatory RNAs play important roles in development, infection, and mature adult 

reproduction with the potential to enable the identification of novel targets for 

intervention [185]. Indeed, microRNAs have shown promise both for adult detection 

[55], and also as direct targets for parasite treatments [56]. MicroRNAs are regulatory 

small RNAs that bind to complementary mRNA in order to modify expression levels or 

translational rates [186]. These small molecules have been implicated as key signals in a 

wide variety of processes in both nematodes and mammals, including apoptosis, 

proliferation, differentiation, and metabolism [187-189]. There is also evidence that 

microRNAs are involved in cross-species communication [190], and as such can be 

critical in parasitic and mutualistic relationships between organisms [191-193].  

MicroRNAs were first identified in Caenorhabditis elegans, a free-living soil-based 

nematode that has served as a model organism for the last 70 years [52]. Small RNA 

molecules were originally thought to be exclusive to C. elegans and had strong roles in 

translational inhibition and RNA destabilization, with phenotypes related to embryonic 

development [53], though further work has expanded their role to almost every facet of 

cell function [54]. The discovery that these microRNAs had sequence conservation to 

multiple other organisms [194], including humans, began a gold rush of discovery that 

uncovered roles for these regulatory molecules within all eukaryotes [195].  

MicroRNAs have a very specific structure, which is recognized by cellular machinery 

and processed to effect transcriptional and translational regulation. A microRNA is 

derived from a pre-microRNA. That pre-microRNA is a hairpin that is composed (from 

3¢-end to 5¢-end) of (a) the 3p mature microRNA, which is half of the hairpin stem; (b) 

the loop of the hairpin structure; and (c) the 5p  microRNA, which is the other half of the 
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hairpin stem and is complementary or near-complementary to the mature microRNA 

(Fig. 5.1). Of these, the loop is degraded, and the mature 3p microRNA and 5p 

microRNA (each of length ~22 bps) remain and can be sequenced from the small RNA 

samples. The mature microRNA is the more frequently detected microRNA sequence, 

although both the 3p  and 5p forms can be loaded into dicer and be functional 

microRNAs. Multiple pre-microRNA loci can generate the same 3p microRNA, although 

this does not guarantee that it will also generate the same 5p microRNA. 
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Figure 5.1. Schematic of microRNA function in eukaryotic cells. A. Pri microRNA are transcribed from 

genomic loci and while inside the nucleus they are cleaved by the protein complex DROSHA, and then 

exported to the cytoplasm via Exportin. B. Pre-microRNA in the cytosol undergo hairpin removal via the 

protein complex DICER, and are then loaded into the RISC complex for regulatory activity. C. Due to the 

aforementioned cleavages, small RNA sequencing can only detect the stems of the hairpin loop, which 

are used by predictive software to identify microRNA loci in the genome. 



 

 104 

 

A total of 145 unique pre-microRNAs loci have previously been identified within the B. 

malayi genome, corresponding to 99 unique mature microRNA sequences [196]. 

Approximately a third of the identified mature microRNA sequences are differentially 

expressed between the adult and microfilarial life stages in the worm [196]. Some 

microRNAs that are highly conserved between vertebrates and helminths have been 

found to be released in extracellular vesicles by B. malayi during infection [197]. These 

vesicles were able to be internalized by murine macrophage cells, inducing a classical 

anti-inflammatory immune response [197]. These microRNAs appear to have host 

homology in their targeting, and their disruption may be able to hinder the ability of the 

nematode to establish a viable infection in the host [198]. 

B. malayi and other filarial nematodes require an obligate mutualistic bacterial Wolbachia 

endosymbiont, which in the case of B. malayi is wBm. In mosquito systems, Wolbachia 

endosymbionts influence the expression of host microRNAs in order to promote the 

growth of the bacteria [199]. In Aedes aegypti, with and without the obligate 

endosymbiont Wolbachia pipientis, there are 35 differentially expressed microRNAs, and 

the inhibition of one of these directly inhibited Wolbachia growth [199]. The induction of 

one microRNA, aae-miR-2940, by Wolbachia triggers the suppression of a 

methyltransferase within the mosquito necessary for Dengue infection, suggesting that 

Wolbachia’s host manipulation can increase the mosquito’s resistance to dengue infection 

[200]. Additionally, these Wolbachia strains have been shown to produce small 

noncoding RNAs with stem loop structures that mimic pre-processed microRNAs, which 

are found to be localized outside of the Wolbachia cells and influence both bacterial and 
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host gene expression [201], suggesting a potential small RNA or microRNA mechanism 

for interdomain communication between Wolbachia and its eukaryotic hosts.  

Bacterial intracellular communication with eukaryotic hosts through microRNA products 

extends beyond the Wolbachia genus. Salmonella is an intracellular bacteria that causes 

salmonellosis in the human intestinal tract through intracellular infection, with 200,000 

cases in the United States per year. This bacteria has been shown to produce microRNA-

like fragments, such as Sal-1, which are derived from their ribosomal RNA transcript, 

and can be recognized by host machinery [202]. These are recognized and processed by 

the eukaryotic protein Ago2 in a DICER independent manner, which then act identically 

to eukaryotic microRNAs. These microRNAs greatly enhance survival of the bacteria, 

and represent a critical interface of bacteria-host communication [203].  

Here, we describe a comprehensive analysis of microRNAs across the entire B. malayi 

life cycle, including both the vertebrate and invertebrate host, in order to identify active 

microRNAs in B. malayi and its Wolbachia endosymbiont wBm. We combine that 

expression data with simultaneously obtained B. malayi mRNA expression data to 

identify putative targets of these microRNAs, and gain insight into their potential 

biological function. 

Materials and methods 

Small RNA library preparation and sequencing 

Small RNA libraries were prepared from the same RNA samples that were used for 

mRNA transcriptome profiling [204]. Briefly, samples were collected from both the jird 

and the mosquito over the time course of the parasite. In the jird, samples were collected 
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at 4 dpi (days post infection; the infective L3 stage), 8 dpi (post L3 molt), 20 dpi in males 

(immature adult male), 24 dpi in females (immature adult female), 180 dpi in males and 

females (reproductively active males and females), embryos from females at 180 dpi, and 

immature and mature microfilariae at 180 dpi. In the mosquito, samples were collected at 

18 hpi (hours post infection, the L1 molt), 4 dpi (the L2 molt) and 8 dpi (the L3 molt).  

Small RNA sequencing libraries were constructed using the CleanTag small RNA library 

prep kit (TriLink Biotechnologies) according to manufacturer’s protocol. Adapters were 

diluted 1:2 for sample input under 150ng while samples with input over 150 ng used 1X 

adapters. Post adapter annealing and cDNA synthesis samples were subject to 15 cycles 

of PCR. Following PCR, samples were evaluated and size selected via 3% agarose gel. 

Bands ~140 bp in size were excised and purified using a QIAquick gel extraction kit 

(Qiagen). Post purification samples were checked for sizing, quality, and quantity on the 

Perkin Elmer Gx. Using the GX quantification, samples were pooled in equimolar 

amounts. The sample pool was further quantified using the Kapa library quantification kit 

(Roche). The sample pool was diluted to 2 nM, denatured with 0.1N sodium hydroxide 

and loaded on a MiSeq sequencing system for 50 cycles of sequencing using an MiSeq 

reagent kit v2 (Illumina). 

Read mapping and microRNA identification 

Reads were mapped using BWA-ALN (v. 0.7.12) [205] to a combined reference of 

Brugia malayi v.4 from Wormbase [36] combined with the most recent Aedes aegypti 

genome [206]. The resulting BAM files were combined, and analyzed using mirDeep2 

[207] in order to identify novel microRNA sites. From there, known microRNAs [36] 

were combined with novel microRNAs to form a final genome reference file that was 
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quantified with HTSeq [208]. Mature microRNA sequences were combined with mature 

sequences from all nematodes contained in WormBase, and compared with each other 

using a Needleman-Wunsch algorithm implemented by the program Needle [209] to 

obtain percent identity for each pairwise comparison of all known nematode microRNA, 

consistent with previously described microRNA comparisons [196]. These were 

processed using R [151] to calculate TPM (transcripts per million) values for each 

microRNA at each sample, which were then analyzed using the edgeR package for 

differential expression [210], and the WGCNA package for clustering and inverse 

expression [211]. Target mRNAs were predicted using known mRNAs from B. malayi 

from Wormbase [36], the combined list of predicted microRNA and the Miranda 

prediction software [212]. The total number of differentially expressed mRNA was then 

truncated to only include mRNA that contained target sites for microRNA in each cluster, 

which was then further reduced to only those mRNA that also matched the inverse 

expression profile of the WGCNA identified pattern. These mRNA were classified with 

their parent microRNA clusters as target containing and inversely expressed.  

In situ hybridization 

To detect bacterial miRNA-like molecules in adult worms, we used ViewRNA Cekk Plus 

Assay (Invitrogen) with specific probe for wBm-miR-34 (Sequence: 

AATAATGACTGACTCTGGGAAT). The proprietary fluorescent in situ hybridization 

(FISH) and branched DNA amplification technology is used to amplify the signal 

detection of an RNA transcript, rather than the target RNA itself. The probe for miRNA 

was targeted with green fluorochrome (Type 4 probe set) and were synthesized by 

Invitrogen. Adult females were fixed and processed according manufacturer’s instruction; 
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the reagents were also provided by manufacturer. After fixing, worms were cut in small 

(5-10mm) pieces and permeabilized. An individual probe pair is designed to bind 

adjacent to each other in order for signal amplification to occur. Signal amplification is 

then achieved through a series of sequential hybridization steps. The PreAmplifier 

molecules (Invitrogen) confer an additional level of specificity because they will 

hybridize to the probes only.  Then Multiple Amplifier molecules ()Invitrogen) 

subsequently hybridize to their respective PreAmplifier. Finally, Label Probe 

oligonucleotides conjugated to a fluorescent dye hybridize to their corresponding 

Amplifier molecules. A fully assembled signal that associated with RNA transcript 

achieves 8,000- to 16,000-fold amplification. On final steps, samples were embedded in 

mounting media with Propidium Iodide (Vectashield) to stain for DNA (host and 

bacterial). DNA staining was used in the presence of antibiotics to confirm probe co-

localization with Wolbachia cells. Samples were analyzed under confocal microscope 

(Leica SP8). Z-stack were taken by 0.3-0.4um optical sections using 63x objective. 

Larger images were taken on additional 2x and 4x microscopic zoom. Huygen software 

was used for deconvolution of images, videos were prepared using Imaris 9.6.0 software, 

figures were prepared by using Photoshop.  

Results 

Small RNA sequencing 

We undertook a comprehensive examination of microRNAs from across the B. malayi 

life cycle (Fig. 5.2, Table 5.1). A single RNA sample was used to simultaneously obtain 

the small RNA pool (microRNA) as well as the transcriptome (mRNA) of the nematode, 

its Wolbachia endosymbiont and where applicable its Aedes vector host. Having matched 
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mRNA and microRNA profiles from the same samples is critical for high confidence 

predictions of microRNA targets. Biological duplicates were obtained for almost all time 

points, including 3 vector time points and 6 mammalian time points. Unsuccessful 

attempts were made to capture the microRNA profiles of mature and immature 

microfilariae.  

 

Figure 5.2. Brugia malayi life cycle and sampling time points. Life cycle sampling across the B. malayi 

developmental cycle. Samples were obtained from infected Aedes aegypti mosquitos at 18 hours, 4 days, 

and 8 days post infection. Infected L3s were deposited into the Jird host, and worms were harvested at 4, 

8, 20, and 24 d post infection to identify key molt stages. Adult males and females (3 months post 

infection), and embryos were also harvested to identify mature microRNA activity.  

Between 76,020 and 300,174 reads were sequenced from each sample. According to best 

practices for dual species analyses and microRNA analyses [213, 214], reads >16 bp and 
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<30 bp were simultaneously mapped against the B. malayi v4 genome and the wBm 

genome [36] combined with the Aedes aegypti genome [206] using the BWA ALN tool 

suite [205]. BWA ALN was used because ALN has higher specificity mapping when 

there are multiple references than newer algorithms [214], and because the mirDeep2 

software is designed specifically to work with BWA mapped alignments [207]. 

Table 5.1. microRNA sequencing samples and statistics. 

Life stagea 
(replicate) 

Host Total 
reads 

B. malayi 
mapped (%) 

A. aegypti 
mapped (%) 

wBm mapped 
(%) 

Total mapped 
(%) 

4 dpi (B) Gerbil 300174 88.1 3.5 6.6 98.2 

8 dpi (A) Gerbil 123210 84 3.2 11.6 98.8 

8 dpi (B) Gerbil 206069 85.9 2.5 10.5 98.9 

20 dpi male (A) Gerbil 90892 89.1 3.3 6.6 99 

20 dpi male (B) Gerbil 114492 87.4 3.4 8.1 98.9 

24 dpi female (A) Gerbil 119259 84 4.1 11 99.1 

24 dpi female (B) Gerbil 121343 77.3 4.2 17.5 99 

Adult female (A) Gerbil 81528 93.3 4.6 1.6 99.5 

Adult female (B) Gerbil 135289 93.8 4.3 1.4 99.5 

Adult female (C) Gerbil 116749 93.4 4.8 1.3 99.5 

Adult female (D) Gerbil 123285 94.1 3.9 1.5 99.5 

Adult male (A) Gerbil 87338 93.2 4.2 1.8 99.2 

Adult male (B) Gerbil 101737 94 3.7 1.5 99.2 

Embryo (A) Gerbil 111747 95.4 3.7 0.5 99.6 

Embryo (B) Gerbil 107189 95.4 3.5 0.7 99.6 

18 hpi (A) Aedes 94644 2.5 95.6 0.1 98.2 

18 hpi (B) Aedes 134619 2.9 95.9 0.1 98.9 

4 dpi (A) Aedes 103258 5.2 93.1 0.2 98.5 

4 dpi (B) Aedes 113643 4.7 92.9 0.1 97.7 

8 dpi (A) Aedes 76020 11.7 86.1 0.1 97.9 

8 dpi (B) Aedes 85788 10.2 87.3 0.4 97.9 
a dpi=days post infection; hpi=hours post infection. 
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microRNA predictions 

Small RNA samples are a mixture of microRNAs, other small RNAs, and degraded 

mRNA, such that microRNA classification algorithms are needed to specifically identify 

putative microRNAs. Prediction algorithms collect evidence that support the prediction 

of a microRNA including (a) detection of a putative hairpin based on RNA secondary 

structure predictions, (b) detection of sequences in the small RNA pool for the mature 3p 

and 5p forms, and (c) the absence of sequence corresponding to the loop. We used 

mirdeep2 [207] to identify specific microRNAs based on our alignments of small RNA 

sequencing reads described above and 157 previously described B. malayi pre-

microRNAs in mirBase (PRJNA10729_WB240 [196]). Our analysis confirmed 39 of the 

157 previously known pre-microRNAs, as well as identified 56 novel pre-microRNA 

sites, with 17 of those producing mature microRNA identical to those from known loci. 

In addition, another 66 novel mature 3p and 5p microRNA sequences were identified that 

belonged to known pre-microRNAs, but whose mature form was previously unknown. 

These 5p microRNA correspond to mature 3p microRNAs that are functionally identical 

to mature microRNAs, except that they come from the opposite side of the hairpin stem 

and are loaded into the RISC complex less frequently than the identified 5p sequence, 

making them harder to detect.  

microRNA orthologous clusters 

We classified microRNAs as being functionally identical to, or within the same family as, 

the known microRNAs in C. elegans, Caenorhabditis briggsae, Caenorhabditis remanei, 

Caenorhabditis brenneri, Panagrellus redivivus, Pristionchus pacificus, Ascaris suum, B. 

malayi, Haemonchus contortus and Strongyloides ratti.  
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Most microRNAs are not closely related by sequence identity having a sequence 

homology <65% (Fig. 5.3). However, there are clusters of microRNAs that have higher 

similarity (Fig. 5.4). To determine where the cut-off should be to categorize microRNAs 

as being related across diverse species, the percent identity of all pairwise microRNA 

comparisons was fitted to a normal distribution model. The microRNA percent identity 

data fits a normal distribution extremely well, with estimated standard errors of less than 

1% for both the mean and standard deviation (Fig. 5.5). Members of the same microRNA 

family were defined as those with >3 standard deviations from the mean, which was 

69.4% identical by sequence. The family members are concentrated along the y=x 

diagonal, and although there are some larger families, the vast majority of these families 

are very small, often containing only two closely related microRNAs. Using this 

threshold, we were able to identify 230 unique families. Of the 56 newly identified 

microRNA sites, 7 belong to families previously identified in other nematodes but have 

not been identified previously in B. malayi, while an additional 6 novel mature 

microRNA have no family members in any nematode species. Four of the six newly 

described microRNAs without a family match appear to originate from the Wolbachia 

endosymbiont genome.  

microRNA differential expression in B. malayi 

Of the 284 mature microRNAs, only 123 (43%) are differentially expressed as identified 

with edgeR (FDR=0.05). This includes 39 novel microRNA sites, and 84 previously 

known sites. While there was enough B. malayi material within the vector samples for 

microRNA prediction, there were not enough reads to support including them in the 

differential expression analysis. Hierarchical clustering was used to determine the 
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relationships between the samples based on differentially expressed microRNA (Fig. 

5.6). The adult male, adult female, and embryo samples all cluster apart from the 

developmental samples (4, 8, 20, 24 dpi), which appear to have significantly less 

differentiation. Interestingly, the female 24 dpi stage appears to be distinct, while its 

counterpart in males (20 dpi) appears split between the female profile and the earlier time 

points.  

 
Figure 5.3. Nematode microRNA relationships. The percent identity between all nematode microRNAs, 

including the novel microRNA identified in this study, are shown in a heatmap that is clustered by row 

and column. MicroRNAs with 100% shared identity (self matches) are represented by the red y=x line. 

The y axis indicates whether the corresponding microRNA originated from a free-living, gut parasitic or 

filarial nematode, while the x axis indicates the individual species from which each microRNA originates 

(C. elegans, P. redivivus, P. pacificus, H. contortus, C. briggsae, A. suum, C. remanei, B. malayi, S. ratti 

and C. brenneri). 
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Figure 5.4. MicroRNA percent identity across Nematoda. MicroRNAs were compared in a pairwise all-

vs-all using all matches to determine percent identity. MicroRNAs were considered to be part of the same 

family if they passed a 70% percent identity threshold (shown via the dotted line).  
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Figure 5.5. Normal distribution fit for percent identity data. In order to determine an appropriate cut-off 

for percent identity between microRNAs belonging to the same family, we fit a normal distribution to the 

percent identity data. A. A histogram of the percent identities with the distribution plotted on top of the 

data. B. The cumulative distribution functions of the percent identity data and the normal distribution 

model built from that data. C. Q-Q plot showing the quantiles of the normal model plotted against the 

percent identity data. D. P-P plot showing the probabilities at each point of the normal model plotted 

against the empirical data, showing no skew in the model versus the data.  

  



 

 116 

 

 

 

Figure 5.6. Sample relationships using hierarchical clustering on differentially expressed microRNA. 

Hierarchical clustering (n=1000) was used to determine the similarities between samples using data from 

the differentially expressed microRNAs. While the adults segregate with strong bootstrap support, the 

developmental samples have significant intermixing. Therefore, the different molting samples appear to 

have similar microRNA profiles, with many microRNAs being active or inactive over the entire period. 

Bm
Em

_a
Bm

Em
_b

Bm
AF

_a
Bm

AF
_d

Bm
AF

_b
Bm

AF
_c

Bm
AM

_a
Bm

AM
_b Bm

20
dp

iM
_b

Bm
24

dp
iF

_a
Bm

24
dp

iF
_b

Bm
20

dp
iM

_a
Bm

8d
pi

_a
Bm

4d
pi

_b
Bm

8d
pi

_b

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

1.
4

Sample Relationships Using
Differentially Expressed MicroRNA

in Brugia malayi

Cluster method: average
Distance:  correlation

H
ei

gh
t

100
100

100
7267

74 100

94 58

100

68

94

99

au

100
100

100
6646

53 100

91 55

100

46

90

100

bp

1
2

3
45

6 7

8 9

10

11

12

13

edge #



 

 117 

 

The 123 differentially expressed microRNAs were clustered into 5 distinct modules using 

WCGNA (Fig. 5.7). These include a cluster of microRNAs that are predominantly 

upregulated in (a) adult female B. malayi and their embryos, (b) adult males, (c) 24 dpi 

females, and (d) and (e) are characterized by microRNA active in developmental life 

stages but absent in the adult life stages.  

microRNA differential expression in A. aegypti 

Vector samples also contained significant A. aegypti reads, allowing us to use an identical 

method as in the Brugia system to possibly identify novel mosquito microRNAs that 

might be playing a role in the host response to the nematode infection. Despite 

identifying evidence for 178 A. aegypti microRNAs in our samples, we were only able to 

identify 4 as being differentially expressed over the 18 hpi, 4 dpi and 8 dpi vector time 

points (Fig. 5.8). There are currently 158 microRNA currently annotated in miRbase for 

A. aegypti, and our analysis has identified 20 possibly novel A. aegypti microRNA.   

wBm sourced microRNA 

We identified 4 newly described microRNAs (WB_new_34, WB_new_39, WB_new_41, 

WB_new_56) that originate from the Wolbachia endosymbiont, but only one had 

sufficient depth across multiple samples to meet the criteria for differential expression 

(WB_new_34). None of them showed homology with known nuclear Wolbachia 

integrations (BLASTN search of B. malayi genome with the putative Wolbachia 

microRNAs; e-value cutoff of 1E-5). These microRNAs have secondary structures that 

appear to mimic eukaryotic pre-microRNAs, and while only one meets the threshold for 

significant differential expression over the jird life cycle, they all appear to have varying 

levels of abundance. The single differentially expressed microRNA (Fig. 5.9) is 
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significantly expressed over the mammalian life cycle of the nematode. This microRNA 

is contained within a coding gene (WBM_RS01635, predicted to be a GTP 

cyclohydrolase), and may be the product of mRNA decay. However, no correlation was 

observed between the microRNA expression and the mRNA expression levels of the 

coding gene it is contained within (Fig. 5.10).  

 

Figure 5.7. Differentially expressed microRNAs clustered via WCGNA. Differentially expressed 

microRNA across all measured life stages. 123 microRNA were identified as differentially expressed, 

which corresponded to 5 major clusters in the WGCNA analysis. Clusters divide microRNA expression 

into the adult female and embryo expressed transcripts, adult male transcripts, developmental female 

transcripts, early developmental transcripts, and transcripts common to all stages of development. 
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Figure 5.8. Aedes aegypti microRNAs expressed across all vector life stages. a. Differentially expressed 

microRNA over the A. aegypti life cycle (FDR < 0.05). Only four Aedes aegypti microRNA were 

identified as differentially expressed in the vector samples after infection. b. All identified Aedes aegypti 

microRNA with detectable expression levels in more than one sample across all measured life stages. 
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Figure 5.9. B. malayi targeting microRNA with origins from the Wolbachia sp. Brugia genome. 

Wolbachia expressed microRNA-like small RNA expression (wmicroRNA expression). Four of the 

identified microRNAs originate from the Wolbachia endosymbiont, and only WB_new_34 (panel A) 

meets the threshold for differential expression. Their expression patterns appear to be significantly active 

over the early developmental cycle of the jird, and they are distinct from one another, with the most 

abundantly expressed transcript being active in adults. 
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Figure 5.10. wBM small RNA TPM and wBM gene345 mRNA TPM. Comparative Depth for a 

wmicroRNA containing Wolbachia coding gene (gene345), measured via small RNA sequencing and 

regular poly-A depletion sequencing. There appears to be no correlation between these values, as might 

be expected if the small RNA were occurring solely as a result of mRNA decay. Interestingly, in the 

vector there appears to be no small RNA expression of this gene at all, while there is significant mRNA 

expression and in the Adult Males, the inverse is true, where there is little expression of the coding 

sequence, but relatively high abundance of the wmicroRNA mapping reads.  

Brugia mRNA co-expression analysis with all differentially expressed microRNA 

The small size of microRNAs means they have many potential targeting sites in the 

genome. These binding sites can be refined by identifying genes with binding sites that 
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have inversely correlated gene expression, which is enabled here by having the 

transcription and microRNA profiles from the same RNA samples. There are 3,575 genes 

that are both inversely expressed with microRNA clusters and have predicted target sites 

for those respective clusters, representing 60.4% of the genes that fit those expression 

profiles and 47.2% of the total predicted microRNA targets (Fig. 5.11). The strongest 

correlation between mRNA co-expression and mRNA containing microRNA target sites 

are in genes significantly expressed in adult females and embryos (Fig. 5.12). In this 

cluster, 96% of the 885 mRNAs suppressed in adult females and embryos had a valid 

target sequence for at least one inversely expressed microRNA. In addition, we identified 

9 microRNA that were inversely expressed and had valid target sites for 76% of the 2,500 

genes suppressed in adult females. In the black cluster, the major cluster is similarly 

robust, with 89% of the mRNA that match an inverse microRNA expression profile 

having a valid target seed sequence, but the inverse cluster is much poorer, with three 

microRNAs having valid targets for 21% of 1195 genes. Although the remaining clusters 

contain significantly fewer microRNAs than the black and tan clusters, they are still able 

to identify over 200 Brugia malayi mRNA that appear to be under microRNA regulation.  
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Figure 5.11. Putatively controlled mRNA differential expression across the time course shows significant 

gene inverse expression between microRNA and their putative mRNA targets. mRNAs that contain target 

seed sites for identified and differentially expressed microRNA that also inversely match the expression 

of those microRNA. These mRNA are clustered by the same WGCNA clusters that were de novo 

identified from the microRNA analysis. All displayed mRNAs contain a seed sequence for at least one of 

the microRNAs in their corresponding cluster. Tan is the most dominant, although the major black cluster 

is similarly large and robust, compared to the relatively smaller developmental clusters.  
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microRNA functional predictions through putative co-expression 

The microRNA cluster of strongly upregulated microRNAs in adult females and 

embryos, suppressing mRNA targets in adult females and embryos, was the only cluster 

with an enrichment in functional terms (Table 5.2). This cluster is significantly enriched 

for zinc finger proteins, RNA binding motifs, and helicase activity. The inverse tan 

cluster is significantly enriched for immunoglobulin-like proteins, which have been 

previously associated with cell-cell recognition, cell-surface receptors, muscle structure 

and immune function in C. elegans [215]. 

Table 5.2. Enriched GO terms for predicted microRNA targets. 

Enriched Term Cluster 
occurences 

Genome 
occurences p value Corrected 

p value Odds ratio inverted 
cluster 
(Fig. 
5.11) 

No InterPro entry 302 3186 5.85E-50 2.58E-45 0.39876672 FALSE tan 

No GO terms for 
molecular function 788 5895 7.77E-35 4.74E-31 0.5379327 FALSE tan 

GO:0005515: 
protein binding 361 1268 1.02E-24 6.21E-21 2.06827848 FALSE tan 

GO:0003676: 
nucleic acid 
binding 

165 501 1.65E-17 1.01E-13 2.42821559 FALSE tan 

IPR000504: RNA 
recognition motif 
domain 

62 130 1.84E-15 8.11E-11 4.39153626 FALSE tan 

IPR016024: 
Armadillo-type 
fold 

71 165 1.35E-14 5.93E-10 3.64508551 FALSE tan 

GO:0005488: 
binding 71 165 1.35E-14 8.20E-11 3.64508551 FALSE tan 

IPR012677: 
Nucleotide-
binding alpha-beta 
plait domain 

61 133 2.97E-14 1.31E-09 4.07673551 FALSE tan 

GO:0003677: 
DNA binding 101 286 3.58E-13 2.18E-09 2.65070283 FALSE tan 

GO:0000166: 
nucleotide binding 78 200 5.62E-13 3.43E-09 3.08745941 FALSE tan 
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Table 5.2 continued. Enriched GO terms for predicted microRNA targets. 

IPR014001: 
Helicase 
superfamily 1/2, 
ATP-binding 
domain 

40 74 1.10E-12 4.86E-08 5.62189512 FALSE tan 

IPR015943: 
WD40/YVTN 
repeat-like-
containing domain 

69 175 6.15E-12 2.71E-07 3.13394097 FALSE tan 

GO:0005634: 
nucleus 81 224 1.64E-11 3.06E-08 2.73339582 FALSE tan 

IPR001650: 
Helicase, C-
terminal 

38 73 1.87E-11 8.22E-07 5.18228847 FALSE tan 

IPR011989: 
Armadillo-like 
helical 

50 112 2.16E-11 9.50E-07 3.86231608 FALSE tan 

IPR017986: 
WD40-repeat-
containing domain 

62 154 2.44E-11 1.07E-06 3.2374636 FALSE tan 

IPR001680: 
WD40 repeat 53 134 1.43E-09 6.30E-05 3.13221595 FALSE tan 

GO:0006355: 
regulation of 
transcription, 
DNA-templated 

82 246 1.46E-09 6.94E-06 2.4085551 FALSE tan 

IPR013083: Zinc 
finger, 
RING/FYVE/PH
D-type 

62 173 6.93E-09 0.00030522 2.67773057 FALSE tan 

IPR011991: 
Winged helix-
turn-helix DNA-
binding domain 

41 98 1.97E-08 0.00086588 3.43058433 FALSE tan 

GO:0003723: 
RNA binding 51 136 3.71E-08 0.00022646 2.86777432 FALSE tan 

IPR001487: 
Bromodomain 13 16 4.77E-08 0.00210150 20.4822245 FALSE tan 

GO:0005524: 
ATP binding 156 605 2.03E-07 0.00123972 1.68760362 FALSE tan 

IPR009057: 
Homeobox 
domain-like 

40 102 2.35E-07 0.01035878 3.07375326 FALSE tan 

IPR001965: Zinc 
finger, PHD-type 16 26 6.84E-07 0.03012226 7.56998908 FALSE tan 

IPR011011: Zinc 
finger, 
FYVE/PHD-type 

27 60 7.24E-07 0.03189797 3.88388821 FALSE tan 
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Table 5.2 continued. Enriched GO terms for predicted microRNA targets. 

GO:0008026: 
ATP-dependent 
helicase activity 

13 19 1.36E-06 0.00830622 10.2364437 FALSE tan 

GO:0008270: zinc 
ion binding 99 364 3.21E-06 0.01959637 1.79580423 FALSE tan 

GO:0016021: 
integral 
component of 
membrane 

57 535 6.72E-06 0.01253463 0.54709345 FALSE tan 

GO:0016020: 
membrane 65 404 8.41E-09 1.57E-05 2.42476669 TRUE tan 

IPR013098: 
Immunoglobulin 
I-set 

15 40 1.03E-07 0.00455992 7.35637183 TRUE tan 

GO:0005615: 
extracellular space 12 30 8.80E-07 0.00164098 8.14980558 TRUE tan 

No GO terms for 
cellular 
component 

646 9118 3.55E-06 0.00661986 0.66816923 TRUE tan 

GO:0003676: 
nucleic acid 
binding 

14 501 4.08E-06 0.02488433 0.33627014 TRUE tan 

No InterPro entry 21 3186 3.05E-11 1.34E-06 0.2679369 TRUE black 

No InterPro entry 25 3186 9.97E-09 0.00043931 0.33372977 TRUE pink 

GO:0005515: 
protein binding 47 1268 4.18E-06 0.02551059 2.30949818 TRUE pink 
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Figure 5.12. MicroRNA expression versus target containing mRNA expression within the major Tan 

cluster. Direct expression comparison of the major blue cluster of microRNAs to their paired mRNAs. 

The percentage given represents the number of inversely expressed mRNAs that contained a target versus 

the total number of inversely expressed genes. This is the cluster associated with the non-inverse tan 

cluster in Table 5.2, which identifies DNA targeting proteins. While the level of expression of these 

microRNAs is low at most time points, it is not zero, and it is consistently overexpressed in both adult 

females and embryos.  
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Wolbachia microRNA in situ hybridization 

Staining of adult female and male Brugia malayi worms revealed both the putative 

BM_new_34 Wolbachia microRNA-like transcript, as well as its progenitor transcript, 

Wbm023 in green (Fig. 5.13). Overlap of this signal with DAPI staining showed that this 

signal is not always co-localized with Wolbachia DNA, suggesting that the sequence is 

able to separate from the Wolbachia and exist in the cytoplasm of the cell. Furthermore, 

we stained with Red for just Wbm0278, and we were able to identify that co-localization 

of red on green was nearly 100%, while the co-localization of green on red was closer to 

50%. This suggests that the BM_new_34 sequence exists independently of the entire 

Wbm0278 transcript, which is consistent with the process required for functional 

microRNA-like behavior. 

 

 

Figure 5.13. In situ hybridization staining of predicted Wolbachia sourced microRNA. A-E. Green 

staining was targeted at the predicted microRNA BM_new_34, whose genomic coordinates correspond to 

the Wolbachia genome. A’-E’. The predicted location of this microRNA is within another Wolbachia 

transcript: Wbm023, which was targeted by the red probe. In this case the predicted site is 200 bp 

upstream of the predicted microRNA site. A’’-E’’. Overlap of the red and the green show that while the 

complete transcript almost always appears to contain the microRNA fragment (100% overlap of red on 

green), the microRNA transcript can exist independently of the whole (55% overlap of green on red). 
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Discussion 

MicroRNA identification uncovers novel Brugia small RNAs 

Filarial nematodes depend on successful interactions with multiple hosts, as well as their 

own endosymbiont bacteria, and the regulation of these interactions through microRNAs 

and other molecules plays a critical role in this success [216]. Integration of microRNA 

expression with mRNA expression across the B. malayi life cycle [204] identified 56 

novel pre-microRNA loci and 161 mature microRNAs, and expanded the view of the B. 

malayi regulome outside of microfilaria and adults. There is a robust microRNA response 

with concomitant downregulation of mRNA targets in all life stages, consistent with the 

critical role that these molecules play in free living nematodes such as C. elegans [217].  

MicroRNA differential expression reveals extensive transcriptional regulation 

Although there are 284 microRNA sequences now identified in B. malayi [196], only 123 

appear to be differentially expressed across the life cycle stages examined, 39 of which 

arise from novel sites identified in this study. Novel microRNAs that were not 

differentially expressed often had significant read support from an aggregate of the 

samples for prediction, but lacked significant expression across multiple samples to pass 

statistical significance for differential expression [218]. In addition, many microRNAs 

showed abundance differences between life cycle stages that suggest regulatory changes, 

but again there was insufficient statistical support due to low read numbers to be 

confirmed as differentially expressed. 

A previous study identified microRNAs from microfilaria samples of B. malayi [219]; 

unfortunately, our microfilaria samples failed to provide good libraries for sequencing. 
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Other microRNAs were identified transiently at low levels in specific samples, which 

may indicate that they are expressed at a resolution that is finer than this study captured 

[220]. One of the challenges of working with parasitic nematodes is that the mechanism 

of sample collection and RNA isolation removes the nematode from its preferred 

environment, which may activate stress responses not associated with development. 

Stress association is characteristic of microRNAs identified in C. elegans [221] and could 

confound these results. 

Despite identifying over 100 differentially expressed B. malayi microRNAs, only four 

Aedes aegypti microRNAs were identified as differentially expressed. We were able to 

obtain sufficient depth for strong microRNA predictions, with a potential for up to 20 

novel A. aegypti novel microRNA identified. However, the pattern of their expression 

over the course of the parasitic infection revealed no significant patterns of expression, 

and many microRNAs were only identified as expressed in a single biological replicate. 

Better time point resolution and an uninfected control mosquito group would be required 

to better understand the role A. aegypti microRNA play in B. malayi infections.  

MicroRNA target prediction reveals extensive mRNA regulomes in Brugia development 

One of the difficulties in assessing microRNA function computationally is that 

microRNA activity can manifest in the transcriptome through mRNA decay, but also it 

can directly impact the proteome by inhibiting translation of the mRNA without directly 

changing transcript abundance [222]. Despite this, we successfully identified 3575 

differentially expressed coding genes that appear to have valid seed targeting sequences 

and inverse transcriptional expression to the 123 differentially expressed microRNAs. 

These microRNAs and their associated mRNAs were grouped into larger clusters, whose 
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accuracy ranged from 96% to 18% of co-expressed mRNA that contain valid seed targets 

for microRNA regulators. Although our methods are capable of predicting transcriptional 

repression via microRNAs, their other primary function is translational repression [53]. 

We hypothesize that the clusters whose mRNA targets are poorly co-expressed with their 

corresponding microRNAs may be influenced at the translational level, which would be 

undetectable via RNA-seq.  

Enriched functions reveal putative gene regulators as microRNA targets 

Using a Fischer’s Exact test to determine functional enrichment of clusters, many of these 

clusters were overrepresented for genes that contain Interpro terms [223] (Fig 5.11, black 

inverse cluster, corrected p-value = 1.3E-6; pink inverse cluster, corrected p-value = 4E-

4). The majority of functions are bioinformatically inferred from protein domains or 

homology to C. elegans proteins [36], which may indicate microRNA regulation of 

functions conserved between B. malayi and C. elegans.  

The major tan cluster, which represents microRNAs strongly overexpressed, and 

corresponding mRNAs suppressed, in adult females and embryos, is also overrepresented 

in genes of that contain Interpro terms and is strongly enriched for zinc finger proteins, 

RNA binding domains, and helicase domains. Its inverse cluster is associated with the 

production of immunoglobulin-like proteins. Zinc finger domains have long been studied 

as core DNA interacting elements [224], and are common components of transcription 

factors [225]. This suggests that the increased expression of microRNAs may lead to a 

decrease in expression of transcription factors that could be regulating a much larger set 

of mRNAs. As such, the microRNAs may be controlling relatively few genes of the total 

differentially expressed genes in adult females, but those genes could be cascading into 
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major female developmental features. This is not uncommon amongst nematodes: 

microRNA have been strongly implicated in female fecundity and embryo development 

in C. elegans [226]. In addition, filarial development occurs within a vertebrate host, and 

therefore developmental proteins that may be under microRNA control may be involved 

in host interaction. Indeed, the first B. malayi genome sequence identified proteins that 

would potentially allow for worm evasion of the host immune system in order to survive 

long term [227].  

The inverse tan cluster, which is enriched in extracellular, membrane and fibroblast 

growth factors (Immunoglobulin-I) domains, suggests that at least some of these proteins 

may be controlled by microRNA expression. As these are differentially expressed, they 

may be playing a strong role in worm migration and navigation of host extracellular 

tissue, and that interfering with microRNA regulation of these genes might interfere with 

the ability of the worm to successfully invade while evading the host immune system 

[228].  

Wolbachia-sourced microRNA-like transcripts are generated independently of mRNA 

In addition to the novel B. malayi microRNA identified, we identified four Wolbachia-

originating putative microRNAs (WB_new_34, WB_new_39, WB_new_41, 

WB_new_56), although only one was differentially expressed (WB_new_34). These 

transcripts do not appear to be integrated into the B. malayi genome, and their bacterial 

origin explains their lack of common identity with other nematode microRNAs. Their 

expression in the B. malayi system suggests that the Wolbachia endosymbiont wBm may 

be utilizing the microRNA processing machinery to impact host nematode functions, a 

phenomenon also observed in arthropod-infecting Wolbachia [201]. While Wolbachia-
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sourced small RNA appear to roughly correlate with bacterial abundance in the 

nematode, and these microRNA-like transcripts are produced within coding genes, 

several lines of evidence suggest that these microRNA are not simply the product of 

transcriptional decay. Simulated data show that, if the production of these transcripts is 

indeed caused by random decay of Wolbachia mRNA transcripts, there should be 

significantly more identified Wolbachia “microRNAs” produced. In addition, abundance 

of these small RNAs, unlike the total small RNA levels of Wolbachia, does not follow 

canonical Wolbachia abundance levels within the worm, which would suggest that they 

are not being differentially expressed because the proportion of Wolbachia is varying 

across the life cycle.  

Finally, there appears to be no correlation in expression between the small RNA read 

fragments and mRNA read numbers at the same time points for each sample: in adult 

female samples, the coding gene is expressed at relatively high TPM levels, while 

Wolbachia sourced microRNA-like reads are virtually nonexistent. In contrast, the coding 

gene is almost entirely unexpressed in adult males, while the Wolbachia sourced 

microRNA-like transcript is relatively highly expressed. Many other life stages appear to 

express both, but the total lack of correlation strongly suggests that these reads are not the 

result of degraded mRNA fragments but are instead independently expressed. 

Wolbachia microRNA-like transcripts facilitate endosymbiont-host communication 

WB_new_34, the only differentially expressed putative Wolbachia sourced microRNA-

like transcript, is part of the major tan cluster, which has 885 mRNA targets and an 

extremely high co-expression rate (96%). Wolbachia is a diverse genus of bacteria [229] 

that colonizes both nematodes and arthropods, although arthropod-infecting Wolbachia in 
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Supergroup A are often but not always parasitic compared to the more mutualistic 

obligate nematode supergroups [230]. It has been shown that Supergroup A Wolbachia 

produces small RNAs that act as microRNAs in their Aedes hosts [199], which suggests 

that the capacity for host communication through microRNA-like small RNA is present 

in the Wolbachia genus, but this study represents the first time these regulatory RNA 

have been observed in mutualistic strains of Wolbachia.  

The fluorescent in-situ hybridization studies confirm that sequences that correspond to 

WB_new_34 are co-located with Wolbachia cells, but separate from them, which further 

supports the idea that these molecules are not originating from the Brugia nucleus. In 

addition, because eukaryotic microRNA machinery is in the cytoplasm, the presence of 

this sequence in the cytoplasm confirms that it is able to leave the Wolbachia cells and is 

in the correct region for microRNA processing and regulatory function. 

It has been thought that the Wolbachia primarily provides passive metabolic support to its 

Brugia host [231], but the present study and studies in arthropod-infecting Wolbachia 

suggest that that relationship may be more complex. Bacterially produced microRNA-

like structures represent a potential avenue of signaling between the endosymbiont and its 

host, wherein cross-kingdom communication is achieved through mimicry. Since 

Wolbachia lacks the machinery to appropriately process an immature microRNA, it is 

likely that the entire pre-microRNA sequence would need to be exported into the 

eukaryotic cell for processing and signaling effects, although the mechanism by which 

this occurs remains unknown. One possibility is the Type IV secretion system, which is 

known to export DNA in Agrobacterium tumefaciens [232]; however, an RNA-binding 

protein that is an effector of the type IV secretion system would be required.  
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Conclusion 

This study aimed to describe the microRNA regulome of the Brugia malayi filarial life 

cycle throughout its development to maturity in a mammalian host and identified multiple 

novel microRNA sites that are expressed in early developmental life cycle stages in the 

mammal. Key clusters of co-expressed microRNAs were also identified, along with 

putative mRNA targets that are inversely expressed and have a matching seed sequence 

to the mature microRNA. Finally, four novel microRNA have been identified that appear 

to be expressed from the Wolbachia endosymbiont, one of which is differentially 

expressed over the life cycle in the mammalian host, potentially representing a novel 

mechanism of mutualist communication between the Brugia host and its symbiotic 

bacteria. 
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Chapter 6. General Discussion 

Genome assembly 

Nematoda is a diverse phylum, with a large range of parasitic and free-living species 

[233]. These include five distinct clades: Rhabditina, Tylenchina, Spirurina, Enoplida 

and Dorylaimia, which contain species that parasitize mammals, plants or live freely 

[61]. In addition, the sex determination of these species is incredibly diverse, with 

karyotyping suggesting that many species rely on an XY system for sex determination, 

while others utilize an X0 system, and still others utilize even more unusual forms of sex 

determination [234]. For example, Ascaris suum has five distinct X chromosomes which 

work to determine sex [57]. My work has focused on the evolution of these sex 

chromosomes and their impact on the development and success of parasitic nematodes, 

particularly those in the order Spirulina which infect humans and cause significant 

disease [235].  

To that end, I analyzed the latest Brugia malayi genome assembly and compared it to 

other well studied nematode genomes: the free-living Caenorhabditis elegans and the 

human parasite Onchocerca volvulus [35]. The results revealed that there is a large 

pseudo-autosomal region in Brugia malayi which was syntenic with the Y chromosome, 

such that in males only a portion of the X chromosome was haploid. This haploid region 

in the B. malayi chromosome X corresponds to chromosome 4 in C. elegans; the region 

of the Brugia chromosome X that is syntenic with the C. elegans chromosome X is part 

of the pseudoautosomal region and does not appear to be sex determining.  
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The results also showed that the Y chromosome was heavily enriched in repeats, 

accounting for the majority of all identified repetitive sequences in the assembled Brugia 

malayi genome. The combination of the high repeat density with the haplotype synteny of 

the X chromosome has made Y chromosome assembly difficult. While sequence 

coverage data of males and virgin females could be used to identify contigs that belonged 

to the Y chromosome, it was not possible to scaffold them together in any meaningful 

way. With advances in PacBio HiFi sequencing to improve read accuracy and length 

[236], Oxford Nanopore read length [237], and Hi-C sequencing, it may be possible to 

traverse these repeat regions and assemble a Y chromosome from these filarial 

nematodes.  

Nigon elements 

A study of Onchocerca volvulus revealed even more surprising chromosomal 

arrangements, as the C. elegans chromosome X was not a part of the O. volvulus 

chromosome X at all [35]. The diversity of these chromosomal arrangements and the 

large number of chromosomal fusions that appear to have occurred in different nematode 

lineages necessitated that we borrow a concept from fly genome assemblies: the Mueller 

element. Mueller elements are distinct chromosomal segments that represent ancestral 

components of the fly genome that have been altered by genome rearrangements and 

chromosomal fusions in different species [129]. In this case, nematode elements were 

named Nigon elements, and six distinct Nigon elements were identified in the filarial 

lineages based on homology between C. elegans, B. malayi and O. volvulus. The Nigon 

elements that we identified map directly to the C. elegans chromosomes, with Nigon A 

representing C. elegans chromosome 1, Nigon B representing C. elegans chromosome 2, 
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Nigon C representing C. elegans chromosome 3, Nigon D representing C. elegans 

chromosome 4, Nigon E representing C. elegans chromosome 5, and Nigon X 

representing C. elegans chromosome X. Using this homology, other nematode genomes 

that were fragmented and not in chromosomal form, could be assigned Nigon elements 

based on their synteny to the Nigon elements in C. elegans, B. malayi and O. volvulus. 

Due to the large evolutionary distances involved, this means that for Spirulina nematodes 

such as L. loa and W. bancrofti, B. malayi and O. volvulus were more informative for 

Nigon assignments, while for Rhabditina nematodes such as P. pacificus, C. elegans was 

more informative.  

Applying these results to nematodes of many different clades revealed that in many 

Spirulina nematodes, Nigon element D is haploid and likely sex determining, while 

Nigon element X remained haploid in many Rhabditina nematodes. Because many of 

these nematodes did not have Nigon D fused to Nigon X, Nigon D might have been the 

ancestral sex element for Spirulina nematodes.  

Nematoda chromosomal ancestral state 

Recently, work on other Rhabditina nematodes such as Pristonchus pacificus has 

identified that these species have a small X chromosome that is distinct from Nigon D or 

Nigon X, but have genes that are always haploid in males regardless of which element 

they are fused to in other clades [57]. The order of these genes has been preserved in 

many Rhabditina nematodes, regardless of whether they are fused to Nigon X or not. 

This suggests that there is a seventh sex determining Nigon element in these nematodes 

that is distinct from Nigon X and is the sex determining element of the entire phylum.  
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Because the order of these genes is not well preserved in Nigon D of Spirulina 

nematodes, Nigon D may not be the ancestral state for the entire phylum, as all these 

genes would have been moved independently in order to form the small sex determining 

element found in Rhabditina. More likely, this element was the ancestral nematode sex 

determining element, but in ancestral Spirulina it fused with Nigon D, and the genes were 

scattered throughout that Nigon element over time. It is also likely that the fusion of this 

smaller element with C. elegans is much more recent, as these genes have their order 

intact as compared to other Rhabditina species.  

An analysis of the heteroploidy element of the X chromosome between B. malayi, O. 

volvulus, and C. elegans showed that there are 324 homologous genes that remain 

heteroploidy in males despite B. malayi and O. volvulus having a different heteroploidy 

element (Nigon-D) than C. elegans (Nigon-X). A functional enrichment of these genes 

using Ingenuity Pathway Analysis (Fig. 6.1) revealed that sperm motility is one of the 

most enriched pathways, suggesting that these genes are important in male sex 

determination. Further analysis of these core genes will increase our understanding of 

how sex specific genes evolve in nematodes that undergo genomic rearrangement and 

chromosomal fusion, and how their genes are conserved in a heterogametic position 

along the genome.  
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Figure 6.1. Pathway functional enrichment of genes conserved on the haploid region of B. malayi, O. 

volvulus and C. elegans X chromosomes. Genes conserved across the haploid region of the B. malayi, O. 

volvulus and C. elegans sex chromosomes (Nigon-D) were functionally enriched using Ingenuity 

Pathway Analysis. Of the 324 genes that were identified as conserved in this element, only 110 had 

mapped IDs to human, rat or mouse genes, and could be functionally enriched. Despite this, pathways 

that are male specific such as Sperm Motility could still be identified.  

Sex determination and the Y chromosome 

This small ancestral sex-determining element has implications for Y chromosome 

evolution in nematodes, as it appears that the ancestral state of the phylum was XO based 

on the lack of Y chromosome found in many other nematode families. While it is 

possible that this Y chromosome has been lost, no evidence of it has been found in 

sequenced nematodes so far. Notably, in all Spirulina nematodes that have an XY 

structure, the genes that make up this sex determining XO element in other nematodes 

remain XO in males (i.e., haploid). This suggests that it is possible that the sex 

determination system of these filarial nematodes is dependent on the copy number of 

these genes, rather than the Y chromosome, the same as in an XO species such as C. 

elegans.  

However, it is clear that the evolution of Spirulina Y chromosomes follows the observed 

pattern of Y chromosome evolution in other organisms, namely a large expansion of 
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repetitive elements and the loss of gene content on that chromosome [238]. It is possible 

that many other ancestral Y chromosomes in nematoda evolved this way: passengers to 

the XO system that is sex determining but needed to maintain copy number in the 

autosome to which it is fused. This is in contrast to mammalian sex determination, which 

is driven by genes on the Y chromosome [239].  

In this model of ancestral Nematoda, we would expect to see six Nigon elements: Nigon-

A-E and Nigon X. In many nematodes such as C. elegans, this Nigon-X has been fused to 

an autosome, driving the conversion of that chromosomal element (Nigon-E) from an 

autosome to a sex chromosome. However, this vastly oversimplifies the chromosomal 

diversity in this phylum: for example, Ascaris suum has 5 sex chromosomes that are 

made up of various fissions in Nigon-X. The role of Nigon D in sex determination of 

Spirulina nematodes is also of interest, as based on the current model of ancestral 

Nematoda, this element was once an autosome (and remains an autosome in many 

nematode species). The transition of this chromosome from an autosome to a sex 

chromosome impacted the copy number of many genes that are not common to sex 

elements across all nematodes. This also raises the question of whether Spirulina 

nematodes ever had a Y chromosome that was a diminution of Nigon-D that has been 

lost, prior to the fusion to Nigon-E and the formation of a Y chromosome out of that 

second copy. No evidence of this has been found in sequenced filarial nematodes, but we 

would expect to see that if the current sex chromosome is a result of a fusion and 

integration of Nigon-D and Nigon-X. Further study of the chromosomal structure of other 

filarial nematodes, such as Acanthocheilonema viteae could provide insight into the 
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process by which these autosomes transitioned to sex chromosomes in Spirulina 

nematodes.  

Laboratory and endemic Brugia 

In addition to our work on the Brugia malayi assembly and the identification of Nigon 

elements, we also aimed to assemble the Brugia pahangi genome, and use multiple 

individuals from both of these species to study laboratory diversity between research 

centers that maintain Brugia populations [240]. While Brugia malayi does not have as 

large of an impact on human health as other filarial nematodes, it has the advantage of 

being zoonotic, and therefore able to be studied in the laboratory. However, the origins of 

these laboratory lineages can be traced back to several infected individuals over 50 years 

ago [24, 139], which suggests that there may be significant homogeneity in these 

populations. By utilizing strains of B. malayi from several ancestral sources, as well as B. 

pahangi from both laboratory and endemic strains, we were able to confirm that 

laboratory populations that can trace their origins to these infected individuals are highly 

similar.  

By contrast, endemic B. pahangi nematodes displayed significantly more diversity than 

any other group of Brugia nematodes studied despite being isolated from the same cat. 

Since we were only able to obtain 3 individual worms from endemic samples, there is 

likely a wide range of genomic diversity that exists in clinical nematode populations that 

is not captured by our experimental data. In addition, it is known that not all B. malayi is 

zoonotic, while other similar human infecting parasites that drive lymphatic filariasis 

such as W. bancrofti are not zoonotic at all. Similar to B. pahangi, B. malayi populations 

may be significantly diverse between endemic parasite populations that new treatments 
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are designed to target in a clinical setting versus the parasites that these treatments are 

tested against in vitro and in vivo. Study of clinical parasites is a priority, both to better 

understand the scope of diversity in these populations and to identify regions of their 

genomes that are placed under selection by such treatments, and identify sources of drug 

resistance that might emerge.  

Loss of diversity on the X chromosome 

In addition to our findings on diversity, our study of B. malayi and B. pahangi 

populations identified a large region of the X chromosome that was almost entirely 

devoid of variants in all populations [240]. This absence was identified in all B. malayi 

laboratory populations, and all B. pahangi laboratory and endemic populations. The fact 

that this phenomenon was present in recently isolated B. pahangi samples from wild cats 

suggests that it is not the result of selection which occurred during the transition from 

monkey hosts to the gerbils and cats used in the laboratory, but rather a feature of the 

population that existed prior to laboratory isolation. In order to test whether this 

phenomenon extended beyond these two species, we went back to our methods for 

identifying Nigon elements to assign the contigs of other Spirulina nematodes to specific 

Nigon elements. We then used previously sequenced population data from these 

nematodes to identify variants by Nigon element, and were able to identify a similar loss 

of diversity on Nigon element D in these other species. We were able to correlate the 

presence of this variant loss to the presence of fused Nigon elements: both O. volvulus 

and W. bancrofti both showed this large loss of diversity, while Loa loa did not. Thus, the 

loss of diversity may be driven by recent chromosomal fusions in these species. 

Interestingly, this suggests that the fusion of Nigon D with other elements to form a 
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larger X chromosome is relatively recent in Spirulina, and has happened at least twice: 

Nigon D and Nigon X in Brugia and Wuchereria, and Nigon D and Nigon A in 

Onchocerca. This fusion may be linked with Y chromosome formation, as L. loa does not 

have a Y chromosome, whereas species that do retain a fusion also have a Y 

chromosome, despite often fusing different Nigon elements together. Additional genome 

assemblies of other filarial nematodes, particularly those without a fusion to Nigon-D, 

would be able to explore this possibility. As both this loss of diversity and Y 

chromosome formation appear to be linked to chromosomal fusions that are driving 

purifying selection and altering the recombination rate of the newly formed X 

chromosome, further population sequencing may allow us to date the transition of sex 

determination from an XO to an XY state.  

MicroRNA discovery 

As a result of the assembly of these Brugia genomes, we were able to begin identifying 

functional elements of the genome, including expanding the annotation for Brugia coding 

and non-coding gene sequences. As part of our efforts to understand the filarial life cycle 

and further annotate the B. malayi genome, we collected RNA from many different life 

stages. Previous work analyzed the mRNA transcriptional profile of these worms over 

that life cycle [204], and identified strong patterns corresponding to development and sex. 

In addition to mRNA data, we also sequenced microRNA data over this life cycle. The 

microRNA data was limited by amount and quality, and not all time points and replicates 

could be obtained at sufficient quality for downstream analysis, but we were able to 

capture the majority of the stages present in the mammalian portion of the filarial life 

cycle. Using predictive software, we were able to verify many previously known B. 
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malayi microRNAs, as well as identify novel microRNA over the course of the life cycle. 

By combining our mRNA data with microRNA seed target predictions, we were able to 

identify 3500 genes that appear to be under microRNA regulation and have inverse 

expression to those microRNAs. These represent novel filarial regulatory pathways 

whose disruption may impact the ability of the parasite to survive within its host, 

particularly as other studies have shown that these filarial nematodes utilize microRNAs 

not only for internal development, but also for communication with the host immune 

system.  

Wolbachia microRNA-like sequences 

In addition to known and novel microRNAs, we also identified four sequences that had 

the characteristic structure and expression pattern common to microRNAs but did not 

originate from the B. malayi genome. These could be mapped to the Wolbachia 

endosymbiont, and we could not detect evidence of these sequences in the lateral gene 

transfers in our Brugia assembly. Because our sequencing depth for these microRNAs 

was lower than that of many of the B. malayi microRNA, only one of these sequences 

was identified to have sufficient expression levels to qualify as differentially expressed, 

but all four of these microRNAs have many predicted targets in the Brugia genome. The 

one differentially expressed microRNA was clustered with eight other B. malayi 

microRNAs, and is predicted to be regulating multiple Brugia genes. 

Immunofluorescence of Brugia cells has identified that this microRNA sequence can be 

found independently of Wolbachia cells and not in the B. malayi nucleus, providing 

evidence that it can both leave the bacterial cell and is not being transcribed from the B. 

malayi nuclear genome via sequence obtained through a lateral gene transfer. This is 
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critical, as microRNAs function through a eukaryotic specific path that is not present in 

bacteria, and for these sequences to act as microRNAs, they must be able to leave the 

Wolbachia and enter the eukaryotic cytosol. Further studied are needed to confirm that 

these sequences have regulatory function, and are indeed originating from the Wolbachia. 

Wolbachia microRNA-like sequences with regulatory function in the host have been 

identified previously in arthropods [199], but this would be the first instance of a 

regulatory sequence that has been confirmed in filarial nematodes. This has profound 

implications, as Wolbachia is an obligate symbiont and is required for Brugia survival. 

These pathways may be a critical part of that mutualistic dependence and represent a 

novel mechanism for targeting the parasite.  

Final thoughts 

This thesis has focused on filarial nematodes and their genomes. A huge part of my work 

has been dedicated to understanding filarial evolution, and how it has impacted the state 

of the Nematoda phylum to this day. However, the work has implications beyond just one 

phylum, as the phenomena observed are important for understanding the formation of sex 

chromosomes and sex determination systems in general. The diversity of nematode 

species makes them a rich resource for insights into the mechanisms by which 

chromosomes fuse, and the implications of copy number changes resulting from those 

fusions. In addition, I have shown that there are significant population impacts that 

accompany such large-scale evolutionary changes, which affect filarial diversity from an 

evolutionary perspective and represent potential weaknesses to be exploited in parasite 

treatment. Finally, my work on small RNA transcriptomics has revealed a novel form of 
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endosymbiont communication in nematodes that expands the role of Wolbachia in Brugia 

development and survival. 

_________________________________ 
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