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Filarial diseases affect >200 million individuals worldwide, with another ~800 million 

individuals at risk across ~50 countries. The causative agents of filariasis are 

roundworms of the superfamily Filarioidea, also known as filarial nematodes. The most 

common human filarial disease is lymphatic filariasis, caused by one of three filarial 

nematodes: Wuchereria bancrofti, Brugia malayi, and Brugia timori. There are four 

different antihelminthic therapeutics for lymphatic filariasis—albendazole, 

diethylcarbamazine, ivermectin, and doxycycline. Three are primarily microfilaricidal 

and have limited efficacy on adult worms. The fourth therapeutic, doxycycline, 

adulticidal, but causes complications when administered to pregnant women or children 

<9 years of age. Combined with the emergence of drug resistance in filarial nematodes, 

new therapeutics are needed for the treatment for lymphatic filariasis. To identify 

potential drug targets, we conducted a multi-species transcriptomics analysis of B. 

malayi, its obligate mutualistic endosymbiont Wolbachia endosymbiont wBm, and its 

laboratory vector host A. aegypti across the entire B. malayi life cycle. We validated the 

use of the Agilent SureSelect RNA-Seq capture platform to enrich for B. malayi and 

wBm sequencing reads in low coverage samples, namely those taken during the B. malayi 

vector life stages in A. aegypti. For the analysis of wBm we developed FADU (Feature 

Aggregate Depth Utility), a quantification tool designed for prokaryotic RNA-Seq 



analyses, with an emphasis on accurately quantifying operonic genes. From our 

transcriptomics analysis, we identified an over-enrichment of the bromodomain and 

extra-terminal (BET) family of transcription factors, upregulated in the adult female, 

embryo, and microfilariae life stages. In previous studies, knockdowns of the BET 

proteins in Caenorhabiditis elegans lead to adult worm sterility and sometimes lethality. 

We treated adult female B. malayi in vitro with the BET inhibitor JQ1(+) and found that 

JQ1(+) induced sterility and worm death at lower concentrations than ivermectin, 

suggesting BET inhibitors may be promising antihelminthics. We also sequenced the 

genome of the Wolbachia endosymbiont of W. bancrofti, wWb, and used comparative 

genomics to identify conserved genes between lymphatic filariae Wolbachia. 

Additionally, we developed an approach for determining species using core genome 

alignments to reassess the supergroup designations in the genus Wolbachia.
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Chapter 1: Introduction 

Human filariasis 

Nematodes are one of the most common causes of parasitic infections in humans (1). 

Within this, nematodes of the superfamily Filarioidea, also known as filarial nematodes, 

infect ~200 million individuals worldwide with >800 million individuals across >50 

countries at risk (2-4). Filarial worms infect two hosts across their life cycle, with 

arthropods, such as flies or mosquitoes, serving as their vector host and a mammal 

serving as their definitive host. Filarial nematodes are spread as infected vector hosts 

deposit infective L3 larvae into the definitive host upon taking a blood meal. The larvae 

mature into sexually-active adults over the course of months and produce microfilariae 

(5). The microfilariae then migrate into the blood of the definitive host, where they can 

be taken up by a vector taking a blood meal (6). Once in the vector, the microfilariae 

mature through three molts to the infective L3 larval stage, at which point the life cycle 

repeats. While filarial nematodes are known to infect a variety of mammalian hosts, eight 

nematodes are known to infect humans and cause filariasis (4). 

Lymphatic filariasis: Wuchereria bancrofti, Brugia malayi, and Brugia timori 

Three of the filarial nematodes that infect humans—Wuchereria bancrofti, Brugia 

malayi, and Brugia timori—cause lymphatic filariasis, an affliction in which the 

nematodes infect and damage the lymphatic system of infected humans (7). Of the 

different types of filariasis, lymphatic filariasis is the most prevalent with Wuchereria 

bancrofti and Brugia malayi infections being the first and second most commonly 

reported cases of filarial nematode infections, respectively. Lymphatic filariasis affects 



2 
 

over 120 million people worldwide across 72 countries in Asia, Africa, and South 

America (8). 

Although most infected individuals are asymptomatic, a small percentage of infected 

individuals develop lymphedema years after infection (7). As the filarial nematodes 

migrate through the lymphatic vessels of the infected individual, the nematodes have the 

potential of clogging or damaging the lymphatic system. This blockage of the lymphatic 

system leads to an inability to drain lymph fluid. This build-up of fluid causes the 

swelling of a limb corresponding to the area of the damaged lymphatic, known as 

lymphedema (7). While the legs are most often affected by the lymphedema, it can also 

affect the arms, breasts, or genitals. In males, lymphedema can also manifest in scrotal 

swelling due to a collection of liquid from the damaged intrascrotal lymphatics, termed 

hydrocele (9). Additionally, the damage to the lymphatic system leaves the affected host 

more susceptible to bacterial infections (7, 10). 

Onchocerciasis: Onchocerca volvulus 

Onchocerca volvulus is the third most commonly reported filarial nematode infection, 

being responsible for onchocerciasis, also known as river blindness. Cases of 

onchocerciasis are spread across 34 countries, with areas in sub-Saharan Africa and 

Yemen having the highest incidence of disease. As of 2015, over 15.5 million people are 

affected by onchocerciasis, with ~1 million having some degree of vision loss (2, 11). 

Onchocerciasis is transmitted specifically by infected Simulium black flies. Instead of the 

nematode migrating to the lymphatic system, O. volvulus larvae migrate to the skin 
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and/or eyes. The death of O. volvulus in the skin or eyes of the afflicted individual 

triggers host inflammation that can lead to skin disease and/or blindness. 

Loaisis: Loa loa 

Loa loa is a filarial nematode responsible for a rare subset of filariasis known as loiasis, 

based primarily in Western and Central Africa (12). Loiasis is transmitted by Chrysops 

horseflies and resides in the subcutaneous tissues of infected individuals while its 

microfilariae reside in the blood. While loiasis is also typically asymptomatic, infected 

individuals have reported intermittent, itchy and nonpainful swellings as symptoms. 

Additionally, cases of loiasis have reported instances of Loa loa crawling under the 

surface of the affected individual’s eye (12). 

Mansonellosis: Mansonella ozzardi, Mansonella perstans, and Mansonella 

streptocerca 

The last three of the human-infecting filarial nematodes—Mansonella perstans, 

Mansonella ozzardi, and Mansonella streptocerca—are responsible for a subset of filarial 

diseases known as mansonellosis (13). While the three worms have been classified as 

members of the same genus, the cases of mansonellosis that arise from each of the three 

species have marked differences. Cases of M. ozzardi infections are primarily located in 

the Caribbean in Central and South America. M. perstans is endemic to North, and sub-

Saharan Africa along with South America, while M. streptocerca is endemic to Western 

and Central Africa (13). The reported vectors for M. ozzardi include the Ceratopogonidae 

family of biting-midges and Simulium black flies, while only Culicoides biting-midges 

serve as the vector host for M. perstans and M. streptocerca (14). M. ozzardi, M. 
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perstans, and M. streptocerca also reside in different areas of their human host. The 

microfilariae of M. ozzardi resides in both the blood and skin of its human host while M. 

perstans resides in only the blood and M. streptocerca resides in only the skin. The 

filariae of M. ozzardi reside in the lymphatic vessels, pericardium, and peritoneum while 

M. perstans filariae only reside in the pericardium and the peritoneum. In stark contrast, 

M. streptocerca resides in the subcutaneous tissues of the dermis (13, 14). Despite cases 

of mansonellosis often being asymptomatic, reported infections with each of the three 

species have had differing clinical symptoms. Fever, joint pains, keratitis, and face edema 

have been reported for M. ozzardi; itching, joint pains, and enlarged lymph glands have 

been reported for M. perstans; and dermatitis and rash have been reported for M. 

streptocerca (14). 

Diagnosing filariasis 

Traditionally for the diagnosis of loiasis, lymphatic filariasis, and certain types of 

mansonellosis, blood is taken from the patient and checked for microfilariae using 

Giemsa stains (4, 13, 15). However, the times in which the blood samples are taken vary 

depending on the circadian periodicity of each filarial nematode. By only appearing in the 

blood of their definitive host at times coinciding with the feeding times of their vector 

host, filarial nematodes are better able to avoid immune clearance while optimizing their 

propagation by vector hosts. For individuals infected with W. bancrofti and B. malayi, 

blood samples taken at night are often found to contain an increased concentration of 

microfilariae, coinciding with the feeding times of their vector host (6). However, the 

periodicity of filarial nematodes has been shown to vary within the same species, with W. 

bancrofti in the Southern Pacific having diurnal periodicity (16). For L. loa, diurnal 
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periodicity is observed, with the maximum microfilariae density in the blood of its 

infected host occurring during daytime, coinciding with the feeding times of the vector 

Chrysops host (17).  

While M. perstans and M. ozzardi microfilariae have been detected in blood, the 

microfilariae of M. streptocerca are only found in the skin and are instead detected using 

skin snips, small biopsies of the upper dermal layer of the skin (13). In comparison, 

Mansonella microfilariae show very weak, if any, periodicity (13, 18, 19). 

Onchocerciasis is diagnosed through the detection of microfilariae in skin snips during 

the day, due to the diurnal periodicity observed with O. volvulus (4). However, the 

detection of filarial nematodes through microscopy lacks sensitivity, with microfilariae 

detection often depending on the type of infection, volume of blood sampled, and the 

time of sampling due to the different periodicities observed in filarial nematodes (20). 

Additionally, a high degree of technical expertise is needed to differentiate different 

filarial species through microscopy. Furthermore, for infected individuals, microfilariae 

are not always detected with blood smears or skin snips. As an example, L. loa 

microfilariae are only detected in 30% of all infected individuals (15). 

Because of the limitations of microscopy-based diagnostic techniques, antigen detection-

based methods are increasingly being used for the diagnosis of filarial diseases (4). 

Immunochromatographic tests (ICTs) are currently the most sensitive method for 

detecting and diagnosing bancroftian lymphatic filariasis. By adding non-pretreated 

human sera to a sample pad containing dried polyclonal antifilarial antibodies coupled to 

colloidal gold, sera positive for W. bancrofti antigens can be detected in <5 min (20). 
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Compared to microscopy-based techniques, diagnoses using ICTs are independent of 

sampling time, being able to detect residual antigens in the blood of affected individuals. 

Serology-based tests for the diagnosis of filarial diseases continue to be improved by 

increasing the sensitivity for specific filarial antigens while minimizing the cross-

reactivity between antigens of different filarial species. Serology-based lateral flow tests 

are commercially available for the detection of W. bancrofti and O. volvulus antigens. SD 

Bioline currently stocks ICT kits for diagnosing lymphatic filariasis and onchocerciasis 

through the detection of IgG4 antibodies to the Wb123 antigen for W. bancrofti and the 

Ov16 antigen for O. volvulus from blood samples (21, 22). While no serology-based 

diagnostic tools are currently available for mansonellosis (14), a luciferase 

immunoprecipitation system (LIPS) is currently in development for the diagnosis of 

loiasis through the detection of the LISXP-1 antigen of L. loa (23, 24). 

In addition to antigen-based techniques, there are numerous molecular-based diagnostic 

techniques for filariasis. Polymerase chain reaction (PCR) techniques have been used to 

diagnose and/or monitor filariasis using primers specific to the different filarial nematode 

species (25-29). More recently, loop-mediated isothermal amplification (LAMP) assays 

have improved upon PCR-based diagnostic methods. Similar to PCR methods, LAMP 

assays measure the amplification of a DNA product from primers specific to different 

filarial nematode species. However, LAMP assays do not require thermocyclers and 

product amplification is measured by fluorescence or turbidity directly from the reaction 

tube, saving both time and resources (30, 31). LAMP assays are currently available for 

W. bancrofti, B. malayi, O. volvulus, and L. loa (30). PCR and LAMP-based assays have 
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also been adapted for xenomonitoring, in which the progress of filariasis elimination 

programs is evaluated based on the detection of filarial DNA in environmental vectors 

(32-34). 

Filarial vaccine development 

As an approach to preventing and blocking the transmission of filariasis, vaccines are 

currently in development against filarial nematodes. Despite being in development since 

the 1940s, there are currently no available vaccines against any form of filariasis (35). 

This is partly due to the limited ability of the human filarial nematodes to infect non-

human mammals, with only B. malayi, O. volvulus, and L. loa being known to infect 

different mammalian animals. While numerous vaccine studies have been conducted in 

different model systems for B. malayi, the most relevant was conducted in in rhesus 

monkeys. Using irradiated L3 B. malayi larvae, a protective immune response was able to 

be generated against B. malayi for 12 months post-vaccination (36). However, protection 

using L3 larvae in different filarial models has been shown to vary, with a study in 

chimpanzees showing that vaccinations with irradiated L3 O. volvulus larvae offer no 

additional protection (37). Similarly, in the mandrill model of L. loa, vaccination using 

irradiated L3 larvae showed a delay in the time of peak microfilaremia but no significant 

decrease in total L. loa microfilariae (38). 

Filariasis treatment options 

Current mass drug administration (MDA) programs administer albendazole (ALB) in 

combination with ivermectin (IVM) or diethylcarbamazine (DEC) for lymphatic filariasis 

(4). ALB is a carbamate benzimidazole that inhibits the formation of microtubules and 
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the polymerization of worm β-tubulin (39). When used in combination with DEC or 

IVM, ALB has been observed to be more effective in reducing microfilarial loads for a 

longer period compared to DEC or IVM alone (40). IVM is a macrocyclic lactone known 

to be microfilaricidal and sterilizing to adult females. IVM functions by interacting and 

inhibiting postsynaptic glutamate-gated chloride (GluCl) channels specific to the 

Nematoda and Arthropoda phyla. Inhibition of the GluCl channels has been found to both 

prevent the release of microfilariae by female worms and immobilize microfilariae, 

which can then be easily cleared by the host immune system (41). DEC is a piperazine 

derivative thought to be the most effective therapeutic for human filariasis. Although its 

mechanism is currently unknown, DEC has been hypothesized to affect the 

cyclooxygenase, lipoxygenase, and NF-kB signaling pathways in microfilariae (42). DEC 

is also thought to alter pathways in the human host including the arachidonic acid and 

nitric oxide metabolic pathways, which are thought to play a key role in facilitating a host 

immune response to microfilariae (43, 44). 

While three different antihelminthics are currently prescribed for the treatment of 

lymphatic filariasis, IVM is the sole drug prescribed for the treatment of onchocerciasis 

(4) with ALB not having any effects on microfilariae loads (45, 46). The use of DEC in 

patients with heavy parasitemia is not advised due to the elicitation of a large host 

inflammatory response from the large release of Wolbachia from dead nematodes (47, 

48). In cases of ocular onchocerciasis, the strong inflammatory response elicited from 

DEC can lead to death (4). For loiasis, the treatment of choice is DEC combined with 

ALB, with IVM having been found to cause encephalopathy when used as a treatment 

(49). Additionally, DEC in loiasis patients with heavy parasitemia are under risk of brain 
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inflammation (49). Compared to the other three forms of filariasis, there are currently no 

universal guidelines for the best treatment of mansonellosis. Treatment options vary 

between Mansonella species, with IVM being used to treat M. ozzardi, DEC and 

mebendazole having been shown to be the best treatment for M. perstans, and DEC being 

the most common treatment for M. streptocerca (14). 

An issue with the current filariasis treatments for lymphatic filariasis and onchocerciasis 

are that they are largely microfilaricidal, with limited adulticidal activity (4, 50). While 

these microfilaricidal treatments have been successful in preventing the transmission of 

lymphatic filariasis, expensive and prolonged treatments are often required for full 

nematode clearance, since adult nematodes continuously generate microfilariae and can 

live in affected individuals for 6-8 years (8). However, coendemic regions for filariasis 

remain an issue for current filariasis treatments due to therapeutics for one form of 

filariasis potentially eliciting severe adverse effects for other forms of filariasis (47-49). 

Because of this, coendemic regions have adapted a test and not treat approach for 

filariasis. As an example, in certain regions of Central Africa coendemic for 

onchocerciasis and loiasis, a test and not treat approach is currently being used for loiasis 

due to the potential of post-treatment adverse effects from treating L. loa infected 

individuals with IVM (51). 

As an alternative to targeting filarial nematodes using antihelminthics, studies have 

shown the efficacy of using antibiotics targeting the Wolbachia endosymbionts of the 

lymphatic filariae and O. volvulus (52). The Wolbachia are a genus of obligate, 

intracellular bacteria needed by their filarial nematodes host for proper development and 
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reproduction. Doxycycline functions by binding to the 30S ribosomal subunit in bacteria, 

inhibiting protein synthesis. Treatment of bancroftian and brugian filariasis with a 4-8 

week treatment regime of doxycycline causes long term sterility and has both 

macrofilaricidal and microfilaricidal effects (53, 54). For onchocerciasis, a 6 week course 

of doxycycline has been found to have microfilaricidal effects and sterilize female worms 

(55, 56). When used in combination with ivermectin, the 6 week doxycycline regimen 

has been shown to have a greater macrofilaricidal effect compared to IVM alone (57). 

The success of doxycycline in the treatment of filariasis has led to an increasing number 

of anti-Wolbachia drug discovery strategies. The A-WOL Consortium uses mass drug 

screens to identify potential anti-Wolbachia compounds that show adulticidal activity 

against the lymphatic filariae and O. volvulus (58). As a result, the A-WOL Consortium 

currently has multiple candidate anti-Wolbachia therapeutics for filariasis awaiting 

clinical testing (59-62). 

The supergroup classification system 

Although other bacterial genera use species designations, Wolbachia endosymbionts are 

instead currently classified by supergroup designations. The development of the 

supergroup classification system occurred at a time when 16S rRNA sequence similarity 

was used as an objective method to assign bacterial species designations (63). However, 

in the case of bacteria with reductive genomes, the slow evolutionary rate of the 16S 

rRNA provides inadequate resolution in dividing species based on their unique 

phenotypes. This was the case in the Wolbachia, in which the application of 16S rRNA 

species guidelines was unable to divide the Wolbachia based on a key phenotype that 

arthropod Wolbachia inflict upon their host: cytoplasmic incompatibility (63). While the 
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use of 16S rRNA sequences was able to divide the Wolbachia into broad groupings of 

isolates, it could not resolve the different CI phenotypes observed in the different strains.  

The Wolbachia community elected to instead use the sequence similarity of the faster-

evolving, single-copy wsp gene to assign supergroup designations. The first use of the 

supergroup designations was able to split the arthropod Wolbachia into two groupings, 

supergroup A and B. At that time, based on CI phenotypes, a host infected with 

supergroup A Wolbachia would be unable to mate with a host infected with supergroup B 

Wolbachia and produce viable offspring. However, today we understand CI to not 

necessarily be a phylogenetically-informative trait, especially with the ability of 

arthropod Wolbachia to cross-species boundaries (64). While the supergroup designations 

are not intended to be analogous to species designations used in other bacterial genera, it 

provided an alternative way to classify Wolbachia past the genus level. 

The continued use of wsp as a phylogenetic marker has revealed the wsp gene to be 

confounded by significant levels of recombination. Additionally, wsp has been found to 

have differing rates of selection between arthropod and nematode Wolbachia, indicating 

that it is unsuitable for Wolbachia phylogenetic analyses. This eventually led to the 

development of a Wolbachia multilocus sequence typing system (MLST) for the 

classification of Wolbachia species. By using sequences from five single-copy conserved 

Wolbachia genes (ftsZ, gatB, coxA, hcpA, and fbpA), along with wsp as an optional strain 

marker, the MLST system offered a high-resolution method for typing Wolbachia 

supergroups while overcoming the single-locus recombination biases from using single 

gene phylogenetic methods. 
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The current Wolbachia supergroup classification scheme separates the Wolbachia into 17 

distinct supergroups. Of these, twelve supergroups exclusively infect arthropods (A, B, E, 

G, H, I, K, M, N, O, P, Q), three exclusively infect filarial nematodes (C, D, J), one 

exclusively infects plant parasitic nematodes (L), and one that infects both arthropods and 

filarial nematodes (F) (65). However, the initial design of the MLST system used 

Wolbachia sequences from only 4 of the 16 currently established Wolbachia supergroups 

(A, B, D, and F) (66-68) and occurred during a time when the only complete Wolbachia 

genomes available were of wMel (69) and wBm (70), indicating a need to update the 

current Wolbachia classification system. Despite the plethora of Wolbachia supergroups, 

Wolbachia are commonly classified as being arthropod Wolbachia or nematode 

Wolbachia where they interact differently with their host in key ways.  

Arthropod Wolbachia host interactions 

The most studied arthropod Wolbachia phenotypes are all forms of reproductive 

parasitism, in which the endosymbiont manipulates its host’s reproduction to increase the 

prevalence of Wolbachia-colonized female hosts to provide themselves a selective 

advantage (71, 72). The Wolbachia are unique in that they are the only bacteria known to 

cause all four commonly recognized forms of reproductive parasitism: (a) cytoplasmic 

incompatibility, (b) male-killing, (c) feminization, and (d) parthenogenesis induction 

(72). Cytoplasmic incompatibility (CI) is a phenomenon used to describe an inability to 

generate viable offspring when a Wolbachia-infected male mate with a non-infected 

female or a female infected with another Wolbachia strain (71). CI is thought to occur in 

two steps: modification and rescue. Modification occurs in spermatogenesis, where the 

presence of intracellular Wolbachia modifies the sperm in the infected male host. Rescue 
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occurs in fertilized eggs, where the presence of the same strain of Wolbachia in infected 

female hosts can “rescue” the deleterious modifications in the host sperm, allowing for 

the formation of viable offspring. Incompatible crosses due to CI have shown to lead to 

the paternal chromosomes being unable to condense in the first mitotic divisions of the 

pronucleus, leading to the loss of the paternal chromosomes. This causes stunted 

development and the eventual death of the embryo (73, 74). Recently, two genes 

transcribed by the Wolbachia endosymbiont of Drosophila melanogaster, wMel, have 

been shown to play a major role in CI. The two genes, cifA and cifB, are found in the 

eukaryotic association module of the Wolbachia prophage WO. Both the expression of 

cifA and cifB has been found to contribute to embryonic lethality in the males of 

incompatible crosses while only the expression of cifA has been found to nullify CI-

induced embryonic death (75, 76). 

Through male-killing and feminization, Wolbachia alter the ratio of their arthropod hosts’ 

broods, increasing the numbers of the female sex. Compared to CI, which is only caused 

by bacteria in the Wolbachia and Cardinium genera, male-killing endosymbionts are 

more diverse and can also be found in the Arsenophonus, Flavobacteria, Rickettsia, and 

Spiroplasma (72). Male-killing occurs during larval development, in which the presence 

of male-killing endosymbionts in the male larvae causes developmental defects and 

eventual death (77). Because of this, insects harboring male-killing endosymbionts lose 

approximately half their brood, with the surviving larvae having highly biased female sex 

ratios. While male-killing is not necessarily advantageous for the hosts, male-killing is 

thought to be advantageous for maternally-transmitted endosymbionts. The decreased 
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number of males increases the fitness of the surviving female hosts due to decreased 

levels of antagonistic sibling interactions, inbreeding, and sibling egg consumption (78). 

With feminization, Wolbachia facilitates the conversion of genetic males to phenotypic 

females, leading to the production of all female broods. While in the majority of insects, 

sex is determined primarily by genotype, arthropods containing feminizing endosymbiont 

bacteria, such as members of the Wolbachia, Arsenophonus, Cardinium, and Spiroplasma 

can have their sex altered during larval development (79). Wolbachia-mediated male 

feminization has been found to continuously occur on genetic males during larval 

development. While still speculative, Wolbachia are thought to interact with a sex 

specific molecular mechanism in their arthropod hosts that controls the expression of 

female-specific phenotypes (80). 

Parthenogenesis induction is a phenomenon in which females infected with a 

parthenogenesis-inducing bacteria, such as Wolbachia, Cardinium, or Rickettsia (72), lay, 

in the absence of fertilization, diploid eggs that develop into females, with males being 

very rare or close to absent. Thelytoky, a term describing parthenogenesis in which 

females are produced from unfertilized eggs, is thought to occur as a post-meiotic 

modification induced by the Wolbachia of the arthropod host (81). In the insect order 

Hymenoptera, thelytoky occurs through a diploidization process known as gamete 

duplication, in which the first mitotic division of two haploid sets of chromosomes in the 

embryo fails to separate, leading to the formation of a single diploid nucleus containing 

two identical sets of chromosomes (81). By causing thelytoky, Wolbachia are able to 

generate female hosts to populate in the absence of fertilization and males. While 
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thelytoky is beneficial for the Wolbachia, it is thought to be evolutionarily detrimental to 

the arthropod hosts due to the accumulation of deleterious mutations associated with 

asexual reproduction. 

A common theme among the four reproductive parasitological phenotypes caused by 

Wolbachia is a focus on generating female-biased broods. Because Wolbachia are 

transmitted like mitochondria, from the maternal arthropod to her offspring, the 

Wolbachia have little use for the paternal arthropod. Coupled with the ability to induce 

thelytoky parthenogenesis, female host production and Wolbachia transmission is not 

necessarily limited by fertilization or the presence of male arthropods. All four forms of 

sexual manipulation are all thought to be deleterious and therefore parasitic to the 

Wolbachia host. However, studies have described beneficial effects of Wolbachia 

infections such as improving arthropod fecundity, protecting from viral infections, and 

provisioning for metabolites during nutritional stress periods (81-83). 

Nematode Wolbachia host interactions 

Compared to arthropod Wolbachia, Wolbachia endosymbionts in nematodes are more 

restrictive, primarily being observed in nematodes within the Onchocercidae family (83). 

While in arthropods the status of Wolbachia infections varies within a species, the 

presence of Wolbachia has been observed to be fixed within most filarial nematodes, 

indicative of Wolbachia mutualism as opposed to parasitism (84). Similarly, the 

Wolbachia within the plant-parasitic nematode Pratylenchus penetrans has been 

hypothesized to be mutualistic from genomic and phylogenetic analyses (85). 
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The Wolbachia population within a single nematode varies at different life stages. In B. 

malayi, the ratio of Wolbachia/nematode DNA has been observed to be the lowest from 

the microfilariae through the vector-borne larval stages. Within the first week of infection 

in the mammalian hosts, Wolbachia numbers increase dramatically as the worm matures 

to its adult life stage. Additionally, mature adult female worms appear to harbor the 

greatest number of Wolbachia, as the embryonic larvae in the adult female worms 

become infected with Wolbachia (86). The periods of rapid growth in Wolbachia as its 

nematode host matures has led to the hypothesis that  Wolbachia has a role in 

provisioning nutrients or metabolites needed for the metabolically-intensive processes 

during the later stages of nematode development into the adult life stages (87). Upon 

antibiotic depletion of Wolbachia with tetracycline, B. malayi growth and embryogenesis 

in B. malayi is impaired (4). Additionally, using jird infection models, Wolbachia 

depletion of the filarial nematodes, Brugia pahangi, Dirofilaria immitis, and 

Litomosoides sigmodontis resulted in filarial infertility and growth retardation, further 

indicating that Wolbachia are required for proper development and reproduction in 

filarial nematodes (88, 89). 

In B. malayi, histological studies have revealed female germ cells in mature adult females 

to be heavily infected with Wolbachia while no Wolbachia were observed at any stage in 

male germ cells during all of spermatogenesis (90). Upon depletion of Wolbachia in adult 

male and female worms using tetracycline, no defects were observed in spermatogenesis 

while over a third of proliferative germline nuclei were lost in females (90). From this, it 

is hypothesized that Wolbachia may have a role in controlling the proliferation of 

germline cells in adult female B. malayi by either stabilizing or acting in parallel to the B. 
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malayi effectors that govern female germline replication, function, and proper 

reproduction, similar to what is observed with CI in insects (91). 

Despite Wolbachia being integral to the development of most filarial nematodes, a subset 

of nematodes, including Acanthocheilonema viteae, Loa loa, and Onchocerca flexuosa do 

not harbor Wolbachia endosymbionts (92, 93). As such, tetracycline does not adversely 

affect the development or reproduction of Wolbachia-free nematodes. However, 

molecular studies of both A. viteae and O. flexuosa have identified Wolbachia-like 

sequences integrated into the genomes of both species through lateral gene transfer events 

(94). Of these lateral gene transfer events, approximately half are transcribed from 

annotated pseudogenes (94), This indicates that despite the absence of Wolbachia 

endosymbionts, A. viteae and O. flexuosa could still be dependent on Wolbachia-derived 

sequences for proper development. However, such events in L. loa have not been 

described (93). 

Leveraging Wolbachia dependence for infectious disease control 

Wolbachia endosymbionts have been exploited in several ways to combat infectious 

diseases. The large-scale release of male Aedes aegypti mosquitoes infected with the 

wMel strain of Wolbachia has been proposed as a method to suppress native mosquito 

populations, specifically in Chikungunya, Dengue, and Zika endemic regions (95, 96). 

The release of specifically male, wMel-infected mosquitoes leverages the CI phenotype 

induced by the Wolbachia on its host. As no viable offspring will be produced in crosses 

between the male, wMel-infected mosquitoes and virus-infected, wMel-uninfected, 

female mosquitoes, this functions as a method of limiting the transmission of viral 
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infection (97). Additionally, the release of both male and female wMel-infected 

mosquitoes can also limit viral transmision due to the observation that Wolbachia-

infected mosquitoes have a reduced ability to transmit viruses (98-103). Additionally, the 

release of both male and female Wolbachia-infected mosquitoes suppresses viral 

transmission without drastically altering mosquito populations. Wolbachia-infected A. 

aegypti mosquitoes have been released in over 12 countries (104-106) by the World 

Mosquito Program in an attempt to control A. aegypti-transmitted viruses. 

Because of the dependence of filarial nematodes on their Wolbachia endosymbionts, a 

common drug development strategy against filarial diseases such as lymphatic filariasis 

or onchocerciasis is to target the Wolbachia endosymbiont of the nematode host (83). 

Although antihelminthic therapies are available, current drugs have primarily 

microfilaricidal activity against filarial nematodes. For lymphatic filariasis, multiple 

studies have established that doxycycline and rifampicin cause inhibition of 

embryogenesis, stunted development, and infertility, and macrofilaricidal activity though 

Wolbachia depletion (83). Additionally, a three to eight-week course of doxycycline and 

rifampicin has been shown to have macrofilaricidal activity on B. malayi, O. volvulus, 

and W. bancrofti in humans (54, 55, 57, 107, 108). Despite this, doxycycline is contra-

indicated for pregnant or breast-feeding woman and children under eight years of age and 

combined with the possible emergence of drug resistance, additional therapies are needed 

for the treatment of lymphatic filariasis (4). Currently, the A-WOL Consortium has 

identified multiple prospective anti-Wolbachia therapeutics for lymphatic filariasis 

through mass drug screens for anti-Wolbachia compounds (58-62). 
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‘Omics-based apparoches to filarial nematodes and their Wolbachia endosymbionts 

In 2007, the draft genome assembly of B. malayi genome enabled the prediction of drug 

targets by assessing the gene repertoire of a filarial nematode (109). Combined with the 

complete genome assembly of the Wolbachia endosymbiont of B. malayi, wBm, released 

two years prior, an increasing number of studies used genome-based predictions to 

facilitate filarial drug and vaccine development for lymphatic filariasis (70, 110). By 

assessing the gene content of B. malayi and wBm, the mechanisms outlining the 

codependency of the two organisms could be elucidated. Based on its gene content, it has 

been proposed that B. malayi is dependent on its Wolbachia endosymbiont for 

glutathione, heme, and riboflavin due to the lack of any such biosynthesis genes in the B. 

malayi genome. Similarly, the wBm genome lacks genes coding for the complete 

pathways for the de novo biosynthesis of coenzyme A, biotin, lipoic acid, ubiquinone, 

folate, and pyridoxal phosphate, indicating that these vitamins and cofactors must be 

obtained from the nematode host (70). Similarly, genome sequencing of O. volvulus and 

its Wolbachia endosymbiont, wOv, has revealed O. volvulus to be dependent on its 

Wolbachia endosymbiont for fatty acid metabolism, nucleotide metabolism, and heme 

biosynthesis (111). However, a comparison of the genomes of the Wolbachia-free L. loa 

and other filarial nematodes reveals that vitamin B6 synthesis and salvage is the only 

different metabolic pathway in L. loa, possibly indicating that the role of Wolbachia in 

filarial nematodes could be more subtle than previously realized (93). 

Genomic-based tools provided a new strategy for the development of drug targets for 

filarial nematodes (112, 113). Through comparative genomics with the free-living 

nematode Caenorhabditis elegans, orthologs were identified between C. elegans and B. 
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malayi. Because vital genes in C. elegans are well documented from genome-wide RNAi 

screens, orthology mapping can be used to identify vital genes in B. malayi as potential 

drug targets (114). Additionally, genomic screens of Wolbachia genomes have provided 

potential targets for anti-Wolbachia drug development studies. By screening for 

expressed genes in Wolbachia that have little homology with mammalian genes, active 

genes encoding for phosphoglycerate mutase and pyruvate phosphate dikinase were 

identified as potential target candidates for wBm (115, 116). 

Transcriptomics-based approaches have also been frequently used to identify potential 

drug target candidates based on expression across the nematode life stage. Highly and 

differentially expressed genes coinciding with time points of interest, such as during 

specific larval molts, serve as promising novel drug targets. Multiple transcriptomics 

studies assessing the transcriptome of B. malayi and its Wolbachia endosymbionts have 

been published and deposited in repositories for the identification of novel drug targets 

(117, 118). Both studies have independently uncovered a set of male-specific protein 

kinases that could be targeted by repurposing existing kinase inhibitors (119). A 

transcriptomics study of O. volvulus has similarly uncovered kinases specifically 

expressed in adult males alongside sets of stage-specific G-protein coupled receptors 

(GPCRs) that could potentially be targeted (120). Transcriptomics studies have been 

paired with proteomics datasets to identify potential infection biomarkers for improved 

diagnostic tools. For O. volvulus, mass spectrometry data sets of the O. volvulus 

secretome was paired with transcriptomics and immunomics approaches to identify novel 

biomarkers for O. volvulus infection (120).  



21 
 

‘Omics studies on filarial nematodes have also attempted to identify potential vaccine 

targets. Instead of using irradiated larvae, transcriptomics and proteomics data have been 

used to identify targets that are expressed heavily in the (a) infective vector L3 life stage 

of the nematode to prevent incoming infections or (b) microfilariae, in order to block 

transmission and reduce pathology (121). Proteomics studies aimed at assessing the 

abundance of proteins secreted by B. malayi have identified 11 small transthyretin-like 

proteins, which have also been identified as potential vaccine candidates against other 

helminth diseases (122). Numerous metabolites have been proposed as potential vaccine 

candidates for filariasis, including the fatty acid and retinol binding proteins in B. malayi 

and O. volvulus (123). Additionally, another proteomics study has identified 27 potential 

vaccine candidates on the surface of cells in the B. malayi digestive tract that can 

potentially interact with host antibodies. The 27 candidate proteins have been identified 

to have high homology to W. bancrofti and O. volvulus, indicating that these candidate 

proteins could potentially be protective to multiple types of filariasis (124). Another O. 

volvulus proteomics study has identified key metabolites and potential biomarkers using 

mass spectrometry data from O. volvulus-infected individuals (125). In a combined 

transcriptomics and proteomics O. volvulus study, six O. surface volvulus proteins 

identified and expressed in the infective L3 larvae stage have been identified as potential 

novel vaccine candidates. For L. loa, transcriptomics and proteomics approaches have 

been used to identify additional L. loa biomarkers (126, 127). 

Concluding remarks 

While the current treatment options available for filariasis have been shown to be 

effective in reducing disease transmission rates, they are lacking in adulticidal activity. 
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The persistence of adult worms in infected individuals requires prolonged and expensive 

treatment periods that can be improved. Additionally, antibiotic resistance has started to 

emerge in filarial nematodes, with there being reports of DEC and IVM resistance in W. 

bancrofti and O. volvulus (128, 129). The deficits in the current treatment options for 

filariasis calls for studies to identify additional filarial therapeutics. 

Although several transcriptomic studies (117, 118) have analyzed the transcriptome of B. 

malayi, wBm, and its laboratory vector host A. aegypti, no comprehensive study has 

simultaneously assessed the transcriptome of all three organisms across the entirety of the 

B. malayi life cycle. One of the primary reasons is the inability to recover a sufficient 

number of reads from B. malayi in its early vector life stages and wBm in all vector B. 

malayi life stages. Additionally, for the Wolbachia life stages analyzed in previous 

studies, the number of reads recovered is lacking, with samples having between ~14,000-

67,000 reads mapping to protein-coding genes (118). 

However, in order to generate a comprehensive transcriptomics data sets that captures the 

biological interplay between the different organisms in lymphatic filariasis, novel 

technologies need to be developed, validated and adapted. For the mammalian life stages 

of B. malayi, the transcriptome of two organisms—B. malayi and wBm—must be 

adequately captured from a single sample while for the vector stages, the transcriptome of 

three organisms—B. malayi, wBm, and A. aegypti—must be captured. This proves 

difficult when the wBm reads amount to <5% of sequenced reads in some mammalian 

samples and <0.1% of reads in the vector samples. The Agilent SureSelect (AgSS) 

platform serves as hybridization-based enrichment method that uses specific baits to 
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target transcripts of interest in RNA-Seq experiments. By designing sequence-specific 

baits for B. malayi or wBm, it becomes possible to extract transcripts of interest, such as 

mRNAs, while discarding unwanted RNA types. However, the AgSS capture needs to be 

validated in its efficacy and to see whether it imparts a bias on the recovered 

transcriptome relative to the standard RNA-Seq enrichments. 

Additionally, the currently available quantification tools for RNA-Seq analyses are 

lacking in that they have been designed and tested using human data sets (130-134), a 

system in which full-length transcript sequences are known. In most prokaryotic systems, 

only coding sequences of transcripts are known due to the laborious nature of the 

laboratory techniques required to identify the untranslated regions in transcripts. In 

prokaryotes, genes are often transcribed together in transcriptional units known as 

operons, with the >5000 genes in the Escherichia coli genome being transcribed in 630-

700 estimated operons (135). Because prokaryotic genomes lack full length transcript 

annotations, operons are often not annotated leading to each operonic gene being 

considered an individual transcriptional unit. This becomes problematic when reads are 

present that overlap multiple genes and cannot be unambiguously assigned. These 

problems become exacerbated in smaller, more reductive genomes such as those 

observed in Wolbachia in which it becomes difficult to differentiate between genes that 

are transcribed together versus genes in close proximity. 

The application of the AgSS platform and development of a prokaryotic-specific 

quantification tool will aid in carrying out and improving upon existing transcriptomic 

studies for Brugian filariasis. The data set will serve as a comprehensive resource for the 
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community to search for genes upregulation at specific life stages for the development of 

potential biomarkers, therapeutics, or vaccine candidates. Additionally, we sequenced the 

Wolbachia endosymbiont of Wuchereria bancrofti, wWb, and with comparative 

genomics analyses we can identify shared, core genes between wWb and wBm. We also 

address the current issues with the Wolbachia supergroup taxonomic scheme. We plan to 

adapt species designations to the Wolbachia to bring Wolbachia in line with the rest of 

bacterial taxonomy. My objectives for my thesis are as follows: 

1) Develop and validate tools for prokaryotic and multi-species RNA-Seq analyses 

(Chapters 2 and 3). 

2) Characterize the transcriptome of Brugia malayi, its Wolbachia endosymbiont 

wBm, and its laboratory vector host A. aegypti to identify potential drug targets 

for lymphatic filariasis (Chapter 4). 

3) Use comparative genomics to analyze the compare the Wolbachia endosymbionts 

of the Wuchereria bancrofti and Brugia malayi. (Chapter 5) 

4) Address issues with the current Wolbachia taxonomic scheme (Chapters 6 and 7) 
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Chapter 2: Targeted enrichment outperforms other enrichment 
techniques and enables more multi-species RNA-Seq analyses 1 

Abstract 

Enrichment methodologies enable the analysis of minor members that are present in low 

abundance in multi-species transcriptomic data. We qualitatively compared the standard 

enrichment of bacterial and eukaryotic mRNA to a targeted enrichment using an Agilent 

SureSelect (AgSS) capture for Brugia malayi, Aspergillus fumigatus, and the Wolbachia 

endosymbiont of B. malayi (wBm). Without introducing significant systematic bias, the 

AgSS quantitatively enriched samples, resulting in more reads mapping to the target 

organism. The AgSS-enriched libraries consistently had a positive linear correlation with 

their unenriched counterparts (r2 = 0.559–0.867). Up to a 2,242-fold enrichment of RNA 

from the target organism was obtained following a power law (r2 = 0.90), with the 

greatest fold enrichment achieved in samples with the largest ratio difference between the 

major and minor members. While using a single total library for prokaryote and 

eukaryote enrichment from a single RNA sample could be beneficial for samples where 

RNA is limiting, we observed a decrease in reads mapping to protein coding genes and an 

increase in multi-mapping reads to rRNAs in AgSS enrichments from eukaryotic total 

RNA libraries compared to eukaryotic poly(A)-enriched libraries. Our results support a 

recommendation of using AgSS targeted enrichment on poly(A)-enriched libraries for 

eukaryotic captures, and total RNA libraries for prokaryotic captures, to increase the 

robustness of multi-species transcriptomic studies. 

                                                
1 Chung M, Teigen L, Liu H, et al. Targeted enrichment outperforms other enrichment 
techniques and enables more multi-species RNA-Seq analyses. Sci Rep. 
2018;8(1):13377. 
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Introduction 

Dual species transcriptomic experiments have been increasingly employed as a method to 

analyze the transcriptomes of multiple species within a system (118, 136-143). However, 

obtaining a sufficient quantity of reads from each organism is a major issue when 

simultaneously analyzing the transcriptomes of multiple organisms within a single 

sample. When extracting total RNA from a host sample, the signal from host transcripts 

typically overwhelms the signal from secondary organism transcripts under most 

biologically meaningful conditions (144, 145). Differential enrichments have been 

designed to physically extract RNA from secondary organisms in samples by depleting 

highly abundant rRNAs and selecting transcripts based on differing properties between 

the two organisms, such as the differential poly-adenylation status of transcripts in the 

case of samples containing a mixture of eukaryotic and prokaryotic RNA (146-149). 

However, in eukaryote-eukaryote dual species transcriptomics experiments, these 

differences are usually not present to be exploited. Additionally, methods used to enrich 

for prokaryotic RNA from samples dominated by eukaryotic RNA can fail when the 

poly(A)-depletion method is unable to remove eukaryotic long non-coding RNAs that 

lack 3′-polyadenylatation, and when the efficacy of rRNA depletion is low, as observed 

with some organisms (146). 

The Agilent SureSelect (AgSS) platform serves as a hybridization-based enrichment 

method that uses specific baits to target transcripts of interest 

(www.genomics.agilent.com). By designing sequence-specific baits for an organism, it 

becomes possible to extract transcripts of interest, such as mRNA, while avoiding 

unwanted RNA types, such as rRNA and tRNA. In dual species transcriptomics, one of 
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the main advantages of the AgSS system is the ability to extract reads in systems where 

an organism has low relative abundance (150). To test the efficacy of the AgSS platform 

on dual- and tripartite-species systems where insufficient numbers of reads are obtained 

from the minor, or lowly abundant, member(s), we designed AgSS baits for: (1) Brugia 

malayi, a filarial nematode and the causative agent of lymphatic filariasis, (2) wBm, the 

obligate mutualistic Wolbachia endosymbiont of B. malayi, and (3) Aspergillus fumigatus 

AF293, a fungal pathogen known to cause aspergillosis in immunocompromised 

individuals. 

In filarial nematode transcriptomics, it is relatively straightforward to isolate nematode 

samples from the mammalian/definitive host while minimizing contaminating host 

material. Therefore, the Brugia transcriptome can be easily obtained from poly(A)-

enriched RNA from Brugia samples originating from the mammalian host, which is often 

an experimentally infected gerbil (Meriones unguiculatus). However, sampling the 

Wolbachia endosymbiont transcriptome in these worms is problematic because the 

endosymbionts contribute less RNA to the total RNA pool. Therefore, wBm reads are 

overwhelmed by B. malayi reads and must be enriched using a rRNA- and poly(A)-

depletion (146), which can still result in an insufficient number of reads being obtained. 

In the mosquito vector host, the parasitic worms develop in the thoracic muscles where 

they are not easily isolated. Therefore, whole infected mosquito thoraces containing the 

larval B. malayi are used for RNA isolation (117). As such the B. malayi reads are 

overwhelmed by reads from those of the mosquito vector, typically experimentally 

infected Aedes aegypti, and the reads of the endogenous wBm are even further dwarfed 

compared to samples obtained from the definitive host (151). In a separate dual-species 
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transcriptomics experiment examining A fumigatus infections, the eukaryotic A. 

fumigatus reads are overwhelmed by reads from the eukaryotic human or mouse host 

making it difficult to analyze the fungal transcriptome in this host-pathogen interaction. 

Given that both are eukaryotes there are not differences in transcript characteristics like 

polyadenylation to enable the enrichment of the mRNA from the minor member, 

specifically A. fumigatus. 

For each eukaryotic system, the performance of the poly(A)-enrichment was compared to 

that of poly(A)-enrichment supplemented with the AgSS platform in extracting B. malayi 

and A. fumigatus reads. Additionally, the efficacy of the AgSS platform in extracting 

prokaryotic reads was determined by comparing the total RNA AgSS capture to the 

RiboZero-treated, poly(A)-depletion method in extracting wBm reads. 

Methods 

Mosquito preparation 

Aedes aegypti black-eyed Liverpool strain mosquitoes were obtained from the 

NIH/NIAID Filariasis Research Reagent Resource Center (FR3) and maintained in the 

biosafety level 2 insectary at the University of Wisconsin Oshkosh (UWO). Desiccated 

mosquito eggs were hatched in deoxygenated water and the larvae maintained on a slurry 

of ground TetraMin fish food (Blacksburg, VA, USA) at 27 °C and 80% relative 

humidity. Female pupae were separated from males using a commercial larval pupal 

separator (The John Hock Company, Gainesville, FL, USA) and maintained on cotton 

pads soaked in sucrose solution. Adult female mosquitos were deprived of sucrose ~8 h 

prior to blood feeding. Mosquitoes were infected with the B. malayi FR3 strain by 
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feeding on microfilaremic cat blood (FR3) through parafilm via a glass jacketed artificial 

membrane feeder. Microfilaremic cat blood was diluted using uninfected rabbit blood to 

achieve a suitable parasite density for infection (100–250 mf (microfilariae)/20 µL) with 

mosquitoes being allowed to feed to repletion. Mosquitoes were maintained in insect 

incubators until time of worm harvest. 

Nematode preparation 

To examine larval development in the vector, groups of mosquitoes were sampled at 18 h 

post infection (hpi), 4 days post infection (dpi), and 8 dpi. Because larval development 

occurs in the thoracic muscle of the mosquito, thoraces of infected mosquitoes containing 

larval B. malayi were (1) separated from the head, abdomen, legs, and wings, (2) flash 

frozen in liquid nitrogen, (3) and stored at −80 °C prior to RNA isolation. To generate 

third stage larvae (L3) of B. malayi, infected mosquitoes at 9–16 dpi were processed in 

bulk using the NIAID/NIH Filariasis Research Reagent Resource Center (FR3) Research 

Protocol 8.4 (www.filariasiscenter.org). Larvae were isolated in RPMI media containing 

0.4 U penicillin and 4 µg streptomycin per mL (RPMI + P/S), flash frozen in liquid 

nitrogen, and stored at −80 °C. To generate fourth larval stages (L4) and adult worms, 

freshly isolated L3s were injected into the peritoneal cavities of Mongolian gerbils 

(Meriones unguiculatus). Briefly, male Mongolian gerbils three months of age or older 

(Charles River, Wilmington, MA, USA) were anesthetized with 5% isoflurane, 

immobilized on a thermal support, and administered ocular Paralube. The inguinal region 

for each gerbil was shaved and disinfected with iodine. Infections were performed by 

delivering L3 larvae into the peritoneal cavity using a butterfly catheter, which was left in 

place and flushed afterwards with 1 mL warmed RPMI + P/S to ensure delivery of all 
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larvae. Afterwards, gerbils were removed from the plane of anesthesia and allowed to 

fully recover in a hospital cage prior to returning to group housing. Worms were later 

harvested by euthanizing the gerbils and soaking the peritoneal cavities in warm 

RPMI + P/S. Worms were washed in warm RPMI + P/S to remove traces of gerbil tissue, 

flash-frozen with liquid nitrogen, and stored at −80 °C. All animal care and use protocols 

were carried out in accordance with the relevant guidelines and regulations and were 

approved by the UWO IACUC. 

Mosquito/Nematode/Wolbachia RNA isolation 

Mosquito thoraces were combined with TRIzol (Zymo Research, Irvine, CA, USA) at a 

ratio of 1 mL TRIzol per 50–100 mg mosquito tissue while nematode samples were 

processed using a 3:1 volume ratio of TRIzol to sample. β-mercaptoethanol was added to 

a final concentration of 0.1%. The tissues were homogenized in a TissueLyser (Qiagen, 

Germantown, MD) at 50 Hz for 5 min. The homogenate was transferred to a new tube 

and centrifuged at 12,000 × g for 10 min at 4 °C. After incubating at room temperature 

for 5 min, 0.2 volumes of chloroform were added. The samples were shaken by hand for 

15 s, incubated at room temperature for 3 min, then loaded into a pre-spun, phase lock gel 

heavy tube (5Prime, Gaithersburg, MD, USA) and centrifuged for 5 min at 12,000 × g at 

4 °C. The upper phase was removed to a new tube and one volume of 100% ethanol was 

added prior to loading onto a PureLink RNA Mini column (Ambion, Austin, TX). The 

samples were then processed following manufacturer instructions, quantified using a 

Qubit fluorometer (Qiagen, Germantown, MD, USA) and/or a NanoDrop spectrometer 

(NanoDrop, Wilmington, DE, USA). The RNA was subsequently treated with the 
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TURBO DNA-free kit (Ambion, ThermoFisher Scientific, Waltham, MA, USA) 

according to the manufacturer’s protocol. 

A. fumigatus infection 

Two different models of invasive aspergillosis, both using male BALB/c mice, were 

employed (152, 153). In the non-neutropenic model, the mice were immunosuppressed 

with 5 doses of cortisone acetate, with 500 mg/kg administered subcutaneously every 

other day, starting four days pre-infection. In the neutropenic model, the mice were 

administered cyclophosphamide, 250 mg/kg intraperitoneally, and cortisone acetate, 

250 mg/kg subcutaneously, two days pre-infection. Four days post infection, the mice 

were given a second dose of cyclophosphamide, 200 mg/kg intraperitoneally, and 

cortisone acetate, 250 mg/kg subcutaneously. All mice were infected by placing them in a 

chamber containing an aerosol of A. fumigatus conidia for 1 h. On days 2 and 4 for the 

non-neutropenic model and on days 4 and 7 for the neutropenic model, 3 mice per time 

point were sacrificed, after which their lungs were harvested and stored in RNAlater 

(Ambion, ThermoFisher Scientific, Waltham, MA, USA) for subsequent RNA isolation. 

A. fumigatus RNA isolation 

Each lung sample was placed in a lysing matrix C tube (MP Biomedicals, Santa Ana, CA, 

USA) with a single 0.25 inch diameter ceramic sphere (MP Biomedicals, Santa Ana, CA, 

USA) and homogenized with a bead beater (FastPrep FP120, Qbiogene, Montreal, 

Quebec, Canada).The RNA was isolated using the RiboPure kit (Ambion, ThermoFisher 

Scientific, Waltham, MA, USA) following the manufacturer’s instructions, treated with 
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DNase I (ThermoFisher Scientific, Waltham, MA, USA), and purified using the RNA 

clean & concentrator kit (Zymo Research, Irvine, CA, USA). 

Illumina NEBNext Ultra Directional RNA libraries without capture 

Whole transcriptome libraries were constructed for sequencing on the Illumina platform 

using the NEBNext Ultra Directional RNA Library Prep Kit (New England Biolabs, 

Ipswich, MA, USA). When targeting eukaryotic mRNA, polyadenylated RNA was 

isolated using the NEBNext Poly(A) mRNA magnetic isolation module. When targeting 

bacterial mRNA, samples underwent rRNA- and poly(A)-reductions, as previously 

described (146, 149). SPRIselect reagent (Beckman Coulter Genomics, Danvers, MA, 

USA) was used for cDNA purification between enzymatic reactions and size selection. 

For indexing, the PCR amplification step was performed with primers containing a 7-nt 

index sequence. Libraries were evaluated using the GX touch capillary electrophoresis 

system (Perkin Elmer, Waltham, MA) and sequenced on a HiSeq2500, generating 100-bp 

paired end reads. 

AgSS probe design 

Capture probes were designed using the SureSelect DNA Advanced Design Wizard for 

B. malayi, A. fumigatus, and wBm. Probes were designed to capture every 120 bp for 

each coding sequence in each of the three organisms with no overlap to ensure the entire 

coding sequence was covered. DustMasker was used to identify and mask low 

complexity regions of the genome from the probe design (154). A total of 167,997 probes 

were designed for B. malayi to capture 11,085 genes, ranging from 1–540 probes/gene 

with an average of 15.3 probes/gene. For A. fumigatus, 126,394 probes were designed to 
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capture 9,835 genes, ranging from 1–213 probes/gene with an average of 12.9 

probes/gene. For wBm, 6,393 probes were designed with 1–72 probes/gene and an 

average of 8.0 probes/gene. The baits were not tested for specificity against the host 

genome. 

Wolbachia AgSS RNA capture 

Pre-capture libraries were constructed from 500–1000 ng of total RNA samples using the 

NEBNext Ultra Directional RNA Library Prep kit (NEB, Ipswich, MA, USA). First 

strand cDNA was synthesized without mRNA selection to retain non-polyadenylated 

transcripts and was fragmented at 94 °C for 8 min. After adaptor ligation, cDNA 

fragments were amplified with 10 cycles of PCR before capture. Wolbachia transcripts 

were captured from 200 ng of the amplified libraries using an Agilent SureSelectXT 

RNA (0.5–2 Mbp) bait library designed specifically for wBm. Library-bait hybridization 

reactions were incubated at 65 °C for 24 h then bound to MyOne Streptavidin T1 

dynabeads (Invitrogen, Carlsbad, CA, USA). After multiple washes, bead-bound captured 

library fragments were amplified with 18 cycles of PCR. The libraries were loaded on a 

HiSeq4000 generating 151-bp paired end reads. 

B. malayi AgSS RNA capture 

Pre-capture libraries were constructed from 1000 ng of total RNA samples using 

NEBNext Ultra Directional RNA Library Prep kit (NEB #E7420, Ipswich, MA, USA). 

Except where noted in the text, poly(A)-enrichment according to the manufacturer’s 

protocol was used. After adaptor ligation, cDNA fragments were amplified for 10 cycles 

of PCR before capture. B. malayi transcripts were captured from 200 ng of the amplified 
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libraries using an Agilent SureSelectXT Custom (12–24 Mbp) bait library designed 

specifically for B. malayi. Library-bait hybridization reactions were incubated at 65 °C 

for 24 h then bound to MyOne Streptavidin T1 Dynabeads (Invitrogen, Carlsbad, CA). 

After three rounds of washes, bead-bound captured library fragments were amplified with 

16 cycles of PCR. The libraries were loaded on a HiSeq4000 generating 151-bp paired 

end reads. In comparisons describing captures on poly(A)-enriched libraries with total 

RNA libraries, total RNA libraries were constructed after first strand cDNA was 

synthesized without mRNA extraction to retain non-polyadenylated transcripts and 

fragmented at 94 °C for 8 min. 

A. fumigatus AgSS capture 

Pre-capture libraries were constructed from 700 ng of total RNA samples using NEBNext 

Ultra Directional RNA Library Prep kit (NEB #E7420, Ipswich, MA, USA) according to 

the manufacturer’s protocol. Briefly, mRNA was extracted with oligo-d(T) beads and 

reverse-transcribed into first strand cDNA with random primers. First strand cDNA was 

fragmented at 94 °C for 8 min. After adaptor ligation, cDNA fragments were amplified in 

a thermocycler for 10 cycles before capture. Aspergillus transcripts were captured from 

100 ng of the amplified libraries using an Agilent SureSelectXT Custom (12–24 Mbp) 

bait library for A. fumigatus. Libraries were incubated at 65 °C for 24 h then bound to 

MyOne Streptavidin T1 Dynabeads (Invitrogen, Carlsbad, CA, USA). After three rounds 

of washes, bead-bound captured library fragments were amplified with 16 cycles of PCR. 

The libraries were loaded on a HiSeq4000 generating 151-bp paired end reads. 
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Sequence alignment, feature counts, and fold enrichment calculations 

The sequence reads originating from all samples used in all B. malayi and A. fumigatus 

AF293 comparisons were mapped to the B. malayi genome WS259 (www.wormbase.org) 

or A. fumigatus AF293 genome CADRE34 (www.aspergillusgenome.org), respectively, 

using the TopHat v1.4 aligner (155). Read counts for all genes were obtained using 

HTSeq (v0.5.3p9) (130), with the mode set to “union.” For the B. malayi genome, 

RNAmmer v1.2 (156) identified 5 protein-coding genes (WBGene00228061, 

WBGene00268654, WBGene00268655, WBGene00268656, WBGene00268657) 

overlapping with predicted rRNAs. Reads overlapping with these genes were excluded 

from all gene-based analyses. 

The sequencing reads for the wBm comparisons were mapped to the wBm assembly (70) 

using Bowtie v0.12.9 (157). Counts for each wBm gene were calculated by summing the 

sequencing depth per base pair, obtained using the DEPTH function of SAMtools v1.1 

(158), for each of the unique genomic positions in each gene. This value was then divided 

by the average read length for the sample, yielding a read count value for each gene. 

Across all comparisons, read counts were normalized between each of the different 

samples through a conversion to transcripts per million (TPM). 

The fold enrichment, Fe, of reads conferred by the AgSS to its target organism compared 

to the other enrichment techniques was calculated as 

𝐹𝐹𝑒𝑒  =
�
𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

�

�
𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝐴𝐴)
𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝐴𝐴)
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where the ratio of the number of reads mapped with AgSS capture (MAgSS) to the number 

of reads sequenced with AgSS capture (SAgSS) is divided by the ratio of the number of 

reads mapped with poly(A)-enrichment or the rRNA-, poly(A)-depletion (Mpoly (A)) to the 

number of reads sequenced with poly(A)-enrichment or the rRNA-, poly(A)-depletion 

(Spoly (A)). By taking a ratio of the percentage of mapped reads for each enrichment 

technique, the fold enrichment value represents an amount of enrichment conferred by 

the AgSS when compared to alternative enrichment technique for a given sample. The 

fold enrichment values when comparing the efficacy of AgSS capture on poly(A)-

enriched libraries to total RNA libraries were calculated similarly as 

𝐹𝐹𝑒𝑒  = �
𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
�/�

𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝐴𝐴)

𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝐴𝐴)
� 

where MAgSS−poly(A) and SAgSS−poly(A) represent the mapped and sequenced reads from 

poly(A)-enriched AgSS capture libraries, while MAgSS−totalRNA and SAgSS−totalRNA represent 

the mapped and sequencing reads from AgSS capture from the total RNA libraries. 

Results 

Agilent SureSelect probe G + C content and specificity 

The G + C content of the B. malayi AgSS probes, our largest set of designed probes, was 

assessed to determine whether the G + C content of a probe impacted its ability to capture 

its target gene. For each individual gene in the B. malayi genome, the G + C content of its 

set of probes ranged from 19.2–66.2%, with an average G + C content of 38.6% (Figure 

2.1). For each G + C content, in increments of 1%, the average ratio of the AgSS TPM to 

the poly(A)-selected TPM average ratio of all genes with probe sets of that specified 
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G + C content were calculated and compared. Between 26–55%, there were >10 genes 

with probe sets at each of the G + C increments. At these percentages and across six 

different samples, the relationship between the AgSS TPM to poly(A)-selected TPM 

remained constant, indicating that the ability of a probe set to capture its gene set is not 

largely affected by G + C content (Figure 2.2). For B. malayi, we assessed the number of 

invalid probes, defined as probes whose intended capture positions had a larger read 

count in the poly(A)-selected sample relative to its AgSS counterpart. Across the six B. 

malayi samples, <2,004 probes were invalid, which accounts for ~1.2% of the 167,997 

designed probes for B. malayi. 

Comparison of poly(A)-enriched AgSS to only poly(A)-enriched libraries for B. 

malayi 

Poly(A)-enriched, AgSS libraries were compared to only poly(A)-enriched libraries from 

six RNA samples originating from three different time points of the B. malayi vector life    

 

Figure 2.1: G+C content of Brugia malayi AgSS probes 

For each gene in the B. malayi genome, the average G+C content for its set of probes was determined 
and plotted on a histogram. The average G+C content of the B. malayi probe sets is 38.6%, with a range 
of 19.2-66.2%. 
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stages (18 hpi, 4 dpi, and 8 dpi) (Figure 2.3A). Across these six samples, the poly(A)-

enrichment alone yielded 0.38–23.35% of reads mapping to the B. malayi genome, with  

 

Figure 2.2: The impact of G+C content on capturing Brugia malayi genes 
At increments of 1% G+C, probe sets for each gene were binned to a specific G+C content. Points 
colored in red, between 26-55% G+C content, indicate ≥10 genes have probe sets at that specific G+C 
content. Error bars indicate standard error of the mean for each G+C content. For any G+C content, the 
average ratio of the log2 AgSS TPM to the poly(A)-selected TPM for each protein-coding is calculated. 
Because 26-55% G+C content, the capture ability of a probe set is independent of its G+C content, as 
seen by the linear relationship between these points. 
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61.25–82.51% of reads mapping to the A. aegypti genome. Of the poly(A)-enriched 

libraries captured using the AgSS baits, 56.14–81.52% of reads mapped to the B. malayi 

genome, with 2.28–24.02% of reads mapping to the A. aegypti genome (Figure 2.4, 

Table 2.1). The fold enrichment conferred to libraries captured with AgSS was found to  

be inversely proportional to the number of reads mapped to its poly(A)-enrichment only 

 

Figure 2.3: Sample and library preparation. 

This schematic illustrates the sample (auburn rectangle) and library (blue rectangle) preparation 
workflow to generate the libraries that were loaded on the Illumina sequencer. (A) For B. malayi and A. 
fumigatus, a poly(A)-selected sample was created from an aliquot of total RNA that was used to create 
a poly(A)-selected library. (B) The B. malayi or A. fumigatus AgSS baits were subsequently used to 
capture the targeted RNA from poly(A)-selected libraries. (C) For AgSS-enriched wBm libraries, an 
RNA library was constructed from an aliquot of total RNA that underwent targeted enrichment with the 
Wolbachia AgSS baits. Unlike the eukaryotic enrichments, the bacterial AgSS capture is performed on 
total RNA. For a limited number of libraries described in the text, an RNA library was constructed from 
an aliquot of total RNA (i.e. without poly(A)-enrichment) that underwent targeted enrichment with the 
Brugia AgSS baits. (D) For poly(A)/rRNA-depleted libraries enriched for wBm, an aliquot of total 
RNA from either mosquito thoraces or adult nematodes was enriched for bacterial mRNA by removing 
Gram-negative and human rRNAs with two RiboZero removal kits and polyadenylated RNAs with 
DynaBeads. 
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counterpart, such that experiments with the fewest reads mapped in the poly(A)-

enrichment had the highest fold enrichment with the AgSS capture. The 18 hpi samples, 

which have the lowest percentage of mapped reads to the B. malayi genome has the  

greatest fold enrichment (110–146x) while the 8 dpi samples, with the highest percentage 

of B. malayi mapped reads, has the lowest fold enrichment (3–4x). 

A principal component analysis (P  CA) using the log2-TPM values for the 11,085 

predicted B. malayi protein-coding genes reveals that the B. malayi samples cluster based 

 

Figure 2.4: Genes identified only in either the poly(A)-enriched AgSS or poly(A)-
enrichment libraries from B. malayi samples. 
For six B. malayi transcriptome comparisons, Venn diagrams were generated to display the number of 
genes able to be extracted using the poly(A)-enriched AgSS (orange), the poly(A)-enrichment (green), 
or both (blue). The numbers in parentheses indicate the proportion of total protein-coding genes 
identified in each gene subset. 
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on life stage rather than library preparation (Figure 2.5A), suggesting that the capture  

Ta
bl

e 
2.

1:
 R

N
A

-S
eq

 st
at

ist
ic

s f
or

 p
ol

y(
A

)-
en

ri
ch

ed
 A

gS
S 

an
d 

po
ly

(A
)-

en
ri

ch
m

en
t l

ib
ra

ri
es

 fr
om

 B
. m

al
ay

i 
sa

m
pl

es
 c

ol
le

ct
ed

 fo
llo

w
in

g 
in

fe
ct

io
n 

of
 th

e 
m

os
qu

ito
 v

ec
to

r 
Sa

m
pl

e 
18

 h
pi

 r
ep

lic
at

e 
1 

18
 h

pi
 r

ep
lic

at
e 

2 
4 

dp
i r

ep
lic

at
e 

1 
4 

dp
i r

ep
lic

at
e 

2 
8 

dp
i r

ep
lic

at
e 

1 
8 

dp
i r

ep
lic

at
e 

2 

To
ta

l r
ea

ds
 se

qu
en

ce
d 

(p
ol

y(
A

)-e
nr

ic
he

d,
 A

gi
le

nt
 S

ur
eS

el
ec

t)
 

90
,8

68
,1

84
 

97
,8

96
,2

88
 

16
3,

85
2,

96
2 

13
8,

60
2,

65
4 

25
1,

62
5,

13
2 

31
3,

19
1,

59
4 

To
ta

l r
ea

ds
 se

qu
en

ce
d 

(p
ol

y(
A

)-e
nr

ic
hm

en
t)

 
10

3,
94

9,
62

0 
10

0,
35

8,
31

4 
11

7,
57

0,
91

0 
11

3,
59

0,
49

6 
13

1,
31

1,
71

0 
14

6,
98

2,
97

4 

R
ea

ds
 m

ap
pe

d 
to

 B
. m

al
ay

i (
po

ly
(A

)-e
nr

ic
he

d,
 A

gi
le

nt
 

Su
re

Se
le

ct
) 

51
,0

10
,1

20
 (5

6.
14

%
) 

58
,2

74
,6

01
 (5

9.
53

%
) 

12
8,

37
0,

52
9 

(7
8.

34
%

) 
10

9,
84

7,
90

9 
(7

9.
25

%
) 

20
1,

63
4,

04
3 

(8
0.

13
%

) 
25

5,
29

9,
76

0 
(8

1.
52

%
) 

R
ea

ds
 m

ap
pe

d 
to

 B
. m

al
ay

i (
po

ly
(A

)-e
nr

ic
hm

en
t)

 
39

9,
63

8 
(0

.3
8%

) 
54

2,
73

2 
(0

.5
4%

) 
6,

59
4,

73
4 

(5
.6

1%
) 

7,
84

2,
58

5 
(6

.9
0%

) 
30

,6
55

,8
96

 (2
3.

35
%

) 
28

,2
14

,1
13

 (1
9.

20
%

) 

Fo
ld

 e
nr

ic
hm

en
t f

or
 B

. m
al

ay
i r

ea
ds

 
14

6 
11

0 
14

 
11

 
3 

4 

R
ea

ds
 m

ap
pe

d 
to

 A
. a

eg
yp

ti 
(p

ol
y(

A
)-e

nr
ic

he
d,

 A
gi

le
nt

 
Su

re
Se

le
ct

) 
21

,8
27

,3
00

 (2
4.

02
%

) 
18

,0
52

,2
70

 (1
8.

44
%

) 
7,

61
9,

19
9 

(4
.6

5%
) 

5,
88

1,
83

7 
(4

.2
4%

) 
5,

74
4,

26
5 

(2
.2

8%
) 

8,
64

2,
08

3 
(2

.7
6%

) 

R
ea

ds
 m

ap
pe

d 
to

 A
. a

eg
yp

ti 
(p

ol
y(

A
)-e

nr
ic

hm
en

t)
 

85
,6

98
,9

01
 (8

2.
44

%
) 

82
,8

03
,8

23
 (8

2.
51

%
) 

91
,4

27
,3

08
 (7

7.
76

%
) 

86
,7

35
,4

09
 (7

6.
36

%
) 

80
,4

32
,3

39
 (6

1.
25

%
) 

95
,1

85
,5

30
 (6

4.
76

%
) 

R
ea

ds
 m

ap
pe

d 
to

 B
. m

al
ay

i g
en

es
 (p

ol
y(

A
)-

en
ri

ch
ed

, A
gi

le
nt

 
Su

re
Se

le
ct

) 
23

,7
88

,3
80

 
27

,4
29

,8
85

 
61

,2
64

,7
53

 
52

,0
35

,4
11

 
93

,4
52

,9
41

 
11

6,
51

5,
44

2 

R
ea

ds
 m

ap
pe

d 
to

 B
. m

al
ay

i g
en

es
 (p

ol
y(

A
)-

en
ri

ch
m

en
t)

 
14

3,
09

7 
21

2,
37

7 
2,

72
2,

55
6 

3,
23

9,
52

1 
12

,1
78

,2
23

 
10

,8
21

,4
89

 

N
um

be
r 

of
 B

. m
al

ay
i g

en
es

 n
ot

 id
en

tif
ie

d 
in

 e
ith

er
 li

br
ar

y 
 

22
35

 (2
0.

16
%

) 
19

16
 (1

7.
28

%
) 

10
23

 (9
.2

3%
) 

95
1 

(8
.5

8%
) 

56
2 

(5
.0

7%
) 

62
0 

(5
.5

9%
) 

N
um

be
r 

of
 B

. m
al

ay
i g

en
es

 id
en

tif
ie

d 
in

 o
nl

y 
po

ly
(A

)-e
nr

ic
he

d,
 

A
gi

le
nt

 S
ur

eS
el

ec
t 

28
04

 (2
5.

3%
) 

21
15

 (1
9.

08
%

) 
96

0 
(8

.6
6%

) 
94

3 
(8

.5
1%

) 
53

3 
(4

.8
1%

) 
59

7 
(5

.3
9%

) 

N
um

be
r 

of
 B

. m
al

ay
i g

en
es

 id
en

tif
ie

d 
in

 o
nl

y 
po

ly
(A

)-
en

ri
ch

m
en

t 
84

 (0
.7

6%
) 

65
 (0

.5
9%

) 
81

 (0
.7

3%
) 

96
 (0

.8
7%

) 
10

5 
(0

.9
5%

) 
98

 (0
.8

8%
) 

N
um

be
r 

of
 B

. m
al

ay
i g

en
es

 b
ia

se
d 

to
w

ar
ds

 p
ol

y(
A

)-e
nr

ic
he

d,
 

A
gi

le
nt

 S
ur

eS
el

ec
t (

>3
X

 S
D

) 
1 

(0
.0

1%
) 

6 
(0

.0
5%

) 
30

 (0
.2

7%
) 

32
 (0

.2
9%

) 
34

 (0
.3

1%
) 

17
 (0

.1
5%

) 

N
um

be
r 

of
 B

. m
al

ay
i g

en
es

 b
ia

se
d 

to
w

ar
ds

 p
ol

y(
A

)-e
nr

ic
hm

en
t 

(>
3X

 S
D

) 
10

3 
(0

.9
3%

) 
12

0 
(1

.0
8%

) 
14

7 
(1

.3
3%

) 
14

2 
(1

.2
8%

) 
16

8 
(1

.5
2%

) 
16

6 
(1

.5
%

) 

 



42 
 

does not introduce a systematic bias to the transcriptome of a sample. The exceptions are  

 

Figure 2.5: Comparison of the poly(A)-enriched to the poly(A)-enriched AgSS B. 
malayi transcriptomes from 18 hpi, 4 dpi, and 8 dpi vector life stages. 

Poly(A)-enriched transcriptomes were compared to the poly(A)-enriched AgSS B. malayi 
transcriptomes for the 18 hpi, 4 dpi, and 8 dpi vector life stages. (A) A principal component analysis 
(PCA) plot was generated using the log2 TPM values for the poly(A)-enriched only (triangles) and 
poly(A)-enriched AgSS (circles) B. malayi from 18 hpi (red), 4 dpi (green), and 8 dpi (blue) vector 
samples. The size of each symbol denotes the number of reads mapped to protein-coding genes for each 
sample. The samples cluster based on B. malayi sample rather than by the enrichment method, 
indicating the poly(A)-enriched AgSS does not substantially differ from its poly(A)-enrichment only 
counterpart in representing the B. malayi transcriptome for the shown samples. Samples with the lowest 
number of reads (e.g. the 18 hpi samples) cluster further from their replicates than expected, likely 
attributed to an insufficient number of reads and indicating that enrichment is most desirable in these 
situations. (B) For each sample, the log2 TPM values for genes in the poly(A)-enriched AgSS samples 
were plotted against the log2 TPM values for genes in the poly(A)-enrichment only samples when 
expression was observed with both enrichment methods for the sample. Genes with similar expression 
in the AgSS and the poly(A)-enrichment samples are expected to lie close to the identity line (y = x; 
red). Genes whose expression values are more elevated in the poly(A)-enriched AgSS sample compared 
to the poly(A)-enrichment sample lie below the identity line while genes more elevated in the poly(A)-
enrichment compared to the poly(A)-enriched AgSS lie above the identity line. (C) For all genes 
expressed using both enrichment methods for each sample, the frequency distribution of the log2-
transformed ratio of the poly(A)-enriched AgSS TPM to the poly(A) enrichment TPM was plotted. 
Genes with log2 ratio values > 0 have higher expression values in the poly(A)-enriched AgSS sample 
while log2 ratio values < 0 are representative of genes with higher expression values with the poly(A) 
enrichment. Significantly biased genes were defined as those differing by >3 standard deviations (red) 
from the mean of the log2-transformed ratio values (red). Across each comparison, the number of genes 
with significantly elevated expression in the AgSS comprised at most 0.31% of the total number of B. 
malayi protein-coding genes while the number of genes with significantly elevated expression in the 
poly(A)-enrichment samples comprised at most 1.52% of B. malayi protein-coding genes. 



43 
 

the 18 hpi vector samples, which we attribute to the poly(A)-enrichment only samples 

having an insufficient number of reads mapped to features (143,078 and 212,342 reads, 

accounting for <20 reads/gene assuming an equal distribution) to accurately represent the 

transcriptome. Supporting this, in the 18 hpi samples, an average of 2,460 protein coding 

genes (22.18% of the B. malayi protein coding genes) had reads mapping to them in the  

poly(A)-enriched AgSS samples but not its poly(A)-enriched counterpart, while in the 4 

dpi and 8 dpi samples, an average of 952 (8.58%) and 566 (5.09%) genes, respectively,  

had reads mapped in the poly(A)-enriched AgSS libraries but not the poly(A)-enriched 

libraries. Collectively, across all 6 samples, 392 unique genes were detected in only the 

poly(A)-enrichment, but not its poly(A)-enriched AgSS counterpart in at least one 

comparison. The AgSS probe design was based on an older version of the annotation 

compared to the version used for feature calling, and as such, 91 of these 392 genes were 

not covered by a probe. 

The log2 TPM values from the poly(A)-enriched AgSS and the poly(A)-enriched libraries 

had a positive linear correlation with r2 values ranging from 0.559–0.867, with the 4 dpi 

and 8 dpi correlations being the strongest (Figure 2.5B), for the reasons discussed above, 

namely that fewer reads were recovered from the 18 hpi vector samples without AgSS 

enrichment. To identify individual genes in which the library preparations significantly 

affected the calculated TPM, the log2 ratio of the poly(A)-enriched AgSS TPM relative to 

the poly(A) enrichment TPM for each gene was calculated (Figure 2.5C). Genes with 

relatively similar expression levels in the two library preparations would have a log2 ratio 

of 0 while genes more highly expressed in the poly(A)-enriched AgSS preparation would 

be >0 and genes more highly expressed in the poly(A) enrichment would be <0. Genes 
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with a log2-ratio value of >3 standard deviations from the mean were defined as having 

significantly altered levels of expression between the two libraries. Across all six 

comparisons, the number of genes with significantly higher TPM values in the AgSS 

libraries never accounted for >0.31% (<34 genes) of all protein-coding genes in the B. 

malayi genome. The number of genes with significantly higher TPM values in the 

poly(A)-enrichment ranged from 0.93–1.52% (103–168 genes) of all protein-coding 

genes in B. malayi across the six comparisons (Figure 2.4, Table 2.1). 

Comparison of poly(A)-enriched AgSS to only poly(A)-enrichment libraries for A. 

fumigatus 

The A. fumigatus AF293 transcriptome from poly(A)-enriched AgSS and poly(A)-

enriched only libraries were compared for 11 RNA samples from immunocompromised 

mice or neutropenic mice infected with A. fumigatus AF293 (Figure 2.3B). Of the 11 

samples, 6 samples originated from 3 replicates of immunocompromised mice taken 2 

dpi and 4 dpi with A. fumigatus. The remaining 5 samples consist of two replicates of 

neutropenic mice taken 4 dpi with A. fumigatus and three replicates of neutropenic mice 

taken 7 dpi with A. fumigatus. 

Across all 11 samples, the total percentage of reads mapping to A. fumigatus from the 

poly(A)-enriched samples was consistently ≤0.02%, while 0.30%–11.74% of reads 

mapped in the poly(A)-enriched AgSS samples. In the poly(A)-enrichment only samples, 

a maximum of 27,531 reads mapped to A. fumigatus AF293, accounting for <3 

reads/gene assuming an even distribution. As such, comparisons between AgSS and 

poly(A)-enriched libraries are not possible. 
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There are 4,168–7,387 genes (41.68–76.70%) that are identified only in the poly(A)-

enriched AgSS libraries but not the poly(A)-enriched libraries, compared to the 

maximum of 52 genes identified only in the poly(A)-enriched libraries across all A. 

fumigatus comparisons (Figure 2.6, Table 2.2). For all 11 comparisons, using the AgSS 

methodology conferred a 614x to 1,212x fold enrichment of A. fumigatus AF293 reads 

relative to the poly(A)-enrichment, going from data that was unamenable to a traditional 

transcriptomics analysis to obtaining data where robust statistical tests can be performed. 

The proportion of reads mapping to features relative to the total number of reads mapped  

is consistent between samples of the same library preparation, with A. fumigatus poly(A)-  

 

Figure 2.6: Genes identified only in either the poly(A)-enriched AgSS or poly(A)-
enrichment libraries from A. fumigatus samples 

For 11 A. fumigatus transcriptome comparisons, Venn diagrams were generated to display the number 
of genes able to be extracted using the poly(A)-enriched AgSS (orange), the poly(A)-enrichment 
(green), or both (blue). The numbers in parentheses indicate the proportion of total protein-coding 
genes identified in each gene subset. 
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enriched AgSS samples ranging from 52.23–54.87% and the poly(A)-enrichment samples 

ranging from 45.89–51.22%. 

 
Table 2.2a: RNA-Seq statistics for AgSS and poly(A)-enrichment 
libraries from A. fumigatus 
Sample 2 dpi 

replicate 1 
2 dpi 

replicate 2 
2 dpi 

replicate 3 
4 dpi 

replicate 1 
4 dpi 

replicate 2 
4 dpi 

replicate 3 
4 dpi 

replicate 1 

Mouse IC mouse IC mouse IC mouse IC mouse IC mouse IC mouse neutropenic 
mouse 

Total reads 
sequenced 
(poly(A)-enriched, 
Agilent 
SureSelect) 

1,188,035,380 444,956,050 291,247,114 66,910,882 69,572,000 140,996,494 626,096,386 

Total reads 
sequenced 
(poly(A)-
enrichment) 

142,761,100 123,935,456 126,465,996 111,073,836 165,059,836 100,226,124 131,441,050 

Reads mapped to 
A. fumigatus 
(poly(A)-enriched, 
Agilent 
SureSelect) 

3,720,790 
(0.31%) 

4,976,567 
(1.12%) 

6,638,513 
(2.28%) 

7,531,474 
(11.26%) 

8,166,066 
(11.74%) 

6,262,973 
(4.44%) 

3,639,285 
(0.58%) 

Reads mapped to 
A. 
fumigatus(poly(A)-
enrichment) 

369 (0%) 1,639 (0%) 3,026 (0%) 15,177 
(0.01%) 

27,531 
(0.02%) 

6,036 
(0.01%) 768 (0%) 

Fold enrichment 
for A. fumigatus 
reads 

1,212 846 953 824 704 738 995 

Reads mapped to 
A. fumigatus genes 
(poly(A)-enriched, 
Agilent 
SureSelect) 

1,949,698 
(52.40%) 

2,652,304 
(53.30%) 

3,488,234 
(52.55%) 

4,063,189 
(53.95%) 

4,480,786 
(54.87%) 

3,414,516 
(54.52%) 

1,900,680 
(52.23%) 

Reads mapped to 
A. fumigatus genes 
(poly(A)-
enrichment) 

189 (51.22%) 787 
(48.02%) 

1,476 
(48.78%) 

7,326 
(48.27%) 

13,049 
(47.40%) 

2,885 
(47.80%) 

366 
(47.66%) 

Number of A. 
fumigatus genes 
not identified in 
either library  

2,095 
(21.75%) 

2,392 
(24.84%) 

1,995 
(20.71%) 

2,243 
(23.29%) 

1,834 
(19.04%) 

1,956 
(20.31%) 

2,344 
(24.34%) 

Number of A. 
fumigatus genes 
identified in only 
poly(A)-enriched, 
Agilent SureSelect 

7,387 (76.7%) 6,722 
(69.8%) 

6,808 
(70.69%) 

4,820 
(50.05%) 

4,168 
(43.28%) 

6,253 
(64.93%) 

7,016 
(72.85%) 

Number of A. 
fumigatus genes 
identified in only 
poly(A)-
enrichment 

0 (0%) 9 (0.09%) 6 (0.06%) 52 (0.54%) 28 (0.29%) 4 (0.04%) 4 (0.04%) 
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Comparison of total RNA AgSS to rRNA-, poly(A)-depleted libraries for the 

bacterial Wolbachia endosymbiont wBm 

With both of the previously discussed biological systems, we tested the effectiveness of 

the AgSS platform to study eukaryote-eukaryote host-pathogen interactions. By enriching 

for wBm reads in B. malayi samples, we sought to test the effectiveness of AgSS libraries 

 
Table 2.2b: RNA-Seq statistics for AgSS and poly(A)-enrichment 
libraries from A. fumigatus 
Sample 4 dpi 

replicate 3 
7 dpi 

replicte 1 
7 dpi 

replicate 2 
4 dpi 

replicate 2 
4 dpi 

replicate 3 
7 dpi 

replicte 1 
7 dpi 

replicate 2 

Mouse neutropenic 
mouse 

neutropenic 
mouse 

neutropenic 
mouse 

neutropenic 
mouse 

neutropenic 
mouse 

neutropenic 
mouse 

neutropenic 
mouse 

Total reads 
sequenced 
(poly(A)-enriched, 
Agilent 
SureSelect) 

397,712,920 110,566,202 95,475,172 873,133,438 397,712,920 110,566,202 95,475,172 

Total reads 
sequenced 
(poly(A)-
enrichment) 

84,865,448 127,403,048 123,297,624 100,226,124 84,865,448 127,403,048 123,297,624 

Reads mapped to 
A. fumigatus 
(poly(A)-enriched, 
Agilent 
SureSelect) 

4,925,561 
(1.24%) 

9,380,405 
(8.48%) 

8,137,172 
(8.52%) 

2,602,550 
(0.30%) 

4,925,561 
(1.24%) 

9,380,405 
(8.48%) 

8,137,172 
(8.52%) 

Reads mapped to 
A. 
fumigatus(poly(A)-
enrichment) 

1,205 (0%) 13,973 
(0.01%) 

17,122 
(0.01%) 377 (0%) 1,205 (0%) 13,973 

(0.01%) 
17,122 

(0.01%) 

Fold enrichment 
for A. fumigatus 
reads 

872 774 614 792 872 774 614 

Reads mapped to 
A. fumigatus genes 
(poly(A)-enriched, 
Agilent 
SureSelect) 

2,583,967 
(52.46%) 

4,975,426 
(53.04%) 

4,283,629 
(52.64%) 

1,324,599 
(50.90%) 

2,583,967 
(52.46%) 

4,975,426 
(53.04%) 

4,283,629 
(52.64%) 

Reads mapped to 
A. fumigatus genes 
(poly(A)-
enrichment) 

569 (47.22%) 6,413 
(45.90%) 

7,978 
(46.60%) 173 (45.89%) 569 (47.22%) 6,413 

(45.90%) 
7,978 

(46.60%) 

Number of A. 
fumigatus genes 
not identified in 
either library  

2,226 
(23.11%) 

1,578 
(16.38%) 

1,434 
(14.89%) 2,215 (23%) 2,226 

(23.11%) 
1,578 

(16.38%) 
1,434 

(14.89%) 

Number of A. 
fumigatus genes 
identified in only 
poly(A)-enriched, 
Agilent SureSelect 

7,028 
(72.97%) 

5,544 
(57.56%) 

5,311 
(55.14%) 

7,278 
(75.57%) 

7,028 
(72.97%) 

5,544 
(57.56%) 

5,311 
(55.14%) 

Number of A. 
fumigatus genes 
identified in only 
poly(A)-
enrichment 

1 (0.01%) 11 (0.11%) 15 (0.16%) 1 (0.01%) 1 (0.01%) 11 (0.11%) 15 (0.16%) 
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in extracting prokaryotic reads. The standard protocol for AgSS capture in eukaryotes  

relies on capturing targets from poly(A)-enriched libraries, but for prokaryotic samples 

the capture is performed on total RNA libraries. These total RNA AgSS libraries were 

compared to rRNA-, poly(A)-depleted library preparations from nine B. malayi samples 

taken at various stages of the life cycle to analyze the transcriptome of its Wolbachia  

endosymbiont, wBm (Figure 2.3C). Three RNA samples were obtained from the 

mammalian portion of the Brugia lifecycle where worms are large enough to be 

physically separated from the mammalian tissue. These RNA samples generate 

predominantly Brugia reads with a minority of Wolbachia reads. Of these three samples, 

 

Figure 2.7: Genes identified only in either the total RNA AgSS or rRNA-, 
poly(A)-depletion libraries from wBm samples 

For nine wBm transcriptome comparisons, Venn diagrams were generated to display the number of 
genes able to be extracted using the total RNA, AgSS (purple), the rRNA, poly(A)-depletion (yellow), 
or both (blue). The numbers in parentheses indicate the proportion of total protein-coding genes 
identified in each gene subset. 
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one sample was recovered at 24 dpi, representative of immature female worms while the 

other two samples are from two reproductively mature adult females recovered 3 months 

post-infection. The other six samples are from the vector portion of the B. malayi 

lifecycle where tripartite RNA samples are obtained, consisting of predominantly 

mosquito reads, with a smaller percentage of Brugia reads, and an even smaller 

percentage of Wolbachia reads. These six samples consist of two A. aegypti replicates  

each taken at 18 hpi, 4 dpi, and 8 dpi with B. malayi, representative of the L1 through 

early L3 B. malayi life stages. Of the six samples taken from the vector life stages, at 

most 1,552 reads (<0.01% of sequenced reads) mapped to the wBm genome from the 

rRNA-, poly(A)-depleted samples, of which <730 reads were identified as mapping to 

protein-coding genes for an average of <1 read mapped/gene (Figure 2.7, Table 2.3). In 

contrast, the rRNA-, poly(A) depleted adult female B. malayi samples taken from the 

mammalian host had a minimum of 17,107 reads mapping to wBm protein-coding genes, 

equating to ~20 reads/gene while the 24 dpi sample had 246,549 reads mapped to 

protein-coding genes, equating to ~294 reads/gene. 

The AgSS-enriched samples had an increased number of wBm-mapping reads for all 9 

samples, with 20.4–37.4 million reads (18.68–32.53%) mapping to wBm genes for the 

three gerbil samples and 0.2–4.0 million reads (0.46–6.43% of sequenced reads) mapping 

to wBm genes for the mosquito vector samples. The AgSS libraries from gerbil samples 

were 20–41x fold enriched for wBm reads relative to the rRNA-, poly(A)-depleted 

libraries while the libraries from vector samples were 353–2,242x fold enriched. The 

proportion of wBm reads mapped to protein-coding genes were consistently higher in the 

AgSS-capture sample for both the gerbil and vector samples, ranging from 88.31–92.44% 
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and 92.04–92.81%, respectively, compared to the 10.62–20.11% and 45.21–58.73% 
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observed in the rRNA-, poly(A)-depleted samples. This difference in the number of wBm 

reads mapping to protein-coding genes can be partially attributed to a greater number of 

reads mapping to rRNAs in the rRNA-, poly(A)-depleted samples, with 18.73–33.82% of 

wBm mapped reads mapping to rRNAs, compared to 0.1–2.1% observed in the total 

RNA, AgSS samples (Figure 2.7, Table 2.3). 
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A principal component analysis using the TPM values of the three gerbil life stage 

comparisons demonstrates that individual samples segregate based on library preparation 

(Figure 2.8A). All three of the total RNA AgSS samples are clustered close together, 

while the rRNA-, poly(A)-depleted samples are further distributed, likely due to the 

insufficient coverage of the wBm transcriptome in the absence of AgSS enrichment. The 

mosquito vector life stage samples were not used for the principal component analysis 

due to an insufficient number of reads mapping in the poly(A)-depletion portion of the 

comparison to compare the two enrichment methods. Like the B. malayi comparisons, the 

log2 TPM values from the wBm AgSS libraries and the rRNA- and poly(A)-depletion 

libraries made from mammalian life stages had a positive linear correlation with r2 values 

ranging from 0.575–0.744 (Figure 2.8B). 

A total of 45 unique genes (~5.4% of protein-coding genes in wBm) were detected in at 

least one of the three gerbil comparisons in the sample treated using the rRNA-, poly(A)-

depletion libraries but not its total RNA AgSS counterpart. Of these 45 genes, 41 were 

not covered by any of the AgSS probes while the remaining 4 genes had <11% of their 

length covered by a probe. To identify genes with significantly greater expression in one 

enrichment method over the other, a cutoff of three standard deviations from the log2 

ratio of the AgSS TPM to the rRNA-, poly(A)-depleted TPM was used (Figure 2.8C). 

Genes with a log2 ratio of >3 standard deviations below the average log2 ratio were 

determined to have significantly higher expression in the rRNA-, poly(A)-depletion 

sample while genes with a log2 ratio >3 standard deviations above the average, were 

identified as having significantly higher expression in the total RNA AgSS sample. 

Across the three comparisons, a total of 20 unique genes had TPM values significantly 
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higher in the rRNA-, poly(A)-depleted sample compared to the AgSS sample in at least 

 

Figure 2.8: Comparison of the rRNA-, poly(A)-depleted to the total RNA AgSS 
wBm transcriptomes from the female 24 dpi and adult B. malayi life stages. 

The rRNA-, poly(A)-depleted transcriptomes were compared to the total RNA AgSS wBm 
transcriptomes for the female 24 dpi and adult B. malayi life stages. (A) A principal component analysis 
of the rRNA-, poly(A)-depleted (circle) and total RNA AgSS (triangle) wBm transcriptome from three 
samples of the B. malayi gerbil life stage was conducted, with one sample from female 24 dpi B. malayi 
(red) and two samples from adult female B. malayi (blue). The size of each point is relative to the 
number of reads mapped to protein-coding genes for each sample. In this instance, the samples no 
longer cluster based on the sample type. Instead, the samples distinctly cluster apart based on 
enrichment method, most likely due to the smaller number of reads present in samples lacking the 
AgSS capture. Consistent with this, the sample with the fewest reads, one of the rRNA-, poly(A)-
depleted adult females, is most distant. The three samples enriched using the AgSS cluster together, 
possibly indicating the similarity of wBm transcriptomes originating from female 24 dpi and adult B. 
malayi. (B) For each sample, the log2 TPM values for genes detected with the AgSS capture on total 
RNA were plotted against the log2 TPM values for genes detected with the rRNA-, poly(A)-depletion 
when a gene was detected in both enrichments. Genes with similar expression in both the total RNA 
AgSS and the rRNA-, poly(A)-depleted samples are expected to lie close to the identity line (y = x; 
red). Genes whose expression values are more elevated in the total RNA AgSS compared to the rRNA-, 
poly(A)-depletion lie below the identity line while genes more elevated in the rRNA-, poly(A)-
depletion compared to the total RNA AgSS lie above the identity line. (C) The frequency distribution 
log2-transformed ratio of the total RNA AgSS TPM to the rRNA- and poly(A)-depleted TPM for each 
gene detected in both enrichment methods was plotted. The blue, dashed line indicates the mean log2-
transformed ratio while the red dashed line marks three standard deviations from the mean log2-
transformed ratio. Genes with log2 ratio values >3 standard deviations above or below the mean were 
marked as biased towards the total RNA AgSS or the rRNA-, poly(A)-depletion, respectively. Across 
all 9 comparisons, an average of ~0.4 genes were detected with significantly higher expression with the 
total RNA AgSS, while an average of ~4.0 genes had significantly higher expression in the rRNA-, 
poly(A)-depleted samples. 
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one comparison. Of these genes, 14 genes were not covered by any probe, four genes had 

<17% of their length covered by a probe, and the remaining two genes are covered in the 

entirety of their length by the probe design. Additionally, there were 152 unique genes 

(~18.1% of protein-coding genes in wBm) detected in the total RNA, AgSS but not the 

poly(A)-depletion in at least one of the comparisons. Of the 152 genes, 114 had average   

 

Figure 2.9: Comparison of the poly(A)-enriched AgSS to the total RNA AgSS B. 
malayi transcriptomes from 18 hpi and 8 dpi vector life stages 
The poly(A)-enriched AgSS transcriptome was compared to the total RNA AgSS B. malayi 
transcriptomes for the 18 hpi and 8 dpi vector life stages. (A) For both the 18 hpi and 8 dpi vector 
samples, the log2 TPM values for each B. malayi gene detected in both the poly(A)-enriched AgSS and 
the total RNA AgSS were plotted against one another. Most genes in both plots fall close to the identity 
line (y = x; red), indicating their similar expression values in both the poly(A)-enriched AgSS and the 
total RNA AgSS libraries. (B) A histogram of the log2 ratios of the poly(A)-enriched AgSS TPM to the 
total RNA AgSS TPM was generated for each sample using all genes detected with both enrichment 
methods. The blue dashed line marks the average log2 ratio value while the red lines mark three 
standard deviations from the average log2 ratio. Genes with log2 ratio values >3 standard deviations 
above the average are marked as significantly elevated in the poly(A)-enriched AgSS while genes with 
log2 ratio values >3 standard deviations below the average are marked as significantly elevated in the 
total RNA AgSS samples. For both the library preparations, ≤1.4% (155 genes) of protein-coding genes 
are biased towards a single enrichment method, indicating no significant bias towards an enrichment. 
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TPM values in the bottom quartile of the expressed genes across the three AgSS samples, 

highlighting the ability of the AgSS preparation to detect low abundance transcripts. 

Comparison of AgSS B. malayi transcriptome data from total RNA and poly(A)-

enriched samples 

For eukaryote transcriptome experiments, the AgSS platform is typically preceded by 

construction of a poly(A)-selected library that is then hybridized to the bait probes. The 

poly(A)-enrichment step serves to remove high abundance, non-mRNA transcripts, such 

as rRNAs, tRNAs, and other ncRNAs. For bacterial samples, libraries must be 

constructed on total RNA since bacterial mRNAs lack the poly(A) tails present in 

eukaryotic transcripts. For eukaryote-prokaryote transcriptomic experiments, it may be 

advantageous to use the AgSS platform for both bacteria and eukaryotes on the same 

single library constructed from total RNA, especially for clinical samples where RNA 

may be limiting. Therefore, we sought to compare the AgSS enrichment on a library 

constructed from total B. malayi RNA with one constructed following poly(A)- 

enrichment using two samples taken from the mosquito vector portion of the B. malayi 

life stages at 18 hpi and 8 dpi (Figure 2.3D). 

For both the 18 hpi and 8 dpi time points, most genes yield comparable log2 TPM values 

between the two enrichment methods (Figure 2.9A) with <1.5% of genes having a bias 

towards a particular library construction protocol (Figure 2.9B). However, despite the 8 

dpi comparison yielding a similar number of genes detected unique to each enrichment 

method, in the 18 hpi sample comparison, 1,033 genes (9.3% of all protein-coding genes) 

were detected only in the poly(A)-enriched AgSS library while 323 (2.91%) were only 
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detected with the total RNA AgSS library (Figure 2.10, Table 2.4). In both cases, a 

majority of the genes detected in only one library construction method were within the 

bottom 20% of expressed genes in the sequencing data collected, with 815 genes (78.9%) 

in the selection conducted with the total RNA library and 233 genes (72.14%) in the 

selection conducted with the poly(A)-enriched library. Similarly, in the 8 dpi sample 

comparison, 2.35% (261 genes) of B. malayi protein-coding genes were identified only in 

the AgSS poly(A)-enriched library while 1.71% (189 genes) were identified only in the 

target AgSS total RNA library. Again, in both cases, a majority of the genes detected in 

only one library construction method were within the bottom 20% of expressed genes in 

the sequencing data collected, with 236 genes (90.42%) in the selection conducted with 

the poly(A)-enriched RNA library and 179 genes (94.71%) in the selection conducted 

with the total RNA library. Based off these results, both AgSS methods can detect low 

abundance transcripts, but the poly(A)-enriched AgSS was able to select for a greater 

number of these transcripts in both comparisons. 

 

Figure 2.10: Genes identified only in either the total RNA AgSS or poly(A)-
enriched AgSS libraries from B. malayi samples 

For two B. malayi transcriptome comparisons, Venn diagrams were generated to display the number of 
genes able to be extracted using the poly(A)-enriched, AgSS (orange), the total RNA AgSS (yellow), or 
both (blue). The numbers in parentheses indicate the proportion of total protein-coding genes identified 
in each gene subset. 
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The percentage of reads mapping to the B. malayi genome were greater in the poly(A)-

enriched AgSS samples compared to the total RNA AgSS samples, with 56.14% and 

80.13% of reads mapping to the B. malayi genome, compared to 22.96% and 69.84% of 

reads mapped for the 18 hpi and 8 dpi samples respectively. The poly(A)-enriched AgSS 

samples were enriched for reads mapping to B. malayi by 2.4x for the 18 hpi sample and 

1.1x for the 8 dpi sample relative to the total RNA AgSS. Additionally, in the 18 hpi and 

8 dpi poly(A)-enriched AgSS samples, 46.63% and 46.35% of their mapped reads 

mapped to protein-coding genes while in the total RNA AgSS samples only 20.22% and 

32.21% mapped to protein-coding genes (Figure 2.10, Table 2.4). This is explained by 

the increased number of multi-mapping reads observed in the total RNA AgSS samples, 

Table 2.4: RNA-Seq statistics for B. malayi transcriptome data using AgSS 
with total RNA or poly(A)-enriched RNA 
Sample 18 hpi vector  8 dpi vector 

Total reads sequenced (poly(A)-enriched, Agilent SureSelect) 90,868,184 251,625,132 
Total reads sequenced (total RNA, Agilent SureSelect) 149,907,628 255,771,318 

Reads mapped (poly(A)-enriched, Agilent SureSelect) 51,010,120 
(56.14%) 

201,634,043 
(80.13%) 

Reads mapped (total RNA, Agilent SureSelect) 34,424,709 
(22.96%) 

178,638,997 
(69.84%) 

Fold enrichment for B. malayi reads 2.4 1.1 

Reads mapped to genes (poly(A)-enriched, Agilent SureSelect) 23,788,380 
(46.63%) 

93,452,941 
(46.35%) 

Reads mapped to genes (total RNA, Agilent SureSelect) 6,960,950 
(20.22%) 

57,535,140 
(32.21%) 

Multimapping reads (poly(A)-enriched, Agilent SureSelect) 3,026,700 
(5.93%) 

10,921,606 
(5.42%) 

Multimapping reads (total RNA, Agilent SureSelect) 24,195,610 
(70.29%) 

70,178,500 
(39.29%) 

Multimapping reads to rRNA (poly(A)-enriched, Agilent 
SureSelect) 

416,329 
(13.75%) 

170,569 
(1.56%) 

Multimapping reads to rRNA  (total RNA, Agilent SureSelect) 19,554,080 
(80.82%) 

49,024,697 
(69.86%) 

Number of genes not identified in either library prep 1,996 (18.01%) 478 (4.31%) 
Number of genes identified in only poly(A)-enriched, Agilent 
SureSelect 1,033 (9.32%) 261(2.35%) 

Number of genes identified in only total RNA, Agilent SureSelect 323 (2.91%) 189 (1.71%) 
Number of genes biased towards poly(A)-enriched, Agilent 
SureSelect (>3X SD) 43 (0.39%) 70 (0.63%) 

Number of genes biased towards total RNA, Agilent SureSelect 
(>3X SD) 157 (1.42%) 144 (1.30%) 
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with 70.29% and 39.29% of the total number of mapped reads in the 18 hpi and 8 dpi 

vector samples multi-mapping to the B. malayi genome. In comparison, only 5.93% and 

5.42% of mapped reads were multi-mapping in the 18 hpi and 8 dpi poly(A)-enriched 

AgSS samples. A total of 80.82% and 69.86% of these multi-mapping reads in the total 

RNA AgSS 18 hpi and 8 dpi vector samples were found to map to the B. malayi rRNAs 

compared to only 13.76% and 1.56% in the poly(A)-enriched AgSS samples (Figure 

2.10, Table 2.4). The AgSS platform on poly(A)-enriched RNA was able to obtain both a 

higher percentage of B. malayi mapped reads and a higher percentage of B. malayi reads 

mapping to protein-coding genes. Therefore, we recommend the use of the AgSS 

enrichment on poly(A)-enriched libraries for eukaryotic systems whenever possible. 

Recovering the transcriptome of the major organism from libraries prepared with 

the AgSS of the minor organism 

We explored whether sequencing data from both the major and minor organism could be 

accurately obtained using only data collected from an AgSS capture of the minor 

organism for eukaryote-eukaryote dual-transcriptomics experiments. Using the sample 

with the highest fold enrichment conferred by the AgSS platform, an 

immunocompromised mouse at 2 dpi, the host mouse transcriptome was compared 

between two libraries enriched using only the poly(A)-enrichment versus a poly(A)-

enriched library that was AgSS-captured for A. fumigatus transcripts. When plotting the 

TPM values of two library preparations against one another (Figure 2.11), the TPM 

values share a positive linear correlation with a r2 of 0.85, similar to the correlation 

values observed in the B. malayi comparisons (Figure 2.5B), indicating that the use of 

the A. fumigatus AgSS did not appear to largely impact the mouse transcriptome. 



59 
 

However, of the 39,179 mouse genes, 5,424 (13.8%) were detected in only the poly(A)-

library but not the corresponding AgSS-captured library, despite having designed probes. 

In comparison, only 128 mouse genes were detected only in the A. fumigatus AgSS 

library but not the poly(A)-library. While the transcripts captured seem to have the same 

expression profile, >10% of the genes were missed, and thus, we would recommend only 

assessing the organism for which the AgSS capture system was designed if the goal is to 

obtain the complete transcriptional profile of the major member. 

 

Figure 2.11: Comparison of the poly(A)-enrichment to the total RNA A. 
fumigatus AgSS library preparations of the transcriptomes of 2 dpi 
immunocompromised mouse. 

Using the sample taken at 2 dpi of an immunocompromised mouse, the log2 TPM values for mouse 
protein-coding genes in the poly(A)-enriched, A. fumigatus AgSS were plotted against the log2 TPM 
values for mouse protein-coding genes in the poly(A)-enrichment only. Genes with similar expression 
in both enrichments lie close to the identity line (y = x; red). Mouse genes whose expression values are 
more elevated in the poly(A)-enriched A. fumigatus AgSS sample compared to the poly(A)-enrichment 
sample lie below the identity line while genes more elevated in the poly(A)-enrichment compared to the 
poly(A)-enriched A. fumigatus AgSS lie above the identity line. 
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Discussion 

With multi-species RNA-Seq experiments emerging at the forefront of experimental 

designs for transcriptome analyses, novel methods are being developed to more 

efficiently extract the transcriptomes for multiple organisms from a single sample. By 

comparing the transcriptomes generated with standard enrichment methods (e.g. poly(A)-

enrichment or rRNA-/poly(A)-depletion) to the AgSS platform, we sought to 

independently validate the use of the AgSS platform in enriching for transcripts 

originating from a specific organism of interest while minimizing any type of library bias 

on the transcriptome. When analyzing the B. malayi transcriptomes of samples prepared 

with or without the AgSS enrichment, most genes could be detected using both library 

preparations. However, the samples prepared using the AgSS system enriched the 

number of reads mapped by 3x–146x compared to samples enriched only with a poly(A)-

enrichment enabling the consistent detection of a greater number of genes, most of which 

were low abundance transcripts. In the A. fumigatus comparisons, the poly(A)-

enrichment by itself was unable to extract a sufficient number of A. fumigatus reads to 

accurately represent the transcriptome of the sample. When the poly(A)-enrichment was 

supplemented with AgSS capture, the enrichment of A. fumigatus reads was increased 

614–1,212x. When using the AgSS instead of the rRNA-, poly(A)-depletion preparation 

for the Wolbachia endosymbiont wBm transcriptome, the AgSS samples were enriched 

for wBm mapped reads by 20–41x in the gerbil life cycle samples and 353–2,242x in the 

vector life cycle samples. 

For each of these samples, if the fold enrichment for the number of mapped reads in the 

poly(A)-enriched or total RNA AgSS is plotted against the percentage of reads mapped in 
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its poly(A)-enrichment or poly(A), rRNA depletion counterpart, the data follows a power 

law (Figure 2.12). As expected, the fold enrichment obtained with the AgSS capture is 

inversely proportional to the percentage of mapped reads obtained with the currently used 

enrichment methods of poly(A)-enrichment to capture eukaryotic RNA, or rRNA- and 

poly(A)-depletion to capture bacterial RNA from multi-species samples, indicating 

samples with a lower relative abundance of RNA from the target organism yield the 

greatest fold enrichment. 

 

Figure 2.12: Scatter plot of the percentage of poly(A)-enrichment or depletion 
reads mapped against the fold enrichment value observed using the AgSS follows 
a power law  

The fold enrichment value for each sample used in the poly(A)-enrichment/depletion versus AgSS 
comparisons for B. malayi (red), A. fumigatus (blue), and wBm (green) was calculated by taking the 
ratio of the percentage of AgSS reads mapped to the percentage of poly(A)-enrichment/depletion reads 
mapped. The relationship between these fold enrichment values and the percentage of the poly(A)-
enrichment/depletion reads mapped to the reference genome can be fitted to a power law. The fold 
enrichment conferred using the AgSS platform exponentially increases with the exponential decrease of 
the percentage of reads mapped using the standard enrichment/depletion methods up to an ~1300-fold 
enrichment. 
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While the AgSS can enrich a sample for transcripts of interest, the platform requires 

probes designed for each gene to avoid any enrichment bias. Most instances of the AgSS 

failing to detect a gene that was detected in samples enriched using only the poly(A)-

enrichment or rRNA-, poly(A)-depletion was due to a lack of designed probes for the 

gene. Because the B. malayi annotation is currently being updated, the baits were 

designed with an older annotation than the one used for feature counting. Similarly, the 

bait design for wBm was based on the annotation published by Foster et al. (70) while the 

annotation used for feature counting originated from GenBank (NC_006833.1). In both 

cases, most genes present only in the annotation used for the bait design were not 

detected with the AgSS platform. 

These results illustrate the power and advantages of using probe-based enrichment to 

facilitate the analysis of samples that are the most insightful, like those in animal tissue at 

a biologically relevant multiplicity of infection. The AgSS platform serves as a method to 

extract reads from a secondary or tertiary organism in a sample as well as to detect low 

abundance transcripts. Using this platform, we successfully extracted a sufficient number 

of reads to represent the B. malayi and wBm transcriptomes in the vector portion of the B. 

malayi life cycle, the A. fumigatus transcriptome in a mouse infection, and the wBm 

transcriptome in the mammalian portion of the B. malayi life cycle. Provided a 

transcriptome experiment has an adequate bait design, we believe the AgSS platform to 

be ideal and necessary in enriching samples for multi-species transcriptomic experiments, 

especially those in which secondary organisms are of low abundance. 
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Chapter 3: FADU: A quantification tool for prokaryotic transcriptomic 
analyses 1 

Abstract 

Quantification tools are often designed and tested using human transcriptomics data sets, 

in which full-length transcript sequences are well annotated. For prokaryotic 

transcriptomics experiments, full-length transcript sequences are seldomly known and 

coding sequences must instead be used for alignments and/or quantification. The 

problems of using coding sequences instead of transcript sequences is exacerbated in 

prokaryotes due to the presence of operons, in which a single transcript does not 

necessarily equate to a single gene. We demonstrate here that quantification tools such as 

featureCounts or HTSeq will not derive any counts for ambiguous reads by default, 

instead discarding any fragment that maps to multiple genes, such as those in operons. 

Additionally, we demonstrate that tools that attempt to derive counts from ambiguous 

reads such as eXpress, kallisto, or Salmon have difficulty assigning counts to smaller 

operonic genes (<350 bp). With FADU (Feature Aggregate Depth Utility), we designed a 

quantification tool designed specifically for prokaryotic RNA-Seq analyses. FADU 

assigns partial count values proportional to the length of the fragment overlapping the 

target feature. To assess the ability of FADU in quantifying genes for prokaryotic 

transcriptomics analyses, we compared its performance to eXpress, featureCounts, 

HTSeq, kallisto, and Salmon across three paired-end read data sets of: (1) Ehrlichia 

chaffeensis, (2) Escherichia coli, and (3) the Wolbachia endosymbiont wBm. Across each 

                                                
1 Chung M, Adkins RS, Mattick JSA, Bradwell KR, Shetty AC, Sadzewicz L, Tallon LJ, 
Fraser CM, Rasko DA, Makurkar A, Dunning Hotopp JC. FADU: A quantification tool 
for prokaryotic transcriptomic analyses. Genome Biol., submitted 2019. 
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of the three data sets, we find that FADU can more accurately quantitate operonic genes 

by deriving proportional counts for multi-gene fragments within operons. FADU is 

available at https://github.com/IGS/FADU. 

Importance 

Most currently available quantification tools for transcriptomics analyses have been 

designed for human data sets, in which full-length transcript sequences, including the 

untranslated regions, are annotated. In most prokaryotic systems, full-length transcript 

sequences have yet to be characterized, leading to prokaryotic transcriptomics analyses 

being performed based on only coding sequences. In contrast to eukaryotes, prokaryotes 

contain polycistronic transcripts and when genes are quantified based on coding 

sequences instead of transcript sequences, this leads to an increased abundance of 

improperly assigned ambiguous multi-gene fragments, specifically those mapping to 

multiple genes in operons. Here we describe FADU, a quantification tool designed 

specifically for prokaryotic RNA-Seq analyses with the purpose of quantifying operonic 

genes while minimizing the pitfalls associated with improperly assigning fragment counts 

from ambiguous transcripts. 

Introduction 

The quantification step in a typical differential expression analysis of transcriptomic data 

involves the calculation of fragment counts overlapping each gene. Quantification tools, 

such as featureCounts (131) or HTSeq (130) requires first aligning paired end reads to a 

reference genome. This typically involves the mapping of sequencing reads to whole 

genome assemblies using aligners such as Bowtie (157, 159), BWA (160), or HISAT 

https://github.com/IGS/FADU
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(161). The quantification step uses the output alignment file in combination with an 

annotation file to assess the number of sequenced fragments that intersects the 

coordinates of each target gene. A different subset of quantification tools were developed 

to be used in conjunction with de novo transcriptome assemblies, including the cufflinks 

suite of tools (162-165), RSEM (134), and eXpress (166). These tools require an 

alignment file mapped to reference transcripts instead of whole genomes. Most recently, 

k-mer-based alignment-free tools, such as kallisto (132) and Salmon (133), have been 

developed that use raw sequencing reads and reference transcript sequences to directly 

assign counts to target features using pseudoalignments and k-mer based counting 

approaches. 

However, an issue regarding these approaches is the requirement of a well-annotated 

reference genome in which the sequences of full-length transcripts have been identified. 

Each of the aforementioned quantification tools were developed using human 

transcriptomics data sets as a template and because of this, these tools are deficient when 

used to quantify genes for prokaryotic transcriptomics studies. In ideal conditions, 

transcriptomic studies would quantify genes at the transcript level, but the lack of 

complete transcript annotations for many non-model eukaryotes and most prokaryotes 

forces transcriptomic analyses to be conducted at the coding sequence level. This can be 

problematic in genomes with dense coding capacity and overlapping transcripts. It is 

especially problematic when analyzing prokaryotes due to the abundance of polycistronic 

transcripts from operons, with there being an estimated 630-700 operons in the >5000 

genes found in the E. coli genome (135). 
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At the core of these problems is the method with which ambiguous reads are quantified. 

Ambiguous reads can be divided in two categories: (1) multi-gene fragments, in which a 

paired-end fragment maps uniquely but overlaps multiple features and (2) multi-mapping 

fragments, in which a paired-end fragment maps to multiple genomic regions equally, 

such as in the case of reads originating from duplicated genes or genomic regions. Each 

current tool has a different method to quantify these types of ambiguous reads. As an 

example, the default mode of HTSeq, HTSeq union, does not quantify multi-gene 

fragments and instead marks them as ambiguous (130). By default, featureCounts will 

assign a multi-gene fragment to the feature that maps to the majority of the individual 

reads in the paired-end fragment. As an example, if one paired-end read of a fragment 

maps to geneA and geneB while the second paired-end read maps to geneB, the count 

will be assigned to geneB. In cases where the left paired-end read maps to geneA and the 

right paired-end read maps to geneB, the fragment is marked as ambiguous and not 

quantified (131). However, each of these approaches leads to an underestimation of the 

actual mapped reads for these genes and by extension, an under estimation of gene 

expression. 

Tools such as cufflinks, eXpress, kallisto, and Salmon apply abundance estimation 

algorithms to assign partial counts for both multi-gene fragments and multi-mapping 

reads. As an example, RSEM, eXpress, kallisto, and Salmon all apply an estimation-

maximization algorithm to ambiguous fragments. Briefly, the expectation-maximization 

algorithm uses the number of fragments that unambiguously align to a target transcript to 

estimate the counts from ambiguous fragments originating from that target transcript. 
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This assigned probability from each of the ambiguous fragments will be based on the 

number of secondary mappings along with each of their mapping qualities (167). 

As we demonstrate here, each of these tools have issues when used to quantify 

prokaryotic genes. For featureCounts and HTSeq, the occurrence of multi-gene fragments 

occurs frequently in operons. Discarding these reads under-estimates the abundance of 

operonic genes, especially smaller genes in the middle of operons. The tools cufflinks, 

eXpress, kallisto, RSEM, and Salmon all require a reference containing transcript 

sequences. When coding sequences are used as the reference instead, fragments that map 

primarily to the untranslated regions of genes are likely to be discarded. Additionally, the 

absence of transcript annotations for operons further complicates the analysis. Using 

coding sequences as the units for quantification implies that each coding sequence is a 

unique observation, which is not the case for operons. For fragments that overlap 

multiple genes in an operon this causes the fragment count to be improperly split into 

multiple genes when it should be counted equally for both genes. Ideally, this issue would 

be solved by identifying the full-length transcript sequences for prokaryotes using 

laboratory techniques such as 5’- and 3’- RACE (rapid amplification of cDNA ends), or 

direct RNA sequencing. However, this is currently not practical given the number of 

different prokaryotic systems being studied. 

In this study we developed FADU (Feature Aggregate Depth Utility), a quantification 

tool specifically designed for prokaryotic transcriptomics analyses. FADU uses an 

alignment file generated by aligning reads to a whole genome assembly and handles 

ambiguous fragments by proportionally assigning fragment counts. Given a multi-gene 
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fragment, FADU assesses the proportion each fragment overlaps with the nonunique 

positions of each of its overlapped features and assigns a proportional fragment count. By 

assigning proportional read counts, FADU avoids the pitfalls other tools have in 

quantifying operonic genes while minimizing the errors derived from assigning counts 

from multi-gene fragments. Here, we describe the implementation of FADU and compare 

its performance and utility to the alignment-dependent quantification tools featureCounts, 

HTSeq, and eXpress and the alignment-free quantification tools kallisto and Salmon. 

Results 

Comparing the performance of FADU against other quantification tools 

We compared the performance of FADU to the default modes of alignment-based 

quantification tools eXpress, featureCounts, and HTSeq and the alignment-free 

quantification tools kallisto and Salmon for three different transcriptomics data sets: (a) 

paired end reads from a standard (i.e. not strand-specific) library constructed from 

Escherichia coli RNA, (b) paired end reads from a standard library constructed from 

Ehrlichia chaffeensis RNA, and (c) paired-end reads from a strand-specific library 

constructed from Wolbachia endosymbiont of Brugia malayi wBm RNA. For the 

alignment based quantification tools, reads were mapped to a genomic reference for 

featureCounts and HTSeq or a coding sequence reference for eXpress. For the alignment-

free quantification tools kallisto and Salmon, reads were directly quantified using a 

coding sequence reference. Across all three datasets, the counts obtained using FADU are 

highly correlated to those obtained with the five other quantification tools (r2 > 0.8) 

(Figure 3.1). 



70 
 

 To identify instances where FADU was obtaining significantly higher or lower read 

 

Figure 3.1: Comparing fragments counts from FADU versus other quantification 
tools. 
Across the three prokaryotic transcriptomic data sets of unstranded (A) E. coli, (B) E. chaffeensis, and 
(C) stranded wBm, fragment counts obtained using FADU were compared to counts obtained using 
eXpress, featureCounts, HTSeq union, kallisto and Salmon. For each plot, each point indicates a gene 
with its x-axis value dictated by its log2 count obtained using FADU and its y-axis value dictated by the 
log2 counts obtained using the noted tool. Genes in red are ≤200 bp in size. 
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counts relative to the other quantification tools, we used the wBm data set to generate 

MA plots between FADU and the other five quantification tools (Figure 3.2). Each plot 

represents a pairwise comparison between FADU and one of the five other quantification 

tools. The mean average of the log2 counts (A) is plotted on the x-axis while the log2 ratio 

counts (M) is plotted on the y-axis. Genes with a log2 count ratio ≥2 or ≤2 were defined 

as being significantly under- or over-counted by FADU relative to its counterpart. We 

identified 63 genes in the wBm data set across the five pairwise comparisons that were 

significantly un  der-counted by FADU. Of these genes, 39 (61.9%) were under-counted 

by FADU relative to only kallisto and Salmon. The fragment count contributions from 

 

Figure 3.2: MA plots comparing wBm fragment counts obtained using FADU 
against the other quantification tools.  

The fragment counts for the stranded wBm data set obtained using FADU were compared to the counts 
obtained using eXpress, FADU, featureCounts, HTSeq union, kallisto, and Salmon with an MA plot. 
Each point denotes a gene, with red points being indicative of genes ≤200 bp. The x-axis denotes the 
mean average of the two compared counts (A) while the y-axis denotes the log2 ratio of the two 
compared counts (M). The horizontal orange dotted lines on each plot are drawn at log2 ratio values of 
2 and -2. Points above 2 were defined as genes significantly under-counted by FADU relative to its 
compared tool while points below -2 are indicative of genes significantly over-counted by FADU 
relative to its counterpart. 
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these 39 genes are largely from ambiguous multimapping reads. While FADU, 

featureCounts, and HTSeq all discard flagged multimapping reads for quantification, the 

use of the expectation-maximization algorithm allows eXpress, kallisto and Salmon, 

combined with bootstrapping support in the case of kallisto and Salmon, to assign 

probabilistic read counts to these genes. While eXpress also uses an expectation-

maximization model to assign multi-mapping reads, the use of an alignment file rather 

than reads as an input likely affects the tool’s ability to quantify these genes. 

Additionally, 11 (15.9%) of these genes have significantly higher count values with 

featureCounts, HTSeq, kallisto, and Salmon. For all 11 genes, the contributing reads are 

largely in the dovetail orientation, in which one mate pair extends past the beginning of 

the other. While these reads were paired successfully using HISAT2, they were not 

marked as concordant, leading to these reads being discarded during quantification for 

both eXpress and FADU. Similarly, 7 genes with significantly higher counts in only 

featureCounts, kallisto, and Salmon are largely dovetail reads with the difference that 

they are in close proximity to nearby genes.  

While tools such as eXpress, kallisto, and Salmon use an expectation-maximization 

algorithm to assign ambiguous fragment counts, by default featureCounts and HTSeq 

discard ambiguous fragments and require additional options for their quantification. The -

O options of featureCounts allows for counts from a multi-gene fragment to be assigned 

to each overlapped gene. Additionally, when used in conjunction with the –fraction 

option, featureCounts will assign a fractional count based on the number of genes a 

multi-gene fragment overlaps. As an example, if a multi-gene fragment overlaps two 
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genes, a count value of 1 would be assigned to both genes using the -O option and a 

count value of 0.5 would be assigned to both genes when using both the -O and the –

fraction options. We also tested FADU against three additional options for HTSeq: (a) -

mode intersection-nonunique, (b) -mode intersection-strict, and (c) -mode union used in 

conjunction with -nonunique all. Compared to HTSeq union, HTSeq intersection-

nonempty is more liberal in assigning multi-gene fragments. Given a multi-gene 

fragment, HTSeq intersection-nonempty takes the intersect of the features found at each 

non-empty position and if only one feature is returned, a count is assigned to that feature. 

HTSeq intersection-strict is more conservative and takes the intersect of the features 

found at all positions of the fragment and again, if only one feature is returned, a full 

count is assigned to that feature. Additionally, HTSeq contains the option –nonunique all, 

which assigns a count value of 1 to all genes overlapped by a multi-gene fragment, 

similar to the -O option of featureCounts. In the case of a multi-gene fragment that spans 

two genes within an operon, a count value of 1 will be assigned to both genes. Because 

each individual fragment corresponds to a single transcript, and both these genes are 

within the same transcript, the fragment should be counted equally for both features. 

In the wBm data set, 78 genes were identified that were significantly under-counted in at 

least one quantification tool relative to FADU (Figure 3.2). Of these 78 genes, 19 

(24.4%) were under-counted in all five analyzed quantification tools relative to FADU. In 

all 19 cases, these discrepancies were due to fragments that span two different coding 

sequences. Of the 19 genes, 6 are within a putative 15-gene ribosomal-protein operon 

(Figure 3.3A). Within this 15 gene region, empirically 13-14 genes should have roughly 
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the same counts (all but Wbm0335 and possibly Wbm0337) (Figure 3.3A) allowing us to  

directly evaluate these methods. Therefore, we divided the fragment counts for each gene 

by gene length to obtain a fragment count per bp value for each gene. For each tool 

individually, these fragment count per bp values were normalized by dividing by the 

 

Figure 3.3: The performance of quantification tools on deriving counts for 
operons. 
(A) Using the wBm stranded RNA-Seq data set, the log10 read depth (orange) was plotted for part of an 
operon containing 15 genes that all code for different ribosomal proteins. Genes labeled and marked in 
turquoise are all significantly under-counted (log2 counts ratio <-1) by one of the other quantification 
tools as assessed in Figure 3. (B) For each quantification tool, the read depth per bp was calculated for 
all 15 genes displayed and divided by the median read depth per bp for each quantification mode to 
obtain a normalized relative count value. The log2-transformed normalized relative count values are 
displayed in the individual cells of the table. Because the 15 ribosomal genes are likely transcribed 
together, we would expect the normalized values obtained for each of the 15 genes to be similar to one 
another, and empirically we expect this to be the case for at least 13 of the 15 genes. Normalized values 
in red cells indicate that the gene has a greater count value relative to the other operonic genes while 
blue cells indicate that the gene has a lesser count value relative to the other operonic genes. Tools that 
discard ambiguous reads span two features in close proximity have a tendency to under-count the 
smaller genes in operons, such as Wbm0332 and Wbm0333.  
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median fragment count per bp for all genes in this 15 gene region (Figure 3.3B). Given 

that empirically 13-14 genes should have roughly the same count, ideally a tool would 

yield normalized value close to 0 for all genes except Wbm0335 and possibly Wbm0337. 

When normalized values are >0, it indicates that the gene is relatively over-counted, and 

when the values are <0, it indicates the gene is relatively under-counted. 

For Wbm0328 and Wbm0339, despite both genes having a fragment depth that appears to 

be similar to the rest of the putative operon (Figure 3.3A), HTSeq union, intersection-

nonempty, and intersection-strict obtain virtually no counts. The close proximity of the 

adjacent genes combined with the small size of Wbm0328 (309 bp) makes it difficult for 

an unambiguous multi-gene fragment to be assigned to Wbm0328. Similarly, this also 

occurs for Wbm0332 and Wbm0333, which are two of the smallest genes contained in 

the putative operon. Because of the small size of Wbm0332 and Wbm0333, eXpress has 

difficulty identifying reads that mostly map to each of the two genes (Figure 3.3B). 

Similarly, the smaller size makes it difficult for kallisto and Salmon to identify unique k-

mers for these genes, leading to both genes being under-counted by the k-mer based tools 

(Figure 3.3B). In comparison, FADU, featureCounts overlap, featureCounts fractional-

overlap, and HTSeq nonunique are able to obtain the expected counts for all four genes 

(Figure 3.3B). 

By assigning fragment counts based on proportion, FADU runs the risk of incorrectly 

assigning counts in instances where fragments from the untranslated region of one gene 

overlap the coding sequence of another gene, particularly in the case of gene-dense 

genomes. Because FADU assigns a fragment count to all overlapped features, the count 
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value from a fragment that originates from the untranslated region (UTR) of one gene can 

be mistakenly assigned to another gene overlapped by the fragment. While this is 

erroneous, scenarios such as this are difficult to avoid without well-annotated transcripts 

and without undercounting smaller operonic genes. However, the proportional fragment 

counts assigned by FADU minimizes the errors from these fragments. As an example, the 

wBm pseudogene gene490 is in close proximity to Wbm0395 (Figure 3.4A), such that 

reads from the unannotated UTR of Wbm0395 are erroneously being counted for 

gene490. Ideally, no fragment counts would be derived for gene490. FADU mitigates this 

issue by only assigning proportional fragment counts based on the percentage of the 

fragment’s length that overlaps a feature. In comparison, featureCounts overlap, 

featureCounts fractional-overlap, and HTSeq nonunique assign many more reads (>9X) 

 

Figure 3.4: The improper quantification of fragments that span multiple 
features.  

(A) Using the wBm stranded RNA-Seq data set, the log10 read depth (orange) was plotted across the 
wBm pseudogene (gene490; red) flanked by the protein-coding genes Wbm0395 and Wbm0396. (B) 
For each of the listed quantification modes, the number of counts for gene490, Wbm0395, and 
Wbm0396 were obtained. The counts assigned to gene490 are all derived from fragments that also map 
to the 5’-end of Wbm0395. Despite the wBm annotation lacking UTRs, these reads likely originate 
from the 5’-UTR of Wbm0395, indicating that any reads assigned to gene490 are erroneous. 
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to gene490 (Figure 3.4B). Collectively, by assigning proportional counts, FADU is able  

to better quantify operonic genes while mitigating the issues stemming from quantifying 

multi-gene fragments. 

 

Figure 3.5: Clustering patterns of the fragment counts derived from different 
quantification methods. 

(A) An unrooted dendrogram with 1000 bootstraps was generated using the log2 count values from 
wBm calculated using eXpress, FADU, the three different modes of featureCounts, the 4 different 
modes of HTSeq, kallisto, and Salmon. The dendrogram reveals three distinct clusters of (1) 
featureCounts default, HTseq union, and HTSeq intersection-nonempty; (2) HTSeq intersection-strict; 
(3) eXpress, kallisto, and Salmon; and (4) FADU, featureCounts overlap, and featureCounts fractional-
overlap. (B) A principal component analysis for all wBm count values derived from each of the tools is 
visualized. Each color corresponds to quantification tool, while each shape represents the specific mode 
of the tool used. (C) The log2 count values for all wBm genes with count values derived from at least 
one of the tools was used to generate a heatmap. The wBm genes are displayed on the horizontal axis 
while each of the tools are displayed on the vertical axis. All cells in grey describe genes with no count 
value in its corresponding tool. Bootstrap values for both the unrooted and squared dendrograms are 
located next to their corresponding nodes.  
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 Clustering analyses of the different quantification modes 

The results from the different tools cluster into four distinct groups based on how each of 

the different tools handle fragments mapping to multiple features (Figure 3.5A). FADU, 

featureCounts overlap, and featureCounts fractional-overlap, which are more liberal in 

assigning counts, form a cluster while HTSeq union, HTSeq intersection-nonunique, and 

featureCounts default, which are all more conservative, form another cluster. 

Additionally, eXpress, kallisto, and Salmon, which all use coding sequences as a 

reference instead of genomic sequences, form a third cluster. HTSeq intersection-strict 

does not cluster with any of the groups, due to it being the most stringent in assigning 

fragment counts to features. Similarly, in the principal component analysis, the variation 

observed in the first principal component is primarily from the counts derived from 

 

Figure 3.6: FADU timing and memory benchmarking.  
For the unstranded E. coli, E. chaffeensis, and the stranded wBm data sets, the (A) speed for the 
indexing and/or alignment steps (red), and quantification steps (blue) along with the (B) maximum 
memory used (green) for eXpress, FADU, the three different modes of featureCounts, the 4 different 
modes of HTSeq, kallisto, and Salmon was recorded. 
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HTSeq intersection-strict while the second principal component variation is derived from 

the quantification tools that use coding sequences as an input reference (Figure 3.5B). 

These differences translate into the number of genes detected with each tool. HTSeq 

intersection-strict obtains counts for the fewest number of genes (Figure 3.5C). FADU, 

featureCounts overlap, featureCounts fractional-overlap, and HTSeq nonunique cluster 

together and yield counts for the most genes relative to the other tools. However, counts 

obtained using featureCounts overlap, featureCounts fractional-overlap, and HTSeq 

nonunique are on average higher than the counts obtained using FADU or other 

quantification tools. Because FADU assigns proportional read counts based on how much 

of a fragment overlaps a feature, FADU minimizes the errors associated with 

overcounting genes in close proximity to one another while better quantifying small 

operonic genes from ambiguous multi-gene fragments. 

Timing and memory benchmarks 

We compared the speed (Figure 3.6A) and memory usage (Figure 3.6B) of FADU 

relative to the ten other quantification modes. For the alignment-based quantification 

tools eXpress, FADU, featureCounts, and HTSeq, the times for alignment and 

quantification were individually recorded, while for the alignment-free quantification 

tools kallisto and Salmon, the times for indexing and quantification were individually 

recorded. Across all three data sets analyzed, kallisto performs the fastest and uses the 

least memory. The other alignment-free quantification tool, Salmon, performs quicker 

than the alignment-based tools when used to quantify the E. chaffeensis and E. coli data 

sets, but performs remarkably slower when used to quantify the wBm data set. The speed 
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of FADU is comparable to the other alignment-based quantification tools for the E. 

chaffeensis and wBm data sets. However, when used to analyze the E. coli data set, 

FADU and the different modes of HTSeq have longer run times compared to eXpress and 

featureCounts. When comparing the maximum memory usage between the different 

tools, HTSeq consistently requires the most memory. In comparison, FADU often 

requires more memory than eXpress and featureCounts, but consistently requires less 

memory than HTSeq. 

Discussion 

In an ideal transcriptomics differential expression analysis with current analysis tools, 

full-length transcripts of the reference organism should be used for alignment and/or 

quantification. In the case that full-length transcripts are available, we believe that 

ambiguous reads should be able to be assigned with confidence with methods such as the 

expectation-maximization algorithm and bootstrap support implemented in kallisto or 

Salmon. However, in cases where full-length transcripts are not available, coding 

sequences must be used instead. When coding sequences are used, fragments that 

typically map primarily to the UTRs of a transcript may only map partially to the coding 

sequence, leading to these fragments being unable to be quantified. This also occurs in 

the case of multi-gene fragments spanning operonic genes. 

Assigning these multi-gene fragments becomes difficult, especially in the context of 

prokaryotes. Without the knowledge of complete transcript sequences, it becomes 

impossible to determine whether a multi-gene fragment stems from an operonic transcript 

or overlaps two genes in close proximity that are independent transcriptional units. While 
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operon databases and prediction software are available, they are not comprehensive and 

the gold standard for determining the sequence of full-length transcripts is through 5’- 

and 3’-RACE, which becomes laborious to perform preceding transcriptomics 

experiments. While advances in long read sequencing will eventually lead to native 

strand RNA sequencing (168), in which the sequences of full-length transcripts can be 

obtained, current technologies are lacking in a method for easily annotating full-length 

transcripts. 

In situations where full-length transcript sequences are unavailable, mapping directly to 

transcript references will fail to quantify a subset of reads that originate primarily from 

untranslated regions instead of the coding sequence. For cases such as this, genome 

references perform better for deriving counts from non-coding sequence reads. By using 

the precise mapping information provided by a genome-based alignment, quantification 

tools can better infer whether a fragment overlaps a target gene. However, as we’ve 

shown, currently available quantification tools that use a genome-based alignment, 

ambiguous reads are often either too conservatively or too liberally assigned, resulting in 

an under or over estimation of transcript expression. FADU was designed for the purpose 

of optimizing the available alignment information for systems in which full-length 

transcript annotations are unavailable. By assigning proportional read counts, FADU 

attempts to maximize the quantification of operonic genes while minimizing the false 

over-quantification of non-operonic genes in close proximity to one another. 
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Materials and Methods 

Implementation 

FADU was written entirely using the Julia programming language v1.0 (169) and relies 

heavily on the BioAlignments.jl and GenomicFeatures.jl packages. GenomicFeatures.jl is 

used to parse out record information from GFF files and determine overlaps between 

alignments and features. BioAlignments.jl is used to quickly parse out record information 

from the BAM file. FADU was tested and benchmarked in the UNIX environment. 

Computing non-overlapping annotation feature coordinates 

FADU first creates an interval tree-based data structure of the feature annotation (GFF3) 

input file consisting of the sequence ID, the leftmost coordinate, the rightmost coordinate, 

the strand, and the feature metadata. This data structure is used to construct a set of all 

non-overlapping coordinates per strand. A non-overlapping coordinate is defined as a 

genomic position that is not overlapped by two or more recorded features. If the BAM 

alignment input file is unstranded, the set of overlapping coordinates per attribute ID will 

be strand-agnostic. 

Defining fragments versus reads 

The BAM alignment input file is read in one alignment record at a time. For each record, 

validation steps are performed to ensure the record is mapped, is a primary record, and 

exceeds the specified minimum mapping quality (default score of 10). If the option to 

remove multimapped alignments is enabled, records whose ‘NH’ attribute exceeds a 

value of 1 are also removed. Next, the record is assessed whether it is part of a fragment 

by taking into account read pair information. In order to classify a read as part of a 
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fragment, both the template length of the read pair (default: <1000 bp) and the 0x2 bitflag 

of each record are assessed. 

Records that do not meet the qualifications to be processed as “fragments” are instead 

processed as “reads”. For records classified as “fragments”, only one of the reads of the 

pair is kept because the coordinate information of the mate pair can be inferred. If the 

option to keep only properly paired reads is enabled, only records that can be classified as 

“fragments” will be kept. 

Processing overlaps between alignments and features 

Once a BAM record passes validation, and is classified either as a fragment or a  read for 

downstream processing, the record is used to create an interval tree-based data structure 

consisting of the record reference sequence name, the leftmost and rightmost coordinate 

of the fragment or read, the strand of the fragment or read, and a designation of 

“fragment” or “read”. Once a sufficient number of these data structures are read into 

memory (default chunk size is 10,000,000), the overlaps for each alignment record to the 

specified annotation feature type are processed.  

FADU calculates the proportional count for each fragment as follows: 

𝐹𝐹𝑐𝑐  =
𝐹𝐹𝑂𝑂
𝐹𝐹𝐿𝐿

 

Fc represents the fractionalized fragment count contribution for a given fragment or read 

for each feature ID while FO represents the number of bases the fragment overlaps the 

feature and FL represents the total length of the fragment. In the case of reads that were 
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unable to be processed as fragments, Fc is halved to prevent the overestimation the 

contribution of discordant reads or singletons to the fractionalized count of a feature. 

Writing output 

Once all records have been processed, the total counts for every feature ID for the 

specified attribute type is calculated and used to calculate normalized TPM values for 

each feature ID. For each feature ID, five tab-delimited fields are written to file: (a) 

feature ID, (b) length of non-overlapping coordinates, (c) number of alignments to 

overlap with the feature, (d) total fractionalized alignment counts for the feature, and (e) 

the TPM count for the feature. 

Availability of data sets 

Three data sets were used in all analyses consisting of RNA-Seq paired-end data from 

standard, non-stranded libraries originating from E. chaffeensis and E. coli, and stranded 

libraries from wBm. The sequencing reads for the three datasets can be found in the 

NCBI Sequencing Read Archive at the following accession numbers, respectively: 

SRX485438, SRX1322474, and SRX2505171. 

Quantification tool comparisons 

Reads from each of the data sets were aligned using HISAT2 with the -X option used to 

set minimum fragment length and the --no-spliced-alignment option. The minimum 

fragment length set for each data set was identified as the two standard deviations from 

the mean fragment length using the CollectInsertSizeMetrics tool of PicardTools v2.9.4. 

As references, the combined genomes of Canis familiaris (GenBank: 

GCA_000002285.2) and E. chaffeensis Arkansas (GenBank: NC_007799.1), E. coli 
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0127:H6 strain E2348/69 (GenBank: NC_011601.1), and the combined genomes of 

Brugia malayi (WormBase: WBPS9) and its Wolbachia endosymbiont wBm (GenBank: 

NC_006833.1) were used for the FADU, featureCounts, and HTSeq runs for E. 

chaffeensis, E. coli, and wBm data sets, respectively. Additionally, the coding sequences 

of the corresponding references were used as the references for eXpress, kallisto, and 

Salmon. MA plots were generated between FADU and the default modes of eXpress, 

featureCounts, HTSeq, kallisto, and Salmon. For each plot, the mean average of the log2 

counts (A) was calculated and plotted against the log2 ratio of counts (M). 

The parameters used for FADU, eXpress, featureCounts, HTSeq, kallisto, and Salmon 

used for analyses and benchmarking are available at https://github.com/IGS/FADU. Plots 

were generated using the R packages ape, FactoMineR, gggenes, ggplot2, gplots, ggpubr, 

pvclust, and venn.  
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Chapter 4: Drug repurposing of bromodomain inhibitors as a novel 
therapeutic for lymphatic filariasis guided by multi-species 
transcriptomics 1 

Abstract 

Most of the current anti-helminthic treatments for filarial disease have limited 

macrofilaricidal efficacy. To identify and test potential repurposed drugs to target adult 

nematodes, we conducted a multi-species RNA-Seq on the filarial nematode Brugia 

malayi, its Wolbachia endosymbiont wBm, and its laboratory vector A. aegypti across the 

entire B. malayi life cycle. We find little evidence for global gene regulation in the 

bacterial endosymbiont wBm, but the noncoding 6S RNA levels correlate with bacterial 

replication rates, rising as the nematode matures from L3 to adult life stages before 

plummeting in microfilariae. For A. aegypti, the transcriptional response reflects the 

stress B. malayi infection exerts on the mosquito with indicators of increased energy 

demand and decreased fitness observed at 18 hpi. Mosquito stress proteins are 

upregulated as the nematodes mature to their L3 life stage. In the mammalian stages, B. 

malayi has male-specific kinase signaling cascades, while the transcription profile of 

adult females, embryos, and microfilariae includes a significant number of chromatin 

remodeling proteins. The B. malayi genes upregulated in adult females, embryos, and 

microfilariae include those for 15/18 bromodomain-containing proteins, which are 

involved in chromatin remodeling, including 2 members of the bromodomain and extra-

terminal (BET) protein family. The BET inhibitor JQ1(+), which was originally 

                                                
1 Chung M, Teigan LE, Libro S, Bromley RE, Olley D, Kumar N, Sadzewicz L, Tallon 
LJ, Mahurkar A, Foster JM, Michalski ML, Dunning Hotopp JC. Drug repurposing of 
bromodomain inhibitors as a novel therapeutic for lymphatic filariasis guided by multi-
species transcriptomics. In revision at Nat Commun. 2019. 



87 
 

developed as a cancer therapeutic, caused lethality and sterility of adult worms in vitro 

suggesting it may be a potent adulticidal drug and novel treatment for lymphatic 

filariasis.  

Keywords 

Lymphatic filariasis, filarial nematodes, nematodes, Brugia malayi, Wolbachia, Aedes 

aegypti, mosquito, transcriptomics, RNASeq, multi-species RNASeq, bromodomain, 

bromodomain inhibitor, 6S RNA 

Background 

Lymphatic filariasis is spread by mosquitoes infected with one of the three known 

causative agents of lymphatic filariasis: Wuchereria bancrofti, Brugia malayi, or Brugia 

timori. As of 2016, an estimated 856 million individuals are living in areas with ongoing 

transmission of the disease (8). Infected individuals are often asymptomatic with 

subclinical parasite-associated immunosuppression (170). Approximately one third of 

affected individuals have chronic lymphoedema and/or hydrocele, caused by the damage 

the nematodes inflict onto the human lymphatic system. Although rarely fatal, >25 

million affected individuals are afflicted with hydrocele and >15 million individuals are 

afflicted with lymphoedema.  

Mass drug administration (MDA) programs aimed at eradicating the causative agents of 

lymphatic filariasis employ a combination of diethylcarbamazine, doxycycline, 

ivermectin, and/or albendazole (171-174). Although each of the drugs have different 

mechanisms of action (4), all three drugs are primarily microfilaricidal and have a limited 

efficacy on adult worms (174, 175). The persistence of adult worms after treatment 
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requires expensive, prolonged 4-6-week drug treatments, with the possibility of repeated 

drug treatments over several years (176). Although the current MDA programs have been 

successful in lowering transmission of lymphatic filariasis (8), the limited adulticidal 

efficacy of the available drugs indicates a need for novel therapeutics. 

The obligate relationship between B. malayi and its Wolbachia bacterial endosymbiont 

has provided one of the recent novel targets in filarial nematode elimination efforts (177-

179), since inhibiting wBm halts development and reproduction in B. malayi and, more 

importantly, kills adult worms. Other strategies based on genomic and transcriptomic 

analyses use predicted functional annotation (114, 116, 180, 181) and differential 

expression analyses (117, 118) to identify potential drug targets in both B. malayi and 

wBm. 

Intraperitoneal infection of Mongolian gerbils by Brugia malayi is a frequently used 

system for studying lymphatic filariasis, since all mammalian life stages of the nematode 

can be isolated in the laboratory from a small rodent (182). However, B. malayi does not 

cause pathology in the gerbil. Although, several transcriptomics studies have been 

conducted on the filarial worm, its bacterial endosymbiont, and/or its vector using this 

laboratory system (117, 118, 151), no comprehensive study has been able to 

simultaneously analyze the transcriptome of all three organisms across the entirety of the 

B. malayi life cycle. One of the main reasons is the inability to recover a sufficient 

number of reads to represent the transcriptome of wBm, which has a very low relative 

abundance in several key life stages. To address this, we used rRNA- and poly(A)-

depletions (146) and Agilent SureSelect (AgSS) transcriptome capture to enrich for 
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Wolbachia reads for selected samples (Chapter 2) (183). Here, we report the 

transcriptomes of B. malayi, wBm, and its laboratory vector, Aedes aegypti, across the 

entire B. malayi life cycle to better understand the biological interplay between the 

organisms. We expect this to be a community resource and as such have provided access 

to the data at the gene level for B. malayi, http://gcid.igs.umaryland.edu/pub/bm-RNA-

life; wBm, http://gcid.igs.umaryland.edu/pub/wb-RNA-life; and A. aegypti 

http://gcid.igs.umaryland.edu/pub/aa-RNA-life. Chromatin remodeling seems to be a key 

activity in adult females and their embryos such that bromodomain inhibitors were 

examined as a potential therapeutic for lymphatic filariasis. 

Results 

B. malayi transcriptome 

A total of 16 distinct B. malayi life cycle stages were sampled (Figure 4.1, Table 4.1). 

Of the 11,085 predicted B. malayi protein-coding genes, 10,398 (93.8%) had statistically 

significant differential gene expression across the life cycle. A hierarchical clustering and 

principal component analysis (PCA) of these differentially expressed genes separates 

these samples into four distinct clusters consisting of (A) the adult male samples, (B) the 

adult female, embryo, immature microfilaria, and mature microfilaria samples, (C) the L1 

and L2 samples, and (D) the L3, L4, and immature adult samples (Figure 4.2). The 

10,398 differentially expressed genes were further clustered into 15 expression modules 

using WGCNA (184) (Figure 4.3), with each cluster being split into a primary 

expression profile and a secondary, inverse expression profile (185). 

http://gcid.igs.umaryland.edu/pub/bm-RNA-life
http://gcid.igs.umaryland.edu/pub/bm-RNA-life
http://gcid.igs.umaryland.edu/pub/wb-RNA-life
http://gcid.igs.umaryland.edu/pub/aa-RNA-life
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Adult males. The second largest expression module identified in B. malayi consists of 

1,481 genes upregulated and 72 genes downregulated in adult male B. malayi (Figure 

4.3). While there were no significantly enriched functional terms in the downregulated 

genes, PapD-like proteins with major sperm protein domains along with kinases and 

phosphatases were significantly over-represented in genes upregulated in adult male B. 

malayi, as previously described (117). Between 30-45% of proteins with kinase domains 

and phosphatase domains were upregulated in males, likely indicative of male-specific 

signaling cascades in B. malayi. Adult male nematodes also upregulate an over-

abundance of proteins containing BTB/Kelch-associated domains. The Kelch repeats of 

 

Figure 4.1: Brugia malayi life cycle and sample selection 
Initial larval development (mf, L2, L3) takes place in the thorax of the mosquito vector after ingestion 
of microfilaremic blood from the mammalian host. Subsequent development of L3 to L4 and finally to 
the mature adult occurs upon introduction of L3 to the mammalian host, in this case in the peritoneal cavity 
of the Mongolian gerbil. Life cycle stages sampled from mosquitoes included microfilariae that had penetrated 
the mosquito midgut and entered thorax muscle (18 hpi), molt to L2 larvae (4 dpi) and to L3 larvae (8 dpi) in 
mosquito thorax, and vector-derived infective L3 from the mosquito head. Life cycle stages sampled from gerbils 
included: early L3 infection (1-4 dpi), molt to L4 larvae (8 dpi), molt of males (20 dpi) and females (24 
dpi) to immature adults, sexually mature adults (>70 dpi), eggs and embryos from adult females, 
immature microfilariae not yet infective to mosquitoes, and mature infective microfilariae. 
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these proteins have been found to form a β-propeller that interacts with actin and 

intermediate filaments for cytoskeletal rearrangement (186) while the BTB domains have 

been found to frequently interact with the Cul3 family of ubiquitin ligases (187-189). 

Table 2.1: RNA-Seq life cycle samples and library preparations   

Sample Nematode 
Host B. malayi wBm A. 

aegypti 

1 dpi gerbil poly(A)-selection rRNA-, poly(A)-
depletion NA 

2 dpi gerbil poly(A)-selection rRNA-, poly(A)-
depletion NA 

3 dpi gerbil poly(A)-selection rRNA-, poly(A)-
depletion NA 

4 dpi gerbil poly(A)-selection rRNA-, poly(A)-
depletion NA 

8 dpi gerbil poly(A)-selection rRNA-, poly(A)-
depletion NA 

20 dpi male gerbil poly(A)-selection rRNA-, poly(A)-
depletion NA 

24 dpi female gerbil poly(A)-selection rRNA-, poly(A)-
depletion NA 

24 dpi female gerbil poly(A)-selection wBm AgSS NA 

adult male gerbil poly(A)-selection rRNA-, poly(A)-
depletion NA 

adult female gerbil poly(A)-selection rRNA-, poly(A)-
depletion NA 

adult female gerbil poly(A)-selection wBm AgSS NA 

embryo gerbil poly(A)-selection rRNA-, poly(A)-
depletion NA 

immature 
microfilariae gerbil poly(A)-selection rRNA-, poly(A)-

depletion NA 

mature 
microfilariae gerbil poly(A)-selection rRNA-, poly(A)-

depletion NA 

18 hpi mosquito B. malayi AgSS wBm AgSS poly(A)-
selection 

4 dpi mosquito B. malayi AgSS wBm AgSS poly(A)-
selection 

8 dpi mosquito B. malayi AgSS wBm AgSS poly(A)-
selection 

infective L3 mosquito poly(A)-selection NA poly(A)-
selection 
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Adult female, embryos and microfilariae. The largest co-expression module identified 

 

Figure 4.2: Hierarchical clustering and PCA of differentially expressed B. malayi 
genes 

(A) For each sample, the z-scores of the log2 TPM values of the 10,398 differentially expressed B. 
malayi genes, were used to hierarchically cluster the B. malayi samples using 100 bootstraps with 
support values indicated adjacent to the nodes. (B) A PCA was done using the z-score of the log2 TPM 
values of the 10,398 differentially expressed B. malayi genes. The variation represented by each of the 
first two principal components is indicated in parentheses next to the axes titles. In both the hierarchical 
clustering and PCA, four clusters are observed. Samples represented by triangles were prepared using a 
poly(A)-selection, while samples represented by circles were prepared using a B. malayi-specific AgSS 
capture. The B. malayi samples cluster based on sample rather than library enrichment, with all samples 
enriched using the AgSS clustering with their respective poly(A)-selected counterparts rather than each 
other. 
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in our data set includes 1,615 upregulated and 150 downregulated genes in the gravid 

 

Figure 4.3: B. malayi WGCNA expression modules 

The heatmap shows the z-score of the log2(TPM) values of the 10,398 differentially expressed B. 
malayi genes across the B. malayi lifecycle. The horizontal color bar and the key above the heatmap 
indicates the samples represented in each of the heatmap columns. The leftmost vertical color bar on the 
left of the heatmap represents the 15 different WGCNA expression modules generated using the 10,398 
differentially expressed B. malayi genes. Within each individual expression module, there are two 
expression patterns that are the opposite of one another. The inner vertical colored bar indicates 
whether the gene clusters with the main (grey) or inverse expression pattern (black) of the module. 
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adult female, embryo, and microfilariae life stages of B. malayi. Because the bodies of 

gravid adult females are filled with embryos, the transcriptional profile of adult female 

worms is likely dominated by the transcriptional profile of eggs and embryos. No 

modules were identified describing genes differentially expressed solely in adult females 

or solely in the immature or mature microfilariae samples (Figure 4.3). The hierarchical  

cluster analysis of the B. malayi samples show the immature and mature microfilariae 

samples to be intermingled with one another (Figure 4.2A), indicating that despite 

differences in mosquito infectivity phenotype, there is no large scale significant 

difference in the transcriptomes of the different stages of microfilariae in this clustering-

based analysis. 

The 1,615 genes upregulated in the adult female, embryo, and microfilaria stages were 

found to be significantly over-represented in proteins with domains associated with 

transcription and transcriptional regulations as well as DNA-, protein- and ATP-binding, 

as has been previously described (117). Of the identified over-represented functional 

terms in this set of genes, chromatin remodeling is a recurring theme (e.g. 41/74 

superfamily 1 and 2 (SF1/2) helicases (190, 191)). This module is enriched in 

bromodomain-containing proteins, which interact with chromatin remodeling complexes 

to regulate transcription or to facilitate DNA repair (192), and PHD-type zinc fingers, 

which have been found to have roles in epigenetic modifications and chromatin 

remodeling (193). The module is also enriched for SANT/Myb domain-containing 

proteins. SANT domains bind to histones for remodeling chromatin and regulating 

transcription (194), while Myb domains function as transcription factors, often playing an 

essential role in vertebrate haematopoiesis (195). Most of these SANT/Myb domain-
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containing proteins (10/11) also contain homeobox-like domains suggesting a role in 

cellular differentiation and embryonic development (196). The 150 downregulated genes 

in this module have an overrepresentation of ATP synthesis-coupled proton transport and 

hydrogen ion transmembrane transporter activity. 

Two clusters were also obtained from subsets of samples from these same stages. In the 

1,335 genes upregulated in only the embryo and adult female samples (Figure 4.3), we 

identified a significant overrepresentation of proteins involved with DNA replication, 

also previously identified (117, 118), likely reflecting the intense DNA replication in 

developing embryos. In the microfilariae, there are 1,242 upregulated genes over-

represented in genes with no assigned functional terms (Figure 4.3). In the filarial 

nematode Onchocerca volvulus, the overrepresentation of GPCRs in the microfilarial life 

stages is proposed to meet unique chemosensory requirements needed for the migration 

of the microfilariae to the bloodstream of its definitive host for uptake by a vector host 

(120). Although not statistically significant (Fisher’s exact test, Bonferroni correction, p-

value=0.7), we find 36 of the 127 (28.3%) GPCRs encoded by B. malayi in this 

microfilariae-specific module. 

Vector stage L1 and L2. Of the B. malayi vector samples, the L1 and L2 nematode 

samples taken at 18 hpi and 4 dpi were most similar (Figure 4.2) with a cluster of 1,032 

genes that were highly upregulated in the 18 hpi samples and slightly less upregulated in 

the 4 dpi samples (Figure 4.3), indicative of the acclimation of the nematode to the 

mosquito vector. There is an overrepresentation of genes involved in protein production, 

cleavage, and degradation, suggesting a large turnover of proteins associated with the 
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mammal to vector insect host transition. These includes ribosomal components and 

proteins with translational roles, including those with translational initiation factor, tRNA 

aminoacylation, RNA-binding, and RNA processing activity. This cluster includes the 

α/β proteasomal subunits, which function in peptide cleavage and protein degradation, 

and most of the LSM domain proteins, which are thought to have a role in mRNA 

degradation and splicing (197) and rRNA stability (198). This suggests that as nematodes 

transition from the mammal to the insect host, the dominant process becomes facilitating 

rapid protein turnover. 

Vector-derived L3. There are two modules that represent genes upregulated later in B. 

malayi vector development. The larger module contains genes that are more highly 

upregulated in the 8 dpi samples while the smaller module contains genes that are more 

highly upregulated in the infective L3 samples.  

The larger module of 763 genes upregulated in the 8 dpi samples is overrepresented in 

ion transport proteins, ion channels, and integral membrane proteins. It also contains 13 

of 43 (30.2%) of B. malayi subtype 2 immunoglobulin (Ig)-like fold containing proteins, 

including four containing fibronectin type-III repeats, an extracellular membrane protein 

thought to facilitate crosstalk between cell functions and the extracellular environment 

(199). 

The smaller module of 267 upregulated genes is over-represented in proteins without 

annotated functions. However, this module does contain nine G protein-coupled receptors 

that could serve as a chemokine receptor to direct fully developed L3 to the mosquito 

head in preparation for a blood meal or to direct them once they infect the vertebrate 
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definitive host. There are also three abundant larval transcripts (ALTs), a class of larva-

specific proteins, whose expression levels peak at the infective L3 stage and drop upon 

entry into the definitive host. Although ALTs have unknown and likely varying 

functions, they are promising vaccine targets for filariasis because they are larva-specific, 

highly expressed, and have no mammalian homologs (200). Although this module 

represents the infective state of B. malayi, it is dominated by uncharacterized proteins, 

indicating the need for additional studies. 

Rodent-derived L3, L4, and early adults. The mosquito-derived infective L3s and the 

gerbil-recovered L3s are transcriptionally most similar according to our hierarchical 

clustering and PCA, despite the nematodes being in remarkably different host 

environments (Figure 4.2). However, we did not recover a module of genes in the 

WGCNA analysis that are shared between the two (Figure 4.3).  

There are 455 nematode genes upregulated 1, 2, 3, 4, 8, 20, and 24 dpi of the gerbil 

samples, which represents a wide diversity of life stages and molts including the L3, L4, 

and sexually immature adult life stages (Figure 4.3). The only overrepresented functional 

term identified describes membrane proteins. 

A module was recovered containing 153 genes upregulated at specifically 1 and 2 dpi of 

the gerbil host, indicative of the transcriptional alterations during the transition to the 

vertebrate host. However, no over-represented functional terms were observed. 

At 4 dpi of the gerbil, the cuticle surrounding the head thickens in anticipation of the L3 

to L4 molt at 8 dpi (182). There is a module containing 411 genes upregulated at 4 dpi 

that is over-represented in structural constituents of the nematode cuticle and collagen 
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triple helix repeats. There is also an over-representation of proteins containing a zona 

 

Figure 4.4: Hierarchical clustering and PCA of the differentially expressed wBm 
genes 

(A) For each sample, the z-score of the log2 TPM values of the 336 differentially expressed wBm genes 
were used to hierarchically cluster the wBm samples using 100 bootstraps with support indicated at 
each node. Samples represented by triangles were prepared using a rRNA-, poly(A)-depletion while 
samples represented by circles were prepared using a wBm-specific AgSS capture performed on total 
RNA. (B) A PCA was performed using the z-score of the log2 TPM values of the 336 differentially 
expressed wBm genes. The first and second principal components are plotted on the x- and y-axes, 
respectively. The variation represented by each of the principal components is indicated in parentheses 
next to the axes titles. Unlike the B. malayi hierarchical clustering and principal component analyses, 
the wBm samples do not form discrete clusters. 
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pellucida domain. While best known for their role in sperm attachment to oocytes (201), 

zona pellucida domains can have other functions. Additionally, all five proteins 

 

Figure 4.5: wBm WGCNA expression modules and 6S RNA expression 

(A) The heatmap shows the z-score of the log2 (TPM) values of the 336 differentially expressed wBm 
genes across the B. malayi lifecycle. The horizontal color bar and the key above the heatmap indicates 
the samples represented in each of the heatmap columns. The leftmost vertical color bar on the left of 
the heatmap represents the nine different WGCNA expression modules generated using the 
differentially expressed wBm genes. The inner vertical colored bar indicates whether the genes cluster 
with the main (grey) or inverse expression pattern (black) of the module. (B) The upper plot indicates 
the number of reads mapped to genes in each of the samples. The bottom plot indicates the TPM value 
of the 6S RNA compared with that of all other transcripts for all poly(A)-selected samples. The Agilent 
SureSelect samples are excluded from the plot because there were no probes designed to capture the 
non-protein coding RNAs such as the 6S RNA. Additionally, one replicate of 4 dpi underwent column 
purification, leading to the loss of small RNAs, and is not shown. 
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containing the EGF domain found in malarial parasite merozoite surface protein 1 

(MSP1) are upregulated at this stage.  

The third B. malayi molt occurs 8 dpi of the gerbil with the secretion of a new 

collagenous cuticle (182). This corresponds with transcription of collagen-triple helix 

repeat-containing proteins that are structural constituents of the cuticle. 

Once L4 larvae have matured to early adults, at 20 dpi for the males and 24 dpi for the 

females, 283 genes are upregulated with an over-representation in proteins annotated as 

being found in the extracellular space. No expression modules differentiating the 20 dpi 

male and 24 dpi female samples were recovered, despite the development of gonads. 

However, the transcriptome profiles of the 20 dpi male and 24 dpi female samples are 

sufficiently different that they cluster apart in the hierarchical clustering and PCA 

(Figure 4.2). 

wBm transcriptome 

The wBm transcriptome was assessed for all the same time points as B. malayi with the 

exception of the infective L3 life stage. Of the 839 annotated wBm protein-coding genes, 

336 (40.0%) were identified to be differentially expressed in at least one B. malayi life 

stage. However, hierarchical clustering and PCA of the differentially expressed genes in 

each of the samples reveals poorly defined clusters (Figure 4.4), relative to those from B. 

malayi. The most discrete cluster appears to be the wBm transcriptome recovered from 

the vector samples relative to the mammalian samples. While these samples were 

prepared using an AgSS targeted capture, we previously identified that this did not impart 

a significant bias relative to its poly(A)-, rRNA-depleted counterpart (Chapter 2) (183).  
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The third largest wBm expression module describes 31 wBm genes upregulated in adult 

male and female B. malayi (Figure 4.5A). This cluster of genes is significantly over-

represented in protein-folding, with 5/9 protein-folding genes, different than the prior 

observation of an overrepresentation of chaperones in only adult female B. malayi (118). 

Despite the physiological differences between adult male and female worms, there 

appears to be no discernible difference in the wBm transcriptomes of males and females 

in the PCA (Figure 4.5B). 

The first two principal components account for 42.6% of the variation across the samples. 

The first principal component was found to be largely represented by ribosomal 

components while the second principal component had no significantly enriched 

functional terms. However, most of the ribosomal components are from a single, very 

large operon. Therefore, it is not clear if this result reflects the co-transcription of these 

genes in the operon, or if operons confound differential expression analyses that expect 

each measure of transcription to be independent. 

6S RNA. Additionally, we observed that the expression of the 6S RNA, a noncoding 

RNA whose expression correlates with bacterial replication rates (202-205), increases as 

B. malayi matures from L3 to the adult and embryo life stages (Figure 4.5B). Upon the 

embryo maturing to microfilaria, the expression of the 6S RNA drops precipitously. 

A. aegypti transcriptome 

The transcriptomes of A. aegypti 18 hours, 4 days, and 8 days after B. malayi infection 

were compared to the transcriptomes from time-matched controls that were fed 

uninfected dog blood. Of the 17,313 protein-coding genes annotated in A. aegypti, 6,653 
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were found to be differentially expressed in at least one of the conditions. Hierarchical 

clustering and PCA shows distinct clustering of infected and control samples (Figure 

4.6). The 6,653 differentially expressed genes were clustered into eight expression 

modules using WGCNA (Figure 4.7). 

 Some clusters likely represent differential gene expression relevant to blood feeding. For 

instance, the third largest WGCNA cluster contains 727 A. aegypti genes upregulated at 

18 hours in both infected and control mosquitoes (Figure 4.7). Over-represented 

functional terms identified in this module include signal recognition particle (SRP)-

dependent protein targeting, GOLD domains, and endoplasmic reticulum localization 

with functions that target proteins for secretion (206, 207).  

 

Figure 4.6: Hierarchical clustering and PCA of the differentially expressed A. 
aegypti genes 
(A) A hierarchical clustering analysis of the z-score of the log2 TPM values of the 6,653 differentially 
expressed A. aegypti genes, was used to cluster the A. aegypti samples. Post-blood feeding controls 
(hpbf, dpbf) were obtained and used as a control for the post-infection samples at the same time interval 
(hpi, dpi). Support values were calculated using 100 bootstraps and are indicated adjacent to the nodes. 
(b) A PCA was performed using the z-score of the log2 TPM values of the 6,653 differentially 
expressed A. aegypti genes with the variation indicated in parentheses next to the axes titles. 



103 
 

18 hours post feeding. By 18 hpi, microfilariae ingested from an infected mammal have 

 

Figure 4.7: A. aegypti WGCNA expression modules 

The heatmap shows the z-score of the log2 TPM values of the 6,653 differentially expressed A. aegypti 
genes. The horizontal color bar and the key above the heatmap indicates the samples represented in 
each of the heatmap columns. The leftmost vertical color bar on the left of the heatmap represents the 
nine different WGCNA expression modules. The inner vertical colored bar indicates whether the genes 
cluster with the main (grey) or inverse expression pattern (black) of the module. 
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invaded the mosquito thoracic muscles and begun to shorten to a distinct morphological 

form commonly referred to as the L1 or sausage stage. There are 446 A. aegypti genes 

upregulated at this time point in only the infected mosquitoes (Figure 4.7). The most  

significantly over-represented functional terms involve proteins with oxidoreductase 

activity and with roles in ATP synthesis-coupled proton transport and the tricarboxylic 

acid cycle. Additionally, we observe an over-representation in structural constituents of 

the ribosome. Confirming previous observations, this enrichment of proton transport and 

ATP synthase activity at 18 hpi is an indicator of metabolic disturbance in an early 

response to B. malayi infection (151). 

There are 209 A. aegypti genes that are upregulated solely in the 18 h blood-fed control 

samples. The only significantly over-represented functional terms in this cluster describe 

insect-allergen-related proteins, a protein family found to be widespread in insects with 

roles in nutrient uptake and detoxification (208), and vitellogenins, a family of secreted 

proteins with an important role in yolk formation, known as vitellogenesis (209). 

Previous studies have found vitellogenin (210, 211) and insect allergen protein 

expression to be a typical post-feeding effect in mosquitoes (212, 213). The absence of 

vitellogenin and insect allergen-related protein upregulation in infected mosquitoes 

confirms previous observations that B. malayi has an adverse effect on vector fitness 

(214, 215). 

4 days post infection The 4 dpi samples mark the L1 to L2 molt of B. malayi in the 

thoracic muscle. Although no expression modules contained genes only upregulated at 4 

days in infected mosquitoes, the largest A. aegypti expression module generated contains 
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2,601 genes upregulated specifically in the blood fed control samples (Figure 4.7). Over-

represented encoded proteins in this cluster include helicases, zinc fingers, and proteins 

with bromodomain folds. Additionally, the cluster is over-represented in kinases, 

phosphatases, and other proteins with roles in intracellular signal transduction. These 

transcriptional changes and triggered signal pathways are absent in nematode-infected 

mosquitoes, possibly indicating that the continued development of B. malayi in the 

mosquito is interfering with normal metabolic activity. 

8 days post infection. The second largest module of A. aegypti differentially expressed 

genes includes 1,272 genes specifically upregulated at 8 days in infected A. aegypti, 

coinciding with the L2 to L3 molt of B. malayi in the thoracic muscle (Figure 4.7). As 

with previous studies, we observed an increase in α-crystallin heat shock proteins a 

family of chaperones induced to cope with stressful conditions (151, 216), likely from the 

continued growth of B. malayi. However, while a previous study observed the small heat 

shock proteins to have a temporal expression pattern at 1, 6, and 8 dpi of B. malayi, we 

only observed detectable upregulation of these heat shock proteins at 8 dpi (151, 216). 

Additionally, proteasomal components, including serine proteases, (217) were identified 

to be over-represented in this cluster of genes. No other expression modules describing 

specific expression were identified in time-matched controls. 

Post-blood feeding versus post-infection. In the fourth largest A. aegypti expression 

module, 419 genes, were upregulated in only blood fed control mosquitoes while 170 

genes were upregulated only in infected mosquitoes (Figure 4.7). While no functional 

terms were over-represented in upregulated genes from infected mosquitoes, the controls 
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were over-represented in translational proteins and structural constituents of the cytosolic 

ribosome as opposed to the structural constituents of the mitochondrial ribosome that 

were upregulated in the 18 hpi mosquitoes. 

B. malayi drug target identification and in vitro validation 

Because current mass drug administration (MDA) programs for lymphatic filariasis are 

primarily microfilaricidal and have a limited efficacy on adult worms (174, 175), we 

sought to identify a potential adulticidal drug target using our RNA-Seq data set. Of the 

18 bromodomain-containing proteins encoded by the B. malayi genome, 15 were 

identified in the largest B. malayi expression module, which contained genes upregulated 

in the adult female, embryo, and microfilariae life stages. Of the three remaining 

bromodomain-containing proteins, two were found to be upregulated in the adult female 

and embryo life stages while one was upregulated only in the microfilariae life stages. As 

such, all 18 bromodomain-containing proteins are associated with adult females, 

embryos, and microfilariae. Bromodomains interact with chromatin remodeling 

complexes to regulate transcription or to facilitate DNA repair protein accessibility (218). 

The overabundance of these bromodomain regulatory proteins in the adult female, 

embryo, and microfilariae life stages could indicate an underlying need for large-scale 

chromatin remodeling during these specific life stages. 

JQ1(+) is a bromodomain inhibitor that binds to members of the bromodomain and extra-

terminal (BET) family of transcription factors (219). By competitively binding to BET 

proteins, JQ1(+) prevents BET proteins from binding to acetylated lysine residues on 

chromatin and recruiting transcription factors (220, 221). JQ1(+) has been identified to be 
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a promising cancer therapeutic, having been shown to prevent BRD4, a BET family 

protein, from interacting with and recruiting Myc, a transcription factor involved in cell 

proliferation that has been found to be constitutively active in several cancers, such as 

acute myeloid leukemia and multiple myeloma (221-225). 

Of the 18 bromodomain proteins encoded by the B. malayi genome, only two are 

members of the BET family of proteins and orthologs of the human and mouse BET 

proteins. Our transcriptional data indicates they are both upregulated in the adult female, 

embryo, and microfilariae life stages. Similarly, Caenorhabiditis elegans has three 

reported BET orthologs: bet-1, bet-2, and F13C5.2. Although there were no observed 

RNAi phenotypes for bet-2, knockdowns of both bet-1 and F13C5.2 were found to result 

in embryonic lethality, larval arrest, locomotion alterations, and sterility (226, 227), 

indicating the importance of the C. elegans BET proteins in reproduction. Additionally, 

interfering with the activity of BET proteins has the potential to cause adult worm 

lethality, with knockdowns of bet-1 causing adult C. elegans lethality and knockdowns of 

F13C5.2 causing ruptures in the vulva of female C. elegans (226, 227). Due to the 

potential importance of the BET proteins in B. malayi reproduction and sterility, given 

the parallels seen in C. elegans, we tested the efficacy of JQ1(+) on B. malayi. 

Adult female B. malayi were treated with JQ1(+) ranging from 1-100 µM to assess the 

effect of BET inhibition on worm viability. The efficacy of the drug on the adult female 

worm was assessed at 6 and 24 h post-treatment using motility scoring (228) and the 

colorimetric MTT viability assay (229). At both time points 10 and 100 µM JQ1(+) were 

found to cause complete loss of motility in adult female worms, while the negative 
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enantiomer JQ1(-) and ivermectin only causing complete loss of motility at 100 µM, and 

for ivermectin this was only observed at 24 hours (Figure 4.8AB). At 6 h, adult worms 

had decreased viability according to the MTT assay at 10 µM and 100 µM JQ1(+) 

relative to the DMSO vehicle control (Figure 4.8CD). At 24 h, 10 and 100 µM JQ1(+) 

resulted in significantly reduced viability relative to the DMSO vehicle control while 

there was a great deal of variation in the 100 µM ivermectin treatment. As such JQ1(+) 

has adulticidal effects on filarial nematodes. 

Additionally, worm fecundity was assessed by measuring microfilariae shed from treated 

adult female worms. At 6 and 24 h, all concentrations of JQ1(+) resulted in reduced 

fecundity, providing evidence that even 1 µM of JQ1(+), the lowest tested concentration, 

may potentially sterilize adult female worms (Figure 4.8EF). 

Discussion 

This analysis of the B. malayi transcriptome reveals overarching transcriptional themes 

during critical life stages. The over-representation of kinases and phosphatases coupled 

with an under-representation of DNA-binding proteins in adult male B. malayi indicates 

that signaling likely occurs through male-specific kinase signaling cascades. Conversely, 

adult female and embryo B. malayi stages are over-represented in DNA-binding proteins 

such as zinc fingers and helicases. Adult females, embryos, and microfilariae need to 

undergo significant chromatin remodeling for further development. 

Proteins associated with chromatin remodeling, including those that contain 

bromodomains, may be a prospective new drug target for the development of adulticidal 

therapeutics. Our results with the BET inhibitor JQ1(+) indicate that it is more lethal than 
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ivermectin in adult female worms. Additionally, JQ1(+) treatment reduced microfilariae 

output more than ivermectin, suggesting that JQ1(+) could be sterilizing the adult female 

worms. Future work needs to focus on microfilaricidal effects as well as assessing the 

efficacy of JQ1(+) in gerbils, measuring worm burden, development, and fecundity. 

Although JQ1(+) was initially touted as a prospective cancer therapeutic, its low half-life 

in sera (<0.9 h) limits its efficacy (230). Because of this, a number of BET inhibitors 

have been developed with longer half-lives and are currently in clinical trials as cancer 

therapeutics (221). Given their promise as a cancer therapeutic, we can anticipate more 

 

Figure 4.8: Effects of JQ1(+) treatment on adult female B. malayi 

The efficacy of JQ1(+) was assessed on adult female B. malayi at 6 h (A,C,E) and 24 h (B,D,F) using 
(AB) a motility scoring assay, (CD) the colorimetric MTT viability assay measured at 530 nm, and (EF) 
microfilariae counts. Each point is indicative of two replicates and the error bars indicate standard error 
of the mean. For each of the assays, the effect of 1, 2.5, 5, 7.5 ,10, and 100 µM JQ1(+) and its negative 
enantiomer JQ1(-) was assessed along with 100 µM ivermectin (a known antihelminthic drug) and 
DMSO (a vehicle control). Asterisks indicate significant differences (p < 0.05, Student’s unpaired t-
test) between the JQ1(+) and JQ1(-) treatments. 
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BET inhibitor derivatives and more studies need to ensure safety (223). Derivatives that 

more specifically targeting filarial nematodes may be desirable. 

In contrast to published multi-species transcriptomes of filarial Wolbachia 

endosymbionts across their invertebrate host’s life cycles (118, 231), we observed very 

few changes in the wBm transcriptome across our data set. Although the absence of the 

heme, riboflavin, and FAD biosynthetic pathways in the B. malayi genome has generated 

hypotheses that wBm provides these needed metabolites to B. malayi by upregulating 

endosymbiont gene expression (181), our data suggests that these pathways may be 

constitutively expressed in wBm. While there may be specific wBm genes that are 

differentially expressed, we see little indication of global regulation of gene expression 

beyond that of chaperones and ribosomal proteins. The PCA does not resolve the 

samples, and the WGCNA modules do not show clear delineation of gene functions or of 

likely co-transcribed genes as is expected with global gene regulation. We propose that 

rather than altering the expression of specific metabolic pathways across the B. malayi 

life cycle, wBm may be altering its rates of replication, transcription, and translation as 

evidenced by the changes in the 6S RNA. This may not be surprising, given that 

nematode Wolbachia are obligate intracellular bacteria with limited environmental 

variation. Despite the lack of global regulation of gene expression in wBm across the life 

cycle, it is possible that there is global regulation of gene expression within different 

populations of B. malayi cells (e.g. oocytes or spermatocytes). 

Our data show that parasitism by B. malayi has severe effects on transcription related to 

normal homeostatic processes in A. aegypti. At 18 hpi proteins with roles in ATP-coupled 
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protein transport and mitochondrial translation were elevated, likely due to increased 

energy demands by infected mosquitoes. This upregulation coincides with previous 

observations of the breakdown of mitochondria near the nematode and the depletion of 

microfiber glycogen reserves upon nematode infection of A. aegypti (232). Additionally, 

the absence of upregulated vitellogenin and insect allergen-related proteins in the 18 hpi 

samples suggests a decrease in A. aegypti fecundity upon the uptake of B. malayi (214, 

215). At 4 dpi, coinciding with the L1 to L2 molt of B. malayi, there is a remarkable 

upregulation of many genes in the control mosquitoes that were not present in the 

infected mosquitoes. These include proteins with roles in transcriptional regulation, such 

as zinc fingers and bromodomains, along with proteins with roles in signaling cascades, 

such as kinases, phosphatases, and intracellular signal transduction proteins. These large 

perturbations in the A. aegypti transcriptome suggest a large impact on vector host 

viability by B. malayi. 

Overall, this study has led to the discovery of BET inhibitors as potential therapeutics for 

lymphatic filariasis. Our multi-species RNA-Seq analysis across the B. malayi life cycle 

serves as a comprehensive data set that can enable the identification of other therapeutics 

and address other questions regarding the interplay between the different organisms in the 

B. malayi life cycle. 

Methods 

Sample preparation--Nematodes 

Third stage larvae of Brugia malayi strain FR3 were isolated from infected mosquitoes 9-

16 days post infection (dpi) using the NIAID/NIH Filariasis Research Reagent Resource 
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Center (FR3) Research Protocol 8.4 (233). Larvae were isolated in RPMI + P/S, 

enumerated, and either flash frozen in liquid nitrogen for storage at -80°C or used for the 

infection of male Mongolian gerbils (Meriones unguiculatus; Charles River, Wilmington, 

MA, USA). Gerbils were anesthetized with 5% isoflurane and infected by introducing 

400 L3s into the peritoneal cavity using a butterfly catheter. Larvae, immature adults, and 

mature adults were recovered by peritoneal flush using a terminal procedure. Brugia 

malayi embryos were collected from live gravid females as previously described (117). 

Generation of immature and mature microfilariae required the surgical transplantation of 

adult B. malayi into the peritoneal cavity of recipient gerbils (234). Microfilariae were 

isolated either through a peritoneal tap (235) or by terminal worm recovery. For terminal 

worm recoveries, gerbils were euthanized by CO2 asphyxiation followed by cervical 

dislocation. The peritoneal cavities were then opened and soaked with RPMI + P/S. All 

animal care and use protocols were approved by the UWO IACUC. Nematode 

preparations were flash frozen in liquid nitrogen and stored at -80°C prior to RNA 

isolation. 

Sample preparation--Mosquitoes 

The Aedes aegypti black-eyed Liverpool strain was obtained from FR3 and maintained in 

the Biosafety Level 2 Insectary at the University of Wisconsin Oshkosh. Desiccated 

mosquito eggs were hatched in deoxygenated water and the resulting larvae were 

maintained on a slurry of ground TetraMin fish food (Blacksburg, VA) at 27°C with 80% 

relative humidity. Female pupae were separated using a commercial larva pupa separator 

(The John Hock Company, Gainesville, FL), placed in mesh-covered paper soup cartons, 
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and enclosed adults were fed with cotton pads soaked in sucrose solution. Females were 

deprived of sucrose approximately twelve hours prior to blood feeding. Mosquitoes were 

infected with the Brugia malayi FR3 strain by feeding microfilaremic cat blood (FR3) 

through Parafilm via a glass-jacketed artificial membrane feeder. When necessary 

microfilaremic cat blood was diluted with uninfected dog blood to achieve a suitable 

parasite density for infection (100-250 microfilariae/20 μL). Infected mosquitoes were 

collected at 18 hours post infection (hpi), 4 dpi, and 8 dpi. They were anesthetized with 

CO2 then transferred to chilled microscope slides where the legs, wings, heads and 

abdomens were removed. The thoraces with and without developing B. malayi larvae 

were flash frozen in liquid nitrogen and stored at -80 °C prior to RNA isolation. Vector-

derived Infective B. malayi L3 were isolated from whole mosquitoes in bulk using the 

standard FR3 protocol (233). 

RNA isolation 

Mosquito thoraces were combined with TRIzol (Zymo Research, Irvine, CA) at a ratio of 

1 mL TRIzol per 50-100 mg mosquito tissue, while nematode samples were processed 

using a 3:1 volume ratio of TRIzol to sample. For both preparations, 1 µL β-

mercaptoethanol was added for every 100 µL of sample. The tissues were homogenized 

using a bead beater and a TissueLyser (Qiagen, Germantown, MD) at 50 Hz for 5 min. 

The homogenate was then transferred to a new tube and centrifuged at 12,000g for 10 

min at 4°C. After incubation at room temperature for 5 minutes, 0.2 mL chloroform was 

added for every 1 mL TRIzol. The samples were shaken by hand for 15 seconds, 

incubated at room temperature for 3 min, loaded into a pre-spun Phase Lock Gel heavy 

tube (5Prime, Gaithersburg, MD), and centrifuged at 12,000g for 5 min at 4°C. The upper 
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phase was extracted, one volume of 100% ethanol was added, and then loaded onto a 

PureLink RNA Mini column (Ambion, Austin, TX). The samples were processed 

following manufacturer instructions, quantified using a Qubit fluorometer (Qiagen, 

Germantown, MD) and Nanodrop spectrometer (Nanodrop, Wilmington, DE), and sent to 

Institute for Genomic Sciences at the University of Maryland Baltimore for DNase 

treatment and library preparation. 

Library preparation, capture system design, and stranded RNA sequencing 

Transcriptome sequencing was conducted as previously described (236). Briefly, whole 

transcriptome libraries without AgSS capture were constructed for sequencing on the 

Illumina platform using the NEBNext Ultra Directional RNA Library Prep Kit (New 

England Biolabs, Ipswich, MA, USA). For targeting eukaryotic mRNA, polyadenylated 

RNA was isolated using the NEBNext Poly(A) mRNA magnetic isolation module. When 

targeting bacterial mRNA, samples underwent rRNA- and poly(A)-reductions, as 

previously described (146, 149). SPRIselect reagent (Beckman Coulter Genomics, 

Danvers, MA, USA) was used for cDNA purification between enzymatic reactions and 

size selection. The PCR amplification step was performed with primers containing a 7-nt 

index sequence. Libraries were evaluated using the GX touch capillary electrophoresis 

system (Perkin Elmer, Waltham, MA) and sequenced on an Illumina HiSeq2500, 

generating 100-bp paired end reads. 

For the B. malayi and wBm AgSS capture designs, probes were designed using the 

SureSelect DNA Advanced Design Wizard for B. malayi and wBm (Chapter 2) (183). 

Probes were designed to capture every 120 bp for each coding sequence in both 
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organisms with no overlap between baits. DustMasker was used to identify and mask low 

complexity regions of the genome from the probe design (154). 

For samples treated with the wBm AgSS capture, pre-capture libraries were constructed 

from 500-1000 ng of total RNA samples using the NEBNext Ultra Directional RNA 

Library Prep kit (NEB, Ipswich, MA, USA). First strand cDNA was synthesized without 

mRNA extraction to retain non-polyadenylated transcripts and fragmented at 94 oC for 8 

min. After adaptor ligation, cDNA fragments were amplified with 10 cycles of PCR 

before capture. Wolbachia transcripts were captured from 200 ng of the amplified 

libraries using the Agilent SureSelectXT RNA (0.5-2 Mbp) bait library designed 

specifically for wBm. Library-bait hybridization reactions were incubated at 65 °C for 24 

h then bound to MyOne Streptavidin T1 dynabeads (Invitrogen, Carlsbad, CA, USA). 

After multiple washes, bead-bound captured library fragments were amplified with 18 

cycles of PCR. The libraries were loaded on an Illumina HiSeq4000, generating 151-bp 

paired end reads. 

For samples treated with the B. malayi AgSS capture, pre-capture libraries were 

constructed from 1000 ng of total RNA samples using the NEBNext Ultra Directional 

RNA Library Prep kit (NEB #E7420, Ipswich, MA, USA). After adaptor ligation, cDNA 

fragments were amplified for 10 cycles of PCR before capture. B. malayi transcripts were 

captured from 200 ng of the amplified libraries using an Agilent SureSelectXT Custom 

(12-24 Mbp) bait library designed specifically for B. malayi. Library-bait hybridization 

reactions were incubated at 65 °C for 24 h then bound to MyOne Streptavidin T1 

Dynabeads (Invitrogen, Carlsbad, CA). After multiple rounds of washes, bead-bound 
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captured library fragments were amplified with 16 cycles of PCR. The libraries were 

loaded on a HiSeq4000 generating 151-bp paired end reads.  

Read alignments, feature counting, and differential expression analysis 

For all samples used in the analysis, sequencing reads were mapped to the B. malayi 

genome WS259 (www.wormbase.org) using the splice junction mapper TopHat v1.4 4 

(155) and the wBm genome (70) using the Bowtie v0.12.9 aligner (157). All vector 

samples were aligned to the A. aegypti Liverpool strain genome AaegL3.3 

(www.vectorbase.org) using the TopHat v1.4 aligner. Feature counts for the B. malayi 

and A. aegypti alignments were calculated using the union mode of HTSeq v0.5.3p9 

(130) for all exon features. Feature counts for wBm were calculated using the prokaryotic 

feature counter FADU (Chapter 3) (237). Using RNAmmer v1.2 (156), we identified five 

protein-coding genes in the B. malayi WS259 annotation that overlapped with predicted 

rRNAs: WBGene00228061, WBGene00268654, WBGene00268655, WBGene00268656, 

and WBGene00268657. These five genes were excluded from differential expression 

analyses. 

Differentially expressed genes across all samples were identified for each organism 

individually by processing the read counts for all protein-coding genes using edgeR 

v3.20.1 (238). Within edgeR, read counts were normalized and filtered so that only genes 

with a counts per million (CPM) value of >2 in at least two samples would be kept. The 

qCML common dispersion and tagwise dispersions were estimated for the counts of each 

organism and fit to a generalized linear model. Differentially expressed genes were 

http://www.wormbase.org/
http://www.vectorbase.org/
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determined using a quasi-likelihood F-test and defined as genes with a p-value and FDR 

< 0.05. 

WGCNA module detection and functional term enrichments 

Read counts were converted to transcript per million (TPM) values to normalize the gene 

expression across samples. For each organism individually, the TPM values for 

differentially expressed genes were processed using the R package WGCNA v1.61 (184) 

to identify expression modules across the B. malayi lifecycle. For the soft thresholds for 

each expression subset, values of 6, 6, and 7 were chosen for B. malayi, wBm, and A. 

aegypti, respectively. Modules were derived from each organism’s dataset by 

hierarchically clustering genes based on dissimilarity in a topological overlap matrix and 

using a dynamic tree cut at a height that encompasses 99% of the truncated height range 

in the observed dendrogram (minimum cluster size: 1). Closely related modules were 

merged using a merge eigengene dissimilarity threshold of 0.25. Each individual 

expression module was further divided into two clusters depending on whether the 

expression pattern of a gene has a higher Pearson correlation to the eigengene or the 

inverse eigengene (185). 

InterPro descriptions and gene ontology (GO) terms for each of the protein-coding genes 

in the A. aegypti, B. malayi, and wBm genomes were obtained using InterProScan 

v5.22.61.0 (239). Over-represented and under-represented terms for each WGCNA 

module were defined as terms with a Fisher’s exact test p-value <0.05 after applying a 

Bonferroni correction. 
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B. malayi response to JQ1(+) 

Adult female B. malayi worms for testing JQ1(+) were supplied by TRS Laboratories 

(Athens, GA, USA) in RPMI culture medium. The experiment was conducted under a 

laminar flow hood sprayed with 70 % ethanol before use. Upon arrival, worms were 

placed in pre-warmed 37 °C sterile RPMI 1640 medium (Hyclone, Logan, UT, USA) 

supplemented with glucose (5 g/L), 10% fetal bovine serum, and antibiotic-antimycotic-

glutamine solution containing 10,000 units penicillin, 10 mg streptomycin and 25 μg 

Amphotericin B per mL (Sigma-Aldrich, MO, USA) and incubated for 3-4 h at 37 °C in 

5% CO2.  

After acclimation, worms were exposed to different drug concentrations obtained from 

stock solutions of 10 mM IVM or 100 mM JQ1 dissolved in 100% DMSO. Worms were 

transferred to 12-well plates (2 worms per well, 2 well replicates per treatment) with each 

well containing 990 µL of the glucose, serum, and antibiotic supplemented RPMI 

medium and 10 µL of either JQ1(+), JQ1(-), IVM and/or DMSO to obtain the final 

concentration tested, such that all wells had a final concentration of 1% DMSO. Worms 

were kept at 37 °C in 5 % CO2 and their viability was assessed at 6 and 24 h for each 

treatment using worm motility (228), microfilariae release, and the MTT reduction assay 

at an absorbance of 530 nm (229). The MTT reduction assay relies on the ability of living 

organisms to reduce tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-

diphenyltetrazolium bromide) to formazan. Formazan is then dissolved in DMSO and its 

absorbance at 530 nm is assessed. Adult female B. malayi were treated with 1, 2.5, 5, 7.5, 

10, and 100 µM of the JQ1(+) drug and JQ1(-), its chiral enantiomer, in vitro to assess 

the effect of BET inhibition on their viability. This was compared to the positive control 
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100 µM ivermectin, a known antihelmintic drug, and DMSO as a vehicle control. 

Motility scores, microfilariae counts, and absorbance between JQ1(+)-treated worms 

were compared to DMSO using an unpaired Student’s t-test. 
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Chapter 5: Draft genome sequence of the Wolbachia endosymbiont of 
Wuchereria bancrofti wWb 1 

Abstract 

The draft genome assembly of the Wolbachia endosymbiont of Wuchereria bancrofti 

(wWb) consists of 1,060,850 bp in 100 contigs and contains 961 ORFs, with a single 

copy of the 5S rRNA, 16S rRNA and 23S rRNA and each of the 34 tRNA genes. 

Phylogenetic core genome analyses show wWb to cluster with other strains in supergroup 

D of the Wolbachia phylogeny, while being most closely related to the Wolbachia 

endosymbiont of Brugia malayi strain TRS (wBm). The wWb and wBm genomes share 

779 orthologous clusters with wWb having 101 unclustered genes and wBm having 23 

unclustered genes. The higher number of unclustered genes in the wWb genome likely 

reflects the fragmentation of the draft genome. 

Keywords 

Wolbachia, lymphatic filariasis, nematode, endosymbiont, genomics, Wuchereria 

bancrofti 

Introduction 

Lymphatic filariasis afflicts ∼120 million individuals worldwide. Wuchereria bancrofti, 

Brugia malayi and Brugia.timori cause human lymphatic filariasis, with W. bancrofti 

being responsible for >90% of cases (8). Most filarial nematodes have an obligate 

bacterial Wolbachia endosymbiont that is required for the proper development and 

                                                
1 Chung M, Small ST, Serre D, Zimmerman PA, Dunning Hotopp JC. Draft genome 
sequence of the Wolbachia endosymbiont of Wuchereria bancrofti wWb. Pathog Dis. 
2017;75(9):ftx115. 
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reproduction of the nematode (52). Within the group of Wolbachia endosymbionts 

originating from lymphatic filarial worms, the only sequenced, full-length genome is that 

of the Wolbachia endosymbiont of B. malayi (wBm) (70). While there is an existing 

sequenced genome available for the Wolbachia endosymbiont of W. bancrofti, that 

assembly consists of 763 contigs (93), which equates to ∼1 gene per contig. Here, we 

present an independently sequenced and improved draft genome sequence of the 

Wolbachia endosymbiont of Wuchereria bancrofti (wWb). 

Materials and Methods 

Genome sequencing, assembly and annotation 

The wWb sequences used were obtained during whole-genome sequencing of 

Wuchereria bancrofti, taken from Patient 0022 at the sampling location of Tau, Papua 

New Guinea: GPS coordinates −3.666163, 142.766774 (240). Wolbachia contigs were 

identified by aligning to the wBm genome using MUMmer v3.0 (241), discarding contigs 

with <80% identity across <50% of their length (70). Reads mapping to these putative 

Wolbachia contigs were identified using Bowtie2 (159), extracted (240) and used to 

construct a new de novo assembly using SPAdes v3.6.2 (242). The process was repeated 

iteratively until no further contigs were added to the assembly. The contigs from the de 

novo assembly were then reordered using Mauve (243), with the wBm genome as the 

reference. The final assembly consists of 100 scaffolds >500 bp with a scaffold N50 of 19 

998 bp. GLIMMER v3.02 (244) and the IGS Prokaryotic Annotation Pipeline (245) were 

used to annotate the wWb assembly. 
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DNA sequencing reads for BioProject PRJNA275548 have been deposited at NCBI SRA: 

SRP056161. The whole-genome shotgun project for wWb has been deposited at 

DDBJ/ENA/GenBank under the accession NJBR00000000. The version described in this 

paper is version NJBR02000000. The corresponding whole-genome shotgun project for 

W. bancrofti is available at DDBJ/EMBL/GenBank under the accession LAQH00000000. 

Phylogenetic and comparative genomic analyses 

Mugsy v1.2 (246) and MOTHUR v1.22 (247) were used to construct a core genome 

alignment of wWb and 13 other Wolbachia strains, spanning members from five of the 

Wolbachia supergroups (Table 5.1) (69, 70, 111, 248-255). RAxML v7.3 (256) was used 

to construct a maximum-likelihood phylogenetic tree (bootstrap number = 1000, 

substitution mode = GTRGAMMA, default for all other settings) from the core genome 

alignment. Similarly, a core genome alignment was constructed with wWb and its closest 

related Wolbachia strain wBm. NUCmer v3.06 and MUMmerplot v3.5 (241) were used 

to produce and visualize a synteny plot between wWb and wBm, respectively. Although 

the wWb contigs were ordered and oriented to the wBm assembly, the mummer plot 

enables us to visualize any chromosomal rearrangements within a contig. However, 

rearrangements within the 100 gaps between the contigs cannot be visualized. For the 

comparative genome analyses, Mugsy clusters (246) were used to assign all proteins from 

wWb and wBm to orthologous clusters. A Sybil instance (257) was used to identify 

shared and unique genes between the two strains, along with pseudogenes in wWb. 
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Identification of lower confidence positions in wWb 

Putative low-confidence positions in the wWb assembly were assessed using high-

sequencing depth and high-sequence variation. To measure sequencing depth, reads were 

aligned to the wWb genome with Bowtie2 (159), PCR duplicates were removed with 

PicardTools (http://broadinstitute.github.io/picard), and depth was measured using the 

depth function of SAMtools v1.1 (158). Regions with elevated sequencing depth were 

defined as all ≥50 bp stretches with a sequencing depth of ≥4 median absolute deviations 

from the major mode of the sequencing depth (43.72x) (Figure 5.1). To validate this 

LGT cutoff method, the sequencing depth thresholds derived from previous studies (258-

Table 5.1: Wolbachia genomes used for phylogenetic analysis 

Strain Host Supergroup 
Genbank 

Accession / 
BioProject ID 

wAu Drosophila simulans A LK055284 

wRi Drosophila 
melanogaster A CP001391 

wMel Drosophila 
melanogaster A AE017196 

wHa Drosophila simulans A CP003884 
wNo Drosophila simulans B CP003883 

wPip_Pel Culex quinquefasciatus B AM999887 

wTpre Trichogramma 
pretiosum B CM003641 

wOo Onchocerca ochengi C HE660029 
wOv Onchocerca volvulus C HG810405 

wDi_Pavia Dirofilaria immitis C PRJEB4154 
wBm Brugia malayi D AE017321 

wLs Litomosoides 
sigmodontis D PRJEB4155 

wWb Wuchereria bancrofti D NJBR00000000 
wCle Cimex lectularius F AP013028 

 



125 
 

260) were re-examined using this method and were found to be within 1% of the original 

published cutoff (Figure 5.2). 

To assess regions with high-sequence variation, 5423 variant positions were identified as 

having ≥20x sequencing depth with at least one alternative base call that consisted of 

>5% of the reads at the position. In order to find regions of the genome with higher 

sequence variation, the percentage of variant positions in 50-bp sliding windows was 

calculated throughout the entire assembly. Regions with high-sequence variation were 

defined as 50-bp windows with >12.73% (4x average absolute deviations) variant 

positions (Figure 5.3). ANNOVAR (261) was used to assess possible frameshifts caused 

by variant base calls in the low-confidence regions. 

 

Figure 5.1: Sequencing depth distribution of the wWb assembly. 
This histogram depicts the sequencing depth distribution of the wWb genome assembly with the x-axis 
indicating sequence depth and the y-axis depicting the number of genomic positions (x1000) at each 
depth. The red dashed line indicates the major mode sequencing depth (20x) while the blue dashed line 
indicates our sequencing depth cutoff of four median absolute deviations from the major mode 
sequencing depth (43.72x).All points to the right of the blue dashed line were marked as regions with 
abnormally high sequencing depth, indicative of potential LGT regions. 
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Results and Discussions 

This wWb draft genome consists of 1,060,850 bp with an average G + C content of 

34.3% in 100 contigs (maximum length = 59 950 bp; average length = 10 609 bp; 

average sequencing depth = 35x, major mode sequencing depth = 20x). Using a 582,455-

bp core genome alignment from the wWb genome and 13 other Wolbachia genomes, with 

members from 5 of the Wolbachia supergroups (Table 5.1), we created a maximum-

likelihood phylogenetic tree (Figure 5.4A) that places wWb within Wolbachia 

supergroup D subset, with wLs and wBm, while being most closely related to wBm. 

Additionally, a core genome alignment between only wWb and wBm reveals a sequence 

identity of 96.9%, differing by 31 907 SNPs in the 1,046,453 bp genome shared between 

them, which comprises 98.2% and 96.9% of their total genome lengths, respectively. 

Synteny between the 100 contigs of wWb and the wBm genome was assessed using 

 

Figure 5.2: Validation of four median absolute deviations (MADs) from the 
major mode as a LGT cutoff. 

The LGT cutoff for sequencing depth was defined as four median absolute deviations (MADs) from the 
mode. Each histogram depicts the sequencing depth on the x-axis and the number of genomic positions 
(x100) at each sequencing depth is shown on the y-axis. The three dashed lines indicate the major mode 
(red), the sequencing depth cutoff used in the study (blue), and the cutoff of four median absolute 
deviations (MADs) from the mode (orange).In (a) the sequencing depth cutoffs differ by <1.2x 
(threshold is 0.7% greater in study), while in (b) the sequencing depth cutoffs differ by <500x 
(threshold is 0.8% less in study). 



127 
 

NUCmer v3.06 and visualized with MUMmerplot v3.5 (Figure 5.4B) (262). The synteny 

plot shows that the wWb contigs are largely syntenic to the wBm genome. However, 

given that Wolbachia endosymbionts have one circular chromosome and the assembly 

has 100 gaps, there is the potential for synteny changes in these gaps. Furthermore, 

synteny changes are more likely to occur between similar sequences in a genome, such as 

duplicated genes, which can result in gaps in the assembly. Therefore, synteny analysis in 

any draft genome has limitations. 

The wWb genome contains 961 ORFs, one copy of each of the 5S rRNA, 16S rRNA and 

23S rRNA as well as one copy of each of the 34 tRNA genes. Given that GLIMMER is 

known to inflate the number of small ORFs in a genome, we removed all ORFs <60 aa 

and all ORFs coding for hypothetical proteins <100 aa with no ortholog in wBm (263). 

 

Figure 5.3: Identification of high sequence variation regions. 
For each position in the wWb genome, the percentage of variant positions in the surrounding 50 bp was 
determined and plotted as a histogram. The x-axis of the histogram indicates, for each base pair, the 
percentage of variant positions in its surrounding 50 bp. The y-axis for the histogram denotes the 
number of genomic positions (x1000) at each variant position percentage. Regions with high sequence 
variation were defined as positions with a percentage of variant positions >4x average absolute 
deviations from the major mode (red) (12.73%).Using this cutoff, 3,144 genomic positions across 28 
contigs were identified. 
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Using Sybil (257) to visualize and interrogate orthologous proteins between wWb and   

 

Figure 5.4: wWb phylogeny and synteny.  

A RAxML maximum-likelihood phylogenetic tree of 14 Wolbachia genomes was constructed based on 
a 582 455-bp core genome alignment using 1000 bootstraps. The five Wolbachia supergroups present in 
the core genome alignment are denoted by the circles (red, supergroup A; blue, supergroup B; green, 
supergroup C; orange, supergroup D; and violet, supergroup F). The wWb genome clusters with the 
genomes of other strains of supergroup D, wBm and wLs, while being most closely related to wBm. (B) 
Synteny between wWb and wBm was compared using NUCMER. Red lines with a slope of 1 are 
indicative of conserved regions between the two strains, while blue lines with a slope of –1 are 
indicative of inverted conserved regions. The black dotted horizontal lines represent the boundaries of 
each of the 100 contigs of wWb. The contigs of wWb cover the entirety of the wBm genome apart from 
the 100 small breaks between the wWb contigs. While only four small inversions were identified, it is 
important to consider that more such inversions may occur in the physical gaps between the 100 
contigs. 
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wBm, the two genomes were found to share 779 orthologous clusters, with wWb having 

 

Figure 5.5: Circos plot of NUCmer linkages between W. bancrofti and wWb, 
wWb sequencing depth, and wWb SNPs and indels. 

The innermost ring illustrates the concatenated wWb contigs delineated by tick marks (orange) 
alongside the concatenated W. bancrofti contigs (black). The W. bancrofti contigs are scaled to 1/1000 
the size of wWb contigs and are not delineated by tick marks for visualization purposes, given that there 
are 5105 W. bancrofti contigs. The orange links between the wWb and W. bancrofti genomes are 
indicative of genomic positions present in both the nematode and Wolbachia assemblies as determined 
using MUMmer. The second track, counting outward from the center, contains an inward-facing 
histogram that indicates the percentage of variant positions in 100 bp bins (blue). Areas with histogram 
bars that reach the light blue background are indicative of windows with a percentage of variant 
positions >4 average absolute deviations from the major mode (>12.73%). The third track, flanked by 
the two histograms, indicates low-confidence regions in the wWb genome, with black indicating 
regions that fulfill any of our low-confidence criteria and orange indicating normal regions. The fourth 
track, and outermost track, shows an outward-facing, log2-transformed sequencing depth histogram in 
100 bp bins. All positions with <20x sequencing depth are depicted in white, while positions with ≥20x 
sequencing depth are depicted in orange. All histogram bins that have >43.72x sequencing depth (4x 
median absolute deviations from the major mode sequencing depth) are indicated by the light-orange 
background. 
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101 unclustered genes and wBm having 23 unclustered genes. While 20 of the 23 

unclustered genes in wBm were identified as hypothetical proteins, the other 3 genes 

were found to code for a RadC-like DNA repair protein, an ankyrin repeat-containing 

protein and elongation factor Tu. All three of these latter genes are duplicated in wBm. 

Since the wWb genome is incomplete and the library insert size is less than the length of 

these genes, the assembly is likely to have collapsed in these regions with identical genes 

being assembled together in one contig instead of separately. Therefore, these genes 

should not be considered unique to wBm, thus highlighting one of the many nuances of 

orthologous gene predictions in draft genomes. In the wWb genome, we identified 10 

 

Figure 5.6: Low confidence positions in the wWb genome identified using 
sequencing depth, sequence variation, and shared genomic regions between wWb 
and W. bancrofti.  

Low confidence regions in the wWb genome were assessed using three independent criteria: (1) high 
sequencing depth defined as >4x median absolute deviations from the major mode of the sequencing 
depth (43.72x), (2) high sequence variation defined as positions with >4x average absolute deviations 
from the major mode surrounding variant positions (12.73%), and (3) shared genomic regions between 
wWb and W. bancrofti assessed using NUCmer. In total, 12,119 positions were supported by two or 
more criteria with 738 positions being supported by all three criteria. 
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unique ORFs that coded for proteins ≥200 aa, including a bacterial type II and III 

secretion system protein, 3-dehydroquinate synthase and a pyridoxamine 5΄-phosphate 

synthase. However, differences in the annotation methods for the wBm and wWb 

genomes could negatively impact the calculation of orthologs between the two 

organisms. Additionally, the wWb genome has numerous pseudogenes that will need to 

be assessed in future research; these could be of interest or could be an artifact in the 

assembly from inclusion of reads from Wolbachia-Wuchereria lateral gene transfers 

(LGTs), a Wolbachia sequencing dilemma (260). 

Due to the widespread occurrence of Wolbachia-nematode LGT events and the 

possibility of collapsed repeats in the assembly, we sought to identify lower confidence 

regions in the wWb genome, where the sequence supports some sequence variation based 

on three criteria: sequencing depth, sequence variation and the presence of the sequence 

in the W. bancrofti assembly indicative of a putative LGT. Regions with abnormally 

high-sequencing depth were defined as ≥50 bp stretches with a sequencing depth of ≥4 

median absolute deviation from the major mode of the sequencing depth (43.72x), while 

regions with high-sequence variation were defined as 50-bp windows with ≥12.73% (4x 

average absolute deviations from the major mode) variant positions. A total of 75,702 

and 3,144 positions were identified using these criteria respectively, and an additional 

26,832 positions were identified as shared between the wWb and W. bancrofti 

assemblies. Integrating all three criteria, a total of 92,821 low-confidence genome 

sequence positions (8.75% of the wWb genome) spanning 69 contigs were identified, 

with 12,119 positions being supported by two criteria and 738 positions being supported 

by all three (Figure 5.5, 5.6). Such regions could indicate (i) Wolbachia-Wuchereria 
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LGT, (ii) collapsed repeats, (iii) population-level variation in the endosymbiont since 

multiple nematodes were sequenced or (iv) some combination thereof. 

To determine whether or not alternative base calls in low-confidence regions could have 

possibly altered the consensus base call in the wWb assembly, we sought to identified 

1974 variant positions with ≥20× sequencing depth and <90% of reads supporting the 

consensus base call. Of these positions, alternative base calls with >5% read support were 

identified and analyzed with ANNOVAR (261) to determine whether these alternative 

base calls resulted in the possibility of a frameshifted gene call. Using this method, 

alternative base calls can be differentiated from sequencing errors since this requires at 

least 1 read to support the alternative base call. Within these 1974 positions, 2234 variant 

calls were identified with 1891 being SNPs (993 transitions and 898 transversions) and 

343 being indels/substitutions. A total of 1335 variants were found in genic regions, with 

182 of the variants having the potential to generate a frameshift within gene calls (stop 

gains, stop losses, frameshift insertions and frameshift deletions) across 67 genes. We 

also identified 3449 variant positions located outside of the low-confidence regions. 

Despite our ability to identify these variants, we have no means of determining the source 

of the sequence variation. 

Summary 

The sequencing and characterization of the wWb genome adds more insight on the 

evolutionary relationships between the different Wolbachia supergroups, specifically 

supergroup D. The addition of another supergroup D Wolbachia genome should aid in 

future studies delineating core Wolbachia supergroup D genome characteristics. 
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However, we continue to demonstrate that the presence of LGTs in the nematode genome 

has the potential to confound the accurate sequencing of Wolbachia endosymbiont 

genomes. 
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Chapter 6: Using core genome alignments to assign bacterial species 1 

Abstract 

With the exponential increase in the number of bacterial taxa with genome sequence data, 

a new standardized method to assign species designations is needed that is consistent 

with classically obtained taxonomic analyses. This is particularly acute for unculturable, 

obligate intracellular bacteria with which classically defined methods, like DNA-DNA 

hybridization, cannot be used, such as those in the Rickettsiales. In this study, we 

generated nucleotide-based core genome alignments for a wide range of genera with 

classically defined species, as well as those within the Rickettsiales. We created a 

workflow that uses the length, sequence identity, and phylogenetic relationships inferred 

from core genome alignments to assign genus and species designations that recapitulate 

classically obtained results. Using this method, most classically defined bacterial genera 

have a core genome alignment that is ≥10% of the average input genome length. Both 

Anaplasma and Neorickettsia fail to meet this criterion, indicating that the taxonomy of 

these genera should be reexamined. Consistently, genomes from organisms with the same 

species epithet have ≥96.8% identity of their core genome alignments. Additionally, these 

core genome alignments can be used to generate phylogenomic trees to identify 

monophyletic clades that define species and neighbor-network trees to assess 

recombination across different taxa. By these criteria, Wolbachia organisms are 

delineated into species different from the currently used supergroup designations, while 

Rickettsia organisms are delineated into 9 distinct species, compared to the current 27 

                                                
1 Chung M, Munro JB, Tettelin H, Dunning Hotopp JC. Using core genome alignments to 
assign bacterial species. mSystems. 2018;3(6):e00236-18. 
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species. By using core genome alignments to assign taxonomic designations, we aim to 

provide a high-resolution, robust method to guide bacterial nomenclature that is aligned 

with classically obtained results. 

Importance 

With the increasing availability of genome sequences, we sought to develop and apply a 

robust, portable, and high-resolution method for the assignment of genera and species 

designations that can recapitulate classically defined taxonomic designations. Using 

cutoffs derived from the lengths and sequence identities of core genome alignments along 

with phylogenetic analyses, we sought to evaluate or reevaluate genus- and species-level 

designations for diverse taxa, with an emphasis on the order Rickettsiales, where species 

designations have been applied inconsistently. Our results indicate that the Rickettsia 

genus has an overabundance of species designations, that the current Anaplasma and 

Neorickettsia genus designations are both too broad and need to be divided, and that there 

are clear demarcations of Wolbachia species that do not align precisely with the existing 

supergroup designations. 

Keywords 

Anaplasma, Rickettsia, Rickettsiales, Wolbachia, bacterial taxonomy, core 

genome alignment, genomics, species concept 

Introduction 

While acknowledging the disdain that some scientists have for taxonomy, Stephen Jay 

Gould frequently highlighted in his writings how classifications arising from a good 

taxonomy both reflect and direct our thinking, stating, “the way we order reflects the way 
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we think. Historical changes in classification are the fossilized indicators of conceptual 

revolutions” (264). Historically, bacterial species delimitation relied on phenotypic, 

morphologic, and chemotaxonomic characterizations (265-267). The 1960s saw the 

introduction of molecular techniques in bacterial species delimitation through the use of 

GC content (268), DNA-DNA hybridization (DDH) (269), and 16S rRNA sequencing 

(270, 271). Currently, databases like SILVA (272) and Greengenes (273) use 16S rRNA 

sequencing to identify bacteria. However, 16S rRNA sequencing often fails to separate 

closely related taxa, and its utility for species-level identification is questionable (273-

275). Multi-locus sequence analysis (MLSA) has also been used to delineate species 

(276), as has the phylogenetic analysis of both rRNA and protein-coding genes (266, 277, 

278). Nongenomic mass spectrometry-based approaches, in which expressed proteins and 

peptides are characterized, provide complementary data to phenotypic and genomic 

species delimitations (279, 280) and are used in clinical microbiology laboratories. 

However, DDH remains the “gold standard” of defining bacterial species (281, 282), 

despite the intensive labor involved and its inability to be applied to nonculturable 

organisms. A new genome-based bacterial species definition is attractive, given the 

increasing availability of bacterial genomes, rapid sequencing improvements with 

decreasing sequencing costs, and data standards and databases that enable data sharing. 

Average nucleotide identity (ANI) and digital DDH (dDDH) were developed as genomic-

era tools that allow for bacterial species classification with a high correlation to results 

obtained using wet lab DDH, while bypassing the associated difficulties (283-285). For 

ANI calculations, the genome of the query organism is split into 1-kbp fragments, which 

are then searched against the whole genome of a reference organism. The average 
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sequence identity of all matches having >60% overall sequence identity over >70% of 

their length is defined as the ANI between the two organisms (281). dDDH uses the 

sequence similarity of conserved regions between two genomes of interest (241) to 

calculate genome-to-genome distances. These distances are converted to a dDDH value, 

which is intended to be analogous to DDH values obtained using traditional laboratory 

methods (241). There are three formulas for calculating dDDH values between two 

genomes using either (i) the length of all matches divided by the total genome length, (ii) 

the sum of all identities found in matches divided by the overall match length, and (iii) 

the sum of all identities found in matches divided by the total genome length, with the 

second formula being recommended for assigning species designations for draft genomes 

(286, 287). However, neither ANI nor dDDH reports the total length of fragments that 

match the reference genome, and problems arise when only a small number of fragments 

are unknowingly used. Additionally, neither method generates an alignment that can be 

used for complementary phylogenetic analyses, instead relying solely on strict cutoffs to 

define species, potentially leading to the formation of paraphyletic taxa. 

Some recent phylogenomic analyses have shifted toward using the core proteome, a 

concatenated alignment constructed using the amino acid sequences of genes shared 

between the organisms of interest (288). However, differences in annotation that affect 

gene calls can add an unnecessary variable when deriving evolutionary relationships. 

Instead, we propose that such analyses should use nucleotide core genome alignments to 

infer phylogenetic relationships with a well-defined nucleotide identity threshold to 

identify where trees should be pruned to define species. Such an analysis would be 

enabled by genome aligners like Mauve (289) and Mugsy (246), which identify regions 
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of nucleotide identity that are shared between genomes, which are referred to as locally 

collinear blocks (LCBs). For any given subset of genomes, a core genome alignment can 

be generated by concatenating these LCBs and retaining only positions present in all 

genomes. Using the length and sequence identity of the core genome alignment, paired 

with a phylogeny generated from this alignment, genus- and species-level taxonomic 

assignments can be developed. A core genome alignment-based method provides 

advantages to its protein-based counterpart in that it is of a higher resolution and 

independent of annotation, while also being transparent with respect to the data used in 

the calculations and very amenable to data sharing and deposition in data repositories. 

The Rickettsiales are an order within the Alphaproteobacteria composed of obligate, 

intracellular bacteria where classic DNA-DNA hybridization is not possible and bacterial 

taxonomy is uneven, with each of the genera having its own criteria for assigning genus 

and species designations. Within the Rickettsiales, there are three major families, the 

Anaplasmataceae, Midichloriaceae, and Rickettsiaceae, with an abundance of genomic 

data being available for genera within the Anaplasmataceae and Rickettsiaceae. However, 

as noted above, species definitions in these families are inconsistent, and organisms in the 

Wolbachia genus lack community-supported species designations. While the Wolbachia 

community has vigorously discussed nomenclature at each of its biannual meetings over 

the past 20 years, thus far, the community has supported only supergroup designations. 

Proposed ANI- and dDDH-informed Wolbachia species definitions and nomenclature 

(68) lack support from the Wolbachia community for a number of reasons (see, e.g., 

reference (290)). 
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The last reorganization of the Rickettsiaceae taxonomy occurred in 2001 (291), a time 

when there were <300 sequenced bacterial genomes (292), a limited number of Rickettsia 

genomes (293, 294), and no Anaplasmataceae genomes (69, 295-297). As of 2014, there 

were >14,000 bacterial genomes sequenced, and with this increase in available genomic 

information, more-informed decisions can be made with regard to taxonomic 

classification (292). By using core genome alignments, we can condense whole genomes 

into positions shared between the input genomes and use sequence identity to infer 

phylogenomic relationships. We can identify sequence identity thresholds for these 

alignments that are consistent with classically defined bacterial species and can be 

overlaid on phylogenetic trees generated from the same alignment. This combined 

approach, which we present in this study, enables a phylogenetically informed whole-

genome approach to bacterial taxonomy. We apply this approach to organisms in the 

Rickettsiales, including Rickettsia, Orientia, Ehrlichia, Neoehrlichia, Anaplasma, 

Neorickettsia, and Wolbachia. 

Results 

Advantages of nucleotide alignments over protein alignments for bacterial species 

analyses 

While core protein alignments are increasingly used for phylogenetics (298, 299), a core 

nucleotide alignment has more phylogenetically informative positions in the absence of 

substitution saturation (300), yielding a greater potential for phylogenetic signal. 

Nucleotide-based analyses outperform amino acid-based analyses at all time scales in 

terms of resolution, branch support, and congruence with independent evidence (301-

303). Nucleotide and protein core genome alignments were constructed for 10 complete 
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Wolbachia genomes (Table 6.1), and the resulting phylogenies were compared.There are 

a number of whole-genome aligners that can be used to generate nucleotide core genome 

alignments (for an overview, see reference (304)). We generated core genome alignments 

for the 10 Wolbachia genomes using Mauve and Mugsy, currently two of the most 

commonly used whole-genome aligners (246, 289). Despite the different algorithms used 

by each of the two programs, the lengths of the generated core genome alignments are 

similar, with the Mauve and Mugsy core genome alignments being 682,949 and 

579,495 bp in length, respectively. However, because Mugsy has been found to be better 

at handling larger genome data sets (246), Mugsy was used for all subsequent core 

genome alignment analyses discussed. Despite the presence of large-scale genome 

rearrangements present between the 10 Wolbachia genomes (Figure 6.1), the resulting 

alignment is 45.9% of the average input genome length, indicating that collinear genomes 

are not necessarily required to construct core genome alignments. The lack of synteny 

Table 6.1: Ten complete Wolbachia genomes used for PhyloPhlAn and nucleotide 
and protein core genome analyses 

Genome 
GenBank/RefSeq 

Accession or BioProject 
ID 

Wolbachia endosymbiont of Drosophila melanogaster 
(wMel) AE017196.1 

Wolbachia endosymbiont of Drosophila simulans (wRi) CP001391.1 
Wolbachia endosymbiont of Drosophila simulans (wHa) CP003884.1 
Wolbachia endosymbiont of Drosophila simulans (wAu) LK055284.1 
Wolbachia endosymbiont of Drosophila simulans (wNo) CP003883.1 
Wolbachia endosymbiont of Onchocerca volvulus (wOv) HG810405.1 
Wolbachia endosymbiont of Onchocerca ochengi (wOo) HE660029.1 

Wolbachia endosymbiont of Brugia malayi (wBm) AE017321.1 
Wolbachia endosymbiont of Folsomia candida (wFol) CP015510.1 
Wolbachia endosymbiont of Cimex lectularius (wCle) AP013028.1 
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results merely in more and smaller local colinear blocks. Using the same 10 Wolbachia 

genomes and the available annotation at NCBI RefSeq, a core protein alignment was 

generated using FastOrtho, a reimplementation of the tool OrthoMCL (305). Despite the 

presence of different annotation methods used for gene calls, we were able to generate a 

protein alignment of 77,868 positions from the concatenated alignments of 152 shared 

genes between the 10 genomes using the available protein amino acid sequences. In total, 

the core protein alignment contained 16,241 parsimony-informative positions compared 

to the 124,074 such positions observed with the core nucleotide alignment, indicating a 

10-fold increase in potentially informative positions (Figure 6.2A). When maximum-

likelihood (ML) trees from the core protein alignment and the core nucleotide alignment 

are compared, the two trees are quite similar in topology and branch length. However, the 

nodes on the ML tree generated using the core nucleotide alignment consistently have 

higher bootstrap support values. 

Similarly, we compared the Wolbachia core nucleotide alignment to a protein-based 

alignment generated using PhyloPhlAn (298). PhyloPhlAn uses a set of 400 of the most 

conserved proteins across diverse bacterial taxa to infer phylogenetic relationships. 

Across the 10 complete Wolbachia genomes, 176 of these 400 genes were identified to be 

present in each of the genomes. A concatenated amino acid alignment of these 176 genes 

yields an alignment with 2,877 positions, of which 2,447 are parsimony informative, 

indicating a 50-fold decrease in the number of parsimony-informative positions from that 

of the core nucleotide alignment and an 8-fold decrease relative to that of the core protein 

alignment. As with the core protein alignment, the ML trees constructed using the 

Wolbachia core nucleotide alignment and PhyloPhlAn have similar topologies and 
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relative branch lengths, with the core nucleotide alignment having higher support values 

on its nodes (Figure 6.2B). The one difference in clustering occurs within the supergroup 

 

Figure 6.1: Synteny between the 10 complete Wolbachia genomes. 
Syntenies between the 10 complete Wolbachia genomes were compared and visualized using the 
Artemis Comparative Tool. The red ribbons indicate conserved regions of >3 kbp between two 
genomes, while the blue ribbons indicate >3-kbp inverted conserved regions. Wolbachia supergroups 
A (●), B (▲), C (■), D (⬟), E (⬢), and F (⯃) are represented in the genome subset. Shapes of the 
same color indicate that the multiple genomes are of the same species as determined using our 
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A Wolbachia, in which wRi clusters with wHa in the core nucleotide alignment, while 

wRi clusters with wMel and wAu in the PhyloPhlAn ML tree. The wRi and wHa branch 

is supported by a bootstrap value of 100 in the core nucleotide alignment ML tree, while 

the wRi, wMel, and wAu branch is supported by a bootstrap value of 98.9 in the 

PhyloPhlAn ML tree. 

Collectively, these results demonstrate that while nucleotide and protein alignments give 

roughly the same result, there are key differences. Core nucleotide alignments have 

almost an order of magnitude more parsimony-informative positions, and this results in 

stronger branch support values in the corresponding phylogenies. 

Can core genome alignments be constructed from bacteria within a genus? 

To compare differences between existing classically defined species designations by this 

method of using sequence identity thresholds with whole-genome phylogenies, core 

genome alignments were constructed for seven bacterial genera representative of six 

different bacterial taxonomic classes (Table 6.2). For these seven genera, which include 

Arcobacter, Caulobacter, Erwinia, Neisseria, Polaribacter, Ralstonia, and Thermus, each 

of the generated core genome alignments were found to be ≥0.33 Mbp in size, 

representative of ≥13.6% of the average input genome size (Table 6.2). For this diverse 

group of genera, the core genome alignments comprise a large portion of their input 

genomes, indicating that this technique is applicable to a wide range of classically 

defined bacterial taxa. Additionally, core genome alignments were successfully 

constructed from the genomes of four of the six Rickettsiales genera, including 69 
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Rickettsia genomes, 3 Orientia genomes, 16 Ehrlichia genomes, and 23 Wolbachia  

genomes (Table 6.2). Each of these four core genome alignments are >0.18 Mbp in 

length and contain >10% of the average size of the input genomes.  

 

Figure 6.2: Comparison of phylogenomic trees generated using the core 
nucleotide alignments versus protein-based alignments for 10 complete 
Wolbachia genomes. 

A maximum-likelihood phylogenomic tree generated from the core genome alignment (CGA) of 10 
complete Wolbachia genomes was compared to a core protein alignment (CPA) containing 152 genes 
present in only one copy (A) and an alignment generated using PhyloPhlAn, containing 176 conserved 
proteins (B). Wolbachia supergroups A (●), B (▲), C (■), D (⬟), E (⬢), and F (⯃) are represented in 
the genome subset. Shapes of the same color indicate that the multiple genomes are of the same species 
as defined using our determined CGASI cutoff of ≥96.8%. When comparing the ML trees generated 
using the core nucleotide and core protein alignments, the trees are largely similar in both topology and 
branch length. In the comparison between the ML trees generated using the core nucleotide alignment 
and PhyloPhlAn, the trees are similar except for the relationship of wRi, which is sister to wHa in the 
core nucleotide alignment tree and sister to wAu + wMel in the PhyloPhlAn tree. Despite differences in 
clustering, the core nucleotide alignment ML tree consistently has higher bootstrap values than its core 
protein alignment or PhyloPhlAn counterpart. 
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Substitution saturation 
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A common caveat in nucleotide alignments is the presence of substitution saturation, an 

issue in which the phylogenetic distances reported by nucleotide alignments are 

underestimated due to an overabundance of reverse mutations within the organism subset  

 

(300). Compared to protein-based methods, substitution saturation more heavily impacts 

nucleotide-based phylogenetic distance measurements due to the higher rate of 

substitutions per position. However, for each core genome alignment, when the 

uncorrected pairwise genetic distances are plotted against the model-corrected distances, 

linear relationships are observed for all alignments (r2 > 0.995), indicating that 

substitution saturation does not hinder the ability of the core genome alignments to 

represent evolutionary relationships (306) (Figure 6.3). Given the fact that the analyzed 

genera span bacterial taxonomic classes, including Alphaproteobacteria, 

Betaproteobacteria, Gammaproteobacteria, Epsilonproteobacteria, Flavobacteriia, and 

Deinococci (Table 6.2), we expect this result to be broadly applicable to bacterial core 

genome alignments.  

Assessment of genus designations 

We found our initial core genome alignments for Anaplasma and Neorickettsia to be 

considerably shorter than other core genome alignments, both being ∼20 kbp and 

accounting for ≤2.3% of the average input genome sizes. The small size of the core 

genome alignment indicates that the Anaplasma and Neorickettsia genome subsets each 

contain a diverse set of genomes that are likely not of the same genus. Using input 

genomes from different genera to construct a core genome alignment yields an alignment 
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of an insufficient size to accurately represent the evolutionary distances between the input 

genomes. For example, when the genome of Neoehrlichia lotoris is supplemented with 

the genomes used to create the 0.49-Mbp Ehrlichia core genome alignment, the resultant 

core genome alignment is 0.11 Mbp, representing only 8.9% of the average input genome 

size, compared to the prior 39.8%. Therefore, we used subsets of species to test whether 

the Anaplasma and Neorickettsia genera are too broadly defined. A core genome 

alignment generated using only the 20 A. phagocytophilum genomes in the 30 Anaplasma 

genome set is 1.25 Mbp and represents 83.3% of the average input genome size, while a 

core genome alignment of the remaining 10 Anaplasma genomes is 0.77 Mbp, 65.3% of 

the average genome input size. This result suggests that the Anaplasma genus should be 

split into two separate genera. Similarly, when the genome of Neorickettsia helminthoeca 

Oregon is excluded from the Neorickettsia core genome alignment, a 0.77-Mbp 

Neorickettsia core genome alignment is generated, 87.4% of the average input genome 

size, suggesting that N. helminthoeca Oregon is not of the same genus as the other three 

Neorickettsia genomes. For the remainder of this paper, these genus reclassifications are 

used. Given these collective results, we recommend that the genus classification level can 

be defined as a group of genomes that together will yield a core genome alignment that 

represents ≥10% of the average input genome sizes. 

Identifying a CGASI for species delineation 

Within the Rickettsia, Orientia, Ehrlichia, Anaplasma, Neorickettsia, Wolbachia, 

Arcobacter, Caulobacter, Erwinia, Neisseria, Polaribacter, Ralstonia, and Thermus 

genome subsets, ANI, dDDH, and core genome alignment sequence identity (CGASI) 
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values were calculated for 7,264 intragenus pairwise genome comparisons, of which 601  

 

Figure 6.3: Assessing substitution saturation for core genome alignments. 

For each of the 14 core genome alignments that comprise ≥10% of the average input genome size, the 
uncorrected genetic distance between each of the members was plotted against the Tn69-model 
corrected genetic distance. The red line represents the best-fit line for each data set, while the black 
dotted line represents the identity line (y = x). In all cases, the relationship between the two distances 
are linear (r2 > 0.995), indicating little substitution saturation in the core genome alignments. 
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are between members of the same species. The ANI and CGASI follow a second-degree 

polynomial relationship (r2 = 0.977) (Figure 6.4A). Using this model, the ANI species 

 

Figure 6.4: ANI, dDDH, and CGASI correlation analysis.  

CGASI, ANI, and dDDH values were calculated for 7,264 intragenus pairwise comparisons of genomes 
for Rickettsia, Orientia, Ehrlichia, Anaplasma, Neorickettsia, Wolbachia, Caulobacter, Erwinia, 
Neisseria, Polaribacter, Ralstonia, and Thermus. (A) The CGASI and ANI values for the intragenus 
comparisons follow a second-degree polynomial model (r2 = 0.977), with the ANI species cutoff of 
≥95% being equivalent to a CGASI of 96.8%, indicated by the blue dashed box. (B) The CGASI and 
dDDH values for all pairwise comparisons follow a third-degree polynomial model (r2 = 0.978), with 
the dDDH species cutoff of ≥70% being equivalent to a CGASI of 97.6%, indicated by the red dashed 
box. (C) To identify the optimal CGASI cutoff to use when classifying species, for each increment of 
the CGASI species cutoff plotted on the x axis, the percentage of intraspecies and interspecies 
comparisons correctly assigned was determined based on classically defined species designations. The 
ideal cutoff should maximize the prediction of classically defined species for both interspecies and 
intraspecies comparisons. The ANI-equivalent CGASI species cutoff is represented by the blue dashed 
line, while the dDDH-equivalent CGASI species cutoff is represented by the red dashed line. 
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cutoff of ≥95% is analogous to a CGASI cutoff of ≥96.8%. dDDH and CGASI follow a 

third-degree polynomial model (r2 = 0.978), with a dDDH of 70% being equivalent to a 

CGASI of 97.6%, indicating that the dDDH species cutoff is generally more stringent 

than the ANI species cutoff (Figure 6.4B). 

The ideal CGASI threshold for species delineation would maximize the prediction of 

classically defined species, neither creating nor destroying the majority of the classically 

defined species. To examine this, all 7,264 intragenus pairwise comparisons were 

classified as either intraspecies or interspecies. Intraspecies comparisons are comparisons 

between genomes with the same classically defined species designation, while 

interspecies comparisons are between genomes within the same genus but with different 

classically defined species designations. Every possible CGASI threshold value was then 

tested for the ability to recapitulate these classically defined taxonomic classifications 

(Figure 6.4C). In all cases, an abnormally high number of interspecies Rickettsia 

comparisons were found above both the established ANI and the dDDH species 

thresholds, consistent with previous observations that guidelines for establishing novel 

Rickettsia species are too lax (307), and as such they were excluded from this specific 

analysis. Below a CGASI of 97%, classically defined species begin to be separated, while 

organisms classically defined as different species begin to be collapsed. This coincides 

with the above-calculated ANI-equivalent threshold but differs from the above-calculated 

dDDH equivalent (Figure 6.4C). The dDDH-equivalent CGASI threshold of 97.6% 

failed to predict the classically defined taxa from 100 intraspecies comparisons while the 

ANI-equivalent CGASI threshold of 96.8% failed to predict the classically defined taxa 

from 41 intraspecies comparisons. 
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Given these results, we selected the ANI-equivalent CGASI value of ≥96.8% to further 

analyze these taxa. Overall, there were 41 pairwise comparisons of organisms across 

diverse taxa, including Arcobacter, Caulobacter, Neisseria, Orientia, Ralstonia, and 

Thermus, that are classically defined as the same species but would be classified as 

distinct species when assessed using our suggested CGASI threshold. Additionally, there 

were 782 pairwise comparisons of organisms classically defined as different species that 

this threshold suggests should be the same species, of which only 10 were not in the 

genus Rickettsia, instead belonging to the Arcobacter and Caulobacter genera. 

Rickettsiaceae phylogenomic analyses 

Rickettsia 

The Rickettsiaceae family includes two genera, the Rickettsia and the Orientia, and while 

both genera are obligate intracellular bacteria, Rickettsia genomes have undergone more 

reductive evolution, having a genome size ranging from 1.1 to 1.5 Mbp (308) compared 

to the 2.0- to 2.2-Mbp size of the Orientia genomes (309). Of the Rickettsiales, the 

Rickettsia genus contains the greatest number of sequenced genomes and named species, 

containing 69 genome assemblies in ≤100 contigs representing 27 unique species. 

Rickettsia genomes are currently classified based on the Fournier criteria, an MLST 

approach established in 2003 based on the sequence similarity of five conserved genes: 

the 16S rRNA gene, citrate synthase gene (gltA), and three surface-exposed protein 

antigen genes (ompA, ompB, and gene D) (310). To be considered a Rickettsia species, an 

isolate must have a sequence identity of ≥98.1% to the 16S rRNA and ≥86.5% to gltA in 

at least one preexisting Rickettsia species. Within the Rickettsia, using ompA, ompB, and 

gene D sequence identities, the Fournier criteria also support the further classification of 
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Rickettsia species into three groups: the typhus group, the spotted fever group (SFG), and 

the ancestral group (310). However, the Fournier criteria have not yet been amended to 

classify the more recently established transitional Rickettsia group (311), indicating a 

need to update the Rickettsia taxonomic scheme. 

A total of 69 Rickettsia genomes representative of 27 different established species were 

used for ANI, dDDH, and core genome alignment analyses. Regardless of the method 

used, a major reclassification is justified (Figure 6.5). A core genome alignment 

constructed using the 69 Rickettsia species genomes yielded a core genome alignment 

size of ∼0.56 Mbp, 42.4% of the average lengths of the input Rickettsia genomes (Table 

6.2). For 42 of the 44 SFG Rickettsia genomes, the CGASI between any two genomes is 

≥98.2%, well within the proposed CGASI species cutoff of ≥96.8% (Figure 6.5), while 

the CGASI is ≤97.2% in the ancestral and typhus groups. If a CGASI cutoff of 96.8% is 

used to reclassify the Rickettsia species, all but two of the SFG Rickettsia genomes would 

be classified as the same species (Figure 6.5), with the two remaining SFG Rickettsia 

genomes, Rickettsia monacensis IrR Munich and Rickettsia sp. strain Humboldt, being 

designated as the same species. This is consistent with ANI results as well, while dDDH 

yields conflicting results (Figure 6.5). For the transitional group Rickettsia, Rickettsia 

akari and Rickettsia australis would be collapsed into a single species due to having 

CGASI values of 97.2% in a comparison with one another. Similarly, Rickettsia 

asembonensis, Rickettsia felis, and Rickettsia hoogstraalii, all classified as transitional 

group Rickettsia, would be collapsed into another species, all having CGASI values of 

97.2% in comparisons with one another. This is consistent with a phylogenomic tree 
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generated from the Rickettsia core genome alignments, where the SFG Rickettsia  g 

 

Figure 6.5: Analysis of the ANI, dDDH, and CGASI values of 69 Rickettsia 
genomes. 
Across 69 Rickettsia genomes, the ANI and dDDH values (A) and CGASI values (B) were calculated 
for each pairwise genome comparison. The shape next to each Rickettsia genome represents whether 
the genome originates from an ancestral (⚫), transitional (⬟), typhus group (▲), or spotted fever group 
(■) Rickettsia species, while the colors of the shapes on the axes represent species designations as 
determined by a CGASI cutoff of ≥96.8%. (C) An ML phylogenomic tree with 1,000 bootstraps was 
generated using the core genome alignment. (D) The relationships in the green box in panel C cannot be 
adequately visualized at the necessary scale, so they are illustrated separately with a different scale. For 
both trees, red branches represent branches with <100 bootstrap support. 



154 
 

genomes have far less sequence divergence than the rest of the Rickettsia genomes 

(Figure 6.5). 

 

Figure 6.6: Analysis of the ANI, dDDH, and CGASI values of three Orientia 
genomes. 

For 3 Orientia tsutsugamushi genomes, the ANI and dDDH values (A) and CGASI values (B) were 
calculated for each genome comparison and color-coded to illustrate the results with respect to cutoffs 
of an ANI of ≥95% and a dDDH value of ≥70%. Circles of the same colors next to the names of each 
genome indicate members of the same species as defined by a CGASI of ≥96.8%. 
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Orientia 

The organisms within Orientia have no standardized criteria to define novel species. 

There are far fewer high-quality Orientia genomes than Rickettsia genomes, which is due 

partly to the large number of repeat elements found in Orientia genomes, with the 

genome of Orientia tsutsugamushi being the most highly repetitive sequenced bacterial 

genome to date, with ∼42% of its genome being comprised of short repetitive sequences 

and transposable elements (312). 

The Orientia core genome alignment was constructed using three O. tsutsugamushi 

genomes and is 0.97 Mbp in size, ∼47.6% of the average input genome size, with CGASI 

values ranging from 96.3 to 97.2% (Figure 6.6). Reclassifying the Orientia genomes 

using a CGASI species cutoff of 96.8% would result in O. tsutsugamushi Gillliam and O. 

tsutsugamushi Ikeda being classified as species separate from O. tsutsugamushi Boryong 

(Figure 6.6). In this case, this reclassification would not be consistent with 

recommendations from using ANI or dDDH. We suspect that ANI is strongly influenced 

by the large number of repeats in the genome due to ANI calculations being based off the 

sequence identity of 1-kbp query genome fragments. In comparison, we do not anticipate 

that whole-genome alignments would be confounded by the repeats. While the LCBs 

may be fragmented by the repeats, creating smaller syntenic blocks, the 

nonphylogenetically informative repeats are eliminated from an LCB-based analysis. 
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Anaplasmataceae phylogenomic analyses 

 

Figure 6.7: Analysis of the ANI, dDDH, and CGASI values of 16 Ehrlichia 
genomes. 

For 16 Ehrlichia genomes, the ANI and dDDH values (A) and CGASI values (B) were calculated for 
each pairwise genome comparison. The colors of the shapes next to each Ehrlichia genome represent 
species designations as determined by a CGASI cutoff of ≥96.8%. (C) An ML phylogenomic tree with 
1,000 bootstraps was generated using the core genome, with red branches representing branches with 
<100 bootstrap support. 
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Ehrlichia 

Within the Anaplasmataceae, species designations are frequently assigned based on 

sequence similarity and clustering patterns from phylogenetic analyses generated using 

the sequences of genes such as 16S rRNA, groEL, and gltA (313). For example, the 

species designations for Ehrlichia khabarensis and Ehrlichia ornithorhynchi are justified 

based on having a lower sequence similarity for 16S rRNA, groEL, and gltA (313-315). 

A core genome alignment constructed using 16 Ehrlichia genomes, representative of four 

defined species, yields a 0.49-Mbp alignment, which equates to 39.8% of the average 

Ehrlichia genome size (1.25 Mbp) (Table 6.2). Using a CGASI species cutoff of 96.8%, 

the Ehrlichia chaffeensis and Ehrlichia ruminantium genomes were recovered as 

monophyletic and well-supported species, which is consistent with ANI and dDDH 

results (Figure 6.7). The two Ehrlichia muris and Ehrlichia sp. strain Wisconsin_h 

genomes have CGASI values of >97.8%, indicating that the three genomes represent one 

species, which is consistent with ANI but not dDDH results (Figure 6.7). The genomes 

of Ehrlichia sp. strain HF and E. canis Jake do not have CGASI values of ≥96.8% with 

any other species, confirming their status as individual species, identical to the results 

found with ANI and dDDH (Figure 6.7). 

Anaplasma 

A novel Anaplasma species is currently defined based on phylogenetic analyses 

involving 16S rRNA, gltA, and groEL, with a new species having a lower sequence 

identity and a divergent phylogenetic position relative to established Anaplasma species 
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(316-319). A core genome alignment constructed using 30 Anaplasma genomes yielded a  

20-kbp alignment, 1.4% of the average input genome size. As noted before, such low 

 

Figure 6.8: Analysis of the ANI, dDDH, and CGASI values of 30 Anaplasma 
genomes. 

(A) For 30 Anaplasma genomes, the ANI and dDDH values were calculated for each genome 
comparison and color-coded to illustrate the results with respect to ANI cutoffs of ≥95% and dDDH 
cutoffs of ≥70%. (B) When we attempted to construct a core genome alignment using all 30 Anaplasma 
genomes, only a 20-kbp alignment was generated, accounting for <1% of the average Anaplasma 
genome size. Therefore, CGASI values were calculated after the Anaplasma genomes were split into 
two subsets containing 20 A. phagocytophilum genomes and the remaining 10 Anaplasma genomes. In 
all panels, the shape next to each genome denotes genus designations as determined by the size of their 
core genome alignments, while the color of the shape denotes the species as defined by a CGASI cutoff 
of ≥96.8%. 
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values are indicative of more than one genus being represented in the taxa that were 

included in the analysis. Thus, CGASI analyses for Anaplasma species were done on two 

Anaplasma genome subsets, one containing the 20 Anaplasma phagocytophilum genomes 

and the other containing 9 Anaplasma marginale genomes and 1 Anaplasma centrale 

genome (Table 6.2). 

A 1.25-Mbp core genome alignment, consisting of 39.8% of the average input genome 

size, was constructed using the 20 A. phagocytophilum genomes. All 20 genomes have 

CGASI values of ≥96.8%, supporting their designation as members of a single species 

(Figure 6.8). This is supported by ANI, but dDDH again yields conflicting results 

(Figure 6.8). The core genome alignment generated using the remaining 10 Anaplasma 

genomes yields a 0.77-Mbp core genome alignment, 65.3% of the average input genome 

size. While the A. marginale genomes all have CGASI values of ≥96.8% in comparisons 

with one another, the Anaplasma centrale genome has CGASI values ranging from 90.7 

to 91.0% compared to the nine A. marginale genomes, supporting A. centrale as a 

separate species from A. marginale, consistent with existing taxonomy and with the ANI 

and dDDH species cutoffs (Figure 6.8). 

Neorickettsia 

The Neorickettsia genus contains four genome assemblies: Neorickettsia helminthoeca 

Oregon, Neorickettsia risticii Illinois, Neorickettsia sennetsu Miyayama, and 

Neorickettsia sp. strain 179522. The genus was first established in 1954 with the 

discovery of N. helminthoeca (320). In 2001, N. risticii and N. sennetsu, both initially 

classified as Ehrlichia strains, were added to the Neorickettsia based on phylogenetic 
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analyses of 16S rRNA and groESL (291). A core genome alignment constructed using all 

four Neorickettsia genomes yields a 20-kbp alignment, 2.3% of the average input genome 

size. When excluding the genome of N. helminthoeca Oregon, the three remaining 

Neorickettsia genomes form a core genome alignment of 0.76 Mbp in size, 87.4% of the 

average input genome size. The sequence identity of the core genome alignment indicates 

that N. risticii Illinois, N. sennetsu Miyayama, and Neorickettsia sp. 179522 are three 

distinct species within the same genus, while the length of the core genome alignment 

indicates that N. helminthoeca Oregon is of a separate genus (Figure 6.9). When 

assessing the Neorickettsia species designations using ANI and dDDH cutoffs, the four 

Neorickettsia genomes can only be determined to be different species, as the two 

techniques are unable to delineate phylogenomic relationships at the genus level. 

Wolbachia 

The current Wolbachia classification system lacks traditional species designations and 

instead groups organisms by supergroup designations using an MLST system consisting 

of 450- to 500-bp internal fragments of five genes: gatB, coxA, hcpA, ftsZ, and fbpA (66). 

A core genome alignment generated using 23 Wolbachia genomes yields a 0.18-Mbp 

alignment, amounting to 14.8% of the average input genome size. 

Among filarial Wolbachia supergroups C and D, the CGASI cutoff of 96.8% would split 

each of the traditionally recognized supergroups into two groups each, which is also 

supported by ANI and dDDH. While wOo and wOv would be the same species, wDi 

Pavia should be considered a different species. Similarly, wBm and wWb would be 
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considered the same species, while wLs should be designated a separate species. The  

wCle, wFol, and wPpe endosymbionts from supergroups E, F, and L, respectively, would 

all be considered distinct species using CGASI, ANI, or dDDH. 

 

Figure 6.9: Analysis of the ANI, dDDH, and CGASI values of 4 Neorickettsia 
genomes. 

(A) For the 4 Neorickettsia genomes, the ANI and dDDH values were calculated for each genome 
comparison and color-coded to illustrate the results with respect to cutoffs of an ANI of ≥95% and a 
dDDH value of ≥70%. (B) CGASI values were calculated and are illustrated using a core genome 
alignment that could only be constructed using 3 of the Neorickettsia genomes, excluding N. 
helminthoeca Oregon. Circles of the sample colors next to the names of each genome indicate members 
of the same species as defined by a CGASI of ≥96.8% 
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The CGASI values between the supergroup A Wolbachia organisms, apart from wInc 

SM, have CGASI values of ≥96.8 (Figure 6.10). The genome of wInc SM has CGASI 

values ranging from 94.6% to 95.9% compared to other supergroup A Wolbachia 

genomes, indicating that if species assignments were dependent solely on a CGASI 

cutoff, then wInc SM would be a different species. Because >10% of the positions in the 

wInc SM genome are ambiguous nucleotide positions, this leads to a large penalty in 

sequence identity scores, as seen with CGASI, ANI, and DDH (Figure 6.10). However, a 

phylogenomic tree generated using the Wolbachia core genome alignment indicates that 

wInc SM is nested within the other supergroup A Wolbachia taxa, a clade with 100% 

bootstrap support (Figure 6.10). Similarly, the results between CGASI, ANI, and dDDH 

in supergroup B are discordant. Five of the six supergroup B Wolbachia genomes, all 

except for wTpre, have CGASI values of ≥96.8% compared to one of the other five, 

indicating the five genomes are likely of the same species. However, despite wTpre being 

considered a different species if the CGASI cutoff of 96.8% is used, a phylogenomic tree 

constructed using the core genome alignment shows wTpre to be nested within the 

supergroup B Wolbachia organisms (Figure 6.10). 

In both cases, if wInc SM or wTpre were designated distinct species from the other 

supergroup A and B Wolbachia, respectively, paraphyletic clades would be created. This 

indicates the importance of using a phylogenomic analysis in addition to a threshold. In 

this case, the core genome alignment can easily be used with robust phylogenetic 
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Figure 6.10: Analysis of the ANI, dDDH, and CGASI values of 23 Wolbachia 
genomes. 

Analysis of the ANI, dDDH, and CGASI values of 23 Wolbachia genomes. For 23 Wolbachia 
genomes, the ANI and dDDH values (A) and CGASI values (B) were calculated for each pairwise 
genome comparison. The shape next to each Wolbachia genome represents supergroup A (⚫), B (▲), C 
(■), D (⬟), E (⬢), F (⯃), and L (◆) designations, while the color of the shape indicates species as 
defined by a CGASI cutoff of ≥96.8%. (C) An ML phylogenomic tree was generated using the 
Wolbachia core genome alignment constructed using 23 Wolbachia genomes, with red branches 
representing branches with <100 bootstrap support. The species designations in supergroup B show the 
CGASI-designated species clusters of wPip_Pel, wPip_JHB, wAus, and wStri to be polyphyletic. 
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algorithms to generate both network trees and ML trees. For both cases, despite wInc SM  

and wTpre having <96.8% CGASI, the phylogenies reveal that these organisms should be 

 

Figure 6.11: Analysis of the ANI, dDDH, and CGASI values of 66 Neisseria 
genomes. 

For the 66 Neisseria genomes, the ANI and dDDH values (A) and CGASI values (B) were calculated 
for each genome comparison and color-coded to illustrate the results with respect to cutoffs of an ANI 
of ≥95% and a dDDH value of ≥70%. (C) An ML phylogenomic tree was generated using 1,000 
bootstraps, with the 0.33-Mbp Neisseria core genome alignment. Circles of the sample colors next to 
the names of each genome indicate members of the same species as defined by a CGASI of ≥96.8 
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considered the same species as the other supergroup A and B Wolbachia species, 

respectively. 

Other taxa 

The power of an approach that combines phylogenetics with a nucleotide identity 

threshold is similarly observed with Neisseria. A 0.33-Mbp core genome alignment was 

generated from 66 Neisseria genomes, accounting for 14.7% of the average input genome 

size. The core genome alignment largely supports the classically defined species, 

including Neisseria meningitidis, Neisseria gonorrhoeae, Neisseria weaveri, and 

Neisseria lactamica, although one N. lactamica isolate, N. lactamica 338.rep1_NLAC, 

appears to be inaccurately assigned (Figure 6.11). The CGASI values suggest that each 

Neisseria elongata isolate is a distinct species, as are the Neisseria flavescens isolates. 

Like what was observed in Wolbachia species, a paraphyletic clade is observed when 

using a CGASI cutoff of 96.8%, with the genome of Neisseria sp. strain HMSC061B04 

being nested within a clade of two Neisseria mucosa genomes, N. lactamica 

338.rep1_NLAC, and several unnamed Neisseria taxa while not having a CGASI of 

≥96.8% compared to any other Neisseria genome (Figure 6.11). 

Discussion 

Workflow for the taxonomic assignment of new genomes at the genus and species 

levels 

These results highlight that while sequence identity cutoffs derived using nucleotide-

based pairwise comparisons are important when delineating species, they should be 

coupled with an analysis of phylogenetic trees. Yet, phylogenetic trees alone are 
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inadequate, as they cannot identify the level of branching where a species should be 

defined. However, the two results can be quite complementary when applied to core 

genome alignments and together make for a robust approach. 

Given our results, we propose a workflow using three criteria to guide the taxonomic 

assignment of novel genomes at the genus and species levels (Figure 6.12). Starting with 

a novel, sequenced query genome, the most closely related genus of the query genome 

should be identified using homology-based search algorithms (e.g., BLASTN searches of 

16S rRNA). Once identified, a set of trusted genomes within the genus should be 

combined with this query genome to generate a core genome alignment using a tool such 

as Mauve (289) or Mugsy (246). These trusted genomes would be the type genomes, 

analogous to type strains. Unlike type strains, they are digitally recorded and thus highly 

unlikely to be lost. However, multiple organisms with different genome sequences could 

now serve in the capacity of type strains, eliminating the possibility that a single unusual 

type strain could unduly influence the taxonomy. 

From the core genome alignment, the genus assignment would be considered validated if 

the length of the core genome alignment is ≥10% of the average input genome size. 

Subsequently, a pairwise sequence identity matrix is calculated from the core genome 

alignment, identifying all genomes with ≥96.8% sequence identity. Finally, 

phylogenomic trees are generated with the core genome alignment and overlaid with the 

CGASI results. A query genome is deemed a novel species if it is <96.8% identical to the 

genomes of the type strains and the clades remain monophyletic. Importantly, whole-
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genome sequences are not needed to assign an existing genus and species designation to a  

new isolate, merely to describe new genera or species. Community-derived species-

specific MLST schemes may be well suited for assigning isolates to already-named and -

described species. 

 

Figure 6.12: Workflow for the taxonomic assignment of a novel genome at the 
genus and species levels. 

The proposed workflow for assigning genus- and species-level designations using core 
genome alignments is based on three criteria: (i) the length of the core genome 
alignment, (ii) the sequence identity of the core genome alignment, and (iii) 
phylogenomic analyses. Using a query genome and a set of trusted genomes from a 
single genus, a core genome alignment is generated. The length of the core genome 
alignment is the first criterion that is used as the genus-level cutoff, with a core 
genome alignment size of ≥10% of the average input genome size indicating that all 
genomes within the subset are of the same genus. Provided that all genomes in the 
subset are of the same genus, the second criterion is the sequence identity of the core 
genome alignment, with genomes sharing ≥96.8% similarity being designated the 
same species. The third and final criterion uses a phylogenomic tree generated using 
the core genome alignment to check for paraphyletic clades. If the query genome has 
<96.8% core genome alignment sequence identity with any other genome and its 
designation as a new species does not form a paraphyletic clade, the genome should be 
considered a novel species. 
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The genomics and data era may necessitate increased flexibility or a modification of 

the rules in bacterial nomenclature 

The International Code of Nomenclature of Prokaryotes (321) is a frequently updated 

governance that includes 65 rules that regulate bacterial nomenclature, with the laudable 

goal of maintaining stability in bacterial names. These rules are designed to assess the 

correctness of bacterial names, as well as procedures for creating new names, but are 

agnostic to the methods or criteria used to delineate genera or species (321). 

However, modern methods (i.e., genome sequencing, bioinformatics, data sharing, and 

isolate repositories) have the potential to profoundly and negatively affect bacterial 

nomenclature in ways where the current code may need to adjust and adapt. Historically, 

isolates were frequently discovered, described, and named by the same individual or 

group of individuals. Conflicts arose over time (e.g., two named species turned out to be 

the same species), and many of the rules focus on resolving those inevitable conflicts. 

One principle in the code for resolving conflicts relies on using the first published name. 

However, with modern methods, it would be fairly simple to conduct a comprehensive 

bioinformatics analysis and be the first to publish names of organisms, without any input 

from the relevant research communities, including individuals who have spent their 

scientific careers working on unnamed organisms. In addition, with extensive genomic 

data, there have been increased efforts to harmonize taxonomy that will lead to large 

changes in bacterial nomenclature. While choosing the first published name may be 

effective at resolving small conflicts, it may not be ideal for larger taxonomic changes 

that may be necessary and warranted. In these cases, the code may need to prioritize large 

collaborative community-supported efforts that include all relevant stakeholders to 
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reform the nomenclature in a meaningful and important way, particularly efforts that 

reflect the recent changes in the ways that we think about bacteria and are reflective of 

the modern conceptual revolutions to which Stephen Jay Gould referred. 

Furthermore, a complete genome sequence fully describes an organism, including its 

phenotypic potential. As such, a genome-informed taxonomic scheme, particularly one 

that relies on groups of genome type strains, as described here, may render the 

“Candidatus” designation obsolete. “Candidatus” was originally proposed as a category 

or rank given to a potential new taxon that has only sequence data and a morphology 

determined through microscopy with a nucleic acid probe (322). At that time, this 

precluded the naming of a species with only a single gene sequence, like 16S rRNA, 

which could be a chimera. While “Candidatus” had an important role at that time and 

prior to the widespread use of whole-genome sequencing, it has led to extensive 

confusion among researchers, particularly those new to fields with organisms that use this 

naming scheme. It also places an undue burden on researchers that study obligate host-

associated organisms that are often very highly characterized but unamenable to growth 

on laboratory media and long-term storage in culture collections. Additionally, among 

endosymbionts and other obligate intracellular organisms, it has been applied 

inconsistently, compounding this confusion. Therefore, it seems reasonable that its use 

should be limited to only organisms from which a complete genome sequence cannot be 

obtained consistently from the same host organism or host cell line. 
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Limitations 

A current issue of whole-genome aligners, such as Mauve or Mugsy, is the inability for 

the software to scale, being able to computationally handle only subsets of at most ∼80 

genomes. While the aligner ParSNP in the Harvest suite can generate a core genome 

alignment from a larger subset of genomes, its use is limited to intraspecies comparisons 

(304), making it currently unamenable to this approach. However, for heavily sequenced 

genera, such as the Rickettsia genus, future species assignments for novel genomes do not 

require constructing a core genome alignment from every available genome. Instead, we 

recommend that for each genus, the relevant experts in the community establish and 

curate a set of trusted genomes with at least one representative of each named species that 

should be used for constructing core genome alignments. After an initial assessment, 

refinement could be made by using a core genome alignment with many more genomes 

from closely related species. As an example, in the case of Rickettsia species, the initial 

alignment would include representative genomes from each of the ancestral, typhus, 

spotted fever, and transitional groups. If the analysis indicated that the query was closest 

to typhus group genomes, a subsequent alignment would include a curated subset of 

genomes only from the typhus group. The first core genome alignment would serve to 

classify a genome into a subgroup, while the second would be used to assign a species 

designation. 

Conclusions 

As noted with the development of MLST (323), sequence data have the advantage of 

being incredibly standardized and portable. While MLST methods allow for insight at the 

subspecies level of taxonomic classifications and are heavily relied upon during 
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infectious disease outbreaks, they do not provide sufficient resolution to define species. 

Increased resolution is required for taxonomy and can be obtained through the 

construction of whole-genome alignments that maximize the number of evolutionarily 

informative positions. 

By generating core genome alignments for different genera, we sought to identify and 

develop a universal, high-resolution method for species classification. Using the core 

genome alignment, a set of genomes can be assessed based on the length, sequence 

identity, and a phylogenomic tree of the same core genome alignment. The length of the 

core genome alignment, which reflects the ability of the genomes to be aligned, is 

informative in delineating genera. Meanwhile, the pairwise comparisons of core genome 

alignment sequence identity can be used to delineate species, which can in turn be further 

refined with a phylogenetic analysis to resolve paraphyletic clades in the taxonomy. 

Through this work, we have identified criteria that reconstruct classical species 

definitions using a method that is transparent and portable. In the course of this work, we 

have identified modifications that need to be made to the species and genus designations 

of a number of organisms, particularly within the Rickettsiales. While we have identified 

these instances, we recommend that any changes in nomenclature be addressed by 

collaborative teams of experts in the respective communities. 

Materials and Methods 

Synteny plots 

For the 10 complete Wolbachia genomes, NCBI BLAST v2.2.26 with the blastn 

algorithm was used to obtain the coordinates of the links for each of the pairwise genome 
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comparisons. Synteny plots were generated and visualized using the Artemis 

Comparative Tool viewer (324, 325). 

Core genome alignments 

The exact commands for generating a core genome alignment from a directory containing 

all of the fasta files are provided in a bash script (see Text S1 in 

https://msystems.asm.org/content/3/6/e00236-18/figures-only#fig-data-supplementary-

materials); the local paths for the bin directors for Mugsy and mothur need to be specified 

in the script. More specifically, genomes used in the taxonomic analyses were 

downloaded from NCBI’s GenBank (326). OrthoANIu v1.2 (327) and USEARCH 

v6.1.544 (328) were run with default settings and used for ANI calculations. GGDC v2.1 

(ggdc.dsmz.de) (287) paired with the recommended BLAST+ alignment tool (329) was 

used to calculate dDDH values. For analyses in this paper, all dDDH calculations were 

performed using dDDH formula 2 due to the usage of draft genomes in taxonomic 

analyses (286). For each of the genome subsets, core genome alignments were generated 

using Mugsy v1.2 (246), with default settings, or Mauve v2.4 (289), with the progressive 

Mauve algorithm, retaining only LCBs of >30 bp in length that are present in all 

genomes. mothur v1.22 was used to process each of the core genome alignments to 

remove positions not present in all organisms in the genome subset (247). Sequence 

identity matrices for the core genome alignments were created using BioEdit v7.2.5 

(brownlab.mbio.ncsu.edu/JWB/papers/1999Hall1.pdf). ML phylogenomic trees with 

1,000 bootstraps were calculated for each core genome alignment using IQ-TREE v1.6.2 

(330) paired with ModelFinder (331) to select the best model of evolution and UFBoot2 

(332) for fast bootstrap approximation. Trees were visualized and annotated using iTOL 
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v4.1.1 (333). Construction of neighbor-network trees was done using the R packages ape 

(334) and phangorn (335). 

Core protein alignments 

Orthologs between complete genomes of the same species were determined using 

FastOrtho, a reimplementation of OrthoMCL (305) that identifies orthologs using all-by-

all BLAST searches, run with default settings. The amino acid sequences of proteins 

present in all organisms in only one copy were aligned with MAAFT v7.313 FFT-NS-2, 

using default settings (336). For every protein alignment, the best model of evolution was 

identified using ModelFinder (331), and phylogenomic trees were constructed using an 

edge-proportional partition model (337) with IQ-TREE v1.6.2 (330) and UFBoot2 (332) 

for fast bootstrap approximation. PhyloPhlAn v0.99 was run using default settings as an 

alternative method of assessing protein-based phylogenies (298). Comparative analyses 

of core protein and core nucleotide alignment trees were performed using the R packages 

ape (334) and phangorn (335). 
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Chapter 7: Considerations for adopting species designations in the 
genus Wolbachia 

Abstract 

The importance of bacterial species designations lies in how they inform how we view 

relationships between two different organisms. In the absence of species designations, it 

becomes difficult to properly evaluate relationships between different bacterial strains. 

While there have been numerous methods devised for the assignment of species, the 

obligate, intracellular bacterial genus Wolbachia has avoided assigning species 

designations. DNA-DNA hybridization, thought to be the gold standard for bacterial 

species assignment, is unable to be performed on unculturable bacteria, while other 

techniques, such as 16S rRNA sequencing and multi-locus sequence typing, provided 

inadequate resolution to divide the Wolbachia into species. These methods fail to capture 

the relevant phenotypic traits used to differentiate Wolbachia strains, namely cytoplasmic 

incompatibility. In its place, the Wolbachia community has elected to use supergroup 

designations, which are not intended to be analogous to species designations. The 

advancement of sequencing technologies and whole-genome based phylogenetic 

techniques has provided an opportunity to revisit species designations in the Wolbachia 

genus. Here, we discuss the necessary steps needed to assign species designations to the 

genus Wolbachia that are in line with the rest of bacterial taxonomy. 

Introduction 

Wolbachia is a bacterial genus that includes obligate, intracellular bacteria thought to 

infect >1 million different insect species and many filarial nematode species worldwide 

(64). Unlike other bacterial genera the Wolbachia community has yet to adopt species 
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designations owing to their lack of culturability. Instead, the community uses sequence 

data to classify these endosymbionts into supergroups that are not intended to be 

analogous to species designations. However, current advances in sequencing and 

phylogenomics tools provide the opportunity to identify species boundaries and name 

species. 

In 1924, Wolbachia endosymbionts were discovered with the microscopic observation of 

Rickettsia-like micro-organisms in the gonads of the mosquito Culex pipiens (338). 

Twelve years later, this isolate was classified in the novel genus Wolbachia based off its 

unique pleomorphic characteristics, namely that its cells appeared as rings, curved, or 

bent rods (339). The next reported classifications of bacteria in the genus Wolbachia 

occurred in 1956 and 1961 during which Wolbachia melophagi (now Bartonella) and 

Wolbachia persica (now Francisella) were respectively described and classified based on 

their similar phenotypic characteristics to W. pipientis (340, 341).  

Beginning in 1977, the use of the 16S rRNA gene as a phylogenetic marker (342-344) 

enabled a more objective taxonomic classification of bacteria (345). The 16S rRNA 

sequences of W. melophagi and W. persica led to their reclassifications into the 

Bartonella and Francisella genera, respectively. However, as more Wolbachia strains 

were sequenced, the slow evolutionary rate of the 16S rRNA gene made resolving species 

relationships difficult; the 16S rRNA failed to differentiate Wolbachia strains based on 

their cytoplasmic incompatibility (CI) phenotypes (63, 346). Phylogenetic analyses using 

single-copy genes with a higher rate of evolution, such as ftsZ (347) and dnaA (348), 
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were done to obtain a higher resolution phylogeny of the Wolbachia that could possibly 

aid in defining Wolbachia past the genus level. 

In 1998, the wsp gene was first used as a tool for typing Wolbachia strains (63, 349). 

Cited as having a higher evolutionary rate than the 16S rRNA, ftsZ, and dnaA, the 

increased resolution of wsp was able to divide the Wolbachia into groups that 

differentiated CI phenotypes (63). Over time, a classification system arose based on the 

wsp gene whereby Wolbachia were subdivided into supergroups. Using this system, each 

Wolbachia supergroup was defined by a set of supergroup-specific wsp primers. 

Wolbachia supergroups were further subdivided into groups, in which members of the 

same group would have ≥97.5% wsp sequence identity (63). However, the use of wsp is 

confounded by significant intragenus recombination (350-352) and differing rates of 

selection between arthropod and nematode Wolbachia (353, 354). Intragenus 

recombination is widespread in Wolbachia endosymbionts, being observed even in 

housekeeping genes, including ftsZ and dnaA (355).  

In the early 2000s, multi-gene phylogenetic approaches were increasingly used to type 

bacterial genera, including the Wolbachia (66, 356, 357). In 2006, a Wolbachia 

multilocus sequencing typing (MLST) system was proposed (66) using sequences from 

five conserved Wolbachia genes (ftsZ, gatB, coxA, hcpA, and fbpA), along with wsp as an 

optional strain marker. The MLST system minimizes the single-locus recombination 

biases observed by constructing single gene phylogenies while providing a reliable 

method to discriminate Wolbachia strains. However, the Wolbachia MLST system is 

unable to differentiate between closely related strains due to the conserved nature of the 
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single-copy MLST genes (67). Additionally, the MLST system was designed at a time 

when the only complete Wolbachia genomes available were of wMel and wBm (66-70). 

While all these tools are able to type strains, species designations remained elusive and 

were contentious within the Wolbachia community, being discussed at each of the 

biennial international Wolbachia conferences. However, with the rapid improvements 

made in sequencing technologies paired with its decreasing costs, whole genome 

approaches are becoming increasingly used in bacterial taxonomy. At the 2018 Tenth 

Annual Wolbachia Conference in Salem, MA, USA, it was decided by vote that the time 

is right for a community-supported taxonomy enabled by recent developments in using 

genomics to define taxonomy. 

Historically, DNA-DNA hybridization (DDH) has been the “gold standard” for bacterial 

species classification (282, 358). However, DDH is not possible for obligate-host 

associated bacteria. Using whole genome data, average nucleotide identity (ANI), digital 

DNA-DNA hybridization (dDDH), and core genome alignment sequence identity 

(CGASI) are three techniques that determine species cutoffs intended to be analogous to 

the DDH species cutoffs (Chapter 6) (281, 283, 359, 360). There have been numerous 

proposals to adopt these genomic approaches as the new standard for defining bacterial 

species due to the limitations and labor involved with DDH and the higher resolution 

conferred with whole genome approaches (278, 359, 361). 

The shift in bacterial taxonomy from using DNA-DNA hybridization to whole-genome 

based approaches provides an opportune time to establish species names and bring 

Wolbachia taxonomy in line with the rest of bacterial taxonomy. However, there are 
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several important considerations needed for adopting the classical taxonomic 

nomenclature for the Wolbachia. 

Methods for protein and whole-genome based phylogenetic analyses 

While numerous studies have analyzed Wolbachia strains using a set of core proteins, no 

specific species cutoffs have been drawn using core protein-based methods. PhyloPhlAn 

(298) and the Genome Taxonomy Database Toolkit (GTDB-Tk) (362) are two taxonomic 

tools designed to classify bacterial genomes using sets of 400 and 120 conserved genes, 

respectively. When applied to ten complete Wolbachia genomes from supergroups A-F, 

PhyloPhlAn was able to construct a 2,877 aa alignment using 176 of its 400 query 

proteins (Chapter 6) (360). The PhyloPhlAn taxonomic imputation pipeline was able to 

classify all genomes as Wolbachia but did not differentiate them as separate species, 

likely due to all Wolbachia in the PhyloPhlAn tree of life being classified as the same 

species. Using the same set of Wolbachia genomes, GTDB-Tk could construct a 5,035 aa 

alignment using 106 of its 120 query genes. Taxonomic ranks are defined in GTDB-Tk 

using a parameter called the relative evolutionary divergence (RED). All extant taxa are 

assigned a RED value of 1 while the least common ancestor is assigned a RED of 0. For 

all internal nodes between the two, RED values are extrapolated according to lineage-

specific rates of evolution. Taxonomic ranks are then assigned as the median RED value 

for all taxa within a specific rank (362). While GTDB-Tk classifies all ten genomes as 

Wolbachia, the species designations are more unclear with only wOo and wOv being 

assigned as the same species and the remaining eight Wolbachia being given no species 

designations. Additionally, the Genome Taxonomy Database (GTDB) repository 

(gtdb.ecogenomic.org) does not assign species designations for 37 of the 46 Wolbachia 

http://gtdb.ecogenomic.org/
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genomes taken from the NCBI Assembly database. The lack of species designations 

assigned by GTDB and the GTDB-Tk indicates an inability to reliably assign species 

designations using the method (362). 

There are three major nucleotide-based whole genome classification methods: ANI, 

dDDH, and CGASI (Chapter 6) (283, 359, 360, 363). ANI is calculated from splitting a 

query genome into 1 kbp fragments, which are then searched against a reference genome. 

The ANI between two genomes is the average sequence identity between all matches 

with >60% sequence identity over >70% of their length. For dDDH calculations, high 

scoring segment pairs (286) or maximally unique matches (364) are identified between 

two genomes. While there are several formulas available for dDDH calculations, most 

commonly for comparisons between draft genomes, dDDH values are calculated by 

dividing the sum of all identities by the overall match length (281, 283). However, ANI 

and dDDH set species cutoffs without further phylogenetic tree-based analyses, such that 

the formation of paraphyletic clades is not routinely evaluated. 

More recently, core genome alignments have been rising to the forefront of bacterial 

taxonomy. A core genome alignment is a concatenated alignment that contains only sets 

of orthologous sequences present in all organisms of interest (246, 304) while core 

protein analyses are constructed using the amino acid sequences of the genes shared 

between the organisms of interest (288, 365, 366). Nucleotide core genomes are 

advantageous to protein-based analyses in that they account for a greater number of 

phylogenetically-informative positions and are independent of annotation (301, 302). 

However, core genome alignments are limited to taxonomic analyses at the genus level, 
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while protein analyses can be performed between organisms at any taxonomic level (298, 

300, 362). The sequence identity of the core genome alignment (CGASI) has been 

proposed as a method for taxonomic classification at the genus and species levels 

(Chapter 6) (360). While ANI and dDDH are unable to classify bacteria above the species 

level, CGASI offers a method for genus-level designations and is easily amenable to 

including an additional phylogenetic tree-based analysis to avoid the formation of 

paraphyletic clades (Chapter 6) (360). 

Two separate analyses of the Wolbachia using the ANI and dDDH species cutoffs found 

that strains from different supergroups had ANI and dDDH values below the species 

cutoff, confirming previous analyses that the Wolbachia genus contained multiple 

species. Within supergroups, the studies published by Ramirez-Puebla et al. and Chung et 

al. indicated that wDi and wLs should be designated as separate species from the other 

supergroup C and D strains, respectively (Chapter 6) (68, 360). Similarly, Ramirez-

Puebla et al. identified that the Wolbachia endosymbionts of Diaphorina citri, wDacA 

and wDacB, were separate species from the other members of supergroups A and B, 

respectively, using ANI and dDDH cutoffs (68). While the Chung et al. study did not 

include wDacA or wDacB due to the fragmented nature of both genomes, wInc SM and 

wTpre met the ANI, dDDH, and CGASI cutoffs indicating that they were each a separate 

species from the other supergroup A and B Wolbachia, respectively. Both studies have 

shown that if Wolbachia species were determined strictly using sequence identity cutoffs, 

supergroups A and B would be split into multiple species. However, the CGASI method 

proposed by Chung et al. supplements the CGASI cutoff with a phylogenetic tree-based 

analysis that corrects for paraphyletic clades (Figure 7.1) (Chapter 6) (360). 



181 
 

Ideally, the method used to assign Wolbachia species should be both high resolution and 

scalable to classify novel genomes. Of the described methods, ANI and dDDH provide 

the most simple and accessible cutoffs for delimiting species based on entire genomes, 

having web-based tools that allow for ANI or dDDH values to be calculated between any 

two genomes (286, 327, 367, 368). However, tree-independent approaches such as ANI 

and dDDH are more likely to generate paraphyletic clades, due to species cutoffs being 

determined using only a sequence identity cutoff. Core genome alignments provide an 

improved resolution compared to both the ANI and dDDH approaches while also 

implementing a tree-based analysis for species classification. In doing so, core genome 

alignments maintain the high resolution conferred by being a nucleotide-based analysis 

while avoiding the pitfalls associated with tree-independent analyses (Chapter 6) (360). 

The main issue of core genome alignments is its inability to scale (369). The compute 

time required for whole-genome alignment based methods exponentially increases as 

more genomes are added due to a reliance on all-versus-all progressive alignments (246, 

370). Protein-based approaches such as PhyloPhlAn and GTDB-Tk can better scale but 

forego the increased resolution conferred by nucleotide-based approaches. Because the 

alignment used for inferring phylogenetic relationships is smaller, the resolution of the 

alignment decreases but the method can handle a larger subset of genomes. Additionally, 

protein-based approaches allow for taxonomic classification at all ranks while nucleotide-

based approaches still rely on 16S rRNA screening and similar techniques for the initial 

placement of a genome into a genus. 
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The International Code of Nomenclature 

For the scientific naming of prokaryotes, the International Code of Nomenclature of 

Prokaryotes (ICNP) was established in 1980 (321). While the ICNP is agnostic of the 

 

Figure 7.1: Neighbor-network tree of 23 Wolbachia genomes 
A neighbor-network tree was generated using the core genome alignment of 23 Wolbachia genomes 
assembled in one piece. The shape next to each Wolbachia genome represents supergroup A (⚫), B 
(▲), C (■), D (⬟), E (⬢), F (⯃), and L (◆) designations, while the color of the shape indicates species 
as defined by a core genome alignment sequence identity (CGASI) cutoff of ≥96.8%. Paraphyletic 
clades are formed in supergroups A and B with wInc_SM and wTpre if the species cutoff used is strictly 
based off sequence identity. 
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method used to delimit taxa, it provides a resource to assess the correctness of the names 

applied. Presently, the only valid Wolbachia species epithet accepted by the ICNP and 

published in the List of Prokaryotic Names with Standing in Nomenclature (LPSN) is W. 

pipientis (www.bacterio.net) (371). According to the ICNP guidelines, assigning novel 

taxa names requires that:  

(1) The name is published in the International Journal of Systematic Bacteriology 

(IJSB) or the International Journal of Systematic and Evolutionary Microbiology 

(IJSEM). 

(2) The publication of the name is accompanied by a description of the taxon or 

by a reference to a previous effectively published description of the taxon. 

(a) The new name or new combination should be clearly stated and indicated as 

such (i.e. fam. nov., gen. nov., sp. nov., comb. nov., etc.). 

(b) The derivation (etymology) of a new name (and if necessary of a new 

combination) must be given. 

(c) The properties of the taxon being described must be given directly after (a) 

and (b). This may include reference to tables or figures in the same publication, or 

reference to previously effectively published work. 

(d) All information contained in (c) should be accessible. 

(3) The type of the taxon must be designated. 

http://www.bacterio.net/
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The Candidatus epithet 

The provisional status Candidatus was initially proposed to record the properties of 

putative taxa for which molecular sequences are available but could not be isolated in a 

pure culture. The term was initially proposed due to the uncertainty that a specific nucleic 

acid sequence belonged to a unique organism in the environment. Without a pure culture, 

it was possible that a nucleic acid sequence could arise from sequencing/amplification 

errors or from formations of chimeric sequences (372). According to the ICNP, the 

Candidatus name is a preliminary name and has no standing in prokaryotic literature.  

For researchers that study unculturable obligate organisms that are highly characterized, 

this poses an added difficulty. Additionally, most environmentally-occurring bacteria are 

resistant to cultivation and efforts to improve isolation and culture methods for these 

organisms is both time-consuming and onerous (373). The improvements in sequencing 

technologies and assembly tools allows whole genomes to be constructed with higher 

confidence. Because the genome of an organism is thought to represent its phenotypic 

potential, isolating and culturing these bacteria becomes obsolete for taxonomic and 

phylogenetic-based analyses. While the presence of a pure culture does indicate that the 

genome sequence is reliably originating from a specific organism, the ability to reproduce 

a whole genome sequence repeatedly from the same sample is a similar indicator that the 

sequence is originating from a single isolate. Therefore, we propose that the use of 

Candidatus should instead be limited to organisms in which a complete genome sequence 

cannot be consistently obtained from the same host organism or cell line.  
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Naming Wolbachia species  

Ramirez-Puebla et al. recently published a study designating delimiting Wolbachia 

species based on ANI, dDDH, synteny, G+C content, and protein-based analyses. In total, 

eight Candidatus names were assigned to isolates spanning supergroups A-F (68). 

Recognized species names were not proposed because type material was not designated. 

While their methods for assigning species were largely sound, the specific species names 

chosen are contentious in the Wolbachia community, particularly that several of the 

chosen names provide misleading descriptions for their clades (290). This is compounded 

by a lack of involvement of the active Wolbachia community that has been discussing the 

taxonomy for over two decades. 

The ICNP prioritizes the first established names regarding naming conflicts. While 

historically, isolates were discovered, described, and named by the same individual or 

groups of individuals, the Wolbachia are an anomaly in that no species names are 

established due to the community-wide preference of the supergroup classification 

system until now. The presence of large sequencing data repositories makes it so that 

whole genome-based bioinformatics analyses to delimit and publish names to Wolbachia 

species can be performed by any person with a computer without any community input. 

While for the individual naming of isolates, priority can be given to the earlier name to 

resolve smaller conflicts, we believe that large shifts in taxonomic nomenclature should 

be decided by large, collaborative community-supported efforts. 
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The designation of Wolbachia type material 

For each named species, the type strain serves as a designated strain whose name is 

associated with the species as whole. The designation of type strains requires the 

deposition of type strains as pure cultures in two culture collections in different countries. 

Although previous iterations of the ICNP indicating that a description, preserved 

specimen, or illustration could serve as the type material for unculturable organisms, 

deposition in culture collections is required as of 2001. However, there have been 

proposals to use genome sequences as the type material for strains (374-378). These 

proposals state that as new methods are developed, they should be able to serve as the 

type material if they unambiguously identify their representative taxa group (375, 376, 

378). Provided that an organism’s genome sequence provides the highest resolution 

material with which to delineate species, we believe that genome sequences are sufficient 

as type material. 

Of the 16 Wolbachia supergroups, isolates from supergroup A (379-383) and supergroup 

B (383, 384) are able to be cultured and maintained in mosquito cell lines. For Wolbachia 

which can be cultured, we would recommend the deposition of the type strain in addition 

to supplying the whole genome sequence as the type material. Although designation of 

the type strain is given priority to the earlier strain, we believe that the initial designation 

should prioritize strains that have available genome sequences and can be cultured and 

deposited into culture collections. 
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Genome quality standards for use as type material 

For largely unculturable organisms such as the Wolbachia, the taxonomic classification 

system is highly dependent on the quality of genome assemblies. To maintain the 

integrity of a classification system based on genomes, we believe that complete genome 

sequences must be used for type material in order to define a novel Wolbachia species. 

The quality of the complete genome sequence must also be held to a minimum standard. 

Wolbachia genomes are widespread in lateral gene transfer events to the host, in which 

large portions of the genome of their Wolbachia endosymbiont are integrated into host 

genomes (385, 386). During assembly, reads originating from the host genome can be 

mistakenly used in the assembly of the Wolbachia genome (387). As an example, the 

currently deposited wAna, Wolbachia endosymbiont of Drosophila ananassae, is likely 

composed entirely of lateral gene transfer events from its host (385, 388), making it 

unsuitable for use in phylogenetic analyses. Additionally, multiple strains of Wolbachia 

from different supergroups have been found within the same host, further confounding 

the assembly of individual Wolbachia genomes (290, 389). However, there are few tools 

to assess contaminations at the assembly level from the host, with contaminations from 

other Wolbachia being even harder to detect (Chapter 5) (390). While these issues may 

eventually be resolved with high fidelity, long read sequencing technologies, at this point 

in time contamination should be addressed at the sequencing level using targeted 

enrichments for specific Wolbachia strains (258). 

Future Directions 

Transitioning the Wolbachia to the traditional species designations used by other 

bacterial genera is no small task and will be done in collaboration with members of 
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Wolbachia research community who have elected to participate. We anticipate first 

designating wPip as the type strain for the genus Wolbachia and the species Wolbachia 

pipientis, which will represent all supergroup B Wolbachia strains. Subsequently, we will 

designated a species epithet for wMel, which will be the type strain for supergroup A 

Wolbachia strains. However, the scarcity of bacterial culture collections able to maintain 

other Wolbachia species requires that we seek an exemption from the International 

Committee on Systematics of Prokaryote such that storage in only one culture collection 

is required. This is how we will seek species designations for the Wolbachia 

endosymbionts of the filarial nematodes Brugia malayi and Dirofilaria immitis. For 

unculturable Wolbachia strains, genome sequences have been proposed as sufficient type 

material for the species designations (375). The genome sequence of an organism 

represents its entire phenotypic potential and, provided that it is shown to be absent of 

erroneous regions originating from chimeric reads or lateral gene transfer regions, we 

believe genome sequences to be sufficient enough to serve as type material for obligate 

intracellular bacteria where the host organism provides ongoing selection for a specific 

strain. As an example, the filarial nematode Onchocerca volvulus cannot be cultured in 

vitro and thus, its Wolbachia endosymbiont wOo can never be stored in a culture 

collection. However, the complete genome sequence of wOo is published and available. 

This may require a rule change that we have already begun discussing with a member of 

the International Committee on Systematics of Prokaryotes such that for unculturable 

organisms, a complete genome sequence can be used as type material. 

Species designations frame how we consider relationships between different strains of 

bacteria. The supergroup designations as they are currently used in the Wolbachia genus, 
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while not intended to be analogous to species designations, function in a similar vein. 

Despite there being a hesitance to designate Wolbachia species in the past, the current 

advances in sequencing technologies and whole genome-based taxonomic methods 

provides an opportune time to assign Wolbachia species designations. While we have 

made strides to adapt species designations to the Wolbachia taxonomy, we intend to keep 

the supergroup designations due to their extensive use in the nomenclature. 

Authors’ Contributions 

M.C. and JCDH wrote and edited the manuscript. 
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Chapter 8: Conclusions 

Considerations for multi-species transcriptomics experiments 

Since its development in 2008, RNA-Seq been increasing used to examine the underlying 

transcriptional signatures responsible for the emergence of specific phenotypes (391-

393). As sequencing technologies continued to improve, it became possible to analyze the 

transcriptomes of multiple species in a single system simultaneously. For such studies, 

the term dual-species transcriptomics was coined to describe transcriptomics studies that 

simultaneously assessed the transcriptional profiles of multiple organisms from a single 

sample (144). Compared to typical transcriptomic studies, dual species transcriptomics 

studies are technically challenging due to the varying proportions of reads between the 

different organisms. In most biologically-relevant infection models studying host-

pathogen interactions with eukaryotic and prokaryotic organisms, the total RNA content 

of the eukaryote outnumbers the prokaryote 10-fold (144). As such, one would have to 

generate at least 10-fold more sequencing reads in order to get adequate coverage of the 

lower abundance member to study these host-pathogen interactions. 

For our transcriptomics analysis, we analyzed the transcriptome of three organisms 

simultaneously across the B. malayi life cycle: B. malayi, its Wolbachia endosymbiont 

wBm, and its vector host A. aegypti. The technical challenges in this study stemmed 

primarily from the vector samples, in which the sequenced reads were ~80% A. aegypti, 

~20% B. malayi, and <0.0001% wBm. As such, the Wolbachia transcriptome in the 

vector life stages has never been assessed before our study. Using the Agilent SureSelect 

(AgSS) RNA-Seq capture system, we were able to extract a meaningful number of B. 
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malayi and wBm reads from all samples to conduct meaningful statistical analyses 

(Chapter 2, Chapter 4). Additionally, we showed that the AgSS capture system did not 

significantly bias the recovered transcriptome from the target organism relative to 

standard enrichments such as the poly(A)-enrichment or poly(A)-, rRNA depletion 

(Chapter 2). 

Our analysis of the AgSS capture platform serves as a proof of concept in its use in multi-

species transcriptomics analyses. By also validating the use of the AgSS platform in host-

pathogen systems involving the fungal pathogen Aspergillus fumigatus, we showed the 

potential of the AgSS in facilitating the transcriptomics studies of complex multi-species 

systems. In addition to being able to extract reads from a secondary or tertiary organism 

in a sample, the AgSS platform can also be used for the detection of low abundance 

transcripts. From our studies, we believe that the AgSS platform and similar RNA-Seq 

capture technologies are necessary for enriching samples in multi-species transcriptomics 

experiments, especially those in which secondary organisms are present in low 

abundance (Chapter 2). 

Prokaryotic-based quantification tools for RNA-Seq analyses 

For our transcriptome analysis of the Wolbachia endosymbiont of B. malayi, wBm, our 

initial results using the RNA-Seq quantification tool HTSeq indicated that a large number 

of multi-gene fragments were not being quantified, but rather marked as ambiguous and 

discarded. These discarded multi-gene fragments included those that spanned genes that 

were transcribed together in an operon, leading to these operonic genes being under-
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counted. We developed FADU as a means to derive meaningful quantification from these 

ambiguous multi-gene fragments to better quantify operonic genes (Chapter 3). 

Ideally, RNA-Seq quantification tools use full-length transcripts to quantify transcripts, 

but due to the vast number of prokaryotic organisms studied, determining the full-length 

transcript sequences for each of these organisms is impossible. Using FADU, we 

assigned proportional read counts for multi-gene fragments based off how much of gene 

is overlapped by a multi-gene fragment. While this allowed us to better quantify operonic 

genes, particularly those of a smaller size, this also led to a small proportion of counts 

erroneously assigned. As an example, counts from fragments that originated from the 

untranslated region of one gene would be incorrectly assigned to an adjacent gene whose 

coding sequence overlapped with the untranslated region. However, without full length 

transcript annotations it becomes impossible to differentiate cases where two genes are 

transcribed together from those that are simply in close proximity.  

As methods for de novo transcriptomics assemblies continue to improve, tools such as 

kallisto or Salmon, which assign ambiguous fragments using an expectation-

maximization algorithm, become more ideal. However, de novo transcriptome assembies 

will continue to have problems with coding-dense genomes, being unable to differentiate 

reads in regions where genes overlaps. As an alternative solution, the improvement of 

transcript and operon prediction technologies can also allow for the better quantification 

of prokaryotic genes in transcriptomics analyses. To this end, we are currently developing 

FADU-O, a software designed for the prediction of operonic structures in prokaryotic 

genomes. By identifying where certain positions in the genome are enriched for the start 
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and ends of reads, we can identify full length transcripts from read data for more accurate 

quantification in prokaryotic transcriptomics experiments. 

The comprehensive transcriptome of lymphatic filariasis in the jird model 

Using the AgSS platform (Chapter 2) and FADU (Chapter 3), we were able to assess the 

transcriptome of B. malayi, its Wolbachia endosymbiont wBm, and its laboratory A. 

aegypti across the entire B. malayi life cycle (Chapter 4). For each organism, we 

identified sets of expression modules correlated with specific times in the B. malayi life 

cycle. To further examine the processes occurring in each of these life stages, a functional 

term enrichment analysis was conducted on each of the expression modules. In A. 

aegypti, we observed an increase in energetics demand alongside an increasing stress 

response that corresponds with the development of B. malayi from its L1 through its L3 

life stages. In B. malayi we identified an upregulation of molting proteins that coincided 

with each of the known molting periods along with an an upregulation of kinases and 

phosphatases in adult males and DNA-binding and chromatin-remodeling genes in adult 

female B. malayi. For wBm we identified very few enriched functional terms 

corresponding to each of its expression modules. However, we did observe the 

upregulation of the 6S RNA, a small RNA regulator of transcription, as B. malayi 

matured to its adult life stages (Chapter 4). 

Our transcriptomics data set is a comprehensive resource that can be used for the 

interrogation of potential drug targets, biomarkers, and vaccine candidates. By combining 

our data set with the published secretomics data sets available, in the future, we can 

identify proteins that are secreted and heavily expressed in the adult or microfilariae life 
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stages to be used as potentially improved biomarkers. For interrogating potential vaccine 

candidates, we were able to obtain two independent expression modules containing genes 

upregulated in the infective L3 larvae life stage and microfilariae, respectively. In the 

future, by querying these sets of genes for surface expression, potential vaccine 

candidates can be identified for testing. 

By further interrogating our transcriptomics data set we can better understand the 

interplay between the three organisms in the jird infection model. For B. malayi and A. 

aegypti, our analysis was conducted at the gene level rather than the transcript level. 

Going forward, we plan on de novo assembling the reads generated from our data set in 

order to determine which specific B. malayi and A. aegypti splice variants are present in 

each of the samples. Additionally, we have another transcriptomics data set designed to 

assess the transcription of B. malayi lateral gene transfer events across the life cycle. For 

this data set, total RNA from each of the samples was enriched for polyadenylated 

transcripts and then captured using Agilent SureSelect probes designed using wBm genes. 

By doing this, we enriched specifically for expressed, polyadenylated B. malayi mRNAs 

with homology to wBm genes. 

BET inhibitors as a potential therapeutic for lymphatic filariasis 

We assessed the adult life stages for potential drug targets using a functional term 

enrichment analysis for each of our recovered expression modules indicating differential 

expression in the adult life stages. We identified an enrichment for chromatin-remodeling 

bromodomain proteins in adult female B. malayi. These proteins included the only two 

members of the bromodomain and extra-terminal (BET) family of transcription factors 
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encoded by B. malayi. Because BET inhibitors are currently being tested as cancer 

therapeutics, BET inhibitors such as JQ1(+) were available and could be easily 

repurposed for testing in vitro. When used to treat adult female B. malayi, JQ1(+) was 

observed to have macrofilaricidal activity and cause sterility at a lower concentration that 

ivermectin, one of the current prescribed therapeutics for lymphatic filariasis (Chapter 4). 

However, despite our promising results. it is important to understand the limitations of 

our in vitro studies using JQ1(+). Plans are currently in place to test the effect of JQ1(+) 

in the jird infection mode for B. malayi. Additionally, the low half-life of JQ1(+) has 

been previously shown to limit its efficacy in humans. However, BET inhibitors with 

longer half-lives have been developed and are currently being tested in human cancer 

clinical trials. We plan to test the efficacy of these other BET inhibitors on adult female 

worms in vitro and potentially in vivo. 

We also plan to identify the mechanism for BET inhibitors in B. malayi. In humans, BET 

inhibitors have been shown to competitively bind to BET proteins to prevent them from 

binding acetylated lysine residues on histones, which inhibits chromatin remodeling. 

While the B. malayi BET proteins have the same two bromodomains identified in the 

human ortholog used to bind the acetylated lysine residues and BET inhibitors, this 

interaction has not been proven in B. malayi. Because in vivo protein-protein interaction 

assays have not been developed in filarial nematodes, we could explore the interaction 

with BET inhibitors against the B. malayi BET proteins by expressing them in a yeast 

expression vector, purifying them, and monitoring their interaction with BET inhibitors 

using techniques such as isothermal calorimetry. Using these models, we would not only 
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be able to confirm whether the BET inhibitors were interacting with the B. malayi BET 

proteins but also identify which BET inhibitors have a higher affinity for binding to the 

B. malayi BET proteins relative to human BET proteins. 

In the case that the in vitro JQ1(+) results do not translate in vivo, we can use our 

transcriptomics data set to identify other potential drug targets for testing. While we 

focused on targeting the chromatin-remodeling proteins upregulated in adult female B. 

malayi, we also observed male-specific kinase signaling cascades as well as life stage 

specific G-protein coupled receptors that could potentially be inhibited to induce adult 

nematode death. Additionally, using our transcriptome data, we can identify several 

expressed transcribed lateral gene transfers in B. malayi, termed nuwts (nuclear 

Wolbachia transfers) (259). Transcribed nuwts represent an attractive therapeutic target 

for lymphatic filariasis due to their presence in both B. malayi and its Wolbachia 

endosymbiont but not the vertebrate host. If these nuwts are functional and present in 

both wBm and B. malayi, the growth and development of both organisms can be 

hampered by targeting just a single gene while being less likely to have any harmful 

effect to the host. 

The state of the Wolbachia taxonomy 

The current Wolbachia taxonomic scheme uses supergroup designations in place of the 

species designations used by other bacterial genera. Despite this, the supergroup 

designations are confusing to those unfamiliar to the field, with supergroups not 

intending to be analogous to the standard species designations used in other bacterial 

genera. While in the past, the Wolbachia community has been hesitant to embrace species 
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designations due to the lack of resolution obtained with species delimiting methods such 

as 16S rRNA sequencing, we presented a method to assign species using core genome 

alignments at the Wolbachia Conference 2018 in Salem, MA. Using our method, we re-

visited the taxonomic schemes of every genera within the Rickettsiales and recommended 

alternative species designations and in some cases, genus designations. In particular, we 

showed that the supergroup designations currently assigned to the Wolbachia need to be 

revised (Chapter 6). 

We have been coordinating a community-wide effort in restructuring the Wolbachia 

taxonomy to replace the existing supergroups with species designations. To officially 

assign species designations, we have been following the guidelines set by the Code of 

Nomenclature written by the International Committee on Systematics of Prokaryotes. 

While the code is agnostic of the method for species delimitation, the code does outline 

several requirements for the establishment of a new species. The designation of a novel 

species requires deposition into two culture collections in different hemispheres of the 

world. Because the Wolbachia are intracellular bacteria, we have been reaching out to 

culture collections to see whether they would store intracellular Wolbachia in mosquito 

or nematode cell lines. Additionally, we plan on establishing minimum criteria needed for 

using genome sequences as type material, centered on ensuring that the Wolbachia 

genomes used as type material are free of lateral gene transfer sequences (Chapter 5, 7). 

Once all the criteria have been met, we plan on publishing manuscript detailing each of 

the different re-classified Wolbachia species (Chapter 7). 
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Additionally, our work has also shown that Rickettsia species are too liberally assigned 

while the Anaplasma and Neorickettsia should be each split into two separate genera. We 

plan to reach out to each of these communities individually in regard to our proposed 

taxonomic changes. 
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