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of B. malayi ESP have identified secreted TGF-B family members (23-25). In O. volvulus and O. ochengi, 

TGF- family members were reported to be expressed in the basal layer of the cuticle, the intestine, and 

the reproductive tracts of male and female adult worms, including in the uterine and vaginal muscles, 

but no attempt to measure secretion was undertaken (145). In contrast, ESP from the gastrointestinal 

nematodes Heligmosomoides polygyrus and Teladorsagia circumcincta both contain TGF- mimics that 

can signal through the mammalian TGF- receptor, inducing regulatory T-cells in vitro (146). Although H. 

polygyrus also transcribes a TGF- family member (147), this has been proposed to have a 

developmental role, and could not be detected in proteomic studies of H. polygyrus ESP (148, 149). 

While it is unknown whether the O. ochengi TGF- homologs identified here can signal through the 

mammalian TGF- receptor in a similar manner to Bm-TGH-2, or simply have an internal developmental 

role associated with “spill-over” into the mammalian host, their presence in NF is suggestive of an active 

immunomodulatory function. 

An initial analysis of the wOo proteome has been published, in which 122 proteins were 

identified from AF (37). The limited number of additional identifications achieved in the current study 

was anticipated, since the published analysis was based on a semi-purified sample of bacteria, whereas 

no biological fractionation of O. ochengi was attempted here and Wolbachia proteomes have a 

substantial dynamic range (150). A comparison of the wOo proteome with that of its counterpart in B. 

malayi has been explored previously (37). It has been postulated from proteomic data obtained from 

Wolbachia within B. malayi, which was dominated by single-peptide identifications as in our study, that 

the endosymbionts exhibit extensive stage-specific expression during filarial development (26). 

Considering the stochastic nature of peptide identifications from very low abundance proteins, we find 

this scenario unlikely and in any case conflated by the substantial changes in Wolbachia density 

throughout the filarial lifecycle. 
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On the basis of the quantities of bovine antimicrobial proteins observed in NF, Wolbachia 

appears to be a major driver of innate immune responses in the nodule. Depletion of Wolbachia 

endosymbionts with antibiotics leads to a decline in neutrophilia in O. ochengi nodules and an influx of 

eosinophils, which degranulate on the parasite cuticle and ultimately kill the adult nematodes (36, 122). 

Wolbachia proteins that are known to activate neutrophils include WSP (151) and PAL (152), and GroEL 

may also have a role as there are precedents in other bacteria (153). Surprisingly, and in contrast with 

AF ESP from L. sigmodontis (43), we did not consistently detect Wolbachia proteins in NF. However, 

since WSP has been detected on the surface of B. malayi (154) and L. sigmodontis (43), symbiont 

proteins on the cuticle (rather than secreted products) may be a more important trigger for neutrophil 

activation in onchocerciasis. Both cathelicidins (124) and PGLYRP1 (155) have potent antibacterial 

activity, and might be liberated by neutrophils following activation of Toll-like receptors 2 and 4 by WSP 

(156). Importantly, although Wolbachia lacks a peptidoglycan-based cell wall (157), PGLYRP1 has been 

reported to kill other pathogens that lack peptidoglycan (158). 

 

Conclusions 

We have revealed a remarkable complexity and dynamism of the O. ochengi proteome 

throughout the major lifecycle stages, particularly with respect to mitochondrion-associated proteins, as 

well as the presence of TGF- homologs in the O. ochengi secretome. In addition, the developmentally 

regulated protein families that have been identified in O. ochengi are represented by almost identical 

orthologs in O .volvulus, suggesting that their patterns of expression will be conserved in the human 

parasite. While L3 have historically been the main focus of attention for vaccine design, our data on the 

overrepresentation of the peptidase M16 family suggests that it may be possible to design drugs to 

target this stage; whereas another potential source of vulnerability for both immunoprophylactic and 

chemotherapeutic approaches is embryogenesis. Indeed, mutated forms of cysteine proteinase inhibitor 
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are highly effective at reducing female worm fertility in B. malayi (14) and microfilaraemia in L. 

sigmodontis (13), and immunologically targeting of triosephosphate isomerase can also impede 

embryogenesis in B. malayi (113). The evaluation of the ShK-domain protein as a vaccine in animal 

models is now a priority, and other components of the nodule secretome may constitute promising new 

diagnostic biomarkers if they can be shown to reach the peripheral circulation. In conclusion, the O. 

ochengi system in cattle will continue to play a critical role in our understanding not only of O. volvulus 

biology, but the means to its ultimate eradication. 
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[FIGURE LEGENDS] 

FIG. 1. The lifecycle of Onchocerca ochengi, highlighting the sampling strategy of this study. Simulium 

damnosum blackflies were blood-fed on naturally infected Cameroonian cattle harbouring Mf in their 

skin. The blackflies were reared in the laboratory for 7 days and vL3 [1] were obtained on dissection of 

the head. To obtain NF, freshly excised intradermal nodules containing adult O. ochengi were pricked 

with a hypodermic needle [2], and the expressed liquid was collected. For the harvesting of adults, 

ethanol-fixed nodules were digested with collagenase to ensure minimal host contamination on AF [3], 

whereas AM [4] were obtained directly from freshly dissected nodules. Finally, iuMf [5] were collected 

from viable AF by puncture of the uteri and harvesting of culture supernatants. 

 

FIG. 2. Venn sets of protein identifications by lifecycle stage and proteomic methodology. The total 

number of proteins identified in O. ochengi (A) and wOo (B) in each stage, and the total number of 

proteins identified in O. ochengi (C) and wOo (D) by methodology. Protein identifications contained in 

each set are provided in supplemental Table S2. 

 

FIG. 3. Venn sets of proteins identified in O. ochengi compared with published data for B. malayi. The 

number of orthologous (blue circles, B. malayi; yellow circles, O. ochengi) and non-orthologous (lilac 

circles, B. malayi; beige circles, O. ochengi) proteins is shown for (A) all stages combined, (B) AM, (C) AF, 

(D) iuMf and (E) vL3. Note that the number of proteins per stage is lower than in Fig. 2 due to the 

exclusion of paralogous gene families. Protein identifications contained in each set are provided in 

supplemental Table S3. 

 

FIG. 4. Pfam enrichment analysis across the lifecycle of O. ochengi. Hierarchically clustered heat-map 

of protein families that were significantly overrepresented (p < 0.01) in the observed proteome (≥2 
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unique peptides) relative to the complete search database. The intensity of shading is proportional to 

fold-enrichment. 

 

FIG. 5. Detection and phylogeny of GST-domain proteins observed across the O. ochengi lifecycle. (A) 

Distribution of GST-domain proteins in each lifecycle stage (black, detected with ≥2 unique peptides; 

grey, detected with one unique peptide only; white, not detected). (B) Phylogenetic neighbour-joining 

tree of GST-domain proteins identified from O. ochengi (in bold type) displaying classes present in C. 

elegans, Drosophila melanogaster, Homo sapiens, Mus musculus, and selected parasitic nematodes and 

platyhelminths. Numbers shown alongside branches are bootstrap values of 1,000 replications. 

Complete accession numbers for all GST-domain sequences are provided in supplemental Table S4. 

MAPEG, membrane associated proteins in eicosanoid and glutathione metabolism; mPGES2, membrane-

associated prostaglandin E synthase 2; CLIC, chloride intracellular channel protein; EF, eukaryotic 

elongation factor 1-. 

 

FIG. 6. Domain structure and lifecycle distribution of peptidase family M16 domain proteins. 

Schematic representation of O. ochengi peptidase family M16 domain proteins and their orthologs in O. 

volvulus. Locus tags containing the suffix “m” refer to modified O. ochengi gene models that were 

manually corrected using O. volvulus gene models as a template. Text in blue refers to the lifecycle 

stages in which the proteins were detected (≥2 unique peptides). Protein signature identifiers from 

InterProScan 5 (53) are provided for the N- and C-terminal peptidase M16 domains. 

 

FIG. 7. Abundant O. ochengi proteins in nodule fluid and structure of a ShK-domain protein. (A) 

Proteins in NF were quantified by the Hi-3 method and ranked by abundance; the top 30 (from a total of 

94 robustly identified) are shown. An asterisk indicates prediction of a classical signal peptide, whereas a 
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plus sign demarks proteins predicted to be secreted by a non-classical pathway. (B) Reconstruction of a 

full-length, six ShK-domain protein in O. ochengi using the O. volvulus gene model OVOC2486 as a 

template, and alignment against the L. sigmodontis ortholog nLs_04059. Highlighted features comprise 

predicted signal peptides (orange boxes), ShK toxin-like domains (black boxes), conserved cysteine 

residues (yellow shading), predicted propeptide cleavage sites (red boxes), and lysyltyrosine dyads (bold 

type). Residues in different colours represent translations from separate contigs. 

 

FIG. 8: TGF- homologs detected in O. ochengi nodule fluid. Alignment of O. ochengi TGF- homologs 

from NF against orthologs from O. volvulus and B. malayi. Highlighted features comprise predicted signal 

peptides (red boxes), start methionines (red type), tetrabasic protease cleavage site (cyan shading), 

conserved cysteines (yellow type and black shading), potential N-glycosylation motifs (blue boxes), and 

peptides detected by MS (orange type). The green box represents the corrected C-terminus of 

nOo_02612. 

 

FIG. 9. Protein interaction network of the most abundant bovine proteins in nodule fluid. The 100 

most abundant bovine proteins in nodule fluid, as determined by the Hi-3 method, were subjected to 

network analysis. The significantly enriched GO term “defence response” (FDR-corrected p < 0.01) is 

highlighted by the red nodes, and orange boxes contain normalised (log2) abundance values. CAMP, 

cathelicidin-7; CATHL2, cathelicidin-2; CATHL4, cathelicidin-4; FGA, fibrinogen alpha-chain precursor; 

FGB, fibrinogen beta-chain precursor; AHSG, alpha-2-HS-glycoprotein; HP, haptoglobin precursor; LTF, 

lactotransferrin; MIF, macrophage migration inhibitory factor; COTL1, coactosin-like protein; PRDX1, 

peroxiredoxin-1; ORM1, alpha-1-acid glycoprotein precursor; C3, complement C3 preproprotein; 

PGLYRP1, peptidoglycan recognition protein-1. 
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nOo_02612       MKLLLAASIHSIFLA SSLFSSSQSTTTYGTTVWRHLSSNNNNNNNHSCHGCAEARDELAK 60  
OVOC7660        MKLLLAASIHSIFLA SSLFSSSQSTTTYGTTVWRHLSSNNNNNNNHSCHGCAEARDELAK 60  
Bm- TGH- 2        MT- FIAV SIHSIFLA LSL- SCSPS-- THGTTAWHHHS------- NHSCHGCAEARDELAK 49  
nOo_06906       ------------------------------------------------------------   
OVOC7290        ------------------------------------------------------------   
Bm9118          ------------------------------------------------------------                                                                                 
 
nOo_02612       IRLEIIKREILEK LGLDAPPQVRPQDGFPTIPQVAKYLKYQLRYDSPVASMQHTSFLADE 120  
OVOC7660        IRLEIIKREILEKLGLDAPPQVRPQDGFPTIPQVAKYLKYQLRYDSPVASMQHTSFLADE 120  
Bm- TGH- 2        IRLELIKREILEKL GLDAPPQVRPQDGFPAIPQVAKYLKYQLRHDS- VTTSVHTSFLADE 108  
nOo_06906       ------------------------------------------------------------   
OVOC7290        ------------------------------------------------------------   
Bm9118          ------------------------------------------------------------                                                                                 
 
nOo_02612       LMMPERKAERTIVLAEQIPAHFNLNPDQVFAHFKFSDELMSKLLLSTVLNIYL QKSTKLH 180  
OVOC7660        LMMPERKAERTIVLAEQIPAHFNLNPDQVFAHFKFSDELMSKLLLSTVLNIYL QKSTKLH 180  
Bm- TGH- 2        LMLPERKAERTIVLAE-------------------------- LLLSAVLNIYL RKPTKLH 142  
nOo_06906       - MFQCFSAKSSLLVAI-------------------------- I LICF VCQI NKSSSSSLS 33  
OVOC7290        - MFQCFSAKSSLLVAI-------------------------- I LICF VCQI NKSSSSSLS 33  
Bm9118          ------------------------------------------------------------                                                                                 
 
nOo_02612       PDSRIA AVQVLVKEVI KNGSIGAALAERKRHI DLSKDGYIQIPIR VDDVQRWWSSNDFI G 240  
OVOC7660        PDSRIAAVQVLVKEVI KNGSIGAALAERKRHI DLSKDGYIQIPIRI DDVQRWWSSNDFI G 240  
Bm- TGH- 2        PDSRIATVQVLVKEVVKNGSIGAALAERKRHVDLSKDGYIQIPIRVDDVQRWWSGNDFMG 202  
nOo_06906       ---- I LSFLISPNLPLPSPSTSPMPCSSGNHLFEAN------------ EQLFFASRSIDK 77  
OVOC7290        ---- I LSFLISPNLPLPSPSTSPMPCSSGNHLFEAN------------ EQLFFASRSIDK 77  
Bm9118          ------------------------------------------------------------                                                                                 
 
nOo_02612       LYVEAFYKGENLALHPQHDSKNMMYLELTTMEEWSRHKRSYQEVCTKEMNEPSCCLYSLV 300  
OVOC7660        LYVEAFYKGENLALHPQHDSKNMMYLELTTMEEWSRHKRSYQEVCTKEMNEPSCCLYSLV 300  
Bm- TGH- 2        LYVEAFYKGENLAIHPQQDSKNMMYLELTTVEEWGRRKRSYQEVCTKEMNEPSCCLYSLV 262  
nOo_06906       KLPMPIHHSTKPN I GFRKSKNKYTSTSDKGYRNHTRKRRDIDQDCTTGF---- CCLKIMY 133  
OVOC7290        KLPMPIHHSTKPN I GFRKSKNKYTSTSDKGYRNHTRKRRDIDQDCTTGF---- CCLKIMY 133  
Bm9118          ------------------------------------------------------------                                                                                 
 
nOo_02612       VDFEAAGWDFVI APKLYDAHMCSGECHLHHVVRSP----- HSKIT-- SSTKKNAVSGCCH 353  
OVOC7660        VDFEAAGWDFVI APKLYDAHMCSGECHLHHVVRSP----- HSKIT-- SSTKKNAVSGCCH 353  
Bm- TGH- 2        VDFEAAGWDFVI APKLYDAHMCSGECRLHHAGRSA----- HSKIT-- SSTKKNAVSGCCH 315  
nOo_06906       F DFHEHGMDNI I SPSGFNMNICEGECRTDIPTNDRNTLTFYDEYD- PESPFKIR LS- CCV 191  
OVOC7290        F DFHEHGMDNI I SPSGFNMNICEGECRTDIPTNDRNTLTFYDEYD- PESPFKIRL S- CCV 191  
Bm9118          ------- MDNI I RPSGFNMNFCDGECNMQIETNDRDALILQDRINHPESPFRRRLS- CCI 52  
 
nOo_02612       PTEYDPI TLVYMTQEKELKI REVPGMIARRCACA-  387  
OVOC7660        PTEYDPI TLVYMTQEKELKI REVPGMIARRCACA-  387  
Bm- TGH- 2        PTEYDPI TLVYMTQEKELKI REVPGMIARRCACA-  349  
nOo_06906       PIK WSSI EVVENRNGIEFN- RTLENVKVTECGCIL 225  
OVOC7290        PIKWSSI EVVENRNGIEFN- RTLENVKVTECGCIL 225  
Bm9118          PIKWSSVEIVEFRNGTEFN- RVLENVKVMECGCVI 86  
 
 

 

Figure 8 
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