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Bloodmeal host identities among
sympatric Glossina austeni and
Glossina pallidipes tsetse flies in
Shimba Hills National Reserve,
Kwale, Kenya
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Patrick Omondi2 and Paul O. Mireji 1*

1Biotechnology Research Institute, Kenya Agricultural and Livestock Research Organization,
Kikuyu, Kenya, 2Wildlife Research and Training Institute, Naivasha, Kenya, 3Department of
Biochemistry and Molecular Biology, Egerton University, Njoro, Kenya, 4Center for African Medicinal
and Nutritional Flora and Fauna, Masinde Muliro University of Science and Technology,
Kakamega, Kenya
Odor from preferred/non-preferred tsetse fly vertebrate hosts have been

exploited in R&D of attractants/repellents of the fly for human and livestock

protection. Odors from vertebrate hosts of Glossina austeni and Glossina

pallidipes tsetse flies can facilitate formulation of novel attractants effective

against G. austeni or improvement of existing attractant blends for G.

pallidipes. We compared vertebrate blood meal sources of both fly species at

Shimba Hills National Reserve, Kenya, to establish putative preferred host of

either species, hence potential source of G. austeni or G. pallidipes specific

odors. We trapped sympatric adult flies in 2021 and 2022 using NGU traps/sticky

panels baited with 3-propylphenol, octenol, p-cresol, and acetone (POCA),

collected their blood meals and characterized the meals using High Resolution

Melting (HRM) vertebrate 16S rRNA- PCR (for host identification), and compared

host profiles using GLM and Fisher’s exact tests. We collected 168 and 62

sympatric G. pallidipes and G. austeni with bloodmeal, respectively in 2021

and, 230 and 142 respectively in 2022. In 2021, we identified putative hosts of

65.48 and 69.35% of the G. pallidipes and G. austeni respectively and 82.61 and

80.28%, respectively in 2022. In 2021, we detected harnessed bushbuck, buffalo,

common warthog and cattle putative host bloodmeals, and additionally bushpig

and suni antelope bloodmeals in 2022. Putative vertebrate bloodmeal sources

were significantly different by tsetse fly species (c²(1, N=457) = 43.215, p < 0.001)

and sampling year (c²(1, N=457) = 8.044, p = 0.005). Frequency of common

warthog bloodmeals was higher in G. pallidipes (65.79%) than in G. austeni

(38.60%), and that of suni antelope and harnessed bushbuck putative bloodmeals

higher in G. austeni (21.05-28.07%) than in G. pallidipes (6.84 - 17.37%) in 2022.

There was an apparent change in putative feeding preference/host choices in

both fly species between 2021 and 2022. Host bloodmeals in G. pallidipes or G.
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austeni predominantly from putative harnessed bushbuck, suni antelope or

common warthog reveal that these vertebrates have potential odors that can

be harnessed and formulated into appropriate attractants for respective species

and integrated into routine control regiment for G. pallidipes and/or G. austeni.
KEYWORDS

tsetse fly, bloodmeal identification, tsetse fly (Glossina spp.), G. pallidipes, G. austeni,
host preference
Introduction

Human African Trypanosomiasis (HAT) and Animal African

Trypanosomiasis (AAT) are among the most Neglected Tropical

Diseases with devastating health and economic consequences in

sub-Sahara Africa (1, 2). African trypanosomes that cause HAT and

AAT are transmitted by different groups of tsetse species that have

far-reaching impacts on human and animal health. With no

effective vaccines against HAT and AAT, vector control remains

the cornerstone of disease suppression and eradication. Bait

technologies based on visual and olfactory responses to natural

visual cues and synthetic blends of attractants, that mimic those of

natural hosts, have successfully been applied in tsetse fly control (3).

These technologies are environment friendly (4), and especially

applicable for savanna species. Attractants include various phenolic

derivatives (5, 6) of host-emitted and excreted metabolic products,

carbon dioxide, acetone, and 1-octen-3-ol (7–12), which have been

formulated into POCA (3-propylphenol, octenol, p-cresol and

acetone) with enhanced attraction to and routinely used for

control of Glossina pallidipes and most savannah species (10, 13).

Natural responses in tsetse flies to this and/or other odors vary

between species among conspecific populations and sexes, (11, 14–

16). Relative avoidance of tsetse fly-refractory animals is mediated

by specific repellent constituents or blends emitted by these

animals. These compounds include guaiacol (methylphenols), d-
octalactone, methylketones (14, 17) and 2-methoxy-4-

methylphenol (18). This has stimulated the development of

‘push-pull’ tactics that integrate attractant baits with use of

controlled release of repellents or blends on preferred hosts to

push target tsetse flies to the attractant bait. Compositions of odor

profiles of attractive or refractory host animals, which can aid in the

formulation of attractant and repellent blends effective on Glossina

austeni (for which there are no known attractants or repellents), or

new compounds, which can enhance the attraction of the current

blend (19) or POCA (which are sub-optimally active compared to

natural odor from attractive hosts) to G. pallidipes and other

savannah tsetse species have not been established. To date, no

effective attractants or repellents have been characterized for G.

austeni tsetse fly and riverine tsetse species, such as Glossina

fuscipes fuscipes.

In Kenya, at least two tsetse species occur in sympatry, which

necessitates development of tsetse control tools that target the

species in sympatry within tsetse habitats for significant
02
disruption of trypanosome transmission. In Shimba Hills

National Reserve along the coast of Kenya, G. pallidipes occur in

sympatry with G. austeni (20). Glossina pallidipes is attracted

mainly to Bovidae and warthog as revealed by analyses of host

bloodmeals from field caught flies (21, 22). The results are

consistent with previous studies on the attraction of body odor of

buffalo and ox (17) and blends of constituents of fermented cattle

urine to G. pallidipes (8, 10, 11, 23). Common warthog

(Phacochoerus africanus), hippopotamus (Hippopotamus

amphibious), African elephant (Loxodonta africana), giraffe

(Giraffa camelopardis) and baboon (Papio spp.) have been

identified as optional blood meal sources for G. pallidipes (24,

25), feeding on them when available. While G. pallidipes responds

well to POCA, G. austeni does not (26), indicating potential

differential host preferences between the two tsetse fly species. No

effective attractant has been established against G. austeni and only

single forensic bloodmeal assessment of limited laboratory curated

specimens has associated G. austeni host preference to bushpig

(Potamochoerus larvatus) (27). Identification of natural differential

host preferences between the two sympatric species can help

establish additional host candidates that can be exploited to

formulate new or improved attractants against either species.

We therefore initiated this study to see if there are differences in

feeding profiles of sympatric G. austeni and G. pallidipes during

2021 and 2022 in Shimba Hills National Reserve, as revealed by

their bloodmeals and associated vertebrate hosts.
Materials and methods

Ethics statement

Clearance for this research in protected areas was provided by

Kenya Wildlife Service (KWS), and Wildlife Research and Training

Institute Research Authorization committee via Permits KWS/

BRM/5001 and WRTI-0198-06-22.
Study location

We conducted our studies at Shimba Hills National Reserve

(004° 15’ 26’’S, 039° 23’16’’E) (altitude 403 m) in Kwale County,

Kenya where wild populations of G. pallidipes and G. austeni occur
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in sympatry. The reserve is an enclosed area of about 250 km2

surrounded by human habitats, where livestock herding is common.

The reserve has several large mammal populations that include

elephants, harnessed bushbuck, duikers, giraffes, leopards,

monkeys, hartebeest, common warthogs, buffalos, suni antelope,

sable antelopes and bush pigs. The reserve is rich in flora

characterized by areas of coastal rain forest, dense semi-evergreen

woodland, open woodland, savannah and open grasslands. The area

typically experiences long and short rainy seasons from April to

June, and October to November, respectively. Mean annual rainfall

in the reserve ranges between 855 and 1682 mm. Maximum daily

temperatures are highest in March and November, often reaching

30-31°C. June to July are the coolest months, with daily maximum

temperatures of 26-27°C.
Study design and sample collection

Due to dense forest and other vegetation cover of our study

area, we initiated our study by mapping for tsetse presence in

accessible sites, within the reserve where G. austeni and G. pallidipes

are sympatric. To achieve this, we identified blocks of accessible

areas, randomly placed NGU cloth traps baited with POCA (28, 29)
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1-5 km apart within the blocks and collected trapped tsetse flies 24

hrs post deployments between December 2020 and June 2021. Each

trapped tsetse fly was identified using taxonomic keys (30). The data

informed us on blocks with sympatric G. austeni and G. pallidipes

populations. We subsequently selected these blocks for our

definitive sampling from August 28-September 24, 2021, and June

24-July 9, 2022. For the definitive sampling, we placed NGU cloth

traps baited with POCA and sticky panels (31) totaling to 146

around tree trunks in alternating pattern at intervals of at least 100

meters. While G. pallidipes were attracted by both the visual

reflectance of the traps as well as the olfactory attractants

deployed, G. austeni were attracted to the trap visually (32), since

no effective attractants of G. austeni have been characterized and

formulated. We deliberately incorporated sticky panels since our

study targeted only fed flies that typically rest on cool and shaded

areas and avoid baited NGU cloth traps which are biased towards

sampling hungry host-seeking flies. We geo-referenced all our

sampling sites. We deployed 24 traps and sticky panels within

our four definitive sampling blocks (Figure 1B) and collected

trapped flies at 1700 hrs each day to cover the morning and

afternoon peaks, coincident with significant interaction between

tsetse flies and their respective hosts (22). This duration covered the

bimodal and unimodal tsetse peak activity periods for G. pallidipes
A

B

FIGURE 1

Map of sampling sites for (G) pallidipes and (G) austeni tsetse flies in Shimba Hills National Reserve in Kwale County, Kenya. Tsetse flies were
sampled in the reserve in two phases. First phase identified spatial locations/sites within reserve with (G) pallidipes and/or (G) austeni tsetse flies (A).
Second phase focused on the locations/sites among those identified in the first phase where both tsetse fly species were sympatric (B).
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and G. austeni respectively. We labelled the cages at collection,

sedated the flies with chloroform, transferred them into 15 ml

falcon tubes, preserved them in cool boxes containing icepacks and

transported them to the laboratory. In the laboratory, we identified

the flies to species level using taxonomic keys (30). Briefly, we

distinguished G. pallidipes from G. austeni species using differences

in 1) position of their median lobes between superior claspers, 2)

adnominal colors and banding patterns and 3) color of the hind

tarsi morphological features. Median lobes in G. austeni project out

beyond general line of the superior claspers while those in G.

pallidipes do not. Dorsal surface in G. austeni is sandy reddish-

brown and not strongly banded on abdomen while in G. pallidipes

the surface is dark, and the abdomen strongly banded. Dark color

on hind tarsi in G. pallidipes is limited to last two tarsal segments,

but not in G. austeni. We further distinguished the two species from

Glossina brevipalpis sympatric with the two species in the study area

(but not involved in our study) by presence of hairy fringe to the

squamae (in G. brevipalpis). We visually established feeding status

of the tsetse flies and confirmed by microscopic dissection and

examination of their gut contents. We removed and either squashed

the midgut contents on a partitioned and clearly labelled

Whatman® filter paper no. 1 or placed them, individually, in

1.5ml of 70% ethanol in Eppendorf tubes. We prepared and

documented the smears and tubes from samples collected in each

site and trap/panel for tsetse species (30) to get a representative

sample per species. We air dried the smears under shade, wrapped

them with grease proof aluminum foil and stored the samples inside

an airtight desiccator. We kept the samples dry using a self-

indicating silica gel which we replaced as necessary until the

samples were transported to the Kenya Wildlife Services (KWS)

Forensic and Genetics Laboratory. We stored both smeared and

ethanol preserved samples at 4°C.
Molecular analysis for host
species identification

We cut out discs of about 1 cm diameter from blood spots on

the sample holding filter papers, shredded them into finer pieces

and separately placed them into 1.5ml centrifuge tubes for DNA

extraction. Genomic DNA was extracted using extraction kits

(Bioline, London, UK) in accordance with manufacturer’s

instructions. We also extracted DNA from ethanol-preserved fly

gut samples using DNeasy Blood and Tissue extraction kit (Qiagen,

Germany) following manufacturer’s instructions. In both cases, we

stored genomic DNA of all samples at -20°C until required for host

blood-meal identification. For host blood-meal identification, we

employed PCR coupled with high-resolution melting (HRM)

analysis of vertebrate 16S rRNA gene product as previously

described (33) using PCR-HRM thermal cycler (Qiagen,

Germany). We targeted two (cytochrome b and 16S ribosomal

RNA) vertebrate mitochondrial genes to select the most sensitive

gene. We amplified 16S ribosomal RNA gene with Vert 16S

(Forward primer 5’ -GAGAAGACCCTRTGGARCTT-3’ and Vert

16S Reverse primer 5’ -CGCTGTTATCCC TAGGGTA-3’)

targeting approximately 200bp region. We used 15μl reaction
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volumes constituting 4μl Hot firepol 5X Evergreen (Master Mix),

0.5μl of 10 pmol vertebrate 16S rRNA gene forward and reverse

primers (34), 8μl of PCR grade water and 2μl of template DNA. We

set the touch-down PCR amplification conditions as follows: initial

holding temperature at 95°C for 15 minutes followed by 10 cycles at

94°C for 30 seconds, 63.5°C for 30 seconds and 72°C for 45 seconds.

We set another 25 cycles at 94°C for 30 seconds, 50.5°C for 30

seconds and 72°C for 45 seconds, and the final extension at 72°C for

10 minutes. We included both positive and negative controls (non-

template) for assay quality assurance. We conducted PCR and HRM

analyses using Rotor-Gene Q software version.2.1.0.9. We

conducted HRM ramping from 75°C to 95°C, rising by 0.1°C

each step with a wait of 2 seconds for each step afterwards as

described by Nyamota et al. (35). We analyzed HRM profiles using

Rotor gene 2.1.0.9 software, with normalized regions between 78°C

and 92°C. We then purified amplicons representative of each

unique HRM profile using ExoSAP-IT™ (Applied Biosystems)

according to the manufacturer’s instructions. We submitted the

amplicons to Inqaba Biotec™, South Africa, for unidirectional

Sanger sequencing. We analyzed and aligned the sequences using

Bioedit version 7.0.5.3 software (36), and confirmed the vertebrate

species by sequence alignment and ≥99% homology via Basic

Alignment Search Tool (BLAST) (37) against National Center for

BioTechnology Information (NCBI) non-redundant (nr)

nucleotide-nucleotide database (https://www.ncbi.nlm.nih.gov/

nucleotide/) accessed on 15, 10, 2022.
Data analysis

The focus of our analysis was to determine differences in feeding

preferences between G. pallidipes and G. austeni, based on counts of

host identified in our 2021 or 2022 sampling periods.

We coincidentally therefore fitted a generalized linear model

(GLM) with Poisson distribution incorporating negative binomial

log link function to establish overall or specific association between

tsetse fly species (G. pallidipes, G. austeni) or year of sampling

(2021/2022) (independent variables) and frequency of bloodmeals

from putative vertebrate hosts (dependent covariates). We dropped

data that did not fit the model. In all analyses, we considered P value

below 0.05 as significant. We conducted all analyses using IBM

SPSS version 22.0 (IBM Corp, Armonk, New York, USA).
Results

Sympatric tsetse fly populations

We collected 11691 and 1843 G. pallidipes and G. austeni tsetse

flies respectively in our initial assessment of spatial distribution of

both species across the reserve between December 2020 and June

2021 (Figure 1A). We subsequently identified 24 sites where the fly

species were sympatric (Figure 1B) and from where we collected 168

and 62 G. pallidipes and G. austeni flies with bloodmeals,

respectively between August 28 and September 24, 2021. We

successfully extracted DNA from bloodmeals of 110 G. pallidipes
frontiersin.org
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and 43 G. austeni, of this population. We collected additional 230 G.

pallidipes and 142 G. austeni, sympatric flies from the same sites

(Figure 1B) between June 24 and July 9, 2022. Out of these we

successfully extracted DNA from bloodmeals of 190 and 114 of G.

pallidipes and G. austeni respectively.
Putative vertebrate host identification

Our PCR-HRM analysis of bloodmeals identified putative sources

(hosts) of bloodmeal for 87G. pallidipes and 41G. austeni in 2021, and

190 and 90 of the samples, respectively collected in 2022.Among these,

the 2021 bloodmeal sampleswere putatively associatedwith harnessed

bushbuck (Tragelaphus scriptus, 16S RNA GenBank accession

JN632707), buffalo (Syncerus caffer, 16S RNA GenBank accession

JQ235547), common warthog (Phacochoerus africanus) (16S RNA

GenBank accession OK183892) and cattle (Bos Taurus, 16S RNA

GenBankaccessionOK183899), (FigureS1A).Thebloodmeal samples

collected in 2022 were also associated with all species we identified in

the samples we collected in 2021, and additionally included bushpig

(Potamochoerus larvatus, 16S RNA GenBank accession GQ338948)

and suni antelope (Neotragusmoschatus, 16SRNAGenBankaccession

JN632669) (Figure S1B) for both tsetse fly species. Overall, profiles of

putative vertebrate bloodmeal sources were significantly different by

tsetse fly species (c²(1, N=457) = 43.215, p < 0.001) and year of sampling

(c²(1, N=457) = 8.044, p = 0.005), with more vertebrates bloodmeals

associated with G. pallidipes than G. austeni, and with higher

frequencies in 2022 than in 2021 (Figure 2). We detected

significantly more putative harnessed bushbuck bloodmeals in G.

austeni than in G. pallidipes (c²(1, N=457) = 4.516, p =0.034).

Frequency of putative bloodmeals from buffalo was similar among
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tsetse fly species (c²(1, N=457) = 2.250, p =0.134) and year of sampling

(c²(1, N=457) = 3.063, p =0.080). On the other hand, bloodmeals from

putative common warthog were more frequent in 2022 than in 2021

(c²(1, N=457) = 19.472, p < 0.001) and inG. pallidipes than inG. austeni

(c²(1, N=457) = 9.878, p =0.002). We only detected bloodmeals from

putative bushpig (c²(1, N=457) = 27.04, p < 0.001), or suni antelope (c²(1,
N=457) =45.256,p<0.001)hosts in2022,withbloodmeals fromputative

bushpig significantly predominant in G. pallidipes than in G. austeni

(c²(1, N=457) = 4.000, p = 0.046), and those from putative suni antelope

more predominant in G. austeni than in G. pallidipes (c²(1, N=457) =
4.000, p = 0.046). Data on bloodmeal associated with putative

bloodmeals from cattle did not fit the GLM model and were thus not

considered for analysis.
Discussion

The current study was focused on identifying vertebrate hosts

associated with bloodmeals in sympatric G. pallidipes and G. austeni

tsetse flies in ShimbaHillsNational Reserve, Kwale, Kenya in 2021 and

2022. We established that although bloodmeals in both tsetse fly

species were derived from six vertebrate species (bushbuck, buffalo,

common warthog, cattle, bushpig and suni antelope), in 2022 those

fromwarthogpredominated inG. pallidipes, and those frombushbuck

and suni antelope predominated in G. austeni. These bloodmeal

identities potentially reflect actual host choices/preferences in the

two species and could have also been influenced by available

vertebrate host sustaining the fly populations in the reserve. These

findings are particularly interesting since previous studies presented

preferential feeding predisposition in G. pallidipes and G. austeni for

buffalo (38) and bushpig, respectively (30; 27). These findings could be

attributed to adaptation of the flies to ecology (most abundant and

available species) of the reserve, with the low frequency of bushpig

likely due to differences in activity times between the fly and the host.

Glossina austeni are most active during the day with U-shaped

unimodal pattern during hottest part of the day (39). They spend the

rest of the day and night resting on surfaces such as tree trunks and

leaves.On the other hand, bushpigs are largely nocturnal (40) and hide

in dense cover of thick forests during the day and tend to avoid open

forests or savannas where G. austeni are most active. Thus, low

frequency feeding on bushpig in our record may not be attributed to

active avoidance of bushpig by the fly, but rather on unavailability of

thebushpighostswhen the tsetseflies aremost active.Nevertheless, the

additional preferred hosts of G. pallidipes or G. austeni we identified

provide additional sources of odor cues for formulation of attractants

against the flies. This can however only be verified by isolation of the

odors followed by extensive laboratory and field bioassays.

We coincidentally observed similar host profiles in bloodmeal

patterns between G. pallidipes and G. austeni in samples collected in

2021, although the bloodmeal samples of fed tsetse flies were less

than those we sampled and characterized (bloodmeal) in 2022. The

underlying reason behind this phenomenon is not obvious but, it

may be due to prevailing environmental conditions. In harsh

conditions, plants typically defend themselves against herbivores

by producing physical structures (trichomes and spines) or toxins

and certain digestibility reducers (41) in addition to releasing
A

B

FIGURE 2

Proportions (%) of putative vertebrate hosts associated with (G)
pallidipes and (G) austeni tsetse fly bloodmeals in 2021 (A) and 2022
(B) in Shimba Hills National Reserve in Kwale County, Kenya.
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volatile organic compounds (VOCs) (42) that help them adapt to

the harsh weather/climatic conditions. Consequently, the tsetse

bloodmeal hosts are likely to forage on flora whose phytochemical

components could qualitatively alter the kind of the odor cues they

release to the environment, with the likelihood of differences in

odor cues emanating from the hosts during the wet and dry seasons.

In addition, it may be due to a reduction in the availability of the

preferred host, compelling the flies to source bloodmeals from non-

preferred hosts, as previously observed with zebra and waterbuck

(43, 44). This phenomenon further reveals plasticity in host

preference in tsetse flies probably an adaptation in response to

potential ecological changes. The higher feeding frequency in cattle

in 2021 relative to 2022 in both tsetse fly species was probably due to

a reduction in available alternative hosts. This can consequently

increase the risk of trypanosome transmission to livestock and

increased disease burden. The difference in host bloodmeal

identities between 2021 and 2022 can also be attributed to the

difference in sample sizes of the two periods.

In conclusion, preference of harnessed bushbuck and suni

antelope by G. austeni, and common warthog by G. pallidipes

suggest that these hosts can potentially provide odor cues inclined

to either species. These cues can find application in integrated

management of tsetse and trypanosomiasis. Both flies display host

preference plasticity, probably an adaptation response to ecological

changes, which sometimes enhances feeding of the tsetse flies on

cattle. The bloodmeals also reveal potential reservoirs of

trypanosomes that drive dynamics of local trypanosomiasis

transmission in Shimba Hills, Kwale, Kenya.
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