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Abstract: Background tsetse flies are cyclical vectors of trypanosomosis, the causative agents of sleeping
sickness or human African trypanosomosis (HAT) in humans and nagana or animal African trypanosomosis
(AAT) in livestock in Sub-Saharan Africa. In Ethiopia, tsetse infest more than 200,000 km  of lowlands and river2

valleys in the southern and western regions. The National Institute for the Control and Eradication of Tsetse
and Trypanosomosis launched an elimination effort in 2012 in the Deme valley (~1,000 km ) that includes2

suppression through ground spraying and insecticide targets and elimination using the Sterile Insect
Technique (SIT). Sterile males are produced in the Kality tsetse mass rearing and irradiation center in Addis
Ababa. The goal of this study was to identify the best ratios of female to male adults in mass-rearing colonies
of Glossina fuscipe sfuscipes and G. pallidipes to optimize the yield of sterile males while keeping the
productivity of the colony to its maximum. Methodology/Principal Findings were monitored the mortality,
fecundity and number of pupae produced per initial female (PPIF) for various ratios of male to female (1:2, 1:3,
1:4, 1:6, 1:8 and 1:10) in adult cages used in routine rearing. Pupae were collected daily and the mortality of
female flies was measured six times in their life span. In both species, the best ratio (highest PPIF) was at a ratio
of 1:4 due to higher fecundity combined with lower mortality than the other ratios. Conclusions/Significance
the best sex ratio (1:4) was extended to the whole colonies, resulting in an improved yield of sterile males for
the eradication project. The increased mortality of female flies with the higher number of males is related to
persistent courtship by the males, whereas the lowest number of male flies reduces insemination. Consequently,
it is recommended to use 1:4 male to female sex ratio in tsetse fly mass rearing insectaries to maximize the
productivity of the colonies and the yield of male flies that can then devoted to SIT projects.
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INTRODUCTION are   estimated   at   USD   600   – 1200 million [2] and

Tsetse flies are cyclical vectors of trypanosomosis, production at USD 4750 million [3].  Moreover, tsetse
the causative agents of sleeping sickness or human prevents   the   integration   of   crop   farming and
African   trypanosomosis   (HAT)   in   humans and livestock keeping [4, 5] which is crucial to the
nagana or animal African trypanosomosis (AAT) in development of   sustainable   agricultural  systems   and
livestock   in Sub-Saharan Africa [1]. AAT is one of the it was recently demonstrated that historically tsetse
greatest health constraints to increased livestock reduced the ability of Africans to generate an agricultural
production.   Direct   annual  production losses in cattle surplus [6].

overall annual lost potential in livestock and crop
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Ethnic groups inhabiting tsetse-suitable areas were The Kality tsetse mass rearing and irradiation center
thus less likely to use domesticated animals and the plow,
to be politically centralized and had a lower population
density [6]. Tsetse and trypanososmosis thus continues
to be a major constraint to the development of economies
of the infested African countries and their achievement of
self-sufficiency in basic food production.

In Ethiopia, tsetse infest more than 200,000 km  of2

southern and western regions, corresponding to the
lowlands and river valleys of the Blue Nile, Baro, Akobo,
Didessa, Gibe and Omo[7]. Five regions of Ethiopia are
infested by at least one species of tsetse fly (Amhara,
BenishangulGumuz, Gambela, Oromia and Southern
Nation Nationalities and Peoples). In 1997, the Ethiopian
government, assisted by the International Atomic Energy
Agency (IAEA), initiated a project in the southern Rift
valley called the Southern Tsetse Eradication Project
(STEP). The Ethiopian government then created the
National Institute for the Control and Eradication of
Tsetse and Trypanosomosis (Ministry of Livestock) in
2015. Tsetse fly infestation in the Southern Rift Valley of
Ethiopia has limited the expansion   of   mixed   farming.
The project aims to create a zone free of tsetse flies and
animal trypanosomosis in an area of 25,000 km in the2

Southern Rift Valley (SRV), Ethiopia. This project includes
an elimination effort based on the integration of
suppression through ground spraying and insecticide
targets and elimination using the Sterile Insect Technique
(SIT) in the Deme valley (~1,000 km ) since 2012. 2

The Sterile Insect Technique (SIT) consists of mass
rearing male insects, sterilizing them with radiation and
releasing them into the environment, where they compete
with their wild, non-sterile counterparts to reproduce [8].
The objective is to reduce the fertility of the female
population and eventually cause its collapse. Unlike
conventional insect control methods that are more
efficient when applied to a high population density of the
target insect pest, SIT is most effective when fly
populations are low [9]. The ratio of released sterile male
flies to wild fertile male flies should be as high as possible
to induce a high sterility in wild females. Flies are released
over the targeted eradication zone at a rate of 10-100
sterile male per km  per week [10]. These numbers are2

adjusted as necessary to achieve the desired ratio of
released sterile to wild fertile males, generally over 10.
However, this ratio depends to a large extent on the male
competitiveness, measured using Fried’s index [11]. In the
Deme valley, the weekly demand for sterile male Glossina
fuscipes fuscipes is thus around 20,000.Sterile males are
packed in special biodegradable paper boxes and released
by aircraft once a week along the riverine network.

was initiated in 2000 [12]. Currently, two species of flies
are mass-reared, G. pallidipes and G. f. fuscipes, to
produce the necessary yield of sterile males to be released
in Deme. In January 2017, the total colony populations of
G. f. fuscipes and G. pallidipes at Kality were ~300,000
females for each species.

The goal of this study was to test various ratios of
female to male adults in mass-rearing colonies of G. f.
fuscipes and G.pallidipes to optimize the yield of sterile
males while keeping the productivity of the colony at its
maximum.

MATERIALS AND METHODS

Production of the Flies: The present study was
conducted at the National Institute for the Control and
Eradication of Tsetse and Trypanosomosis (NICETT),
Addis Ababa, Ethiopia (9.03  North, 38.74  East). Tsetseo o

production was carried out at the Kality tsetse mass
rearing and irradiation center, following the
recommendations of the FAO/IAEA Standard Operating
Procedures for Mass-Rearing Tsetse Flies.

The rearing rooms included air circulation, heating,
cooling and humidification to manage environmental
parameters. The temperature and relative humidity of the
adult holding rooms were kept at 23-24 C and 75-80%o

during the tests.
Flies were fed manually three times per week on

alternate days with bovine blood which was  heated to
36-37 °C on individually controlled aluminum plates.[13]
On a single day, all cages were fed with the same blood,
previously tested for microbial contamination and
nutritional value.

Study Design: The study was run from July 13 to
September 21, 2016 (Ten weeks) and included 1,422 G. f.
fuscipes (1,149 females and 273 males) and 1,095 G.
pallidipes (891 females and 204 males) from the same
production batch (Table 1).

After emergence, flies were sex sorted and placed
separately in colony cages following predefined sex ratios
(1:2, 1:3, 1:4, 1:6, 1:8 and 1:10) in the same room as the main
colony. Three cages for each sex ratio were set (Table 1).
Mortality of female flies was first measured on the third
week after emergence which is five more times in their life
span thereafter. The pupae from all cages were collected
daily in the morning. All data were recorded separately per
cage for analysis.
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Table 1: Number of males and females in the different sex ratios tested.
Species Sex ratio # males # females # cages
G. f. fuscipes 1:2 26 52 3
G. f. fuscipes 1:3 20 60 3
G. f. fuscipes 1:4 16 64 3
G. f. fuscipes 1:6 13 65 3
G. f. fuscipes 1:8 9 72 3
G. f. fuscipes 1:10 7 70 3
G. pallidipes 1:2 20 40 3
G. pallidipes 1:3 15 45 3
G. pallidipes 1:4 12 48 3
G. pallidipes 1:6 8 48 3
G. pallidipes 1:8 7 56 3
G. pallidipes 1:10 6 60 3

Statistical Analysis: A Gaussian linear mixed effect model
was used to analyse the number of pupae produced per
initial female (PPIF) after 70 days of   observation   [13].
The ratio of female over male was   used   as   a   fixed
effect     and     the     repetition number as a random effect.

The repetition number was ordered by increasing PPIF to
account for uncontrolled handling factors impacting the
response. The same analysis was applied to the fecundity
and the cumulative mortality of females after 42 days of
observation R using the nmlepackage[14, 15] was used to
run all analyses.

RESULTS

G. Fuscipes Fuscipes: The highest fecundity was
observed for a ratio of 1:4 (Males: females). However, this
did not differ significantly from the ratios 1:3 to 1:8
(P>0.195, Table 2 & 3a). The   fecundity was   lower   for
the ratio 1:2 (P = 0.039) and marginally lower for ratio 1:10
(P = 0.061).

The lowest female mortality was  also   observed for
a   ratio  of 1:4 (Males: females). It was lower than for 1:2
(P = 0.007) or 1:3 (P = 0.045) but not significantly different
from 1:6 to 1:10 (Table 4a).

Table 2: Average pupae per initial female (PPIF), pupae per female per ten days (p/f/10d) and cumulative mortality at different sex ratios over 10 weeks.
Standard deviations in brackets.

Average
-------------------------------------------------------------------------------------------------------------------

Species Ratio PPIF p/f/10d Cumulative mortality 
G. f. fuscipes 1:2 2.20±0.53 0.59±0.15 0.39±0.01
G. f. fuscipes 1:3 2.60±0.39 0.65±0.08 0.34±0.05
G. f. fuscipes 1:4 3.20±0.42 0.70±0.05 0.24±0.07
G. f. fuscipes 1:6 2.70±0.96 0.67±0.04 0.32±0.09
G. f. fuscipes 1:8 2.80±0.26 0.63±0.05 0.23±0.02
G. f. fuscipes 1:10 2.50±0.41 0.61±0.04 0.30±0.09
G. pallidipes 1:2 2.78±0.07 0.69±0.03 0.68±0.01
G. pallidipes 1:3 2.57±0.56 0.56±0.15 0.38±0.09
G. pallidipes 1:4 3.23±0.22 0.80±0.05 0.49±0.11
G. pallidipes 1:6 2.93±0.29 0.72±0.12 0.56±0.13
G. pallidipes 1:8 2.69±0.40 0.61±0.08 0.51±0.04
G. pallidipes 1:10 2.30±0.41 0.54±0.11 0.44±0.15

Table 3: Fixed-effects coefficients of a mixed-effect Gaussian model of the impact of female to male ratio on female fecundity (Pupae per female per 10 day).
Fpm = females per male. The ratio of 4 females per male is here considered as the reference level.(a) G. fuscipes fuscipes and (b) G. pallidipes

(a)
Fixed effects Value Std. Error df t P
Intercept 0.7005 0.0589 10 11.896 <0.001
fpm2 -0.1087 0.0458 10 -2.376 0.0389
fpm3 -0.0463 0.0458 10 -1.013 0.335
fpm6 -0.0214 0.0458 10 -0.468 0.650
fpm8 -0.0635 0.0458 10 -1.388 0.195
fpm10 -0.0966 0.0458 10 -2.112 0.0609
(b)
Fixed effects Value Std. Error df t P
Intercept 0.7905 0.0590 9 13.389 <0.001
fpm2 -0.0453 0.0934 9 -0.485 0.639
fpm3 -0.2595 0.0835 9 -3.107 0.0126
fpm6 -0.1194 0.0835 9 -1.430 0.186
fpm8 -0.1873 0.0835 9 -2.243 0.0516
fpm10 -0.3208 0.0835 9 -3.841 0.0040
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Table 4: Fixed-effects coefficients of a mixed-effect Gaussian model of the impact of female to male ratio on female mortality after 42 days. Fpm = females per

male. The ratio of 4 females per male is here considered as the reference level.(a) G. fuscipesfuscipes and (b) G. pallidipes.

(a).

Fixed effects Value Std. Error df t P

Intercept 0.00570 0.000857 10 6.658 0.0001

fpm2 0.00345 0.00103 10 3.354 0.0073

fpm3 0.00236 0.00103 10 2.296 0.0445

fpm6 0.00199 0.00103 10 1.931 0.0823

fpm8 -0.000193 0.00103 10 -0.187 0.855

fpm10 0.00144 0.00103 10 1.397 0.193

(b)

Fixed effects Value Std. Error df t P
Intercept 0.0156 0.00280 9 5.562 0.0004

fpm2 0.00320 0.00442 9 0.723 0.488

fpm3 -0.00576 0.00396 9 -1.456 0.180

fpm6 -0.00102 0.00396 9 -0.259 0.802

fpm8 -0.000538 0.00396 9 -0.136 0.895

fpm10 -0.00597 0.00396 9 -1.508 0.166

Table 5: Fixed-effects coefficients of a mixed-effect Gaussian model of the impact of female to male ratio on the number of pupae produced per initial female

after 70 days. Fpm = females per male. The ratio of 4 females per male is here considered as the reference level.(a) G. fuscipesfuscipes and (b) G.
pallidipes

(a)

Fixed effects Value Std. Error df t P

Intercept 3.14 0.320 10 9.807 <0.001

fpm2 -0.935 0.230 10 -4.075 0.0022

fpm3 -0.526 0.230 10 -2.307 0.0437

fpm6 -0.356 0.230 10 -1.551 0.152

fpm8 -0.270 0.230 10 -1.177 0.266

fpm10 -0.607 0.230 10 -2.646 0.0245

(b)

Fixed effects Value Std. Error df t P
Intercept 3.618 0.217 9 16.679 <0.001

fpm2 -0.590 0.322 9 -1.833 0.100

fpm3 -0.840 0.285 9 -2.943 0.0164

fpm6 -0.583 0.285 9 -2.043 0.0714

fpm8 -0.672 0.285 9 -2.353 0.0431

fpm10 -1.196 0.285 9 -4.189 0.0023

In consequence, the best PPIF ((3.14±0.44) was and   1:10   (P=0.004)   and   marginally lower for ratio 1:8
observed for the ratio of 1:4 (Male: female). It was higher (P = 0.052).
than for 1:2 (P = 0.002) or 1:3 (P = 0.044) (Table 5a and The lowest female mortality was observed for a ratio
Figure 1a). It was also higher than for 1:10 (P = 0.025) but of 1:10 (Males:females) but it was only marginally different
not significantly different from 1:6 or 1:8. from the ratio 1:3 (P=0.068) and not different from the

G. Pallidipes: The highest fecundity was also observed The best PPIF (3.62±0.24) was observed for the ratio
for a ratio of 1:4 (Males:females) in the case of G. of 1:4 (Males:females). It was marginally higher than for
pallidipes, however this did   not   differ   significantly 1:2 (P = 0.010), higher than for 1:3 (P = 0.044), marginally
from  the   ratios   1:2  and 1:6 (P>0.186, Table 2 & 3b). higher than for 1:6 and higher than for 1:8 and 1:10
The fecundity was lower for the ratio 1:3   (P   =   0.012) (P<0.05) (Table5b and Figure 1b).

other ratios (Table 4b).
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Fig. 1: Number of pupae produced per initial female after 70 days depending on the female to male ratio.(a) G. fuscipes
fuscipes and (b) G. pallidipes.

DISCUSSION In cages with high ratios of male flies per female,

The study was designed to assess the productivity their longevity, as previously demonstrated in Glossina
of different sex ratios of G. f. fuscipes and G. pallidipes morsitans morsitans[16]. It is known that one mating is
adult flies in colony cages. The average productivity, enough for life time reproduction although two or three
measured as the number of pupae per initial female, of the mating are common in G. f. fuscipes in the wild[17].
1:4 ratio was higher than those of the other ratios for both However in rearing cages, male flies struggle to mate
species. females repeatedly and this disturbance results in stress,

The ratio 1:6 showed an unexpected high mortality in loss of energy, abortion or even death [16]. Altogether
one of the cages of G. f. fuscipes, leading to a lower these factors reduce production and increase mortality in
number of pupae per initial female. The fecundity of this cages of flies with 1:2 and 1:3 ratios. Abortion may also be
ratio was however as high as that of the ratio 1:4 in both caused by improper handling conditions, stress,
species, which suggests that the optimal range for sex overcrowding, insufficient nutrition, toxicity and bacterial
ratio in the colony cages of a mass-rearing facility should contamination but these factors were the same at all sex
be 1:4 male to females. ratios tested in our experimental settings.

The adult flies used in the cages of the different sex The performance of the colony was highest at the 1:4
ratios were obtained from the same production batch of ratio. The reduced fecundity at higher ratios might be due
pupae originated from the main colonies in the insectary to an insufficient number of males to mate all females at
and kept under common feeding conditions, holding room the required time, that is before females are fifteen to
temperature and humidity and mortality check interval. twenty days old, after which they generally refuse mating
The only difference between treatments was thus the [18]. Non-mated flies would then die without giving any
number of male flies. pupae.

female flies were disturbed by mating attempts, reducing
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Following our results, a ratio of 1:4 was applied to the 5. Bouyer, F., J. Bouyer, M.T. Seck, B. Sall and A.H.
full colonies (Instead of 1:3), reducing female mortality,
increasing colony productivity and size and the number
of surplus males for field release. Considering G. f.
fuscipes, the main target of the ongoing elimination effort
in Deme, the colony size constituted of ~301000 females
on week 4 of 2018, corresponding to a weekly pupae
collection of 71000. This change thus allowed increasing
the male yield to be released in the Deme valley by more
than 5900 sterile males per week and contributed to reach
our objective of releasing more than 20 000 sterile males
weekly.

The number of females per cage was increased
accordingly which, in turn, decreased the number of cages
in the colonies as compared with former 1:3 ratio, resulting
in a reduction in the number of cages of 7% in both
colonies. The workload, dependent on the number of
frames to be handled, was also decreased proportionally
for the insectary technical workers. The ratio was
increased to 1:4 only (And not 1:6 or 1:8 which gave
similar results) to be conservative. Since 1:4 to 1:8 ratios
gave a similar productivity, using a target ratio of 1:4 is
thus more conservative.

CONCLUSION

Therefore, the optimum male to female sex ratio
should be 1:4 for both species to enhance its productivity
and longevity and also passing over the surplus amount
of males for releasing by avoiding unnecessary wastage
of male tsetse flies for matting purposes.
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