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Trichuris muris, is the murine parasite and widely deployed model for the human
whipworm Trichuris trichiura, a parasite that infects around 500 million people globally.
Trichuriasis is a classical disease of poverty with a cycle of re-infection due to the continual
exposure of humans, particularly children, to infective eggs, which contaminate the soil in
endemic areas. Indeed, modelling studies of trichuriasis have demonstrated that the low
efficacy rate of current anthelmintics combined with the high possibility of re-infection from
the reservoir of infective eggs within the environment, mean that the elimination of
morbidity due to trichuriasis is unlikely to occur. Despite the importance of the infective
egg stage in the perpetuation of infections, understanding the biology of the Trichuris ova
has been neglected for decades. Here we perform experiments to assess the impact of
temperature on the embryonation process of T. muris eggs and describe in detail the
stages of larval development within these eggs. In keeping with the early works performed
in the early 1900s, we show that the embryonation of T. muris is accelerated by an
elevation in temperature, up to 37°C above which eggs do not fully develop and become
degenerate. We extend these data to provide a detailed description of T. muris egg
development with clear images depicting the various stages of development. To the best
of our knowledge we have, for the first time, described the presence of birefringent
granules within egg-stage larvae, as well as providing a qualitative and quantitative
description of a motile larval stage prior to quiescence within the egg. These
experiments are the first step towards a better understanding of the basic biology
which underlies the process of egg embryonation. With the threat of elevation in global
temperatures, the accelerated embryonation rate we observe at higher temperatures may
have important consequences for parasite transmission rates and prospective modelling
studies. In addition, a deeper understanding of the Trichuris ova may allow the
development of novel control strategies targeting the egg stage of Trichuris in the
environment as an adjunct to MDA.
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INTRODUCTION

Infections with the soil transmitted helminth Trichuris trichiura
(T. trichiura) are highly prevalent with an estimated 465 million
people infected worldwide in 2010, primarily in sub-saharan
Africa (1). Infection with this nematode parasite causes the
disease trichuriasis and occurs by the ingestion of embryonated
eggs through contaminated soil or food. It is a classical disease of
poverty, where a lack of education, poor sanitation and limited
access to clean water results in increased infection transmission.
In areas where trichuriasis is endemic, community prevalence of
infection can be over 90%, with the highest parasite burdens
occurring in children aged 2-15 years old (2). Within the infected
population the infection intensity is high, with the majority of
people harbouring low worm burdens but a small proportion of
those infected (normally less than 10%) showing heavy worm
burdens - over a hundred worms (2). Morbidity associated with
trichuriasis is most commonly observed in those harbouring
moderate or heavy infections, although this is hard to quantify
due to the high prevalence of polyparasitism within infected
populations (3). Observational studies on children with heavy
infections have demonstrated that treatment with anthelmintics
leads to significant extra gains in weight and height (4). It is
possible that infections may also impact on cognitive function
and educability although recent meta-analysis indicates that the
evidence for an effect of anthelmintics, on both cognitive
function and growth, is mixed (5-7).

Current tactics for controlling trichuriasis utilise a multi-
pronged approach comprising anthelmintic treatment through
mass drug administration (MDA) programs in combination with
education about the parasite in endemic communities and
increases in sanitation as part of the World Health
Organisation (WHO) water, sanitation and hygiene campaign
(WASH). The MDA programs are based on a preventative
chemotherapy approach which target the main soil transmitted
helminths (roundworm (Ascaris lumbricoides), whipworm (T.
trichiura) and hookworms (Necator americanus and
Ancylostoma duodenale)) and primarily treat pre-school and
school-age children. This strategy is utilised as a more cost-
effective approach than treating whole communities and is
thought to reduce transmission within the whole community
through targeting the primary parasite reservoir. However, whilst
this strategy has been effective in targeting some of the other soil
transmitted helminths e.g. Ascaris and hookworm, it has not
been as successful in controlling trichuriasis especially in areas of
Sub-Saharan Africa. This is largely due to the poor efficacy of
current anthelmintic treatment against Trichuris. The current
drugs recommended by the WHO for the treatment of STH
infections are albendazole, mebendazole, levamisole and pyrantel
pamoate. Most MDA programs currently use a single dose of
albendazole or mebendazole repeated annually (8). However, a
single dose of these benzimidazole compounds result in very low
whipworm cure rates - 28% for albendazole and 36% for
mebendazole (9). In recent years combination chemotherapy
has been advocated by the WHO with albendazole-invermectin
used on a large scale with cure rates estimated at approximately

60% however, this combination cannot be used in areas where
Loa loa is prevalent due to fatal adverse effects. A more
promising combination is albendazole plus the veterinary
medicine oxantel pamoate with a cure rate of approximately
69% (10). However, oxantel pamoate is currently only approved
for humans, as a monotherapy or in combination with pyrantel
pamoate, in some countries of South America and Asia but not in
all countries where trichuriasis is endemic (11).

Recently, the WHO has set new goals to achieve and maintain
elimination of STH morbidity by 2030. However, modelling studies
indicate that, as it stands, the low cure rates are insufficient to
eliminate Trichuris morbidity or interrupt whipworm transmission,
due to reinfection (12). Indeed, a large barrier to elimination of
trichuriasis is the environmental contamination with parasite eggs.
These eggs can persist in the soil for a long time and therefore, even
following successful treatment of infected individuals, high
reinfection rates occur. Whilst these problems can be minimised
through water quality and sanitation improvements (latrine access,
faecal waste management) the evidence from randomised
controlled trials on WASH interventions is mixed. Indeed, in
endemic communities there are significant difficulties in
achieving and sustaining high levels of community coverage and
behavioural change (13).

Despite the importance of the egg stage of the parasite in driving
cycles of reinfection, and therefore morbidity, there is a sparsity of
knowledge on the eggs and in particular the embryonation process.
Indeed, the majority of the literature on egg embryonation across all
Trichuris species is from the early 1900s. These studies reported the
time the eggs take to embryonate and observed that embryonated
eggs remain infective for at least 5 years (14). Brown, as well as
studying the embryonation process in aqueous media, studied egg
development in soil, which demonstrated an effect of humidity,
temperature and soil type on the rate of embryonation of
T. trichiura eggs. Recent studies looking at Trichuris muris
(T. muris) eggs have concentrated on the cues required for the
hatching process (15, 16) although there is still much to be
determined (17). The one Trichuris species where the egg stage
has been studied in more detail is Trichuris suis (T. suis), motivated
by the therapeutic potential of T. suis ova (or TSO). These eggs have
been proposed as a therapeutic candidate for autoimmune
conditions like multiple sclerosis (18, 19) and inflammatory
bowel disease (20) as well as conditions such as autism spectrum
disorder (21) and thus, the generation of infective, embryonated
eggs has been of interest to the field. Data from these experiments
has demonstrated the importance of temperature in the
embryonation process with an increase in temperate accelerating
the embryonation process, although temperatures above 40°C cause
the eggs to become degenerate (22).

In contrast to the relative wealth of knowledge on the
embryonation of T. suis eggs, the primary paper which describes
T. muris embryonation is a 1954 paper which elegantly describes the
life cycle of T. muris from the unembryonated egg through to the
adult stage of the parasite. In this experiment the author records that
the first outlines of the larvae appear in 22-23 days when eggs are
maintained at 25-26°C and that fully grown larvae are apparent by
30-31 days of incubation. The larvae within the embryonated eggs
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did not appear to moult and the fully grown larvae were described to
be motile within the shells (23).

Given the importance of the egg stage of Trichuris in
reinfection of individuals in endemic areas we set out to
investigate the embryonation process in more detail. In
keeping with the early works of Brown, Fahmy and Vejzagic
we show that the embryonation of Trichuris eggs is accelerated at
temperatures above 20°C until reaching temperatures when eggs
degenerate. Notably we provide a more detailed description on
T. muris egg development than provided before, a description of
a motile larval stage within the egg shell and the presence of
birefringent granules.

METHODS

Animals

All experimental procedures were within the guidelines of the
Animals (Scientific Procedures) Act, 1986. Severe combined
immunodeficient (SCID) mice were bred in house at the
University of Manchester and used at age 6-12 weeks. Mice
were maintained at a temperature of 20-22°C in a 12h light, 12h
dark lighting schedule, in sterile, individually ventilated cages
with food and water ad lib.

Ethics Statement

All animal experiments were approved by the University of
Manchester Animal Welfare and Ethical Review Board and
performed under the regulation of the Home Office Scientific
Procedures Act (1986). Experiments were performed under Home
Office Licence P47AFBF29 and conform to ARRIVE guidelines.

T. muris Passage

The parasite was maintained as previously described (24, 25).
Briefly, the parasite was passaged in susceptible SCID mice
through infection with 150 infective T. muris eggs. At day 42 post
infection the caecum and colon were removed, opened
longitudinally, washed in pre-warmed RPMI (Merck, UK)
supplemented with penicillin (Merck; 500U/mL) and
streptomycin (Merck; 500pg/mL) (RPMI+5xP/S). Adult T. muris
worms were gently removed using fine forceps and cultured in 6
well tissue culture plates to retrieve unembryonated eggs. Culture
media was centrifuged at 720g for 15 min at room temperature and
pelleted eggs were resuspended in 40mL deionised water, filtered
through a 100pm nylon sieve and transferred to a cell culture flask.
Flasks were kept in darkness, stored horizontally and eggs were
monitored. After approximately 8 weeks eggs were fully
embryonated and transferred for storage, horizontally at 4°C.

In Vivo Infection

For in vivo hatching assays, 40 eggs were counted under a dissecting
microscope and given to a SCID mouse in 200 UL water. At day 15
post-infection the caecum and proximal colon were collected, blinded
and stored at -20°C. For worm counts, frozen caecum and colon were
defrosted in a petri dish containing water and cut open longitudinally.
The gut contents were removed by swilling in the water and the gut
tissue transferred to a fresh petri dish containing water. The gut

mucosa was scraped off using curved forceps to remove epithelia and
worms from the gut tissue. Both the gut contents and removed gut
mucosa were then examined and T. muris worms counted using a
dissecting microscope (Leica S8 APO).

Embryonation Assay

One hundred unembryonated eggs were placed in 1ml deionised
water in eppendorf tubes in the dark at room temperature, 26°C,
30°C or 37°C either for 56 days or for shorter periods as
described. Images were collected on an Olympus BX63 upright
microscope using a 60x/1.42 PlanApo N (Oil) objective and
captured and white-balanced using a DP80 camera (Olympus) in
monochrome mode through CellSens Dimension v1.16
(Olympus). Images were then processed and analysed using
the image analysis platform Fiji (18).

Matlab Analysis

An automated system was used to quantify larval movement within
the egg. This was an adaptation of the previous published Paragon
algorithm used for INVAPP measurements of motility of whole
worms (26, 27). One hundred frame movies of eggs were recorded
and motility determined by an algorithm based on thresholding
pixel variance over time.

RESULTS

The Rate of T. muris Egg Embryonation Is
Altered by Temperature

The embryonation of T. muris eggs was investigated at several
different temperatures to determine whether, akin to the published
data in T. suis the rate of embryonation is impacted by the
temperature of the eggs. In contrast to eggs which were left to
embryonate at room temperature (approximately 19-21°C), the
eggs which were maintained at 26°C and 30°C embryonated
significantly faster with L1 larvae distinguishable within the eggs
by week 2 in eggs maintained at 30°C and, in agreement with Fahmy
(23), week 3 in eggs maintained at 26°C (Figure 1). In contrast,
when eggs were maintained at 37°C the eggs failed to embryonate
and appeared degenerate with the mass within the egg appearing to
withdraw from the surrounding shell (Figure 1).

The T. muris Egg Embryonation Process

In order to analyse the embryonation process in more detail we
maintained the eggs at 26°C to provide a physiologically relevant
but constant temperature to allow comparison between
experimental repeats. Analysis of the eggs over multiple time
points during the process of embryonation revealed T. muris eggs
appear to follow a similar pattern to that described in T. suis eggs by
Beer (28). Freshly deposited eggs which are collected from cultured
worms are unsegmented and unfertilized and two nuclei-like areas
are clearly evident within the cytoplasm which have been described
to be male and female nuclei (Figure 2). As with embryonated eggs
the unembryonated eggs are barrel shaped and contain a plug at
each end. Measurements of these unembryonated eggs show they
are approximately 60 pm in length and 30 um wide. Within the first
1-2 days at 26°C a fusing of the two nuclei-like areas occurs followed

Frontiers in Tropical Diseases | www.frontiersin.org

November 2021 | Volume 2 | Article 790311


https://www.frontiersin.org/journals/tropical-diseases
http://www.frontiersin.org/
https://www.frontiersin.org/journals/tropical-diseases#articles

Forman et al.

Un-"Egg’-Plored: the Trichuris muris Ova

>

week 5 week 4 week 3 week 2

week 6

100

75—

% embryonated
3
1

72z22227222222222222222222222222222

week 1 week 2 week 3 week4 week 5 week 6

FIGURE 1 | 7. muris egg embryonation is a temperature dependent process. Unembryonated eggs were placed in deionised water at the specified temperature
and embryonation determined at weeks 2, 3, 4, 5 and 6. (A) Representative pictures of eggs were imaged using an Olympus BX63 microscope with a 60x 1.42
PlanApo N (Oil) objective. (B) Embryonation rate was quantified by visual inspection of 100 eggs per sample (n=5).

by an unusual first division at approximately day 2 resulting in two
blastomeres of unequal size. This asymmetric cleavage is not unique
to T. muris, but is observed in several nematode egg embryonation
processes (29). Subsequently, the larger blastomere then undergoes
a further division resulting in a small blastula of 3 cells around day 3.
This 3-cell mass then divides in 2 and subsequent cleavages occur
until the blastula is formed of many small blastomeres (days 4-6).
Prior to the generation of a larvae the mass of blastomeres appears to
contract from one side of the eggs and then form into a cylindrical
larva (day 7-14). Finally these cylindrical larvae develop into the
infective L1 larvae with the characteristic oral spear of Trichuris
clearly present by day 18 (see arrow Figure 2). Interestingly, we

observed that once the L1 larvae are formed within the eggs thereisa
period of activity within the egg (days 21-28) prior to becoming
quiescent by day 46.

The Motility of the T. muris Larvae
Within the Egg

To further characterise the motile phase of the L1 larvae within
the egg which, to our knowledge, has not be investigated in any
depth, we characterised the length of the L1 larvae throughout
this motile phase to determine if there is any change in size or
moulting. However, there appears to be no significant changes in
larval length (Figure 3A) and this is consistent with our inability
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FIGURE 2 | 7. muris egg embryonation stages. Unembryonated eggs were placed in deionised water at 26°C and representative pictures of eggs were imaged at
the specified time using an Olympus BX63 microscope with a 60x 1.42 PlanApo N (Oil) objective. Arrow indicates the characteristic oral spear of Trichuris.

to observe any moulting of the larvae within the egg. In addition,
we generated time-lapse images of the eggs and applied a MatLab
script to these images to determine the number of motile pixels
above a threshold within the eggs, through the adaption of the
previously published Paragon algorithm used for INVAPP
measurements of motility (26, 27). This analysis demonstrated
that newly formed larvae (around day 21-28) were most motile
with motile granules evident within the larvae and the whole
larva moving within the egg (Figures 3B, C and Supplementary
Video 1). This movement then decreased with time and by day
46 movements were restricted to those of the motile granules
within the egg (Figures 3B-E and Supplementary Video 2).
These motile granules appeared to remain active indefinitely
with active granules evident even in egg batches which have been
stored at 4°C prior to bringing up to RT for imaging (data not
shown). These motile granules are more visible under polarised
light (Supplementary Video 3) and appear to be akin to the
birefringent granules which have been described in C. elegans as
gut granules within the intestinal lumen. To determine if these
motile larvae are fully mature and infective we infected mice with
these motile d28 larvae in comparison with fully mature eggs
which had been embryonated at room temperature and then
stored in the fridge (control eggs; as per our normal protocol).
This demonstrated that these early newly-embryonated eggs do
not display any defect in in vivo hatching (Figure 3F).

DISCUSSION

The embryonation of Trichuris spp. has been subject to very little
research despite its importance in perpetuating the survival of
the parasite. To the best of our knowledge we have, for the first

time, described the presence of birefringent granules within the
egg as well as providing a qualitative and quantitative description
of the motile larval stage prior to quiescence within the egg.
Although the purpose of the motile stage within the egg remains
unknown, it does not appear to be required for larval maturation
as the eggs are infective during this motile phase. Following
quiescence of the mature larvae within the egg the birefringent
granules appear to remain motile. Intestinal cell granules have
been described in several nematodes including an initial report of
them in adult Trichuris by Askanzy in 1896. This initial paper
described reddish brown, weakly birefringent, ‘sphaerocrystals’
located in the anterior portion of the intestines of Trichuris
nematodes. Despite their early description the function of these
particles remains somewhat enigmatic, however some clarity
about their role has emerged from experiments with the model
nematode C. elegans. These experiments have shown the
birefringent gut granules are lysosome-related organelles (30)
and the characteristic birefringence and fluorescence is due to the
presence of anthranilic acid (AA) glucosyl esters (31). The
presence of anthranilic acid within the granules as well as their
large size relative to ordinary lysosomes suggests they may
function as a storage organelle (32). Indeed, it has been
proposed that anthranilic acid may have antibiotic properties
to help protect the larvae within the egg from pathogens (32).
Furthermore, the granules have also been shown to contain zinc
which is important in zinc tolerance as well as releasing zinc
during dietary deficiency (33). Whether these proposed features
of the granules in C. elegans are mirrored in the granules found in
the T. muris egg is unknown. The observation that these granules
remain motile, even in apparently quiescent larvae, may enable
the analysis of egg transmissibility without the need to infect the
host species. Indeed, through laboratory maintenance of T. muris
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FIGURE 3 | Quantification of T. muris L1 growth and movement during egg embryonation. Unembryonated eggs were placed in deionised water at 26°C and
representative pictures of eggs were imaged at the specified time using an Olympus BX63 microscope with a 60x 1.42 PlanApo N (Oil) objective. (A) larval length
was calculated on Z-stacked images on imaged (B) movement score was calculated utilising MatLab analysis (C~E) Representative brightfield and matlab analysis
pictures at selected time points (F) /n vivo hatching assay to determine worm burden at d15 post infection.

eggs we know that a subset of embryonated eggs, which
microscopically appear normal, do not subsequently hatch
in vivo (unpublished). Whether this lack of infectivity
associates with non-motile birefringent gut granules will be
important to determine, enabling a deeper analysis of the
impact of altering environmental conditions on not just
embryonation but more importantly transmissibility.

In addition, our work shows for the first time the importance of
temperature in the embryonation of T. muris. We demonstrate a
clear temperature dependency of the rate of embryonation with an
increase in temperature driving a significant increase up to 37°C
beyond which, the eggs begin to degenerate. This is akin to the
temperature dependent embryonation process which has been
described in T. suis (22) and also fits with the observation of an
optimum embryonation temperature of approximately 25-26°C by
Fahmy (23). Importantly, in T. trichiura a clear relationship exists
between the prevalence of infection and remotely-sensed mean
land surface temperature (LST) with T. trichiura mostly prevalent
in areas where the LST is between 25 and 33°C and almost
eradicated in locations where the LST is over 38°C (34). These
reported LST ranges fit well within the temperatures we have
investigated with T. muris as a lack of prevalence of T. trichiura

above 38°C fits well with our observations, and reports by others
(22) of degeneration of eggs at 37°C. However, it is important to
note that Trichuris eggs are not found only on the soil surface and
have been reported to be detected at depths of up to 10cm (35)
where temperatures may vary and the eggs are protected from
direct sunlight. Indeed, helminth eggs have been shown to
percolate deep into soil through both abiotic factors e.g. the
leaching effects of rain (36) and biotic factors e.g. through
association with earthworms (37).

Importantly, with the threat of increasing global temperatures
and the rapid increase in the rate of embryonation over a relatively
small temperature range, global warming may impact on parasite
transmission rates. Indeed, it has been widely recognised that rising
temperatures may influence the spread and transmission of
parasitic diseases (38). If an increase in temperature from
approximately 21°C (room temp) to 26°C in our experiments can
halve the time required to generate fully embryonated eggs, than in
countries like Madagascar where the parasite is already endemic
these changes could increase the infection prevalence and the
incidences of morbidity associated with the parasite. Indeed, the
mean annual soil temperature in Madagascar is currently 20.2C (39)
with an estimated increase in temperature predicted to be 1.8°C
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year ' to 4.7°C year ' for a doubling of CO, (40). Should soil
temperatures rise, our data suggests this would potentially result in
an increased embryonation rate and therefore expansion of the
parasite reservoir within the soil. Given that MDA programs are
already struggling to have an impact on the prevalence this could be
a serious stumbling block for the WHO goals to eliminate morbidity
due to the prevalence of trichuriasis.

There is an urgent need to develop a deeper understanding of
the processes which occur during embryonation. A better
understanding of the basic biology which underlies the process
of egg embryonation could help us access novel control strategies
targeting the long-lived egg stage in the environment and thus
reducing transmission of this soil transmitted helminth. Novel
environmental control strategies deployed in known “hot spots”
of open defaecation could offer a useful adjunct to MDA. Indeed
some novel compounds have been shown to act against both
embryonated and unembryonated eggs (41) and published
Target Product Profiles for soil transmitted helminths list an
effect against ova as a desired effect of novel anthelminitics.
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