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infection in experimentally infected varans, caimans,
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SUMMARY

The discovery of Trichinella =imbabiensis in farm crocodiles of Zimbabwe has opened up a new frontier in the epidemi-
ology of the Trichinella genus, The objective of the present study was to investigate the infectivity of encapsulated species
LT spivalis, T.onativa, T, bitovd, Tomrrelli and T',nelsoni) and non-encapsulated species (1. preudospiralis, T, papuae and
T zimbabsvensis) in caimans (Caiman crocodilus), varans (Varanus exanthematicns), pythons (Pvthon molurus breittatus) and

turtles (Pelomecsa subrifa) raised at their natural temperature range (26-32 C), Mice and chickens were used as controls.
} I £

At 6 davs post-infection (p.i), adult worms were detected in the small intestine of reptiles infeeted with
1. zimbabeensis, of chickens infected with T. psendospiralis and of mice inf
encapsulated species. At 60 davs p.i., 7. papuae and T, zimbabzvensis

varans and cammans and larvae from muscles of the four reprile speci

1. papuac and
ted with all encapsulated and non-
adult worms were collected from the intestine of

s, T, psendospivalis larvae trom muscles of chickens,

and larvae ol all Trichrnella species from mouse muscles. The highest reproductive capacity index of both 7. papreas and

T zimbabwen

s was observed in varans, The results show that 7', papreae and T', zombabcensis are able to complete their

entire life-cvele in both poikilothermic and homoiothermic animals

Kev words: Trichinella papuae, Trichinella simbabwensis, reptile, caiman,

experimental nfection

INTRODUCTION

For 145 vears following their discovery (Owen, 1835),
nematodes of the Trichinella genus were considered
to infect only mammals (Campbell, 1988). In 1980, a
non-cncapsulated species, Trichiinella pseudospivalis,
was found to also infect birds (Shaikenov, 1980). In
1995, non-encapsulated larvae belonging to a new
Sl)t'(it‘fs. Ti .ilf‘."[[-'iiﬁﬂ,fﬁ Si"?”"}”f)?t’(‘”ﬂié‘, were (HSC(‘\'U]'Cd iI]
farm crocodiles (Crocodvius niloticus) of Zimbabwe
(Pozio et al. 2002), representing the first report of
naturally infected reptiles. Although attempts have
been made to infect reptiles with all 5 encapsulated
Trichinellaspecies (T, spiralis, T . nativa, T britovi, T.
nuervelli and T nelsont) and with T pseuwdospivalis, all
of these attempts failed when the animals were bred at
therr natural temperature range (i.e. 29-30C) (Kapel
el al. 1998), whereas in snakes, lizards and turtles, the
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varan, pyvthon, turtle, body temperature,

Iite-cvele of T spiralis was successtully reproduced
when the animals were bred at 37 C (i.e. the body
temperature of mammals) (Pozio, 2001},

The objectives of the present study were to evalu-
ate the infectivity of all Trichinella species, the de-
velopment of the nurse cell and the critical point
of development in experimentally infected reptiles
belonging to the orders Loricata, Squamata and
Chelonide.

MATERIALS AND METHODS
Loxperimental aninals

Tropical carnivorous reptiles were used, specifically:
15 spec

wled ¢

aimans (Catman crocodilus, svnony-
mous of Caiman sclerops L., 1758), a species originat-
g from Central and South America, age 6—8 months,
weight 350-5350g; 13 savannah monitors (referred
to as ‘varans’) ( Varanus exanthematicns Bosc, 1792),
a species originating from equatorial Africa, age: 2-3
weight 300450 g; 40 Burmese pythons
(Pythonmolurus bivittatus IKKahl, 1820), aspecies orig-
nating from Southeast Asia, age 6—8 months, weight

vears,
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330850 g; and 40 African helmered turtles (Pelo-
medisa subrufa Lacépede, 1788), a species originat-
ing from equatorial Africa, age about 2 vears, weight
S0-100 g. All animals were born and raised i cap-
tivity. Caimans and pyvthons were kept 1 to a ter-
rarium, whereas varans and turtles were |{cpt 2 toa
terrarium. The terrariums for caimans and turtles
consisted of 2/3 water and 1/3 dry substratum. The
terrariums for pythons and varans had a water tank
and a substratum consisting of small pieces of cluster-
pine bark. All animals were kept under a dav/night
rhythm of 12/12 h. Pythons and rurtles were kept
at 28=30  C during the day and at 26-28 C at night;
catmans and varans were kept at 30-32  C during the
day and at 28=30 C at night (the temperature refers
to the air). During the study, the body temperature

of reptiles was measured every 2 weeks. Since the
source of heat was not inside the terrarium, the body
temperature was, in all cases, quite similar to the
air temperature of the terrarium. Pythons and varans
were fed laboratory mice; turtles were fed fish or
meat; and caimans were fed fish. T'he frequency of
feeding depended on the specifie species. Forty Swiss
CD1 female mice weighing 25 ¢ and 32 two-week-
old chickens weighing 80 ¢ were used as controls.
Animals were housed and treated according to the
European directive 8/609 EEC.

Experimental infections

Eight Trichinella reference strains were used to infect
the animals, OFf these 5 were encapsulated species:
T. spiralis (code 1553), T. nativa (code 1SS1M, 7.
britver (code 1882), T\ murrelli (code 18535) and
T nelsons (code 15529); and 3 were non-encapsulated
T psendospivalis (code 15S13), T. papuae
(code 155572) and 1. zimbabsoensis (code 1551029)
(Pozio et al. 1999, 2002).

Larvae were collected from skinned and eviscerated

Species:

mouse carcasses by artificial digestion, following a
protocol slightly modificd from Pozio (1987). The
digestive fluid consisted of 0-3% hydrochloric acid,
0-5% pepsin 1 10000, and PBS at 40 "C. Mouse car-
casses were cut into small pieces and minced for 30 s
ma blenderwith the digestive fluid at a concentration
of 1:40 (w/vol). The mixture was then incubated at
39-40 C, stirring constantly, for either 15 min (for
non-encapsulated species) or for 30 min (for encapsu-
lated species). Muscle larvae were then allowed to
sedimentat 39—40 C for 15 min, and the supernatant
was discarded. The muscle larvae were washed 4
times with warm PBS and counted 3 times under a
dissection microscope at a magnification of 20—40x
The reptiles and chickens were inoculated per os
with 3000 larvae/animal. A 2 m] syringe connected
to a silicone stomach tube was used for varans, py-
thons, and caimans, whereas, for turtles and chickens,
the syringe was connected to a gavage needle, For
varans, pyvthons, and caimans, a small aluminium
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bar with a hole in the middle was used to keep the
animal’s Jaws open and prevent the stomach tube
from being crushed. The control mice were inocu-
lated per os with 500 larvae/animal using a 2 ml syr-
inge connected to a gavage needle. To ensure that
all of the larvae entered the stomach, the stomach
tube was Hushed with water f(:lh)\\in;; larva inocu-
lation. T'he animals of each species were divided
mto groups of 5. The turtles, pythons, chickens, and
mice were inoculated per os with the 8 Trichinella
species; the varans and caimans were inoculated
peroswith T. papuae, 1. simbabweensis and T, nelsont.
For each group of 5 animals, 2 specimens were killed
6 days post-infection (p.i.); the other 3 specimens
were killed 60 davs p..

Worm collection frone the intestine

The reptiles were killed by hvpothermia, whereas
the mice and chickens were killed by CO, inhalation
to collect intestinal worms at 6 and 60 davs p.i. To
facilitate the recovery of adult worms from the in-
testine, the reptiles were not fed during the week
prior to their killing and the chickens and mice were
not fed for 1 day prior to sacrifice. The intestine was
collected, opened longitudinally, and mcubated in
PBS at 37 C for 2 h, following a previously pub-
lished protocol (Blair, 1953). Worms were searched
for in the sediment under a microscope at a magni-
heation of 20—40x ; they were counted

oy

then stored in 70% ethvl alcohol.

2
e

times and

Muscle larvae collection

At 00 days p.i., the reptiles, chickens and mice were
slkinned and eviscerated. For the turtles, pythons
and mice, the entire carcass was digested separately
for each animal, whereas for the chickens, varans and
caimans, muscles were collected from the bones,
which were also scraped with a scalpel to collect the
largest possible amount of muscle to allow for the
identification of predilection muscles. For these latter
animals, to determine the preferential muscles, di-
gestion was conducted separately for single muscles
or muscle groups, according to the protocol reported
above. For all animals, the larvae were collected,
counted 3 times, and stored 1n 70% ethyl alcohol for
the morphological and molecular studies. The re-
productive capacity index (RCI) (i.e. the number of
larvae collected from muscles divided by the number
of larvae given per os) was evaluated for each animal.
In total, 100 larvae of each of the Trichinella species
which had succeeded in developmg in varans and
calmans were given per os to Swiss CD1 mice 1m-
munosuppressed with cvclophosphamide (4 mg/
mouse) at ) and 4 days p.i., to evaluate their infec-
tivity. At 40 davs p.i., these mice were killed, skin-
ned, and eviscerated: the entire carcass was digested
and the larvae were counted.
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Table 1.
host specie

s O days post-infection

Number of adult worms of Trichinella collected from
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the small intestine of two specimens for each

Trichinella species Turtles Ivthons Varans Caimans Chickens Nice

T. spiralis L,* Negt I, Neg N.D. N N NLD. Neg  Neg 234 198
T. naiiva Neg o Neg Neg  Neg N.I N.I. N.D. N, Neg  Neg 9y 74
T. briteed Neg  Neg Neg  Neg ST N.D. NoD.oNLI Neg  Neg 131 109
T. pseudospiralis Neg  Neg Neg  Neg N N.D. N, N 115 80 184 16l
Tomervell Neg  Neg | Neg NI NI, N NLDL Neg  Neg 86 63
1. nelsom Neg  Neg 1. Neg Neg Neg Neg Neg Neg  Neg 201 178
T. papuae 08 53 18] 61 1825 1517 937 7T Neg  Neg 127 96
T. zimbabwensis 54 36 [ 43 1234 1058 (47 328 Neg  Neg 143 123

A few dead 1.y Tarvac.,
Neg, no larva
., Not determined.

Wornt morphology and the ultrastructure of the
nurse-cell larva complex

T'o assess the influence of the host on worm mor-
phology, the total length and width at the midbody
was measured for 20 adult worms (10 females and
10 males) collected from the small intestine of varans,
caimans and mice at 6 davs p.i. and for 20 muscle
larvae collected from varans, caimans and mice at 60
davs p.i. A descriptive univariate statistical analysis
(mean and standard deviation) and Student’s #-test
{two-tailed) were used to evaluate the statistical dif-
ferences in the size of muscle larvae and adult worms.
For the histological and ultrastructural analyses of
the nurse cell-larva complex, small pieces of intercos-
tal muscle were collected from varans, caimans, and
mice at 60 davs p.i. The muscle samples were fixed in
0-1 w1 cacodylate buffer (pH 7-2) containing 2-5%
glutaraldehvde for 4 hat4 C. The samples were then
washed in the same butfer and post-fixed in 1% Os0,
in cacodvlate buffer for 1-3 hat4 C, All samples were
dehvdrated in ethanol and embedded 1 Epon 812
for sectioning. For hight-microscopy, semi-thin sec-
tions (0-3 gm) were stained with 0-53% toluidine blue
and examined under a Zeiss photomicroscope T
Thin sections (80 um), stained with uranyl acctate
and Tead citrate, were examined under a Zeiss EN900
transmission electron microscope ((TEM).

Moleculay identification of adult worms and larvae

To confirm that the adult worms and larvae that
were collected from the animals belonged to the
same species used for experimental infection, a
multiplex PCR analysis (Zarlenga et al. 1999) was
used, according to a previously published protocol
(Pozio & La Rosa, 2003).

RESULTS

Detection of tntestinal waorms

At 6 davs p.i., in mice, we detected live adult worms
(i.¢. both male worms and females with developed

embrvos in the uterus) helonging to all 8 Trichinella
species, whereas in chickens, only T psewdospiralis
worms were found ((Table 1), For all repuile species,
only live worms of T, papuae and T zimbabreensis,
probably at the adult stage (f.e. no well-developed
embrvo detected in the uterus), were detected. In
turtles and pythons, a few dead L, larvae belonging
to T spiralis, T murrelli and T. nefsoni were detected
("able 1).

At 60 davs p.i., live adult worms (including fe-
males with embryos in the uterus) were detected
only in varans and caimans. A mean of 138 7' papuae
worms (range Y8=187 and 127 T zimbabivensis worms
(range 62-163) were detected in varans; a mean of
83 T. papuae worms (range 39-124) and 79 T ziin-
habzensis worms (range 18=131) were detected in
caimans.

Detection of larvae nomuscles

At 00 days p.i., larvae of all 8 Trichinella species
were detected in mice, with an RCI ranging from 12
for 7. papuae to 80-5 for T spiralis; larvae were also
detected in chickens infected with T psewdospiralis
and in all reptile species infected with T'. papuae and
T. zimbabwensis (Table 2). In reptiles, the RCT was
higher for T. papuae than for T. zimbabivensis. T'he
RCI was highest for varans (414 for 7. papuae) and
lowest for turtles (0-03 for T zimbabzvensis) (Table 2).
In none of the reptile species were larvae of any

encapsulated species or of the non-cncapsulated
species 1. pseudospiralis detected.

Preferential muscles were studied in varans and
caimans. In both animals, the tongue was the most
infected muscle, followed by muscles of the anterior
legs, of the posterior legs, muscles of the tail, inter-
costal muscles, and muscles of the spinal column
(Table 3).

For neither T. papuae nor T. zimbabwensis were
significant ditferences mn the size of the intestinal
worms observed when comparing varans, caimans,
and mice 6 davs p.i. The muscle larvae of T papuae
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Table 3. Average number of Trichinella larvae per g of muscle in three varans and three caimans infected with
T. papuae or 1. simbabroensis

T. papuac T zimbabwwensis

Muscles Varan Caiman Varan Caiman

Tongue 158 2529 3361 7 17 51 234 1028 1189 4 14 18
Anterior legs 291 1526 2500 3 58 143 357 631 893 g 39 73
Intercostal 288 14549 1700 4 23 43 251 445 649 7 9 23
Posterior legs 243 827 1300 4 14 42 89 337 307 2 12 19
Spinal column 238 891 1076 4 9 11 76 332 426 2 6 10
Tail 253 1465 1466 2 7 12 113 346 712 3 5 7

Table 4. Morphological features and standard deviation (s.0.) of
Trichinella papuae and Trichinella simbabivensis larvae (L) collected
from muscles of mice, varans and caimans (all measurements are in gm)

60 davs post-infection

T. papuae

Total length

Total width*

T zimbabzvensis

Total length Total width#

Host + 5.0, +s.0. + 5.0 +5.0
Mice
L, male 961 + 43+ 32467 911452+ 26+7F
1., female 999 4+ 617 334ERT 034+ 47% 2867
Varans
Ly male 986432 3345 1057 +38 J4+5
L., female 1119423 34+7 1101 +67 35348
Caimans
1., male 1093 +£52 3542 1002+ 46 3543
L., femnale 1120+91 36+7 1129455 36+4

* The width was measured at the midbody.
+ These measurements are statistically different from those of larvae collected
from varans and caimans at the same time post-infection.

reptile species were positive (RCT =84 for T papuae
and RC1=253 for T.
suppressed mice), indicating that the larvae present
in reptile muscles at 60 days p.i. were nfective.

simbabwensis in immuno-

Clinical signs

In reptiles, it is very difficult to evaluate the clinical
signs of disease, although it is known that the trophic
activity and the moulting process are good indicators
of health. In our study, the varans stopped cating
for about 2 wecks, beginning at around 2 wecks after
infection, which could correspond to the invasive
phase of the larvae in muscles. None of the other
reptiles showed any changes in trophic activity. In
none of the animals were decreases in agility ob-
served, not even in varans, which harboured up to
3000 larvae per g of muscle.

DISCUSSION

The present study shows that both 7' papuae and T.
simbabwensis establish as infective muscle larvac in

reptiles. This biological characteristic is consistent
with the biochemical and molecular findings of these
two Trichinella species and with their capacity to
cross between them and to produce a viable but not
reproductive F1 generation in a murine model (Pozio
et al. 2002).

In a previous study, anurse cell-like structure w ith
a thin envelope of collagen fibres at the periphery of
the muscle-larva complex had been observed in the
muscles of a crocodile experimentally infected with
T zimbabzoensis 18 months earlier (Pozio et al. 2002).
In the present study, a period of 60 days app sared
to be insufficient for the complete development of
the nurse cell-larva complex in caimans and varans,

whereas this time-period was sufficient in mice.
These results suggest that the infective larvae of
T. papuae and T. zimbabzeensis produce the same
degenerative patterns in the musele cells of both
cold-blooded and warm-blooded animals vet that
the rapidity at which the changes in the muscle-fibre
architecture oceur s strongly influenced by the
physiology of the vertebrate group.
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tudinal semi-thin
11-like structure

Fig. 1. Larvae of Trichinella zimbabzensis in museles of a caiman 60 days post-infection. (A) Longi
an intracellular larva (1) enclosed in a disarranged muscle fibre {mf). Neither a nurse-ce
micrograph showing the loss of the

{arrows). 1, Larva. (C) Higher
and residual bodies (arrows) are present.

section showing
nor fibrous bundles surrounding the larva-musele complex are present. (B) TEN
contractile texture of the muscle fibre (mfl) and the presence of vacuolated mitochondria
magnification of the infected musele cell. Vacuolated mitochondria (asterisks)
1, Larva. (D) Clusters of highly degenerated mitochondria (m) surrounding the larva (1).
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Fig. 2. Larvae of Trichinella simbabevensis in muscles of a varan 60 days post-infection. (A) In the semi-thin section

the larva (1) is enclosed in the disarranged muscle fibre (mf). (B) TEM micrograph showing the discontinuity of the musele
fibre (mf) architecture. Several vacuolated mitochondria (arrows) are present. |, Larva. (C) Higher magnitication showine
remnants of the muscle fibre (mf) and clusters of degenerate and vacuolated mitochondria larrows). |, Larva. (D) In the
region where the sarcomers are totally lacking, clusters of mitochondria (m) surround the larva, Note that the matrix of
some mitochondria is beginning to become vacuolated (arrows),

In caimans and varans, at 60 days p.i., infective L; development into a nurse cell. These findings suggest
larvae of T papuae and T. zimbabwensis were de- that the development of newborn larvae into infec-
tected in muscle cells, vet the TEM micrographs tive Ly larvae occurs independently of the changes

showed that these cells had not completed their in the structure of the muscle cell and that this
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of Trichinella zimbabgwensis in muscles of mice 60 days post-infeetion.

disarranged. Remnants of myofilaments {arrows) arc
of the collagen fibres (f), the texture of the muscle cell
ly modified and the contractile elements are replaced

Fig. 3. TEM micrographs of larvae
(A) The muscle fibres that surround the larva (1) appear partially
interspersed with clusters of mitochondria (m). At the periphery
The fibre cells are total
The mitochondria (m) appear to be swollen and vacuolated and the

¢ nucleus (n) with the nucleolus

(me) appears to be partially conserved. (B)
by cisternae (¢) of the endoplasmic reticulum.
matrix has totally disappeared. (C) Nurse-cell-like
(arrow head) in the transcriptional phase. Note the
reticulum (arrows). 1, Larva. (D) Details of the nurse

and the endoplasmic reticulum (arrows).

structure (ne) showing a hypertrophi
clusters of small mitochondria (asterisks) and the rough endoplasmic
_cell-like structure showing clusters of small mitochondria (m)
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Table 5.

Susceptibility of reptiles, mammals and birds to the cight

Trichinella species and relationship between Trichinella species and the

remperature range of the host

Repriles Mammals Birds
Trichinetla species 26-32 ¢ 3i-40 C 40-3-42-5 ¢
Non-encapsulated
T. papiae and Susceptible Susceptible Not susceptible

T. zimbabensis
T. psendaspivalis

IEncapsulated
T spirvalis, T nativa,
T beitoi, T, murrelli
and T nelsond

Not susceprible

Not susceptible

Susceptible Susceptible

Susceptible Not susceptible

development does not require the formation of
the nurse cell. By contrast, these events appear
to be closely correlated in homoiothermic animals
(Despommier, 1998),

The finding that the muscle larvae ot both T.
papuaeand T zimbabecensis were smaller in mice than
in reptiles at the same times post-infection suggests
that larva size is an adaptive character related to the
host species (Table 4). Perhaps the greater size of the
larvae in reptiles is related to the slower development
ot the nurse cell in these poikilothermic animals,
which would allow more time for the larvae to grow.

The lack of clinical slgns in varans and caimans,
together with the high levels of infection, 1s consistent
with the hypothesis that these animals act as potential

reservoirs of T. papuae and T. zimbabwensis. Reptiles
belonging to the Varanidae and Crocodilidae families
are carnivores with scavenger behaviour, which is the
most important biological and ccological character
otanimals known to act as Trichinella reservoirs (e.g.
fox, racoon dog, wolf, bear and hyena) (Campbell,
1988). In light of these findings, reptile meat should
not be excluded as a potential source of human tri-
chinellosis. The very low number of 7., papuae and
T zimbabzeensis larvae detected in pythons and tur-
tles, in spite of u verv high infecting dose, seems to
suggest that these species do not play an important
role in the epidemiology of Trichinella. This is con-
sistent with the trophic spectrum of pythons and
turtles, which probably does not include Trichinelia
carriers. Nonethcless, that the worm burden in tur-
tles and pythons was low could have been related to
the temperature at which these animals were raised
(26=300 ), which is 2 degrees lower than the tem-
perature used for varans and caimans (28-32 (4
Experimental infections of reptiles with 7', spiralis
have been attempted several times, vet the success
of these experiments depended on the lemperature
at which the animals were raised. Specifically, Texas
horned lizards (Phryviosoma cornulim) were not
successfully infected at their 4Ctivity temperature
(20-28 'C), vet viable larvae were recovered from
the muscles of these lizards when the amimals had

been kept ar 37 C for | month (Jordan, 1964). Simi-
larly, the European rurtle ( Eunvs arbicilaris) (Guevara
1966), the Caucasian
Apama (Agama cancasica) (Asatrian, Movsessian &
Gevorkian, 2000) and the long-nosed viper (Fipera
ammadyles) (Cristea & Perian, 1999) were s

Pozo & Contreras-Pena,

sslully
infected with an encapsulated species of Trichinella
(probably T spiralis) onlv when kept at 37 C. En-
capsulated species (7. spivalis, 1. nativa, T briioni,
T.omurvelli and T'. nelsoni) and one non-encapsulated
species (17, pseudospiralis) have been tested in caimans
raised at 29 °C without success (Kapel et al. 1998),
Among other cold-blooded vertebrates, dttempts to
infect 5 species of fresh water fish, raised at 1§-22 G,
with T britozi tailed (Moretti et al. 1997).

These data, together with molecular (Zarlenga
et af. 2004) and biochemical data (La Rosa, Marucei
& Pozio, 2003), suggest that temperature plays o role
in the speciation mechanism of Trichinella. Speciti-
cally, the non-encapsulated species 7. papuae and
T. simbabzeensis can dey clop at temperatures ranging
from 26 C to 40 C, both in cold- and warm-
blooded animals (i.e. tropical reptiles and mammals);
the non-cneapsulated species 7' pseudospivalis can
develop at temperatures from 37 'C to 42°5 ¢ (i.e.,
in homoiothermic animals, specifically, mammals
and birds); and all of the encapsulated species de-
velop at 37—40 C (i.e. only in mammals) (Table 3).
The presence in the genus Trichinella of different
species which infect reptiles and mammals or birds
and mammals or only mammals strongly suggests that
this nematode group is ancient and that it evolved
with the evolution of reptiles into mammals and
birds (i.c. from poikilothermic to homoiothermie
vertehrates),

Finally, to the best of our knowledge, 7' papuae
and T zimbabweensis are the only two puarasites
known to complete their entire life-cyele indepen-
dently of whether the host is homoiothernic Or poi-
kilothermic. This seems to indicate that these two
Trichinella species are capable of activating different
physiological mechanisms, according 1o the specific
vertebrate class.
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