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Phytosanitary irradiation using X-rays
prevents reproduction in the semi-slug
Parmarion martensi (Stylommatophora:
Ariophantidae), a host of the human
pathogenic nematode Angiostrongylus
cantonensis (Rhabditida: Angiostrongylidae)
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Abstract

BACKGROUND: Phytosanitary irradiation is used to control insect pests of quarantine concern on exported fresh horticultural
products. Generic irradiation doses of 150 and 400 Gy are approved for tephritid fruit flies and all other insects, respectively.
Other invertebrates such as gastropods (snails and slugs) may be classified as quarantine pests and require a disinfestation
treatment. Parmarion martensi Simroth (Stylommatophora: Ariophantidae) is a semi-slug quarantine pest sometimes found
on fresh sweet potatoes and other fruits and vegetables exported from Hawai'i to the continental USA. Also, P. martensi is a host
of the parasitic nematode Angiostrongylus cantonensis (Rhabditida: Angiostrongylidae), the causative agent of neuroangios-
trongyliasis or rat lungworm disease in humans. We conducted a study to determine if phytosanitary irradiation could control
P. martensi and thereby reduce the risk of transmitting A. cantonensis in the USA.

RESULTS: Two-, 12-, and 21-week-old P. martensi were treated with X-ray radiation at a dose of 150 or 400 Gy or left untreated
as controls then held in the laboratory for up to 250 days. Survivorship and reproduction were recorded every 2-3 days and
individual weights were measured biweekly. Irradiation at 150 and 400 Gy reduced growth and increased the mortality rate
compared to untreated controls and prevented reproduction.

CONCLUSION: Phytosanitary irradiation treatment at doses =150 Gy will prevent the establishment of viable populations of P.
martensi. The literature on radiation tolerance in gastropods suggests that the internationally approved generic dose for
tephritid fruit flies of 150 Gy may be effective against many slug and snail pest species.
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1 INTRODUCTION origin, fumigate, or destroy) because it is not known to occur in
California or elsewhere in the continental USA.* This semi-slug is

Fresh produce exported from Hawai'i to the continental USA may i
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law for many fruits and vegetables."? Other invertebrates besides
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invasion history and high infection prevalence and parasite load
of a zoonotic nematode Angiostrongylus cantonensis (Chen)
(Rhabditida: Angiostrongylidae).>™® A. cantonensis is the etiologi-
cal agent of neuroangiostrongyliasis or rat lungworm disease, a
potentially debilitating form of meningitis in humans.®™"’

P. martensi was discovered in the state of Hawai'i on the island
of O'ahu in 1996,'% but spread to east Hawai'i Island possibly as
early as 1999, though it was not officially recorded there until
2004.° This invasive semi-slug is now common in the area where
most of the state's documented cases of human neuroangiostron-
gyliasis have occurred.'® P. martensi is considered a high-risk car-
rier of A. cantonensis because of its climbing behavior, abundance
around human dwellings, high infection prevalence, and high
worm burdens.58'*1> Qutbreaks of human infection appear to
be associated with the invasion of P. martensi on Hawai'i Island,
Maui, and Okinawa, Japan.>®'%'7 P, martensi is a called a semi-
slug because it has a visible soft shell on the dorsum of the body,
whereas in a true slug the shell is completely internal and not
visible.

The life cycle of the parasitic nematode A. cantonensis is partic-
ularly complex and there are numerous pathways for the move-
ment or spread of this parasite to new locations. Rattus rats are
definitive hosts, intermediate hosts include many terrestrial and
aquatic gastropods (snails and slugs), and paratenic hosts include
frogs, toads, some crustaceans, centipedes, and flatworms.'%'®
Rats and paratenic hosts acquire the nematode by eating a gas-
tropod intermediate host or possibly through contaminated
water.'”?° Humans are dead-end hosts and only third-stage lar-
vae (L3) found in gastropods and paratenic hosts can cause an
infection, most commonly through the accidental ingestion of
L3 larvae in infected gastropods.?' Hence there is special concern
about exported produce infested with P. martensi not only
because this species is invasive and may harbor high loads of
A. cantonensis, but also because P. martensi is an important vector
of transmission to other hosts, and therefore poses significant
environmental, economic, and human health risks.

Phytosanitary irradiation doses applied to exported Hawaiian
fresh fruit and vegetables include 150 Gy for tephritid fruit flies
and 400 Gy for other insect pests."?> The term ‘phytosanitary’
refers to preserving the health of plants, and phytosanitary mea-
sures ensure that plant pests that could harm the health of plant
resources or the economy of importing countries are not present
on the exported produce. Phytosanitary irradiation protocols are
designed to prevent reproduction through the prevention of
adult emergence or through sterility of the adult.! Absorbed dose
is measured in grays (Gy), which is a unit of measure of radiation
energy. The source of ionizing radiation can be gamma rays pro-
duced by radionuclides (e.g. from cobalt-60), or electrons or
X-rays generated from machine sources.'? The 150 Gy generic
treatment for tephritid fruit flies is an internationally approved
protocol,® and the 400 Gy generic treatment for all other insects
(except pupae and adults of Lepidoptera which may require
higher doses) is an approved protocol in the USA, Australia, and
New Zealand.?* Sweet potatoes exported from Hawai'i to the con-
tinental USA are irradiated at 150 or 400 Gy for control of several
regulated insect pests that feed internally and therefore cannot
be detected by inspection.?® P. martensi has been found on
Hawai'i sweet potatoes during inspection before and after export
(Fig. 1), causing rejection at significant cost to the farmer or
exporter. The question is whether the irradiation doses that are
used to control the regulatory target insects in fresh produce like
sweet potatoes are also effective against the nontarget semi-slug
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Figure 1. This Parmarion martensi semi-slug was found on ‘Okinawan’
sweet potato during inspection in Hawai'i before irradiation and export
to the continental USA. The presence of P. martensi during pre-departure
inspection of sweet potatoes may result in rejection and return to the
exporter, whereas the detection of P. martensi after shipment may result
in a decision to return to the port of origin, fumigate, or destroy at signif-
icant cost to the exporter.

P. martensi. Phytosanitary irradiation treatments do not cause
immediate mortality and therefore the desired response is to pre-
vent development to adulthood or induce sterility in reproductive
adults rather than mortality."??> We studied radiotolerance in
P. martensi to determine if phytosanitary irradiation at 150 or
400 Gy could reduce survival and stop reproduction, thus reduc-
ing the risk of establishment of this semi-slug in the USA mainland
and thereby limiting human exposure to and transmission of the
pathogenic nematode A. cantonensis.

2 MATERIALS AND METHODS

2.1 Rearing

P. martensi were collected from the wild and reared on a diet of
dry dog food and fresh fruits and vegetables in temperature-
controlled cabinets at 21 °C, 98% relative humidity, and 12 h:12 h
light:dark cycle following the methods described by Hamilton
et al?® Under these rearing conditions, time from egg to first
reproduction averaged 165 days, adults laid approximately
35 eggs, and egg hatch was about 53%. Survivorship was >90%
for up to a year. P. martensi is hermaphroditic, so any individual
of reproductive age may lay eggs.

Offspring from the wild-collected adults were used in the irradi-
ation tests. Three P. martensi age classes were irradiated: 2, 12 and
25 weeks old. At 2 and 12 weeks old, semi-slugs were immature
(juvenile) and actively feeding and growing, whereas at 25 weeks
semi-slugs were full size adults and actively reproducing (repro-
ductive). Juvenile or reproductive adult P. martensi were reared
with siblings from a common egg cluster until irradiation treat-
ment. After irradiation, individuals from families were randomly
assigned to rearing containers in cohorts of 10 individuals of the
same age class. All P. martensi used in tests were raised from eggs
and therefore were not infected with A. cantonensis.

2.2 Irradiation treatment

For treatment with irradiation, individual semi-slugs in 50 mL
plastic Solo cups (Lake Forest, lllinois, USA) were transported to
a commercial irradiation facility (RPH Hawaii Pride, Keaau, Hawai'i)
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for treatment with X-rays using an electron linear accelerator
(5 MeV, model TB-5/15; Titan Corp., San Diego, CA, USA). This facil-
ity was designed to apply low-dose irradiation for phytosanitation
of fresh agricultural produce. The target doses were 0 (nonirra-
diated control), 150, and 400 Gy. At each dose, three optichromic
dosimeters (FWT-70—83M; Far West Technology, Goleta, CA, USA)
were placed in individual Solo containers but without semi-slugs.
To control dose uniformity (the ratio of the maximum/minimum
dose), the Solo cups holding semi-slugs or dosimeters were
placed perpendicular to the x-ray beam and elevated by place-
ment on a fibreboard box and positioned in the center of the car-
rier for treatment at each dose. After irradiation treatment,
dosimeters were read with an FWT-200 reader (Far West Technol-
ogy) at 620 nm absorbance to measure dose accuracy and varia-
tion. Average measured doses (and dose range) for the target
treatments of 150 and 400 Gy were 158 (143-184) and
393 (353-422) Gy.

2.3 Data collection

After irradiation treatment, semi-slugs were returned to the labo-
ratory, transferred to rearing containers in groups of 10 individ-
uals, and held under standard rearing conditions.?® Individual
weights were recorded biweekly and survivorship and reproduc-
tion were recorded every 2-3 days until all irradiated semi-slugs
in a cohort had perished or until reproduction in nonirradiated
control semi-slugs had stopped (~217-259 days post treatment).
Irradiation treatments at 150 and 400 Gy were replicated 7-11
times each for a total of 70-110 semi-slugs per treatment depend-
ing on availability of semi-slugs in each age class (Table 1).
Untreated controls were replicated 4-6 times for a total of 40-60
semi-slugs depending on the age class.

2.4 Statistical analysis

Survivorship in the irradiation treatments for the duration of the
experiment was plotted and analyzed for differences using the
survival package in R v. 3.6.3. For this analysis, each semi-slug
was scored as alive or dead at the end of each time interval. Sur-
vival is the proportion surviving as determined using a Kaplan-
Meier product-limit estimate. A log-rank test was applied to the
data using a chi-squared statistic. Because of high survival in the
nonirradiated control groups (>90%), median (50%) survival and

confidence intervals could not be calculated. Data on lifetime
reproduction (number of eggs per adult) were subjected to statis-
tical analysis using generalized linear models (GLM) assuming a
Poisson distribution and using a log link function.?” Weight gain
data were plotted as means for each cohort for the duration of
the experiment and data at 4 weeks were used as an indicator
of treatment effects and analyzed by age group (2-, 12-,
21-week-old semi-slugs) using linear regression (response at
0,150,400 Gy). The 4-week snapshot was selected after reviewing
survivorship data to ensure that many P. martensi were still alive in
all age classes in both irradiation treatments at this time.

3 RESULTS

3.1 Survivorship

In total, 670 P. martensi were used across the three age groups
(Table 1). Irradiation significantly reduced survivorship compared
with nonirradiated controls in all age groups. Survival analysis
showed that P. martensi irradiated at 150 and 400 Gy died at
approximately the same rate in 2-week-old P. martensi
(chi-square = 3.0, df = 1, P = 0.08), whereas P. martensi irradiated
at 400 Gy died significantly faster than those irradiated at 150 Gy
in the 12-week-old (chi-square = 38.2, df = 1, P < 0.001) and
21-week-old groups (chi-square = 17.6, df = 1, P < 0.001)
(Fig. 2). Mean survival time post irradiation treatment varied by
age group and radiation dose (Table 1). Semi-slugs in the
21-week-old group had mean survival times of 47.6 and 36.1 days
in the 150 and 400 Gy treatments, respectively. Semi-slugs in the
12-week-old group had mean survival times of 1179 and
77.8 days at 150 and 400 Gy, respectively. These longer survival
times in 12-week-old versus 21-week-old semi-slugs suggests
inherently higher radiation tolerance but nonirradiated 12-week-
old semi-slugs also had longer survival times than 21-week-old
semi-slugs (Table 1). All irradiated semi-slugs in the 21-week-old
group died within 96 days, whereas one semi-slug in the
2-week-old group and four semi-slugs in the 12-week-old group
irradiated at 150 Gy survived well past their normal reproductive
period without laying eggs up to the point at which the experi-
ment was terminated at 217 and 259 days post-treatment,
respectively (Table 1).

Table 1. Summary of Parmarion martensi weight change, egg production, and survival post-irradiation treatment
Survival
Percentage wt post-irradiation (days)

Age Treatment Total no.  Start mean 4-week change at Mean eggs/  Total Total hatch

(weeks) (Gy) slugs wt (g)? mean wt (g) 4-weeks adult® eggs number (%) Mean Min Max

2 0 60 0.02 0.95 +4650% 13.3* 795 517 (65) 199.3 9 217
150 110 0.02 0.05 +150% 0.00 0 0 283 6 217
400 110 0.02 0.03 +50% 0.00 0 0 29.3 2 68

12 0 40 2.18 3.65 +67% 115.6* 4625 2930 (63) 2179 105 259
150 70 229 3.06 +34% 0.00 0 0 117.8 14 259
400 70 2.26 2.69 +19% 0.00° 0 0 77.8 2 120

21 0 50 391 4.22 +8% 68.5* 3423 1873 (55) 81.8 62 96
150 80 3.93 4.00 +0.1% 1.31 105 0 47.6 19 96
400 80 393 3.61 -8% 0.19 15 0 36.1 6 68

Results are from replicated groups of 10 individual semi-slugs.

@ Weight at the time of irradiation.

b * denotes significant effect.
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Figure 2. Parmarion martensi survival probability (with 2 standard error
cloud) over time post irradiation treatment in each age class. Survivorship
was reduced more in the 400 Gy treatment than in the 150 Gy treatment
in the 12-week-old and 21-week-old groups.

3.2 Weight gain

In all age groups, P. martensi showed lower mean weight gain per
group after irradiation compared with nonirradiated controls and
the effects increased with increasing dose (Table 1 and Fig. 3). At
4 weeks post-irradiation, the regression lines describing weight gain
were y = 0.04-0.001*dose (R*> = 0.44) for 2-week-olds, y = 3.5-
0.002*dose for 12-week-olds (R* = 0.41), and y = 4.2-0.0015*dose
(R* = 0.44) for 21-week-olds, and all showed a significant negative
slope. Compared to their weight at the time of irradiation, weight
gain was greatly reduced in 2-week-old P. martensi (50-150%
increase) compared to the untreated controls (4650% increase)
(Table 1). The upward trending weight gain line in the 2-week graph
(Fig. 3) represents the one surviving semi-slug at 150 Gy that
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Figure 3. Parmarion martensi mean weight change of survivors in each
cohort (with 2 standard error cloud) over time post-irradiation treatment
in each age class. Weight gain was reduced in all age groups after irradia-
tion. The upward trending weight gain line in the 2-week-old graph repre-
sents the one surviving semi-slug at 150 Gy which continued to feed and
grow for the duration of the experiment, but without laying eggs.

continued to feed and grow for the duration of the experiment,
but without laying eggs. In the 21-week-old group, where many
P. martensi had reached full size and started reproducing at the time
of irradiation, individuals treated at 400 Gy in fact lost weight, prob-
ably because of reduced feeding. Immediately after treatment, irra-
diated semi-slugs displayed unusual behavior by remaining still and
out in the open rather than immediately moving to a protected hid-
ing place as expected. However, within 1 day they had moved to a
protected hiding spot. Some irradiated semi-slugs lived for many
weeks after irradiation and appeared to move normally but
feed less.

3.3 Reproduction

Reproduction was greatly reduced or prevented by irradiation
at both 150 and 400 Gy, with significant effects of age
(chi-square = 44, df = 1, P = 0.035) and irradiation treatment
(chi-square = 1401, df = 1, P < 0.0001) (Table 1). Two-week-old
and 12-week-old immature P. martensi did not produce any eggs
after irradiation at either dose. Actively reproducing semi-slugs in
the 21-week-old group produced a total of 105 eggs after radiation
treatment at 150 Gy and 15 eggs at 400 Gy. All eggs were produced
within the first week following irradiation and none of them hatched.
In total, 8843 eggs were collected from semi-slugs in control groups
(Table 1), and on average 48.7% of the eggs in individual egg clusters
hatched. Thus, irradiation at 150 and 400 Gy prevented reproduction
in immature P. martensi (2- and 12-week-old semi-slugs) and caused
sterility in reproductive P. martensi (21-week-old semi-slugs).

4 DISCUSSION

In our study, irradiation had broad deleterious effects on
P. martensi growth and reproduction. Irradiation of P. martensi at
phytosanitary doses of 150 and 400 Gy caused reduced weight
gain in all age classes because of reduced feeding and possibly
lower assimilation of nutrients, and shortened survivorship signif-
icantly. Irradiation arrested egg development in immature stages
and prevented egg hatching in actively reproducing adults, which
demonstrated its efficacy as a quarantine treatment. No post-
irradiation recovery was observed at the doses tested. Therefore,
irradiation treatment at 150 or 400 Gy will provide quarantine
security because any P. martensi on exported irradiated fresh pro-
duce will be unable to reproduce.

Whereas irradiation at phytosanitary doses can stop reproduc-
tion in P. martensi, it is unknown how irradiation might affect
the parasitic nematode A. cantonensis inside them. Nematodes
can be highly tolerant of irradiation, with doses to prevent repro-
duction ranging from 100 to 2000 Gy.*® However, two previous
studies suggested that irradiation treatment at doses like those
used for phytosanitary irradiation, i.e. 150-400 Gy, may be able
to limit or prevent development and reproduction in
A. cantonensis. Pai et al.*® found no nematodes or pathologic find-
ings in the heart, lung, or brain tissue of rats infected with
A. cantonensis larvae collected from snails that had been irradi-
ated at 500 Gy and concluded that this dose was sufficient to pre-
vent successful infection; in their study, larvae irradiated at 250 Gy
that succeeded in maturing to the adult stage also failed to repro-
duce. In immunization studies, Lee3° reported that an irradiation
dose of 400 Gy significantly reduced development of third-stage
larvae of A. cantonensis, and that third-stage larvae irradiated at
200 Gy which succeeded in maturing to the adult stage did not
reproduce. We are planning additional studies to examine the
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effects phytosanitary irradiation at 150 and 400 Gy on
A. cantonensis survival, infectivity, and development in rats.

Phytosanitary irradiation treatments for pests requiring a high
degree of quarantine security are approved after large-scale con-
firmatory testing of the most tolerant life stage at a dose pre-
dicted to cause essentially 100% mortality or sterility.' The USDA
has used response at the probit 9 level (99.9968% mortality or ste-
rility at the 95% confidence level) as the basis for approving treat-
ments against tephritid fruit flies, which requires testing of 93 613
individuals with no survivors.3' Other countries accept quarantine
treatment efficacy at a 99.99% response level which requires test-
ing 29 956 individuals with no survivors. This level of testing is fea-
sible for tephritid fruit flies because of their short generation time,
high fecundity, and availability of artificial diets which allow for
rearing of large numbers of individuals. Schortemeyer et al.>?
and Follett et al.>* have pointed out that large-scale testing may
be impractical for many quarantine pests, such as wood boring
insects and ants, because of their long generation time, difficulties
rearing, and longevity, and this may also be the case for many gas-
tropods. Low replication studies with gastropod pests may still be
useful to predict an irradiation dose for control. Ideally, testing
should include multiple doses causing >90% mortality as well as
several doses causing 100% mortality to help pinpoint an effec-
tive dose with statistical rigor.>

In our study, a radiation dose of 150 Gy prevented reproduction
in P. martensi, but lower doses were not tested and a dose less
than 150 Gy may have been effective for control. Radiation toler-
ance information is now available for five species of gastropods in
five families. Hollingsworth et al>* showed that reproduction in
the orchid snail Zonitoides arboreus (Say) (Stylommatophora: Gas-
trodontidae) could be prevented by irradiation at 70 Gy, suggest-
ing gastropods may be controlled with relatively low radiation
doses. Hallman®® showed that eggs laid by adults of the brown
garden snail, Cornu aspersum (Miiller) (Stylommatophora: Helici-
dae), did not hatch at radiation doses =75 Gy. Several radio-
tolerance studies have been conducted with the freshwater
snail, Biomphalaria glabrata (Say) (Siphonariida: Planorbidae), an
intermediate host of the trematode Schistosoma mansoni Sambon
(Strigeidida: Schistosomatidae), a causative agent of schistosomi-
asis in humans. Perlowagora-Szumlewicz*® observed limited egg
hatch in B. glabrata at 84 Gy but no egg hatch at 112 Gy, Cantinha
et al>” reported no egg hatch in B. glabrata at 90 Gy, and Laird
et al®® found no egg hatch in B. glabrata at radiation doses of
160, 320 and 640 Gy but reported recovery of egg fertility at
2 months post treatment at 80 Gy. Fujita and Egami®*® showed a
reduction and subsequent recovery of egg laying in the pond
snail Physella acuta (Draparnaud) (Siphonariida: Physidae) irradi-
ated at 100 Gy. Our results with P. martensi are consistent with
radiation tolerance research of other snails which suggests that
doses in the range of 70-160 Gy can prevent reproduction.
Post-irradiation recovery may occur at certain substerilizing doses
for some species. Although radiation tolerance information is
available for only a small subset of gastropod species, consistent
results suggest that the internationally approved and widely used
generic dose for tephritid fruit flies of 150 Gy may be effective in
providing quarantine security against many gastropods. Irradia-
tion doses well below those causing full sterility may have other
significant negative effects on reproductive performance. For
example, in B. glabrata, 160 Gy completely prevented egg hatch,
but a dose of 20 Gy reduced egg hatch to 5.9% compared with
98.8% in nonirradiated controls.®® In addition to physiological
and genetic changes, irradiation may change gastropod behavior.

For example, irradiation at 15 and 35 Gy decreased photo-
response to light gradients and reduced aversion to salt in adults
of the grey garden slug, Deroceras reticulatum (Miiller)
(Stylommatophora: Agriolimacidae).*°

The Class Gastropoda includes an estimated 65 000 to 80 000
species.*’ A 2009 risk assessment identified 46 snail species from
18 families as priority quarantine pests in the USA and included
P. martensi* The US Department of Agriculture, Animal Plant
Health Inspection Service (APHIS), Plant Protection and Quaran-
tine (PPQ) Branch maintains a database of intercepted gastropods
and other mollusks, and many species are designated as quaran-
tine pests, whether actionable or not. P. martensi is an actionable
quarantine pest for the continental USA, US Virgin Islands, Amer-
ican Samoa, and Guam. It is established across south-east and east
Asia and the Hawaiian Islands, and most recently was discovered
in Puerto Rico (where the congener Parmarion intermedium is also
established and is also a vector of A. cantonensis) (D Robinson,
pers. comm., 2021). In Hawai'i, P. martensi is a polyphagous agri-
cultural pest and has been found attacking fruit and vegetable
crops such as lettuce and papaya in the field.*> The California
Department of Agriculture intercepted P. martensi 37 times
between 2009 and 2016 and is now using dogs to detect this
quarantine species on nursery stock and plant parts from
Hawai'i*®; P. martensi was intercepted mainly on potted nursery
crops such as Dracaena spp., but also on floriculture crops, ginger,
taro stems, and sweet potatoes. Our results show that phytosani-
tary irradiation can prevent movement of viable P. martensi in
treated agricultural products such as sweet potatoes, but ginger,
taro stems, and floriculture crops do not typically receive any type
of postharvest disinfestation treatment and rely instead on field
control, farm certification, and inspection. Field control methods
for slugs and snails include sanitation (e.g. removal of objects that
serve as hiding places) and the use of poison food baits, such as
those containing iron phosphate or metaldehyde.*? Hence, nurs-
ery and floriculture crops provide a significant pathway for move-
ment of viable P. martensi, some of which may be infected with
A. cantonensis.

5 CONCLUSION

Phytosanitary irradiation treatments have been developed for
quarantine insect pests including the generic radiation doses of
150 Gy for tephritid fruit flies and 400 Gy for other insects. Other
invertebrates besides insects may be classified as quarantine
pests and require a disinfestation treatment, including snails
and slugs (Class Gastropoda). Irradiation at 150 and 400 Gy
reduced growth, increased the mortality rate, and prevented
reproduction in the high priority semi-slug pest P. martensi, a vec-
tor of the human pathogenic nematode A. cantonensis. Phytosani-
tary irradiation treatment at doses =150 Gy will prevent the
establishment of reproductive populations of P. martensi and
thereby reduce the risk of transmission of A. cantonensis.
Although radiation tolerance information is available for only a
small subset of gastropod species, consistent results suggest that
the internationally approved and widely used generic dose for
tephritid fruit flies of 150 Gy may be effective in providing quaran-
tine security against many gastropods.
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