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Viability of Pseudocapillaria tomentosa Eggs Exposed
to Heat, Ultraviolet Light, Chlorine, lodine, and Desiccation
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Abstract

Pseudocapillaria tomentosa is an important pathogen in zebrafish facilities. We investigated heat, ultraviolet
(UV) light, chlorine, iodine, and dessciation for killing the parasite’s eggs. Eggs released with feces larvate in
about 5-10 days, and treatments were evaluated by exposing fresh eggs and subsequently comparing larvation
to untreated eggs as an indication of survival. Collectively, untreated eggs in all trials showed high levels of
survival. Eggs were exposed to elevated temperatures (40°C, 45°C and 50°C) for 1, 8, or 24 h, which resulted in
substantial reduction in viability of eggs. UV radiation was effective, with no larvation at 50-300 mWs/cm? and
<2% at 20 mWs/cm?>. Three chlorine products (JT Baker, Clorox®, and Bi-Mart) were tested at 25, 50, 100, 500,
and 3,000 ppm (pH 7.0-7.3) with 10 min exposure. All were effective at 500 or 1,000 ppm. There was vari-
ability between three products and trials at lower concentrations, but overall chlorine was not very effective at
25-100 ppm except for Bi-Mart brand at 100 ppm. Povidone-iodine was not effective at 25 or 50 ppm for
10 min, but was effective at 200 ppm for 1 h. Desiccation was effective, and no eggs larvated after 2 h drying.
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Introduction

PSEUDOCAPILLARIA TOMENTOSA IS a pathogenic nematode
parasite in laboratory zebrafish, causing emaciation and
severe inflammatory lesions in the intestine.'> The parasite
has been observed in about over 10% of zebrafish research
facilities based on data from diagnostic service of the NIH
Zebrafish International Resource Center, Eugene, Oregon®
Approaches to control the infection first start with avoidance,
that is, not introducing infected fish into research facilities. If
the infection occurs, gastrointestinal helminths, including
those infecting fish, can be controlled with anthelminthics
added to feed. Several of these drugs have been used with
considerable success with P. tomentosa in zebrafish.*”’

In addition to treating infected fish, it is important to re-
duce or eliminate eggs in the environment in which the fish
are maintained. This is accomplished by various methods to
kill the parasite eggs, including chemical disinfectants, heat,
and ultraviolet (UV) irradiation. In aquaculture, including
zebrafish, disinfectants are used for disinfecting fertilized
eggs or embrzos, as well as water and equipment that are not
holding fish.” Zebrafish embryos are typically disinfected
with chlorine, but more recently iodine is being used with
zebrafish’ as is commonly used with salmonid fishes.

Nematode eggs, such as Ascaris suum, are notoriously
resistant to physical and chemical agents, and thus are often
used a surrogates for successful sewage sludge disinfec-
tion.'®"'? For example, A. suum eggs are highly resistant to
chemical disinfectants such as 70% methanol, 10% povidone
iodine (~ 200 ppm of free iodine), or chlorine.'*~'> Martins
et al.'® evaluated the efficacy of chlorine and heat to kill
P. tomentosa eggs and observed that lower doses of chlorine
(i.e., 500 or 1,000 ppm) actually enhanced larvation com-
pared with controls, and 3,000 to 6,000 ppm was required to
kill the eggs. These authors also exposed eggs to either 40°C
or 50°C for 1 h, and the higher temperature was effective for
killing eggs. Recently, we have shown that eggs do not sur-
vive freezing, including those frozen in sperm cryopre-
servant.!” In this study, we further evaluated chlorine and
heat to kill P. tomentosa eggs. Effects of UV irradiation,
desiccation, and iodine on P. tomentosa egg survival were
also evaluated as these are also commonly used to control
pathogens in zebrafish research facilities.

Materials and Methods

Several trails were conducted to evaluate the efficacy of
disinfectants commonly used in zebrafish facilities. Trials
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were initiated on separate days, and each subsequent trial was
designed following results from previous trials.

Eggs source, purification, and assay conditions

Eggs were collected and purified using a protocol similar
to which we previously described.'®'” The source of eggs
was from a large stock of fish that were held in-house and
maintained by continuous infection by periodically adding
naive zebrafish. Infected fish were removed from the stock
population to harvest fresh eggs in a static aquarium, in which
with an insert with a 2mm” mesh screen at the bottom was
included to allow for the parasite eggs to pass through and
accumulate at the bottom of the tank. After 3 days, the fish
were removed from the collection tanks, and eggs were col-
lected from the bottom of the tank and concentrated as fol-
lows: 1) water in the tank was allowed to settle, 2) the bottom
25% of the tank water was collected, 3) this water was filtered
through 300 um and then 100 um screens, 4) the filtrate was
centrifuged at 1,500 g for 45 min in 300 mL plastic bottles, 5)
the concentrate from these bottles was combined into a 50
tube, and then 6) spun at 1500 g for 15 min. The pellets were
then resuspended in 10—15 mL sterile water from our zebra-
fish system (conductivity at 115-125 microsiemens, pH
~71.5), and eggs were enumerated by placing 25 uLL on a
glass slide and covering with a 25X 60 mm coverslip. The
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system water used in all experiments for egg preparation was
sterilized by high heat in an autoclave. All trials were con-
ducted the same day as egg collection, and therefore eggs
ranged in time from release from fish from 6 to about 42 h.

Multiple trials were conducted over a period of 1 year, and
hence, methods were slightly different between some trials.
Following exposures, eggs were held for 6-15 days in de-
pression slides with system water for the following trials; UV
light, chlorine, iodine, and desiccation trial. A 40 L sample
was placed in the depression slide and covered with a
22 x 22 mm cover slip. Depression glasses were incubated at
27°C in a moist sealed chamber at ~ 85% humidity. Samples
from the heat trials following exposure were held inin 1.5 mL
tubes at 27°C.

Viability of eggs were determined by comparing percent of
eggs following exposure to a disinfectant that developed
(larvated) compared to unexposed control eggs at the same
time. Eggs were scored as larvated (live) when elongated
larvae were visible after 6-14 days post exposure (DPE)
as Martins er al.'® showed that larvation occurs over this
time period. Eggs scored as ‘‘dead’’ included undeveloped or
empty eggs. Eggs were evaluated when a high percentage of
control eggs had larvated, and some trials included exami-
nation of eggs at two time points. The number of total eggs,
which was the sum of live and dead eggs, and correspond-
ing number of live eggs for each of three replicates were

TABLE 1. EFFECTS OF INCREASED TEMPERATURE ON SURVIVAL OF PSEUDOCAPILLARIA TOMENTOSA
EGGs BASED ON LARVATION

Temperature DPE Exposure time (h) Total eggs Live eggs (%) Fold reduction
40 9 0 157/128/96 89/88/59 (62.4)
9 1 73/112/67 9/23/21 (21) 3
9 8 70/35/21 7/3/5 (8.5) 7
9 24 87/113/92 0/0/1 (0.3) 208
45 9 0 30/38/68 30/34/64 (94)
9 1 64/14/15 0/0/0 (0) 85
9 8 15/50/11 0/0/1 (1.3) 72
9 24 54/28/12 1/0/0 (1.1) 85
45 9 0 30/38/68 30/34/64 (94.1)
9 1 64/14/15 0/0/0 (0) 85
9 8 15/50/11 0/0/1 (1.3) 72
9 24 54/28/12 1/0/0 (1.6) 59
45 11 0 14/70/67 13/68/66 (97.3)
11 1 64/61 0/1 (1) 98
11 8 25/41/23 0/0/0 (0) 86
11 24 11/28/13 1/0/0 (1.9) 57
45 8 0 20/24/44 19/23/35 (91.6)
8 1 24/49/40 0/2/1 (2.8) 33
8 8 26/25/57 0/0/0 (0) 100
8 24 24/20/17 0/0/1 (1.5) 62
50 8 0 20/24/44 19/23/35 (91.6)
8 1 20/35/61 0/0/0 (0) 106
8 8 32/28/14 1/0/0 (1.3) 70
8 24 18/15/21 0/0/0 50
50 13 0 36/20/41 32/15/34 (84)
13 1 45/44/30 0/0/0 (0) 100
13 8 37/48/28 0/0/0 (0) 96
13 24 33/39/26 0/1/0 (1) 84

Exposure time of O=no exposure to high temperature, held at 25°C. The number of total eggs, the sum of live and dead eggs, and
corresponding number of live eggs for each replicate is included. The percentage of the total eggs that were alive was calculated for each replicate
(live eggs/total eggs), and the mean percent for the replicates is included parenthetically. Fold reduction= 1/(percent treatment/percent control).



TABLE 2. EFFECTS OF ULTRAVIOLET RADIATION ON DEVELOPMENT OF PSEUDOCAPILLARIA TOMENTOSA
EGGs IN Two TRIALS

Trial Dose DPE Total eggs Live eggs (%) Fold reduction
1 0 10 105/37 89/35 (87.3)
50 69/44/36 0/0/0 (0) 149
100 91/43/49 0/0/0 (0) 181
300 40/24/47 0/0/0 (0) 111
0 14 89/35 82/34 (93.5)
50 35/37/33 0/0/0 (0) 98
100 80/48/33 0/0/0 (0) 151
300 33/24/31 0/0/0 (0) 83
2 0 8-10 21/35/34 13/12/17 (46.6)
20 95/43/34 2/1/0 (2) 23
35 69/35/48 1/0/0 (0.7) 67
50 45/23/34 0/0/0 48
0 10-12 23/29/44 14/23/24 (63)
20 73/56/46 1/0/0 (0.6) 105
35 76/60/53 0/0/0 (0) 119
50 40/57/64 0/0/0 (0) 102

Dose is expressed mWs/cm?. The number of total eggs, the sum of live and dead eggs, and corresponding number of live eggs for each of
the replicates is included. The percentage of the total eggs that were alive was calculated for each replicate (live eggs/total eggs) and the
mean percent for the replicates is included parenthetically. Fold reduction= 1/(percent treatment/percent control).

DPE, days postexposure.

TABLE 3. EFFECTS OF CHLORINE ON SURVIVAL OF PSEUDOCAPILLARIA TOMENTOSA EGGS BASED ON LARVATION

Trial Brand DPE Level (ppm) Total Live (%) Fold reduction
1 Control 8 0 83/91/79 75/83/68 (89.2)
Bi-Mart 8 100 73/49/57 0/0/1 (0.57) 156
Bi-Mart 8 500 58/21/41 0/0/0 107
Bi-Mart 8 3,000 62/51/85 0/0/0 (0) 175
Bi-Mart 14 0 68/80/85 61/69/47 (88.35)
Bi-Mart 14 100 72/46/49 0/0/0 (0) 152
Bi-Mart 14 500 49/24/37 0/0/0 (0) 98
Bi-Mart 14 3,000 55/47/81 0/0/0 (0) 162
2 Control 8 0 41/38/55 32/32/42 (79)
Clorox® 8 100 32/30/30 2/0/6 (8.3) 10
JT Baker 8 100 35/36/38 2/24/21 (28.4) 3
3 Control 8 0 81/89/48 74/68/37 (82.0)
Clorox 8 50 70/63/31 16/17/5 (23.0) 4
Bi-Mart 8 50 68/31/40 2/1/0 (2.0) 41
JT Baker 8 50 35/35/36 3/6/8 (16.0) 5
4 Control 8 0 39/35/100 36/28/85 (85.6)
ThioS 8 25 46/47/54 40/34/39 (76.9) 1
ThioS 8 50 58/54/94 41/42/81 (79.1) 1
ThioS 8 100 48/49/36 41/35/27 (77.4) 1
ThioS 8 500 48/62/50 40/43/43 (78.7) 1
ThioS 8 3,000 57/36/54 37/24/44 (71.4) 1
Clorox 8 25 47/89/45 14/17/10 (23) 4
Bi-Mart 8 25 34/57/50 10/21/20 (29) 3
JT Baker 8 25 39/29/34 12/20/12 (43) 2
Clorox 8 50 56/43/95 6/6/17 (15) 6
Bi-Mart 8 50 38/51/66 10/14/15 (24) 4
JT Baker 8 50 44/52/58 9/7/15 (20) 4
Clorox 8 100 61/80/38 10/15/7 (15.6) 5
Bi-Mart 8 100 32/50/45 1/0/1 (1.6) 53
JT Baker 8 100 48/74/60 17272 (2.7) 36
Clorox 8 500 36/42/35 0/0/0 (1) 98
Bi-Mart 8 500 33/22/38 0/2/0 (2) 43
JT Baker 8 500 63/26/40 1/0/0 (0.8) 110
Clorox 8 3,000 39/21/13 0/1/0 (1.4) 53
Bi-Mart 8 3,000 26/22/39 0/1/0 (1.2) 87
JT Baker 8 3,000 69/33/46 1/0/0 (0.67) 150

All trials were conducted for 10 min, and then chlorine was inactivated with sodium thiosulfate. The number of total eggs, the sum of live and dead
eggs, and corresponding number of live eggs for each of three replicates is included. The percentage of the total eggs that were alive was calculated
for each replicate (live eggs/total eggs) and the mean percent for the three replicates is included parenthetically. Fold reduction= 1/(percent
treatment/percent control). Fold reduction is based on comparing sodium thiosulfate with chlorine at corresponding concentrations for Trial 4.
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TABLE 4. EFFECTS OF FREE IODINE THE SURVIVAL OF PSEUDOCAPILLARIA TOMENTOSA EGGS BASED ON LARVATION

Trial DPE Concentration and time Total eggs Live eggs (%) Fold reduction
1 8 0 83/91/79 75/83/68 (89.2)
8 25 ppm, 10 min 26/57/57 23/53/48 (88.6) 0
8 200 ppm, 1h 51/36/51 3/0/0 (2.0) 45
14 0 68/80/55 61/69/47 (88.3)
14 25 ppm, 10 min 27/69/54 23/64/51 (91.0) 0
14 200 ppm, 1h 21/31/38 2/0/0 (3.2) 27
2 8 0 64/77/145 57/71/122 (88.4)
8 25 ppm, 10 min 134/42/20 113/34/13 (77.0) 1
8 50 ppm, 10 min 112/50/82 45/21/31 (40) 2
8 200 ppm, 1h 69/76/41 0/0/2 (1.6) 55
14 0 120/68/95 102/55/75 (82)
14 25 ppm, 10 min 67/63 35/35 (54) 1
14 50 ppm, 10 min 34/50/38 11/30/18 (47) 2
14 200 ppm, 1h 36/6/47 0/0/0 (0) 73

Iodine was delivered as povidone-iodine (Ovadine) and free iodine was calculated from the manufactures guidelines. Eggs were exposed
for either 10 min or 1 h. The number of total eggs, the sum of live and dead eggs, and corresponding number of live eggs for each replicate
is included. The percentage of the total eggs that were alive was calculated for each replicate (live eggs/total eggs) and the mean percent for
the replicates is included parenthetically. Fold reduction = 1/(percent treatment/percent control).

determined (Tables 1-5). The percentage of the total eggs
that were alive was calculated for each replicate (live eggs/
total eggs) and the mean percent for the two or three repli-
cates was included.

Statistical evaluations and data presentation

All treatment regimens (e.g., control, 8 h at 45°C) within
each trial were conducted in triplicate unless otherwise in-
dicated (Tables 1-4). Fold reduction was determined by
comparing the percent of live eggs in a group within a specific
trial that was exposed to an agent to the control (untreated
eggs) within the trial, which was examined at the same time:
1/(mean percent alive treatment/mean percent alive in the
control untreated). Moreover, the eggs in each trial were from
the same original population. To allow calculation of fold
reduction, a small value (1 egg) was added to the treatment
group when no larvated eggs were observed.

Before statistical analysis, trials with the same conditions
but different examination times were combined as larvation
rates from trials, in which eggs were examined at different
DPE, were not significantly different (analysis of variance
[ANOVA], F;59=0.029, p=0.87). For the UV, iodine, and

TABLE 5. EFFECTS OF DESICCATION ON THE SURVIVAL
OF PSEUDOCAPILLARIA TOMENTOSA EGGS
BASED ON LARVATION

Desiccation Fold
DPE time Total Live (%) reduction
6 0 21/43/30 18/38/22 (83)
6 2h 57/80/73 0/0/0 (0) 177
7 20 61/80/89 0/1/0 (0.4) 208
8 48 85/51/58 0/0/0 (0) 162

Control eggs were evaluated at 6 days postinitiation of desicca-
tion. The number of total eggs, the sum of live and dead eggs, and
corresponding number of live eggs for each replicate is included.
The percentage of the total eggs that were alive was calculated for
each replicate (live eggs/total eggs) and the mean percent for the
replicates is included parenthetically. Fold reduction=1/(percent
treatment/percent control).

desiccation experiments, one-way ANOVAs were used to
determine if a treatment had a significant effect on percent
larvation compared with controls. A two-way ANOVA was
used to quantify the effect of temperature, length of exposure,
and the interaction between temperature and length of ex-
posure on larvation rates. The effect of brand of bleach,
chlorine concentration, and the interaction between brand
and concentration on larvation rates was quantified using a
two-way ANOVA. Tukey’s Honest Significant Differences
were used to identify significant differences between treat-
ment levels. Variations in evaluation of the data for specific
agents are described below. Results presented were also an-
alyzed using Excel 2016 (Microsoft, Redmond, CA) and
SigmaPlot (version 13; Systat Software, Inc., San Jose, CA).
The limit of quantification presented in the figures was be-
tween 2.0 and 2.75 log, (Figs. 1-5).

Heat

The effects of elevated temperature were conducted by
placing the eggs in 1.5 mL Eppendorf vials in a water bath for
0, 1, 8, or 24 h (Table 1). The vials were then transferred to
27°C and held in these tubes until examined for larvation
8-13 days later. Extending from our earlier studies, we ex-
posed eggs at 27°C (controls), 40°C, 45°C, or 50°C.

UV treatment

Eggs were collected as described above, but further puri-
fied using our sugar centrifugation method.'® This step was
added to approximate conditions of postfiltered water that is
treated by UV irradiation in zebrafish recirculating systems.
Purified eggs were exposed to UV irradiation (0-300 mWs/
cm?) (Table 2) by placing 40 uL of sample in the wells of a
depression slide so that the maximum water overlying the
eggs was ~ 1 mm. Irradiation was performed using a Stra-
tagene UV Stratalinker 1800 (La Jolla, CA). After the ap-
propriate time to achieve the desired exposure (ranging from
about 20 to 145s) the slides were removed, topped off with
system water, covered with 22 x22 mm coverslips, and then
incubated at 27°C as described above.
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FIG. 1. Egg survival rates following treatment with heat. Eggs
were exposed to 25°C, 40°C, 45°C, or 50°C for 1 h (A), 8 h (B), or
241 (C). Following treatment, the eggs were allowed to larvate
for 9-13 days. Results presented are mean and standard devia-
tions of three independent experiments each done in triplicate.

Chlorine

Most zebrafish research facilities disinfect embryos using
chlorine at 25-50 ppm for 10 min’ or sometimes at higher
levels with shorter periods'® using either laboratory grade or
commercial bleach products. In this study, we evaluated one
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FIG. 2. Effects of UV irradiation on egg viability. Eggs
were exposed to varying doses of UV irradiation (0-50 mWs/
cm?). Following UV irradiation, eggs were allowed to larvate
for 9-14 days. Results represent the mean log;, reduction and
standard deviation of triplicate samples. UV, ultraviolet.

KENT ET AL.

Chlorine (ppm)

0 25 50 100 500 3000

JT Baker

Clorox
BiMart

=

-4.0 -

FIG. 3. Effects of various commercially available sodium
hypochlorite solution on egg viability. Eggs were treated with
increasing concentration of sodium hypochlorite, from JT
Baker, Clorox® or Bi-Mart as described in the Materials and
Methods section. Eggs were treated with varying concentra-
tions of sodium hypochlorite 0-3000 ppm and then allowed to
larvate for up to 14 days postexposure. Results shown are mean
log;o reduction and standard deviation of triplicate samples.

laboratory grade product (JT Baker 5%; Avantor Perfor-
mance Materials, Central Valley, PA) and two commercial
bleach products; Clorox Regular Liquid Bleach (5.25%) lot
36021CA3 and Bi-Mart Bleach 6% (lot 17199 F1 352). Four
separate trials were conducted evaluating these different
products at different concentrations as described in Table 3.
Chlorine concentrations were calibrated with an Exactstick
chlorine meter (Extech Instruments Corp., Waltham, MA) for
trials 1 and 2 and a Hanna Instruments free and ultrahigh
range portable photometer (Hanna Instruments, Woonsocket,
RI) for trials 3 and 4. pH was then adjusted to each mixture by
adding HCL or NaOH and read using a hand held pH meter
(pHep; Hanna Instruments). pH ranged 7.0-7.3 for all four
trials.

Exposures were conducted for 10 min in 1.5 mL Eppendorf
tubes in 0.7 mL volume. After 10 min exposure at 27°C, a
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FIG. 4. Effects of iodine treatment on egg viability. Un-
treated or treated eggs exposed to 25 or 50 ppm iodine solution
10 min are shown in (A). Eggs treated with 300 ppm of iodine
solution for 60 min are shown in (B). Results shown are mean
log; reduction and standard deviation of triplicate samples.
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FIG. 5. Effects of desiccation on egg viability. Eggs were
desiccated between 2 and 48 h and then allowed to larvated
for 6-8 days. Viable eggs were then enumerated in triplicate
and shown as mean log;, reduction and standard deviation.

2 x concentration of sodium thiosulfate based on bleach con-
centration was added in equal volume to the chlorine to create
a 1 X concentration of sodium thiosulfate in the exposure so-
Iution to inactivate the bleach and terminate the exposure. The
tubes were briefly agitated by vortex mixing every 2min
during exposure after thiosulfate was added. The tubes were
then centrifuged, and supernatant was removed and replaced
with sterile system water to remove sodium thiosulfate. Tubes
were then incubated at 27°C for 8-14 days (Table 3).

lodine

The efficacy of iodine was tested with two regimes, tar-
geting protocols similar to those used for disinfecting zeb-
rafish embryos.” Eggs were exposed to 25 or 50 ppm free
iodine for 10 min or 200 ppm for 1 h, the latter being a pro-
tocol similar to that routinely used in aquaculture for disin-
fection of surfaces, nets, and so on in the absence of fish. Two
separate trials were conducted (Table 4). Eggs were exposed
to povidone-iodine using a commercial aquaculture product,
Ovadine® (Syndel Laboratories, Ferndale, WA). This is a
buffered 1% Iodine solution (Iodophor) specifically formu-
lated for use in disinfecting fish eggs. It contains a 10%
Povidone-lodine (PVP Iodine) complex, which provides 1%
available iodine. The protocol described above for egg col-
lections was followed, except that after the final centrifu-
gation at 300 g for 5min, the concentrate (pellet) was
resuspended in the appropriate concentration of iodine and
incubated for designated time. Tubes were then rinsed and
centrifuged three times to remove iodine, and tank water was
then added. Iodine was made by appropriate dilution of stock
Ovadine using our system water and concentration confirmed
by both LaMotte iodine test papers (La Motte, Chestertown,
MD) and Waterworks Todine Check test strips (Industrial
Test Systems, Inc., Rock Hill, SC). The pH was 7.2-7.3 for
trial 1 and 7.3-7.4 for trial 2.

Desiccation

Given that the P. tomentosa is strictly an aquatic parasite,
we hypothesized that its eggs would be susceptible to des-
iccation. Desiccation was performed on isolated eggs as de-
scribed above. First, an 80 uL of egg sample was placed in a
depression slide well and allowed to dry at room temperature
(approximately 23°C-25°C). This procedure required about
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1 h. Samples were then incubated for additional 1, 19, and
47h at 23°C-25°C (Table 5). Then, 40 uL of sterile system
water was added to each well to rehydrate the samples. A
coverslip was then overlaid, and slides were then incubated in
the moist sealed chamber for 6-8 DPE at 27°C.

Results
Larvation in controls

All trials involved comparing treatments with correspond-
ing controls (Tables 1-5 and Figs. 1-5). There were 17 control
groups, 15 comprised 3 replicates and 2 with 2 replicates. A total
of 84% of samples (combing the replicates within each group)
showed >79% larvation, with the remaining three sample
groups showing 46%, 62%, or 63% larvation (Tables 1-4).
Mean percent larvation of controls was 83.1% (standard
deviation 13.5). The mean percent larvation based on days
posttreatment or exposure to an agent (DPE) with controls
showed no statistical correlation with day of examination
(ANOVA, F;59=0.029, p=0.87). For example, control
eggs examined at 6 DPE showed 83% larvation, while those
at 13 and 14 DPE showed a mean of 87% larvation.

Temperature

Eggs incubated at 27°C consistently exhibited over 60%
larvation (Table 1). All treatment regimens evaluated re-
sulted in a significant decrease in larvation rates compared
with controls (p<1.0Xx 107®), with at least a 2.5-log;q re-
duction in viability (Fig. 1). There was no >3% survival when
eggs were exposed to 45°C or 50°C. Longer exposure times
generally resulted in greater egg killing, and this trend was
more pronounced at the lowest temperature (40°C; Fig. 1).
Collectively, at 40°C, there was a time-dependent relation-
ship, with 21% survival at 1 h (3-fold reduction) compared to
0.3% larvation (208-fold reduction) following 24 h exposure.
At45°C and 50°C, only six or one larvated egg was observed,
respectively, with <2% larvation at these temperatures. In
addition to undeveloped or degenerate material within eggs,
about 10%-20% % of the eggs were empty; that is, they were
void of internal contents. Longer exposure to this highest tem-
perature resulted in more empty eggs. Both elevated tempera-
ture (F374=773.0, p<2X 10716) and the interaction between
temperature and exposure duration (F474=3.0, p=0.02) re-
sulted in significant reductions in larvation rates. All treatment
regimens evaluated resulted in a significant decrease in larvation
rates compared with controls (p < 1.0x 10™%), with at least a 2.5-
log ;o reduction in viability (Fig. 1).

UV irradiation

We first conducted a trial in which eggs were exposed to
relatively high levels, ranging from 50 to 300 mWs/cm?, and
no larvation was observed after exposure of eggs when they
were held for an additional 10 and 14 days (Table 2 and
Fig. 2). The second trial included exposing eggs to a lower
level (20 mWs/cm?). Control untreated eggs demonstrated a
high percent of larvation, whereas <1% of the eggs exposed
to 20mWs/cm? larvated. Hence, UV exposure resulted in a
profound and significant reduction in egg larvation (Fs 40="74.7,
p<2x107'%), with at least a 2-log;o reduction in viability
(Fig. 2). While each dose significantly decreased larvation rate
compared with controls, the magnitude of larvation suppression
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was similar and thus showed no significant differences between
doses of UV.

Chlorine

Variable results in efficacy were observed, particularly at
lower concentrations. Three different sources of chlorine
were evaluated, one laboratory grade (JT Baker) and two
from commercial (grocery store) bleach products, Bi-Mart
and Clorox® brands (Fig. 3 and Table 3). A dose—response
was observed with all three brands at lower levels, particu-
larly within the range that would be used for treating embryos
(i.e., 25,50, or 100 ppm). Brand (F, g;=243.0, p<2x107'°),
concentration (F4g7=13.0, p=2.3X 107®), and the interac-
tion between brand and concentration (Fj;g7=2.291,
p=0.01) of chlorine significantly influenced egg larvation
levels. For example, Bi-Mart was particularly more effective
than the other two brands at 50 ppm (Fig. 3). Nevertheless,
many eggs larvated following exposure of eggs at 25 or
50 ppm for 10 min (see Trial 4, Table 3).

Increasing the concentration to 100 ppm improved efficacy
with the commercial brands, particularly Bi-Mart (Fig. 3).
Trial 1 evaluated only Bi-Mart brand, and here, only one egg
larvated at 100 ppm, and complete killing at the other doses.
In trial 2, Clorox showed higher activity than the laboratory
grade (JT Baker) product at 100 ppm, with about 8% versus
28% egg development. Exposing eggs to high levels that
could be used for disinfecting tanks and laboratory surfaces
was consistently effective with all three brands (Fig. 3), but
even at these levels a few eggs showed larvation (Table 3).
Nevertheless, a 2-log;o reduction of egg viability was ob-
served at chlorine concentrations above 100 ppm for Bi-Mart
and 500 ppm for JT Baker and Clorox bleach. Regarding
controls, there was a slight decrease in larvation with controls
treated with sodium thiosulfate compared with untreated
controls (Table 3, Trial 4), but this was not statistically dif-
ferent (Tukey Honest Significant Difference; p=0.53).

lodine

Two trials were conducted using Ovadine, a commercial
povidone product often used in aquaculture. lodine treat-
ment significantly altered egg larvation rates (F4 g7=218.3,
p<2.0x107'°) in a dose-dependent manner. Many eggs
larvated at 25 ppm, which would be at levels that zebrafish
embryos could tolerate. Similar results were observed with
Trial 2. An additional concentration (50 ppm for 10 min)
was also evaluated, and at this concentration, about half of
the eggs larvated, compared to >80% larvation in the con-
trols. Iodine was very effective at preventing the develop-
ment of eggs at 200 ppm for 1 h, with 1.7 log;( reduction in
viability (Fig. 4 and Table 4). However, a few eggs survived
at this concentration in both Trials 1 and 2. Across trials,
iodine exposure significantly decreased egg larvation at all
doses (p<1.0x107%), except 25ppm (p=0.27), when
compared with untreated controls. Significant differences in
larvation rate were also observed between all iodine treat-
ment groups (p<1.0x107°).

Desiccation

Removing water was very effective for preventing lar-
vation, and larvation was only detected in one egg (Table 5
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and Fig. 5). This was following 20 h desiccation, whereas
no eggs larvated following 2 or 48 h. Desiccation overall
was significantly associated with reduced larvation rates
(F38=310.8, p<1.3><10_8) and rates of larvation were
significantly decreased at all exposure times when com-
pared with controls (p<1.0x107°). No significant differ-
ences were observed in larvation between treated groups.

Discussion

All methods for inactivating the eggs of P. tomentosa were
effective, generally with a dose- and time-dependent pattern.
The treatment protocols provide effective and practical ap-
proaches for inactivation of eggs in water and surfaces in
aquatic facilities that do not contain live fish. However,
concentrations of chlorine and iodine that are traditionally
used for disinfection of embryos are not adequate to inacti-
vate the nematode eggs.

We occasionally observed larvation of one or two eggs in
some samples even at the highest concentrations of heat,
chlorine, iodine, or desiccation. These larvated eggs probably
represent those that survived treatment. Alternatively, we do
rarely see larvated eggs in fresh feces, which probably re-
presented larvated eggs that were previously ingested by a
zebrafish, did not hatch, and then were passed in the feces.
Hence, it is possible that a few eggs could have been already
larvated at the time of exposure. However, this is unlikely
because we assume that an effective agent would have killed
these larvae at time O and that the dead larvae would de-
generate over the 8 days or longer period before examination.

Heat

P. tomentosa is a member of the Order Trichinellida, and
hence among terrestrial parasite nematodes comparisons with
Trichuris spp. are particularly appropriate. Ghiglietti et al.'®
showed that 40°C was detrimental to the survival of Trichuris
muris eggs, which is consistent with our findings that 40°C,
even for only 1h, caused a significant reduction in larvation
in our study. And at 45°C, almost all the eggs of P. tomentosa
did not develop, including those exposed for only 1h. These
results provide the basis for a practical disinfection method in
recirculating systems—that is, removal of all fish, and raising
temperatures above 40°C—45°C, perhaps for 24 h.

Ultraviolet

UV light exposure is a central part of water disinfection in
recirculating zebrafish systems in zebrafish facilities. For
example, at the Zebrafish International Resource Center,
large systems are treated at about 132 mWs/cm?>.'” UV within
the recirculating systems of smaller standalone systems is
also routinely used. It is also becoming a more common form
of disinfection in drinking water and sewage systems. Hence,
there have been several studies evaluating UV effects on
parasitic nematode eggs, and in general they are rather re-
sistant. Brownell and Nelson® reported inactivation of
A. suum eggs with 100 mWs/cm? for 19.5 min resulted in a one
log;o reduction in egg viability, while at 50mWs/cm? for
10 min, only a 0.44 log;o reduction was observed. Toxoplasma
gondii oocysts, the environmentally resistant form of the par-
asite, can also be effectively inactivated using UV, and a dose
as low as 10mWs/cm? resulted in 3-log;q reduction in oocyst
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viability.?! Similarly, in our study, P. fomentosa eggs treated
with 20 mWs/cm? resulted in ~ 2-log;, reduction in egg via-
bility, suggesting that UV treatment can be an effective dis-
infection treatment for treating eggs of this parasite (Fig. 2).

Chlorine

High levels of chlorine with all three bleach products were
consistently effective at killing the eggs, with only a few
larvated eggs observed. A survey conducted by the Zebrafish
Husbandry Association in 2018 found that 23 of 36 labora-
tories used various commercial (nonlaboratory grade) bleach
products for embryo disinfections, ranging from 25 to 50 ppm
sodium hypochlorite, and only six of these laboratories
buffered the treated water. Some other laboratories occa-
sionally use higher concentrations for shorter periods.”> We
observed variable results between trials and with different
products, but at lower concentrations, the Bi-Mart bleach was
most effective. One explanation for the increased egg killing
in commercial products designed for laundry may be that
chemicals other than sodium hypochlorite are frequently
added to bleach products to enhance whitening of clothes. For
example, Clorox Regular Liquid Bleach (5.25%) also con-
tains sodium carbonate, sodium chloride, sodium hydroxide,
and sodium polyacrglate. As seen with the spores of Pseu-
doloma neurophilia, 3 regardless of bleach brand, chlorine at
concentrations used with embryo disinfections (25 or 50 ppm
for 10 min) did not kill >90% of the nematode eggs. Con-
centrations of 100 ppm for 10 min was much more effective,
but this regime is often toxic to zebrafish embryos.**

lodine

In contrast to zebrafish facilities, most aquaculture facili-
ties generally use iodine to disinfect fish eggs. However,
iodine is increasingly being used as an alternative disinfec-
tant for zebrafish embryos.” Following toxicity studies, they
recommended treating embryos at 12.5 ppm free iodine for
only 2-5 min. Here, we found iodine at 25 ppm at 10 min was
not effective, and thus would not be an effective agent for
removing viable nematodes eggs associated with embryos.
Likewise, iodine treatment of oocysts of 7. gondii* or eggs
of A. suum eggs'* did not have any observable effects. More
aggressive treatment, 200 ppm for 1 h, was effective and thus
provides a useful method for treating water and surfaces
without zebrafish.

Desiccation

While terrestrial nematodes generally show some resis-
tance to desiccation,26 we found that the 2h of desiccation
(our shortest time point) killed all the eggs. This is likely
because this aquatic nematode has not evolved to survive in
dry conditions. Likewise, eggs of the monogene Benedinia
seriolae are prevented from hatching following only 3 min
desiccation.?’

Recommendations for Control and Treatment
P. tomentosa

The following are some general recommendations for
control of this pathogenic nematode in zebrafish facilities
based on results in the current and previous studies.
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Live feeds

Oligochaete worms may be a source of the infection of
capillarid nematodes of fishes,” and thus should be avoided
as food, particularly if their source is unknown.

Maternal transmission and spawning

There is a risk of maternal transmission as the parasite eggs
could be released in feces and contaminate eggs or sperm,
and eggs are resistant to chlorine and iodine at the levels used
for disinfecting zebrafish embryos. Therefore, infected brood
stock should not be used for generating F1 progeny for in-
troduction to a main facility. Murray er al.'® provided a
flowchart for responding to different biosecurity risks posed
by cryopreserved sperm. The eggs of P. fomentosa do not
survive freezing in cryopreservant.'® Therefore, cryopre-
served sperm from infected males could be used for in vitro
fertilization, but resultant progeny should be kept isolated
and the tank debris screened for the presence of eggs multiple
times.'® When introducing a new stock of fish into a facility,
particularly from a suspect source, one may consider disin-
fecting embryos at higher concentrations (e.g., 100 ppm) with
buffering the solution to pH 7. This could kill some of the
embryos,>* but would reduce the risk of introducing this se-
rious pathogen in the animal facility. Nevertheless, a more
effective approach would be to use brood fish that were
shown to be free of the infection. Also, it is important to
instruct staff to place embrzyos in pathogen free water after
disinfection. In one study,” simple mechanical rinsing of
embryos was shown to eliminate detectable pathogens in
embryos from parents that were infected with a variety of
zebrafish pathogens, including P. tomentosa. Hence, adding a
step of simple flushing embryos with pathogen-free water
should further reduce the risk of transmission.

Water and surface disinfection

With recirculation systems containing fish, the general
practice of disinfecting water with UV at a minimum dose of
about 35 mWs/cm? should be effective for killing developing
larvae in eggs, as long as the system is operated properly with
prefiltration of water to maintain water clarity, routine
cleaning of sleeves, and so on with timely changing of the UV
bulb. Disinfection of a system without fish can be accom-
plished with high levels of bleach, iodine, or elevated tem-
peratures. Heat has the advantage over chemical disinfectants
as removal or inactivation of a chemical agent is not required
following treatment. Higher temperatures (i.e., 45°C or 50°C)
were most effective, but even 40°C should be effective if the
temperature is maintained for at least 24 h. Nevertheless, a
few eggs may survive even at 50°C. Desiccation would be an
additional useful procedure as the parasite eggs are effec-
tively killed within 2 h of drying.

Drug treatment

With an infected system, fish could be removed and eu-
thanized or treated with drugs, the system disinfected, and
then the parasite-free fish was used to repopulate the system.
For oral treatment, we have found emamectin incorporated in
the feed to be very effective,” and we have recently found that
the drug can be increased to 0.35 mg/kg/day for 2 weeks with
increased efficacy and no side effects (unpublished data).
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Other anthelminthics that are routinely used in diets for
treating parasitic nematodes have also been shown to be
effective.®’
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