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Abstract Many freshwater mussel species are criti-
cally imperiled, and propagation is essential for spe-
cies ‘recovery.” Fungal contamination can negatively
affect in vitro propagation of freshwater mussels; thus,
we investigated methods of mitigating fungal contam-
ination. Specifically, we tested the effect of medium
replacement frequency and antifungal (Amphotericin
B) concentrations on risk of fungal contamination and
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transformation success of two species, Alasmidonta
heterodon and congener, Alasmidonta undulata. We
observed a trend of increased contamination risk in
treatment groups that received medium replacements
every 1 or 2 days (vs. every 3 days), but this trend was
not statistically significant. We found that contamina-
tion risk differed significantly across Amphotericin
B concentrations. Although contamination severity
reduced transformation success, we found no signifi-
cant difference in transformation success based on
medium replacement frequency. Amphotericin B con-
centration was negatively correlated with transforma-
tion success, suggesting toxicity at higher concentra-
tions. Additionally, we identified the fungal pathogen
(Candida parapsilosis), the first knowledge of this
fungus during mussel culture. Our findings suggest
that low contamination results in high probability for
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transformation success; however, there is a tradeoff in
higher concentrations of Amphotericin B. This study
offers new ideas for improving mussel propagation
techniques that may better control fungal contamina-
tion and increase transformation success.

Keywords In vitro propagation - Unionidae - Dwarf
wedgemussel - Triangle floater - Pathogen - Culture
contamination

Introduction

Since the early 1900s, propagation and population
augmentation or reintroduction have been used to
restore freshwater mussel (Bivalvia, Unionida) pop-
ulations (Lima et al., 2012). Historically, propaga-
tion mimicked natural reproduction, using host fish
to transform glochidia to juveniles, a process called
in vivo propagation (Patterson et al., 2018). While
host fishes are still used for propagation, in the last
40 years, methods have been developed to propagate
freshwater mussels with growth medium in lieu of
host fishes to transform glochidia to the juveniles.
Effective medium for culture varies by species and
may consist of different amounts and types of serums,
lipids, amino acids, antifungals, antibiotics, and
vitamins (Owen, 2009). In vitro propagation meth-
ods often use glochidia more efficiently than in vivo
methods, obtaining higher transformation rates than
in vivo propagation (Lima et al., 2012). When met-
amorphosis success was compared in one study of
Sinanodonta woodiana (1. Lea, 1834), in vitro meth-
ods produced higher transformation compared to
in vivo methods (Douda et al., 2021). These higher
juvenile outputs are especially important for spe-
cies with low fecundity where maximizing produc-
tion yield is critical for restoration efforts. Although
there is some concern regarding the overall fitness
of in vitro-produced juveniles (Popp et al., 2018),
research found no significant difference in length or
mass of in vivo versus in vitro-propagated S. woodi-
ana juveniles after one growing season, no difference
in length of Lampsilis cardium Rafinesque, 1820,
and only a 12% difference in mass of L. cardium
after 5 months (Douda et al., 2021). Furthermore,
when in vivo and in vitro animals were used to pro-
duce 2nd-generation juveniles on fish, there was no
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difference found in population growth rate or mean
length (Douda et al., 2021).

Several species of freshwater mussels have been
successfully propagated using in vitro methods
(Owen, 2009; Lima et al., 2012); however, one key
challenge to successful propagation is management of
fungal contamination (Owen et al., 2010). Fungi are
ubiquitous and live on our bodies, artificial materials,
soil, water, and air; however, depending on the amount
and species, fungi can be harmful to organisms in the
environment (Trofa et al., 2008; Newbound et al.,
2010). Fungal contamination causes poor growth
in culture (Macleod & Langdon, 2010) and can kill
glochidia before they transform, which creates logisti-
cal challenges when removing transformed juveniles
from culture medium (Monte McGregor, Aquatic Sci-
entist/Malacologist with the Kentucky Department of
Fish and Wildlife Resources, personal communica-
tion, Frankfort, Kentucky, March 15, 2019). Build-
ing blocks for minimizing contamination include
good aseptic techniques, an organized workspace, use
of healthy cells (glochidia), and consistent monitor-
ing of the contamination (Ryan, 1994). To mitigate
contamination during propagation, procedures typi-
cally include frequent (as often as daily) changes of
medium (Monte McGregor, personal communication,
March 15, 2019) and a low dose of the antifungal,
Amphotericin B (Owen et al., 2010). Amphotericin B
is a polyene antibiotic that was the first commercially
significant antifungal drug (Gallis et al., 1990; Lemke
et al., 2005) and has been widely used in a variety of
cell cultures and to treat fungal infections in human
patients (Steimbach et al., 2017) in addition to propa-
gation of freshwater mussels (Owen et al., 2010).
Currently, Amphotericin B is administered as a com-
prehensive antifungal, as the species of fungi growing
in culture is currently not known (Monte McGregor,
personal communication, March 15, 2019). In medi-
cine, Amphotericin B is given in low doses to patients
combating fungal infections because the drug is
accompanied by dose-limited toxicities and can cause
harm to the patient if given in high enough amounts
(Hamill, 2013). It is presumed that a similar harm-
ful effect would cause low transformation in fresh-
water mussels and thus many formulas call for a low
concentration of Amphotericin B (0.67-5 pg/ml) to
control fungal contamination (Keller & Zam, 1991).
However, a 50 pg/ml dose of Amphotericin B did not
detrimentally affect transformation of the cockscomb
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pearl mussel [Cristaria plicata (Leach, 1814)] (Ma
et al., 2018). It is unknown how Amphotericin B con-
centration impacts transformation success in other
species. Although transformation success does not
necessarily equate to ultimate juvenile survival of
propagated mussels, to date, no studies have quan-
tified the effect of fungal contamination on mus-
sel transformation or identified the species of fungi
infecting mussels in vitro.

The goal of this research was to determine how
fungal contamination and methods of mitigation
influenced transformation success of two Alasmi-
donta species, Alasmidonta heterodon (1. Lea, 1830),
and Alasmidonta undulata (Say, 1817). Our objec-
tives were to (1) determine which methods of con-
tamination mitigation—frequency in changes of
medium and concentrations of the antifungal Ampho-
tericin B—caused the least contamination risk, (2)
identify the species of fungus in experimental dishes,
and (3) assess how different methods mitigation
affected mussel transformation success. This research
will contribute to the improvement of in vitro propa-
gation methods for freshwater mussels by develop-
ing ways to mitigate contamination and maximize
transformation.

Methods
Study species

This study focused on A. heterodon, a small
(<45 mm) mussel found in isolated distributions
along the Atlantic slope of the UUSA from New
Hampshire to North Carolina, where it is federally
protected under the United States Endangered Spe-
cies Act (USFWS, 2007). A. heterodon is considered
a host generalist and has a maximum theoretical life
expectancy of 12 years (Michaelson & Neves, 1995).
To minimize experimentation on a federally listed
species, two experiments used Alasmidonta undulata
as a surrogate for A. heterodon. A. undulata is closely
related to A. heterodon and has similar life history and
ecological traits (e.g., habitat requirements), although
A. undulata are slightly larger than A. heterodon and
have higher fecundity. The species are often sympat-
ric in the northern Atlantic Slope of the USA (Ned-
eau, 2008). A. undulata is protected in many states or

considered vulnerable throughout much of its range
(Cordeiro, 2011).

Broodstock collection, housing, and glochidia
extraction

We conducted two experiments to address the study
objectives where we examined how each experiment
and their treatments impacted contamination sever-
ity and transformation success. Experiment 1 exam-
ined frequency in changes of medium for A. hetero-
don glochidia and Experiment 2 examined different
Amphotericin B concentrations of A. undulata. For
Experiment 1, two gravid A. heterodon were collected
via view bucket and snorkeling from the Mill River in
Whately, Massachusetts in March 2019 and brought
to the U.S. Fish and Wildlife Service’s Cronin
Aquatic Resource Center (CARC) in Sunderland,
MA. Mussels were housed in a recirculating system
with weekly water changes and held at 2 °C until day
0 of the experiment on June 13, 2020.

For Experiment 2, six gravid A. undulata were
collected from the Squannacook River in Townsend,
Massachusetts in November 2019 using a combina-
tion of snorkeling and view buckets. Mussels were
held in silos (adapted from Chris Barnhart; Missouri
State University) in the river so that the glochidia
could fully mature before their use in experiments.
The mussels were moved to CARC on January 2,
2020, where they were housed in a recirculating sys-
tem with daily water changes. The temperature was
increased from 1.5 to 12 °C over 5 days for the start
of the experiment on January 7, 2020. All mussels
were measured, tagged, and cleaned before use.

Glochidia were extracted from each mussel by
rupturing one (for A. undulata) or both (for A. het-
erodon) gills with a water-filled syringe with a 22G
needle. Glochidia from the ruptured gills from each
female were kept in separate beakers with 100 ml of
sterile water. Glochidia density and viability were
tested using the salt test following Neves et al. (1985).
Five, 200 pl subsamples were taken from each beaker
and 1 drop of salt solution (NaCl) was added to each
subsample of glochidia. Glochidia that closed after
the addition of salt indicated that the glochidia were
viable and those that did not were considered not via-
ble. Percent viability for each subsample is calculated
using the following equation:
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Open before salt addition - Open after salt addition 100
Open before salt addition + Closed before salt addition

The mean of the 5 subsamples was calculated to
determine viability for each mussel. The viability of
A. heterodon used in Experiment 1 were 97.7% and
100.0%, resulting in an average viability of 98.9%.
The viability of A. wundulata used in Experiment
2 were 89.1%, 90.4%, 96.1%, 97.1%, 100.0%, and
100.0% for the 6 mussels, resulting in an average via-
bility of 95.3%. Additionally, glochidia from the same
5 subsamples were counted and used to volumetri-
cally estimate the number of viable glochidia from
each gravid female.

After testing viability and volumetric estimates,
glochidia from each mussel were combined into a
single beaker filled with the filtered medium solu-
tion (Table S1). On a sterile, clean bench, the medium
was continuously agitated to prevent glochidia from
snapping shut on one another. Debris from the mussel
and non-viable glochidia were removed by repeatedly
decanting the medium off the top as the glochidia set-
tled to the bottom. Additional debris and open glo-
chidia were removed with a pipette.

For both experiments rabbit serum (33%) was
added to the base solution (67%) (Table S1). Prior
to use, the rabbit serum was heat treated by warm-
ing it in a 56 °C hot water bath for 30 min to help
prevent fungal and bacterial contamination in the
culture (Barile, 1973). Then the basal medium and
serum were brought to a pH of 7.65 by adding small
amounts (<1 ml) of sodium hydroxide (NaOH) solu-
tion until the medium reached the desired pH. All
medium and serum were stored at a temperature of
— 30 °C and brought up to match the temperature of
the glochidia before use.

Experiment 1 procedures

Experiment 1 examined how frequency of changes
in the medium impacted contamination severity and
transformation success of A. heterodon glochidia.
There were 3 treatments based on the frequency in
changes of medium: every 1 day (control, n=35),
every 2 days (n=35), or every 3 days (n=3) as well
as two nonexperimental dishes. Base medium (5 ml,
Table S1) and approximately 150 glochidia were
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added to each replicate petri dish (60 mm X 15 mm).
During incubation, dishes were kept in a sterile
incubator at 23 °C with 1.5% CO, and were only
opened on days coinciding with changes of medium.
All changes of medium took place on a laminar flow
horizontal flow bench, while the researcher was
wearing gloves sprayed with 70% isopropyl alcohol
to minimize risk of contamination. Live glochidia
were removed from the old medium using a sterile
pipette and placed in a new dish with clean medium
to rinse the glochidia. Then, the glochidia were
moved to a new dish of medium and placed back in
the incubator.

The level of microbial contamination sever-
ity was assessed daily prior to changes of the
medium using a scoring system (Table S2). Dishes
were removed from the incubator for a short time
(<10 min) and observed under the microscope to
assess for contamination. The contamination score
ranged from O to 5 where a score of ‘0’ indicated
the fungus was not detectable in the dish and where
a score of ‘5’ indicated the fungus was intertwined
with the glochidia and could only be separated
through invasive and time-consuming measures. On
the day a dish was given the highest fungal contam-
ination score of ‘5, it was removed from the experi-
ment, and the dish was given a score of ‘5’ daily for
the remainder of the experiment.

Starting on day 11 of the experiment, 10 glo-
chidia were taken out of 2 nonexperimental dishes
and diluted with filtered (0.1 pm), chlorine-free
water that was warmed to 23 °C (to match the tem-
perature of the incubator) to assess for transforma-
tion. One hour after full dilution, the dishes were
given a fresh dose of water to promote movement
and glochidia were counted under a microscope
and assessed for transformation. A glochidium was
considered transformed if it was closed and dark in
color, with developed adductor muscles. Once at
least 50% of the glochidia were considered trans-
formed, all the experimental dishes were diluted. To
dilute glochidia from the medium, 1.5 ml of filtered,
chlorine-free water (at pH of 7.65 and 23 °C) was
added to each dish. After 15 min, an additional 3 ml
of water was added to each dish, then after another
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15 min, 4 ml of water was added. At 45 min, using a
wash bottle with the same water, the glochidia were
gently spun to the center of the dish and slowly
(~2 min) diluted from medium to sterile freshwa-
ter. Dishes were left on the clean bench overnight
to let the glochidia acclimate and then moved to a
recirculating system the next day. Transformation
success was determined prior to dilution; they were
not re-counted after dilution.

Experiment 2 procedures

Experiment 2 examined how different Amphotericin
B concentrations impacted the level of contamina-
tion severity and transformation success. Treatments
varied in Amphotericin B concentration: 0 pg/ml
(control), 1 pg/ml, 3 pg/ml, 5 pg/ml, and 10 pg/ml.
Prepared glochidia were transferred to 25 dishes and
divided into the 5 treatments, with 5 replicates per
treatment and approximately 100 individuals in each
replicate. Fungal contamination was assessed at the
same time each day in the same manner as Experi-
ment 1, and media changes for this experiment took
place every 3 days.

Starting on day 12 of the experiment, 10 glochidia
were taken out of 2 nonexperimental dishes (with
1 pg/ml of Amphotericin B) and diluted to assess
for transformation. On day 13, more than half of the
individuals moved in sterile freshwater after 30 min
(indicating transformation), so all individuals were
removed from the medium. Replicate dishes were
diluted at the same time as described in Experiment 1
placed back in the incubator (at 23 °C) overnight and
the next day 5 ml of fresh, sterile water was added
to each dish. Each dish incubated for approximately
11 h before its second observation. The mussels were
counted and assessed for transformation success at
the second observation and was considered ‘trans-
formed’ if it displayed bright adductor mussels and a
dark interior.

Identification of microbial contamination

To identify the species of fungal contamination grow-
ing in the dishes, discarded samples of contaminated
medium from 3 dishes (two 10 pg/ml dishes and one
3 pg/ml dish from Experiment 2) were poured into
separate, sterile bottles and observed under a micro-
scope. Two replicates of each yeast sample were

cultured on potato dextrose agar for 4 days in an incu-
bator prior to DNA extraction.

Replicates of yeast and filamentous fungi DNA
were extracted using both the Qiagen DNeasy Plant
Mini Kit and the DNA Immunoprecipitation (DIP)
method. Polymerase chain reaction (PCR) was per-
formed using the Eppendorf Mastercycler Gradient
(Hamberg, Germany), and the quality of the DNA
was tested using standard gel electrophoresis. PCR
was performed using Eukaryotic ITS and LSU prim-
ers 5'-CGT AAC AAG GTT TCC GTA GGT GAA
C-3'5'-GTT GTT ACA CAC TCC TTA GCG GAT-3'
(Robideau et al., 2011). Samples (4 yeast, 2 filamen-
tous, and 1 negative control) were sent to the Psoma-
gen Inc. (formerly Macrogen) for DNA sequencing.
The reverse complement of the sequences were taken
using the tool Reverse Compliment tool (https:/
www.bioinformatics.org/sms/rev_comp.html) and
then the forward and reverse nucleotides for the DNA
sequences were aligned using the EMBOSS Water
tool (Madeira et al., 2019). DNA sequences were then
examined using SeaView (version 5.0.2, Gouy et al.,
2010) which identified the longest strings of nucleo-
tides. The Basic Local Alignment Search Tool (Alts-
chul et al., 1990) compared the longest nucleotide
sequences to those in the databases from the National
Center of Biotechnology Information and calculated
match likelihood to known samples in the database.

Data analysis
Fungal contamination risk

We assessed the risk of fungal contamination across
treatments for each of the two experiments using
Kaplan—Meier survival analysis followed with Log-
rank post hoc comparison across treatments (Rich
et al., 2010). Kaplan—-Meier survival curves were
fitted to the time of first observation (i.e., days) of
a given level of contamination, and treatment vari-
ables were evaluated as time-independent covariates
of contamination probability (i.e., replacement time
in Experiment 1 and Amphotericin B concentration
in Experiment 2). We used this approach to evalu-
ate the effect of medium replacement (Experiment
1) and Amphotericin B concentration (Experiment 2)
for risk of any fungal contamination (i.e., a contami-
nation score >1). Treatment groups for both experi-
ments were treated as categorical variables and each
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dish served as a single replicate. Data were right cen-
sored such that no dish was followed in the analysis
after the first positive observation. Dishes where no
specified contamination was observed were given
a 0 for contamination score with a follow-up time
as t,+1, where ¢z, is the day when the trial was ter-
minated (1,=12 in Experiment 1 and 13 in Experi-
ment 2). Kaplan—-Meier Survival curves and post hoc
Log-rank tests were fitted using the ‘survival’ pack-
age in R (Therneau, 2021). We compared statistical
differences across Kaplan—Meier curves using the
Log-rank method, with a level of significance a =
0.05 (Rich et al., 2010). We further assessed differ-
ences between each treatment level and the control
using pairwise Log-rank tests and incorporated a
Bonferroni-corrected a to control for a Type I Error
(Colak et al., 2017), where a = 0.017 for Experiment
1 (n=three total comparisons among 3 groups) and a
= 0.005 for Experiment 2 (n=10 total comparisons
among 5 groups). Our incorporation of the Bonfer-
roni method is a conservative adjustment to avoid
Type 1 Error for two reasons: first, the Bonferroni
method is among the more conservative multiple
comparison post hoc analyses for the Log-rank test in
survival analysis (Colak et al., 2017) and second, we
adjusted a for all possible comparisons among treat-
ment groups, not just comparisons between the con-
trol and each subsequent treatment group.

Transformation success

To assess how the level of contamination and vari-
ous methods of mitigation influenced transformation
success, we used a generalized linear mixed model
(GLMM) with a logistic regression framework and
a logit link transformation. Models were fit using the
glmmTMB function from the ‘glmmTMB’ package
in R (Brooks et al., 2017). All glochidia data were
expressed as a binary response where )=non-trans-
formed glochidia (i.e., failure) and 1=transformed
glochidia (i.e., success). This gave the dataset a hier-
archical structure, which allowed for individual glo-
chidia to be nested within a dish, which allowed each
dish to function as a random effect in all models (fol-
lowing Hazelton et al., 2013).
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To evaluate the effects of fungal contamination on
mussel transformation success, we created 3 catego-
ries of covariates: time to contamination (i.e., onset),
contamination frequency (i.e., prevalence), and the
maximum contamination score for each dish, which
resulted in 9 contamination covariates for evaluation
(Table S3). Time to contamination consisted of four
covariates, including days to any contamination pre-
sent and days to contamination score of 1 or higher,
2 or higher, and 3 or higher. For replicates that did
not achieve a specific contamination score during the
experiment, we assumed the time to contamination
was t,+1, where 7, is the length of the trial in days
(trial length=12 days for Experiment 1, and 13 days
for Experiment 2). Four covariates for contamination
frequency were calculated based on the number of
days that a replicate was scored at a given contamina-
tion level: any contamination present, contamination
score above 1, contamination score above 2, and con-
tamination score above 3. Maximum contamination
was calculated as the highest contamination score
during the experiment.

To reduce variables included in the final logistic
regression models, we calculated Pearson correla-
tion coefficients (r) for all contamination covariates
and percent transformation for each experiment. Per-
cent transformation was calculated as the proportion
of juveniles successfully transformed divided by the
number of total glochidia placed in each dish at the
start of the experiment. We selected the contamina-
tion covariate from each category (i.e., time to event,
contamination frequency, and maximum contamina-
tion) with the highest Pearson r with transformation
success to be included in logistic regression models.
We also incorporated treatments of contamination
mitigation as a predictor variable for each experi-
ment. In Experiment 1, we modeled contamination
mitigation treatments as nominal variables with the
following categories: Daily Medium Change (refer-
ence level), Alternate Medium Change, and Three-
Day Medium Change. For Experiment 2, we modeled
treatment as a continuous variable of Amphotericin B
concentration (0, 1, 3, 5, and 10 pg/ml). Models were
compared using Akaike Information Criteria with
a correction for small sample size (AIC,) using the
‘aictab’ function in the ‘AlCcmodavg’ package in R
(Marc Mazerolle, 2020). We chose to interpret mod-
els with the highest AIC, weight of evidence (AIC,;)
up to a cumulative weight of evidence of 0.70 for
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Fig. 1 Kaplan—Meier-restricted mean times to fungal con-»
tamination across all contamination levels: a Comparison of
media change frequency (Experiment 1) and b comparison
of Amphotericin B concentration (Experiment 2) measured
through Kaplan—Meier survival analysis. Groups represented
with “*” are statistically significant from control group at that
level of contamination through Log-rank post hoc pairwise
comparison, with a Bonferroni-adjusted a = 0.005. ¢ Kaplan—
Meier event curve comparison of effects of Amphotericin B
concentration on probability of fungal contamination for all
levels of contamination. Horizontal line on a & b demarcates
trial termination

parameter estimation. Parameters from all top models
were assessed using standard errors and level of sig-
nificance (P <0.05).

Results
Experiment 1

In the evaluation of fungal contamination risk across
different frequencies of media changes, we observed
83 contamination events across 182 total observa-
tions (Table S4). Contamination onset (i.e., day of
first contamination) occurred first in the treatment
group with daily changes of medium (min=3 d,
mean+SD=5.2+492 d, n=4), followed by the
treatment where the medium was changed every other
day (min=5 d, mean=5.0+0.0 d, n=4). The treat-
ment where the medium was changed every three
days also had contamination occurring first in day
5; however, most replicates had contamination onset
much later (min=5 d, mean=11.0+5.19 d, n=3).
Mean prevalence of contamination (i.e., number of
days experiencing contamination) was also greater
with daily (7.8+1.20 d) and alternate day changes
of medium (8.60+4.83 d) than in the treatment with
medium replaced every three days (0.33+0.57 d,
Table S5). As determined by the Log-rank test, dif-
ferences in Kaplan—Meier time to event curves were
not significantly different between treatments at fun-
gal contamination level 1 ()(2:5.2, df=2, P=0.075),
level 2 (4*=5.9, df =2, P=0.053), or level 3 (4*=3.2,
df=2, P=0.2). Test statistics for fungal contamina-
tion levels 4 and 5 were not calculable as there were
no observations at these levels (Table S5). Restricted
mean days to each contamination level demonstrate
earlier onset of contamination in daily and every other
day media changes when compared every three-day

a Retreatment | Daily | Alternate | Every Three Days

Mean Days to Contamination

Level1 Level2 Level3 Level4 Level5
Contamination Level

b AmpB(ugmL)[0l111315]10

- |

Mean Days to Contamination

0- L - - - -
Lev'el1 Lev'el2 Levre|3 Lev'e|4 Lev‘e|5
Contamination Level
C AmpB(ug/mL) =#= 0 =% 3 =#= 5
1.001

0.751

0.50+

0.254

Probability of Fungal Contamination

0.001 e —

o 2 4 6 8 10 12
Days
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changes (Fig. 1a), although these were not statisti-
cally different.

Experiment 2

For the experiment comparing concentrations of
Amphotericin B, there were 81 contamination events
out of 325 total observations. One treatment (5 pg/
ml) did not exhibit fungal contamination, 1 treat-
ment (1 pg/ml) exhibited minimal contamination (i.e.,
only 1 replicate received a contamination score of 1
on the final day, the rest were 0), and 3 treatments
(0 pg/ml, 3 pg/ml, and 10 pg/ml) had variable fun-
gal contamination (Table S4). The 3 pug/ml treatment
had the earliest mean onset (3.6+0.55 d) and the
highest prevalence of contamination (9.4+0.55 d),
followed by 10 pg/ml (onset=6.80+2.95 d, preva-
lence =4.40+3.36 d) and 0 pg/ml (onset=8.20+3.35
d, prevalence=2.20+1.64 d, Table S6). There were
3 replicates where contamination was so severe that
glochidia could not be parsed out from the contami-
nation and had to be removed from calculating trans-
formation success (1 dish from the 3 ug/ml treatment
and 2 dishes from 10 pg/ml treatment), but these rep-
licates were still used in calculating Kaplan—-Meier
time to event curves because they were right cen-
sored. Log-rank tests of Kaplan—-Meier event curves
comparing treatments were significant for fungal
contamination levels 1-4 with a P<0.001 and df=4
(Table S6. Level 1: y2=39.3; level 2: ;(2=38.6, level
3: ¥*=31.7; and level 4: y*=20.30). However, the
3 ug/ml group was the only treatment significantly
different from the control group (0 pg/ml) in pair-
wise Log-rank tests with a Bonferroni-adjusted a =
0.005 and df=1 (Level 1: x*=8.7, P=0.003; Level
2: ¥*=8.5, P=0.003; Level 3: »*=9.0, P=0.003;
Level 4: y*=8.5, P=0.003). Figure 1b illustrates
Kaplan—Meier-restricted mean time to event for all
contamination levels and demonstrates progression
of time to event for each increase in contamination
level. Amphotericin B concentration 5 ug/ml was the
best control across all levels of fungal contamination
and is compared to the 0 pg/ml control and 3 pg/ml
treatment group in Kaplan—Meier curve for contami-
nation level 1 (Fig. 1c). While the 5 pg/ml group was
not significantly different than the control in pairwise
Log-rank tests (=6, df=1, P=0.01), differences
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between the 3 and 5 pg/ml were significant at the
adjusted a = 0.005 level of significance (y*=8.7,
df=1, P=0.003).

Fungal identification

Standard gel electrophoresis was performed on the
PCR products of 4 yeast, 2 filamentous, and 1 nega-
tive control sample; this revealed weak bands for the
filamentous fungi with the Qiagen DNeasy Plant Mini
Kit method and no bands with the DIP method, so the
filamentous samples were not sent out for sequencing
(Fig. S1). 3 replicates of the yeast had strong bands
on the gel and were sequenced using Psomagen ser-
vices, revealing a 100% identity and a 100% query
match to the fungus Candida parapsilosis (Ashford)
Langeron and Talice.

Transformation success in Experiment 1 ranged
from 3.2 to 69.4% across all treatments (n=13
dishes). Overall transformation was highest with
medium changes every 3 days (57.7%+1.8), fol-
lowed by changes every 1 day (53.5% +6.0%), and
changes every 2 days (19.0% +28.3%) (Fig. 2a). The
top model predicting transformation success included
1 random effect (dish) and a single fixed effect (days
where contamination score was above 2), which held
71% of the AIC, weight of evidence (Table 1). For
every l-day increase in contamination prevalence
above 2, an associated 44% decrease (i.e., odds ratio
of 0.56, Table 2) in transformation probability is
expected (Fig. 2b).

In Experiment 2 model comparison indicated
that the top model predicting transformation success
included a random effect of dish and 2 fixed effects:
Amphotericin B concentration and onset of contami-
nation score higher than 3 (Table 1). For each 1 pg/ml
increase in Amphotericin B, glochidia were 28% less
likely to transform (log odds= —0.322+0.09), and
for each daily increase in the onset to contamination
level 3, glochidia were 1.34 times as likely (or 34%
more likely) to transform (log odds=0.279+0.101)
(Table 2, Fig. 3a, b). Transformation ranged from 0
to 95.5% and varied across all treatments: 0 pg/ml
91.3%+4.7%), 1 pg/ml (84.0%+2.1%), 3 pg/ml
(69.6% +£39.2%), 5 pg/ml (73.5% +6.1%), and 10 pg/
ml (37.3% +35.2%) (Fig. 3c).



Hydrobiologia

Fig. 2 Experiment 1: a per-
cent transformation across
different medium change
treatments with standard
deviations, and b top model
representing influence of
contamination severity on
probability of transforma-
tion with 95% confidence
intervals

Percent transformed

0.757

0501

0.257

0.004

Alternate

Daity
Treatment

067

044

Probability of transformation

0.2

0.0+

Every 3 days 0
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Days contamination was above 2

Table 1 Comparison of generalized linear mixed models predicting transformation success across both experiments

Experiment/model covariates K AIC, AAIC, AICg,; Cumulative w; Log Likelihood Pr (> chisq)

Experiment 1
Frequency, above 2 3 2151.35  0.00  0.71 0.71 - 1072.67 <0.001 ok
F(treatment) + frequency, above 2 5 2154.47 3.12 0.15 0.86 - 1072.22 <0.001 Hkk
F(treatment) + frequency, above 1 5 2154.83 3.49 0.12 0.98 - 1072.40 <0.001 Hkk
Frequency, above 1 3 215848  7.14  0.02 1.00 —1076.24 <0.001 ok
F(treatment) + Maximum score 5 2167.29 15.95 0.00 1.00 —1078.63 <0.001 Hkk
Onset, of 2 3 2172.76 2141  0.00 1.00 —1083.37 1
F(treatment) 4+ Onset, of 2 5 217347 22.12 0.00 1.00 — 1081.72 1
Maximum score 3 217453 23.18  0.00 1.00 — 1084.26 1
F(treatment) 4 2178.58 27.24  0.00 1.00 — 1085.28 1
1 2 2185.76 3441  0.00 1.00 —1090.88

Experiment 2
Treat+ onset, of 3 4 1949.7 0.00  0.70 0.70 —970.82 <0.001 ok
Treat+ maximum Score 4 1952.8 3.15 0.14 0.84 —972.40 1
Treat+ frequency, contamination pres 4 1953.6 396  0.10 0.94 —-972.81 0.0037790  **
Treatment 3 1954.9 528  0.05 0.98 —974.47 <0.001 ok
Onset, of 3 3 1958.2 8.57 0.01 0.99 —976.11 <0.001 ok
Maximum score 3 1960.0 10.34  0.00 1.00 —977.00 1

Frequency, contamination present 3 1962.2 12.50  0.00 1.00 —978.08 1
1 2 1964.0 1438  0.00 1.00 —980.02

All models included replicate as a random effect

K number of parameters, AIC, Akaike information criterion with a correction for small sample sizes, AAIC, change in Akaike infor-
mation criterion with a correction for small sample sizes, AIC,,; Akaike information criterion with a correction for small sample
sizes weight of evidence, Cumulative w; cumulative Akaike information criterion weight, Pr (> chisq) associated p-value of Chi-

Square test statistic
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Table 2 Top generalized linear mixed models predicting transformation success across both experiments

Variable Estimate Std. error Odds ratio z-value p-value
Experiment 1: days above 2+ (1IDish)
Intercept 0.314 0.112 2.815 0.00488 **
Days where contamination score was above 2 —0.573 0.048 0.56 —11.844 <0.001 ok
Experiment 2: treatment +days to 3 4+ (1IDish)
Intercept —0.964 1.259 —0.766 0.444
Treatment -0.322 0.090 0.72 —3.570 <0.001 ok
Days to a contamination score of 3 0.279 0.101 1.32 2.751 0.00595 **

All models included replicate as a random effect

Std. Error standard error, z-value number of standard deviations away from the mean, p-value level of significance

Fig. 3 Experiment 2: a top
model for influence of con-
tamination severity on prob-
ability of transformation
based on Amphotericin B
level (solid line=0 pg/ml,
short-dashed line =3 pg/ml,
long-dashed line=10 pg/
ml) with 95% confidence
intervals, b days to a
contamination score above
3 across different concentra-
tions of Amphotericin B
with standard deviations,
and c¢ percent transforma-
tion across different concen-
trations of Amphotericin B
with standard deviations
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Discussion
Mitigation of contamination

We were successful in mitigating contamination in
culture using several methods. We found that dishes
with medium changes every 3 days were consistently
able to stay relatively sterile, although these com-
parisons were not statistically significant at a= 0.05.
Increased contamination may be likely because the
frequency that dishes were exposed to airborne con-
taminants was minimized (Ryan, 1994). This result
is in contrast to dishes with changes of medium daily
or every 2 days which experienced earlier and higher
intensity of contamination. The high contamina-
tion may be due to the high frequency of potential
exposure to contamination (opening the dish), while
simultaneously being exposed to contamination for
longer periods of time compared to dishes with daily
changes of medium. These results suggest that growth
medium should be changed infrequently when dishes
are sterile and glochidia densities are low (43-57
glochidia per 3.5 ml of medium) (Ma et al., 2018)
to minimize exposure to contamination. However, it
should be noted that the antifungal, Amphotericin B,
depletes after 3 days in medium when incubated at
37 °C (Thermo Fisher Scientific, personal communi-
cation, Waltham, Massachusetts, October, 15, 2019).
Time to all levels of contamination varied across
different concentrations of Amphotericin B. Surpris-
ingly, dishes with the highest doses of Amphotericin
B did not have the lowest contamination. The mini-
mum inhibitory concentration needed to impede 50%
(MICs) of Candida parapsilosis rests somewhere
between 0.13 and 1 pg/ml (Té6th et al., 2019), mean-
ing a concentration of 10 ug/ml should have mitigated
this fungal contamination better than lower concen-
trations of Amphotericin B. We found that higher
concentrations of Amphotericin B did not necessarily
prevent a higher level of contamination, but may have
changed how the contamination manifests. In treat-
ments with lower Amphotericin B that experienced
contamination (0 and 3 pg/ml Amphotericin B), the
fungus was yeasty and covered the whole dish ubiq-
uitously. This expression of fungal contamination was
also nearly impossible to eradicate once it appeared.
In these dishes, the risk of contamination would be
lower the next day after a change of medium, but
inevitably just as pervasive 2 days after the change.

On the other hand, in the dishes that had a higher
concentration of Amphotericin B (10 pg/ml), the
fungus expressed itself in a pseudofilamentous form.
This difference in fungal expression may be due to
an attempt by the fungus to thrive in a more stressful
environment with a higher concentration of Ampho-
tericin B (10 pg/ml) than dishes with a lower con-
centration of Amphotericin B (0 and 1 pg/ml) (T6th
et al., 2019). The filamentous form of fungi promotes
more damage to cells than yeast (Németh et al.,
2013), as filamentous fungi can invade cells, allowing
the fungi to further proliferate within the cell (T6th
etal., 2019).

Source and mechanism of fungal impact

The identification of the presence and type of fungi
is important because it allows for specific treat-
ment of the fungus (Ryan, 1994) and broad-spec-
trum antifungals, like Amphotericin B, often fail
to mitigate target fungi (Leifert & Cassells, 2001).
Candida parapsilosis, the fungus identified in the
dishes, is found in hospitals (Trofa et al., 2008),
households (Zupancic et al., 2018), and in natural
environments (Weems, 1992). This fungus mani-
fests as a yeast and in a pseudohyphae (filamentous)
form (Németh et al., 2013). It is possible that the
fungus appeared in the dishes due to contamina-
tion exposure from human contact, as it is one of
the most common fungi isolated under the fin-
gernails of people (Trofa et al., 2008). However,
changes of medium and assessments were made
while wearing gloves and working under a properly
sterilized clean bench each time the dishes were
removed from the incubator, so it also seems prob-
able that the fungus came from the gravid mussels
and transferred to their glochidia. The natural ecol-
ogy of C. parapsilosis remains poorly understood
(Kurtzman et al., 2011) and its natural habitat has
been undefined to date (Zupancic et al., 2018). The
fungus has been documented in soil, marine (Trofa
et al., 2008), brackish (Libkind et al., 2017), and
freshwater (Maideros et al., 2012; Zupancic et al.,
2018) environments. Infections by the fungi have
also been documented in different animal hosts (de
Aguiar Cordeiro et al., 2017). Although there have
been no records of this fungus inhabiting unionids,
fungi are an important component of a mussel’s diet
(Weber et al., 2017), and it is reasonable that fungus
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may populate in the gills and glochidia of gravid
mussels.

Candida parapsilosis can produce chemicals that
exert cytotoxic effects on the cells of other organisms
(Robledo-Leal et al., 2014). It is known for its ability
to adhere to biotic and abiotic surfaces through colo-
nization (Toth et al., 2019), which could cause fur-
ther harm to its host. This fungus also proliferates in
medium with high levels of glucose or lipids (Pereira
et al., 2015), which are both ingredients in the
medium (Table S1). After the fungus adheres itself to
a surface, the fungus will form a biofilm that provides
protection to the fungus against antifungal substances
and immune responses from the host (Nett, 2016;
Silva et al., 2017). Under stressful conditions, such as
high CO,, low O,, and in the presence of a serum, a
filamentous expression of C. parapsilosis will form
(Toth et al., 2019). The filamentous form has greater
virulence and can more quickly and readily damage
the host than the yeast form (Németh et al., 2013). As
C. parapsilosis causes damage to its host, the fungus
may actively proliferate within the host cells, allow-
ing the fungus to rapidly cause even more damage
(Téth et al., 2019).

Effects of contamination and mitigation methods on
mussel transformation

We hypothesized that increased contamination would
result in reduced mussel transformation success. In
Experiment 1, treatments that had the highest con-
tamination (those that received a change of medium
every 2 days) had the lowest transformation success
and dishes with the lowest contamination (with a
change of medium every 3 days) had high transfor-
mation success, supporting the idea that frequent
exposure to contamination is harmful. Additionally,
changes of medium itself may be harmful to develop-
ing glochidia by disrupting their development (Kovit-
vadhi et al., 2002; Lima et al., 2006; Ma et al., 2018).
In this study, daily changes of medium had moderate
contamination and high transformation success, likely
because the glochidia were getting fresh medium
every day, which mitigated frequent exposure to
contamination. Owen (2009) tested medium change
frequency on the paper pondshell [Utterbackia imbe-
cillis (Say, 1829)] and found dishes without changes
of medium had lower transformation compared to
mussels with changes of medium, a finding that
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contradicts our results. However, the treatments also
had different concentrations of Amphotericin B (1 vs.
5 pg/ml), so it is possible that the differences in trans-
formation success could be related to the concentra-
tion of Amphotericin B rather than the frequency of
medium changes (Owen, 2009).

The concentration of Amphotericin B also influ-
enced transformation success; dishes with high con-
centrations (10 pg/ml) had lower transformation suc-
cess than dishes with low concentrations (0—1 pg/
ml) of Amphotericin B. This may have been due to a
dose-limited toxicity of Amphotericin B, as it is toxic
to humans in high doses (Hamill, 2013) and is pre-
sumably toxic to glochidia in higher concentrations.
However, transformation success was generally high
overall regardless of Amphotericin B concentration.
Ma et al. (2018) tested a much higher concentration
of Amphotericin B (50 pg/ml) with the cockscomb
pearl mussel (Cristaria plicata) and found no hin-
drance on transformation success when compared to
much lower concentrations. It is important to note
that none of the prior studies evaluated contamination
risk and thus they could not assess the extent to which
contamination affected transformation success across
different antifungal concentrations.

Differences in the broodstock species (A. hetero-
don vs. A. undulata), timing of broodstock collection,
and timing of the experiment may explain differences
in transformation success between Experiment 1
(41.2% +£24.8%) and Experiment 2 (71.2% +£27.6%).
In the first experiment, adult mussels were held in
the lab from March 2019 until June 2019 before they
were used for propagation. Naturally, gravid A. heter-
odon release their glochidia as early as April (McLain
& Ross, 2005), so it is possible that the mussels pro-
duced less fit glochidia because they were held for too
long. This decrease in fitness may have translated to
lower transformation of their glochidia. On the other
hand, the gravid A. undulata used for Experiment 2
were collected in the fall and held in mussel silos in
the river before propagation. Glochidia for Experi-
ment 2 were used for propagation in January, before
they would have released naturally in the wild, which
may have promoted fitness and overall transforma-
tion in this experiment. Future research is needed to
determine if timing of propagation and holding time
of gravid mussels impacts the transformation rates of
glochidia over time.
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Approaches for mitigating C. parapsilosis

Broad-spectrum antifungals often fail to eliminate
target organisms (Leifert & Cassells, 2001) and addi-
tional research is needed to determine if the same
species of fungi are infecting propagation dishes in
labs across the country (Ryan, 1994). Identification of
fungi can lead to better mitigation strategies and tai-
lored antifungals to target-specific fungi. The preven-
tion of fungal contamination may require experimen-
tation with other drugs not yet tested with freshwater
mussel propagation. To prevent an infection by C.
parapsilosis, three echinocandin drugs—caspofungin,
micafungin, and andulafungin—have been recom-
mended as the first line of defense (T6th et al., 2019).

Fungal contamination can be mitigated beyond the
use of antifungals and antibiotics. Good aseptic tech-
niques and good housekeeping include maintaining a
clean workspace where culture takes place. Methods
may include using a laminar flow hood, a UV light,
and 70% isopropyl alcohol for sterilizing the clean
bench and equipment. Additionally, because fresh-
water bivalves are filter feeders, they harbor micro-
organisms, like fungus and bacteria, so it is impor-
tant to wash the mussel inside and out (Quinn et al.,
2009) before collecting glochidia. Some lab practices
call for washing the shell of the gravid mussels with
diluted bleach and then placing the mussel in 1-2
changes of sterile filtered (0.45-pg) water for one hour
before extracting glochidia (Kern, 2017). Other, more
drastic, measures include sacrificing gravid mussels
and removing the gills to help promote sterility (Kern,
2017); however, this practice may not be appropriate
for rare species. Cleaning the gravid mussel inside
and out can help minimize presence of microbial
contamination (Ryan, 1994) on the glochidia at the
onset for a cleaner culture. Another building block for
preventing contamination includes using only high-
quality glochidia, which is a practice used in many
propagation facilities (Monte McGregor, personal
communication, March 15, 2019). If a gravid mussel
has low viability, then it may not be used for culture
because it may have low-quality glochidia and could
cause contamination issues in the dishes.

This research will aid in the improvement of
propagation methods by helping in the development
of ways to mitigate contamination while maximiz-
ing transformation for the propagation of freshwa-
ter mussels. Although this research only considered

propagation of two Alasmidonta species, the infor-
mation gained will likely offer value for propagation
efforts for other freshwater mussel species. Using
higher (3—10 pg/ml) concentrations of Amphotericin
B than currently recommended (Owen et al., 2010)
does not necessarily prevent contamination, and
instead infrequent changes of medium (unless sig-
nificant contamination appears) may promote greater
transformation success. With fungal identification,
mitigation techniques can more specifically target
contaminants using different antifungals. With the
establishment of new methods to control fungal con-
tamination, in vitro propagation of freshwater mus-
sels may become more accessible for many labs, thus
increasing the potential to restore freshwater mussels.
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