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Abstract
Candidalysin is a cytolytic peptide secreted by Candida albicans, an opportunistic human fungal
pathogen that was widely spread in clinic and in the environment. However, its impacts on the
development of aquatic organisms remain limited. Herein, we explored the developmental effects of
candidalysin on embryonic zebra�sh at concentrations from 0.008 to 160 mg/L. In acute exposure,
decreased survival rate with EC50 at 49.5 mg/L were observed. Meanwhile, in high-dose exposure groups
(5-160 mg/L), an increased swimming frequency were observed at candidalysin concentrations of 10
mg/L and above. In chronic exposure, decreased spontaneous contraction, hatching rate and heart rate
were identi�ed in low-dose exposure groups (0.008-5 mg/L). Especially for the heart rate, signi�cant
changes were observed at candidalysin concentrations as low as 0.008 mg/L (environmentally relevant).
The present study �rst time pointed out the developmental toxicities of candidalysin on �sh that was
rarely investigated, and thus contributed to its environmental risk assessment.

1. Introduction
Secondary metabolites produced by fungi, especially mycotoxin such as a�atoxin, are mostly teratogenic,
mutagenic, carcinogenic, and endocrine disruptive factors and can contaminate agricultural products
resulting in detrimental effects on public health and economic losses (Chanda et al. 2016). The trait of
fast excretion and low concentration challenge its detection in various samples. Candida albicans (C.
albicans), one of the leading causes of hospital-acquired fungal infections, can survive for extended
period of time in aquatic environment including marine and fresh water, and often cause crude mortality
rate and rising antifungal resistance. It is a ubiquitous commensal of the native microbiota and
asymptomatically colonizes many niches (Lohse et al. 2018), and can cause super�cial and life-
threatening systemic infections through its morphological switch between yeast and hyphae.

Fungal infections occur in all age groups. Oral candidiasis is most encountered in the newborn period,
with an incidence of 20%- 40% within the �rst year of life (Alter et al. 2018). C. albicans is greatly
contributing to caries pathogenesis, particularly in adolescents, with high prevalence of up to 47% in the
oral cavity (Bliss et al. 2012). Positive association was identi�ed between oral Candida carriage and
caries experience, with detection rates up to 89% in caries adolescents versus 2–22% in caries-free
adolescents (Xiao et al. 2018). Furthermore, childhood vulvovaginitis is one of the most common
gynecological conditions in adolescent females (Barousse et al. 2004). Adolescent females with
vulvovaginal candidiasis, is frequently caused by C. albicans with an incidence of 27.5%- 29.37 %. It
mainly related with hormonal changes, poor hygiene, decreased immunity, and de�ciency of parents’ care
and knowledge of reproductive health (Xu et al. 2020). Hence, the increasing prevalence of C. albicans
infection in adolescents should attract su�cient attention.

It is recently discovered that the hyphal form of C. albicans secretes a cytolytic peptide toxin namely
candidalysin, the �rst cytolytic toxin identi�ed in human fungal pathogens (Moyes et al. 2016). It suited
the description of classical virulence factor in that it caused cellular damage and membrane
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permeabilization, induced calcium in�ux, and subsequent translocation of C. albicans across the
intestinal epithelia, providing escape route from the hostile phagosome environment (Moyes et al. 2016;
Ho et al. 2021). Furthermore, it acted as an immunomodulatory molecule by activating host immunity (Ho
et al. 2019), and is associated with disease severity and mortality in patients with alcoholic hepatitis (Chu
et al. 2020). While several studies had demonstrated that candidalysin can activate MAPK signaling and
cytokine responses, and was critical for neutropil recruiting and epithelial damage in the zebra�sh
swimbladder model of mucosal infection (Moyes et al. 2016; Ho et al. 2019). However, as a secreted toxin
capable of causing cell damage, the potential toxic effects of candidalysin on development of aquatic
organisms are poorly understood.

Herein, we focus on the toxicity effects of candidalysin in embryonic zebra�sh. Multiple developmental
parameters including spontaneous contraction, survival rate, hatching rate, heartbeat rate, and swimming
behavior were systematically assessed. Our �ndings point out the novel insights into candidalysin-
medicated C. albicans infection to wild aquatic organism and its potential risks in adolescents Candida
infection.

2. Materials And Methods

2.1 Candidalysin synthesis.
The candidalysin peptide was synthesized from Shanghai Top-Peptide Biotechnology Co.Ltd. (China) and
stored in -20 ℃ until use. The amino acid sequence of candidalysin is as follows:
SIIGIIMGILGNIPQVIQIIMSIVKAFKGNK.

2.2 Maintenance of Zebra�sh.
Blastula-stage �sh embryos (Danio rerio, AB strain), at 2 − 3 hours post fertilization (hpf), were randomly
placed into 100 mL covered glass beakers with 50 mL standard E3 medium (containing 5 mM NaCl, 0.17
mM KCl, 0.33 mM MgSO4 and 0.33 mM CaCl2) with a conductivity between 500–550 µS/cm and the pH
value between 6.8–7.5. The temperature was set at 28 ± 1 ℃. The photoperiod was set at 14:10 h
light/dark.

2.3 Exposure to candidalysin.
The exposures were performed as described previously with some modi�cations (Zhao et al. 2016; Zhao
et al. 2015). For acute exposure, zebra�sh embryos at 48 hours post fertilization (hpf) were employed.
The experimental setup of high-dose acute exposure was consisted of one solvent control and six
exposure groups of candidalysin at concentrations of 5, 10, 20, 40, 80, and 160 mg/L for the evaluation
of embryo survival rates and swimming behavior (swim bouts per minutes). Each treatment consisted of
eight replicates. Survival rate and swimming behavior of embryos at 72 hpf were examined subsequently
under a stereomicroscope (Nikon, SMZ745T).
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For low-dose chronic exposure, blastula-stage embryos, at 2–4 hpf, were randomly placed in 100 mL
covered glass beakers containing 50 mL of reconstituted water at 27 ± 1°C with the appropriate
concentration of candidalysin. The experiment was consisted of one solvent control (0.1% DMSO) and
�ve concentrations of candidalysin at concentrations of 0.008, 0.04, 0.2, 1, and 5 mg/L for evaluation of
spontaneous contraction, hatching rate and cardiovascular functions of embryos. Every 24 hours,
embryonic development status was checked and dead embryos were removed. The standard E3 medium
was completely changed every day with freshly prepared E3 medium with appropriate candidalysin
concentrations. Spontaneous contraction of embryos at 24 hpf, hatching rate at 48 hpf, heartbeat rate at
56 hpf, and survival rate of embryos at 72 hpf were examined as previously described (Zhang et al.
2020). Spontaneous contraction was checked under a stereomicroscope (Nikon, SMZ745T), while the
cardiac morphology (heartbeat rate) was measured via a high-speed digital camera (Zyla 5.5, Andor,
Belfast, UK) mounted on an upright microscope (Eclipse Ti2-E, Nikon, Japan) as described in the previous
study (Zhao et al. 2016; Zhao et al. 2015).

2.4 Measurement of Cardiac Physiology.
The cardiac function evaluation was performed as described previously (Zhang et al. 2020). Individual
embryo was positioned on a glass depression slide in a lateral position and acclimated to the microscope
illumination for 10 seconds. Digital video recordings of embryonic heart section (20 seconds) were
captured with a high-speed digital camera (Zyla 5.5, Andor, Belfast, UK) at 30 frames per second (fps).
The digital video analysis for heartbeat rate was done with Image J (NIH, Bethesda, USA; https://imagej.
nih.gov/ij/).

2.5 Data Analysis and Statistics.
The signi�cance of differences between the control and candidalysin-exposed embryonic developmental
parameters were analyzed by one-way analysis of variance (ANOVA) followed by Dunnett’s corrected
post-hoc comparisons via SPSS software (Version 20., Chicago, IL, USA). Before running the ANOVA, data
were examined for normality and homogeneity of variances via Shapiro-Wilk and Levene’s tests. Results
were given as mean ± standard deviation (SD), and differences were considered signi�cant when p < 0.05.

3. Results
Previous studies showed that the cytolytic peptide, candidalysin (Fig. 1), can induce tissue damage in an
adult zebra�sh swimbladder model of mucosal infection (Moyes et al. 2016; Ho et al. 2019). However, the
effect of candidalysin on the embryonic development of zebra�sh remains unknown. Therefore, in this
study, we performed an independent embryonic exposure to evaluate the impact of candidalysin.

3.1 High-concentration of candidalysin causes mortality
and changes of the swimming behavior of embryonic
zebra�sh.
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High exposure concentrations of candidalysin (80 and 160 mg/L) resulted in embryo death (Fig. 2a). The
EC50 was at 49.5 mg/L. The Swimming behavior of zebra�sh was signi�cantly changed after
candidalysin exposure at 72 hpf. As the concentration of candidalysin increased, the swim bout
frequency of embryos increased. For instance, candidalysin dramatically increased the swim bout
frequency of embryos by 4.57, 3.86 and 9.14 times compared to controls at concentrations of 10, 20, and
40 mg/L, respectively, suggesting neurotoxicity occurred (Willi et al. 2018) (Fig. 2b). These results
suggest that candidalysin exposure induces signi�cant behavioral effects caused by damaging the �sh
embryo neural development.

3.2 Low-concentration of candidalysin affects embryonic
development.
During the 56 h low-dose chronic exposure period, the spontaneous contraction, hatching success and
heartbeat rate were evaluated sequentially. There were no remarkable alterations of survival rate observed
in groups exposed to increasing concentrations of candidalysin at 24 hpf (Fig. 3a). However,
developmental changes were identi�ed for candidalysin. Candidalysin led to a dose-dependent (except
0.2 mg/L) decrease in spontaneous contractions of embryonic zebra�sh at 24 hpf. Among them, high
concentration (1 mg/L and 5 mg/L) of candidalysin induced signi�cantly decreased spontaneous
contractions by 1.85 and 2.53 times, respectively (Fig. 3b). Surprisingly, the hatching rate at 48 hpf was
evidently decelerated after exposure of relatively low concentration of candidalysin (0.008 mg/L). At this
time, the hatching rate was 73.9%, while 92.2% hatched in the control group (p = 0.0148). (Fig. 4a).
Similarly, at 56 hpf, zebra�sh embryo heartbeat rates were signi�cantly decreased even at 0.008 mg/L
candidalysin, with ranged down about 5.5% (p < 0.0001) (Fig. 4b).

4. Discussion
C. albicans is an opportunistic pathogen whose association with human disease is well documented (Ho
et al. 2021). Colonization with Candida is common in human, even in premature infants (Bliss et al.
2012). The dietary habits and other environmental exposures can potentially shape microbial
composition, and might affect the susceptibility of C. albicans infection in adolescents. C. albicans is
widely isolated from different aquatic environments, and has already been advised as a fecal
microorganism indicator for aquatic environments (Buck 1977). Candidalysin is a recently described
cytolytic peptide toxin exclusively secreted by the pathogenic hyphal forms of C. albicans, contributing to
mucosal tissue damage and the establishment of systemic infection (Hanaoka and Domae 2021).
Therefore, candidalysin is not yet well investigated and should be further examined for its environmental
occurrence, fate in the environment, and its effects to aquatic microbiota.

Environmental chemical exposure is strongly linked to neurodevelopmental impact. Zebra�sh (Danio
rerio) is one of the most popular vertebrates used in environmental toxicants identi�cation due to its rapid
life cycle, small size, rapid development, features like external fertilization and embryonic transparency.
The analysis based on the behavior pro�le of zebra�sh at embryonic stage can evaluate the impacts of
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environmental exposure (Zhang et al. 2021). Here, we use zebra�sh larvae exposure model, which might
re�ect candidalysin’s effect in Candida infection in adolescents.

The exposure of low and high concentration of candidalysin re�ects chronic and acute exposures
respectively, which are representative factors of the risk of candidalysin. In this study, effects of low and
high concentration of candidalysin were both investigated, as low concentrations of candidalysin
represented environmentally realistic doses’ effect on embryonic zebra�sh (Christen et al. 2010), while
high concentrations were chosen as pharmacologically relevant. We demonstrated that exposure of
zebra�sh embryos to low-concentrations of candidalysin affected physiological end points, including
decreased spontaneous contraction, heartbeat rate and hatching rate. Spontaneous contraction of
zebra�sh is initiated and regulated by the embryonic neural circuity within the spinal cord and normally
serves as an important indicator for neural developmental effects. The decreased spontaneous
contractions pointed out the potential neurotoxic effects of candidalysin which needs further exploration.
The hatching rate decreased signi�cantly while stimulated by relatively low-dose of candidalysin (0.008
mg/L), suggesting that candidalysin is a strong candidate imposing stress on embryonic development at
low concentrations. Furthermore, the heartbeat and hatching success showed similar decreases at
concentration as low as 0.008 mg/L, indicating that candidalysin could impose stress on embryonic
development at relatively low concentrations.

Embryonic zebra�sh showed increasing swimming frequency when stimulated by high-concentration of
candidalysin at 72 hpf. The swimming behavior (bout per min) of 72 hpf embryos showed a signi�cant
increase at 10 mg/L, and displayed dose-dependent pattern (except 20 mg/L). This was possibly because
of the imposed stress on embryonic zebra�sh by high doses of candidalysin, which affected the �tness
of the embryos and consequently behavior and survival of embryos. The embryos were dead when
stimulated by 80 mg/L and 160 mg/L of candidalysin, which prompted its ecotoxicological risk. However,
this current research provides one perspective on the effectiveness of candidalysin on embryonic
zebra�sh. There is an urgent need to further analyze the consequences of candidalysin in additional
aquatic organisms, and forthcoming studies is needed within this �eld to elucidate the molecular
mechanisms underlying the developmental disruptions.

In the present study, signi�cant effects of candidalysin including decreased spontaneous contraction,
hatching rate, heartbeat rate, and increased swimming frequency were observed in embryonic zebra�sh.
In addition, candidalysin treatment leads to embryo death at relatively high concentrations. Overall, the
present study demonstrates that candidalyin can impair the development of embryonic zebra�sh and
provides insights into unexpected and potentially environmental hazard relevant health impacts of
candidalysin on aquatic organisms, but also be important for humans (especially adolescents), as C.
albicans is an important human fungal pathogen.
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Figure 1
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Molecular formula of candidalysin.

Figure 2

Survival rate and swimming behavior of zebra�sh embryos exposed to high concentration of
candidalysin. a) Survival rates of 72 hpf zebra�sh embryos upon different concentrations of candidalysin
exposures. b) Swimming behavior (swim bouts per minute) of 72 hpf zebra�sh embryos exposed to
different concentrations of candidalysin. Each bar represents mean value ± SD of three replicates. Each
data represents the mean value ± SD of three independent replicates. In all panels: **, p < 0.01; ****, p <
0.0001.
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Figure 3

Survival rate and contractions of zebra�sh embryos exposed to low concentration of candidalysin. a)
Survival rate of 24 hpf zebra�sh embryos exposed to increasing concentration of candidalysin. b)
Spontaneous contractions of 24 hpf zebra�sh embryos exposed to candidalysin at different
concentration.
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Figure 4

Hatching rate and heartbeat rate of zebra�sh embryos exposed to low concentration of candidalysin. a)
Hatching rate of 48 hpf zebra�sh embryos upon different concentrations of candidalysin exposures. b)
Heartbeat rate (bpm) of 56 hpf zebra�sh embryos upon different concentrations of candidalysin
exposures. Each data represents the mean value ± SD of eight replicates. In each group: control (n= 41),
0.008 mg/L (n= 51), 0.04 mg/L (n= 58), 0.2 mg/L (n= 52).1 mg/L (n=46), 5 mg/L (n=53). Data represents
as mean value ± SD. In all panels: *, p < 0.05; **, p < 0.01; ****, p < 0.0001.


