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of amphibians
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The field of ecological immunology, or ecoimmunology, has provided valuable

insights on the immune responses of diverse host organisms threatened by

infectious diseases in many different environments. One infectious disease that

has been particularly notable for its impacts on host populations is amphibian

chytridiomycosis, which has been linked with amphibian declines around the

world. Amphibian immune responses to the pathogen that causes

chytridiomycosis (Batrachochytriym dendrobatidis) are not well understood but

thought to involve innate immune factors, including the complement system. In

this study, we tested the ability of complement proteins to inhibit B. dendrobatidis

in in vitro challenge assays. We found that complement proteins from amphibian

plasma that were not heat inactivated reduced the viability and growth of B.

dendrobatidis. The inhibitory efficacy was similar to effects on Pseudomonas

fluorescens, a bacterium that is known to be inhibited by complement protein

activation. These findings suggest inhibition of B. dendrobatidis that is consistent

with the involvement of the complement system. In addition, we providemethods

for standardizing pathogen killing assays, and set a foundation for further

investigations on the amphibian complement system and other immune

responses to amphibian chytridiomycosis.
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1 Introduction

The emerging field of ecoimmunology is providing a deeper

understanding of how immune defenses function according to the

ecology and evolutionary biology of host organisms (Martin et al.,

2011; Assis et al., 2022). Amphibians have gained prominence as

valuable model species in ecoimmunology for at least three

important reasons. First, although many components of the

amphibian immune system are highly conserved among

vertebrates, the diversity of immunological responses among

amphibian host species provides insights into susceptibility to

disease and the generation of resistance mechanisms (Assis et al.,

2022; Ruiz & Robert, 2023). Second, as ectotherms, environmental

conditions (e.g., temperature, relative humidity, and rainfall) that

affect amphibian physiology also mediate immunity and the

manifestation of disease (Raffel et al., 2006; Rollins-Smith et al.,

2011; Rollins-Smith, 2017; Le Sage et al., 2021; Rosa et al., 2022).

Third, infectious diseases have been implicated in severe global

declines in amphibian populations and species in recent decades

(Wake and Vredenburg, 2008; Scheele et al., 2019), making the

study of amphibian immunity an important focus of recent

research. Overall, amphibians have shed light on host immune

responses, disease dynamics, and the interactions of environmental

variables and immunity for a wide variety of organisms

(Assis et al., 2022). As such, a better understanding of amphibian

immunity can make meaningful contributions to the field of

ecoimmunology, disease ecology, and the study of infectious

disease in general (Assis et al., 2022; Ruiz & Robert, 2023).

Similar to other vertebrates, amphibian immunity actively

maintains a diverse set of physiological mechanisms, orchestrated

by cells, tissues, and organs that collectively form the innate and

adaptive branches of the immune system (Grogan et al., 2018a; Ruiz

and Robert, 2023). While innate immunity is the less specific,

first line of defense against harmful pathogens, adaptive

immunity triggers antigen-specific responses (Parham, 2014;

Murphy & Weaver et al., 2016). Within the innate immune

system, key immune defense cells (e.g. , macrophages,

granulocytes, neutrophils etc.), are often assisted by additional,

complementary components o f the immune sys tem

(Parham, 2014; Murphy & Weaver et al., 2016). For example, the

complement cascade (the complement system) involves specialized

proteins, produced by the liver, that bolster specific immune

responses following pathogen colonization (Carroll, 1998; 2004;

Janeway et al., 2001). In this way, the complement system augments

immune reactions, improving the efficacy of host defenses against

infectious agents (Carroll, 1998; 2004; Janeway et al., 2001).

Complement proteins found in blood plasma play a role in

enhancing the effectiveness of the immune system against harmful

pathogens, including bacteria, viruses, fungal pathogens, and

parasites (Rus et al., 2005; Carroll, 2008; Speth et al., 2008). Upon

pathogen colonization, the complement system can be activated by

one of three pathways: the classical, lectin, and alternative

complement pathways (Carroll, 1998; 2004; Janeway et al., 2001;

Parham, 2014). These pathways are triggered by detection of different

pathogen-associated molecular patterns [PAMPs, e.g., carbohydrate
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structures (Janeway et al., 2001; Parham, 2014)] or by antigen-

antibody complexes (e.g., in the case of the classical pathway;

Janeway et al., 2001; Parham, 2014). Following activation,

complement components undergo a series of biochemical reactions

that can enhance the inflammatory response, agglutinate pathogens,

attract phagocytes and other immune cells to the location of the

infection, and destroy an infectious agent (Janeway et al., 2001;

Parham, 2014).

The complement cascade is thought to be a particularly

important defense mechanism against the lethal disease known as

amphibian chytridiomycosis (Rosenblum et al., 2009; Gervasi et al.,

2014; Savage et al., 2016; Grogan et al., 2018a, Grogan et al., 2018b).

Chytridiomycosis is caused by the fungal pathogen Batrachochytrium

dendrobatidis, a pathogenic fungus in the phylum Chytridiomycota

(Berger et al., 1998; Longcore et al., 1999). This disease has been

identified as one of the leading causes of disease-induced amphibian

declines and extinctions worldwide, causing severe declines in an

estimated 500+ species (Scheele et al., 2019). B. dendrobatidis can be

transmitted rapidly among individual amphibian hosts by

means of free-swimming infectious cells called zoospores

(Longcore et al., 1999). Subsequently, the zoospores colonize

epidermal cells, causing infection, and leading to physiological

deterioration and ultimately death in many different amphibian

host species (Berger et al., 2005; Voyles et al., 2009; Wu et al., 2019).

Although some innate defenses of amphibian skin have been

studied [e.g., skin mucous, (reviewed in Grogan et al., 2018a)], other

nonspecific defenses, such as the complement system, have yet to be

thoroughly investigated (Rodriguez & Voyles, 2020). The lack of

investigation on the complement system is puzzling because early

studies using molecular approaches suggested that an early

activation of complement pathways may confer resistance to B.

dendrobatidis and reduce the likelihood of disease development and

mortality (Rosenblum et al., 2009; Grogan et al., 2018b). Indeed,

some of these previous studies speculated that complement

suppression may be a “characteristic feature” of chytridiomycosis

(Rosenblum et al., 2009) and that complement activity may be a

“useful predictor” of amphibian susceptibility (Savage et al., 2016).

While the complement system may be a critical determinant of

susceptibility or resistance to lethal chytridiomycosis, to date there

is little empirical evidence that amphibian complement proteins can

effectively inhibit B. dendrobatidis [as has been demonstrated for

other bacterial pathogens (e.g., Pseudomonas fluorescens; Wu

et al., 2022)].

In this study, we aimed to address this gap in knowledge of

prospective amphibian immune factors that are important for

defense against chytridiomycosis. We hypothesized that

amphibian complement proteins can inhibit the growth of B.

dendrobatidis. To test this hypothesis, we assessed the ability of

complement proteins to limit viability of two microbes, one

bacterium (P. fluorescens, which we used as a reference

microorganism) and B. dendrobatidis, in in vitro challenge assays.

We predicted that complement proteins would inhibit the growth of

both microbes, providing preliminary evidence that this immune

mechanism may be implicated in amphibian host resistance or

susceptibility to chytridiomycosis.
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2 Materials and methods

To collect amphibian blood plasma, we obtained Lithobates

catesbeianus frogs from a commercial supplier (Carolina Biological,

North Carolina, USA). This species is thought to be tolerant of B.

dendrobatidis infection (Daszak et al., 2004). We euthanized ten

healthy frogs using 1% of tricaine methanesulfonate (MS-222,

Western Chemical, USA) neutralized to pH 7.0 with sodium

bicarbonate (Wright and Whitaker, 2001). We used heparinized

syringes with a 20-gauge needle for cardiocentesis, withdrawing

approximately 10 ml of blood per frog. We centrifuged the blood

samples at 3200 x G for 15 m to separate the red blood cells from the

plasma. We withdrew the plasma and transferred it to a sterile 2 ml

cryotube that we froze at -80°C until the start of our experiment.

We obtained P. fluorescens from a commercial source (Carolina

Biological, North Carolina, USA). We used the B. dendrobatidis

isolate called “Rio Maria” that was isolated from Panama

where chytridiomycosis led to severe amphibian declines

(Voyles et al., 2018). The isolate has been genotyped and it is part

of the Global Panzootic Lineage (i.e., BdGPL; Voyles et al., 2018). We

maintained P. fluorescens and B. dendrobatidis on plates with agar

media prior to the start of our experiment. We used standard

protocols to make Tryptic Soy Agar (TSA) for P. fluorescens

(Stone & Johnson, 2002) and Tryptone Gelatin hydrolysate Lactose

(TGhL) agar plates for B. dendrobatidis (Longcore et al., 1999). We

streaked a new TSA plate with P. fluorescens and incubated at 20°C

for 24 h prior to the start of our experiment. Because the growth rate

of B. dendrobatidis is comparatively slower (4-7 days at 20°C to reach

maximum growth; Voyles et al., 2017), we created a new TGHL plate

5 d prior to the start of our experiment and monitored for maximum

growth with light microscopy (Voyles, 2011).

To prepare the experiments, we added one sterile ~1 µl loop of

actively growing P. fluorescens to 25 ml of sterile Tryptic Soy Broth

(TSB) in a 50 ml sterile conical tube, and vortexed the tube to

homogenize the solution. We counted cells of P. fluorescens using a

hemocytometer and diluted the culture solution with TSB to

generate an inoculum with dilution of 1 x 107 cells ml-1. For B.

dendrobatidis isolate, we filtered active culture through sterilized

filter paper to remove sporangia (Voyles, 2011). We quantified the

dilution of zoospores using a hemocytometer and diluted with

TGhL broth to reach a final dilution of 5 x 105 zoospores ml-1.

We conducted the experiments using sterile, flat-bottom 96 well

plates. We added 50 µl of sterile media (TSB and TGhL for P.

fluorescens and B. dendrobatidis respectively) into each well. We

then added 20 µl of frog plasma to N = 5 wells and diluted the

plasma before adding 10 µl of P. fluorescens or B. dendrobatids. To

provide a positive control for the frog plasma, we repeated the

dilution in N = 5 wells using sterile amphibian phosphate buffered

saline (aPBS; Wright and Whitaker, 2001) instead of frog plasma.

To provide a negative control for P. fluorescens and B. dendrobatidis

growth, we subaliquoted the filtrates and heat-killed the culture by

submerging the aliquot in 100°C water for 10 m (Voyles et al., 2017)

and then adding heat killed cuture to N = 5 wells.

To determine if inhibition could be due to complement proteins,

rather than other plasma constituents (e.g., antibodies), we sub

aliquoted the frog plasma into a sterile 1.5 µl tube and incubated it
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in a water bath at 56°C for 30 m. This temperature treatment is a well-

established treatment that deactivates complement proteins

(Soltis et al., 1979), but is less concerning for altering antibody

conformation or leading to antibody aggregation (Jones, 1927;

Le Basle et al., 2020; Wälchli et al., 2020). As a result, we used the

plasma sample with “heat inactivated” (HI) complement proteins to

test for microbial inhibition. Following the temperature treatment, we

added 20 µl of heat-inactivated frog plasma to N = 5 wells and diluted

the plasma before adding10 µl of P. fluorescence or B. dendrobatidis.

We incubated the plates at 21°C for 12 h and 5 d respectively for

each of the plates containing P. fluorescence or B. dendrobatidis.

During the incubation period, we used light microscopy to inspect the

wells for microbial growth (and, in the case of B. dendrobatidis,

production of infectious zoospores). Following the incubation period,

we used an MTT assay, which is a colorimetric test of cell metabolic

activity (Lindauer et al., 2019), to quantify differences in culture

viability among treatments for both P. florecences and B.

dendrobatidis. To do so, we added 20 µl of MTT to each well,

incubated for 2 h at 21°C, and solubilized by adding 140 µl sodium

dodecyl sulfate in dimethylformamide solution (20% SDS/50% DMF

w/v) and homogenized gently (Hansen et al., 1989). We collected

optical density data with a microplate reader (Biotek ELx800, VT,

USA) using a 570 nm wavelength filter (Lindauer et al., 2022).

For statistical analysis, we first corrected for initial culture

inoculation and media color by subtracting OD values of heat-

killed controls from OD values of wells containing the inoculating

filtrate. We used R (Version 2023.03.0 + 386), checked for any

violations of normality using QQ plots and Shapiro-Wilk’s tests and

for homogeneity of variance using Levene’s Test. Because there were

no violations of these assumptions, we used an ANOVA and

Tukey’s HSD post hoc tests to test for differences among the

treatment groups. As such, our figures represent the preliminary

results from the experiments with each microbe respectively.
3 Results

We found that culture viability differed among treatment

groups for both P. fluorescens (Figure 1A) and for B.

dendrobatidis (Figure 1B). Specifically, compared to the positive

control (i.e., with no plasma), P. fluorescens viability was reduced at

the 1:10 dilution (Positive Control mean ± SD: 2.39 ± 0.22, 1:10

dilution mean ± SD: 0.39 ± 0.11) and at the 1:1000 dilution (1:1000

dilution mean ± SD: 1.06 ± 0.20; ANOVA with Tukey HSD posthoc

test: F(4,4) = 17.6, P < 0.001, Figure 1A). Compared to the heat

inactivated plasma, P. fluorescens viability was also significantly

reduced at the 1:10 (HI 1:10 mean ± SD: 2.84 ± 0.58) and at the

1:1000 dilution (HI 1:1000 dilution mean ± SD: 0.44 ± 0.20; P <

0.001, Figure 1A).

For B. dendrobatidis, culture viability was significantly reduced

at one dilution (1:10) compared to all other groups, including the

positive control with no plasma (Positive Control mean ± SD: 0.28

± 0.06, 1:10 Dilution mean ± SD: 0.03 ± 0.04; ANOVA with Tukey

HSD posthoc test: F(4,4) = 23.3, P = 0.002, Figure 1A) and the wells

containing heat-inactivated plasma. Using light microscopy, we

observed signs of cytotoxicity over the course of the experiment,
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with no signs of agglutination (i.e., clumping that would indicate

involvement of antibodies), and reduced growth (no encystment,

maturation, or zoospore production).
4 Discussion

Investigators have made considerable advances in the pursuit of

understanding amphibian immune responses in recent decades

(Raffel et al., 2006; Rollins-Smith et al., 2011; Le Sage et al., 2021;

Assis et al., 2022; 2017; Rosa et al., 2022; Ruiz and Robert, 2023).

However, there is still much to learn about how amphibian defenses

operate in response to infection with Batrachochytrium dendrobatidis

and the development of chytridiomycosis (reviewed in Grogan et al.,

2018b; Rodriguez & Voyles, 2020). In this study, we investigated

inhibition of B. dendrobatidis that would be consistent with

complement system activity. We found that viability of B.

dendrobatidis was significantly reduced when exposed to

amphibian blood plasma compared to positive control treatments

containing no plasma. Furthermore, B. dendrobatidis viability was

significantly reduced compared to treatment wells where the

complement proteins were heat inactivated. Taken together, these

results suggest that complement proteins specifically (rather than

other plasma constituents) can inhibit B. dendrobatidis in in vitro

assays. As such, these findings set a foundation for further

investigations on the amphibian complement system, and other

immune responses, to B. dendrobatidis infection and the

development of chytridiomycosis.

Previous research on complement activation during B.

dendrobatidis infection has used two main approaches: (1) in

vitro challenge assays known as bacterial killing assays

(commonly referred to as “BKAs”) or (2) molecular techniques to

quantify the production of RNA transcripts (i.e., transcriptomics)

using microarrays or RNAseq (reviewed in Rodriguez & Voyles,

2020). In many cases, these methods of assessing complement

activation have been integrated with B. dendrobatidis infection

experiments where blood or tissue samples have been collected

over time post inoculation (Rosenblum et al., 2009; Gervasi et al.,
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2014; Savage et al., 2016; Grogan et al., 2018a, Grogan et al., 2018b),

which is an ideal approach to evaluate immune responses occurring

over an unknown time frame. However, collectively these studies

had many important differences in their methodological approaches

(e.g., using different isolates and doses of B. dendrobatidis,

inoculation and sample collection methods, host species, etc.) and

produced mixed results, leaving multiple questions concerning the

complement system to be investigated (Rodriguez & Voyles 2020).

For example, some of the previous studies used whole blood rather

than blood serum or plasma and/or did not incorporate heat

inactivation to distinguish between fungicidal activity of

complement proteins or other blood components [e.g.,

lymphocytes, lysozyme, antibodies, etc. (reviewed in Rodriguez &

Voyles 2020)]. As such, the existing literature provides promising

information, but leaves many unknowns to unravel concerning the

role of the complement system in chytridiomycosis.

Our results provide a proof-of-concept verification that

complement proteins can indeed inhibit B. dendrobatidis, offers

methods to help standardize a B. dendrobatidis Killing Assay (or,

we suggest, “BdKA”). As such, this study lays the groundwork to gain

a deeper understanding of the mechanisms of pathogenesis,

determinants of susceptibility, and resistance/tolerance in

amphibians. Specifically, with the knowledge that complement

proteins are capable of inhibiting B. dendrobatidis, we can now

explore multiple questions concerning this amphibian immune

defense. For example, we can use these methods to, first, determine

which of the complement pathways may be used in live amphibians

with in vivo experiments. B. dendrobatidis contains glycoproteins on

the extracellular surface (Dillon et al., 2017), which may trigger the

lectin pathway (Patin et al., 2019). Experimental work using

complement depletion methods can help to resolve this question.

Second, we can work to understand how environmental conditions

(e.g., temperature) may alter complement (as well as other immune)

responses (Maniero and Carey, 1997; Raffel et al., 2006; Moretti et al.,

2019; Rodriguez & Voyles 2020). Previous studies have suggested that

bactericidal efficacy in blood samples collected from leopard frogs

and multiple species of toads is highly temperature dependent

(Maniero and Carey, 1997; Moretti et al., 2019). Our methods can
BA

FIGURE 1

Complement proteins from amphibian plasma reduces the viability of Pseudomonas fluorescens (A) and Batrachochytrium dendrobatidis (B), a lethal
pathogen of amphibians that causes the disease chytridiomycosis. Optical density measurements (with a 570 nm filter) suggest reduced viability of
both microbes compared to a positive control (containing no plasma, Pos) and to heat treatments for the plasma that inactivated complement
proteins (i.e., heat inactivated, HI). In both box-and-whisker plots, the bars represent variability outside of quartiles and letters (a, b) indicate
significant differences among groups. Labels on the x-axis (1:10, 1:1000) represent the dilution of frog plasma.
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help determine how, and to what extent, temperature could be

involved in complement system functioning, which may help

resolve seasonal immune fluctuations that have been observed for

chytridiomycosis (Le Sage et al., 2021; Rosa et al., 2022). Third, we

can build on this preliminary work to understand if complement

system activation underpins interspecific differences in susceptibility

to chytridiomycosis (Grogan et al., 2018b) and if so, we can further

refine the mechanisms of complement protein effectiveness within

the epidermis. Further studies that focus on a comparison of the

fungicidal ability of complement proteins from susceptible and

resistant/tolerant species may provide a mechanistic explanation for

why amphibian species differ in their susceptibility to

chytridiomycosis (Gervasi et al., 2014; Grogan et al., 2018b). This

issue is particularly important for conservation initiatives because

they frequently depend on our ability to identify vulnerable species

that need conservation intervention (Rodriguez & Voyles, 2020).

Previous studies have predominantly focused on the mechanisms

of the complement cascade in response to bacterial or viral

infections, with far less research on fungal pathogens (Kozel, 1996;

Speth et al., 2008). Generally, the complement system is well known

for its ability to stimulate and augment other innate and acquired

immune factors (Carroll, 1998; 2004; Janeway et al., 2001). As a result,

previous research has focused on unraveling the mechanisms by

which complement proteins influence subsequent immunological

processes, potentially protecting hosts from disease development

and susceptibility to illness and death (Carroll, 1998; 2004;

Janeway et al., 2001). These research foci have led to a detailed

understanding of the three complement pathways, all of which

involve activation of C3 (by conversion of C3 to C3b and C3a) as a

central component of immune regulation (Wu et al., 2022). C3a is

known to bind and have bactericidal effects for a range of bacteria,

including P. fluorescens (Wu et al., 2022), yet has not been thoroughly

investigated for fungi (but see Sonesson et al., 2007).

With recent emergences of multiple fungal pathogens of

vertebrate hosts, several of which have proven to be highly lethal

[e.g., B. dendrobatidis and B. salamandrivorans in amphibians,

Geomyces destructans in bats, Aspergillus fumigatus in birds

(Gargas et al., 2009; Martel et al., 2013; Arne et al., 2021)],

understanding host immune responses to these fungal pathogens is

increasingly important for wildlife health and conservation. Although

research is progressing, we currently have a limited understanding of

vertebrate immune defenses across and within diverse vertebrate

taxonomic groups (Assis et al., 2022). Undertaking mechanistic

research that incorporates techniques from biological subdisciplines

such as microbiology and immunology will provide a greater

understanding of the host defenses that confer susceptibility or

resistance when threatened by infectious disease.
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