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Sensitivity differences among five species of
aquatic fungi and fungus-like organisms for
seven fungicides with various modes of action
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Five species of aquatic fungi and fungus-like organisms were used for toxicity assays with seven fungicides to determine the dif-
ferences in species sensitivity. A microplate toxicity assay with adenosine triphosphate luminescence detection was used as an
efficient and economical high-throughput assay. The obtained toxicity data were standardized based on the species sensitivity
distribution method. Species sensitivity differed among the fungicides: Rhizophydium brooksianum was most sensitive to
hydroxyisoxazole, isoprothiolane, and ferimzone; Chytriomyces hyalinus was most sensitive to tricyclazole; Sporobolomyces roseus
was most sensitive to ipconazole; Aphanomyces stellatus was most sensitive to orysastrobin and kasugamycin. Tetracladium se-
tigerum was not the most sensitive species to any of the tested fungicides. The ranges of ECys to fungal species were lower than
to other aquatic organisms (primary producers, invertebrates, and vertebrates) for hydroxyisoxazole, kasugamycin, isoprothio-
lane, ipconazole, and ferimzone. These results suggest the usefulness of a battery of fungal species to assess the ecological effects
of fungicides.
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Introduction

Fungi and fungus-like organisms play significant roles in aquatic
ecosystems.! They act as (1) parasites of various organisms
(algae, invertebrates, and vertebrates), substantially affecting
populations of their host; (2) saprobes, playing an important
role in the decomposition of recalcitrant organic materials such
as chitin and cellulose; and (3) prey, such as when their zoo-
spores are consumed by predators, facilitating energy transfer
from primary producers and detritus to higher, trophic-level
organisms. Fungicides are used to control fungal plant patho-
gens, but they may be highly toxic to aquatic fungi. However,
assessment of the ecological effects of pesticides on aquatic eco-
systems has usually been conducted by considering toxicity to
vertebrates (generally fish), invertebrates (generally arthropods),
and primary producers (generally algae and duckweed).? Thus,
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toxicity to aquatic fungi has been neglected when assessing the
ecological effects of fungicides.

Few laboratory bioassay methods have been developed using
nontarget fungal species. However, an efficient and ecologically
relevant bioassay method using five species of aquatic fungi and
fungus-like organisms was developed in our recent study.” The
assay combines a 96-well microplate assay with the determina-
tion of biomass via adenosine triphosphate (ATP) luminescence,
which is known to be proportional to live cell density. Moreover,
the five candidate test species (four fungi and one fungus-like
organism, an oomycete) were selected based on their suitability
for use in a microplate assay and their ecological relevance: Rhi-
zophydium brooksianum (Chytridiomycota), Chytriomyces hya-
linus (Chytridiomycota), Tetracladium setigerum (Ascomycota),
Sporobolomyces roseus (Basidiomycota), and Aphanomyces stel-
latus (Oomycota).

Sensitivity to herbicides was recently shown to differ remark-
ably between species of algae, with a clear relationship between
species sensitivity and the herbicide mode of action (MoA).*”
Therefore, the use of only a single representative species for test-
ing would lead to overestimation or underestimation of the eco-
logical risk. However, differences in species sensitivity to fun-
gicides among aquatic fungi and fungus-like organisms are not
well understood. The main objective of the present study is to
investigate the fungicide toxicity to four species of aquatic fungi
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and one fungus-like organism to assess differences in species
sensitivity. For that purpose, toxicity assays were conducted for
seven fungicides with various MoAs that are used in Japan.

Materials and Methods

1. Test organisms

The five species used for the toxicity assay were R. brooksian-
um strain NBRC-103829, C. hyalinus strain NBRC-102555, T.
setigerum strain NBRC-102389, S. roseus strain NBRC-10566,
and A. stellatus strain NBRC-103817. The strains were obtained
from the Biological Resource Center, National Institute of Tech-
nology and Evaluation, Japan. Stock cultures were maintained
using a medium including 2.4 g/L of Potato Dextrose Broth (BD
Difco, Franklin Lakes, NJ, USA) and 0.4 g/L of Bacto Peptone
(BD Difco), the pH of which was buffered at 7.0 with 500 mg/L
of 3-morpholinopropanesulfonic acid at 20°C.> Routine cul-
ture maintenance was performed using both aqueous and solid
media with 1.5% agar.

2. Toxicity assay using a microplate

Seven fungicides with various MoAs were used as test sub-
stances (Table 1). All analytical standards were purchased from
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan)
and used for the toxicity assays and the chemical analysis.
The purities of standards were >99% except for orysastrobin
(98.8%). Ferimzone is a (Z)-enantiomer that is rapidly metabo-
lized to an (E)-enantiomer by light irradiation. The ratio of the
two enantiomers in an aqueous environment is approximately
1:1,9 therefore, a 1:1 mixture of ferimzone enantiomers was
used for the toxicity assays. Stock solutions of the fungicides
were prepared in dimethyl sulfoxide (DMSO; FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) except that for kasu-

Table 1. The properties of the seven fungicides studied: Chemical
Abstracts Service (CAS) number, mode of action (MoA), and reported
pesticide registration criteria in Japan

Registration

Fungicide CAS No. MoA? criteria

(ug/L)?
Hydroxyisoxazole 10004-44-1 A3 2800
Orysastrobin 248583-16-1 C3 120
Kasugamycin 19408-46-9 D3 6600
Isoprothiolane 50512-35-1 F2 920
Ipconazole 125225-28-7 Gl 1509
Tricyclazole 41814-78-2 1 2100
Ferimzone 89269-64-7 U 620

4 FRAC?); A3: DNA/RNA synthesis (proposed); C3: complex III,
cytochrome bcl (ubiquinol oxidase) at Qo site (cyt b gene); D3: protein
synthesis (ribosome, initiation step); F2: phospholipid biosynthesis,
methyltransferase; G1: Cl4-demethylase in sterol biosynthesis (ergll/
cyp51); I1: reductase in melanin biosynthesis; U: unknown mode of action.
Y Ministry of Environment.?¥ 9 Registration criteria are not yet developed,
therefore a calculated value based on the ECy, for algae, crustacean, and
fish (using default uncertainty factors) is shown. The original ECs, values
are shown in Supplmental Table S3.

gamycin, which was prepared in water because of its high water
solubility. The final concentration of DMSO in test solutions
was 0.1% (v/v), a concentration at which no adverse effects have
been observed.?)

Toxicity assays were conducted using 96-well microplates ac-
cording to the previously developed test method.” Preculturing
was performed in 15mL of an aqueous medium in borosilicate
glass tubes for 72hr under the same conditions as those for the
assay. The precultures were inoculated into the test solutions to
give an initial ATP concentration of 1078 M, except for S. roseus
(5X107? M), after filamentous fungal bodies (T. setigerum and A.
stellatus) were dispersed by sonication. Fungal bodies were grown
for 48hr at 20°C in 100 4L test solutions in each well of 96-well
polystyrene nontransparent white microplates (Falcon, 353296,
BD Biosciences, Franklin Lakes, NJ, USA). Test solutions consist-
ed of a culture medium containing a geometric sequence of four
to nine concentrations of the test substance with a common ratio
of 1.78-3.16 (the number of concentration and the common ratio
depended on fungicide and determined by a preliminary test).
Each culture experiment, including a control (without test sub-
stances or DMSO), was conducted with six replicates.

Fungal biomass was measured by detecting the ATP lumines-
cence at 0 and 48 hr using a microplate reader (Gemini EM, Mo-
lecular Devices, San Jose, CA, USA) with the SoftMax Pro Soft-
ware (Molecular Devices) for analysis. Because measurement
of ATP luminescence is destructive, separate culture solutions
were used for the measurement at Ohr (six replicates each for
the control experiment). An aliquot of 100 uL of reagent for ATP
measurement (BacTiter-Glo™ Microbial Cell Viability Assay,
Promega Corporation, Madison, WI, USA) was added to each
well just before measurement. This reagent contained luciferin/
luciferase combined with a lysis solution for ATP extraction.”
The relationship between luminescence intensity and ATP con-
centrations was determined using a standard ATP reagent (AP-
5107, TOYO B-net, Tokyo, Japan).

In the toxicity test of ipconazole and ferimzone using S.
roseus, the ATP luminescence tended to increase as the fungi-
cide concentration increased, despite the apparent inhibition of
growth that was visually observed (S. roseus is pink). At first,
bacterial contamination was suspected, but the results were
similar when tested again using cells harvested from a differ-
ent culture system. Therefore, for comparison, toxicity tests were
also performed using transparent microplates with biomass
determination via optical density. Fungi were grown for 48 hr
at 20°C in 200 4L test solutions in each well of 96-well polysty-
rene transparent microplates (Falcon, 351172, BD Biosciences).
Fungal biomass was measured as absorbance at 680 nm with a
microplate reader (Model 550, Bio-Rad, Hercules, CA, USA).
Other test conditions were the same as above.

3. Chemical analysis

At the start (Ohr) and end (48hr) of the assay, fungicide con-
centrations in the culture medium were determined. A series
of test solutions for chemical analysis were made in a separate



Vol. 45, No. 4, 223-229 (2020)

Difference in sensitivity to fungicides 225

microplate without fungal inoculation. The microplate was in-
cubated under the same conditions as the other microplates in
the growth experiment. Subsamples (500 4L) from this micro-
plate were taken at 0 and 48 hr, and then an appropriate organic
solvent (depending on the fungicides; see sample treatment in
Supplemental Table S1) was added. These were stored at —20°C
in darkness until analysis. Details of the analytical conditions
are shown in Supplemental Table S1. The geometric mean of the
fungicide concentrations measured at 0 and 48hr was calculat-
ed. If the geometric mean values were all within +20% of the
nominal concentration, the concentration-response analysis was
conducted using nominal values; otherwise, geometric mean
concentrations were used.'”

The protocol used here accounts for the physicochemical dis-
sipation of the fungicides, such as that by hydrolysis, adsorption
to the test vessel, and volatilization by the same test condition
but without fungal inoculation. However, fungi may also be able
to degrade fungicides. Here, species sensitivity to a given fungi-
cide is considered to include any degradative ability, given that it
is a physiological response to the toxicant.

4. Concentration-response analysis
The growth rate (/d) during the test duration was calculated as
follows:

growth rate = w (1)
where x, and x, are luminescence intensity or absorbance at 2d
(48hr) and 0d, respectively. The average luminescence of the six
replicates was used as a unified value of x,. The relative growth
rates in each test concentration were calculated by dividing the
growth rates in each replicate by the average growth rate of the
control tests (without fungicides).

Concentration-response functions were determined using sta-
tistical regression analysis. The relative growth rates and fun-
gicide concentrations were fitted to a two-parameter log-logit
model using nonlinear least squares regression.” The model can
be expressed as follows:

1
relative growth rate = ()

1+exp(f, + fo-In(C))

where C is the fungicide concentration (geometric mean or
nominal, yg/L), and f, and f; are coeflicient values. The 50% and

10% effective concentrations (ECs, and EC,, respectively, ug/L)
are expressed as follows:

EC50=eXp(—fa/fb) (3)

EC, = exp([—2.197 -] /fb) (4)

Statistical analyses were conducted using software R ver. 3.4.4 (R
Foundation for Statistical Computing). Concentration-response
analysis was not conducted when the effect was <10% in the
tests with the maximum concentration. In this case, the EC,

and EC,, were regarded as greater than the maximum concen-
tration of the test.

5. Analysis of species sensitivity index

To compare the difference in species sensitivity among fungi-
cides, the obtained toxicity data were standardized based on the
species sensitivity distribution (SSD)!? concept. The standard-
ized toxicity was defined as the species sensitivity index (SSI).”
Differences in species sensitivity to environmental contaminants
can be described by the statistical distribution (often a log-
normal distribution), and the SSD has been used as a key con-
cept for higher-tier ecological effect assessment.”)

First, SSD analysis was conducted using the ECs, values for
five species according to Nagai.” The 50th percentile value of the
analyzed SSD (hazardous concentration for 50% of the species,
HCs,) was regarded as the standardized toxicity of the fungicide.
Then the SSI was calculated as the difference between the ECs,
and the HC; after transformation of the common logarithm:

SSI=1log;,HCs, —log;,ECs (5)

The SSI is a relative index of the difference in species sensitivity:
a higher SSI indicates higher sensitivity, and a difference in SSI
of one unit indicates a 10-fold difference in ECsy,

6. Collection of toxicity data

Information on the acute effects (defined as a test duration of
1—7 days and endpoint of growth rate for primary producers
and immobility/mortality for animals) of pesticides was collect-
ed from the available literature. Toxicity data for hydroxyisox-
azole, orysastrobin, isoprothiolane, and tricyclazole have been
reported previously.”) Toxicity data for kasugamycin, ipconazole,
and ferimzone were collected in the present study using the
same methods.”

Results

Thirty-five toxicity tests (seven fungicidesXfive species) were
conducted, and the raw data (growth rates and nominal, mea-
sured, and calculated concentrations) are shown in Supplemen-
tal Table S2. The ECs, and EC,, values for each fungicide are
shown in Table 2. The toxicity of ipconazole and ferimzone to S.
roseus could not be detected via the ATP luminescence method
(see Materials and Methods), therefore, biomass was measured
by absorbance instead. These two toxicity values were deter-
mined using the absorbance method (Table 2).

The most sensitive species differed among the fungicides: R.
brooksianum was most sensitive to hydroxyisoxazole, isoprothi-
olane, and ferimzone; C. hyalinus was most sensitive to tricy-
clazole; S. roseus was most sensitive to ipconazole; A. stellatus
was most sensitive to orysastrobin and kasugamycin.

The SSIs for seven fungicides, based on the EC;, values of
the five species, clearly showed differences in species sensitivity
among fungicides as uneven pattern of SSI (Fig. 1). The average
SSI values for each species ranged from 0.73 for R. brooksianum
(highest) to —0.34 for T. setigerum (lowest), indicating that R.
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Table 2. The 50% and 10% effective concentrations (ECs, and EC,, ug/L) with 95% confidence intervals (CI) of each tested species”

Fungicide Species ECy, 95% CI ECy 95% CI

Hydroxyisoxazole R. brooksianum 5.2 3.5-7.6 0.63 0.22-1.8

C. hyalinus >10000 — >10000 —

T. setigerum >10000 — >10000 —

S. roseus >10000 — >10000 —

A. stellatus >10000 — >10000 —
Orysastrobin R. brooksianum 1700 —b 1400 —b

C. hyalinus 2300 1800-2900 550 330-920

T. setigerum 1500 940-2400 55 15-200

S. roseus 7100 6200-8100 1700 1300-2200

A. stellatus 810 700-950 550 410-740
Kasugamycin R. brooksianum 5400 3900-7500 570 280-1100

C. hyalinus >10000 — >10000 —

T. setigerum >10000 — >10000 —

S. roseus >10000 — >10000 —

A. stellatus 1900 1100-3100 1100 270-4900
Isoprothiolane R. brooksianum 2000 1100-4000 980 190-5000

C. hyalinus >10000 — >10000 —

T. setigerum >10000 — >10000 —

S. roseus >10000 — >10000 —

A. stellatus >10000 — >10000 —
Ipconazole R. brooksianum 120 42-320 1.5 0.15-16

C. hyalinus 4200 1900-8900 2000 670-5800

T. setigerum 840 —b 690 —

S. roseus?) 39 21-69 2.8 0.84-9.5

A. stellatus 2700 - 2100 -
Tricyclazole R. brooksianum >12000 — >12000 —

C. hyalinus 8700 4300-18000 870 180-4200

T. setigerum >12000 — >12000 —

S. roseus >12000 — >12000 —

A. stellatus >12000 — 7300 4600-12000
Ferimzone R. brooksianum 1400 780-2400 530 160-1700

C. hyalinus 4800 —b 3800 —b

T. setigerum 12000 5900-26000 710 240-2100

S. roseus?) 4600 3700-5800 850 520-1400

A. stellatus 9900 - 7900 -

9 Values are reported to two significant digits. © CI could not be calculated due to the steep concentration-response relationship. © Test was conducted

using a transparent microplate and optical density was used to determine biomass.

brooksianum is a generally sensitive species.

Differences in species sensitivity among taxonomic groups are
shown in Fig. 2. The EC;, values for each species are shown in
Supplemental Table S3. For hydroxyisoxazole, kasugamycin, iso-
prothiolane, ipconazole, and ferimzone, the EC;, ranges were
lower for aquatic fungi and fungus-like organisms than for other
taxa (primary producers, invertebrates, and vertebrates). On the
other hand, for orysastrobin and tricyclazole, the ECs, ranges for
aquatic fungi and fungus-like organisms were within those for
other species.

The lowest fungal ECs, for each fungicide (Table 2) was com-
pared with the pesticide registration criteria regarding the effect
on living environmental animals and plants in Japan (Table 1).
The lowest fungal EC5ys were lower than the registration criteria
for hydroxyisoxazole (registration criterion: 2800 ug/L; lowest
ECs: 5.2ug/L), kasugamycin (registration criterion: 6600 ug/L;
lowest ECs;: 1900 ug/L), and ipconazole (registration criterion:
150 ug/L; lowest ECsy: 39 ug/L). For the other four fungicides,
the lowest fungal EC;, values were higher than the registration
criteria.
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Fig. 1. The SSI for seven fungicides. Rhizo=R. brooksianum, Chyt=C. hyalinus, Tet=T. setigerum, Spo=S. roseus, Apha=A. stellatus.
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data (e.g., 10,000—100,000 for EC5,>10,000) are shown.

EC;, values for aquatic fungi and fungus-like organisms (open circles) and other species (filled triangles). The geometric means of species interval
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Discussion

The present study showed the applicability of a fungus micro-
plate toxicity assay to various fungicides. The microplate assay
has been widely applied in algal growth inhibition tests.” The
advantages of microplate toxicity assays include (1) a small sam-
ple-volume requirement; (2) economy of incubator space; (3)
use of disposable microplates; and (4) increased bioanalytical
output.lz) Moreover, ATP luminescence is easy to measure, is
highly sensitive, and is indicator of only viable cells.'¥’ However,
a limitation of the method was also found. ATP detection did
not work well to test the toxicity of ipconazole and ferimzone to
S. roseus, and optical density was used instead. It is not clear why
the ATP method did not work well in these cases, but the ef-
fects of some fungicides may increase the luminescence of some
fungi, which may have been a factor. It should be noted that the
results of the toxicity assay for 3,5-dichlorophenol were consis-
tent between methods using ATP luminescence and optical den-
sity in the previous paper.” The effect of fungicides on the lumi-
nescence of fungi warrants further study.

The simultaneous assays of five species performed here using
the same test medium and culture conditions were better for
comparing toxicity data among species. SSI analysis was then
applied to the toxicity data collected here to visualize differences
in species sensitivity. The seven fungicides, with their various
MoAs, showed various SSI patterns (Fig. 1). The most sensitive
species differed among fungicides, indicating that a specific spe-
cies is not always the most sensitive species. Therefore, multispe-
cies toxicity testing is essential to assess the ecological effects of
fungicides. These results are consistent with our previous stud-
ies using algae'® and primary producers,” which suggested that
variation in species sensitivity greatly depends on the chemical
MoA. However, it is necessary to test multiple fungicides with
the same MoA to discover the stronger relationship between the
difference in species sensitivity and MoA.

Many (but not all) of the fungicides had higher toxicity to
aquatic fungi and fungus-like organisms than to other aquatic
species (Fig. 2). Although few studies have been conducted on
the ecological effects of fungicides on aquatic fungi and fungus-
like organisms, a few studies have reported a similar conclusion,
as described below. Although the fifth percentile of an SSD (5%
hazardous concentration, HC;) has been regarded as a safe con-
centration that protects most species in a community,'” the HC;
values were established using acute toxicity data for aquatic ani-
mals and plants, including algae but not fungi.!” Tebuconazole
significantly affects the fungal community structure at concen-
trations lower than HC;.!*!”) Moreover, no observed effect con-
centrations of nontarget aquatic fungi in laboratory bioassays
for epoxiconazole, tebuconazole, and azoxystrobin were lower
than their corresponding HC; values.'® Therefore, it is probable
that including the toxicity data of aquatic fungi would markedly
change the ecological effect assessment of fungicides.

Although pesticide regulations have yet to be based on eco-
logical risk assessment using fungal toxicity data, this has been

suggested as a challenge for the future. The guidance document
for risk assessment for plant protection products for aquat-
ic organisms in the European Union!? suggests that further
research into potential effects on fungi is needed and that the
selection of relevant species for which standardized ecotoxic-
ity tests may be developed should be identified as a research
need. Ittner et al.??) reviewed current information on the effects
of organic fungicides on freshwater fungi and recommended
extending fungicide risk assessment for aquatic organisms to
the trophic level of decomposers using selected fungal species
as test organisms. Zubrod et al.*!
mation concerning the ecological risk of fungicides to aquatic
organisms and concluded that the fact that current ecological

) also reviewed current infor-

risk assessment protocols ignore fungi is disconcerting and war-
rants reconsideration, particularly in light of the policy goals,
such as the protection of ecosystem services to which they con-
tribute. Therefore, an efficient and ecologically relevant bioassay
using aquatic fungi and fungus-like organisms, like those used
in the present study, would be useful for the ecological effect
assessment of fungicides.
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