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Abstract
Eukaryotic microorganisms are an important, but understudied, component of freshwater aquatic ecosystems, and are sig-
nificant sources of mortality in early life stages of fishes in natural and aquaculture systems. The eukaryotic microbiome 
colonizing egg surfaces of the lake sturgeon (Acipenser fulvescens) was characterized from eggs collected in natural stream 
habitats and a streamside hatchery in the Cheboygan River watershed in MI, USA. The taxonomic diversity of members of 
the Kingdoms Fungi and Stramenopile associated with infections of lake sturgeon eggs during spawning is contributing to 
lake sturgeon mortality in the hatchery. Characterization of the microbial communities from deposited eggs demonstrated 
heavy influence of spawning location on the diversity of Pythium, an Oomycete predominating in the microbiome. The 
Ascomycota also had a strong and distinguishing presence, with members of the Dothidiales found only on eggs from 
the streamside hatchery. Aureobasidium pullulans, a ubiquitous pigmented yeast, was present in the greatest numbers of 
egg samples, and Helotiales were found only on samples from the Black River. Independent isolates were collected from 
egg surfaces and tested for chemical sensitivity to the oomicides ethaboxam and mefenoxam, which are used for control 
of Oomycete agricultural pathogens. Ethaboxam inhibited mycelial growth almost completely for all Saprolegnia strains 
tested, while mefenoxam, at 20 × strength, was largely ineffective. Water prevents the natural inactivation of mefenoxam by 
light, thus is not advisable in aquatic systems, where it could accumulate. Alternatively, ethaboxam may be a nonpersistent, 
welcome control option for these fish pathogens.
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Introduction

Eukaryotic microbes are widely abundant and taxonomi-
cally diverse in aquatic freshwater habitats [1–3]. Their roles 
include nutrient cycling from turnover of organic material, 

as well as primary production from photosynthetic spe-
cies [4]. Their effect on freshwater ecosystems has rapidly 
changed world-wide through eutrophication of natural water 
systems from exposures to heat stress, contaminated water, 
and other consequences of human activity [5–7]. The true 
fungi (Kingdom Fungi) and the oomycetes (Phylum Oomy-
cota) are members of this group and are a significant source 
of mortality for aquatic animals, in particular fishes, during Kristi Gdanetz, Zachary A. Noel, Kim T. Scribner and Frances Trail 
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early life stages in the wild and in aquaculture [8–10]. How-
ever, despite their importance to freshwater ecosystems, the 
effect of these eukaryotic microbes on animals, and fish in 
particular, is poorly understood.

Lake sturgeon (Acipenser fulvescens), ancient fish native 
to the freshwater habitats of North America, have relatively 
recently experienced significant declines in abundance and 
distribution from historical levels [11]. Hatcheries, in par-
ticular streamside facilities using resident water [12], are 
widely embraced as a viable strategy to restore wild popu-
lations and to study lake sturgeon reproductive dynamics. 
Natural and hatchery-based recruitment can be problematic 
due to the frequency of fatal diseases caused by fungi and 
oomycetes, particularly during the vulnerable early life 
stages of lake sturgeon, including incubating eggs [13, 14].

In previous studies, we have shown that across the Great 
Lakes tributaries inhabited by sturgeon, prokaryotic taxo-
nomic composition and diversity vary greatly between the 
two time periods associated with peaks in spawning activity 
[15]. In the Black River and elsewhere, a temperature fluc-
tuation from 10–14 °C (early spawning adults) to 16–20 °C 
(late spawning adults) [16] corresponds to large variation in 
microbial community diversity [14]. We also compared the 
river to the hatchery microbial community composition, as 
restoration hatchery programs are widely embracing the con-
cept of non-traditional (streamside) facilities [12] to increase 
the likelihood of natal imprinting that ensures a returning 
population [17].

Here we interrogated egg surface communities during 
early and late spawning in the stream and in a streamside 
hatchery research facility. We investigated processes of 
colonization and succession of eukaryotic microbial com-
munities that associate with the chorion (outer layer) of lake 
sturgeon eggs. Our goal was to generate a more detailed 
understanding of dynamic interactions between microbial 
communities and lake sturgeon in natural aquatic systems, 
and to uncover implications of the associations for adaptive 
evolution and for population sustainability and conservation. 
Specifically, the goals of this study were to (1) characterize 
the taxonomic diversity of eukaryotic microbial (fungi and 
oomycetes) infections of lake sturgeon eggs that are believed 
to be contributing to lake sturgeon mortality in a hatchery, 
(2) characterize fungal and oomycete communities naturally 
colonizing egg surfaces in a stream, and (3) evaluate the 
efficacy of alternative and environmentally safe treatments 
that have the potential to reduce the prevalence of disease in 
hatcheries. The critical physical environmental features that 
we expected to result in differences in microbial taxonomy 
are (1) temperature — colder early in the season (early May) 
and warmer later in the season (late May) — and (2) sam-
ples from the river and from the reservoir — lotic (running) 
versus lentic (reservoir/standing) water ecosystems. Our 
approach was to perform community-level interrogations 

using DNA sequence analysis of fungi and oomycetes on 
healthy and moribund eggs, and to characterize the taxo-
nomic compositional heterogeneity as a function of water 
source and relative time within the spawning season.

Materials and Methods

Study Site and Sample Collection

Study collections were conducted in the lake sturgeon 
spawning area of the Black River in the Cheboygan River 
watershed in MI, USA, and at the hatchery — Black River 
Sturgeon Stream Side Research Facility in Onaway, Che-
boygan Co., MI, USA. This site and the lake sturgeon popu-
lation have been described and previously researched [16], 
including studies of spawning and egg deposition [18] and 
natural stream mortality [13]. Eggs for microbiome analyses 
were collected during the two peaks of spawning between 
late April and early June 2017. An early collection of eggs 
was gathered on May 7 from the Research Facility (ERF), 
two late collections of eggs were gathered on May 27 from 
the Black River (LBR) and the Research Facility (LRF), 
and a heavily colonized, moribund sample with significant 
hyphal colonization (fuzzy) was collected from the Black 
River on May 29 (FBR). These egg collections were used for 
sequence- and culture-based analyses of eukaryotic micro-
organisms associated with the eggs.

Characterization of the Eukaryotic Microbiome 
of Lake Sturgeon Eggs

Four collections of eggs were processed for DNA sequenc-
ing. Each collection was derived from batches of three to 
four eggs, resulting in two to six replicate samples per col-
lection. The contents of the eggs were expelled and the outer 
egg membranes (chorions; outer acellular coats) were rinsed 
in several successive baths of absolute ethanol. Chorions 
were lyophilized overnight at − 70 °C (Labconco, Kansas 
City, MO, USA). Lyophilized samples were ground with 
a plastic pestle in the presence of glass beads, and DNA 
was extracted as described previously [19]. For each sample, 
DNA was diluted 1/10 with sterile water prior to conduct-
ing three independent PCR reactions to amplify the fungal 
internal transcribed spacer 2 (ITS2) region. ITS2 primers 
(Table 1, [22]) and reaction conditions were described pre-
viously [23] using GoTaq Master Mix (Promega, Madison, 
WI, USA). DNA from the oomycetes was amplified with 
a 15-cycle reaction using the ITS6 and ITS4 primers at an 
annealing temperature of 55 °C. PCR products were diluted 
1/10 with water, and used as the template for the second 
PCR reaction, 30 cycles at an annealing temperature of 59 
°C, containing the ITS6 and ITS7 primers, which amplify 
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the ITS1 region in oomycetes (Table 1, [20]). Sequencing 
barcode adapters were added upstream of the target gene 
primers (Table 1). PCR products were verified by standard 
agarose gel electrophoresis. For each target region, a second 
amplification reaction was attempted for samples with failed 
amplification, and samples with two failed amplifications 
were classified as not containing the target organisms. PCR 
products were submitted to the MSU Research Technology 
Support Facility (RTSF) Genomics Core (East Lansing, 
MI, USA) for 250 bp paired-end sequencing on an Illumina 
MiSeq instrument.

DNA sequence reads were processed with the USEARCH 
pipeline (Version 10, [24]). Forward and reverse read pairs 
were merged and filtered at a minimum length of 200 base 
pairs. Chimera-filtering of unique sequences and assignment 
to amplicon sequence variants (ASVs) was conducted with 
UNOISE3 [25]. Taxonomy was assigned to fungal sequences 
using the SINTAX algorithm [26] with the UNITE fungal 
database [27] at the 0.5 threshold cutoff. Taxonomy was 
assigned to oomycete sequences using a version of the ITS 
database compiled by Robideau et al. [28], trimmed to the 
ITS2 region with ITSx [29], and formatted for use with the 
SINTAX algorithm. Unidentified Oomycota ASVs were fur-
ther classified using the Naïve Bayesian Classifier via the 
“assignTaxonomy” function from DADA2 (version 1.32.0) 
against the V9 UNITE eukaryote database [30].

Sequence counts and taxonomic data were imported 
into R using the phyloseq package. ASVs unclassified at 
the Kingdom level or not identified as the target organisms 
were discarded. ASVs were filtered to a minimum of five 
reads across five independent samples. Samples with less 
than 20 total reads were culled. These trimmed fungi and 
oomycete datasets, with 218 and 416 ASVs, respectively, 
were used for all downstream community analyses (Table 2). 
Calculations of diversity indices (relative abundance, Chao, 
Shannon) and ordination analyses were conducted using 
the phyloseq and vegan packages. Plots were generated 
with ggplot2 and cowplot packages. Files containing code 
used to generate ASVs and conduct community analysis are 

located at github.com/gdanetzk/sturgeon_egg_microbiome. 
Sequences can be downloaded from NCBI SRA BioProject 
ID PRJNA1128577.

Culture‑Based Isolation and Characterization of Egg 
Surface Isolates

Microbial isolates were recovered from egg surfaces by roll-
ing eggs across the surface of corn meal agar (CMA, Neogen 
Corp., Lansing, MI, USA) in 10-cm-diameter Petri dishes. 
Oomycete cultures were maintained on CMA slants stored at 
room temperature and routinely passaged on CMA amended 
with rifampicin (10 μg/ml) to maintain the integrity of the 
culture. For identification, cultures were grown on fresh 
CMA and crude genomic DNA extraction was performed as 
described in Noel et al. [31]. Briefly, a small loop containing 
freshly grown mycelium was transferred to a 20 μl extraction 
solution, incubated for 10 min at 95 °C, then diluted with 
an aliquot of 60 μl of 3% bovine serum albumin (Sigma-
Aldrich, St. Louis, MO, USA) solution. Two microliters of 
this solution were used for PCR with primers ITS6 and ITS4 
(Table 1). Thermal cycling was performed as follows: 94 °C 
for 3 min; followed by 35 cycles of 94 °C for 45 s, 55 °C for 
45 s, and 72 °C for 1 min; followed by a final extension at 
72 °C for 7 min, using DreamTaq Green DNA Polymerase 

Table 1   Primer and adapter sequences used to PCR-amplify fungal and oomycete from egg surfaces

Primer Name Target Region Sequence Reference

ITS6 Oomycete forward 5′ GAA GGT GAA GTC GTA ACA AGG 3′ Cooke et al. [20]
ITS7 Oomycete reverse 5′ AGC GTT CTT CAT CGA TGT GC 3′ Cooke et al. [20]
ITS4 Universal reverse 5′ TCC TCC GCT TAT TGA TAT GC 3′ White et al. [21]
ITS3_KYO2 Fungi forward 5′ GAT GAA GAA CGY AGY RAA 3′ Toju et al. [22]
ITS4_KYO3 Fungi reverse 5′ CTB TTV CCK CTT CAC TCG 3′ Toju et al. [22]
Adapter for Illumina barcodes 5′ ACA CTG ACG ACA TGG TTC TAC A—[target gene forward 

primer] 3′
Adapter for Illumina barcodes 5′ TAC GGT AGC AGA GAC TTG GTC T—[target gene reverse 

primer] 3′

Table 2   Sequence processing statistics describing sequence reads 
prior to and following filtering

Step in pipeline Fungal sequences Oomycete sequences

Merged read pairs 212,223 3,378,023
Quality filtered 165,593 3,347,423
Unique sequences 80,761 201,353
ASVs 1398 621
Chimeras removed 7 316
Taxonomic and abun-

dance filtering of ASVs
218 416

Mean reads per sample 9038 92,165
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(ThermoFisher Scientific, USA). PCR products were puri-
fied with EXOsap-IT (ThermoFisher Scientific, USA) and 
sequenced at MSU RTSF Genomics Core on the Applied 
Biosystems 3730xl DNA Analyzer platform. Consensus 
sequences from forward and reverse reads were compared 
against sequences from a vouchered collection of oomycetes 
for identification of isolates [32, 28]. The collected strains 
were used for oomycete pesticide sensitivity tests.

Quantification of Oomycete Pesticide Tolerance

Oomicides are oomycete pesticides that have been histori-
cally and inaccurately called fungicides [33]. Mefenoxam 
(Apron XL,Syngenta Crop Protection Inc., Greensboro, NC) 
and ethaboxam (Valent U.S.A. L.L.C., San Ramon, CA) are 
oomicides commonly used against plant pathogens and were 
tested for their ability to reduce mycelial growth of isolates 
on CMA medium. Pesticide stock concentrations were 
prepared as previously reported [31]. Molten CMA agar 
medium, cooled to 50 °C, was amended with mefenoxam 

and ethaboxam to final concentrations of 0, 5, or 100 μg/ml. 
The diameter of radially expanding colonies was measured 
after incubation for 5 days at 27 °C.

Results

The Eukaryotic Microbiome of Eggs

We have characterized the fungal and oomycete commu-
nities of eggs from early and late spawning sturgeon, and 
from naturally spawned eggs that remained in the river for 
an extended time before collection. DNA analysis of ITS 
regions demonstrated that oomycete communities were 
largely composed of Pythium spp. (Fig. 1A, Supplemental 
Table 1). However, nearly 50% of oomycete ASVs from all 
collections (Fig. 1A) and nearly 75% of fungal ASVs from 
three of four collections (Fig. 1B) remain unidentified. Sev-
eral ASVs of fungal higher taxa demonstrated location spec-
ificity: the Dothideales were found only on eggs harvested 

Fig. 1   Relative abundance of oomycetes (A) and fungal (B) amplicon 
sequence variants from lake sturgeon eggs collected from the Black 
Lake Research Facility during early (ERF) and late (LRF) spawning, 
and from the Black River during late spawning (LBR), as well as vis-

ibly colonized eggs collected from the Black River (FBR). U. Oomy-
cota amplicon sequence variants  unidentified at genus-level; higher 
rank–level taxonomic assignments provided
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from the Research Facility samples (ERF and LRF) and the 
Helotiales were found only in Black River samples (LBR 
and FBR; Fig. 1B) indicating that egg colonization is influ-
enced by spawning location. We also observed that ASVs of 
the Pleosporales were present in all samples, and the Tremel-
lales were found in three out of four sample locations (ERF, 
LRF, and FBR; Fig. 1B), supporting their importance as 
members of the egg microbiome. The Shannon index of the 
oomycete communities demonstrated that the ERF and LBR 
samples differed from the LRF and FBR samples (Fig. 2A, 
Table 3), and community structure varied between spawn-
ing times (Fig. 2B, Table 3). The fungal communities of the 
early sample differed from both the late samples and the 
FBR sample (Fig. 3). The true fungi dominating the other 
time-points were not known to be causal agents of fish dis-
ease (Fig. 1B, Supplemental Table 2).

Culture‑Based Characterizations of Isolates

We cultured 90 independent isolates from outer surfaces of 
sampled eggs collected in the hatchery. Of these, 43 iso-
lates were identified as members of the Fungi or Oomy-
cetes (Table 4). Several of the isolates were potential fish 
pathogens, including Fusarium solani, Cladosporium sp., 

and five Saprolegnia isolates: one S. australis, one S. par-
asitica, and three S. ferax. We tested Oomycete isolates 
against two oomicides, which are commonly used on plant 
pathogens. Six Saprolegnia isolates (three S. ferax and three 
S. parasitica) were tested for their sensitivity to ethaboxam 
and mefenoxam (Fig. 4). Surprisingly, all six Saprolegnia 
isolates were tolerant to mefenoxam, but not to ethaboxam. 
Ethaboxam inhibited observable mycelial growth almost 
completely (92.3% to 95.2% inhibition on average) for all 
Saprolegnia isolates tested at 5 ppm. In contrast, at 100 ppm 
mefenoxam, mycelial growth of the same isolates was inhib-
ited on average only 46.3% to 56.8%.

Discussion

Lake sturgeon populations are not self-sustaining in many 
areas of the midwestern United States [35]. One approach to 
maintaining and restoring population numbers and distribu-
tion is to transfer eggs from native ranges to hatcheries for 
generation of increased numbers of young used in repopu-
lation efforts [11]. However, aquatic fungal and oomycete 
populations are important members of the freshwater eco-
system and present a severe disease threat to lake sturgeon 

Fig. 2   Diversity of oomycete communities from lake sturgeon eggs. 
Eggs collected during early (ERF) and late (LRF) spawning from the 
Research Facility, and late spawning (LBR) and visibility colonized 
(FBR) from the Black River. Shannon index and richness calculated 
from amplicon sequence variants of the oomycete ITS region (A). 

Locations with the same letter are not significantly different follow-
ing ANOVA and Tukey’s HSD. Non-metric multidimensional scaling 
(NMDS) of Bray–Curtis dissimilarity index, stress = 0.09. ANOSIM 
p = 0.01, and R = 0.58, betadisper p = 0.03 (B)
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repopulation efforts. These microbial populations have been 
shown to increase in recent decades or in association with 
human activity, including changes in electrical conductiv-
ity and calcium levels [9],reviewed by [36, 37], and these 
changes threaten amphibians and fish. We examined the 
fungal and stramenopile members of the lake sturgeon egg 
microbiome to identify those that threaten egg health. The 
dominant colonizers of the Late Research Facility samples 

(LRF2-1 and LRF2-5) are members of the Kingdom Fungi. 
However, the Fungi dominating the samples studied here are 
not known to be causal agents of fish disease. From some 
samples, 50% or greater of the ASVs from oomycetes and 
Fungi were not identified to genus, highlighting the need for 
better descriptions of the microbial communities in aquatic 
systems.

Fig. 3   Measures of diversity of fungal communities from lake stur-
geon eggs. Fungal communities of sturgeon eggs collected during 
early (ERF) and late (LRF) spawning from the Research Facility, 
and eggs collected during late spawning (LBR) and visibly colonized 
(FBR) from the Black River. Shannon index and richness calculated 

from amplicon sequence variants of the fungal ITS2 region (A). 
Locations with the same letter are not significantly different follow-
ing ANOVA and Tukey’s HSD. Non-metric multidimensional scaling 
(NMDS) of Bray–Curtis dissimilarity index, stress = 0.08. ANOSIM 
p = 0.04, and R = 0.46, betadisper p = 0.008 (B)

Table 3   Sample diversity for 
oomycetes and fungi described 
in Figs. 2 and 3

z Locations followed by the same letter are not significantly different following ANOVA and Tukey’s HSD

Sample Abbreviation Oomycetes
Richnessz Shannonz

Early Black Lake Research Facility ERF 60 a 2.19 a
Late Black Lake Research Facility LRF 60 a 2.17 a
Late Black River LBR 59 a 1.42 b
Fuzzy (visibly colonized) Black River FBR 51 a 1.1 b
Sample Abbreviation Fungi

Richnessz Shannonz

Early Black Lake Research Facility ERF 51 a 2.36 a
Late Black Lake Research Facility LRF 40 a 2.22 ab
Late Black River LBR 33 a 2.15 ab
Fuzzy (visibly colonized) Black River FBR 26 a 1.52 b
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Several groups of Fungi were found to colonize lake 
sturgeon eggs. The dominant genus in the moribund 
eggs was Tetracladium, whose members are well-known 

saprotrophs, including Naganishia sp., which can cause 
rare infections in humans, and Anguillospora sp., an 
endophyte of freshwater plants. Of the egg microbiome 

Table 4   Identification of isolates from egg collections

Collection Culture method Sample name Top BLAST match Percent identity

Early Dissected egg on medium diss 12A Trichoderma pleuroticola 99
Early Dissected egg on medium diss 12B Fusarium solani 99
Early Dissected egg on medium diss 12C Stagonospora foliicola 97
Early Dissected egg on medium diss 165.1 Cladosporium sphaerospermum 97
Early Dissected egg on medium diss 16B.2 no match -
Early Dissected egg on medium diss 16D Phoma bellidis 100
Early Dissected egg on medium diss 170.1 Phoma sp. 96
Early Dissected egg on medium diss 17C no match -
Early Dissected egg on medium diss 17C Stagonosporopsis sp. 99
Early Dissected egg on medium diss 19A Peyronellaea sp. 100
Early Dissected egg on medium diss 19D.1 no match -
Early Dissected egg on medium diss 1C Cytospora sp. 99
Early Dissected egg on medium diss 1D Penicillium sp. 99
Early Dissected egg on medium diss 2B Neonectria sp. 99
Early Dissected egg on medium diss 5A Saprolegnia australis 100
Early Dissected egg on medium diss 6A no match -
Early Dissected egg on medium diss 6D Phaeospheria pontiformis 99
Early Dissected egg on medium diss 6G Pleosporales sp. 99
Early Dissected egg on medium diss 8A no match -
Early Dissected egg on medium diss 9A Davidella tassiana 98
Early Dissected egg on medium diss 9A Microdochium sp. 99
Early Dissected egg on medium diss 9 A 2 Cladosporium sp. 99
Origins unknown Substantial visible hyphae on egg 

surface
F1A Saprolegnia parasitica 100

Late Visibly colonized (fuzzy) NTF 2A Saprolegnia ferax 99
Late Visibly colonized (fuzzy) NTF 5B Saprolegnia ferax 100
Late Visibly colonized (fuzzy) NTF 9A Fusarium sp. 99
Early Egg rolled across medium roll 10A Mortierella alpina 94
Early Egg rolled across medium roll 11C Acanthophysellum lividocoeruleum 98
Early Egg rolled across medium roll 12A Alfaria terrestris 98
Early Egg rolled across medium roll 12B Microdochium nivalae 99
Early Egg rolled across medium roll 12C Paraphoma sp. 98
Early Egg rolled across medium roll 12D Pleosporales sp. 99
Early Egg rolled across medium roll 12E Pyrenochaeta sp. 97
Early Egg rolled across medium roll 15 A diff Articulospora proliferata 97
Early Egg rolled across medium roll 16A Mortierella alpina 98
Early Egg rolled across medium roll 16B Pleosporales sp. 97
Early Egg rolled across medium roll 16B Mortierella alpina 99
Early Egg rolled across medium roll 16C Fusarium sp. 100
Early Egg rolled across medium roll 16D Fusarium sp. 98
Early Egg rolled across medium roll 16E Pleosporales sp. 100
Early Egg rolled across medium roll 2A Hypocreales sp. 96
Early Egg rolled across medium roll 2A Saprolegnia ferax 100
Early Egg rolled across medium roll 5B no match -
Early Egg rolled across medium roll 9C Microdochium sp. 97
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samples, the Dothideales were observed exclusively in 
association with eggs harvested from the Research Facil-
ity, whereas the Helotiales were associated uniquely with 
Black River samples. The Dothideales are a group of heav-
ily melanized Ascomycota, and occupy niches as endo-
phytes, pathogens, and common saprotrophs of plants. 
Melanization serves as a protectant against radiation 
damage (including solar), oxidative stress, and tempera-
ture fluctuation [38], making them physiologically more 
resilient to life in the water. Yeast forms of the Dothidiales 
are frequent colonizers of the surfaces of plants and ani-
mals. A common yeast in the Dothidiales, Aureobasidium 
pullulans, is ubiquitous in terrestrial and aquatic habitats 
[39]. Of all the microbes in the egg samples, A. pullulans 
provided by far the largest presence of any microbe in the 
egg samples, ~ 20,000 ASVs each in the Early Research 
Facility samples (ERF1-3 and ERF1-5). Members of this 
species were previously believed to be generalists; how-
ever, recent work indicates that this species may harbor 
many host-specific cryptic species [40]. Rarely, some 
strains of A. pullulans can affect humans as colonizers of 
hair and skin, and can cause superficial as well as serious 
infections, including meningitis [41]. Due to the observed 
cryptic diversity of A. pullulans in other aquatic habitats, 
and the demonstrated biocontrol activities of A. pullulans 
strains in plant-pathogen systems [42], the functions of 
this yeast species in river systems, and associations with 
fish eggs, need greater study. The Pleosporales, also mem-
bers of the Dothideomycetes, are highly melanized as well, 

maintain similar niches, and were present in low numbers 
in the ERF and LBR samples.

The Tremellales are in the Basidiomycota, and include a 
large number of species which form yeasts, some of which 
are human pathogens, and several were also found in high 
numbers in the eggs. Cryptococcus is a yeast-forming skin 
pathogen of humans [43]. C. magnus and C. adeliensis have 
a major presence in the early egg collections. A related spe-
cies, C. uniguttulatus, was previously identified in fish [44]. 
This last report also identified Candida spp. in a variety of 
fish, but Candida spp. were not detected in the present study. 
The yeasts identified here represent the dominant fungal 
flora of the eggs and are mainly in early samples. They may 
have become established on the adult lake sturgeon skin, and 
then, during deposition, colonized the egg. Initial coloniza-
tion from the water is unlikely, since high numbers of yeast 
cells would have to accumulate on the surface of the eggs in 
a relatively short time.

Analysis of the egg microbial community demon-
strated that Oomycetes are present in low numbers in 
recently released eggs. Saprolegnia is known as a prob-
lematic fish pathogen and common in hatcheries (van 
den [10]). S. parasitica is a major pathogen of wild 
fish populations [9]. S. ferax is commonly distributed 
with introduced fish and infects amphibian eggs [45]. 
Pythium, a genus containing common plant pathogenic 
species [46], is also dominant in the Early eggs, along 
with Hyaloperonospora. Pythium spp. are found in fresh-
water and marine habitats as saprobes and parasites [47]. 

Fig. 4   Mefenoxam and ethaboxam sensitivity distribution. S. para-
sitica (n = 3) and S. ferax (n = 3) mycelial diameter was measured 
on corn meal agar medium plates containing 0, 5, or 100 μg/ml 
ethaboxam or mefenoxam. Values represent percent mycelial diame-

ter relative to medium with no pesticides. One isolate of Pythium ulti-
mum var. ultimum (Globisporangium ultimum) was included because 
it was known to be sensitive to both pesticides tested [34]
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Other studies on fish eggs have shown that Oomycetes 
are common and devastating pathogens. One study of 
salmon hatcheries in Japan found that the families Pythi-
aceae and Saprolegniaceae, specifically S. australis, S. 
declina, S. ferax, and S. parasitica, dominated infected 
eggs, with source water and air serving as reservoirs 
of the infective propagules [48]. The latter two species 
are known to cause high mortality in fish and S. austra-
lis is known to infect adult fish and eggs of both fish 
and amphibians [49]. Saprolegnia spp. have also been 
reported in sturgeon aquaculture [50, 51]. Thus, the pre-
dominant disease-causing organisms and probable source 
of mortality in the eggs are the Saprolegnia spp.

As expected, we determined that the cause of the fun-
gal-appearing (“fuzzy”) infections of eggs is predomi-
nantly oomycetous organisms (Phylum Oomycota). This 
group of organisms is not related to the Fungi, despite their 
vegetative growth being reminiscent of fungal hyphae. 
The conservation hatcheries for lake sturgeon typically 
use river water from resident streams [12] that flow in and 
out of the hatchery,therefore, we considered the effects 
of future pesticide treatments on the river ecosystem. 
Many fungicides that target true fungi are not effective 
treatments for oomycete diseases due to the genetic and 
physiological differences between organisms in these two 
kingdoms. Some broad-spectrum or multi-site fungicides 
have previously been reported to be effective at control-
ling oomycete diseases in plant agriculture [52]. Currently, 
most “fungicides” labeled for use against oomycete patho-
gens do not have activity against Fungi, and care should 
be taken to more accurately describe these products as 
oomicides [33]. We investigated the efficacy of two prod-
ucts against the Saprolegnia problem described here, with 
only ethaboxam showing promise as a possible control 
option against these isolates. Note that water prevents the 
natural inactivation of mefenoxam by light and is there-
fore not advisable for use in aquatic systems, where it can 
accumulate [53]. The focus for future research should be 
on safe delivery methods of these oomicides to reduce 
environmental persistence.

Reproductive success and persistence of fish popula-
tions can be threatened by taxonomic compositional shifts 
in microbial communities caused by natural and anthropo-
genic perturbations. From some samples, 50% or greater 
of the ASVs from oomycetes and fungi were not identified 
to genus, highlighting the need for better descriptions of 
the microbial communities in aquatic systems. The early 
life stages of fishes, including eggs, embryos, and larvae, 
are highly vulnerable to fungal and oomycete pathogenesis 
[3]. Identification of microbes colonizing lake sturgeon 
eggs and distinguishing beneficial from deleterious micro-
bial populations will improve management practices that 
reduce fish mortality in natural and aquaculture settings.
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