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Abstract: Darters (Percidae: Etheostomatini) offer attractive opportunities for analysis of the evolution of reproductive 

barriers and the molecular basis of fertilization. Here we report some basic characteristics of the sperm of darters, and, to 

our knowledge, the first report of sperm associated -L-fucosidase in fishes. Fluorometric enzyme assays using 4-

methylumbelliferyl-alpha-L-fucopyranoside [4-MU-fuc] as a substrate provided direct quantification of enzyme activity in 

both the soluble and cellular fractions of milt from all six species tested. Further analysis using SDS-PAGE and Western 

blotting revealed that fish sperm and milt contain -L-fucosidase isoforms with molecular weights similar to those 

reported for human semen. Fertilization of darter ova by conspecific sperm, as assessed by development of the embryo to 

the 4 cell stage, was inhibited by pretreatment of sperm with the fucosidase-specific competitive inhibitor DFJ, 

implicating the sperm fucosidase in fertilization and/or early embryogenesis. Identification of sperm associated -L-

fucosidase in darters is consistent with the importance of carbohydrates during fertilization. 
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INTRODUCTION 

 Fertilization requires species-specific events involving 
recognition of both the sperm and egg components. 
Substantial evidence in the literature supports roles for 
carbohydrates during fertilization [1-10]. Research over the 
past two decades has led to the identification of sperm 
associated -L-fucosidases in humans [11-15] rats [16-18], 
Drosophila [19-21], ascidians [22], Unio elongatulus [23], 
chimpanzees [24], bulls [25] and Syrian hamsters (Venditti, 
Swann, and Bean, in revision), but not yet in fishes. 
Additionally, L-fucose has been shown to be important 
during fertilization [26-30]. Here we report an -L-
fucosidase associated with darter sperm potentially involved 
during fertilization. This finding is provocative, as darters 
offer an attractive model system to evaluate further the 
functional role of -L-fucosidase and its potential relevance 
to the evolution of sperm-oocyte interactions. 

 Darters are freshwater, sexually dimorphic fish exhibiting 
external fertilization. The genus Etheostoma consists of 16-
17 subgenera with over 120 species and numerous additional 
subspecies and geographic races [31, 32]. This genus, along 
with its sister genus Percina, constitute attractive subjects 
for analysis of the evolution of reproductive barriers and the 
cellular and molecular events of sperm-egg recognition and 
fusion. First, although breeding is seasonal, gametes can be 
easily obtained and sexes are readily distinguishable within 
species. The eggs are large in size, simplifying manipulation, 
and a transparent chorion allows development to be observed  
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easily. In addition, multiple species of darters may co-occur 
in a given habitat, making reproductive barriers of primary 
importance in maintaining species boundaries. For example, 
Mendelson et al. [33] demonstrated that sperm of 
Etheostoma hopkinsi will outcompete those of E. 
luteovinctum for fertilization of conspecific (same-species) 
eggs. Such conspecific sperm precedence represents a 
potentially important barrier to genetic exchange between 
species (e.g. [34]) and is likely to be mediated by species-
specificity at the molecular level of gamete recognition. 

 Previous experiments investigating sperm competition 
and male behavior have been recorded for darters [35]; 
however no direct studies on sperm cells have been reported 
and little is known about the sperm of these fishes. In this 
paper, we examined sperm from six species of Etheostoma 
and Percina (tribe Etheostomatini), and we report the 
presence and functional activity of a sperm associated -L-
fucosidase. Our studies using a specific inhibitor of -L-
fucosidase provide evidence for a role of this sperm-
associated glycoprotein in fertilization or early embryo 
development in darters. 

MATERIALS AND METHODS 

Specimens 

 For these experiments fish were collected as follows: 
Etheostoma baileyi, four individuals from the Middle Fork 
of the Red River, Powell Co., KY; E. zonale, two individuals 
from the East Fork of the Barren River, Monroe Co., KY and 
two individuals from the Middle Fork of the Red River, 
Powell Co., KY; E. caeruleum, two individuals from the 
South Fork of the Little Barren River, Metcalfe Co., KY; E. 
bellum two individuals from the South Fork of the Little 
Barren River, Metcalfe Co., KY; E. coosae, two individuals 
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from the Conasauga River, Polk Co., TN; and Percina 
nigrofasciata, one individual from Log Creek of the 
Savannah River, Edgefield Co., SC. For harvesting of milt, 
groups containing four individual males were sampled one 
time each, groups of two individuals were sampled twice on 
separate occasions, and the Percina individual was sampled 
four times on four separate occasions. 

Sperm Collection 

 Sperm from each species was collected by gently 
squeezing males just dorsal to the genital pore. Males were 
anesthetized with 80 mg/L MS-222 (Sigma 5040), and milt 
was squeezed into an organ culture dish containing 200 L 
of Hank’s buffer pre-diluted 1: 1 with sterile, distilled water 
(“half Hank’s”). The milt was mixed to achieve uniform 
suspensions and used for subsequent enzyme assays. Live 
sperm were examined by brightfield, darkfield, and 
differential interference contrast microscopy. No evidence of 
microorganisms or nonsperm cells was found. Sperm 
concentrations (sperm/mL) and motility were determined 
microscopically using Cell-VU® counting chambers. 
Preparations like these, including some of those studied here, 
are fully capable of fertilizing fresh darter oocytes [33]. 

in vitro Fertilization 

 Fresh darter oocytes were obtained by gently squeezing 
gravid females anesthetized with 80 mg/L MS-222 (Sigma 
5040) over a dry petri dish. Oocytes were inseminated with a 
20 L droplet of conspecific sperm. Prior to insemination in 
some experiments, sperm were pre-treated with 1 M DFJ for 
5 minutes. Microscopic evaluation of sperm pre-treated with 
DFJ revealed that treatment had no effect on sperm motility. 
Two minutes after insemination, the petri dish was inundated 
with aquarium water. Five minutes post inundation, the petri 
dish was placed into a tank on the aquarium system. Non-
viable eggs (eggs that did not generate a single cell) were 
removed from the dish two hours after placement in the tank. 
Four hours after in vitro fertilization, oocytes were 
microscopically observed and the stage of division was 
recorded. If normal fertilization was achieved, eggs should 
be at the 4-cell stage. Additionally, treatment of un-
inseminated oocytes with 1 M DFJ did not inhibit the 
ability of oocytes to form a single cell. IVF dishes were 
observed using a Nikon SMZ 1500 dissecting microscope 
equipped with a Nikon DXM1200 digital camera. 

Microscopy 

 Sperm were fixed in 2% paraformaldehyde solution for 
10 minutes. Eight microliters of each sample was dried on an 
Esco Fluoro slide and mounted with 10 L Mowiol, and No. 
1 coverslip. DIC images were obtained using a Zeiss LSM 
510 Meta Confocal microscope with a 63X oil objective. 
Images were collected with polarized light from the Helium 
Neon 1 laser. Flagella and head measurements were acquired 
using LSM software version 3.2. Figures were assembled 
using Adobe Photoshop CS2. 

Immunolocalization of -Tubulin 

 Ten microliters of E. caeruleum sperm collected in “half 
Hank’s” was fixed as described above and dried onto Esco 
fluoro slides. Slides were washed with PBS and 30 L of 
primary, monoclonal mouse-anti- -tubulin clone B-5-1-2 

IgG1 antibody (Sigma T6074) (1: 250) was added and 
incubated for 30 minutes in a moisture box at room 
temperature. Following primary incubation, slides were 
washed with PBS and incubated with 30 L of secondary 
goat-anti-mouse IgG Alexa 488 conjugated antibody 
(Molecular Probes A-11029) (1: 500) for 30 minutes in a 
moisture box at room temperature. Slides were washed 3 
times with PBS followed by a final rinse with distilled water. 
To visualize nuclei, cells were labeled with 10 M 
propidium iodide (PI). Slides were mounted with 10 L of 
Mowiol followed by a No. 1 coverslip. Slides were 
examined and documented digitally using a Zeiss LSM 510 
Meta confocal microscope. Figures were assembled using 
Adobe Photoshop CS2. 

Quantification of -L-Fucosidase Activity 

 Enzyme activity in fish sperm and milt was measured as 
previously described [13], except volumes were scaled to a 
total of 60 microliters and no stop reagents were added. Fish 
sperm samples were not washed prior to enzyme assays due 
to fragility of the sperm cells. Enzymatic conversion of 4-
MU-fuc to the fluorescent product 4-methyl-umbelliferone 
(4MU) was monitored over 30 minutes, with individual 
measurements recorded at 10 minute intervals. For each 
species evaluated, relative -L-fucosidase activity was 
defined as the total [4-MU] nM after 30 minutes. Four 
independent enzyme assays were performed for each species, 
totaling 24 enzyme assays. Average total [4-MU] nM was 
calculated using the 30 minute time point value for each 
species from each of the four independent experiments. 
Standard error of the mean was calculated and graphically 
represented using error bars. Data were reported as average 
relative -L-fucosidase activity per species. Some 
experiments included a 5 minute pre-incubation, and 
inclusion in the final assay mixture, of either 1 mM DFJ 
(deoxyfuconojirimycin) (Calbiochem) [36] or 50 M fucose, 
known competitive inhibitors of -L-fucosidase. 

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
and Western Blot Analysis 

 SDS-PAGE was performed using a vertical gel apparatus 
(BioRad) with 5% stacking and 8% or 12% separating gels. 
Milt from E. caeruleum was collected in “half Hank’s” and 
centrifuged 5 minutes, 6000 g. Supernatant was removed and 
concentrated to half volume for 1 hour using an Eppendorf 
Vacufuge. To the pellet and supernatant, 75 microliters of 
protease inhibitor cocktail (Sigma P-2714) were added and 
the samples were stored at -20°C overnight. Samples were 
thawed, diluted 1: 1 with pre-warmed 5X sample buffer, and 
boiled at 100°C for 5 minutes. 5X sample buffer contained 
0.05% bromophenol blue, 5% -mercaptoethanol, 3% SDS, 
and 62.5 mM Tris HCl, pH 6.8. 

 Five microliters of BioRad low range protein standard or 
15 L of each experimental sample were loaded and 
subjected to electrophoresis for 1 hour at 190 V. After 
separation, proteins were electrotransferred onto 0.2 m 
nitrocellulose at 100V for 1 hour. Membranes were exposed 
to 5% skim milk powder in PBST (0.1% Tween) (Sigma 
P1379) for 1 hour to saturate nonspecific protein binding. 
Primary polyclonal goat-anti-human liver -L-fucosidase 
antibody was diluted 1: 1000 in 5% milk and incubated with 
shaking at 4°C for 48 hours. Following incubation with 
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primary antibody, the membrane was washed with PBST for 
10 minutes. The membrane was then treated with secondary 
antibody, horseradish peroxidase (HRP) conjugated rabbit-
anti-goat-IgG (Zymed 81-1620) diluted 1: 2000 in 5% milk, 
and incubated two hours at room temperature. The 
membrane was washed with PBST for 10 minutes and 
peroxidase activity was detected by chemiluminescence 
(Immun Star ECL) (BioRad 170-5041) by exposure of 
Kodak LS-X-Omat film. 

RESULTS 

 Sperm from all species examined were morphologically 
similar and showed similar swimming. DIC images of sperm 
were collected from E. caeruleum and E. bellum (Fig. 1). 
The sperm had spherical heads with an average diameter of 
2.8± 0.1 m. Staining with propidium iodide suggests the 
sperm contains little cytoplasm, as the whole head stains 
brightly red. Each intact sperm had a single, thin flagellum; 
flagellar length averaged 30.7± 1.0 m. Flagella contain 
axonemal structures composed of microtubules, which are 
filaments composed of tubulin subunits. Immunolocalization 
of -tubulin showed localization along the length of the 
flagellum, as expected for axonemal microtubule staining 
(Fig. 2). Placing sperm in solutions with osmolarity greater 
than 160 mOsm or water caused flagella to curl upon the 
head within 3 min, followed by rapid loss of motility. 
Motility was unaffected by the addition of either 1 mM 
deoxyfuconojirimycin (DFJ) or 50 M L-fucose. Sperm 
remained motile for up to 1 hour post collection in “half 
Hank’s” buffer, and were able to fertilize fresh darter 
oocytes for at least 30 minutes post collection. 

 Analysis of -L-fucosidase enzyme activity using 
fluorometry revealed that -L-fucosidase was present in all 
six species tested. The average relative -L-fucosidase 
activity values for each species are presented in Fig. (3). 
Additionally, 96% and 95% of the sperm associated -L-
fucosidase activity was inhibited by the addition of either 50 

M L-fucose or 1 mM DFJ, respectively, 5 minutes prior to 
enzyme assays. Enzyme activity was inhibitable in all 
experiments by these known competitors, confirming that the 

generation of 4MU in the assay mix is due to -L-fucosidase 
activity. Assays omitting sperm or 4-MU-fuc had no 
measurable enzyme activity. The variation observed in -L-
fucosidase activity across samples within each species is 
expected. Semen production in mammals is not 
homeostatically regulated such that no two semen samples 
are identical. For human semen, samples from the same 
donor can be very different. In these experiments, sperm was 
collected on separate occasions and collection parameters 
(i.e. force of squeezing, volume of sample) were kept as 
uniform as possible from specimen to specimen. It is 
possible that seasonal reproductive changes, protein content, 
pH, and/or contamination by scale tissue could explain the 
variation of -L-fucosidase within or between species. 

 Preliminary partitioning experiments were performed to 
evaluate the association of -L-fucosidase with the sperm 
cell versus the liquid fraction of milt following high speed 
centrifugation. Quantification of enzyme activity following 
centrifugation at 10,000 g or 6000 g revealed that 70% of the 

-L-fucosidase activity was detectable in the supernatant and 
30% was detectable in the cell pellet. These results suggest 

-L-fucosidase is associated with the fish sperm cell. The -
L-fucosidase activity detected in the supernatant could be an 
isoform associated with the liquid portion of milt, or enzyme 
that was released from the sperm cell following manipulation 
by centrifugation. 

 Western blot analysis of milt from E. caeruleum showed 
the presence of -L-fucosidase isoforms with molecular 
weights similar to those of human liver -L-fucosidase (Fig. 
4). Purified human liver -L-fucosidase was loaded in lane 1, 
and two intense bands were present. These bands correspond 
to the two subunits of human liver -L-fucosidase reported 
to be 51 kDa and 56 kDa in size [37]. The sperm cell pellet 
isolated from E. caeruleum sample was loaded in lane 2. 
Three major and two minor bands were present on the blot. 
Two of the bands present correspond to the 51 kDa and 56 
kDa bands of human liver -L-fucosidase. One band with a 
molecular weight larger than 56 kDa and two minor bands 
with molecular weights lower than 51 kDa were also present. 

 

Fig. (1). Differential interference contrast (DIC) images of E. caeruleum (A) and E. bellum (B) sperm. Scale bar equals 20 m. 
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The larger molecular weight band could represent multiple 
-L-fucosidase subunits interacting. The lower molecular 

weight bands could represent 1) unique subunits or isoforms 
of -L-fucosidase only found in darters or 2) degradation 
products of -L-fucosidase subunits. Lane 3 contained 
supernatant isolated from an E. caeruleum sample following 
high speed centrifugation. This lane contained two major 
bands corresponding in molecular weight to the 2 bands in 
lane 1. The dark smears in lanes 2 and 3 could be due to the 
presence of lipids in the gel samples, as lipid aggregates run 
along the sides of the lanes. Both the sperm and milt 
fractions of E. caeruleum show at least two bands sharing 
the same molecular weight as those reported for human liver 

-L-fucosidase, confirming the presence of the enzyme in 
both the sperm cell and fluid. 

 In vitro fertilization experiments were performed to 
evaluate the potential role of -L-fucosidase during 
fertilization. Multiple fertilization conditions were examined, 
and all trials showed a decrease in fertilization success when 
sperm, or oocytes, were pre-treated with DFJ prior to 
insemination. Data from two IVF experiments showing the 
strongest inhibition are shown in Table 1. In these instances, 
pre-treatment of sperm with 1 M DFJ for 5 minutes prior to 
insemination yielded a 5.1 and 13.3 fold reduction in 
fertilization success, respectively, compared to the untreated, 
control experiments. Representative images from one 
fertilization experiment are shown in Fig. (5). The sham 
condition (Fig. 5A) shows oocytes pre-treated with 1 mM 
DFJ for 5 minutes prior to inundation. All oocytes formed a 
single cell, indicating that DFJ does not affect the viability of 
darter oocytes. By four hours post insemination, oocytes 
inseminated with untreated sperm had developed to the 4-
cell stage (Fig. 5B). Alternatively, the majority of oocytes 
inseminated with sperm pre-treated with 1 mM DFJ for 5 
minutes did not divide and remained at the 1-cell stage (Fig. 
5C). 

 

Fig. (2). Confocal micrograph of E. caeruleum sperm showing 

tubulin (green) in the sperm tails and DNA (red) in the nuclei. 

Tubulin was labeled with anti-tubulin antibodies and nuclei were 

labeled with propidium iodide. Scale bar equals 20 m. 

DISCUSSION 

 Early work defining the morphological characteristics of 
fish sperm [38, 39] established the foundation for an area of 
research that continues to grow. Since these early studies, 
morphological features and ultrastructural details have been 
reported for many fish species. Identification of these sperm 
characteristics is important, as they may have evolutionary 
significance, particularly with respect to the evolution of 
sperm-oocyte recognition within and between species. The 

 

Fig. (3). Average total alpha-L-fucosidase activity per sperm sample for each species evaluated. Average enzyme activity calculated from 

four independent experiments. Error bars represent standard error of the mean. 
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morphological characteristics of darter sperm reported here 
share similarities with spermatozoa of other fish. Teleost 
sperm have been reported to have round heads 1.5 – 2.0 m 
in diameter [40]. Cichla intermedia spermatozoa heads are 
also round, 1.8 m in diameter, with a narrow strip of 
cytoplasm [41]. Some Sciaenidae species have been reported 
to possess spherical heads [42]; finally, spermatozoa of 
Pandora, Pagellus erythrinus L., and cardinal fish also have 
single, thin flagella [43, 44]. 

 

Fig. (4). Western blot analysis of sperm and supernatant fractions 

isolated from E. caeruleum. Sample lanes contained purified human 

liver alpha-L-fucosidase (1), E. caeruleum sperm pellet (2), and E. 

caeruleum sperm pellet supernatant fraction (3). The bands in lane 

1 are reported to be 56 kDa and 51 kDa in size. 

 Fucosidases are widespread or ubiquitous among 
organisms, and seem essential for basic biochemical 
(housekeeping) functions [37, 45]. In this report we present 
several lines of evidence that fucosidase is present in the 
sperm of these fishes: we a) demonstrated fucosidase 
enzyme activity in milt, b) found that a good fraction of that 
activity travels with the sperm cells during centrifugation, c) 
confirmed it's reactivity to polyclonal antibody raised against 
human liver fucosidase, d) determined that its banding in gel 
electrophoresis resembles that seen in other vertebrates, and 
e) demonstrated its sensitivity to inhibition by the high 
affinity competitive and specific fucosidase inhibitor DFJ. 
These enzymes occur with two or three primary structural 
variants in many species, each of which show considerable 
conservation in both their protein and DNA sequences [45]. 
Two genes for fucosidases have been previously reported for 
the zebrafish Danio rerio [45]. The characteristics of darter 
fucosidase isoforms reported here resemble those of other 
vertebrates [45] with regard to glycoprotein size and their 
cross-reactivity to antibody against human liver -L-
fucosidase. In addition to the expected, general cellular 
housekeeping functions of fucosidase, it’s prominence in 
milt and sperm cells adds to the growing evidence for roles 
in reproduction. 

 Sperm associated -L-fucosidases have been reported in 
several other organisms and are considered to be strong 
candidates for important roles during fertilization [11, 12, 

16, 18-22]. This report describes a sperm associated -L-
fucosidase in darters, suggesting that fish too may require -
L-fucosidase for fertilization. Indeed, preliminary in vitro 
fertilization (IVF) experiments suggest -L-fucosidase may 
be involved during fertilization in darters. Oocytes were 
collected from gravid darters and inseminated with freshly 
collected conspecific sperm. Four hours post insemination, 
oocytes were microscopically evaluated for development to 
the 4-cell stage and fertilization success was recorded. For 
some experiments, prior to insemination, sperm were pre-
treated with DFJ, a known and specific competitor -L-
fucosidase. Treatment of sperm with DFJ decreased 
fertilization success in some trials, suggesting -L-
fucosidase was involved during fertilization. For some IVF 
experiments, however, pre-treatment of sperm with DFJ had 
no effect on fertilization success compared to the control 
experiment. Sperm concentrations were not standardized or 
optimized in these experiments, so despite pre-treatment of 
sperm with DFJ, oocytes overwhelmed with sperm may still 
have been fertilized. Additional experiments are needed to 
strengthen this finding; however, preliminary data are 
consistent with our current understanding of carbohydrates 
and their roles during fertilization. 

 The evolutionary relevance of fucosidases has been 
explored recently by Intra et al. [45], who have documented 
widespread phylogenetic conservation of the structure of the 
genes that specify the alpha-L-fucosidases. While there is 
considerable conservation in amino acid structure, most of 
these structures still include several different residues that 
can be glycosylated, and numerous intermediate and final 
isoforms of fucosidase glycoproteins have been reported [12, 
37]. The fucosidases are widely distributed acid hydrolases 
with lysosomal catabolic functions that are essential for the 
degradation of polysaccharides and the polysaccharide 
components of glycolipids and glycoproteins [37]. In 
humans, homozygosity for FUCA1 deficiency results in 
fucosidosis, which is lethal to children [46]. This 
fundamental role in cellular housekeeping seems the likely 
explanation for the phylogenetic conservation of fucosidase 
gene and protein structures. 

 However, several recent reports have identified isoforms 
of fucosidase in the male reproductive system that function 
well in the neutral pH range and include isoforms that are 
associated with the membrane system of sperm cells [11-15, 
17, 19]. As outlined in the introduction, there is abundant 
evidence to implicate biochemical recognition of fucose 
residues in the reproduction of many species. These 
functions may include direct roles in sperm-oocyte 
recognition and binding, and the arrival of sperm-associated 

Table 1. Fertilization success is reduced by pre-treatment of sperm with DFJ prior to insemination. Data from two independent in 

vitro fertilization experiments using gametes from E. coosae and E. baileyi. Oocyte clutches were inseminated with a 20 L 

droplet of conspecific sperm. Oocytes were microscopically observed for development to the 4-cell stage 

 

Experiment # Sperm Treatment # Viable Eggs # Fertilized Eggs # Sperm/Droplet Fertilization Success Species 

1 untreated 47 36 680,000 81% E. coosae 

1 1 M DFJ, 5 min.  37 6 840,000 16% E. coosae 

2 untreated 25 10 540,000 40% E. baileyi 

2 1 M DFJ, 5 min.  34 1 1,300,000 3% E. baileyi 
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fucosidase in the otherwise fucosidase-deficient ooplasm 
may serve as an important regulatory trigger for further 
embryonic development [14, 15]. Herein we have reported 
the presence of sperm-associated fucosidase in fishes. Alpha-
L-fucosidase enzyme activity is present in both the seminal 
fluid and the sperm cells themselves, with a significant 
proportion remaining in the tiny volume that forms the 
cellular pellet following centrifugation at 6,000 or 10,000xG. 
Among the six species examined, the relative amount of 
fucosidase activity differed. Our preliminary results suggest 
that, at appropriate concentrations of fucosidase inhibitor, 
fertilization is inhibited. This evidence supports our 
hypothesis that the fucosidase has a direct role in the fertility 
of these fishes. 

 We hope that future investigations will address the 
unresolved questions of the roles of fucosidases for within- 
and across-species gamete recognition and fertilization in 
fishes. The possibility remains that variation in fucosidase 
isoforms and fucose-containing sperm receptor structures 
could be a focus for development of species barriers and 
speciation. 
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