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Larger Sperm Size may Contribute to
Reproductive Isolation between Etheostoma

Species
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deCarvalho®

Etheostoma is a genus of North American darter fish whose species have similar habitats and breeding seasons, yet hybridiza-
tion is rare. Behavioral barriers have been demonstrated to play a key role in maintaining species boundaries. Further, conspecif-
ic (same species) sperm precedence has also been observed when the gametes of two different species come into contact. In this
study, we investigated if physical characteristics of sperm could be a mechanism for the lower fertilization success of heterospecific
(different species) males when eggs are simultaneously exposed to conspecific and heterospecific sperm. We chose to examine the
sperm of two closely related species, E. zonale and E. barrenense. Using toluidine blue and immunofluorescent labeling methods,
we compared head diameter and tail length of sperm cells between the two species. We found that head diameter was significant-
ly larger for E. barrenense sperm compared to E. zonale. This difference in cell morphology may point to a physical mechanism
underlying conspecific sperm precedence in Etheostoma. Our results are the first to describe a morphological difference in sperm
between species in this genus and provide initial evidence for the role of sperm morphology in prezygotic reproductive isolation.

INTRODUCTION

Etheostoma, commonly known as darter fish, provide an excellent
system to study the evolution of reproductive isolation (Williams
& Mendelson, 2010). Isolating mechanisms in these fish are in-
triguing, since they live in similar habitats, have similar breeding
seasons, and fertilize externally. Therefore, multiple forms of re-
productive isolation must be at work to prevent these species from
hybridizing, given that there are ample opportunities for gametes
to mix. It has been determined that behavioral pre-mating isolation
is very strong and nearly complete in these fish (Mendelson et al.,
2007). However, this does not address what prevents hybridiza-
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tion after multiple species spawn in the same locality. Barriers to
hybridization that occur after mating are referred to as forms of
post-mating prezygotic reproductive isolation.

This type of isolation occurs when similar species can mate
or spawn but are unable to cross-fertilize and successfully produce
hybrids. Gametic incompatibility between species often contrib-
utes to post-mating prezygotic reproductive isolation (Lessios &
Cunningham, 1990). Gametic incompatibility is not a barrier to
reproduction in Etheostoma, but conspecific sperm precedence has
been demonstrated in the laboratory (Mendelson et al., 2007; Wil-
liams & Mendelson, 2014). This suggests that there is an aspect to
sperm physiology or structure that gives conspecifics an advantage
for fertilization in the presence of another species’ sperm.

Sperm consist of three distinct regions: head, midpiece, and
tail. Despite this basic structure, sperm morphology is incredibly
varied across the animal kingdom. Heads differ in shape and size,
midpieces vary in volume, and tails are diverse in length between
species (Islam & Akhter, 2012; Anderson et al., 2005). LaMunyon
and Ward (2002) suggest that variance in sperm morphology be-
tween species may be a consequence of the evolutionary process
of sperm competition within a species, where sperm competition
is defined as two or more conspecific males vying for the same egg
(Parker, 1970).

Research on sperm competition within species has shown that
sperm with increased head diameter, tail length, overall size, and
midpiece volume are more successful at fertilization (Anderson
et al., 2005; Byrne et al., 2003; Gomendio & Roldan, 1991). La-
Munyon and Ward (2002) also suggest that sperm size differences
across species may also be the result of sperm competition; when

JYT | December 2018 | Vol. 35 Issue 6

© Arkorful et al., 2018

92



JY.f Journal of Young Investigators

A Head Diameter
W E. zonale ME. barrenense
* p=0.0011 p=0.0847
25
£
=]
€ 2
a
"
Ho1s
v
a0
2
v
>
<
0.5
n=5 n=3 n=5 n=5
; sl W3] = M=)

Toluidine Blue Immunofluorescent

B Tail Length

M E. zonale WME. barrenense

p=0.5522 p=0.305
30
25
20
15
10
0

Toluidine Blue Immunofluorescent

Average (+SD) in um

Figure 1. Comparison of E. zonale and E. barrenense Head Diameters
(A) and Tail Length (B). Sperm from both species were stained using
toluidine blue and immunofluorescent labeling techniques. Data depicted
is average =+ standard deviation (SD) and » indicates the number of
individual fish evaluated.

sperm competition was increased experimentally within different
worm species, sperm size also increased. Thus, if sperm size dif-
ferences can affect fertilization success within a species, it may
also contribute to sperm precedence or even gametic incompatibil-
ity between species. Therefore, we aimed to investigate patterns in
sperm size in the context of reproductive isolation instead of sperm
competition. To identify a potential mechanism for conspecific
sperm precedence, we hypothesized that closely-related species
would display variation in sperm dimensions. We used two species
of Etheostoma that occupy the same habitat and thus spawn in the
same geographic location to address this hypothesis.

The purpose of this exploratory study was to investigate
physical variations in the sperm of E. barrenense and E. zonale
as a potential mechanism of reproductive isolation between these
two species. Previous studies on these and other Etheostoma have
already demonstrated that sperm from other species do not have
the same fertilization success as conspecific sperm, but the mecha-
nism of gametic incompatibility is unknown (Mendelson et al.,
2007; Williams & Mendelson, 2014). This research is the first of
its kind to analyze possible differences in sperm size as it relates
to reproductive isolation in fish, as prior studies on morphological
differences in sperm as a reproductive barrier have been limited to
sea urchins (Hudson et al., 2015; Landry et a,. 2003; Marks et al.,
2008). We used histological and immunofluorescent labeling tech-

niques to measure different aspects of head size, including capsule
and nucleus diameter, and we used both techniques to measure tail
length.

MATERIALS AND METHODS

Fish were harvested from the East Fork of the Barren River, Mon-
roe Co., KY in the spring of 2016. Fish were anesthetized by im-
mersion in 0.004% MS-222 (tricaine) and then placed on a petri
dish for sperm collection. Ejaculate was expressed via pressure
around the urogenital region and immediately fixed with a 4%
formaldehyde (in PBS) solution. Individual male samples were
saved in separate vials and stored at 4°C. The UMBC Institutional
Animal Care and Use Committee (IACUC) approved all protocols
involving ejaculate collection. 10 pL of each male’s sample was
pipetted onto a silanated slide and let dry, then washed with phos-
phate buffered saline (PBS). Toluidine blue solution (1% Toluidine
blue and 1% sodium borate) was used to measure head capsule
and tail length by placing the dye on the sample for 5 minutes be-
fore washing with PBS. Samples were mounted with glycerol and
sealed beneath coverslips with clear nail polish.

Fluorescent staining was used to measure head nucleus size,
as well as tail length. Anti-alpha-tubulin (bovine) mouse IgGl
monoclonal primary antibody (Life Technologies, Eugene, OR)
was used to stain tubulin proteins abundant in sperm flagellum. 50
pL of a 1:250 dilution in 1% bovine serum albumin (BSA) in PBS
was applied to the samples and incubated in a moisture box at 4°C
overnight. Alexa Fluor 488 goat anti-mouse IgG (Life Technolo-
gies) was used to label the primary antibody. 50 pL of'a 1:500 dilu-
tion in PBS was added to the samples and incubated in a moisture
box for 30 minutes at room temperature. The fluorescent molecule
4’ 6-diamidino-2-phenylindole (DAPI) was used to stain nucleic
acid (Tarnowski, Spinale, & Nicholson, 1991). 30 uL of 300 nM
DAPI was placed on the sample and incubated in a covered mois-
ture box at room temperature for 30 minutes.

Photomicrographs of sperm dyed with toluidine blue were
taken using the Zeiss Primo Star HAL Microscope using bright-
field illumination with a 100x objective (total magnification =
1000x). Measurements were taken using ImagelJ for Windows (64-
bit). Head diameter was measured at its widest point perpendicular
to the tail. Fluorescent images were taken using a Leica SP5 confo-
cal microscope. The nucleus diameter was measured at the widest
point perpendicular to the tail in the DAPI channel. Tail length was
determined using a combination of the GFP channel, bright field,
and composite images.

Averages and standard deviations of morphological mea-
surements were calculated using Microsoft Excel 2010. Multiple
sperm cells were measured from each individual male sample. The
average head and tail values for each male was used for species-
level comparisons. Toluidine blue labeled sperm measurements
came from 5 E. zonale males (n = 30 sperm cells) and 3 E. bar-
renense males (n = 7 sperm cells). Fluorescently-labeled sperm
measurements came from 5 E. zonale males (n = 50 sperm cells)
and 5 E. barrenense males (n =40 sperm cells). Statistical analysis
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Figure 2. Fluorescently-labeled E. barrenense sperm cell. The nucleus
can be identified by DAPI staining (upper left) and the tail can be identi-
fied by the alpha-tubulin Alexa 488 staining (upper right). The bottom
right is the composite; the bottom left shows a bright field image.

was performed using a 2-sample t-test (o = 0.05) and StatCrunch
online software.

RESULTS

For toluidine blue staining, E. barrenense sperm had an average
head diameter of 2.27 (+ 0.13) um and tail length of 25.75 (+ 3.42)
um (Figure 1). Fluorescently labeled E. barrenense sperm yielded
an average nuclear diameter of 2.20 (+ .15) pm and tail length of
28.52 (+ 4.52) um (see Figure 2 for representative image). E. zo-
nale stained with toluidine blue had an average head diameter of
2.10 (£ 0.05) um and tail length of 25.39 (+ 1.97) um. The average
nuclear diameter for E. zonale samples stained with immunofluo-
rescent labeling were 2.04 (+ 0.09) um and tail lengths of 26.18 (+
1.09) um (Figure 1). E. barrenense sperm were shown to have a
statistically significant larger head capsule diameter (p = 0.0011),
on average, compared to E. zonale when stained with toluidine
blue. Nuclear diameter, as in the DAPI staining for fluorescent la-
beling, showed no significant differences between the two species
(p = 0.0847). Tail length did not differ statistically between the
species from either labeling approach (Figure 1B).

DISCUSSION

In this exploratory study, we investigated the morphology of sperm
from two darter species, E. zonale and E. barrenense, to exam-
ine variation that might lead to sperm precedence previously de-
scribed for these and other darter species (Mendelson et al., 2007;

Williams & Mendelson, 2014). Barriers to successful fertilization
between species can arise from either chemical or morphological
features of sperm (Byrne et al., 2003; Landry et al., 2003; Mendel-
son et al., 2007). Head size (i.e., diameter) and tail length are often
used to compare morphological variation in sperm among species
(Gage & Cook, 1994). We therefore focused on these morphologi-
cal characteristics as these measurements are simple to take and
convey robust data concerning sperm cell morphology.

We discovered that E. barrenense has a larger sperm head than
E. zonale. Although we were limited by the small number of males
used in this study, a significant difference (p = 0.0011) in sperm
head diameter was still observed. Variation in sperm head width is
common among fish species; however, the functional significance
is still unknown (Jamieson, 1991). Montoto et al. (2011) hypoth-
esized that in rodents, relatively larger heads may block smaller
rival sperm from simultaneously attaching to an egg. Applying
similar reasoning to Etheostoma, we would expect that because E.
barrenense heads are relatively larger, a relatively low number of
hybrids would form between E. barrenense females and E. zonale
males. However, Williams & Mendelson (2014) performed these
crosses for conspecific sperm precedence and found the opposite
pattern. To further test if head size is a factor in conspecific sperm
precedence, individual E. zonale males with sperm size differences
could be examined in a competitive cross (Williams & Mendelson,
2014). If head size is a factor for conspecific sperm precedence,
we would anticipate that ejaculate from individual males with rela-
tively smaller sperm would have greater fertilization success.

In addition, we were interested in exploring whether the dif-
ference in head size between species was due to direct selection on
the sperm capsule. In fish, the sperm head consists mainly of the
nucleus (Jamieson, 1991) and nuclear size has a strong correlation
with genome size (Beaulieu et al., 2008; Gregory, 2001). Thus,
differences in darter sperm head size could merely be a by-product
of differences in genome size. Alternatively, if there was direct
selection for sperm head size to reduce interspecific hybridization
or increase sperm competition success, we would expect to see
a difference in sperm capsule but not nuclear size. We compared
nuclear diameters between the two species and found no signifi-
cant difference. This supports the hypothesis that there may have
been direct selection on sperm head size, which further promotes
the idea that sperm size differences may be functionally relevant.

To examine potential interspecific differences in tail length,
we used measurements from both toluidine blue and fluorescently
labeled sperm. We found that the tails of E. zonale and E. barre-
nense sperm were not significantly different in length. This was an
unexpected result because sperm tail length is often highly vari-
able between closely related species, including fish (Jamieson,
1991) and tail length often plays a role in the sperm competition
success (Byrne et al., 2003; Gomendio & Roldan, 1991).

The results of this exploratory study suggest that differences in
Etheostoma sperm cell morphology may play a role in the hybrid-
ization barriers that exist within this genus. Our data demonstrated
a robust difference in sperm head diameter between E. zonale and
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E. barrenense. Furthermore, the size difference reflects the size
of the head capsule and not the nucleus, suggesting that there has
been direct selection on sperm head size. However, we cannot say
conclusively if there is no interspecific difference in nuclear size
due to our small sample size. We were limited by the number of
males that were able to produce ejaculate and a one-time collection
of ejaculate, because captive males were at the end of their repro-
ductive season when we began the study. An improved sample size
would help answer this question. However, if increased data dem-
onstrate that nuclear size is driving head size, this does not rule out
that size differences play a role in conspecific sperm precedence.
Although an increase in sperm head size has already been
shown to have increased success in fertilization (Yaniz et al.,
2015), these studies focus on animals with internal fertilization.
Sperm precedence is likely to be an even more important barrier
to hybridization for external fertilization because gametes mingle
freely in water without the additional anatomical barriers present
with internal fertilization. Yet little work has been done to exam-
ine interspecific differences in sperm morphology in this context.
Similar to this study, differences in sperm head size of closely re-
lated sea urchins have been postulated as a mechanism of repro-
ductive isolation (Hudson et al., 2015; Landry et al., 2003; Marks
et al., 2008). However, future work in darters and other animals
with external fertilization needs to focus on whether variation in
sperm head size translates into differences in fertilization success..
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