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ABSTRACT
Sperm limitation is a concern for a number of heavily fished decapods; however, work to assess
this concern is sometimes hampered by a lack of simple techniques to quantify sperm transferred
during reproduction. Our primary goal was to determine if DNA measurements could be used to
quantify the sperm content of spermatophores and thus facilitate investigations of sperm
limitation in American lobsters (Homarus americanus H. Milne Edwards, 1837). This was
achieved by measuring the amount of DNA in a sample and then calibrating those values by
using flow cytometry to count the number of individual sperm present in the sample. Our results
show that the DNA quantification technique provides a fast and accurate way to quantify sperm.
We then demonstrated the utility of the method by using it to examine the rate at which males
can produce sperm under simulated conditions of repeated mating events, a situation that might
lead to a reduction in the number of sperm per spermatophore. While spermatophores obtained
from male lobsters at three-day intervals varied substantially in the number of sperm they
contained (range 427,090-5,028,996; mean 2,306,473), there was no clear decline in sperm
count over time. These results suggest that male lobsters replenish their sperm supplies rapidly,
and that sperm recharge rate is unlikely to be a factor that could lead to sperm limitation in

American lobster populations.

Key Words: commercial fisheries, DNA quantification, electroejaculation, mating, sperm

limitation, spermatophore
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INTRODUCTION
Sperm limitation occurs when the number of eggs requiring fertilization exceeds the number of
sperm available to fertilize them (Levitan & Petersen, 1995). This may occur if too few males are
available as potential mates, the males present are incapable of producing sufficient quantities of
sperm to fertilize the female’s entire clutch of eggs, or the sperm passed are of poor quality
(MacDiarmid & Butler, 1999). Fished decapods may be particularly vulnerable to sperm
limitation because harvesting often leads to the removal of larger males that are capable of
contributing the most sperm to the population (Sainte-Marie et al., 2008; Sato, 2012; Pardo et al.,
2015; Ogburn, 2019).

Estimating the number of sperm that males in the population may be able to transfer is a
key metric in determining whether sperm limitation is occurring, yet relatively little research has
been done on this topic in decapods (Sainte-Marie, 2007; Ogburn, 2019), due in part to the
technical challenges inherent in successfully extracting and enumerating sperm cells. Most
previous efforts to quantify sperm in decapod ejaculates focused on manually counting them
using hemocytometers or spermacytometers (Wolcott et al., 2005; Butler et al., 2011; Rains et
al.,2016). An alternative approach that was used by Pugh et al. (2015) involved measuring the
size of individual sperm cells, using histological sections of spermatophores to estimate the total
volume occupied by sperm, and extrapolating total counts from these volumes. Each of these
methods requires subsampling of the spermatophore to make quantification manageable, and the
whole process can be very time-consuming, especially when analyzing many samples. Another
approach that has been used is counting sperm cells with flow cytometers, which provide both
rapid and accurate counts of sperm cells by passing fluorescently stained sperm cells through a

detector that measures fluorescence (Christensen et al., 2004; Cournault & Aron, 2008; Dufresne
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et al., 2019). Unfortunately, flow cytometers are expensive and thus may not be readily available
to all researchers. We therefore set out to develop an improved method for quantifying the
number of sperm in a lobster’s spermatophore in order to improve our ability to study the
reproductive capacity of species thought to be at-risk for sperm limitation.

Recent advances in genomics and molecular biology have now made it possible to
rapidly and inexpensively measure the quantity of DNA in a sample. Furthermore, because each
sperm cell contains a single copy of the genetic material of the father, it is possible to use the
amount of DNA in a sample to calculate the number of sperm present (Hines et al., 2003; Doyle
et al.,2011). An analogous approach has been used in lobsters to determine if early stage eggs,
obtained before they have started to divide, have been successfully fertilized (Johnson et al.,
2011). We sought to adapt DNA quantification to develop a fast and accurate method for
quantifying the number of sperm cells in the spermatophores of the American lobster Homarus
americanus (H. Milne Edwards, 1837).

Homarus americanus supports the most lucrative single-species fishery in the United
States (foss.nmfs.noaa.gov). While not a single-sex fishery, mature females are
disproportionately protected from harvest compared to males, which can result in conditions that
may put them at risk for sperm limitation (Cobb, 1995; Pugh, 2014; ASMFC, 2015; Jury et al.,
2019). The mating system is based on female choice, with a preference for a dominant male, and
males guard the female pre- and post-copulation for a period of several days (Atema, 1986;
Atema & Steinbach, 2007). Male lobsters can mate with several females sequentially (Waddy et
al., 2017), however. the rate at which sperm can be produced may limit the amount transferred to
females later in the mating sequence. Consequently, female lobsters in heavily exploited

populations may be increasingly challenged to find a male capable of providing enough sperm to
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fully fertilize their egg clutches (Gosselin et al., 2003, 2005; Tang et al., 2019). Situations of this
type have been observed in other decapod species subject to sex-selective harvest (Hines ef al.,
2003; Carver et al., 2004; Sato et al., 2005; Sato, 2012; Pardo et al., 2015, 2017). Although
lobster resource managers often focus on conserving females and boosting egg output (see for
example ASMFC American Lobster Board proceedings August 2017;
http://www.asmfc.org/uploads/file/59f0fb52 AmLobsterBoardProceedings Aug2017.pdf), the
efficacy of such measures would be limited if a sperm-limited situation exists. An improved
ability to directly measure the number of sperm produced by male lobsters would provide an
important tool to better understand the reproductive capacity of a population, and assess whether
sperm limitation may be occurring.

The ejaculate of H. americanus is morphologically typical of nephropid lobsters,
consisting of a single, tubular spermatophore made up of the tightly packed sperm mass
surrounded by acellular layers that provide protection and energy reserves for the sperm (Fig. 1;
Kooda-Cisco & Talbot, 1982; Subramoniam, 1993; Comeau & Benhalima, 2018). For clarity, we
refer to this entire ejaculated structure as the spermatophore. During mating, the spermatophore
1s transferred to the female’s seminal receptacle, where it is stored for several months until it is
used to externally fertilize eggs that are subsequently attached to the female’s abdomen (Aiken et
al., 2004). The internal storage of the spermatophore within the female’s seminal receptacle
makes it very difficult to estimate the amount of sperm passed during mating. Histological
examination of the seminal receptacle’s contents can yield an estimate of sperm volume (Pugh,
2014), but a simpler approach to assessing the number of sperm males can produce is to procure
spermatophores directly from the male via electroejaculation (Kooda-Cisco & Talbot, 1983;

Pugh et al., 2015). Spermatophores obtained this way are morphologically normal and can be
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used for artificial insemination, suggesting little difference between those obtained “on demand”
and those extruded during mating (Aiken et al., 1984). Because lobsters produce sperm
continually and are capable of mating year-round, electroejaculation can provide viable sperm
samples throughout the year (Aiken & Waddy, 1986; Waddy et al., 1995; Comeau & Benhalima,
2018).

We first developed and tested a DNA-based method for estimating the number of sperm
within a spermatophore. We then used this method to estimate the number of sperm typically
contained within a given volume of sperm mass, which then provided us with a tool to calibrate
previous, and future, volume-based estimates of male fecundity. We subsequently demonstrated
the utility of this method with an experiment designed to determine if sperm reserves can be
depleted by repeated simulated mating events (electroejaculations) under controlled conditions in

the laboratory.

MATERIALS AND METHODS
Sperm quantification technique
Male lobsters (N = 10, carapace length (CL) 73—-93 mm) were trapped off the coast of New
Hampshire and Massachusetts, US by personnel from the University of New Hampshire (UNH),
New Hampshire Fish & Game, and/or Massachusetts Division of Marine Fisheries, and held in a
recirculating tank on the UNH main campus (Durham, NH, USA) from May through September
2018. Lobster health was assessed visually to ensure no shell diseased males were included.
Spermatophores were obtained by electroejaculation (Fig. 1) following the methods of Kooda-
Cisco & Talbot (1983), and immediately transferred to 1 ml of 0.33 M MgCl, prior to processing.

The MgCl, was used to reduce the incidence of spontaneous acrosomal reactions caused by the
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presence of calcium in seawater (Talbot & Chanmanon, 1980a), and to inhibit the textural
changes of the spermatophore’s outer plug material, which commonly occur following contact
with seawater (Subramoniam, 1993; Waddy et al., 2017).

A total of 11 spermatophores were collected from the 10 lobsters (one lobster was
sampled a second time, two weeks after the first sampling). Only one spermatophore was
collected per sampling event; if spermatophores were produced from both gonopores, one was
randomly selected for processing and the other was discarded. Forceps were used under a
dissecting microscope while the spermatophore was in the MgCl, solution to remove as much of
the acellular plug material as possible from each spermatophore to ensure the sperm were free to
disperse in the solution. The remaining sperm mass, diluted in 0.33M MgCl,, formed the stock
solution, from which we created a series of dilutions to provide a range of concentrations of
sperm. The stock solution was vortexed for several seconds then split into either four
concentrations (100%, 75%, 50%, and 25%), or three concentrations (100%, 67%, and 33%), by
diluting samples of the stock solution with 0.33M MgCl to a final volume of 240 pul. This
process yielded a total of 42 distinct subsamples that were used to construct a calibration curve
of the relationship between the amount of DNA in a sample and the number of sperm cells
present. From each of these diluted subsamples, 150 pl was used for DNA quantification, and 72
ul was used to count the number of sperm cells present using flow cytometry. The remainder of
the subsample was held in reserve to allow samples to be rerun or examined microscopically.
The cell counts from the flow cytometry served as the “real” sperm counts against which we
calibrated the DNA measurements (see below).

To quantify the DNA present, each 150 ul subsample was sonicated for ~10 seconds to

break up any small remaining portions of the sperm plug, further diluted 1:1 with deionized
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water and vortexed for ~5 seconds. The osmotic shock from the addition of the deionized water
served to lyse the sperm cells and enhance DNA yield during the extraction process. Following
dilution with deionized water, a GenElute Mammalian Genomic DNA Miniprep Kit (Sigma-
Aldrich; St. Louis, MO, USA) was used to extract DNA from 150 pl of each sample, following
the kit protocol for “fresh whole blood.” This extracted DNA was then immediately quantified
using a Qubit 2.0 fluorometer with the Qubit dsDNA HS (high sensitivity) assay (Thermo Fisher;
Waltham, MA, USA).

A 72 ul subsample was used for flow cytometry to generate sperm cell counts. The
sample was stained with 8 pul of acridine orange (1:10,000 acridine orange in 1% Tween-80
(Thompson & Hunt, 1966)), which binds with the DNA present in the cell. A volume of 40 ul of
the stained sample was further diluted in 960 pul of 0.33M MgCl, and run through a Becton-
Dickinson FACScalibur flow cytometer (BD Biosciences; San Jose, CA, USA) at a flow rate of
60 ul min~'. The cytometer used a 488 nm laser to excite fluorescence, which was measured
between 515 and 545 nm, allowing the cytometer to count the stained sperm cells as they passed
through the detector. The amount of time taken to reach 10,000 total detections was multiplied
by the flow rate to yield the volume of sample measured. The output from the flow cytometer
was analyzed in Flowing Software 2.5.1 (Perttu Terho, http://flowingsoftware.btk.f1) using
fluorescence intensity, forward scatter, and side scatter parameters to exclude detections of
cellular debris or plug material remaining in the sample. The number of sperm cells detected was
then divided by the volume of sample analyzed to yield the concentration of sperm cells in the
sample.

We used linear regression through the origin (i.e. intercept term set to 0) to determine the

relationship between the concentration of sperm cells (determined by the flow cytometer) and the
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concentration of DNA present (determined by fluorometry). The resulting equation could then be
used to predict the number of sperm present in a sample containing a given amount of DNA.
Regression through the origin was chosen as the most appropriate measure of the relationship as
the sperm cells themselves are the only cellular material in a spermatophore, and thus there
should be no DNA present beyond that contained within the sperm cells (Kooda-Cisco & Talbot,
1982; Eisenhauer, 2003).

All statistical analyses were conducted in SPSS 26 (IBM; Armonk, NY, USA), unless
otherwise specified. Residual plots were inspected for all parametric tests to ensure that the data

satisfied the assumptions of normality and homoscedasticity.

Estimation of the number of sperm per volume of sperm mass

Spermatophores were obtained via electroejaculation from seven additional lobsters (captured as
described previously; CL 72-92 mm) and immediately cut into transverse sections 1-2 mm long
(N = 25 segments), using dissecting scissors under a dissecting microscope. Each section was
illuminated using transmitted light and photographed using an Olympus DP21 digital camera
(Olympus; Tokyo, Japan) mounted on the microscope, then transferred to MgCl, for DNA
extraction and quantification as described above. The photographs were analyzed using the
measurement tools of Fiji (Schindelin et al., 2012) to model the volume of the sperm mass within
each section as a series of truncated cones (Supplementary material Fig. S1). Although this
approach assumes a circular cross-section for the packed sperm rather than the trefoil section
actually present (Kooda-Cisco & Talbot, 1982), it allows for changes in the width of the sperm
mass along the length of the spermatophore section and can be estimated from a single image. At

the end of this process, for each of the 25 sections of sperm mass, we knew the volume, as
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calculated from the photographs (Supplementary material Fig. S1), and the number of sperm, as
calculated using the DNA quantification method described above. A linear regression was then
applied to these data to allow us to determine the number of sperm in a given volume of the
sperm mass portion of a spermatophore. Prior to pooling data from different individuals for this
regression, an ANCOVA was conducted to ensure that the relationship between sperm count and

sperm mass volume was consistent between individual males.

Test of sperm depletion

The new quantification technique described above was then used to test the potential for sperm
limitation due to repeated matings by using repetitive electroejaculations to simulate a series of
mating events. We hypothesized that the number of sperm present in each spermatophore would
decline over the course of several sampling times due to the need to produce new sperm to
replenish the sperm passed during mating. During June 2019, early in the typical mating season,
male lobsters were collected from New Hampshire waters as described previously. These
lobsters (N =12, 72—-82 mm CL) were held in flow-through seawater tanks at the UNH Coastal
Marine Laboratory (New Castle, NH, USA) for one week prior to beginning the experiment to
ensure no mating activity had occurred immediately prior to the experiment. Water temperatures
during this period ranged 9—16 °C. Lobsters were fed herring (Clupea harengus Linnaeus, 1758)
ad libitum every other day throughout the experiment. Lobsters were stimulated to produce a
spermatophore on day 0, and then again after 3, 6, and 12 d. The three- day interval was chosen
because male lobsters commonly cohabitate with a female for several days before and after
mating (Atema, 1986), and thus intervals of several days between mating events are common

(Waddy et al., 2017). Both the left and right gonopores of each lobster were shocked at each time
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period, but for consistency, only spermatophores produced by the left gonopore were collected
for analysis. The whole spermatophore was sonicated and used for DNA extraction. Samples
were processed in triplicate to produce three separate measurements of DNA content, allowing
failed extractions to be excluded from the analyses. The average amount of DNA present across
the triplicate samples was used in the regression developed in the previous experiments to
calculate the number of sperm present within each spermatophore. The number of sperm present
per spermatophore at each time interval was analyzed in R 3.5.2 (R Core Team, 2018) and

RStudio 1.1.463 (R Studio Team, 2016) using a Friedman test, blocking by individual lobster.

RESULTS
Sperm quantification technique
A linear regression of cell counts from the flow cytometer against the quantity of DNA measured
by the Qubit showed a significant linear relationship between the two measures in the 42
subsamples used to construct the calibration curve (r?> = 0.852; F; 41 = 235.588, P < 0.001; Fig. 2).
The regression yielded the following equation: no. of sperm = 800,795.574 x ug DNA. This
equation was used to convert the quantity of DNA present in a sample to the number of sperm

present for all subsequent analyses.

Quantifying the DNA content at different sample dilutions also provided a way to
determine the reliability of the sperm quantification technique. When the DNA concentrations of
the diluted samples were scaled up to reflect the original volume of the sample and compared
with the undiluted samples (stock solution with a concentration of 100%), 10 of 26 (38%) of the

diluted samples were within + 10% of their respective 100% concentration DNA values, and 18
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of 26 (69%) were within + 20% of their respective 100% concentration DNA values. A paired t-
test found no significant difference between the calculated original concentration of the diluted
samples and their respective 100% concentration samples (t = 1.082, df =27, P = 0.289). The

DNA quantification technique thus appears to be reliable and insensitive to the dilution process.

Estimation of the number of sperm per volume of sperm mass

The ANCOVA testing whether the number of sperm varied consistently with the volume of 24
sperm mass segments collected from seven male lobsters found that, while the intercept terms for
individual males differed, there were no differences in the slopes of the relationships (Table 1).
The 24 segments of spermatophore were therefore pooled for inclusion in a single regression.
There was a significant linear relationship between the volume of the sperm mass within discrete
spermatophore sections (as determined by image analysis) and the number of sperm present, as
determined by DNA quantification (r* = 0.844; F1 23 = 124.014, P < 0.001; Fig. 3). The equation
for this regression was: no. of sperm = 462,474 x mm? volume of sperm mass + 88,049.
Consequently, the estimated volume occupied by a single sperm cell in these samples was 2.162

X 107 mm?.

Test of sperm depletion

Of the 12 lobsters tested, 11 produced spermatophores at all four sampling intervals and were
included in the analyses. No obvious trends were found in the number of sperm produced in the
spermatophores obtained in the repeated samples (Fig. 4A). There were no significant
differences in the number of sperm per spermatophore produced over time (Friedman Chi square

=2.89,df=3, P=0.41, Fig. 4B). The number of sperm per spermatophore varied widely
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between lobsters, from a minimum estimated value of 427,090 to a maximum estimated value of
5,028,996 sperm within a single spermatophore, and even identically sized individuals produced
spermatophores with dramatically different sperm counts (Fig. 4A, starred markers). Overall, the

mean number of sperm per spermatophore was 2,306,473 £+ 1,245,315 (mean = SD, N = 44).

DISCUSSION

The use of DNA to quantify lobster sperm
Using measurements of DNA to quantify the number of sperm cells present in a whole
spermatophore, or a portion of one, appears to be an improvement over other techniques that
have been used for the same purpose. It is faster and less expensive than using a handheld
hemocytometer (G. Gnanalingam, personal communication), an expensive flow cytometer, or
analysis of histological sections (TP and BG, personal observations). The cost to analyze each
sperm sample using the method presented here is under $5 (USD), after acquiring the required
instrument (Qubit fluorometer). Although there is preparation time associated with the DNA
extractions, many samples can generally be run in parallel and thus there is little additional time
investment associated with processing more samples. It is also likely that the DNA method is
more accurate, because it makes it possible to directly measure all sperm contained within a
sample, rather than extrapolating the total amount of sperm present in a spermatophore based on
measurements obtained from multiple subsamples.

While the DNA quantification method we outline proved to have many advantages and
provide accurate values, it could probably be improved with some minor modifications. While
the extraction process is simple and involves a commercially available kit, it may not be

thoroughly optimized for this application. The diploid genome size for H. americanus has been
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measured to be 9.49 + 0.2 pg of DNA (Deiana et al., 1999). The amount of DNA per sperm
estimated from the data presented here, however, is markedly less, at 1.25 pg, corresponding to a
diploid genome size of 2.50 pg of DNA. This may be the result of poor extraction efficiency. The
“sticky” spermatophore of Homarus presents a challenge when attempting to isolate sperm cells.
Further efforts to improve extraction efficiency are warranted, perhaps including investigating
the use of the NaOH solutions that have been used previously to help dissolve anomuran crab

spermatophores (Sato et al., 2008).

Comparisons with previous estimations of sperm in American lobsters

We were able to determine the number of sperm in a given volume of the sperm mass of a
spermatophore by combining image analysis of a section of a spermatophore with a
measurement of the number of sperm contained within the portion using the DNA quantification
technique. This procedure made it possible to then calculate the total amount of sperm in a whole
spermatophore and then compare these values with previous estimates. Pugh ef al. (2015)
measured the volume of sperm masses within 48 spermatophores obtained from American
lobsters as equal to 60-100 mm CL, and reported volumes ranging from 0-20 mm?. They then
calculated, by dividing the total volume of the sperm mass by the volume of an individual sperm,
that those spermatophores (not including those with no sperm) contained anywhere from
1,002,181 to 107,364,726 sperm. A hypothetical 5 mm? sperm mass would therefore contain
26,315,789 sperm. By comparison, our results (Fig. 3) suggest that a 5 mm? sperm mass would
contain 2,400,419 sperm. This difference might be due to variability in estimates of the space
occupied by a single sperm cell. We estimated the volume occupied by a single sperm cell, using

the regression shown in Fig. 3, to be 8.649 x 107 mm?. This is larger than the value of 1.34 x
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1077 mm? that can be calculated for a sperm with a cylindrical body 20 um long and a diameter
of 3 um (Talbot & Chanmanon, 1980b), or the volume of 1.9 x 10~ mm? estimated by Pugh et al.
(2020). It should be taken into account, however, that each sperm also possesses three spikes that
extend out almost 40 um, and the sperm are oriented randomly within the sperm mass rather than
packed in a maximally efficient manner (Kooda-Cisco & Talbot, 1982). While the volume
occupied by the body of the sperm might be close to the values estimated by Talbot &
Chanmanon (1980b) and Pugh et al. (2015), the total space occupied by an individual sperm cell
is likely to be larger than would be expected based on the measurements of the sperm body alone.
Given the random packing of sperm and the difficulty inherent in trying to estimate the volume
occupied by both the sperm cell and its extensions, we thus believe the DNA-based approach is
probably the most accurate method to estimate the number of sperm cells in a spermatophore.
Furthermore, preliminary tests suggest that this method may also be a good way to quantify the

number of sperm contained within a seminal receptacle (BG, unpublished data).

Comparisons of sperm output between American lobsters and other decapods

These new estimates suggest that the number of sperm per spermatophore produced by H.
americanus 1s lower than in some other decapod species (reviewed in Sainte-Marie, 2007).
Although the smaller adult male H. americanus tested here may only produce 2—3 million sperm
per spermatophore, this greatly exceeds estimates of the number of eggs produced by females
each time they spawn, typically ~ 10,000 for females of an equivalent size to the males used, but
can be up to nearly 100,000 in larger females (Estrella & Cadrin, 1995). This produces a
sperm:egg ratio of ~ 200-300:1 for lobsters of the size tested here, which exceeds the sperm:egg

ratios reported for some other decapods (Sainte-Marie, 2007; Butler ef al., 2011), assuming the
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spermatophore is used for only one clutch of eggs. Female American lobsters, however, have
been known to use a single spermatophore to fertilize more than one clutch of eggs (Waddy &
Aiken, 1986), unlike spiny or rock lobsters, which have no long term spermatophore storage
capacity. This high sperm:egg ratio in American lobsters is consistent with other decapod species
that use stored sperm to fertilize multiple clutches (Carver et al., 2004; Rodgers et al., 2011).
Furthermore, the lack of sperm depletion between successive extrusions of spermatophores
(Waddy et al., 2017; herein) suggests male H. americanus may be capable of greater
reproductive output during a mating season than other decapods that may take weeks to months
to recover sperm stores following mating (Kendall ef al., 2002; Sato et al., 2005; Butler et al.,

2015; Pretterebner ef al., 2019).

Sperm depletion and implications for mating in the American lobster

Although there was no significant effect of sampling time across all lobsters in the test of sperm
depletion, individual lobsters varied widely in the number of sperm produced per spermatophore
(Fig. 4A). Of the 11 lobsters that produced spermatophores at all four sampling times, four
produced more sperm in the last spermatophore than in the first, whereas two produced final
spermatophores containing less than 75% of the sperm in the first one they produced. Even
identically sized lobsters produced a range of sperm per spermatophore. For example, three 80
mm CL lobsters produced averages of 3.2 x 10, 1.62 x 10, and 1.56 x 10° sperm per
spermatophore, respectively (Fig. 4A, starred markers). All the lobsters tested were collected on
the same day, from traps within a few miles of each other, and were held in the same flow-
through ambient seawater system, and there were no obvious visible differences between the

individuals that might explain these discrepancies. While it is clear that male lobsters produce
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spermatophores that vary widely in terms of their size and in the number of sperm cells
(consistent with the findings of Pugh et al., 2015), the factors underlying these differences in
spermatophore contents remain unclear, and this remains an important topic for future research.

Because only spermatophores from the left gonopore, and not the theoretically
independent right gonopore, were collected throughout the experiment, depletion on one side
would not necessarily prevent mating. It is unknown whether male lobsters use one gonopore
preferentially, or use the two gonopores sequentially in successive matings. Regardless of
whether the absence of sperm depletion across successive spermatophores is due to rapid
recharge of sperm reserves, or reflects stored sperm in the vas deferens, these data suggest that
male American lobsters are likely capable of inseminating at least eight females within the space
of two weeks with little to no sperm depletion. The high potential reproductive output of male
lobsters found here is consistent with previous reports suggesting that male lobsters are capable
of mating with many females within a relatively short time window (Pugh, 2014; Waddy et al.,
2017). The rate-limiting factor for reproduction is therefore probably the typical period of
cohabitation with a female post-copulation. If multiple females undergo simultaneous molts, a
single male may not mate with all the potentially receptive females present (Pugh, 2014; Waddy
et al., 2017; BG, unpublished data), despite having sufficient sperm to do so.

Even if male lobsters do not experience reductions in the number of sperm cells they are
able to pass during mating, there may be reductions in the amount of seminal fluid or other
accessory components of the spermatophore. These provide paternity assurance and protection,
in the case of the sperm plug (Pugh ef al., 2015), and help maintain the viability of the sperm for
the months between insemination and fertilization of eggs (Subramoniam, 1993; Comeau &

Benhalima, 2018). Although we did not measure the amount of accessory materials present in
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each spermatophore, others have indicated that reserves of sperm and accessory materials may
regenerate at different rates (Kendall ef al., 2001; Sato et al., 2005; Butler ef al. 2015). The
relative importance of sufficient accessory materials, compared with sperm count alone, in
fertilization success for American lobsters remains unclear (Pugh et al., 2015).

In a limited preliminary trial during the winter of 2018, three lobsters were sampled three
times each over the course of 4 d (baseline, 2 d later, and 4 d later), and each experienced a
nearly 50% decline in sperm count at each sampling (BG, unpublished data). Male lobsters
produce sperm throughout the year, suggesting that seasonal variation is likely not the cause of
this discrepancy (Kooda-Cisco & Talbot, 1983; Aiken & Waddy, 1986; Comeau & Benhalima,
2018). It may instead be the result of a nutritional requirement that was not met for those animals
because they were held in the laboratory for some time prior to the trial (Talbot et al., 1983;
Aiken ef al., 1984). Caution should therefore be taken if conducting studies of reproductive
systems during times of the year when lobsters are not typically reproductively active and in an
optimal nutritional state.

The apparent lack of sperm depletion in H. americanus stands in stark contrast to what is
seen in some other decapod species, and deserves further study. Improved techniques, such as
the one presented here, will fortunately make future studies of lobster reproductive physiology

faster and easier and thus accessible to a broader group of scientists.

SUPPLEMENTARY MATERIAL
Supplementary material is available at Journal of Crustacean Biology online.

S1 Figure. Process used to model volume of sperm mass from photographs of spermatophores.



414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

19

ACKNOWLEDGEMENTS
This work was conducted as part of BG’s dissertation at the University of New Hampshire, and
funded by NOAA Saltonstall-Kennedy grant NA16NMF4270242 to TP. Work was conducted
under New Hampshire Fish & Game permit numbers MFD 1619, 1719, and 1808. Mark
Townley at the UNH University Instrumentation Center assisted with the flow cytometer and
protocol development questions. Matthew McManus and Michael Lesser generously loaned their
Qubits for use in this project. Brianna Looney was an invaluable help and conducted most of the
DNA extractions and quantifications. Dissertation committee members Jason Goldstein, Daniel
Howard, and Steve Jury provided feedback to improve the chapter upon which this manuscript
was based. We also thank the editors and three anonymous reviewers whose suggestions further

improved the work.

REFERENCES

Aiken, D.E. & Waddy, S.L. 1986. Growth of the vasa deferentia of mature Homarus
americanus: conflicting results from field and laboratory studies. Canadian Journal of
Fisheries and Aquatic Sciences, 43: 1453—1457.

Aiken, D.E., Waddy, S.L. & Mercer, S.M. 2004. Confirmation of external fertilization in the
American lobster, Homarus americanus. Journal of Crustacean Biology, 24: 474—480.

Aiken, D.E., Waddy, S.L., Moreland, K. & Polar, S.M. 1984. Electrically induced ejaculation
and artificial insemination of the American lobster Homarus americanus. Journal of
Crustacean Biology, 4: 519-527.

ASMEFC. 2015. American lobster benchmark stock assessment and peer review report. Atlantic

States Marine Fisheries Commission, Arlington, VA, USA.



437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

20

Atema, J. 1986. Review of sexual selection and chemical communication in the lobster,
Homarus americanus. Canadian Journal of Fisheries and Aquatic Sciences, 43: 2283—
2390.

Atema, J. & Steinbach, M.A. 2007. Chemical communication and social behavior of the lobster
Homarus americanus and other decapod Crustacea. In: Evolutionary ecology of social
and sexual systems: crustaceans as model organisms (J.E. Duffy & M. Thiel, eds.), pp.
115-144. Oxford University Press, New York.

Butler, M.J. IV, Heisig-Mitchell, J.S., MacDiarmid, A.B. & Swanson, R.J. 2011. The effect of
male size and spermatophore characteristics on reproduction in the Caribbean spiny
lobster, Panulirus argus. New Frontiers in Crustacean Biology, 15: 69—84.

Butler, M.J. IV, Macdiarmid, A. & Gnanalingam, G. 2015. The effect of parental size on
spermatophore production, egg quality, fertilization success, and larval characteristics in
the Caribbean Spiny lobster, Panulirus argus. ICES Journal of Marine Science, 72:1115—
1123 [doi: org/10.1093/icesjms/fsv015].

Carver, A.M., Wolcott, T.G., Wolcott, D.L. & Hines, A.H. 2004. Unnatural selection: effects of
a male-focused size-selective fishery on reproductive potential of a blue crab population.
Journal of Experimental Marine Biology and Ecology, 319: 29-41.

Christensen, P., Stenvang, J.P. & Godfrey, W.L. 2004. A flow cytometric method for rapid
determination of sperm concentration and viability in mammalian and avian semen.
Journal of Andrology, 25: 255-264.

Cobb, J.S. 1995. Interface of ecology, behavior, and fisheries. In: Biology of the lobster Homarus

americanus (J.R. Factor, ed.), pp. 139—-151. Academic Press, San Diego, CA, USA.



459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

21

Comeau, M. & Benhalima, K. 2009. Internal organ pathology of wild American lobster
(Homarus americanus) from eastern Canada affected with shell disease. New Zealand
Journal of Marine and Freshwater Research, 43: 257-269.

Comeau, M. & Benhalima, K. 2018. Functional anatomy of the male reproductive system of the
American lobster (Homarus americanus). Journal of Morphology, 279: 1431-1443.

Cournault, L. & Aron, S. 2008. Rapid determination of sperm number in ant queens by flow
cytometry. Insectes Sociaux, 55: 283-287.

Deiana, A.M., Cau, A., Coluccia, E., Cannas, R., Milia, A., Salvadori, S. & Libertini, A. 1999.
Genome size and AT-DNA content in thirteen species of Decapoda. In: Crustaceans and
the biodiversity crisis (F.R. Schram & J.C. von Vaupel Klein, eds.), pp. 981-985. Brill,
Leiden, The Netherlands.

Doyle, .M., McCormick, C.R. & DeWoody, J.A. 2011. The quantification of spermatozoa by
real-time quantitative PCR, spectrophotometry, and spermatophore cap size. Molecular
Ecology Resources, 11: 101-106.

Dufresne, F., Belzile, C., McKindsey, C. & Beaudreau, N. 2019. Sperm number assessed by flow
cytometry in species of Daphnia (Crustacea, Cladocera). Invertebrate Biology, 138:
€12261 [doi: 10.1111/ivb.12261].

Eisenhauer, J.G. 2003. Regression through the origin. Teaching Statistics, 25: 76—80.

Estrella, B.T. & Cadrin, S.X. 1995. Fecundity of the American lobster (Homarus americanus) in
Massachusetts coastal waters. ICES Marine Science Symposia, 199: 61-72.

Gosselin, T., Sainte-Marie, B. & Bernatchez, L. 2003. Patterns of sexual cohabitation and female
ejaculate storage in the American lobster (Homarus americanus). Behavioral Ecology

and Sociobiology, 55: 151-160.



22

482  Gosselin, T., Sainte-Marie, B. & Bernatchez, L. 2005. Geographic variation of multiple paternity
483 in the American lobster, Homarus americanus. Molecular Ecology, 14: 1517-1525.

484  Hines, A.H., Jivoff, P., Bushmann, P.J., van Montfrans, J., Reed, S.A., Wolcott, D.L.. & Wolcott,
485 T.G. 2003. Evidence for sperm limitation in the blue crab, Callinectes sapidus. Bulletin of
486 Marine Science, 72: 287-310.

487  Johnson, K.J., Goldstein, J.S. & Watson, W.H. III. 2011. Two methods for determining the

488 fertility status of early-stage American lobster, Homarus americanus, eggs. Journal of
489 Crustacean Biology, 31: 693-700.

490  Jury, S.H., Pugh, T.L., Henninger, H., Carloni, J.T. & Watson, W.H. 2019. Patterns and possible
491 causes of skewed sex ratios in American lobster (Homarus americanus) populations.

492 Invertebrate Reproduction & Development, 63: 189—199.

493  Kendall, M.S., Wolcott, D.L., Wolcott, T.G. & Hines, A.H. 2001. Reproductive potential of

494 individual male blue crabs, Callinectes sapidus, in a fished population: depletion and
495 recovery of sperm number and seminal fluid. Canadian Journal of Fisheries and Aquatic
496 Sciences, 58: 1168—1177.

497  Kendall, M.S., Wolcott, D.L., Wolcott, T.G. & Hines, A.H. 2002. Influence of male size and
498 mating history on sperm content of ejaculates of the blue crab Callinectes sapidus.
499 Marine Ecology Progress Series, 230: 235-240.

500 Kooda-Cisco, M.J. & Talbot, P. 1982. A structural analysis of the freshly extruded

501 spermatophore from the lobster, Homarus americanus. Journal of Morphology, 172:
502 193-207.

503  Kooda-Cisco, M.J. & Talbot, P. 1983. A technique for electrically stimulating extrusion of

504 spermatophores from the lobster, Homarus americanus. Aquaculture, 30: 221-227.



505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

23

Levitan, D.R. & Petersen, C. 1995. Sperm limitation in the sea. Trends in Ecology and Evolution,
10: 228-231.

MacDiarmid, A.B. & Butler, M.J. IV. 1999. Sperm economy and limitation in spiny lobsters.
Behavioral Ecology and Sociobiology, 46: 14-24.

Milne Edwards, H. 1837. Histoire naturelle des Crustacés, comprenant [’anatomie, la
physiologie et la classification de ces animaux. Vol. 2. Librairie Encyclopédique de Roret,
Paris.

Ogburn, M.B. 2019. The effects of sex-biased fisheries on crustacean sex ratios and reproductive
output. Invertebrate Reproduction & Development, 63: 200-207.

Pardo, L.M., Riveros, M.P., Fuentes, J.P., Pinochet, R., Cardenas, C. & Sainte-Marie, B. 2017.
High fishing intensity reduces females’ sperm reserve and brood fecundity in a
eubrachyuran crab subject to sex- and size-biased harvest. ICES Journal of Marine
Science, 74: 2459-2469.

Pardo, L.M., Rosas, Y., Fuentes, J.P., Riveros, M.P. & Chaparro, O.R. 2015. Fishery induces
sperm depletion and reduction in male reproductive potential for crab species under male-
biased harvest strategy. PLoS ONE, 10: 0115525 [doi: 10.1371/journal.pone.0115525].

Pretterebner, K., Pardo, L.M. & Paschke, K. 2019. Temperature-dependent seminal recovery in
the southern king crab Lithodes santolla. Royal Society Open Science, 6: 181700 [doi:
10.1098/rs0s.181700].

Pugh, T.L. 2014. The potential for sperm limitation in American lobster (Homarus americanus)
as indicated by female mating activity and male reproductive capacity. Ph.D. thesis,

University of New Hampshire, Durham, NH, USA.



527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

24

Pugh, T.L., Comeau, M., Benhalima, K. & Watson, W.H. III. 2015. Variation in the size and
composition of ejaculates produced by male American lobsters, Homarus americanus H.
Milne Edwards, 1837 (Decapoda: Nephropidae). Journal of Crustacean Biology, 35:
593-604.

Pugh, T.L., Comeau, M., Benhalima, K. & Watson, W.H. III. 2020. Corrigendum to: Variation in
the size and composition of ejaculates produced by male American lobsters, Homarus
americanus H. Milne Edwards, 1837 (Decapoda: Nephropidae). Journal of Crustacean
Biology, 40: 487.

R Core Team. 2018. R: 4 language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria [https://www.r-project.org].

R Studio Team. 2016. RStudio: Integrated development environment for R. Boston, MA, USA
[https://www.rstudio.com].

Rains, S.A.M., Wilberg, M.J. & Miller, T.J. 2016. Sex ratios and average sperm per female blue
crab Callinectes sapidus in six tributaries of Chesapeake Bay. Marine and Coastal
Fisheries: Dynamics, Management, and Ecosystem Science, 8: 492—-501.

Rodgers, P.J., Reaka, M.L. & Hines, A.H. 2011. A comparative analysis of sperm storage and
mating strategies in five species of brachyuran crabs. Marine Biology, 158: 1733—-1742.

Sainte-Marie, B. 2007. Sperm demand and allocation in decapod crustaceans. In: Evolutionary
ecology of social and sexual systems. crustaceans as model organisms (J.E. Duffy & M.
Thiel, eds.), pp. 191-210. Oxford University Press, Oxford.

Sainte-Marie, B., Gosselin, T., Sévigny, J.-M. & Urbani, N. 2008. The snow crab mating system:
opportunity for natural and unnatural selection in a changing environment. Bulletin of

Marine Science, 83: 131-161.


https://www.rstudio.com
https://www.r-project.org

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

25

Sato, T. 2012. Impacts of large male-selective harvesting on reproduction: illustration with large
decapod crustacean reserves. Aqua-BioScience Monographs, 5: 67-102.

Sato, T., Ashidate, M., Wada, S. & Goshima, S. 2005. Effects of male mating frequency and
male size on ejaculate size and reproductive success of female spiny king crab
Paralithodes brevipes. Marine Ecology Progress Series, 296: 251-262.

Sato, T., Yoseda, K., Abe, O. & Shibuno, T. 2008. Male maturity, number of sperm, and
spermatophore size relationships in the coconut crab Birgus lato on Hatoma Island,
Southern Japan. Journal of Crustacean Biology, 28: 663—668.

Schindelin, J., Arganda-Carreras, 1., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, S.,
Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J., White, D.J., Hartenstein, V., Eliceiri, K.,
Tomancak, P. & Cardona, A. 2012. Fiji: an open-source platform for biological-image
analysis. Nature Methods, 9: 676—682.

Subramoniam, T. 1993. Spermatophores and sperm transfer in marine crustaceans. Advances in
Marine Biology, 29: 129-214.

Talbot, P. & Chanmanon, P. 1980a. Morphological features of the acrosome reaction of lobster
(Homarus) sperm and the role of the reaction in generating forward sperm movement.
Journal of Ultrastructure Research, 70: 287-297.

Talbot, P. & Chanmanon, P. 1980b. The structure of sperm from the lobster, Homarus
americanus. Journal of Ultrastructure Research, 70: 275-286.

Talbot, P., Hedgecock, D., Borgeson, W., Wilson, P. & Thaler, C. 1983. Examination of
spermatophore production by laboratory-maintained lobsters (Homarus). Journal of the

World Mariculture Society, 14: 271-278.



572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

26

Tang, F., Sainte-Marie, B., Gaudette, J. & Rochette, R. 2019. Role of gamete limitation in the
occurrence of ‘abnormal early clutches’ on female American lobster, Homarus
americanus, in eastern Canada. Marine Biology, 166: 146 [doi: 10.1007/s00227-019-
3585-2].

Thompson, S.W. & Hunt, R.D. 1966. Selected histochemical and histopathological methods.
Charles C. Thomas, Springfield, IL, USA.

Waddy, S.L. & Aiken, D.E. 1986. Multiple fertilization and consecutive spawning in large
American lobsters, Homarus americanus. Canadian Journal of Fisheries and Aquatic
Sciences, 43: 2291-2294.

Waddy, S.L. & Aiken, D.E. 1991. Mating and insemination in the American lobster, Homarus
americanus. In: Crustacean sexual biology (R.T. Bauer & J.W. Martin, eds.), pp. 290—
307. Columbia University Press, New York.

Waddy, S.L., Aiken, D.E. & De Kleijn, D.P.V. 1995. Control of growth and reproduction. In:
Biology of the lobster Homarus americanus (J.R. Factor, ed.), pp. 217-267. Academic
Press, San Diego, CA, USA.

Waddy, S.L., Feindel, N., Hamilton-Gibson, N., Aiken, D.E., Merritt, V. & Leavitt, N. 2017.
Reproductive cycles and mating capacity in male American lobsters (Homarus
americanus). Fisheries Research, 186: 358—366.

Wolcott, D.L., Hopkins, C.W.B. & Wolcott, T.G. 2005. Early events in seminal fluid and sperm
storage in the female blue crab Callinectes sapidus Rathbun: Effects of male mating
history, male size, and season. Journal of Experimental Marine Biology and Ecology,

319:43-55.



595

596

597

598

599

600

601

602

603

604

605

606
607

List of tables

Table 1. Results of a preliminary ANCOVA to determine whether regression coefficients

27

differed significantly between different males (N = 7) when comparing the volume of the sperm

mass in a section of spermatophore with the number of sperm present, as determined by DNA

quantification. Though individual lobsters had significantly different intercepts, due to the

differences in sizes of the spermatophore segments used, there were no significant differences in

coefficients between males.

Source df MS F P
Volume 1 5.573x10"! 108.06 <0.001
Lobster 6 4.145x10'° 8.04 0.001
Volume x Lobster 5 9.003x10° 1.75 0.199
Error 12 5.157x10°
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608  List of figures

609

610  Figure 1. Spermatophores produced by two different male American lobsters Homarus

611  americanus, showing the differences in shape and composition possible between spermatophores.
612  Both lobsters were ~ 90 mm CL. The white material is the sperm, which is surrounded by layers
613  of acellular material. Scale bars =2 mm.
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615  Figure 2. The relationship between the amount of DNA (ug), measured by the Qubit system, and
616  the number of sperm cells present, as measured by flow cytometry, in 42 subsamples taken from
617 11 spermatophores.
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Figure 3. The relationship between sperm mass volume (determined by image analysis) and the

number of sperm contained within the mass (determined by DNA quantification and the

regression developed previously (see Fig. 2)).
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Figure 4. Results of the test of sperm depletion, showing no significant differences between time
points in the number of sperm per spermatophore (N = 11 lobsters; Friedman Chi square = 2.89,
df=3, P=0.41). Scatter plot depicting variations in sperm counts between individual lobsters,
with each line representing a different lobster. Each point is the average of the triplicate DNA
measurements from the spermatophore produced at each time point. Star-shaped markers
indicate the results from three 80 mm CL lobsters, showing disparities in sperm count between
identically sized males (A). Box and whisker plot showing changes in DNA content (and thus
sperm) per spermatophore during the test of sperm depletion. Data were normalized to the initial
spermatophore DNA content for each lobster. Whiskers represent the extent of data within 1.5
IQR and the dashed line represents 100% of the initial concentration (no change) (B).
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634  Figure S1. Demonstration of the process used to model sperm mass volume from photographs of
635  spermatophores. A photograph of a spermatophore, showing the central sperm mass surrounded
636 by acellular plug material. Red lines are 1 mm increments, used to calibrate measurements. Note
637  that the original photograph from which this was taken depicts the whole spermatophore (Fig. 1)
638  and this image has been cropped to better show details (A). The central sperm mass is extracted
639  from the photograph and divided into a series of isosceles trapezoids (B). For each trapezoidal
640  segment, measurements of three dimensions are made using Fiji (Schindelin ef al., 2012).

641  Bottom radius Ry, top radius Ro, and height H are used to calculate the sperm volume as a

642  truncated cone, using the equation Volume =7 X H x (( Ri? + R22+ Ry X Ry) / 3) (C).

643

644
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