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Mutagenesis alters sperm 
swimming velocity in Astyanax 
cave fish
Richard Borowsky* & Haining Chen

We investigated the hypothesis that intra ejaculate sperm competition screens against the 
transmission of deleterious alleles, including new mutants, from male parent to offspring. Recent 
investigations have established that sperm haploid genotypes can have major effects on sperm traits 
such as cellular robustness, longevity, and fertilization success. However, there is no evidence that 
new mutations can meaningfully affect sperm phenotypes. We tested this directly by comparing 
sperm from mutagenized and non-mutagenized control males in Astyanax fish. We used N-ethyl-
N-nitrosourea (ENU) to induce single base substitutions in spermatogonial stem cells. We looked at 
swimming velocity, an important factor contributing to fertilization success, and flagellar length. 
Variability in swimming velocity was significantly higher in sperm from mutagenized males than in 
control sperm, reflecting their increased allelic diversity. In contrast, flagellar length, which is fixed 
during diploid stages of spermatogenesis, was unaffected by ENU treatment. We briefly discuss the 
implications of intra-ejaculate screening for maintenance of anisogamy and for outcomes of assisted 
reproductive technology.

A typical vertebrate ejaculate contains millions of sperm cells, but only a small number are needed to fertilize 
the available ova. There is no accepted explanation for this apparent functional redundancy that applies to every 
species. It makes sense in polyandrous species, where inter-ejaculate sperm competition puts a premium on each 
male’s contributing as many sperm as possible1. But why does this occur in monandrous species? Here there is 
no similar benefit in producing large numbers of sperm per ejaculate, as all the sperm have been produced by 
the same male. Nevertheless there still is competition among sperm within the same ejaculate, and, as a result of 
meiosis, there is always genotypic variability among them. Thus, the outcomes of competition may be influenced 
by the haploid genotypes of the individual spermatozoa if they are expressed phenotypically2,3, and sib sperm 
competition may screen out those carrying detrimental alleles in their haploid genomes.

Modeling the outcomes of sib sperm competition led to an important discovery: In competition between 
two equally abundant genotypes of sib sperm, where one type has a small advantage over the other, the margin-
ally better phenotype virtually always wins4. This is so even when the advantage is very small, like a 1% faster 
swimming velocity. This near inevitability is due to the huge numbers of competing cells and their individual 
infinitesimal probabilities of success.

If marginally worse phenotypes nearly always fail to fertilize the ovum, even when well represented in the 
ejaculate, then a single sperm bearing a unique detrimental allele would, at first glance, seem to have no chance to 
be a fertilizing gamete. Nevertheless, the common observation is that detrimental alleles are indeed transmitted 
during fertilization at or near Mendelian expectations. An explanation for this may be that in a real fertiliza-
tion, alleles at many loci are simultaneously in play and detrimental alleles may hitchhike with favorable ones.

We suggest that sib sperm competition may serve as an imperfect but still consequential screen limiting the 
transmission of deleterious new mutations to a zygote. If so, several conditions must be met. First, at least some 
sperm phenotypes must be determined by their haploid genotypes. Recent work demonstrates this does occur2,3,5. 
Second, alleles phenotypically expressed in the haploid stage and subject to selection via sib sperm competi-
tion should also have phenotypic consequence after fertilization, in the zygote. This has been demonstrated for 
sperm longevity and swimming behavior, which are correlated with zygotic growth rates and fitness5–7. Third, 
the phenotypic value of alleles expressed in sperm would have to be correlated with their phenotypic value in 
the zygote. That is, alleles deleterious (or advantageous) in the sperm would be deleterious (or advantageous) in 
the zygote8. If these conditions hold, selection via sib sperm competition could speed evolution, because muta-
tions, which are most often recessive, could be selected for in the haploid sperm before they are introduced into 
a population, where their effects would be hidden for generations in the diploid state.
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As the literature does not reveal whether or not new mutations are expressed in sperm during the sib sperm 
competition stage, we conducted several experiments to shed light on the matter. We tested the effects of the 
mutagen N-ethyl-N-nitrosourea (ENU) on the sperm of Astyanax mexicanus males. ENU treatment in fishes 
mainly produces recessive point mutations in the sperm stem cells9,10. Thus, most of the new mutations could 
not be expressed in the diploid state, but might be expressed in the haploid sperm. Since each mutation in a 
stem cell is confined to the descendants of that stem cell, there would be relatively few copies of specific new 
mutations in the ejaculate. However, their aggregate effects could be detected if each sperm cell received many 
mutations, as is the case with ENU mutagenesis9. It is not possible to predict exactly how a new mutant would 
affect continuous traits like swimming speed or flagellar length. But it is reasonable to predict that increased 
genetic diversity should cause increased trait variability.

We analyzed sperm behavior using computer assisted sperm analysis (CASA)11,12. Based on tracking records 
CASA calculates several sperm swimming phenotypes, including curvilinear velocity (VCL), the average veloc-
ity of a sperm cell along its actual path. Two other CASA phenotypes are VAP, the velocity measured along a 
smoothed path, and VSL, which is based on the straight-line distance between start and finish positions. Thus, 
both VAP and VSL are functions of path curvature as well as velocity. CASA also calculates four other pheno-
types designed to highlight path components such as linearity, progressivity, and swimming efficiency. Each of 
these metrics incorporates one or more of the velocity indices as divisors, thus increasing the variances of their 
estimates and reducing their power in statistical analyses. As the most straightforward of the CASA phenotypes, 
we focused on VCL.

We compared two sperm phenotypes in ENU treated and untreated control males: VCL and flagellar length. 
Swimming velocity is an important factor contributing to fertilization success in fishes13, and flagellar length is 
considered to be a potential determinant of swimming velocity in externally fertilizing species14. VCL is a sperm 
phenotype exhibited by mature haploid sperm, whereas flagellar length is a phenotype that develops before the 
sperm are mature, when the sister spermatids are still syncytial and functionally diploid15. Thus, our prediction 
was that, within an ejaculate, VCL would be more variable in mutagenized than in non-mutagenized males, but 
that flagellar lengths would not vary significantly between the two groups.

Results
Experiment 1.  We quantified curvilinear velocity (VCL) of individual sperm cells from mutagenized and 
non-mutagenized males using CASA (Material and Methods). For each male, we calculated the Coefficient of 
Variation (CV) of VCL among its tracked sperm. As predicted, the variability of VCL was greater for sperm from 
mutagenized males than for sperm from control males (Mean CV: 0.457 vs. 0.414, t31 = 2.21, one tailed p = 0.017; 
Fig. 1, Table 1).  

Experiment 2.  We repeated Experiment 1, essentially obtaining the same result. Average CV was again 
greater in mutagenized versus control sperm (0.453 vs. 0.391, t45 = 2.58, one-tailed p = 0.0067; Fig. 1, Table 1).

Figure 1.   Variability of VCL within ejaculates is significantly greater in sperm from ENU treated males 
(ENU +) than from control males (ENU −). The inner box marks the median, the outer box spans the 25th 
through 75th percentiles, and the whiskers mark the range.
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Experiment 3.  We modified procedures (as detailed in Material and Methods) to reduce crowding in the 
videos to be analyzed by CASA. The principal effect of the modifications was to reduce the overall variability in 
the data (Fig. 1). As in Experiments 1 and 2, the variability in VCL of sperm from ENU treated males was greater 
than that of sperm from control males (CV of 0.297 vs 0.283, t42 = 1.81, one tailed p = 0.039, Fig. 1, Table1). Raw 
data for experiments 1–3 are in Supplementary Files 1, 2, 3.

Experiment 4.  To test whether flagellar lengths are affected by mutagenesis, we obtained sperm from 38 
males (18 ENU treated and 20 untreated controls) and measured their tail lengths (average sample size > 50). The 
two groups did not differ in variability of tail length (CV = 0.140 vs. 0.137, t36 = 0.51, p = 0.61) or in average tail 
length; 16.75 versus 17.2 μ, t36 = 1.58, p = 0.124.

To test whether flagellar length is a determining factor for swimming velocity in this system, we measured 
tail lengths of treated and control males tested for VCL in Experiment 1. There was no significant relationship 
between tail length and velocity (r =  − 0.10, n = 47) nor was there a significant correlation of CV of tail length 
with ENU treatment status (r = 0.13, n = 47). Thus, the differences among treatments we see in VCL are unlikely 
due to differences in flagellar lengths. Raw data are in Supplementary Files 4 and 5.

We tested the six other CASA phenotypes for any potential correlations with ENU treatment. With two excep-
tions, there was little significant. VAP and VSL, two other velocity phenotypes, were significantly correlated with 
ENU treatment in Experiment 1. For VAP CV of 0.639 versus 0.555, t32 = 2.83, one tailed p = 0.012 and for VSL 
CV of 0.674 versus 0.591, t32 = 2.42, one tailed p = 0.020. Raw data are in Supplementary Files 1, 2, 3.

Discussion and conclusions
Both predictions made for the effects of increased mutation rate on sperm phenotype were supported by the 
data. The first was that treatment with ENU would have no effect on flagellar length and its variability. Because 
flagellar length is determined at a diploid stage, ENU induced mutations, overwhelmingly recessive9, should have 
little phenotypic consequence. As predicted, the data revealed no apparent correlations.

We also predicted that mutagenesis by ENU would increase the variability of sperm swimming velocity 
(VCL), a sperm phenotype exhibited post-meiotically. The results of experiments 1–3 support this prediction and 
the pattern is consistent with cumulative small effects of ENU mutations on VCL at the level of haploid sperm.

These results show that new mutations can affect a sperm phenotype critical to fertilization success and that 
sib sperm competition could serve as a screen against the passage of alleles with deleterious effects. What might 
be the correlates and consequences of such a screen?

Sperm cells are unique among cell types not only in their great abundance, noted previously, but because 
large proportions of them are non-functional. Within a single ejaculate, sperm may exhibit enormous varia-
tion in morphology and behavior, including missing or supernumerary flagella, two heads, lack of midpiece, 
and lack of motility16. These extreme variants are widely believed to be incapable of fertilizing an ovum17. 
Even among sperm that are motile and appear normal in morphology, there are large differences in swimming 
speed and trajectory which likely influence the probabilities of successful fertilization18. High proportions of 
morphologically abnormal sperm cells have been documented from a broad range of animal species, including 
humans16,17,19–25. The phenomenon is so widespread that it is considered to be a “normal” condition of sperm 
cell populations. For example, a World Health Organization study on sperm characteristics of fertile men found 
that the median percentage of their sperm failing to exhibit progressive motility was 45% and that the median 
percentage of sperm with abnormal morphologies was 85%26. It is worth emphasizing that these statistics are 
for men of “normal” fertility.

Why do ejaculates generally contain such high proportions of aberrant sperm cells? One suggestion is that 
sperm cells are so complex in form and function that their manufacture, free of flaw, may be difficult. In this view, 
the non-functional sperm are defective products that have escaped quality control18. In contrast, we suggest that 
abnormal sperm cells are actually key components of an adaptation, which is the proposed screen against the 
passage of deleterious alleles into the next generation2. If alleles that are deleterious in sperm are also deleterious 
in the zygote, then eliminating them before the possibility of fertilization should increase the fitness of zygotes 
that do occur2,3,8. We suggest that sperm cells are inherently shoddy in construction and thus easily pushed over 
to non-functionality by the deleterious alleles they carry. That is, a basic shoddy construction is the adaptation. 
The adaptive advantage of producing poorly constructed sperm is that they could be sensitive to their haploid 
genomes. Thus, if their haploid genetics were substandard, the cells would be selected against prior to fertilization.

An unanswered question is how the haploid genotypes of sperm cells could be expressed. DNA in the sperma-
tozoon is compacted and largely transcriptionally inactive. At an earlier stage, haploid spermatids are connected 
by cytoplasmic bridges that can allow mixing of mRNA contents15. However, single cell transcriptomics shows 

Table 1.   Variability of VCL within ejaculates differs significantly between ENU treated males and control 
males. N0 and N1 are sample sizes.

ENU -  ENU +  Effect One-Tailed ENU -  ENU + 

Mean CV Mean CV Size % t value df p N0 N1

Expt 1 0.414 0.457 10.4 2.21 31 0.017 19 14

Expt 2 0.391 0.453 15.9 2.58 43 0.0067 29 16

Expt 3 0.283 0.297 4.9 1.81 42 0.039 24 20
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this homogenization is incomplete27. Thus, there are allelic biases in mRNA content among sisters that allow for 
differential expression. Recent work shows that sperm haploid genetics is correlated with various sperm pheno-
types including swimming speed, longevity and resistance to chemical challenge, a proxy for robustness2,3,5–7, 
so a haploid screen is plausible.

If further study shows that at least some of the same mutations that are detrimental to the individual in the 
diploid form are also harmful to sperm in the haploid form, then these mutations would tend to be eliminated 
from competition for the egg before fertilization occurred; this would constitute virtually load free selection, 
and the more sperm competing, the lower the selectional load.

Our results warrant further study because of their broader implications for human health and evolutionary 
theory. Studies show that children conceived by assisted reproductive techniques (ART) have a 40% greater risk 
of developmental abnormalities than children conceived naturally28–30. Although the reasons for this are debated, 
it is important to note that sperm competition is largely or completely eliminated in conceptions resulting from 
ART. Bypass of the screen may explain the increased developmental risks. New artificial screens, devised to 
better mimic the natural environment, may prove effective in minimizing the passage of bad alleles via ART​31.

Anisogamy is maintained in the face of the two-fold cost of sexual reproduction32; the selective forces that 
insure this are debated33. We suggest that the key is the small size of the sperm which facilitates their deployment 
in vast numbers34. It is this large number of sperm that allows effective screening that is essentially load free4. 
While there are tradeoffs between size and number of sperm cells1, any mutation acting in the diploid phase 
that decreased the number of sperm would decrease the effectiveness of the screen and be a target for selective 
elimination.

Materials and methods
Ethics statements.  Fish were cared for under Protocol #05–1235 approved by the New York University 
Animal Welfare Committee (UAWC). All methods were performed in accordance with the relevant guidelines 
and regulations. The study is being reported in accordance with ARRIVE guidelines. The authors have no com-
peting interests.

Statistics.  Statistical analyses were done using Statistica (Tibco). We predicted that ENU treatment would 
increase the variability of VCL and thus we calculated one-tailed probabilities. Probabilities calculated for testing 
hypotheses of flagellar length were two-tailed. The outlier screening function of Statistica was used to identify 
outliers in the raw data, which were then excluded from further analysis.

Stocks.  We used commercially sourced Astyanax mexicanus cave fish for these experiments because they are 
inbred, having been maintained in captivity for numerous generations since their original collection in 193635. 
They were approximately 1.5 years old when mutagenized and 2.5 years old at the start of the experiments.

Mutagenesis.  Mature males were bathed in a solution of system water containing 2.5 mM N-ethyl-N-nitro-
sourea (ENU), following published protocols9. Thirty-eight males were initially treated for one hour. There was 
16% mortality during the treatment. After five weeks recovery time, the remaining 32 males were treated a sec-
ond time for 25 min. Twenty-nine of the 32 survived (9% mortality). The fish were then set aside for a full year 
prior to commencement of the present experiments. In Danio, the mutagenic effect of ENU treatment is roughly 
proportional to the product of exposure concentrations and time9. Thus, we quantified the mutagenized males’ 
exposure to ENU in the present experiment as approximately 3.5 mM hours.

The effectiveness of ENU treatment in this experiment can be estimated from published data on other fresh-
water fishes. Sequencing data on three species of Lake Malawi cichlids allowed estimation of spontaneous muta-
tion rates of 3.5 × 10E-9 per base per generation36, which we took as a reasonable estimate for the unknown 
rates in Danio and Astyanax. In Danio, a study of ENU induced mutations (exposure of 15 mM hours) in four 
pigmentation genes gave an estimate of a per locus mutation rate of 1.1 × 10E-39. The summed coding sequence 
of these genes (i.e., the mutational target size) was estimated as 9189 bases. An exact figure is unknown because 
one gene used in9, “brass,” has not yet been identified in the Danio genome. Its target size was taken as the aver-
age of the other three markers (SLC24A5, Kita, and Oca2). Adjusting for the difference in ENU exposure and for 
an estimated proportion of synonymous mutations of 0.3537,38, the ENU induced mutation rate in our experi-
ments is estimated to have been 12.5 times the spontaneous rate. This figure is an underestimate because not all 
non-synonymous mutations in9 would be expected to have observable phenotypes. While rough, the estimate 
is instructive and indicates that the ENU treatment in this study led to a substantial increase in numbers of new 
mutations.

Preparatory treatment and sperm collection.  Prior to testing, mutagenized and non-mutagenized 
males were housed in two 57 L aquaria adjacent to one another on an aquarium rack. Both holding tanks had 
bubblers operated from the same air pump, and were flow-through in design and fed from the same water 
source. Illumination and temperature (21 ± 1 °C) were equal in both tanks. For testing, small numbers of indi-
viduals (3–6) were transferred out of the holding tanks and into two 21  L treatment tanks adjacent to one 
another on a nearby rack. They were initially at the same temperature as the holding tanks. Water flow was cut 
to the treatment tanks and 25 Watt heaters were turned on in each. Over the course of several hours the tanks 
warmed to 26 ± 1 °C. Final temperatures in the two tanks were close, but not identical, reflecting small differ-
ences in the settings of the heaters. To minimize any systematic effects of differences in temperature, the heaters 
were switched between treatment tanks at each round of experimentation.
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The males were maintained at elevated temperature overnight to stimulate production of new sperm for 
harvest39. For sperm collection, the males were anesthetized using 0.025% tricaine-methanesulfonate (MS-222, 
Western Chemical) for about 60 s. They were then blotted dry, placed on their backs on a wet pad of nylon 
wool, the gonopore areas were lavaged with Hanks buffered saline solution (HBSS) to suppress activation of 
the sperm40. The subjects were gently squeezed to expel the sperm, samples of which were collected using fine 
tipped transfer pipets. Samples were placed on ice and used within an hour of collection, either for behavioral 
study and CASA analyses, or for the measurement of sperm flagellar length.

CASA analyses.  For the CASA experiments we visualized the sperm using an Olympus IMT-2 microscope, 
recording swimming behavior with negative phase-contrast illumination at 100 frames per second. We used a 
monochrome camera with resolution of 1280 × 860 pixels (Chameleon3-U3-13Y3M-CS) and FlyCap2 Viewer 
version 2.13.3.61, (www.​flir.​com). For experiments 1 and 2 we activated the sperm by mixing 1 μL of sperm sus-
pension with 7 μL of system water. Following activation, 1 μL of well-mixed activated sperm was pipetted into a 
single well of a 12-well Multi-Test Slide (MP Biomedicals, Irvine, CA, USA), and covered by a coverslip11,12. Each 
sample was tested twice. The median numbers of motile sperm tracked in the two experiments were 113 and 163. 
The objective used was 20X and the planar eyepiece for the camera was an NFK 3.3.

Based on the results of experiments 1 and 2, we diluted the sperm suspensions for experiment 3 by the addi-
tion of small volumes of HBSS prior to recording. This reduced track overlap and collisions. To retain sufficient 
sample size we increased the number of replicates for each sample. The median number of samples processed 
per male in experiment 3 was nine and the median number of motile sperm per recording was 50. The objective 
used was 10X. The change in power from 20 to 10X had two useful effects. First, the field had four times the area 
in experiment 3 than experiments 1 and 2. Second, the 10X had an increased depth of field, and imaged objects 
more clearly. The result of all the changes was that we tracked more sperm per male in experiment 3 than in 
experiments 1 and 2, but had much less crowding, by a factor of eight or greater.

For all three experiments we analyzed the 100 frames starting at 20 s post-activation. CASA identifies indi-
vidual sperm moving from one frame to the next and reports out several swimming phenotypes11,12. Three 
phenotypes are velocity measures, all of which are highly correlated with one another. Four other phenotypes 
are derived mainly from the original velocity measures. We focused on the most straightforward measure, cur-
vilinear velocity (VCL). VCL is the average velocity during the tracked time interval, e.g., time divided by total 
distanced traveled.

Sperm flagellar measurements.  To measure the tail lengths of individual sperm cells, immobilized 
sperm samples were diluted with appropriate volumes of HBSS to obtain uncrowded images. Then 1  μL of 
diluted sperm was pipetted into a single well of a 12-well Multi-Test Slide (MP Biomedicals, Irvine, CA, USA), 
and covered by a coverslip. A Zeiss microscope (Axio, 40X objective) was used for visualizing the structure 
of sperms, including both sperm head and flagella. Images were processed by FIJI software (NIH), and 50 or 
more sperm were randomly picked from each male for their flagellum length measurements. Sperm were pho-
tographed using a 1.3 MP Monochrome camera (CMLN-13S2M-CS, 1296 × 964 res, FLIR Inc.) and FlyCap2 
software (FLIR Inc.).

Data availability
The supplementary information section includes spreadsheets with the raw data usind in computations.
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