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Abstract

Extensive theory exists regarding population sex ratio evolution that predicts equal
sex ratio (when parental investment is equal). In most animals, sex chromosomes de-
termine the sex of offspring, and this fixed genotype for sex has made theory difficult
to test since genotypic variance for the trait (sex) is lacking. It has long been argued
that the genotype has become fixed in most animals due to the strong selection for
equal sex ratios. The marine copepod Tigriopus californicus has no sex chromosomes,
multiple genes affecting female brood sex ratio, and a brood sex ratio that responds
to selection. The species thus provides an opportune system in which to test estab-
lished sex ratio theory. In this paper, we further our exploration of polygenic sex de-
termination in T. californicus using an incomplete diallel crossing design for analysis
of the variance components of sex determination in the species. Our data confirm
the presence of extra-binomial variance for sex, further confirming that sex is not
determined through simple Mendelian trait inheritance. In addition, our crosses and
backcrosses of isofemale lines selected for biased brood sex ratios show intermediate
phenotypic means, as expected if sex is a threshold trait determined by an underlying
“liability” trait controlled by many genes of small effects. Furthermore, crosses be-
tween families from the same selection line had similar increases in phenotypic vari-
ance as crosses between families from different selection lines, suggesting families
from artificial selection lines responded to selection pressure through different un-
derlying genetic bases. Finally, we estimate heritability of an individual to be male or
female on the observed binary scale as 0.09 (95% Cl: 0.034-0.14). This work furthers
our accumulating evidence for polygenic sex determination in T. californicus laying the

foundation for this as a model species in future studies of sex ratio evolution theory.
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1 | INTRODUCTION

Sex determination and sex ratio are intrinsically linked. In organisms
where sex is determined solely by sex chromosome, the sex ratio for
the offspring of a parent is determined on the basis of Mendelian
inheritance and can be predicted simply from a binomial distribu-
tion (Krackow et al., 2002). Where multiple sex factor genes or other
genes that affect sex tendency are present, sex ratio of offspring
may be less straightforward, as has now been observed in a variety
of fish species (Faggion et al., 2019; Liew et al., 2012; Vandeputte
et al., 2007). In addition, environmental effects, including maternal
effects, can modify sex tendency in an individual (Bull, 1985; Bull
et al., 1982; Radder et al., 2008; Sarre et al., 2004).

Historically, sex determination tended to be labeled as ge-
netic (GSD) or environmental (ESD), but it is increasingly clear that
this traditional view of sex determination is unreasonably simple
(Beukeboom & Perrin, 2014; Uller & Helantera, 2011). A variety of
recent studies suggest that in species with sex chromosomes, sex of
individuals can be strongly influenced by modifier autosomal genes
and/or environmental effects. Notably, this has been observed in a
variety of fish when reared in captivity, with aquaculturists often
intentionally modifying population sex ratios to increase produc-
tion of the more profitable sex (Vandeputte & Piferrer, 2019; Zhou
et al., 2020). In sea bass, Vandeputte et al. (2007) showed that both
a polygenic model with environmental variance and a two-locus
gene model with environmental variance fit data from a crossing
design.

Regardless of the sex-determining mechanism, theory predicts
that, where male and female offspring are equally costly to pro-
duce, population sex ratio should be stable at 50% males and fe-
males (Fisher, 1930; Karlin & Lessard, 1983; Shaw, 1958; Shaw &
Mohler, 1953) and unstable at biased sex ratios. Further, theory pre-
dicts polygenic determination of sex should never be stable. Yet the
harpacticoid copepod, Tigriopus californicus, a benthic species inhab-
iting high-intertidal pools along the west coast of North America, is
well documented to have highly variable sex ratios (Ar-Rushdi, 1958,
1963; Voordouw et al., 2005; Voordouw & Anholt, 2002b) that,
while affected by environment, are also highly heritable in a manner
that indicates polygenic inheritance (Alexander et al., 2014, 2015).

The developmental process of sex determination in Tigriopus
californicus is not known, but males engaging in precopulatory
mate-guarding will clasp juveniles as early as copepodite stage Cll
(Burton, 1985). While males clasped both male and female juveniles
in a behavioral lab study, male-juvenile pairs of T. californicus col-
lected both in the field and from lab cultures indicate high accuracy
of pairing with females; all 44 juveniles from sampled pairs that
survived to adulthood for sex determination were female in a study
by Tsuboko-Ishii and Burton (2017). Thus, sex is presumably deter-
mined by this stage. (Sexes cannot be differentiated morphologically
until copepodite stage CIV.) Work on delineating sex determination
and sex ratio processes in T. californicus is ongoing. Foley et al. (2013)
crossed isofemale lines from two different populations and found
that sex and mitochondrial background are significantly associated

with genetic markers in nine of 12 chromosomes. In previous stud-
ies (Alexander et al., 2014, 2015), we selected on brood sex ratio to
create male- and female-biased lines, showing that brood sex ratio
responded to artificial truncation selection (Alexander et al., 2014).
Using a California population of T. californicus with a published
linkage map of SNP markers, we conducted crosses between that
population (Foley et al., 2011) and a British Columbia population to
identify quantitative trait loci (QTL) associated with brood sex ratio,
finding that at least six QTL for brood sex ratio exist on five different
chromosomes (Alexander et al., 2015).

Domestic animal breeders have long used pedigrees and esti-
mated breeding values to select for desirable traits in animals. This
best linear unbiased prediction (BLUP) approach uses a mixed model
with pedigree information used to estimate the additive genetic co-
variance among individuals and is commonly known as the “animal
model” (Lynch & Walsh, 1998). In its simplest form, it estimates the
phenotypic value of an individual as the population mean value plus
the additive genetic value of the individual plus residual variance. The
mixed model approach combined with Bayesian analytic techniques
provides a robust and useful tool for estimating genetic components
of complex traits.

Here, we take advantage of the selected lines from the local pop-
ulation to conduct a diallel cross followed by backcrosses to selected
lines to further explore polygenic sex determination in T. californicus.
We measure extra-binomial variation for sex and compare observed
and expected mean brood sex ratio values in crosses among selected
lines. Finally, using pedigree data for F1 crosses and F2 backcrosses,

we estimate heritability of sex in an individual.

2 | METHODS

Copepods were collected from high intertidal pools at Aguilar Point,
British Columbia (48°51'28" N, 125°09'38" W). Samples from five
pools were collected in September 2009 and transported directly to
the laboratory at nearby Bamfield Marine Sciences Centre. From this
initial group, two selection lines were established using truncation
selection: male-biased and female-biased. For the male-biased line
only females that produced the most male-biased brood sex ratios
(BSRs) were allowed to breed in the next generation and for female-
biased lines only females that produced the most female-biased
BSRs were allowed to breed in the next generation (see Alexander
et al., 2014 for complete details). At the end of six generations this
resulted in a male-biased line with a mean (+SD) proportion male
BSR of 0.64+0.029 and female-biased line with a mean (+SD) pro-
portion male BSR of 0.35+0.031 (Alexander et al., 2014). While in
the lab, Tigriopus were housed in filtered sea water (sea water drawn
from 15m deep in the ocean and filtered through a 1-micron filter),
held at room temperature (20°C) and fed ad libitum a mixture of
ground TetraMin® and Spirulina flakes (50:50 by weight) suspended
in filtered sea water at a ratio of 0.01g/mL.

Line crosses were carried out between the two selection lines

using offspring produced by the eight females (of >55 sampled) with
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(a) F1 GENERATION

BLOCK 1 Female Biased Lines Male Biased Lines
Pfl1 Pf2 Pf3 Pf4 Pml1 Pm2 Pm3 Pm4
Pfl 33 51 52 F1 offspring used for Block
Female Biased Pf2 34 35 36 53 54 1 Backcrosses
Lines (F1) Pf3 37 38 | 55
Pfa 39 40 56 57 58
Pm1 82 8 84 99 100 F1 offspring used for Block
Male Biased Lines Pm2 | 857 8 877 | 101 102 103 2 Backcrosses
(M1) Pm3 88 | 104 105 106
Pma | 8 90 107 108

¥ Only daughters used in BX
A Only sons used in BX

Female Biased Lines Male Biased Lines
BLOCK 2 Pf5 Pf6 Pf7 Pf8 Pm5 Pm6 Pm7 Pm8
Pf5 41 42 59 60
Female Biased Pf6 43 44 61 62
Lines (F2) Pf7 46 47 63 64 65
Pf8 48 49 50 66 67
Pm5 91 92 109 110
Male Biased Lines Pm6 | 93 94 | 111 112 113
(M2) Pm7 | 95 96 114 115 116
Pm8 | 97~ 98 118 119
(b) BACK CROSS GENERATION
Block 1 Block 2
Sires Sires
FM1* FM2 MF1 MF2 FM1 FM2 MF1 MF2
51 55 58 64 82 84 87 89 90 97 52 53 54 59 83 88 92 96
Pf9 120 121 122 | 123 | 161 162 187 163 188 Pf13 | 149 150 151 | 152 | 174 175 176 176
F1 Pf10 | 124 125 126 | 127 | 164 165 189 166 190 2 Pf14 153 154 178
Pf11 | 128 129 130| 131 | 167 168 191 169 170| 192 Pf15 155 156 157 | 180 181 182
PaDr:::al Pfl2 | 132 133 134 135|171 172 193 173 194 Pfl6 158 159 | 160 | 183 184 | 185 186
Line Pm9 | 237 238 239 | 240 | 268 269 270 271 Pm13| 253 254 255 256 | 278 279 280
M1 Pm10| 241 242 243 | 244 | 272 273 M2 Pmi14| 257 258 259 | 260 | 281 282 | 283 284
Pmll| 245 246 247 | 248 | 274 275 276 Pm15| 261 262 | 263 | 285 286 | 287
Pmi12| 249 250 251 | 252 | 277 Pm16| 264 265 266 288 289 | 290
Sires Sires
F1 M1 F2 M2
Pf9 Pfl10 Pfll PF12 Pm9 Pm10 Pmi1l Pm12 Pf13 Pfl4 Pf15 Pfl6 Pm13 Pm14 Pm15 Pm16
51 | 146 147 148 | 220 221 222 223 52 202 203 204 205 | 231 232 233
FM1 55 | 138 139 140 141 213 214 215 FM1 53 195 196 197 | 224 225 226 227
58 136 137 | 209 210 211 212 54 206 207 208 | 234 235 236
FM2 64 | 142 143 144 145] 216 217 218 219 FM2 59 198 199 200 201 229 230
Dam F1 82 | 291 292 293 | 319 320 321 322 83 315 316 317 318 | 345 346
Cross 84 294 295 296 | 323 324 325 88 308 309 310 | 338 339 340
MF1 85 327 328 329 330 MF1
89 | 301 302 303 304|331 332 333
90 | 297 298 299 300
92 305 306 307 | 334 335 336 337
MF2 MF2 96 | 311 312 313 314 | 341 342 343 344

*F1 cross types given in the form of FM1, where F = dam selection line female-biased, M = sire selection line male-biased, 1 = cross in block 1

FIGURE 1 Schematic of crossing design. Parents came from sixteen broods (labeled Pm1-8 and Pf1-8) collected from male-biased (M) or
female-biased (F) sex ratio lines created using truncation selection over six generations a. F1 Generation. Two blocks were used, each with four
female-biased lines (F1, F2) and four male-biased selection lines (M1, M2). No within-family crosses were done, and crosses were done only
within blocks. Thus, for each FF and MM cross there were 12 possible crosses and for each FM and MF cross there were 16 possible crosses.
Crossing cells filled with a number indicate we have data for a cross between these two lines. Only offspring from crosses between selection line
types were carried forward for backcrosses; shaded cells indicate crosses whose offspring were used in backcrosses. b. Backcross Generation.
Siblings from F1 crosses were backcrossed with individuals from the original male- and female-biased lines. F1 cross numbers come from
numbers identifying crosses in F1 Generation. Backcrosses used the same parental lines as for F1 crosses, at the next generation; backcross
parental broods are labeled Pm9-16 (from male-biased selection line) and Pf9-16 (from female-biased selection line). Crossing cells filled with a
number indicate we have data for that cross; empty cells are possible crosses within the subset of families used for which we did not collect data.

the most biased brood sex ratio in each of the two selection lines 2.1 | F1crosses

(omitting any families with <6 individuals of either sex). Offspring

from these 16 families were mated in an incomplete diallel cross de- Crosses were done by taking individual males and females from the
sign among four families (within family crosses were not done) from appropriate families and placing them together in the well of a 12-
each line, replicated twice (Figure 1a). well culture plate filled with 5mL of filtered sea water (FSW). Males

85U8017 SUOLULLIOD BA 810 3|cedl|dde ayp Aq peuseno aJe ssjpie YO ‘8sn JO s3I0y AriqiT8uljuO A3|IA UO (SUO N IPUCD-pUR-SLLIBY/LID"AB | IM ARIq 1 Ul UO//:SANY) SUORIPUOD pUe SWid | 8L 88S *[7202/£0/50] U0 AriqiTaullUO AB]IM ‘'Sus N BLOWIA JO AiseAlun Aq 2666'€899/200T OT/I0p/L00" A8 1M Ake.q1jpuluo//:Sdny Wo.y papeojumod ‘G ‘€202 ‘85225102



RICHARDSON ET AL.

4of11 WI LEY-ECOIOgy and Evolution

Open Access,

were removed after 7days, and each female was subsequently
checked twice daily for the presence of a mature (red) egg sac.
Females with red egg sacs were placed on moist filter paper and the
egg sac gently removed using a fine insect pin (Burton, 1985). The
egg mass was placed into an empty well of a 6-well culture plate
filled with 10 mL of FSW. Females were returned to their home well
and continued to be checked for an egg sac; for 50 of the 73 F1
crosses a second ripe egg sac was removed, and sex ratio estimates
were calculated for the second brood as we hoped to estimate vari-
ance between broods within crosses in our analysis. Females typi-
cally have anywhere from 3-6 broods; all eggs are fertilized from
sperm stored by the female during a single mating (Burton, 1985).
When the brood of egg sacs placed in 6-well plates reached the
copepodid stage (10-12days post-hatching), copepodids were iso-
lated from one another by transferring individuals to an individual
well in 24-well plate filled with 2.5mL FSW. At maturity, the number
of males and females in each brood was counted to estimate BSR.
For F1 crosses, we divided lines into two blocks, each with four fe-
male- (F) and male-biased (M) families, so that within each block there
were 12 possible crosses of both FF and MM parents (within family
crosses were not done, so 16 -4=12 within line crosses) and 16 pos-
sible crosses for both MF and FM parents, for a total of 56 possible F1
crosses per block and 112 possible F1 crosses total. The actual number
of crosses per cross type x block was 8-10; 71 F1 crosses that produced

a minimum of 12 offspring for BSR estimate were analyzed (Figure 1a).

2.2 | Backcrosses

Of the 71 F1 crosses analyzed, 34 were crosses between families
with parents from two different selection lines (FM1, MF1, FM2,
MF2; Figure 1). We thus had 34 F1 families from which we could
set up backcrosses against eight families from the two selection
lines, for a possible 272 x2 =544 backcrosses; we were able to set
up backcrosses from 19 of our F1 families using four to eight male-
and female-biased sex ratio parent broods (using the next genera-
tion of the original selection lines, i.e., generation 8, and again using
offspring of the eight females from each line with the most biased
brood sex ratios) for a total of 223 backcrosses (Figure 1b). Offspring
from all but three of these F1 families were used as both sires and
dams, generating reciprocal backcrosses.

The first mature egg sac of each female in a backcross was plated
into a 6-well plate, as above. For some crosses, we also plated a sec-
ond egg sac. Offspring of these crosses were allowed to mature in
6-well plates and sex ratio determined when the brood matured by
anesthetizing all individuals in the brood using 10% MgCl, (in FSW)
prior to counting males and females.

2.3 | Statistical analysis

Phenotypic means and variances of brood sex ratio for each cross
were calculated. We then tested whether the observed variance in

sex ratio differed significantly (under- or over-dispersion) from that
of the expected binomial distribution by generating random num-
bers of males and females in each observed brood (keeping observed
brood size), as recommended by Krackow et al. (2002) and modifying
code from Postma et al. (2011).

A pedigree analysis (the ‘animal model’; Postma et al.,, 2011;
Wilson et al., 2010) was used to estimate variance components of
sex in Tigriopus. We created a pedigree that included all 19,571 indi-
viduals sexed and used the R package ‘MCMCglmm’ (Hadfield, 2010)
to fit a generalized linear mixed model and generate Bayesian pos-
terior distributions for estimating additive genetic variance, variance
due to maternal effects, and heritability for sex. We treated sex as
a threshold trait, modeling it as controlled by an underlying (unob-
servable) continuous trait, referred to as ‘liability’, and the observed
phenotype of individuals as male or female depends on whether the
liability trait value is above (male) or below (female) some thresh-
old value (Bennewitz et al., 2007; Damgaard & Korsgaard, 2006;
de Villemereuil, 2018; Roff, 1996). Statistically this is accomplished
using a generalized linear model with a link function. Given this
transformation from the continuous liability trait to a threshold trait,
heritability can be estimated both on the liability trait scale and the
observed trait scale (see de Villemereuil, 2018 for full details). The
threshold model is equivalent to a generalized linear model with pro-
bit link; however, each individual can only have one measure (it is
either male or female) and therefore we cannot estimate residual
variance and must instead fix it at some arbitrary value in the model
(Postma et al., 2011); we used 1, finding this gave us the most well-
behaved model (other values led to increased autocorrelation). We
started with a model with no fixed effects and individual and dam
as random effects, with the link function set as family=threshold.
Six chains were run in parallel, each with a burn-in of 100,000, thin-
ning of 5000 and 1 million iterations, for a total sample size of 1080.
We estimated effective sample size in all Bayesian models run to
confirm validity of models. After ensuring chains were well-mixed,
data from all chains were combined and the R Package QGglmm (de
Villemereuil, 2018; de Villemereuil et al., 2016) used to obtain heri-

tability on the observed scale.

3 | RESULTS

We originally hoped to include estimates of variance in brood sex
ratio within parents and between broods. However, only 68 of 332
crosses (32 parent families, 73 F1, 227 backcross) had data for a
second brood and we thus used only one brood from each cross in
all analyses to avoid unequal sample size issues. Where two broods
were available, we used the brood with the largest size (typically, but
not necessarily, the first produced). To avoid imprecise estimates of
brood sex ratio, we kept only crosses with brood size >11 for analy-
ses; this led to eight crosses being dropped for a total sample size of
326 crosses (32 parent families, 71 F1 and 223 backcross; Figure 1).

Phenotypic variance increased substantially within one genera-
tion, even for parents within the same selection type and block. In
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. . F1 F1 cross
sex ratio increases across one generation X X
: R R Parent generation generation type
of reciprocal crossing of dams and sires
from selected lines whether lines were Block1  Female-biased lines —- 0.0325 FF
from the same selection type (FF, MM \ 0.0520 FM
crosses) or different selection types (FM, 0.000435
MF crosses). . .
Male-biased lines / 0.0267 MF
0.0312 MM
i,
0.003228
Block 2 Female-biased lines — 0.04267 FF
\ 0.06566 FM
0.004981
Male-biased lines / 0.03125 MF
0.02909 MM
——
0.000470
FIGURE 2 Mean and standard errors
for brood sex ratios for all cross types 08 f
done. Solid points are parent families from : =
the selection (female-biased selection on . I
left-hand side; male-biased selection on %
right-hand side); each point represents S
block by parent/backcross parent group. 8 0.6-
Note that parents and backcross parents 'g '
(shown in blue) were based on selected 8—
individuals; the eight most biased sex o
ratio families in each selection line. Only Z
results from crosses where n> 5 for each © 0.4
cross type by block combination are E
plotted. White squares=F1 crosses, white $
diamonds=backcrosses.
o
3
0.2 =
P(F) BX F1 BX P(M)

the F1 generation, phenotypic variance in F1 offspring was similar
regardless of whether parents both came from the same selection
type (i.e., both male-biased or both female-biased) or different sec-
tion types (i.e., dam was from male-biased line and sire was from
female-biased line or vice versa); this was true for both blocks
(Table 1). In addition, phenotypic mean values for F1s and back-
crosses fell at the midpoints of parent families and of parent and
F1 families, respectively, as expected for a polygenic inherited trait
(Figure 2).

The observed variance in brood sex ratio using all crosses com-
bined was 0.038 and significantly outside the bounds of binomial
expected variance (randomization median variance=0.0055; 95%
Cl: 0.0046-0.0065); in 5000 simulations a variance as large as that
observed did not occur (Figure 3). This result clearly indicates that
sex is not inherited as a simple dichotomous trait, as is the case in
organisms with a sex chromosome.

In addition, brood sex ratio distribution by generation data show
that while variation decreases in brood sex ratio as families are
crossed and backcrossed, the observed variance in brood sex ratio

Increasing Proportion Male Alleles ----- >

far exceeds the range of the expected variance based on a null model
of binomial trait inheritance and controlling for observed brood sizes
(Figure 3). Similarly, while the brood sex ratio distribution goes from
bimodal to unimodal with increasing generations, the curve remains
flattened with fewer observations of brood sex ratio having 0.4 to
0.6 proportion male than expected and more with proportion male
<0.4 and >0.6 than expected under binomial inheritance (Figure 3).

3.1 | Pedigree analysis

We first fit a pedigree-based model with the random effects of ani-
mal and dam using MCMCglmm. This random effects-only model
allowed us to confirm the model fit appropriately and returned the
correct overall mean sex ratio. We used a threshold model, as is
standard for binary or count trait values, modeling heritability on the
underlying liability trait (de Villemereuil, 2018) and achieved a model
with good mixing of chains and acceptable autocorrelations (the ma-
jority <0.10; one of the six replicate chains had high autocorrelations
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FIGURE 3 Observed (bars) and expected (points + SE) distribution of brood sex ratio (left panel) and expected brood sex ratio (BSR)
distribution (right panel) for parental, F1 and backcross generations of Tigriopus californicus crosses among male- and female-bias selection
lines. On right panel median and 95% quantile limits are shown for expected distribution of variance using dashed and dotted vertical lines,

respectively; solid lines indicate observed BSR variance.

of 0.18 and 0.19; removal of this chain from analysis did not affect
analysis outcome). From this model, mean heritability on the liabil-
ity scale was 0.237 (95% credible interval (Cl): 0.00-0.51). Using
QGglmm (de Villemereuil et al., 2016) we estimated trait values on
the observed scale and found heritability for sex on the observed
scale was 0.150 (95% Cl: 0.0-0.33).

We next fit a model that included fixed effects of block and pa-
rental selection origin (i.e., are maternally and paternally inherited
genes from male-biased (M) or female-biased (F) selection lines;

four levels were possible: FF, FM, MF, MM, where the first letter
indicates maternal gene source, and second letter indicates pater-
nal gene source). No effect of block was present, but paternal by
maternal combinations of male-biased or female-biased population
origin did differ, with pMCMC <0.006 for each group relative to the
reference group of female-biased lines in both paternal and maternal
ancestry. We calculated heritability on both scales for this model
integrating the variance from fixed effects to ensure our estimate
is not inflated by the concomitant decrease in residual variance
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when fixed effects are partitioned out (de Villemereuil, 2021; de
Villemereuil et al., 2018). Heritability on the liability scale was 0.272
(95% Cl: 0.136-0.437). On the observed scale, heritability for sex
was 0.09 (95% Cl: 0.034-0.143). Thus, accounting for the variance
due to selection line differences did not change the heritability much
but did substantially tighten up our credibility interval and provide

us with a better estimate of heritability.

4 | DISCUSSION

In this study we have used strongly selected, highly inbred biased
sex ratio lines to assess heritability of sex in a marine copepod spe-
cies, T. californicus, without sex chromosomes using an incomplete
diallel cross. We show: (1) Substantive extra-binomial variation for
sex that persists through two generations of random crosses in a
controlled laboratory environment; (2) Mean phenotypic values for
sex ratio in F1 and backcrossed offspring match the midpoint of the
parental values as predicted in a normally distributed polygenic trait
with many genes of small effect; (3) Heritability for sex (on the ob-
served scale) of 0.09 and heritability for the underlying threshold
trait of 0.271. Heritability estimates for binary traits are necessarily
limited to lower values due to the nonadditive effects created by the
link function and it is unclear what the maximum observable herit-
ability is for sex in T. californicus.

Tigriopus californicus gives every indication of having true poly-
genic inheritance of sex, with many genes of small effect contrib-
uting to the underlying liability trait value for the threshold trait
of sex. The data presented in the current study confirms previ-
ous work done on sex ratio in this organism using different pop-
ulations and estimation methods (Alexander et al., 2014, 2015;
Foley et al.,, 2013; Voordouw et al., 2005, 2008; Voordouw &
Anholt, 2002b). Using a Bayesian pedigree analysis (i.e., the animal
model), we show that the tendency for an individual T. californicus
to be male has a significant genetic component, with a heritability
estimate of 0.09, after removing variance due to fixed effects of
breeding lines and blocks. Note that in this study, breeding lines
were different isofemale lines and thus clearly also included a ge-
netic component; thus, our heritability estimates are likely to be
underestimates. By including the fixed effect of parental selection
lines in our Bayesian model, the credible interval of our estimate
of heritability was decreased to one-third the size (Figure A1). This
matches previously published estimates that were 0.31 for mother-
offspring heritability estimates (Voordouw & Anholt, 2002b) and
realized heritability estimates (Alexander et al., 2014), but ranged
from 0-0.24 for full-sibling estimates (Voordouw & Anholt, 2002b).
We initially ran the model using a standard uninformative prior
distribution, but as we had estimates of heritability from previous
studies (Alexander et al., 2014; Voordouw & Anholt, 2002b), we
were in a position to use an informed prior and Bayesian analysis
to update our prior knowledge. Using an informed prior did allow
us to minimally reduce credible intervals around our heritability
estimates (by 4.8% in model with fixed effects) but did not affect
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analysis results and had far less of an effect than adding in ancestral
selection line information (Figure A1).

The maintenance of variability, and continued presence of extra-
binomial variation, when crossing offspring of two individuals from
the same selection line provides strong evidence for many genes of
small effect controlling sex determination in T. californicus. Further,
the similar increase in phenotypic variation for F1s that occurred
when different families from the same or different selection type
populations were crossed suggests selected families within the
same selection line were achieved using different genes. If families
were genetically similar, we would not expect much change between
crosses within each selection type by block (Table 1). We think this
is also why F1 crosses within selection types have reduced sex ratio
bias relative to the parents—crosses between families disrupted
gene complexes formed within families during selection (Figure 2).
This result is further corroborated through consideration of the phe-
notypic variance in brood sex ratio across generations under selec-
tion for biased sex ratios. While the sex ratios responded strongly to
selection, the variance in brood sex ratio was essentially unchanging
over the seven generations of selection (Figure 4). This also matches
observations in the field of extensive variance in brood sex ratio
both within and among sites (Voordouw et al., 2008) and models
showing polygenic sex determination is maintained indefinitely
when combined with seasonal fluctuations of alternating selection
(Bateman & Anholt, 2017).

Several other aspects of T. californicus biology are likely to contrib-
ute to maintenance of genetic variance in the species. Tigriopus live in
supralittoral marine splash pools that are both ephemeral and highly
variable environments and form a complex metapopulation, with each
splash pool representing a subpopulation and migration occurring be-
tween splash pools (Dybdahl, 1994). Charnov and Bull (1989) demon-
strated that in patchy environments, if females do relatively better in
one patch, then the primary sex ratio is male-biased (the sex coming
from the poorer habitat). In addition, environmental sex determina-
tion (ESD) is also known to play a role in Tigriopus sex determination
(Voordouw & Anholt, 2002a). In contrast, the failure of T. californicus to
develop heterogametic sex determination is perhaps surprising given
that females have achiasmatic meiosis (Ar-Rushdi, 1963), and with
achiasmata in one sex any sex-determining gene that evolves should
quickly lead to differentiated sex chromosomes (Wright et al., 2016).

A recent simulation by Butka and Freedberg (2019) reveals that
when environmental sex determination is present and controlled by
many loci (210), limited dispersal rates (<0.5) among multiple sub-
populations lead to a male-biased sex ratio equilibrium due to local
adaptation to different developmental environments. Population
genetic studies do suggest that Tigriopus dispersal among rocky
outcrops is limited (Burton & Feldman, 1981). At least six QTL exist
for sex determination (Alexander et al., 2015), and recent research
suggests such QTLs likely represent many separate genes each
(Walsh & Lynch, 2018). In nature, T. californicus populations do tend
to be male-biased (Voordouw et al., 2008). The combination of the
modeling and field data thus suggest one possible explanation
for male-biased sex ratios observed in T. californicus and further
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FIGURE 4 Change in phenotypic variance for brood sex ratio, measured as standard deviation in gnorm(proportion male) for each
generation during truncation selection for biased brood sex ratios. Data from (Alexander et al., 2014). Selection lines are: C=control (no
selection), F=female-biased, M=male-biased. Under strong artificial selection phenotypic variance is expected to decrease; standard least-
squares lines of best fit are given for each line with shading indicating 95% regions to highlight that such decrease in variance did not occur.
After generation 7, brood sex ratio (proportion male) was 0.75 for M line, 0.35 for F line, and 0.45 for C line; all had brood sex ratio=0.51 at

generation 1.

reinforces the idea that the species has polygenic sex determina-
tion. Environmental variance represents only a minor portion of sex
ratio variance in T. californicus (Voordouw & Anholt, 2002a, 2002b)
and genetic influence on pivotal temperature has not been consid-
ered; it is possible that selection for sex ratio bias is in fact selecting
for changes in pivotal temperature (Wright et al., 2016).

Variance for threshold traits on the observed scale contains
additional variance and this reduces maximum heritability. For ex-
ample, while the liability trait, on the latent scale, has a continuous
range of values, the observed phenotype has only one of two val-
ues, determined by the latent scale breeding value and the threshold
value. Thus, if the threshold value is 0.4, whether the individual's
breeding value is 0.2 or 0.01 they will be male on the observed scale.
This has the effect of increasing the nonadditive genetic variance for
the trait on the observed scale, thereby limiting the maximum heri-
tability possible. In particular, heritability on the observed scale will
always be lower than that on the latent scale (de Villemereuil, 2020;
de Villemereuil et al., 2016; Dempster & Lerner, 1950). This is one
reason why the heritability observed here, given on the observed
scale, is lower than the realized heritability estimated on the latent
scale by Alexander et al. (2014). Nonetheless, a strong response to
truncation selection for biased sex ratios clearly indicates some as-
pect of sex determination in the species is sufficiently heritable to
respond to selection. We speculate that epistatic effects may also
limit our ability to estimate true heritability.

The difference in estimated heritabilities may also reflect viola-
tion of any one of the many assumptions of the threshold model. In
particular, the model assumes allelic effects at the many loci contrib-
uting to liability are multivariate normal. This is both unlikely to be

true and difficult to assess. Benchek and Morris (2013), using simu-
lated data to test heritability estimates when true liability included
a common environmental effect that was not normally distributed,
found that heritability estimates can be highly biased in this case
and that the direction of bias was not consistent. The model also
assumes no pleiotropic or epigenetic effects, but environment is
known to influence sex determination in Tigriopus. Temperature ef-
fects on sex may well be influenced by genes and alleles affecting
sex determination and temperature effects on sex determination
seem likely to interact with each other as well as with the environ-
ment. At the heart of the challenge is that selection acts on the mul-
tivariate phenotype and any one component in isolation may have
low heritability although the combined traits have high heritability
(Walsh & Lynch, 2018).

Regardless of the underlying genetic mechanism, it seems likely
that the complex metapopulation dynamics of Tigriopus (Burton &
Swisher, 1984; Dethier, 1980; Johnson, 2001; Powlik, 1999) may be
an important component to understanding the unusual maintenance
of polygenic sex determination in the species. The highly unpredict-
able nature of the splash pools these copepods inhabit may further
provide insight into why this species has failed to evolve a single
gene of large effect for sex tendency. Pools that are washed out by
wave action will cause large-scale mortality unrelated to phenotype,
as most individuals washed into the ocean are likely to be consumed
by fish (Dethier, 1980).

While the presence of multiple genes affecting sex has re-
cently been observed in many animals, particularly in fish species
(Martinez et al., 2014), in most of these cases, a sex chromosome or
gene with large effect on sex is present in the species. The case for
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polygenic sex determination has perhaps been most strongly made
for the model organism zebrafish (Liew et al., 2012), where only two
to three (depending on strain) sex-determining regions (compared
to six in Tigriopus) have been identified in domesticated zebrafish
(Wilson et al., 2014), and wild zebrafish have a ZZ/ZW sex deter-
mining system (Wilson et al., 2014). Similarly in European sea bass,
while genetic components for sex determination are present and
suggest polygenic sex determination (Vandeputte et al., 2007), sex
determination is also strongly influenced by temperature and wild
populations do not show the same sex ratio biases seen in farmed
populations (Vandeputte et al., 2012). We suggest that T. californicus
represents a unique polygenic system in that there is no indication
that any one gene has a large effect on sex determination nor that
such a gene has ever existed in the species. The species thus contin-
ues to present an interesting case study that appears to defy theo-

retical expectations.
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FIGURE A1 Result of changing prior distribution used from
uninformative (gray line) to informative (black line) (top panel) on
posterior distribution of heritability on the observed scale in sex of
an individual (bottom panel). The informed prior slightly decreases
the width of the posterior distribution (shown in black; gray line

is density for uninformative prior). UP =uninformative prior;
IP=informative prior.
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