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Abstract 
The green-brown polymorphism in Orthoptera is a prominent example of the coexistence of multiple colour variants, especially since this 
polymorphism is shared by many species. The processes that maintain phenotypic polymorphisms depend on the underlying genetic and 
developmental regulation of body colouration, but these are not well understood for Orthoptera. Here we report on the inheritance of the 
green-brown polymorphism in the meadow grasshopper Pseudochorthippus parallelus, a species with four discrete colour morphs that differ 
in the distribution of green colouration across the body. We provide the most detailed analysis of the green-brown polymorphism to date using 
half-sib full-sib breeding and phenotyping of 4,300 offspring. The data strongly support a simple Mendelian control of the presence/absence 
of green colour in different regions of the body, involving four autosomal loci, two of which are genetically linked. However, estimation of 
population allele and haplotype frequencies using probabilistic simulations shows weak linkage disequilibrium in the population. The contrast 
between pedigree and population linkage suggests the presence of long-standing allelic variation and thus corroborates that long-term bal-
ancing selection is acting. Our study confirms and extends our understanding of inheritance patterns within the Chorthippus clade, providing 
unprecedented insights into the number and linkage of loci involved. The results have implications for the maintenance of polymorphisms and 
suggest that fluctuations in the phenotypic composition of populations can be generated by the segregation of genetic variants even in the 
absence of fluctuating selection.
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Introduction
A key question in evolutionary biology is how phenotypic 
diversity is maintained within populations. This applies 
in particular to the coexistence of multiple discrete colour 
morphs (independent of age and sex), called colour polymor-
phisms, which have been widely reported in various animal 
groups (Ford 1945; Huxley 1955). Colour polymorphisms 
can be controlled by environmental factors such as tempera-
ture, humidity, background colour, and light intensity, in 
which case they are sometimes referred to as polyphenisms 
(Dearn 1990; Hochkirch et al., 2008; Rowell & Cannis 1971). 
However, many, if not most, colour polymorphisms have a 
genetic basis, ranging from simple Mendelian inheritance pat-
terns (McKinnon & Pierotti 2010; Wellenreuther et al., 2014) 
to complex interactions involving epistatic interactions, plei-
otropy, or gene-by-environment interactions (Ducrest et al., 
2008; Mundy 2005; Phillips 2008; Roulin 2004; Sinervo & 
Svensson 2002; Wellenreuther et al., 2014). Balancing selec-
tion, which maintains variation within populations through 

frequency-dependent selection and/or heterozygote advan-
tage, is the most potent process for maintaining intraspecific 
diversity of genetic colour polymorphisms over time (Forsman 
2016; Hedrick 2007; Le Rouzic et al., 2015; McKinnon & 
Pierotti 2010; Svensson et al., 2005; Takahashi & Noriyuki 
2019). However, the evolutionary trajectory and effects of 
balancing selection will differ depending on the underlying 
genetic and developmental basis of the trait.

A comprehensive understanding of the genetic structure of 
colour polymorphisms, including the number of loci involved, 
their interactions (such as epistasis and dominance), and 
genetic linkage, is essential to elucidate the maintenance of 
colour variation within populations (Adriaens et al., 2019). 
The genetic architecture of polymorphic phenotypes can 
influence not only how traits are expressed but also how 
they respond to natural selection (Fouqueau & Polechova 
2024; Lion et al., 2023; Pimentel 1961). By studying the 
genetic basis of colour polymorphisms, we can gain insight 
into the mechanisms that drive phenotypic diversity and the 
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evolutionary processes that allow such diversity to persist 
(Adriaens et al., 2019; Blount et al., 2018; Nosil et al., 2020). 
The complexity of gene interactions and genetic linkage can 
shape the evolutionary trajectory of a population (Adriaens et 
al., 2019; Mackay 2001). This is particularly true for trans-
species colour polymorphisms (those shared among species), 
where a key question is whether the genetic and developmen-
tal basis is also shared among species.

A prominent example of cross-species sharing of colour 
polymorphisms is the green-brown colour polymorphism in 
polyneopteran insects (Comeault et al., 2016; Dearn 1990; 
Klass et al., 2003; Rowell 1972). Despite ongoing research, 
our understanding of the prevalence and regulation of the 
green-brown polymorphism in Polyneoptera remains limited. 
In particular, the specific genetic and environmental factors 
that control the expression of this colour polymorphism 
and their species-specific mechanisms remain insufficiently 
understood. The green-brown polymorphism is particu-
larly widespread in Orthoptera (crickets, bush crickets, and 
grasshoppers) (Rowell 1972), being present in about 1/3 of 
European Orthoptera species (Schielzeth 2020) and in almost 
half of the East African species of the family Acrididae (Rowell 
1972). Thus, the green-brown polymorphism in Orthoptera is 
not restricted to a specific species but represents a widespread 
phenomenon. There is no evidence that this polymorphism 
is transient (i.e., caused by a fusion of diverging subpopula-
tions or an evolutionary transition between different states) 
in a large number of species. This suggests that the long-term 
maintenance of the green-brown polymorphism in Orthoptera 
is most likely due to balancing selection.

A comprehensive understanding of the factors that con-
tribute to the coexistence of morphs in Orthoptera requires 
a thorough investigation of the genetic basis and/or environ-
mental factors that determine colour morphs. The underly-
ing mechanisms responsible for colour morph determination 
are known to differ among species. In some Orthoptera, the 
environment triggers the development of green or brown 
morphs, especially in species belonging to the subfamilies 
Cyrtacanthacridinae (Rowell & Cannis 1971; Tanaka 2004; 
Tanaka et al., 2012), Oedipodinae (Ergene 1955; Rowell 
1970), and Acridinae (Ergene 1950, 1952b, a; Okay 1956). 
Green morphs are favoured by high humidity, while brown 
morphs are favoured by high temperature, population density, 
and substrate colour matching (Dearn 1990; Rowell 1972). 
However, not all colour polymorphic Orthoptera are pheno-
typically plastic, as shown by studies of Conocephalus mac-
ulatus (Ensifera) (Oda & Ishii 1998, 2001), Gomphocerus 
sibiricus and Chorthippus dorsatus (both Caelifera) 
(Schielzeth & Dieker 2020; Winter et al., 2021), where the 
development of green or brown imagoes depends on parental 
morphs rather than environmental factors. In fact, there is 
increasing evidence that the green-brown polymorphism in 
the subfamily Gomphocerinae (Suborder: Caelifera; Family: 
Acrididae) is predominantly determined by genetic factors, 
with little or no influence from the environment (Valverde & 
Schielzeth 2015; Winter et al., 2021).

Recent evidence suggests that the genetic basis of the green-
brown polymorphism in Gomphocerinae grasshoppers is 
characterized by a simple architecture involving a limited num-
ber of loci (Winter et al., 2021). However, the broader appli-
cability of this mode of inheritance across Gomphocerinae 
species, as well as its generalizability to other members of the 
Acrididae family, remains uncertain. Further investigation is 

needed to determine the extent of shared inheritance mecha-
nisms among species, as the sharing of the polymorphism may 
represent an interesting case of parallel balancing selection on 
shared genetic variants.

Not only the presence but also the distribution of green 
colouration across the body is shared among many polymor-
phic species of Gomphocerinae grasshoppers (Rubtzov 1935; 
Uvarov 1966). Many gomphocerine species show a lateral- 
dorsal divide, where lateral and dorsal body parts can vary 
independently in the presence/absence of green colouration 
(Rubtzov 1935; Uvarov 1966). This results in four basic colour 
morphs that occur in numerous species: a uniform green vari-
ant, a uniform brown variant, and two variants that are green 
only laterally or only dorsally (Heinze et al., 2022; Köhler et 
al., 2017). Species of Gomphocerinae thus exhibit multiple 
colour morphs within the broader context of the green-brown 
polymorphism, adding intricate details to the maintenance of 
transspecies phenotypic diversity and its genetic underpinnings.

Here, we present a comprehensive analysis of colour morph 
inheritance in the meadow grasshopper Pseudochorthippus 
parallelus. This species is a member of the subfamily 
Gomphocerinae and was chosen to extend our analysis of 
transspecies colour polymorphisms to a species outside the 
comparatively well-studied Chorthippus clade (Winter et al., 
2021). Specifically, we aim to determine whether the shared 
phenotypic polymorphism also involves shared mode of inher-
itance. In addition, we aim to infer genetic linkage among 
colour loci both in the pedigree (short time frames) and in the 
population (long evolutionary time frames). Understanding 
inheritance patterns and genetic linkage can help elucidate the 
long-term maintenance of transspecies colour polymorphisms 
by balancing selection.

The meadow grasshopper is a widespread species found in 
various grasslands throughout Europe and western Siberia. 
This species primarily perches in low (grassy) vegetation and 
is typically flightless due to its short-winged (micropterous) 
nature (Ingrisch & Köhler 1998). However, long-winged 
(macropterous) individuals are present at low frequencies in 
most populations and may occasionally be capable of flight 
(Manzke 1995). Meadow grasshoppers exhibit all four of the 
distinct colour morphs commonly found in Gomphocerinae 
(Heinze et al., 2022; Köhler et al., 2017). All four morphs 
typically coexist in local populations, with dorsal green being 
by far the rarest morph (Köhler et al., 2017). The morph 
ratios have been found to be temporally stable to some degree 
(Köhler & Renker 2006), but morph composition varies spa-
tially (Köhler et al., 2017). As in most Gomphocerinae spe-
cies, these morphs are present in both sexes.

To study the inheritance of colour morphs in 
Pseudochorthippus parallelus, we implemented a half-sib full-
sib breeding scheme to produce offspring from known paren-
tal morph combinations. We studied a large sample of 4,300 
offspring from 161 families. In addition, we used simulations 
to evaluate the fit of different inheritance models to our 
empirical observations and to estimate allele frequencies. Our 
analysis identified a single, simple inheritance mechanism that 
explains the formation of the four distinct colour morphs.

Materials and methods
Colour morphs
We set up a half-sib full-sib breeding design to study the 
inheritance of colour variation in the meadow grasshopper 
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Pseudochorthippus parallelus. The meadow grasshopper 
occurs in four distinct colour morphs that differ in the pres-
ence and distribution of green on the head and thorax. There 
are completely brown individuals (abbreviated B), individuals 
that are brown laterally and green dorsally (D), individuals 
that are brown dorsally but green laterally (L), and individu-
als that are green both laterally and dorsally (G).

Parental generation
Meadow grasshoppers were captured in June and July 2021. 
Only females in the nymphal stage were collected to ensure 
virginity. Males were mostly captured as nymphs, but a few 
adult males were also included. In the laboratory, individuals 
were housed in same-sex cages until maturation. After mat-
uration, females were separated into individual mating cages 
(22 × 16 × 16 cm3). All individuals were provided with ad 
libitum access to freshly cut grass potted in small water-filled 
vials and a water tube for moisture. Adult females were pro-
vided with small pots containing a 50:50 mixture of vermicu-
lite and sand for egg deposition.

We aimed to create sets of four females, one of each colour 
morph, to be mated with the same male. However, due to the 
scarcity of D-type individuals and some mortality, not all sets 
were complete. Males were mated to all females in a set by 
moving the male between mating cages every 2–3 days. The 
colour morph of the male varied between sets. If the male 
died, it was never replaced to ensure that all offspring of a 
female were full siblings. Females were replaced if they died 
early in the season, if the male was still alive, and if a suit-
able virgin female was available for replacement. A total of 
69 males were mated with 191 females.

Vermiculite sand pots were sifted once a week in search 
of egg pods. Egg pods are solid structures of 1–2 cm length 
that are typically buried in the sand and contain up to 12 
eggs in Gomphocerinae (Chakrabarty et al., 2019). Egg pods 
were collected and placed in petri dishes lined with moist fil-
ter paper (with all egg pods from the same cage and collection 
date on a single dish). The identity of the maternal cage and 
the date of collection were recorded on the petri dish. Egg col-
lection was completed in early September 2021. By this time, 
a total of 1,557 egg pods had been collected from 167 mater-
nal cages. The egg pods were sprayed twice with a fungicide 
to prevent fungal growth. In October 2021, the filter paper 
was replaced with a 50:50 mixture of vermiculite and sand, 
and the petri dishes were placed in refrigerators (at approxi-
mately 5 °C) for diapause. Petri dishes were sprayed with tap 
water weekly before and after diapause and biweekly during 
diapause. To minimize the number of dishes to be maintained 
during pre-diapause, we kept egg pods collected on the same 
day from the same cage on a single dish. Only after diapause 
did we separate egg pods into separate dishes (one dish per 
egg pod) so that the origin of hatchlings could be traced to a 
unique egg pod.

Offspring generation
Surprisingly, we found some offspring that hatched before 
diapause, demonstrating that diapause is not obligatory in 
this species. Pre-diapause hatching occurred in 84 out of 831 
petri dishes (10%). The pre-diapause hatchlings were reared 
to adulthood in the same way as the post-diapause hatch-
lings (see below). They formed the offspring cohort 1. Because 
multiple egg pods collected from the same parental cages on 
the same day were still on the same petri dish during the 

pre-diapause phase, it is unknown whether cohort 1 offspring 
hatched from the same or different egg pods (although the 
identities of the parental cages were unambiguous).

In March 2022, we isolated egg pods to single egg pods 
per dish. This resulted in a total of 1,496 Petri dishes. Thus, 
post-diapause offspring families came from a single egg pod 
(with a few exceptions). From April to July 2022, we removed 
approximately equal numbers of Petri dishes per month from 
the refrigerators to produce offspring cohorts 2–5 (note that 
cohorts 1–5 all belong to a single offspring generation). All 
hatchlings from a single petri dish were released into the same 
offspring cage (22 × 16 × 16 cm3). Most nymphs hatched 
within a few days after approximately two weeks at room 
temperature. After the major hatching peak was over, nymphs 
from cages with more than eight offspring were divided 
equally between two offspring cages to avoid overcrowding. 
Dead nymphs were recorded and removed. A total of 6,598 
nymphs hatched (cohort 1: 334, cohort 2: 1,946, cohort 
3: 1,245, cohort 4: 1,322, cohort 5: 1,651), 1,683 (25%) 
nymphs died, 401 (6%) nymphs went missing, and 4,436 
(67%) reached the imago stage approximately four weeks 
after hatching.

All cohorts were maintained under the same controlled 
experimental conditions. Grasshoppers were provided with 
ad libitum access to freshly cut grass in small water-filled 
vials (5.8 cm × 2.1 cm) and a water tube for moisture. Grass 
was replaced every other day to prevent wilting or yellowing 
of the grass. The housing chambers were maintained under 
controlled artificial full-spectral light conditions (Biolux L 58 
W/965, OSRAM, Munich, Germany) with a constant 16:8 hr 
light-dark cycle (from 6:00 a.m. to 10:00 p.m.). Humidity 
was maintained at 50%–70% by humidifiers and tempera-
ture was maintained between 25 °C and 30 °C.

Offspring photographing
Mature offspring were collected from their offspring cages 
and individually placed in vials for photography. We were 
careful to collect individuals at least 2–3 days after the last 
moult, when the cuticle had hardened and the colours were 
well developed. At the time of collection, we recorded the cage 
identity, sex, and colour morph of the offspring. Individuals 
were placed in refrigerators with a few blades of grass per vial 
for a few hours. Vials were then placed in freezers for a few 
minutes to prevent individuals from moving while being pho-
tographed. Individuals usually recover after being handled in 
this manner.

We used a custom-built setup for photography. The setup 
consisted of a box (33 × 33 × 33 cm3) illuminated from above 
by LED lights (LinearZ 560-52 SunLike LED, LUMITRONIX, 
Germany, 101 lm/W; 1,400 lm; 5,000 K, 95 CRI). The walls 
were constructed of aluminium hammer-effect sheet metal to 
provide uniform illumination. For ease of handling, the front 
had no wall and was closed with a dark cloth to prevent stray 
light during photography. A camera (Canon EOS 1100D with 
Canon EFS 15–85 mm lens for cohort 1, Canon EOS 756D 
with Canon EFS 15–85 mm lens for cohorts 2–5) was placed 
through an opening in the top. Images were taken at a focal 
length of 85 mm and captured as raw image files.

A small PVC tray with four hollow slots allowed four 
grasshoppers to be placed at a time. Individual identities 
were written on the tray and recorded with photographs. The 
grasshoppers were first placed on their sides for lateral view 
photographs and then placed in a normal resting position 
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for dorsal view photographs. 99.2% of all imago offspring 
were successfully photographed in lateral view and 98.1% 
in dorsal view. We re-scored sex and colour morphs from the 
images. Conflicts between scoring at capture and re-scoring 
from images (1% of all individuals) were resolved before fur-
ther analysis. Scoring was done blind to the family of origin, 
as rearing of the offspring was done blind to the parental 
colour morph to anyone handling the grasshoppers.

Analysis
We tested for population-wide sex differences in colour 
morph types using χ2 tests. For the vast majority (94%) of 
full-sib families, we had offspring reared in multiple offspring 
cages (from different egg pods of the same female). We tested 
for within full-sib family heterogeneity in colour morph ratios 
across multiple cages using Fisher’s exact tests. P-values from 
multiple Fisher’s exact tests (one per family) were then com-
bined into population-wide evidence for heterogeneity using 
Fisher’s combined probabilities. Fisher’s combined probabil-
ity is sensitive to both (i) a few families with strong evidence 
for heterogeneity (low p-values) and (ii) many families with 
weak evidence for heterogeneity (moderate p-values) because 
it tests for deviations from the expected uniform distribution 
of p-values. It is not possible to calculate Fisher’s combined 
probabilities for families with no variation in offspring traits. 
Families with only one offspring morph type were therefore 
not included in the combined probability, which biased the 
combined probability downward (i.e., more likely to indicate 
heterogeneity). Family-wise sex bias in offspring traits was 
analyzed using the same procedure.

We assessed the range of offspring ratios that are consistent 
with a particular ratio within a family using binomial distri-
butions. This was done separately for each family. Specifically, 
we calculated the likelihood of the data as the density of a 
binomial distribution at the observed number of offspring per 
type given the number of phenotyped offspring per family. 
This was done over a range of probabilities from 0.01 to 0.99 
in steps of 0.01. A probability density of 0.025 was used as 
the cut-off point, since lower probabilities are very unlikely to 
conform with the data. Cases near the cut-off boundary were 
tested by family-wide χ2 tests against predictions from can-
didate inheritance models. Models that predicted offspring 
morphs that were never observed were rejected as implausible 
(with some tolerance for small families, but this only became 
relevant in a single case of a family with only two offspring). 
χ2 tests were performed only on those morph types that were 
actually observed (and predicted) within a family. All analyses 
were performed in R 4.1.3 (R Core Team 2020).

Simulations
We have implemented simulations to test candidate inheri-
tance models. While we explored many more models than are 
presented here, it is impossible to provide an exhaustive explo-
ration of all conceivable inheritance models. Nevertheless, we 
believe that our final inheritance model strikes the best balance 
between simplicity and fit. Any plausible inheritance model 
must (a) fit parental colour morphs, (b) produce offspring 
morph ratios within the range of sampling variation within 
families, (c) should not predict offspring morphs that were 
never observed (at least not in larger families), (d) allow for  
unique paternal genotypes that can produce fitting ratios 
for all of their half-sib families. Since there was no evidence  
for parent-of-origin effects or sex bias (see Results section), 

we explored autosomal inheritance models without parent-of- 
origin effects. To explain the broad pattern, we excluded a 
small number of exceptional individuals (26 offspring, 0.6%) 
that could be explained by recombination, mutation, phe-
nocopies, or data collection errors. We do explore possible 
explanations for their phenotypes later (see below, Results 
and Discussion sections). These individuals were identified as 
outliers within families prior to evaluation of model fits.

In our simulations, we generated all possible genotypes 
based on specific inheritance models and assigned them 
their phenotypes. For each mating combination of parental 
morphs, we selected all combinations of possible parental 
genotypes, which were then used to generate all possible off-
spring genotypes based on Mendelian segregation. The data 
suggest that two of the loci are genetically linked and were 
therefore inherited as haplotypes in our simulation. Offspring 
phenotypes were assigned based on the same inheritance 
model, and we calculated the expected ratio of offspring phe-
notypes in the form %B-%D-%L-%G. Mating combinations 
produced between 4 and 78 (mean 35) of those distinct off-
spring morph ratio patterns (many of which were highly vari-
able even within mating combinations, e.g., predicting 100% 
of one or another offspring morph conditional on parental 
genotypes).

The simulation gave us a list of expected offspring morph 
ratio patterns that could be produced by a given parental mat-
ing combination based on the parental phenotypes. From this 
list, we selected parental genotypes that produced offspring 
fitting the observed offspring frequencies (in particular not 
predicting offspring morphs that were never observed, and 
the remaining offspring ratios within the range of sampling 
variation). We then searched for overlap between possible 
paternal genotypes that fit with all full-sib families produced 
by a given father. Only these represent plausible parental gen-
otypes that fit the observed patterns. Later, we also verified 
that the predicted parental genotypes were also sufficiently 
likely given reasonable allele frequencies (see below).

Finally, we assessed whether recombination between linked 
loci could produce recombinant individuals that would fit the 
exceptional individuals that were initially excluded, or that 
would distort the offspring morph ratios from those expected 
with complete linkage. This was done by generating all pos-
sible recombinant genotypes, assigning their phenotypes, and 
tabulating the “new” offspring phenotypes that could not be 
produced without recombination. These patterns were again 
summarized in the format %B-%D-%L-%G (Supplementary 
1 and 2), of which there are sometimes multiple possibilities 
depending on the putative parental genotypes.

Model fit evaluation
We aimed to calculate the proportion of variance explained 
by the final inheritance model. The variance to be explained 
is the among-family variance in offspring morph ratios, and 
most of the variance comes from the finite sample size within 
families. As a measure of deviation, we used the square of (half 
of) the deviation of observations from expectations summed 
across all families. As the total variance to be explained, we 
compared the observations to the population-wide morph 
ratio equal across all families. The sum of the squared devi-
ations serves as the reference value or null model. We then 
fitted our inheritance model and calculated the sum of the 
squared deviations. We also evaluated models in which the 
allele frequencies of individual loci were set to 0 or 1 to assess 

D
ow

nloaded from
 https://academ

ic.oup.com
/jeb/article/38/5/639/8100294 by The U

ppsala Program
m

e for H
olocaust and G

enocide studies user on 12 Septem
ber 2025

http://academic.oup.com/jeb/article-lookup/doi/10.1093/jeb/voaf036#supplementary-data
http://academic.oup.com/jeb/article-lookup/doi/10.1093/jeb/voaf036#supplementary-data
http://academic.oup.com/jeb/article-lookup/doi/10.1093/jeb/voaf036#supplementary-data


Journal of Evolutionary Biology, 2025, Vol. 38, No. 5 643

their relative contribution to model fit. Each of these models 
was screened for the best-fitting offspring morph ratio within 
full-sib families (i.e., not necessarily the best for half-sib fam-
ilies) for the lowest deviation. Finally, some of the variations 
will be unreducible sampling variation at finite family sizes. 
Therefore, we simulated 100 data sets each using multino-
mial distributions, once from the expectations of the model 
and once from the observed offspring ratios within families. 
During the simulations, we also recorded the proportion of 
full-sib families that could not be explained by the model 
(either producing offspring in morph categories with zero 
expectations or producing no offspring in morph categories 
with significant non-zero expectations).

Allele frequency simulation
After settling on an inheritance model, we explored which 
allele frequencies could fit the data. We implemented a sim-
ulation across a grid of allele frequencies (initial step length 
0.5, refined to steps of 0.01 for a subset of the parameter 
space). The two linked loci were treated as four haplotypes 
at a single locus (ensuring that their frequencies sum up to 
unity). We then calculated the probability of occurrence of 
mating combinations that explain offspring morph ratios 
within families and allow for suitable paternal genotypes in 
the case of half-sib families. These probabilities were summed 
for each family. The product of probability across all families 
was used as a measure of goodness-of-fit for a particular allele 
frequency combination across the allele frequency grid.

From the best-fitting combination of allele (haplotype) 
frequencies, we inferred linkage disequilibrium D, D’, and 
r2 between the two linked loci using custom in-house scripts 
implemented in the R programming environment (R 4.1.3). 
The linkage statistic D depends on the allele frequencies and 
is therefore not easily comparable. D’ (D scaled by the max-
imum possible linkage given the allele frequencies) and r2 
represent two different ways of standardization that quantify 
slightly different aspects of linkage. (Absolute) D’ quantifies 
linkage relative to the best possible linkage given current 
allele frequencies, whereas r2 quantifies linkage relative to the 
perfect possible linkage (which can only be achieved when 
allele frequencies are equal).

Results
We scored the colour phenotypes of 4,300 offspring (51.4% 
females, 48.6% males), with 21.0% scored as brown, 6.5% 
as dorsal green, 38.6% as lateral green, and 33.9% as 
green. Morph ratios were nearly identical between the sexes 
(χ2

3 = 1.19, p = 0.76).
Offspring colour morphs varied significantly between mat-

ing combinations (Figure 1). After excluding 26 (0.60%) 
exceptional individuals and three exceptional families 
(0.27% of individuals) (see below), 49 (35%) families pro-
duced only one offspring morph, 79 (57%) produced two off-
spring morphs, 7 (5%) produced three morphs, and 4 (3%) 
produced all four morphs. All combinations of offspring 
morphs were represented by multiple families producing two 
or three morphs, and there were multiple pure families of all 
morphs, except for missing families with only D morph off-
spring (Table 1).

There was no evidence of heterogeneity in morph ratios 
among multiple cages of the same full-sib family (Fisher’s 
combined probability: p = 0.42). Furthermore, there was no 

evidence of differences between the sexes in morph ratios 
among families (Fisher’s combined probability: p = 0.32). 
Thus, heterogeneity in offspring morph ratios was among 
families, not within families.

Many families appeared to produce multiple offspring with 
characteristic ratios, particularly 1:1 (27% of families) and 
1:3 (18%) (Supplementary 1). These patterns seem far too 
pronounced to suggest polygenic inheritance. We therefore 
searched for a simple Mendelian inheritance mechanism that 
could produce the observed offspring ratios for each while (a) 
fitting the parental morphs and (b) ensuring that males repro-
ducing with multiple females would have the same genotype. 
The patterns of variation were too complex for single locus 
models. A three-locus model with one locus (G) controlling 
the ability to produce green (with the dominant allele G for 
green being dominant over the b allele for brown); one locus 
(D) controlling the presence of green on the dorsal side (with 
the dominant allele D for dorsal green and the recessive allele 
u for dorsal brown); and a locus (L) controlling the presence 
of green on the lateral side (with the dominant allele L for 
lateral green and the recessive allele n for lateral brown) has 
been proposed for the steppe grasshopper Chorthippus dor-
satus (Winter et al., 2021). In this mode of inheritance, fully 
green individuals required at least one G allele, at least one D 
allele, and at least one L allele (Figure 2). While this model fit 
the broad patterns reasonably well, there were clear discrep-
ancies in four full-sib families (U005, U008, U053, and U226) 
and one paternal half-sib family (U501, Supplementary 2).

An improved fit was achieved by assuming that loci D and 
L are closely linked so that parental variants at these loci are 
inherited together. However, there were still clear discrepan-
cies in three full-sib families (U094, U096, and U226) and 
one paternal half-sib family (U501, Supplementary 2). A near- 
perfect fit was obtained by assuming that the dorsal green 
pattern is controlled by two loci (D and X, the second locus 
with the dominant allele X for dorsal green and the recessive 
allele m for dorsal brown, Supplementary 1). Dorsal green 
colour would then only be produced if an individual carried 
at least one copy of the D allele and at least one copy of the X 
allele (Figure 2). A model in which the X locus was assumed 
to be linked to DL explained the patterns equally well, leav-
ing it uncertain whether the X locus segregates independently. 
In contrast, assuming of genetic linkage between G and DL 
produced ratios that clearly deviated from the observations 
(Supplementary 2).

The offspring ratios from three cages strikingly deviated 
from ratios in other cages of their full-sib families. This small 
number (2.7%) of cages appears to represent errors in egg col-
lection (see discussion) and is therefore best ignored. In addi-
tion, a small number of individuals (0.60%) did not fit with 
the broad pattern. Only a small fraction of these could repre-
sent recombinants between loci D and L (3/26). Considering 
that 88% of all exceptional individuals cannot be explained 
by recombination and must therefore have occurred for other 
reasons (including the possibility of experimental error)—and 
these could also apply to these three potential recombinants 
as well—there is no good evidence for recombination in our 
data. Furthermore, in none of the families that might have 
recombinant offspring is there any evidence of distortion 
from the offspring morph ratios expected with perfect link-
age (Supplementary 1). Thus, we found no convincing evi-
dence that loci D and L ever segregated independently in the 
pedigree.
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Allele frequency simulations show that the allele frequen-
cies at most loci are far from equal (Figure 3). The frequency 
of allele G must be very high (best fit at 0.8), suggesting that 
most brown morphs are brown not because of a lack of abil-
ity to produce green, but because of simultaneous switch-offs 
caused by alleles u and n at loci D and L, respectively (Figures 
2 and 4). The frequency of allele D appears to be rather low 
(best fit at 0.23, as suggested by the high frequency of lateral 
green morphs), while the frequency of allele L is high (best fit 
at 0.59). The frequency of allele X must also be high (best fit 
at 0.71), which was also suggested by only a small number of 
families that did not fit a three-locus model. The best-fitting 
inheritance model suggests complete genetic linkage between 
loci D and L (and possibly X) during inheritance within fam-
ilies, but the population-wide linkage disequilibrium between 
D and L is rather low (D = 0.04, D’ = 0.18, r2 = 0.02). The 
best-fitting allele frequency distribution predicts field pheno-
type frequencies of 21% brown, 4% dorsal green, 48% lateral 
green, and 27% green in a large random mating population.

We think it is worth documenting how different sources 
of information contribute to the final inference of the 

inheritance model. The initial screen for fitting offspring 
morph ratio patterns reduced the number of possible paren-
tal genotype combinations to an average of 15% (range 
0.1% to 63% per family). The search for fitting paternal 
genotypes in half-sib families further reduced the number 
of possible parental genotype combinations to 63% of the 
full-sib family matches (range 6%-100%, with an aver-
age of 73% in cases with two females, 59% in cases with 
three females, and 32% in cases with four females). The 
best-fitting model explained 91.8% of the variation among 
families. Simulations show that the remaining variation rep-
resents sampling variation of 91.1 ± 0.5%. However, mod-
els with allele G or D fixed to single alleles also explained 
90.6% and 88% of the variation, respectively, with only 
one non-fitting family in each case. A model with X fixed 
to a single allele explained 89.1% of the variance with no 
completely non-fitting family. Models with allele L fixed are 
unable to produce dorsally green parents and fail to explain 
offspring morph ratios in 57 families. Thus, locus L contrib-
uted the most to explaining offspring morph frequencies, D 
and G contributed less, and X contributed the least. This 

Figure 1. Distribution of offspring colour morphs across mating combinations in the meadow grasshopper. Box plots on the diagonal highlight mating 
within morphs, while off-diagonal plots show mating between different colour morphs.
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other Gomphocerinae, which may help identify the genetic 
loci responsible for the green-brown colour polymorphism 
and yield predictions about the nature of candidate loci 
(see discussion above). A particularly intriguing question is 
whether the shared (quantitative) genetic architecture we 
report here (in combination with published data from the 
Chorthippus clade (Winter et al., 2021)) also refers to shared 
genetic variants. The data suggest that the transspecies colour 
polymorphism in Orthoptera might represent a case of par-
allel evolution by balancing selection on ancestral variants, 
at least within the Gomphocerinae, although the specific loci 
still need to be identified.

The oligogenic nature revealed by our study has significant 
implications for broader evolutionary dynamics. This poly-
morphism features a relatively simple genetic architecture 
and high phenotypic penetrance. Phenotypic selection will 
therefore act rather directly on specific genetic loci, making 
both balancing and directional selection potentially very effi-
cient. This has implications not only for maintenance by bal-
ancing selection but also for scenarios involving directional 

environmental change. If natural selection acts directly on 
specific genetic variants that respond quickly to selection, 
this also opens an alternative avenue for the maintenance of 
colour polymorphism. If natural selection is fine-grained spa-
tially heterogeneous with strong local selection, phenotypic 
diversity might actually be maintained by efficient directional 
selection in heterogeneous habitats when subpopulations 
are connected by gene flow (Yeaman and Whitlock 2011). 
Indeed, small-scale spatially heterogeneous selection has been 
suggested as a potential driver in the maintenance of the poly-
morphism (Dieker et al., 2018).

While we argue that strong selection on oligogenic traits 
can lead to a fast response, selection may also be rather weak, 
possibly in a spatially heterogeneous way. In such cases, it 
becomes important that multiple loci interact to produce the 
phenotype, as certain phenotypes may arise from multiple 
combinations of loci. Depending on the genetic state of the 
population and the alleles contributing to the advantageous 
phenotype, offspring phenotypes will be produced in differ-
ent ratios. Combined with moderate spatially heterogeneous 

Figure 4. Punnett square showing the proposed inheritance system for the four basic colour morphs of the meadow grasshopper, with the size of the 
sections proportional to the estimated allele frequencies in the population.
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