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Abstract

The East African cichlid radiations are characterized by repeated and rapid diversi-
fication into many distinct species with different ecological specializations and by a
history of hybridization events between nonsister species. Such hybridization might
provide important fuel for adaptive radiation. Interspecific hybrids can have extreme
trait values or novel trait combinations and such transgressive phenotypes may allow
some hybrids to explore ecological niches neither of the parental species could tap
into. Here, we investigate the potential of second-generation (F2) hybrids between
two generalist cichlid species from Lake Malawi to exploit a resource neither parental
species is specialized on: feeding by sifting sand. Some of the F2 hybrids phenotypi-
cally resembled fish of species that are specialized on sand sifting. We combined ex-
perimental behavioral and morphometric approaches to test whether the F2 hybrids
are transgressive in both morphology and behavior related to sand sifting. We then
performed a quantitative trait loci (QTL) analysis using RADseq markers to investi-
gate the genetic architecture of morphological and behavioral traits. We show that
transgression is present in several morphological traits, that novel trait combinations
occur, and we observe transgressive trait values in sand sifting behavior in some of
the F2 hybrids. Moreover, we find QTLs for morphology and for sand sifting behavior,
suggesting the existence of some loci with moderate to large effects. We demon-
strate that hybridization has the potential to rapidly generate novel and ecologically
relevant phenotypes that may be suited to a niche neither of the parental species
occupies. Interspecific hybridization may thereby contribute to the rapid generation
of ecological diversity in cichlid radiations.
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1 | INTRODUCTION

Adaptive radiation describes the phenomenon of rapid diversifica-
tion of a single lineage into an array of many species with ecologi-
cally varied adaptations (Losos, 2010; Schluter, 20002000). In the
East African cichlid radiations, flocks of tens to hundreds of phe-
notypically diverse species have arisen in each of the major lakes
in the region (Kocher, 2004; Seehausen, 2006). Phenotypic diver-
sity in cichlids includes variation in behavior, morphology, color, and
ecological specialization (Simakov et al., 2014; Greenwood, 1974;
Salzburger, 2018; Seehausen, 1996).

The rate at which new species arise during adaptive radiation is
often too high for new relevant mutations to emerge between suc-
cessive speciation events (Hedrick, 2013). Hence, the high levels of
heritable variation required in this process are likely to primarily stem
from standing variation (Barrett & Schluter, 2008; Meier et al., 2017).
Interspecific hybridization can rapidly generate high levels of her-
itable variation (Anderson & Stebbins, 1954; Bell & Travis, 2005;
Hedrick, 2013; Lewontin & Birch, 1966; Seehausen, 2004). Especially
hybridization between nonsister species also has the potential to
reshuffle genetic variation beyond what may segregate within a
population or within a group of incipient species with ongoing gene
flow. Hybridization thus has the potential to provide the raw mate-
rial for phenotypic novelty (Abbott et al., 2013; Stelkens, Schmid,
Selz, & Seehausen, 2009), rapid adaptation (Lewontin & Birch, 1966;
Stebbins, 1959), and adaptive radiation (Grant & Grant, 1992; Martin
& Richards, 2019).

There is evidence for hybrid speciation in plants as well as animals
(Lamichhaney et al., 2017; Mallet, 2007), and hybridization is a com-
mon feature in adaptive radiations (Marques, Meier, & Seehausen,
2019; Seehausen, 2004). In the “hybrid swarm origin” scenario
(Seehausen, 2004), hybridization between distantly related lineages
initiates an adaptive radiation (e.g., Barrier, Baldwin, Robichaux, &
Purugganan, 1999; Hudson, Vonlanthen, & Seehausen, 2011; Joyce
et al., 2011; Meier et al., 2017, 2019; Svardal et al., 2020) whereas
in the “syngameon” scenario (Seehausen, 2004), occasional hybrid-
ization between nonsister member species of an adaptive radiation
facilitates further diversification (e.g., Grant & Grant, 2008; Keller
et al., 2013; Lamichhaney et al., 2015; McGee et al., (in press); Meier
et al., 2017; Meyer, Matschiner, & Salzburger, 2017; Schliewen &
Klee, 2004).

One way in which hybridization could facilitate adaptive di-
versification is by transgressive segregation—the occurrence
of hybrid phenotypes with extreme trait values that exceed the
range of trait values of both parental species combined (Rieseberg,
Archer, & Wayne, 1999; Slatkin & Lande, 1994). While transgres-
sive trait values may reduce hybrid fitness in both parental envi-
ronments (Arnegard et al., 2014; Schluter, 2001), it can also allow
the exploitation of a new habitat and niche that is unavailable to
either parental species (Lamichhaney et al., 2017; Lexer, Welch,
Raymond, & Rieseberg, 2003; Pereira, Barreto, & Burton, 2014;
Selz & Seehausen, 2019). If transgressive phenotypes can be

genetically stabilized and if niche differentiation then leads to

reproductive isolation from the parental species, transgres-
sive novelty can result in speciation (Mallet, 2007; Rieseberg
et al., 1999). Recently, theoretical work by Kagawa & Takimoto
(2017) has demonstrated that in environments with many dif-
ferent ecological niches, hybridization by means of transgres-
sive segregation can facilitate the process of adaptive radiation.
Alternatively, hybrid phenotypes can resemble one of the parental
species, can be intermediate to both, or can combine parental traits
into new trait combinations and the latter, as well as intermediate
types could also allow occupation of an otherwise underutilized
niche requiring intermediate or combinations of parental trait val-
ues (DeMarais, Dowling, Douglas, Minckley, & Marsh, 1992; Grant
& Grant, 1996; Mallet, 2007).

Usually, transgressive segregation is due to segregation variance,
sometimes due to overdominance or epistasis (Abbott et al., 2013;
Rieseberg et al., 1999). Segregation variance typically results from
recombination between parental species when quantitative trait
loci (QTL) with antagonistic effects are present within each paren-
tal lineage and different between them, which have additive ef-
fects when recombined in the hybrid offspring (Abbott et al., 2013;
Rieseberg et al., 1999; Rieseberg, Widmer, Arntz, & Burke, 2003;
Seehausen, 2004). These requirements for transgressive segre-
gation seem to be common in both plants and animals (Rieseberg
etal.,2003). Forexample, transgressive segregation has been demon-
strated for skull shape in interspecific cichlid hybrids (Albertson &
Kocher, 2005). Even when individual morphological traits do not
segregate outside the parental range, new combinations of traits
may still result in functional or mechanical transgression (Holzman
& Hulsey, 2017; Parnell, Hulsey, & Streelman, 2008). Furthermore,
covariation between traits can be relaxed in hybrids, which may fa-
cilitate expansion into new areas of morphospace through the novel
combination of traits (Parsons, Son, & Craig Albertson, 2011; Selz,
Lucek, Young, & Seehausen, 2014). While reduced covariation in
morphological traits could result in the loss of adaptation in an al-
ready adapted population on the one hand, the associated release
of populations from evolutionary constraints on the other hand may
promote evolvability and adaptability in new and changed environ-
ments to which a population is not adapted yet (Parsons, Son, et al.,
2011).

Here, we investigate the potential of second-generation (F2) hy-
brids between two generalist Lake Malawi cichlid species to exploit
a novel ecological niche. The two parental species belong to two out
of seven main lineages within the radiation (Malinsky et al., 2018),
Astatotilapia calliptera and Protomelas taeniolatus. Previous studies of
this cross have shown high levels of transgression in morphology in
both first- (F1) and second (F2)-generation hybrids (Selz, Lucek, et al.,
2014, Stelkens et al., 2009), as well high levels of transgression in col-
orspace in the F1 hybrids. The latter resulted in assortative mating
among F1 hybrids and parental species in mate choice experiments
(Selz, Thommen, Maan, & Seehausen, 2014). Such transgression in
hybrid female mating preferences favoring novel trait combinations
in the hybrid males over those of the parental species was sug-

gested to possibly facilitate the establishment of hybrid populations
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as incipient species, even in geographical proximity to the parental
species (Selz, Thommen, et al., 2014).

The current study aimed to expand on these findings by testing
whether the F2 hybrids of this cross between two generalist Malawi
cichlids have the ability to exploit a new ecological niche distinct
from both parents. Our specific test was motivated because some
of the F2 hybrids in this cross had phenotypes that based on a qual-
itative impression of body shape and color, looked similar to those
observed in a large clade of sand sifting species from Lake Malawi
and were observed to frequently engage in sand sifting in the stock
aquaria (OS personal observations). Sand sifting in search for food
is an ecological specialization that has evolved multiple times inde-
pendently and characterizes large clades of species in several of the
large African great lake radiations of cichlid fish (Fryer & lles, 1972;
Konings, 2010).

To more thoroughly assess and characterize the occurrence of
transgression and novelty in regard to sand sifting in these F2 hy-
brids, we took a novel approach that integrated experimental tests
of transgressive performance with morphological and genetic analy-
ses. Using a newly developed behavioral assay with two differently
colored layers of sand, we assessed frequency and efficiency of sand
sifting behavior in both parental species and their F2 hybrids. We
used linear and geometric morphometrics to quantify variation in
morphology. For trait mapping, we generated a linkage map from
RAD-seq data and performed QTL mapping. To gauge our observa-
tions in the hybrids, we also tested individuals from some specialized
sand sifting species in the same setup.

We demonstrate that in addition to transgression in morphol-
ogy and the appearance of novel trait combinations, some of our F2
hybrids show high transgressive values in behaviors related to sand
sifting, and may thus have the potential to occupy a novel feeding
niche.

2 | MATERIALS AND METHODS
2.1 | The F2 hybrids and their parental species

One of the parental species, Astatotilapia calliptera, henceforth re-
ferred to as CAL, is an omnivorous habitat generalist (Konings, 2010).
Here, we used CAL from Chizumulu, an offshore island in Lake
Malawi. The other parental species, Protomelas taeniolatus, hence-
forth referred to as TAE, is a generalist rock-dwelling species from
Lake Malawi, feeding mainly on loosely attached algae and the mei-
ofauna living among the algae (Konings, 2010). See Figure 1 for a
picture of both parental species and their morphologies.

Two half-sib F1 hybrid families were obtained by crossing two
CAL females with one TAE male. The six F2 hybrid families used in this
study were obtained by crossing four males of one of the F1 families
with five females of the same F1 family, and with one female of the
other F1 family. Breeding protocols followed (Stelkens et al., 2009)
and (Selz, Lucek, et al., 2014). All parental individuals used for breed-

ing were derived from laboratory-bred stock populations.
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Protomelas taeniolatus

FIGURE 1 The two species used for the experimental cross.
Shown are color photographs of representative male individuals

of both species, Astatotilapia calliptera (CAL, top) and Protomelas
taeniolatus (TAE, bottom). To the left of both: mean shape of TAE
(ref) versus mean shape of CAL (target), and mean shape of CAL
(ref) to mean shape of TAE (target), as plotted in geomorph (Adams
& Otarola-Castillo, 2013) using the plotRefToTarget function. Shape
changes are 1.5x magnified

CAL individuals used for phenotyping and genotyping were also
all derived from our stock population. Because only very few TAE
individuals were available from our stock population, we added TAE
individuals obtained from two aquarium breeders for phenotyping
and genotyping.

We also included three females of specialized sand sifting species
from Lake Malawi in the behavioral experiments: one Otopharynx
tetrastigma female from our stock population, one Taeniolethrinops
sp. female and one Lethrinops sp. female from the aquarium trade.

All fish were maintained and bred in a large recirculation aquar-
ium system, with water temperature at 24-26°C and a 12:12 hr light/
dark cycle. The fish were fed flake food once a day and a custom mix
of spinach, ground shrimps, spirulina powder, and vitamins once a

week.

2.2 | Sand sifting behavior trials

We used the setup shown in Figure 2a to assess frequency of and
efficiency in sand sifting in the F2 hybrids and both parental species.
The experimental procedure was slightly different for males and
females. We observed spontaneous sand sifting in our stock tanks,
independent of us feeding the fish. Thus, to avoid adding any con-
founding factors to our assay, we did not bury food in the sand for
motivational purposes.

Each male fish was individually placed into one out of eight ad-

jacent compartments (78 x 36 x 32 cm) separated by perforated
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FIGURE 2 Setup for sand sifting behavior trials. (a) A tank that was part of a large recirculation aquarium system was divided up into
eight adjacent compartments (only two shown) by metal plates with approx. 1 x 1 cm holes to ensure water flow. The compartments

(78 x 36 cm) had a water depth of 32 cm and each contained a glass form (35 x 18 x 6 cm) which was filled with two layers of sand of
different color. Where sand sifting occurred, black sand from the black bottom layer appeared on the beige sand surface (indicated as black
spots on the right). Efficiency in sand sifting was calculated as the area of sand that had turned black divided by the number of strikes (how
many times a fish picked up sand). (b) Visualization of color thresholding of sand pictures in ImageJ to measure the % of sand area that had
been turned over—and hence turned black—in sand sifting trials. The same sand surface is shown before a trial (left) and after a trial without

and with color threshold (right)

barriers to ensure water flow (see Figure 2a). Each compartment
contained a glass form (35 x 18 x 6 cm), which was initially left
empty and then filled with two different layers of sand after the fish
were acclimatized overnight (18 + 2 hr). The bottom layer of sand
consisted of 500 ml black sand with a grain size of 0.5-0.8 mm.
The top layer consisted of 250 ml of beige sand with a grain size of
~1 mm, fully covering the black sand by a thin layer. The compart-
ments themselves did not contain any sand and were covered from
below with brown paper to prevent any light from shining through.
A picture of the undisturbed sand was taken before and after the
sand sifting experiment, which lasted for 2 hr and was filmed from
the top as well as from the front of each compartment. For filming
from the top and for the pictures, we used GOPRO HERO cameras
(V 01.09, resolution 1080-30). For filming from the front, we used a
surveillance video system (Digi-Protect, ABUS group security cen-
ter). After the experiment, the fish and the sand were removed. Each
fish was tested three times (with five exceptions as we lost some
individuals before the experiments were completed), always with a
different neighbor and/or in a different compartment. Three to eight
(mode = 6) fish were tested simultaneously in adjacent compart-
ments. Before the first trial and between trials, the fish were kept
in single compartments (divided by a thin mesh from compartments
containing other fish) for a minimum of 2 weeks to give the fish time
to recover between trials and to minimize potential learning effects.
Both the test and the single compartments were located in tanks
that are part of the same large recirculation aquarium system where
the fish were maintained (see above). Hence, the fish always had vi-
sual and olfactory contact with each other and/or with other fish.
A total of 25 F2 hybrid males, 8 CAL, and 9 TAE males were tested
with this setup.

The females showed signs of discomfort when tested individ-
ually. Hence, we adjusted the protocol as follows: Instead of just
one, we placed three fish of one genotype class (CAL, TAE, F2 hy-
brids; henceforth “class”) together in a compartment, which allowed

them to shoal (Pitcher, 1982), as we had observed them usually do

in the stock tanks. To be able to distinguish the individuals visually,
we sedated the females with MS222 (~75 mg/L, plus ~0.5 g/L so-
dium bicarbonate as buffer) and marked them with the ablation of
a small part of fin (in the soft ray part either on the dorsal fin, on
the upper or on the lower caudal fin lappet) one day before the first
trial. No behavioral differences were observed between the marked
and untreated females from the same tank. The compartments al-
ready contained the sand layers when we added the fish. The sand
remained covered with a plastic mesh for an acclimatization time of
three hours. Then we lifted the cover, took a picture of the sand, and
started filming for 90 min from the front using the GOPRO HERO
cameras. Afterward, another picture of the sand was taken and the
fish were removed. Each group was tested twice, with a break of
one day in between. 16 F2 hybrid groups, six CAL groups, and five
TAE groups were tested with this setup. Two to six such groups were
tested simultaneously in adjacent compartments. As activity visibly
decreased from first to second trial, only the first trial per group was
included in further analyses.

For a qualitative comparison with specialized sand sifting spe-
cies from Lake Malawi, we also tested one group composed of one
Otopharynx tetrastigma female, one Taeniolethrinops sp. female, and

one Lethrinops sp. female in the same setup.

2.3 | Analysis of male sand sifting trials

For each male trial, we measured and scored six different behaviors
(Table 1). All behaviors were scored by the same person (AFF). Trials
with “no strike” counts combined with a “hiding” or an “interaction”
score of 5 (see Table 1) were excluded from analyses (10 out of 118
trials).

The pictures of the sand tray before and after each trial were
imported into Image) 1.49v (Rasband, 2015) as a sequence and
then cropped so the pictures only contained the sand area. We

color-thresholded the pictures using the default thresholding
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TABLE 1 Scored behaviors in male

sand sifting trials ST

Strikes
Latency

Scraping

Scrape effect

Hiding

Interaction

method. The brightness level in the color threshold option was
set to 80, which was the level we determined as best capturing
the contrast between the black and beige sand particles (see
Figure 2b). We then used the “analyse particles function” to cal-
culate the percentage of area covered by black sand, that is, the
area where black sand had been brought to the surface by the fish
picking at or sifting through the sand (see Figure 2b). The score
from the before-trial picture was subtracted from the after-trial
picture. To remove effects of “scraping” (see Table 1), the score
was multiplied by the corresponding inverse value of the effect
due to scraping (see Table 1).

As a measure of efficiency, we divided the percentage of sand
area that had been turned over by the number of strikes per indi-
vidual (+0.001, to allow log-transformation). This could only be cal-
culated for trials in which at least one strike had occurred (73 out of
108 trials).

In the classical view, transgressive values in the F2 hybrids are
defined as values outside the combined parental range (Parsons,
Cooper, & Albertson, 2011; Rieseberg et al.,, 1999; Stelkens
et al,, 2009). In addition to this classical definition of transgres-
sion, we use more conservative transgression thresholds following
(Parnell, Hulsey, & Streelman, 2012). Thus, we calculated transgres-
sion thresholds by taking the higher mean parental value plus two
standard deviations (SD) for the high threshold, and the lower mean
parental value minus two SDs for the low threshold. This approach
also accounts for unequal sample sizes, as the lower sample size of
the parental species should increase the SD and with it the thresh-
olds for transgression (in both directions).

To do pairwise comparisons of means in strike counts and ef-
ficiency between the three classes (note, however, that population
means are not predicted to change when transgressive variation oc-
curs), we used the permTS function implemented in the perm pack-
age in R, with two-sided tests using the exact.mc method and a conf.
level of 0.95 (Fay & Shaw, 2010; R Development Core Team, 2015).

For the measure of efficiency, this analysis was done for the raw
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Description

Number of strikes, that is picking up of sand
Minutes to first strike

Number of times scraping behavior was observed, that is a quick
movement of scraping a part of the body on the sand

Disturbance of sand surface after scraping: yes/no

If yes, qualitatively categorized as follows:

e nearly all black (turned over sand) in one trial due to scraping: 0.9
e alot of black due to scraping: 0.75

e half of black due to scraping: 0.5

e some black due to scraping: 0.25

o little black due to scraping: 0.1

Qualitative score of the amount of time spent hiding or not moving (ranges
from 1 to 5; 1 = no hiding, 5 = always hiding)

Qualitative score of the amount of time spent interacting/displaying with/
to neighboring fish (ranges from 1 to 5; 1 = no interaction, 5 = always
interacting)

(log10) values as well as for size-corrected values given by the resid-
uals of a linear regression (Im function) of (log10) efficiency versus
(log10) standard length (SL) within each group to account for effects
of size.

2.4 | Analysis of female sand sifting trials

For every individual, we recorded latency and we counted the num-
ber of strikes and scraping behavior (as defined in Table 1). Black
sand area and efficiency were calculated as described above, but
using the summed-up number of strikes of all three individuals in
a group to calculate efficiency. Hence, the efficiency measure for
females applies to the group and not to a single individual. This was
possible for all groups except one group of TAE, which had zero
strikes.

Additionally, the level of aggression within each group was
qualitatively assessed (scores 1-5). Calculation of transgression
thresholds and statistical comparisons of means were performed as
outlined above.

2.5 | Linear and geometric morphometrics

All fish used in experimental trials (n = 123) were anesthetized
and subsequently euthanized in MS222 (~75 mg/L for anesthesia,
~200 mg/L for euthanizing, and ~0.5 g/L sodium bicarbonate added
as buffer) and subsequently stored in 75% ethanol. Another 88 F2
hybrid individuals that had died of natural causes in the aquarium
between the years 2010-2016 and that had been preserved in 75%
ethanol were also available for morphological analysis. A standard-
ized photograph was taken from the left side of each fish (161 F2
hybrids, 26 CAL, 24 TAE in total; including all individuals used in the
behavioral trials) using a CANON EO5 60D camera with a CANON
50 mm macro lens.
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FIGURE 3 Morphological traits. Locations of landmarks (red)
and the calculated linear distances (blue). Landmark locations: (1)
intersection of scaled area and dorsal end of preoperculum; (2)
ventral-posterior extreme at the bending point of preoperculum;
(3) posterior hinge of lower jaw; (4) anterior tip of lower jaw; (5/6)
anterior/ posterior extremes of eye socket, placed such that the line
between them is parallel to the one between landmarks (2) and (3);
(7) ventral extreme of eye socket; (10) anterior extreme of snout
bone; (15) dorsal margin of the head above (1) vertical to horizontal
body axis. (11-14) are semi-landmarks equally spaced between
landmarks (10) and (15). Linear distances: epaxial depth (EpD; 1,15),
lower jaw length (LJL; 3,4), maxilla length (ML; 3,10), and eye length
(EyL; 5,6). Standard length (SL; distance between the anterior
extreme of snout bone and the caudal border of hypural plate at
the lateral line) and head with (HW; distance between the posterior
margins of the left and right operculum) were measured directly

on the fish. Mouth angle (MA) was calculated as follows in R:
(atan2((Y6-Y5),(X6-X5))*(180/x))-(atan2((Y3-Y10),(X3-X10))*(180/x)).
An upturned mouth will have a larger angle than a downturned
mouth

In TPSdig 2.10 (Rohlf, 2010), we placed nine landmarks and
four semi-landmarks on each fish for morphometric analyses
(Figure 3). The landmarks were set in such a way that they would
be largely insensitive to slight head elevation due to lower jaw
rotation, which we frequently encountered in the fish that had
died of natural causes. The landmarks were used for geometric
morphometric (shape) analysis and for calculating four linear dis-
tances as well as mouth angle (MA; Figure 3). The linear distances
were Epaxial Depth (EpD), Eye Length (EyL), Lower Jaw Length
(LJL), and Maxilla Length (ML) (Figure 3). Standard Length (SL) and
Head Width (HW) were directly measured on the fish (average of
three measurements with an accepted error of max. 5%). These
traits were chosen to capture aspects of functional morphology
associated with the generation of high suction pressure (McGee,
Schluter, & Wainwright, 2013) without the need to clear and

stain the specimens, which was not possible due to constraints

on specimen use for other projects. All analysis of morphological
data was performed in R, using the R package geomorph (Adams &
Otarola-Castillo, 2013).

Size correction of all scaled linear traits was performed by tak-
ing the residuals of a linear regression of the respective (log,,-trans-
formed) trait values against (log,,-transformed) SL. As the slopes of
the three classes were homogeneous for all these traits (ANOVA,
FDR-adjusted p-values > .1; before FDR correction two traits
showed nonhomogenous slopes: EyL [F2,205 = 3.361, p = .04*] and
ML [Fz,zos = 3.192, p = .04*]), size correction was performed for all
three classes simultaneously. We calculated transgression thresh-
olds as described above (following Parnell et al., 2012).

We additionally performed a principal component analysis (PCA)
including all size-corrected linear traits and MA to compare occupa-
tion of morphospace of the F2 hybrids and both parental species.

To remove an effect of open mouth (see above) in geometric
morphometric analysis, we rotated landmark 4 such that the angle
between ML and LJL was the same for all specimen (mean angle over
all specimens; (Adams, 1999). To obtain shape data, the landmark
configurations were subjected to a generalized Procrustes analysis
(GPA). During superimposition, the semi-landmarks (see Figure 3)
were slid to minimize bending energy (Bookstein, 1997). As shape
variation was significantly associated with SL due to allometric ef-
fects (Procrustes ANOVA: F, ,q, = 41.962, p = .001**), we took the
residuals of a linear regression of shape coordinates on (log,,) SL, and
added them to the consensus coordinates to obtain allometry-free
shapes (Adams & Otarola-Castillo, 2013; Klingenberg, 2016).
Homogeneity of slopes of the F2 hybrids and both parental species
was given (ANOVA with randomized residual permutation proce-
dure: F,,. = 0.716, p = .77), hence size correction was performed
over all three classes (F2 hybrids and both parental species) simulta-
neously. The major axes of shape variation were then assessed using
principal component analyses (PCA) and plotted as morphospace
with warpgrids (visualizing the difference between mean shape and
shape at the maximum and minimum end, respectively, of a PC axis)
for visual inspection of shape change along PC axes. We calculated
transgression thresholds for each axis as described above (following
(Parnell et al., 2012)).

Additionally, we performed the PCA only including the F2 hy-
brids—these PC scores were subsequently used to test for associ-
ations with efficiency in males and in QTL mapping—and we then
used the predict function to project the parental species into this
morphospace.

For shape comparisons with specialized sand sifting species,
we placed the same set of landmarks on photographs of 21 pre-
served specimens (of samples stored at the Natural History Museum
[London, UK], AfricaMuseum [Tervuren, Belgium], Naturalis Museum
[Leiden, Netherlands] and the collections of OS) representing 21 dif-
ferent sand sifting species from Lake Malawi (see List in Appendix
S1 and Young, Snoeks, & Seehausen, 2009). On the pictures of these
fish, we added an additional landmark on the caudal border of the
hypural plate at the lateral line to calculate SL (distance between

this additional landmark and landmark 10, see Figure 3). While angle
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correction and Procrustes analysis (GPA) were performed on the
whole extended dataset, size correction for these individuals was
performed separately as they were generally larger and had signifi-
cantly different allometry slopes (F,,, = 0.02, p =.01*). We then used
the predict function to project the sand sifting species into the mor-

phospace occupied by the F2 hybrids and both parental species.

2.6 | Associations between efficiency and
morphology in F2 hybrid males

Associations of sand sifting efficiency with morphological traits in
the F2 hybrid males were tested using linear models (Im function in
R) with maximum sand sifting efficiency as response variable. First,
we tested each trait separately, i.e. all linear traits, MA, PC scores of
all linear traits including MA (of the PCA including only F2 hybrids),
and shape PC scores (of the PCA including only F2 hybrids). All linear
traits (including MA) together, all linear PC scores together, and all
shape PC scores together were then also tested using multiple linear
models, using the drop1 function and likelihood ratio tests (ANOVA
function) for backward model selection, and basing selection of the
final model on (lowest) AIC score. For model validation, residuals
were checked for normality (qgplots implemented in the car pack-
age; Fox & Weisberg, 2011) and heteroscedasticity by plotting them
against fitted values. All p-values were adjusted for FDR (Benjamini
& Hochberg, 1995; Verhoeven, Simonsen, & Mclntyre, 2005).

2.7 | RAD sequencing

Finclips of all individuals used in behavioral and morphological analy-
ses (see overview on Datadryad) for RAD-tag sequencing had been
stored in 98% ethanol. DNA was extracted from finclips using a phe-
nol-chloroform protocol (Sambrook & Russell, 2001). We prepared
four RAD libraries following Baird et al. (2008), with some modifica-
tions. We used 1 pg genomic DNA per sample. Restriction diges-
tion was performed overnight using the restriction endonuclease
HF-Sbfl (NewEngland Biolabs). We multiplexed 48 individuals per
library after the ligation step using TruSeq P1-adapters and custom
5bp-8bp barcodes. Each library contained 5-18 F2 hybrid males,
14-23 F2 hybrid females, 5-6 F2 hybrid individuals of undetermined
sex, and 3-11 parental species individuals (of both sexes). The librar-
ies were sheared for two minutes on a COVARIS M220 Focused-
ultrasonicator (Covaris Inc. 2012). Sheared fragments between 300
and 700 bp were selected on a SageELF machine (Sage Science
Inc. 2014). All libraries were single end-sequenced (100 bp) on an
lllumina HiSeq 2,500 platform (Illumina Inc 2012). Each library was
sequenced on a single lane. 5%-12.5% bacteriophage PhiX genomic
DNA was added to each lane.

We demultiplexed and trimmed the reads to 90 bp using the
process_radtags script from Stacks v1.40 (Catchen, Hohenlohe,
Bassham, Amores, & Cresko, 2013), correcting single errors in

the barcode and the restriction site, and discarding reads with

incomplete restriction sites. Using the FastX toolkit (http://hanno
nlab.cshl.edu/fastx_toolkit/index.html), we removed all reads with a
Phred quality score below 10, and reads with more than 5% of bases
with a quality score of less than 30. The reads of each individual were
aligned to an anchored version of the Pundamilia nyererei reference
genome (Feulner, Schwarzer, Haesler, Meier, & Seehausen, 2018).
End-to-end alignment was performed with Bowtie2 (Langmead &
Salzberg, 2012) using default parameters. Base score recalibration
was performed as described in (Marques et al., 2016). GATK Unified
Genotyper v3.7 (McKenna et al., 2010) was used to call all confident
sites (with a minimum base quality score of 20). Filtering was per-
formed with a custom Python script and VCFtools v0.1.14 (Danecek
et al., 2011). Minimum variant quality value was 30, genotypes were
required to have minimum quality value of 30, and a minimum depth
of coverage of 10 reads. Indels, sites within 10bp of an indel, multial-
lelic SNPs and monomorphic sites were removed. Additionally, sites
with more than 50% missing data were removed, as well as sites with
a mean genotype depth greater than 88 (median x1.5; as these are
expected to be enriched for paralogs). Furthermore, singletons and
doubletons were removed because they would not be informative
for QTL mapping. Individuals with a mean depth below 20 and/or
more than 50% missing data (n = 12) were excluded. Another 33
individuals (of which 20 belonged to the previously preserved F2
hybrids) were excluded due to potential PCR duplication and allelic
dropout, which was assessed by plotting sequencing depth against
minor allele reads and inspecting the proportion of minor alleles
reads for each individual. Finally, we filtered out sites within 200 bp
of each other to obtain one single SNP per RAD locus. The final vcf
file contained 126 individuals (35 F2 males, 70 F2 females, nine F2s
of undetermined sex, four CAL males, two CAL females, one CAL
of undetermined sex, four TAE males, one TAE female) and 10,166
SNPs.

2.8 | Linkage map and QTL mapping

As finclips of the grandparents of our cross were not available, we
used multiple individuals of each parental population as a substitute
(six CAL [three males, two females, one undetermined], five TAE
[four males, one female]) to identify reciprocally fixed loci that were
then used for mapping. No more than three out of the six CAL and
two out of the five TAE were allowed to have missing data at a given
SNP. The resulting set of 1,188 SNPs over 113 F2 individuals (34
males, 70 females, nine undetermined) was imported into JoinMap
4.1 (van Ooijen, 2006) to produce a linkage map. Premapping quality
control resulted in excluding markers under severe segregation dis-
tortion (p < .01; n = 179) and exhibiting >20% missing data (n = 19),
and in excluding individuals with >30% missing data (n = 2). Based on
an independence, LOD threshold of 7.0 the markers were grouped
into 22 linkage groups, corresponding to the expected number of
chromosomes in these species (Simakov et al., 2014). Another 9 loci
with SCL (Strongest Cross Link)-Values above 5 were excluded in

this process. For mapping, the regression algorithm and Kosambi's
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mapping function were used (LOD threshold 1.0, recombination
threshold 0.499, goodness-of-fit jump threshold 5.0, no fixed order;
two rounds of mapping, ripple performed after each marker addi-
tion). After map creation, markers with an unusually high nearest
neighbor fit were excluded (n = 5). The resulting map contained a
total of 931 markers. The mean number of markers per LG was 42.32
(SD = 11.98; min = 17, max = 64).

QTL mapping was performed using the scanone function (stan-
dard interval mapping using the method EM algorithm (Lander
& Botstein, 1989) in the R/qtl package (Broman, Wu, Sen, &
Churchill, 2003)). Conditional genotype probabilities were calcu-
lated using the calc.genoprob function with a step-size of 1 cM,
an error.prob of 0.05 and the Kosambi mapping function. Mapping
was performed on all five linear traits and MA together, and on
shape PC axes 1-6 together (axes explaining min. 5% of variance)
using normal models. Sand sifting behaviors (maximum observed
efficiency and number of strikes in males and number of strikes
in females) were mapped separately using both normal and non-
parametric models. Genome-wide significance thresholds were
determined by permutation (n = 1,000). This was done for all
fish together without and with sex as covariate for the morpho-
logical traits. Bayesian credible intervals were calculated using
the baysint function. Percent variance (PVE) was calculated as
1-10"®/M"LOP £ojlowing (Broman et al., 2003), where n is the

number of individuals.
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3 | PERMITS
Fish experimentation and euthanasia were authorized by the vet-

erinary office of the canton of Lucerne (License number: LU04/07).

4 | RESULTS

4.1 | Sand sifting behavior

4.1.1 | Transgression in sand sifting behaviors in
some F2 hybrids

When analyzing the number of strikes (i.e., how often sand was picked
up), we found that some F2 hybrid males had transgressive values (in
the positive direction). This outcome was similar when considering the
maximum observed number of strikes per individual (Figure 4a), or
when conservatively considering the mean number of strikes over all
three trials, or the number of strikes per trial separately (Figure S1).
One or two males of the CAL parental species also had high values, but
they were not as high as the most extreme F2 hybrids. Permutation
tests to compare the means of the F2 males and the males of the two
parental species revealed no significant difference between any of
the three classes in the maximum observed number of strikes (F2 vs.
CALp =.754,F2 vs. TAE p = 426, TAE vs. CAL p = .104).
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FIGURE 4 Some F2 hybrids have transgressive behavioral scores. (a, b) show strike counts (i.e., how often sand was picked up by an
individual) in sand sifting trials. For males (a), the maximum observed number of strikes for each individual is shown (for per trial strikes

and means over all three trials see Figure S1). For females, (b), the number of strikes for each individual in the first trial is shown. (c, d) show
sand sifting efficiency (log10-transformed) plotted against standard length (SL; log10-transformed). For males (c), the maximum observed
efficiency for each individual is shown (per trial efficiencies and means over all three trials shown in Figure S1). For females (d), efficiency per
group in the first trial is shown. (SL here is also the mean of the three females in a group). Additionally, one group including three females of
three different specialized sand sifting species is shown (“Sandsifters”). The fish shown on the right are male representatives of each of the
three classes, and an Otopharynx tetrastigma male is shown as representative of one of the tested specialized sand sifting species. The black
dotted lines in all plots indicate transgression thresholds given by the highest/lowest parental species mean +/- 2 standard deviations. The
black bars in (a, b) indicate the means. The dashed lines with different colors indicate the mean for each class in (c, d), in (b) it indicates the

mean of the sand sifting species group
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Similar to the males, two of the F2 females had transgressive val-
ues (positive direction) in the number of strikes, as did one CAL fe-
male (Figure 4b). Permutation tests to compare the means in number
strikes among the F2 females and the females of the two parental
species revealed no significant differences (F2 vs. CAL p = .364, F2
vs. TAE p =.208, TAE vs. CAL p =.120).

In efficiency, some F2 hybrid males clearly exceeded the com-
bined range of parental scores as well as the upper transgres-

sion threshold (Figure 4c). While several F2 hybrid males were

considerably larger than parental species males, transgressive values
were not limited to those individuals; that is, some F2 hybrid males
within the size range of the parental species showed transgressive
values for the behavior (in the positive direction). Again, this was
similar when comparing maximum (Figure 4c) or per trial efficiency
(with the exception of the third trial, which may indicate learning
effects) (Figure S1). Permutation tests to compare the means in max-
imum observed efficiencies among the three classes revealed signif-

icant differences between the F2 hybrid and either parental species
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FIGURE 6 Some F2 hybrids are

transgressive in shape and some occupy
morphospace not shared with either
parental species. Principal component
analyses (PCA) of shape. (a) PC1 versus
PC2, (c) PC3 versus PC4, (e) PC5 versus
PCé. (b, d, f) feature the same PC axes as
in (a, ¢, e) but here the dataset includes

- 21 sand sifting species (“Sandsifters,” one
data point per species; see list in Appendix
S1), which were projected into the
morphospace made up by the F2 hybrids
and both parental species. Additionally,
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(F2 vs. CAL p = .022, F2 vs. TAE p = .012, TAE vs. CAL p = .528).
However, these differences were no longer significant when includ-
ing a size correction in the analysis (F2 vs. CAL p = .950, F2 vs. TAE
p =.994, TAE vs. CAL p = .940).

While some F2 female groups had transgressive efficiency val-
ues (exceeding the combined parental range), F2 female groups were
larger on average and none of them crossed the (upper) transgres-
sion threshold (Figure 4d). Permutation tests to compare the means

in efficiency revealed a marginally significant difference between

the F2 hybrid and CAL female groups (F2 vs. CALp =.068, F2 vs. TAE
p =.128, TAE vs. CAL p = .998). However, there were no significant
differences among the three female classes when including a size
correction in the analysis (F2 vs. CAL p = .994, F2 vs. TAE p = .994,
TAE vs. CAL p = .988).

The mixed group of sand sifting species had a higher overall
strike count (dashed brown line in Figure 4b) and as expected, they
had a higher sand sifting efficiency score than any of the other fe-
male groups (Figure 4d).
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4.2 | Morphology
4.2.1 | Transgression in several linear traits

Transgression in the F2 hybrids was observed in Epaxial Depth (EpD;
both directions), Eye Length (EyL; positive direction), Mouth Angle
(MA,; both directions),and Head Width (HW; both directions) (Figure 5,
Table S1). However, for HW, this only concerned one individual each,
and for this trait, the transgression thresholds were still within the
combined parental species’ range. There were some differences in
the directionality of transgression when calculating the thresholds for
males and females separately (see Table S1). Maxilla Length (ML) and
to some extent Lower Jaw Length (LJL) differentiate the two parental
species (Figure 5): CAL have larger values in both traits.

In the PCA on all linear traits and MA (Figure S2), some individ-
uals fell outside transgression thresholds on several of the PC axes.
Furthermore, the F2 hybrid multivariate morphospace (as 95% con-
fidence interval ellipses) covered a larger area than either parental
species’, and also covered areas outside both parental morphospaces
on PC1 versus PC2, for example lower left and upper right areas
(Figure S2a; and see Table S2 for trait loadings).

4.2.2 | Areas of novelty in shape

In the analyses including the F2 hybrids and both parental spe-
cies, PC1 and to some extent PC2 differentiated the parental

species (Figure 6). Shape change along PC1 was mainly driven by
TABLE 2 Overview of significant and marginally significant QTLs

TRAIT Marker (nearest) LG Pun-LG  Ore-LG

All fish (n = 107), no covariates

PC2 (shape) c22.loc29 22 14 9
(chr14_13840517)
PC2 (shape) chr17_2791538 10 17 20

All fish (n = 103), sex as additive covariate

PC2 (shape) chr17_2791538 10 17 20

All fish (n = 103), sex as additive + interactive covariate

EpD scaffold_600_85054 17 6 11
PC2 (shape) chr20_123196 13 20 4
Males (n = 19)

Number of strikes  c14.loc34 14 22 12

(chr22_9564051)
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mouth size and epaxial depth, such that TAE had a smaller mouth
but a deeper epaxial muscle than CAL. Shape change along PC2
was mainly driven by eye size and the angle of the mouth, such
that TAE had larger eyes and a more downturned mouth. As in
the PCA of linear traits, some F2 hybrid individuals fell outside
transgression thresholds on several PC axes (Figure 6). Also, the
F2 hybrid morphospace (as 95% confidence interval ellipse) cov-
ered an overall larger area as well as areas outside both parental
species morphospace on PC1 versus PC2 (Figure 6a). The most
extreme transgression seemed to occur on PC4 (Figure 6c), where
shape variation was mainly driven by mouth angle and mouth size:
Individuals on the maximum end of this axis had a larger down-
turned mouth, while individuals on the minimum end of this axis
had a smaller upturned mouth (Figure 6c). These are novel com-
binations compared to the parental species as CAL have a larger
and more upturned mouth, and smaller eyes and a smaller epaxial
depth compared to TAE (Figure 1).

When the morphospace of the 21 sand sifting species we
measured was projected into the F2 hybrid and parental species
morphospace, it encompassed the parental species morphospace
as well as the transgressive morphospace of the F2s on PC1 ver-
sus PC2 (Figure 6b). This was mostly true also for PC3 (Figure 6d)
and PC5 versus PCé (Figure 6f), but on PC4 (Figure 6d), a num-
ber of F2 hybrids came to lie well outside the sand sifting species
morphospace.

When shape morphospace was defined by the variance in the
F2 hybrids and the individuals of the parental species were pre-

dicted into this morphospace (Figure S3; note that these were the

p-

cM 95% ClI (cM) (nearest markers) LOD Value PVE

29 17.7-44.9 (chr14_18035646- 4.23 .026 16.64
scaffold_539_97894)

0.42 0-36.2 (chr17_1473009- 3.67 .067 14.61
chrl7_27424319)

0.42 0-36.2 (chr17_1473009- 3.53 .077 14.60
chr17_27424319

5.32 0-20.6 7.79 .021 29.41
(chr6_2259192-chr6_13717514)

56.2 24.8-56.2 5.02 .038 20.10
(chr20_10993627-chr20_123196)

34 0-49.04 (chr22_23331169- 2.60 .072 46.75

scaffold_202_1018989)

Note: Nearest, nearest marker to a QTL at an interpolated marker where genotypes were inferred with calc.genoprob; Pun-LG, linkage group number
corresponding to the anchored Pundamilia nyererei reference genome (Feulner et al., 2018); Ore-LG, linkage group number corresponding to the
Oreochromis niloticus reference genome (Simakov et al., 2014); 95% CI Bayesian 95% confidence interval; cM, position in centi Morgan; PVE, percent
variance explained, calculated as 1-10"@7/n"LOD following (Broman et al., 2003).
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PC values later used in QTL mapping), there was again a substan-
tial area where the F2 hybrids occupied morphospace not cov-
ered by either parental species (lower right corner in Figure S3a).
Compared to the minimum end (i.e., negative sign) of PC1, shape
on the maximum end (i.e., positive sign) of PC1 was characterized
by a large mouth (CAL-like), a large eye (TAE-like), small epaxial
depth (CAL-like), and a convex dorsal head profile (more TAE-like).
On PC2, shape on the minimum end was characterized by a rather
shallow head with a long snout and a small downturned mouth
(overall more TAE-like). Hence, F2 hybrids in this morphospace
outside both parental species morphospaces combined traits in a

novel way.

4.2.3 | No significant associations of morphology
with efficiency in F2 hybrid males

None of the linear traits or shapes were significantly associated with
maximum scored sand sifting efficiency in males (all p > .1 after FDR
correction; see Table S3). The best (but not significant) models with
multiple traits based on AIC were a model containing shape PC axes
4-6, in which PC4 and PCé had only marginally significant effects
(p = .05 and p = .06 before FDR correction), and a model contain-
ing EyL, LJL, and ML, in which ML (a nontransgressive trait) had an
only marginally significant effect (p = .08 before FDR correction)
(see Table S3). Also, the behaviorally tested F2 hybrid males did not
cluster by efficiency category (low, medium, high mean efficiency) in
the shape PCA shown in Figure 6b,d,f.

4.3 | QTL Mapping
4.3.1 | A marginally significant QTL for sand sifting

We found one marginally significant QTL for the number of strikes
in males on LG14 (Pun-LG22/Ore-LG12 (p = .072; Table 2, Figure 7)
using the nonparametric model in mapping. Homozygotes for the
CAL allele had the highest scores, homozygotes for TAE the lowest.

4.3.2 | Significant QTLs for Epaxial Depth (EpD) and
shape PC2

We found one significant QTL for EpD (p = .021; Table 2, Figure 8)
explaining 29.4% of variance on LG17 (Pun-LGé, Ore-LG11) when
accounting for sex as additive and interactive covariate (allows av-
erage phenotype as well as QTL effect to be different between
the two sexes). At the most significant marker for this QTL, ho-
mozygotes for the CAL allele had a smaller EpD than homozygotes
for the TAE, and heterozygotes had the largest values (Figure 8b).

We found two significant QTLs for shape PC2: one on LG22
(Pun-LG14, Ore-LG9) explaining 16.6% of variance in the mapping
without sex as covariate, and one on LG13 (Pun-LG20, Ore-LG4)

explaining 20.1% of variance, when accounting for sex as additive
and interactive covariate (p = .038; Table 2, Figure 8). At the most
significant markers for these QTLs, homozygotes for the CAL allele
had a low PC2 score and homozygotes for the TAE allele had a high
PC2 score in both cases (Figure 8). We found another marginally
significant (p < .1) QTL for PC2 on LG10 (Pun-LG17, Ore-LG20) ex-
plaining 14.6% of variance, either when mapping without covariates,
(p =.067), or when accounting for sex as additive covariate (p =.077)
(Table 2, Figure 8). At the most significant markers for this QTL, ho-
mozygotes for the CAL allele had a high PC2 score and homozygotes
for the TAE allele had a low PC2 score.

5 | DISCUSSION

We experimentally investigated transgressive segregation in mor-
phology and behavior that may result in the potential to exploit a
novel ecological niche (i.e., sand sifting) in a second-generation (F2)
hybrid cross between two trophic generalist species of Lake Malawi
cichlids, in which some of the hybrids phenotypically (in body shape
and color) resembled sand sifting species in the adaptive radiation of
Lake Malawi cichlids (Fryer & lles, 1972; Konings, 2010).

Our experimental trials revealed that F2 hybrid males displayed
sand sifting behavior at similar mean frequencies as males of both
parental species. However, a few F2 hybrid individuals were trans-
gressive: they came to lie outside and above the combined parental
species range and they exceeded the upper transgression threshold
given by the higher parental species mean + 2 SD. Similarly, mean
sand sifting efficiency scores were similar among the three classes
after accounting for size. Yet again, some hybrid males were trans-
gressive, clearly positively exceeding the combined parental species
range as well as the upper transgression threshold. This also applied
to some hybrid individuals within the size range of parental individ-
uals; hence, size alone does not seem sufficient to explain high effi-
ciency. F2 hybrid females displayed sand sifting behavior at similar
mean frequencies as females from both parental species. While two
F2 individuals had transgressive scores, this also applied to one CAL
female. Some hybrid female groups had efficiency scores outside
and above the parental species range, but not crossing the trans-
gression threshold (and the F2 females were overall also larger than
the parental species females). However, some of these F2 hybrid fe-
male groups reached efficiency values close to the high value of the
one group of specialized sand sifting species that we tested. Hence,
we observed rather extreme functional trait values related to a spe-
cialized mode of feeding on a resource that neither parental species
typically exploits. Sand sifting could also be related to behaviors
other than feeding, for example, bower building (McKaye, Stauffer,
Turner, Konings, & Sato, 2001). Interestingly, most of the specialized
sand sifters among Lake Malawi cichlids are also male bower builders
(Fryer & lles, 1972; York, Patil, Hulsey, Streelman, & Fernald, 2015).
So evolutionary interactions between the two functions (feeding
and reproduction) may have played a role in the adaptive radiation.

Bower building has not been observed in either parental species of
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our cross. We think we can exclude a (transgressive) motivation for
bower building to explain our data because such behavior would
only be expected in reproductively active males and usually only
well after they have established a territory (Fryer & lles, 1972; York
etal., 2015).

Second, we found individuals among the hybrids with transgres-
sive values in several linear morphological traits. As expected from
theory (Stelkens & Seehausen, 2009) and demonstrated in cichlids
(Stelkens et al., 2009), transgression occurred predominantly in traits
that do not differentiate the parental species. In our multivariate
principal component analyses, where each axis is built from different
combinations of variance components of the morphometric traits,
we observed some transgression on individual axes. Moreover, we
found areas where the F2 hybrids occupied distinct parts of morpho-
space not covered by either parental species through novel combi-
nations of parental trait values on different shape axes (i.e., areas of
phenotypic novelty). Hence, we show that hybridization can rapidly
generate transgressive morphology and novel morphological trait
combinations, which may provide the raw material for rapid adap-
tive diversification (Grant & Grant, 1992; Lewontin & Birch, 1966;
Stebbins, 1959).

The absence of any simple significant association between
morphology and sand sifting efficiency likely reflects the com-
plexity of the functional relationships associated with the behavior
(Kane & Higham, 2015). The functional basis of benthic foraging
on single targeted prey items is relatively well understood (McGee
et al., 2013), but the factors governing more indiscriminate sifting
of large quantities of sand are more complex. Suction potential
can be enhanced via enlarged epaxial musculature or a reduction
in buccal volume (McGee et al., 2013), which can be seen in one
of our parental species, P. taeniolatus (TAE), which has both a small
gape and enlarged epaxial musculature relative to A. calliptera

(CAL) (see Figure 1). However, while a smaller buccal volume may

enhance suction, it also limits the amount of substrate processed
per strike, compromising efficiency. This suggests that sand sifters
may experience a trade-off between suction potential and sifting
efficiency, producing an adaptive ridge in morphospace where no
one trait combination is optimal. Furthermore, other behavioral
aspects that we did not measure in our experiment, such as at
which angle a fish approaches the sand, may influence efficiency
in sand sifting.

We found significant QTLs for one linear trait (Epaxial Depth,
EpD) and for shape PC2. The QTL for EpD could to some extent
be predicted to generate transgressive phenotypes via overdom-
inance since heterozygous genotypes had the highest values in
this trait (Figure 8b). However, although three individuals were
indeed transgressive in this direction for this trait (Figure 5a),
more individuals were transgressive in the opposite direction, and
these low values occurred in homozygous CAL genotypes, indi-
cating that other mechanisms, such as epistasis, could be involved
in generating transgression in this trait. On shape PC2, the more
deep-headed individuals with a large upturned mouth and short
snout (more CAL-like) were on the maximum end of PC2, the more
slender-headed individuals with a small downturned mouth and
a longer snout (more TAE-like) were on the minimum end of PC2
(see Figure S3a). The genotypes at the marginally significant QTL
on LG10 (Pun-LG17/Ore-LG20) are consistent with this: individ-
uals that are homozygous for CAL alleles (AA in Figure 8b) had
higher PC2 values while individuals homozygous for TAE alleles
had lower PC values. The opposite is true for the other two (signif-
icant) QTLs for shape PC2 (one on LG13/Pun-LG20/Ore-LG4 and
one on LG22/Pun-LG14/0Ore-LGY), where individuals homozygous
for CAL alleles had lower and individuals homozygous for TAE al-
leles had higher PC2 values (Figure 8b). Position on PC2 hence
has a genomic architecture as expected if the associated shape

features had independent histories of stabilizing selection in the
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FIGURE 8 QTL mapping suggests the presence of some loci with moderate to large effects on morphology. In (a) LOD scores across the
22 chromosomes are shown for EpD and PC2 (mapping with sex as additive (add)/interactive(int) covariates for EpD and PC2, and without
covariates (no cov) for PC2), for which we found significant (p < .05) or marginally significant (p < .1) QTLs. The dotted lines represent
genome-wide significance thresholds of p < .05. (b) shows the phenotypic distributions and effect plots of these two traits at the most
significant marker associated with a QTL. Genotype AA corresponds to homozygous for CAL alleles, BB to homozygous for TAE alleles, AB

to heterozygous

two parental taxa. Combining two of these opposite effect QTLs
could be expected to generate transgression (see e.g., Rieseberg
et al., 1999). However, there were only a couple of transgressive
individuals on this PC axis and it is unclear, which exact aspect of
shape drives the association with the QTLs.

The detection of a marginally significant QTL for one of the
behaviors in males (number of strikes) is surprising given our low
sample size (n = 19), and should be interpreted with some caution.
However, the pattern that males homozygous for CAL alleles had
the highest values and males homozygous for TAE the lowest is
consistent with the observation that CAL males had higher means
in their number of strikes than TAE males (see Figure 4 and Figure
S1).

In conclusion, we demonstrate a case where hybridization be-
tween two Lake Malawi cichlid species that are trophically un-
specialized has not only resulted in transgression in morphology, but
also in transgressive trait values in behaviors related to a feeding be-
havior that is not typical for either parental species but characterizes
a whole clade of trophically specialized species in the Lake Malawi
cichlid radiation. We find several QTLs for morphology, suggesting
the existence of some loci with moderate to large effects. The genetic
basis of transgression in this cross, however, is not yet resolved. One
issue in our study was the relatively small sample sizes, which may
make detection of QTLs difficult, especially those with small effect
(see e.g., Slate, 2017), and will usually lead to overestimation of the
effect of significant QTLs (Beavis, 1995). Furthermore, in addition
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to complementary gene action and overdominance, epistasis could
also be involved in generating transgression (Rieseberg et al., 1999).
The latter is still challenging to infer and would need more elabo-
rate analyses (see e.g., Laurie, Wang, Carlini-Garcia, & Zeng, 2014).
Nevertheless, the functional morphology and/or behavior, which
may underlie the effective and efficient use of a resource neither
parental species has specialized on, is present in some of our F2 hy-
brids. If this occurred in the wild, in the situation where specialized
sand sifters were not yet present, it may permit some hybrid geno-
types to tap into niches not used by either parental taxon, as has also
been demonstrated for natural hybrids in several plant taxa (Anton,
R. Ward, & Cruzan, 2013; Donovan, Rosenthal, Sanchez-Velenosi,
Rieseberg, & Ludwig, 2010; Xing et al., 2014; Zhao et al., 2014)
and for experimental hybrids in Lake Victoria cichlid fish (Selz &
Seehausen, 2019). If hybrids have elevated fitness in some ecological
conditions, but are less fit than the parentals in the latter's ecological
conditions, this might enable ecological niche partitioning between
a population of some hybrid genotypes and both parental species
(Seehausen, 2004). If niche differentiation leads to habitat isola-
tion, this could be one route to the evolution of reproductive isola-
tion between a hybrid lineage and its progenitors (Buerkle, Morris,
Asmussen, & Rieseberg, 2000; Mallet, 2007; Rieseberg et al., 1999).
The alternative route to hybrid speciation would be if niche differen-
tiation becomes genetically coupled to behavioral reproductive iso-
lation (Selz, Thommen, et al., 2014). Interestingly, we see evidence
for both in the hybrid cross we studied here: we see transgression
and novelty in these hybrids in morphology (Selz, Lucek, et al., 2014;
Stelkens et al., 2009; and the present study) and in a behavior linked
to utilizing a resource not typical of either parent (present study),
and also in traits that are relevant for reproductive behavior (assor-
tative mate choice and transgressive male color in F1 hybrids in Selz,
Thommen, et al., 2014). If both assortative mating and the potential
to adapt to a novel food resource come together in hybrids—and in-
dications for both exist in this experimental species cross—this might
enable a new hybrid species to emerge relatively quickly. Together,
these findings suggest that interspecific hybridization in cichlids can
generate functional novelty that is known from other cichlid species
to be adaptive in certain ecological contexts and could thereby pos-
sibly facilitate or have facilitated niche shifts, promoting speciation,

and adaptive radiation.
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