
Received: 11 August 2022 | Revised: 14 March 2023 | Accepted: 21 March 2023

DOI: 10.1002/jez.b.23194

R E S E A R CH AR T I C L E
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Abstract

One of the most intriguing traits found in domestic chickens is the Crest phenotype.

This trait, characterized by a tuft of elongated feathers sprouted from the head, is

found in breeds such as Polish chickens and Silkie chickens. Moreover, some crested

chicken breeds also exhibit a protuberance in their anterodorsal skull region.

Previous studies have strived to identify the causative factors of this trait. This study

aimed to elucidate the role of chicken HOXC8 and HOXC10 in the formation of the

Crest phenotype. We explored the effect of ectopic expression of HOXC8 or

HOXC10 on the chicken craniofacial morphology using the RCAS retrovirus

transformation system. Microcomputed tomography scanning was conducted to

measure the 3D structure of the cranial bone of transgenic embryos for geometric

morphometric analysis. We found that the ectopic expression of HOXC8 or HOXC10

in chicken heads caused mild morphological changes in the skull compared with the

GFP‐transgenic control group. Geometric morphometric analysis showed that

HOXC8 and HOXC10 transgenic groups expressed a mild upward shape change in

the frontal region of the skull compared with the control group, which is similar to

what is seen in the crested chicken breeds. In conclusion, this study supports

findings in previous studies in which HOX genes play a role in the formation of the

altered skull morphology related to the Crest phenotype. It also supports that

mutations in HOX genes may contribute to intra‐ and inter‐specific variation in

morphological traits in vertebrates.

K E YWORD S

Crest phenotype, ectopic expression, geometric morphometric analysis, HOX genes, RCAS
system

1 | INTRODUCTION

The earliest description of chickens with a crest can be traced back to

the Roman author Claudius Aelianus, who suggested that the

phenotype emerged before the 3rd century AD (Brothwell, 1979).

The phenotype is characterized by a tuft of elongated feather crest

sprouting from the head (Figure 1a) (Bartels, 2003; Y. Wang

et al., 2012) and can be observed in chicken breeds such as Silkie

chicken (Figure 1a) and Beijing You chicken. Crests can also be seen

in many other avian species, including crested pigeons (Ocyphaps

lophotes), sulfur‐crested cockatoos (Cacatua galerita), and Eurasian

hoopoes (Upupa epops).
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Several crested breeds often exhibit a protuberance in the

anterodorsal region of the skull, commonly known as a nonlethal

cerebral hernia (Yoshimura et al., 2012). Such traits can be seen

clearly in chicken breeds such as Polish and Houdan chickens but are

less conspicuous in Silkie and Beijing You chickens (Li et al., 2021).

Moreover, the skull of heterozygous Silkie was reported to show no

differences from noncrested breeds (Fisher, 1935). In addition, similar

traits can be seen on the back side of the head of the crested duck

(Bartels et al., 2001) and in the forehead of the lion head goose (Deng

et al., 2021), albeit the traits are expressed in different ways. Using

domestic animals as models to study specific traits such as Crest is

advantageous because they are artificially selected by humans based

on economic or esthetic reasons, and may not be found in the wild

(Bartels, 2003; Boer et al., 2017; Chen et al., 2015; Domyan &

Shapiro, 2017; Ng & Li, 2018). Therefore, these traits in domestic

chickens provide valuable models for investigating the molecular

basis of their formation.

Although the Crest phenotype sometimes co‐exists with a

cerebral hernia, whether the same factor causes the two traits have

been debated since the early 20th‐century (Fisher, 1935). Until a few

decades ago, researchers could only conclude that cerebral hernia

always exists along with a feather crest, but is not a necessary factor

for the feather crest to exist (Fisher, 1935; Yoshimura et al., 2012).

Specifically, the inheritance of the feather crest is autosomally

recessive, while cerebral hernia is autosomally incompletely dominant

(Davenport, 1906; Tao et al., 2020). Candidate causative genetic

factors had not been identified until Y. Wang et al. (2012) mapped it

onto the GalGal3 assembly and discovered that ectopic expression of

HOXC8 in the head was probably responsible for the phenotype

(Y. Wang et al., 2012). However, Yoshimura et al. (2012) proposed a

different hypothesis that two different genetic factors separately

caused feather crest and cerebral hernia. Moreover, no clear

association of three reported Crest markers, HOXC8‐SSR, HOXC8‐

3end, and HOXC8‐INTR, was found in Swiss crested chickens, and no

polymorphisms were found in exons of HOXC8 (Joller et al., 2018). In

addition, Tao et al. (2020) suggested that a series of differentially

expressed genes (DEGs) existed between crested and noncrested

chicken brain regions and eventually identified 547 DEGs, including

HOXC10 (Tao et al., 2020). Recently, a study using the GalGal6

assembly showed that the phenotype was actually caused by a

195 bp duplication in the intron of HOXC10 (Li et al., 2022).

Furthermore, multiple HOXC genes in the HOXC cluster, including

HOXC8 and HOXC10, were ectopically expressed not only in the

cranial skin but also in the skull (Li et al., 2021; Liu et al., 2022).

HOXC genes belong to a family of essential transcription factors

highly involved in the early development of animals (Figure 1d).

Generally, there are four HOX clusters in avian and mammalian

genomes, named clusters A, B, C, and D, which originated from the

duplication of one ancestral cluster (Hoegg & Meyer, 2005; Mallo &

Alonso, 2013). Abnormal expression of HOX genes may cause

phenotypic aberrations (Montavon & Soshnikova, 2014; Y. Wang

et al., 2012). For instance, mutations in human HOXD13 cause

synpolydactyl limb malformation (Goodman & Scambler, 2001). The

structure of HOX gene clusters is highly conserved in vertebrates

(Santini et al., 2003), and so is the regulation of their expression

(Duboule, 1998). Domestic birds are an excellent model to reveal

morphological diversity generated by HOX gene mutations. For

instance, it has been shown that the ectopic expression of HOXB8 is

related to muffs and beards in chickens (Guo et al., 2016; Yang

et al., 2020). Also, the crested phenotype of the Chinese Crested

duck (Fengtou duck) is associated with overexpression of HOXC8

(Yuan et al., 2019).

In this study, we ectopically expressed the HOXC8 and HOXC10

genes using the RCAS retrovirus system (Hughes, 2004; Spurlin &

F IGURE 1 Crested and noncrested breeds. (a) White Leghorn male (noncrested). (b) Polish male (crested). (c) Silkie female (crested). (d) The
cluster of HOX genes on chromosome 33. A 195‐bp duplication was found in crested chickens (Li et al., 2022).
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Lwigale, 2013; von Werder et al., 2012) and analyzed the effect on

the chicken head morphology using microcomputed tomography

(micro‐CT) and geometric morphometric analysis. The results showed

that the ectopic expression of either HOXC8 or HOXC10 in chicken

heads can cause a mild morphological change in the skull. Moreover,

our principal component analysis (PCA) analysis revealed that

the morphological change weakly resembled the malformation

observed in chicken breeds with cerebral hernia, for example, Beijing

You chicken.

2 | RESULTS

2.1 | HOXC8 and HOXC10 ectopic expression
in the chicken head caused a mild morphological
change in the skull

We designed transgenic experiments to ectopically express HOXC8

and HOXC10 in the heads of embryonic chicks. We performed the

geometric morphometric analysis to micro‐CT data of wildtype and

transgenic samples (Figure 2), and then applied PCA to examine the

statistical distribution of the samples. The first and second principal

components of PCA explained ~28% and ~15% of the variation in the

virus‐injected samples according to the eigenvalues from MorphoJ

(Klingenberg, 2011) (Figure 3a). Only slight differences were

observed between groups in the second dimension of the variability,

in which both RCAS::HOXC8 and RCAS::HOXC10 were distributed

more positively than RCAS::GFP along the PC2 axis while only

RCAS::HOXC10 showed significant differences between the other

two groups. (Figure 3a,e). After re‐evaluating the micro‐CT scan data,

we found that each sample might be at a slightly different

developmental stage. Although all samples were collected after

approximately the same period of incubation (20–21 days), the speed

of embryonic development seemed to vary among samples. Thus, we

tried to classify all our virus‐injected samples by the estimated

developmental stage based on the Hamburger–Hamilton (HH)

chicken embryo staging method (Hamburger & Hamilton, 1951) and

also a study that staged the chicken embryos by applying alizarin red

bone staining of skulls to HH stages (Arnaout et al., 2021). The three

estimated stage intervals were HH stages 40–41, HH stages 41–42,

and HH stages 42–43 (Supporting Information: File S4). We then

staged each sample by calculating the length ratio from the nasal

dorsal tip to the premaxilla's tip and the intersection of the anterior

point of the antorbital fenestra with the suture of the nasal and

maxilla. According to the HH stage, the beak length is proportional to

the age of the embryo, and we found that the stage measurements of

our samples were not unanimous (Supporting Information: File S1,

File S4, and Figure S4). Based on these observations, the first

dimension of variability seemed to represent mainly morphological

changes due to stage differences. In contrast, the second dimension

captured mild shape variations between the two virus‐injected

groups. This tendency was more prominent in the skull outline

wireframe of the PCA plot. The skull outline wireframe of PC1

expressed a horizontal shape change, which coincided with the

development of the head of the chicken embryo. On the other hand,

the skull outline of PC2 expressed a vertical shape change,

supporting the virus‐induced shape change (Figure 3e).

2.2 | HOXC10 ectopic expression in the head
showed more apparent morphological changes than
HOXC8

Figure 3a shows that the RCAS::HOXC10 transgenic group overall

distributed more positively than the RCAS::HOXC8 transgenic

group along the PC2 axis. To evaluate this distribution trend, we

performed another PCA using only RCAS::HOXC10 and RCAS::

HOXC8. The results showed that the RCAS::HOXC10 transgenic

group distributed slightly more positively than the RCAS::HOXC8

transgenic group along the PC2 axis, and the morphological

changes in the anterodorsal region of the skull were one of the

most significant contributions of the differences between the two

groups (Figure 3d,h,l,p). This trend could be seen more clearly in

PCA scatter plots plotted using RCAS::HOXC8 and RCAS::HOXC10

versus RCAS::GFP, respectively (Figure 3b,c,f,g). Specifically,

although the RCAS::HOXC8 group distributed slightly more

positively than the RCAS::GFP transgenic group along the PC2

axis, the two groups actually had a large proportion of overlap, and

no significant differences were observed between them in the box

plot (Figure 3b,f). On the other hand, not only was RCAS::HOXC10

distributed more positively than RCAS::GFP along the PC2 axis, but

also the overlap between the two groups was less than that

F IGURE 2 Schematic diagram of geometric morphometric analysis (a) Landmarks used in geometric morphometric analysis were shown on
the chicken embryo skull lateral view. Landmarks were labeled using tps series tools. (b) Schematic diagram of General Procrustes Analysis.
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between RCAS::HOXC8 and RCAS::GFP in the PCA plot

(Figure 3a–c).

2.3 | The HOX gene transgenic groups resembled
Beijing You chicken more than the control group

Next, we performed the same geometric morphometric analysis in

MorphoJ and performed PCA onWT crested and noncrested breeds,

which included Beijing You chicken, Silkie chicken, L2 Native chicken,

White Leghorn, and Gong Ting chicken; L2 Native chicken, White

Leghorn, and Gong Ting chicken were noncrested. We combined the

WT shape data with the virus‐injected sample data after generalized

Procrustes analysis (GPA) and performed PCA again. The first

principal component explained nearly 30% of the variations

(Figure 4a), which also accounted for the shape differences.

Furthermore, the RCAS::HOXC8 and RCAS::HOXC10 virus‐injected

groups were distributed closer to the Beijing You chicken group,

which had the most distinct average cerebral hernia among our

samples, than to the RCAS::GFP virus‐injected group (Figure 4a). The

tendency was more conspicuous on skull wireframe changes along

the PC1 axis (Figure 4c). For the canonical variate analysis (CVA)

analysis, CV1, CV2, and CV3 explained 32.1%, 31.3%, and 19.1% of

the variability according to the eigenvalues. However, the same

distribution tendency in the PCA plot could only be seen in the

scatter plot formed by CV2 and CV3 (Figure 4b). The p value of CVA

results of the permutation test between WT and transgenic samples

all showed significant differences in Procrustes distances between all

F IGURE 3 PCA results of transgenic samples. (a) PCA data points color‐coded by the virus vectors injected. (b) PCA data points color‐coded
by RCAS::HOXC8 and RCAS::GFP. (c) PCA data points color‐coded by RCAS::HOXC10 and RCAS::GFP. (d) PCA data points color‐coded by
RCAS::HOXC8 and RCAS::HOXC10. (e) Box plot plotted using PCA data of (a). (f) Box plot plotted using PCA data of (b). (g) Box plot plotted using
PCA data of (c). (h) Box plot plotted using PCA data of (d). (i) Shape changes along the PC1 positive axis of (a). (j) Shape changes along the PC1
positive axis of (b). (k) Shape changes along the PC1 positive axis of (c). (l) Shape changes along the PC1 positive axis of (d). (m) Shape changes
along the PC2 positive axis of (a). (n) Shape changes along the PC2 positive axis of (b). (o) Shape changes along the PC2 positive axis of (c).
(p) Shape changes along the PC2 positive axis of (d) (*, p < 0.05; **, p < 0.01; ***, p < 0.001; Light blue outline: Average outline after GPA; Dark
blue outline: Principle component 1; Red outline: Principle component 2; The number of embryonic chicks used in each group:
RCAS::HOXC10: 19; RCAS::HOXC8: 31; RCAS::GFP: 26. Detailed information for box plots were listed in Supporting Information: File S8).
GPA, generalized Procrustes analysis; PCA, principal component analysis.
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F IGURE 4 PCA results of transgenic samples versus WT samples. (a) PCA data points color‐coded by transgenic groups and different wild‐
type breeds. (b) CVA data points color‐coded by transgenic groups and different wild‐type breeds. (c) Shape changes along the PC1 positive axis
of (a). (d) Shape changes along the CV2 positive axis of (b). (e) The skull outline wireframe of PC1 showed a horizontal shape change along the
positive axis, which coincided with earlier stages to later stages. In addition, the skull outline of PC2 showed the anterodorsal region of frontal
becoming slightly more protuberance along the positive axis (Light blue outline: Average outline after GPA; Dark blue outline: Principle
component 1; Red outline: Canonical variate 2; The number of embryonic chicks used in each group: Beijing You chicken; RCAS::HOXC10: 19;
RCAS::HOXC8: 31; RCAS::GFP: 26; Beijing You chicken (BK): 7; L2 Native chicken: 3, Gong Ting chicken: 1 (Classified As Noncrest = NC); Silkie
chicken: 5). CVA, canonical variate analysis; GPA, generalized Procrustes analysis; PCA, principal component analysis.
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groups, and the Procrustes distances between RCAS::HOXC10 and

BK (Beijing You) are the shortest among the three transgenic groups

(Table 1). Moreover, the skull outline wireframes showed that the

frontal protuberance was slightly more exaggerated along the CV2

positive axis (Figure 4d).

3 | DISCUSSION

3.1 | Other possible causes of shape differences

According to the PCA results, we may consider that mild shape

differences existed between the RCAS::HOXC8 and RCAS::HOXC10

virus‐injected groups and the RCAS::GFP group. Nevertheless, the

cause of the variabilities may be questioned. Stage differences

existed between samples, although all samples were collected after

the same incubation time under the same conditions. Moreover,

several RCAS::GFP points on the PCA plot are actually distributed

very close to RCAS::HOXC8 and RCAS::HOXC10 points (Figure 3a).

These observations raise a concern that the differences between

groups might actually have arisen from individual variabilities rather

than an ectopic expression of HOXC8 or HOXC10.

In addition, the mortality rate of most virus injection trials was

over 50%. This high rate might imply that some of the virus‐injected

embryos were not able to survive until sample collection. This might

suggest that the virulence of RCAS viruses or the injection procedure

itself affected the survival of the embryos, which could also suggest

that some samples we collected were those infected less or not at all.

This could be supported by the distribution of different transgenic

groups on the PCA plot. A certain proportion of overlap could be

seen between the three transgenic groups, especially between

RCAS::HOXC8 and RCAS::GFP (Figure 3a). Moreover, although most

data points were distributed more positively, several sample points in

RCAS::HOXC8 were scattered more downward than RCAS::GFP along

the PC2 axis (Figure 3a). Thus, our results might be biased by survival

rate differences.

Recently, micro‐CT scanning were widely used as it generated

three‐dimensional (3D) with higher resolution then traditional

skeletal staining methods such as alizarin red/alcian blue (Boer,

Maclary, et al., 2021; Boer, Van Hollebeke, et al., 2021; Navalón

et al., 2021; Unger et al., 2021). As demonstrated in our micro‐CT

scan data, the frontal and parietal regions of the skull were not fully

fused. According to Arnaout et al. (2021), this could be a criterion for

embryonic stage estimation. However, the observation of the skull

not being fully fused might also arise from the insufficient resolution

of the original micro‐CT scan files. This might cause a misidentifica-

tion of the landmark locations, which could possibly lead to an

overestimation or underestimation of the shape differences. More-

over, stage estimation using merely observations and comparisons

between pictures might be overly subjective under some circum-

stances. This was the reason why we proposed another way of

estimating sample stages by calculating the ratio between the length

from the dorsalmost tip of the nasal to the tip of the premaxilla and to

the anterior‐most point of the antorbital fenestra of each sample to

establish a more objective method of stage determination. However,

this method could also be criticized if these two skull parts did not

develop at approximately the same speed.

Finally, we conducted some tests to examine our transgenic

experiment's effectiveness. We used immunohistochemistry to target

the RCAS virus‐specific protein GAG in the cranial skin dissected

from the transgenic embryos. Although we did observe signals in the

virus‐injected groups, not every skin from the virus‐injected group

we stained possessed a positive signal (Supporting Information:

Figure S2), which might suggest that the efficiency of our virus

infection might not be as good as we assumed or that the amount of

virus injected was not enough. Also, we used iBright CL 1000 to

check whether the RCAS::GFP transgenic samples and the negative

control samples in the early stages (6–8 days) emitted green

fluorescence. Brighter green fluorescence was observed in the

cranial skin of RCAS::GFP chick embryos than in negative control

embryos (Supporting Information: Figure S3). However, the differ-

ences were almost negligible. Given these sources of measurement

errors, our findings should be taken with caution.

3.2 | Relationships between feather crest and skull
protuberance

In this research, we have discussed some chicken breeds with feather

crests, including Beijing You chicken, Silkie chicken, and Polish

TABLE 1 Differences in the skull shape among the transgenic and WT groups.

Procrustes distances p Values from permutation tests
Group: BK GFP HOXC10 HOXC8 NC BK GFP HOXC10 HOXC8 NC

GFP 0.0609 – – – – <0.0001 – – – –

HOXC10 0.0525 0.0223 – – – <0.0001 <0.0001 – – –

HOXC8 0.0548 0.0150 0.0183 – – <0.0001 0.0100 0.0023 – –

NC 0.0547 0.0239 0.0298 0.0259 – 0.0374 0.0352 0.0082 0.0857 –

SK 0.0822 0.0400 0.0466 0.0372 0.0512 0.0027 <0.0001 <0.0001 0.0010 0.0011

Note: The numbers of chicks in the six groups are: RCAS::HOXC10: 19; RCAS::HOXC8: 31; RCAS::GFP: 26; Beijing You chicken (BK): 7; Silkie chicken (SK):

5; Noncrest (NC).
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chicken. Slight differences appeared in ways of expressing the Crest

phenotype (Bartels, 2003). For example, unlike a full crest that grows

all over the head as seen in the Silkie chicken and Polish chicken, the

Appenzeller Spitzhaubenhuhn chicken expresses a helmet‐like crest,

with the feathers pointing up straight from the head (Joller

et al., 2018). As mentioned above, the feather crest was reported

to be closely related to skull protuberance.

Moreover, according to Stange et al. (2018), both Polish chicken

and Appenzeller Spitzhaubenhuhn chicken seem to possess a skull

protuberance, the former being more exaggerated than the latter.

This suggests the possibility that some relationships exist between

the form of feather crest and the extent of skull protuberance. In

addition, according to Li et al. (2021), HOXC8 was expressed in the

cranial area in several crested chicken breeds, including the Polish

chicken, which had been shown to have a misplaced sphenoid bone

(Tao et al., 2020) and a more loosely packed brain compared withWT

chicken breeds (Frahm & Rehkämper, 1998). Furthermore, HOXC8

was also found in the cranial area of the Chinese crested duck, which

expresses a crest cushion formed by fat tissues along with the feather

crest in the caudal region of the head (Yuan et al., 2019). These

observations suggest that HOX gene ectopic expression‐related Crest

phenotypes may vary among related species.

3.3 | Geometric morphometric measures of skull
protuberance

Geometric morphometry is the study of shape variations and analysis

of shape changes between samples using coordinates of geometric

landmarks (Adams et al., 2004; Rohlf & Marcus, 1993). The technique

is widely used in many research fields, such as archeology (Yravedra

et al., 2018), morphology (Su et al., 2015), and anatomy (Adams

et al., 2013). While performing geometric morphometric analysis,

shape variables such as orientations, positions of the landmarks, and

different scales of the samples are excluded to ensure that only the

shapes vary between samples. The procedure is called super-

imposition of the landmarks, or GPA (Adams et al., 2004; Rohlf &

Marcus, 1993). However, the conditions of our lab were unsuitable

for the observation of adult transgenic chicken feather crest and the

maintenance of their raising environment. Thus, we shifted our target

to embryonic morphological analysis. We used traditional methods of

quantitative shape analysis to compare two groups of transgenic

chickens, by calculating the ratios of the distances between points in

the skull from the lateral views of the micro‐CT images. However, the

method turned out to be imprecise to express the characteristics of

the shape variation due to differences between samples, and we tried

to solve the problems by geometric morphometric shape analysis.

Moreover, shape analysis was not restrained in two–dimensional (2D)

conditions. If the data were insufficient for analysis or if 2D analysis

could not fully represent the characteristics of the object, a 3D shape

analysis could be a viable alternative. For instance, in archeology,

describing the characteristics of hand axes made by ancient humans

is challenging because the surfaces are often rough and uneven

(Herzlinger et al., 2017). In this situation, 2D shape and 3D surface

patterns are both important factors for the comparison. In this study,

we focused on whether there existed a vertical skull shape change

between samples, so we only conducted a 2D morphometric analysis.

3.4 | Mechanism of action of the Crest mutation

Li et al. (2021) found that the ectopic expression of HOXC10 was

caused by a 195 bp duplication in its intron. In addition, they

measured the timing and relative expression levels of HOXC6,

HOXC8, HOXC9, HOXC10, and HOXC11 in the cranial skin and skull

of Polish chickens and Silkie chickens (Figure 1d). They found that

HOXC10 had the highest relative expression level, followed by

HOXC8. Furthermore, Silkie HOXC8 had an expression pattern

different from that of Polish chickens, whose expression remained

low but sharply increased after E17 (Li et al., 2021). Silkie and Beijing

You chickens are classified as “small crest” breeds as opposed to

chicken breeds such as Polish and Houdan, which display a relatively

large crest (Li et al., 2021). Another recent study using RNA

sequencing of skull tissue samples of Wumeng chickens with and

without a skull protrusion phenotype identified several genes, BMP2,

EPHA3, EPHB1, HOXC6, SCN2B, BMP7, that were considered as

candidates affected by the mutation of HOX genes (T. Wang

et al., 2021). Among them, BMP2 and BMP7 were mentioned in the

study of Y. Wang et al. (2012), who compared the expression levels

of several HOXC8 downstream targets between Silkie and non-

crested chickens. Both genes were related to bone morphogenesis,

supporting the Crest‐associated skull protrusion phenotype in the

crested chicken breeds. However, the specific mechanism of HOX

gene mutation‐induced skull protrusion phenotype was not clear yet.

4 | CONCLUSIONS

We found mild morphological differences between the RCA-

S::HOXC8 and RCAS::HOXC10 virus‐injected groups and the

RCAS::GFP virus‐injected group. Moreover, the RCAS::HOXC8 and

RCAS::HOXC10 transgenic groups resembled the Beijing You chicken

more closely than the RCAS::GFP transgenic group on the PCA and

CVA plots. These results support the hypothesis that both HOXC8

and HOXC10 play a role in developing Crest phenotype‐associated

altered skull morphology.

5 | MATERIALS AND METHODS

5.1 | Experimental animals

Fertilized eggs were received from National Chung Hsing University

and Dr. Cecilia Koo, Botanic Conservation Center, Taiwan. Specific

pathogen‐free (SPF) fertilized eggs for retrovirus‐mediated trans-

genic experiments were obtained from the Animal Health Research
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Institute (AHRI), Council of Agriculture, Taiwan. The animal protocol

was reviewed and approved by National Tsing Hua University's

Institutional Animal Care and Use Committee (Approval no. 10659)

(January 17, 2018).

5.2 | Molecular cloning and virus culture

Plasmid vectors pCR™8/GW/TOPO™ (Thermo Fisher Scientific) with

Gallus gallus HOXC10 and HOXC8 sense coding sequence (CDS) were

used in gateway cloning to transfer the target sequences into the

RCAS (Replication Competent ALV LTR with a Splice acceptor) BP‐Y

DV virus vectors (Addgene plasmid #11478; http://n2t.net/

addgene:11478; RRID: Addgene_11478) (Loftus et al., 2001).

HOXC10 CDS were generated with the Gene Synthesis service

offered by Omics Bio, Taiwan. HOXC8 was cloned using PCR from a

cDNA library. To prepare virus particles, DF1 Gallus gallus fibroblasts

(ATCC™ CRL−12203™) were transfected using the ViaFect™ kit

(Promega Corp.). Cells were cultured in a 3.5‐cm dish with a culture

medium composed of Dulbecco's Minimum Essential Medium

(DMEM) and 10% fetal bovine serum (FBS). When cells reached full

confluence, they were passaged into a 10‐cm culture dish, and the

transfection efficiency was confirmed by immunofluorescence stain-

ing. Once the infection ability of the virus was established, the cells

were passaged into four 10‐cm culture dishes. After reaching full

confluence, a culture supernatant containing virus particles was

collected from the four dishes, which were refilled and cultured for

additional 3 days. Then the collected culture supernatant was

centrifuged in four tubes at 6000 rpm and 4°C for 10min.

Subsequently, the viral supernatant was filtered with a 0.22‐μm

filter cup and concentrated by adding Retro‐X Concentrator (Cat.

631455) (Takara Bio) and incubating at 4°C overnight. The viral

supernatant was centrifuged at 1500 rpm and 4°C for 45min the

next day. After draining the supernatant, the viral pellet was

resuspended in DMEM with 10% FBS and polybrene. The collected

viruses were stored at −80°C. Procedures by Himly et al. and von

Werder et al. were also referenced during the process (Himly

et al., 1998; von Werder et al., 2012).

5.3 | Viral titer determination

Approximate 4.8 × 104 DF‐1 cells were seeded in each well of two

four‐well plates with 1mL of cell medium the day before transduc-

tion. On the next day, we take 1 µL of viral stock and make serial

dilutions of the virus‐contain medium. The schematic diagram of the

preparation was shown in Supporting Information: Figure S7. The

original medium was changed into the virus‐contain medium and

cultured for another 36–48 h. The cultured plates were then stained

with Gag‐pro antibody AMV‐3C2 (DSHB) and green fluorescent

secondary antibody. The plates were visualized under a fluorescent

microscope to count the number of cells expressing fluorescent

signals to estimate the viral titer of the virus. The viral titer (IU/mL)

was determined by the cell amount showing positive signals in the

highest dilution well divided by virus volume in the well multiplied by

the dilution fold of the viral stock (von Werder et al., 2012). A

schematic diagram of the positive stained signals for RCAS::HOXC8

and RCAS::HOXC10 was shown in Supporting Information: Figure S8.

We did not save the images for RCAS::GFP, but all RCAS viruses used

in this study have a titer >109 IU/mL based on our calculation

method.

5.4 | Embryo manipulation

Procedures by Spurlin and Lwigale were referenced with some

modifications (Spurlin & Lwigale, 2013). Fertilized SPF chicken eggs

of white leghorn were incubated for 2 days, then put horizontally

overnight. The next day, the eggs were illuminated with a light source

from the bottom of the eggs to locate embryos. After marking the

position of the embryos, a small hole was made in the shell on the

narrow end of the eggs, and 3–5mL of thin albumen was extracted

from the hole using a sterilized syringe. Next, a piece of tape was

attached to the surface of an egg on the side where the embryo was

located. Tapes were attached to prevent eggshells from cracking into

pieces while cutting a hole using carefully cleaned scissors in the

eggshell around the location of the embryo. Finally, the eggs

were sealed with tape and re‐incubated until they reached their

targeted stage.

5.5 | Transgenic experiment

A microinjector (Drummond Nanoject III Programmable Nanoliter

Injector) and pulled glass capillary pipette (3.5″ Drummond # 2‐000‐

203‐G/X from Drummond Scientific Company) was used for retrovirus

microinjection. Before the injection, RCAS::HOXC8, RCAS::HOXC10,

and RCAS::GFP were diluted with phosphate‐buffered saline (PBS) and

mixed with blue food coloring to make virus‐PBS mixtures visible

during the injection process. The procedure was applied to E3 chicken

embryos (Stages 18–20 according to HH chicken embryo stage

(Hamburger & Hamilton, 1951), and the virus‐PBS mixtures were

injected into the telencephalon region of the head (Supporting

Information: Figure S1). After the injection, the tape‐sealed eggs were

incubated at 37.5°C with a relative humidity of approximately

70%–80% for 20–21 days. An antibacterial agent (Biokit, #Bio‐IBD‐

500) was added to the incubator to avoid bacterial infection.

5.6 | Virus‐injected sample collection

Virus‐injected chicken embryos were collected after 20–21 days of

incubation. The cranial skin of each sample was dissected and fixed in

4% paraformaldehyde for further research. The remaining samples

were stored in 70% ethanol at −20°C for subsequent observation or

other analysis.

8 | TSAI ET AL.
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5.7 | Geometric morphometric analysis

Micro‐CT scanning of WT and transgenic samples was performed at

the Small Animal Imaging Core Facility, National Yang Ming Chiao

Tung University, using MILabs μ‐CTHR (MILabs) with an 80‐μm slice

thickness and was observed with MATLAB app Volume Viewer

(MathWorks). Various angles of the object are measured and

processed by computer from multiple slices, and the data can be

constructed into a 3D model. Lateral views were obtained using the

slice plane function, and then the sclerotic ring was used as a

benchmark for slight adjustments. Sixteen landmarks were labeled on

the isosurface lateral view of the craniums using tpsDig (v. 2.31)

(Rohlf, 2015) (Supporting Information: File S4, Figure 2a). The

marking positions and descriptions of the landmarks were performed

as described (Bhullar et al., 2012; Marugán‐Lobón & Buscalioni, 2004;

Marugán‐Lobón et al., 2013). A total of 92 samples, including three

different transgenic groups, RCAS::HOXC8, RCAS::HOXC10, and

RCAS::GFP and four different breeds, Beijing You chicken, White

leghorn, Silkie chicken, and Polish chicken, were subjected to the

following procedures (Supporting Information: File S7). All sample

Nifiti files could be found in google drive (shorturl. at/aoPX8). To

analyze the landmarks and tps data, geometric morphometric analysis

was performed using MorphoJ (Su et al., 2015; Yravedra et al., 2018).

After GPA was performed by superimposing the landmarks placed on

the samples (Figure 2b), specific classifiers were labeled according to

the characteristics of each sample. Next, the mean points of each set

of superimposed landmarks were connected to generate the mean

skull wireframe. After generating the covariance matrices, PCA and

CVA were then used to examine the statistical distribution of the

samples. PCA is used to express variation among a set of data, while

CVA is used to maximize the differences among predefined groups.

After PCA was conducted, three results were generated: wireframe

changes according to each principal component, eigenvalues and PCA

scatter plots. Additionally, CVA was also quantified by a permutation

test for pairwise distances of 10,000 iterations. Detailed results of

PCA and CVA were listed in Supporting Information: File S5, and

boxplots were plotted using PCA results. GPA and PCA were

conducted using PAST (Hammer et al., 2009), and transformation

grids according to the mean shape wireframe of samples were

generated using the datasets (Figure 4e). Procrustes distances and

their significance (p < 0.05) between groups were also calculated in

MorphoJ (Su et al., 2015; Yravedra et al., 2018) (Table 1).
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