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Abstract

Poultry is subject to varying degrees of feather loss and feather pecking during production, which seriously affects the live appearance and
carcass appearance of their commercial traits and greatly reduces the production profitability of the farming enterprise. It also has an impact on
down production and quality in the case of geese. In this study, mathematical models (Logistic, Gompertz, and Von Bertalanffy) were used to
assess feather growth and development during the embryonic period in Jilin white geese (Anser cygnoides) predicting the weight and length of
feathers from the back, chest, and belly tracts at different embryonic ages, to determine which growth model more accurately described feather
growth patterns. The result first showed that the primary feather follicles of the Jilin white goose developed at E14 and secondary feather fol-
licles at E18; primary feather follicle density increased and then decreased, whereas secondary feather follicle density increased continuously
and the primary and secondary feather follicles developed independently. Secondly, the embryonic feather growth followed a slow—fast-slow
pattern, with feathers growing slowly from E12 to E18, quickly from E18 to E24, and then decreasing after E24 until just before emergence
(E30). In addition, before E14, feathers were concentrated in the back tracts, and no feathers were found on the head, neck, chest, abdomen,
or wings. By E22, the whole body of the embryo was covered with feathers, and the back feathers were the earliest and fastest to develop.
Compared to the Gompertz and von Bertalanffy models, the logistic model fit (R? = 0.997) was the highest, while the sum of residual squares
(RSS = 25661.67), Akaike's information criterion (AIC = 77.600), Bayesian information criterion (BIC = 78.191), and mean square error (MSE =
2851.296) were the lowest. Therefore, the logistic model was more suitable for describing the changes in whole-body feather growth during
the embryonic period in Jilin white geese. In conclusion, using the growth curve model to explain the relationship between feather growth
and embryonic age in geese will potentially speed up the process of genetic improvement in Jilin white geese (A. cygnoides) and thus provide
scientific support for molecular genetic breeding.

Lay Summary

Feathers are an important external feature of poultry, and feather follicles are important appendages to the skin. Especially for geese, feather
follicle development largely determines feather length and quality, which in turn affects featherrelated economic traits. The growth curve is to
use mathematical equations to fit the growth and development curve and analyze the growth and development laws of livestock and poultry.
Therefore, whether the establishment of a growth curve model can be used to describe the growth process between the embryonic feather
weight, length, and embryo age of the Jilin white goose will be worth further study.
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Abbreviations: AIC, Akaike's information criterion; BIC, Bayesian information criterion; E, Embryonic age; MSE, mean square error; RSS, residual sum of
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Introduction as people’s traditional eating habits and cooking methods
change, chilled geese are gradually replacing live birds and
becoming the main purchase object for consumers, while the
size of the chilled goose feather sac is an important carcass
trait that directly affects consumers’ desire to buy (Boz et al.,
2019). Feather follicle is the site of feather production and
growth in poultry and controls the rate of feather growth,
down quality and feather regrowth (HU et al., 2020). For
this reason, more and more breeders are paying attention to
the growth and development patterns of the skin follicles in
geese.

As we all know, goose down, goose liver andgoose oil are
highly valuable raw materials for textiles, food, and chem-
icals, and goose down as a light and warm textile material
that has been widely used in people’s daily lives (Kozak et al.,
2010). The survey found that geese in the large-scale breed-
ing process experience different degrees of feather loss and
pecking phenomena, which not only affect the down produc-
tion and quality but also affect the commercial traits of geese
in the live appearance and carcass appearance, greatly reduc-
ing the production profit of breeding enterprises. In addition,
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The Jilin White Goose is one of the main breeds of goose
circulating in Jilin Province, China. The adult goose has white
feathers with good fluffiness and an average down content of
up to 30%. Feathers are keratinized derivatives of the skin
that cover the surface of the carcass, starting from the feather
follicles and developing from the ectodermal cells during
embryonic life, and are used to maintain flight and regulate
body temperature (Kondo et al., 2018). Depending on the
external morphology and distribution of the feathers, there
are two main types of feathers: orthodermal feathers, which
develop from primary feather follicles, and downy feathers,
which develop from secondary feather follicles (Chen et al.,
2015; Zou et al., 2020). Feather follicles are microscopic
structures that are part of the cyclical cycle of the skin and are
generally divided into anagen, regression, and resting phases
(Chen et al., 2016). During the development of goose follicles,
primary and secondary follicles develop independently and
the primary follicles develop slightly earlier than the second-
ary follicles, and both show a cyclical cycle of follicular regen-
eration (Wu et al., 2008). It can be seen that the production of
feathers is highly correlated with the development of feather
follicles.

Growth and development are continuous biological pro-
cesses. Growth refers to the growth of organ systems and
overall body size and development refers to the refinement
of cell differentiation and functional maturation. Therefore,
growth and development are fundamental characteristics of
living organisms (Tompic et al., 2011). In contrast, growth
curves are used to dynamically describe and analyze the
growth and development patterns of livestock and poultry
to fit growth and development curves with mathematical
equations to describe the process of weight gain over time
or age and to understand the interrelationships between
model parameters and biological characteristics (Ricklefs
et al., 1985). Currently, the nonlinear fitting models that
have been applied in poultry are the Logistic, Gompertz,
and Von Bertalanffy models, such as for chickens, ducks,
and pigeons (Aggrey et al., 2002; Vitezica et al., 2010; Gao
et al., 2016). Although there is a high correlation between
the length of feathers at different plumage zones in poultry,
studies of feather growth by curve fitting have rarely been
reported.

Therefore, this study used mathematical models (Logis-
tic, Gompertz, and Von Bertalanffy) to assess the embryonic
feather growth and development of the Jilin White Goose
and to predict the weight and length of back, belly, and chest
feathers at different embryonic ages. The aim was to fit the
embryonic feather growth and development curves of Jilin
white geese (Anser cygnoides) using three nonlinear func-
tions and then to derive the most suitable embryonic feather
growth curve for Jilin white geese to provide a theoretical
basis for genetic improvement of Jilin white geese.

Materials and Methods

Ethical statement

Goose embryos were executed using the cervical dislocation
method. All animal experiments were performed following
the relevant guidelines established by the China Animal Com-
mittee. All animal experimental procedures were approved
by Jilin Agricultural University (approval number: GR(])18-
006), Date: 29 March 2018).
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Experimental design and treatment

In this experiment, the required Jilin white goose fertilized
breeder eggs (130 = 5 g) were provided by Hongming Goose
Industry in Yongji County, Jilin Province. The eggs were
fumigated, weighed, labeled, and incubated in an incubator
(Dezhou, Shandong, China) at a relative humidity and tem-
perature of 60% and 37.8 °C (Guo et al., 2021), respectively.
The eggs were turned over at a uniform rate for an average of
180 s every 2 h until embryonic day 30. At E7 of incubation,
unfertilized and early embryonic death eggs were removed
using an egg illuminator and the remaining eggs were incu-
bated until a specific time point.

Sample collection and measurements

According to the group’s previous experiments, the embryos
were initially formed at E7 of incubation, and the feather
buds were visible to the naked eye on the back skin of the
goose embryos. Therefore, E12, E14, E16, E18, E20, E22,
E24, E26, E28, and E30 were selected as the time points for
sample collection. At each time point, 20 eggs were randomly
selected, the blunt end of the egg shell was cracked with
forceps, the egg contents were slowly poured into sterilized
trays, the embryos were peeled with forceps and the state of
the skin feather buds was physically observed with a body
microscope. In addition, a portion of the goose embryo was
sampled at the back, belly, and chest positions and placed in
a 4% paraformaldehyde solution for 24 h to fix the tissue for
sectioning and hematoxylin and eosin (H&E) staining. The
other part of the goose embryo was used to collect the back,
belly, and chest feathers, the back is the area behind the clav-
icle and above the wings, the chest is the area below the clav-
icle and above the trochanter, and the abdomen is the middle
area below the trochanter and above the line of the sciatic and
patellar bones. The collected feathers were dried in an oven at
65 °C for 24 h and weighed on an electronic balance (accu-
racy 0.0001 g). Finally, 100 feathers were randomly selected
from the dorsum, abdomen and chest at each time point and
the feather length, which is the distance from the root to the
tip of the feather, was measured using an electronic vernier
caliper (accuracy 0.01 mm) To ensure the sterility of the sam-
pling process, the instruments used in the process were auto-
claved ahead of time.

Histological observations

The tissue samples were removed from the 4% paraformalde-
hyde solution and placed in a labeled embedding cassette, then
washed with tap water for 24 h. The samples were processed
in the following order: 70% ethanol for 12 h, 80% ethanol
for 12 h, 95% ethanol for 1 h, 100% ethanol twice for 1 h
each, and xylene twice for 10 min. The samples were sub-
sequently embedded in a KD-BM tissue embedding proces-
sor (Zhejiang Jihuaji Instruments Co., Ltd.) after 2 h of wax
immersion and embedding. Tissues were cut into continuous
longitudinal and transverse sections of the skin using a Leica
RM21335 slicer (Leica Microsystems, Wetzlar, Germany) with
a section thickness of 5 pm (Liu et al., 2018). Paraffin sections
were dewaxed, hydrated, and stained with hematoxylin and
eosin (H&E). All sections were observed under a Nicon-300
light microscope (Nicon, Tokyo, Japan) for back skin tissue
feather follicle morphology and then photographed with dif-
ferent magnifications of the objective. Feather follicle density
measurements were performed by selecting 10 consecutive
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transverse sections (1 mm x 1 mm) of the same transverse
skin area to count the number of feather follicles and then
averaging them.

Growth modeling and assessment

An ideal growth curve model can not only infer the dynamic
changes in poultry growth and development and guide the
daily feeding management of poultry but also effectively
eliminate the influence of some experimental errors. In order
to obtain the most suitable model to describe the embryonic
feather growth curve of the Jilin white goose, three different
nonlinear functional growth models (Logistic, Gompertz, and
Von Bertalanffy) were fitted to the length of the back, belly,
and chest feathers at different embryonic ages, and the cor-
responding expressions and related parameters are shown in
Table 1. Currently, these models have been proven to describe
the growth and development of feathers in yellow-finned
broiler chickens at embryonic and post-embryonic stages (Xie
et al., 2020b).

Statistical analysis

Excel was used to build the database and the data were
tested using one-way ANOVA, with the resulting values
expressed as mean = standard error. 1stOpt programming
and SPSS 20.0 software were used to calculate the A, B, and
k best estimates to build the growth models. Then, the inflec-
tion points embryonic age, inflection point feather mass or
length, maximum daily gain, relative growth rate and abso-
lute growth rate were calculated for each model, respectively.
The models were assessed for merit based on goodness of fit
(R?), the chi-squared information criterion (AIC), the Bayes-
ian information criterion (BIC), mean squared error (MSE),
and z-test, and the model with the lowest AIC, BIC, and
MSE was selected as the most appropriate model (Narinc
et al., 2013; Nguyen et al., 2021). In which k is the num-
ber of parameters in the fitted model; # is the number of
samples; RSS is the sum of squared residuals; and Y is the
predicted value. Finally, GraphPad Prism 8 was used to plot
the growth and development curves.

we et (B9 42

Table 1. Jilin white goose embryonic feather Logistic, Gompertz, and Von
Bertalanffy models and corresponding characteristic parameters

Growth Expressions! Inflection  Inflection Maximum

model day feather mass  day growth
or length value

Logistic Y = A/(1 + Be®) (InB)/k A2 kwl2

Gompertz Y = AeBewtk) (InB)/k Ale kw

Von Y= A(1 - Be*)® (In3B)/k 8A/27 3kwl2

Bertalanffy

Y is the weight or length of the goose embryo feather observed at
embryonic age #; A is the maximum feather mass or length; & is the
instantaneous growth rate; B is a parameter; ¢ is the corresponding
embryonic age; w is the inflection point feather mass or length; ¢ is a
natural constant; and exp is a mathematical symbol.

BIC =#n x ln(ﬁ) + kln (n)

n—2

Results

Feather follicles formation process in the
embryonic stage of Jilin white goose

Feather growth and development during embryonic develop-
ment of the Jilin White Goose are shown in Figure 1. At E12
of incubation, the back surface of the embryo is smooth and
the skin is covered with a transparent layer of membranous
material (Mabrouk et al., 2022). At embryonic stage E14, the
skin of the goose embryo appears evenly and neatly elevated,
the buds begin to grow from proximal to distal and the epi-
dermis becomes somewhat invaginated, which is the proto-
type of the primary feather follicle (Figure 1B). At embryonic
stage E16, the back, chest and abdomen of the gosling are
covered with feathers (Figure 1A), and the skin surface is cov-
ered with bumps of varying sizes after plucking. At embryonic
stage E18, the epidermis of the gosling is invaginated into
the dermis and wrapped around the feather buds, marking the
appearance of secondary feather follicles on the skin of the
gosling (Figure 1B). From E18 to E30, the follicles mature and
blood vessels, glands, and collagen fibers appear in the connec-
tive tissue surrounding the follicles. The present results indi-
cate that secondary follicles form approximately 4 d later than
primary follicles and it is assumed that primary and secondary
follicles develop from the same feather primordium and that
they both develop independently.

Microstructure of feather follicles

The microscopic images in Figure 2A-F showed the micro-
structure of the skin and feather follicles of Jilin white geese
(A. cygnoides) at different embryonic ages. The results showed
that at E14, the primary feather follicles presented an undiffer-
entiated cylindrical outer epidermal wall, including the cuticle,
middle layer, and basal layer (Figure 2A). In a micrograph of a
cross-section of skin tissue at E16, multiple plumule ridges are
clearly visible and undifferentiated plumule ridges are present
near the root (Figure 2B). At E18, there are approximately 10 to
20 feather ridges, and a large number of blood vessels begin to
appear in the central zone of the pulp (Figure 2C), and during
secondary follicle formation, the feather ridges in the goose
embryo follicles begin to differentiate into marginal plates,
feather branchlet plates, and feather axial plates. As the feather
follicles develop further, new barbed tracks begin to form and
the boundary lines of the feather ridge become indistinguish-
able (Figure 2D). Later in embryonic development, the feather
follicles gradually become completely filled with feather buds
and feather follicle cavity disappears. At E24, the mature feather
follicles are surrounded by muscles, nerves, glands, and a large
number of blood vessels, presenting a quadrilateral arrange-
ment of muscular networks in the dermis (Figure 2E). From E26
to E30, the structure of the feather follicle resembles the shape
shown in Figure 2F, with a large number of dermal papilla cells
clustered at the root of the follicle (Martel et al., 2022).



4 Journal of Animal Science, 2023, Vol. 101

AN B

K AN i VNG S N
O (E260 N E30 )

Figure 1. Feather growth and development during embryonic development in the Jilin white goose. (A) Observations on the external morphology of

the embryonic feathers of the goose. (B) Microscopic observation of the skin follicles of the goose embryo at different stages of development by HE.
Magnified: 100x; Bar: 100 pm.

%

Figure 2. Microscopic observations of feather follicles at different stages of development in goose embryos. (A) Undeveloped barbed ridge (Br) in the
back primary feather follicle (Pr) at embryonic day 14 (200x). (B) Transverse section of a feather follicle in E16 (200x), the skin showing Br that have
been differentiated into three longitudinal plates: the marginal plate (Mp), the barbule plate (Bp), and the plumule axis plate (Ap). (C) Primordial period of
secondary feather follicles at embryonic day 18 (200x). (D) Shows the formation of the new barb locus forming on the back skin at E20 (200x). (E) The
fully developed feather muscles (Mu) on the back skin at E24 (100x). (F) The feather follicle root contains a large number of dermal papilla cells.
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Table 2. Variation in the density of feather follicles in the back, chest, and belly feathers of goose embryos!
E Back Chest Belly

Pr Se S/P Pr Se S/P Pr Se S/P
14 4.10 = 0.2¢ - - 3.85 = 0.26¢ - - 3.75 £0.32¢ - -
16 6.85 = 0.26¢ - - 6.75 + 0.43¢ - - 6.95 = 0.15¢ - -
18 10.95 = 0.612 1.95 + 0.26¢ 0.21 10.25 = 0.55° 2.15 £0.18¢ 0.21 10.75 = 0.552 1.15 = 0.09¢ 0.11
20 10.35 = 0.26% 4.29 =+ 0.17¢ 0.40 9.95 = 0.26* 3.95 +0.26¢ 0.40 10.55 = 0.72% 4.18 = 0.27¢ 0.40
22 10.25 + 0.44% 4.95 + 0.38¢ 0.56 9.50 = 0.38%¢ 5.35+£0.38¢ 0.56 9.85 = 0.63%¢ 4.95 = 0.44° 0.50
24 9.75 = 0.49% 6.95 = 0.49¢ 1.06 9.37 = 0.15% 9.95 +0.55° 1.06 9.55 + 0.43% 8.75 +0.67° 0.92
26 9.24 + 0.20 9.15 +0.38° 1.25 9.15+0.15% 11.45 + 0.83% 1.25 9.15 £0.26  11.35 £ 0.73* 1.24
28 8.95 = 0.20¢ 10.25 = 0.64 1.33 8.75 = 0.26¢ 11.65 = 1.07* 1.33 8.75 = 0.49¢ 11.65 =+ 0.89° 1.33
30 8.75 = 0.32¢ 11.25 = 0.78° 1.40 8.55 = 0.26¢ 11.95 = 0.90° 1.40 8.72 £ 0.37¢ 11.95 £ 0.95° 1.37

Values are expressed as mean = standard error (Mean = SE); values in the same column labeled indicate differences in follicle density between germinal ages

of the same follicle type (P < 0.05, 7 = 3).

Abbreviations: E, embryonic age; Pr, primary feather follicle; Se, secondary feather follicle.
'Pr indicates the density of primary feather follicles (follicles/mm?); Se indicates the density of secondary feather follicles (follicles/mm?); S/P indicates the

w_»

ratio of secondary to primary follicles; indicates no detected values.

Variation of feather follicles density in goose
embryos

As seen in Table 2, the density of back primary follicles
increased significantly from 4.01/mm? in E14 to 10.95/
mm? in E18 (P < 0.05), the density of chest primary folli-
cles increased significantly from 3.85/ mm? in E14 to 10.25/
mm? in E18 (P < 0.05) and the density of belly primary fol-
licles increased significantly from 3.75/mm? in E14 to 10.75/
mm? in E18 (P < 0.05). Secondary feather follicles started to
form at E18, the ratio of secondary to primary feather follicle
density on the back increased from 0.18 in E18 to 1.29 in
E30, the ratio of secondary to primary feather follicle density
on the chest increased from 0.21 in E18 to 1.40 in E30 and
the ratio of secondary to primary feather follicle density on
the abdomen increased from 0.11 in E18 to 1.37 in E30. The
results showed that the density of primary feather follicles on
the back, chest, and belly parts of the goose embryo decreased
and the density of secondary feather follicles increased with
the increase in the surface area of the embryo, and the growth
and development pattern of the feather follicles on the chest
and belly parts remained basically the same.

Developmental patterns of whole-body feather
growth in goose embryos and model fitting
analysis

As shown in Figure 3 and Table 3, the whole-body feather
mass of Jilin white goose embryos increased with embryonic
age. At E14, when the eggs were hatched, the goose embryos
began to grow feathers. Before E18, the whole-body feather
mass showed a trend of slow increase. Between E18 and
E24, the whole-body feather growth rate accelerated and at
E21.5 d, the increment reached its maximum. From E24 to
E30, the whole-body feather mass growth rate was slow. At
E14, the whole-body feather mass was 26.4 = 0.5 mg/goose
and at E30, the total feather mass of goose embryos was
2280.3 = 1.3 mg/goose, an increase of approximately 86.36
times compared to E14.

As shown in Table 4, the curve parameters of the three
growth models, Gompertz, Logistic, and von Bertalanffy,
were used to calculate the individual parameters and good-
ness of fit criteria for the feather growth inflection point.
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Figure 3. Actual measurements of whole-body feather mass in Jilin
white geese (Anser cygnoides) at the embryonic stages, which were
fitted to predicted values from three growth models: Logistic, Gompertz,
and Von Bertalanffy.

The results showed that the logistic model can be used as the
best-fit growth curve to describe the changes in whole-body
feather mass during the embryonic period of the Jilin white
goose. The inflection points for whole-body feather growth
were at E21.5, 1126.6 mg, and 433.7 mg, respectively, with
a goodness of fit (R?) of 0.997 and a residual sum of squares
(RSS) of 25661.67. Compared with the logistic model, the
Gompertz and von Bertalanffy models were not as suitable
for describing changes in whole-body feather growth during
the embryonic period in Jilin white geese, with relatively low
R? values of fit (chompm =0.991, R?, pertatantty, = 0-971) and
relatively large RSS values of residual sum of squares (RSS
Gomperrz = 70389.05, RSS | o1y = 229264.26), and as shown
in Figure 3, the predicted values from the logistic model can
be found to be closer to the measured values of the whole-
body feather mass of the goose embryos.

Variation pattern of goose embryo back feather
mass and model fitting analysis

From Table 3, it can be seen that the back feathers of the Jilin
white goose embryonic stage start to appear at E14, and the
feather mass grows slowly at E14 to E18 stage. At the rapid
growth stage, E18 to E24 stage, the feather mass grows fastest



Table 3. Patterns of change in goose embryo feather mass and feather length
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E Feather mass (mg) Feather length (mm)
Whole body Back Chest Belly Back Chest Belly

14 26.4 +0.5 8.4 0.3 0.9 = 0.1 0.8 = 0.1 4.94 = 0.01 0.87 = 0.01# 0.68 = 0.01#
16 79.3 = 0.6" 23.5 = 0.1" 4.1 +0.3" 3.5 0.1 7.85 +0.03" 2.11 = 0.01f 2.53 £ 0.01f
18 254.9 = 0.8 61.4 =0.58 18.5 = 0.2¢ 17.3 £ 0.2¢ 10.84 = 0.02¢ 5.10 = 0.02¢ 6.18 = 0.02¢
20 460.5 = 0.9¢ 162.3 + 0.5° 81.5 = 0.4 72.3 + 0.4 15.54 + 0.04 12.02 = 0.01¢ 14.27 + 0.03¢
22 1334.9 = 1.1¢ 246.1 = 0.4¢ 153.1 = 0.4¢ 128.7 = 0.5¢ 24.47 = 0.05¢ 16.18 = 0.03¢ 17.25 = 0.05¢
24 2001.2 + 1.3¢ 349.4 = 0.5¢ 226.6 +0.9¢ 245.5 +0.6¢ 32.01 = 0.06¢ 17.37 = 0.04> 18.12 = 0.06"
26 2158.9 = 1.2¢ 369.5 = 0.7¢ 254.5 £ 0.8 268.4 = 0.7¢ 33.14 = 0.07¢ 17.55 = 0.052 18.33 = 0.072
28 2198.2 + 1.2° 372.1 £ 0.9° 256.3 = 0.6" 272.4 +0.9% 33.32 £ 0.09° 17.40 = 0.06° 18.42 = 0.10*
30 2280.3 = 1.32 388.8 = 0.9 259.4 £ 0.72 281.6 = 0.8° 33.69 = 0.10° 17.49 = 0.07% 18.36 = 0.092

Values are expressed as mean = standard error (Mean =+ SE), and values marked with no identical letters in the same column indicate significant differences

(P<0.05,2=6).

Abbreviation: E, embryonic age.

at E22 to E24, with an average daily increment of 51.6 mg/
each. When comparing E18 to E22, feather mass increased
more slowly compared to E22 to E24, with an average daily
gain of 46.2 mg/head. and from E24 to E30, the back of
the embryo was more mature and feather mass could reach
388.8 mg/head on average at E30.

As shown in Table 4 and compared to the Gompertz and
von Bertalanffy models, the logistic model had the largest fit
(R?=0.997) and the smallest sum of squares of residuals (RSS
= 611.83), Akaike’s information criterion (AIC = 43.973),
Bayesian information criterion (BIC = 44.565), and mean
squared error (MSE = 67.981) were minimal. The inflection
point for back feather growth was E20.7, the inflection point
feather mass was 193.5 mg, and the maximum daily gain was
56.1 mg. As shown in Figure 4a, the predicted values from
the logistic model were closer to the measured values of the
back feather mass of the goose embryos. Therefore, the logis-
tic model is more suitable for describing the changes in back
feather growth during the embryonic period of the Jilin white
goose.

Variation pattern of goose embryo chest feather
mass and model fitting analysis

As can be seen from Table 3, the embryonic chest feathers of
Jilin white geese (A. cygnoides) start to grow from E14, and
the feather mass grows slowly from E14 to E18. The period
of rapid growth lasts from E18 to E24, and the feather mass
increases at the quickest rate from E22 to E24, with an aver-
age daily gain of 36.8 mg/each; Compared to E22 to E24,
feather mass increased at a slower rate from E18 to E22,
with an average daily gain of 33.7 mg per bird. Moreover, the
goose embryo had more mature feather development at E24
to E30 and could reach an average feather mass of 259.4 mg
per bird at E30.

As shown in Table 4, compared to the Gompertz and von
Bertalanffy models, the logistic model had the largest fit
(R? = 0.999) and the lowest sum of residual squares (RSS
= 149.91), Akaike’s information criterion (AIC = 31.315),
Bayesian information criterion (BIC = 31.907), and mean
squared error (MSE = 16.657), which were minimal. The
inflection point for chest feather growth was E21.5, with an
inflection point feather mass of 130.6 mg and a maximum
daily gain of 44.4 mg. As shown in Figure 4b, the predicted

values from the logistic model were closer to the measured
values of chest feather mass in goose embryos. Therefore,
the logistic model is more suitable for describing the changes
in chest feather growth during the embryonic period of the
Jilin white goose.

Model fit analysis and variation pattern of goose
embryo belly feather mass

As can be seen from Table 3, the embryonic belly feathers of
the Jilin white goose start to grow from E14, and the feather
mass grows slowly from E14 to E18; The period of rapid
growth lasts from E18 to E24, and the feather mass increases
at the quickest rate from E22 to E24, with an average daily
gain of 58.4 mg/each. In contrast, the feather mass grows at
a slower rate from E18 to E22, compared to the E22 to E24
stage, with an average daily gain of 27.9 mg/each. However,
from E24 to E30, the goose embryos had more mature belly
feather development and could reach an average feather mass
of 281.6 mg/head at E30.

As shown in Table 4, compared to the Gompertz and von
Bertalanffy models, the logistic model had the highest fit
(R? = 0.994) and sum of residual squares (RSS = 770.56),
Akaike’s information criterion (AIC = 46.049), Bayesian
information criterion (BIC = 46.641), and mean squared
error (MSE = 85.618) were minimal. The inflection point for
belly feather growth was E21.9, the inflection point feather
mass was 141.4 mg and the maximum daily increment was
49.5 mg. As shown in Figure 4c¢, the predicted values from
the logistic model were closer to the measured values of the
belly feather mass of goose embryos. Therefore, the logistic
model is more suitable for describing the changes in belly
feather growth during the embryonic period of the Jilin
white goose.

Back feather length variation pattern in goose
embryos and model fitting analysis

From Table 3, it can be seen that the length of the back feath-
ers of the Jilin white goose during the embryonic period
increased with the increase of embryonic age. Among them,
the E20 to E22 back feather length grew the fastest with an
average daily increment of 4.47 mm/root, the E22 to E24
feather length grew faster with an average daily increment of
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Table 4. Fitted curve model and parameters for embryonic feather mass in Jilin white goose

BIC MSE

AIC

RSS

Maximum daily gain (mg) R?

Inflection day (E)

Inflectionfeather mass (mg)

Expressions!

Growth model

Site

2851.296

25661.67 77.600 78.191

0.997

433.7

21.5

1126.6

2253.12/(1 + 15087181.35¢077)
229567 e-64027.86exp(-0.531)

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Logistic

Whole body

7821.005

70389.05 86.681 87.273

0.991

304.2
154.3

20.9

1147.8

Gompertz

0.971 229264.26 97.309 97.900 25473.807

0.997
0.994
0.989

1341.4 15.1

=2682.81(1-31.97¢023%)3

von Bertalanffy

67.981
134.814

611.83 43.973 44.565
1213.32  50.135 50.727
2243.17 55.666 56.257

56.1

20.7

193.5
200.3

386.91/(1 + 163246.56e7%)
400.65e-1474.71exp(-0.371)

Logistic

Back

371

19.7

Gompertz

249.241

27.6

14.8

212.1
130.6
134.3
150.8
141.4

= 424.14(1-47.50e026)

von Bertalanffy

16.657
32.956

190.111

149.91 31.315 31.907
296.60 37.456 38.048
1711.00 53.228 53.820

0.999

44.4

21.5

261.25/(1 + 2249370.92¢6%)
268,67 e-8465.32exp(-0.441)

Logistic

Chest

0.997
0.984
0.994

0.988

29.6

20.6

Gompertz

18.1

15.2

= 301.69(1-38.16e02%)}

von Bertalanffy

85.618
158.884
370.409

770.56 46.049 46.641
1429.96 51.614 52.205

3333.68 59.231 59.823

49.5

21.9

282.80/(1 + 4659215.43e07%)
293.04e-8478.03exp(-0.431)

Logistic

Belly

31.5

21.0

146.5

Gompertz

0.973

18.7

151

170.4

= 340.72(1-27.68e ~022)3

von Bertalanffy

Abbreviations: AIC, Akaike’s information criterion; BIC, Bayesian information criterion; E, embryonic age; MSE, mean square error. R, R-squared. RSS, residual sum of squares.

1Y is the mass of the goose embryo feathers observed at # embryonic age; ¢ is the embryonic age; e is a natural constant; exp is the mathematical symbol.

3.77 mm/root and the E24 to E30 feather length grew slower
and reached an average of 33.69 mm/root at E30.

From the fitted curve model of back feather length at the
embryonic stage of the Jilin white goose in Table 3, it can be
seen that the logistic model had the largest fit (R* = 0.982) and
the smallest residual sum of squares (RSS = 20.34), Akaike’s
information criterion (AIC = 13.340), Bayesian information
criterion (BIC = 13.931), and mean square error (MSE =
2.260). The inflection point embryonic age for back feather
growth was E20.1, the inflection point feather length was
17.7 mm and the maximum daily increment was 3.4 mm. As
seen in Figure 4d, the measured values of back feather length
were close to the predicted values of the Logistic curve com-
pared to the Gompertz and von Bertalanffy curves. Therefore,
the logistic model was better at describing the variation in
back feather length during the embryonic period in Jilin white
geese.

Model fitting analysis and variation pattern of chest
feather length in goose embryos
From Table 3, it can be seen that the length of the chest
feathers of the Jilin white goose during the embryonic period
increased with the increase of embryonic age. Among them,
the E18 to E20 chest feather length grew the fastest, with an
average daily increment of 3.46 mm/root, following, the E20
to E22 feather length grew faster, with an average daily incre-
ment of 2.08 mm/root and the E22 to E30 feather length grew
slower and reached an average of 17.49 mm/root at E30.
From the fitted curve model of the chest feather length
during the embryonic period of the Jilin white goose in Table
5, it can be seen that the logistic model had the largest fit (R? =
0.998) and the smallest residual sum of squares (RSS = 0.82),
Akaike’s information criterion (AIC = -15.517), Bayesian
information criterion (BIC = -14.926), and mean square error
(MSE = 0.092). In particular, the inflection point embryonic
age for thoracic feather growth was E19.1, the inflection point
feather length was 8.8 mm and the maximum daily increment
was 3.3 mm. As shown in Figure 4e, the measured values of
thoracic feather length compared to the Gompertz and von
Bertalanffy curves largely matched the predicted values of the
Logistic curve. Therefore, the changes in chest feather length
during the embryonic period of Jilin white geese (A. cygnoi-
des) were best characterized by the logistic model.

Model fitting analysis and variation pattern of belly
feather length in goose embryos

Table 3 shows that the length of the Jilin white goose’s belly
feathers during the embryonic stage increased as the embry-
onic age increased. E18 to E20 belly feather length increased
the fastest, averaging 4.05 mm/root per day, followed by E14
to E18 feather length, which increased by 1.4 mm/root per
day, and E22 to E30 feather length, which increased more
slowly, averaging 18.36 mm/root per day at E30. From the fit-
ted curve model of the belly feather length during the embry-
onic period of the Jilin white goose in Table 3, it can be seen
that the logistic model had the largest fit (R* = 0.998) and the
smallest residual sum of squares (RSS = 1.09), Akaike’s infor-
mation criterion (AIC = -12.975), Bayesian information crite-
rion (BIC = -12.383), and mean square error (MSE = 0.121).
The inflection point for belly feather growth was E18.7, with
an inflection point feather length of 9.2 mm and a maximum
daily increment of 3.8 mm. As can be seen from Figure 4f, the
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Figure 4. Actual measurements of feather mass and feather length at different parts of the embryonic stage of the Jilin white goose were fitted to
predicted values from three growth models, Logistic, Gompertz, and Von Bertalanffy. (a) Feather mass on the back. (b) Feather mass on the chest. (c)
Feather mass on the belly. (d) The length of the feathers on the back. (e) Feather length on the chest. (f) Feather length on the belly.

measured values of belly feather length were mostly distrib-
uted on the logistic curve compared to the Gompertz and von
Bertalanffy curves. Therefore, the logistic model was more
accurate in describing the variation in belly feather length
during the embryonic period in Jilin white geese.

Discussion

The process of feather follicle development

Feather follicles are the basis for the growth and development
of poultry feathers, which are gathered into different feather
bundles, and their occurrence is influenced by a combination
of epithelial and mesenchymal cells (Wang et al., 2017). In
the present study, the epidermis was found to begin to bulge
at E12, marking the formation of feather buds, whereas in
chicken embryos the epidermis began to form feather buds
at E9 (Widelitz et al., 2003), probably because the embryonic
development period is longer in geese than in chickens, and
presumably the feather follicles developed and formed later
in goose embryos than in chicken embryos. The results of this

study showed that feather follicles of the goose embryo were
formed from E12 to E20, and that follicle morphogenesis was
almost complete at E20, which is consistent with the chicken
embryo follicle development stages E9 to E15. In addition,
goose embryo forms primary feather follicles at approxi-
mately E14 and secondary feather follicles at E18 (Figure
1B). Studies on the morphogenesis of feather follicles during
the embryonic period of the Carlos goose have shown that
primary feather follicles are formed at E13 and secondary
feather follicles at E18 in goose embryos (Liu et al., 2018),
while in studies on the development of feather follicles during
the embryonic period of the breeding goose, E9 was found to
be the early stage of dermal agglutination, E13 the short bud
period, and E17 the long bud period (Feng et al., 2022), which
is consistent with the process of feather follicle formation of
the Jilin white goose in this experiment. In the meantime, to
better characterize the development of feather follicles in dif-
ferent regions of poultry, feather follicles are generally divided
into primary and secondary follicles. The study has shown
that primary and secondary follicles develop independently
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Table 5. Fitted curve model and feather length parameters in Jilin white goose embryos

BIC MSE

RSS AIC

R?

Maximum daily gain (mm)

Inflection day (E)

Inflection feather length (mm)

Expressions

Growth model

Site

2.260

13.931
19.469
21.310
-14.926
-0.882

13.340
18.878
20.718
-15.517
-1.473

20.34

0.982

3.4
2.1

20.1

17.8

35.61/(1 + 2082.31¢ 3%

38.63e5746exp(-0.220)

Y
Y
Y
Y
Y
Y
Y
Y
Y

Logistic

Back

4.182
§5.131

37.64
46.18

0.967
0.960
0.998

18.4

19.3

Gompertz

1.6
3.3
2.3

11.2

20.6

41.19(1-6.04e16)3

von Bertalanffy

0.092
0.436

0.82
3.92
7.33
1.09
4.41
7.42

19.1

8.8

17.62/(1 + 1991477.89¢07¢)
17.86e13359.54exp(-0.521)

Logistic

Chest

0.990
0.982

18.3

8.9
9.2

Gompertz

4.742  0.814

-12.383

4.150
-12.975
-0.428

1.7
3.8

14.7

18.37(1-195.61e036)3

von Bertalanffy

0.121
0.490

0.998

18.7

9.2
9.3

18.41/(1 + 4542680.23e05%)
18.69¢-15608.29exp(-0.541)

Logistic

Belly

0.163
4.854

0.990

0.983

2.5

17.9

Gompertz

0.824

4.263

1.9

14.7

9.5

=19.07(1-303.78¢03%)3

von Bertalanffy

Abbreviations: AIC, Akaike’s information criterion; BIC, Bayesian information criterion; E, embryonic age; MSE, mean square error. R, R-squared. RSS, residual sum of squares.

'Y is the length of the goose embryo feathers observed at # embryonic age; # is the embryonic age; e is a natural constant; exp is the mathematical symbol.

and both originate from the feather primordium and the
developing of primary follicles is earlier than secondary fol-
licles (Xu et al., 2007). In a study of embryonic skin follicles
in yellow-feathered broiler chickens, the authors found that
primary feather follicles began to form at E12. By E135, pri-
mary feather follicles matured and secondary feather follicles
emerged, both developing independently, with the formation
of primary feather follicles preceding secondary feather fol-
licles (Xie et al., 2020a). However, some studies have found
that secondary hair follicles in sheep develop from primary
hair follicles, but the reason for the difference between the
two needs to be further investigated (Ferguson et al., 2012).

Microstructure and density of feather follicles

In this study, histological observations of feather follicles in
goose embryos showed that the first feather branchial ridges
in the follicle structure appeared at E14 and that each feather
branchial ridge could be differentiated into a marginal plate,
a feather branchlet plate, and a feather axial plate. A similar
finding was reported by Xu et al. (2007).

At the same time, a previous study found that the dermal
cell condensation in geese occurs at E9, which is thought
to be the beginning of hair follicle development, and the
primary feather follicles begin to form at E13 (Feng et al.,
2022). At this stage, blood vessels begin to appear in the
central zone of the dentary, which is composed of fibroblasts
and an extracellular matrix (Yu et al., 2004). During the
development of feather follicles, their density plays a crucial
role in feather production and quality. In this study, it was
found that the primary feather follicles of goose embryos
began to appear at E14, and their density generally showed
a trend of first increasing and then decreasing, reaching the
maximum density at the emergence of secondary feather fol-
licles at E18; while the density of secondary feather follicles
gradually increased from E18 until they emerged from the
shell, which was basically consistent with the results of Chen
et al. (2012), indicating that feather follicle development
nodes of Jilin White Goose and Wanxi White Goose were
similar. However, it was found that the secondary feather
follicle development period of Jilin White Goose was E18,
whereas that of Wanxi White Goose was close to E20, con-
cluding that the secondary feather follicle formation period
of Wanxi White Goose was slightly later than that of Jilin
White Goose, which might be caused by factors such as
geography, climate, and breed differences (Scott et al., 2015).

Goose embryo feather growth and development
patterns

Feather follicle development is one of the important growth
aspects during embryogenesis in birds (Chen et al., 2015;
Ng et al., 2018). For geese, particularly the development of
feather follicles, largely determines feather length and weight,
which in turn affects feather-related economic traits (Lu et
al., 2015). Therefore, by modeling growth curves, we can
dynamically describe and profile the growth process between
feather mass and length and embryonic age in Jilin white
geese (A. cygnoides) during the embryonic period. Currently,
studies have been conducted on the growth of thoracic and
belly feathers in yellow-finned broilers, but modeling growth
curves for whole-body feather mass and the weight and length
of back, thoracic, and belly feathers in goose embryos have
not been reported (Xie et al., 2020b).
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In this study, we found that a logistic curve model fitted
best to the embryonic feather growth and development of
Jilin white geese. Feathers started to grow slowly from E14 to
E18, showed rapid growth from E18 to E24, and after E24,
the feather growth rate decreased until just before emergence
(E30). This result shows the different intensities of different
growth stages in the feather formation process. In addition,
we found that the logistic curve model was more suitable for
describing the changes in feather growth during the embry-
onic stage of Jilin white geese, but this result is inconsistent
with the study of feather growth in yellow-feathered broil-
ers by Xie et al. (2020b), probably because chickens are not
important down-producing animals and their own feathers
only provide insulation and body protection, whereas goose
feathers can also be used as an important textile material (Xie
et al., 2020Db).

In this study, we found that before E14, embryonic feathers
were concentrated in the back region and no feathers were
found on the head, neck, chest, abdomen, or wings. By E22,
the whole body of the embryo was covered with feathers, and
back feathers were the earliest and fastest to develop, which
is basically consistent with the change in feather growth of
chicken embryos (Meyer and Baumgartner 1998). Mean-
while, we found that the inflection point of feather mass
in goose embryos was around E21, while feather length
occurred at E19. Although Xie et al. (2020b) showed that the
inflection points of feather mass and length in yellow-finned
broiler embryos were at E14 and E12, E11 to E15 was the
fastest feather growth stage. Moreover, a study by Meyer and
Baumgartner (1998) showed that the fastest feather growth
rate in the embryonic stage of the white Lai hang chickens
was E14 to E15. It can be assumed that goose and chicken
embryos reach the inflection point of feather length in pref-
erence to feather mass. In addition, studies have shown that
E12 to E14 for chicken embryos and E19 to E21 for goose
embryos, are the periods of secondary follicle development
during which the primary follicle density reaches its highest
stage, so the growth inflection points of feather length and
feather mass may be influenced by the growth and develop-
ment of primary and secondary follicles.

Conclusions

In summary, the primary follicle development time of the
Jilin white goose was E14 and the secondary follicle devel-
opment time was E18. The primary follicle density showed
a trend of first increasing and then decreasing, whereas the
secondary follicle density showed a continuously increasing
trend and the primary and secondary follicles developed
independently. Furthermore, the logistic curve model better
fits the embryonic feather growth and development of Jilin
white geese. At the same time, using the growth curve model
to explain the relationship between feather growth and
embryonic age in geese will potentially speed up the process
of genetic improvement in Jilin white geese (A. cygnoides)
and thus provide scientific support for molecular genetic
breeding. Of course, this approach needs to be revalidated
in subsequent studies.

Supplementary Data

Supplementary data are available at Journal of Animal Science
online.
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