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دراسة الأسباب الجینیة للصفات الظاھریة والأمراض الوراثیة یكون عبر: 
كشف تسلسل الحمض النووي في جینات مرشحة بین أفراد حاملین للصفة وآخرین ممن یفتقدونھا 1.

 .(sequencing candidate genes)

كشف تسلسل الحمض النووي في عموم المادة الوراثیة (الجینوم) بین أفراد حاملین للصفة وآخرین ممن 2.
 .(whole-genome sequencing) یفقدونھا والتركیز على الإختلافات الجینیة في جینات مرشحة

.3 .(linkage analysis) دراسة الصلة بین العلامات الجینیة والصفة المستھدفة في شجرة عائلیة معروفة

دراسة الصلة بین العلامات الجینیة والصفة المستھدفة في مجموعات حاملة للصفة وعدیمة الصفة 4.
.(association analysis)
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Cdrom Archive: A Gateway to Study
Camel Phenotypes
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Camels are livestock that exhibit unique morphological, biochemical, and behavioral
traits, which arose by natural and artificial selection. Investigating the molecular basis
of camel traits has been limited by: (1) the absence of a comprehensive record of
morphological trait variation (e.g., diseases) and the associated mode of inheritance,
(2) the lack of extended pedigrees of specific trait(s), and (3) the long reproductive
cycle of the camel, which makes the cost of establishing and maintaining a breeding
colony (i.e., monitoring crosses) prohibitively high. Overcoming these challenges requires
(1) detailed documentation of phenotypes/genetic diseases and their likely mode of
inheritance (and collection of related DNA samples), (2) conducting association studies
to identify phenotypes/genetic diseases causing genetic variants (instead of classical
linkage analysis, which requires extended pedigrees), and (3) validating likely causative
variants by screening a large number of camel samples from different populations.
We attempt to address these issues by establishing a systematic way of collecting
camel DNA samples, and associated phenotypic information, which we call the “Cdrom
Archive.” Here, we outline the process of building this archive to introduce it to other
camel researchers (as an example). Additionally, we discuss the use of this archive to
study the phenotypic traits of Arabian Peninsula camel breeds (the “Mezayen” camels).
Using the Cdrom Archive, we report variable phenotypic traits related to the coat (color,
length, and texture), ear and tail lengths, along with other morphological measurements.

Keywords: camel biobank, camel breed, camel ear, coat color, hair length, hair texture, Mezayen, tail length

INTRODUCTION

Dromedary camels (Camelus dromedarius Linnaeus, 1758) are exceptional livestock animals
because of their natural adaptations to hot sandy desert environments (Schmidt-Nielsen, 1959;
Abu-seida et al., 2012; Eshra and Badawy, 2014) and their artificially selected traits (Farah, 1993;
Khalaf, 1999; Kadim et al., 2008; Teague, 2009; Kagunyu et al., 2013).

Despite the seemingly large variation in physiological, biochemical, morphological, and
behavioral traits, the camel has received little attention with regard to the documentation of these
traits, insofar as their hereditary status and their molecular basis (Burger, 2016). Using various
genetic resources (Al-Swailem et al., 2010; Wu et al., 2014; Fitak et al., 2016), few studies have
recently started to investigate the genetic basis of camel phenotypic and behavioral traits (Holl et al.,
2017; Almathen et al., 2018; Ramadan et al., 2018); mostly using the candidate gene(s) sequencing
approach (Zhu and Zhao, 2007).
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variants by screening a large number of camel samples from different populations.
We attempt to address these issues by establishing a systematic way of collecting
camel DNA samples, and associated phenotypic information, which we call the “Cdrom
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Abu-seida et al., 2012; Eshra and Badawy, 2014) and their artificially selected traits (Farah, 1993;
Khalaf, 1999; Kadim et al., 2008; Teague, 2009; Kagunyu et al., 2013).

Despite the seemingly large variation in physiological, biochemical, morphological, and
behavioral traits, the camel has received little attention with regard to the documentation of these
traits, insofar as their hereditary status and their molecular basis (Burger, 2016). Using various
genetic resources (Al-Swailem et al., 2010; Wu et al., 2014; Fitak et al., 2016), few studies have
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1  | INTRODUC TION

All research requires data. Data are often collected unmethodically 
and unsystematically. It is often the case that only after the com-
pletion of the field season, is this data organized and transcribed to 
a format that can be more readily archived, analyzed, and shared 
(i.e., a spreadsheet). This two- step process of data collection is time- 
intensive (reducing the time spent collecting samples) and reduces 
data quality (via omissions, transcription errors, etc.).

The usability of any dataset is directly related to its organiza-
tion and formatting and the scientific value of the dataset increases 
as it is used by different research groups. Collaboration and data 
sharing across research groups are hindered by the use of disparate 
data collection and organization schemes—thus, a unified system-
atic data collection approach could increase collaboration and data 
sharing. While many researchers developed software to address and 
serve various scientific objectives (see lists in http://brunalab.org/
apps/), none of these applications provide a simple solution to the 

collection of biological specimen data. The closest application to 
serve this purpose is EpiCollect (Aanensen, Huntley, Feil, al- Own, & 
Spratt, 2009). However, the complex application design and multiple 
features, although valued, may limit its wide- scale adoption and im-
plementation across fields.

In designing SamplEase, we adopted the recommendations of 
Borer et al. concerning data formats, storage, and sharing potential 
as well as technical issues with naming files and categories of data 
(Borer, Seabloom, Jones, & Schildhauer, 2009). SamplEase is available 
in both Android and iOS platforms, designed to expedite collection, 
management, and sharing of biological specimen data in the field.

2  | SAMPLE A SE WORKFLOW

The general idea behind developing SamplEase is to (1) rapidly and 
conveniently collect and store biological specimen data along with 
photographs for each biological sample, (2) export the data in a 
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Abstract
Careful collection and organization of biological specimens and their associated data 
are at the core of field research (e.g., ecology, genetics). Fieldwork data are often col-
lected by handwriting or unsystematically via an electronic device (e.g., laptop), a 
process that is time- intensive, disorganized, and may lead to transcription errors, as 
data are copied to a more permanent repository. SamplEase is an iOS and Android 
application that is designed to ease the process of collecting biological specimen data 
in the field (data associated with biological samples, such as location, age, and sex). In 
addition to biological specimen data, SamplEase allows for the assignment of photo-
graphs to each collected sample, which provides visual records of each specimen in 
its environment. SamplEase outputs biological specimen data in a tabular format, fa-
cilitating subsequent analyses and dissemination. Despite the simplicity of SamplEase, 
no similar data management application is readily available for researchers.
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Abstract

Camels are livestock with unique adaptations to hot-arid regions. To effectively study camel

traits, a biobank of camel DNA specimens with associated biological information is needed.

We examined whole-blood, saliva (buccal swabs), and tail-hair follicle samples to determine

which is the best source for establishing a DNA biobank. We inspected five amounts of each

of whole-blood, buccal swabs, and tail-hair follicles in nine camels, both qualitatively via gel

electrophoresis and quantitatively using a NanoDrop spectrophotometer. We also tested

the effects of long term-storage on the quality and quantity of DNA, and measured the rate

of degradation, by analyzing three buccal swab samples and 30 tail-hair follicles over a

period of nine months. Good quality DNA, in the form of visible large size DNA bands, was

extracted from all three sources, for all five amounts. The five volumes of whole-blood sam-

ples (20–100μl) provided ~0.4–3.6 μg, the five quantities of buccal swabs (1–5) produced

~0.1–12 μg, while the five amounts of tail-hair follicles (10–50) resulted in ~0.7–25 μg. No
differences in the rate of degradation of buccal swab and tail-hair follicle DNA were detected,

but there was clearly greater deterioration in the quality of DNA extracted from buccal swabs

when compared to tail-hair follicles. We recommend using tail-hair samples for camel DNA

biobanking, because it resulted in both an adequate quality and quantity of DNA, along with

its ease of collection, transportation, and storage. Compared to its success in studies of

other domesticated animals, we anticipate that using ~50 tail-hair follicles will provide suffi-

cient DNA for sequencing or SNP genotyping.

Introduction

Dromedary camels (Camelus dromedarius Linnaeus, 1758) are multi-purpose livestock,
domesticated for their adaptations to survive, reproduce, and produce (e.g. milk and meat) in
hot-arid environments [1]. The two main hot-desert adaptations in dromedary camels are
both extreme thermal tolerance and their high level of water conservation [2].
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Camels are livestock that exhibit unique morphological, biochemical, and behavioral
traits, which arose by natural and artificial selection. Investigating the molecular basis
of camel traits has been limited by: (1) the absence of a comprehensive record of
morphological trait variation (e.g., diseases) and the associated mode of inheritance,
(2) the lack of extended pedigrees of specific trait(s), and (3) the long reproductive
cycle of the camel, which makes the cost of establishing and maintaining a breeding
colony (i.e., monitoring crosses) prohibitively high. Overcoming these challenges requires
(1) detailed documentation of phenotypes/genetic diseases and their likely mode of
inheritance (and collection of related DNA samples), (2) conducting association studies
to identify phenotypes/genetic diseases causing genetic variants (instead of classical
linkage analysis, which requires extended pedigrees), and (3) validating likely causative
variants by screening a large number of camel samples from different populations.
We attempt to address these issues by establishing a systematic way of collecting
camel DNA samples, and associated phenotypic information, which we call the “Cdrom
Archive.” Here, we outline the process of building this archive to introduce it to other
camel researchers (as an example). Additionally, we discuss the use of this archive to
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Camels are livestock that exhibit unique morphological, biochemical, and behavioral
traits, which arose by natural and artificial selection. Investigating the molecular basis
of camel traits has been limited by: (1) the absence of a comprehensive record of
morphological trait variation (e.g., diseases) and the associated mode of inheritance,
(2) the lack of extended pedigrees of specific trait(s), and (3) the long reproductive
cycle of the camel, which makes the cost of establishing and maintaining a breeding
colony (i.e., monitoring crosses) prohibitively high. Overcoming these challenges requires
(1) detailed documentation of phenotypes/genetic diseases and their likely mode of
inheritance (and collection of related DNA samples), (2) conducting association studies
to identify phenotypes/genetic diseases causing genetic variants (instead of classical
linkage analysis, which requires extended pedigrees), and (3) validating likely causative
variants by screening a large number of camel samples from different populations.
We attempt to address these issues by establishing a systematic way of collecting
camel DNA samples, and associated phenotypic information, which we call the “Cdrom
Archive.” Here, we outline the process of building this archive to introduce it to other
camel researchers (as an example). Additionally, we discuss the use of this archive to
study the phenotypic traits of Arabian Peninsula camel breeds (the “Mezayen” camels).
Using the Cdrom Archive, we report variable phenotypic traits related to the coat (color,
length, and texture), ear and tail lengths, along with other morphological measurements.
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Abu-seida et al., 2012; Eshra and Badawy, 2014) and their artificially selected traits (Farah, 1993;
Khalaf, 1999; Kadim et al., 2008; Teague, 2009; Kagunyu et al., 2013).

Despite the seemingly large variation in physiological, biochemical, morphological, and
behavioral traits, the camel has received little attention with regard to the documentation of these
traits, insofar as their hereditary status and their molecular basis (Burger, 2016). Using various
genetic resources (Al-Swailem et al., 2010; Wu et al., 2014; Fitak et al., 2016), few studies have
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1  | INTRODUC TION

All research requires data. Data are often collected unmethodically 
and unsystematically. It is often the case that only after the com-
pletion of the field season, is this data organized and transcribed to 
a format that can be more readily archived, analyzed, and shared 
(i.e., a spreadsheet). This two- step process of data collection is time- 
intensive (reducing the time spent collecting samples) and reduces 
data quality (via omissions, transcription errors, etc.).

The usability of any dataset is directly related to its organiza-
tion and formatting and the scientific value of the dataset increases 
as it is used by different research groups. Collaboration and data 
sharing across research groups are hindered by the use of disparate 
data collection and organization schemes—thus, a unified system-
atic data collection approach could increase collaboration and data 
sharing. While many researchers developed software to address and 
serve various scientific objectives (see lists in http://brunalab.org/
apps/), none of these applications provide a simple solution to the 

collection of biological specimen data. The closest application to 
serve this purpose is EpiCollect (Aanensen, Huntley, Feil, al- Own, & 
Spratt, 2009). However, the complex application design and multiple 
features, although valued, may limit its wide- scale adoption and im-
plementation across fields.

In designing SamplEase, we adopted the recommendations of 
Borer et al. concerning data formats, storage, and sharing potential 
as well as technical issues with naming files and categories of data 
(Borer, Seabloom, Jones, & Schildhauer, 2009). SamplEase is available 
in both Android and iOS platforms, designed to expedite collection, 
management, and sharing of biological specimen data in the field.

2  | SAMPLE A SE WORKFLOW

The general idea behind developing SamplEase is to (1) rapidly and 
conveniently collect and store biological specimen data along with 
photographs for each biological sample, (2) export the data in a 
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Abstract
Careful collection and organization of biological specimens and their associated data 
are at the core of field research (e.g., ecology, genetics). Fieldwork data are often col-
lected by handwriting or unsystematically via an electronic device (e.g., laptop), a 
process that is time- intensive, disorganized, and may lead to transcription errors, as 
data are copied to a more permanent repository. SamplEase is an iOS and Android 
application that is designed to ease the process of collecting biological specimen data 
in the field (data associated with biological samples, such as location, age, and sex). In 
addition to biological specimen data, SamplEase allows for the assignment of photo-
graphs to each collected sample, which provides visual records of each specimen in 
its environment. SamplEase outputs biological specimen data in a tabular format, fa-
cilitating subsequent analyses and dissemination. Despite the simplicity of SamplEase, 
no similar data management application is readily available for researchers.
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  فكرة عمل سامبلیز
.1 (google play) لأجھزة الأبل و في ال (App Store) المتاح مجاناً في ال (SamplEase) البحث عن التطبیق

لأجھزة الأندروید. 
تحمیل التطبیق على جھاز المستخدم. 2.
تسجیل التطبیق بإسم المستخدم حتى تربط جمیع العینات المجموعة بإسم الباحث الجامع لھا. 3.
ربط التطبیق في حساب (Dropbox) خاص لتخزین المعلومات المجموعة باستخدام التطبیق. 4.

الخطوات (1-4) یتم عملھا مرة واحدة فقط 
إستخدام التطبیق في جمع العینات ومعلوماتھا وصورھا. 5.
رفع المعلومات المصاحبة للعینات إلى حساب ال (Dropbox) الخاص. 6.
عرض المعلومات المصاحبة للعینات ودراستھا لاحقاً باستخدام حاسب شخصي.7.

SamplEase and Cdrom archive: 
Windows to study the dromedary Camelus dromedarius 

(Artiodactyla: Camelidae) and related camelids 
Hasan Alhaddad and Bader H. Alhajeri 

Department of Biological Sciences, Kuwait University, Kuwait  

SamplEase  

1. Search 

2. Download 

3. Register 

4. Link to Dropbox 

5. Collect data 

6. Upload data 

7. View data 

Acknowledgment: Jaafar Hussian assisted in designing SamplEase. 

Sample ID Date Nickname Sex Age Sire Dam Breed Bio 
Sample Other 1 Other 2 Other 3 GIS Country Region Notes Breeder 

Name 
Breeder 
Phone 

Breeder 
Email Photo 1st Photos 

Total S-Other 1 S-Other 2 S-Other 3 Collector Name Collector 
Phone Collector Email Collector Affiliation 

201701151200_1 201701151200 Hasan Male 4 y ? ? Wadh Saliva 29.32491182 - 47.97026849 Kuwait  Khaldiya  KU 6199998888 h@gmail.com 201701151200KU_1_1 3 Hasan Alhaddad 123456789 jamalidreport@gmail.com Kuwait University  
201701151200_2 201701151200 Bader Male 5 y ? ? Sufur Hair 29.32491182 - 47.97026849 Kuwait  Khaldiya  KU 6199998888 h@gmail.com 201701151200KU_2_1 5 Hasan Alhaddad 123456789 jamalidreport@gmail.com Kuwait University  

Figure 1: How to use SamplEase, an iOS sampling application. 

Cdrom archive 

 

 

 

 

 

 

1. Register SamplEase 
•   SamplEase registration ensures 

that each sample links to the 
collector’s contact information 
(Table 1). 

•   Registration information records 
the contribution of each 
investigator working within a team. 

2. Link to Dropbox 
•  SamplEase needs to be linked to 

a Dropbox account, where 
sampling data and associated 
images can be deposited. 

•  If need be, SamplEase can be 
unlinked from one Dropbox 
account and linked to another. 

3. Session information 
•  A session is defined as a sampling 

trip, often to a specific breeder, in 
a specific location. 

•  All samples collected at a single 
locality share the same session 
information. 

4. Sample information 
•   Unique information for each 

sample can be easily entered and 
saved. 

•   Samples can be continually 
added until the sampling session 
is complete. The session ends 
when sampling is done. 

5. SamplEase output 
•  For each session, data is stored as a zip file, which contains a table of SamplEase data 
(Table 1), along with the associated images.  

•  Data can be uploaded to the linked Dropbox account (when connected to the internet), in 
a folder with the label: App/SamplEase. 

•  When not connected to the internet, the session data will be stored on the device 
temporarily, so that it can be uploaded to the linked Dropbox account when internet is 
restored. 

•  Images are automatically assigned a unique name, based on the sample ID. 

Why use SamplEase? 

 

 

 

 

 

 

 

 

1.	Search	

2.	Download	

3.	Register	

4.	Link	to	Dropbox	

5.	Collect	data	

6.	Upload	data	

7.	View	data	

Introduction 
•  Collection, organization, and dissemination of biological data, in the form of specimens 
and associated information is essential for long and short-term research projects. Manual 
data collection (i.e. by hand) is time-intensive, hard to share, and is more susceptible to 
loss.  

•  SamplEase is an application designed to ease the process of biological specimen 
sampling, particularly in a fieldwork setting. The application allows systematic assignment 
of basic data to each collected specimen. 

•  SamplEase can be utilized by ecologists, geneticists, plant and animal breeders, and 
researchers from other fields.  

•  It is easy to use. 
•  Paperless data collection. 
•  Data can be inputted in any language. 
•  Data output is organized in a table. 
•  Data is automatically backed up in Dropbox. 
•  Data is uploaded as a zip file to save space. 
•  Each collected sample is automatically 
assigned an ID, a date and time, and GIS 
coordinates.  
•  Unlimited number of photos for each 
sample. 

•  Assignment of sample IDs is based on the 
sampling date & time (yyyy-mm-dd-hh-
mm_#). 
•  Rapid collection of phenotypic, behavioral, 
and environmental data. 
•  Images are named according to the sample 
ID. 
•  The name of the output file corresponds to 
the date & time of the sampling session. 
•  File names are arranged in chronological 
order (yyyy-mm-dd-hh-mm_name). 

Table 1: An example of a table outputted from SamplEase. 

•  Cdrom archive is a bank of Camelus dromedarious biological specimens, used to 
explore its molecular and morphological variation. 

•  To investigate the morphological variation and the genetic causes behind such variation, 
a large number of camels need to be screened molecularly. 

•  Cdrom archive links the detailed morphological data obtained from SamplEase with the 
collected DNA samples (Tail hair), in order to verify molecular variants associated with a 
particular phenotype. 

•  Blood, buccal swabs (saliva), and tail hair follicles are possible biological specimen sources that 
can be collected from camels in order to extract DNA for the Cdrom archive. 

•  Blood samples offer sufficient quantities of high quality DNA but poses problems related to sample 
storage and collection (many breeders are resistant to providing blood samples). 

•  Saliva samples are relatively easier collect and store compared to blood samples. However, the 
quality and quantity of DNA varies across samples, and may be contaminated with feeding material. 

•  Hair samples are the easiest to collect and store and camel breeders do not mind providing 
such samples. We found that hair can provide sufficient good quality DNA for molecular 
analyses. 
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FGF5 missense mutation is associated with dromedary hair length
variation

T. Maraqa , B. H. Alhajeri and H. Alhaddad
Department of Biological Sciences, Kuwait University, Kuwait City, Kuwait.

Summary Several FGF5 mutations are associated with hair length variation in many domestic

animals, including New World camelids. The dromedary was investigated in the present

study with breeds exhibiting marked variations in hair length. This study aimed to: (1)

identify the molecular variation(s) in the three exons of FGF5 of a diverse group of breeds

(Mejaheem, Shaele, Sofor, Waddah and Omani; n = 28); (2) examine the association of the

identified variants with hair length; (3) validate the association via genotyping the

polymorphism in a large population of diverse camels (n = 113); and (4) test the segregation

of the identified variant with hair length in a pedigree. A non-synonymous mutation (c.779

C > T) was identified that changes the amino acid from proline to leucine and was found to

be associated with different hair length in dromedaries. The variants at c.779 displayed a

co-dominance mode of inheritance and three hair length phenotypes: short (C/C),

intermediate (C/T) and long (T/T). Across the examined dromedary breeds, both alleles

were present, which is probably due to the breeders’ preference for an intermediate hair

length. When compared with other camelids, the identified variant was found exclusively in

dromedaries with the ancestral allele at c.779 being ‘C’. This study constitutes the first

thorough exploration of the FGF5 gene in dromedaries.

Keywords Arabian camel, Camelus, long-hair, polymorphism, SNP

Introduction

Hair consists of two parts: (1) non-living keratinized tissue

that grows out of the skin; and (2) living follicular tissue

within the skin (Fig. S1). At the end of its development

(Fig. S2), hair enters a continuous cycle of shedding and

regenerating, known as a hair growth cycle (Paus 1998).

The hair growth cycle consists of three phases: anagen

(growth phase), catagen (apoptotic phase) and telogen

(resting phase) (Paus 1998; Duverger & Morasso 2014).

The main hair growth regulator gene is FGF5 (fibroblast

growth factor5), which consists of three exons separated by

two introns (H!ebert et al. 1994). The full-length FGF5

protein induces transition from the anagen to the catagen

phase, wheras the FGF5s (short) protein antagonizes the

FGF5 protein (Hattori et al. 1996; Suzuki et al. 1998;

Suzuki et al., 2000).

Several variants within FGF5 correlated with long-hair

phenotype in cats (Dr€ogem€uller et al. 2007; Kehler et al.

2007), dogs (Dierks et al. 2013), goats (He et al. 2014),

sheep (Hu et al. 2017), hamsters (Yoshizawa et al. 2015),

donkeys (Legrand et al. 2014), llamas (Daverio et al. 2017),

alpacas (Pallotti et al. 2018) and humans (Higgins et al.

2014) (see Table S1 for more details). Accordingly, the

FGF5 gene is a promising candidate gene for hair length

variation in dromedary camels.

The dromedary (Camelus dromedarius) is a single-humped

camel, completely domesticated in its current form, and

presently occurring in dry and arid environments such as

Africa and Asia (Ouajd & Kamel 2009; Faye 2016). The

dromedary is highly adapted to the aridity and high

temperature of hot deserts (Ouajd & Kamel 2009). Camel

desert adaptations include the arrangement of hair to

insulate and protect the body from sunburn (Schmidt-

Nielsen et al. 1956; Gebreyohanes & Assen 2017). Camel

hairs are arranged in clusters (Lee & Schmidt-Nielsen

1962). Each cluster is composed of two or three cover hairs

plus two to nine small woolly hairs (Lee & Schmidt-Nielsen

1962; Fig. S3). Camel hair length ranges from short to long

(Porter et al. 2016; Alhaddad & Alhajeri 2019; Fig. 1).

However, moderate hair length is preferred in camel

breeding excellence competitions of the Arabian Peninsula

(i.e. beauty contests; Alhaddad & Alhajeri 2019). Beyond

breeding excellence competitions, camel hair is used in
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Fiber characteristics of the dromedary camel in the Arabian Peninsula 
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A B S T R A C T   

Dromedary camel fibers have long been utilized to make clothes, tents, ropes, mats, and carpets, however, only a 
minority of these fibers are currently used to produce textiles. Dromedary fiber classification based on quality 
traits is essential to investigate its textile potential. Therefore, the objectives of this study were to (1) develop a 
classification protocol for dromedary camel fibers based on crimp (i.e., shape), (2) investigate the characteristics 
of each fiber class using length, diameter, and medulla (i.e., the innermost hair layer) and (3) determine which 
fiber class is most suitable for the textile industry. Fiber samples were obtained from the mid-torso of 32 Arabian 
Peninsula camels of different types. Five crimp categories were identified (straight, C-shaped, wavy, ringed, and 
kinky). Across all crimp categories, the average length ranged from 20.20 – 43.93 mm whereas the mean fiber 
diameter ranged from 29.74 – 72.11 μm. Percent medullation extended from 68% to 100% with noticeable 
variation between crimp categories. Overall, fiber traits significantly differed between the crimp categories. 
Kinky hair was particularly distinct from the other crimp categories. The kinky crimp category is the most 
suitable dromedary fiber for the textile industry because its fibers are long, fine, and has the lowest percentage of 
medullated fibers. Hence, we recommend that selective breeding programs and genetic studies focus on the 
production of dromedaries with kinky hair fibers.   

1. Introduction 

The domestication of plants and animals guaranteed a constant food 
supply for human civilizations and enabled the utilization of natural 
fibers for shelter and clothing (Wilson, 1979). The use of animal fibers in 
the production of textiles has likely started with livestock domestication, 
particularly sheep (Petrie, 1995; Jackson et al., 2020), which was pri-
marily used to produce fabrics, carpets, and furnishings (Scobie et al., 
2015; Doyle et al., 2021). Later on, fibers from other domesticated an-
imals such as goats, rabbits, yaks, and camelids were utilized in textile 
production because of their exceptional characteristics, including soft-
ness and shininess (McGregor, 2012). Across domesticated animals, 
fiber quality is usually determined by fiber diameter, length, presence of 
medulla (i.e., the innermost layer of hair), crimp (i.e., curvature), handle 
(i.e., softness), luster (i.e., shininess), and clean fiber yield (Petrie, 1995; 
McGregor, 2012). 

Fiber diameter is the most important attribute influencing the quality 
and value of fibers, given its influence on the spinning limits of yarn, the 
prickling and softness of fibers, and the potential end uses of fibers 
(Frank et al., 2006; Holman and Malau-Aduli, 2012; McGregor, 2012; 
Lakshmanan et al., 2016; Hunter, 2020; Doyle et al., 2021). Fiber length 

also plays a significant role in determining the type of fiber processing 
system (worsted or woolen) (Franck, 2001; Hunter, 2020). The per-
centage of medullated fibers is an additional factor in determining fiber 
quality (McGregor, 2018). Despite the thermal insulation properties of 
medullated fibers (Alibayev et al., 2020), non-medullated fibers are 
preferred in the textile industry as they are easier to spin and dye, are 
more comfortable, and have better appearance (Petrie, 1995; McGregor, 
2012). Fiber crimp has recently emerged as a quality factor in the textile 
industry. Increased crimp is generally associated with increased yarn 
bulk, improved wear life, breathability, resilience, and improved insu-
lation properties of the textiles (Barach and Rainard, 1950; Horio and 
Kondo, 1953; Alexander et al., 1956; Beacham et al., 2007; McGregor 
et al., 2015). Fibers of similar diameters can have different degrees of 
softness (and thus comfort) depending on their crimp (McGregor, 2007). 

Intensive genetic selection for fiber characteristics in sheep has led to 
the development of modern wool, which is characterized by uniform 
length and diameter, high and regular crimp frequency, and the absence 
of medullation (Doyle et al., 2021). Similarly, genetic selection in goat 
breeds has produced high quality fibers such as the mohair, cashmere, 
and cashgora (a breed that resulted from cross breeding cashmere and 
angora goats). Camelids also contribute to the production of animal 
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2.5. Statistical analysis 

The R library RRPP (Collyer and Adams, 2018) was used to perform a 
residual randomization in a permutation procedure (RRPP) to test if 
crimp categories statistically differed in each of (1) fiber diameter, (2) 
individual fiber length, (3) fiber strand length, and (4) medullation 
proportion. Statistical significance was based on 999 iterations of 
random permutation, a random starting seed, and an α of 0.05. An 
F-distribution ANOVA table was tabulated for the models used in the 
RRPP analyses. Fiber diameter, individual fiber length, and fiber strand 
length were natural log-transformed to reduce the effect of outliers. 
Medullation proportion is the proportion of the examined fibers (within 
each camel) that were continuous, discontinuous, or non-medullated. 
The RRPP library was also used to estimate distances between the 
means of pairs of crimp categories based on their fiber diameter, indi-
vidual fiber length, fiber strand length, and medullation proportion. 

3. Results 

3.1. Crimp classification 

To classify fiber shape, individual fiber scans for all camels were 
compared and grouped according to their similarities. Fiber strand scans 
were then used in addition to individual fiber scans to refine the clas-
sification scheme. This resulted in three crimp categories: ‘straight’, 
‘wavy’, and ‘kinky’ hair. Fibers in the “straight” category were either 
straight or slightly bent. Fibers in the “wavy” category had multiple 
bends of different amplitudes. Fibers in the “kinky” category had mul-
tiple bends of small amplitudes. Close-up camel torso photos were used 
in addition to the individual fiber scans to further refine the categories. 
These photos revealed that some camels in the straight category had C- 
shaped bends, which changed the appearance of the fibers on the 
camel’s body dramatically. These C-shaped bends caused the fibers to 
curl, protruding either towards or away from the skin. Fibers with slight 
bends (not C-shaped) tend to be layered one on top of the other (without 

Fig. 1. An illustration of the different crimp categories with a detailed description of each. A scaled drawing is shown for each crimp category, assigned by analyzing 
whole body photos, close-up torso photos, along with strand and individual fiber scans. The photos were selected as examples of the most representative fibers in each 
crimp category. 
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