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The Arabian Honeybee Apis mellifera jemenitica is endemic to the Arabian Peninsula. It is highly adapted
to temperature extremes and drought dominating the region. In this study, the mitochondrial
Cytochrome Oxidase [ (COI) was analyzed in 133 specimens of A. m. jemenitica from eight localities along
the Red Sea cost of Saudi Arabia. Results revealed 33 synonymous, and 6 non-synonymous mutations
within the COI sequences, resulting in change of 4 amino acids. Phylogenetic analysis based on either
type of mutations revealed two main haplogroups accounting for 94% of the samples. In total Eighteen
new haplotypes were identified and uploaded in the genebank, Fourteen of them are restricted to one/
both haplogroups. All haplotypes identified in this study clustered with reference COI sequences of the
sub-lineag Z (African Lineage). However one Haplotype (MW428270) represents high COI variability
compared to other haplotypes and may resemble different evolutionary sub-lineage. Tajima’s
Neutrality Test (Ps = 0.025; D = -1.5) indicated population size expansion that took place after selective
sweep and/or purifying selection.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Both morphometric and genetic analyses are basically used to
characterize honeybee subspecies and ecotypes (Ruttner 1988;
Garnery et al, 1992; Meixner et al.2013; Henriques et al.,
2018). Based on morphometric approaches, 33 subspecies were
identified and assigned to four different lineages (African (A);
Western Europe (M); South-Eastern Europe (C) and Middle East
(0)) demonstrating high consistency with genetic approaches
based on mtDNA markers (revised by Ilyasov et al., 2020). The
mitogenomes evolve more rapid and may provide earlier diag-
nostic markers compared to nuclear markers (Moore, 1995;
Kaltenpoth et al.,, 2012). The Arabian Honeybee Apis mellifera
jemenitica is the endemic honeybee of the Arabian Peninsula. It
spreads naturally in Africa and Asia and is highly adapted to
environmental extremes (Ruttner, 1988, Alattal and Alghamdi
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2015). In Saudi Arabia it is mostly managed in the southern
and western regions parallel to the Red Sea coast along the Siri-
wat mountain series of Saudi Arabia. The endemic honeybee of
Saudi Arabia is a member of the African sub-lineage Z (Previ-
ously O lineage) (Alburaki et al. 2013, Alattal et al., 2014). How-
ever in a recent phylogenetic study (based on PCGs phylogenetic
analysis of 14 A. m. jemenitica mitogenomes from Saudi Arabia)
mitogenome clustered into three sub-groups, two of them are
considerably different, which may indicate a membership of
two different lineages. A problem in the use of such phylogenetic
tree is the limited information on the variability of mitogemones
sequences within other A. mellifera subspecies. For sequence
alignment purposes, most honeybee subspecies are represented
by one mitogenom in the genebank (NCBI), however much data
is available when only one mitochondrial gene or region is con-
sidered for construction of phylogenetic trees and investigation
of relationships among honeybee subspecies or lineages. In this
study 133 sequences of the COI gene of the A. m. jemenitica from
Saudi Arabia were aligned with other sequences of honeybee
subspecies previously reported in the genebanck (NCBI). Our
main target is to investigate the amount of variation in COI gene
within these sequences and to use them in diagnosing and illus-
trating their phylogenetic relationship with other honeybee
subspecies.

1319-562X/© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
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2. Materials and methods

Honey bee samples from 133 non-migratory Apis mellifera
jemenitica colonies spread along the Red Sea cost of Saudi Arabia
were collected (Fig. 1) and were then preserved in 96% Ethanol.
Each sample consisted of 15 workers. Ten workers from each sam-
ple were dissected, body parts were mounted on slides, and
scanned using a high resolution scanner (600 dpi) connected to
desk-top computer system supported with image tool software
(Image tool® 3.0). Twenty nine body characters (Table 1) were
measured (Goetze, 1964, Ruttner, 1988). Colony means were then
calculated for each character. Afterwards, reference data represent-
ing the measurements of the corresponding characters for 4 other
A. mellifera subspecies from six countries (Syria, Egypt, Sudan,
Uganda, Somalia, Italy) obtained from Oberursel Bee Research
Institute (Frankfurt, Germany) were included in the data set. Sub-
sequently, discriminant analysis using Wilk’s lambda was used to
verify reallocation probabilities among different subspecies. Anal-
ysis was performed using Past 4.03 (Hammer et al., 2021). For
mtDNA analyses, DNA was extracted from one worker bee per col-
ony using Qiagen extraction Kit (Cat No./ID: 69506). Extracted DNA
was then sequenced by BGI (Hong Kong, China). Raw data process-
ing was performed using SOAPnuke v1.5.6 (parameters -n 0.05 -1
20 -q 0.2 -G -Q 2) (Chen et al., 2018). Filtration included three-
step, started with adaptor trimming, any reads with adaptor map-
ping rate higher than 50% was removed. Then, low quality reads
with more than 50% of low quality bases (Q20 < 50%) were
removed. Finally, contiguous reads with more than 2 % N bases
were removed. Trimmed mtDNA reads were mapped and anno-
tated in Geneious Prime 2020.1.2 using a reference mitogenome
of A. m. jemenitica (GeneBank: MN714161). Sequences of COI and
for each sample were then extracted in fasta format and were
aligned with mtDNA sequences of other A. mellifera subspecis using
BioEdit v7.2.5 (Hall, 1999) and were subjected to restriction
enzymes; Taql and Hinfl. Phylogenetic tree was constructed using
Maximum Composite Likelihood method and tested over1000
bootstrap replicates (Felsenstein 1985), evolutionary distances as

Fig. 1. Sites of sampled apiaries along the Red Sea coast of Saudi Arabia; Tabuk
(n = 18): 28.387028,36.855194; AlMadina (n = 17) 25.411561,37.520384; Makkah
(n = 20): 21.911416,39.753706; Taif (14): 21.472722,40.551694; Albaha (n = 14):
19.852472,41.585611; Asir (19): 18.256722,42.229028 Jazan (n 16)
17.517472,43.075000; Najran (n = 14) : 17.625917,43.754611.
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Table 1
List of morphometric characters used in this analysis and their numbers as given by
Ruttner (1988).

Character No. Character No.
Length of proboscis 4 Pigmentation of tergite 3 33
Length of Femur 5 Pigmentation of tergite 4 34
Length of tibia 6 Wing Angel (a4) 21
Length of metatarsus 7 Wing Angel (b4) 22
Width of metatarsus 8 Wing Angel (d7) 23
LW_MTAR 7:8 Index of slenderness 19:20
Length of hind leg 5+6+7  Wing Angel (e9) 24
Tergite 3 longitudinal 9 Wing Angel (g18) 25
Tergite 4 longitudinal 10 Wing Angel (j10) 26
Forewing Length 17 Wing Angel (j16) 27
Forewing Width 18 Wing Angel (k19) 28
LWFW 17:18 Wing Angel (113) 29
Cubital 1 19 Wing Angel (n23) 30
Cubital 2 20 Wing Angel (026) 31
Pigmentation of tergite 2 32

the number of base substitutions per site were calculated in
MEGA7 (Kumar et al. 2016). Impact of nucleotide polymorphism
on amino acid changes was also explored. Sequences were addi-
tionally analyzed with Basic Local Alignment Search Tool (BLAST)
search program (National Center for Biotechnology Information
site - NCBI), and compared with other sequences available in Gen-
Bank, then new haplotypes (haplotypes) were uploaded into the
genbank.

3. Results

Discriminant analysis of reference subspecies confirmed their
allocation to their original groups (N = 140). However, in cross-
validating grouping two colonies of the study samples (~1.5%)
was allocated with the African A. m. jemenitica reference group,
and one data set from each of A. m. syriaca, A. m. lamarckii and A.
m. ligustica grouped unsuccessfully (Table 2) and were removed
from further analysis. This analysis aimed to confirm subspecies
identity of our samples. All of the Saudi samples clustered together
and were closest to the reference A. m. jemenitica and A. m. syriaca
(Squared Mahalabonis Distance = 29 and 37 respectively) (Fig. 2).
The COI gene sequence length was 1572 bp and composed of
76.2 AT and 23.8 GC. Variable sites were 39 (2.5%) (Table 3)
resulted in 6 variable amino acids (0.38%) (Table 4). Analysis
revealed eighteen new haplotypes of COI gene sequences among
A. m. jemenitica within Saudi Arabia (Table 5). One haplotype (hap-
lotypes 14: n = 4 (~3%)) revealed the highest number of substituted
nucleotides with one non-stop mutation (26n), and phylogeneti-
cally close to A. m. mellifera and A. m. capensis COI sequences. Other
COI haplotypes are similar to A. m. jemenitica, A. m. syriaca and A. m.
lamarckii reference sequences (Fig. 3). Digestion map of the COI
region using Taql revealed two different restriction patterns
among our samples. COI haplotype 14 revealed four restriction
sites (112, 286, 637, 904), while all other haplotypes had five
restriction site (112, 286, 637, 660, 904) (Table 5). Digestion with
Hinf1 revealed a different pattern for haplotype 14 as well, with
two restriction sites (18, 1334), while all other haplotypes had 3
restriction sites (18, 883, 1334) (Table 5). All haplotypes were
uploaded in the gene bank and their accession numbers are given
in Table 3. Analysis of translated sequences of COI gene revealed
four non-synonymous SNPs and demonstrated changes in three
amino acids (Codon no. 128, 272, 521) among all haplotypes and
one nonstop mutation in haplotype 14 (Table 4). Based on amino
acid changes, most colonies clustered into two groups. The first
two groups are common (77 and 48 colonies, respectively), the
third group resemble haplotype 14 which demonstrated mutation
in the termination codon.



A. Alghamdi and Y. Alattal

Table 2
Grouping of the study samples and reference subspecies by cross-validating test.
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A. m jemenitica A. m jemenitica A. m. syriaca A. m. lamarckii A. m. ligustica
Saudi Samples African Origin
A. m jemenitica 129 2 0 0 0
Saudi Samples
A. m jemenitica 0 50 0 0 0
African Origin
A. m. syriaca 0 0 11 1 0
A. m. lamarckii 0 0 27 1
A. m. ligustica 0 0 1 0 49
Total 129 52 12 28 50
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-6.000
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Fig. 2. Discriminant analysis of colonies based on morphometrical data sets . the
figure shows the colony means of trais of the Arabian Honeybee A. m. jemenitica
samples from Saudi Arabia (o) and and data of four reference subspecies (A. m.
ligustica n = 50 (*); A. m. syriaca n = 12 (+); A. m. jemenitica (African reference
colonies) = 50 (x) and A. m lamarckii n = 28(0J)) obtained from the state institue for
beekeeping in Frankfurt (Prof. Stefan Fuchs).

4. Discussion

Although all samples demonstrated their identity based on
morphometric analysis as A. m. jemenitica, they were distinct from

Table 3

Sequence variations in COI gene among our honeybee samples and six other honey bee

resembles the position where variation took place.

their African population of the same subspecies; however it is not
known how they are genetically different. This could be further
investigated when more mitogenomes or COI sequences of the
African A. m. jemenitica are available for comparison. Variation in
COI sequences was higher in our samples (39 sites) compared with
the analysis of 25 samples of A. m. capensis and A m. scutellata
(Eimanifar et al., 2018) which revealed 34 sites among both African
subspecies. Analyses using SNPs or the variation in amino acids
(Nonsynonymous SNPs) of the COI clearly resulted in two main
clusters with limited variation. Yet, Haplotype 14, which was con-
firmed morphometrically as Apis mellifera jemenitica, accounted for
most of the variability in COI sequences of our samples with 26
variable sites and can be diagnosed by the occurrence of non-
stop mutation within its COI gene sequences which may impact
protein functionality, and should be further investigated. Results
from Tajima’s Neutrality Test indicated population size expansion
that took place after selective sweep and/or purifying selection in
the COI gene (Ps = 0.025; d = -1.6) within the study population.
Phylogenetic tree of our samples (n = 133) using the Maximum
Likelihood method demonstrated that some samples clustered
very close to A. m. mellifera from C lineage and to other African sub-
species revealing the same clustering pattern published by
Alghamdi and Alattal (2020) based on complete mitogenome anal-
ysis of 14 Saudi Arabian A. m. jemnitica. This indicates that A. m.
jemenitica from Saudi Arabia may resemble two different sub-
lineages or lineages. However digestion by both restriction
enzymes of the COI gene confirms that haplotype 14 is closer to

subspecies resembling two lineages. *The number of the nucleotide at the sequence

111111111111 11111111111
SNPs Location 11111222222233333334455567778888888990000001122222333444455S5
45689125892345589023478989369623601445780102226915112692383558026
Haplotype AccessionNo. 24450490380432958310952096775096274675350220495562381700897288112
Haplotype-1 (MW428255) TATCAACTTTTTGTCTAACTTAGACGTCTCTTCTGCCCTTTTAACTATCATTCTTCTTATCTGCT
Haplotype-2 (MWA428256) . . . . . . o ot e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e CT. .. ... ......
Haplotype-3 (MW428257) . . . . . . . . ..o e e e G. ... .. 0. P T. ...... T
Haplotype-4 (MW428258) . . . . . . . . e e e e GA. .. ... ..... N T. . ..... T
Haplotype-5 (MWA428259) . . . . . o i i i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e L
Haplotype-6 (Mw428260) . . . . .. .. ... .. Cot e e e e e e e e e e e e e e e S
Haplotype-7 (MW428261) . . . . . . . . ... L 1
Haplotype-10  (MW428264) . G. . . . . . . v v v v vttt bt e e e e e e e e e e e e e e C.o v v v v v e e 1 N
Haplotype-11  (MW428265) . . . . . . ... . ... . 1 1
Haplotype-12  (MW428266) . . . . . . . . . . . . . ... ... - CT. . ..........
Haplotype-17  (MW464168) . . . . . . . . . . . o ot i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e CT. .. ... ..... C
Haplotype-13 (MW428267) . . . . . . ... .. G e e e e e e e e e e e e e CT. . ... ...
Haplotype-14  (MW428270) CGCTT. T. . . .. . . T T CT. CT. TC T. T. AC. G.. G C. TC. TC. . .... T
Haplotype-15  (MW428272) . . . . . . . . . i v it bt ittt e e e e e e e e e e e e e e e e e e e e e e e e C. ..... 1
Haplotype-8 (MW428262) . . . . . . . o o e e e e e e e e e e e e e e e Ao oo i i e e e CT. .. ... ......
Haplotype-18  (MW464169) . . . . . . . . . . o 0t it e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e CT......... A
Haplotype-16  (MW428273) . . . . . . . . . . . .. . ... I CT. ... v
Haplotype-9 (MW428263) . . . . . . . . ... ... e N 1
A m syriaca (KP163643) . . . . .. ... ... . G. . .o i Ao v v v i s e e T....... T
A mjemenitica (MN714161) . . . . . . . . L o o i i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 1
A m simensis (MN585108) CGCT. G. ... ... .. c....C.....CT. C . TTT. C. C. . T. .. T T. . ... GC. C. T
A m melllfera (KY926882) . GCTT. TCCCC.. .. CG..A.. A.T. CT. T A. T. T. CC. G. . CT TC. T. .. .. C. T
A m capensis (KX870183) GC. .. ......... C...........TC. T T. T. C. T. ..... C T
A mintermissa (KM458618) . GC. . . .. .. ... .. C..........CTC...... T. T. C. TCC. . C. .... T
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Table 4
Amino acid variations in COI gene among different haplotypes and six other reference subspecies resembling two lineages. *“The number of the codon resembles the position of
variation.
Haplogroup Haplotype (distribution percent in the cluster) No. of Codon No. Termination
colonies 128 272 521 codon
Amino acid symbol*
[ (MW428260:100%); (MW428259:100%);(MW428261:100%); (MW428262:19%); (MW428263: 18%); 77 V G 1
(MW428264:100%); (MW428265:100%);(MW428267:100%); (MW428272:100%); (MW428273:100%);
(MW464169:100%); (MW428256:100%)
11 (MW428255:100%), (MW428262: 81%); (MW428263: 82%): (MW428257:100%) 48 V R 1
111 (MW428258:100%) 1 I R 1
v (MW464168:100%) 2 V G T
\ (MW428266:100%) 1 I G 1
VI (MW428270:100%) 4 VvV G 1 w
A m jemenitica (MN714161); A. m lamarckii (KY464958); A m intermissa (KM458618); \" G |
A m capensis (KX870183)
A m syriaca (KP163643); A m meda (KY464957), A m caucasica (MN714160.1) V G R
A m carnica (MN250878.1); A m ligustica (AP018435.1) S G R
A m melllfera (KY926882) vV 1 I
" V = Valine; G = Glycine; I = Isoleucine; R = Arginine; S = Serine; T = Thereonine; W = Tryptophan.
Table 5
Haplotypes accession numbers, frequency within population and region and restriction map of different sequences using Taq1l and Hinf1.
col Accession No. Freq. (%) Distribution Digestion fragment size
Taql Hinf1l
Makkah Madinah Taif Jazan  Najran  Tabuk Albaha Asir 1 Il m v v 1 Il 11
Haplotype No. (%) 112 286 637 660 904 18 883 1334
1 Mw428255 0.7 - 1(100) - - - - - -
2 MWw428256  45.5 14 (23) 4(6.6) 4(6.6) 9(14.8) 10(16.4) 5(8.2) 7(11.5) 8(13.1)
3 W428257 15.7 1(4.8) 11(524) - - 1(4.8) 8(38.1) - -
4 Mw428258 0.7 - 1(100) - - - - - -
5 W428259 5.2 2(28.6) - 1(14.3) 1(14.3) - - - 3(42.9)
6 W428260 0.7 - - - - - - - 1(100)
7 MW428261 0.7 - - - - - - - 1(100)
8 Mw428262 119 2(12.5) - 7(43.8) 1(6.3) - - 2(12.5) 4(25)
9 Mw428263 8.2 - - - 2(18.2) - 4(36.4) 3(27.3) 2(18.2)
10 Mw428264 1.5 - - - - - 1(50) 1(50) -
11 Mw428265 0.7 - - - - - - 1(100) -
12 Mw428266 0.7 - - - - - - 1(100) -
13 W428267 0.7 - - - 1(100) - - - -
14 W428270 3.0 - - - 2(50)  2(50) - - - 112 286 637 904 18 1334
15 Mw428272 1.5 - - 2(100) - - - - 112 286 637 660 904 18 883 1334
16 MW428273 0.7 - - - - 1(100) - - N
17 MW464168 1.5 - - - 2(100) - - - -
18 Mw464169 0.7 1(100) - - - - - - -
A. m jemenitica (MN714161); A. m syriaca (KP163643; A. m lamarckii (KY464958) 112 286 637 660 904 18 883 1334
A. m simensis (MN585108); A. m capensis (KX870183) 637 660 904 904 - 18 1334 -
A. m intermissa (KM458618) 112 637 660 904 - 18 1334 -
A. m mellifera  KY926882 112 637 904 - - 18 1334 -

African subspecies of the Lineage A compared with A. m. melifera
from lineage C. Diagnosis based on amino acid sequence is also
possible separate samples from north or south, for example Haplo-
types of haplogroup II (MW428255), (MW428262: 81%);
(MW428263: 82%): (MW428257)) are restricted to the northern
regions of Saudi Arbia. Haplotype 14 (MW428270) is restricted to
far south in Jazan and Najran as well as Haplotypes of haplogroup
I. Ultimately, the high variability in COI gene sequences of Haplo-
type 14 compared to other samples within Saudi Arabia could be
explained by several factors. First variation may represent hybrids
of A. m. jemenitica (particularly if hybrids backcross to one of the
parental) that are morphologically like A. m. jemenitica, but may
retain the mitogenome of the second subspecies. But this may
not be likely the reason as samples were restricted to non-
migratory colonies and from apiaries which are protected from
invasive honeybee subspecies. Second, there could be incomplete
lineage sorting. Third, phenotypic differences among subspecies
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may be administrated by number of specific genes while the
remainder of the nuclear genome (as well as the mitogenome)
have not yet become reciprocally monophyletic (Frank et al.,
2001). Nevertheless, the classification of the Saudi honey bee orig-
inating from this study could be used to group other bee popula-
tions in neighboring countries.

5. Conclusion

Most COI haplotypes of this study were identified as members
of the sub-lineag Z (African Lineage). However four samples (3%)
that resembles the same Haplotype (MW428270) represents high
COI variability may a member of different evolutionary sub-
lineage. We can conclude that honeybee samples of Saudi Arabia
represent two sublineages based on COI Variants. Most COI haplo-
types of this study were identified as members of the sub-lineag Z
(African Lineage). However four samples (3%) that resembles the
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@ Haplotype-17 (1.5) MW464168)
@ Haplotype-16 (0.7 ) MW428273)
@ Haplotype-13 (0.7 ) MW428267)
@ Haplotype-18 (0.7 ) MW464169)
@ Haplotype-2 (45.5 ) MW428256)
@ Haplotype-12 (0.7 ) MW428266)
@ Haplotype-8 (12) MW428262)
@ Haplotype-4 (0.7 ) MW428258)
@ Haplotype-3 (15.7) MW428257)
< A msyriaca (KP163643)

< Haplotype 9 (8.2) MW428263)
@ Haplotype-7 (0.7 ) MW428261)
@ Haplotype-11 (0.7 ) MW428265)
< A mjemenitica (MN714161)

O Haplotype-5 (5.2) MW428259)

11

=l

46

—

O Haplotype-1 (0.7 ) MW428255)

O Haplotype-6 (0.7 ) MW428260)

O Haplotype-15 (1.5) MW428272)
— <> Am lamarckii (KY464958)

6

42 L @ Haplotype-10 (1.5) MW428264)

66

< A mcapensis (KX870183)

< A mintermissa (KM458618)
<> A m simensis (MN585108)

< A mmellifera (KY926882)

A Haplotype-14 (3 ) MW428270)

< A cerana (GQ162109)

Fig. 3. Maximum likelihood phylogenetic tree representing 18 A. m. jemenitica haplotypes using COI gene sequences. The number represents the bootstrap values which are
shown behind each node. There were a total of 1572 positions in the final dataset. Evolutionary analyses were conducted in MEGAG.

same Haplotype (MW428270) represents high COI variability may
a member of different evolutionary sub-lineage. We can conclude
that honeybee samples of Saudi Arabia represent two sublineages
based on COI Variants.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgement

This project was funded by the National Plan for Science, Tech-
nology and Innovation (MAARIFAH), King Abdulaziz City for
Science and Technology, Kingdom of Saudi Arabia, Award No.
(14-AGR1357-02).

References

Alattal, Y., Alsharhi, M., Alghamdi, A., Alfaify, S., Migdadi, H., Ansari, M., 2014.
Characterization of the native honey bee subspecies in Saudi Arabia using the
mtDNA COI-COII intergenic region and morphometric characteristics. Bull.
Insectology. 67, 31-37.

Alattal, Y., Alghamdi, A., 2015. Impact of temperature extremes on survival of
indigenous and exotic honey bee subspecies, Apis mellifera, under desert and
semiarid climates. Bull. Insectology. 68, 219-222.

Alburaki, M., Bertrand, B., Legout, H., Moulin, S., Alburaki, A., Sheppard, W., Garnery,
L., 2013. A fifth major genetic group among honeybees revealed in Syria. BMC
Genet. 14 (1), 117. https://doi.org/10.1186/1471-2156-14-117.

6590

Alghamdi, A., Alattal, Y., 2020. The complete mitochondrial genome and
phylogenetic analysis of the Arabian Honeybee Apis mellifera jemenitica
(Insecta: Hymenoptera: Apidae) from Saudi Arabia. Mitochonderial DNA part
B: Resources. 5, 3655-3657.

Eimanifar, A., Kimball, R.T., Braun, E.L, Ellis, ].D., 2018. Mitochondrial genome
diversity and population structure of two western honey bee subspecies in the
Republic of South Africa. Sci Rep. 8 (1333), 11p. https://doi.org/10.1038/
s41598-018-19759-3.

Chen, Y., Chen, Y., Shi, C., Huang, Z., Zhang, Y., Li, S., Li, Y., Ye, ]., Yu, C,, Li, Z,, Zhang, X.,
Wang, J., Yang, H. Fang, L, Chen, Q. 2018. SOAPnuke: A MapReduce
acceleration-supported software for integrated quality control and
preprocessing of high-throughput sequencing data. Gigascience. 7, 1-6.
https://doi.org/10.1093/gigascience/gix120 [PMID: 29220494].

Felsenstein, ]., 1985. Confidence limits on phylogenies: an approach using the
bootstrap. Evol. 39 (4), 783-791.

Franck, P, Garnery, L., Loiseau, A., Oldroyd, B.P., Hepburn, H. R., Solignac, M., Cornuet
J:M,, 2001. Genetic diversity of the honeybee in Africa: microsatellite and
mitochondrial data. Hered. 86, 420-430. doi: 10.1046/j.1365-2540.2001.-
00842.x. [PubMed] [CrossRef] [Google Scholar].

Garnery, L., Cornuet, J.M., Solignac, M., 1992. Evolutionary history of the honey bee
Apis mellifera L. inferred from mitochondrial DNA analysis. Mol. Ecol. 1, 145-
154.

Goetze, G.K.L., 1964. Die Honigbiene in Natiirlicher und Kiinstlicher Zuchtauslese.
Parey, Hamburg.

Hall, T.A., 1999. BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucleic Acids Symp. Ser. 41, 95-98.

Hammer, @., Harper, D.AT., Ryan, P.D., 2021. PAST: Paleontological statistics
software package for education and data analysis. Palaeontol. Electron. 4, 9p.

Henriques, D., Wallberg, A., Chavez-Galarza, J., Johnston, ].S., Webster, M.T., Pinto,
M.A., 2018. Whole genome SNP-associated signatures of local adaptation in
honeybees of the Iberian Peninsula. Sci. Rep. 8 (1). https://doi.org/10.1038/
s41598-018-29469-5.

Kaltenpoth, M. Corneli, P. B., Strohm, E., and Seger, ]., 2012. Accelerated evolution of
mitochondrial but not nuclear genomes of Hymenoptera: new evidence from
crabronid wasps. PLoS one. 7, 3 [PMC free article] [PubMed]

Kumar, S., Stecher, G., Tamura, K., 2016. MEGA7: Molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870-1874.


http://refhub.elsevier.com/S1319-562X(21)00606-9/h0005
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0005
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0005
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0005
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0010
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0010
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0010
https://doi.org/10.1186/1471-2156-14-117
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0020
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0020
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0020
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0020
https://doi.org/10.1038/s41598-018-19759-3
https://doi.org/10.1038/s41598-018-19759-3
https://doi.org/10.1093/gigascience/gix120
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0035
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0035
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0045
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0045
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0045
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0050
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0050
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0055
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0055
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0060
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0060
http://refhub.elsevier.com/S1319-562X(21)00606-9/h0060
https://doi.org/10.1038/s41598-018-29469-5
https://doi.org/10.1038/s41598-018-29469-5

A. Alghamdi and Y. Alattal

Meixner, M.D., Pinto, M.A., Bouga, M., Kryger, P., Ivanova, E., Fuchs, S., 2013

Standard methods for characterising subspecies and ecotypes of Apis mellifera.
In V Dietemann; ] D Ellis; P Neumann (Eds) The COLOSS BEEBOOK, Volume I:

standard methods for Apis mellifera research. J. Apic. Res. 52, 1-28 http://
dx.doi.org/10.3896/IBRA.1.52.4.05.

Moore, W.S., 1995. Inferring phylogenies from mtDNA variation: mitochondrial-

gene trees versus nuclear-gene trees. Evol. 49, 718-726. [PubMed] [Google
Scholar].

6591

Saudi Journal of Biological Sciences 28 (2021) 6586-6591

Ilyasov, R.A., Lee, M.-L., Takahashi, J.-1, Kwon, HW., Nikolenko, A.G., 2020. A
revision of subspecies structure of western honey bee Apis mellifera. Saudi ] Biol.
Sci. 27 (12), 3615-3621. https://doi.org/10.1016/j.sjbs.2020.08.001.

Ruttner, F., 1988. Biogeography and taxonomy of honeybees. Springer-Verlag,
Berlin, Germany.


https://doi.org/10.1016/j.sjbs.2020.08.001

	Assessment of genetic variation in Apis mellifera jemenitica (Hymenoptera: Apidae) using Cytochrome Oxidase I gene sequences
	1 Introduction
	2 Materials and methods
	3 Results
	4 Discussion
	5 Conclusion
	Declaration of Competing Interest
	Acknowledgement
	References


