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Introduction

Honey bees, insects taxonomically classified within
the order Hymenoptera and family Apidae, are distinguished
by unique functional attributes (Bluthgen & Klein, 2011).
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Abstract

The present study investigates the morphological differences between the hill and
plain populations of the Indian honey bee, Apis cerana indica Fabricius, collected from
six different locations in Ta mil Nadu, India: Coimbatore, Karumandhurai, Coonoor,
Madurai, Dindigul, and Chidambaram during 2023-2024. Significant differences were
found between the two populations based on a comprehensive morphometric analysis
of 29 characters. The hill populations f rom T NAU | nsectary ( Marudhamalai hills),
Karumandhurai (Kalvarayan hills), and Coonoor (Nilgiri hills), the mean altitude of the
locations being 1207 m above MSL exhibited significantly higher values in
several morphometric traits than the plain populations from Madurai, Dindigul, and
Chidambaram, with a mean altitude of 124 m a.s.l. (P<0.05). Component loading
analysis highlighted the key morphometric characters contributing to the first
and second components of both ecotypes. In the plain population, breadth of the
radial cell, breadth of the forewing, and length of the radial cell demonstrated strong
positive correlations with the first principal component, explaining 16.4% of the
variance. The second principal component, influenced by characters such as the
length of the femur and breadth of the metatarsus, showed 12.2% of the variance. In
the hill population, the length of the radial cell, length of vein R.L., and length of the
hindwing were the most influential traits for the first principal component,
explaining 28.0% of the variance. In contrast, the second component, which
included the breadth of the forewing and length of vein I.L., explained 12.3% of the
variance. Further, the cubital index, a critical morphometric parameter, also showed
a statistically significant difference, with the hill population (3.55) showing a
higher value than the plain population (3.29). The significant morphometric
differences observed between the hill and plain populations of A. cerana indica may
suggest that they have undergone morphological divergence, likely due to
adaptations to their specific environmental conditions.

It is conjectured that bees evolved from predatory wasps of
the Sphecidae lineage approximately 130 million years ago
during the Cretaceous epoch. Asia, particularly its southern
regions, is considered the paleo-biogeographical center of
origin and diversification for honey bees (Gupta, 2014).
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The genus Apis constitutes a compact monophyletic
group that is morphologically and behaviourally cohesive
(Michener, 2007). Throughout evolutionary history, honey
bee populations diverged via allopatric speciation, driven
by geographic vicariance and ecological niche adaptations.
However, the precise barriers and ecological isolation
mechanisms that have constrained gene flow among these
populations remain elusive (Zhu et al., 2017). In the Indian
subcontinent, the Apini tribe encompasses the giant single
comb-building honey bees (subgenus Megapis), such as Apis
dorsata Fabricius and Apis laboriosa Smith; the diminutive
dwarf honey bees (subgenus Micrapis), including Apis florea
Fabricius and Apis andreniformis Smith; and the cavity-
nesting honey bees that construct multiple parallel combs
(subgenus Apis), such as Apis mellifera Linnaeus (Shanas et
al., 2022), and Apis cerana indica Fabricius (Yadav et al., 2017).

The natural range of Apis cerana indica spans the
Indian subcontinent, serving as the cornerstone of traditional
Indian apiculture (Hepburn & Radloff, 2011). Ruttner (1988)
categorized Apis cerana into several subspecies based on
their ecological niches and genetic variability. Within India,
A. cerana indica and A. cerana cerana are the recognized
subspecies. Furthermore, 4. cerana indica is subdivided into
two distinct morphotypes: the “hill race” (characterized by
its black coloration) and the “plain race” (yellow-colored)
(Ramchandra et al., 2012). This differentiation may provide
evidence of reproductive isolation between the yellow plain
and black hill morphs in southern India, suggesting that the
yellow plain honey bees of the region could potentially be
classified as a separate species (Shanas et al., 2022). This
study aimed to delve deeper into this variation by conducting
a comprehensive morphological examination.

Table 1. Geographical coordinates of sampling locations.

Materials and Methods
Sampling

Honey bee samples from India were collected from
six geographically distinct locations (Table 1) in Tamil
Nadu (Fig 1), encompassing hill and plain regions. Each
sample consisted of 20 bees. The hill populations were
gathered from Coimbatore (TNAU Insectary, Marudhamalai
Hills) with an altitude 1000 m above MSL, Karumandhurai
(Kalvarayan Hills) with an altitude of 773 m above MSL,
and Coonoor (Nilgiri hills) with an altitude of 1850 m
above MSL, while the plain populations were sourced
from Madurai, Dindigul, and Chidambaram in Cuddalore
districts with altitudes ranging from 3 to 268 m above MSL
(bracket may be removed). The collection of honey bee
samples was done from managed bee colonies, ensuring
standardized and controlled conditions for precise data
gathering. In hilly areas such as Karumandurai and Coonoor,
where local beekeepers were unavailable, feral worker bees
were directly sampled from their natural habitats. The specimens
were preserved in 70% ethanol and stored in sterilized
Eppendorf tubes, each labeled with the corresponding
collection site for accurate identification and analysis.

Comparative morphometric analysis of A. cerana indica in
Tamil Nadu

A morphometric analysis of Apis cerana indica
was performed using ten specimens from six locations.
Each bee was carefully dissected and labeled for seamless
identification and detailed examination. A Leica M205 A
stereo-zoom microscope assessed and measured various
morphological traits. In total, 29 morphometric parameters
were analyzed, which included tongue length, antenna length,

Sampling Site Geographical Location
Species Name Ecotype
(Race) . . Altitude
Place State Longitude Latitude (m above MSL)
. . TNAU Insectary Tamil 0 c1» ' o ns ' %
A. cerana indica Hill (Marudhamalai hills) Nadu 76° 51’ 11.124”E 11°2°43.08” N 1000 m
A. cerana indica Hill Karumandurai Tamil 78°37°38.64”E  11°49°4.57°N 773 m
’ (Kalvarayan Hills) Nadu ’ ’
.. . Coonoor Tamil 0 10> " 0 An> ’
A. cerana indica Hill (Nilgiri Hills) Nadu 76°49°12.00” E 11°20°60.00” N 1850 m
o : . Tamil ) » R,
A. cerana indica Plain Madurai Nadu 78°07°10.63” E 9°55°2.46” N 101 m
- . L. Tamil S N S s
A. cerana indica Plain Dindigul Nadu 77°58°49.30” E 10°22°8.26” N 268 m
. . . Tamil s i s i
A. cerana indica Plain Chidambaram Nadu 79°41°28.07” E 11°23°56.65” N 3m

*These honey bee colonies belonging to the dark coloured hill race were collected from nearby Marudhamalai hills (altitude 1000 m above MSL), which
is situated at about 9 kilometers from the TNAU insectary and maintained in TNAU insectary for the past 6 months.
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Coifiibatore

Fig 1. Map showing the location of A. cerana indica sampling sites in Tamil Nadu, India.

wing dimensions, leg measurements, and abdominal segment
lengths. One critical measurement, the cubital index, was
calculated based on wing morphology by determining the
lengths of specific veins in the forewing. Specifically, this

involved measuring the first abscissa (A) of vein M, in the
second median cell and the second abscissa (B) of the same
vein to derive the cubital index, a crucial factor in wing
characterization (Fig 2).
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Fig 2. Figure showing 1* abscissa (A) of vein M, in the second median cell, and the 2" abscissa (B) of the

same vein of the forewing of Apis cerana indica.
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The formula for the cubital index is:

Length of 1st abscissa (A)

Cubital index =
ubital index Length of 2nd abscissa (B)

Statistical analysis

Several key statistical methods were utilized to analyze
the collected data. The colony means, the standard deviation,
and the variance for all 29 morphometric traits across the 60
samples were computed using RStudio software. Both one-way
Analysis of Variance (ANOVA) and t-tests were performed to
assess the significance of the observed variations. Furthermore,
Principal Component Analysis (PCA) was applied to simplify
the high-dimensional dataset, enabling a clearer identification
of the dominant patterns and relationships among the variables.
This approach allowed for a more efficient interpretation of
the primary factors driving morphological variation.

Results

The morphometric analysis of 29 traits revealed notable
variations between the hill and plain races of 4. cerana indica
in Tamil Nadu. A significant overall difference was observed
between these ecotypes (P <0.05). The hill races (from TNAU
Insectary, Karumandurai, and Coonoor) exhibited significantly
larger morphometric characteristics compared to the plain
races (from Madurai, Dindigul, and Chidambaram) (Table 2).
Component loading analysis indicated that specific
morphometric traits contributed substantially to the principal
components (Table 3). The Cubital Index (CI) comparison
also highlighted a statistically significant difference between
hill and plain populations, suggesting distinct morphological
adaptations between these ecotypes (Table 3).

Table 2. Comparative morphometric analysis of the hill and plain races of 4. cerana indica.

S.n° Morphometric characters Plain Hill Percentage Difference (%) (P.D)
1. Total tongue length (mm) 4.25+0.040 5.20+0.043 20.10
2. Length of Scape (mm) 1.08 £0.015 1.18 £ 0.020 8.85
3. Length of Pedicel (mm) 0.17 +£0.005 0.20 £ 0.005 16.22
4. Length of Flagellum (mm) 2.21 +£0.000 2.67+0.072 18.85
5. Total length of Antenna (mm) 3.47+0.010 4.08 £ 0.060 16.16
6. Length of Forewing (mm) 7.69 + 0.050 8.72+0.011 12.55
7. Breadth of Forewing (mm) 2.70 £ 0.055 3.09 £ 0.064 13.47
8. Length of Radial cell (mm) 2.64 +0.040 3.18+0.083 22.40
9. Breadth of Radial cell (mm) 0.34+0.010 0.42 £ 0.020 10.52
10. Length of 1 abscissa (mm) 0.44 £ 0.020 0.57 £ 0.000 26.00
11. Length of 2™ abscissa (mm) 0.13+£0.010 0.16 £ 0.000 10.34
12. Length of Hindwing (mm) 5.54+0.015 6.21 +£0.086 11.41
13. Breadth of Hindwing (mm) 1.63+0.017 1.74 £ 0.20 3.26
14. Length of vein R.L. (mm) 1.25+0.011 1.44 +0.034 7.06
15. Length of vein ML (mm) 1.12 +0.015 1.23 £ 0.020 4.68
16. Length of vein V.L. (mm) 1.15 £ 0.005 1.29 £ 0.032 5.73
17. Length of vein L.LL. (mm) 0.32+0.30 0.43 +£0.023 29.3
18. No. of hooks 18.30 £ 0.100 18.37 +0.251 0.31
19. Extent of Hamuli (mm) 1.10 £ 0.020 1.11 £0.005 0.90

20. Length of Jugal lobe (mm) 1.62 +£0.036 1.82 +0.025 11.62
21. Length of Venal lobe (mm) 1.22 +0.045 1.27 £ 0.026 4.01
22. Length of Femur (mm) 2.10+0.020 2.55+0.089 19.35
23. Length of Tibia (mm) 2.57+0.075 3.08 = 0.005 18.05
24. Length of Metatarsus (mm) 1.85+0.040 2.09+0.070 12.18
25. Breadth of Metatarsus (mm) 0.89+0.015 1.10 £ 0.030 21.10
26. Total length of 3% Sternite (mm) 1.68 £0.011 1.84 £ 0.026 9.09
27. Total length of 6™ Sternite (mm) 1.97 £ 0.005 2.31 £0.061 15.88
28. Total length of 3rd Tergite (mm) 1.91 +0.005 2.09 £0.011 9.00
29. Total length of 4™ Tergite (mm) 1.95+0.010 2.19 £ 0.069 11.59
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Table 3. Principal component analysis on the morphometric characters of the hill and plain race of A. cerana indica race.
Hill race Plain race

Variable PC1 Variable PC2 Variable PC1 Variable PC2
Length of radial cell 0.855 Length of femur 0.430  Breadth of radial cell ~ 0.892 Length of femur 0.845
Length of vein RL 0.673 Breadth of forewing 0.815 Breadth of forewing 0.810  Breadth of metatarsus 0.762
Length of Hindwing 0.662  Total length of 4" tergite ~ 0.726 Length of radial cell 0.711  Total length of 4" tergite ~ -0.614
Lenfth of femur 0.564 Length of vein IL 0.725 Length of flagellum 0.613 Length of forewing -0.598
Breadth of metatarsus ~ 0.486 Breadth of hindwing 0.573  Total length of antenna  0.562 Length of tibia 0.524
Breadth of radial cell 0.467 Length of metatarsus 0.444 Length of pedicel 0.467
Length of vein VL 0.464
Length of scape 0.448
% variance explained  28.0 % variance explained 12.3 % variance explained 16.4 % variance explained 12.2
Cumulative % 8.0 Cumulative % 123 Cumulative % 16.4 Cumulative % 122

variance explained variance explained

variance explained variance explained

Among the 29 analyzed traits, certain morphometric
characters exhibited substantial variation. The length of
vein L.L. showed the highest degree of variation (P.D. = 29.3,
P <0.05), followed by the length of the first abscissa (P.D. =26,
P < 0.05), and the length of the radial cell (P.D. = 22.40,
P < 0.05). In contrast, traits such as the number of hooks
(P.D.=0.31, P <0.05), extent of hamuli (P.D.=0.90, P <0.05),
and breadth of the forewing (P.D. = 3.26, P < 0.05) displayed
the least variation between hill and plain bee populations.
Other significant differences were observed in the breadth
of the metatarsus (P.D. =21.10, P < 0.05), total tongue length

(P.D. = 20.10, P < 0.05), and femur length (P.D. = 19.35,
P <0.05) (Table 1).

A scree plot determined the number of principal
components to retain. The component number on the X-axis
corresponds to the principal components in decreasing order of
the variance they explain, with the first component accounting
for the most variance. The eigenvalue, representing the variance
explained by each component, showed a steep decline for the
initial components before leveling off, forming an “elbow,”
indicating the point where additional components contribute
minimally to variance (Fig 3, Fig 4).

Scree Plot

Eigerwvalue

10 12

14

16 18 20 22 24 26 28

Component Number

Fig 3. Scree plot for the hill race of A. cerana indica showing the relationship between the eigenvalues and each principal component.
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Scree Plot

Eigenvalue
£

2 4 6 8 10 12

14

16 18 20 22 24 26 28

Component Number

Fig 4. Scree plot for the plain race of 4. cerana indica showing the relationship between the eigenvalues and each principal component.

Component loading analysis identified key morphometric
traits driving, the first and second components in both ecotypes.
For the plain ecotype, traits such as radial cell breadth (0.855),
forewing breadth (0.810), radial cell length (0.711), flagellum
length (0.613), total antenna length (0.562), and pedicel length
(0.467) had strong positive correlations with the first principal
component. In contrast, femur length (0.845), metatarsus
breadth (0.762), and tibia length (0.524) were positively
correlated with the second component, while the fourth tergite
length (-0.614) and forewing length (-0.598) showed negative
correlations. The first principal component explained 16.4%
of the variance, and the second component explained 12.2%
of the total variance in the plain ecotype (Table 3).

In the hill ecotype, traits like radial cell length (0.855),
vein R.L. length (0.673), hindwing length (0.662), femur
length (0.564), metatarsus breadth (0.486), radial cell breadth
(9.467), vein V.L. length (0.464), and scape length (0.448)
strongly correlated with the first principal component.
Meanwhile, femur length (0.430), forewing breadth (0.815),
fourth tergite length (0.726), vein I.L. length (0.725), hindwing
breadth (0.573), and metatarsus length (0.444) had positive
correlations with the second component. The first principal
component explained 28.0% of the variance, while the second
component accounted for 12.3% in the hill ecotype (Table 3).

The cubital index (CI) comparison between the hill
and plain populations revealed a significant difference (Fig 5),
with the hill populations having a higher mean CI (3.55) than
the plain populations (3.29). Although no significant intra-
population differences in CI were found within each ecotype,

the overall CI variation between hill and plain populations was
statistically significant, indicating systematic morphological
differences between these groups (Table 4).

Table 4. Comparison of cubital index between hill and plain races
of A. cerana indica.

Cubital Index = SD
Plain race* Hill race*
Madurai 327+0.324 TNAU Insectary 3.69 + 0.444
Dindigul 3.34+£0.235 Karumandurai  3.49+0.184
Chidambaram  3.27 +0.367 Conoor 3.46 +0.341
Average 3.29+0.043 Average 3.55.£0.123

*Mean of 10 replications; SD: Standard deviation
Discussion and Conclusion

The Asian hive bee, Apis cerana, is part of a clade
of cavity-nesting honey bees, along with two closely related
species, A. nigrocincta (Smith et al., 2000, 2003; Otis &
Hadisoesilo, 2001) and A4. nuluensis (Tingek et al., 1996;
Tanaka et al., 2001). The wide morphological diversity across
A. cerana’s range suggests significant underlying biological
variation (Ruttner, 1988; Hepburn et al., 2001a; Radloff et
al., 2005). Ruttner (1988) identified distinct morphological
differences between the hill and plain races, with hill
bees having longer and broader forewings and tongues.
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Comparison of Cubital Index between Plain and Hill Race
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Fig 5. Bar plot shows the variation of cubital index between Plain and Hill race.
Morphometric analysis is critical for distinguishing  that the Jugal and vannal lobes were significantly longer in

and classifying honey bee species (Shaibi et al., 2009;
Rattanawannee et al., 2013), and variations in these traits are
also used to evaluate regional differences within populations
(Tilde et al., 2000).

The current study confirmed distinct morphometric
differences among the honey bees in Tamil Nadu, reflecting
the ecological diversity of their collection sites. Tongue length,
a key trait influencing nectar gathering (Morimoto, 1968),
was significantly longer in the hill race, aligning with
Fernando’s (1979) findings. The antenna, essential for
detecting pheromones and floral scents and critical for
communication, navigation, and foraging, also varied
significantly. Specifically, the length of the scape, pedicel,
flagellum, and overall antenna length were larger in hill bees,
consistent with Kshirsagar’s (1976) report that bees at higher
altitudes have longer antennae.

Wing morphology significantly impacts flight
performance (Jason & Stephen, 2014). The hill bees showed
significantly larger values for forewing length and breadth,
radial cell dimensions, and the lengths of the first and second
abscissas, echoing similar findings from Lindauer (1957)
and Hepburn et al. (2001). Hindwing characteristics such as
length and breadth and vein lengths R.L., ML, V.L., and L.L.
were also notably greater in hill bees, corroborating the work
of Kshirsagar (1976), Singh et al. (1990), and Verma et al.
(1994). However, the number of hooks and hamuli showed
no significant differences, consistent with Kapil (1956)
and Fernando (1979) findings. Statistical analysis revealed

hill bees, aligning with Kshirsagar (1976) and Mattu et al.
(1983a) results.

The hindleg size, which influences pollen-carrying
capacity, was significantly larger in hill bees, in agreement
with Kapil (1956) and Verma et al. (1994). The 3rd and 4th
tergites, which indicate abdominal size, were also significantly
larger in the hill race, supporting Kshirsagar’s (1976)
findings. Similarly, the 4th and 6th sternites were larger in hill
bees, mirroring the results of Kshirsagar (1976), Verma et al.
(1994), and Hepburn et al. (2001).

The significant morphometric differences between hill
and plain 4. cerana indica populations suggest these groups
may have undergone morphological divergence (Oldroyd et
al., 2006), likely as adaptations to their unique environmental
conditions. Traits with the greatest percentage differences,
particularly those related to wing and leg morphology, indicate
that these bees have evolved to enhance foraging efficiency,
flight performance, and overall habitat fitness. These findings
support the hypothesis that the hill and plain ecotypes of
A. cerana indica represent distinct evolutionary lineages,
adapted to their environments, and potentially on divergent
evolutionary trajectories, possibly leading to speciation.
This morphological divergence has essential implications for
conserving and managing these bee populations, particularly in
the face of environmental changes and habitat fragmentation.
Further genetic research is needed to understand the extent
of divergence fully and whether these populations could be
classified as separate species.
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