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Abstract

Strains of the Italian honey bee Apis mellifera ligustica Spinola, 1806 are selectively bred for
desirable apiculture traits. Ma et al. (2022) compared SNP differences in mtDNA genomes
between a strain bred for enhanced royal jelly production (RJB) and an unselected strain (ITB).
Kim et al. (2019) compared SNP and intergenic repeats differences between a Varroa mite
resistant strain bred for high-hygienic behavior (HHB) and an unselected low-hygienic strain
(LHB). Phylogenetic comparison of 23 complete A. m. ligustica mtDNA sequences, including the
two HHB and LHB strains and 14 RJB and ITB haplotypes and along with other subspecies,
shows significant clade structure for SNP differences and amino acid substitutions, however this
structure is not diagnostic of the strains under selection. Numbers of repeats show little or no
phylogenetic signal: similarities are symplesiomorphic and differences convergent. Differences
between the HHB and LHB strains arise from coincidental fixation of alternative SNPs in
different clades. Lineages within the RJB and ITB strains are not reciprocally monophyletic, and
are often identical or near identical to those in the other strain or to other variant strains.
Evaluation of the diagnostic and (or) adaptive significance of mtDNA markers requires broad

knowledge of within-subspecies polymorphism.

Keywords: Apis mellifera ligustica, apiculture, Royal Jelly, Varoa mite resistance, mtDNA

genomes, intra-subspecific systematics.
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Introduction

Strains of various subspecies of the European Honey Bee Apis mellifera L., including the
Italian or Golden Honey Bee, A. m. ligustica Spinola, 1806 have for centuries been selectively
bred to enhance traits commercially desirable to apiculturists (Seeley 2019). For example,
infestation of colonies by the parasitic mite Varroa destructor is the major threat to apiculture
worldwide (Johnson 2023). Colony survival is improved in strains bred for enhanced hygienic
behavior, according to the efficiency whereby workers remove dead or diseased bee larvae.
Other traits, such as enhanced production of “royal jelly” as a high-energy human food
supplement, are also desirable and subject to artificial selection.

Kim et al. (2019) bred a high-hygienic behavior (HHB) strain of A. m. ligustica and
compared aspects of its mitochondrial DNA (mtDNA) genome sequence against that of a low-
hygienic (LHB) strain of similar geographic origin. The HHB strain was bred by artificial
insemination. Colonies are subsequently monitored by the freezer-killed brood method, for
which molecular markers would be valuable. They reported counts of the numbers of repeats in
several intergenic regions, and SNP differences in protein-coding genes between the two
strains, and suggested that these markers may be useful in distinguishing HHB from LHB strains.

Ma et al. (2022) bred an enhanced royal jelly (RJB) strain that produces 30 times as
much royal jelly as an unselected Italian strain (ITB). Where oxidative metabolism in
mitochondria contributes strongly to energy production (Ma & Li, 2021), Ma et al. (2022) ask if
the increased energy demands for higher yield of royal jelly in the RIB strain might be due to

adaptive changes in mtDNA sequences. They compared differences between the two strains.
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Carr (2023) constructed a phylogeny of 22 subspecies of A. mellifera based on the
complete set of protein-coding mtDNA sequences, including multiple representatives of some
subspecies such as A. m. ligustica. The analysis identified a Eurasian clade, consisting of A. m.
ligustica together with A. m. carnica and A. m. carpatica in a Southeast Europe clade, in
contrast to an Asia Minor clade (A. m. anatoliaca, A. m. caucasia, and A. m. meda) (cf. Carr
2023, Figure 2). Pairwise differences among A. m ligustica sequences were greater than those
between other subspecies in the same clade, as was the case for several other subspecies. Carr
(2023) showed that a proper understanding of phylogenetic relationships and biogeographic
evolution required knowledge of variation within as well as between subspecies.

Kim et al. (2019) included single mtDNA sequences from their two HHB and LHB strains
(the replicates of each strain all being identical), and asked if any observed mtDNA differences
are diagnostic of the HHB strain, and (or) might potentially contribute to hygienic behavior.
Similar questions arise for the more polymorphic RIB and ITB strains of Ma et al. (2022), where
it is plausible that royal jelly production is intimately linked to enhanced intracellular
metabolism in the powerhouses of the cell.

Answers to these questions require consideration of the broader range of genetic
polymorphism within A. m. ligustica and related subspecies in the same evolutionary clade.
Here, | analyze differences in complete mtDNA genomes between the HHB / LHB and RIB / ITB
strains within that broader context. | test the hypothesis that SNPs, amino acid substitutions,
and (or) repeat numbers in artificially selected strains of A. m. ligustica are of diagnostic and
(or) functional significance, or are instead alternative partitions of neutral phylogenetic

markers.
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Materials and Methods

| obtained both complete (~ 16.5 kb) and 13 protein-coding only (11,070 b) mtDNA
sequences for 3,690 amino acids (cf. Table 2, Carr 2023) from 31 accessions in GenBank (Table
1), including one each from LHB and HHB strains of Kim et al. (2019), n = 6 and n = 8 from the
ITB and RIJB strains of Ma et al. (2022) including two inter-strain duplicates, n = 7 additional
sequences referred to A. m. ligustica, n = 7 sequences referred to five subspecies in the
Southeast Europe and Asia Minor clades described by Carr (2023), and an A. m. mellifera
sequence as overall outgroup.

Phylogenetic analysis was done with MEGA11 (Tamura et al. 2021) on complete
sequences without the 3’ AT-rich region (~15.6 kbp), and on protein-coding DNA triplets and
their amino acid sequences as above, by Maximum Parsimony with Subtree-Pruning and
Regrafting (SPR) and 3,000 bootstrap replicates. Maximum Likelihood analysis of protein-
coding DNA triplets was done with a General Time Reversible model, Gamma-distributed with
invariant sites (five categories), and 3,000 bootstrap replicates with Nearest-Neighbor
Interchange (NNI).

Counts of two- or three-base repeats were made from alignments of the complete
sequences at regions near 6.1 kb (AT), 10.1 kb (AAT), and 14.6 kb (TA) as identified by Kim et al.

(2019).

Results

© The Author(s) or their Institution(s)
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A Maximum Parsimony tree for SNP variation at protein-coding nucleotide sequences
was initially rooted by inclusion of A. m. mellifera (KY926884), which separated the Southeast
Europe and Asia Minor clades as previously obtained (cf. Figure 2 of Carr 2023). After removal
of A. m. mellifera, Figure 1 is rooted with the Asia Minor clade as the outgroup to the A. m.
ligustica-inclusive clade. There are nine trees of length L = 112, which differ only in the
arrangement of unresolved tritomys. The Maximum Likelihood network has an identical
topology, and substantially identical bootstrap support (results not shown). The Maximum
Parsimony tree for amino acid substitutions (Figure 2) recovers five trees of length L = 35, which
again differ only in the arrangements of unresolved tritomys. The topology of the amino acid
tree conforms to that of the SNP tree. The Maximum Parsimony tree for complete sequences is
substantially the same as Figures 1 and 2, except for statistically unsupported resolution of
some tritomys (results not shown).

The basic structure of the A. m. ligustica tree is a poorly-resolved basal group of five
sequences, and a well-supported, derived clade of 18 sequences that comprises two subclades
of nine sequences each (including duplicates from ITB and RJB). The basal group includes LHB,
representatives of the ITB and RIB series, and a sequence referred to A. m. carnica (NC061380)
weakly paired with an ITB sequence. NC061380 is cladistically and phenetically distinct from the
other sequence (MN250878) referred to A. m. carnica, which along with A. m. carpatica
(AP018430) occurs inside A. m. ligustica at the base of the derived clade. When A. m. carnica
and A. m carpatica are removed, the major clade is supported by 10 SNPs (99%), and includes

an HHB-inclusive subclade supported by five SNPs (99%) (Supplementary Figure S3).
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HHB and LHB are distantly related cladistically and differ phenetically. HHB occurs in
one of the two derived subclades, supported by seven SNPs (98% of bootstrap replicates)
(Figure 1) and three amino acid substitutions (88%) (Figure 2), which clade excludes LHB.
Analysis of phylogenetically informative amino acid substitutions shows that HHB differs from
LHB by the four synapomorphies of the derived clade (Table 2), and that LHB converges on that
clade by one parallel substitution. HHB and LHB differ by 26 pairwise SNP differences and six
amino acid substitutions (Table 3), versus means of 12.7 + 9.3 SNPs and 4.18 + 3.59 amino acid
substitutions among all A. m. ligustica sequences.

Counts of repeat numbers at three positions are given in the parsimony tree in Figure 1,
shown in Figure 3 for AT and in Supplementary Figure S2 for AAT and TA. AAT, is plesiomorphic
for A. m. mellifera, most other subspecies, and most ligustica lineages including RIB13 and
HHB. In the clade comprising RIB13 / ITB16 + LHB, the slip to AAT; in LHB is shared with ITB16.
In the unresolved clade comprising HHB / ITBO8 / Buckfast, AAT, ; occur in the latter two. AATy,
occurs in a separate lineage. Higher TA repeat counts in HHB (TA,5) and LHB (TA,) are
convergent, the most closely related lineages having lower numbers. The same is true for their
lower AT counts, ATy, and AT, respectively. Counts of the TA and AT repeats are similar in the
RJB13 /ITB16 / LHB clade. Note that HHB and ITB0O8 have identical mtDNA protein-coding
sequences, but differ by both AAT and TA repeat counts.

Among the 13 distinct sequences identified in the ITB and RIB strains of Ma et al.
(2022), HHB is identical to ITBO8 (OM203226). LHB is most closely related (92% bootstrap

support) to ITB16 (OM203234), from which it differs by 17 SNPs including 10 in protein-coding

© The Author(s) or their Institution(s)
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genes, and three amino acid substitutions. Recall that ITB08 and ITB16 are from the unselected

strain.

Discussion

MtDNA sequences referred to A. m. ligustica are extremely polymorphic, with as many
as 27 SNPs and 15 amino acid substitutions between individual GenBank accessions.
Differences between individuals within the subspecies in many cases exceed those between
other subspecies of A. mellifera (cf. Carr 2023). Recognition of any SNP and (or) amino acid
substitution as diagnostic of a regional population or commercial strain must consider the
larger range of polymorphism within the subspecies and related subspecies. In this expanded
context, | have re-examined the difference between two strains of A. m. ligustica (Kim et al.
2019), one bred for high hygienic behavior against Varroa mites (HHB) and the other not (LHB),
together with two strains (Ma et al. 2022), one bred for enhanced royal jelly production (RJB)
and the other not (IJB), and other wild and commercial strains.

Counts of repeats provide little or no phylogenetic or diagnostic signal. Compared with
Figure 1, the atypical AAT; repeat in LHB is derived, compared with the basal AAT, repeat
shared by HHB and other A. m. ligustica. Neither the AT or TA repeats distinguish HHB from
LHB, nor any other branches. In general, higher or lower repeat counts in these regions have
arisen by convergence and do not correspond to clades.

A. m. ligustica sensu lato includes sequences referred to both A. m. carnica and A. m
carpatica, but replicate A. m. carnica sequences are polyphyletic in the basal and derived

groups. When these two sequences are removed, the major clade is supported by 10 SNPs

© The Author(s) or their Institution(s)
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(99%), and includes an HHB-inclusive subclade supported by five SNPs (99%) (Supplementary
Figure S3). In the data here, patristic SNP differences among subspecies of the Asia Minor
outgroup are 4 ~ 7 (Figure 1), compared with 28 inter-subspecific SNPs between A. m. meda
and LHB and 30 intra-specific SNPs between LHB and HHB within A. m. ligustica (Table 1). Carr
(2023) discussed the taxonomic implications of smaller inter-subspecific than intra-subspecific
genetic differences. Names matter: see Supplementary Figure S4 for inclusive analysis of all
GenBank sequences referred to A. m. ligustica and the Eurasian clades.

No SNP differences or amino acid substitutions are diagnostic of the HHB strain with
respect to LHB or any other strain or single ligustica sequence. The amino acid sequence of HHB
is identical to both ITB08, an unselected Italian strain, and Buckfast, a widely-distributed
commercial strain. LHB differs from the most closely related sequences, in the ITB and RJB
strains, by two amino acid substitutions. Phylogenetic analysis shows that the 26 pairwise SNP
and six amino acid differences between the two strains are coincidental fixations of standing
polymorphism in the subspecies

MtDNA sequence variation between the uniform HHB and LHB strains can be compared
with that among the much more variable ITB and RJB strains of Ma et al. (2022). Identical
amino acid sequences of ITB and RJB lineages occur in the basal group, and also in the three
major clades and subclades (Table 2). ITB and RJB are not reciprocally monophyletic, as might
be expected if selection for the latter trait coincidentally restricted mtDNA variation to a
smaller subset of lineages.

In conclusion, the high hygienic behavior selected for in the HHB strain of Kim et al.

(2019) cannot be associated with any diagnostic changes in its mtDNA exome with respect to

© The Author(s) or their Institution(s)
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LHB nor any other closely related but unselected strains. The enhanced royal jelly production of
the RIB strain of Ma et al. (2022) is associated with multiple mtDNA lineages within that strain,
and also within unselected ITB and other strains with identical SNP and (or) amino acid
patterns. Absence of reciprocal monophyly between strains is evidence against the origin of the
trait in any single genetic lineage, followed by loss of mtDNA variation through genetic drift
during selection for the trait.

Mitochondrial DNA has a long history of utility in the delineation of regional variation
within insect (Cameron 2014) and other species (Wilson et al. 1985; Carr 2020). MtDNA SNPs in
Apis have been shown to be valuable tools in identification of subspecies and selected strains
involved in apiculture. However, documentation of any diagnostic or functional association of
such variation with production traits among commercial strains of A. m. ligustica, and likely
other subspecies of Apis mellifera L., must be made with broad knowledge and appreciation of

genetic polymorphism and its phylogenetic structure within the species in toto.
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: 2 NC061380 A m carnica 12 4 42
F?I L OM203237 A m ligustica ITB19 20 3 18
;|3— OM203234 A m ligustica ITB16 20-3 186
2 98 . MH341408 A m ligustica CNU7294 LHB 21 3 17
74 6 |1— OM203261 A m ligustica RJB13 19 4 14
99 L OM203305 Am ligustica RJB57 23 413
L . AP018403 A m carpatica 15 3 17
2 MN250878 A m carnica 15 4 22
OM203249 A m ligustica RJBO1 14 4 18
L OM203264 Am ligustica RJB16 26 4 17
MT859135 A m ligustica 26 4 18
7 ) 2 OM203228 A m ligustica ITB10 24 4 13
98 ;8 '_|5 1 I AP018435 A m ligustica strain ltalian 13 4 24
661 PP994689 A m ligustica strain Tikrit 32 4 12
OM203222 A m ligustica ITB04 19 4 18
L OM203304 A m ligustica RJB56 28 4 1
L OM203283 A m ligustica RJB35 13 4 19
380 — OM203344 A m ligustica RJB96 18 4 13
NC001566 A m ligustica 134 19
1 L KX908209 A m ligustica 18 4 21
H AP018434 A m ligustica strain BlackBee 12 4 1./
. OM203219 A m ligustica ITBO1 6 4 15
99 OM203259 A m ligustica RJB11 174 47
OM203226 A m ligustica ITB08 13 .4 12
2—|1— AP018432 A m ligustica strain Buckfast 15 7 17
95 MH341407 A m ligustica CNU7293 HHB 307 12
Figure 1 - Maximum Parsimony tree of 11,070 bp (3,690 protein-coding DNA triplets) in 23
sequences from A. m. ligustica and seven from five related subspecies. 3,000 bootstrap
replicates below branches, SNP changes above. Tree rooted with four sequences from the Asia
Minor clade of Carr (2023): see text. A. m. carnica and A. m. carpatica in the Southeast Europe
clade are included within A. m. ligustica sensu lato. The first two clades include five A. m.
14
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ligustica sequences including LHB, versus 18 in the major derived clade including HHB (98%
support).

Color codes indicate repeat numbers at three positions, 6.1kb (AT), 10.1kb (AAT), and
14.7kb (TA). See Figure 3 for analysis of the AT repeats, and Supplementary Figure S2 for

analysis of the AAT and TA repeats.
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e [VIN714160 A m caucasia
90— AP018404 A m caucasia
KY464957 Am meda

- OM203237 A m ligustica ITB19

MH341408 A m ligustica CNU7294 LHB
OM203234 A m ligustica ITB16
QM203305 A m ligustica RJB57
OM203261 A4n ligustica RJB13
= NC061380 A m carnica
AP018403 A m carpatica

1 MN250878 A m carnica
MH341407 A m ligustica CNU7293 HHB
58 — AP018432 A m ligustica strain Buckfast
OM203226 A m ligustica ITB08
OM203219 A m ligustica ITBO1
85 77 AP018434 A m ligustica strain BlackBee
1 KX908209 A m ligustica
NCO001566 A m ligustica
71| oM203259 A m ligustica RJB11
1 OM203344 A m ligustica RJB96
45 , 1 OM203330 A m ligustica RJB82
OM203304 A m ligustica RJB56
AP018435 A m ligustica strain Italian
OM203283 A m ligustica RJB35
.| QM203222 A m ligustica ITB04
OM203228 A m ligustica ITB10
75] PP994689 A m ligustica strain Tikrit
MT859135 A m ligustica
OM203264 A m ligustica RJB16
259 OM203249 A m ligustica RJBO1

260  Figure 2 - Maximum Parsimony tree of 3,690 amino acid residues in protein coding regions.
261  Sequences, rooting, bootstrap support, and branch length as in Figure 1. The clades inclusive of
262  HHB in the amino acid and SNP data (Figure 1) are essentially identical. Relationships of other

263 A. m. ligustica lineages including LHB are unresolved by the amino acid data.
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The basal group includes identical pairs of ITB and RIB sequences, as do the major clade
(85% bootstrap) and subclades (77% and 75% bootstrap) homologous to those in the SNP tree

(98%, 79%, and 99% bootstrap, respectively).
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MT183586 A m anatoliaca
MN714160 A m caucasia

APO1E404 A m caucasia

KV464857 A m meda voucher 3284
NCO61380 A m carmica

MN250878 Am carnica

APD18403 A m carpatica

OM203237 A m ligustica [TB19
0OM203234 A m ligustica [TB16
MH341408 A m ligustica CHU7294 LHE
0OM202305 A m ligustica RIBST
OM203261 A m ligustica RIB13
0OM203283 A m ligustica RIB35
0OM203304 A m ligustica RIBS6
0M203222 A m ligustica [TB04
PPS34689 A m ligustica strain Tikrit
AP018435 A m ligustica strain ltalian
0OM203228 A m ligustica [TB10
MT859135 A m ligustica

0OM203264 A m ligustica RIB16
0M203248 A m ligustica RIBOT
0M203344 A m ligustica RIBIS
0M203258 A m ligustica RIB11
0OM203218 A m ligustica [TBDT
AP012434 A m ligustica strain Blackbee
KXS08209 A m ligustica

MC001566 A m ligustica ligustica
0M203330 A m ligustica RIBE2
0M203226 A m ligustica [TB03
AP018432 A m ligustica strain Buckfast
MH341407 A m ligustica CNU7293 HHE
KY226884 A m melliferavoucher 1410 A A T T

-ATATATATATATATATATATATATAT - - - = = = = = = = = = = o & s o & = = & & = & = = = = = = = = o=

Page 18 of 83

Figure 3. Variation in number of AT repeats near position 6.1 Kb in A. m. ligustica and related

subspecies. See counts in Figure 1. A. m. mellifera is typical with AT;,. The shortest are AT,in A.

m. anatoliaca and ATsin A. m. meda in the Asia Minor subspecies group. The longest is ATz, in

Tikrit. Compare AT,9and AT, in HGB and LGB, respectively: both have gained high numbers of

repeats, in parallel (cf. Figure 1). See text and Supplementary Figure S2 for discussion and

diagrams of AAT and AT repeat regions.
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GenBank Taxon Strain / ID
AP018403 A. m. carpatica
AP018404 A. m. caucasia
AP018432 A. m. ligustica Buckfast
AP018434 A. m. ligustica BlackBee
AP018435 A. m. ligustica Italian
KX908209 A. m. ligustica
KY464957 A. m. meda voucher 3284

KY926884 A. m. mellifera  voucher 1410
MH341407 A. m. ligustica CNU7293, HHB
MH341408 A. m. ligustica CNU7294, LHB
MN250878 A. m. carnica
MN714160 A. m. caucasia
MT188686 A. m. anatoliaca
MT859135 A. m. ligustica
NCO001566 A. m. ligustica
NC061380 A. m. carnica

OM203219 A. m. ligustica ITBO1
OM203222 A. m. ligustica ITBO4
OM203226 A. m. ligustica ITBO8
OM203228 A. m. ligustica ITB10
OM203234 A. m. ligustica ITB16
OM203237 A. m. ligustica ITB19
OM203249 A. m. ligustica RJBO1
OM203259 A. m. ligustica RJB11
OM203261 A. m. ligustica RJB13
OM203264 A. m. ligustica RJB16
OM203283 A. m. ligustica RJB35
OM203304 A. m. ligustica RJB56
OM203305 A. m. ligustica RJB57
OM203344 A. m. ligustica RJB96
PP994689 A. m. ligustica Tikrit

Table 1 — GenBank accession numbers, taxon referrals, and strain or series IDs for 31 mtDNA
genome sequences used in this study. Note the single representatives of the HHB and LHB
strains from Kim et al. (2019), 14 representatives of the ITB (n = 6) and RJB (n = 8) from Ma et
al. (2022), n = 7 additional sequences referred to A. m. ligustica, and n = 8 sequences referred

to six other subspecies.
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OM203228 A m ligustica 1TB10
AP018435 A m ligustica Italian
PP994689 A m ligustica Tikrit
OM203222 A m ligustica 1TB04
OM203283 A m ligustica RJB35
OM203304 A m ligustica RJB56
NC001566 A m ligustica
KX908209 A m ligustica
AP018434 A m ligustica BlackBee
OM203219 A m ligustica ITBO1
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282

283  Table 2. Phylogenetic distribution of eight phylogenetically informative amino acid

284  substitutions in A. m. ligustica. IUPAC single-letter codes. For each position, the inferred

285  apomorphic state as inferred from Figures 1 & 2 is offset to the left. Residues 3 and 5 — 8 show
286  the symplesiomorphic state in LHB (and four other sequences), versus the synapomorphic state
287 inclusive of HHB (and 18 other sequences), or a subset at Residue 8. Positions 1 and 2 separate

288  synapomorphic states in subclades within that clade not inclusive of HHB. Position 4 requires a
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parallel change (2" position A > G: V = I) in LHB with respect to HHB in the major derived

clade.
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NCBI

MN714160
MT 188686
AP018404
KY464957
NC061380
AP018403
MN250878
OM203237
OM203234
MH341408
OM203261
OM203305
OM203283
OM203304
OM203222
PP994689
AP018435
OM203228
MT859135
OM203264
OM203249
OM203344
OM203259
OM203219
AP018434
KX908208
NC001566
OM203226
AP018432
MH341407

Taxon

A m caucasia
A m anatoliaca
A m caucasia
A m meda

A m carnica
A m carpatica
A m carnica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica
A m ligustica

Strain

ITB19
ITB16
CNU7294 LHB
RJB13
RJB57
RJB35
RJB56
ITB04

strain Tikrit
strain Italian
ITB10

RJB16

RJBO1

RJB96

RJB11

ITBO1

strain BlackBee

ITBO8
strain Buckfast
CNU7293 HHB

MN714160 A m caucasia

Genome

AP018403 A m carpatica

ITB19

ITB16

igustica RJB13

igustica RJB57

igustica RJB35

OM203283 Am

igustica RJB56

ITBO4

igustica

OM203222 Am

strain Tikrit

igustica

PP994689 A m

strain Italian

ITB10
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AP018435 Am
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OM203228 A m ligustica
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igustica RJB16

OM203264 A m

igustica RJBO1

OM203249 A m

igustica RJB96

igustica RJB11

ITBO1

strain BlackBee

KX908209 A m ligustica
NC001566 A m ligustica

OM203226 A m ligustica
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Table 3. Pairwise SNP differences and amino acid substitutions among protein-coding

nucleotide regions of mitogenomes from A. m. ligustica and five related subspecies. Lower

and upper triangular matrices, respectively. Inter-subspecies numbers in dark grey; inter-

subspecies differences including A. m. ligustica in light grey. There are 26 pairwise SNP

differences and six amino acid substitutions between HHB and LHB, versus intra-subspecies

means of 12.7 + 9.3 and 4.18 + 3.59, respectively.
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3
1 — KY464957 A m meda voucher 3284

4 5AP018404 A m ligustica caucasia
93 : = MN714160 A m ligustica caucasia
62 MT188686 A m anatoliaca
. = NC061380 A m ligustica carnica
: - OM203237 A m ligustica ITB19
= 3 = OM203234 A m ligustica [TB16
C 98 - MH341408 A m ligustica CNU7294 L HB
97 8 = OM203305 A m ligustica RJB57
995E OM203261 A m ligustica RJB13
6 - MN250878 A m ligustica carnica
AP1018403 A m ligustica carpatica
= OM203283 A m ligustica RJB35
= OM203264 A m ligustica RJB16
= OM203304 A m ligustica RJB56
11 OM203249 A m ligustica RJBO1
99 == MT859135 Am IigL{stica. -
Ly PP994689 A m ligustica strain Tikrit
éPO18435 A m ligustica strain Italian
6 OM203228 A m ligustica ITB10
OM203222 A m ligustica ITB04
= OM203344 A m ligustica RJB96
83 , OM203259 A m ligustica RJB11
= OM203330 A m ligustica RJB82
KX908209 A m ligustica
,OM203219 A m ligustica ITBO1
— NCO001566 A m ligustica ligustica
99 ,AP018434 A m ligustica strain Blackbee

2 AP018432 A m ligustica strain Buckfast
7_|5 i OM203226 A m ligustica ITB08
99! MH341407 A m ligustica CNU7293 HHB

Supplementary Figure S1: Maximum Parsimony analysis of complete mtDNA

100

6

sequences. Tritomys in Figure 1 are resolved without statistical support, and bootstrap support

for various clades is increased.
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MT188686 A m anatoliaca
MMNT141680 & m caucasia
APD12404 A m caucasia

K¥464957 A m meda voucher 3284

MCDE1380 A m carnica
MM2308728 A m carnica
APO18403 A rn carpatica
OM203237 A m ligustica ITB19
OM203234 A m ligustica ITB16

PH3A1408 A m ligustica CNUT2%4 LHE

OM203305 A m ligustica RJB5Y
OM203261 A m ligustica RJB13
OM203283 A m ligustica RJB35
OM203304 A m ligustica RJB36
OmM203222 A m ligustica [TBO4

PP29463% & m ligustica strain Tikrit
APD18435 & rn ligustica strain [talian

OM203228 & m ligustica ITB10
MTE59135 A m ligustica

OM203264 A m ligustica RIB16
OM20324% A rn ligustica RJIBOT
OM203344 A rn ligustica RJIB36
OM20325% A rn ligustica RIB11
OM20321% A rn ligustica ITBO

APD12434 & rn ligustica strain Blackbee

KAB0220% A m ligustica

MCO01566 A m ligustica ligustica

OM203226 A m ligustica [TBO2

APD1B432 A m ligustica strain Buckfast
MH341407 A m ligustica CNUT293 HHE
KY926884 A m melliferavoucher 1410 A4 &4 T T - 4 A T AATAATAAT
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306 B

MT188686 A m anatoliaca
MNT14160 A m caucasia
APO12404 A m caucasia
KY464357 A m meda voucher 3284
MNC061380 A m carnica
MN250878 A m carnica
AP018403 A m carpatica
0M203237 A m ligustica ITB19
0M203234 A m ligustica ITB16
MH341408 A m ligustica CNU7T284 LHB
OM203305 A m ligustica RIB57
OM203261 A m ligustica RIE13
OM203283 A m ligustica RIB35
OM203304 A m ligustica RIB36
OM203222 A m ligustica ITB04
PPS94688 A m ligustica strain Tikrit
APD18435 A m ligustica strain Italian
OM203228 A m ligustica ITB10
MT839133 A m ligustica
OM203264 A m ligustica RIB16
OM20324% A m ligustica RIB01
OM203344 A m ligustica RIBI6
OM203239 A m ligustica RIBT1
OM203215 A m ligustica ITEO1
APD18434 A m ligustica strain Blackbee
KAG0820% A m ligustica
MNC001566 A m ligustica ligustica
OM203330 A m ligustica RIBE2
OM203226 A m ligustica ITBOS
AP018432 A m ligustica strain Buckfast
MH341407 A m ligustica CNU7293 HHE
307 K¥926884 A m mellifera voucher 1410 TATT

-AATATATATATATATATATATATATATATATATATATATA- - - -« - - - o oo~ AATA

308 Supplementary Figure S2: Patterns of short repeats across subspecies of A. mellifera and
309 within A. m. ligustica. (A) AAT repeat region at 10.1 kb, and (B) TA repeat region at 14.6 kb. See

310  distribution of counts for these and the AT repeat at 6.1 kb on Figure 1.
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1
e KY4642957 A m meda

MN714160 A m caucasia

11

100] °

AP018404 A m caucasia
MT188686 A m anatoliaca
OM203237 A m ligustica ITB19

95| °3

(=)}

73

10

MH341408 A m ligustica CNU7294 LHB

OM203234 A m ligustica ITB16
[ OM203305 A m ligustica RJB57

g9l— OM203261 A m ligustica RJB13

2

—— OM203283 A m ligustica RJB35
— OM203304 A m ligustica RJB56
OM203222 A m ligustica [TB04

929

87¢3

1 PP994689 A m ligustica strain Tikrit
%PMS%S A m ligustica strain Italian
OM203228 A m ligustica ITB10

IMT859135 A m ligustica
— OMZ203264 A m ligustica RJB16

OM203249 A m ligustica RJBO1
— OM203344 A m ligustica RJB96
1NC001566 A m ligustica
— KX908209 A m ligustica

E AP018434 A m ligustica strain BlackBee

5 OM203219 A m ligustica ITB01

—_

99 OM203259 A m ligustica RJB11
3 I ,OM203226 A m ligustica ITB08

AP018432 A m ligustica strain Buckfast
95' MH341407 A m ligustica CNU7293 HHB

Supplementary Figure S3: Maximum Parsimony analysis of complete protein-coding

nucleotide sequences, excluding A. m. carnica and A. m. carpatica. Support for the derived

clade of A. m. ligustica sequences increases to ten SNPs (99% bootstrap support), and for the

HHB-inclusive clade to five SNPs (99%). Support for the derived clade including HHB in the

analogous amino acid-based tree increases to four substitutions (98%) (not shown).
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9 OP404074 A m caucasia
94 ilfP404071 A m anatoliaca
655— OP404072 A m anatoliaca
9 T MT188686 A m anatoliaca
99 — MN714160 A m caucasia
54?2 | AP018404 A m caucasia
1 55 OR123805 A mellifera strain Iraqi
— KY,464957 A m meda
3 E OM203305 A m ligustica RUB57
2|l 995 OM203261 A m ligustica RJB13
2 |:7OM203234 A m ligustica ITB16
98 MH341408 A m ligustica CNU7294 strain LHB
g 4 | QP404077 A m meda
2 99 OP404078 A m meda
87 —F—— OM203237 A m ligustica ITB19
= NC061380 A m carnica
17|, - MN250878 A m carnica
AP018403 A m carpatica
59 | ,OM203249 A m ligustica RJBO1
— OM203283 A m ligustica RJIB35
98 ,OM203222 A m ligustica ITB04
1 2 [ OM203264 A m ligustica RJB16
5| 63l OM203304 A m ligustica RJB56
OM203344 A m ligustica RJB96
MT859135 A m ligustica
1i— OM203228 A m ligustica ITB10
3 67‘|1|_PP994689 A m ligustica strain Tikrit
71' AP018435 A m ligustica strain Italian
77 OM203219 A m ligustica ITBO1
J| OM203259 A m ligustica RJB11
;NC001566 A m ligustica
KX9082098 A m ligustica
AP018434 A m ligustica strain BlackBee
OM203226 A m ligustica ITB08
1MH341407 A m ligustica CNU7293 strain HHB
96L AP018432 A m ligustica strain Buckfast

4 | OP404Q73 A m caucasia
_9| oy

1) ]
W

317

318 Supplementary Figure S4: Names Matter - Maximum Parsimony analysis of complete

319 mtDNA sequences from all GenBank accessions referred to taxa in the Southeast European
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320

321

322

323
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and Asia Minor clades of Carr (2023). Note polyphyletic distributions of sequences in the

OP40407# series with respect to sequences referred to the same subspecific taxa. Note

especially OP404077 & OP404078 referred to A. m. meda with respect to A. m. ligustica (ITB19).

See main text for discussion of sequences referred to A. m. carnica and A. m. carpatica.
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0OM203237
0OM203234
MH341408
OM203261
OM203305
0OM203249
0OM203264
MT859135
0OM203228
AP018435

PP994689

0OM203222
OM203304
OM203283
OM203344
NC001566
KX908209

APO18434

0OM203219
0OM203259
0OM203226
APO18432

MH341407

Supplementary Table T1: Amino acid substitutions in A. m. ligustica. Apomorphic

states are inferred from Figures 1 & 2, and are offset to the left. There are 29 positions with
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amino acid substitutions, of which 15 are autapomorphic (bold, grey), including eight in RGB19,

and 14 synapomorphic (Bold), including position #1070 with an inferred parallel change (I’) in

LHB. See Table 1 for distribution of phylogenetically informative changes by position in the

genome.
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