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Overview of the di

Overview of thedissertation
This cumulativedissertatiorconsistsof five sectionsased orthree manuscriptsSection one

reviewed stat®f-the art and stated thesearch hypotheses, questions and objectives as a
general introductionThe manuscriptgécluded in the dissertaticare presentedubsequently

accordingo the order listed below:

[l]Hai |l u, T. G.; DO6AIlI vi se, P. ; Hobaeyg Beedpimann, M.

mellifera) Populations Based on Standard Morphometric and Genetic Andlysests2021,

12 (3), 193https://doi.org/10.3390/insects12030193

[2lHai | u, T. G. ; D6 Al vi se, P. Tofil ski, A.
Hasselmann, M. Insights into Ethiopian Honey Bee Diversity Based on Wing
Geomorphometric and Mitochondrial DNA Analys@gidologie2020, 51, 11821198.
https://doi.org/10.1007/s1359220-007969

[3] Hailu, T. G.; Rosenkranz, P.; Hasselmann, M. Rapid transformation of traditional
beekeeping and colony marketing erode genetic differentiatidpisimellifera simens;j

Ethiopia Submitted

Therefore, section twincuses orkEthiopian honey bee lineage and subspecies classifications
using geometric morphometrics based on forewing venation in comparison to reference data of
major global lineages and subspeciesthe neidnboring countries. This is followed by
phylogenetic analyses using sequence information of the mitochondrialCODIand
identification of mitochondrial haplotypes basedlral restriction.

In sectionthree the classification of Ethiopian honey bedspecies is further validated and

the subspecies characterized using classical morphometry based on 11 characters of size and
wing. Subsequently, genetic diversity, differentiation and local adaptation have been

deciphered using the nuclear fragmenfreg.

S


https://doi.org/10.3390/insects12030193
https://doi.org/10.1007/s13592-020-00796-9

Overview of t he di

The manuscript in section foassessed development progessshieved irthe apicultureof
Tigray, a region of beekeeping hotspot and unique colony marketing in northern Ethiopia
Annual honey production, yield, proportion of beehive types and numbarsaged over a
period of 16 years of transformation were analyzed usingldeted on annual repoftem

the CSA. Secondly, the driving factors ageneticimplications ofthe honey bee colony
marketing in the regiowereelucidatedbased on a market si@ty. In particular, the spatial and
ecological distributions afhe honey bee colonynarket actors and their sentimerdaad the

role of apiculturakxtension were disentangled.

Finally, section fiveprovides generatliscusgon combiningthe honey beseclassification,
adaptation, and role of apiculture and honey bee colony marketing in Ethiopia. Concluding
remarks and way forwards to achieve a further understanding of the honey bees and designing
sustainable beekeeping and breeding strategies are inclittiedtivs section.

In accordance with the guideline$ the University of Hohenheirfraculty of Agricultural
Sciences;t he doct or aulrricuum rvithe anch deeladatonare annexed to the

dissertation
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1. General introduction

1. MThe holMeysbenel | i fera
The honey beépis melliferais an important inseatith significant contributiongn the global

sociaeconomy,food productionand ecosystentonservationthrough its pollination and
beekeepingroductgFAO, 2003; Jonest al, 2016) The honey bewas rankedsthe second
most economically important livestock species with ameded annual contribution of USD
180 Billion (Jacob<t al, 2006) Pollinatordependent crops contribute to 39¥ihe totalcrop
production world-wide (Intergovernmental Sciendeolicy Platform on Biodiersity and
Ecosystem Servicd$PBES], 2016) Apis melliferaplays indispensable role the production
of majorcrops such as coffee amdriousfruits (Geeraeret al, 2020; Portcet al, 2020) The
honey beeds a widely spreadspecies throughout the worldhere an estimated 81 million
colonies produce 1.6 millicilmnsof honeyannually(IPBES, 2016)Aboutsevermillion honey
bee coloniearemanagedn Ethiopia(central statistical agencZFA], 2021)] by an estimated

number oftwo million household¢Anandand Sisay2011)

Looking intothe biology of Apis mellifera, acolony of honey bee consists of hagldrones
anddiploid femalesof a queen and workevgith specialized labor division argbphisticated
behaviorto accomplish several roles and activit{&eeley 2010) that areadapted to local
conditions undethe regulation ofgenetic and environmental factafglulder et al 2007,
Behrends and Schein@012) The nuclear genome affemalehoney beeonsists ofinearly
arrangedL6 chromosome pair@Veinstocket al, 2006) while themitochondrial genome is a
maternallyinheritedcircularmolecule of about 1608 base pair§Crozier and Croziel993)

A total of over 15,300geneshave beendentifiedto bedistributedin the honey bee genome

(Elsik et al., 2014)

RegardingeproductionA. melliferais known to be a highly polyandrous which enhantses

fitness(Keller et al, 1994; Tarpy and Page, 2000; Mattila and Seeley, 2@0@ueen of the
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honey bee naturalljpakes multiple matingRuttner 1956)in a drone congregation areath

up to 20drones(Tarpy et al, 2015) which can be potentially gathered from different
subspecies, different colonies of the samlespecies, alosely relatesiblingsdepending on
the local diversity and level of human interferentieerefore, a colony may consist of hybrid
workersof divergentor closely related line€Tarpyand Nielsen2002) as a reflection afhe

level of diversity and apicultural influence

Because of its versatilitysociceconomic and environmentafalues the honey bee is
distributedworld-wide both naturally andy humanbeings. The speciehas evtved to be
thermal homeostatieyhich enabled its wide distribution accompanied by diversification into
morphologically, behaviorally and genetically differentiated populations (Ruttner, 1988
Garneryet al, 1992; Franclet al, 2001; Weinstoclet al, 2006; Zayed and Whitfield, 2008;
Wallberget al, 2017)adapted to a broad range of habitats waride (Fig 1). These extend

from the Nile valley to mountain pes&f west Africa, kilimanjaro and Himalaya; South Africa

to Scandinavia and southeast Sibenathe far east Asiatropical rain forest to African
savannah, Sahara and Arabian deg8nsth 1961; Ruttnerl988; Vermal989; Hepburn and
Radloff, 1998; Cheret al, 2016) Severalphenotypes have been identified and characterized,
while many admixed populations or those occupying transitional zones remained unclear
(Cridlandet al, 2017) In particular there aralebatesn honey bee population studibased

on different methodthat ledto inconsistent clasficationand characterizatioof lineages and
subspecies imortheast Africa and the Middle Eashich is supposed to be the origin of the
species(Ruttner, 1988,Garneryet al, 1992b;Francket al, 2001; Amssalwet al, 2004;
Weinstocket al, 2006 Meixner et al, 2011; Alburakiet al, 2013; Cridlandet al, 2017
Themudoet al 202Q. African honey bees are characterized by seasonal migration and high

reproductive swarming behaviofslcNally and Schneiderl992) which increase admixture
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and reduce differentiation betweeraighboringoopulationgFrancket al, 2001; Fulleret al,

2015)

1. Qibspaanide $si feagda gge mel | i f er a
The axonomy of honey bee polations and their evolutionamglationships have ever been

important topics of researckith an increasingly improving approach€ommonly applied
methodsinclude classical morphometrgRuttner, 1978, 1988; Hepburn amhdloff, 1998)
wing geometric morphometr§f ofilski, 2004; Nawrockaet al, 2018) amitochondrial marker
(Cornuet and Garnerg991; Garnery, 1992karneryet al, 1993) and genomavide analyses
of single nucleotide polymorphisms (SNR¥)einstocket al, 2006; Wallberget al, 2014;
Wallberget al, 2017) So far,33 subspecies of thieoney bee have been reporféglasov et
al., 2020) It is broadlyaccepted that the honey béetong tdfive majorevolutionarylineages
(Franck et al, 2001; Cridlandet al. 2017; Themudcet al, 2020) However, there are
inconsistencieamong various studies thegrouping of subspeciasto evolutionary lineage
and the number of lineag@s well as origin and distribution of the spe(ifagtnerl978,1988;

Garneryet al, 1992; Francket al, 2001;Alburaki et al, 2013; Cridlancet al, 2017)

Building on earlier morphometric studiéélpatov, 1929; Goetze1956) Ruttner (1978)
developed a method of miviariate morphometric analysesich is stilladoptecas a standard
(Meixner et al, 2013)to discriminateand characterizéoney beesubsgciesbased on 42
morphological characters color, size, wing anfair. Accordingly,thehoney bee subspecies
were discriminated and clustered into three major gr@kigsl) that led to establishment of
hypotheses on the origin and routes of distribution ofpeziegRuttner, 1978, 1988; Franck
et al, 2001; Weinstockt al, 2006; Haret al, 2012) Several studies supportdtethypothesis
that the honey beeriginated from northeast Africa or the Middle East, and distributed world
widein different routeg¢Ruttner,1978; Weinstoclet al, 2006; Cridlancet al, 2017; Dogantzis

and Zayed2019; Tihelkaet al, 2020) while others arguagainstHanet al, 2012)
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A molecularmethod of piylogenetic analysiof the honey be&ased orthe mitochondrial
markerlocated at théntergenic region between cytochrome oxidase subunit | and subunit Il
(commonly known asCOI-COIl) was introduced as a simptechniquefor identifying
evolutionarylineageqGarneryet al, 1992b;Garneryet al, 1993) The mitochondrial genome
of Apis melliferacontains a long COCOII intergenic region which varies between lineages
sequence length and frequency of characterisind®Q motif(Cornuet and Garneyy991;
Garneryet al, 1993) Analysis of COI-COII gave consistent resultvith wing geometric
morphometryin separating lineageand a online program for the identification of lineages
A, M, C and O was recently developed based oitivariate analysesf 19 landmark®ut of
the worker honey beéorewing venation(Nawrockaet al, 2018) The forewing venation of
honey beesgarries sufficient informatiomherited from both paren{®eixneret al, 2013)
Genomewide SNP analysescould provide insights into the honey bee evolwigrhistory
(Weinstocket al, 2006) and adaptatioiiZzayed and Whitfield2008; Wallberget al., 2017;
Henriques et al2018) Recent studies based on genemide SNPanalyses (e.dgCridlandet
al., 2017; Themudet al., 2020)supporteda previoushypothesis ofive major lineagesf the
honey beeuggestetby Francket al.(2001)based on COCOII analysesThe fifth lineage Y
was introducedased on a chacteristic sequence of C@IOIl in Ethiopian honey bees
whereagridlandet al. (2017) and Themudo et al. (20268presented Y with samples from the
Middle East.Moreover,Cridlandet al (2017)supported the origin oA.melliferato be in
Northeast Africa or the Middle East, with the ancestral population giving rise to A and Y
lineagesbutther precise placement is not clesard awaits future researtiiat should include

Ethiopian honey bee samples and employ gererde SNP anlgsis.
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Fig 1 Evolutionary lineages of the honey b&gis melliferaclassified usingd) Principal component analyséssed on classical morphometry, showing the grouping of the
honey bee subspecies into three major branfdilesving the lineage distributiofRuttner, 1978), B Canonical variate analyséssed on forewing venation, showing the
separéion of lineages A, C, M, and O, niicluding samples of lineage ¥Nawrockaet al, 2017), and £Neighborjoining treebased on a genorweide genetic distance
elucidating four lineage@Veinstocket al, 2006; as well agD) geographidistribution of five lineages M, C, O, Y, @ogantzis and Zayed, 2019).



1.3. Apiculture &Amdsimmeldonee@quences on
Human being appreciated the importance of honey bee products such as honey and beeswax
since ancient times dfoneyhunting(Dunneet al, 2021)to presentlay modernapiculture

and pollination servicgIPBES, 2016) The art of beekeeping has beehanging and
commercializing withnnovation of beekeeping equipment such ad #regstroti a movable

frame behive (Langstroth 1852 i and betteundersanding of the honeyedg biology. The
discoveries of parthenogeneskidevelopment of drones from unfertilized eg¢@hillips, 1903)

- andmultiple dronemating behavior of a queen tronecongregation aregRuttner 1956)

gave a pathway to the concept of controlled breeitiraugh selectioand crossing of lines to

achieve desired goalddam, 1987)

Initially, breeders focused on economically important traits which gave rise to the development
of commercial breeds such as the Bucktast are now widely distributedeplacing native
subspecies Europe(Meixneret al, 2010) Selective breeding hinders adaptive traits such as
overwintering and resistance agaisiroa destructo{ K o v at blj 2D20) which together

with agrochemicals andbdther stressorgould resultin colony collapsedisorder- CCD
(vanEngelsdorpet al, 2009) Moreover, the introduction dfioney bee queens of African
subspecieo Brazil with a good intention of controlled breeding to develop productive breed
under tropical conditions ended up in the infamous hybrid that has been invasively occupying
up to the north America and negatively impacted human health, ecosystem aondhgco
(Michener 1975; GuzmasNovoa et al, 2020) Furthermorgapicultural activities such as
breeding,transportationtrade and migratory bkeeping affected the genetic diversity of

honey bee populatior{f€anovast al, 2011; Themudet al, 2020)

Recently, honey bee breeding goals and selection traits started tedéinesl due to an
increased awareness on thgportanceof honey bee pollinatioservice and in response to the

emergingchallengespaving ways to sustainable breeding and conservéBiacquiereet al,
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2019; Buchleet al, 2020; Conteet al, 2020) The focus of piculture indeveloping countries
remained to be creating an economic optiomptorerty alleviation and livelihood improvement
(Girmaet al, 2008; Hailu 2015; Mazorodz2015; European Commission 2019) either
ways, a comprehensive understanding of hbi@ogy, genetic diversitymechanisms of

adaptatiorand performances of the honey bees under local settimgisl play vital roles.

1. Bthi dpinary beekeapidng

Ethiopia isa subsisteragriculturebaseccountry located in northeast Africa at close proximity
to theMiddle Eastcomprising of diversegro-ecological zonefAEZs) extending from humid

to arid and elevations from >100 meter below sea ex€b00 meters above sea level (masl).
Three AEZs (highland, midland, lowland) are commonly recognized in Ethiopidesader
classification that considers land use, fagnsystems and rural livelihoods addition to
natural ecosystenthis diversity enabled the growth of diverse flowering plants including
variety of cultivated crops, fruits, shrub, bushes and traestal of 7,000 honey bee floral
species identifietbng ago(Fichtl and Adi, 1994)Ethiopia manages large population of honey
bee colonies dominantly undsubsistent traditional systemespite recent changésoughthe

efforts ofapicultural development

The classifica i on o f Et hi opian honey bees has been
tradition and potential of beekeepif@irma, 1998; Girmaet al, 2008; CSA, 2018)agro

ecological diversityand location in northeast Africa where multiple lineages of the honey bee
contact around the species ori¢g@ridlandet al,, 2017) madet an important research area in

the honey bee taxonomin this regard, ypothesefave beemebating from the uniqu&pis

mellifera simensigMeixneret al, 2011)to five other subspecies includidg m. jemenitica,

A. m. scutellata, A. m. monticolfAmssaluet al, 2004) Genetic and morphometric analyses

of this doctoral stud{Hailu et al, 2020, 2021 supported thaEthiopian honey bees belong to

the unique lineage fFrancket al, 2001)and subspecies. m. simensi@Meixneret al, 2011)

12
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whereadormer classical morphometric studies reported up to five subsgécnssaluet al,

2004) Both Amssaluet al. (2004) and Meixneet al (2011)covereda large sample size
distributed throughout the country, however, the later considered 36 morphological characters
of Ethiopian samples and reference dataset of establisjemhalsubspecies compared to 13
characters analyzed without reference in the forniérerefore, detected clusters were
concluded to be morphologically adapted ecotypes (Meigheal, 2011). Howeverpoth
studies conducted on the classificatiorEtfiiopian honey bee subspecwesre merely based

on cl assical m o addrssmeaitteeithe genetéc max apitultudah adpects.

Beekeeping is an important means of rural livelihood for millions of smallholder farmers in
different parts ofEthiopia who collect forest honey, practice beekeepatgbackyards,
farmsteads or hillside rehéitation areagGirma and @rdebroek2015; Haily 2015 Geeraert

et d., 2020; Tarekegn and Ayele 2Q2Bratzeret al, 2021). The countrys broadly classified

into two as 1) peripheral lowland pastoral rangelands which are mostly arid and desert areas
known for mobile livestock producti@ystem consistingf cattle, equines and small ruminants
(FAO, 1986, Coppock, 1994€SA, 2018. Beekeeping islss practiced in the pastoral lowland
areas along the international bordiexgeating barriers between the Ethiopremey beeand
neighboringA. m. scutellata, A. m. monticola, A. m. litor&mturd barriers such as deserts,
water bodies and mountains restrict exchange of genetic materials leading to divergence of
populationsto adapt theirlocal habitats. 2 Central and northern highlands that are
characterized bysmallholder mixedcroplivestock farming. Honey bee colonies are
traditionally managed usually at the backyards and homesteads as &l padgf the mixed
croplivestock farming system in many parts of the counttyis type of beekeeping allows
close management and protectioincolonies ad all family members involvéo generate
income without owning landGrazer et al, 2021) Honey collection from feral colonies

practiced irthesouthwest parts of Ethiop{@&etachewet al, 2012) Theseareasare known for

13
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the productionof Coffeaarabicai an importantash crop for the countiywherethe honey

beeA. melliferais a dominant pollinatofGeeraeret al, 2020)

In northern Ethiopiahillside enclosureshat are rehabilitated through integrated measures
(Mekuriaet al, 2007;Nyssenet al, 2014)haverecentlybeen used fomprovedbeekeeping
(Fig 2 aiming ateconomic empowermeiaf landless youth in the rural are@sailu, 2015;
European Commission, 2019his approach of beekeepifor rural development withfacus
onestablishing apiaries in remote hillside rehabilitation aseasild be cautiously followed. It
may undermine the advantages of traditional beekeepiagratedwithin the backyards and
farmsteadgYusufet al, 2018 Gratzeret al. 202}, which perfectly fits to many of the United
Nations Sustainable Development GoéEDG) particularly goals specified in numbers 1
(poverty alleviation), 2 (food security), and 13 (climate actign)sustainable honey bee
breedng whi ch doesnoét (6Gratzemttal,2021) ahddbackyartheeferagh i o p i a
developmenivould address needs for colonies that cafribadly-managed within backyards

using appropriateeehive technology

Based on the type of beehivesed Ethiopian leekeeping ifficially classifiedinto three
systens as traditional (fixeecomb),transitional (topbar) and modern (frameJhe taditional
beekeeping is dominantpnstitutingfor about96% of the total managed colony population
(CSA 2020. This system uses lotpalavailablefixed-comb small hivesThis type of beehive
favors for colony swarming and survivglSeeley and Smith, 2015; Loftes al., 2016)but is
difficult for managemet such asnspectionandfeeding Honeyharvestingout of the fixed
comb hivednvolves removal obroodcontainingcombs and sometirseliscarding the entire
colony (Shenkuteet al, 2012) Despite its simplicity, local availability and possibility of
harvesting beeswax, the traditional system provioesyield of crudehoney(Shenkute et al.
2012; Gratzeet al, 2021) which is largelyused forlocal beverageroduction(Dhyaniet al,

2019)

14
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Since the last few decaddhe beekeeping extensiam Ethiopiahas been tryingo improve
honeyyield (Fig 2) and qualityby introducing framénives(Abebeet al, 2008; Girmeet al,
2008) which gaveencouragingesults For examplenationalhoney productiomaised from
about 25,000 in 2004 to 150,000 tones in 2(I2BA, 2004, 2020)Movable frame lves such

as the Langstroth providénigher yield of honey compared to the traditional system in Tigray
region of northern Ethiopigrirga and Gidey2010)because they allow better management of
colonies(Langstroth 1852) Ethiopia develped an optimized version of tdgar hiveto suit

with local conditiongEthiopian Beekeepers Associatj@011) Based orannualreports from
CSA, averagéoney yield of topbar hives ovethe period 20040 2020 was 40% higher than
that of traditional hiveslTop bar hivesre simple to construct from locally available sionber
materials, cheapnddon't depend oexternalfoundationcombs making it more sustainable
that complieswith organic principles and norms(IFOAM, 2014; European Commission
2018) Furthemore, topbar hives are reported to be mamductive also in other parts of
Africa (Yusufet al, 2018)and suitable to apply bdaendly management without destroying
combs and killing bees compared to Ethiopian traditional hf@=tachewet al, 2012)
However, as the countaimsto produce expoinarket orientegxtracted honeyGirma and
Gardebroek2015) top-bar hives seem to be overlook@ég 2); accountingfor only 1%
compared to 3% frarAeives at national levélCSA, 2020) According toFAOSTAT (2021)
Ethiopia imported about 2.5 million tons of wheat to fill food gap in 2016 while it exported
481 tons of natural honey at the same tirigh demand and pricef honeyin the Ethiopian
domestic marketYeserahet al, 2019)areusuallyconsidered as constrairfts exporing to

the intenational marketA sustainable apicultural development strategy would utilize such
opportunities to boost the production and productivity by introducing appropriate equipment

and methods.

15
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2006 to 2021 indicating faster increase of MFH; D) average honey yieltFof, TBH and TDHin Kg/hive/year
(data organized from annual survey report€eifitral Stastical Agency of Ethiopidor the year20042020and
analyzedusing JMP Pro 16 E) Training on honey bee colony splitting using movable frame hives (Aksum
Universty, 2015) F) Honey bee colony management activity using Ethiopiarbaphive made of netimber
materials such as bamboo (Nuérdgba n.d).G) A colony of honey bees in a conical shape traditional fomhb
beehive made of cow dung placed in a market for se(liegveldemedhn and Yayneshet 2014b)

Apicultural development interventionscireased the overall demand for colonies and led to
colony market development particularly in northern Ethiopia such as Tigray and Amhara
regions(Dessalegret al, 2010; Teweldemedhn and Yaynesi#14b) Colony splitting was
recommended as the best queen rearing method for the Ethiopian honey bees and local
conditions(Nuru and Weltedj, 1999put pratically natural swarming remainex the source

of colonies traded in northern EthiogiBeweldemedhn and Yaynesh2014a) Experienced
beekeepers infaw highland areas reproduce and sell colordetls are presentedsection

four). The transportation of colonies can have adverse effects of spreading pests and pathogens
Severalvirusesincluding deformed wing virubave been recently identifi€@Gebremedhn et

al., 2020) althaugh Varoa mite infestation ratevaslow and the honey bees are said to be
highly tolerant(Gebremedhret al, 2019) High level of gene flow between differeAEZs

may disrupt populatiorstructures(Canovaset al, 2011) and develop invasive hybrids
(Michener, 1975) Furthemore artificial colony splitting and marketing cdvamper natural
adaptationA skewedallelic frequencydistribution (details insection threeandfour) can be
observedvhen different areas specialize in productionalbnies and honegt different AEZs

(section fouy, mixing-up various genetic lines

In light of the importance of beekeeping and the need to conserve the honey bees, Ethiopia
emd ed a proclamation entitl edridd picdhialgtalor e r e
of achieving sustainable apiculturalevelopmentand conserving the honey bee genetic
resource(Federal parliamenf009) The effectiveness of its implementation and regulatory
framework is yet to be assessed. Policy documents founded based on scientific evidences and

practical guides relevant to locabntext would be sustainabléWhile commercializing

17
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beekeeping to use ibf poverty alleviation, threats on the genetic diversity, health, adaptation
and overall resilience associated waghiculture,colony marketing and transportation need to

be resolvedy combining biological knowledge, practice and poljicydes

l1.Bes ehbyrpcoit menglessti ons

Based on the rationales stated, two hypothesesd be made on the differentiation of
Ethiopian honey bees and the role of anthropogenic activities in tiey bee gene flowl)
Regarding population differentiatiorhe null hypothesis states that honey bees inhabiting
highland, midland and lowland agezological zones of Ethiopia represent morphologically
and genetically differentiated subspecies and evolutionary lineages that belong to populations
in the neighboringountries. The alternative hypothesis would be these honey bees may have
evolved as a unique subspecies due to-agobogical isolation from populations of the
neighboring countries, but are subject to extensive gene flow within the country, enhanced by
anthropogenic activities such as colony marketing and natural circumstanc@s. the
anthropogenianfluences, it could be assumed th#te apicultural extension might have been
promoting both beekeeping atite honey bee genetic conservation in accocgawith the
national proclamatiofFederal parliament, 2009)herefore the honey bee colony marketing

in Tigray may notinvolve exchange of colonies between different AEZs that wiaad to
significant mpact on the genetic diversitfhe alternative hypothesis would be that the
extension might have focused beekeepingvithout attention to the honey bee conservation

and the risks of colony marketing or transportatidrerefore, there is no significant difference
among the honey bee colony market actorsoé r

exposure to apicultural eansion services.

This research was initiated amsweifour key questionsl) To what extent can the honey bees
inhabiting at different AEZs of Ethiopia be differentiated based on morphological and genetic

characteristics within the country and inngoarison to reference honey bee subspecies and
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lineages from the neighboring countries? 2) What aspects of morphological and genetic
parameters can be revealed in relatiolAEYs as evidence ofocal adaptation amonthe
Ethiopian honey bees? 3) Whath® role of apicultural extension in shaping the behaviors of
honey bee colony market actors in Tigray region of northern Ethidpief®w sustainable is

the Ethiopian apicultural development intervention?

1.6 Resaedamsojnecti ves

This researclwasdesignedo decipherEthiopian honey bees using integrated methods. This
isrelevantt aki ng i nto account t highpaoteatial oftbeekegmsng r i ¢ h
(Girma, 1998; Girma et al., 2008; CSAQIB) which is currently going through rapid
transformation gecton four); diverse agraecology, and location in northeast Africa where

major evolutionary lineages adjoj€ridland et al., 2017Moreover, several studies based on
classical morphometry debated on the honey bees classifitatiaging from the uniquépis

mellifera simensigMeixner et al., 2011{p five other subspeciddmssalu et al., 2004)

Therefore,the general objective dhis researchwasto classifyand characteriz&thiopian
honey beedased on morphometric, genetic and semonomic analysesThe specific

objectiveswereto:

(1) determine the evolutionary lineage and subspecie&tbiopian honey bees using

morphometric and genetanalyses

(2) identify morphological and genetgignatures of local adaptation among the honey bees

inhabiting & different AEZsand

(3) assesbeekeepin@nd colony marketing trends, drivers and biologicgdlications.

Overall the thesis tried tqrovide comprehensiviasights into the Ethiopian honey beas

reference to global lineages and regional subspeasirg integrated morphometric and genetic
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analysesupported witrapicultural development trend analyses and colony matkeey. It
accountedof lineage and subspecies classificatitotal adaptation andhterrelationships
betweenhoney bees inhabitindnighland, midland and lowland AEZs, anbe role of
anthropogenic factors in the honey bee population dynamicsniByisontribute tadesigning
sustainablapicultural developmerdnd conservation strategiestire country Ultimately, it

will positively impactthe honey bees arigdelihoods of beekeepers in Ethiopia.

1.4 mi tsati on

This studyis focused inTigray regionwith a puposeful inclgion of two sampling sitefsom
Wendogenet argdurther details are available sectiontwo). Tigray is aregional state located

in the northern part of the Federal democratic republic of Ethiagpiareas Wendogenet is a

small geographic area located in the southern part of the country sharing areas between the
regional states of Oromia as@uthern Nationsral Nationalities SNNP). Sampling inTigray

region composes ¢tiireelocal areas (Mugulat, Werie, Koyetsag¢ach consisting of highland,
midland and lowlandAEZs. Unfortunately it was not possible to include samples frima
highland AEZin Wendogenet local arehue topublic unrest and state of emergerasclared

during the samplingeriod in 2018

Overall, he researclhas prioritizedTigray regionbecause oits beekeejg potenial; rapid
transformatiorof the traditional beekeepin{now interrupted bythe war recently emergeah
November 202)) existence of a mique colony marketing practicendication of two
subspeciemnamelyA. m.jemeniticaandA. m. monticolan the regionfAmssaluet al, 2004)
and its geographiproximity to habitas of the lineages O in the northand Ain the west
T i g r acgtionswitHin the mandate area of Aksum Univeraibych is a home institution of
thedoctoral researchemd insecurity related tmass unrestnd state of emergendgclared

in other parts of the country during the samplwegiodin 2018were also considered
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Furthermore,laboratory dataset gerated and used in this thesis are based on selected
morphometriccharactersand genetic markers due to resource limitation including time and
funding. Therefore, future research will have to build tms research to cover broader

samplingareas and datan the topiovhen resourceand situationsillow.
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Abstract— Traditional beekeeping has been playing important socio-economic roles in Ethiopia for millennia. The
country is situated in northeast Africa, where ranges of major evolutionary lineages of Apis mellifera adjoin.
However, studies on the classification and distribution of subspecies and lineages of honey bees in the country are
partly inconsistent, either proposing multiple subspecies and lineages or a unique A . m . simensis . This study was
conducted with the aim of elucidating Ethiopian honey bees in reference to African subspecies and major global
lineages using wing geometric morphometrics and COI-COII mitochondrial DNA analyses. For this purpose, 660
worker bees were collected from 66 colonies representing highland, midland, and lowland zones in different
locations. Both methods indicated that the samples from this study form a distinct cluster together with A. m.
simensis reference. In addition, forewing venation patterns showed that most of the Ethiopian samples are separate
from all reference subspecies, except A. m. simensis. Analysis of COI-COII sequences revealed five Dral
haplotypes (Y2, Y1, Al, and O5’), of which one was new denoted as Y3. Moreover, centroid size strongly
associated with elevation. In conclusion, the results supported that Ethiopian honey bees are distinct both at lineage
and subspecies levels; however, there is an indication of lineage O in the north.

mtDNA haplotypes / honey bee classification / wing geometric morphometrics / Ethiopia / Tigray

1. INTRODUCTION environmental and socio-economic importance.

Various hypotheses place the origin of this species

The honey bee Apis mellifera, a world-wide
distributed species, is an insect with enormous
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in Africa or the Middle East (Ruttner 1978;
Whitfield et al. 2006; Weinstock et al. 2006;
Cridland et al. 2017) with a subsequent diversifi-
cation into lineages, subspecies, and ecotypes to
cope with environmental challenges throughout
most ecosystems of the world. Ruttner (1988)
identified four major lineages: African (A), North
Mediterranean (C), Middle Eastern (O), and West
European (M). Using molecular methods, Franck
et al. (2001) later discerned a fifth lineage (Y)

INRAZ $3DIB 4 Springer

22

uded

a



First

ncl

T. G. Hailu et al.

based on Ethiopian honey bees. However, there
are controversies in grouping of subspecies to an
evolutionary lineage using molecular methods
(De la Rua et al. 2009). According to Arias and
Sheppard (1996), subspecies from Northeastern
Africa are more related to Middle Eastern groups
of subspecies, forming the lineage O with a partial
disagreement with preceding classical morpho-
metric classification (Ruttner 1988). In Northeast-
ern Africa and the Middle East, there are several
contact zones between lineages A, O, and Y
(Cridland et al. 2017), because the lineage A
represents African bees (Ruttner 1988; Whitfield
et al. 2006), Y exists in Ethiopia, and the Middle
Eastern lineage O extends up to Egypt, Sudan, and
Somalia (Franck et al. 2001; El-Niweiri and Mo-
ritz 2008). However, there was no indication of
lineage Y in Sudan (El-Niweiri and Moritz 2008),
which shares an extended border with Ethiopia.
Later, Alburaki et al. (2011) classified A. m.
syriaca as Z subgroup of African lineage A along
with A. m. lamarckii and Alburaki et al. (2013)
designated A. m. syriaca as a separate lineage Z
differing from lineages A and O using
microsatellite analysis. More recently, Cridland
et al. (2017) showed five global lineages and
confirmed that lineage Y exists in close proximity
with A and O lineages by analyzing A. m.
Jjementica samples from Yemen and Saudi Arabia
to represent the Ethiopian lineage Y.

Ethiopia owns an estimated ten million honey
bee colonies (Girma 1998), of which about six
million are managed (Central Statistical Agency
[CSA] 2017) by two million smallholder farmers
(Anand and Sisay 2011). Considering the distri-
bution and classification of honey bee subspecies
in Ethiopia, several reports exist that are partly
inconsistent (Radloff and Hepburn 1997;
Amssalu et al. 2004; Meixner et al. 2011).
Amssalu et al. (2004) reported five subspecies
including A. m. scutellata, A . m . jementica, A .
m . monticola, A . m. bandasii, and A . m . weyi-
Gambella . Radloff and Hepburn (1997) described
three morphologically distinct clusters that corre-
spond to A. m. jementica, A. m. bandasii, and
A . m. scutellata . However, Radloff and Hepburn
(2000) separated Ethiopian honey bees from
scutellata , and Meixner et al. (2011) described
them as a distinct subspecies A. m. simensis .

@ Springer

These contrasting reports were merely based on
classical morphometric analysis.

In order to elucidate the evolutionary history
and level of differentiation among honey bees, a
variety of different approaches have been used.
The methods range from standard morphometric
and behavioral analyses (Ruttner 1988), mito-
chondrial (e.g., Garnery et al. 1993), and micro-
satellite DNA comparisons (e.g., Franck et al.
2001) to wing geometric morphometrics
(Nawrocka et al. 2018) and genome-wide SNP
analyses (Whitfield et al. 2006; Zayed and
Whitfield 2008; Wallberg et al. 2017). Forewing
venation, which can be efficiently measured
(Tofilski 2004; Nawrocka et al. 2018), carry suf-
ficient information from both parental lines to
discriminate different groups of honey bees
(Meixner et al. 2013). On the other hand, the
intergenic region between cytochrome oxidase
subunit I and subunit IT (COI-COII) in the mito-
chondrial DNA of honey bees was proven to be
informative to elucidate evolutionary history of
maternal lineages, simple, and widely document-
ed in various population studies.

From an evolutionary point of view, Ethiopia,
which is located in Northeast Africa at close prox-
imity to the Middle East, is an important region
for honey bees. The country is known for its
diverse agroecological zones (AEZs), ranging
from humid to arid, and elevations from > 100 m
below sea level to 4500 m above sea level (masl).
In view of the general consensus on the presence
of multiple lineages and subspecies in the
surroundings of the Ethiopian plateau, two
hypotheses can be discussed. First, the country
may be inhabited by multiple subspecies as
reported by Amssalu et al. (2004) that belong to
both lineages A and O. The alternative hypothesis
would be that the Ethiopian honey bees may not
constitute more than one subspecies, but rather
form a unique subspecies A. m. simensis, as
proposed by Meixner et al. (2011), that belongs
to the evolutionary lineage Y (Franck et al. 2001).

Based on the situations listed, there is a need
for a comprehensive study on the Ethiopian honey
bees in order to establish a solid basis on their
evolutionary relatedness, diversity, and geograph-
ic distribution; paving ways for genetic conserva-
tion and apicultural development.
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In the present study, we explored the diversity
of Ethiopian honey bees using wing geometric
morphometrics and COI-COII mitochondrial
DNA analyses. Wing venation is less influenced
by environmental factors and can efficiently sep-
arate honey bee populations (Meixner et al. 2013),
whereas the intergenic region of COI-COII varies
among honey bee lineages in sequence length and
frequency of characteristic P and Q motifs
(Garnery et al. 1993; Meixner et al. 2013). There-
fore, evolutionary lineages, subspecies, and mito-
chondrial haplotypes were investigated and their
distribution was assessed, based on AEZs and
geographic location associated with the samples.
The in-depth analysis of honey bee phylogeny in
this region may further contribute to the design of
sustainable conservation and breeding strategies.
These may become necessary since human activ-
ities, such as habitat modification (Hértel and
Steffan-Dewenter 2014), selective breeding, intro-
duction, and replacement of native populations
(Michener 1975; Meixner et al. 2010), as well as
colony marketing between agroecological zones
(Teweldemedhn and Yayneshet 2014) impact
honey bee populations.

2. MATERIAL AND METHODS
2.1. Site selection and sampling

Samples were collected in two main geo-
graphic regions of Ethiopia, Tigray regional
state (north) and Wendogenet local area
(south), representing three and two AEZs, re-
spectively (Figure 1). Tigray is a regional state
that is located in the northern part of the Fed-
eral democratic republic of Ethiopia whereas
Wendogenet local area is a small geographic
area located in the southern part of the country
sharing areas between the regional states of
Oromia and South Nations Nationalities and
Peoples (SNNP). Within the Tigray, three lo-
cal areas (Mugulat, Werie, Koyetsa), each ex-
tending from highland (=2100 masl) and mid-
land (1800-2100 masl) to lowland (< 1800
masl) AEZs, were selected, whereas sampling
in Wendogenet local area was limited to mid-
land and lowland AEZs (Figure 1) due to
political instability and insecurity during

sample collection in 2018. Therefore, nine
sampling sites were selected out of highland
(Mugulat, Kolageble and Koyetsa), midland
(Adikebero, Tsedya, Adidaero), and lowland
(Werie river nearby the main bridge, Simret,
Aditsetser) AEZs from three local areas in
Tigray regional state and two sampling sites
out of midland (Wendogenet) and lowland
(Entaye) AEZs from Wendogenet local area
(Table I; Figure 1). Local areas are named
after one of the sample sites it contained that
better represent the area (Table I). A distance
of at least 10 km was maintained between
sampling sites to minimize interference of col-
ony dispersal through swarming and mating.
By selecting six colonies from each site and 10
worker bees per colony, a total of 660 samples
were collected out of 66 colonies (hereafter
denoted as this study) from the eleven sites.
Acquiring export permit from Ethiopian Insti-
tute of Biodiversity in accordance with nation-
al proclamation 482/2006 (Federal parliament
2006), samples were imported to the Universi-
ty of Hohenheim (Germany) for genetic and
morphometric analyses.

Tigray was selected based on its beekeep-
ing potential (Central statistical agency
[CSA] 2017), indication of two subspecies
(Amssalu et al. 2004), and its geographic
importance (proximity to habitat of the line-
age O) while Wendogenet was included
based on its distance from the north, its
mountain system, and proximity to areas of
the lineage A. Tigray in particular and Ethi-
opia in general composes of mainly three
AEZs (highland, midland, lowland). Average
annual temperature ranges 15.28 to 18.9°C in
the highlands, 17.4 to 20.5°C in the mid-
lands, and 20.8 to 25.39°C in the lowlands
of Tigray. Average annual precipitation is
467 to 508 mm in the highlands, 461 to
495 mm in the midlands, and 547 to
620 mm in the lowlands of Tigray (Global
agroecological zones). Moreover, the high-
land study areas are mainly mountains cov-
ered with dry montane vegetation including
Juniperus procera, Olia africana, and
Becium grandiflorum ; whereas the midlands
are covered mainly with Acacia ithica,

@ Springer
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Tigray

TIGRAY_DEM

Value
mr High 3910

— Low .76

Ethiopia

Figure 1. Study site maps: A total of nine sample sites were selected to represent three agroecological zones (AEZs)-
highland, midland, and lowland-in Tigray region from northern Ethiopia (upper), indicated by red, yellow, and green
markers, respectively. Two sample sites were included from the southern part, represented by Wendogenet
(midland) and Entaye (lowland).

Otostegia integrifolia, Cordia africana, and  mainly covered with deciduous thorny shrubs
Acacia albida . The lowlands have small hills and trees of acacia species, evergreen large
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riparian fig tree species, and Ziziphus
abyssinica (Figure S1).

2.2. Wing geometric morphometric analysis

The right forewings of the samples (n = 660)
were detached and digitalized for geometric mor-
phometric analyses while the thorax of each bee
was labeled and stored in 80% ethanol at — 20 °C
for molecular analysis. Images of wings were
taken using ZEISS Axiocam 105, which was
mounted on a stereomicroscope, and processed
with ZEN lite 2.1 software (Zeiss, Germany).
Nineteen landmarks were manually measured by
one person on each image using Identifly 1.1.0
(Tofilski 2017). Each measurement was double-
checked for consistency. Landmark coordinates
were superimposed using full procrustes fit that
involves translation, rotation, and scaling of land-
marks using MorpholJ (Klingenberg 2011). This
allows to conduct multivariate analysis on shape
(Zelditch et al. 2004), besides to univariate analy-
sis on centroid size. Wings shape was described
by configuration of nineteen landmarks, and wing
size by centroid size. Both aligned coordinates
and centroid size were averaged within colonies
and the later statistical analysis was based on the
average values. Samples representing four major
lineages (16 M, 37 C, 86 A, and 50 O) and eleven
African subspecies were included from Nawrocka
et al. (2018) as references in lineage and subspe-
cies classification, respectively. In addition, 140
images of lineage Y representing fourteen colo-
nies of A . m . simensis (Meixner etal. 2011) were
obtained from Oberursel Bee Research Institute,
Germany.

2.3. Mitochondrial DNA analysis

Total DNA was extracted from the thorax of
66 worker honey bees representing 66 colonies
using a modified CTAB protocol (Rusterholz
et al. 2015). Primer sequences E2 and H2 were
compared with established sequences of differ-
ent subspecies available at the National Center
for Biotechnology Information (NCBI) in or-
der to amplify the COI-COII intergenic region
by polymerase chain reactions (PCR). Because
of consistent mismatches with the reference

@ Springer

sequences, both forward and reverse primers
were modified (E2i:5-GGCAGAATAAGTGC
ATTG-3', H2i:5'-CAATATCATTGATG
ACCA-3"). PCR reactions were performed at
the following conditions: initial denaturation at
95 °C for 120 s; followed by 35 cycles of
denaturation at 95 °C for 30 s, 48 °C annealing
for 30 s, and a two-step elongation at 60 °C for
15 s and 65 °C for 90 s; and final elongation at
65 °C for 5 min. Afterwards, an aliquot of the
PCR amplicons were digested with the restric-
tion endonuclease Dral (37 °C overnight) and
separated by agarose gel (4%) electrophoresis.
PCR amplicons were purified by ethanol pre-
cipitation and sent for sequencing (Eurofins
Genomics). The forward primer and a longer
variant of the reverse primer (H2i-seq: 5'-
CAATATCATTGATGACCAATTG-3') were
used for sequencing. Restriction fragment
bands (Figure S2) and amplicon lengths were
estimated with the gel images and cross-
checked by in silico digesting the sequences
with Dral (Table II).

Using the progressive alignment algorithm
in CLC Main Workbench 7.6.4 (QIAGEN,
Aarhus Denmark), a total of 83 sequences
were aligned on nucleotide level, of which
62 were generated from the samples of this
study (four samples failed amplifications) and
21 were reference sequences representing evo-
lutionary lineages A, C, M, O, and Y from
NCBI (Figure 2, Table S1). Phylogenetic
analysis was conducted by maximum likeli-
hood, for which we have initially identified
the nucleotide substitution model that best fit
to the data using the Model Test option im-
plemented in MEGA X (Kumar et al. 2018).
Based on the lowest Bayesian Information
Criterion (BIC) score, Tamura-Nei model
(Tamura and Nei 1993) was used to infer
evolutionary history. A bootstrap consensus
tree was inferred from 500 replicates to rep-
resent the evolutionary history (Felsenstein
1985) by applying neighbor-joining and
BioNJ algorithms using all sites. Branches
corresponding to partitions reproduced in less
than 50% bootstrap replicates were collapsed.
Phylogenetic analysis was carried out using
MEGA X (Kumar et al. 2018).
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Table II. Description of haplotypes based on Dral restriction, PQ combination, total size (bp: base pair) of COI-
COII intergenic region, and % (out of 62 included samples)

Dral in Sizes of fragments P*and Q Size of Haplotype  Variant % (number)
silico fragments (bp)b sequence COI- (accession) of variants
(bands on combinations  COII out of 62
gel image) (bp) included

samples
303) 482,110 46 Q 638 Al ay,; 1.6 (1)
3(3) 482,109 46 Q 637 Al ay, 1.6 (1)
44 483,193 92 47 QQ 815 Y1 vyl 48(3)
44 485,193 92 47 QQ 817 Y1 yls 1.6 (1)
44 420 67,108 47 PoQ 642 Y1 yls 1.6 (1)
44 483,193 91 47 QQ 814 Y1 yly 1.6 (1)
44 484,199 92 47 QQ 822 Y1 yls 1.6 (1)
44 483,193 91 46 QQ 813 Y1 ylg 1.6 (1)
5(5) 483,135 64 90 47 PQ 819 Y2 y2, 1.6 (1)
5(5) 483,135 64 92 47 PQ 821 Y2 v2, 6.5(4)
5(5) 483,132 64 92 47 PQ 818 Y2 y23 9.7 (6)
5(5) 483,134 64 92 47 PQ 820 Y2 y24 9.7 (6)
5(5) 483,135 64 93 47 PQ 822 Y2 y25 1.6 (1)
5(5) 483,136 64 92 47 PQ 822 Y2 ¥26 32(2)
5(5) 482,133 64 92 47 PQ 818 Y2 y2, 1.6 (1)
5(5) 483,134 64 90 47 PQ 818 Y2 y2g 1.6 (1)
5(5) 482,134 64 96 47 PQ 823 Y2 y2 1.6 (1)
5(5) 486,134 67 92 47 PyQ 826 Y2 Y210 32(2)
5(5) 485,131 64 92 47 PQ 819 Y2 21 1.6 (1)
5(5) 483,136 6592 47 PQ 823 Y2 212 1.6 (1)
5(5) 482,137 6592 47 PQ 823 Y2 y213 1.6 (1)
5(5) 482,137 64 92 47 PQ 822 Y2 v214 1.6 (1)
5(5) 483,133 64 92 47 PQ 819 Y2 y2i5 11.3(7)
5(5) 483,132 60 92 47 PQ 814 Y2 216 1.6 (1)
5(5) 483,134 64 90 47 PQ 818 Y2 v2,7 1.6 (1)
5(5) 483,134 64 92 46 PQ 819 Y2 y218 1.6 (1)
6(5) 420 63,135 64 92 47 PQQ 821 Y3 v3, 1.6 (1)
6(5) 420 66,129 66,108 47  PQQ 836 Y3 y3, 9.7 (6)
6 (5) 421 66,130 66,109 47  PQQ 839 Y3 y33 1.6 (1)
6(5) 420 67,129 67,108 47  P,QQ 838 Y3 y34 1.6 (1)
6(5) 419 66,129 66,108 47  PQQ 835 Y3 y3s 1.6 (1)
6 (5) 418 63,134 64 92 46 PQQ 818 Y3 y36 1.6 (1)
6(5) 419 63,135 64 92 46 PQQ 819 Y3 y3; 1.6 (1)
8(5) 419 66,129 66,129 66, PQQ 1025 05’ 05y 1.6 (1)

108 42

4 414,193 92 47 746 Y1* y1a(FJ477998)
4 414,193 91 47 745 Y1* y1b(FJ477999)
5 414,131 64 92 47 748 ' y2a(FJ478000)
5 414,133 64 92 47 750 Y2* y2b(FJ478001)
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Table Il (continued)
Dral in Sizes of fragments P*and Q Size of Haplotype  Variant % (number)
silico fragments (bp)h sequence COI- (accession) of variants
(bands on combinations  COII out of 62
gel image) (bp) included
samples
5 414,132 64 92 47 749 Y2* y2¢(FJ478002)
5 414,135 64 92 47 752 Yo" y2d(FJ478003)
3 483,108 47 638 Al" EF033649
8 423 67,128 67,128 1034 05" EU785977
67,107 47

*These are references accessed from the National Center for Biotechnology Information (NCBI)

#Two variants of the P sequence (P, with 67bp and P with 60 to 66bp) are considered in this category

" Size of restriction fragments include both forward and reverse sequencing primers, which were trimmed out during phylogenetic

tree analysis

2.4. Statistical analysis

Sample colonies were classified into lineages
and subspecies using canonical variate analysis
(CVA) based on wings shape. The relationship
of centroid size with elevation (masl), latitude
(decimal degree), and longitude (decimal degree)
was evaluated using Pearson correlations. After-
wards, linear regression analyses were used to
verify the dependence of centroid size on the
factors correlated with it. The data were tested
for normal distribution using goodness of fit. In
addition, multivariate analysis of variance
(MANOVA) was run to compare this study sam-
ples with reference lineages and subspecies based
on wings shape.

Statistical significance of variation in the dis-
tribution of subspecies and haplotypes was tested
using nominal logistic regression model consider-
ing elevation (masl), latitude (decimal degree),
longitude (decimal degree), and local area (four
local areas) as factors. Furthermore, variation in
the subspecies and haplotype distribution among
AEZs (three AEZs) and sampling sites (eleven
sites) was assessed using the same model. The
distribution of haplotypes along AEZs and local
areas were plotted in a graph including a 95%
ellipse. All statistical analyses were performed
using Statistica 13® (from Tibco Data Science)
and JMP® Pro 15 (from SAS).

@ Springer

3. RESULTS
3.1. Geometric morphometric analysis

Since it was suggested that Ethiopian honey
bees constitute a separate lineage Y (Franck
et al. 2001), firstly, we tested if lineage affil-
iation could be confirmed by geometric mor-
phometric analysis. Thus, the reference sam-
ples for A. m. simensis were compared with
reference samples of lineages A, C, M, and O.
Canonical variate analysis based on forewing
shape clearly differentiated A. m. simensis
from the other four lineages (Figure 3). The
analysis allowed to correctly classify, with
cross-validation, all reference colonies of A.
m . simensis . Moreover, Mahalanobis distance
between A . m . simensis and lineage A (46.28)
was greater than the Mahalanobis distance be-
tween lineages A and O (38.20) (Table IV).
Hence, A. m. simensis is further referred to as
lineage Y. Forewing venation differed signifi-
cantly between the five evolutionary lineages
(MANOVA: Wilks A 0.0006, F=26.2, P <
0.001). In pairwise comparisons, all lineages
differed markedly from each other (Table IV).
Secondly, the samples from this study were
projected into the space of the canonical vari-
ates of the lineages that were obtained earlier.
In this case, our samples overlapped mostly
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— 3142 Y3
_— EU785974 OSa
/- 3312Y3
— EU785977 05
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_—3212Y3
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~_—3121A1
~_—2121A1 A
—— EF033649 A1
—— KY814238 scutellata
> MG552699 scutellata
~_—— MFB78581 monticola
92— FJ357807 C29

“——— FJ357806 C2f C

__— FJ743637 M4
- FJ743636 M3
~—— FJ743635 M2 M

—1141Y2

———————— FJ478003 Y2d
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———— 2361Y2
\‘*\\; 1111Y2

1131 Y2
T 1261Y2 Y

S~ 1211Y2
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N 12222
— 3251 Y1
T 2134Y2
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T 1331Y2
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T 3331Y2
—2341Y2
T FJ477999 Y1b
~— 4121 Y2
T 4252Y2
— 2322 Y2
- FJ477998 Y1a
4134 Y2
~~— FJ478000 Y2a

with lineage Y (Figure 3). Thus, it can be
concluded that the sample was most similar
to lineage Y followed by lineage A, based on
Mabhalanobis distances (Table 1V). Specifical-
ly, 91% of the sample colonies were classified
as lineage Y, while the rest was classified as

<« Figure 2. Maximum likelihood evolutionary analysis

conducted on 83 nucleotide sequences of COI-COII
using Tamura-Nei model (Tamura and Nei 1993).
Numbers at the nodes represent bootstrap values. Anal-
ysis was conducted in MEGA X (Kumar et al. 2018).
Sample bees of this study are represented by four-digit
identification numbers. The first digit (right) stands for
individual bee sample (one of 10 bees), the second digit
represents colony numbers 1 to 6 in every site, the third
digit stands for the AEZ of the specific site (1 refers to
highland, 2 to midland, 3 to lowland), and the fourth
digit stands for local area: 1 for Mugulat, 2 for Werie, 3
for Koyetsa, and 4 for Wendogenet. The reference
samples are labeled by accession number and haplotype
code/subspecies name/country of origin as found in the
repository.

lineage A (Table S2). In the next step, the
samples from this study were compared with
the reference samples of African honey bee
subspecies. A .m. simensis was most similar
(88%) to the samples from this study
(Table S3, Table III; Figure 4); however, some
colonies were classified as A. m. scutellata
9%), A. m. monticola (1.5%), and A. m.
unicolor (1.5%). None of the factors among
elevation, latitude, longitude, local area, sam-
pling sites, and AEZs showed a significant
influence (P >0.05) on the distribution of
subspecies. Hence, samples classified as A.
m. simensis were abundantly present in all
AEZs and local areas, whereas those classified
as non-simensis subspecies were sporadic
(Table S3).

Forewing size positively correlated with in-
creasing elevation ( =0.64; P <0.01) and longi-
tude (» =0.39; P <0.01) but it was not signifi-
cantly correlated with latitude (» =0.04; P =
0.77). The centroid size depended on elevation
as confirmed by a linear regression analysis (F =
437, P <0.01; Rzadj. =0.4); however, longitude
could explain little of this association (Rzadj =
0.14).

3.2. Analysis of COI-COII intergenic region

Our genetic analyses on the COI-COII
intergenic region provided new insights into
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a
A Lineage A
8 O Lineage C
© Lineage M
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© This study
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CV3 (24.1%)

4 6 8 10

CV2 (30.7%)
Figure 3. Discrimination of honey bee lineages using first and second (a ) or second and third (b ) canonical variate
(CV). A 95% confidence level ellipse plot of honey bee lineages showing the separation of this study samples from
evolutionary lineages A, C, M, and O but overlapped with lineage Y. The discrimination of lineage Y is particularly
well visible on the graph of the second and third canonical variates. Each marker represents one colony.

haplotype diversity, distribution, and evolutionary
lineage of Ethiopian honey bees.

We identified five mitochondrial haplotypes
that included four previously reported, Y (Y1

A Springer

and Y2), A (Al), and O (O5’) and one new
haplotype that we have denoted as Y3. Haplotype
Y2 accounted for majority (62.9%), Y3 was the
second most abundant (19.3%) of the sample
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Table I'V. Squared Mahalanobis distances between this study samples and references of honey bee lineages A, C, M,
O, and Y (lower triangle) and statistical significance of pairwise comparisons between the groups (upper triangle)

A C 0 Y This study®
M 66.65 137.56 s —_—
(¢ 38.20 76.27 111.27 o
Y 46.28 111.41 148.02 113.83 ok
This study® 43.38 97.67 150.63 91.21 19.61
P <0.001

*Study samples

whereas O5° (1.6%) stood the least. There was a
significant difference in the distribution of these
haplotypes between the local areas (X*=32.1,
P <0.01) but not between elevations, geographic
coordinates, sampling sites, and AEZs (P > 0.05).
All samples that belonged to the haplotypes Y1,
Y2, and Y3 lay within a 95% ellipse, whereas the
rest fell outside. Haplotype Y2 was found
throughout the sampling sites, but A1 was ob-
served in two highland AEZs (Kolageble and
Koyetsa) and Y1 was located mainly along a river
valley (Werie) in the central zone of Tigray region
as well as the lowland of Wendogenet area. On the
other hand, haplotype Y3 extended throughout all
elevations in Koyetsa area of Northwest Tigray.
Although most sampling sites had one or two
haplotypes, the highland of Koyetsa had four
(Al, Y1, Y2, Y3) and the midland of Werie had
three (Y1, Y2, Y3) haplotypes (Figure S3). Based
on single nucleotide polymorphism (SNP), the
five haplotypes were resolved into 33 variants
(Table II).

Phylogenetic analysis using maximum likeli-
hood method showed that the majority (74.2%) of
the Ethiopian samples clustered with lineage Y.
However, some (17.7%) colonies mainly from
Koyetsa local area were grouped with lineage O.
Furthermore, 8.1% grouped with haplotypes of
lineage A (Figure 2). Looking at the P sequence
of COI-COII, 79.3% of the samples had this seg-
ment with a size ranging from 60 to 66 bp. This
sequence occurred zero to three times in the COI-
COII region among the samples. Four (6.4%)

samples had this part of the sequence with 67 bp
(Py) but 14.3% (9) lacked it (Table II). Overall, the
P and Q combinations in this study were PQ
(58.7%), PQQ (20.6%), PoQ (4.8%), PoQQ
(1.6%), Q (3.2%), and QQ (11.1%); considering
67 bp as Py and 6066 bp as P. Depending on the
frequency and combination of the P and Q se-
quences, COI-COII PCR amplicons exhibited
three band lengths ranging from 637 to 1025 bp
(data not shown). Samples with the supposedly
ancestral (Py) sequence were distributed among
haplotypes Y1, Y2, and Y3.

4. DISCUSSION

Based on geometric morphometrics and mito-
chondrial DNA analysis, our comprehensive
study provides novel insights into the position of
Ethiopian honey bees within the evolutionary lin-
eages (Figure 3, Figure 2) and neighboring sub-
species (Figure 4). Four evolutionary lineages of
A. mellifera were postulated by Ruttner (1988),
based on classical morphometric analysis that cat-
egorized all African honey bee samples of that
time as lineage A. Later, Franck et al. (2001), who
conducted analysis of COI-COII mitochondrial
DNA intergenic region, reported that Ethiopian
honey bees represent a new linage (Y) based on
consistent deletion of some nucleotides at a spe-
cific position in the P sequence (termed as P,)
differing from west European lineage M (P) and
sub-lineage A of Atlantic coast (P;). The colonies
sampled during the present study predominantly
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CV2 (28.2%)

'
&

A. m. adansonii
A. m. monticola
A. m. scutellata
A. m. jemenitica
A. m. simensis

This study

e Pbo Q0P
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CV1 (44.8%)
Figure 4. Canonical variate analysis on forewing shape: A 95% confidence level ellipse plot of honey bee
subspecies discriminated this study samples from reference subspecies of A. m . scutellata, A. m . monticola , A .
m . adansonii , and A . m . jemenitica but mostly (88%) overlapped with A . m . simensis . Each marker represents one

colony.

belong to evolutionary lineage Y, and thereby
support the findings of Franck et al. (2001). More-
over, we noticed that A. m. simensis markedly
differs morphologically from other subspecies of
lineage A (Table IIT; Figure 4). Lineage Y shows a
slightly increased level of differentiation to line-
age A compared to lineage O (Table IV) and
separates clearly morphologically (Figure 3a).
Our data on wing morphometrics confirmed
an earlier study (Meixner et al. 2011) that hon-
ey bees of Ethiopia belong to a unique subspe-
cies denoted as A. m. simensis whereas some
of our samples were classified as other subspe-
cies (A. m. scutellata, A . m. monticola). Ear-
lier reports indicated up to five subspecies in
the country, including A . m . scutellata, A . m .
jementica, and A. m. monticola (Amssalu
et al. 2004). Similarly, Radloff and Hepburn
(1997) described three clusters: A. m.
jementica (North), A. m. bandasii (Central),
and A. m. scutellata (South). The different
results could be related to methodological

variations. For example, Amssalu et al. (2004)
considered the presence of clusters as a separate
subspecies and reported five subspecies
whereas Meixner et al. (2011) compared dis-
tances between clusters with reference subspe-
cies although both studies have similar cover-
age and distribution of samples in the country.
A. m. scutellata is distributed in Savannah
areas of Eastern and Southern Africa, whereas
A . m . monticola is found in distributed patches
on East African mountains (Smith 1961;
Ruttner 1988; Radloff and Hepburn 2000;
Gruber et al. 2013). Therefore, it could be pre-
dicted that A. m . simensis would be similar to
one or more of these subspecies. Interestingly,
similarity of A . m . simensis to these subspecies
is relatively low (Table IlI, Table S3) and ex-
amined specimens of this study formed a single
cluster (Figure 3, Figure 4). This suggests that
our knowledge about the distribution of honey
bee subspecies in this geographic region is still
incomplete. It is important to mention that the
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current version of IdeniFly software has small
size of reference samples (Tofilski 2017).

Considerable proportion of the samples lacked
the P sequence within the analyzed mtDNA-frag-
ment. Complete deletion of the P sequence was
reported to be a characteristic of the Southeastern
European honey bee lineage C, while a full length
Py sequence (67 bp) is typical for most of the
African and Middle Eastern honey bees
(Garnery et al. 1993).The absence of a P sequence
was also reported from honey bees in neighboring
Sudan (El-Niweiri and Moritz 2008), West Afri-
can Benin (Amakpe et al. 2018), and haplotype
Y2 of Ethiopia (Franck et al. 2001). A small
fraction of the samples from this study was found
to have a Py sequence_without a clear regional or
ecological distribution pattern. In contrast to mor-
phometrics, the mitochondrial study indicated that
some of our samples from the Koyetsa area are
closer to haplotypes of lineage O, which extends
from the Middle East to the neighboring Northeast
African countries (El-Niweiri and Moritz 2008;
Alattal et al. 2014).

Dissimilarity between Ethiopian honey bees
and neighboring populations can be explained
by geographic and climatic isolation of the Ethio-
pian plateau, unique agroecological features with-
in the country, and the pastoral farming system
along the boundaries in the South, East, and West.
Ethiopia is generally classified as central-northern
highlands and peripheral arid lowland rangelands
(FAO 1986). The lowlands are characterized by
pastoral livestock production system (Coppock
1994), where beekeeping is less favored. Strips
of suitable habitats along river valleys are
probably too narrow for substantial gene flow,
so the presence of lineage A among the Ethi-
opian samples of this study was negligible. In
contrast, the national border in the north does
not impair the gene flow of bees, and is char-
acterized by relatively advanced beekeeping
practices such as use of frame hives and colo-
ny splitting and marketing (Nuru 2002;
Teweldemedhn and Yayneshet 2014). Hence,
a considerable proportion (56%) of the sample
in northwest zone of Tigray clustered with
lineage O in a phylogenetic tree analysis
(Figure 2), indicating an overlap of the lineage
O and Y habitats.

@ Springer

These findings strengthen the hypothesis that
Ethiopia is situated on one of the potential spread-
ing routes of honey bee lineages between Africa
and the Middle East. However, Mahalanobis dis-
tance based on forewing venation indicated that
lineages Y and A are closer to each other than to O
(Table 1V), suggesting that the origin and
distribution routes of the honey bee need further
investigation. Cridland et al. (2017) supported the
origin of A . mellifera to be in Northeast Africa or
the Middle East, with the ancestral population
giving rise to A and Y lineages. However, the
precise placement of the two lineages is not clear.
The origin of the samples that they have used
(Harpur et al. 2014) differs from those used in
describing the lineage Y (Franck et al. 2001). A
recently conducted review (Dogantzis and Zayed
2019) indicated lineage Y to be of Asian origin in
contrast to the initial description of the lineage Y
to represent Ethiopian honey bees (Franck et al.
2001). The tendency to associate lineage Y with
the Middle East could be arisen due to the fact that
Ethiopian honey bees were assumed to be A. m..

jementica when characterizing the lineage Y, al-

though later it was renamed as A. m. simensis
after being discriminated from A. m. jementica
and other neighboring subspecies (Meixner et al.
2011). Hence, a further investigation will have to
clarify if lineage Y extends beyond Ethiopia, be it
Middle East or neighboring African countries. So
far, there was no indication of lineage Y in Sudan
(El-Niweiri and Moritz 2008), which shares ex-
tended border with Ethiopia. Some confusion
arose among different studies, resulting into am-
biguities when classifying subspecies such as A .
m. jementica, A. m. lamarckii, and A. m.
syriaca into evolutionary lineages. Ruttner
(1988) showed that A . m . jementica , which was
classified into African lineage A along withA . m .
lamarckii, occupies several countries in Africa
(Sudan, Chad, Somalia) and Middle East (Saudi
Arabia, Yemen, Oman). The lineage O was re-
ported to be extended up to Egypt, Sudan, and
Somalia (Franck et al. 2001; El-Niweiri and Mo-
ritz 2008) among African countries; Yemen and
Saudi Arabia (Alattal et al. 2014) as well as into
ranges of A. m . syriaca (Ruttner 1988; Wallberg
et al. 2014) in the Middle East. Contrastingly,
Alburaki et al. (2011) classified A. m. syriaca
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(honey bee samples from Syria, Lebanon, and
Iraq) together with A. m. lamarckii as Z sub-
group of African lineage A; and later, Alburaki
et al. (2013) designated A . m . syriaca as a sepa-
rate lineage Z.

Our analysis of forewing venation across AEZs
provided evidence of local differentiation, indica-
tive as signs for local adaptation of these honey
bees. The results showed that samples from the
highland have substantially larger forewings than
those from lowland areas, which is consistent with
previous findings on body size variation at differ-
ent elevations in Ethiopia (Meixner et al. 2011).
Local adaptation to high elevations has been
shown for east African mountain bees, denoted
as A. m. monticola, which showed behavioral
and morphological differences compared to the
adjacent lowland populations (Gruber et al.
2013). Interestingly, remarkable genetic differen-
tiation, mainly restricted to only 1.4% of the ge-
nome, has been described for these bees
(Wallberg et al. 2017). Therefore, this ecological
inclination seen in Ethiopian bees will be object of
further studies to elucidate potential nuclear ge-
netic differentiation among them.

Our study revealed that Ethiopia harbors
several haplotypes, which seem to be influ-
enced by human activities in terms of their
distribution. This was evident in local areas
that are the main destinations of traded colo-
nies (Werie and Koyetsa) being populated by
several haplotypes in contrast to local areas in
the eastern zone that mainly supply colonies
(Figure S3). However, this study focused in
Tigray region of northern Ethiopia with a pur-
poseful inclusion of two sampling sites from
the southern part of the country. Honey bee
colony marketing involving different AEZs is
a common practice in the northern part of the
country (Nuru 2002; Teweldemedhn and
Yayneshet 2014). Considering the unique mat-
ing nature that enables genetic exchange over
wide distances (Jensen et al. 2005) and the
highly mobile behavior of African honey bees
(McNally and Schneider 1992), it is also likely
that there could be extensive gene flow and
hybridization. This is possible in light of the
local patchy forests that cannot support isolat-
ed populations as standalone habitats; allowing

gene flow between AEZs as discussed by
Gruber et al. (2013). The connection of habi-
tats has been enhanced by decades-long exten-
sive work on ecosystem restoration in Ethiopia
(Balehegn et al. 2019). Generally, African
honey bees are characterized by low genetic
differentiation, which could be resulted from
their migratory behavior (Franck et al. 2001;
Fuller et al. 2015), besides anthropogenic
influences.

In conclusion, the results of this study
supported the hypothesis that Ethiopian hon-
ey bees are distinct both at lineage and sub-
species levels, despite significant morphomet-
ric variability and diverse mitochondrial hap-
lotypes. Further research on nuclear DNA
will provide deeper insights into the level
of hybridization and potential local adapta-
tion in the Ethiopian honey bees.
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