
 538   •   A M E R I C A N J O U R N A L O F B OTA NY     104 (4):  538 – 549 , 2017;  http://www.amjbot.org/   ©  2017   Tembrock et al. Published by the Botanical Society of America. This work 

is licensed under a Creative Commons public domain license (CC0 1.0).   

A M E R I C A N  J O U R N A L  O F  B O T A N Y

R E S E A R C H  A R T I C L E

  1     Manuscript received 16 December 2016; revision accepted 2 March 2017. 

  2     Department of Biology, Colorado State University, Fort Collins, Colorado 80523, USA;  

  3     United States Department of Agriculture, Agricultural Research Service, National Center for 

Genetic Resources Preservation, 1111 South Mason Street, Fort Collins, Colorado 80521, USA;  

  4     CIBIO, Research Center in Biodiversity and Genetic Resources / InBio Associated 

Laboratory, University of Porto, Campus Vairão, Vairão 4485-661, Portugal;  

  5     Institute for Integrative Nature Conservation Research, University of Natural Resources 

and Life Sciences, A-1180 Vienna, Austria;  

  6     East African Herbarium, National Museums of Kenya, P.O. Box 40658-00100 Nairobi, Kenya;  

  7     Department of Plant Biology and Biodiversity Management, College of Natural Sciences, 

Addis Ababa University, P.O. Box 3434, Addis Ababa, Ethiopia;  

  8     Gullele Botanic Garden, P.O. Box 153/1029, Addis Ababa, Ethiopia; 

  9   Department of Biology, College of Science and Art, Al Baha University, Baljurashi, Saudi 

Arabia;  

  10     Department of Horticulture and Forestry, College of Agriculture, Sana’a University, 

Yemen;  

  11     U.S. Department of Agriculture, Agricultural Research Service, Genomics and Bioinformatics 

Research Unit, 141 Experiment Station Road, Stoneville, Mississippi 38776, USA; and  

  12     Center for Humanities and Social Sciences, Qatar University, Doha, Qatar 

  13     Author for correspondence (e-mail: psimmons@rams.colostate.edu) 

 doi:10.3732/ajb.1600437 

 Phylogeography of the wild and cultivated stimulant 
plant qat ( Catha edulis , Celastraceae) in areas of 
historical cultivation 1  
  Luke R.   Tembrock   2  ,  Mark P.   Simmons   2,13  ,  Christopher M.   Richards   3  ,  Patrick A.   Reeves   3  ,  Ann   Reilley   3  ,  Manuel A.   Curto   4,5  ,  Harald   Meimberg   5  , 

 Grace   Ngugi   6  ,  Sebsebe   Demissew   7,8  ,  Abdul Wali   Al Khulaidi   9  ,  Mansoor   Al-Thobhani   10  ,  Sheron   Simpson   11  , and  Daniel M.   Varisco   12   

  PREMISE OF THE STUDY:  Qat ( Catha edulis , Celastraceae) is a woody plant species cultivated for its stimulant alkaloids. Qat is important to the economy and 

culture in large regions of Ethiopia, Kenya, and Yemen. Despite the importance of this species, the wild origins and dispersal of cultivars have only been 

described in often contradictory historical documents. We examined the wild origins, human-mediated dispersal, and genetic divergence of cultivated qat 

compared to wild qat. 

  METHODS:  We sampled 17 SSR markers and 1561 wild and cultivated individuals across the historical areas of qat cultivation. 

  KEY RESULTS:  On the basis of genetic structure inferred using Bayesian and nonparametric methods, two centers of origin in Kenya and one in Ethiopia 

were found for cultivated qat. The centers of origin in Ethiopia and northeast of Mt. Kenya are the primary sources of cultivated qat genotypes. Qat culti-

vated in Yemen is derived from Ethiopian genotypes rather than Yemeni wild populations. Cultivated qat with a wild Kenyan origin has not spread to 

Ethiopia or Yemen, whereas a small minority of qat cultivated in Kenya originated in Ethiopia. Hybrid genotypes with both Ethiopian and Kenyan parent-

age are present in northern Kenya. 

  CONCLUSIONS:  Ethiopian cultivars have diverged from their wild relatives, whereas Kenyan qat has diverged less. This pattern of divergence could be 

caused by the extinction of the wild-source qat populations in Ethiopia due to deforestation, undersampling, and/or artifi cial selection for agronomically 

important traits. 
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                    Over time, artifi cial selection produces plant cultivars that di-
verge morphologically and genetically from their wild progenitors 
( Harlan, 1992 ). Eventually, this process of divergence will produce 
cultivars that cannot survive without human intervention. Th is 
continuum of divergence is known as domestication, and those 
cultivars that cannot survive without human intervention are con-
sidered fully domesticated ( Harlan, 1992 ;  Miller and Gross, 2011 ). 
While the processes that produce this divergence are well studied 
among annual grain crops, they are far less well characterized 
among long-lived perennial crops ( Hillman and Davies, 1990 ; 
 Allaby et al., 2008 ;  McKey et al., 2010 ;  Miller and Gross, 2011 ). 

 Th ere are two opposing theories regarding divergence of culti-
vars in long-lived perennial species. First, selection of individuals 
from the wild occurs once or a few times. Th ese individuals possess 
desired traits that occurred from rare mutations in the wild and 
are subsequently maintained in cultivation via clonal propagation 
(e.g.,  Zohary and Spiegelroy, 1975 ;  Harlan, 1992 ;  Zohary, 2004 ; 
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 Kislev et al., 2006 ). Th is process is oft en referred to as “instant do-
mestication” because of the limited time needed to produce a 
domesticated cultivar ( Harlan, 1992 ). Alternatively, numerous in-
dividuals from several wild populations are selected, followed by 
hybridization both among cultivars and between cultivars and wild 
populations. In this scenario, both natural and artifi cial selection 
act upon a large number of genotypes at the early stages of domes-
tication (e.g.,  Coart et al., 2006 ;  Miller and Schaal, 2006 ;  Achtak 
et al., 2010 ;  Perrier et al., 2011 ;  Bouby et al., 2013 ). Th is process has 
been documented in cassava, wherein seedling recruitment, inter-
specifi c gene fl ow, disease, and traditional cropping systems have 
all contributed to patterns of genetic diversity (e.g.,  Elias et al., 
2001 ;  Montero-Rojas et al., 2011 ;  Bredeson et al., 2016 ). 

 Two processes of divergence between wild and cultivated lineages 
correspond to these alternative theories of long-lived perennial do-
mestication. First, divergence may accumulate via natural selection 
and genetic drift  that aff ects the wild populations only, while the 
clonal cultivars remain essentially unchanged. Second, divergence 
may occur by selection and drift  acting on both wild and cultivated 
lineages. In clonally propagated crops, the change from sexual to 
asexual mating system may be an important means by which diver-
gence is reinforced between wild and cultivated populations ( McKey 
et al., 2010 ). It is thought that highly heterozygous genotypes are in-
herently selected for founding clonal lines because these genotypes 
show hybrid vigor ( Balloux et al., 2003 ;  Glémin et al., 2006 ). 

 Qat (Celastraceae:  Catha edulis  [Vahl] Forssk. ex Endl.) is a 
woody evergreen crop of major economic and cultural importance 
in East Africa and southwest Arabia that is grown for its stimulant 
alkaloids. An estimated 20 million people consume qat daily in 
eastern Africa ( Al-Motarreb et al., 2002 ). Qat is second only to cof-
fee as a traded commodity in Ethiopia ( Bhalla, 2002 ;  Gebissa, 2004 ; 
 Anderson et al., 2007 ). Six percent of the gross domestic product in 
Yemen is generated from qat cultivation and sales ( World Bank, 
2007 ). Qat was estimated to be worth $100 million to the Kenyan 
economy ( Chemitei, 2015 ), with >70,000 ha of cultivation in the 
Igembe region of Meru County alone ( Baariu and Mulaku, 2015 ). 
In addition to local and regional consumption of qat, interna-
tional export has expanded since the 1950s (e.g.,  Goldsmith, 1999 ; 
 Gebissa, 2004 ;  Carrier and Gezon, 2009 ). Despite the cultural and 
economic importance of qat, historical and oral accounts of its ori-
gin are oft en contradictory. Th e origin of cultivated qat has not 
been addressed using molecular markers. 

 In wild forest environments ( Fig. 1A ),  qat grows as a woody 
shrub or tree ( Fig. 1B ) 2–25 m tall ( Robson et al., 1994 ). Qat grows 
on rocky outcrops and at the margins of evergreen submontane 
forests (1100–2400 m;  Robson et al., 1994 ). Qat ranges from Ethio-
pia to South Africa, and west to Angola ( Palgrave, 1983 ;  Robson 
et al., 1994 ). Flowers of qat are bisexual ( Fig. 1E ). Clonal growth is 
common in the wild but is limited to the area immediately adjacent 
to the parental plant. Wind-dispersed seeds largely account for dis-
persal of qat. 

 Cultivated qat is primarily propagated by rooted cuttings (e.g., 
 Kennedy, 1987 ;  Gebissa, 2004 ;  Carrier, 2007 ) and trained into nu-
merous forms ( Fig. 1C ; e.g.,  Kennedy, 1987 ;  Carrier, 2007 ) for the 
purpose of encouraging growth and simplifying harvest ( Fig. 1D ). 
Qat cultivation takes place at scales ranging from backyard gardens 
to monocropped orchards (particularly in Yemen), but it is most 
typically grown in Africa on small-scale farms where it is oft en 
intercropped with maize, potatoes, beans, ensete, and other food 
crops ( Fig. 1C ). 

 Qat is among a small number of plant species that are widely culti-
vated for their stimulant properties, including coca ( Erythroxylum coca  
and  E .  novagranatense ), coff ee ( Coff ea arabica  and  C .  canephora ), and 
tea ( Camellia sinensis ). It is the only such species in Celastraceae that is 
cultivated on a large scale for its stimulant properties. Qat is cultivated 
and/or collected from the wild and consumed in Ethiopia, Israel, 
Kenya, Madagascar, Rwanda, Somalia, Tanzania, Uganda, and Yemen 
(e.g.,  Kennedy, 1987 ;  Gebissa, 2004 ;  Anderson et al., 2007 ;  Carrier, 
2007 ;  Carrier and Gezon, 2009 ). It is generally consumed by chewing 
fresh young leaves and shoots that contain the stimulant alkaloids: (S)–
cathinone ( United Nations Narcotics Laboratory, 1975 ;  Schorno and 
Steinegger, 1979 ;  Szendrei, 1980 ), (1R,2S)–norephedrine, and (1S,2S)–
norpseudoephedrine, which is commonly referred to as cathine 
( Wolfes, 1930 ). Because of the rapid conversion of cathinone into the 
less potent cathine aft er harvest, qat is treated as a perishable commod-
ity and is usually consumed within two to three days aft er harvest, with 
the highest value being given to the freshest leaves (e.g.,  Altabachew 
et al., 2013 ). Th e medicinal properties of qat were discussed in Arabic 
texts relating to Yemen from the early 16th century ( Varisco, 2012 ). 

 Th e oldest claimed, but doubtful, historical references to qat are 
from the year 1237, suggesting that qat originated from Kilwa 
(Tanzania) and Yemen ( El Mahi, 1962 ). Th e earliest credible refer-
ence to qat cultivation in Ethiopia is in the chronicles of King 
‘Amda Syon I, who ruled Ethiopia from 1314 to 1344  a.d. , wherein 
Sultan Sabra al-Din proclaimed that he would plant qat in the Ethi-
opian city of Mar’ade ( Huntingford, 1965 ). Th e fi rst known histori-
cal claim for qat cultivation in Yemen is from the early 14th century, 
in which the Rasulid Sultan al-Malik al-Dāwud is said to have 
praised qat cultivation. But the fi rst unambiguous reference in 
Yemen to the term  qat  is over a century later ( Varisco, 2007 ). On 
the basis of these historical records, qat has been cultivated for >600 yr 
in Ethiopia and Yemen. In addition to the Ethiopian and/or 
Yemeni origin(s) of qat use,  Goldsmith (1988 ,  1994 ,  1999 ) and  Car-
rier (2007)  suggested an independent origin of qat (known as  miraa  
in Kenya) cultivation in central Kenya, with old trees found in 
cultivation by late-19th-century European explorers ( Carrier and 
Gezon, 2009 ). Th is relatively recent initial and ongoing cultivation 
of qat makes it an ideal study species for understanding the early 
stages of domestication for long-lived perennials, a stage no longer 
observable for many long-lived perennial crop species (e.g.,  Ladizinsky, 
1999 ;  Denham et al., 2003 ). 

 Historical references suggest three hypotheses for the origin of 
cultivated qat. First, qat cultivation originated in Yemen and from 
there moved to Ethiopia and Kenya ( El Mahi, 1962 ;  Revri, 1983 ). 
Second, qat cultivation originated in Ethiopia and then spread to 
both Yemen and Kenya ( Huntingford, 1965 ). Th ird, qat cultiva-
tion had an independent origin in Kenya distinct from that in 
Ethiopia and Yemen ( Goldsmith, 1994 ;  Carrier, 2007 ). Th us, the 
objectives of the present study were to determine the wild 
origin(s) of cultivated qat within the principal historical regions 
of cultivation, quantify dispersal of cultivated genotypes, and de-
duce whether divergent cultivars have evolved since the initial 
cultivation(s) of qat. 

 MATERIALS AND METHODS 

 Plant collections —   A total of 659 silica-gel-preserved leaf speci-
mens were collected from Ethiopia and 822 from Kenya. Of these 
1481 specimens, 567 cultivated specimens were sampled from 256 
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Ethiopian farms and 525 cultivated specimens were collected from 
217 Kenyan farms (including those in which the farmers reported 
cultivating wild qat that was either in situ or had been translocated 
from the wild). Four wild populations (29–37 specimens per popu-
lation) were sampled from Ethiopia (only three had been previ-

ously reported for the entire country), and 20 wild populations 
(5–30 specimens per population) were sampled from Kenya. Ad-
ditional specimens from Ethiopia came from a feral population (18 
specimens), a farm in which wild plants were cultivated (three 
specimens), and three markets (26 specimens). 

  FIGURE 1  Wild and cultivated qat. (A) Ethiopian forest habitat from which wild qat was collected. (B) Wild qat tree habit (see arrow) in southern Kenya. 

(C) Typical Ethiopian qat farm, intercropped with maize. (D) Qat bundle of mixed varieties for sale in an Ethiopian market. (E) Qat fl owers.   
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 A total of 55 cultivated qat specimens were collected from major 
qat-production areas in Yemen; we do not know of any evidence for 
wild qat in Yemen. Additional specimens included six cultivated 
specimens from northern Madagascar, and wild collections from 
Tanzania (16 specimens), Malawi (1), Zimbabwe (1), and South Af-
rica (1). Th e complete set of 1561 specimens (Appendix S1; see Sup-
plemental Data with this article) encompasses the regions in which 
qat is most intensively cultivated as well as all of the areas mentioned 
in historical literature as the places of origin for cultivated qat. Speci-
mens with associated voucher herbarium specimens are indicated in 
Appendix 1. Qat is illegal to cultivate in Tanzania ( Carrier, 2007 ), 
and therefore Tanzanian cultivars could not be collected. Mapping of 
individuals and populations was conducted using Google Earth ver-
sion 5.0 (Google, Mountain View, California, USA). 

 DNA extraction, polymerase chain reaction (PCR), and microsatel-

lite genotyping —   DNA was extracted from herbarium specimens 
or leaf tissue dried in silica gel. We applied a customized DNA ex-
traction process (Appendix S2) that combined methods from pro-
tocols in  De la Cruz et al. (1995) ,  Alexander et al. (2007) , and  Lemke 
et al. (2011) . Th is protocol reduced tannins and PCR-inhibiting 
metabolites present in qat. Prior to PCR, DNA extractions were 
quantifi ed using Quant-iT Pico Green dsDNA assay (Life Tech-
nologies, California, USA) and equilibrated to 100–150 ng/ μ L 
when initial concentrations allowed. 

 Th e 17 microsatellites used for genotyping were selected from 
 Curto et al. (2013)  on the basis of consistent amplifi cation, allelic 
richness, and their ability to be multiplexed. PCR bi/triplexes were 
designed using Multiplex Manager version 1.2 ( Holleley and 
Geerts, 2009 ; Appendix S3). Two plexed reactions were combined 
before fragment sizing. Forward primers were directly labeled with 
fl uorophores while reverse primers were synthesized with PIG-tails 
to reduce stutter artifacts ( Brownstein et al., 1996 ). PCR was con-
ducted in 5  μ L reactions with 2.5  μ L Qiagen Multiplex Master Mix 
(Qiagen, Venlo, Th e Netherlands), 0.5  μ L multiplex primer set, 
with each primer at 1  μ M, 1.45  μ L molecular grade H 

2
 O, and 1  μ L 

DNA template. Th ermocycler conditions were 15 min at 95 ° C fol-
lowed by 40 cycles of 30 s at 94 ° C, 90 s at 55 ° C, and 60 s at 72 ° C, 
with a fi nal extension of 30 min at 60 ° C. 

 PCR products were diluted 20-fold and run with the GeneScan 
500LIZ Size Standard (Applied Biosystems, Foster City, California, 
USA) using an ABI 3130 or 3730XL DNA Analyzer. GeneMapper ver-
sion 5.0 (Applied Biosystems) was used for scoring. Bin fi delity and 
mutant alleles were checked using Flexibin version 2.0 ( Amos et al., 
2007 ). 

 Th e total error rate across all loci was estimated using a single 
genotype (replicated four times on each 384-well plate, totaling 16 
replicates) and dividing the number of incorrect calls for the repli-
cate genotype by the number of total calls across all replicates and 
loci. Th e error rate across all genotypes was calculated by including 
the primers CE3 and CE42 in two diff erent PCR multiplexes, com-
paring the allele calls across all genotypes, and dividing the total 
number of diff erent calls by the total number of calls. Any individ-
ual with  ≥ 17% missing data was removed from the fi nal data set. 
Th e 17% cutoff  was determined experimentally from our dataset to 
be the point at which ambiguous individual assignments could oc-
cur. Th e total percentage of missing data was kept below 5%, based 
on simulations demonstrating that levels of missing data above 5% 
can negatively infl uence genetic-clustering methods ( Reeves et al., 
2016 ). 

 Genetic analyses —   Clones were identifi ed using the  P  
sex

  calculation 
with 10,000 simulations in MLGsim version 2.0 ( Stenberg et al., 
2003 ). Th e  P  

sex
  calculation is a test statistic to determine whether 

similar genotypes are the result of chance sexual reproduction or 
are truly clonal, based on simulated recombination from the ob-
served allele frequencies. In addition, genotypes that could not be 
distinguished because of missing data (a maximum of 17%) or that 
diff ered by a single allele were considered clones. Including geno-
types diff ering at a single allele accounted for the error rate calcu-
lated in our dataset. Clonal groups were then given unique numeric 
designations as well as the codes “M” if they included genotypes 
with missing data and “E” if they included genotypes diff ering by a 
single allele (Appendix S1). A single representative individual was 
selected from each clonal group for further analyses. Data quality of 
the fi nal set of wild genotypes was assessed using both global link-
age disequilibrium tests and Hardy-Weinberg equilibrium as im-
plemented in FSTAT version 2.9.3.2 ( Goudet, 1995 ) and GenAlEx 
version 6.5 ( Peakall and Smouse, 2012 ). 

 Population subdivision was assessed using  structure  version 
2.3.4 ( Pritchard et al., 2000 ;  Falush et al., 2003 ,  2007 ;  Hubisz et al., 
2009 ).  structure  is a model-based approach that employs a 
Bayesian algorithm to assign genotypes to clusters that maximize 
Hardy-Weinberg equilibrium and linkage between loci within clus-
ters ( K ). 

 A range of  K  values from 1 to 24 were assessed from the 24 Ethi-
opian and Kenyan wild collection sites, conducting 40 simulations 
per  K  value with 30,000 iterations per simulation (the fi rst 10,000 as 
burn-in) using an admixture model. Th e optimal value for  K  was 
determined using the  Δ  K  method ( Evanno et al., 2005 ) as imple-
mented in Structure Harvester version 0.6.94 ( Earl and vonHoldt, 
2012 ). Optimal values of  K  from the  Δ  K  method were further assessed 
through examination of simulation congruence in CLUMPAK ver-
sion 1.1 ( Kopelman et al., 2015 ). Substructuring was examined by 
running  structure  again for each cluster identifi ed ( Rosenberg 
et al., 2001 ).  structure  parameters were identical across all runs 
with the exception that a smaller range of  K  values was used to 
identify substructures. 

 Cultivated genotypes were assigned to the genetic clusters 
among the wild populations using GeneClass version 2.0 ( Piry 
et al., 2004 ;  Baudouin and Lebrun, 2001 ). Using the wild genetic 
clusters (best-supported partition for wild genotypes) as a reference 
set, the origins of cultivated genotypes were inferred on the basis of 
which genetic cluster a given genotype was assigned to at  ≥ 0.95 pos-
terior probability (PP). Assignments of cultivated genotypes were 
also conducted within each wild genetic cluster using the wild sub-
clusters as reference sets to infer more specifi c origins for cultivated 
genotypes. Th e within-cluster assignments used only the cultivated 
genotypes assigned to the initial wild cluster. Th e assignment re-
sults were also used to infer translocations. Th at is, cultivated geno-
types collected geographically distant from the wild cluster to 
which they were assigned were inferred to have been translocated.  

 Hybrid cultivated genotypes were discovered by examining the 
 structure  results. Th ose genotypes that had nearly equal assign-
ment to two wild clusters or subclusters were treated as putative 
hybrids ( Vähä and Primmer, 2006 ). Th e putative hybrids were then 
checked for the presence of diagnostic alleles that could elucidate 
their parentage. Genotypes geographically adjacent to putative hy-
brids were examined to check whether they possessed sets of alleles 
that could produce the genotype of those putative hybrids. Genetic 
diversity and partitioning results were also assessed and visualized 
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using the nonparametric approach of PCoA (principal coordinate 
analysis) as implemented in GenAlEx. 

 RESULTS 

 Origins of cultivated qat —   Th e fi nal dataset included 1561 individuals, 
genotyped for  ≤ 17 microsatellite loci, with 2.5% missing data and an 
estimated error rate of 2.4%. Clonal cultivars were identifi ed in Ethiopia 
(567 cultivated specimens, 293 unique genotypes) Kenya (525, 305), 
Madagascar (6, 1), and Yemen (55, 30). Most cultivated genotypes 
were not found in the wild. Th e total number of cultivated geno-
types found in each country followed by the number of cultivated 
genotypes that are also present in wild specimens is as follows: Ethiopia 
(293, 0), Kenya (305, 7), Madagascar (1, 0), and Yemen (30, 0). 

  FIGURE 2  Wild qat collection sites in Ethiopia and Kenya with the highest supported genetic par-

titioning as determined through multiple  STRUCTURE  runs, as indicated by the bar plot at the lower 

right. The East African Rift is indicated by the dashed line.   

 Th e partition with the best likelihood from 
the set of replicate  structure  runs was  K  = 3 
for all wild qat genotypes ( Fig. 2 ; Appendix S4) . 
Th e three clusters are as follows: (1) genotypes 
from four wild collection sites in the high-
lands of southern Ethiopia, (2) genotypes 
from six wild collection sites around Meru/
Mt. Kenya and adjacent to Mt. Kilimanjaro on 
the eastern side of the EAR (East African 
Rift ), and (3) genotypes from the 12 wild 
collection sites from the eastern slope of Mt. 
Elgon in the north across the Endebess Plateau 
south to the Mau Forest on the western side 
of the EAR. Th e Malawian, South African, 
Tanzanian, and Zimbabwean genotypes were 
weakly supported as being clustered with the 
Mt. Elgon cluster. Th e weak support for these 
genotypes is based on the low percentage of 
individual assignment to any genetic cluster 
in the  structure  analysis. Because of the 
small number and dispersed geographic col-
lection of these samples, the power to group 
these genotypes into geographically meaning-
ful clusters was limited. 

 In addition to the overall pattern of genetic 
structuring, we explored patterns of hierarchi-
cal substructuring within each of the three 
clusters. Each of the three clusters was found to 
have a pattern of substructuring generally con-
sistent with geographic features and collection 
site. Th e Mt. Elgon cluster west of the EAR was 
split into two subclusters that are geographi-
cally separated by a lower-elevation area across 
the Endebess Plateau ( Fig. 3 ).  Th e Mt. Kenya/
Meru cluster east of the EAR was split into 
two subclusters, each occurring on higher-
elevation uplift features. The southern sub-
cluster consisted of genotypes collected near 
Mt. Kilimanjaro, and the northern subcluster 
consisted of genotypes from fi ve collection 
sites around the southern fl anks of Mt. Kenya 
to the Meru area ( Fig. 3 ). Th e Ethiopian cluster 
was split into two subclusters consisting of two 
collection sites on the west side of the EAR 
near Lake Abaya and two collection sites that 

span the EAR to the north ( Fig. 3 ). Th e EAR does not appear to be an 
important geographic feature in separating the northern subcluster. 

 All but three cultivated genotypes could be assigned to one of the 
three genetic clusters at the 0.95 PP cutoff . Of the three genotypes 
that were not assigned, two were later inferred to be hybrids (see 
below). Th e remaining unassigned genotype was collected from the 
Nyambene area in Kenya. When the Tanzanian genotypes were 
included in the reference set, this genotype was assigned to the 
Tanzanian set with 0.99 PP. Th e number of unassigned genotypes 
increased when assignments were conducted at the subcluster level. 
Th is reduction in assignment percentage is expected, given that the 
range of allele frequencies is reduced because of the smaller size of 
the subpartitioned reference sets (e.g.,  Cain et al., 2000 ). 

 Th e three wild sources/genetic clusters contributed very diff er-
ent proportions of cultivated genotypes to the total number of 
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  FIGURE 3  Genetic subclusters within each of the three highest-supported wild-qat partitions.   

cultivated genotypes analyzed. A total of 101 cultivar genotypes 
were assigned to the cluster west of the EAR in Kenya, within 
which 34 were assigned to the northern subcluster and 58 to the 
southern subcluster, leaving nine cultivar genotypes that were not 
assigned to either subcluster ( Fig. 4 ).  A total of 204 cultivar geno-
types was assigned to the cluster east of the EAR in Kenya, within 
which 185 were assigned to the northern subcluster around Mt. 
Kenya/Meru, and 18 to a southern subcluster near Mt. Kiliman-
jaro in the Chyulu Hills area, with one cultivar genotype unassigned 
to either subcluster ( Fig. 4 ). A total of 293 cultivar genotypes were 
assigned to an Ethiopian origin; within this cluster, 54 were as-
signed to the northern subcluster, 198 to the southern subcluster 
west of Lake Abaya ( Fig. 4 ), and 41 were not assigned to either 
subcluster. 

 Dispersal of cultivated qat —   Ethiopia is the source of the greatest 
number of translocations to other sampled regions, most notably 
Yemen ( Fig. 5 ).  Th irty Yemeni cultivar genotypes were assigned to 
the Ethiopian cluster and all but one were assigned to the southern 
subcluster (the unassigned genotype also had the highest PP [0.63] 
of assignment to the southern subcluster). We applied four diff er-
ent methods to test for an independent origin of Yemeni cultivated 
qat from undiscovered or extinct wild populations in Yemen. First, 
as noted above, genetic clustering with assignment did not support 
a separate Yemeni origin. Second, we calculated  Goldstein et al.’s 
(1995)  linear genetic distance. Th e mean genetic distance between 
the Ethiopian wild source populations and Ethiopian cultivars is 
6.1, whereas it is 5.0 between Ethiopian wild source populations 
and Yemeni cultivars. Th us, in the context of the genetic distances 

between groups, the Yemeni cultivars are not 
clearly distinguishable from Ethiopian culti-
vars. Th ird, to test the possibility that extant 
Yemeni cultivated qat had both a Yemeni ori-
gin and an Ethiopian origin, PCoA (Appendix 
S5) was applied to identify any outliers among 
the Yemeni genotypes. In the PCoA analysis, 
the Yemeni genotypes clustered with Ethio-
pian cultivars, providing additional support 
for an Ethiopian origin of Yemeni cultivated 
qat. Fourth, no private alleles were identifi ed 
in any of the Yemeni cultivars. Translocations 
of cultivated qat from Ethiopia into Kenya 
were identified. Eleven cultivar genotypes 
found in Kenya were assigned to the southern 
Ethiopian subcluster. In Madagascar, all six in-
dividuals sampled were from a single clonal 
genotype that was assigned to the southern 
Ethiopian subcluster ( Fig. 5 ). 

 We did not identify any locations that had 
cultivated genotypes translocated from Kenya 
to other countries that we sampled based on 
the assignment tests. But translocations across 
the EAR and within Kenya were common 
( Fig. 5 ; Appendix S6). From the southern sub-
cluster of the Mt. Elgon cluster, two genotypes 
were found in the Nyambene area northeast 
of Meru, one genotype near Nairobi, one 
genotype in the city of Nakuru in the EAR, 
and 24 near the village of Poro in Samburu 
County. Two Poro farmers stated that culti-

vated individuals were translocated from unsampled wild popula-
tions nearby. 

 Hybridization among cultivated qat genotypes —   Clear examples 
of hybridization were found among cultivated genotypes in the iso-
lated highland areas of Marsabit and Kulal in northern Kenya, 
which are located between the southern edge of the Ethiopian high-
lands and the northern edge of the Mt. Kenya uplift  area. Hybrids 
from Marsabit and Kulal were inferred on the basis of  structure  
results in which genotypes had ~50% membership coeffi  cient to 
both an Ethiopian and Kenyan origin together with an intermedi-
ate placement between Ethiopian and Kenyan genotypes in a PCoA 
plot (Appendix S8). Furthermore, when considering only the geno-
types found in Marsabit, 19 private alleles were found among the 
genotypes of Kenyan origin and 15 private alleles among the geno-
types of an Ethiopian origin. Th ese 34 private alleles are from the 
loci CE22, CE37, CE41, CE42, and CE43. All hybrids from Mars-
abit and Kulal were heterozygous at these fi ve loci, possessing one 
Ethiopian and one Kenyan private allele (Appendix S9). 

 Cultivated qat in Marsabit was represented by seven Ethiopian 
genotypes, eight Mt. Kenya/Meru genotypes, and four hybrid geno-
types. In Kulal the cultivated qat was represented by three Ethio-
pian genotypes and three hybrid genotypes (Appendix S8). 

 Divergence between wild and cultivated qat —   To assess the diver-
gence of cultivated populations from wild progenitors, we com-
bined one of each of the cultivated genotypes with those from wild 
progenitors in an assessment of population structure, both across 
the entire sampling area and within each of three origins of qat 
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cultivation. When analyzing the cultivated and wild genotypes to-
gether across the entire sampling area, the most highly supported 
partitioning of the data from the  structure  analysis is  K  = 3, 
which is the same number of clusters found for the wild-only analy-
sis of population structure ( Fig. 2 ). 

 When analyzing only the wild and cultivated genotypes assigned 
to the Ethiopian center of origin, a pattern of divergence between 
cultivated and wild populations is clear at the highest supported 
partitioning of  K  = 2 ( Fig. 6A ).  At  K  = 2, 125 (at a 0.95 cutoff  and 
averaged across all simulations) cultivated genotypes are separated 
from the remaining 272 wild and cultivated genotypes. From the 
 structure  results, a weaker pattern of divergence is found with 
the cultivated and wild genotypes from the two Kenyan centers of 
origin. In these cases, the cultivated genotypes clustered with their 
corresponding wild genotypes at the highest supported  K  value of 2 

  FIGURE 4  The contribution of each wild cluster and subcluster to the number of cultivated geno-

types. Height of the subclusters is proportional to the number of cultivated genotypes assigned 

to each. Height of the outline around clusters is proportional to the number of genotypes as-

signed to the larger cluster but not assigned to any subcluster by  ≥ 0.95 PP.   

( Fig. 6B, C ). However, the divergence of culti-
vated from wild genotypes is indicated in the 
PCoA plot for the Mt. Kenya/Meru cluster 
( Fig. 6B ). 

 In exploring a range of  K  values, 74 (at a 
0.95 cutoff  and averaged across all simula-
tions) of the 205 cultivated genotypes from 
the Mt. Kenya/Meru origin form a separate 
cluster in all simulations at  K  = 3, whereas the 
separate clustering of some cultivated geno-
types from wild genotypes with a Mt. Elgon 
origin did not occur until  K  = 4, and at that 
point only 23% of the 40 independent simu-
lations indicated separation of some of the 
cultivated genotypes (Appendix S10). Taken 
together, these patterns show that the genetic 
signal of divergence between the wild and 
cultivated genotypes is strongest in Ethiopia, 
moderate in Mt. Kenya/Meru, and weakest in 
Mt. Elgon. 

 Th e quantifi cation of genetic divergence 
using  G -statistics ( Meirmans and Hedrick, 
2011 ) and similar measures ( Chakraborty and 
Jin, 1993 ) also indicates a similar trend in di-
vergence with  G  

ST
  between Ethiopian culti-

vated and wild material the greatest at 0.07, 
whereas  G  

ST
  between the cultivated and wild 

material was less at 0.04 and 0.02 for the 
Mt. Kenya/Meru and Mt. Elgon centers, 
respectively ( Table 1 ).  No major loss of 
heterozygosity was found among all culti-
vated genotypes, with a mean proportion of 
heterozygous loci of 0.51, compared to the 
mean proportion of heterozygous loci at 0.55 
for wild genotypes. 

 DISCUSSION 

 Multiple origins for cultivated qat —   Qat is 
cultivated in many highland areas of East Af-
rica, especially in Ethiopia and Kenya, where 
historians have proposed that qat cultivation 
began. For the fi rst time, using genetic data, 
we have confi rmed that qat cultivation has 

multiple origins from wild sources in Ethiopia and Kenya. In addi-
tion, we have shown that cultivated genotypes have evolved from 
their wild progenitors through genetic divergence and novel 
hybridization. 

 Th e phylogeographic patterns for wild qat populations are simi-
lar to the fi ndings for other studies examining genetic patterns 
within the Afromontane fl ora (e.g.,  Kebede et al., 2007 ;  Kadu et al., 
2013 ;  Mairal et al., 2015 ). For instance,  Kebede et al.’s (2007)  study 
of genetic structuring in  Lobelia giberroa  Hermsl. (Campanula-
ceae) and palynological work (e.g.,  Vincens et al., 2005 ) indicate 
that forest habitat “bridges” that connected high-altitude areas 
across the EAR in Kenya began to contract with interglacial drying 
~5500 calibrated years before present. Similarly, this trend of gla-
cial-period habitat-bridge recession was also inferred to aff ect plant 
population structuring between the Ethiopian highlands and the 
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mountainous areas of south central Kenya (e.g.,  Kebede et al., 
2007 ). Th us, a similar biogeographic explanation probably applies 
to the broad-scale pattern in which wild qat populations are not 
connected by gene fl ow during warmer, dry periods. 

 Th e population structure found among wild qat genotypes indi-
cates that the EAR and other geographic features are important 
barriers in limiting gene fl ow. Th e four Kenyan subclusters delim-
ited by  structure  each consist of genotypes associated with a given 
uplift  feature, which indicates persistent isolation eff ects between 
these uplift  areas. Th e exception to this biogeographic patterning 
among subclusters is two collection sites in Ethiopia that form a 
subcluster but are separated by the EAR ( Fig. 3 ). Th is pattern might 
be attributable to more recent dispersal and gene fl ow across the 
EAR in Ethiopia and/or to fewer wild populations being available 
for collection. Whichever the case, the northern subcluster was not 

  FIGURE 5  Translocation of genotypes from centers of origin, with arrows originating from the ori-

gins. Numbers adjacent to arrows indicate the number of translocated genotypes found in a 

given area. Arrows and numbers are color coded by wild-cluster place of origin.   

sampled as intensively in the founding of cul-
tivated qat, with 68% of the applicable cultivar 
genotypes being assigned to the southern sub-
cluster. Furthermore, when using individual 
wild collection sites as reference sets for assign-
ments, the Negele site in Ethiopia to the east 
of the EAR was not inferred to be the source 
population for any Ethiopian cultivated geno-
types. On the basis of these analyses, Ethiopian 
cultivated qat was mainly derived from wild 
populations to the west of the EAR. 

 Ethiopia and Mt. Kenya/Meru are the areas 
consistent with the primary sources for culti-
vated genotypes. Wild genetic diversity, long-
term cultivation, and the system of farming 
(e.g., degree of trade between farmers and 
propagation methods) are thought to be key 
factors in producing genotypically diverse 
cultivars ( Harlan, 1992 ). This dynamic be-
tween wild diversity and cultivation intensity is 
demonstrated by comparing the Mt. Elgon and 
Mt. Kenya/Meru centers of origin. Wild geno-
typic diversity is very high in the Mt. Elgon 
center of origin, yet twice as many cultivar 
genotypes (205 vs. 103) originated from the 
Mt. Kenya/Meru center of origin, which indi-
cates longer and/or more intensive cultivation 
in that area. Our genetically based fi nding of 
multiple origins for qat in Kenya and Ethiopia 
corroborates earlier anthropologically based 
assertions (e.g.,  Huntingford, 1965 ;  Carrier, 
2007 ). 

 Wild qat genotypes that overlap with culti-
vated genotypes in PCoA plots indicate a rel-
atively recent initial cultivation or ongoing 
introgression with wild genotypes. By con-
trast, “ancient” crops oft en cannot be clearly 
matched to extant wild populations because 
either the wild progenitor populations are 
extinct or the cultivated and wild populations 
have diverged to a degree that confi dent as-
signments are not possible (e.g.,  Ladizinsky, 
1999 ;  Denham et al., 2003 ). On the basis of 
this expected pattern, western Ethiopia and 
Mt. Kenya/Meru are the oldest areas of culti-

vation, in that they are the sources of the greatest number of culti-
vated genotypes and divergence was found between many of the 
cultivated and wild genotypes ( Fig. 6A, B ). 

 Diff erential patterns of translocation from wild centers of origin —

   Extant wild populations of qat are known in Ethiopia and Kenya 
( Palgrave, 1983 ;  Robson et al., 1994 ) but have not been described 
from Yemen ( Gabali, 1995 ;  Wood, 1997 ). Th ere are suitable habi-
tats in Yemen for wild qat, but fi eld studies in these areas have not 
reported wild qat there ( Hall et al., 2008 ). We found no results that 
indicated an independent Yemeni origin of cultivated qat derived 
from Yemeni wild populations. Rather, the results from our 
 structure  analyses, assignment tests, genetic distance, and 
PCoA analyses support an Ethiopian wild origin of Yemeni culti-
vated qat. By way of comparison, our methods of genetic-cluster 
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identifi cation separated genetic groups on either side of the EAR in 
Kenya that may have been connected by gene fl ow as recently as 
5000 yr ago (e.g.,  Kebede et al., 2007 ). Th e 6 million yr separation 
between Africa and the Arabian Peninsula ( Fernandes et al., 2006 ) 
would have resulted in numerous allelic diff erences between Ethio-
pian and any wild Yemeni qat populations, such that individual 

genotypes from a possible wild Yemeni origin would be distinct 
from genotypes of African origin. Yet no consistent diff erences 
were found among the cultivated Yemeni genotypes (Appendices 
S5 and S7). Additionally, if Yemeni cultivated material was sourced 
from native Yemeni populations, then we expect the mean genetic 
distance to be distinctly higher between the wild Ethiopian and 
cultivated Yemeni genotypes, which was not the case. However, in 
Yemen the majority of cultivated genotypes were not collected in 
Ethiopia or Kenya, and thus Yemen is an important source of culti-
vated-qat genotypic diversity. A similar situation applies to Ethio-
pian and Yemeni coff ee genotypes (e.g.,  Silvestrini et al., 2007 ). 

 Th e source of Malagasy qat is thought to be a translocation 
shortly aft er 1920 from Yemen ( Carrier and Gezon, 2009 ). Th e six 
individuals obtained from Madagascar are all from a single clonal 
genotype that was the most broadly distributed and commonly en-
countered clonal group in our dataset. Our fi ndings are consistent 
with a Yemeni or Ethiopian origin. Th is pattern of reduced genetic 
diversity associated with distant translocation from wild centers of 
origin in qat is very similar to the translocation pattern in coff ee. 
Coff ee was native to the highlands of Ethiopia, numerous cultivar 
genotypes were brought to Yemen, and very few were taken from 
Yemen to found coff ee production in other parts of the world 
( Simpson and Ogorzaly, 2000 ). 

 Distant translocation from either of the Kenyan centers of origin 
was not found in our dataset, though translocation within Kenya 
was common. Th e Meru area is the primary source from which cul-
tivated qat is translocated. Translocations to Mt. Marsabit led to the 
formation of novel hybrid genotypes from genetically distant par-
ents (Appendix S8). Th is pattern was not documented in other areas 
founded by translocated genotypes. Unlike the Ethiopian and Mt. 
Kenya/Meru centers of origin, few translocated qat genotypes were 
from the Mt. Elgon center of origin, which indicates recent and/or 
less intensive cultivation from this region. 

 Hybridization between translocated genotypes —   Th e pattern of 
hybridization among qat cultivars (Appendix S8) is similar to the 
pattern reported for other long-lived perennial crops, such as apple 
(e.g.,  Cornille et al., 2015 ;  Volk et al., 2015 ) and almond (e.g., 
 Delplancke et al., 2012 ), wherein novel hybridization occurred aft er 
genotypes from disparate centers of origin were brought together. 
However, translocation followed by hybridization of distantly re-
lated genotypes appears to be atypical when considering the 
progressively reduced genotypic and genetic diversity among qat 
translocated from Ethiopia to Yemen and to Madagascar. Further-
more, in Wote and Wundanyi in southern Kenya, where both Ethio-
pian and Kenyan genotypes are grown together, hybrid genotypes 
were not found. 

 Given that only Ethiopian genotypes and hybrids were found in 
Kulal, it seems unlikely that the hybridizations occurred in Kulal. 
Th ree farmers growing hybrids in Kulal mentioned that these 
plants were more bitter and potent than other genotypes grown in 
the area. All six interviewed farmers in Kulal named Marsabit, 

  

  FIGURE 6  PCoA and  STRUCTURE  bar plots for each of the three centers of ori-

gin, including both wild and cultivated genotypes that were assigned to 

that center of origin. PCoA plots are color coded by cultivated (blue 

squares) and wild (yellow triangles) status, and  STRUCTURE  bar plots are 

color coded by cluster membership (red = cluster 1, green = cluster 2). (A) 

Ethiopian center of origin, with both methods indicating divergence be-

tween wild and cultivated genotypes. (B) Mt. Kenya/Meru center of ori-

gin, with PCoA indicating divergence. (C) Mt. Elgon center of origin, with 

neither method indicating a clear pattern of divergence.   

  TABLE 1.  Divergence as quantifi ed by  G  
ST

  and related measures between 

cultivated and wild genotypes in each of the three centers of origin 

Centers of origin  G  
ST

  G  ′  
ST

  (Nei)  G  ′  
ST

  (Hedrick)  G  ′  ′  
ST

  D  
est

 

Mt. Elgon 0.018 0.035 0.11 0.126 0.094
Mt. Kenya/Meru 0.039 0.076 0.148 0.181 0.113
Ethiopia 0.07 0.13 0.229 0.279 0.171
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Meru, and/or neighboring farms as their sources of cuttings to es-
tablish their orchards. 

 Diff erent levels of divergence between cultivated and wild qat 

based on geographic origin —   Separation between cultivated and 
wild genotypes is not detectable at  K  = 2 when analyzing the dataset 
encompassing all wild and cultivated collections from Ethiopia and 
Kenya (Appendix S10). Th us, broad-scale biogeographic processes 
at this level appear to override the signal of divergence created 
through artifi cial selection. However, when examining higher levels 
of  K  across the entire dataset or examining divergence within each 
center of origin, the next partitions to emerge are the cultivated 
genotypes from Ethiopia (Appendix S10). Th us, the processes of 
artifi cial selection and cultivation in the areas of historical qat cul-
tivation may have resulted in similar levels of divergence to the 
natural processes that created patterns of subclustering within each 
of the three wild centers of origin. 

 Two sampling issues are important to take into consideration 
when explaining the patterns of divergence seen in the diff erent cen-
ters of origin. First, and unrelated to artifi cial selection, is the issue of 
sampling wild populations while conducting fi eldwork. Th e wild 
populations from which a cultivated lineage was sourced may not 
have been sampled during fi eldwork, which has been shown to infl u-
ence individual assignments to populations (e.g.,  Cain et al., 2000 ). 
Second, the wild population(s) from which a cultivar was sourced 
could be extinct. Th is latter scenario may explain the pattern found 
among Ethiopian wild and cultivated samples, given that the vast 
majority of primary Ethiopian forests have been cleared and/or con-
verted into agricultural uses ( Dessie and Kleman, 2007 ;  Dessie and 
Kinlund, 2008 ;  Tadesse et al., 2014 ;  Guillozet et al., 2015 ). 

 If extinction of the wild-source populations is causing the ob-
served patterns of divergence for the Ethiopian center of origin, 
then farming methods are an important factor in the preservation 
not only of genetic diversity in general, but also of genetic diversity 
from wild source populations. Th e observed trend among long-
lived perennials is for relatively high genetic diversity to be retained 
among the cultivated genotypes in relation to wild source popula-
tions ( Miller and Gross, 2011 ). However, the degree to which this 
relative measure of diversity has been infl uenced by wild-popula-
tion extinction vs. on-farm preservation of cultivars has not been 
broadly assessed in the literature. 

 In Ethiopia, cultivated genotypes are more divergent from wild 
genotypes than in the Kenyan centers of origin ( Fig. 6 ;  Table 1 ; Ap-
pendix S10). Diff erent levels of divergence may be the result of dif-
ferent times since initial cultivation. Historical documentation 
indicates that the Ethiopian center of origin is the oldest and Mt. 
Elgon the youngest (e.g.,  Huntingford, 1965 ;  Carrier, 2007 ), which 
is supported by our data. 

 Which theory of domestication best describes cultivated qat? 
Th e instant domestication theory ( Zohary and Spiegelroy, 1975 ; 
 Harlan, 1992 ;  Zohary, 2004 ;  Kislev et al., 2006 ) is not supported for 
qat, given the number of cultivated genotypes within multiple areas 
of cultivation. However, only three clonal genotypes made up nearly 
half of all clonal genotypes, and thus it appears that while a large 
number of genotypes are cultivated, only a small number of geno-
types became widespread in cultivation. From our data, hybridiza-
tion between distantly related genotypes does not appear to be a 
major factor in the early stages of qat domestication, but is impor-
tant in later stages of domestication outside centers of origin, as 
seen in Marsabit and Kulal. 

 Divergence between cultivated and wild genotypes in the his-
torical areas of cultivation in Ethiopia and Mt. Kenya/Meru indi-
cates that a dynamic process of selection and extinction has taken 
place among cultivated and wild qat populations and/or indicates 
potentially unsampled wild populations. Quantifying divergence, 
assigning cultivars to wild centers of origin, and identifying hybrid 
cultivars further clarifi es the history of qat cultivation and provides 
a set of research questions for further study. Two such questions 
are as follows. Do wild populations persist in northern Ethiopia or 
Nyambene, Kenya, that are more similar to the wild progenitors of 
cultivated qat in those areas? Has hybridization between distantly 
related genotypes produced novel and desirable chemical traits? 
Th ese questions can be addressed through further fi eldwork and 
growth-chamber experiments, respectively. 
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