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ABSTRACT

A STUDY OF PLANT DOMESTICATION AND EVOLUTION THROUGH THE
TAXONOMIC REVISION OF WILD NORTH AMERICANHUMULUS A
PHYTOCHEMICAL ASSAY FOR STIMULANT ALKALOIDS IN CELASTRACEAE, AND
A PHYLOGEOGRAPHIC ANALYSIS OFCATHA EDULISIN AREAS OF HISTORIC

CULTIVATION

The cultivation of plant species is essential to the survival of humans. The mbcess
artificial selection thais used to modify wild individuals into improved cultivars results in
genetic and morphological changes from wild progenitors. In order to understand the
evolutionary patterns and processes involved with artificial selection batlamdl cultivated
populations must be thoroughly studied. Numerous methods are used to study the process of
evolution under cultivation such as biology, chemistry, geography, history, linglastil
archeology. The understanding of evolution in a crop species is essential in icoprenement
programs to increase vyield for a given crop.

| employed methods from the fields of taxonomy, analytical chemistry and
phylogeography to study the process of evolution in cultivated plant species aed/aild
relatives. From a review of taxonomic, genetic, and phytochemical literasuwegll as
examination of morphological features | revised the wild North Amettanulus
(Cannabacae) in a manner that properly delimits the diversity found among theAN@ntican
species. UsinGC-MS and a forensics based derivatization method | assayed for the stimulant

alkaloids cathinone, cathine, and similar compounds across the Celastraceaphanit fivas



found that that qaiQatha eduli} was the only species of those tested thatyithesized
cathinone and cathine. Using phylogeographic and population genetic technigee®tlithree
wild regional origins, hybridization and numerous translocations out of the centerginffor
cultivated gatFrom farmer interviews | examinachat properties, genotype, phenotype, and/or
geography explained the naming convention for gat cultivars among qatdafrhercharacter

of stem color was found to highly plastic and thus genotype was not significantjated with

the naming conventro Geographic patterns were confirmed for several cultivar names
suggesting that anthropogenic factors are important in the naming conventions asgdjam
farmers.These fouiseparate studies provide findings that not only clarify our understanding of
evolutionary patterns among wild and cultivated species but provide a framewbrkdding,

conservation and forensic applications in the future.
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CHAPTER 1: TAXONOMY, PHYTOCHEMISTRY, AND PHYLOGEOGRAPHY IN THE
EMPIRICAL AND APPLIED STUDY OF EVOLUTION IN CROPS AND THEIR WILD

RELATIVES

Introduction

The study of cultivated plants has been fundamental to our understanding of evglutionar
processes. Human selection on plants in order to isolate desired traits has lrded aegyane of
humanity’s largest biological experiments (Gepts 2004) from which much of the datgeh#o
be collected. Darwin (1876) introduced the concept of selection in the first chaftethe
Origin of Speciedy discussing how domesticated animals dadtp are selectettirough
humanactionsand how this process in some respects is analogous to natural selection.
Researchers have continued to employ cultivated species to understand nechaderlying
evolutionary patterns ever since (Rdisarra 2@7). Additionally, patterns of evolution in
cultivated plant®ften parallehuman historical and evolutionary patterns, thus providing an
additional line of evidence in understanding human history (e.g., Verginelli et al. 28080 ¢k
et al. 2010 Westemgen et al. 2014

Humans rely on plants for survivalith plantsproviding food, shelter, medicine, and
fuel. Early humans consumed plant resources directly from natural environmimni®\evident
conscious effort toward cultivating these plants outside their natural IsaBi&ginning around
12,000 BP (before present) hunstietiedbegan to cultivate plants, shifting from collecting
plant resources from wild populations to growing plants in specially prepared envirsifengnt

Kuijt & Goodale 2009; Zeder 2011). This shift toward an agrarian lifestyle @ltenman



societies to be more sedentary and dependent on plant cultivation (reviewed & &agtale
20009).

The artificial selection proce&y which wild plants are grown in cultivated sedfs
involve morphologic and genetic changes from wild progenitors (Emshwiller 2@8@&ryill
2009). These changes are related to the use of a given species. For insiarsizeghas
increased since selection from wild progenitors in grass species such as wheatean
(Purugannan & Fuller 2011). Morphological changes among cultivated plants often include
increase in fruit and/or seed size, decrease in overall plant size, loss of seacgpenshift
toward annual life cycle, sterility, loss offdasive structures, increase or decrease of
metabolites, changes in photoperiodic control, and changes in breeding systiam {9182;
Careau et al. 20)0A general consistency and predictability in the way that genetic and
morphologic changes occur asegult of artificial selection is referred to as the “domestication
syndrome” (Harlan 1992). Thus the definition of domestication encompasses the degnest
the domestication syndrome has altered a given cultivar, ranging froncekinated
individuals that are nearly identical to wild progenitors to highly selected indlgithet have
been so radically modified that they cannot persist from generation to generahiont\niiman
manipulation (Miller and Gross 2011).

Understanding plant domestication often involves multiple different fieldsidy s
including biology, chemistry, geography, history, linguistics and archeolaggugh multiple
different data types can be employed in concert to answer questions re¢faedargjory, origin,
dispersal, and uses for different crop species. Data from historical reqotaslagical and
linguistic studies are often used as the bases for a set of falsifiable lsgsothde tested with

genetic and/or chemical analyses. For example Morrel & CleggJ286ted historical



inferences generated from archeological and morphological data that suggastad origins
for barley with genetic data to strongly support the multiple origin hypothesi®chnologies
such as high—throughput genotyping, recovery of “fossil” DNA, remote sensing, andtcahe
assaying all improve and become less expensive, the resolution of infergyardsgethe
domestication process will also improve. Understanding the domestication peoitegeritant
beyond historical curgity; it is also an important step in documenting the standing genetic
diversity found in wild and cultivated gene pools for developing improved crops. In fact,
Warchefsky et al. (2014) proposed a breeding program that essentiattgtespthe early stes
of domestication in which wild collected plants are allowed to freely cross withated plants
in order to generate novel cultivars. | examined the domestication procesthusengeparate
approaches at the family, genus and population levels.
Taxonomy as an important tool in delimiting diversity in crop wild relatives

| examined the wild diversity across the geRusnulus(Cannabaceae) in North
American through a review of taxonomic, genetic, and phytochemical liter&tom the review
| proposed a taxonomic revision that reflects the evolutionary history and sepatdtB®ti
AmericanHumulusfrom Eurasian species Biumulus as well as separating three distinct North
American lineages. A taxonomic system that reflects evolutionary hestarallows the straight
forward diagnoses of each taxon is essential for the proper identificatiotdafource material
from which cultivars and cultivar parents have been selected. Also an apprtaxaatemic
delimitation of wild genetic diversity & needed in order to efficiently guide future breeding
and conservation programs.
Phytochemical methods combined with phylogeny and ethnobotanical literaterto assay

for targeted and non-targeted metabolites in Celastraceae



| employed phylogenetic da{Simmons et al. 2008) and ethnobotanical accounts (Watt
& Breyer-Brandwijk 1962; Gonzélez et al. 198§ a basis to test whether stimulant alkaloids
are present in species of the Celastraceae asideCfatina edulis-a species cultivated for the
stimulant alkaloids cathinone and cathine. Ethnobotanical accounts mention the Xhosa and
Khoikhoi cultures of South Africa use Glassine schinoiddsaves to reduce fatigue, hunger,
and thirst (Watt & BreyefBrandwijk 1962), while accounts from Canary Islantiures
mention chewing the leaves @ymnosporia cassinoidég alleviate fatigue (Gonzalez et al.
1986).

No prominent stimulant alkaloids were found in close relativ€satba edulisor in
species mentioned in the ethnobotanical literature as stirmuBuit 26 separate compounds
annotated as sterobr terpenelike were annotated from the dataset, one of which might account
for the stimulant properties @fassine schinoide&knowing thatCatha edulisalone produces
cathinone and cathine indicates thatother species within Celastraceae could be domesticated
to produce this set of alkaloids. This finding demonstrates the need to preserve apethals
potentially unique biosynthetic pathways that could be the source of useful compounds such as
medianes. In addition, the absence of cathinone or cathine in other Celastraceaemspangs
that no drug scheduling outside@atha eduligs necessary.
Phylogeography to study the origin and evolution of wild and cultivated gat (Celasiceae:
Catha edulis)

| employed population genetic and phylogeographic methods to test histormahiscc
regarding the origin of cultivate@atha edulisHistorical and legendary accounts consistently
assert three different origins for cultivated gat —Yemen, Ethiopia, and Kenya vwkieand

cultivated collections across the three purported origins | tested the hypdtiadgjat had a



single origin vs. multiple origins and the extent of translocation from the plafefggin. To

test the origin hypotheses | had a dataset of 1561 individuals that were genctgssdl@
microsatellite loci. Additionally these data were employed to test the nature atfestitcation
process irCatha edulisagainst expectations for long lived perennials in general. In addition,
clonal groups were identified and the extent to which they have been propagated andtezhsloc
from centers of origin was also assessed. From the clonal groupings the cultigarusach in
Ethiopia, Kenya and Yemen were examined for which aspect (geoggspiotype or

phenotype) would explain the naming conventions used by gat farmers to referutiviesc

that they cultivated.

Samples from across the native rang€atha edulisand within major areas of
cultivation indicate that cultivate@atha edulishas three regional wild sources from which
cultivated gat was selected. Southern Ethiopia contains one wild source area ancetwo we
delimited from Kenya on either side of the African Rift Valley. Within each of theetregional
source areas further getic sub€lustering was identified that followed a geographically rational
pattern. For instance, subclusters were often found to be isolated to a singlaimowuaplift
formation. The genetic diversity among cultivated gat is equal to oregtéan that found in the
wild sources without cross—assignment to adjacent formations. Novel cultiydedishwvere
found in areas where formerly allopatric wild genotypes have been brought irdctcembst
notably in Marsibit, Kenya. A separate Yemeni origin was not substantiatedsesal
different genetic tests, but rather an Ethiopian origin for Yemeni cultivassmdicated. A
moderate loss of genetic diversity was found due to the Yemeni translocatioBtfrmpia;
however a severe bottleneck wagbsed in the translocation from Yemen to Madagascar.

Catha edulidiffers from other long lived perennial crops studied thus far in that the target of



selection is a secondary metabolite in the leaves and the initial time since cultivatiatively
recent. Despite these differences the evolutionary trends for cultivatee gatnaistent with
other long lived perennial species’ domestication patterns.
Conclusions and future work

In total these three separate studies delimiting evolutionary padterseful findings in
themselves to understand and evolution and cultivation. Further these studistadiag point
for further research and applied projects such as systematic breeHimgniduswith North
American species, detailed structural characterization of terpenes and st€adsime and

tracking ofCatha edulicultivation and illegal importation.
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CHAPTER 2: A REVISION OF NORTH AMERICANHUMULUS (CANNABACEAE)

Summary

The taxonomic status éfumulusL. in North America has been debated for over 150
years. Recent molecular and morphological studies have positively identifiedlistiact
evolutionary lineages among wild varieties of Naarefumulus Here we review these studies,
and present morphological evidence supporting the recognition of three North &msgecies
of Humulus Humulus lupuloide¢E. Small) Tembrock stat. noHumulus neomexicaniié.

Nelson & Cockerell) Rydb. stat. rev., aHdmulus pubescer{&. Small) Tembrock, stat. nov.
are elevated from their former positions as varietigsurhulus lupulus
Introduction

“Our Netherlanders...can brew as good beer here [Manhattan Island, U.SrAduas
own Fatherland, for good hops grow in the woods” (De Vries 1655: 157).

HumulusL., commonly referred to as hops, is known to most as a necessary ingredient
for brewing beer. Hops ‘cones’ are added to beer to provide bitterness and aroma. The hops
‘cones’ are a series of closely appressed stipular bracts and bracteoles ofthe fem
inflorescence. The bracteoles possess numerous lupulin glands that produce reslas and oi
(Small 1978). The resins contain o—acids and f—acids that provide the bitter taste of beer whereas
the oils im@rt aromatic qualities (Neve 1991). Today, hops are used primarily in beer, yet
Humulusspecies have been used as food, medicine, and fiber in European, Indian, Chinese and
indigenous North American cultures for centuries (reviewed by Zanoli & H2048).

Cultivation of hops is first documented in the records of the Freisingen abbey, Bavaria

Germany A.D. 859 (Wilson 1975). Thereafter hops cultivation spread throughout Western

10



Europe and arrived in New England sometime before 1629 (Tomlan 1992). Yet, prior to the
introduction of European hops plants, Dutch settlers employed indigenous North American hops
to brew beer (Tomlan 1992). Introduction of European hops cultivars resulted in occasional
spontaneous hybridization between North American and European plants givinghise to t
‘cluster’ varieties (Neve 1991; Van Valkenburg 1995). Numerous intentional sroesgeen

North American and European hops have been made in the last ~100 years (e.g. Salmon 1934;
1938; Zimmermarmt al. 1975;) resulting in cuktars (e.g. ‘brewers gold’, ‘comet’, and

‘sunshine’) high in total o—acid content and resistance to serious hops diseases and pests (Van
Valkenburg 1995).

Humulusis a small genus of dioecious, dextrose twining herbaceous plants native across
the temperat latitudes of the Northern Hemisphere and has been naturalized in areas of the
southern hemisphere. The number of species recognittahinlushas varied from one to ten
in the past (International Plant Name Index 2011), with three being currectigrized (Small
1978; Neve 1991 Humulus lupulud.., the type species of the genus, is distributed across the
temperate regions of Europe, Western Asia, and North America. Past tresatritd lupulus
have divided it into multiple different taxonomic combinations of species, subspecies, and/
varieties based mainly on geographic and morphological differences (Small ¥/&81981;

IPNI 2011). North Americarlumulus,in particular, has been the subject of numerous

taxonomic revisions in an attempt to appropriately subdivide the morphological ¢izerdit

broad geographic extent found within the group (Small 1978; Neve 1991; IPNI 2011). The other
two speciesH. japonicusSiebold & Zucc. anti. yunnanensisiu, are native to Asia, although

H. japonicushas bee grown as an ornamental in some areas of North America.

11



Nuttall (1848) applied the nanumulus americanullutt. to all wild North American
Humulus He differentiatedd. americanugrom EuropearH. lupulusbased on the morphology
of leaf denticulationsrad geography (Nuttall 1848; Small 1978). Nuttall (1848: 23) also made
special note in his explanation léf americanughat “most luxuriant specimens from the borders
of streams in the Rocky Mountains” had been collected by Dr. Gambel in dieedviexica
Yet the specimen he designated as the typE famericanusvas collected from Pennsylvania
and not based on the western specimens collected by Gambel. From Nuttalligtidesari
appears that all North American wild hops should be assigned toithetegmericanugSmall
1978).

Nuttall seems to have inserted a discussion of Gambel’s western specireelate the
nativity of Humulusto North America. Release from cultivation could not be claimed for
Humulusfound in New Mexico as it could fétumdus in New England, as hops were widely
cultivated throughout the northeast. Gray (1857) rejected the idea that eastern NenittaAm
Humuluswere distinct from European species by including only the descriptidh fapulusin
his revisedvianual of the Botany of the Northern United St¢f@avis 1957). Yet, in
correspondence with colleagues, Gray noted the existence of indigémowususin western
North America (Davis 1957). The discovery and description of feisitulusin late Eocene
strata from Flassant, Colorado (MacGinitie 1969) provides evidence for an ancient dispersal of
Humulusto North America at least ~34.1 million years before present. Becauserepdiscies
in the range, description, and type specimen, the bindini@mnericanusvas neer broadly
applied in the botanical literature.

Nelson & Cockerell (1903) applied the variety namemexicanut H. lupulus

collected in northern New Mexico. They based this name on differences in geographic

12



distribution, leaf lobe, and bract morphology. Following Nelso@dkerell's rationale for
recognizing varietyjeomexicanufydberg (1917) recognizedl neomexicanuat the species
level in hisFlora of the Rocky Mountains and Adjacent Plains

Davis (1957), through scoring of morphological cheein cultivated and wild
Humulus found that wild North Americarlumuluswere distinguishable from European
Humulus Yet, Davis (1957: 293) suggested that the nEimepulusL. should be retained for all
wild perennial hops until “the native American hop is more thoroughly understood”. Small
(1978) conducted a phenetic analysis using vegetative and geographic charadies rew
recognized five varieties withif. lupulus Small's (1978) work resulted in the recognition of
three North American variets: H. lupulusvar. neomexicanuésynonymous with Nelson and
Cockerell’'sH. lupulusvar.neomexicanuand Rydberg'$1. neomexicanysH. lupulusvar.
lupuloides(which was assigned tentative synonymy vidthamericanusandH. lupulus.var.
pubescensThethree varieties remain widely recognized in recent floras and catalogues (e.g.
Gleasor& Cronquist 1991; Small 1997).

Since the recognition of Small’s three North Amerieammulusvarieties (1978) the
concept and implementation of botanical varieties has been reconsidered and updated (e.g
McNiell et al. 2012; Braby et al. 2012; Ellison et al. 2014). Ellison et al. (2014) reaoanime
abandonment of the term variety as a taxonomic rank and suggest only subspecies be used in
infraspecific designations.uBspecies as described by Braby et al. (2012) and modified by
Ellison et al. (2014: 946) are “...evolving populations that represent partially ddilsdages of
a well-defined species that are either allopatric or sympatric, phenotypicdlhctlifave at

least one fixed diagnosable character state, and that these character differenceseare, o

13



assumed to be, correlated with, at least partial evolutionary independenakractmr
population genetic structure.”

Reevest Richards (2011) employed molecular methods, natural history, and
distributional data from the three North Ameriddnmulusvarieties (Small 1978) to evaluate
five distinct species criteria under the framework of the general lineagesgoncept (de
Queiroz 1998, 2005, 2007). Theyuhd that all three taxa fulfilled the criteria for the monophyly
(de Queiroz & Donoghue 1988), diagnosability (Nixon & Wheeler 1990), and genotypic
clustering (Mallet 1995) species criteria. Additionally \mrbescensatisfied the reproductive
isolationspecies criterion (Mayr 1924) while vaeomexicanusatisfied the ecological species
criterion. As such, Reeves & Richards (2011) recommended the elevationmilvescenand
var. neomexicanus species under the general lineage concept but drécainmend the
elevation of varlupuloidesbased on limited genetic sampling in their study and the lack of any
defined biological processes to explain the genetic divergence they observed.

We believe that Reeves and Richards (2011) as well as otlgerSrfeall 1978; Patzak et
al. 2010) presented sufficient data to diagnoselvpuloidesfrom its congeners. Although they
could not identify the process by which viapuloidesis maintained as distinct, it appears to be
a separately evolving metapopulation lineage based on several-gadted criteria, which is
necessary to designate a species under the general lineage concdptQeigiroz 1998; 2007,
Marshall et al2006; Lightet al.2008; Abbott & Judd 2011). Definition or discovery of the
undetying biological processes causing these patterns is not a requiremeaigeiieral lineage
concept (or many other species concepts), and this lack of evidence should nofrdetrdet
several species criteria that support the three varieties of NorghicanHumulusas distinct

lineages. In support of this, we examined 56 specimens diipatoidesfrom across its entire

14



range, and determined that the morphological character states separetimgts tongeners are
consistent. Varietjupuloidesis diagnosable from other species and varieti¢$uofulusby
having greater than 20 hairs per linearamthe abaxial surface of the leaf midrib, and not
possessing a combination of five—lobed leaves and pubescence between the veins orathe abaxi
surface of the leaves.

Unfortunately Ellison et al. (2014) did not explicitly propose a conceptual frarkew
set of recommendations for differentiating subspecies from species. Catsidef subspecies
in the context of the general lineage speciesepincould be useful. As individual barriers
evolve between populations that fulfill a species concept, the isolation betweemthese t
populations increases. Thus if a species concept or a set of species conceptiglaréytidied
in testing populations to be species then the designation subspecies is appropriate . That i
provided this “partial isolation” is fixed, diagnosable, and evolutionarily coe@aith the
independence of populations. Once a species concept or set of species concepiplately
fulfilled for a given set of taxa tested a species designation should be camhsidere

Here we provide a taxonomic revision of North Amerielamulusand formal elevation
of the three North American varieties to species. Recognition of NongridanHumulusas
distinct from Europeaklumuluson a morphological and molecular level has been observed and
noted by botanists, horticulturists, and brewers since European settlementhofAierica
(e.g., Nuttall 1848; Salmon 1934; Small 1978; Tomlan 1992; Reeves & Richards 2011), but a
taxonomic designation that appropriately differentiates North AmeHcanulusfrom European
species has not been completed. The limited acceptance of Nuttall’s HL.&8gricanusand
Rydberg’s (1917H. neomexicanuby many botanists is likely a result of the limited material

presented in Nuttall's and Rydberg’s treatments. The taxonomic changesseatfhere create
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consistency across the observed morphological and genetic diversity Mutimunlusand clearly
separge the North American taxa from those in Europe and Asia. Our findings are based on a
review of recent and historical studies using molecular and ecologideinee (e.g. Bassil et al.
2008; Patzak et al. 2010; Reeves & Richards 2011), robust morphological analysed 938&)all
and detailed comparisons and observations made from live plants and herbarium specimens
Materials and methods

For this study we examined 160 herbarium specimens from across the nativefrange
North AmericarHumulus with a focus on areas of geographic overlap in order to find potential
hybrid zones. The samples included 12 jagponicus 56 var.lupuloides,29 var.lupulus 26 var.
neomexicanysand 37 varpubescend?lant material for this study was examined from the
following herbaria: BHSC, BUT, CS, CSCN, ILLS, ISC, MONT, NEB, NY, RM, and, UpeT
specimens were examined from the digital collections of PH and RM. This mateaddition
to field collections (collected in August and September 2011 adjacent to the cltyemefand
Boulder, Colorado, U.S.A.), were used to make observations and measurements of
morphological features for the illustrations, diagnoses and the dichotomous keydnwilve
this revision. The materials examined in this study encompass and e¢kpajebgraphic range
of previous systematic studies on North Ameriemulus This expanded sampling allowed us
to test the robustness of previous morphological diagnoses in Small (1978), and Reeves and
Richards (2011). Illustrations were produced using Adobe lllustrator CS5 (Adstenfsyinc.,
San Jose, Calif.) from photographs taken using a Canon EOS 40D digital SLR (Canon U.S.A.,
Lake Success, N.Y.) mounted on a Visionary Digital BK Lab System (Visiddigital,

Palmyra, Va.). Species descriptions &l taxa follow the order indicated in Judd et al. (2008).
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In addition to our morphological observations and measurements we conducted a
literature review of previoudumulusstudies that either directly or indirectly tested the
distinctness oHumulustaxa by collecting data at various taxonomic levels proposed for
Humulus The studies include a variety of data types including fossil, cytogenetic,ulanlec
phytochemical and ecological. The data from these studies were used to @itraaticoor
support the recognition of three North American species and/or a North Ameneagé
separate from a European lineage. The results from this review wereempl Table 1 for
comparison.

Results and discussion

Diagnoses of North American hops have bleased mostly on vegetative characters (e.g. Small
1978).Humulus pubescermdH. lupuloidespossess four or fewer leaf lobes wheitdas
neomexicanubas five or more leaf lobes that are sometimes further subdivided (Fi§s. 2.3
2.3A, 2.3A). Some early ssan immaturdHumulusleaves are without lobes and cordate in
shape, yet examination of the leaf venation pattern at an immature stage carmecfigate

lobing pattern (Small 1978). Preceding formation of lobes, immature leattesiedbmexicanus
have bur or more prominent side veins whereas thos¢ glubescenandH. lupuloideshave

two or fewer. We have observed that venation patterns are rarely necessaggtfiication, as
leaf-lobe formation often initiates soon after leaf expansion.

Trichomes on the abaxial leaf surfaces are useful in differentidiqmubescend.
neomexicanysandH. lupuloideswith H. pubescenpossessing a greater density of trichomes
on the midrib (> 100 per linear cm of midrib) and between leaf veins (Fid3, 24D, 2.5D).
Rarely,H. neomexicanusdividuals have been found to possess somewhat dense pubescence on

their abaxial leaf surface, but remain distinguishable tbmubescenandH. lupuloidesin
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having five—lobed leaves and a dense concentration of glar&fsper crf) on the abaxial leaf
surface (Figs2.3D, 2.4D, 2.5D; Small 1978).

The phylogenetic analyses conducted by Reeves and Richards (2011) using 555
Amplified Fragment Length Polymorphism (AFLP) loci were consistent witlvahietal
designations (Small 1978) for North Ameriddamulus(Fig 2.1). In addition to the recent
inferences made by Reeves and Richards (2011) using AFLPs, evolutioatonsélips within
Humulushave been examined in the following studies: Muraketrai. (2006) using ncear and
plastid sequence data; Basdilal. (2008), Stajneet al. (2008), and Jaksst al. (2011) using
genic microsatellites; and Howaedl al. (2011) using diversity arrays technology (DArT)
markers. All of these studies found that wild North American accessions m&eckgestinct
lineage from European and Asian accessiortduphulus Additionally, Bassikt al. (2008)
found that varneomexicanuand varlupuloidesformed distinct groupings in their neighbor—
joining analyses. Insufficient sampling among yarbescenslid not allow the authors to make
any conclusans regarding the distinctness of the yaimhescenineage (Bassiét al.2008).
From their moleculaiclock analyses, Murakami et §2006) inferred that ancestral migrants of
North American hops moved from East Asia into North America betweentO0467 to 0.69+
0.21 million years ago. But note that Murakahal (2006) did not employ fossil calibration
despite the existence of much older Eoddumulusfossil specimens from North America
(MacGinitie 1969) and Asia (Collinson 1989) bringing into tien there dates for ancestral
migration of hops into North America. The Florissant formation from which thd téssiulus
was found has been dated to 34.07 million years d&ag*°Ar radiometric dating methods

(Meyer 2003).

18



100

H. lupuloides
39 P

36

i| H. neomexicanus
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Figure2.1. Cladogram oflumulusspecies from AFLP analysis, adapted from Reeves and
Richards (2011). Numbers above the branches indicate bootstrap values for themtadies f
strict consensus of 43 equally optimal trees using 369 parsimony informatiy ekfaracters.
Root placement was determined using a stochastic Dollo substitution model. Nbegibershe
branches are cluster stability values determined from a hierarchical assigtfiteetne results
in a PCGMC analysis. Vertical bars at branch terminals are proportiorthle number of
individuals sampled.
Cytogenetic data from sequence tagged sites (STS) markers has demonsifréttedhiolecular
structure of the male sex chromosome in North Ametitamulusis distinct from that of
EuropearHumulusmale sex chromosomes (Danilova & Henning 2005). Ledifiterences for
sex chromosomes have also been previously noted beluseualusof North American and
European origin (Neve 1991; Haunold 1991; Shepaal.2000; Grabowskaleachimiak et al.
2006).

Employing phytehemical data, Hummer et #2005) found that vatupuloidesand var.

pubescenboth have fixed presence of Xanthogalenol and 4'-O—methylxanthohumol. European
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var.lupulushas been found to be fixed absent for these metabolites (Set\adrz000),

providing phytochemical evidence for the distinctness of North American from European hops
Patzak et al(2010) expanded on previous phytochemical studies by simultaneously analyzing
hop resins, polyphenols, and essential oils for wild and cultivated hops accessions fiom Nort
America and Eurasia. Through a PCA analysis of all chemical characteriatizak et al.

(2010) were able to clearly differentiate between wild North American &gsvild Eurasian
hops. Patzakt al.(2010) also employed STS andcnasatellite markers in combination with

the data from their chemical analysis to examine hops relationships at thelard®al and

found that in their cluster analysis (UPGMA-based on Jaccard’s simdagfficient) of 257
individuals that wild North American hops clustered by geographic origin, whadnsstent

with Small's (1978) varieties.

Along with performing molecular analyses to resolve the monophyly of Northigane
Humulusvarieties, Reeve& Richards (2011) performed niche modelinget@amine the degree
to which varieties might differ in their ecological adaptations. Resultstiiese analyses
indicate that the niche occupied by va@omexicanus quantifiably different from that ofar.
pubescenand varlupuloides In addition, seeral other workers have made note of the marked
difference in varneomexicanusollection sites versus those of the other two varieties (e.g.
Smithet al.2006).

Neve (1991) suggested that the recognitioH.cimericanusn the past was rejected by
later botanists because of the interfertility among hops taxa, implying adkdrethe biological
species concept (Mayr 1948) by taxonomists at that time. During cladesgehesemergence of
characteristics that will satisfy a given lineage criteria have no univedsa af emergence (de

Queiroz 1998). Specifically, when consideridgmulus,it appears that intrinsic barriers to
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fertility built up slowly even across multiple cladogenic events; crosseaithabis sativé.,

and the more distahirtica diocalL. andU. urensL. to H. lupuluselicited the development of
cones and abortive embryos (Neve 1991). Despite the apparently slow evolution of barrie
interfertility in Humulusand the Cannabaceae, Ree&eRichards (2011) in their AFLP analyses
foundno clearevidence of admixture between genetic clusters of wildneomexicanysar.
lupuloidesand varpubescensvarietyneomexicanuand varlupuloideshave been found to
hybridize with European valupulusyet no evidence of hybridization between vaubescens

and European valupulushas been found, despite regions of sympatry (Small 1980; Fig 2.2A—
C). Localized differences in phenology may explain the apparent reproductatsoisaifH.
pubescenfom its congenerfReevest Richards P11).

Additionally, as discussed by de Queiroz (2007) and Ellison et al. (2014), the formation
of a sterile hybrid between two separate lineages will not provide a connectmerdistent
geneflow or continue as a tigct lineage in itself. Genetic incompatibilities in the sterile hybrid
will ensure that this apparent linkage of the two lineages persists only foleag@ngration. As
de Queiroz (2007) noted, species are lineages that persist across gneaseates than a single
generation. Along with differences in phenology proposed by Reeves & Ri¢gaddsy, the
sterility of hybrids between North Americ&tumuluslineages could also be a mechanism by
which sympatric populations remain isolated over lonigee scales. Hybrid sterility has not
been tested for wild North Americ&tumuluslineages outside the context of agricultural
hybrids. However, sterilelumulushybrids have been found in nature and are especially
common between wild North American and European crosses likely due to chromosomal

interchange (Neve 1965).
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Figure2.2. Range maps for the North Ameriddnmulusspecies. AH. neomexicanugThis
species has been infrequently collected from locations in northern Mexico, gatéhe of its
range is not well documented and therefore not included in this mép)dBibesceng. H.
lupuloides

From this literature review no study was found that wholly refuted the siepaot
North AmericarHumulusfrom EurasiarHumulus Several studies (tabk1) did not have
conclusive results for separation of certain lineages because they did rattbell@ppropriate
data and/or analyze it in a way that tested for separation of the lineaggpleMlifferent data

types and analyses strongly support North Ameridamulusas a separatevolving lineage

from the Eurasian lineages. From these results a taxonomic designatianglifiem Small’s
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Table2.1. Summary of relevant studies and taxonomic revisions that provide evidence for drsagairetely evolvinglumulus
lineages.

€¢

Supportfar a seperately evolving ~ Support for a seperately evolving /. Support for a seperately evohing  Suppartfor a seperately evobing  Recomm end taxonomic

Study Data Type Nath AmericanLneage Heamexicanis H pubescens H lupuloides revision
Nurtal 1848 Maorphology Ves es NA NA ves
Gray 1857 Morphology Vesno es no no o
Nelsan and Cockerell 1903 Morphology ves es NA NA Ves
Rydberg 1917 Maorphology ves es NA NA ves
Davis 1937 Morpholozy Ves NA NA NA 1o
MacGmite 1969 and Meyer 2003 Fossil Radiom emic Ves NA NA NA NA
Small 1978 Merphology and Geography Ves es yes yes yes
Small 1981 Morphology and Geography yes NA NA NA NA
A Love &D. Love 1982 Maerpholozy Ves NA NA yes yes
Neve 1991 Cytogenetic (sex chromosome length diference) ves NA NA NA NA
Haunold 1991 Cytozenetic (sex chromosome length dfference) Ves NA NA NA NA
Shepard et al 2000 Cytogenetic (sex chromosome length diference) Ves NA NA NA NA
Stevens et al. 2000 Plrtochemical (HPLC-MS, 2 metabolites)  ves, except for H. neomexicanus  yes, from H. pubescens & H. ipuloides  ves, dfferent from Ewopean  yes, differentfrom Evropean NA
Danlova & Heming 2003 Cytogenetic (STS) Ves NA NA NA NA
Hummer et al 2003 Plytochemical (HPLC, § metabolites) Ves n part polymerphic ves, dfferent from Ewopean  ves, diferentfrom European NA
Smith et al 2006 Ecology (observaton) NA ves, from pubesens and lupuloides ves, from neomexicanus ves, from neamexicanus NA
Grabowska-Joachmiak etal 2006 Cytogenetic (sex chromosome length dfference) yes NA NA NA NA
Murakami et al. 2006 Molecular (Chloroplast and Nuclear DNAsequence) yes mconchisive (not drectly tested) meonchisive (not directytested)  inconchusive (not drectly tested) NA
Bassl et al 2008 Molecular (genic $8Rs) Ves es insufficient samplng Ves NA
Stamer et al. 2008 Molecular (S5R.s) Ves NA NA NA NA
Patzak etal 2010 Plrtochemical + Molecular (HPLC + §SRs) Ves Ves ves Ves NA
Reeves & Richards 2011 Molecular (AFLP) NA es yes ves yes
Reeves & Richards 2011 Morphology NA s yes yes yes
Reeves & Richards 2011 Ecology (riche modeling) NA ves, from pubesens and lupuloides ves, from neomexicanus ves, from neomexicanus yes
Howardetal 2011 Moleadar (DArT markers) yes mconchusive (not drectly tested) nconchisive (not directy tested)  inconchisive (not drectly tested) NA

Jakée etal (2011) Molecular (EST-55Rs) Ves NA NA NA NA




(1978) arrangement in which intraspecific groupings are split from a Eurépéapulusis
clearly needed to properly delimit the genetic, gapgic, morphological, ecological,
cytogenetic, and phytochemical variation in the North American taxa from thasi&o taxa. In
addition, the studies that sampled the North American varieties found that multgptgpmks
support the separation dfdse taxa as distinct lineages. Therefore the current systeomflus
lupulusvarieties is incompatible with current taxonomic practices, the findings from multiple
different studies, our own observations, and numerous different species conceptsigribkeidi
general lineage concept. The elevation of these varieties to species wdlepac@xonomic
system that more accurately defines the sepahateuluslineages across their Holarctic, and
within their Nearctic ranges. Further work is needed in wstdeding the diversity of the wild
EurasiarHumuluslineages (Stajner et al. 2008) and applying the appropriate taxonomic
designation thereof.
Taxonomic treatment
Humulus L., Sp. PI. 1028. 1753. (Lectotype: BM Savage Catalogue entry 1178.1)
LupulusTourn. Ex Mill. Gard. Dict., ed. 6. 1752.
Vine-like, rightward twining, herbaceous perennials or annuals, rhizomatous or taprooted. Stems
typically branched, 0.5-5+ m long (length often dictated by size of supporting veggtati
glabrate to densely pubescentwboth pilose and cystolithic, two—forked hairs, sometimes
tomentose at the nodes. Leaves opposite, petiolate; petioles typically twining,c2r1@1g,
pubescent with cystolithic, twaorked hairs; laminae simple, entire or often palmately lobed,
cordate, 315 cm long, with toothed margins, evidently veined, the abaxial surface gladrat
densely pubescent with both pilose and cystolithic hairs (either spinulose or two—forked)

sometimes glandlotted. Inflorescences on separate male and female plaresipus):
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staminate inflorescencexillary and/or terminal, cymose panicles;-26 cm long, with (10
20-100+ small flowers; pistillate inflorescences axillary, spikes or shedicellate racemes,
flowers paired or solitary, subtended by bracts and bracteoles. Infructesgamdulous, cone—
like due to closely appressed bracts, (1-) 1.563 ¢ long, pale yellow to green; achenes
enclosed in a lobeless, persistent calyx, terete or lenticeam long, yellowish to yellow
brown.

Key to the native and naturalizedNorth American species oHumulus: introduced species

are indicated with an asterisk.

1. Petiole as long as or longer than lamina of leaf; pubescence on the aberoékisalleaf

midrib consisting of stiff spinulose trichomes H*japoricus

1. Petiole shorter than lamina of the leaf; pubescence on the abaxial side ahkeaiage up of

soft silvery trichomes... 2.

2. Glands on the abaxial leaf surface with fewer than 20 glands pet&io 25 hairs per linear

cmon the abaxial surfacef the leaf midrib; nodes weakly pubescent..tupulus

2. Glands on abaxial leaf surface greater than 25 glands peB@o 50+ hairs per linear con

the abaxial surface of the leaf midrib; nodes with dense silvery pubescence... 3.
3. Most leaves possess 5 or more lobes; glands on abaxial leaf surface iroE30gssr
cn? ... H. neomexicanus

3. Most leaves possess 3 lobes or remain unlobed and cordate, rarely leaves of 4 fobed;are

glands on abaxial leaf surface fewer than 30 pér.cr.
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4. Abaxal surface of leaf midrib with more than 100 hairs per linear cm, these haaezis

and silvery, abaxial surface of leaf evidently pubescent between véingpubescens

4. Abaxial surface of leaf midrib with 20 to 75 hairs per linear cm; these hasedycappressed
to the midrib, abaxial surface of leaf sparsely pubescent or glabrous betsves...H.

lupuloides

1. Humulus neomexicanuqA. Nelson & Cockerell) Rydb. stat. rev. Proc. Biol. Soc. Waséh.
45 1903 (Figs. 2.1AD, 2.5A) Type: U.S.A. New Mexico: Beulah, Aug. 190B8D.A.

Cockerell 14 (Holotype RM, photograph!).

Perennialswithout tendrils, rhizomatous and substantially taprod@éeinssometimes > 5 m
long, variously pubescent, with white to silver trichomes that sharply incredsesity around
the nodes and form a transverse line of tomentum subtending, and within the axil, of the
interpetiolar stipules; interpetiolar stipules + deciduous, splitting along ceainal with age,
0.5-1.5 cm, apex acute or rarely acuminate, with [fnraenation.Leavespetiolate; petioles-38
cm long, pubescent with both pilose hairs as well as prominent cystolithic, two—forkedhea
latter often linearly arranged;-80 per linear cm, < 2 mm long, opaque and brown to dark green
below, transparent to amber above; laminae mostly deeply 5-lobed and sometimes furthe
subdivided, the central sinusesB%m deep, occasionally smaller lamina¢oBed, or rarely
without lobes, 7—-15 cm long and 8—-20 cm wide at widest point, bases deeply cordate, the
margns dentate with-24 mm long teeth, apices acuminate, the abaxial surface-glatied

with >30 glands per cfrand with 5 evidently raised primary veins, the midrib with > 25 closely—
appressed hairs per linear cm, secondary and tertiary veins terminatiagunimate, marginal

denticulations.Staminate inflorescencesillary or rarely terminal, cymose panicld$-20 cm
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long, with 50-100+lowers subtended by light brown bracts 2-10 mm long, often present at the
point of secondary panicle branchipgdicels £6 mm long;perianthcomprised of a single
whorl of 5 distinct lobes; lobes elliptic to ovate, the margins ciliaté,r8m long, apices
rounded to acuminate, light green to yellowish, becoming lighter near the margirs;gnibe
anthers basifixed, with a distinct line of yellow glands along the abaxialce of the
connective, dehiscing along longitudinal sutuRstillate inflorescenceaxillary, short—
pedicellate racemes;-2 cm long, burlike at anthesis, with 250 pairedlowerssubtended by
prominent yellowgreen bracts; styles deciduous, 5-8 mm lanfguctescence$—5 cm long
with closely appresed bracts subtending the fruit; bracts ovate to elliptcin long and
approximately half as wide at fruiting, apices rounded to acuminate, browrtingge, loosely
enveloping the achene at the base and forming a wing about the fruit; achenetemteidy
subterete, 35 mm long, cream to brown.

Phenology —Flowering and fruiting from the end of July to early October.

Distribution and habitat— Most closely associated with the Rocky Mountain Cordillera
of western North America into northern Mexico, with some scattered colediiom the north—
central Great Plaing=(g. 2.5A). Mostly allopatric although its range overlaps with th&t.of
pubesceng eastern Nebraska and South Dakota and with thdt lofpuloidesin Nebraska,

North and South Dakota, Montana, and Wyoming (U.S.A.), Saskatchewan, Manitoba (Canada),
and found in a few locations in northern Mexico.

Humulus neomexicanase Found growing amongst rocky outcroppings and vegetation
in mountain canyons or within riparian forest thickétsquently ceoccurring withAcer
negundd.., Clematis ligusticifoliaNutt., Prunus virginianal., and species dfeltisL., Populus

L., Prunus andSalixL. from 300 — 3000 meters above sea level (m.a.s.l.).
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Figure 2.3Humulus neomexican#s Stem and leaves B. Male inflorescence C. Female
inflorescence D. Detail of abaxial leaf surface and central vein. Scale-Har=4& cm, D

cm.
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Representative specimens examired.S.A. Colorado: River flats, 23 August 1882, Walter
803(CS); Boulder County, 2 miles NW of Lyons along Hwy 36, 8 October 201R.
Tembrockl1-01(CS); Boulder County, 80 meters E of South Boulder creek on S side of
Baseline Rd., 8 October 2011,R. Tembrock1-02(CS); Chaffee County, 3 miles S of Poncha
Springs, 14 July 196H. D. Harrington9600(CS); Chaffee County, near Hwy 285 3 miles S of
Poncha Springs, 6 September 2@4Shermar24 (CS); Gunnison County, ~7 miles NE of
Gunnison, 6 August 1960, Barrell 185-60(CS); Huerfano County, 10 miles west of
Walsenburg along CO Highway 69, 17 July 1982(G. Walte0139(ILLS); Jefferson County,
east of Morrison, T5 S, R 69 W, sec. 6, 14 July 18%hradian72—269(CS); Larimer County,
30 miles N of Fort Collins in Haigood Canyon, 11 August 1$5@. Harrington4768(CS);
Larimer County, Redstone canyon W of Fort Collins, 8 August 194B, Harrington608

(CS); Rio Blanco County, 0.75 miles ESE of junction of Deer & Davis gulches, 27 August 1982,
W. Baker & T. Nauman82—-350(CS); Montana: Lewis & Clark County, 5 miles above Craig on
Missouri river, 29 July 190@. W. Blankinshif®12003(MONT); Petroleum County 34 miles N
of Roundup in wooded ravines, 23 July 1988W. E. BootlD46120(MONT); Stillwater

County, Absarokee, 18 July 1912LH. Hawkins033418(MONT); NebraskaHooker County,
near forks of Dismal River, 3 July 1898.A. Rydberd539(NEB); Cherry County, Valentine
National Wildlife refuge, S side of Dad'’s Lake, 28 June 260&;. Steinaue2730(NEB);

Stanton County, Wood Duck Wildlife Management Area, 3 August 1R9B, Steinaue629
(NEB); Lancaster County, N of the entrance to Reller Natural History Restarah19
September 199@. RolfsmeieB064(NEB); New Mexica Taos County, 7.8 miles S of Amalia
on Costilla Creek, 15 August 1978, H. & P. K. Holmgren7208(KANU); North Dakota

Bottineau County, near Strawberry Lake, 18 July 1%/ %. Larsor8134(NEB); South
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Dakota: Lawrence County, Little Spearfish Canyon, 19 August 1242, BennetB28 (BHSC);
Lawrence County, SSW of Rod & Gun Campground along Forest Rd. 222, 15 September 2003,
S. J. & S. B. Rolfsmei&49 (BHSC); Wyoming Albany County, ~1.5 miles NW of Woods
Landing, in Lake Owen Creek Canyon, 17 August 18/B, & L. Nelsorl915(KANU);
Washakie County, Foothills of Bighorn Mountains, in Tensleep Preserve, 22 Aug®2005,
Busemeyer et a2447(ILLS); Washakie County, foothills of Bighorn Mountains, in Tensleep
Preserve, union of Canyon & Cooks Creeks, 18 June 2004, Phillippe et al36913(ILLS);
Washakie County , foothills of Bighorn Mountains, in Tensleep Preserve, union of Canyon &
Cooks Creeks, 24 August 20@5,R. Phillippe et al37967(ILLS).
Notes—Nearly all leaves on the plant are palmately lobed with 5 or more deeply cleft
lobes (Fig. 1A). Leaf dissections nearest the midrib often surpass the midpbmiexft
Smaller leaves, less than 5 cm in length, sometimes only possess 3 lobes, howeveamor
three veins branching from the midrib are evident in these cases. Few if ahgdinbrdate
leaves are@sent on plants. Abaxial surface of leaf midrib comprises at least 25 closely
appressed trichomes per linear cm. Glands between veins on the abaxial surfaae occur
densities of 30 per chor often greaterig. 2.1D); other plant parts also possessrsele
covering of glands.
2. Humulus pubescengE. Small) Tembrock, stat. nov. Syst. Bot. 3:37-76 1978. (Figs. 2.2 A —
2.2 D & 2.5 B) Type: U.S.A. Missouri: Buckner, Low woods, 27 Sept 1912, B.F. Bush
6956 (Holotype GH, photograph!, isotypes MO, NY! arfal)J
Perennialswithout tendrils, rhizomatous and substantially taprod@éeinssometimes > 5 m
long, variously pubescent, with white to silver trichomes that sharply incredsasity around

the nodes and form a transverse line of tomentum subtending, and within the axil, of the
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interpetiolar stipules; interpetiolar stipules + deciduous, splitting along ceatnal with age,
0.5-1.5 cm long, apex acute or rarely acuminate, with parallel venation, pubkseses

petiolate; petioles-3L0 cm long, pubescent with both pilose hairs as well as prominent
cystolithic, twe-forked hairs (especially abundant on upper half of petiole; AQ)2the latter
often linearly arranged, 5-20 per linear cm, < 2 mm long, opaque and brown to dark green
below, transpeent to translucent above; lamina@obed and cordate or mostly @+) lobed,

the central sinuses-3 cm deep, dark green with shallow, lighter green ridgds3 6m long and
6—20 cm wide at widest point, bases evidently cordate, the margins dentate with 2—4 mm long
teeth, apices acuminate, the abaxial surface evidently pubescent between th@&ngtisom

raised primary veins, the midrib with > 100 white to silvery spreading hairgpar km,
secondary and tertiary veins terminating into acuminate, marginal denticul&tansnate
inflorescencesaxillary or rarely terminal, cymose panicles;-28 cm long, with 50-100+

flowers subtended by brown bracts 2—10 mm long, often present at the point of secondary
panicle branching; pedicels-@ mm long; periath comprised of a single whorl of 5 distinct

lobes; lobes elliptic to ovate, the margins ciliate4 2am long, apices rounded to acuminate,

light green to yellowish, becoming lighter near the margins, pubescent; ardkérsed, with a
distinct line of ellow glands along the abaxial surface of the connective, dehiscing along
longitudinal suture<Ristillate inflorescences axillary, shgpedicellate racemes;-2 cm long,
bur-ike at anthesis, with H50 paired flowers subtended by yellayween bracts; gles

deciduous, 5-8 mm longnfructescence&—5 cm long, with closely appressed bracts subtending
the fruits; bracts ovate to elliptic;-2 cm long and approximately half as wide, apices rounded to
acuminate, browning with age, loosely enveloping theraela¢ the base and forming a wing

about the fruit; achenes ovoid, terete to subterete, 3-5 mm long, cream to brown.
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Phenology—Flowering and fruiting from midAugust to early October.

Distribution and habitat—Mainly occurring in the central MidwestethS.A. (Fig. 2.5
B). The range oH. pubescensverlaps with that dfl. neomexicanum its westerarmost
distribution and with that dfl. lupuloidesthroughout the northern portion of its range.

Found growing on vegetation in moist lowland and ripamaadt thickets, frequently
co-occurring withSambucus nigré., Viburnum lentagd.., and species dteltis, ClematisL.,
FraxinusL., Salix andQuercusL., 0-1000 m.a.s.l.

Representative specimens examiretl.S.A. lllinois. Crawford County, 0.3 mileS of
lllinois Rte. 33,S. R. Hill27588(ILLS); Jo Daviess County, Floodplain of Mississippi River at
the Savanna Army Depot, 23 August 1996R. Phillippe et al28124(ILLS); Mason County,
2.5 miles W of Easton in Tomlin Timber Nature Preserve, 14 August 2063,Phillippe36019
(ILLS); Vermilion County, at Collison Seeps in Middle Fork Fish & Wildlife aré6 July
1991,M. J. Morris et al. 8941LLS); Woodford County, 2 miles S of Spring Bay & 0.75 miles
W of lllinois Rte. 26 in Spring Bay Fen Nature Preserve, 6 September20R6Phillipe & J.

E. Ebinger39174(ILLS); lowa: Adair County, NW corner of Pioneer Cemetery, 6 September
1999,M. J. Leoschke & C. Kerd024(lA); Davis County, 1 mile W of Floris on the Hill Culture
Exp. Farm, 1 October 1938, Hayden9151(l1A); Hamilton County, public hunting area on Big
Bear Rd., 1 September 2001,D. Thompsod31052(IA) Jefferson County, Center township,
sec 25, 7 September 1935, L. Gilly 2887 (1A); Johnson County, Newport township, sec. 14,
near old cemetery, 10 September 1356W. Pfeifer64123(1A); Lucas County, English

township, SW % of sec. 19, 4 September 198Probascd 19(lIA); Page County, Wabash
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Figure 2.4.Humulus pubesces Stem and leaves with male infestence B. Female
inflorescences in early antithesis C. Female infructescence D. Detail of abaksuitface and
central vein. Scale bar: A&B=6cm,C=3cm,D=0.5cm.
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Trace Nature Trail, Grant Township, sec 21, 17 August 1B8®%/ilson & J. MaheB458(lA);
Palo Alto County, Highland township, sec 5, 30 September ¥48ayden/358(1A), Story
County, moist ground near Ames, Franklin township, sec. 26, August A9Bayder2227 &
2228(1A); Washington County, 4 miles W of Wellman, 15 September 1B5B, Wagenknecht
1233(I1A); Winneshlek County, low roadside bordering Canoe Creek, 16 August 969,
Hartley 8371(1A); Indiana: Boone County, 10.4 miles NW of Royalton, 11 September R943,
C. Friesnerl7948(BUT); Hancock County, 0.8 miles E of Maxwell, 5 August 1924C.
Friesner18368(BUT); Parke County, 2 miles SW of Grange Corner, 16 August 1R32,
Buserl1499(BUT); Tippecanoe County, near state Rd. 5—-6 miles N of Lafayette, 16 September
1941,C. M. Ek60123(BUT); Michigan Washtenaw County, October 19%4,H. Evenson
016767(MONT); Missouri: Christian County, 1 August 1826W. Blankinshi®12000

(MONT); Livingston County, fencerow 3.8 miles N & 7 miles W of Chillicothe, 3 Saptr
1950,S. Sparlingg27 (1A); Livingston County, fencerow 4 hes N & 1.7 miles W of
Chillicothe, 14 August 195@. Sparlingd33& 438(IA); NebraskaCass County, along railroad
tracks near Cedar Creek, 16 July 19B84,. Morrison1244(NEB); Richardson County, on
Rulo—White Cloud Road, T 1 N, R 18 E, sec 26, 12 September RO®BAjldneciC-7114

(ILLS); Richardson County, on west shoulder of Rulo—White Cloud Rd, 12 SeptembeP1974,
ShildneckC—7094(KANU); Seward County, W of Branched Oak Lake, 4 September 1088,
Kaul 5510(NEB); Stanton County, Wood Duck Wildlife Management Area, 3 August 1999,
F. Steinaue630 (NEB); Washington County, 8 miles N of Arlington, in woods along Bell
Creek, 8 October 193@,. L. Lallman170842(NEB); Ohio: Ashland County, 0.75 miles S of
Mifflin near Rd., 15 September 1979, T. Jone80667(MONT); Pennsylvaniamid-1800’'s,A.

Chapman(US); Virginia: 1877,L. F. Ward(US); Fauquier County, Western slope of Bull run
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Mountains, ¥2 mile north of Thoroughfare Gap, 10 September 239, Allard 7384US);
Western slope of Bull run Mountains, thickets along railroad at Beverly Mill, 28i1gtup42,
H. A. Allard 10351(US); Loudoun County, vicinity of Purcellville on fence near creek, 10
August 1960E. J. Hambleton 20€US); vicinity of Purcelville on fence near creek, June 1955,
E. J. Hambleton 308JS).

Notes—Plants most often with a mixture of lobed and unlobed leaves, lobed leaves are
palmately lobed with 3 or fewer lobes (Figs. 2.2 A, B). The dissections of the lobed tdten
do not surpass the midpoint of the leaf. Unlobed leaves possess no more than 3 veins branching
from the midrib. Abaxial surface of leaf midrib with more than 100 trichomes per tnga
these trichomes mostly spreading and silvery in appearance (Zig). Leaves pubescent
between leaf veingjlands present, most parts of the plant strongly pubescent.

3. Humulus lupuloides(E. Small) Tembrock stat. nov. Syst. Bot. 3:37-76 1978. (Figs. 2.3A—
D, 2.5 C) Type: U.S.A. Maine, Aroostook County, along the St. John River, alluvial thicket,
Allaguash Rantation, 11 Aug 1893, M.L. Fernald 96 (Holotype PH photograph!, Isotypes F,
MO, NY!, UC, US)).

Humulus americanullutall Proc. Acad. Nat. Sci. Philadelphia 4 (Mar.—Apr.): 23 184%e:

W. Gambel, 0927462Lectotype PH photograph!); lectotype designated by E. Small (1978).
Humulus lupulusubsp americanugNutt.) A. Love & D. Lve Taxon 31: 121 1982.
Perennialswithout tendrils, rhizomatous and substantially taprooted, with aerial branches
sometimes arising from rhizomes. Stegsometimes > 5 m longaviously pubescent, with
transparent to silver trichomes that increase in density around the nodesnaadransverse
line of tomentum subtending, and within the axil of the interpetiolar stipules; interpetiola

stipules £ deciduous, splitting along central veins with age, 0.5-1.5 cm long, apicesracute
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rarely acuminate, with parallel venation, pubescéetvespetiolate; petioles-8 cm long,
pubescent with both pilose hairs as well as prominent cystolithic, two—forked haiedfehe |

often linealy arranged, rarely exceeding 10 hairs per linear cm, < 1 mm long, opaque and brown
to dark green below, transparent to translucent above; laminae unlobed and cordée)or 3—
lobed, the central sinuses 3—6 cm deep, dark green with shallow, lighter green ridges) 5-16 ¢
long and 5-18 cm wide at widest point, bases deeply cordate, the margins dentatd with 2—
long teeth, apices acuminate, the abaxial surface sparsely pubescent or ¢letweas the 3
evidently raised primary veins, the midrib with 20—75 mostly appressed hairs percinge
secondary and tertiary veins glabrous and terminating into acuminate, marginalldgons.
Staminate inflorescencexillary or rarely terminal, cymose panicles;-20 cm long, with 50—
100+flowerssubtended birown bracts 2—10 mm long, often present at the point of secondary
panicle branching; pedicels-@ mm long; perianth comprised of a single whorl of 5 distinct
lobes; lobes elliptic to ovate, the margins ciliate4 2am long, apices rounded to acute, light
green to yellowish, becoming lighter near the margins, weakly pubescentsdrdakiixed, with

a distinct line of yellow glands along the abaxial surface of the connecthiscithg along
longitudinal suture<Ristillate inflorescencesxillary, short-pedicellate racemes-2 cm long,
burike at anthesis, with H50 pairedlowers subtended by green to yellow bracts; styles
deciduous, 5-8 mm lon{nfructescence&—5 cm long, with closely appressed bracts subtending
the fruits; bracts ovate to ellipti®.7—2 cm long, apices rounded to acuminate, browning with
age, loosely enveloping the achene at the base and forming a wing about theHangs ovoid,
terete to subterete-8 mm long, cream to brown.

Phenology— Flowering and fruiting from the end of July through September.
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Distribution and habitat —Mainly found in the Great Plains of the northern U.S.A. and
southern Canada with some occurrences in the northeastern U.S.A. and southeasti&n Ca
(Fig. 2.50).

Found growing on vegetation in moist lowland and riparian forest thickets, often co—
occurring withUImus americand.., Vitis riparia Michx. and species &cerL., Celtis and
Salix 0-1000 m.a.s.l.

Reoresentative specimens examiredCanada. Manitobaver a ruined building in The
Pas,  August 1960W. Krivda 2232ZNY); Newfoundland: Osmund, mouth of little barachois
brook, 1 September 196, Rouleau 737QUS); Nova Scotia: Pictou County, East river, 25
August 1906C. B. Robinson 51@\Y); Frontenac County, Barrie Township, Concession 15,
Mazinaw Lake, Bon Echo, in open woods, 12 September 1952, Gillett 7230(NY);
SaskatchewarDistrict D’ Assinibola, 10 miles south of Gainsborough, in forest, 5 September
1960,B. Boivin 1401§NY); U.S.A. ConnecticutThe vicinity of Green’s fan, 16 August 1894,
C. L. Pollard 228US); lllinois: Fayette County, Dean Hills Nature Preserve, in
floodplain of Beck’s Creek, 12 October 2000, A. Feist789(ILLS); Marshall County, T 29 N,
R 3 W, sec 35, along Cow Creek, 23 September 2008yucker78 (ILLS); Vermillion
County, 1.3 miles NE of Collison near Kinney Ford Seep, 16 August ML, Morris et al.
917(ILLS); Indiana: Cass County, along railroad near Galveston, 16 August@Q9NR Ek
65060(BUT); Elkhart County, along railroad west of Elkhart, 2 September 194, Ek
63867(BUT); Howard County, 2 miles NW of Kokomo, 12 August 19G6M. Ek49369
(BUT); Huntington County, 8 September 19€1,M. EK57640(BUT); Huntington County, 1
mile N & 1 mile E of Monument City, 18 Septemb&48,R. C. Friesne22510(BUT); Marion

County, 0.3 miles S of 35St Indianapolis, 10 September 1983,C. Friesnefl8131(BUT);
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Figure 2.5.Humulus lupuloideé. Stem and leaves with female inflorescence B. Male
inflorescences C. Typicaldé morphology (similar té1. pubescersD. Detail of abaxial leaf
surface and central vein. Scale bar: A&B=3cm,C=5cm, D =0.5cm.
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Porter County, ditch along Hwy 49, 10 October 1SR Heinemanb41 (BUT); Randolph
County, 4 miles S of Farmland, 29 July 19€4C. Dean63030(BUT); lowa: Hamilton
County, 100 yards S of the entrance to Boone Forks Public Hunting Area, 22 Septembér 2001,
D. Thompsod39284(IA); Hamilton County, Nesse Pioneer Cemetery, 2 August 2D,
Thompsom31228(IA); Jones County, Jackson township, sec 16, NW ¥, 1R48, Browr324
(IA); Lyon County, Sioux township, sec 18, 12 August 1954E-. Thornel4684(1A); Monroe
County, 5 miles SW of Albia, 27 September 1998,J. Leoschk&905(IA); Sioux County, on
Rock River, 21 August 1958, L. Carter1979(lA); Maine Aroostook County, Alluvial island,
Seven Islands, Township xiii, Ranges 14 and 15, 24 July ¥21St, John & G. Nichols 2277
(US); Alluvial thicket, Allaguash plantation, 11 Aug 1898L. Fernald 96(NY);
Massachusett®antucket County, beyond outskirts of town, 11 August 1B0€. Bicknell
3675(NY); Maryland Baltimore County, banks of Jones River, near Baltimore, apparently
indigenous, 14 August 187Blorong(NY); Michigan Houghton County, on Otter €gk near
Otter Lake, 6 September 1965, A. Bourdo, Jr12256(NEB); Kent County, NE corner of the
intersection between Rusco St and Fruit Ridge Ave, 26 August E988, Smithd413(KANU);
Wayne County, Chocolate river, Lake Superior, 13 August 186Gjllman (NY); Minnesota
Clearwater County, Tannist camp, Itasca state park, 23 AugustMI9P9Grant 3134NY);
NebraskaDawes County, 3.2 miles S & 4 miles E of Chadron on Bordeau Rd., 15 September
1977,P. Theobaldl07 (CSCN); Keya Paha County, on Turkey Creek 4.8 km E of Norden, 7
July 1983,S. P. Churchil& J. Suttiel2465(NEB); Madison County, Highland precinct, 31
August 1986,). J. Duhachet68(CSCN);New HampshireGrafton County, Sugar Hill, August
1888,A. M. Vail(NY); New York Montgomery County, Amsterdam, 2 August 1864 ,H.

Leggett(NY); Richmond County, Pleasant Plains, 14 September 2935, & N. L. D.(NY);
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Sullivan County, Cochecton, August 1888,L. Britton(NY); Westchester County, White
Plains, 18620. R. Willis(NY); Ohio: Cuyahoga County, Clevelanéliphonso WoodNY);
Pennsylvania: Chester County, Banks of Brandywine Ci&kell. CanbyNY); Lancaster
County, In the vicinity of Smithville, 12 September 1891K. Small(US); Susquehanna
County, In rocky thickets at bridge over east branch of Lackawanna River, 13 Jul\s1850,
Glowenke 1141{NY); Washington County, Chartiers Creek bottom, 20 August 1859,
Brewer 11(US); South Dakota: Perkins County, T 13N, R 13W, sec 11, along Deep Creek, 6
September 1993, McTighe53 (BHSC); Lawrence County, 15 miles SW of Spearfish, near
Roughlock Falls, 22 July 1966, Stepheng549(KANU); Lawrence County, in Spearfish along
fence, 10 September 1933]..B.328(BHSC); Vermont: Southern Vermont, 19 August 1898,
H. E. Day(US); Virginia: Fauquier County, Western slope of Bull Run Mountains, scrambling
over alders at bridge, 1 mile north of Hopewell gap, 29 August 193X, Allard 3629US);
Western slope of Bull Run Mountains, Thicket along railroad above Beverly Mill ugdigt
1937,H. A. Allard 10365US); Wisconsin: Juneau County, Camp Douglas, 14 July 1B9A,
Mearns 605US); Manitowoc County, Two Rivers, 1 October 1886Gillman(NY).

Notes— Plants often with a mixture of lobed and unlobed leaves, lobed lesves
palmately lobed with three or fewer lob&sgs.2.3A,B), very rarely leaves with four lobes are
found. Abaxial surface of leaf midrib with 20 — 75 mostly appressed trichomes perclinea
Pubescence lacking between primary leaf veins on the abaxial surface of the leafpggardt
but less dense than &h neomexicanusiumulus lupuloideshares both morphological and
AFLP (Reeves and Richards 2011) character statds mfibescenandH. neomexicanubut the
character states are never foumthe combinations presentkhpubescensr H. neomexicanus

Specifically,H. lupuloidedss diagnosable from the combined absence of five lobed leaves and
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pubescence between veins on the abaxial surface of the leaves. We found three sffetimens
we suspect might be hybrids between Wapulusand varlupuloidesgiven they did not
completelyadhere to our description of leaf midrib hair numberdnifupuloides.This finding

IS not surprising given the over 400 years of commercial hops produrctibe native range of

var. lupuloidesproviding opportunities for chance hybridization (Small 1978). The putative
hybrids areCanada. Manitoba: Melita, along Graham Creek in thicket, 15 August \N25B,

Dore & A. J. Breitung 12636MA.S.A. Minnesota: St Louis County, Back fence of a cottage, Sec
19, uncommon, Duluth, 12 August 198&) akela 170ZNY); New York St. Lawrence County,

roadside, 20 August 191@, P. Phelps 388US).
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CHAPTER 3: EMPIOYING GCG-MS AND TWO-STAGE DERIVATIZATION TO ASSAY
FOR CATHINE AND RELATED STIMULANT ALKALOIDS ACROSS THE

CELASTRACEAE

Summary

Catha eduligqgat, khat, mirra) is a woody plant species that is grown and consumed in
East Africa and the southern Arabian Peninsula for its stimulant alkaloidslKdieids
responsible for the stimulant properties are cathinone, cathine, and norephedseealkaleids
are structurally and pharmacologically similar to amphetamima&é Celastraceae species, in
addition to gat, have been cited as stimulants in ethnobotanical lieeraéaves of all three of
these species are chewed or made into a tea to alleviate fatigue and hunger. Riegarigiic
reconstructions place the gendéiicassing CassineLauridia, andMauroceniain a clade sister
to Catha edulisand are thus primary candidates for possession of cathine and related alkaloids.
Any species containing cathine and/or cathinone is of concern to drug—regulatiortiagthori
given the controlled status of cathine and cathinone in numerous countries. Heigsuegrom
43 Celastraceaspecies was extracted using an aquealksaline solvent followed by an organic
extraction in MBTE (methyl tetbutyl ether). The extract was derivatized in a-t8tage process
to provide accurate detection and quantification of trace levels of cathine aed edkatioids
using gas chromatography coupled with mass spectrometry. Cathinonee catiu
norephedrine were not detected in any of the 43 Celastraceae species assaywh@htra
edulis However, we did identify the phenylalasi or tyrosinederived alkaloid
phenylethylamine iBrexia madagascariensi€rossopetalum rhacomaauridia tetragona

andPolycardia liberia An unknown compound with a similar profile was also found in
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Crossopetalum rhacoma, Gymnosporia senegalensis, Lauridia tetragona, Polycardia liberia.
Lastly nine species, includir@assine schinoidesvere found to be enriched for numerous sterol
and terpendike compounds that in some instances (e.g., THC and Salvinorin A) can have
psychotropic action.
Introducti on

The plant family Celastraceae contains many phytochemicals with bioactivitglimg
insecticides, anticancer agents, antibacterial compounds, diaifbetic drugs, and ceal
nervous system stimulants.g.,Briinning& Wagner 1978; Yoshikawet al.1997; Spivey et al.
2002; Lépez et al. 201 Catha eduligs the only species in Celastraceae that is cultivated
specifically for its stimulant alkaloids. Qat (as it is commonly known aneéctyrtransliterated
from Arabic; Varisco 2004is mainly cultvated and/or collected from the wild and consumed in
Ethiopia, Israel, Kenya, Somalia, Tanzania, Uganda, and Yemen. Qat is gecwrallmed by
chewing the fresh young leaves and shoots followed by ingestion of the liquid constitlibe
young shootips of gat contain the following stimulant alkaloids:-¢athinone (Fig. 3.1A),
hereafter cathinone (United Nations Narcotics Laboratt$y5; Schorno &teinegged979;
Szendreil980) (1R,2S)-norephedrine, hereafter norephedrine; and (1S,2S)-norpseudoephedrin
hereafter cathine (Fig. 3.1B; Wolf&930). Cathinone is thought to be anywhere from 20% to
equipotent in central-nervousystemstimulant action to that of amphetamiméefeuet al.
1983; Glennon 1986hile cathine is eight times weaker ingpimacological response than
cathinone (Glennon et al. 1984). Cathinone is a schedule I controlled substance in the United
States (US.) and cathine is schedule IBdpartment of JusticE988; 1993). The exportation of
gat from East Africa to Europe and the U.S. has been on the increase. For instance, U.S. gat

seizures in 1994 amounted to approximately 31,000 pounds, increasing to over 197,000 pounds
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H,N

Fig 3.1 Molecular structures of A) cathinone, B) luaie, C) amphetamine and D)
phenylethylamine.
by 2010 Drug Enforcemenfdministration2010).

The structural similarity of cathinone and cathine to amphetamine (Fig—&)LrAsults
in similar actions to the human centrarmous system as amphetamine (Patel 2000; Hoffman &
Al'Absi 2010) Physicakeactions to gat ingestion include euphoria, increased motor
stimulation, excitability, and ineased energy\ilder et al. 1994Kalix 1996:Nenciniet al.
1998). These effects of gat are attributed to cathinone’s action on dopamine amurserot
receptos in the brain (Glennon &iebowitz 1982;Babayaret al 1982Kalix 1984; 1988).
Cathinone is primarily concentrated in the yourayts and inflorescences of geitigevskiet
al. 2007). As shoots develop, the cathinone is converted enzymatically into cathine, which is
found in relatively high levels in mature leaves and stems (Krizevski et al.. Z08ifilar
pattern of alkaloid biosynthesis correlated with developmental stage of plenhasibeen
found inEphedra sinicdma huang)Krizevskiet al.2010),Menthax piperita (peppermint)
(Davis et al. 2005)andPapaver somniferurfopium poppy) Ziegleret al 2006). Due to the
rapid conversion of cathinone into the less potent cathine after harvest, qat dsaseate
perishable commodity and is usually consumed within tihoee days after harvest, with the
highest value bemngiven to the freshest leavet@bachewet al 2013).
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The only other species from which cathinone and cathine have been deteé&pheaha
gerardianaandE. sinica(Krizevski et al. 2010Grue Sgrense& Spensefl994) The presence
of cathinone and cathine in the geliphedrais a clear demonstration of convergent evolution
given thatEphedrais a gymnogerm rather than an angiosperm (Ste\v2®E?). In these
Ephedraspeces the pathway has further steps in which cathine and norephedrine are N—
methylated, yielding pseudoephedrine and ephedrine (Krizevski et al. 20didilar pathway
is expected to occur iBida cordifoliaandPinellia ternatagiven that ephedrine has been
detected in these speci@shioet al. 1978Shoyameet al. 1983) The presence of cathine in
relatively high levels in gat is likely due to the lack ofiéthylase enzymes, resulting in the
deposition of cathine in older gat tissues instead of ephedrine alkaloid€ @seitra(Krizevski
et al. 2007). Although cathinone and cathine are currently only known from a siggie@erm
species, similar phenethylamine alkaloids produced from comparable biosynthetiaysa
have been found in approximately 40 vascylanrt families and to a lesser degree in some
fungal and algal lineageSihith1977; Kuklin & Conger 199%Kulma & Szopa 2007).
Cactaceae and Fabaceae possess the greatest diversity of phenethylamingrgewithin
angiosperms, withophophora wilamsii (peyote) being a welknown example from Cactaceae
(Smith1977;Kulma& Szopa 2007). The phenethylamine alkaloids are biosynthesized from the
amino acid phenylalanine. As one of the 20 essential amino acids used in proteing|aheaeyl
is present in all plants. Therefore the presence of phenethylamine alkalpidstsindicates
the evolution of enzymes able to modify phenylalanine into alkaloids. The evolution of enzyme
able to convert amino acids into alkaloid precursors and alkaloids has been found to evolve from
duplication of genes coding for primary metabolic enzyrdse(& Hartmannl1999;Nakajima

et al 1993). Once these secondary metabolic pathways have evolved, diversification of end—
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product alkaloids is thought to occur from minor changes to enzymes in the pathway. This
diversification of alkaloid structures can be species— or even ecsepguafic(Ziegleret al
2009). As such, the presence or absence of different types of alkaloids have been useful
characters for chemosystematmab/ses €.g9., Gomeg Gottlieb 1980).

Despite active phytochemical research in Celastraceae, a systematic investigation t
identify cathinone and cathine as well as precursors and possible derivativekihasy¢o our
knowledge, not been undertaken in this family. Much of the phytochemical research in
Celastraceae has been focused on larger molecules, such as terpenoidseigivaigtie
structures and potaat as pharmaceutical products (reviewed in Sttaad 2013)We
hypothesized that cathimeuld be present in Celastraceae species otheCihita edulidased
on the following two reasons. First, previous studies (e.g., Sanense& Spensed 994
Caveneyet al. 2001) have found alkaloids in species closely related to the original taxon fro
which an alkaloid was initially described. For example, ephedype-alkaloids were initially
described frontEphedra distachy&Grue-Sgrensen &pensefl988) and subsequently described
from moreEphedraspecies as assays expanded to broader samptimg #ie genusGrue
Sgrense& Spensefd994;Caveneyet al. 2001). The phylogenetic reconstruction of Simmons et
al. (2008)places the generdlocassineCassineLauridia, andMaurocenia sister toCatha
edulisand they proposed that species in theseigeare the best candidates in which to assay for
cathine and related alkaloids. The second basis for the presence of cathineaoabldids in
Celastraceae is the ethnobotanical accounts of species in Celastraceae asidelfeomg gsed
as stinulants. Accounts from Xhosa and Khoikhoi cultures of South Africa mention the use of

Cassine schinoiddsaves to reduce fatigue, hunger, and tlfitéatt & BreyerBrandwijk 1962),
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while accounts from Canary Island cultures mention chewing the lea@grofosporia
cassinoideso alleviate fatigu¢Gonzélez et al. 1986).
Materials and methods

Chemicals and reagents Fhe reagents and solvents used in this study were obtained
from Sigma Aldrich (St. Louis, MO), Arcos Organics (Somerville, NJ), and F&tientific
(Fairlawn, NJ). The derivatization reagents used did not contain catalyssswitaghe
derivatizing reagent TMSI (trimethylsilylimidazole) containing the catalyst TMCS
(trimethylchlorosilane) produced additional derivatization artifacts theenon€atalyst
containing reagents. All water used in alkaloid extractions was purified usimi{-&M
(Billerica, MA) water filtration system.

Plant material— Samples for this study (Appendixl3 were selected from the
Celastraceae such that two genera in each major clade (identified fromptedegenetic work
conducted by; Simmons et al. 200@@ere extracted for alkaloids. The tissue used for the analysis
was from collections made as part of ongoinggSieiceae phylogenetic studies (Simmdred.e
2008; McKenna et al. 2011). All samples with the exception of freshly harvested tissue f
outgroup taxa were silica—gel preserved. Most tissue was from fully expkrades and had
not been stored longer than 10 yeérs possible that some salas would not possess
detectable levels of cathinone given their developmental. dtagevski et al. (2007)
demonstrated that cathinone in gat was found at diminishingly lower levels asdbesspively
sampled older nodes from the apical meristemlendathine levels increased. However, cathine
should remain stable for relatively long periods (Chappéle&2010) in older leaves, allowing
for the inference of cathinone in young fresh leaves based on the pathway fovreathi

biosynthesis presented in (Krizevski et al. 2010).
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Alkaloid extraction —Our extraction method was adapted from (Krizevski et al. 2007)
for extracting cathinone, cathine and 1-phenylpropaneatbj2e (PPD) from fresatha edulis
leaves. Leaf tissue was pulverized to a finegher by applying high speed reciprocation for one
minute to 2 mL plastic microcentrifuge tubes containing three 3.2 mm steel beads and
approximately 100 mg silica dried leaf tissue. Ground leaf tissue was sejiaoan the steel
beads, weighed, and transferred to glass tubes; three mL of water containing 5@ffegnaf c
per mL was added as an internal standard. The mixture was agitated for 45 atinotes
temperature and centrifuged at 55 rcf (relative centrifugal force) for Ad0tes. The superraait
was removed and transferred to glass tubes and 1.5 mL of 2N NaOH was added to dee-protonat
any alkaloids in the samples. Three mL of HRgde MTBE were added to the aqueous
extraction and vortexed for 30 seconds. The resulting biphasic mixture was gedtatt800
rcf for 8 minutes and the organic fraction removed and placed in a new glass tubegahie-or
aqueous extraction step was repeated, resulting in an approximately 6 nE-b4EBd solution
that was then dried under a gentle stream of nitrogen gas.

Derivatization— Our derivatization protocol was adapted from methods originally
developed by$pyridaki et al2001)for accurately detecting ephedrine alkaloids in the urine of
athletes screened in accordance with-daping regulations, andanieri & Ciolino(2008), who
extended these derivatization method for accurately quantifying epheltiaiads in herbal
medicines containingphedra sinicandE. equisetinaDerivatization was completed in two
stages immediately after samples weredlr The first stage of derivatization used 75ul of
MSTFA (N-methyl,NHrimethylsilyltrifluoroactetamide) and TMSI (trimethylsilylimidazole) at

a 10:1 ratio and was heated for 15 minutes at 80° C. The second stage employed 30 pul of
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MBTFA (methylbistrifluoroacetamide) with the same heating conditions as thetage.
Following derivatization the 105 pl solution was transferred to a 2 mL glass raplesaial.

GC-MS conditions and instrumentation Experiments were performed using a Thermo
GC Trace Uira coupled with a Thermo DSQ Il mass spectrometer (MS). The column used was
a Thermo 30 m TG 5 MS with an internal diameter of 0.25 mm and a film thickness of 0.25 pum.
Helium was used as the carrier gas at a flow rate of 1.2 mL per minute. Thienrjpott
temperature was 250° C using split mode at a ratio of 1:10. Thewe@+egime for each
injection was 80°C for 2 minutes, then ramped at 5° C per minute until 190° C was reached,
followed by ramping at 15° C per minute until 310°C was reached and then held for 1 minute.
The mass spectrometer was operated using electron impact (El) ionizatiaaanedsbetween
50—-650 m/z from 4 to 15 minutes. Mass spectra were searched against the Natitutal fiorst
Standards and Technology (NIST), Massbankl, @olm MS databases for metabolite
identification. Cathine and phenylethylamine identifications were determinedrirmation
against commercially prepared chemical standards (Sigma Aldrich, S$, MQ).

Data analysis and statistics +er each sample, raw data files were converted to .cdf
format, and a matrix of molecular features as defined by retention time andwasa4s
generated using XCMS 1.42.0 software ind®th et al. 2006¥or feature detection and
alignment. Raw peak areas weremalized to total ion signal in R, outlier injections were
detected based on total signal and PCL1 of principle component analysis, and theemeathar
chromatographic peak was calculated among replicate injections (n=2). Moleatlae$ were
clusteed using RAMClustR (Broecklingt al 2014)Metabolites were annotated by searching
mass spectra from the RAMclust&erived clusters against the NISTv14 datalaaskassessed

based on quality of the mass spectra match to known compounds or classes of corfipounds.
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all annotated compounds of interest, peak detection and quantification (using pealeegea) w
conducted from the original dataset using Tracefinder v3.2 (Thermo Scient#itham, MA,
U.S.A.). PCA was conducted on mean-centered andgtiled d& using SIMCA P+ v12
(Umetrics, Umea, Sweden).
Results and discussion

Presence of cathinone, cathine and related compounds o(attla edulis—The
presence of cathine was not detected in any species assaye@.{iableepiCatha eduligFig.
3.2 A-D). We were unable to detect cathinone from our siticed samples dfatha edulis,
which we attribute to the older age of the leaves when harvested. The amine grabmohea
is expected to be TFRAlerivative having prominent peaks at m/z 51, 77, and\W@&stphal
2011). Additionally none of the proposed precursors or end products in the cathinone—
biosynthesis pathway as proposed by Krizevski et al. (2010) were found diasideedulis.
Valeric acid was detected @atha edulisand 10 additional species assayed in this study.
Because valeric acid is an alkyl carboxylic acid, it may be an alkaloid prethasdas not been
identified in the cathinone biosynthetic pathway. Benzoic acid has been etkasfthe
precursor to PPD in previous studies (Krizevski et al. 200Re immediate precursor of
cathinone, PPD, was not found in any sample but may have escaped detection givert that: 1)
would not have been derivatized with our method, which provides a less sensitive as®dy for P
than for our target metabolites, and 2) PPD has been found at very low concentralions wit
Catha edulisandEphedra this pattern is also expected for other taxa producing (RiARevski
et al. 2007). Despite the reduced sensitivity for detecting PPD, our extractioodmes able
to recover the PPD chemical standard at 33 pug per 1 mL sample despite the lack of

derivatization.
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Table 3.1. Taxa in which compounds were annotated as sterols ,terpenes, and unknowng|2B8gled avell as the stimulant-
type alkaloids conformed with standards, cathine, PEA in addition to the unconfiretathale, 2,2,2—-trifluoro_N_(2—
phenylethyl) (labeled as ?1). ++ indicates a significant signal comparadkgrbund across multiple extractions, + indicates
possible presence of the compound but not significant across extractionsdivdtes a signal equal to background levels for a
given species. Annotated compounds are labeled by retention time in minutes

Stinulant-type Sterol Annotations Terpenes Terpenoids Annotations 72
Species Cathine PEA 71 12 122 129 13 13.2 133 133 141 152 157 159 17.7 181 18.2 183 184 19 20.1| 18 18.5 185 18.7 189 19.6 198 223|191

Brexia madagascariensis - +
Cassine parviflora - - - B I = S R T = 2 T T = o S e U B
Cassine peragua - - - + - - - - - - - + | = - - - - - - - - - - - - - - -
Cassine schinoides - - - S I D D I A R A A A O T B (R IF VIR IR IR IR I
Catha edulis - - - I I N I R I R e R
Cheiloclimm hippocratedides
Crossopetalum rhacoma - - e I O O e e e e
Ei:’O”_‘I. mus fOF‘J’!HJ’?f‘ - - - - - - - - - - - - - - - - - - - - ++
Gymnospora heterophylla - - - S I R T R D B T R T R T R D R e R R T e
Gymmnosporia wallichiana - . . . . . « | a - | - .| - e | -« | - - | - . - . - | - . - |+ | +

Gymnosporia buxifolia - - - S R R R R A D I R A A R R T B (S B IR B R A R
Guiinosporia cassinoides . . - - . . - . . . . . e | a . . . |+
Gymmnosporia senegalensis - - +H
Halleriopsis cathoides - - - e e N BT
Lawridia terragona - H | H
Maurocenia frangula - - B T O

Maytenus boaria - - - S O P I T T I S T R 0 I R e R B I B

Peripterygia marginata - - - S I T I B I D R AR I R D R R B R R I e I N
Polycardia libera - =+ - - - - -] - o i -
Populus angustifolia - +H | H
Populus remuloides - - - B T e T S A ST R IR

Pseudocatha mandenensis - - - - B R R - | a . - | - - | - - - - | a - | - - - |+ | .|+
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Fig 3.2.Chromatograms comparing chemical standards to plant organic extraciaashihe
chemical standard, B) extract fra@atha eduk. Electron impact spectra comparing chemical
standards to plant organic extractions. C) cathine chemical standardrd2} éximCatha
edulis.'M’ on the y axis is an abbreviation of million.
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If cathine is further metabolized in other CG#taceae species, ephedrine and
pseudoephedrine are possibly the next products from the actiomudthgtransferasgOkada
et al. 2008; Krizevski et al. 2010). In the case of pseudoephedrine, the derivatization neethod w
employed produced a single peak at 8.18 min. The derivatization method was verified f
ephedrine alkaloids using both a chemical standard for pseudoephedrine and lyoputized r
tissue ofEphedra sinicaTests of both plant tissue and chemical standard produced repeatable
and consistent results. No species in our study, incl@atha eduliswas found to contain
detectable amounts of pseudoephedrine or ephedrine. The absence of ephedrine and
pseudoephedrine with a sensitive derivatization protocol further confirms eastie by
(Szendreil980) in which these compounds were not detect€htha edulisusing HPLC
methods.

Much of the plant material used in this study was from fully expanded leadva®fdre,
if the pathway in other Celastraceae species follows thHaathfa edulisour expectaon is that
cathine might be the most abundant compound detectable in older leaves. If cathimebeere t
found in our assay then the presence of cathinone could be inferred in the younger leaves.
Previous work (Chappell &ee 2010)has demonstrated thaithinone and cathine could still be
detected from aidried leaves, without any desiccant, after 3 years stored at room temperature
and the authors of that study inferred that cathinone and cathine could remain detéttahlD
years stored at room temperature. None of the plant material used in our studger#isan 10
years, and it had been stored in silica gel at room temperature throughoméhaiterefore we
conclude that age and condition of our plant material was not a major factor in thecabise
cathine from other specie$ can be expected for only a single species within a lineage to

synthesize a given alkaloid, as is the case with morphineRagaver somniferurfZiegler et
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al. 2009). In the case &f. somniferumthe closely related speciBapaver bracteaturand
Papever arenariunproduce the precursors for morphine biosynthesis but not morphine itself
(Ziegler et al 2009) Given that only three enzymatic steps are needed to produce cathine from
the common metabolite benzoic adtds possible that the entire pathway evolved dltatha
edulisdiverged from its most recent common ancestor with the extant sister group of
AllocassineCassinelLauridia, andMaurocenia We cannot rule out the possibility that a species
which is closéy related toCatha edulignight have the ability to synthesize cathine or related
alkaloids given that we were only able to sample four of the 13 species from thelateof
Catha edulis

Analysis of compounds detected by B&— While our extractia and derivatization
method for this study was specifically designed to detect stimulant alkatoicierous other
compounds were also detected. Our metaboloraradysis workflow yielded 296 features
(defined as a cluster of m/z at a single retention time) from our datasetigfiereant and
clustering. Initial quality control steps and examination of PCA plots indi¢hggdhe most
abundant compounds were derivatization reagents and related byproducts. Thisginding i
surprising given that the saiep injected into the GMS instrument were suspended in
derivatization reagents. The effect of this was to produce a grouping in the &€ Ayl
extraction batch. In order to find the biologically relevant compounds from our sangles w
conducted PCAs in the XCMS step of our workflow. The PCAs were organized by tagxonomi
grouping in order to find compounds that varied significantly across differets iefveiological
organization (family and genus). Using this approach we were able to detect@yucan

(Table 1) that were of putative biological origin
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and potentially relevant to our hypotheses regarding the stimulant properties foecias of

interest. Of note, many more than 27 compounds were in the dataset but could not be dssigned o
biologicalorigin due to low signal in the chromatogram, a lack of repeatability acrbsstens

and/or low quality ion spectrum matches. Compounds not meeting these expectatnetcoul

be deemed of biological origin and were not included in further analyses. All 27 compounds

were found to be significantly greater than the average background sign&h¢M&’). This

processing and discovery method was confirmed by the detection of cathine, and REA — w

were confirmed by matching spectra and retention timesithentic standards.

Discovery of noacathinone phenethylamine alkaloids outsitdha edulis—Two
additional alkaloids were found in species other Batha edulis The alkaloid
phenylethylamine (PEA; Fi®.1D) was found in detectable levels in the speBresia
madagascariensjrossopetalum rhacoma, Lauridia tetragona, Polycardia libeaiad an
outgroup specie®opulus angustifoliaThe El spectrum and retention time for PEA found in the
plant samples was confirmed with 150 pg of chemical standard PEA (Fig. 3.3A-@yelism
3 mL water that was processed through our extraction, derivatization, and GC-MS pr@tocol
compound similar to PEA was detected at RT 5.89 min (Fig. 3.3 A, B) and annotated as
acetamide, 2,2,2-trifluoro_N_(2—phentylgl) with a reverse niah score of 907 when searched
against the NIST database (Fig. B)3 Why derivatization was impartial or incomplete in those
samples containing PEA is uncertain. However MBTFA was found to be more conepetiti
derivatizing amingroups than MSTFAMeng & Margot2010) Therefore some interaction
between the two reagents might account for the appearahed A PEA in some samples and
not others. Evidence against this hypothesis is the fact that acetamide, ifR@y2-tN_(2—

pherylethyl) was not generated when the PEA chemical standard was derivatiegtief case,
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Fig 3.3.Chromatograms comparing chemical standards to plant organic extracfions. A
phenylethylamine chemical standard, B) extract fRopulus angustifoliaElectron impact
spectra comparing chemical standards to plant organic extractions. C) pgindagiate
standard, D) extract frofdopulus angustifoliadM’ on the y axis is an abbreviation of million.
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the EFspectrum for acetamide,_2,2,2-trifluoro_N_(Zphlethyl) is consistent with a
phenylalanine derived alkaloid and might be a byproduct, precursor or isomer of \RIBAlggir
similar spectra (Fig. 3.4 A). Acetamide,_2,2,2-trifluoro_N pl2enylethyl) was detected in
Crossopetalum rhacoma, Gymnosporia senegalensis, Lauridia tetragona, Polycardiadieria

an outgroup specieBppulus angustifolia
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Fig 3.4. A) Electron impact spectra comparing unknown compound@mssopetalum
rhacoma(top spectrum) to NIST best match (reverse match 907) of acetarjderilouro—
N(2—phenylethyl) and chemical structure B) Chromatogram of unknown compound. ‘M’ on the
y axis is an abbreviation of million.

Presence of acetamide, 2;A/#luoro_N_(2-phenylethyl) is correlated with PEA
presence in the speci€sossotalum rhacoma, Lauridia tetragonBolycardia liberia,and
Populus angustifoliawhich suggests that the unknown could be an intermediate metabolite in

PEA biosynthesis for those species. The apparent correlation of these two compasiteted

in a phyogenetic context using Pagel’s (1994) test of correlated character evolotidound to
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be significant |y = 0.001). Therefore if acetamide,_2,2,2-trifluoro_N_(2-phenylethyl) is not an
artifact of PEA derivatization, then it seems probable that theyragee compounds from a
single biosynthetic pathway.

PEA is similar to cathine in that few enzymatic steps are needed to produceoREA fr
phenylalanine or tyrosingmith et al 1989).Therefore the dispersed pattern of PEA presence in
Celastraceae arather plant lineages might be attributable to the few evolutionary steps needed
to gain or lose enzymatic function for PEA biosynthesis. When PEA presencanged{Fitch
1971) onto the phylogeny for Celastraceae, the presence of PEA shows naogkeiatio the
cathine pathway (Fig. 3.5). That is, PEA biosynthesis does not appear to have evolvethirst i
Celastraceae ancestorsCdtha edulisand subsequently given rise to the cathine pathway.
Rather, Fitch optimizatio(L971) indicates four independent origins of PEA.

Sterols, terpenes, and relatedmpounds— Of the 27 compounds detected from our
workflow 19 were annotated as sterols, seven were annotated as terpemesdeigfesome
type, and one did not match well to any compounds in the Ni&&bolite database. A vast
diversity of terpenes, including numerous unique types, have been described from the
CelastraceaésShanet al 2013) The bioactivity of terpenes in the Celastraceae has been studied
within certain species given their potenaglplication as painkillers, cancer treatmentsqanti
HIV agents, diabetes treatments, antidepressants, and numerous other medicaioagpiban
et al 2013).

From our analysis, we found tHaseudocatha mandenensi$aurocenia frangula
Cassine parvifloraandHalleriopsiscathoides were enriched in the type and quantity of
compounds annotated as sterols. Four compounds annotated as sterols were highly abundant only

in Pseudocatha mandenendisree inMaurocenia frangulaone inCassine parvifloraandone
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_[: Microtropis triflora
Microtropis fokienensis
Zinowiewia matudai
Euonymus fortunei
Celastrus madagascariensis
Gyminda latifolia
Schaefferia frutescens
Lauridia tetragona (PEA & unknown)
Lauridia reticulata
Cassine schinoides
Cassine peragua
Maurocenia frangula
Catha edulis (cathine)
Gymnosporia cassinoides
Gymnosporia linearis
Gymnosporia senegalensis (unknown)
Mystroxylon aethiopicum
Halleriopsis cathoides
Pleurostylia opposita
Pseudocatha mandenensis
Elaeodendron xylocarpum
Brexia australis
Brexia madagascariensis (PEA)
{ Polycardia libera (PEA & unknown)
Polycardia phyllanthoides
Lophopetalum arnhemicum
Hylenaea comosa
Cheiloclinium hippocrateoides
Salaciopsis glomerata
— Maytenus disticha
\— Maytenus boaria
Xenodrys micranthum
Crossopetalum gaumeri
Crossopetalum rhacoma (PEA & unknown)
Peripterygia marginata
Denhamia celastroides

&

Fig 3.5.Phylogenetic relationships (from Simmons e8l08; McKenna et al. 2011) among the
taxa sampled with cathine, PEA, and acetamide,_2,2,2—trifluoro_phéaylethyl) labeled as
unknown. Occurrences of compounds are mapped onto the tree using Fitch (1971) optimization;
bold branches represent independent derivations.
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in HalleriopsiscathoidegFig. 3.6A). Seven compounds annotated as sterols of relative high
abundance were detected in two or more of the following three spes@slocatha
mandenensjMaurocenia frangulaandCassine parviflorgFig. 3.6A). While sterols are
routinely disovered in phytochemical assays (e.g., Kaweetrgiad. 2013)n the Celastraceae,
Pseudocatha mandenendiéaurocenia frangulaandCassine parviflorato our knowledge
have not sampled in previous investigations. Additional experiments utilizing ottieydaef
chemical identification (e.g. M®r nuclear magnetic resonance, NMR) and chemical standards
is needed to confirm our initial annotations and/or describe these potentiall}cooysunds.
The sterol type compound froHalleriopsis cathoidess of particular interest for the following
three reasons: Halleriopsiscathoideshas not been formally published taxonomically, thus it
has almost céainly never been assayed; 2) the annotated compound (RT 20.1) is unique across
the entire dataset, and 3) the highest match was to preganalone, a neurogtesgidative,
anxiolytic, anesthetic, and anticonvulsant properties (Carl et al. 1©8@4xorclusions regarding
sterols from our sample set are provisional but provide a sound starting point forresteach.
Regarding compounds annotated as terpene-like, we found eight such compounds with
sufficient signal to be distinguished from background and annotated. Five compoundsdnnotat
as terpenes were found in high abundand@assine schinoidesne inPseudocatha
mandenensjone inPeripterygia marginataand one found in botAseudocatha mandenensis
andCheiloclinum hippocratedidg§ig. 3.6B). As with sterols, terpenes are phytochemicals
commonly found in the Celastrace&hénet al. 2013)however, so far as we are aware, the
specieassine schinoide®seudocatha mandenenasdCheiloclinium hippocrateoiddsave

not been part of any published phytochemical work on terpenes. The most intenediny f
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Fig 3.6.A) Compounds annotated as sterols from the data set; y axis is peak area arglex axis
samples. The samples, including replicates, are placed in alphabetical ordey arish

different compounds are indicated by different colored lines. B) Compounds annotated as
terpenes from the data set; y axis is peak area and x axis are samples. The isafudieg
replicates, are placed in alphabetical order on the y axis;ahtfeompounds are indicated by
different colored lines. ‘M’ on the y axis is an abbreviation of million.

regarding the terpene annotations is the five compounds annotated as terperse toaing in
significant abundance i@assine schinoide§Vhile terpenes and triterpenoids have been
described from more distantly related species suéiaeondendron balag-ernandeet al.

1989) ancElaeodenron xylocarpéNufiez et al. 2013formerly Cassing, no phytochemical

assay has been conducted in the moreondyrdefined AfricanCassinegenus, which is
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distantly related t&laeodendronTwo of our annotations for terpenes occurrinGassine
schinoidesvere friedelanone, a triterpene type broadly diversified in the Celastracetmiadd
in Cassine balaé¢Femandoet al. 1989). While friedelanones have not been found to be
stimulants, little is known about the pharmacology of most of the friedelanones destéoen
the Celastraceg&hanet al. 2013) Triterpenes fronMaytenus gonocladandMaytenus
imbricatawere found to be central nervous system stimulants through inhibition of
acetylcholinesterag®odrigueset al 2014) Furthermore, some terpenoids such as
tetrahydrocannabinol can have pronounced pharmacological action (Isbell et al. 18étheW
the terpenes i€assine schinoiddsave stimulant effects is not known, but the diversity and
abundance of these compound€amssine schinoideasompared to other species in the dataset
certainly suggests that they might explain the stimulant effects attritautiei$ species.
Additionally, given thaPseudocatha mandenenaisdCheilocliniumhippocratedidehave not
been heretofore assayed, our terpene annotations require further clanifisatig orthogonal
analytical techniqgues and comparisons to authentic standards.
Conclusion

A two-stage derivatization procedure was used to assay for stimulant alkalGiaha
edulisand 42 other species in the Celastraceae. No alkaloids that are sanctioned dsdcontrol
substances were found in species other @atha edulisEthnobotanical and phylogenetic
criteria were used to select which taxa are most likely to possess stimulant alkKBh@dwo
species other thabatha edulisnentioned in the ethnobotanical literature as stimulants,
Gymnopsoria cassinoidesdCassine schinoidedid not possess detectable levels of the
stimulant alkaloids cathine or cathinone. Nor did these species possess daeleotdbbf

alkaloids in general. Two alkaloids aside from the cathinone—derived alkalerdfaund in
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speces other thaatha edulis PEA was found ilBrexia madagascariensi€rossopetalum
rhacoma Lauridia tetragonaPolycardia liberig and a more distantly related species from
another order of plant®opulus angustifoliaPEA is a common metabolite in numerous
angiosperm species but has not been reported from the Celastraceae. PEXpectetd to have
any pharmacological effects and was not found in Celastraceae species used@astst An
alkaloid (acetamide, 2,2,2—trifluoro_N_jRenylethyl)) thats similar in structure to PEA was
detected irCrossopetalum rhacoma, Gymnosporia senegalgRsigcardia liberig and a more
distantly related species from another order of plaapulus angustifolialo our knowledge,

these species are not mentiomethe ethnobotanical literature as stimulants. The pattern of PEA
and acetamide, 2,2,2-trifluoro_N_(2-phenylethyl), when mapped onto the inferred Cetestrac
phylogeny (Fig3.5), have evolved independently multiple times and did not require the stepwise
evolution of numerous enzymes as in alkaloids such as morphine (Ziegler et ar.l209)
evolution of cathinone and cathine biosynthesiGatha edulisappears to have evolved recently
and rapidly as no direct precursors were found in any of the cledatgd species that we
assayed.

Based on these data, it does not appear that cathinone or related alkaloigmasghtes
for the stimulant properties @fassine schinoidemndGymnosporia cassinoideSrom our data,
Cassine schinoidesas found to be enriched for five terpene—like compounds that may be
responsible for the stimulant properties noted for this species. Our metabolarktisw
characterized eight compounds that were annotated as teligeraand 18 compounds that were
annotated as sterdike. These compounds were variously enriched in the spéag&sne
parviflora, Cassine schinoide€heiloclinium hippocratedides, Halleriopsiathoides

Maurocenia frangula, Peripterygia marginatandPseudocatha mandenensisa group of
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species heretofore not well characterized in the phytochemical literaturevFgiictudies
using additional analytical analyses are warranted to elucidate the strddhaseopotentially

novel compounds.
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CHAPTER 4: THEORIGINS, DISPERSALLAND EVOLUTION OF CATHA EDULISQAT,

CELASTRACEAE) IN AREAS OF HISTORIC CULTIVATION

Summary

Qat (Celastracea€atha eduli} is a woody planspeciesultivated for its stimulant
alkaloids and is an essential part of the economy and culture in highland areas of Ethiopia
Kenya and Yemen. Despite the importance of this spdbiesvild origins and dispersal patterns
have only been describedaften contradictory historical documentation. We examined
cultivated gat’s wild origin, human dispersal, and genetic divergetatve towild gat. We
sampled 17 SSR markers and 1561 wild and cultivated individuals across the historod ga¢as
cultivation. Based on genetic structure using Bayesian angaoaretric methods, two centers
of origin in Kenya and one in Ethiopia were found for cultivated qgat. The centelgiofiar
Ethiopia and northeast of Mt. Kenya are the primary sources of cultivated gatppEndirom
the results of Bayesian assignment methods and genetic distance badbd tedtivated gat
genotypes grown in Yemen were founded from genotypes of Ethiopian i&ilger than
indigenous populationgs claimedy some sources. Translocations of cultivated gat with a
Kenyan origin were not found outside Kenya, however 10 cultivated genotypes in Kenya were
assigned to an Ethiopian origin. Hybrid genotypes of Ethiopian and Kenyan parentage were
found in northern Kenya. Within Kenyad Mt Kenya/Meru center of origin has been the largest
source of translocations with 35 genotypes from this area found dispersed to othef part
Kenya.Evolution under cultivation as defined by the divergence of cultivated from wild

genotypes was found when comparing Ethiopian cultivated and wild genotyjepgattern of
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divergence may be caused by the extinction of wild gat populations in Etbaysad byoss of
Ethiopian forestssampling issues, and/or artificial selection for agronomic traits.
Introduction

Qat [Celastracea€atha eduligVVahl) Forssk. ex Endl.] is a woody evergreen crop of
major economic and cultural importance in East Africa and southwest Arabi&, iwlgiown
for its stimulant alkaloids. An estimated 20 million people camsgat on a daily basis in
eastern Africa (AtMotarreb 2002), gat is second only to coffee as a foreigirange
commodity in Ethiopia (Bhalla 2002; Gebissa 2004; Anderson et al. 2007), and 6% of the gross
domestic product in Yemen is generated from ghivetion and sales (World Bank 2007). In
addition to local and regional consumption of gat, international exportation has expanded since
the 1950's (e.g., Goldsmith 1999; Gebissa 2004; Carrier & Godez 2009). For example, in 1997
the amount of legally impted gat to England was 43,671 kilograms and in 2013 the amount
imported was over 2.26 million kilograms (Andersen et al. 2007; House of Commons 2013).
Despite the cultural and economic importance of gat, the historical and oral acauatten
contradictory in regard to the wild origin(s) of cultivated gat. The questigatokigin has not
previously been examined using genetic markers. As a consequence of tear kinowledge
concerning the genetic diversity of wild and cultivated gat, the evoartgeatterns, such as
which cultivated linages have been dispersed from centers of origin and the deeegence
between cultivated gat groups and extant wild populations, are unknown.

In wild forest environments (Fig. 4.1 A), gat grows as a woody shrub or tree (FR&). 4.1
from 2— 25 meters tall (Robson et al. 1994). The natural habitats of gat are evergreen
submontane forests (1100 — 2400 m), growing at forest margins and amidst foreskyon roc

outcroppings (Robson et al. 1994). The native range of gat is throughout easternaattica (
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possibly southwest Arabia) from Ethiopia to South Africa and west to Angolgréval1983;
Robson et al. 1994). Flowers of gat are bisexual. Little is known about whether git is sel
compatible or strictly outcrossing; from the floral morphology (Fig 4.1 E) etthboth breeding
systems are possible. Clonal growth is limited in the wild, with moderately wind skspseeds
largely accounting for the natural reproduction of gat (M. P. Simmons pers. obs.).

Cultivated qgat is primarily propagated clonally via rooted cuttings (e.g., Kennedy 1987;
Gebissa 2004; Carrier 2007) and trained into several forms from low growing sleeimblieg
cultivated tea plants, to narrow upright trees, and open downward trained tredsl(Eige.g.,
Kennedy 1987; Carrier 2007). The main purpose of the different training schemes is to
encourage the growth of new stems, which are the part harvested and sold (Fig. ddli®), a
make harvesting easier. Qat cultivation takes placeaé¢sfrom backyard gardens to mono—
cropped orchards butig most typically grown on small scale farms where it is often
intercropped with maize, potatoes, beans, ensete, and other food crops (Fig. 4.1 C).

Qat is the only species in Celastraceae that is cultivated on a large scale spydaificall
its stimulant alkaloids. Qat is cultivated and/or collected from the wild and codsome
Ethiopia, Israel, Kenya, Madagascar, Rwanda, Somalia, Tanzania, Ugandanae (¢.9.,
Kennedy 1987; Gebissa 2004; Anderson et al. 2007; Carrier 2007; Carrier & Godez 2009). Qat is
generally consumed by chewing fresh young leaves and shoots followed &tyoingé the
liquid constituents. The young shoot tips of gat contain the following stimulant alkal8)es:
cathinone (United Nations Narcotics Laboratory 1975; Schorno & Steinegger 1979; Szendrei
1980), (1R,2S)—norephedrine, and (1S,2S)—norpseudoephedrine, which is commonly referred to

as cathineWolfes 1930)Because ofhe rapid conversion of cathinone into the less potent
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Figure 4.1.Wild and cultivated gat, A) Ethiopian forest habitat in which wild qat wasctal|
B) Wild gat tree habit in southern Kenfsee arrow), C) Typical Ethiopian gat farm,
intercropped with maize, D) Qat bundle of mixed varieties for sale in Ethiopid®thand E)
Qat flowers.

cathine after harvest, gat is treated as a perishable commodity and ig csaslimed within
two to three days after harvest, with the highest value being given to thestriesives

(Altabachew et al2013).
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The oldest known historical reference to gat is in a book by NagibDiAdhat was
copied in 1237 A.D., with a note in the margin by a different writer who mentioned that gat was
from Kilwa (Tanzania) and Yemen (El Mahi 1962). The earliest creddferenceo gat
cultivation in Ethiopia is the chronicles of King ‘Amda Syon I, who ruled Ethiopian ft 314—
1344 A.D., wherein Sultan Sabra al-Din proclaimed that he would plant gat in the Ethiopian city
of Mar’ade (Huntingford 1965). The first knowistorical mention of gat cultivation in Yemen
is from the early 14 century in which Sultan Dawad denounced gat cultivation (Varisco 1994).
Based on these historical records, gat has been cultivated for > 700 yearspmakthd Yemen.
In addition to the Ethiopian and/or Yemeni origin(s) of gat use, Goldsmith (1988, 1994, 1999)
and Carrier (2007) suggested an independent origin of gat cultivation in central KeteyadL
century European explorers noted that gat (known as mirra in Kenya) productiomeady al
well established in the Nyambene Hills northeast of Mtygeas evidenced by the presence of
old trees in cultivation at the time of European contact (Carrier & Gezon 200&jeffoore, gat
use is culturally important to the BarBpeaking Meru people in the Nyambene Hills, as the
ancient gat trees are regaragesdsymbolic connections to their ancestors (Carrier & Gezon 2009).
From historical references regarding the origin of qgat, the following thypothesesf
cultivated gat origin are plausible. First, gat cultivation originated in Yemen aperged (&
humans trading cuttings and/or seeds) to Ethiopia and Kenya. Second, gat cultivginaeati
in Ethiopia and spread to both Yemen &mhya Third, gat cultivation had independent origins
from distinct wild populations in Ethiopia, Kenya, and Yemen (with or without subsequent
translocation). Extant wild populations of gat are known in Ethiopia and Kenya (Ralk$#88;

Robson et al. 1994) but have not been described from Yemen. There are suitable habitats in
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Yemen for wild gat, however field studiesthese areas hawetreported wild gat there (Hall et
al. 2008).

The process of artificial selection involved with plant cultivation over timieprolduce
cultivars that diverge morphologically and genetically from their wildypnitors (Harlan 1992).
Eventually this process of divergence will produce cultivars that cannot sur¢ghautvhuman
intervention; this continuum of divergence is known as domestication and those culiaars t
cannot survive without human intervention are considered fully domesticated (Harlan 1992;
Miller & Gross 2011). While the processes that produce this divergence are wetl kndw
studied among annual grain crops, they are far less well characterized anglgeld
perennial crops (Allaby et al. 2008; McKey 2010; Miller & Gross 2011). The degreespes;
and timing by which divergence occurs among long lived perennials have long beed debate
(e.g., Zohary & Spiegelroy 1975; Harlan 1992; Zohary 2004; Miller & Schaal 2006y kistd.
2006; Coart et al. 2006; Perrier et al. 2011; Bouby et al. 2013).

The two opposing theories regarding divergence of cultivars in long lived parenni
species are as follows. First, selection of wild plants occurs once or onlytianesvfrom rare
individuals that possess desitealts which are stabl¢éhrough time via clonal propagation (e.g.,
Zohary & Spiegelroy 1975; Harlan 1992; Zohary 2004; Kislev et al. 2006). Alternatively
numerous individuals from several wild populations are selected, followed by ghiodi
among cultivarand between cultivars and wild populations; both natural and artificial selection
act upon a large number of genotypes involved at the early stages of domesticatiQoéet gt
al. 2006; Miller and Schaal 200Berrier et al. 2011; Bouby et al. 2013). Two processes of
divergence between wild and cultivated types are plausible based on theséwadttdrearies of

long—lived perennial domestication. First, divergence occurred by continued nelectibs
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and extinction acting on the wild populatiomdy while the clonal cultivars remained essentially
unchanged. Second, divergence occurred by extinction and selection (botlaleatiichatural
in the cultivated populations) acting on both wild and cultivated gene pools.

The objectives of this sty were to determine the wild origins of cultivated gat within
the principle historic regions of cultivati@s noted from historical writingand to deduce
whether divergent cultivars have evolved since the initial cultiveg)arf gat. We applied SSR
(smple sequence repeat) markers with medated and noparametric clustering methods in
order to clarify the genetic structuring of wild collections from Ethiopenya and Tanzania.
Using the best supported partitions among vatdiected individuals aa reference we then
examined which wild populations represented the probable progenitors of cultivatechajét, Fi
we analyzed the cultivated and wild genotypes together in order to quantify divergemge am
the two groups and determine whether the patterns of divergence supported either of the
opposing theories for long—lived perennial domestication.

Materials and methods

Plant collections— Together with Ethiopian and Kenyan colleagusMark P.
Simmons collected 1481 gat specimens in 2009 — 2010 in Ethiopia and Kenya. Collection trips
were conducted in collaboration with Addis Ababa University and the National Musdums
Kenya. A total of 659 silicagelpreserved leaf specimens were colle@ed photographed
from Ethiopia and 822 from Keny@®f these 1481 specimens, 567 cultivated specimens were
sampled from 256 Ethiopian farms and 525 cultivated specimens were collected from 217
Kenyan farms (including those in which the farmers reported cultivating wildhatvas either
in situor had beerranslocated). Four wild populations (29 — 37 specimens per population;

average of 31) were sampled from Ethiopia (only three had been previously repotited fo
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entire country), and 20 wild populations (5 — 30 specimens per population; average of 13) were
sampled from Kenya. Additional specimens from Ethiopia include those from ohe fera
population (18 specimens), a farm in which wild plants had been brought into cultivation (three
specimens), and 26 specimens purchased from three markets (includingasieifaEghiopia at
Aweday, near Harar).

In 2012 and 2013 Abdul Wali al Khulaidi of the Yemeni Agricultural Research Authority
in Ta'izz, and Mansoor Althobhani of the University of Sana’a, collected 55 cultivated ga
specimens from major ggiroduction areas in Yemen. Additional existing specimens of gat
included six cultivated specimens from Madagascar that Mark P. Simmons keadjces
collected in 2006 — 2007, as well as 16 specimens from Tanzania, one specimen from Malawi,
one specimen from Zimbabwe and one specimen from South Africa that hacbbeeted by
the Missouri Botanical Garden since 1990. Although native to the country, gat is nat legall
cultivated in Tanzania (Carrier 2007). The complete set of 1561 specimens enesnipass
regions in vhich gat is most intensively cultivated as well as all of the areas mentioned in
historical literature as the historigalbces of origin for cultivated gat.

Mapping of individuals and populations was conducted in Google Earth 5.0 (Google Inc.
Mountain Mew, CA).

DNA extraction, PCR, and microsatellite genotypidNA was extracted from
herbarium specimens or leaf tissue that was dried in silica gel. We appliedraizad DNA
extraction process (Appendix 4.1) that combined methods from protocoldanDez et al.

(1995), Alexander et al. (2007), and Lemke et al. (20Ikis specialized DNA extraction
protocol was applied to reduce tannins and other extraction and PCR inhibiting metabolit

present in gat. Prior to PCR, DNA extractions were quantified using Qudhte Green
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dsDNA assay (Life Technologies, California, USA) and equilibrated to 100 — 150 ndygri
initial concentrations allowed.

The 17 microsatellites used for genotyping were selected from Curtd22E3) on the
basis of consistent amplification, allelic nedss, and their ability to be multiplexed. From the 17
primer pairs, PCR bi/triplexes were designed using Multiplex Manager 1.2 (Tabldoflely &
Geerts 2009). PCR multiplexes were designed such that two plexed reactions amrtblred
before fragmenanalysis to reduce cost and increase efficiency. Forward primers wergydirect
labeled with fluorophores while the reverse primers were synthesized withai$Gn order to
reduce stutter artifacts when scoring (Brownstein et al. 1996). PCR was tawhithusp L
reactions with 2.5 pL Qiagen Multiplex Master Mix (Qiagen, Venlo, Netherlafd¥) pL
multiplex primer set, 1.45 pL molecular gradgcHand 1 pL DNA template. Thermocycler
conditions were: an initial Esninute 95°C cycle to activate the Tagjymerase followed by 40
cycles of 30 seconds at 94°C, 90 seconds at 55°C, and 60 seconds at 72°C, with a final extension
of 30 minutes at 60°C.

After PCR, 1uL of the reaction product was diluted 20 times with water, and 1 pL of the
diluted product wasixed with 5uL HiDi Formamide (Applied BioSystems,Waltham,
Massachusetts, USA) containing 10 pL/mL of GeneScan 500LIZ Size Standargk@Appl
BioSystems). ie samples were run on eithed@&-<capillary, 56-cm array 3730XL DNA
Analyzer or a 16 capillary 5Grcarray 313MNA Analyzer (Applied BioSystems). All raw ABI
files where examined and binned initially in GeneMapper 5.0 (Applied BioSystexing the
default microsatellite settings. Binning calls wdren manuallyexamined and all identified

mis—calls were rescored before further analyses. Bin fidelity and musdietes that do not
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Table 4.1. Primer sequences, SSR motif, and multiplex de

Primers (from Curt

PCR plex Capilary plex Motif Forward Sequence (with florophoreéReverse Sequence (with GTTTCTT PIG-

etal 2013)
CE56 1 A GA PET-acaaccaatgtcgtacagaga gtttcttcagtatttgtatctgcagtacag
CE45 2 A AG 6-FAM-ggtttagcctctcctgcaagt gtttcttcaagtgcggactcagica
CE50 2 A CT 6-FAM-aactacccgccatttcgac gtttcttagctgggcgattgactaaag
CE37 2 A ATCT VIC-actcgaaaaacatggtgcag gtttcttitgagcctcaatctggagaca
CE23 3 B ATC PET-agcagcagcaacaacaagaa gtttcttcagcaagggaggccttatta
CE43 3 B ATT  VIC-cagatcctcctectectica gtttcttggatgccacaaatgctgat
CE24 4 B AC NED-tcttgctccttcaacctcaa gtttcttatcttgccagcettccgtcta
CE29 4 B AAT  6-FAM-gccaacctcttgtictggag gtttctttaggtitggccattcgattc
CE40 5 C GT 6-FAM-tggtatagcccatatcgtcag gtttcttcacactacgcttdarge
CE31 5 C AC VIC-ttcccaaaagtgttgctgag gtttcttctttactagggcccgtcctt
CE34 5 C CT NED-cggatgccaaaacactatca gtttcttatccaagaggttttggttge
CE22 6 C AG PET-gctgcaagaggtaggtggat gtttcttttctctctctcgcettggcta
CE42 6 C GT VIC-aaggggaaggagagagatgc gtttcttcctcatcctgatgtggctaa
CE41 6 C GA 6-FAM-ggacagaaticccaaaacgac gtttctitttacattattgccagctcgatc
CE3 7 D CT 6-FAM-ccttctatcaccctcccaca gtttcttccctctgtattgcacggttt
CE57 7 D TTA  VIC-tcctgtcctgataatatcctg gtttcttagtcccactgattgttatgac
CE29 8 D AAT  PET-gccaacctcttgtictggag gtttctttaggtttggccattcgattc




follow the expected SSRnotif—-length pattern) were checked using Flexibin 2.0 (Amos et al.
2007).

Total error rate across all loci was calculated with four redurgtamitypes on each 384—
well plate bydividing the number of incorrect calls by the number of total calls across all
redundant genotypes and loci. The error rate across all genotypes wast@adloylincluding the
primers CE3 and CE42 in two different PGRiltiplexes and comparing the allele calls across
all genotypes and dividing the total number of different calls by the number ofatisalAny
individual with 17%or moremissing data wsremoved from the final data set. The total
percentage of missindata was kept below 5% based on simulations demonstrating that levels of
missing data above 5% can negatively influence geruttistering methods (Reeves et al.
submitted).

Genetic data analysis -Glones were identified from the dataset and tested for chance
genotypic redundancy from sexual reproduction using thed&culationwith 10,000
simulationsin MLGsim 2.0 (Stenberg et al. 2003he Psexcalculationis a test statistic that is
used to assess whether redundant genotypes are the result of chance sexualicapor truly
clonal based on simulated recombination from the observed allele frequancaeislition,
genotypes with missing data doddiffering by a single allele were added to the clonal groups
identified through MLGsim. By including genotypeifering at a single allele we accounted for
the error rate calculated in our dataset. Clonal groups were then given unicgreenum
designations as well as the codes ‘M’ if they included genotypes with missangrdh'E’ if
they included genotypes diffing by a single allele. Data quality of the final set of wild

genotypes was assessed using Global Linkage Disequilibrium tests andAandherg
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Equilibrium as implemented in FSTAT 2.9.3.2 (Goudet 1995) and GeneAlex 6.5 (Peakall &
Smouse 2012).

Population divisions among the collected genotypes were assessed in STREQBA
(Pritchard et al. 2000; Falush et al. 2003, 2007; Hubisz et al. ZBDBJUJCTURE is a model
based approach that employs a Bayesian algorithm to assign genotypetete ttias assume
HW equilibrium and complete linkage between loci within clusters (K).Kdh@avn that non—
sexual mating systems, such as clonal reproduction, can cause deviations from HWs and t
inferences based on these assumptions. Therefore we primarily relied on BURB@ assess
wild population structuring in gat given that clonal propagation is common place among gat
farmers.

A range of K values from 1 to 24 were assessed from the 24 Ethiopian and Meadyan
collection sites, conducting 40 simulations per K value with 30,000 iterations per simiiaé
first 10,000 as burnin) using the admixture model. The optimal value for K was determimgd usi
the AK method (Evanno et al. 2005) as implemented in Structure Harvester QEa84
vonHoldt 2012) Optimal values of K from the AK method were further assessed through
examination of simulation congruence in CLUMPAK 1.1 (Kopelman in press).

Substructuring within each of the clusters identified using the most highly seghport
value of K was assessed using Rosenberg et al.’s (2001) method for breed identifidath
we extended to phylogeographic partitioning. This was performed by running GITERRE
again for each individual cluster to identify any patterns of subclusterii®lJSTURE
parameters were identical across all runs with the exception that a smalieot&hgalues was

used to potentially identify substructuring within clusters.
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The STRUCTURE partitionings of the wild populations were used as the reference
clusters for which tassignthe cultivated genotypes. Individual assignment tests were conducted
in GeneClass 2.0 (Piry et al. 2004) using the Bayesian assignment method of Baudouin &
Lebrun (2001). Assignment of cultivated genotypes with a cutoff of 0.95 posterior pitgbabi
was first done with all cultivated genotypes in our dataset to the most higidgrsed set of
genetic clusters, followed by intrdluster assignment of cultivars using only the cultivated
genotypes assigned to the initial cluster. In this way more specifiza@dtc and genetic centers
of origin within a cluster were identified.

Discovery of hybrid genotypes was conductest firy examination of STRUCTURE
results in which cultivated genotypes were included with all wild progenitor pamsaflhose
genotypes that had nearly equal assignment to two wild clusters orgabxlvere treated as
putative hybrids (Vaha & Primme0R6). The putative hybrids from STRUCTURE were then
checked for the presence of diagnostic alleles that might elucidate the parerstagecof
hybrid. Genotypes geographically adjacent to putative hybrids were examicleeck if they
possessed sets alfeles that could produce the genotype of those putative hybrids. Genetic
diversity and partitioning results were also assessed and visualized using tharaoretric
approach of PCoA (Principle Coordinate Analysis) as implemented in GeneAlex.

Results

Origins of cultivated gat —Fhe final dataset included 1561 individuals, genotyped for up
to 17 microsatellite loci, with 2.5% missing data and an estimated error rate of Zd&wina
replicate genotypes and two replicate primer pairs. From the bestrggpartitioning of the
wild gat genetic data three clusters were inferred (Fig 4.2). The three clasgtexs follows: 1)

genotypes from four wild collection sites in the highlands of southern Ethiopia, 2) gesoty
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Figure 4.2. Wild gat collection sites from Ethiopia and Kenya with the highest suppertetic
partitioning as determined through multiple STRUCTURE runs as indicated byobar {gwer
right. The East African Rift is indicated by the dashed line.
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from six wild collection sites arou Meru/Mt Kenya and adjacent to Mt Kilimanjaro on the
eastern side of the EAR (East African Rift), and 3) genotypes from the 12 wédtmoi sites
from the eastern slopes of Mt Elgon in the north across the Endebess Bluff south suithe M
Forest on the western side of the EAR. The Malawian, South African, Tanzanian and
Zimbabwean genotypes were weakly supported as being clustered with thgolckister on
the west side of the EAR. Because of the small number and dispersed geogrégttiorcolf
these sampleghe power t@ssignthese genotypes a separate cluster was limited.

From the AK analysis (Evanno et al. 200%)vidence for genetic substructuring was
indicated by peaks at values of K =5, 7, and 11 (Fig. 4.3). Given this we explored patterns of
hierarchical substructuring within each of the three clusters. Each of teecthséers was found
to have a pattern of substructuring consistent with geographic features. ThgoNIckister
west of the EAR was split into two subclusters that are geographicadiyeseg by a lower
elevation area across the Endebess Bluff (Fig. 4.4). The Mt Kenya/Meter @ast of the EAR
was split into two subclusters, each occurring on higher elevation upliftésai’he southern
subcluster consisted of genotypes collected near Mt Kilimanjaro, and thernatbeluster
consisted of genotypes from five collection sites around the southern flanks of Mt toethyg
Meru area (Fig. 4.4). The Ethiopian cluster was split into two subclusters oansistwo
collection sites on the west side of the EAR near Lake Abaya and two colletg@®thsit span
the EAR to the north (Fig. 4.4).

All but three cultivated genotypes assigned to one of the three geneticschigter 0.95
PP (posterior probability) cutoff. Of the three genotypes that did not assign, twe lates
inferred to be hybrids (see below). The remaining unassigned genotype watedditom the

Nyambene area in Kenya. When the Tanzanian genotypes were included in the reétrhice s
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DeltaK = mean(|L"(K)|) / sd(L(K))

200

150F

Delta K

50

Figure 4.3. Delta K results for all wild samples indicating the best supportétparf K=3
delimiting the Ethiopian, Mt Kenya/Meru, and Mt Elgon collection sites. Otherspmakat K =
5,7,and 11.
genotype asgned to the Tanzanian set with 0.99 PP. The number of unassigned genotypes
increased when assignments were conducted at the subcluster level. Thismedwadsignment
percentage is expected as the range of allele frequencies is reduced due to the smalteesize of
subpartitioned reference sets (e.g., Cain et al. 2000).

The three wild clusters have been differentially sampled from in the foundirag of q

cultivars. One hundred three cultivar genotypes were assigned to the clustefr tve £AR in

Kenya, and within this cluster 34 were assigned to the northern subcluster and 5® tihden s
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Figure 4.4 netic sub—clusters ithin each of the three most highly supportedrzartiti
subcluster, leaving nine cultivar genotypes that do not assign to either sul{€ligst¢.5). Two
hundred five cultivar genotypes were assigned to the cluster east of thim K&Rya and within
this cluster 185 were assigned to the northern subcluster around Mt Kenya/Meru, and 18 to a
southern subcluster near Mt Kilimanjaro in the Chyulu Hills area, with on@augienotype not
assigning to either subcluster (Fig. 4.5). Two hundred ninety three cultivaygesotere
assigned to an Ethiopian origin and within this cluster 54 were assigned to the northern
subcluster, 198 to the southern subcluster west of Lake Abaya (Fig. 4.5) and 41 cultivar

genotypes did not assign to either subcluster.
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Figure 4.5 The contribution of each wild cluster and subcluster to the number of cdltivate
genotypes as well as translocat. Height of subclusters is proportional to the number of
cultivated genotypes assigned to each. Height of the outline around subclusters tgopadpor
the number of genotypes assigned to the larger cluster but not assignableutocarstes.
Trarslocations are indicated by arrows originating within subclusters. Widthafsis
proportional to the number of translocated genotypes; numbers (color coded by orayirgws/
indicate the number of translocated genotypes.
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Dispersal of cultivated @ — Ethiopia is the source of the greatest number of
translocations to other regions, most notably Yemen (Fig. 4.5). Thirty Yemeracganotypes
assigned to the Ethiopian cluster and all but one assigned to the southern subouster [t
unassigned getype also had the highest PP (0.63) of assigntoghe southern subcluster].

We applied four different methods to test for an independent Yemeni ofiyemenicultivated

gat. First, as noted above, genetic clustering with assignment did not supgparate Yemeni
origin. Second, we calculated Goldstein et al.’s (1995) linear gendandisbetween the two
southern progenitor populations in Ethiopia to the cultivated genotypes in Ethiopia that wer
assigned to this subcluster and to the cultivgetbtypes in Yemen. The 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. Thus, in the context of the
genetic distances lve¢en groups, the Yemeni cultivated material isahedirly distinguishable

from Ethiopian cultivated material. Third, in order to test the possibility that extanérive
cultivated gat had both a Yemeni origin and an Ethiopian origin, PCoA (Fig. 4.6) was applied to
identify any outliers among the Yemeni genotypes. In the PCoA analysigthenY genotypes
clustered with Ethiopianultivars providing additional support for an Ethiopian origin of

Yemeni cultivated gat. Fourth, no private alleles were identified in any ofd@heeNi cultivars.

But three Yemeni genotypes possessed allele 234 at locus CE22, which was absgnt am
Ethiopian genotypes but present at 0.37 among all Kenyan genotypes. This shredagibe

the result of a convergent mutatibaetween an Ethiopian lineage that was translocated to
Yemen,introgressiorfrom Kenyan gat to Yemeni cultivated gat extinction of the allele from

the genotypes currently in Ethiopla.comparing allele size distributions between wild

Ethiopian and wild Kenyan gat populatioafiele 234 in Yemeni cultivated geduldbe the
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Figure 4.6. PCoA plot of Ethiopian wild and cultivated genotypes with Yemeni cuttivate
genotypes (red diamonds) included to demonstrate the Ethiopian origin of Yemeni gat.
result d a convergent stepwise mutation from allele 232, which is present in Ethiopialeo alle
234 (Appendix 4.2). In any case the shared allele does not provide substantial evidence o
Kenyan origin for Yemeni cultivated gat. Translocations of cultivated gat ftbmoa into

Kenya were identified. Eleven cultivar genotypes found in Kenya wermgnastio the southern
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Ethiopian subcluster. In Madagascar all six individuals sampled were fraorgla sional
genotype that assigned to the southern Ethiopian subcluster (Fig. 4.5).

We did not identify any Kenyan cultivated genotypes that had been trandlozatber
countrieghat we sampletlased on the assignment tests. But translocations across the EAR and
to other parts of Kenya were rather common (Fig. 4.5). From the southern subclustdviof t
Elgon cluster, two genotypes were found in the Nyambene area northeast of Meyenotype
near Nairobi, one genotype in the city of Nakuru in the EAR, and 24 near the village of Poro in
Samburu County. Two Porarimers stated thatltivatedindividualswere translocatefifom
unsampled wild populations from regiomsarPoro. The Poro genotypes asgdto the Mt
Elgon cluster because the wild populations from which they were selectedatgat of the
wild reference set and thneld Mt Elgon genotypes are matclosely related to the Poro
genotypes than the Mt Kenya/Meru genotypes. The three genotypes traatstoddyyambene
from the southern subcluster may actually be from an unsampled or distant popuNatioingt
they do no group closely with any Kenyan clusters in PCoA plots (Fig. 4.7). No longcdista
translocations were identified asginating from the northern subcluster of the Mt Elgon cluster
except for seven genotypes found in Poro, which as mentioned silagvMee the result of lodgl
translocateavild collections.

Only localized cultivation was found for the 18 cultivated genotjipatswereassigred
to the southern subcluster on the eastern side of the EAR near Mt Kilimanjaro. Tleemorth
subcluster near Mt Kenya/Meru was the source of the greatest number aictitetsigenotypes
in Kenya with 20 cultivated genotypes collected from the western side of the EAR Jl-

Eight genotypes from the northern subcluster were collected in tMakdgbit area, where

farmers noted that cuttings had been obtained from Meru for the establishniemit ofdhards.
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Figure 4.7. PCoA plot of the Mt Elgon and Mt Kenya/Meru centers of origin, and Tanzeitdeagenotypes. Boxed points are
genotypes collected near Meru but assigning to the Mt Elgon cluster.
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In addition, one translocated genotype was found in Poro, one in South Horr, and one in Wamba
north of Mt Kenya. Translocation into southern Kenya from the northern subcluster was
represented by four genotypes near Mt Kilimanjaro, six genotypes néamtmef Wundanyi
east of Mt Kilimanjaro and two genotypes near the town of Wote ~150 kilometers north of Mt
Kilimanjaro (Fig. 45). Translocation into the EAR from the northern subcluster was represented
by two genotypes collected in the city of Nakuru. The northern subclusken wie Mt
Kenya/Meru are@asthe greatest samplegknotypic diversity in Kenya and is the source of
nearlyall Kenyan translocated material. This pattern of translocation corrobé&@tgan
farmer interviews wherein Meru was mentioned as the most common source ofsfjaitiog
their farms.

Hybridization among cultivated gat genotypesClear examples of lyidization were
found among cultivated genotypediisolated highland areas of Marsabit and Kulal in
northern Kenya, between the southern edge of the Ethiopian highlands and the northefn edge
the Mt Kenya uplift area. Hybrids from Marsabit and Kware inferred based on
STRUCTURE results in which genotypes had a near 50% proportioning of assigaraent t
Ethiopian and Kenyan origin together with an intermediate placement between &ttaadi
Kenyan genoptypes in a PCoA plot (Fig. 4.8). Furthermore, when considering only the
genotypes found in Marsabit, 19 private alleles were found among the genotypésnyba
origin and 15 private alleles among the genotypes of an Ethiopian origin. These 34gtielege
are from the loci CE22, CE37, CE41, CE42, and CE43. All hybrids from Marsabit and Kulal
were heterozygous at these five loci, possessing one of each private gsadx 4.3. Three

hybrid genotypes were also found in Kulal but we hypothesize that they did not terigora
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Figure 4.8. PCoA plot of all genotypes collected from Marsabit and Kulal.idHgbnotyps are

inferred from their placemeiiietween the Ethiopian and Kenyan genotypes.

Kulal given that only hybrid genotypes and Ethiopian genotypes were collectedRaemer

interviews also provided insights into the origin of hybrid genotypes (see below).
Cultivated gat in Marsabit was represented by seven Ethiopian genotypes, teight M

Kenya/Meru genotypes, and four hybrid genotypes. In Kulal the cultivated ga¢prasented

by three Ethiopian genotypes and three hybrid genotypes (Fig 4.8).
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Divergence between wild and cultivated gatn order to assess the divergence of
cultivated populations from wild progenitors we combined cultivated genotypes (momas cl
repeats to avid bias among the model based methods) with wild progenitors in an assessment of
population structure, both across the entire sampling area and within each of thnseobgat
cultivation. When analyzing the cultivated and wild genotypes togethessaitr® entire
sampling area the most highly supported partitioning of the data from the STRREC3haAlysis
is K = 3 whichis similar to that for the wildonly analysis of population structuring (Fig. 4.2).

When analyzing only the wild and cultivated genotypes assigning to the Ethempiter
of origin, a pattern of divergence between cultivated and wild populations is tctearreghest
supported partitioning of K = 2 (Fig. 4.9 A). At K = 2, 114 (0.95 proportion of genotype
assigning to a given clusjecultivated genotypes are separated from the remaining wild and
cultivated genotypes. From the STRUCTURE results a weaker pattern of diseigéound
with the cultivated and wild genotypes from the two Kenyan centers of origin.da ith&tances
thecultivated genotypes cluster with the wild genotypes of origin at the highgstrsed K
value of two (Fig. 4.9 B and C). However evidence for the divergence of cultivatedvild
genotypes is present in the PCoA plot for the Mt Kenya/Meru cluster (Fig)4.9 B

In exploring a range of K values, 99 of the 205 cultivated genotypes from the Mt
Kenya/Meru origin form a&ovelcluster in all simulations at K = 3, whereas the clustering of
cultivated and wild genotypes togethiethe PCoA plot$rom the MtElgon origin dd not occur
until K = 4 and at that point differing solutions among the simulatiahsat always resolve
cultivated genotypes as a separate clysligr 4.10). This pattern indicates that tigenetic
signal of divergence between the wild and cultivated genotypes in Ethiopia is stronge

moderate in Mt Kenya/Meru and weakesiMt Elgon.
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Figure 4.9. PCoA and STRUCTURE barplots for eaictine three centsiof origin with wild
samples as well aziltivated samplethat were assigned tbatcenter of origin PCoA plotsare
color coded by cultivated and wild status, 8WRUCTURE bar plotarecolor coded by cluster
membership. A) The Ethiopian center of origin with both methods indicating divergencé, B) M
Kenya/Merucenter of originvith PCoA indicating divergence, and C) Mt Elgmenter of origin
with neither method indicating a strong pattern of divergence.
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Figure 4.10. STRUCTURE barplots for wild and cultivated genotypes for the entasetiaipper set of barplots) and withir
each center of origin (lower set of barplots). Each level indicates neutlifiérent partitioning solutions (best supported
solution indicated by *) such that the support for the divergence of cultivated frorgemitdypes can be assessed.

Ethiopia Mt Kenya/Meru Mt Elgon
wild | cultivated wild | cultivated wild |cultivated

K2

K3*

K4 .

N\ N\

Kz*

K3

K4




Discussion

Genetic structuring reveals multiple centers of origin for cultivated-gahe
phylogeographic patterns for wild gat populations are similar to the findings forstcges
examininggenetic patterns within the Afromontane flora (e.g., Kebede et al. 2007; Kadu et al
2013; Mairal et al. 2015). For instance, Kebede et al.’s (2007) study of genettarstig in
Lobelia giberroaHermsl. (Campanulaceae) and palynological work (e.g., Vincens 2005) indicate
that forest habitat “bridges” that connected high altitude areas across thie E&Rya began to
contract with interglacial drying around 5500 calibrated yeamsrégiresent. Similaryhis
trend of glaciatperiod-habitat-bridge recession was also inferred to affect plant species
population structuring between the Ethiopian highlands and the mountainous areas of south
central Kenya (e.g., Kebede et al. 2007). Thus a similar biogeographic expigathably
applies to the broad scale pattern in whighl gat populations are not connected by gene flow
duringwarmer dry periods.

The population structure found among wild gat genotypes indicates that the EAR and
other geographic featurase important barriens limiting gene flow between populationgne
four Kenyan subclusters delimited by STRUCTURE each consist of genatypesiated with a
given uplift feature, indicatingersistent isolation effects betwethese uplift areas. The
exception to this biogeographic patterning among subclusters is two colletg®mdtthiopia
that form a subcluster but are separated by the EAR (Fig. 4.4). This pattatrbenagtributable
to more recent dispersal and gene flow across the EAR in Ethiopia and/or fésvpomilations
available for collection. Whatever the case the northern subcluster was ptecas
intensively in the founding of cultivated qgat, with 68% of the applicable cultivar geg®tyeing

assignedo the southern subcluster. Furthermore, when using individual wild collectionssites a
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reference sets for assignments, the Negele site to the east of the EAR inéeneal to be an
origin for any Ethiopian cultivated genotypes. Based onetidencewe infer that Ethiopian
cultivated gat wamainly derived fromwild populations to the west of the EAR.

The Ethiopian and Mt Kenya/Meru genetic clusters have historically beenitiay
sources for cultivated genotypes based on genetic analysekivdted individuals that we
sampled Wild genetic diversity,dng termcultivation and the system of farming (e.g., degree of
trade between farmers and propagation methar@shought to be key factors in producing
genotypicallydiversecultivars(Harlan 1992). This dynamic between wild diversity and
cultivation intensity islemonstrated by comparison of the Mt Elgon and Mt Kenya/Meru centers
of origin. Wild genotypic diversity is very high in the Mt Elgon center of originwete as
many cultivar gaotypes (205 vs. 103) originated from the Mt Kenya/Meru center of origin,
which indicatedonger and/or more intensive cultivatiblom that areaOur genetically based
finding of multiple origins for gat in Kenya and Ethiop@rroborates earlier anthrdpgically—
based assertions (e.g., Huntingford 1965; Carrier 2007).

Wild gat genotypes that overlap with cultivated genotypes in PCoA plots areeviite
a relatively recent initial cultivatioar ongoing introgression with wild genotypes. By contrast,
‘ancient’ crops often cannot be clearly matched to extant wild populatemasibe the wild
progenitor populations are either extinct or the cultivated and wild populations have diverged to
a degree that confident assignments are not possible (e.g., Ladizinsky 1999n@2&ahd&003).
Based on this expected pattern, Ethiopia and the Mt Kenya/Meru areas otigaticolarethe
oldest areas of cultivation in that they are the source of the greatest numbévatecll
genotypes and divergence was foletlveermanyof the cultivated and wild genotypes (Fig.

4.9 A and B).
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Differing patterns of translocation from wild centers of origiWe found no evidence
for an independent Yemeni origin of cultivated gat derived from Yemeni wild populations.
Rather theevidence from our STRUCTURE results, assignment tests, genetic distadce
PCoA analyses support an Ethiopian wild origirYemeni cultivated qaBy way of
comparison our methods of genetic cluster identification separated genetis on either sel
of the EAR in Kenya that may have been connected by gene flow as recently) 3gaB0ago
(e.g., Kebede et al. 2007). The sinlion—year separation between Africa and the Arabian
Peninsula (Fernandes et al. 2006) would have resulted in numeroigi#fietences between
Ethiopian and any wild Yemeni gat populations such that individual genotypes from a possible
wild Yemeni origin would be distinct from genotypes of African origin. Yet no consistent
differences were found among the cultivated Yengeniotypes (Fig. 4.6). Additionally, if
Yemeni cultivated material was sourced from native Yemeni populations, therpec the
mean genetic distance to be distinctly higher between the wild Ethiopianltindted Yemeni
genotypes, which was not the eabloweveyin Yemen the majority of cultivated genotypes
were not collecteth Ethiopia or Kenya and thus Yemen is an important source of cultigated
genotypic diversity. A similar situation appliesEthiopian and Yemeni coffee genotypes (e.g.,
Silvestrini et al. 2007).

Identifying the origin of Yemeni gat is relevant to the importance of gat to tme@ego
and cultural identity of Yemen. In no other country is gat as important to the econdmaygor
as high a percentage of gat consumers) &&men (World Bank 2007). Legendary accounts
about Yemeni origins such as Awzulkernayigne Yemeni goat herddearning aboutvild
gat’s effects fronobserving the stimulating effect that it hadlos goats (e.g., Getahun &

Krikorian 1973) are not supportéem our findings. Yet accounts such as Shaikh Ibrahim Abt
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Zaharbiii introducing qat into Yemen from Ethiopia, for which he was immortalized in Yemen
(e.g., Burton 1856 )areconsistent withour results.

The source of Malagasy gat is thought to be a translocation shortly after 1920 from
Yemen (Carrier & Gozon 2009). The six individuals attained from Madagascal #iom a
single clonal genotype that was the most broadly distributed and commonly enedwhteal
group in our dataset. Our findingseconsistent witra Yemeni origin (Carrier & Gozon 2009)
butare equally consistent withe possibility that Malagasy gqataisfounded directly from
Ethiopia. This pattern of reduced genetic diversity associated with distasibtration from
wild centers borigin in gat is very similar to the translocation pattern in coffee. Coftee w
native to the highlands of Ethiopia, numercufiivar genotypesvere brought to Yemen and
very few were takefrom Yemen to found coffee production in other parts of thddvo
(Simpson & Ogorzaly 2000).

Distant translocation from either of the Kenyan centers of origin was not found in our
datasetthough translocation within Kenya was quite common. The Meru area is the primary
source from which cultivated qgat is translocaté&anslocations to Mt Marsabit led to the
formation of novel hybrid genotypes from genetically distant paf€ings 4.8) This pattern was
not documented in other areas founded by translocated genotypes. Unlike the Ethiopian and M
Kenya/Meru centers adrigin, fewtranslocatedjat genotypes were assigned to the Mt Elgon
center of originThis pattern indicates recent and/or less intensive cultivation the Mt Elgon
center of origin.

Hybridization between translocated genotyped ke pattern of hybridization among gat
cultivars (Fig. 4.8) is similar to the pattaeported 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. 2011)
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whereinnovel hybridizatioroccurredafter genotypes from disparate centers of origafne
brought together. However, translocation followed by hybridizagfatistantly related
genotypesppears to be atypicathen considering the progressively reduced genotypic and
genetic diversity among gatinslocated from Ethiopia to Yemen and onto Madagascar.
Furthermore in Wote and Wundanyi in southern Kenya where both Ethiopian and Kenyan
genotypes are grown together hybrid genotypes were not found.

Given that only Ethiopian genotypasdhybrids were foundin Kulal, it seems unlikely
that the hybridizations occurred in Kul@hree farmes growing hybrids in Kulal mentioned that
these plants wemmore bitter and potent than other genotypes grown in the areaxAll
interviewedfarmers in Kulal nametarsabit, Meru and/or neighboring farms as their sowtes
cuttings to establish their orchards.

It is unclear exactly why farmers in Marsibit and Kulal preserved hygabtypesOnly
one gat hybridrom Marsabitwas found to possesdrait of inteest— the production of high
guality (desirable effects and flavagat. In Kulal it is not clear why hybrid cultivars have been
retainedgiven that the only commenftom Kulal farmersegardingheir hybrids wasthat they
produced bitter and potent gat. Thus does the lack ofgatloh Marsibit and Kulal from which
to select new genotypes provicdeuse farmers tpreserve chance hybrids or is the preservation
of hybrid genotypes incidental? The often cited reason of hybrid vigor does not appean to be a
obvious reason for the retention of these hybrids given that farmers mentionedi¢hkydiih
growinghybrid genotypesilt is interesting that the hybrids are notedasing a ‘strong’ taste
profile, thus hybridization may have created a unique arndathschemical profile.

Patterns of divergence between cultivated and wild-¢aéparatiorbetween cultivated

and wild genotypes is not detectabteK = 2when analyzing the dataset encompasalhgild
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and cultivated collections from Ethiopia and kaertFig. 4.10. Thus broad scale
biogeographical processeastlais level appear to override tegnal of divergence created
through artificial selection. However, when examining higher levelsadrdss the entire
datasebr examining divergence withiraeh center of origin, the next partitions to emerge are
the cultivated genotypes from Ethiopia (Figs. 4.9 and 4T)s the processes of artificial
selection and cultivation in the areas of historic gat cultivationimagg resulted in similar
levels ofdivergencedo thenatural processdbatcreatedpatterns of subclustering within each of
the threewild centers of origin.

Two samplingssuesare important to take into consideration when explaining the
patterns of divergence seen in the different centers of origin. First, and unrelatefictal
selectionis the issue of sampling wild populations while conducting fieldwork. The wild
populations from which a cultited lineageavassourced may not have been sampled during
fieldwork, which has been shown to influence individual assignments to populations (e.g., Cain
et al. 2000). Second, the wild popula(®yfrom which a cultivar was sourceduld be extinct.
This latter scenarianay explainthe pattern found among Ethiopian wild and cultivated sesnpl
as the vast majority of primaBthiopian forests have beelearedand/or converted into
agricultural useg¢Dessie & Kleman 2007; Dessie and Kinlund 2008; Tadesse et al. 2014,
Guillozet et al. 2015).

If extinction of wild populations is causing the observed patterns of divergetiee in
Ethiopian center of origirthennot only is farming an important factor in the preservation of
genetic diversityn generalput also the preservation of genetic diversity from wild source
populations. The observed trend among long—lived perennialsrsldtivelyhigh genetic

diversity to beetainedamong the cultivated genepool in relation to wild source populations
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(Miller and Gross 2011). Howevehe degree to which this relative measure of diversity has
been nfluenced by wild—population extinction versus on—farm preservation of cultivars has not
been broadly assessed.

In regards to evolution under cultivation as defined by the divergence of cultivate
wild gendypes, the Ethiopiaaultivated genotypes aithe most divergent from extant wild gat
compared to the other centers of origin. $trength of this patteroreals downby center of
origin with the Ethiopian centdraving a wel-supported pattern of divergence, eKenya
centerweakly supportednd, the Mt Elgon centenasno clearevidence of divergence (Fig. 4.9).
The differing patterns of divergence may be the redudifferenttimes since initial cultivation
with the Ethiopian center of origin being the oldest and Mt Elgon the yourigady.initial
cultivation in Ethiopia and the Meru area of Kenya is supported in the historical doatiorent
(e.g., Huntingford 196%Carrier 2007).

Lastly which theory of domestication appliesctdtivated gat (Fig 4.9, 4.10) The
instant domestication tbey (Zohary & Spiegelroy 1975; Harlan 1992; Zohary 2004; Kislev et
al. 2006) is not supported based on the numbeultif’atedgenotypes within different areas of
cultivation However only three clonal genotypes made up nearly half of all clonal gersotype
thus it does appear that while a large number of genotypes are cultivated oalyrsusmber of
genotypes become predominate in cultivation. From our data, hybridibatween distantly
related genotypedoes not appear to be a major factor in the early staggg ddmestication
but maybe importanh later stages of domesticationtside centers of origias seen in Marsabit

and Kulal.
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Conclusion

Qat has been an important plant in the history, culture, and economy of East Afica. W
have added not only to our understanding of gat originalbaprovided insight into the early
stages of longlived perennial domestication through the analysis of phylogeographic patterns.
We identified three separate centers of origin for cultivated gat, two of wWetu @nd
Ethiopia) have provided the vast majority of cultivars grown throughout the region.geftthe
sources of diversity Ethiopia is clearly the original country of origin for egdagenotypes to
Madagascar and Yemen, while Kenya hareatewild and cultivated genotypic diversity.
From these results we found no evidence for Yemen being a separate centgn diubmather it
appears to be a secondary center of diversity in which cultivated genotypes mddandgen
Ethiopia are preserveth addition to the unique genotypes discovered in Yemen the areas of
Marsabit and Kulal in northern Kenya generated novel diversity through addrah of
genotypes from Kenyan and Ethiopian parentagstly, evidence for divergence between
cultivatedand wild genotypes in the historical areas of cultivation in Ethiopia and Mt
Kenya/Meruindicatesa dynamic process of selection and extinction has taken place among
cultivated and wild gat populations andiiedicatespotentiallyunsampledvild populationsIn
any caseexamining divergence in concert with individual assignrasmell as hybrid
discoveryfurtherclarifiesthe history of gat cultivation and provides a seateskarch questions
for further studyTwo such questions are 1) Do wild populations persist in the northern Ethiopia
or Nyambene that more accurately represent the wild progenitors of @dtiyattin those areas
and 2) Has hybridization between distantly related genotypes produced novelieatulales
chemical trait® Both questions could be examined through further field work and growth

chamber experiments respectively
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CHAPTER 5: CLONAL DIVERSITY AND THE ETHNOTAXONOMY OF CULTIVATED
CATHA EDULISQAT, CELASTRACEAE): HOW COLOR, GENOTYPE, AND

GEOGRAPHY CORRESPOND IN THE FORMATION OF CULTIVAR IDENTITY

Summary

Like other crops that are widely cultivated, farsiand traders have developed a system
of names to refer to different cultivars of gat, using stem color as the ptiraény differentiate
these cultivars. Previous work has primarily used morphological and chenaicakfein an
effort to find an association between cultivar names and a set of stab|eotrafias not yielded
any clear association between them. We used SSR genotypes and collecticasdsmthe
major gat growing regions to test whether names and traits associatedgeitbtypevere
consistent across areas of cultivation. We found that there was nasseaiation between
genotypeand stem color, and thus a single name was often applied to numerous genotypes
creating widespread homonymy in the ethnotaxonomy of gat cultivaspitBevidespread
homonymy a subset of individuals from a single clonal gneag generally associated with the
majority of individuals collected under a single cultivar nantee East African Rift in central
Ethiopia was found to be a barrier to both the exchange otchmthl genotypes and certain
cultivar names. This finding does not have a clear ethnographic explanation givée tha
Oromicand Ahharicculture and language in central Ethiopia spans the East African Rift. In
Kenya, both cultivar name®d clonal genotypes were broadly dispersed with nearly all of the
clonal genotypes originating from the Mt Kenya/Meru area in central Kemgerstanding
what factors influence the cultivar name used by gat farmers and traseporgant given that

different monetary value is associated with different cultivesinferthat genotype is only one
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of at least three factomscluding horticultural practices and environmental conditions that
contribute tdhe attributes associated with certain gat culiva
Introduction

Qat [Celastracea€atha eduligVVahl) Forssk. ex Endl.] is a woody evergreen crop of
major economic and cultural importance in East Africa and southwest Arabiatidvates 20
million people consume gat daily iagtern Africa Al-Motarreb 2002, gat is the second largest
foreign exchange commodity in Ethiopia (Bhalla 2002; Gebissa 2004; Anderson et al. A807), a
6% of the total GDP in Yemen is generated from gat cultivation and sales (World Bank 2007).
As with other crops that are wigecultivated, farmers and traders have developed a system of
names to refer to different cultivars of gat. The color of the young stemsaaed s the
primary trait by which farmers and traders distinguish different cultivaiditionally the flavor,
potency, and agronomic attributes, such as tolerance to different growing@uditd growth
habit, are often used to differentiate gat cultivars (e.g., Lemissa 2001y Q861%. Researchers
have repeatedly questioned whether named gat cultivars reflect true biolagieaés or are
simply a system of referring to convergent traits among distantlydetggnotypes (e.g.,
Getahun & Krikorian 1973; Lemissa 2001).

Wild gat grows as a woody shrub or tfesm 2— 25 meters tall (Robson et al. 1994).
The naive habitats of gat are evergreen submontane forests (1100 — 2400 m), growing at forest
margins and aongthe forest on rocky outcroppings (Robson et al. 1994). The range of gat is
throughout eastern Africa (and possibly southweabia) from Ethopia to South Africa and
west to AngolgPalgave 1983; Robson et al. 1994). Flowers of gat are bisexual. Little is known
about whether gat is sefompatible or strictly outcrossing; from the floral morpholegher or

both breeding systems are possible. Clonal growth appears to be uncontheowild with
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modestly wind dispersed seeds largely accounting for the natural dispfegqaaM. P.
Simmons pers. obs).

Qat farmers generally apply clonal propagation methods, such as stem-sucket
cuttings, to start new orchards.g, Kennedy 1987; Gebissa 20@arrier 2007J. While rare,
instances of seed propagation have been observed as a means of propagating cultieaged gat (
Mbuya et al. 1994; Anderson et al. 2007). In cultivation gat is trained into numerous forms from
low growing shrubs to narrow upright trees, and open downward trained trees (e.gdyKenne
1987; Carrier 2007). Different training methods are generally used to encouragevitie of
new shoots, whichrethe pars harvested andold, and to make harvesting easier. Qat
cultivation occurs at scales from small backyard gardens to mono—cropped orchasls, but
primarily grown on smalscale subsistence farms and often intercropped with maize, potatoes,
beans, ensete, and other food crops.

Within the Celastracea€atha eduliss the only species that is cultivated on a large scale
specifically for its stimulant alkaloids. Qat is cultivated and/or collected fromitdeand
consumed in Ethiopia, Israel, Kenya, Rwanda, Madagascar, Somalia, Tanzania, dgdnda,
Yemen(e.g, Kennedy 1987; Gebissa 2004; Anderson et al. 208itier 2007 Carrier & Godez
2009. Qat is generally consumed by chewing fresh young leaves and shoots. Thehaming s
tips and leave®f gat contain thetimulant alkaloids: (S)cathinongUnited Nations Narcotics
Laboratory 1975; Schorno & Steinegger 1979; Szendrei 1980), (1R,2S)-norephedrine, and
(1S,2S)—norpseudoephedrine, commonly referred to as cathine (WolfgsGRed the rapid
breakdowrof cathnone into the less potent cathine after harvest, gat is treated as a perishable
commodity and is consumed within twotloee day®f harvest, with théigher prices

associated with the freshestoot tips (Altabachew et al. 2013).
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As with other crops that are clonally propagated such as fig (Acktak et al, 308%
(Carimi et al. 2011; Meneghetti et al. 2012), and yam (Scarcelli et al. 2@t@tal names are
often given to clones that are widely cultivated and popular among farmers. fivation
practices, extent of geographic dispersal, age, and the degree to whiclspeniep has been
studied often determine the degree to which a cultivar name matches a speotfjpgé¢a.g.,
Acktak et al. 2005; Carimi et al. 2011; Meneghetti et al. 2012; Scarcelli et al. 2013). For
instancein traditionaHig—growing areas in Morocco multiple cultivar names are associated
with a single lineage (synonomy) or a single cultivar name is associatecewgtialslineages
(homonymy) (e.g., Acktak et al. 2005; Carimi et al. 2011). The cause of cultivar syywonym
homonymy can be related to biological processes or human cultural and lingtfistendes
among different growers. It is possible that plants with different geastyay have similar
phenotypebecase of phenotypic plasticitgnd thus be given the same cultivar name.
Alternatively, phenotypic plasticity may result in individuals of the same gpaqtossessing
different morphological character states and thus be given different culéinees (e.gVolk et
al. 2004; Antonius et al. 2012). Further complicating the issue of cultivar names rwdihg fi
that single somatic mutatiomanchange phenotypes within clonal lines, which are then given
new cultivar names (Carrier et al. 2012). In cases wdleral cultivars have been dispersed
across regionwhere people speak different languages or dialects, cultivars of the sameggenoty
are often referred to in the local language and multiple names, sometimdsevatnte
meaning, can be used to refemtsingle genotype (e.g., Acktak et al. 2005). These issues of
clonal-cultivar synonomy and homonymony are also found among intensively studied crops

such as grapé.g., Meneghetti et al. 2012; Scarcelli et al. 2013). We expected that issues of
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synonomy and homonymny are comnanong gat cultivar given itglenotypic diversity and
widespread cultivation among different cultures.

The main cultivars of gat recognized in Ethiopia are ‘addi’ whit@|dth’ (same as
‘dalecha’) which is white or light green, ‘dimma’ red leaved, and ‘hamercbi¢iwis
intermediate in appearance between ‘dimma’ and ‘dalota’(Getahun & Krikb®iaB; Lemissa
2001). In Kenya cultivars are also recognized by color but of equal or greatetanggois the
age of gatwith the nane ‘mbaine’ being reserved for gat that is older than 40 years and often
well over 100 years old (Carrier 2007). Some of the common cultivars grown in Kenya a
‘miraa miiru’ dark or black in color, ‘mirra meru’ white, and ‘kithara’ red. Imén the
following four cultivars have been mentioned in the literatulgyad white, ‘ahmar’ red,
‘aswad black, and ‘azraq’ blue (Revri 1983; Kennedy 1987). In Ethiopia red cultivars of gqat are
often reported by farmers as being strong in flavor and potent basleelioeffect on the chewer
whereas the white varieties are more palatable and subtle in effect (Getahuro&akrik973).
In Kenya darker cultivars are considered superior over the white or greetiegaCarrier
2007), but Krizevski et al. (2007) foutisht there was no major difference between red and
green qat with respetd the alkaloid content. In numerous accounts the conditions under which
gat are grown (elevatian particula) are cited as important factors in determining appearance,
potency, and flavor (e.g., Revri 1983; Goldsmith 1994; 1999; Carrier 2006). Knowing which
genotypes correspond to named cultivars is an essential first step in detgnvhether
geography (both human and physical), morphology, genotype or a combination of thase fa
determine the naming of cultivars.

For the first time gat cultivar names and stem color will be assessed agaotgpmgen

dataacross the historic areas of cultivatiororder to evaluate the degree to which synonymy
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and homonymy are found among cultivated Yét. assessedafierns of geographic dispersal for
clonal groups and cultivar names in order to determine whether geographic dagtanselated
with cultivar name or clonabenotype dispersalVe also appliedssociation tests between
gerotype, elevation range, cultivar name and clonality to determine if anjicagi genetic
associations are present among named cultivars. A naming system fdtigatscthat is
consistent and encompasses the main factors determining a set of staldeotrklitbe a helpful
for gat farmers and traders. Cultivar names are an important factor in deteythimimonetary
value of harvested gat in the marketplace (e.g., Hill 1965; AiIme&l&iraham1994 Carrier
2007).
Materials and methods

Plant collectons— Together with Ethiopian and Kenyan colleagues, Margilimons
collected #81qgat specimens 2009 — 10 in Ethiopia and Kenya. Collection trips were
conducted in collaboration with Addis Ababa University and the National Museums cd.keny
total d 659silica—gelpreserved leaspecimens were collected from Ethiopia and 8@
Kenya.Of these 1481 specimens, S@itivatedindividualswere sampledrom 256 Ethiopian
farms andb25 cultivatedindividualswere collected fron217 Kenyan farmgincluding those in
which the farmers reported cultivating wild gat that was eithsitu or had beerranslocated)
Four wild populations (29 — 37 specimens per population; averagevsdr@lsampled from
Ethiopia (only three had been previously repoftedhe entire country), and 2@ild
populations (5 — 30 specimens per population; average of 13) were sampled from Kenya.
Additional specimens from Ethiopia include those from one feral population (18 spegimens
farm in which wild plants had been brought into cultivation (three specimens), and 26 sigecime

purchased fronthreemarkets (including the largest in Ethiopia at Aweday, near Harar).
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In 2012 and 2013 Abdul Wali al Khulaidi of Yemeni Agricultural Research Authority in
Taiz and Mansoor Althobhani tfie University of Sana’a collected 55 cultivated gat specimens
from across the major production areas in Yemalditional exigsing specimens of gat included
six cultivated specimens from Madagascar Matk P. Simmons collected in 2006 and 2007,
and 16 pecimens from Tanzaniane sample from Malawi, and one sample from Zimbathae
were collected by the Missouri Botanical Garden since 1990 as part of thetidlstudies in
Africa. Although native to the country, gat is not legally cultivated in &aizz The complete set
of 1561specimengncompassdse regions in which gat rmost intensively cultivated as well as
all of the areas mentioned in historical literature as the places of origin foatediiat.

DNA extraction, PCR, and microsatellite genotyptrdNA was extracted from
herbarium specimens or leaf tissue that was dried in silica gel. We applig¢draizad DNA
extraction process as outlined in Tembrock et al. (in prep). The 17 microsstediéd for
genotyping were selected from et al. (2013) on the basis of consistent amplification, allelic
richness, and their ability to be multiplex®CR and fragment analyses where multiplexed as
per Tembrock et al. (in preplhe dataset analyzed here for cultivar identification is the same
one analyzed by Tembrock et al. (in prep) for inferringwiié origins andsubsequentispersal
of cultivated gagenotypes

Genetic data analysis-Clones were identified from the dataset #8mehtestedto assess
whethergenotypicrepeats may have ariséom sexual reproduction using thg,falculation in
MLGsim 2.0 (Stenberg et al. 2003hdividuals with missing data and differing by a single allele
were added to the clonal groups identified through MLGSinis stepwas conductedsing
visual examinatiomf NJ (neighbor joining; Saitou & Nei 1987) trees as rendered in DARwin 6.0

(Perrier et al. 2003; Perrier & Jacqueme@dllet 2006)By including individuals differing at a
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single allele we accounted for the error @ft@.4%calculatedor our dataset. Clonal groups
were then given unigue numeric designations as well as the codes ‘M’ if theyeidc
individuals with missing data and ‘E’ if they included individuals differing bingle allele.
Data quality of the final set @lonalindividuals was asssed usinglobal linkage
disequilibrium tests, anHWE (Hardy Weinberg Equilibriutnas implemented iGDA1.0
(Lewis & Zaykin 2001) and GeneAlex 6.5 (Peakall & Smouse 2@l2hal repeats were
removed beforgve conducted these tastensurdhat replica¢ genotypes did not bias the results

The assignments of cultivars to geographic centers of origin were based wultseme
Tembrock et al. (in prep). The relationship among clonal genotypes was explored uasig NJ
implemented in DARwin 6.0 (Perrier et al. 2003; Perrier & Jacquemond—Collet 2006).
Robustness of groupings was assessed based on 1000 bootstrap replicatete(fré/3856%
While all individuals in our dataset were initially assessed via this methardiér to group
genotypes differing bg single allele, later analyses used only a single exemplar from each
clonal group in order to simplify interpretation.

Association tests were conducted in GEPHAST 1.0 (Amos & Acevedo—Whitehouse
2009) in order to explore the possibility that elevatiamge, cultivar name or clonality were
associated with a given locus or genotype. GEPHAST uses an extension of heterfinyegd
correlation test that considers the entire genotype as well as each locuslatioartests to
multiple different phenotype categories including continuous and binary. Condesiag t
without first accounting for population structure can yield false positives, thiestsl were
conducted within genetically predetermined clusters to circumvent this proBtartinuous
chisquare tests were used for elevation range and cultivar name comparisons, andrthe bi

chisquare test was used for the trait of clonality. The trait of clonalityaesessed by including
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one genotype from each clonal, compiling those genotypes across all groups and caimgtaring
set against the wild populations to examine if altgle is significantly correlatedith clonal
propagation. The initial number of randomizations was set to 1000 and if a p value lower than
0.02 (per default settings) was found 100,000 randomizations were conducted for that locus in
order to more robustly test the association significance of this locus.

Geographic mapping of clones and cultivar names was conducted in Google Earth 5.0
(Google Inc. Mountain View, CA).

Results

Clonality among cultivated gat Our method of identifying clones using the,P
calculation (Stenberg et al. 2003) followed by grouping through pairwise deletioci wfith
missing values and single allele differences in NJ indicated 18atof the total dataset, or 638
individuals, belong to one of 86 clonal groups. Clonal groups ranged in size from two to 130
individuals. Nearly all clonal individuals were cultivated; only 2.2% of the putaloreeswere
from wild populations. Forty two of the 86 clonal groups consisted of only two individuals, and
13 clonal groups consisted of three individuals. Only 13 clonal groapsrepresented lign or
more individuals, and of these only three growese represented B0 or more individuals.
(Figure 5.1).

Clonality in different areas of gat cultivatier Clonal reproduction was found to be an
important means by which to establish gat orchards. In Ethiopia 64.5% of the cdltjaate
collected was part of a clonal group, 53.7% in Yemen, 56.8 % in the Makdayu area, and
100% in Madagascar. In the Mt Marsabit, Mt Kulal, and South Horr areas betweehitpeaa
highlands and the volcanic uplift areas in central Kenya 63.5% of the individualsedeere

identified asclonalgroups All of the clonal imividuals from tlese thre@area were of
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Figure 5.1. Neighbor joining tree showing the relationships between clonal gehaiyfpédranches color coded by center of
origin. Each terminal of the tree represents a clonal group of two or more intByidoetstrap values of 50% or greater

indicated below branches. Circumference of circles on map is proportional to the mdirtibaal individuals associated with

each center of origin. Small circles within large circles are proportioniad toumber of individuals from the three largest clonal
genotypes within the Ethiopian and Mt. Kenya/Meru centers of origircigslies are centered on the geographic area associated
with the most intensive cultivation for that clonal genotype. Lines caimgethe circles to the tree indicate the relationships
between the most frequently collected clonal genotypes.
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Ethiopian or Mt Kenya/Meru origin with the exception of four individuals around Mt. Kulal tha
were found to be of hybrid origin from parents of Ethiopian and Mt Kenya/Meru origin
(Tembrock et al. in prep).

In areas of recent gat cultivation (save Madagascar and the volcanic uplift areas in
northern Kenya) clonal individuatepresent smaller percentage of the cultivated gat. In the
Chyulu Hills region near Mt Kilamanjaro 39.4% of the cultivated gat was clonal, ahdss
clonal individuals only 15.4% were inferred to be locally sourced with the remaioimgsc
being sourced from the Mt Kenya/Meru area or Ethiopia. The majority of g@anhgn the
Chyulu Hills area appears to be locally sourced with only a single clonal germiginating
from this area. Similarlgultivated gat from around Mt Elgon in Kenya south to the Tanzanian
border on the west side of the EARast African Rift)was found to contain only 25.7% clonal
individuals. Of those clonal individuals 32.1% were sourced from wild populations on the west
side of the EARwith the remaining clonal individuatsiginating fromthe Mt Kenya/Meru
area. In northern Ethiopia, gat cultivatioearthe southeast shores of Lake Tana was found to
consist of only 6.7% clonal individualsthe lowest percentage of any-gatltivation area.

Ethnotaxonomy, synonymy, and homonyn¥cress Ethiopia, Kenya and Yemen 129
names were used to refer to different types of cultivated gat. The most oftelynused
names among farmers in Ethiopia were ‘dimmaddi,” ‘kye,” ‘nech’ ‘dalechg and ‘magala.’

In Kenya the most commonly encountered names were ‘gjthaggocg’ ‘mbaine, ‘miira

miiru,” and ‘mitune.’ In Kenya, outside the Meru area, the naming convention for gat was not a
consistently employed among gat farmers with numerous farmers rgfertineir gat as wild or

of unknown type. In Yemen the names ‘abyatihmar’ ‘ashraj’ ‘azraq’ and ‘safi’ were used

alone or in conjunction with another wordnwdify the meaning. In Yemen the names ‘aswad
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‘bayadh,’ ‘ghubri,” ‘habashj’ and ‘sini’ were used without modifiers. None of these most
commonly found names corresponded to a single genotype. Instead all of the connsadnly
nameswere applied to boteeveral clonafjroupsas well amon-€lonal genotypes. In Ethiopia

all six of the most common cultivar names were used to refer to the clonal group 11ME on at
least one or more farms. While the cultivar names are used to refer to numeroygege@ot

high percentage of the individuals from each cultivar is represented by a singtgmge For
instance, 62.8% of the individuals referred to as ‘dalecha’ were in the clonal group 3312%

of the individuals referred to as ‘mitune’ were in the clonal group 74E, and 50% of the
individuals referred to as ‘hamar’ were in the clonal group SME.

Qat farmers generally use the trait of stem color in the naming system o&igyltiv
although several instances of names being applied contrary to the color ofrtlveeséenoted.

In Kenya the naming system considers the age class of plants by appdydesihnation

‘mbaine’ to older individuals, though 62.7% of ‘mbaine’ individuals collected in our study were
assigned to the 73ME clonal group. In Ethiopia and Kenya clonal genotypes wereoftwend t
highly plastic for the trait of stem color (Bigs.2, 5.3).

The geography of clonal group&§he geographic range of cultivation among clonal
groups varied depending on the clonal group and the place of origin. Clonal group 11ME
included the largest number of individuals and had the largest geographic range/afi@ulti
extending from northwest Yemen to northern Madagascar (Fig 5.4). In Ethiopia, iMiEa<
thought to originate (Tembrock et al. in prep), 11ME is cultivated on both sides of the EAR,
extending from Dessie in the north to Finchawa in the south. But 11ME was found to be most
intensively cultivated around the city of Harar and was the predominate cgitovan in the

area. Clonal group 1ME was the second most collected clonal cultivar in Ethiopia (51
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Figure 5.2. Examples of clonal genotype 11ME (all genotypes shown are exdstshétom
Ethiopia and Madagascar demonstrating the plasticity of stem color and syn@jyegdi’, B)
‘dimma’ albeit with unusually green stems for ‘dimma’, C) ‘nech’ D) ‘kye’, and E) green ahd re
gat from Madagascar.

individuals) and was restricted to the west side of the EAR. The range of coitif@tilME
was centered around the city of Jimma, ranging approximateliitb®@eters in all directions.

The most frequently collected clonal group in Kenya, 73ME (55 individuals), was edllect
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Figure 5.3. Examples of phenotypic plasticity, synonymy, and homonymy among ealtizit
in Kenya Where applicabléhe genotypicmatches are exadk) black ‘mbaine’ of clonal
genotype 73ME, B) red ‘mbaine’ of clonal genotype 73ME, C) ‘kieru’ of clonal genotype 63E,
D) ‘nthaara’ of clonal genotype 63E (growing on the same farm and the samag GYyeE)
‘magoca’ from a norclonal genotype with green stems and, F) ‘magoca’ of clonal genotype
50M with red stems.
primarily around the Nyambene area NE of Mt Kenya in central Kenya./3MIE individuals
were collected on the west side of the EAR, approximately 350 kilometersHeoits primary
area of cultivation. In Yemen the most frequently collected clonal group was 11INIEheB
clonal group 5ME, which was the largest clonal group unique to Yemen and representéd by eig
individuals, and was collected once near Sana’a with alt ctiiections from an area SW of

Taizz.

The range of cultivation among clonal groups varied depending on the center ofrorigin i
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Figure 5.4. Geographic range of the 3 most commonly collected clonal genotypes 1ME, 11ME
and 73ME.

which they were cultivated. In Ethiopia three main areas of clonal diversity found with little

to no exchange of clonal genotypes between them. The three areas in whicgrdopslare
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concentrated are centered around the cities of Dilla and Harar on the east ssdeARR{fand
Jimma on the west side of the EAR. Seventeen clonal genotypes were found in the area
surrounding Jimma, 11 around Dilla, and five around Harar. The only instances of exchange of
clonalgroupsbetween these areas in Ethiopia are the cultivafidd®E and 4ME individuals
on the west side of the EAR around Addis Ababa and Dessie. Oddly the clonal group 35M,
which wasinferredto have an Ethiopian origin (Tembrock et al. in prep), was never collected in
Ethiopia but was collected 20 times in fivstthct areas of Kenydespite this atypical pattern,
the origin of 35M to Ethiopia is supported by its nested placement in the NJ tree (Fandbith
1.0 PP assignment to the Ethiopian cluster (Tembrock et al. in prep). The other dapal gr
(20M) assigning to an Ethiopian origin and dispersed to Kenya was also collected in southern
Ethiopia around Dilla.

From 45 clonal groups ikenya all but six clonajroupsoriginated from the Mt
Kenya/Meru area. Of those that did not originate from the Mt Kidfgtau area, two clonal
groups were of hybrid origin from the Mt Kulal area, one grivap the Chyulu Hills area in
southern Kenya, and three from the Mt Elgon uplift area on the West side of the BAR¢Tl
et al. in prep). Thus the origin of nearly @é cultivated clonajroupsin Kenya is the Mt
Kenya/Meru area. As a consequence nearly all the cultivated clonalahfatend outside of the
Mt Kenya/Meru areas is a result of translocation. That beatgd; 164 cultivated genotypes
were not found to be part of any clonal gramphe Mt Kenya/Meru areand 99within the Mt
Elgon area.

The geography of gat cultivar nameas-with clonal groups the geographic patterns for
gat-cultivar names vary dependiog theregionin which the name is used. In Ethiopia three

patterns emerge in regards to the geographic range of commonly used cultivar Tizertéree
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patterns found among gat cultivar names in Ethiopian 1) ‘hamarcot’ is used only arouityl the c
of Harar, 2) ‘dalecha’ is only used on the east side of the EAR 3) ‘addi’, ‘dipamd*migala’

are used on both sides of the EAR, and 4) ‘nech’ and ‘kye’ are used only on the westtsde of t
EAR. Cultivar names in Kenya generally have a more limited geographic ramgever the

names ‘magoca’ anddtk ‘mbaine’ are used outside the core area of use in the Mt Kenya/Meru
area in the Mt Marsabit area and on the west side of the EAR. In Yemen the comtiran cul
names ‘bayadh’, ‘hamar’ and ‘sini’, were only noted around Ta’izz whereas the nayadha

was only noted in areas of cultivation north of the state of Ibb. The names ‘amchézeaq’

were noted throughout areas of Yemeni cultivation however the practice of appbyiifgem

terms to cultivar names was more prevalent in northern Yemen (Fig. 5.5, 5.6, 5.7).

Genetic diversity and association test§enetic diversity of the clonal groups from Mt
Elgon, Mt Kenya/Meru, and Ethiopia was very similar to wild populations from the aa@as.

The Fs values for the clonal groufiom Mt Elgon, Mt Ketya/Meru, and Ethiopia were 0.38, —
0.11, and 0.17 respectively. The mean number of alleles per locus for the clonalfignaoulgls
Elgon, Mt Kenya/Meru, and Ethiopia were 2.59, 4.24, and 4.94. The average across all wild
collection sites for Ewas 0.11 and 3.81 for the mean number of alleles per locus.

From the association tests none of the traits examined except for cloreltigdyany
significant resultsFrom the binary chi—square test both Kenyan and Ethiopian but not Mt Elgon
clones had loci that where significantly associated with clonality whepa@u against their
wild progenitors. Despite the lack of a significant finding the elevation rangeradldroup
11ME is worth noting as it is grown from near sea level in Madagascar tyg @6aflmeters in

Ethiopia.
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Figure 5.5. Geographic range of the cultivar names A) ‘addi’ and B) ‘dim
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Figure 5.6. Geographic range of the cultivar names A) ‘&ayd B) ‘dalecha’.
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Figure 5.7. Geographic range of the cultivar names A) black ‘mbaine’, B)rgitlzaad C) ‘magoca’.
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Discussion

Clonality, wild selections, seed based propagation, translocation, and hybridization in
the formation of cultivated gat diversiy The use of clonal reproduction was found to be an
important means of propagation for cultivated gat as previously noted (e.g. Kennedy 1982;
Carrier 2007) We found that clonal propagation is most intensively practiced in central Ethiopia
around the cities of Dilla, Harar, and Jimma. Interestingly a patterntatteddispersaln eah
of these three areas was found for the clonal grotipet is, all clonagroups cultivated around
Jimma where not found cultivated across the EAR around Dilla or Harar. The satneeras
cultivated clones around Dilla. However the clonal gréME collected most often around
Harar was also collected across the EAR near the city of Dessie. Thegrtmmall LIME most
often collected around Harar was also collected near the city of Dessie, Axddig ik Yemen,
and was the onlglonal groupcollected in Madagascar.

No evident population structure was found among these three groups. Thus is atlthis leve
of geographic and genetic sampling an initial selection from the Jimma area nslbdeadion to
Dilla is as likely as an initial selection from Jimma with subsequent cultivation in Jimma.
However it is possible that these three separate areas of cultivatiorowmeded from local wild
populations and only locally traded for propagation. This explanation is problematict tinetha
Oromic peoples have historically moved across these three regions (e.qg., R9¢hdewde
2001). Our own findings of cultivar names being shared across the EAR and thesegibree
further demonstrate the free flow of gat naghaonventions across thesesaaref cultiation.
While factors associated with human culture have been shown to be associatbd gethettic
structuring of sorghum in parts Africa (e.g. Westengen et al. 2014) this does nat appea

applicable here. Therefore further work utilizing more detailéaial, linguistic and
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environmental variables is needed to explain why only localized translocatiortiditeal
clonal genotypes are found in these areas.

The area southeast of Lake Tana in northern Ethiopia stands out from other areas of gat
cultivation in that only a single clonal groums collected in this area. Farmers in this area made
note that they often started their plants via seeds collected from their cultilaatesd phe
farmers also mentioned that they started plants via cuttings but as little evidémeenats
found it would appear that clonal propagation is uncommon. This practice of intentionally
propagating cultivated gat from seed was rarely mentioned throughout Ethiopia atad Keny
except for instances of chance seedlings sathose in Mt Marisbit. Interestingly the only
cultivar names used in this area were ‘nech’ and ‘kye’ despite not shayimd te clonal
genotypes associate with these names.

In Kenya clonal propagation is most intensive within the Mt Kenya/Meru &rdact all
other Kenyan areas of production we sampled, were found to possess clonal individu#ie from
Mt Kenya/Meru area. Thus as discussed in the historical literatgreJQarrier & Gezon 2009)
the Mt Kenya/Meru area appears to be originalfsiténtensive gat cultivation. As such the
cultural notoriety associated with this area may have led to this area becoenpngrtary
source of translocated gat to other areas. After 1981 the Kenyan governmeaityoffic
recognized the importance of gat production and began to provide material support toejst far
(Goldsmith 1988). Thus, after 1981 gat production expanded outside the Mt Kenya/Meru area.
From our results and farmer interviews gat production in areas like the ChysilanailMt
Elgon relied both on adjacent wild populations and importation of clones from the Mt
Kenya/Meru area to establish their farms. One farmer in the Chyulu area niadeatdne had

tried to utilize the wild plants from the area without success but that plants framalier
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Ethiopia were able to prosper. Assignment tests conducted in Tembrock et apfin pr
confirmed the origin of these plants

In the Mt Kulal and Mt Marsabit areas of Kenya the situation is similar to thel@Chyu
hills in that cultivars from Mt KenyMeru and Ethiopia were used to found gat cultivation in
these areas. However no wild populations were thought to be involved in sourcing foremlltivat
gat despite the mention of wild populations among some farmers. These areas deminmpor
that they povided the necessary conditions (i.e. translocation of genotypes from diffeigns
into close proximity and the preservation of chance seedlings) to allow forotdhgcpion of
hybrid sourced clonal cultivars. This process of hybridization and propagation could have
occurred in Chyulu but was not noted among the collected individuals.

Translocation of gat genotypes between different centers of origin has peresalted
in increasing genotypic diversitiirough introgression and/or increasing the number of
genotypes in an area over strictly local selectionslé¥ranslocation to more distant areas of
cultivation has occurred genotypic diversity has often been rediueetb genetic bottleneck
The most extreme case of this being Madagasoahich only a single genotype has been
collected. Unlike areas in which wild populations can be mined for geneticitingasin
Madagascar does not haaeywild gat thus translocation is the only source of new genetic
material. The translocation of gatYemen has resulted in a less extreme reduction of cultivated
genotypes. Rather Yemen stands as a secondary center for cultivated gy dwtdr four
clonal genotypes found only in Yemen as well as 26 non—clonal genotypes. This level of
genotypic dversity is similar to areas of cultivation in Ethiopia of a similar geographic Biis.

suggests that multiple introductions and/or crossbreeding between introduced gemagypes
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maintained a higher level of genotypic diversity in Yemen despite theappack of any wild
populations in Yemen.

Ethnotaxonomy in the identity of cultivated gat typ@sie Ethnotaxonomic system
developed to recognize cultivated gat does not directly correspond to any singig@egeimot
addition multiple names are appliedasingle genotype. Thus both synonymy and homonymy
are common in the naming convention for cultivated gat. Moreover the establistedgeaito
delimit cultivar names are sometimes not followed, adding further confusion tdraitatre
important inrecognizing certain gat types.

In regards to stem color, the primary trait by which different types adreatecognized,
numerous examples of phenotypic plasticity were found. One of the most striking example
this was two individuals grown on thamse farm with identical genotypes, and age classes (as
identified by the farmer) and similar phenotypes except for stem color.oDhbes difference in
stem color these two individuals were associated with two different cutiaraes (Fig. 5.3, C,
D).

It is difficult to speculate as to what environmental factor or factors miglrduseng a
stem color change between individuals in such close spatial proximity. Howetentensity
and temperature have been shown to be important in influencing the expression of antbocyani
and might be relevant for gat coloration (e.g., Lightbourn et al. 2007). Although nod telate
stem color gat has been shown to be phenotypically plastic in regards to leaérmeang
(Krikorian 1985). Therefore qatppearto be phenotypically plastio general as leaf
arrangement is often a fixed trait used in identification of plant specms. ¢urr findings stem

color does not appear to be a useful trait by which to identify cultivated qgat typesver with
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the current sedf markers, studies associating genotype with phenotype can now be carried out in
an effort to find stable characters to identify cultivated types.

Despite the problems associated with the naming system in gat, a trend amongtthe mo
commonly used names provides a reference point from which to develop a more consistent
naming system. For instance, the name ‘dalecha’ is made of 62.8% individuals frongoborpal
11ME, ‘mitune’ 58.2% 74E, and ‘hamar’ 50% 5ME. Thus a core set of clonal individuals appear
to be the original ‘hamar’ or ‘mitune’ for example. Thus these core sets orabritpnal
individuals could be used as the initial set in finding what traits constitute a trueémitun

Geography also plays an important role in the application of cevdanes- for example
the name ‘kye’ is used to refer to red gat and ‘nech’ white gat (althougttisoes inaccurately)
on the west side of the EAR. In this way the names might be acknowledgin{ettieo&f
‘terroir’ on the quality (or even phenotype) ataqnuch as ‘champagne’ or ‘cognac’ do with
carbonated wine and aged brandy respectively. In support of this hypothesisa® thatfthe
west side of the EAR in Ethiopia where qgat is cultivated is mainly associatedolgémic
geology whereas the araeound Harar is associated with limestone geology (Kazmin 1972).

Lastly the age class of gat is thought to be an important factor in determiningatte g
or cultivar of gat. A similar claim is made for wine grapder instance older grape vines in
Germany are given the designation ‘alte Reben’ (Robinson 2006). The ‘mbaine Kogatyaf
appears to be 81% composed of individuals from 5 closely related clonal genotypeforéhe
the ‘mbaine’ designation is very much associated with genotype and fitg giianbaine’ gat
may be the result of genotype as well as age. No gat older the 60 years was 6ilmopia
whereas qat of 200 years in age was claimed from Yemen. Claims in regarchoalgebe

tested to determine whether genotype or age ie magportant in producing high quality gat.
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What qualities are associated with cultivated gat genotypes andHae tested
whether elevation range, cultivar name, and clonality could be significastigiaged with a
genotype or locus. We did this order to explore whether any attribute of those welyouti
recorded could be underlying the designation of gat cultivars. It was hoped thet atable
character (molecular, ecological, or agronomic) than stem color coutdibé fo designate gat
cultivars. The only trait with a significant result was that of clonality when cangpalonal
genotypes to wild genotypes. However this finding may be artefactual asoicénebl. (in
prep) found that cultivated types in Ethiopia and in the Mt Kenya/Mexa may have been
divergent through wild progenitor extinction or incomplete sampling. As noted by Amdos a
Acevede-Whitehouse (2009) such population structure can result in false significant results.
However it is also reasonable to suggest that af $&dits (such as suckering, and rapid root
formation from stems) would be associated with individuals that are more rpaxplygated
clonally. A more detailed examination of geographic, molecular, and morphekrigbles need
to be examined in order to more fully understand what factors are most importawinig ttre
recognition of cultivated varieties throughout areas of gat cultivation.

Conclusion

We found that cultivar names do not strictly follow genotypes but rather cultivasnam
in someinstances are associated with certain geographic regions. Such a geogtehic p
points to a linguistic or other ethnographic quality in determination of gat cultivaesidihe
main character of color that farmers and traders use to distinguish rautia found to be
plastic. Plasticity in stem color likely contributed to the lack of strict associagéityveen cultivar

name and genotype. Clonal genotypes were not found associated with any séutésidnd
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only three genotypes were found to belegpread. Suggesting that localized selections from

wild populations are the primary means by which cultivated qgat is established.
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APPENDICES

Appendix 3.1List of Taxa sampledfor alkaloid extraction with taxonomic
authorities and collection information (upper case abbreviatns in parentheses follow the
Index Herbariorum (Thiers 2015)format and indicate the herbarium in which a sample
has been deposited, if applicable).

Celastraceadrexia australisG.E. Schatz & Lowry—R.H. Archer et al. 298@PRE);
Brexia madagascariemns(Lam.) Ker Gwak— R.H. Archer et al. 297IMadagascar (PRE);
Cassine parvifolisGond.—E. van Jaarsveld 2011-0&estern Cape, South Afric@assine
peragualL.— E. van Jaarsveld 2011-0%/estern Cape, South Afric@assine schinoides
(Spreng.) R.H.Archer—E. van Jaarsveld 2011-0¥Western Cape, South Afric@atha edulis
(Vahl) Forssk. ex Endl-R.H. Archer et al. 301,8Madagascar (PREEelastrus
madagascariensisoes— R.H. Archer 3795Madagascar (PREEheiloclinium hippocrateoides
(Peyr. ex Mart.) A.GSGm.—J.A. Lombardi 6532Brazil (HRCB);Crossopetalum gaumeri
(Loes.) Lundel— Fairchild Tropical Garden Acc. #FTBG@41055A;Crossopetalum rhacoma
Hitchc— M. Islam 2009-20Bahia de Las Aguila, Dominican Republenhamia celastroides
(F. Muell.) Jessup—M.W. Chase 205ult. Bogor, Indonesia (KElaeodendron xylocarpum
DC.— M. Islam 2009-32aPuerto Escondido, Dominican Repubkzjonymus fortunditurcz.)
Hand— M.P.Simmons 191&ult. lllinois,USA (CS);Gyminda latifolia(Sw.) Urb— M. Islam
2009-33 Puerto Escondido, Dominican RepublBymnosporia buxifoli@l.) Szyszyt.—
M.P.Simmons 242%enya (CS)Gymnosporia cassinoidégasf— J A ReyesBetancort
41716 Tenerife: Barranco de Badajoz, Canary®mnosporia cassinoiddgasf— J. A.
ReyesBetancorfTFC 49.720, Canary ISGymnosporia cryptopetaldgemale) ReyesBet. &

A.Santos—S. Scholz 39426-uerteventura, Canary I&ymnosporia cryptopetal@gnale)

ReyesBet. & A.Santos—S. Scholz 41096-uerteventura, Canary I§€ymnosporia divaricata
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Baker— R.H. Archer et al. 289IMadagascar (PREGymnosporia gracilepsoes—
M.P.Simmons 223Ethiopia (CS)Gymnosporia heterophyllaoes— M.P.Simmons 2075
Ethiopia (CS)Gymnosporia lineari¢L.f.) Loes— R.H. Archer et al. 2935Madagascar (CS);
Gymnospria senegalensisoes— M.P.Simmons & G.W. Ngugi 238%enya (CS);
Gymnosporia senegalengiees— R.H. Archer et al. 303®Madagascar (PREHalleriopsis
cathoidesR.H. Archer (ined.)—R.H. Archer et al. 3035Madagascar (PRE}ylenaea comosa
(Sw.) Mies—J.A. Lombardi 6400Brazil (HRCB);Lauridia tetragonaL.f.) R.H.Arche— E.
van Jaarsveld 2011-QWestern Cape, South Africapphopetalum arnhemicuByrnes— W.
Price s.n, Australia (BRI);Maurocenia frangulaMill. — E. van Jaarsveld 2011-0®estern
Cape, South AfricaMaytenus grenadensigrb.— M. Islam 2009-51GrenadaMaytenus
boaria Molina— M.P.Simmons & G. Smick 190&ilt. San Francisco, California (CS);
Microtropis fokienensi®unn—Xiong Weizhong 22%hina (MO);Microtropis triflora Merr.
andFreeman— H. He 09 Chongging, China (CTCMystroxylon aethopicurflThunb.) Loes—
R.H. Archer et al. 292IMadagascar (CSReripterygia marginatd.oes— M.P.Simmons 1793
New Caledonia (BH)Pleurostylia oppositéWall.) Merr. & F.P.Metcal— A. Ford 2318
Australia (BRI);Polycardia liberaO. Hoffm— R.H. Archer et al. 2899 adagascar (CS);
Polycardia phyllanthoidekam— R.H. Archer et al. 2904Madagascar (CSIseudocatha
mandenensigied.—R.H. Archer et al. 2998Madagascar (CSgalaciasp. nov. (?) not
applicable— R.H. Archer et al. 304Madagascar (CSBalaciopsis glomeratdltirl.—
M.P.Simmons 189%ud Province, New Caledontachaefferia fructescedacg— Fairchild
Tropical Garden Acc. #7261$jphonodon pendulUs. M. Bailey—A. Ford 4529 Austalia
(BRI); Xenodrys micranthurR.H. Archer (ined.)—R.H. Archer et al. 2902Vladagascar (CS);

Zinoweieia matudaiLundell—M. P. Simmons & G. Smick 19Gfult. San Francisco, California

156



(CS); Ephedracea&phedra sinicéstapf— L.R. Tembrocklyophilized pwder purchased as Ma
Huang; Papaveraceddacleaya cordatd&k.Br— Denver Botanic Gardens Acc. # 0.02386;
RubiaceaeGalium aparineL.— L.R. TembrocH 1-003 cult. Colorado, USA; Salicaceae:
Populus angustifolidames— L.R. Tembrock 11-004ult. ColoradolUSA,; Populus tremuloides
Michx.— L.R. Tembrocl 1-005 cult. Colorado, USA.
Appendix 4.1. DNA extraction from Catha edulis

Chemical preparation —&) Extractio/Lysis buffer: 2% SDS (w/v)*, 2% PVP 40 (w/v),
1% DIECA (w/v), 250 mM NacCl, 40 mM Ascorbic acid, 200 mM Tris HCI, and 5 mM EDTA,
pH to 8.0. All compounds can be stored in concentrated aqueous solutions at room temperature
until time of use, however due the volatility of DIECA and the instability of ascorbic acid in
aqueous solution, it is recommended that these compounds are added in powder form
immediately before use. Enzymes proteinase K and RNase A should also beraddddhtely
before use, as SD&ill denature these enzymes over time. Below is an example of a 120 mL

(enough for two 96 well plate extractions) preparation:

Stock Concentration Working Concentration
39.6 mL 6% SDS 2%

39.6 mL 6% PVP 40 2%

6 mL 5M NacCl 250 mM

24 mL 1M Tris HCl,pH 8.0 200 mM

1.2 mL 0.5M EDTA, pH 8.0 5mM

1.2g DIECA 1%

0.85g ascorbic acid 40 mM

8.8 mL sterile water NA
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2) Enzymes: Proteinase K 1 mg/mL (store at 4°C) and RNase A 10 mg/mLankifisdenoted
in units then dilute such that 8 pL of working stock contains f&3 of RNase A (store at
20°C).

3) Precipitation buffer: 5M potassium acetate (to make a total of 50 mL of soldtid2vab4g
of anhydrous potassium acetate to 30 mL sterile water, agitate, sldd/i0 mL glacial acetic
acid, wth the remaining 10 mL of volume add glacial acetic acid and/or sterile wateghan
final volume of 50 mL and pH of 6.0 are attained (store at room temperature).

4) Binding buffer: 2M guanidine hydrochloride in 95% ethanol (store at room tatpey.

5) Wash buffer I: 20% 10mM Tr#HCl pH 6.5, 80% ethanol (v/v).

6) Wash buffer II: 95% ethanol.

7) Elution buffer: 10mM Tris in KD, pH to 8.0.

*The weight+o—volume measurements assume a 1% mixture to be 1 gram of solute to 100 mL
of solvent. lBr exampé a 5% (w/v) NaCl solution would contain 5 g of NaCl and 100 mL of
water.

Procedure— 1) Place two grinding beads and 0.02 grams of silica dried leaf tissue into a 2 mL
tube (stronger tubes are recommended to sustain the impact of grinding).

2) Grind samples through rapid reciprocating action for 30 seconds (more fibrousrteave
require longer grinding times, but avoid grind times longer than 1 minute as ghidmmage an
reduce DNA quality)

3) Open tubes carefully and add 600 pL of lysis/extraction buffer, 8 uL of proteinase R
pL of RNase A to the leaf tissue powder, invert tubes several times to thoroughAdimix
buffers and enzymes can be combined and vortexed immediately preceding thiein &oldhe

ground leaf material.
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4) Allow mixture to incubate at 65°C for 30 minutes, mix by gentle inversion every 10 minutes.
5) Add 150 pL potassium acetate to above mixture, mix by inversion and incubate for 30
minutes (or as long as overnight) at —20°C.

6) Place tubes into centrifuge and spin for 15 minutes at 14,000 rpm.

7) Carefully remove tubes from centrifuge, pipette the supernatant beingl ¢talefive the
precipitate and plant particles at the bottom of the tube.

8) Place the extracted supernatant from step 7 into a 1.5 mL tube, add 1.5 volumes of guanidine
hydrochloride (for instance if 500 pL was recovered from step 7 add 750 pL of guanidine
hydrochloride) and mix by inversion, incubate at room temperature for 5-10 minutes

9) Place 900 pl (this volume is dependent on column type; odartpaan result in shearing
damage to the DNA) of mixture from step 8 onto column, force mixture across column by
spinning in centrifuge for 3 minutes at 6,000 rpm, repeat this step until all of the mixdure ha
been past across the column. Dispose of flow through product at the end of eaclgeentdiie.
Caution: guanidine hydrochloride is a strong protein disrupting salt and should be dispased of
hazardous waste.

10) Clean the column by twice passing 500 pL of wash buffer | across the coltihminmnute

of centrifugation at 6000 rpm. Heating the wash buffers to 60°C will increase ittierefy of

salt removal during the wash steps.

11) Clean the column by twice passing 500 pL of wash buffer Il across thencaitiml

minute of centrifugation ato®0 rpm.

12) To remove residual ethanol from the column spin a final time at 6000 rpm for five minutes
without adding ethanol. Dispose of the entire collection tube/plate and residual gbeampl

careful not to splash the underside of the column with ethanol.
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13) Place column intaclean 1.5 mL tube or collection plate, add 100 pL of (60° C) elution

buffer, let sit for 5 minutes to elute DNA, spin column for 1 minute and réipisatep once

more if a second elution is needed.
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Appendix 4.2 The distribution of allele sizes bygeographicorigin indicating a possible
convergence among Yemeni cultivated gait locus CE 22.
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Appendix 4.3 Private alleles among cultivated genotypes collected in Marsabit and their

subsequent presence in Mt Kulal and Mt Marsabit hybrick.

Origin Accessioff CE22 CE22 CE37 CE37 CE41 CE4l CE42 CE42 CE43 CH
Mt Kenya/Meru 2413b 234 236 206 218 216 216 234 250 147 14
Mt Kenya/Meru 2414b 236 236 202 218 216 234 248 250 143 14
Mt Kenya/Meru 2414c 234 246 202 218 216 216 23C 250 147 19
Mt Kenya/Meru 2416¢ 234 234 202 218 216 234 228 250 147 14
Mt Kenya/Meru 2417c 234 246 202 218 216 232 23C 250
Mt Kenya/Meru 2419b 236 236 202 218 216 234 24¢ 250 143 14
Mt Kenya/Meru 2419c 234 246 202 218 216 216 22¢ 250 143 14
Mt Kenya/Meru 2419d 234 234 202 218 216 216 22¢ 250 143 14
Mt Marsabit/Hybrid | 2416a 230 246 202 226 216 245 240 250 147 16
Mt Marsabit/Hybrid | 2419e 230 232 202 226 234 245 240 250 147 16
Mt Marsabit/Hybrid 2419f 230 232 218 226 216 251 240 248 147 16
Mt Marsabit/Hybrid | 24199 230 230 202 222 216 251 240 248 147 14
Mt Kulal/Hybrid 2425a 230 234 218 222 232 245 230 242 151 14
Mt Kulal/Hybrid 2425c¢ 230 234 202 226 232 245 230 240 151 14
Mt Kulal/Hybrid 2426d 230 234 218 222 232 245 230 242 151 14
Mt Kulal/Hybrid 2427b 230 246 218 226 216 251 24z 250 147 14
Mt KulaV/Hybrid 2428a 230 234 202 226 232 245 230 240 151 16
Ethiopia 2412a 228 228 222 222 245 251 233 242 163 1
Ethiopia 2412b 230 230 222 226 245 251 240 242 163 1
Ethiopia 2413a 230 230 222 226 245 251 240 242
Ethiopia 2414d 228 230 222 222 245 251 233 240 163 1
Ethiopia 2414e 228 228 222 222 238 242 163 14
Ethiopia 2416b 228 230 222 222 251 251 242 242 163 1
Ethiopia 2417b 228 228 222 222 245 251 233 242
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