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ABSTRACT

Boswellia papyrifera(Del.) Hochst. (family Burseraceae), is one of kieg plant species in the
drylands of the Horn of Africa. Unregulated extrastof gums and resins and land use change
are among the main factors that threatened thidaig forest. This plant is a culturally and
ecologically relevant species that is showing syms of decline due to anthropogenic factors.
The study was done on five populationBofpapyriferafrom Metema zone, Northern Ethiopia.
Inter-Simple Sequence Repeat markers (ISSR) werd tes estimate genetic diversity among
and within five populations oBoswellia papyriferacollected from Zebach Bahir, Das Gundo,
Gubay, Shinfa and Agam Wuha sites. Five select&®RISrimers yielded 39 reproducible bands
from 64 individuals studied. All the loci were falirto be polymorphic. The total genetic
diversity (GD) and Shannon’s diversity informatiamdex (I) for entire populations showed
fairly high to medium values, 0.42, and 0.60, reipely. The individuals from Zebach Bahir
site showed the highest level of gene diversig20while the least variability showed by Agam
Wuha populations with 0.25. Analysis of Moleculaariance showed that the within populations
variation was higher (76%) than among populationati@an (24%). UPGMA analysis revealed
one major group and two outliers (Gubay and Aganh&yuThis major cluster again forked into
two sub-groups, one group containing Das Gundoewtiie second group contained Zebach
Bahir and Shinfa populations. NJ analysis, basedndividuals of Boswellig showed three
distinct clusters and two sub-clusters within theand and third major clusters. In 3D, most of
Agam wuha and Gubay individuals tended to form rth@ivn separate grouping, while
individuals from Zebach Bahir, Das Gundo and Shiméae inter-mixed and formed a separate
group from the other populations. Studies werei@adrout on the phenology, and pollination
ecology ofB. papyrifera The trees remain leafless during the entire pesioflowering and
fruiting. The inflorescence is a terminal raceme pratiuces 8-15 bisexual flowers, but it might
produce up to 60 flower buds. Moreover, during nmaxn flowering period on average 14.5
inflorescences per branch were recorded. Flowdes oectar and pollen as rewards to floral
visitors. The honey bee is found to be the effecéiad frequent pollinator. Each flower is visited
by an average number of 6.35 insect visitors edéryminutes and, on average, each insect
visitor spents 5.8 seconds on a flower. High to enaté level of variation was observed with
populations of Metema, this indicated the needsifgent conservation attention.

Key words. Boswellia papyriferagenetic diversity, ISSR, phenology, pollination lecy

viii



1. INTRODUCTION

Boswellia papyrifergDel.) Hochstbelongs to the Burseracetamily, which contains about 600
species in 17 genera (Fichtl and Admasu, 1994). #wgrtbe twenty species of the tropical genus
Boswellia Roxb. (BurseraceaeB. papyriferais known since antiquity for the production of
fragrant gums and resins that are burned as ind€omiet al, 2010).Boswellia papyriferds

a small deciduous tree that grows in a savanna thelt stretches from northern Nigeria

eastwards to the highlands of Eritrea and Ethi@Rigkerset al.,2006).

Boswellia papyriferas one of the key plant species in the drylandshefHorn of Africa. Its
aromatic resin frankincense constitutes one ofetkigort items providing considerable foreign
currency for Ethiopia, Sudan and Eritrea. It iodtaown to ameliorate soils, produce nutritious
and palatable livestock fodder, and provides varmaod products for local uses and income for
poor households through involvement in frankincepseduction (Abejeet al., 2005). The
frankincense is prepared from irregular lumps dfoyash brown gum exuded by the trunk of
the trees and was already used medicinally andufargation by the ancient Egyptians. Since
ancient times, Ethiopia has been involved in thedpction of this resin, and its trading

flourished for many centuries (Kindegaal, 2003).

In Ethiopia,B. papyriferaoccurs within théAcacia — commiphoravoodlands in the northwest,
north east and southeast parts of the countryeatagbns ranging from 300-1800 m. a. s. I.
(Vollesen, 1989). It grows on degraded sites wigywshallow soils, steep rocky slopes, lava
flows or sandy river valleys, within the 950-1,800a.s.l. altitudinal range (Fitchl and Admasu,
1994). These lands are rapidly being degraded giwrpopulation growth, overgrazing, cropping
in marginal lands, inappropriate irrigation andatetation. The populations & papyrifera
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are dwindling and its natural regeneration is selyethampered due to a number of

anthropogenic and natural factors. Several populaassessments in Ethiopia, Eritrea and
Sudan reported a serious lack of recruitment tHmowgjural regeneration even in areas protected
against grazing and fire. Unless effective cong@maneasures are taken significant amounts of
genetic erosion will occur mainly due to the dedinn of ecosystems and habitats by human

activities (Tilahun, 1997; Ogbazghi, 2001; Abej@02).

The information on the amount of total genetic aon and its partitioning among and within
populations is considered of crucial importancenmdern conservation program and breeding of
endangered or economically important species. €hezon of the stands to be protected in the
wild and/ or the germplasm to be collected and agapedex situare often based on genetic
evidence (Frankekt al,1995; Holsinger and Gottlieb, 1991). Accordinglye performed a
molecular study to analyze amount and distributadninter- and intra-population genetic
diversity and differentiation using Inter SimplegBence Repeats markers (ISSRs). ISSR is a
PCR-based fingerprinting technique that involves lditgtion of DNA segment between two
inversely oriented and closely spaced microsagslliepeat regions (Bornet and Branchard, 2001,
Reddyet al, 2002), and is widely used in plant populations gieag¢hanks to the reliability and
reproducibility of the results (Rakoczy Trojanows&ad Bolibok, 2004). In particular, the
technigue has been applied to assess geneticiwaratd population differentiation in a number
of endangered angiosperm or gymnosperm speciesdifbenent areas and climates (Hatcleer

al., 2004; Geet al., 2005a, b; Pe'rez-Collazos and Catala’n, 2007 nti &n 2007; Lucet al,

2007).

The phenological cycle of the species is largelptidled by the rainfall regime, which is

characterized by a long dry season from mid-Sepeenamid-June. After leaf fall in September,
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floral buds develop at the end of the branches féowering takes place in November and
December. Fruits mature in January and Februarg, reew leaves start to develop at the
beginning of the small rains in late March. Tappsigrts in the beginning of the dry season,
before the emergence of floral buds, and coincudils the whole sexual reproductive cycle
(Rijkerset al, 2006). Chromosome number and ploidy level oidpian Boswelliapopulations

are unknown. Likewise, no literature data are ad@ on the reproductive biology and

pollination systems of the species.

This study focuses on the genetic diversity andti@iships in a geographically representative
population sample of the frankincense ti@epapirifera,from Metema District, which is one of
the major location with large population Bf papyrifera,with the ultimate goal of contributing
useful data that may assist with the identificataord selection of the genetic material to be
conserved and propagated for ecological and ecanpuanposes, and also on the phenology and

pollination ecology oB. papyrifera



2. LITRATURE REVIEW

2.1 Botanical Description and Ecological Distribution

Boswellia papyrifergDel.) Hochstbelongs to the Burseracetnily, which contains up to 600
species in 17 genera (Fichtl and Admasu, 1994¢.family is distinguished by the presence of
resin ducts in the bark (Groom, 1981) and productd aromatic oils or resins (Fichtl and
Admasu, 1994). This aromatic and volatile oil hadl atill has great value in ceremonies of
worship and in medicinal use (Van Beek, 1960; Grot881; Tucker, 1986B. papyriferais
one of the 20 species in the ge@sswelliaRoxb. Two new species, i.8. bullata and B.
dioscoridis were recently identified in Yemen (Thulin, 200R).papyriferais found in Ethiopia,
Nigeria, Cameroon, Central African Republic, Ch@ddan, Uganda and Eritrea (Vollesen, 1989,
Hepper, 1969). It mainly occurs in the Sudanianoma centre of endemism and the Sahel
regional transition zone (White, 1983). The centfegeographic distribution of the genus
Boswelliais located in north-eastern parts of Africa whererenthan 75% of its species are

endemic to the area (Vollesen, 1989).

Boswellia papyriferacan be as tall as 12 m with a rounded crown arichaght regular bole. The
bark is whitish to pale brown, peeling off in larfigkes; and the slash is red brown, exuding a
fragrant resin. The bark contains schizogenous-gleoresin pockets (Verghese, 1988). Leaves
are deciduous, large, compound, arranged on loalgsstvith 11 to 29 leaflets, which are
narrowly ovate to oblong, and waved or toothed @ltre marginB. papyriferais a bi-sexual
flower species with sweet scented flowers, whighwhite to pink, arranged on long red flower
stalks, in loose panicles at the end of branchestsFare obtetrahedral with red capsules about 2

cm long, usually containing three tapered seeddig®fo, 1989).



In Ethiopia, B. papyriferaoccurs in dryAcaciaCommiphorawoodlands in Gonder, Gojam,

Shewa and Tigray (Vollesen, 1989). It grows on ddgd sites with very shallow soils, steep
rocky slopes, lava flows or sandy river valleysthivi the 950-1800 m a.s.l. altitudinal range
(Fichtl and Admasu, 1994). Although no nationaleintory has been carried out, preliminary
mapping and assessments show that the frankincesserce is found in eight Regional States

of Ethiopia covering an area of about 2.9 millian(Abejeet al, 2005).

2.2 Reproductive Biology

B. papyriferais a bisexual species with sweet scented flowelisiwére white to pink, arranged
on long red flower stalks, in loose panicles atéhd of branches. Fruits are obtetrahedral with
red capsules about 2 cm long, usually containingetiapered seeds (Vollesen, 1989; Kindaya

al., 2003).

The pink sweet smelling flowers 8f papyriferaare frequently visited by honeybees for pollen
and nectar. The long flowering period, from OctoberFebruary is helpful for bee colony
maintenance (Kindeyat al., 2003). Fitchl and Admasu (1994) recommended pigntf the
species to increase honey production in lowlandsarédreas wher®. papyriferagrows are

often known for their good quality honey (Kindestal, 2003).

Phenology is the study of the periodicity or timiogrecurring biological events, in relation to
short-term climatic change. In canopy trees, phegmoland reproduction are expected to be
particularly important since they provide a sigrafit resource of leaves, flowers and fruits.
Recent studies indicate that phenology patterns satected to optimize pollination, seed

dispersion and seedling survivorship (Kudo, 2006).



Chromosome number and ploidy level of EthiopiBoswellia populations are unknown.
Likewise, no literature data are available on #ggroductive biology and pollination systems of

the species

2.3 Important Uses of Boswellia papyrifera

2.3.1 Frankincense Production

The use of frankincense has a long history in hupraitisation (Van Beek, 1960). The natural
oil content and pleasant smell of frankincense madesirable to burn as an incense in temple
rituals and to use as a base for perfumes and édianal purposes since ancient times (Groom,
1981). The first recorded mention of frankincensesviound on a 15th century B.C. tomb in
Egypt (Abercrombie, 1985). Frankincense is mentio@2 times in the Bible; 16 times for
religious worship, twice as a tribute of honourcemas an article of merchandise, and three times
as a product of the royal gardens of Solomon (Mdtde 1952, cited in Tucker, 1986). These
gifts were not only of the greatest value at tmeetibut also symbolised Christ's life: gold for

royalty, frankincense for divinity and myrrh forfering.

Boswellia papyriferas the main source of Ethiopian frankincense inviieeld market. When the
bark of aB. papyriferatree is incised, white oleo-gum-resin exudatgeasluced. This emulsion
of aromatic oil and resin later dries into globulgear or club shaped tears, known as
frankincense. The amount of exudates varies depgndn the diameter of the tree, site
productivity and season. Annually, between 100 4080 grams of frankincense can be
collected from a tree (Wubaleet al.,2002).B. papyriferacan continue producing frankincense

up to the age of 50-60 years (Tilahun, 1997).



The use of natural gums for commercial purposeiage old activity in Ethiopia (Abegt al.,
2005). Ethiopia was, and still is, one of the mgjoyducers and exporters of natural gums from
different indigenous tree species Bbswellia, Commiphoraand Acacia that are found in
different agro-ecological zones of the country (¥sén, 1989; Mulugeta and Demel, 2003;
Wubalemet al.,2002). Virtually all the frankincense resourceasrid in and harvested from the

natural woodlands.

In Ethiopia frankincense vyield ranges from 0.1-Itdag/year or 1-3 kg/tree/year. The annual
production volume for the country, for the perio®92-1999, varied between about 248 and
3,215 tons. The total amount of oleo-gum resinjuitiaog frankincense, exported annually
through official routes varied between 147 and 182, generating foreign currency earnings,

from 451,000.00 to 2,603,000.00 US$ during thequeti992/93-1998/99 (Abeftal.,20095.

Incence collection offers off-farm employement foany farmers. In western Tigray alone,
annually about 7000 seasonal labores are emplayedng which 31% are women. A taper can
collect about 10-15 quintals of incense per annathraceives a net income of US $ 100 to 150
(Aregawi, 1997). In Ethiopia, enterprises involved frankincense international trade, are
recently focusing more on ensuring quality by affgrhigh price to collectors of export grades

(Wubalemet al.,2002).



Table 1. Work force deployed by the Ethiopian GunocBssing and Marketing Enterprise

(1996/97-1999/2000) (Source: Ethiopian Gum Proogsand Marketing Enterprise, unpub.).

Type of employment Budget year
1996/97 1997/98 1998/99 1999/2000
Collectors 800 1700 1131 634
Sorters 1000 1150 693 915
Full time employees 227 221 204 199
Contract workers 36 52 46 51

Moreover, a growing number of investors and futidiworkers are involved in the business. For
instance, the Ethiopian Natural Gum Processing Madketing Enterprise, one of the many
enterprises involved in frankincense collectiong average, deploys a work force of 2515

people per annum.

2.3. 2 Uses of frankincense

Burning incense: Incense has been associated with religious cerematii over the world since
time immemorial. The Greeks and Romans began tdraskincense as a substitute for sacrifice
in the 6th and 2nd centuries B.C., respectivelgehse was also recognised as a means of
propitiating the gods and as a purifier and pratfiemigant, with which bad smells of primitive
urban life could be disguised (Groom, 1981). The as frankincense for ritual purposes in
Ethiopia dates back at least to the Aksumite Emmiae 500 BC (Goldschimdt, 1970, cited in
Goettsch, 1986). Frankincense was introduced imiorohi ceremonies at the beginning of
Christianity (Abercrombie, 1985). Ever since, tredened resin burns in the Roman Catholic

and Orthodox Churches throughout the world.



Perfume industry: Frankincense has been used in cosmetics sincermariches. Essential oll
from frankincense is obtained from the crude rédsirsteam distillation and then used directly
for flavouring and fragrance (Coppen, 1995). Thigrom frankincense can take up to six hours
to evaporate completely, making it an importantraeagent in many perfumes. The essential oil
of frankincense fronB. papyriferain Ethiopia consists of mainly n-Octyl acetate%@6octanol
(8%) and limonene (6.5%) (Amaet al.,1999). The essential oil is used in the Orientads,
“powder” perfumes, floral perfumes, citrus colognepice blends, violet perfumes, male
fragrances, and other scented preparations. Itdblemll with spice oils, mimosa, neroli, muguet
bases, woody notes, and other balsamic notes (T,ut886). Hence, frankincense is included in
the formulations of a number of modern perfumesargples include Replique” by Colonia,
“Me!” By Frances DenneyMennen Millionairé by Mennen, Nino Cerruti Pour Homnieby
Uniperf, “Onnd by Gary Farn, Sculpturd by Jovan, Volcan d’Amourl by Diane von
Furstenburg, Paul Sebastiariv.S.O.P.” by Sebastian, andsamblef by Jovan (Fragnance

Foundation, 1983, cited in Tucker, 1986).

Medicinal uses. The traditional medicinal uses by local people ¢até the potential and
opportunity for the use d8. papyriferafor the pharmaceutical industry as well. China omg

frankincense mainly for preparing traditional medss (Coppen, 1995). In aromatherapy,
frankincense oil, steam distilled or alcohol exteac is believed to have effects on the
respiratory system (Wilson, 1995), to reduce amxiasthma, bronchitis, extreme coughing,
stress and stretch marks (Lawless, 1995). Boswagdiid (which constitutes about 50-70% of the
oil) extracted fromB. serratain India is used as an anti-arthritic and antlainfmatory

pharmacological agent. Extracts fr@nserratawas found to be more beneficial, less toxic, and



more potent than standard anti-inflammatory drugec€o, 1998). It is used as a laxative

ingredient in pharmaceutical industries (Tilahu®97).

2.3.3 Uses of wood, leaves and flower s

The wood ofB. papyriferais light and relatively soft. It is used for fengirhousehold furniture,
matchboxes, splints, particleboard, pencils, plysgocture frames and veneers (Tilahun, 1997).
Various parts and products are used in traditiandl modern medicine. The leaves and roots are
used against lymphadenopathy while the resin id asea febrifuge (Fichtl and Admasu, 1994).
The bark ofB. papyriferais chewed to treat stomach disturbances. Franksgcenburnt as a
mosquito repellent in the tropics and also chewedjuench thirst during hot days (Tilahun,
1997). In China, imported frankincense was oncel e a medicine to treat leprosy (Tucker,
1986). The pink sweet smelling flowers & papyriferathe species are frequently visited by
honeybees for pollen and nectar. The long flowegagod from October to February is helpful
for bee colony maintenancB. papyriferagrowing in lowland areas are often known for their
good quality honey. Fichtl and Admasu, (1994) recwmnded the species for planting to
increase honey production. The leaves and see8spapyriferaare highly valued as fodder for
goats, camels and other livestock. The succulam $¢ also used as a fodder during the dry

season.

2.3.4 Environmental functions

B. papyriferagrows in dry and rocky sites where other tree igseoften fail. In Northern

Ethiopia, where the majority of the soils (60-80&¢ only about 20 cm in depth (Hurni, 1988).
B. papyriferatrees are found on these shallow soils and stepeswith an average gradient of
30-40%. The species makes economic use of the madrgieas, on which other species could
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not grow. In those sites, it provides plant covadl produces biomass and hence protects the soil
and provides shade. The non-destructive extradidrankincense maintains continued presence
of trees to protect the land (Muluget&t al., 2003). If growing this species can be kept
economically and socially attractive, it can in@edhe attention for the protection of degraded

areas.

2.4 Important issues and ecological concerns

The decline in the population d@. papyriferain eastern Africa has become an ecological
concern (Tilahun, 1997; Marshall, 1998; OgbazgbD. In Tigray (northern Ethiopia) more
than 177,000 ha d8. papyriferaforests were destroyed in the last 20 years. énldte 1970's,
about 510,000 ha of land were coveredbypapyriferain Tigray (Wilson, 1977) as compared to
the existing 330,000 ha. Besides, the existing [adjmn consists of mainly mature trees, thus
highlighting the problems of natural regeneratibor instance more than 76% of the existing
Boswelliatrees in western Tigray are greater than 30 cm [PiBHdeya,et al 2002). In Eritrea,
frankincense export has dropped from 2000 tonnekdifd to 400 tonnes in 1998 (Ogbazghi,
2001). It is, therefore, appropriate that papyriferais listed by TRAFFIC (wildlife trade
monitoring program of WWF and IUCN) among the ergtaed species that need priority in
conservation (Marshall, 1998). The decline in tbpyation ofB. papyriferais related to several
factors. As is the case in many tropical areasethas been increased population pressure in the
B. papyriferagrowing parts of Eastern Africa, which has resuitethe conversion odBoswellia
woodlands to agricultural lands. Unregulated fremnge grazing has damaged natural
regeneration oB. papyriferaas its seeds and seedlings are preferred bydeslestnd wild life
for grazing and browsing. They also suffer tramghmhile being grazed and browsed. Grazing

on B. papyriferaseedlings result in the total removal of all vetfe&a parts, because of its

11



shallow root (Kindeyaet al, 2002). It is not uncommon to see over-tappindg asse of
inappropriate tapping methods by unskilled labair&here is little supervision during tapping.
More accessible trees are often tapped continuouistyno resting periods. As a consequence,
the natural regeneration and health of trees ectdtl. Seeds from tapped stands in Eritrea have
a low germination rate (14% and 16%) when comptyexteds from un-tapped stands (94% and
80%) (Ogbazghi, 2001). According to Abeje (2002 froportion of trees damaged by an
unidentified worm was higher in tapped as compacedntapped stands in Gonder. To avoid

such problems, some resting period is necessawydand healing.

Genetic diversity is a key parameter in evaluaing planning the sustainable management of
forest ecosystems. An understanding of the degfealiversity within and between the
populations of a species is required to supporttmtinuously rising plantation programs and to
provide information for the conservation of the @ps’ genetic resources, since geographically
separated populations are expected to have diffegenetic compositions (Parasharami and
Thengane, 2012). Within each tree species, amaughtistribution of genetic variation is crucial
for long-term stability of forest ecosystems (Shaehal.,2002). Genetic diversity is of prime
importance for the species’ persistence, sinceetfidutionary adaptive potential of populations
depends on genetic variation patterns (SiregarQ;2Bihikeldey and Hattemer, 2007). Moreover
the amount of genetic variation available withinegps also determines the potential for

improving species through breeding programs.

2.5 Genetic markersfor diversity analysis

A genetic marker is any visible character or otheewassayable phenotype, for which alleles at

individual loci segregate in a Mendelian manner idiig et al.,2005). Genetic markers can be
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used to study the genetics of organisms, inclutiiegs, at the level of single genes (Spoater
al., 2005). Genetic markers are used to study the gmsneti natural and domesticated
populations of trees and the forces that bring tlsbange in these populations. Some of the
more important applications of genetic markersudet (1) Describing mating systems, levels of
inbreeding, and temporal and spatial patterns aege variation within stands (2) Describing
geographic patterns of genetic variation (3) Inifigr taxonomic and phylogenetic relationships
among species (4) Evaluating the impacts of ddosgin practices, including forest
management and tree improvement, on genetic diye(S) Fingerprinting and germplasm
identification in breeding and propagation of p@tigins (6) Constructing genetic linkage maps

and (7) Marker assisted breeding (Adashal.,2007).

Now a day’s several genetic markers are availaddeh of which has different attributes that
make it more or less desirable to use in certapliegtions (Karpet al.,1997a&b). Some of the
desirable attributes of a given type of genetickaaare that it be: (1) Inexpensive to develop
and apply; (2) Unaffected by environmental and tgweental variation; (3) Highly robust and
repeatable across different tissue types and diitelaboratories; (4) Polymorphic, i.e. reveal
high levels of allelic variability; and (5) Co domaint in its expression (spoonefr al., 2005).
This markers fall into one of the three broad @asshose based on visually assessable traits
(morphological and agronomic traits), those basedyene product (biochemical markers), and
those relying on a DNA assay (molecular markergrget al.,1997a&b). Genetic markers are

widely used by breeders and conservationists tysjenetic diversity.
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2.5.1 Morphological markers

Traditionally, diversity within and between poputets was studied by assessing differences in
the morphology, such as morphometric traits whih gbservable characters of the individual
and are the result of genetic differences in lastrdbuted throughout the genome (Kermali,
1994). These measures have the advantage of beiadilyr available, do not require
sophisticated equipment and are the most direcsuneaof phenotype, thus they are available
for immediate use. However, morphological deteritnomes need to be taken by an expert in the
species, they could be subject to changes duevicoemental factors and may vary at different

developmental stages; moreover, their number igdd{De Vicente and Fulton, 2003).

The detection of regional and local patterns ofnaltgpic variation offers an effective method of

stratifying and sampling variation in germplasmlection (Peeterstal., 1989) and assist in the

formulation of conservation priorities (Maxteat al., 1995). The results of these works can
specifically be used in the planning of future eotlon missions (Bennett and Maxted, 1997),
creating core collections (Tohmet al, 1995) and identifying possible sources of paflenta
material for breeding programs. Furthermore, theessment of phenotypic variation is also
useful for studying phylogeny and habitat adaptetiof species and varieties (Hedenés and

Kooijman, 1996).

2.5.2 Biochemical markers

To overcome the limitations of morphological tramsher markers have been developed at both
the protein level (phenotype) and the DNA level rfiKat al., 1997a&b). Protein markers are
usually named biochemical markers. These are atseet isozyme/allozyme markers or simply
protein markersAllozymes are allelic variants of enzymes encodgdtbuctural genes (Adams
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et al., 2007). Enzymes are proteins consisting of amindsagome of which are electrically
charged. As a result, enzymes have a net elettaige, depending on the stretch of amino acids
comprising the proteiiKarp et al., 1997a) When a mutation in the DNA results in an amino
acid being replaced, the net electric charge optiséein may be modified, and the overall shape
(conformation) of the molecule can change. Becagbanges in electric charge and
conformation can affect the migration rate of piredéen an electric field, allelic variation can be
detected by gel electrophoresis and subsequentrengpecific stains that contain substrate for

the enzyme, cofactors and an oxidized salt (Destrad.,2003).

Isozyme analysis is, in principle, a robust andradpcible method (Adamst al., 2007). In
addition, isozymes are codominant markers and ar@bde for estimating all population
genetics parameters and for genetic mapping. Ther diraitation of isozyme analysis is the low
number of markers (Karpt al., 1997a). Consequently, the percentage of genomeamgwes
inadequate for a thorough study of genetic diver@iie Vicente and Fulton, 2003). Another
disadvantage of isozyme analysis lies in the markeing based on phenotype. As such, they
may be influenced by environmental factors, witffedences in expression confounding the
results interpretation. Since differential expreasiof the genes may occur at different
developmental stages, or in different tissues, séime type of material must be used for all

experiments (De Vicente and Fulton, 2003).

2.5.3 Molecular markers

DNA polymorphisms can be detected in nuclear angamellesDNA, which is found in
mitochondria and chloroplasts. Molecular markensceon the DNA molecule itself and, as such,

are considered to be objective measures of vamafibey are not subject to environmental
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influences; tests can be carried out at any timenduplant development; and, they have the
potential of existing in unlimited numbers, coverithe entire genome (De Vicente and Fulton,

2003; De Viennet al, 2003).

Due to the rapid developments, in the field of roolar genetics, a variety of different
techniques have emerged to analyze genetic varidtiang the last few decades (Whitlatsal.,

1994; Karpet al., 1996, 1997a, b; Parket al., 1998; Schlotterer2004). These techniques may
differ with respect to important features, suchgasomic abundance, level of polymorphism
detected, locus specificity, reproducibility, teatat requirements and financial investment. No

marker is superior to all others for a wide ranfapplications (Spooneat al, 2005).

These Marker techniques could be divided into tHyesad categories with respect to basic

strategy (Karp and Edwards, 1997):

I. Non-PCR based approaches

[I. PCR Arbitrary priming;

[11. Targeted-PCR and sequencing.

These techniques are very fruitful tools in divigrsissessment on the level of DNA sequences

which became important method in studying planttgies (Gebhardét al, 1991).

2.5.3.1. Non-PCR based techniques

a. Restriction Fragment Length Polymor phism (RFLP)

RFLP analysis was one of the first molecular teghes used for enabled the detection of

polymorphisms at the sequence level. The prindpland the technology rests on the possibility

16



of comparing band profiles generated after resdricenzyme digestion in DNA molecules of
different individuals. These differences in fragmkemgths can be seen after gel electrophoresis,
blotting the fragments to a filter and hybridizipgobes and visualization (Karp and Edwards,

1997).

RFLP analysis was used extensively in the constmicbf genetic maps and has been
successfully applied to genetic diversity assesssngarticularly in cultivated plants, but also in
populations and wild accessions (Sincktial, 1999). As a technique for diversity studies, ¢her
are three important advantages which should beideresl (Karp and Edwards, 1997): RFLPs
are highly reproducible between laboratories amddilrersity profiles generated can be reliably
transferred, RFLPs are co-dominant markers, emalieterozygotes to be distinguished from
homozygotes and no sequence-specific informatioedsired and the approach can be applied
immediately for diversity screening in any systefiere are serious limitations in RFLP
technique such as it needs large amount of DNA,ntdrbe automated, needs a suitable probe

library, and consumes time and costly.

2.5.3.2 PCR arbitrary priming

With the advent of PCR, a number of techniques tpecavailable for the screening of genetic
diversity. These require no prior sequence-spedificormation and can, therefore, be applied
directly to any organism. Three main techniquebkwéhin the category of PCR-based markers
using arbitrary primers: RAPD, DAF and AP-PCR (@aetAnolléset al., 1992). The
techniques are based on the use of a single anpitprimer, which may be purchased from
commercial companies, in a PCR reaction on gen@hé and result in the amplification of

several discrete DNA products.
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a. Randomly Amplified Polymor phic DNA (RAPD)

The most commonly used is RAPD analysis in whighghmers are usually 10-mer or 20-mers
and in which the amplification products are sepatamn agarose gels in the presence of ethidium
bromide and visualized under ultraviolet light (Widins et al, 1990). Polymorphisms are
detected as the presence or absence of bandssanidfrem sequence differences in one or both
of the primer binding sites. RAPD techniques plagadmportant role in characterizing the plant
genetic resources around the world (leteal, 2001). This technique helped also in genetic

relatedness assessment (Catwital, 2001).

b. Amplified Fragment L ength Polymor phism (AFLP)

Vos et al. (1995) described the AFLP technique as being basethe detection of restriction
fragments by PCR amplification and argued that tdlebility of the RFLP technique is

combined with the power of the PCR technique. AFlaPs DNA fragments (80-500 bp)
obtained from digestion with restriction enzymeslloived by ligation of oligonucleotide

adapters to the digestion products and selectivglitication by the PCR. This technique is
essentially involves both RFLPs and PCR, in that fitst step is restriction digestion of the
genomic DNA but this is then followed by selectix@unds of PCR amplifications of the
restricted fragments that are then separated byapollamide gel electrophoresis. This
techniqgue can be analyzed on automatic sequensimg tluorescent labeled primers and,

therefore, high throughput can be achieved (Widfatlal, 1998).

The strengths of AFLPs lie in their high genomiaadlance, considerable reproducibility, the
generation of many informative bands per reactibeir wide range of applications, and the fact
that no sequence data for primer construction egiaired.AFLP is a widely valued technology
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for gene mapping studies (Ves al, 1995).The key feature of AFLP is its capacity for the
simultaneous screening of many different DNA regiahstributed randomly throughout the
genome (Mueller & Wolfenbarger, 1999). DisadvantageAFLP include the need for purified,
high molecular weight DNA, the dominance of allelasd the possible non-homology (Spooner

et al, 2005).

c. Inter Simple Sequence Repeats (I SSR)

ISSRs are DNA fragments of about 100—-3000 bp lochttween adjacent, oppositely oriented
microsatellite regions. The technique is based @R Ramplification of inter-microsatellite
sequences. ISSRs are amplified by PCR using, asesi (16-18 bp), an oligonucleotide
sequence typical of the microsatellite repeats rendvith few selective nucleotides which
anchors the primers into the adjacent non-repegbms. About 10-60 fragments from multiple
loci are generated simultaneously, separated byelgetrophoresis and scored as presence or
absence of fragments of particular size. The ISBRgrs are used to detect the variation in a
given DNA sample include one of these highly vdgaimicrosatellite sequences and arbitrary

pair of bases at the 3’end (Zietkiewietzal, 1994.

The main advantage of ISSRs are: (i) no sequeniefdaprimer construction are needed, (ii)
the analytical procedures include PCR, hence amMyduantities of template DNA are required
(5-50 ng per reaction), (ii) are randomly disttéa throughout the genome, and (iv) the
variation within unique regions of the genome mayftwund at several loci. Furthermore, it is
very useful marker for DNA profiling, especiallyrfalosely related species. SinteSR is a
multilocus technique, disadvantages include thesiptes non-homology of similar sized

fragments, and ISSR dominant markerMoreover, ISSRIjke RAPD, can have reproducibility
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problems but more reproducible than RAEEpoonelet al, 2005) ISSR analysis can be applied
in studies involving genetic identity, parentag®ne and strain identification, and taxonomic
studies of closely related species. In additior§RS are considered useful in gene mapping

studies (Zietkiewiczt al, 1994).

2.5.3.3 Targeted-PCR and Sequencing

a. Microsatellites, Simple Sequence Repeats (SSRs)

Microsatellites, also called Simple Sequence Repg8SRs) and, occasionally, Sequence-
Tagged Microsatellite Sites (STMS) or Simple SeageemRepeat Polymorphisms (SSRPSs),
represent short tandem repeats (1-10 base pdigyneet al, 1992) If nucleotide sequences in
the flanking regions of the microsatellite are kmowpecific primers (generally 20—-25 bp) can
be designed to amplify the microsatellite by PCRcrbkatellites and their flanking sequences
can be identified by constructing a small-insemaguic library. This type of repeated DNA is
common in eukaryotes, the number of repeated uaitgng widely among organisms (Spooner
et al, 2005, Weisinget al, 2005). These polymorphisms are identified bystamcting PCR
primers homologous to the DNA sequences flankirgntiicrosatellite region. PCR product size
variation is caused by differences in the number noitrosatellite repeat units. SSR
polymorphisms can be visualized by agarose or pojy@mide gel electrophoresis.
Microsatellite alleles can be detected, using werimethods: ethidium bromide, silver staining,
radioisotopes or fluorescence. Since microsatebitalysis is, in principle, a single-locus
technique, multiple microsatellites may be multqgé during PCR or gel electrophoresis if the

size ranges of the alleles of different loci do oe¢rlap (Dearet al, 1999).
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The advantages of microsatellites include theiroooidance, high genomic abundance in
eukaryotes and random distribution throughout tr@ogne, with preferential association in low-
copy regions (Morgantet al, 2002). Because the technique is PCR based, omyguantities
(10-100 ng per reaction) and not necessarily higality DNA are required. Due to the use of
long PCR primers, the reproducibility of microshtes is high. This decreases significantly the
analytical costs. Furthermore, the screening ofrosatellite variation can be automated, if the
use of automatic sequencers is an optne of the mainmicrosatellitedisadvantagess their
high developmentosts if adequatprimer sequences for the species of interestusavailable,
making them difficult to apply to unstudied groups. Although microsatellitee in principle
codominantmarkersmutationsin the primerannealingsitesmayresult in the occurrenas null
alleles (no amplification of the intended PCR product), whichay lead to errors in genotype
scoring.A very common observation in microsatellite anayisithe appearance of stutter bands
which are artifacts products that occur by DNA m#ige during PCR amplification. These can
complicate the interpretatiaof the band profiles because size determinatiahefragments is

more difficultandheterozygotes may be confused with homozygotes.

Simple sequence repeats (SSRs) have become importéecular markers for a broad range of
applications, such as genome mapping and charzatien, phenotype mapping, marker assisted
selection of crop plants and a range of molecutatogly and diversity studies (Robinsenal,
2004).Microsatellites are also considered ideal markergene mapping studies (Heargteal.,

1992).
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2.6 Genetic diversity study in Boswellia

The conservation and sustainable useBotwellia genotypes is mainly depends on proper
characterization of theBoswellia genetic resources. For aiding the breeding progmam
Boswelliait is imperative to study genetic diversity of teeisting sesame germplasms through
systematic evaluation and characterization and mgakhe information available to the
researchers. Only few studies have done on gedisticsity of Boswelliapreviously. Coppet
al., 2010, used DNA sequences from the ITS region ofnilhdear genome and Inter-Simple
Sequence Repeat markers (ISSR) to estimate gehetisity among and within populations of
the Frankincense treBoswellia sacrafrom Dhofar, Oman. They found 511 bp long ITS
sequences with low (6.4%) variation among geogcalyi different populations. In addition
total genetic diversity and average heterozygosithin populations using four ISSR primers
resulted fairly low (0.22 and 0.136, respectivelyloreover, analysis of Molecular Variance
showed that differentiation among populations weatively high (38.1%), possibly due to the
reduced gene flow between the largely isolated stasfdBoswellia (N,= 0.39). Genetic
distances and AMOVA analysis was suggested a défrentiation between the eastern and

western coastal populations (Cogiial.,2010).

ISSR marker, in addition to its suitability to génediversity study, is highly polymorphic,
reproducible,and cost effective and requires noorpiinformation of the sequence. In
economically important forest trees suchBaswellia this marker is used to study the patterns
and level of diversity. Hence, the ISSR marker yadsas been chosen to study the level of

diversity and patterns of distribution Bbswelliagenetic resources in Metema.
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3. OBJECTIVES

3.1 General objective

» The general objective of the study was to investiglae reproductive biology and
genetic variability amon@oswellia papyrifergpopulations of Metema, Northern

Ethiopia.

3.2 Specific obj ectives

» To assess molecular genetic diversity present anBngapyriferapopulations

found in Matema, Northern Ethiopia.

» To identify populations of Metema with higher disigy for Boswellia

improvement and conservation.

» To determine the phonological patterrBafswelliapopulations of Metema

» To study the pollination ecology 8oswelliapopulations of Metema
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4. MATERIALSAND METHOD
4.1 Plant material

The study site was selected in relatively homogeri®upapyriferanatural stands of North
Gondar, Metama Woreda, which is one of the majmnKkimcense producing area in the country
with coverage of 68, 000 ha. The altitude of Metaarages from as low as 550 to 1608 m asl
while the minimum annual temperature ranged betw2®e and 28C. Daily temperature
becomes very high during the months of March to Mehyere it may get to as high a43The
mean annual rainfall for the area ranges from 850100 mm (Report on Metema pilot learning
site diagnosis and program design (unpb.), 2005).

Five populations were selected based on their jadipual size and relative distances with each
other. Those are, Das Gundo (15,855 ha), Gubagg§6ha), Zebach Bahir (3,050 ha), Shinfa
(2,088 ha) and Agam Wuha (1,932 ha), respectivRigport on Metema pilot learning site
diagnosis and program design (unpb.), 2005). Exgeptaich Bahir (12) each population were
represented with 13 individual tree and totallyigdividuals were sampled. Four to five young

leaves were collected from each tree and driedigagel.

4.2 DNA extraction

Total genomic DNA was extracted from silca-driechffessue by using Cetyl Trimethyl
Ammonium Bromide (2% Cetyltrimethyl ammonium Bromjd 1% polyvimylpyrolidone,
100mMTris: PH=8, 20mM EDTA, 1.4M NacCl, 0.2% beta-idapto-ethanol) extraction protocol

based on Borscét al., (2003) with minor modifications. Approximately egjuamounts (ca. 0.29)
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of the dried leaf samples were ground with pistid enortar. Total genomic DNA were isolated

from about 0.2 g of the pulverized leaf sample.

For ISSR-PCR analysis, two extractions for eachpdarwas run out on agarose gel at 0.98%
concentration to check the presence and qualitgeoomic DNA and then to select between
extraction on the basis of quality and concentraterom stock solution,  of genomic DNA
and 2u of 6x loading dye was used and applied by ad8ingethidium bromide on the gel in 1x
TBE solution running buffer and then electrophodesg 80 volt constant for 45 min. For
comparisons, 100bp DNA ladder with known concemratwas used. The gel picture was
further examined and used to make selection of gpdity DNA extract. Genomic DNA from

the second extractions was found to be promisinignaas selected for ISSR-PCR analysis.
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Figure 1. Administrative woredas of Metema Zonevghg sites where the Boswellia population

used in this study were collected. Source: Tei@@l1).
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4.3 Primer selection and optimization

The ISSR marker assay was conducted at Geneticsafbs Laboratory of the Microbial,
Cellular and Molecular Biology Department, Addisa&a University. A total of nine primers
were used for the initial testing of primers vaiii&p and reproducibility. One individual was
selected from each population to screen the priméts 1:10 dilutions. Same procedure
described under section 4.4, next page, was follolmethe screening process. A total of five
polymorphic and reproducible ISSR primers wereetd after testing and screenings. Table 2
shows the list of primers used and tested, theiealing temperature with respective sequences

and other properties.

Table 2. List of primers, annealing temperaturempr sequence, amplification pattern and

repeat motives used for optimization (Source: UBC).

Primer  Annealing Primer Sequence’ Amplification Repeat motives
temperature pattern
810 45°C GAGAGAGAGAGAGAGAT Good Dinucleotide
812 45°C CTCTCTCTCTCTCTCTA Good Dinucleotide
818 48°C CACACA CACACACACAG Good Dinucleotide
824 45°C CTCTCTCTCTCTCTCTRA Not reproducible Dinucleotide
834 45°C AGAGAGAGAGAGAGAGYT Good Dinucleotide
844 45°C GAGAGAGAGAGAGAGAYT Not polymorphic Dinucleotide
873 45°C GACAGACAGACAGACA Not polymorphic Dinucleotide
878 45°C GGATGGATGGATGGAT Not polymorphic Tetranucleotide
880 48°C GGAGAGGAGAGGAGA Good Pentanucleotide

! Single-letter abbreviations for mixed base positions: R = (A, G) Y=(C, T)
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4.4 PCR and gel electrophoresis

The polymerase chain reaction was conducted in Bieam2000 T3 Thermo cycler. PCR
amplification was carried out in a 25 pl reactioixtore containing 1pl template DNA, 11.05ul
H20, 5.6ul ANTP (1.25mM), 2.6ul Tag buffer (10xThepuabreaction buffer), 1.25ul Mgé¢l
(2mM), 2.4ul beitein, 0.6l primer (20pmpl) and 0.2ul Taq Polymerase (pl)/ The
amplification program was 4 minutes preheating iial denaturation at 9&, then 40 x 15
seconds at 9€, 1 minute primer annealing at {43 48'C) based on primers used, 1.30 minutes
extension at 7 and the final extension for 7 minutes af@2The PCR reactions were stored
at £C until loading on gel for electrophoresis. The #figation products were differentiated by
electrophoresis using an agarose gel (1.67% agantisel00 ml 1XTBE) and 8ul amplification
product of each sample with 2ul loading dye (6 §incencentrated) was loaded on gel. DNA
marker 100 bp was used to estimate molecular weigtitsize of the fragments. Electrophoreses
were run for 3 hours at constant voltage of 100ke DNA was stained with 30ul (10mg/ml)
ethidum bromide which were mixed with 450 ml dlstl water for 30 minutes and washed with

distilled water for 30 minutes.
4.5 Data management and statistical analysis

ISSR fingerprint profiles were scored manually feach individual sample from the gel
photograph. The bands were recorded as discretaatbes, presence ‘1’ or absence ‘0’ and ‘?’
for missing data. Based on recorded bands diffesmftware’s were used for analysis.
POPGENE version1.32 software (¥ehbt al, 1999) was used to calculate genetic diversity for
each population as number of polymorphic loci, petcpolymorphism, gene diversity and

Shannon-Weaver diversity index (H). Analysis of ewollar variance (AMOVA) was used to
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calculate variation among and within populationngsAreliquin version 3.01 (Excoffiest al.,

2006).

NTSYS- pc version 2.02 (Rohlf, 2000) and Free T0&21.50 (Pavlicelet al.,1999) software’s

were used to calculate Jaccard’s similarity coeffitwhich is calculated with the formula:-

1]

a+b+c

Where,

'a " is the total number of bands shared betwedimiduals i and j,

'b' is the total number of bands present in indigld but not in individual j and

'c' is the total number of bands present in indigid but not in individual i.

The Unweighted Pair Group Method with ArithmeticandUPGMA) (Sneath and Sokal, 1973)
was used to analyze and compare individual sammde population, and generates phenogram
using NTSYS- pc version 2.02 (Rohlf, 2000). The ditddior Joining (NJ) method (Saitou and
Nei, 1987; Studier and Keppler, 1988) was usedotopare individual genotypes and evaluate

patterns of genotype clustering using Free Tred (b9 Software (Pavliceét al.,1999).

To further examine the patterns of variation ammmyvidual samples on 3D (three dimension),
a principal coordinated analysis (PCO) was perfarinased on Jaccard’s coefficient (Jaccard,
1908). The calculation of Jaccard’s coefficient waade with PAST software version 1.18
(Hammeret al.2001). The first three axes were used to plot kineet dimensional PCO with

STATISTICA version 6.0 software (Hammet al.,2001; Sta. soft, Inc.2001).
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4.6 Phenological observations

Ten trees were selected and tagged for diametdaresist height (DBH) and their height

measurements were taken. Flushing, flowering awdtirfy percentages of crown in each

individual tree were estimated visually. The nunsbafr inflorescences per branch were counted
from selected branches per tree. The number ofeflowuds/flowers per inflorescence were
recorded for each selected tree (Sunnicbiaal, 2005). Observations were carried out weekly
from September 2010 to March 2011. Selected indal&l were observed throughout the
flowering and fruiting season and visual estimagremaken to assess the extent of flowering
and fruiting. This was initiated in the flower bathge and continued until the end of flowering

season.

4.7 Pollinator activity

Observations on floral visitors were made betweawrd and dusk for 15 min every hour
(Sunnicharet al, 2005). The observations were made on a singkefl on a single branch of a
tree once at a time. Therefore, the number of lfsts made by an insect and the time spent on

each flower were recorded using a stop watch.

5.RESULTS

5.1 Banding patter ns of the | SSR primersused

Out of the nine primers tested initially, five whigave relatively clear banding pattern (four di-
nucleotide and one penta-nucleotide) were seleatetl used in this study (Table 3). The

molecular weight of the bands amplified using thenprs were in the range of 300 bp to 700 bp.
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A total of 39 clear and reliable bands were scorddhe least polymorphic bands (six) were
scored from primer 834 and the highest polymorjainds (ten) were scored from primer 880.
Both primers 810 and 818 show equal polymorphiabaright) and the remaining primer, 812,
show seven polymorphic bands. Average number dfi lbainds and polymorphic bands per
primer were 7.8. Figure 2 shows the amplificatiattgrn of primer 818.The other primers gel
pictures used in this study along with tested nolyporphic primers are presented in appendix

1.

Table 3. The five primers used, their repeat mo#faplification quality and number of bands

scored

Primers Repeat motif' Amplification pattern Number of
scor ed bands

810 (CAXG Good 8

812 (GARA Good 7

818 (CAXG Good 8

834 (AGREYT Good 6

880 (GGAGA)3 Good 10

Total 39

! Single-letter abbreviations for mixed base posgiolY = (C,T)
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Figure 2SSR fingerprint generated using primer

5.2 Polymor phism based per cent polymorphism

In all populations or individua, the number of polymorphic loci ranges frsix for primer-834
to ten for primer 880. All 3%oci scoret were observed to be polymorp (100%) considering
the entire populations as one gr. The percent polymorphisfior all the populatior studied
were ranged from 97.4%ebach Bahii to 59% (Agam Wuha), respective(Table5.2b). No
unique bands were observed for eitherindividuals or the population#s to the primers use

all the primers showed 100 per cent polymorpt considering the entire pojations as one

group.

Among the Boswellia populationsevaluated the highest percentage polymorphic loas
obtained for samples froiiebach Bah (P = 97.8%), followed by samples frorDas Gundo
(82.1), while samples frodgam Wuhi (59%)showed the least percent polymorphic (Table

5.2D).
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5.3 Genetic diversity

Genetic diversity expressed as gene diversity vaheved higher variability for Zebach Bahir
population with 0.42, followed by Das Gundo popigiat with 0.33 values. Agam Wuha
population was observed to be the least diversh gdéne diversity value of 0.25. The total

diversity index values for the total populations&&und to be 0.60 (Table 4b).

The same diversity patterns were also observedhannon diversity index, whereby Zebach
Bahir and Das Gundo populations showed the highaisie with 0.60 and 0.48, respectively.

The least variability was showed by Agam Wuha patboih.

Table 4. Number of scorable bands (NSB), numberpalymorphic loci (NPL), percent
polymorphism (PP), genetic diversity (GD) and Shatralex (1), with each primers (a). and for

each population (b).

(a)

Primers NSB NPL PP GD+SD [+SD

810 8 8 100.00 0.37+0.13 0.55+0.15
812 7 7 100.00 0.41+0.08 0.60+0.08
818 8 8 100.00 0.41+0.13 0.59+0.15
834 6 6 100.00 0.42+0.09 0.61+0.10
880 10 10 100.00 0.46+0.05 0.65+0.05
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(b)

Populations NPL PP GD+SD +SD
Zebach Bahir 38 97.44 0.4D+10 0.6040.13
Shinfa 29 74.36 0.308.20 0.44+0.28
Das Gundo 32 82.05 0.33+0.18 0.48+0.25
Gubay 29 74.36 0.26+0.19 0.38+0.26
Agam Wuha 23 58.97 0.25+ 0.22 0.36+0.31
Over All 39 100.00 0.42+0.10 0.60+0.11

5.4 Analysis of molecular variance

Analysis of molecular variance (AMOVA) was carriedt on the overall ISSR data score of
Boswellia populations without grouping (Table 5). AMOVA wiht grouping population

revealed that higher percentage of variation (7&%}tributed to the within population variation
while the remaining variation is due to the amomgulation variation (26%). The variations

was found to be highly significant at (P=0.00).
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Table 5. Analysis of Molecular Variance (AMOVA) an® populations of Boswellia without

grouping popuplations

Source of Sum of Vari ance Percentage Significance
variation squar es conponent s vari ation

Anmong

popul ati ons 120. 815 1. 93572 26. 00 0. 00

Wt hin

popul ati ons 324.140 5.51064 74.00

Tot al 444,954 7.44636

5.5 Clustering analysis

UPGMA and neighbor joining analysis was used tostwoet dendrogram for the five
populations and 64 individuals based on 39 PCR amdplified by four di-nucleotides (810,
812, 818, 834) and one penta nucleotides (880) I8@Rers. The dendrogram derived from
neighbor-joining analysis of the whole ISSR dataveed three distinct clusters and two sub-
clusters within the second and third major cludi€igure 5). Most individuals from all
populations were tended to form their own clustérevonly few of the individuals distributed
all over the tree. Among the five populations Gulfagajor clusterll, sub-clustedl), Agam
Wuha (major clusterl |, sub-clustetl) and Das Gundo (major clustiét, sub-clustet) showed
clear grouping. UPGMA analysis of MeterBaswelliapopulations revealed one major cluster

and two outliers (Gubay and Agam Whuha). The melaster again forked into two sub groups
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the first containing Das Gundo populations, whihe tsecond containing Zebach Bahir and
Shinfa, which are highly related populations (Feg®). On the other hand, individual based
UPGMA clustering of an overall analysis showed sfralustering of individuals with respect to
their populations except few intermixed individutdsm other population (Figure 4). This result
is similar to that of individual based NJ. Groupibgsed on the origins of individuals is the

dominant pattern observed on NJ and UPGMA trees.

Key:

> Zb — Zebach Bahir
> Sh - Shinfa ‘Z"

» Dg - Das Gundo

> Aw — Agam Wuha

» Gu - Gubay

Cosfficient

Figure 3. UPGMA based dendrogram for five Metemae&Boswellia papyriferapopulations

using 5 ISSR primers
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Key:

DU

» Zb-1-12- Zebach Bagir
» Sh-1-13- Shinfa

ILUDULDU

SRRl ool Ak bt

» Dg- 1-13- Das Gundo

> Gu- 1-13- Gubay

W‘i?

> Aw- 1-13- Agam Wuha

22 lnln oo owwwiewwwww
e T AU ST NGRS

Attt
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0.16 037 058 079 100
Coeficient

Figure 4. UPGMA based dendrogram for 64 individudIBoswellia papyriferausing five ISSR
primers The UPGMA algorithm is based on Jaccard’s coeffitseobtained after pair wise

comparison of the presence-absence fingerprint.
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Key:

> Zb-1-12- ZebachBagir

» Sh-1-13- Shinfa
» Dg- 1-13- DasGundo

> Gu- 1-13- Gubay
> Aw- 1-13-AgamWuha

)

Sub

|

Major

I1I

Major
II

Major

Figure 5 Neighbor-joining analysis of 64 individsidlased on 39 PCR bands amplified by five

primers. The neighbor joining algorithm is basedJacard’s coefficients obtained after pair

wise comparison of the presence-absence fingerprint
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5.6 PCO analysis

All the data obtained using the five ISSR primeerevused in PCO plotting. The analysis was
carried out using Past and Statistica softwaresrbgloying Jaccard’s coefficients of similarity.
The first three coordinates of the PCO having ergéres of 5.24, 3.69 and 3.59 with variance of
12.6%, 8.9% and 8.6%, respectively used to revealgrouping of individuals using two and
three coordinates (Figure 6 and Figure 7). In 3B3stnod Agam wuha and Gubay individuals
tended to form their own grouping. Individuals fraabach Bahir, Das Gundo and Shinfa were
inter-mixed with each other and made separate gfoup the other populations. Using two

coordinates (Figure 6) almost similar result wasesbed like that of three coordinates.

0.7, A S
AwAY®
O Rt e L S R S W FAWSLO
AW§-7 1
O L e e S
Dgd3 o
0.41 é?’Z ,,,,,,,,,,,,,,,,,,,,,,,,
o~ A 6
B Dg-1 05 A
]
< Y X 8 A1
=1 SRR N SRS OO VOSSR SO W SSSSSSRRR HAS S— 13 VR ER S
° Zb-4 .
o Aw-13
O b N Ut SUNU U SUTUURRUTNE
ol 3 s Dg-9 ', ‘ ; Sh-1
Zb-3 ? i :
0 T PR NP SOt SO OO ORNS SRRSO SRR SRRSO SO S
Gu:2 . SR
L ) T - } e
Sy | | | | | - Gu-feU- B o AN
Y -6 s s s s s P Aw- : ‘ e s
-0.2¢ é%%{ggéus """ R S AW% """ %@g%@%zg@é# i
| | -  GRgTeus | el
-0.8 -0.7 -0.6 -0.5 -0.4 -N2 - .N2 -0.1 0 0.1 0.2 0.3 0.4
Coordinate 1

Key- Zb-1-12-Zebach Bahir, Sh-1-13-Shinfa, Gu-1-1B&y, Aw-1-13-Agam Wuha and Dg-1-13-Das Gunda

Figure 6. Two dimensional representation of priatigoordinate analysis of genetic

relationships among 64 individuals of five Metenugpuplations.
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Key- Zb-1-12-Zebach Bahir, Sh-1-13-Shinfa, Gu-1-uB&y, Aw-1-13-Agam Wuha and Dg-1-13-Das Gunda

Figure 7. Three dimensional representation of ppalc coordinate analysis of genetic

relationships among 64 individuals of five Metenapuplations.

5.7 Phenology

Diameter at breast height (DBH) and height of #rettees are characterized in table 6.

Leaf fall starts at the end of September and castio the mid of NovembeAfter the leaf fall
was completed, it was observed that the trees pestoew leaves which are green and small in
size than the primary leave$he trees remaiteafless for 2—3 weeks prior to flowering and

during the entire period of flowering and fruiting.
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Table 6. DBH and height of the trees

Tree Height | DBH

(m) (cm)
1 5t 80
2 7.1 90
3 5.7¢ 80
4 54 78
5 6 80
6 6.4 93
7 7.4 10¢
8 6.4 73
9 6 76
1C 6.4 96

Trees fully covered with leaves

Sept —
Oct —
N —— |

ov — Leaf shedding initiated
Dec p— Trees become leafless

—— Inflorescence primordia appeal

Jan — I Peak of flowering
Feb |— ——Fruiting period
Mar f—

Figure 8. Various phenoeventsBoswellia papyrifera
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Flower initiation begins after 1 week to 3 weekdeddf fall is completed and the trees remain
leafless throughout the remaining period ( peribdlawering and fruiting ). Flower initiation
started at the end of November and continued ufataiary. During flower initiation the tip of
the branch became green and produced flower budsster. However, the flower initiation and
flowering was not uniform throughout the populati@uring observation, flowering was highly
variable, there was about one to two weeks gagkwering period between trees and within

trees (between branches).

During phenological observation®. papyrifera carried 8-15 flowers per inflorescence.
However, in some cases, flower buds could incregsdo 60 flower buds under optimum
environmental conditions. Moreover, during maximdlowering period, on average, 14.5
inflorescences per branch was recorded. After dmafe flower received pollen, the flower

become closed and start fruiting. Fruiting staate Danuary and continues to end of March.

5.8 Pollinator activity

In this study, it was observed that the flowersBof papyriferaare frequently visited by

honeybees and rarely by wasps.
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Figure 9 Figure showing flowers of B. papyriferangevisited by honey bees. Photo by Abush

Zinaw, 2011.

It was found that a flower is visited by an averagenber of 6.35 insect visitors every 15
minutes. Maximum number of visitors recorded waserand minimum number was 4 per 15

minutes, respectively. On average, each insedbvispent 5.8 seconds on a flower.
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6. DISCUSSION

6.1. Molecular diversity

Genetic diversity is essential to the long-ternvaual of species; without it, species cannot adapt
to environmental changes and are more susceptiblextinction. The amount of genetic
variation available within species also determittes potential for improving species through
breeding and selection programs. Knowledge of pattd genetic variability is useful for
defining heterotic patterns in hybrid breeding &mdrelating the observed pattern with presence
of certain economically important traits. Such mfiation can be used to design effective
germplasm conservation and for setting germplasieatmn mission as well as to estimate or
predict the risk of genetic erosion in certain afRattern of genetic variability can be studied by
morphological, isosyme or molecular markers. Amtrg molecular markers ISSR markers are
important to study genetic variations in plant sggcas they are effective in detecting very low

levels of genetic variation (Zietkiewicz et al.,.9%9.

The present study provides the first estimates aefetic diversity of the frankincense tree
population ofB. papyriferaof Ethiopia. Five populations from Metema areaaihara region,
northern Ethiopia were analysed by five ISSR prangielding 39 scorable and reproducible
bands. Under the assumption that each fragmenésepts a genetic locus, it was possible to
estimate allelic frequency and therefore to proceether into estimating classical population

parameters.

ISSR primers have high resolution power in fingerong and diversity analysis doswellia
(Coppiet al.,2010). The present study also confirms that ISSRena are efficient in detecting
polymorphism within and among populations Bbswellia All the 39 scored fragments
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generated from five primers were polymorphc. Tlesuit is in agreement with previous studies,
(Coppi, et al. 2010), whom reported 97.9% polymorphism using IS8&ker. The genetic
diversity parameters: percent polymorphic loci, getiversity (GD), and Shannon’s diversity
index (I) indicated that the genetic diversity ire Boswelliapopulations of Zebach Bahir and
Das Gundo is indeed high. Shannon diversity inédsxilt showed that populations Bbswellia
from Zebach Bahir were more diverse (0.60) thanupdpns from Das Gundo area (0.48).
Similarly, gene diversty result indicates tiBaiswelliapopulation from Zebach Bahir (0.42) has
higher genetic diversity than from that of Das Gun@.33). The overall total Nei’'s gene
diversity and Shanon’s diversity index were higii20and 0.60, respectively. This result is in
agreement with other woody species from tropicalt®pical or warm temperate regions that
have been recently studied with ISSR markers, agétagenia. abyssinicéGD=0.40, Tileyeet
al., 2007), Eucalyptus grandigGD=0.338, Okunret al., 2008) andAsparagus acutifoliug..

(GD=0.262, Sicat al.,2005).

The success of a tree-improvement programme largelgyends on the availability and
knowledge of the genetic resources in a germplasheation. In the present study, all the
diversity parameters confirm that there is mediorhigh gene diversity in Metema populations
of B. papyrifera Even though the small area representing the gitmdBoswelliapopulation
thinking one of the largest populated areas isMB&ema area this fact would give us some hint
on the diversity of Ethiopian populations. Sinceaar of high genetic diversity contribute more
accessions than those with a low diversity for Hertand future collection, breeding and
conservation activities high priority should be gjivto areas with high genetic diversity. The
result of this study show among the five areas drighenetic diversity is shown by the

individuals coming from the Zebach bahir area.
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Analysis of molecular variance (AMOVA) using fourimpers for Boswellia populations of

Oman showed inter-population differentiation anthwi-population variation, 38.2% and 61.9%,
respectively, which is relatively close to the desd present study 26% and 74%, respectively
(Coppiet al.,2010). The slight difference may be due to tlot flhaat the present result is based

on small geographical area and sample size.

A number of factors contribute to the high levelsvghin population genetic diversity typically
found in forest tree populations: (1) Large popolatsize; (2) Longevity; (3) High levels of
outcrossing; (4) Strong migration between populestj@nd (5) Balancing selection (Ledig, 1986,
1998; Hamricket al., 1992). Generally, in outbreeding species with mardéess continuously
distributed populations, the proportion of internariation is often over 70%, while inter-
population differentiation is often lower than 3@Ptamrick and Godt 1989; Nybom and Bartish

2000; Geet al.,2005b).

A cluster analysis (UPGMA and Neighbor joining) wesed to construct a dendrogram in order
to see relationships among all individuals. Botmdiegrams indicate a strong separation
between the fivdoswelliapopulations except few individuals which are dmtted through out

the dendogram. The separation and formation otistel by the five populations may suggest
that these populations may have been isolated &ach other for a longer period in time and
limited long distance geneflow. However, PCO analysased on two and three coordinates
show populations from Das Gundo, Zebach Bahir dnchfa inter-mixed each other and tend to
form separate group. Overall, the structure obskimeall the clustering analysis showed that
there is moderate to low geneflow among populatiohBoswelliain Metema region. In the

intermixed populations only Das Gondo and Shintstbounderies.
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6.2 Phenology and pollinator activity

Phenological patterns in tropical plants are kegtdis in understanding their reproductive
strategies, and therefore, fluctuations in resowealability that directly affect demographic
dynamics and reproductive cycles in herbivores (8ahaiket al., 1993). The present study is
the first study on the reproductive biologyEfpapyriferaof Ethiopia. The trees remain leafless
during the whole of the flowering and fruiting petid’he reproductive phases in the phenology
of B. papyriferaare constrained to the dry season in the study &itrait shared by many other
tree species from the tropical forest (Sunnicktal., 2005). The absence of leaves on the tree
during the entire period of flowering and fruitingght be the trees have to utilize limited water

available and resources stored in the stem for énd seed loading (Baket al.,1983).

Variation in the abundance and availability of pwtors influences the reproductive success of
plants. For example, under continuous pollen litiata because of low pollinator activity or
availability, autogamous selfing may be advantagewmyisproviding reproductive assurance
(Kalisz and Vogler, 2003; Moeller, 2006). In costrapreferential fertilization with outcross-
pollen in a mixed-mating system and obligate owgsity due to self-sterility are common for
plants with frequent pollinator visits. Howeveretbffectiveness of these mating systems should
vary if the activity and availability of pollinatsrfluctuate spatially and temporally. Even under
high pollinator activity, geitonogamous pollinationay result in the abundant production of
inbred seeds and a decrease in siring success gadén discounting in mixedmating plants (de
Jonget al., 1993). Therefore, pollinator activity may causegéa variations in reproductive
success among populations, depending on the msystgm of individual plants. In this study
the flowers ofBoswelliaare largely visited by honey bees only. This resuin agreement with

Sunnicharet al. (2005), whom worked oB. serataof India. Authors like Wilson (1977) and
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Kindeya et al., (2002) reported lack of regeneratio Boswellia which contribute to the
dwindling of Boswellia populations, may be due to only few pollinatere awailable for

pollination.
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7. CONCLUSION

The present study was conducted with the main tbgof assessing the extent of genetic
diversity among Metema population &. papyriferausing Inter Simple Sequence Repeat

marker.

This study shows that ISSR markers are importangémetic diversity study in boswella. The
present analysis of genetic variation could provalebasis for its term conservation and
sustainable use d@. papyrifera In general, all the five populations showed highmoderate

genetic diversity, which will be valuable for thetdire collection, conservation and improvement
strategies. Zebach Bahir population shows relativegh level of genetic diversity whereas
Agam Wuha population shows lower genetic diverditgnce, conservation effort should start

from Zebach Bahir and then consider the most tareat populations.

Clustering and PCO analysis for the Metema popriatisuggest that there was a strong
association between individuals and their geog@aphigin. The most likely important factor for
this strong association is; either these populatiere separate for long time, or lack of seed

and pollen flow.

Analysis of molecular variance for the populatietisdied showed that the highest proportion of
genetic variation was attributed to within popwatthan among population. This is also further

confirmed with the result of the clustering anadysi

Phenological observation study showed that thergtrisng association between phonological

pattern and seasonal variation. Flowering andifrgiibf Boswelliatrees lack leaves and takes
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place during dry season. In this study it was olethoney bee is the major pollinator agent for

Boswelliatrees.
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8. RCOMMENDATIONS

» This study is the first attempt to address the giertkversity of Boswelliapopulation
along with its phenology. However, the current gtuths a limitation that only
populations from Metema were studied. Thereforeswmsdlia genetic diversity and
phylogeography of Ethiopian populations from diéfiet agro-ecology should be studied
in detail.

» Analysis of genetic diversity in forest tree speaising more than one methods helps to
better understand the levels of genetic variatioa,genetic structure of populations and
determine migration root; when compared to theltesibtained using only one method.
Analysis with co-dominant markers system, like msatellites, needs to be conducted
to better understand and estimate the gene flod/datermine the size of a population
and levels of inbreeding.

» Similar to genetic diversity study, reproductiveolbgy study is also important for
breeding programs and conservation. Thus, detaibdeictive biology study should be
done to understand floral structures, stigma reaggéptpollen flow, seed dispersal, etc.

> B. papyriferahas a great potential both from economic and eocdb perspectives. But
continued pressure on the dry forests through wiaegfd use has affected the population
status of the species. Therefore, researchergypmlakers and other stakeholders need

to come-up with sustainable use and conservatrategies.
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10. APPENDICES

Appendix 1. ISSR fingerprints &. papyriferaby different primers

a) Primer 810

b) Primer 812
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¢) Primer 818

d) Primer 834
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e) Primer 880

Appendix 2. Boswellia tree at different stages

a. Before leaf fall b. After leaf fall
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c. Branches showing flower buds d. Branches with different floweringges

e. Trees at maximum flowering stage f. branches showing closed flower

Apendix 3. Boswellia fruit
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