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ABSTRACT
Climate change is causing droughts, which are affecting crop production gloaady

disrupting plant metabolisnue to the unpredictable natural droughts that occur, causing tea
farmers significant losses in tea estateSharttime Withering Assessment of Probability for
Drought TolerancéSWAPDT) method for distinguishing between drought tolerant (DT) and
drought susceptible (DSJamellia sinensisultivarswasdevelopedbasedon cultivars from

the Tea Research Foundation for Central Africa in Malawi, and validated on 400 samples
from the Tea Research Institute in Kenyeork the resultsasample size of 20 tea trees was
deemed sufficient to accurately determine the drougktepiibility of a large tea field of
approximately 5 20 hectares, containing 50 00200 000 tea treesyere the diffeence
between their mean valuessapproximately 6%Tea production and subsequently its quality
rely onevenly distributed rainfall. & consumers concern themselves with the quality of tea,
in particular its flavour and aroma. To breed for these phenotypic traitmlienging due to
these beingjualitative traits inherited from parents, and influenced by environment.Clwo
sinensispopulations,60 Commercial cultivars and 2%onCommerciatultivars (TRFK St.

504 and TRFK St. 524) were employed in a part of this study to identify the Quantitative
Trait Loci (QTL) responsible for yield, drought tolerance and quality centred on a genetic
map constructed using the DArTseq platform. The map csep 15 linkage groups
analogous to chromosome haploid number of tea plant (2n = 2x = 30) and spanned 1260.1
cM with a mean interval of 1.1 cM between markers. Sixteen phenotypic traits were
evaluated in both populations, and thr&é&,and 46 putative QTIs were discovered after
mapping on the 15 linkage groups, associated with tea quality from Gas Chromategraphy
Mass Spectrometry (G®IS), Nuclear Magnetic ResonancéH{NMR) and Ultra
Performance Liquid Chromatography (UPLC) data respectively. The varexpiained by

the QTLs varied from 4.6 to 96.3%, with average of 28%. Using theEGG databasethe
putative QTLs linked to yield, drought tolerance and quality were secondary metabolites
associated with tea phenolic biomolecules and abiotic stressipRti@mponent Analysis

was performed on the GEIS, H-NMR and UPLC data, and from these, the UPLC data
showed clearer separation and clustering betweenCtiramercialand NonCommercial
cultivars. With focus on the UPLC data, it was narrowed dawthé five catechins, four
theaflavins and caffeine; these were used to develop several logistic regression models. The
model based on only the fresh leaf catechilassified over 90%f the 310 genotypes as

either Commercialor NonCommercial cultivas. This modé may be useful in predicting the

\Y



suitability for commercialization of promising selections from mature seedling fields, based
on the analysis of their dried green leaviesst, 20 Commercialand 20NonCommercial
cultivars were analysed using UPIMS. New metabolitesvereidentified as ontributing to
drought tolerance yield and higher quality of the Commercial as compared to the

NonCommercial cultivars

Vi
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CHAPTER 1

LI TERATURE REVI EW

1.1 Camellia sinensis
In-depth studies have been conducted Gamellia sinensisdue to its precise flavonoid

profile, responsible fortea health propertiesGreen tea, rich in catechins, serves as a
traditional herbal remedy in China to prevent cardiovascular diseases &trath&y chronic
diseasesTeapreparedrom the leaves o€. sinensishas beerconsumed eitheas green or
black tea,by 70% of the humanglobal population since time immemorialowing to its
richness inpolyphenoilc compoundswhich are associated wittopioushealth promoting
therapeutiattributes(Tong et al, 20149, tea arrived in Europe only in 1636ea producers
are indemandof new cultivars which are high yieldingare drought tolerangand produce
high quality tea liquorsThe maintypes ofteaconsumed worldwide argreen, oolong and
black tea, each being determined by tbencentrationtheir respectiveflavan3-ols
(Wambulwaet al, 2017. Over 52 countries worldwide cultiva@ sinensispeingconsumed
either asblack (78%), green (20%) or oolong (2%) tea. Green tea is hoywegominantly
favoured in North African and Middle Easrn countries while black tea iscustomairy
consumed in Western countri¢€ooperet al, 2005. Green teaguality evaluationhas
conventionallybeen based on the appearaneecolour and itsintensity, aroma.e. sweet,
floral, grassy, etc., andstly, its tastei.e. astringency, bitternesand sveetness. Tegets its
distinctive astringentand somewhatbitter tastefrom caffeing even though severalther
metabolites such as tlvatechinsand othempolyphenolscarbohydratesand amino acidare
influertial in its overalltaste and flavoufAdkins et al, 2007 Nyarukowaet al,, 2016. The
amino acid theanine, whichakes up approximatelyo-thirds of at e a  totlaamidos
acids contentis with other less abundant amino acidssponsible fothe sweetand brothy
tasteof tea However,it is noteworthy to indicate thahe metabolite compositignwhich
influences tea quality, varies betweengreen and black tedJnlike with green teawhose
guality depends ommino acid, particularlytheanine, catechénand caffeinethe quality of
black tearelies ontheaflavin, thearubigen, catechin and caffefhe Gall et al, 2004.
According to the World Health Organisation (WHGbout3.92million metric tonnes of tea
is annuallyproducedand of this,black tea constitutes 60%, whilgreen tea represes®0%

(Meeting and Organization, 20L0Green tea moduction is however predicted to have



considerably increasetbmpared tdlack teadue to its immense increasednsumptionn
China(Shenet al, 2018.
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Figurel.1l: Biosynthesisof flavan-3-ols and their derivatives i8. sinensiseaves and rootglianget al, 2015.

1.2 Havonoids in Tea
The dryweight of yungC. sinensiseavesconsists o571 30% flavan3-ols (Singhet al,

1999. Flavonoids are asundry classof plant metabolites biosynthesised from
phenylpropanoids anderivedacetate from carbohydrate metabolism eslicated inFigure
1.1 More than a fewdisparatetypes of flavonoids existwith the mostsignificant being
dietary flavonoids, whiclfall into sevenmajor categores, namelyanthocyanidinsghalcones
flavanols,flavones flavonones flavonols, and isoflavonoid§rilmaz, 200§. Flavonoids are
essential metabolites required phants for theirgrowth and developmenThey protect the
plant againsmicrobesand pestdy interferingwith their interactionswith the plantand are
involved in the manufacturef phytoalexins, which ar@nsect repellentgLattanzioet al,
2006. C. sinensismakesuse of carbon obtainedfrom the metabolismof amino acids
tryptophan, tyrosine and phenylalanioe the biosynthesis 015C flavonoidswith a C6C3-

C6 configuration through the condensation and decarboxylation of phenylpropanoid
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derivatives(Cuendetet al, 2007, with chorismic acidbeing the engroduct(Jianget al,

2019. C. sinensighen associatesarbohydrate metabolism to the shikimate pathwayhe

pentose pathwaygesulting inphenylpropanoidiosynthesisThe flavonoidstructureis made
up of two aromatic rings A and Binked by a 3Cbridge, in a heterocyclic rin@s shown in
Figure 1.2below.

Figurel.2: Structural configuration dlavonoidmolecule

The A ring is deriative of he acetate pathway, whilthe B ring is a derivative of
phenylalaninevia the shikimate pathwayarying the replacementsthrough e.gacylation,
alkylation, glycosylation, oxygenatiomnd sulfationof the A and Brings will result in the
formation of varyingcompounds within eacflavonoid class.It is thesevariationsresulting
from the substitutons tothe Cring, which generate theajor flavonoidcategories, namely
anthocyanidins, chalcones, flavanols, flavones, flavonones, flavonols, and isoflay@woids
shown inFigure 1.3 In a Kenyanstudyin 2009, tea cultivars withpurple colouredleaves
weredeveloped Kamunyaet al, 2009, and a follow up study in 2018und that said purple
leaveswere rich inanthocyanins and anthocyanisinvith malvidin being thepredominant

anthocyanidirresponsible for causing the coldqierio et al, 2013.
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Figurel.3: Structural configurationof the major flavonoidcategoris.

1.3 Tea polyphenols
The majority ofosmolytesfound in plantsare secondary metabolitesea osmolytesare

predominantlycomprisel of polyphenoic metabolitegCheruiyotet al, 2007. Polyphenols
are metabolites consisting ointegrated benzene rings, eachomprising of numerous
hydroxyl groups andrangng from simple phenolicto complex polymerised compounds
(Balasundranet al, 2009. Although 90% of polyphenols found in tea are flavonoaser
classesof polyphenolsexist i.e. phenolic acidsand tannins(Sumpio et al, 2006, with
tannins beinghe mostactive (Bravo, 1998. Polyphenolsbeing secondary metaboliteare
derivatives ofcondensation reactiofmtweencinnamic acid and three malor@bA groups.
Thesecompounds exist asonjugatesof mono and polysaccharide®nnectedto phenolic

groups(Balasundranet al, 2006.

1.4 Health benefits of tea
The efficacious health promoting propertiesgnéen and black tea have beextensively

documentedn literature, particularlyregardng protection againstardiovascular disease
andcancer(Bahorunet al, 2019, obesityand diabetegUchiyamaet al,, 201), andseveral
metabolicailments (Thielecke and Boschmann, 2Q0&picatechin (EC), epicatechgallate
(ECg), epigallocatechin (EGC), and epigallocateaaiiate (EG@) are he major catechins
found in teg with EGCg being themost copious makingup 50- 80% of the total catechin

content(Sanget al, 201]. Structures for the catechin found particularly in green tea are
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shown in Figure 1.6 Literature has documentedthe antioxidant, antkhypertension antk
inflammatory antimutagenic,and antitumorgenic propertie®f tea stemming from the
catechinsas well aghe inducel relaxation and enhandeognitivefunction stemming from
theaningLismanet al, 200§ Haskellet al,, 200§. Additional researcthasrevealedthat the
co-administration of drugs and.g. teas rich in catechins ECand EGCg bring about the
inhibition of glucoronidation and sulfation reactions of oral drugsreasg ther
bioavailability within the body(Suganumaet al, 2011). The theanine intea induces
relaxation the reason for this ishéanine translocatethe blood brainbarrier within 30
minutes in a dosedependent fashiorfpllowing its consumption(Terashimaet al, 1999.
Furthermore, theelaxing effectsof theanine have been documentedplysiology studies
focusedon stress andnxiety(Kimuraet al, 2007, while also ading as an antagonisigainst
the stimulatory effects of caffeinéRogerset al., 2008, and possessingxhibiting antk
hypertensivequalities (Yokogoshi and Kobayashi, 1998n addition to this, lieanine also
effectively prevens liver damageresuling from an excessivantake of alcoho(Sadzukaet
al., 2005. Due to these documentethgyrmacologicaproperties possessed pplyphenols
numeroustests on tea extracteave been conducted with these extracts serving as
prophylacticse.g. thepreclinical trials of polyphenon Ein the chemopreventiorof lung
cancer (Lambert et al, 20095, and EGCg as ahuman immunodeficiency virus reverse
transcriptaseantagonistNance and Shearer, 2Q08/oreover, studies have also shown that
theaflavins suppressHIV transcription (Gramza et al, 2005. Lastly, catechinshave
extensively been documented possess antioxidativattributesdue to ahigh affinity for
scavenging reactive oxygen and nitrogen speasafiustrated irFigure 1.4below. Catechins
have a3,4,5trihydroxyl groupon its B ring, with a gallate groupesterified atthe third
position onits C ring, with positions 5 and of its A ring havinghydroxyl groups(Figure
1.5 (Frei and Higdon, 2003the morehydroxyl groupdocaed on eachflavonoid ring the
more antioxidant propersethe molecule haglLien et al, 1999. Catechinspossess anti
cancer propertiedy suppressig the growth of cancerous cellshrough the blockage of
angiogenesis. Catechinmevent diabetesby inhibiting the sodiumtransporter SGLTA s
mechanisnof action, thereforsuppressinghe uptake of glucosandin turnlowering blood
glucose levelgKhan and Mukhtar, 2007 As such,teais no longer consumed just for the
enjoyment of its gratyfing taste androma but alsofor its therapeutigroperties(Zhanget

al., 2012. Figure 1.6shows a list of the predominant catechins in green tea.
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1.5Black tea
Unlike green teawhich is predominantlyconsumedn North Africa andthe Middle East

black teais primarily consuned in Western countriessawell asin certainAsian countries

e.g. India and Sri-Lanka, andthroughout East African countries.Kenya for example,
specialises irthe production of black tea andas of August 2018has been declarethe

w o r lladgéstblack teaproducer and exporter, with28% marketshare, followed by China

with 18% andthirdly Sri Lankawith 15% (Kariuki, 2018. In contrast to green teblack tea
predominantly consists ohé¢aflaving namelytheaflavin (TF1), theaflavi3- gallate (TF2),
thedlavin-3 -@allate (TF3) and theaflavid , -di§aflate (TF4).These are shown iRigure

1.7 below. These are formed through tlexidation of catechins and constitut e
primary polypheno$ (Sang et al, 201]). In addition to catechins, metabolitesuch as
caffeing kaempferol,myricetin theobrominetheophyllineand quercetincan be found in

black tean minute quatitis (Balentineet al,, 1997%; these influencéhe quality of tediquor.

aH
OH

Theaflsxin-3 *-gallate (TF3) Theaflawin-3, 3 -digallate ([TF4)

Figurel.7: Structures of the major theaflavins



1.6 Tea quality indicators
The polygenolic metaboliteshave served aghe principal tea quality indicatofer a very

long time. The aganolepticevaluation ofblack teaby tea tasterso asertaintea liquor
quality is throughsight, smell andor taste of thaea liquor(Kumar et al, 201J). Several
studies have atumentedthe correlation which exists between thefresh green lead s
phytochemical compositionthe processing parametezmployed to geblack teaand the
sensory qualityattributesof the resultantblack tealiquor (Obandaet al, 200J). During
organolepticevaluation of black tediquor, the tea tastersbasetheir decision on five
parameterspamelyaroma, astringency, brightnedsjskness andcolour (Hilton and Ellis,
1972. Caffeing theaflavins thearubigins, andseveral minor flavour relatediolatile
compoundsare allcontribubry to the resultanguality of tea liquor obtainedOwuor et al,
20063. Furthermorehigher concentrations a@farotenoid and chlorophylin green tedave
beensubmittedaspossibleblack tea qualityndicatorsof the resultant liquor produced from
these cultivarclones (Taylor et al, 1992. Hilton and Ellis, (1972 documented the
statistically significant linearcorrelation, which existbetweentheaflavin content andthe
marketvalueof blackteas fromvarious tea producingotintriesglobally. It is noteworthy to
mention that though thEenyan cultivars showed a positiveorrelation between theaflavin
content and tea price, said correlation was tnetatistically significant while cultivars
obtained fromCentral Africa demonstrated significant correlation between theaflavin
content and tearjze (Owuor et al, 2006. Theseobservedlifferencesin theaflavincontent
couldemanatdrom the influential differences othe geographicakgions & production
(McDowell et al,, 1995, or it could be due tohe genetiovariatiors in the cultivars.e. there
is inter and intra clonal variation when it comes to the formatiothedflavinsvia aeration
(Magomaet al,, 2000Q. It is for this reason thaheaflavinconcentratiorin the tea liquodoes
not, on its own, always accurately repredadatk teaguality; thedifferent rateof theaflavin
formation due to varying levels akeration The astringency oflack teadiffers with the total
composition of theaflavinsthe reason beinghat individual theaflavinspossess varying
astringencies. The astringenoptained when alfour theaflavinsi.e. TF1 - TF4 combined

canserve as black tea qualityndicator (Owuoret al, 2009.



1.7 Principle metabolites found in tea and theiretabolicattributes

1.7.1Flavonoids
Flavonoids as abovementionedyre classified as anthocyanins flavan-3-ols, flavanones

flavonols, flavones,andisoflavones(Del Rio et al, 2013. Polyphenols arghe predominant
classof flavonoids,with catechins constitutingnore than half othem the major catechins
arecatechin EC, ECg, EGC, EG(g, catechin gallat¢CG), and gallocatechin galla{&CG)
(Chanphai and TajmiRiahi, 2019, with EGCg accouning for the highestquantity
Moreover methylated catechins aballic acid lmund catechinanay also bdocatedin C.
sinensis (Zhang et al, 2017. These catechin derivativesin addition to their unique
pharmacological effectsalso interact wittDNA by means ohydrophilic and hydrophobic
interactions(Chanphai and TajmiRiahi, 2019. O-methylatedEGCg for example has been
shown toalleviate Japanese cedar pollinogidasudaet al, 2014. Catehins as mentioned
earlier provide C. sinensiswith a chemical defece against pathogens andherbivores
(Masudaet al, 2014. Figure 1.8below shows thechematic representation tife flavonoid

biosynthetic pathway
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Figurel.8: Flavonoidmetabolismin C. sinensis

AbbreviationsPAL, phenylalanine ammonigase; C4H, cinnamateldydroxylase; 4CL,4€ ou mar at el Co A
ligase; CHI, chalcone isomerase; CHS, chalcone synthalijFfbavonoid 3\pNpydroxylase; F3H, flavanone
3-hydroxylase; FBY, flavonoid 3Njnonooxygenase; FLS, flavonol synthase; DFR, dihydroflavdrre@lductase;

ANS, anthocyanidin synthase; ANR, anthocyanidin reductase; l&ARpanthocyanidin reductagianget al,

2019).
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1.7.2Theanine
According to literature26 amino acidshave beerdocumented to be founth teg these

include 20 protein and & non-protein amino acidsTheanine synthasdoundin the roots
catalysesglutamic acidinto theanine which falls underthe nonprotein amino acids,and
accouns for approximately70% (w/w) of the free aminoacidsfound inaleafd dry weight
root theaninebiosynthesis 8 a result of nitrogen absption in the ret of ammonia and
nitrates(Denget al, 201Q. Theanindunctions, not only aa nitrogenreservoir but alsoas a
carbon backhbee initiator for synthesis during germinatig®harmaet al, 2018. Theanine
hydrolase in the presence of sunlighitydrolyses glutamic acid and ethylamirte theaninen
the leavesAmmonia oxidasenduces the conversion oftkylamine into acetaldehygevhich

is a catechinprecursoi(Kito et al, 1969. Figure 1.9%elow shows the metabolism of theanine

in C. sinensis.

Asparagine

Asparate == Oxaloace tﬂate

Asparate 4-phosphate / \

l Malate Isocitrate

Homoserine
GDH TS
l R a-Ketoglutarate ===% Glutamate ===$ Theanine
umarate
Methionine 4= Homoserine 4-phosphate lGS
L 4

l Succinate Glutamine Proline
Threonine l L

l Histidine GABA
Isoleucine

Arginine 4=== Citrulline €=== QOmnithine

Figurel.9: Theanine ratabolismin C. sinensisGDH representglutamate dehydrogenase; iepresents

theanine gnthase, and GS represents glutamine synttdeseget al,, 2019).
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1.7.3Caffeire
Caffeine isbiosynthesisedn the tender leavesf C. sinensisfrom both the de nove and

salvage pathwa/(Ashiharaet al, 2013, whichinvolvesa four step sequenaavolving one
nucleosidase anthree methylation reaction®ohanpuriaet al, 201Q. Caffeingd gurine
ring is formedfrom de novobiosynthesis fronCO;, formate, glutamine,and glycine, with
adenine functioningas thepredominantsource. Tk alkaloid teobromine isa caffeine
precursor Approximately 99% othe formedcaffeine islocatedin the young, fresheaves;
minute amounts of caffeine asdso manufacturedn the flowers, fruit androotsof the tea
plant, with most of it being bound tohlorogenic acidin the vacuole(Waldhauser and
Baumann, 1996 Figure 1.10 below shows aschematic representationof caffeing s

biosyntheic pathway
Methionine
SAMs Caffeine
»
I-NMT
. . Theobromine
Homocysteine S-Adenosyl-L-methionone N
3-NMT
7T-Methylxanthine
L J
S-Adenosy-L-homocysteine 7-Methylxanthosine
»
l T-NMT
Adenosine Xanthosine
»
l IMPDH

Adenine === Adenosine monophosphate === Inosine 5'-monophosphate === Xanthosine 5'-monophosphate

Figurel.10: Caffeine metabolism i€. sinensisSAMs represents-8denosyl -methionone synthase, and
| MPDH represents inosi ne (BaNptan20f®hosphate dehydrogena:
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1.8 Thetea breedinghistory in Africa
C. sinensisis an evergreenperennial treedistinguished from otherdyy a large3.02 Gb

diploid genome, with @n= 2x= 30chromosome numbéKia et al, 2017. C. sinensiss out-
crossng and highly selfincompatible(Wachira and Kamunya, 20Q5therefore making it
heterogeneous and heterozyg@usioki et al, 2007. It is postulated that thCamelliagenus
encompases over300 speciesC. sinensis(L.) O. Kuntzehas been documented to be the
foremost prominent agronomic speci€Mondal et al, 2009. The 2012 discovery ofC.
cherryana(Orel and Wilson, 2012 made evident how wtalde and higlly out-cros®d the
Camelliagenusis. The C. sinensishromosomes are small ahdvemedian centromeszan
indication of how primitive they are Jimiting the advancerantof polyploidy screeningn tea
(Singh et al, 2013h. The first breedingstratagemgargetedartificial pollination between
cultivarsdiffering in specific morphologicalattributesin a bidto produe superiorcultivars
(Willson and Clifford, 2012 The resultantseeds produceffom the controlled pollination
betweernthe selectectultivar pairswere thenreplicatedon test plotswith awell performing
commercialcultivar servingas an observationcontrol for attributes such as growthgour,
leaf quality and yieldoutput The two cultivar bushes wth seedling progenyresenting
significantpromise wereroliferatedthroughvegetative propagatiomplanted agpropagative
clones in alternag rows in an isolated sedihg fields to yield naturaly crosspollinated
seed. Thesuperlativefields thenservedas checks for high yieidg and betteliquor quality
producing tones (Green, 1966 The arly African tea estates werplanted using open
pollinated seed§Cannellet al, 1977. In Assam andseveralnorthreast India regions the
prominencewas placedon massselection involving randonised crossesetwee cultivars,
which varied in leaf sizeand shapegrowth rate, andexture (Wight, 1956. The issue with
mass selectionis that it regularlyfailed to yield high quality teasand failed to generate
cultivars ofconstantmorphologicalcharacteristicmecessaryor improvedquality andyields
(Richards, 1966 The upside of this is that numerossed varietiesvere subsequently
developd at Assam which possessuperior quality andyield traits compared to those
randomly plantecearlier SriLankan breedersconstrainedmassselection toselectingthe
superlative cultivars capable ofvegetative propagabn to give high yielding, identical
progeny(Visser and Kehil, 1958
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1.9Improvements inKenyantea breedingprogrammes
Theemploymenbf seedobtainedirom Assam, Indiasaw thebeginning ofimprovements in

Kenyad seabreeding programmesvhich brought about thestablisiment ofthe initial two
polyclonal seed baries at Kangaita and Timbilil (Anon, 1980pwing the 1980 formation
of Tea Research lmdation of Kenya (TRFK)now known as th&ea Research Institute
(TRI). Other large tea producing companiessuch asJames FinlayKenyg and George
Williamson (Kenya)followed suit andinstituted programmes that saw the establishment of
their own improvel seed baries. Maselection wagmployedas tea improvementethod
proving asuccess, tanextent It however, failed togenerate a robusype of teapossessing
satisfactory cup attributes and morphological consistency Moreover, the developed
progenieshad not beenspecifically choseror their high quality andyielding traits, and as
such the resultanseedlingswere a mixture of miscellaneous andnediocre genotypes
(Wachira, 200 Despite theaboveanentionedchallengesthe teabreediry taking place athe
TRI has resulted in the generation of neislonal seed bariesvhile concurrentlyexpamling
the prevailingpolyclonal seed barge As of 2006 goproximately60% of clonesconcomitant
with TRFK 6/8 have been commeragadd, stemmindrom the Timbilil tea etaté® breeding
programme Furthermore, 24 out of thé5 developed clones haf®und success in industry,
amongst which are thelite Cambodvarieties, TRFK 301/4 and TRFK 301/9n addition to
these, are thelones TRFK 430/90 an@iRFK 371/3 which in addition to them havingigh
yield andimproved black tea quality, thee new cultivars posseb®otic andabiotic stress
tolerarce propertiegKamunya andVachira, 200h Breeders have used th&® FCA SFS 150
clone from Malawiandthe TRFK 303/577%0 produce varieties that ateought tolerat) such
as the EPK TN 18, and have crossed th&FCA SFS 150 and EPK TN 43lto produce F1
progenytolerar to cold (Kamunyaet al, 2010; only the siperiorclonesare beingemployed

by farmers

1.10Breeding for high yield and environmental stress resistance

1.10.1 Hgh yield
Plant breederdiave been finding it daunting taewklop highyielding clones fromseedling

mother bushed<arlier studies(Green, 197\ failed to establishreliable correlatons between
growth and yield poperties of mother bushes, and din resultant F1 progenglones
Subsequenstudies(Nyirenda, 199} has shown adequately strong correlations between the

tea bush area, shoot number, and yield of tea mother bushes and those of theirAclones.
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strongpositive correlationbetweergrowth traits and yield in matured téelds was observed
(Shanmugarajaét al., 1991).

1.10.2 Evironmental stress
Due to the effects of global warming, fluctuationsnieather patternare béng observed in

Kenya particularly thencreagdtemperaturedeading toprolonged droughspelk in thetea
growing region(Elbehriet al, 2015. Due to these changes in therate, tea productions
drasticallybeingredu@d because of a shortagesoitable landsat lower altitudes and the
result of this is that farmers have to seek lands at highiendes. Moreover evidencehas
been furnishedpverthe course of thpast30 yearsthat temperatures in tea growing regions
have been increasing at a ratdd°Cper decad€Cheserelet al, 2015. In addition to this
stresgs concomitantwith temperaturdluctuatiors in tea producing areas such as Kericho,
Kisii, andNandi have added to the gravea production limitationsy Kenya Tea production

is also reliant on well scatteredrains; a rise or drop in temperaturesas a result of the
fluctuations in therainfall patterns adverselyinfluences the quantity and quality of tea
(Chang, 201p The farmingof tea has now beeaxtended toareaspreviously deemed
marginal and unsuitabfer growingtea(Owuoret al, 2010.
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1.11Current breeding strategies to obtaidesirablecharacteristics
The objectivesof tea breedingprogrammesvary from one geographicalareato arother;

however due to the abovementioned effects of climate change, breeders are\swékieg
with improved resistance to the environmental stressese wigintaining high qualityTea
breeckrs areconcentratingpn selectig and breedingopulationsich in e.g.alkaloidssuch as
caffeine, theobromine and theophylljremino acids namelytheanine carbohydratedike
fructose and mannose; polyphenols, nancalechinsand proteingKarori et al,, 2014. The
reason for this is thaealiquor hasbecone a renownecdhealtty drink. Tea consunption has
risenannually by 4.% to 5.5 million tonnesas 0f2016 predominantly inChina, India and
countries with emerging, developing ecames; consumption is postulated to increase by
anotherl.5 million tonnedy 2027 (FAO, 201). In the past, countries such lésenya, India,
and SriLanka,which are highblack tegproducing tend tdreedcultivars which will produce
black tea rich in theaflavins as they have been documentedhighbgielding and high black
tea quality clones=fforts have been made combine theetwo qualitiesinto an F1 progeny
via hybridisation breedingbut the lack of requisite knowow pertaining toinheritance
patterns andhow to combire desirableattributesinto a single progenfiascausedsluggish
progress in tedreeding(Wachira and Kamunya, 20D5A concerted efforis required to
fully grasp and comprehemggnetic variabilityfoundin tea, to aid in thedevelopnent of the
desied genotypes witlthe desiral attributedKaundun and Matsumoto, 2003&tudieshave
beenconductedn linkage maps, MASmMolecular markersmutation breedingandQTLs to
enhanceéreeding strategig€henet al, 2013. Figure 1.11shows a schematic representation

of current tea breeding strategy.
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Figurel.11: Schematic representation of tea breeding prodrearaet al, 2018.

1.12Marker assisted selection
MAS is where theplantspossessing thgeresresponsible foexpressig theattributesthe

breeders areanteresed in, are selectedhrough these molecular markers. Tbugh tte
advancs in, and convenienceof molecular markers andgeneticmaps the employment of
MAS has becomepossible inmany crops as has been observed with the useriod
molecularmarkersto discovernovel markers inother crops such dsarley and wheatEllis
and Nyirenda, 1995 and has been employed in the improvemennitiet (Obandaet al.,
200]). AlthoughC. sinensiggeneticmaps have been documented biyHackettet al, 200Q
Adkins et al,, 2007 Wright et al, 2002, andstudieshave been conductexh QTL mapping
(Wright et al,, 2002 Koechet al, 2018, which haveidentified markers antinkage groups

18



that are responsible fahe expression of quantitative traggch as caffeine content, making
the development of saturated linkage mapgcessariool for MAS in the breedingof tea

1.13Role of genetic markers in tea breeding improvement
Genetic markers are speeifi chromosomal positions functioning as genome analysis

landmarks. Theemarkersconsist ofbiochemical DNA, andmorphological markersSeveral
convergingbiochemicaland physiologicatharacteristicare employedn conservativeplant
breeding taascertairthe cultivarégeneticmultiplicity. As a result ofts outbreeding nature
C. sinensigs decidedlyheterogeneousstudiesto assesshe genetic diversity ofC. sinensis
through the incorporaton of biochemical (metabolite) markers (Das et al, 2013,
morphological marker@Chenet al, 2007, and molecular markef&aundun and Park, 20p2
have been conducted lot of thesecharacteristicshave, however, been documented to
possessontinuous variationwith the environmenimpactng thempredominatly, makingit
difficult to identify robust markersequiredfor genotyping(Ariyarathna andGunasekare,
2007).

1.13.1 Biochemical/metabolitemarkers
The existing multiplicity found in C. sinensiscultivar varieties has efficiently been

ascertainedhrough theuse of metabolitemarkers, such aasnthocyaninscaffeine,catechins,
and theanine (Li et al, 2013. These biochemical markers areasily influenced by
environmenal factors,with particular interest being atie planto s s t devglepmentit

the time of exposure to these environmental fageset al.,2013).

1.132 Morphological markers
Due tothe fact thamorphological traitselateon aone to ondasiswith the genes regulatg

them, thesemarkers carserveasreliable geneindicators.Literature has documented that a
majority of morphological markerare a resulbf mutatiors (Waycottet al, 1999. Due to
the restricted availability of genetimutants the use of mrphological markerin breeding
hasnot been extensiv@Vorlandet al,, 1987. Morphological markerhave been documented
to be impactedy environmentastressesand haveshown a continuous variatiomaking it
challengingto ascertairdistincttaxonomicclustersbased on morphological markeisoech

et al, 2018).

1.13.3 Molecular markers
The employment of molecular markers incrop breeding for favourable agronomic

characteriscs presents breeders witimproved opportunitiesto attain even thoséraits

considered problematto assesshrough theuse of biochemical andmorphological markers.
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Molecular markers unlike the biochemical ormorphological are plenty, and are least
impactedby environmentaktressegSingh et al., 20133. Furthermoremolecular markers
offer an effectivg ancillary option for differentiatingintra- and or interspecific germplasm
differences, and in so doing, servingsaanindispensabléea breeding instrumel(Ni et al,
2008. Based onhow they aredetected, mlecular markercan becategorisednto three
categories, namelPNA sequencdased hybridisationbasedandpolymerase chain reaction
(PCR) based(Angaji, 201). In a study byKamunyaet al, (2009, C. sinensisDNA
molecular markerswere investigated ircultivars thatare known to have a tolerance for
drought,cold temperatures, and diseasésa follow up study, it was ascertained that these
markers also serve as indicators for cultihes will behigh yieldng andwill produce high
quality tealiquor (Kamunyaet al, 201Q. Investigations have also been conducted on
Chinarycultivars, by studying theatechinregulatoryDNA molecularmarkers ingreen tea
for MAS breedingMa et al, 2014. The use of mlecular markers lsabeen documented as a
valuable and adequate tdot characterimg and discriminating betwedl sinensivarieties
(Kaundun and Matsumoto, 2003b

1.13.4Diversityarray technology
Diversity Array Technology (DArT) has, according tdJaccouckt al, 200, beendefinedas

fia high throughput microarray hybridisatiorbased method involving the isolation and
cloning of randorised DNA fragments from complexitgduced DNA sampi@ DArT
provides a homogeneouyshigh throughput genotyping, which allows fdahousands of
molecular markersfrom thousands of sample® be concurrentlyassayedwithout any
precedingsequence informatiofWittenberget al, 2005. The use of DArT has yielded
outstandingresults indiversity andphylogeneticstudies(Steaneet al, 201J), and geomic
linkage mappingnd selectiorfPolandet al, 2012 Schouteret al, 2012. Studies on crops
with multifaceted genomese. apple(Larsenet al, 2018 lemons and orangéSagaweet al,,
2018, strawberry(Vallarino et al,, 2019, sugarcan€Grzebelus, 2015 wheat(Balochet al,
2017, have documented theuccessfubpplication ofDArT markers. Thes®ArT markers
serve asimproved alternatives to the presently employed techniques,which include
restriction fragment length polymorphisamplified fragment length polymorphisrsimple
sequence repeatandsingle nucleotide polymorphism&specially regardingoss and the
promptnesof marker dscovery andvholegenome fingerprinanalysis.This techniqueis
cost efficient, nongel dependenttechnology that isacquiescentwith high throughput

mechanisatiomnd thedetectionof superiormarkers in a single asséyigure 1.12)
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Figurel.12: Diagrammatic representationf the DArT principle (Koechet al,, 2018).

1.13.5Quantitative trait loci (Q'L)

Polygenes are the genes responsible for controlling numersigmificant crop traits,
including abiotic and bioticstress tolerangeguality, and yield Analysing QTLs involves
detectimg linkages betweerthe genotypemarkersandthe resultanphenotypeof the progeny
assessetbr thetrait interesed in(Collardet al, 2005. The relationship between the marker
and the QTLs indicated by thelifference(significan) betweenaveragevalues of theraits
of interest andhe genotype otheir markergMiles and Wayne, 2008The analysis of QTLs
furnishesinformationregardingthe nature oeachQTL, its positionon the chromosome and
its function Molecular markers haveeen efficaciouslgmployed inresearchig quantitative
inheritancein crops(Agarwal et al, 2009, such asn tomato,whereQTL research resulted
in the development afold toleram, andinsectresistantprogeny(Grandillo and Cammareri,
2016, and inwild barley(Elberseet al, 2004, while (Ma et al, 2014)documentednarkers
significantly connected witlC. sinensisMetabolomicsallows forfunctional genemining in
metabolic networks integrated with both genomics and transcriptomicdMetabolite
guantitative traitloci (mQTLs) furnishinformation regarding genotypc and phenotypic
association, for mining and validatig possiblefunctional genesThrough the employment
of this stratagenby (Kato et al, 2000, the geneswhich encoa for the enzymecaffeine
synthasewere clonedpringing with it anopportunity fortea breeders tdevelopnaturally
low caffeine content cultivars. In another study, thregenesresponsible fornitrogen

utilisation regulatbn were identified in two C. sinensiscultivars These genesvere also
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found toencodefor the enzymeswhich control the caffeine, catechimetabolic pathwas/in
the C. sinensisplant. It was, however, nfortunatethat the majority bthese wee candidate
geneswhich lacked walidaton by thetranscriptomeanstead othe genomeFurthermore, e
absencef established transgenosis and tissukurelimits the transformation system (@.
snensis This is, however, avay of quickly identifying other unknown functional genes
linked to metabolism, bgombiring metabolomicsvith molecular markergLi et al, 2017).

1.14Challengesfacedin genomicselection
When the application of gemic selectionis beingconsideed, one important consideration

to be taken into account tke interactionbetween thgenotypeand theenvironment (GxE).
The application ofgenomic selection invheat grain yield totaling 599 linesunder four
different environmentseachanalysed by crosgalidation, establisked an accuracyvariation
of between0.44 and 0.6 across theenvironments Moreover the study results revealed a
significant difference inthe accuracyof maize grain yield, ranging betwe@®x1 and 052
underwet anddrought conditios (Crossaet al, 201Q. In a follow up studywith additional
environmentsit was confirmed thatdifferent environmentsignificantly affectthe accuracy
of the genomic selectionesults(Crossaet al, 2011). Furthermoreanother tudy employed
genomic selection on pingsossessinga comparablenumber ofclonal individuals and
markers.Theseclonal individualswere spread acrod$sur locations it was established that
the equatiorgeneratedrom results obtained aany oneof the locatiors served as good
predicbr, approximaing an accuracyof 0.7 within site and decreasingcross the sites
(Resende Jet al, 2012. This indicates that & interactions significaht influence the
accuracy of genomic selectiongven within identical clones exposed to varying
environmentsAs such it is crucial thatthe impact of the environment be takato account

when developinggenomic prediction models.

1.15Plant metabolomics
According toHamanishiet al, (2015 whenplantsare exposed to abiotic strefsis results in

the disrupion of theplant® setabolic pathwag to facilitate theplantd survival they have
developednestimabledrought responsstratagemgOgbagaet al, 2014. Crop breeders are
continuously seekingnowledge andinderstanithg of the mechanismemployed bycropsto
survive in drought stricken and salinised environmefityyarukowaet al., 2016) These
adaptive respnseprocessesnvolve regulatory activadn of multiple geneswhich in turn

activates subsequenimetabolic pathways. Studies odrought stressegblants have been
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conductedrevealing tle signficance of metabolic regulatiosuch as a buildip of osmolytes
as a responsgSlamaet al, 2015. Osmolytes such asbetaing mannitol, proline, and
trehaloseare producedunder lyperosmoticstress(Weckwerthet al, 2004. In addition to
indudng osmolyte synthese® maintainturgor through osmotic adjustmegirbonaet al,
2013, these metabolites also serve dtabilise protein conformationsyhile diminishing
proteinsolvent interactionsand facilitating theepairof damaged tissugRuan and Teixeira
da Silva, 2011 Glucosinolates aremetabolites richin nitrogen and sulphurand are
biosynthesised fronteucine, methionine,phenylalaninetryptophan,tyrosine and orvaline
(Arbona et al, 2013. Bound toglucosinolaté side chains are -tiioglucosy) and a
hydroxyaminosulphateesidue; theséave beemassociatedvith the defence mechanisms
plants employaganst abiotic stresses suchdrsught.The enzyme myrosinasdeaves he D
thioglycosidc bond ont h ethio@lucosyl residuegiving isothiocyanatesitriles, and
thiocyanates(Zandalinaset al, 2012. These are therconjugated with intracellular
glutathione resulting inthe glucosinolatésioactivity (Keumet al,, 2005.
Phytometabolomics is thestudy of plant metabolic profiling, which encompasses the
gualitatively and quantitatively analgsof metabolites tdetter comprehend theinetabolic
responsesunder diotic and biotic stres¢Schauer and Femi 200§. Comprehendinghe
desiccation response metabolomssists in ascertainingsteps iwolved in the signal
transduction pathwayd@Jranoet al, 2009. Metabolc profiling commenced as diagnostis
tool to ascertaimerbicidemode of actionand hasince grown to include functions such as
determning the differences between geneticallyjodified and conservativecrops and
genotyping them to discoveewgenegHagel and Facchini, 20Q8Figure1.13 below shows

atypical metabolomics workflow
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Metabolomicsis a postgenomics techniquewhich explores the link between genes and
metabolic networksby comprehensivg investigatng the numerousnetabolitesfound n
plants (Jianget al, 2019. The key tometabolomicgesearchs theemploymentof analytic
toolsto comprehensivg analyse metabolites. Holistic metabolic profites/e been obtained
from intricate animal and plant samplessing high resolution, informatiomich powerful
spectranetrictechnques Liquid chromatography couplesith mass spectrometry (L™S),
due to its advanceents within the field,is a centraltechnique inmetabolomis research
(Khan and Mukhtar, 2007 with it being used predominantlyin differential profiling and
biomarker identification (Theodoridis et al, 2012. At present direct injection mass
spectrometry (DIMS), Fourier transform infrared spectroscopy (FERJnuclear magnetic
resonance (NMR)are mosty used in plantmetabolomicsresearch Gas chromatography
(GC)XMS is another preferretechniqueemployed in plant metabolomics for terpenf@hen
et al, 2003 andseverabther volatileanalyss (Tikunovet al, 2005. Themaindisadvantage
with GC is its restricion to small volatile biomolecules meaning it cannot be employed to
analyse bimoleculespossessing k&rger molecular weighte. proteins. LEMS has enjoyed
a steadygrowth over the years, abe metabolomis technique of choice due its high
throughput, soft ionisation, anextensive metabolite coverage (Zhou et al, 2012).
Metabobmics analyses caaither employ dargetedor an untargetedpproachThe objective
of the targetedapproachis the identification and quantitation of specific metabolitesfor
which pure standards exist confirm the identities of the naiolites detected in the samples
i.e. the chemical properties of the metabolitesder investigation are knowm.argeted
metabolomicss customarilyhypothesisdriven, whle untargeteanetabolomicdeads to the
formationof a new hypothesisvhich involves assessin@ll the metabolites in a biological
system(Zhou et al, 2019. By combiningl1.17, LC-MS, and NMR data, acomprehensive
picture of a plant metabolome is obtaindd. a result of the increase jiant metabolome
techniquesusing nontargetedapproaches is now favourable option for the identification
and quantificatiorof hundreds of metabolitegjving anextensiveinsight into thesamples
metabolite profile®.g. tegFraseret al, 2019. LC-MS hasbeenestablishedispredominant
favourite targeted profilingtechnique especially foplant metabolomics studied;C-MS-
based metabolomics depar@h numerousanalytical,computationalandexperimentakteps
(Zhou et al, 2012. Whenemployedas theanalytical tool, LGMS producesmass spectral
peak lists, whichafter beingalignedto thdr respective samplearerelatedwith multivariate
statisticsresuling in spectral featur@lentification.
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No single technique adequbte@letecs, identifies, andquantifiesall metabolitesn animal or

plant samples. It is for that reason that the abovementioned metabolomics platforms are to be
used incombinationto encompass majority of them. Hybridising GC, and L&MS with

NMR has beerdocumenédtor es ul t in the most favour abl e
metabolite profie (Ward et al, 2007. The field of metabolomics reseh has significantly

grown over the last decad®m approximately 6 000 publications in the year 2008, t6(2

in the year 2018This is showrin Figure 1.14below.
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Figurel.14: Number of publicatioaon metabolomicgrom 2001 to 2018
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1.16 Statistical analysis
In metabolomics, uniand multivariate statistical techniques are used in combination to help

pinpoint relevant variation (e.g. between groups of interest) in datasets that are often large
andhigh-dimensional. The univariate statistical tool used here wasttds with resulting p

value and associated effect size. Two multivariate approaches were included, principal
component analysis (PCA), and partial least squares discriminant analySiDAFLPCA is

an unsupervised, projection technique that makes it possible to view large datasets by
summarising variation through projection onto fewer dimensions. The separation between the
classes provides a measure of validation for-BIf&S which is pone to overfit. PLDA is a
supervised technique used to identify combinations of variables that can distinguish between
classes of samples.

Logistic regression (LRis a statistical analysis tool generally suitable for testing hypotheses
regarding connewns between categorical outcome variables and continuous predictor
variables. LR solves problems that cannot be solved by simple linear regression, such as any
occurring errors that areot normally distributed or are not constant throughout the data
range (Penget al, 2002. Contrasting from discriminant analysis, LR does not make the
assumption that the predictor variables possess equal covariance matrices, and that these are
normally distributed. It instead makes the assumption that the distributions of any errors
equallingthe true Y value subtracting the predicted Y value are described by the binomial
distribution. This implies an identical probability is maintained across the range of predictor
values. This binomial assumption is therefore easily testable usingeat &Siegel and
Castellan, 1956 LR may be consideradbust, provided the samples are random; in so doing
this ensures the observations remain independent of one anothee{R&ng002). Another

useful statistical analysis approach is making use of decision trees, which are created through
the use of paition algorithms. These algorithms employ the links between predictors and
their corresponding responses, and recursively partition the data, splitting predictors until the
desired prediction response is obtained. Through these repeated data paatitlenssion

tree is formed. By choosing the best splits from an infinite number of possibilities, the
partition algorithm makes the decision trees a powerful modelling tool. Predictors are either
continuous or categorical; where continuous, the partitioma aesult of @ut off value, with

sample values falling above and below this cut off value. If, on the other hand, the predictor
is categorical, the samples will be split into two ledBIP®). The decsion tree identifies

independent variables with a significant relationship to the dependent variable and evaluates
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the continuous variabl esd I nterval breaks
independent variable possessing the sturdiest refuijorwith the dependent variable then
becomes the decision treeds first branch; e i
target variable becomes the | eaf. This is ¢
predictor variable until ggdictors are exhausté¢@ihomas and Galambos, 2Q0¥iolin plots

are a statistical methozbnsidered to be a combination of thex plotand akernel density

plot, which are used for plotting nwenc data. The violin plot contains the same information

as would be found in a box plot, but have the indisputable advantage over the box plot in that

they show the entire data distribution, which is beneficial when working with multimodal
datai.e. distribution with several peaksiintze and Nelson, 1998)
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1.17 PROBLEM STATEMENT

The polyphenolic metabolites have served as the principal tea quality indicators for a long
time. A positive correlation between theaflavin content and tea price has been reported in
Kenyan teas (Obandat al.,, 2001), while cultivars obtained from Central Africa
demonstragd a significant correlation between theaflavin content and tea (ptitten and

Ellis, 1972)Caffeine, theaflavins, thearubigins, and several minor flavour related volatile
compounds are all contributory to the resultant qualitjeafliquor obtainedOwuor et al,

20063, and these are under thentrol of multiple genes called QTLESsing conservative
approaches for genetic enhancement of the tea plant i.e. increasieme; theaflavins,
thearubgins contenthas proven laborious and tirsensuming, especially sin€@. sinensis

is outcrossed and highly seilicompatible(Wachira and Kamunya, 2005has alow seed
production count and theverall lack of available genetic markeismploying QTLs for
certain key agronomic traits céelp to selectea cultivars with the desired traits at an early
stage of plant growth, especially since tea is a woody padtusingconservative breeding
approaches may bring about delays due to tea having a long juvenile phase of bet&8en 22
years. When the application of genomic selection is being considered, one important
consideration is the interaction between the GXE. GxE interactions have been tshown
influence the accuracy of genomic selection, even within identical clones exposed to varying
environments.The impact of the environment should be considendwn developing
genomic prediction modelsPhytometabolomics, the study of plant metabolic profiling,
which encompasses the qualitatively and quantitatively analysis of metabolites to better
comprehend their metabolic responses under abiotic and biotic stagssexplorethe link
between genes andetabolic networks, by comprehensively investigating the numerous
metabolites found in plant§ea is the most consumed beverage, second to watelis and
therefore an important commodity. With teavironmental changes being brought about by
global warming,it has become the most important objective to tea breedatsvidop tea
cultivars with the potential of producing high yields, which are drought tolerant and
essentially produce high quality green and or black €affeine,catechins, theaflavingnd
thearubigins arenajor determining factorsf tea quality andareyet to be subjected to QTL
analysis This study seeks taising metabolomicgdentify andmap outmarkersassociated

with QTLs for qualitydeterminantsand to use these to develppedictive models to assist

tea breeders in netea cultivarselections
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1.18 RESEARCH OBJECTIVE

The main objectivaenftitilyi ahhaitowchyaimalad etcal ar
mar ker s yliiedindewdg hto, t ahdn gsaatliacyk t ea.

First, this studyprioritised the replanting schedule of seedling tea fields on estates commonly
subjected to drought by developing a sampling methoceatichatingdrought susceptibility

using the SWAPDT method, this being domehe absencef historical infilling records.

Secondthis study identifed putative QTLs associated with amino acids, caffeine, catechins,
organoleptic evaluation and %RWGsingDArTseq markes, GC-MS, *H-NMR and UPLC

platforms,to construct genetic linkage maps MAS in tea breeding.

Third, this studymadeuseof metabolomicgeneratediatato identify differently expressed
metabolites in the two groupms cultivars following which these metabolitewould be used
to develop predictive models to classify theé310 genotypes as either Corencial or
NonComnercialcultivars. The best modelould be used imew field selectios.

The thesis is organised intlee following chapters

ChaplerLiterature review

Chapter 2. Prioritising the replanting schedule of seedling tea fields on tea estates for
drought susceptibility measured by the SWAPDT method in the absence of historical
in-filling records

Due to the unpredictable natural drought s

tea est adaggs,meda hodo for di stinguifsldmagu gdrto ug

suscept Chmel ( D&)uditnevmsiss Wde$é i dsdsvuagggepsetd .t hat
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replanting.
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traiQ@asmdlnl i aussiinngd B&@3GNSMR and UPLC

Tea consumers concern thembblreedi nvghhoh heé he

yieldi hggh Blpjhteynot ypic traits is challenging

gualitative traits inherited fThorno upgahr etnhtes , u s

mol ecul art ondaernkteerfsg g ig@mswetdh t he cp herfhaoititysp er e st
mardaesrsi st ednag/e lbeec teingpd loeycatd etliagihn g, qiTalan d Hieg
cultiThar put ati ve QRQdent i feyiokoyfée dihngtme rteesat based
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Chap#éeModel s for identification of elite m ¢
commercial potential f rCamerhdti wr esi needliisng f i
The quality of tea I s sndeniiabsl ymeatfafeechktietde I
producers are in demand of new cul tTihviasr s,
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ChapterComcluding discuss.ion and recommendat.

1.19RESEARCH OUTPUTS
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CHAPTER 2

PRIORITISING THE REPLANTING SCHEDULE OF SEEDLING TEA FIELDS ON
TEA ESTATES FOR DROUGHT SUSCEPTIBILITY MEASURED BY THE
SWAPDT METHOD IN THE ABSENCE OF HISTORICAL IN -FILLING RECORDS

ABSTRACT

Due to the unpredictable natural droughts that occur, causing tea farmers significant losses in
tea estates, a twilay method for distinguishing between drought tolerant (DT) and drought
susceptible (DSTamellia sinensisultivarswasdevelopedThis workwas basedn known
cultivars developed at the Tea Research Institute in Kenya and the Tea Research Foundation
for Central Africa in Malawi. This paper contains ardiepth descriptiomf the application

of the Shortime Withering Assessment ofrébability for Drought Tolerance (SWAPDT)
method on four 6§ear old,C. sinensiseedling fields in Kenya. Tha-filling history of the

four fields due talroughtrelateddeathsvas obtainedrom historical records. The SWAPDT
method scores correlated well with the historical recoltdbas been indicated, from the
results obtained in this study, thatsample size of 20 tea trees is sufficient to accurately
determine the drought suscepiilyilof a large tea field of approximately -520 hectares,
containing 50 000 200 000 tea treesyere the difference betweénh e f i el ds@& mean
measured by the SWAPDT methdglapproximately 10%.
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2. IINTRODUCTI ON

Tea made fronthe leaves ofC. sinensisasgreen or black tea, has been drunk as a mild
stimulant due to the caffeine content, since time immem(iias ard Nyirenda, 199b Tea
consumption has increased in recent years, due tbdaakhpromoting effects associated

with its high polyphenol conteriPreedy, 201 C. sinensiss cultivatedin over 52 countries
around the world. Global world trade is approximately 78% by value in the form of black,
20% as green and 2% as oolong(fdégarukowaet al, 2016. It is an important cash crop for
countries such as India and China; in Africa alone, several countries produce tea, namely in
Kenya, which is currently ranked third behind Sri Lanka and India with regards to annual
production ancexport of black teaGhang 2015), Malawi, Uganda, Tanzania, Zimbabwe,
Rwanda, South Africa, Burundi and Mauritids.sinensisea estates need to be replanted
every 20- 90 years to maintain high yields. Tea estates are planted in sample blocks of about
5 - 20 hectares, at 10 000 trees per hectare, with seeds from the same batch. Most tea estates
in Africa are planted with teaesds procured from tdaaries(orchards)n India or Sri

Lanka. The seed selection criteria employed focused on yield and neglected to consider
drought tolerancéMurakamiet al, 1999. During severe natural droughts, some of the trees
(57 15%) die andarereplacedvi t h new tr ees. Tea planters
fillingo. kedpamsod recerdstohthedting, andhencegoodand poor fieldsare

easily identified However, sometimes these records are missamg,a new method is
required to determine the drought tolerance of a tea field that might beéd@G/ears old
(Willson and Clifford, 2012

Tea producers demandwecultivars which are DT, to reduce crop losses. In the coffee
industry, farmersre facedvith the problem of dealing with coffee rust. How they deal with

this is by assessing ammhalysingt he r i sk of an epidemic by
characteristis such as climate, soils, crop management patterns, namely shade management,
etc (DaMatta, 2003 This assessment approach has been adopted from studiestedndu

West Africa on groundnut@velino et al, 2009 as well as on work conducted {fyavaryet

al., 2000 on tropical Asian rice. As a result of this, tea farmers are also lookingaffor
inexpensive yet effective method of determining which sample blocks of tea have a high
percentage of DPlants so that these sample blocks rhayprioritisedfor replanting. The

samples in this studyere collected r om t he James [EhopKergygyveheh est at

together with surrounding estatésgure 2.} produces 23 million kilograms of tea annually.
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This part of Kenya enjoys deep rich loam soils, which are high in organic content and
combined with the perfect climate and environment ard ideanigh yields of good quality
tea fQttp://www.finlays.nel. In Nyarukowa et al., (2016), a novel logistics probability

formula was developed, which can be used to
after employing the SWAPDimethod. The aim of this study was to determine how many tea
trees are needed per field to obtairepresentative sample of the tegld so that tea fields

canbe prioritisedfor replanting.
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Figure2.1: Tea growing areas in Kenyenya Tea Development Agency).
http://blog.dominiontea.com/2014/03/27/kenstaaindustry/

2.2TATI STI CAL ANALYSI S

2.2.1 Spatial regression Modelling
Spatial regression models hateen widely employedn biological science disciplines.

Central to spatial analysis and quantitatgeographyhas been the study of methods that
specify and fit spatial regression mod@vand et al, 2013. Spatial autocorrelation is the
similarity or dissimilarity of two values of a feature spatially near one another. As such, a
positive spatial autocorrelation value signifies that the vaties particular feature cluster
spatially while a negative spatial autocorrelation signifies that the locations of said feature are

encompassed by neighbours with varying val(#sselin, 1990) According to (Cressie,
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1993, spatial data analysis may be classified as point data analysis, lattice data analysis, or
geostatistics; each consists of its own unique objectives and approach@asd&taianalysis

focuses on ascertaining spatial patterns involved in e.g. cluster formation as aberrations from
complete randomness. Lattice data analysis on the other hand looks at the spatial pattern of a
particular feature on a regular or irregular tegdalattice perceived at the grid points, the

purpose of which is to calculate the spatial pattern by usingd pré¢ er mi ned fAnei ghl
structureo to observe the associations betw
variables whilst factang for spatial effects. Lastly, gesiatistical data refers to spatial data

collected at points continuous in space. Gaatistics shares similarities with lattice data
analysis, differing only in that gestatistics has the further objective of predigtvalues of

the feature of interest at locations not yet samgehi et al., 2008). Furthermore, geo

statistics is distinguished from lattice data analysis at tfeostatistics employs distance
based functions i nst ead oif theficase iwghhlditceudata o o d

analysis) to denote spatial autocorrelaiiBriley and Gatrell, 1995

2.2.2 Contour Maps: construction and application
Contour mapping can be used fornetwork aggregation schemes, in the presentation of

holistic networking of temporal and spatial domains while functioamg diagnostic tool for

the detection of faulty sensors. Contours may be representative of several occurrences e.g.
temperature, altitude, etc. Furthermore, altitude and temperature contours may overlap within
a single map. Though the contour maps conéefoth simple and well documented, the
construction of these maps is however quite exigent, particularly in a sensor network
environment. Spatial suppression serves to take advantage of the correlation between
neighbouring sensors whenever a particulecuorence takes place. When there is e.g. an
unexpected temperature change, each sensor (W) in the shared vicinity of this occurrence
determines whether or not it should transmit its reading to the data collection centre, the sink.
In instances where theagnitude difference between p and the reading from another sensor
islessthanaprdet er mi ned t hreshold value i.e. b, o
are not reported if the observed values changes over time are not significant. However, to
permit outlier detection, sensors detecting such disparities, transmit this data to the sink, even
if they ordinarily would not. This then aids the sink in accurately detecting outliers. The sinks

then make use of this data of the terrain to precisely recoeat®ur maps taking into
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account the sensor field as well as the positioning of these sensors, ensuring accurate
detection and interpolation of outligffglenget al,, 2009.

2.2.3 Moran | Test Statistics
The most popular spatial correlation tessbasedn the Moran | test statistic. This test is in a

normalsed quadratic form, with regards to the variables being tested for spatial correlation
(Kelejian and Prucha, 2010t measures the degree of linear association between the feature
of interest (y) at a specific position and the average of the feature at its neighbouring
positions (Wy); it can be construed as the regression slope oh(YWg) (Pacheco and
Tyrrell, 2002. The Moran | test statistic functions to test that the spatiaicautelation of a
variable in the null hypothesis is zero. Upon the rejection of the null hypothesis, the variable
will be deemed to be spatialputocorrelated(Ord and Getis, 1995 The MonteCarlo test

can be employed to solve spatial distribution problems involving spatial point pattern, pattern
similarity, spaceime interaction and scales of pattefithe Monte Carlo test can also be
employed when dealing with a null hypothesis, &hd a corresponding dataset, in which the
value y of a selected test statistig, is ranked amongst a setarfalogous/alues generated

by randomly sampling from the nuistribution ofu. The rank of the test statistig, when

the u distribution is continuous amongst the set of values {u= 1,...,m} enables the
determination ofthe exact significance level for the tg&esag and Diggle, 1977 The
ordinary linear regression model is amongst the most useful statistical methods employed
spatial analysis to identify relationships between variable@Misi et al, 2004. In this
technique, the dependent varialyejs modelledas a linear function of a set of independent
variablesxi, x2,.::,%. Based on n observationsyi xi1, Xiz, .:;, Xip ), (i = 1, 2,.:, n), from a

study region, the model can be expressed as:

o I B o fh (1)
wherel K ,.:1 are parameters, ahd,T , .:;,f are error terms assumed to be normally
distributed, random, independent variables (bteil.,2004).

Determining a studyods ssa, whidhbalasceszpewer ecanomy,r e s
and timelinesgDupont and Plummer Jr, 199(Researchers must define the sample, size
power, and hypotheses for their study and to effectively do this, they require software
programs that can calculate the missing parameter when given any two of the preceding three

parameters. These programs compute the sample size required to idsimdya specified
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power,e.g.the difference in efficacy of a particular treatment, the power this difference is
detectable withgiven sample size, and the detectable difference witticularpower and
sample size. The link between the power and its sparding sample size is best seen by

plotting the power curve as a function of the parameter of interest (Ketlsty1986).

The Student's-test was used to calculate the probability (p) that the two samples belong to
the same population. When p < 0.@®ere is a 95% certainty that the two samples belong to
different populations. The Standard Error of the Mean (SEM) is an inferential statistic that
can be used to draw error bars on histograms to visually estimagevdiae When the
sample size (n) 20, and the gap between the SEM error bars > SEM1 + SEM2, we can be
99% confident that the samples are from two different popula{iGusnming et al., 2007

The MANOVA method may also be used to compare multiple fields with each other, and the
three methods are expected to produce similar regkigselman et al., 1998 Oneway
analysis wusing JMP Pr o 0MBich glestaterbath thesampieme a n
mean and confidence interval. The top and bottom of each diamond represent the (1 x

100 confidence interval for each group. The confidence interval computation assumes that the
variances are equal across observations, and as such the heighthofdiamond is
proportional to the reciprocal of the square root of the number of observations within the
group. The mean line across the middle of each diamond represents the group mean, while
the overlap marks appear as lines above and below the gmeap. In instances where
groups have equal sample sizes, these overlapping marks indicate that the two group means
are not significantly different at the given confidence level. Where the mean in one diamond
is between the overlap marks of another diameimd,indicates that these two groups are not

significantly different at that confidence le\@MP®).
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2.2.4 MannWhitney test
When a study, such as this one, possesses two groups originating from normally distributed

populations, it must be ascertained whether or not these groups are from the same populations
i.e. whether there is a significant difference between the mean \@fleash group. Where

no prior knowledge of the distribution exists, the MaNhitney test is useful especially in
instances where behavioural effects are being obséBaldino et al, 1979. In medical
research, it is commdn used to contrast the outcomes in patient treatments, iR non
randomised groups, where the data is continuously distributed and skieagstlandand
Sandvik, 2009 This test is often employed agt-test alternative; it assumes that the data
consists of randomised, independent samples from two populations possessing similar shape,

as shown irFigure 22.
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Figure2.2: Two distributions with different medians but similar shape and spiéedtop figure has a
distribution skewed 0.75 units to the right, meaning the medians will be different by 0.75 units, whilst both

figures maintain idemntal shapes.
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In cases where the sample size is large, the Méhitney test is capable of detecting
differences in the sample spread, regardless of the similarity of the medians. The
dissimilarities observed in population medians tend to be accompayitdther shape and
spread differences; the median differences are however not always the most impigueat.

2.3 elaborates on this.

Figure2.3: Two distributions with differing median valu@.65and 1.14 unitsand shape$he distribution

showing the larger median also possesses the bigger spread.
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2.3 RESEARCH OBJECTI VE

The objective of this study was pioritise the replanting schedule of seedling tea fields on
estates commonly subjectéal drought by developing a sampling method and ascertaining
drought susceptibility using the SWAPDT method, all of this being done in the absence of
historical inrfilling records.

2.4 HYPOTHESES

Alternative hypothesis (B There will be a statistically gnificant difference in the

%r el ative water content ( RWC) , bet ween the
95% level of confidence.

Null hypothesis (l): There will be no statistically significant difference in the %RWC,
between the historicalifgood 6 and Apooro fields, at the
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2. MATERI ALS AND METHODS

2.5.1 Sample Collection
Thefield work was conducted on th€aproret tea estate in Kericho, Kenya, with latitude: 0°

22' 3.86" N and longitude: 35° 16' 59.30" E, during January and February of 2017. Based on
historical irfilling records, twogoodfields, fields 12A and 12B, with fewer-iiilings due
to-deathsby-droughtand twopoorfields, 13A and 13B, with higher 4fillings dueto-deaths
by-drought were selectedThe good fields were those fields with more drought tolerant
plants/ less deaths due to drought, while the poor fields were those fields with miie dea
due to droughtThese fields were approximately 1200 m apart. The fiell® plantedrom
different batches of seeds obtained from Assam, in 1954 and 1956 respectively. They were in
the same prune year, receiving the sderéliser regimen, underainfed conditions. The
longitude and latitude coordinates for field 12A and 12B are 35° 14.75' E, Q° 26' S and for
field 13A and 13B are 35° 15.05' E, 0° 26.6" S and at an altitude of 2180 m above mean sea
level. These fields were located in regions thateéhdmngh humidity, fair temperatures and
acidic soils.Sampl es wer e c ol -nterceptemthin @ guadrag meahodn p oi nt
which a 100 m X 100 m quadrat was set up in the middle of each field. The starting point of
the samplingvas notedas point (00). Each quadrat consisted of intersecting lines along ten
meterby ten metempre-determined points on the transect liféis essentially gave ten rows

al ong-atxhes oixand t e n-ax bAveachantersactong poiht,ghrafootsof

two leaves and a bud were harvested from each tree and placedlackziplastic bagsA

total of 400 samplesvere collected 100 from each of the two good and two poor fields.
Following sample collection, the leavegere transportedo the Tea Research Instiu
laboratory, with the zigocked plastic bags placed in an insulated box on ice. The samples
were then subjected to the SWAPDT method as discussed in Nyarwtoala (2016) to
determine the RWC of the leaves from each figlhe SWAPDT method is an inexpensive

and practical method developed for the prediction of DT tea cultivars. The rate of RWC loss
between the DT and DS cultivars weagaluated by immersing three she with two leaves

and a bud from a single bush under investigation in 20 ml of distilled water at room
temperature and weighed after 24 hours. These turgid leavesthereblot dried and
weighed before being oven dried ate3€ and we i gltoaeswhea theireRWC fsi v e

between 40 80%. The leaves weragain placedn water for 24 hours, and then weighed,

and oven dried at 105eC for 24 hours to obt a
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2.5.2 Statistical Analysis
The data collected on the fofields, were testd for spatial homogeneityn the case of field

13B, spatial dependenosas detectedas provided by(Bivand et al, 201]). A spatial
simultaneous autoregressive error modak fittedto the data of field 13Bto predict and
consequently remove the spatial sigfidiswa s done spdep nma ¢Ukisgged .
onesided ManAWhitney test it was establishethat Fields 12A and 12B, and 13A and 13B
wererespectively similar, but that the two groups differ significantly from one another.
Monte-Carlo permutation tésapproach was then employed, using theajue of the one

sided ManAWhitney test agest statistic, applied to comparisons between Fields 12A and
13A, 12A and 13B, 12B and 13A, and 12B and 13B. One thousand repetitions of this test
were performedit deceasing sample size®) construct an empirical distribution of the p
value for each sample siz&he empirical quantile at which 0.05 and 0.01 whserved was
recorded As the sample sizes decreased, the stability of the NMémimey test decreased, as
could be seen by the quantiles which usually lead to the rejection of the null hypothesis now
moving away from the righiail of the empirical distributionThe minimum required sample

size was set at the level just before the empirical quantile droppledv ihe required
significance level. This test procedunas also repeated whileontrolling for the mean
difference in fields, and by combining the data for Fields 12A and 12B, and 13A and 13B
into Fields 12 and 13, respectively.

Power curves for the aedata sewwer e cal cul ated wusing 22%he pacl
four effect sizes havbeen definedwhich correspond to a difference of 3%, 5%, 10% and

15%. The 3% and 5% represent small effect sizes, with the 10% representing a medium effect
size and the 15% largeeffect size. The difference found in the pilot data set (35%) would be
considered a gantic effect size. The curvegere createdor the different amount of fields

included in the experiment; these curves serve to determine a suitable number of replicates

required for each field for example:

When the desired power is 0.90 and the smalldsvvant effect size is 5%ndif 100 fields

are usedn the experiment, the minimum number of necessary replidgatestimatedat
approximately 22. When 50 fieldse usedthe minimum number of replicates would be

about 33. The sample size calculatiansdonea f t er el i mi nateifnfge catnsyd oit.
using oneway ANOVA. Where dAfield effectsodo ar

employed by adding random indicators for fields to the moHelk addition results in an
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increase irthe powe. Oneway ANOVA was used to compare the two good and theptwo

fields and compute their means, standard deviatiandt h e St uedteamd ddrgourt
plots of each fieldvere preparetty JMP Pro (ver 13Excel was used to calculate the SEM,
from the same Standard Deviation (SD) at different sample sizes and to obtain the equation of

the curve.
2. BESULTS

2.6.1 %drought score contour RWC plots based on SWAPDT method
The contour plots for the four fieldsre shownin Figure 24. These ee indicative of the

%RWC profiles, which were flat; this eliminates any possible bias due to underground rivers
or rocky outcrops. The ANOVA comparison between the two good and thpderdields
shows clear differences, with the mean %RWC of 72.2 feitwo goodfields, and 35.0 for

the two poor fields (p < 0.0001).The SD ranged from 13.320 units, indicatinga large
variation within each fieldThis is supportediy the large coefficient of variation (CV)

values, shown iifrigure 25.
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Figure2.5: Mean distribution curves for the fields 12A, 12B, 13A and.IB&e plots show the Mean, Std Dev,
SEM, sample size (N) and the CV femch field.
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By approximation, the difference between the two means was expected to be statistically
significant provided the difference of the means > the sum of their SEMs or if Meanl
Mean2> SEM1+ SEM2 The datdor the twogood fields were pooled and annotated as
Good 1 and Good 2, while that of theor fields was annotateds Poor 1 and Poor Zhe

SEM for different sample sizes (n = 100, 50, 25, 20, 15, 10 and 5) for Good 1 and Good 2,
and Poor 1 and Po@rpools were calcaked using the equation showrFigure 26.

y=28.981 x*2ory = 28.981/ (x**2) withR2=0.964

Achievable Delta Mean at95% | evel of
confidence
on

0 20 a0 &0 BD 100 120
Samplesize|n) per field

Figure2.6: Ideal theoretical vs practical sample size requiiiee plot shows the initially postulated number of
samples per field deemed practical versus the actaiddtitally obtained sample number at the 95% level of

confidence.

It is importantto tea estate management to know the sample size for two fields whose means
are close to each othétigure 26 shows the required numbers of samples per field versus the
ddta mean at the 95% level of confidence. The figure shows that if thendedtais 8% the
corresponding sample size is approximately 12. Using the SWAPDT method and a sample
size of 20, it is possible to distinguish between fields with a delta mean.ofl&collection

of these 20 samples should be in the middle of the field to dispel any possibility of edge
effects, and about 10 m apart within rows and 10 m apart betweenKFiwee 27 below

shows theOneway analysiANOVA results of the %RWC of the two good and twoor

fields.
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100 -

% RWC

-

i+ ove e

FieldNum

Oneway Anova
Summary of Fit e
Rsquare 0.53%421
Adj Rsquare 0.535932
Root Mean Square Error 17.27235

Mean of Response 53.63274
Observations (or Sum Wgts) 400

Analysis of Variance

Sum of
Source DF Squares MeanSquare FRatio Prob> F
FieldNum 3 13836370 461212 1545960 <0007

Error 396 11814027 2983
C. Total 399 25650397

Figure2.7. Oneway analysis of the % RWC against the two good and two poor firidsvay ANOVA was
used to calculate the means.
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Power curves for theata setwere also plotted ifrigure 28, showing the four effect sizes
which correspond with a difference of 3%, 5%, 10% and 15%, as described above in the

methods.
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Figure2.8: Power curvesfor the data set were plotted, showing four effect sizes which correspond with a
difference of 3%, 5%, 10% and 15%. (A) represents the number of replicates for 10 fields; (B) represents the
number of replicatefor 25 fields. (C) represents the number of replicates for 50 fields, and (D) represents the

number of replicates for 100 fields
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2.0/ SCUSRINDN CONCLUSI ON

The RWC contour maps are al most ffleatt,ursisg g e
affect SWAPDT met hod scores, in these fields
solution capable of concurrently achieving c
SWAPDT met hod was det er mi noebdj etca i & fef e cTthiev ecl oyr
served to show that the high %RWC results of

to e. g. underground streams,; l i kewi se@ t o sh
have e. g. moids e h ielsd estBsm tohfo | @l chtus s howed t hat a
The solution attained allowed for |improved ¢
t he poor fields (13A and 13B) .-neTthweo r & | gdoarti :
suppression fdr téempbr aslpadi ménsainons. This al
resi dual energy monitoringitemportay es®vesbdbr md
with the results conf i r @i nagc ctuhrea ceyf faincdi ecnocsyt
Figuben®ad gufseho2w t he mean distribution curve:
respectively, for the two good fields (12A
From these results, it i's evident that the
bofhelds 12A and 12B, than the poor field wi
and 13B respectively. These results are in
plots and what i's theoretically exmpdetradt i

cultivars would have a higher %RWC than the
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statistically obtained sample number at t he
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fields increases, a smaller sample size is r
more than 6 %, as |ittle as 20 samples per f
poor fieldsr &hdiwtn iisn dliggar that the two sets
such as little as 5 samples per field wildl k
significant l evel . The results presented in
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that none exists, |l eading to the rejection
hand, I f the test power is too highhisi may e
result in a failure to reject HO, when it [
t hat I f one was to repeat the same exper i me

t i me, 90% of the time maw hreedHOI, t ainmd tththee aaerm
may result in sampling error $gwemhiclhr wess up It c
power of t he hypot hesi s test against t he ¢
(Ariyavisitakul) ambde Champgl e 1989383e is wused to
observaeaquiomesd rt o obtain a certain power val.
particul ar di fference. Each power curve re
di fference for each sample size when the sig
Fr oFmm gu8 e sample sizes of 10, 25, 50, and 100

are showpasing the sample size employed in
increase, and this iIis observed rferaosne dt hfer opno wie
100, the power values increased from | ess t
little as e. g. 3 %. It is therefore necessar
adequate power, without hbeadg 8ol ar geaas s amp

money on redu(vdart) 48mgl fnggdings of t he t wc
fields corresponded iwiltmdg htehcadti swer eé cabvai lnabl
This finding suggesftisl Itihnagt rwehceorred sh iasrteo rn octal a
met hod may be wused to prioritize fields fol
SWAPDT met hod deavdlioopad dmr otmea he TRFCA in M

the seedling tea fields in Kenya, suggesting
growing regions of the worl d. The sample s
di stinguistdsbehaweewvafyeby 6% or more in th
sample size wild.l need to be increased if the

were planted wit hs oaurntoer eo fh esteeerdosg etnheaonu sus ed i

here

68



2. BEFERENCES

Anselin, L. (1990). Spatial dependence and spatial structural instability in applied regression
analysisJournal of Regional Science, 3085 207.

Ariyavisitakul, S. & Chang, L. F. (1993). Signal and interference statistica CDMA
system with feedback power contrtEEE Transactions on Communicatiofh$(11):
16261634.

Avelino, J., Willocquet, L. & Savary, S. (2004). Effects of crop management patterns on
coffee rust epidemic®lant Pathology 53(5)541-547.

Bailey, T. C. & Gatrell, A. C. (1995). Interactive spatial data analysis. Longman Scientific &
Technical Essex.

Baldino, F., Cowan, A., Geller, E. B. & Adler, M. W. (1979). Effects of antipsychotic and
antianxiety drugs on the morphine abstinerggndrome in rats.Journal of
Pharmacology and Experimental Therapeutics 2083)66.

Besag, J. & Diggle, P. J. (1977). Simple Monte Carlo tests for spatial paibemnal of the
Royal Statistical SocietyBeries C (Applied Statistics) 26(3R7-333.

Bivand, R., Anselin, L., Berke, O., Bernat, A., Carvalho, M., Chun, Y., Dormann, C., Dray,
S., Halbersma, R. & Lewi#oh, N. (2011).spdep: Spatial dependence: weighting
schemes, statistics and models. R package versieB810.9RL http://CRAN R-

project. org/package= spdep.

Bivand, R., Hauke, J. & Kossowski, T. (2013). Computing the J acobian in G aussian Spatial
Autoregressive Models: An lllustrated Comparison of Available Methods.
Geographical Analysis 45(2150-179.

Chi, Guangging, and Jun Zhu. (2008). Spatial regression models for demographic
analysis."Population Research and Policy RevigW(1) 17-42.

Cressie, N. (1993).Statistics for spatial data New York. \Alitegrscience.

Cumming, G., Fidler, F. & Vaux, D. L. (2@). Error bars in experimental biolog¥he
Journal ofCell Biology 177(1) 7-11.

DaMatta, F. M. (2004). Ecophysiological constraints on the production of shaded and
unshaded coffee: a reviewield Crops Research 86(2): 99-114.

Dupont, W. D. & PlummerrJ W. D. (1990). Power and sample size calculations: a review
and computer progran@ontrolledClinical Trials 11(2) 116128.

Ellis, R. & Nyirenda, H. (1995). A successful plant improvement programme on tea

(Camellia sinensisExperimental Agriculture 3B): 307-323.
69


http://cran/

Fagerland, M. W. & Sandvik, L. (2009). The wilcoxanann whitney test under scrutiny.
Statistics inMedicine 28(10)1487%1497.

http://www.finlays.net

JMP®, V. SAS Institute Inc., Cary, NC, 198807.

Kelejian, H. H. & Prucha, I. R. (2010) p&cification and estimation of spatial autoregressive
models with autoregressive and heteroskedastic disturbandesrnal of
Econometrics 157(163-67.

Kelsey, J. L., Thompson, W. D., Evans, A. S., Faden, R. R., Beauchamp, T. L., King, N. M.
P.,... and lermann, B. P. (1986). Observational Epidemiologic Studies.

Keselman, H., Huberty, C. J., Lix, L. M., Olejnik, S., Cribbie, R. A., Donahue, B.,
Kowalchuk, R. K., Lowman, L. L., Petoskey, M. D. Beselman, J. C. (1998).
Statistical practices of educational researchers: An analysis of their ANOVA,
MANOVA, and ANCOVA analysesReview ofEducational Research 68(3)350
386.

Mei, C. L., He, S. Y. &Fang, K. T. (2004). A note on the mixed geographically weighted
regression modellournal of Regional Science 44(143157.

Meng, X., Nandagopal, T., Li, L. & Lu, S. (2006). Contour maps: Monitoring and diagnosis
in sensor network€Computer Networks %05): 28202838.

Murakami, T., Nakamura, J., Matsuda, H. & YOSHIKAWA, M. (1999). Bioactive saponins
and glycosides. XV. Saponin constituents with gastroprotective effect from the seeds
of tea plant,Camellia sinensis L. var. assamica Piermeultivated inSri Lanka:
structures of assamsaponins A, B, C, D, andCBemical and Rarmaceitical
Bulletin 47(12) 17591764.

Nyarukowa, C., Koech, R., Loots, T. & Apostolides, Z. (2016). SWAPDT: A method for
Shorttime Withering Assessment of Probability for Droudidlerance inCamellia
sinensisvalidated by targeted metabolomidsurnal ofPlant Physiology 19839-48.

Ord, J. K. & Getis, A. (1995). Local spatial autocorrelation statistics: distributional issues and
an applicationGeographical Analysis 27(4286-306.

Pacheco, A. I. & Tyrrell, T. J. (2002). Testing spatial patterns and growth spillover effects in
clusters of citiesJournal of Geographical Systems 4(3y5285.

Preedy, V. R. (2012). Tea in health and disease preveAtiaiemic Press.

Savary, S.Willocquet, L., Elazegui, F. A., Teng, P. S., Van Du, P., Zhu, D., Tang, Q.,
Huang, S., Lin, X. & Singh, H. (2000). Rice pest constraints in tropical Asia:

70



characterization of injury profiles in relation to production situatiétiant Disease
84(3) 341-356.

Willson, K. C. & Clifford, M. N. (2012). Tea: Cultivation to consumpti@pringer Science
& Business Media

Wise, M.E. (1974). Interpreting both shamd longterm power laws in physiological
clearance curveddathematical BioscienceX)3): 327337.

71



AppendiPee2viewed scientific article

72

Journal of Agricultural Science; Vol. 10, No. 7; 2018
ISSN 1916-9752 E-ISSN 1916-9760
Published by Canadian Center of Science and Education

Prioritising the Replanting Schedule of Seedling Tea Fields on Tea
Estates for Drought Susceptibility Measured by the SWAPDT Method
in the Absence of Historical In-filling Records

Christopher Nyarukowa', Robert Koech'?, Theodor Loots®, Jos Hageman® & Zeno Apostolides'
! Department of Biochemistry, University of Pretoria, Hatfield, South Africa
2 Kenya Agriculture and Livestock Research Organization, Tea Research Institute, Kericho, Kenya
? Department of Statistics, University of Pretoria, Hatfield, South Africa

4 Department of Mathematical and Statistical Methods, Wageningen University and Research, Wageningen,
Netherlands

Correspondence: Zeno Apostolides, Department of Biochemistry, University of Pretoria, Private Bag X20,
Hatfield 0028, South Africa. Tel: 27(0)12-420-2486. Fax: 27(0)12-362-5302. E-mail: zeno.apostolides@up.ac.za

Received: April 19,2018 Accepted: May 19, 2018 Online Published: June 15, 2018
doi:10.5539/jas.v10n7p26 URL: https://doi.org/10.5539/jas.v10n7p26
Abstract

Due to the unpredictable natural droughts that occur, causing tea farmers significant losses in tea estates, a
two-day method for distinguishing between drought tolerant (DT) and drought susceptible (DS) Camellia
sinensis cultivars was developed. This work was based on known cultivars developed at the Tea Research
Institute in Kenya and the Tea Research Foundation for Central Africa in Malawi. This paper contains an
in-depth description of the application of the SWAPDT method on four 60-year old, C. sinensis seedling fields in

Kenya. The in-filling history of the four fields due to drought-related deaths was obtained from historical records.

The SWAPDT method scores correlated very well with the historical records. It has been indicated, from the
results obtained in this study, that a sample size of 20 tea trees is sufficient to accurately determine the drought
susceptibility of a large tea field of approximately 5-20 hectares, containing 50 000-200 000 tea trees, were the
difference between their mean values, as measured by the SWAPDT method, is approximately 10%.

Keywords: Camellia sinensis, drought tolerance, field comparison, relative water content, SWAPDT, tea estate
1. Introduction

Tea made from the leaves of Camellia sinensis, as green or black tea, has been drunk as a mild stimulant due to
the caffeine content, since time immemorial (Ellis & Nyirenda, 1995). Tea consumption has increased in recent
years, due to the health-promoting effects associated with its high polyphenol content (Preedy, 2012). C. sinensis
is cultivated in over 52 countries around the world. Global world trade is approximately 78% by value in the
form of black, 20% as green and 2% as oolong tea (Nyarukowa, Koech, Loots, & Apostolides, 2016). It is an
important cash crop for countries such as India and China; in Africa alone, several countries produce tea, namely
in Kenya, which is currently ranked third behind Sri Lanka and India with regards to annual production and
export of black tea (FAO, 2015), Malawi, Uganda, Tanzania, Zimbabwe, Rwanda, South Africa, Burundi and
Mauritius. C. sinensis tea estates need to be replanted every 20-90 years to maintain high yields. Tea estates are
planted in sample blocks of about 5-20 hectares, at 10,000 trees per hectare, with seeds from the same batch.
Most tea estates in Africa are planted with tea seeds procured from tea-baries (orchards) in India or Sri Lanka.
The seed selection criteria employed focused on yield and neglected to consider drought tolerance (Murakami,
Nakamura, Matsuda, & Yoshikawa, 1999). During severe natural droughts, some of the trees (5-15%) die and
are replaced with new trees. Tea planters refer to this process as “in-filling.” Most estates keep good records of
the in-filling, and hence good and poor fields are easily identified. However, sometimes these records are
missing, and a new method is required to determine the drought tolerance of a tea field that might be 20-90 years
old (Willson & Clifford, 2012).

Tea producers demand new cultivars which are DT, to reduce crop losses. In the coffee industry, farmers are
faced with the problem of dzaking witk m‘l'l'i:lf mst. How they deal with this is by assessing and analysing the risk
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of an epidemic by considering the region’s characteristics such as climate, soils, crop management patterns,
namely shade management, etc. (DaMatta, 2004). This assessment approach has been adopted from studies
conducted in West Africa on groundnuts (Avelino, Willocquet, & Savary, 2004) as well as on work conducted by
(Savary et al., 2000) on tropical Asian rice. As a result of this, tea farmers are also looking for an inexpensive yet
effective method of determining which sample blocks of tea have a high percentage of DS plants so that these
sample blocks may be prioritized for replanting. The samples in this study were collected from the James
Finlay’s estate in Kericho, Kenya which together with surrounding estates (Figure 1) produces 23 million
kilograms of tea annually. This part of Kenya enjoys deep rich loam soils, which are high in organic content and
combined with the perfect climate and environment are ideal for high yields of good quality tea
(hitp://www.finlays.net). In Nyarukowa et al. (2016), a novel logistics probability formula was developed, which
can be used to calculate a new cultivar’s probability to be DT after employing the Short-time Withering
Assessment of Probability for Drought Tolerance (SWAPDT) method. The aim of this study was to determine
how many tea trees are needed per field to obtain a representative sample of the tea field so that tea fields can be
prioritised for replanting.
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Figure 1. Tea growing areas in Kenya

Source: Kenya Tea Development Agency (http:/blog.dominiontea.com/2014/03/27/kenyan-tea-industry).

2. Statistical Analysis

Statistical approaches for the analysis of metabolomic data vary. The first step involves the analysis/focus on
single trait of interest (univariate analysis), or the effects of multiple metabolites on the outcome being studied
(multivariate analysis). Results can then be validated using different approaches and fed into the multivariate
analysis. Spatial regression models have been widely employed in biological science disciplines. Central to
spatial analysis and quantitative geography, has been the study of methods that specify and fit spatial regression
models (Bivand, Hauke, & Kossowski, 2013). The most popular spatial correlation test is based on the Moran I
test statistic. This test is in a normalised quadratic form, with regards to the variables being tested for spatial
correlation (Kelejian & Prucha, 2010). The Moran I test statistic functions to test that the spatial autocorrelation
of a variable in the null hypothesis is zero. Upon the rejection of the null hypothesis, the variable will be deemed
to be spatially auto correlated (Ord & Getis, 1995). The Monte Carlo test can also be employed when dealing
with a null hypothesis, H,, and a corresponding dataset, in which the value u; of a selected test statistic, u, is
ranked amongst a set of analogous values generated by randomly sampling from the null distribution of u. The
rank of the test statistic u;, when the u distribution is continuous amongst the set of values {u;: i =1, ... m}
enables the determination of the exact significance level for the test (Besag & Diggle, 1977). The ordinary linear
regression (OLR) model is amongst the most useful statistical methods employed in spatial analysis to identify
relationships between variables is (Mei, He, & Fang, 2004). In this technique, the dependent variable, y, is
modelled as a linear function of a set of independent variables Xy, Xz, ... X,. Based on n observations (vi; xiy,
Xiy, ... xip), (=1, 2, ... n), from a study region, the model can be expressed as:

V=B + X Bput o
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where, B, fi, ..., are parameters, and €, &, ... €, are error terms assumed to be normally distributed,
random, independent variables (Mei et al., 2004).

Determining a study’s sample size requires a compromise, which balances power, economy, and timeliness
(Dupont & Plummer, 1990). Researchers must define the sample size, power, and hypotheses for their study and
to effectively do this, they require software programs that can calculate the missing parameter when given any
two of the preceding three parameters. These programs compute the sample size required to identify, using a
specified power, e.g., the difference in efficacy of a particular treatment, the power this difference is detectable
with given sample size, and the detectable difference with particular power and sample size. The link between
the power and its corresponding sample size is best seen by plotting the power curve as a function of the
parameter of interest (Kelsey et al., 1986).

The Student’s t-test was used to calculate the probability (p) that the two samples belong to the same population.
When p < 0.05, there is a 95% certainty that the two samples belong to different populations. The Standard Error
of the Mean (SEM) is an inferential statistic that can be used to draw error bars on histograms to visually
estimate the p-value. When the sample size (n) > 10, and the gap between the SEM error bars > SEMI + SEM2,
we can be 99% confident that the samples are from two different populations (Cumming, Fidler, & Vaux, 2007).
The MANOVA method may also be used to compare multiple fields with each other, and the three methods are
expected to produce similar results (Keselman et al., 1998).

Oneway analysis using JMP Pro 13 generates “mean diamonds”, which illustrate both the sample mean and
confidence interval. The top and bottom of each diamond represent the (1 — a) x 100 confidence interval for each
group. The confidence interval computation assumes that the variances are equal across observations, and as
such the height of each diamond is proportional to the reciprocal of the square root of the number of observations
within the group. The mean line across the middle of each diamond represents the group mean, while the overlap
marks appear as lines above and below the group mean. In instances where groups have equal sample sizes,
these overlapping marks indicate that the two group means are not significantly different at the given confidence
level. Where the mean in one diamond is between the overlap marks of another diamond, this indicates that these
two groups are not significantly different at that confidence level (SAS Institute Inc., 1989-2007).

3. Materials and Methods
3.1 Sample Collection

The field work was conducted on the KAPRORET tea estate in Kericho, Kenya, with latitude: 0°22'3.86"N and
longitude: 35°16'59.30"E, during January and February of 2017. Based on historical in-filling records, two good
fields, fields 12A and 12B, with fewer in-fillings due-to-deaths-by-drought (planted from a good batch of seeds)
and two poor fields, 13A and 13B, with higher in-fillings due-to-deaths-by-drought (planted from a poor batch of
seeds) were selected. These fields were approximately 1200 meters apart. The fields were planted from different
batches of seeds obtained from Assam, in 1954 and 1956 respectively. They were in the same prune year,
receiving the same fertiliser regimen, under rainfed conditions. The longitude and latitude coordinates for field
12A and 12B are 35°14.75'E, 0°26'S and for field 13A and 13B are 35°15.05°E, 0°26.6'S and at an altitude of
2180 m above mean sea level. Samples were collected using a “point-intercept within a quadrat method”, in
which a 100 x 100 m quadrat was set up in the middle of each field. The starting point of the sampling was noted
as point (0,0). Each quadrat consisted of intersecting lines along ten meter by ten meter pre-determined points on
the transect line. This essentially gave ten rows along the “x-axis” and ten rows along the “y-axis”. At each
intersecting point, three shoots of two leaves and a bud were harvested from each tree and placed in zip-lock
plastic bags. A total of 400 samples were collected, 100 from each of the two good and two poor fields.
Following sample collection, the leaves were transported to the Tea Research Institute laboratory, with the
zip-locked plastic bags placed in an insulated box on ice. The samples were then subjected to the SWAPDT
method as discussed in Nyarukowa et al. (2016) to determine the relative water content of the leaves from each
field. The SWAPDT method is an inexpensive and practical method developed for the prediction of DT tea
cultivars, The rate of relative water content (RWC) loss between the DT and DS cultivars was evaluated by
immersing three shoots with two leaves and a bud from a single bush under investigation in 20 ml of distilled
water at room temperature and weighed after 24 hours. These turgid leaves were then blot dried and weighed
before being oven dried at 37 °C and weighed after five hours when their RWC is between 40-80%. The leaves
were again placed in water for 24 hours, weighed after and oven dried at 105 °C for 24 hours to obtain each
leaf’s dry weight.
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3.2 Statistical Analysis

The data collected on the four fields, were tested for spatial homogeneity. In the case of field 13B, spatial
dependence was detected, as provided by Bivand et al. (2011). A spatial simultaneous autoregressive error model
was fitted to the data of field 13B, to predict and consequently remove the spatial signal. This was done using the
“spdep” package. Using the one-sided Mann-Whitney test, it was established that Fields 12A and 12B, and 13A
and 13B were respectively similar, but that the two groups differ significantly from one another. A Monte-Carlo
permutation test approach was then employed, using the p-value of the one-sided Mann-Whitney test as test
statistic, applied to comparisons between Fields 12A and 13A, 12A and 13B, 12B and 13A, and 12B and 13B. One
thousand repetitions of this test were performed at decreasing sample sizes, to construct an empirical distribution
of the p-value for each sample size. The empirical quantile at which 0.05 and 0.01 was observed was recorded. As
the sample sizes decreased, the stability of the Mann-Whitney test decreased, as could be seen by the quantiles
which usually lead to the rejection of the null hypothesis now moving away from the right-tail of the empirical
distribution. The minimum required sample size was set at the level just before the empirical quantile dropped
below the required significance level. This test procedure was also repeated while controlling for the mean
difference in fields, and by combining the data for Fields 12A and 12B, and 13A and 13B into Fields 12 and 13,
respectively.

Power curves for the tea data set were calculated using the package “pwr”. In Figure 4, four effect sizes have been
defined, which correspond to a difference of 3%, 5%, 10% and 15%. The 3% and 5% represent small effect sizes,
with the 10% representing a medium effect size and the 15% a large effect size. The difference found in the pilot
data set (35%) would be considered a gigantic effect size. The curves were created for the different amount of
fields included in the experiment; these curves serve to determine a suitable number of replicates required for each
field for example:

When the desired power is .90 and the smallest relevant effect size is 5% and if 100 fields are used in the
experiment, the minimum number of necessary replicates is estimated at approximately 22. When 50 fields are
used, the minimum number of replicates would be about 33. The sample size calculations are done after
eliminating any other “field effects” i.e. using oneway ANOVA. Where “field effects” are not eliminated, a mixed
model approach is employed by adding random indicators for fields to the model. This addition results in an
increase in the power. Oneway ANOVA was used to compare the two good and the two poor fields and compute
their means, standard deviations, and the Student’s t-test, and contour plots of each field were prepared by JMP Pro
(ver 13). Excel was used to calculate the SEM, from the same Standard Deviation (SD) at different sample sizes
and to obtain the equation of the curve.

4. Results
4.1 % RWC Drought Score Contour Plots Based on SWAPDT Method

The contour plots for the four fields are shown in Figure 2. These are indicative of the % RWC profiles, which
were flat; this eliminates any possible bias due to underground rivers or rocky outcrops. The ANOVA
comparison between the two good and the two poor fields shows clear differences, with the mean % RWC of
72.2 for the two good fields, and 35.0 for the two poor fields (p < 0.0001). The SD ranged from 13.3-20 units,
indicating a large variation within each field. This is supported by the large coefficient of variation (CV) values,
shown in Figure 3.
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Figure 2. % RWC drought score contour plots based on SWAPDT method for the two good fields (12A and 12B)

and the two bad fields (13A and 13B)
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Figure 3, Mean distribution curves for the two good fields (12A and 12B) and the two bad fields (13A and 13B).

The plots show the mean, std dev, SEM, sample size and the CV for each field

By approximation, the difference between the two means was expected to be statistically significant provided the
difference of the means > the sum of their SEMs or if Mean1 — Mean2 > SEM1 + SEM2. The data for the two
good fields were pooled and annotated as Good 1 and Good 2, while that of the poor fields was annotated as
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