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Abstract

a n Yy d4leptosgermum scopariynmectar contains variable amountsdihydroxyacetondDHA, a
triose sugar that ishe precursor tamethylglyoxalMGQO), the antimicrobial compound underpinning
the highvalue of mnuka honeyand forming the basis of the Aotearddew Zealand honey industry
This trait is unique to some species within the Myrtaceae. The molecular basis of thighighrait

is unknown and identifying it would allow development of gdrased tools to identify high value
germplasm to inform replanting and breeding programmaessiiXe the fundamental importance of
nectar to crop pollination and honey industries, the genetic control of nectary function is poorly
understood especially in nomodel speciesThis thesis aims tolecidae the molecular basis of

DHA production ieptospermunmectar, through identifying associated genes and genomic regions,

followed by further exploration of gene regulation aadzymecharacterisatiorin vitroandin viva

RNAseq analysis iderifl nectaryassociated genes differentially expressed between high and low
nectarDHA genotypesf L. scopariumand aY n y dz] l-derisity Ehkage map and quantitative trait
loci (QTL) mapping populatiseveakd genetic regions associated with nectar DHA content.
Expression and QTL analyses both pointed to the involveofemphosphatase genesSgpp2as its
expressiorcorrelated with nectar DHA accumulatiand itco-located with a QTL on chromosome 4.
To investigatesgpp2and its complex locuiirther, we produced higiyuality genomes and
hypanthium transcriptomes for two further Leptospermeae species with contrasting DHA
phenotypes; Leptospermum morrisordind Gaudium laevigatumExpression patterns &gpp2

again correlated with nectar DHA in these species, and comparative anal\®gspskquences
within the Myrtaceadndicated that higtsgpp2expression was likegncestral in DHA producing
taxa, followed by repeated loss of the trait. Comparison within and betv@&ggpgeneswith

differing expression profiles identified regions unique to the highly expreSge@® genes which
contained two @ox motifs, and @ZIA.1 transcription factor predicted to bind to tle® motifswas
identified as significantly differentially expressed in the RNAseq datéketbZIP11 gerveas
subsequently found to ctocate with another of the QTLs identifiefdirther supporting its
involvement. The.. morrisonipromoter drove strong nectargpecific expression in transgenic lines
of Petuniaand Nicotiang showing elements essential f8gpp2expression are within that region.
However, the promoter in 13 DHA producingcopariumgenotypes was found to b&milar,
indicatingvariation in nectar DHA amounts may be conferredusther complex transcriptional
regulation fine tuningsgpp2expressiorfrom beyond the promoter region analyséeére. Functional
analyses demonstrated that LmSGRRABdephosphorylate dihydroxyacetorghosphate (DHAP) to

produce DHA and phosphaite vitro. Transgeni®etuniaand Nicotianalines were created to



characterise LmSGPR2tivityin vivg but results were inconclusive due to low and +oicated

expression of the transgene.

Together our results suggeSgpp2may contribute to maintaining phosphate homeostasis in a
photosynthesising nectary, potentially evolving due to low phosphate availabiltyich is common

in Australia where this tribe originates. This work advances our understanding of nectar biology and
reports some of the first QTLs and genes linked to a low abundance nectar compound. The genes and
genomic regions identified here provide a foundation for developing tools to identifyJzilyle

germplasm; ensuring biodiversity can be maintained while increasing-iahe honey production.

Keywords: dinydroxyacetonel_eptospermum, Leptospermum scoparilusptospermunmorrisonii,
Gaudium laevigaturmylyrtaceae Leptospermeaey n y dz| I £ y S OsupaNghosphitasd, LIK 2 NJ
QTL Sgpp
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number ofSgp within the locus is indicated above the taxa label. If currently unknown, is
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Chapter 1: Introduction

anydzZl ySOGIN O2ydlAya GFINAFO6ES FY2dzyida 2F RAKER
antimicrobial compound underpinning the higlalue of the manuka honey industry in Aotearoa

New Zealanda ny dz] I K2y Seé asStfa F2NI I aA3IyAWNewWr yid LINBYA
ZealandMPI, 2023)and eport pricesare strongly linked tanethylglyoxal GO content and

therefore nectar DHA. Increasing nectar DHA cow@ie additional valudor the AotearoaNew

Zealand honey industry, however the basis of this valuable and variable trait of nectar DHA in

YnydzZl I A& OdNNByidte dzylyz2sye® wSOSyid ¢2NJ] KIF & LNZ
dihydroxyacetonegphosphate (DHAP), but exactly how is unknown. Understanding the molecular

basis of this trait would allow development of gebased tools to identify high value germplasm and

inform replanting and breeding programmest NIy SNRA Y3 g A (i K cangi@bdon fara |y A
work in this aregMorganet al, 2019)asY n y dzjalt- 2xyaE | aLISOASa FyR an2NR |
in this industry The present research was developed with our partidgatiPorou Miere Rangahau,

and we established that there was a ndedunderstand the variation in honey value between their

blocks andto be able to produce a consistently high value product while stilseracingplantlines

from their rohe(territory or boundary of an iwi/tribe), respecting whakapapa and regional

provenance. Bspite the fundamental importance of nectdine genetic control of nectary function is

poorly understood This thesis aims tduidae the molecular basis dhe relatively unique nectar

trait of dihydroxyacetone (DHA) productionlieptospermumHere we review literature surrounding
YSOGIFNI IyR ySOGINASaAzT +ta ¢Sttt a YnydzZll FyR ySOi

1.1 Nectar and nectaries

Nectar is a sugar rich liquid produced by glands called nectaries, and it has essential ecological and
evolutionary functiongCarteret al, 2019; Nicolson, 2022floral nectar is the key reward mediating
the interface between plants and their pollinatdiisaocet al., 2025) Extrafloral nectar can also be
provided as a reward to predatory insects for physical defence of the (et al., 2017)

Nectaries have evolved multiple timassulting in diversityn their structure(Bernardello, 2007)

Nectar traits including volume and composition are variable, which impacts-g@hamial interactions
(Royet al,, 2017) Approximately 70% of all plant species and 75% of domesticated crop species

benefit fromnectar mediated pollinatiofCarteret al,, 2019)

The main solutes in nectar are sucrose, glucose and fructose. The ratio of sucrose to hexose (glucose
and fructose) is often consistent within a species, but can (Royet al., 2017; Parachnowitsot

al., 2019) Nectar also contains a range of other components, including water, other sugars, amino
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acids, proteins, lipids, vitamins asgecialisednetabolites(Pacini & Nepi, 2007; Rey al., 2017)

The biological functions of these na@ngar components are not fully understood, but can contribute
to flavour (e.gGardener & Gillman, 2002y scent (e.gRaguso, 2004¢an attract pollinators or

deter nectar robbergHeil, 2011; Rogt al.,, 2017) provide nutrition to pollinators (e.gKramet al,,
2008) and prevent microbial growt{Carter & Thornburg, 2004; Reyal.,, 2017) Nectar can also
contain microbial communities, which can themselves influence nectar compo@Rayet al., 2017;
Vannette & Fukami, 2018; Queve@araballeet al., 2025)

Despite the fundamental importance of nectar, nectary research has only recently emerged as a
significant field. Studies on nectar secretion have often been conductachiridopsigKram &

Carter, 2009)Nicotiana(Renet al., 2007; Silvat al, 2018)and more recentlysguash(Solhauget al.,
2019) This research has resulted in multiple models of nectar synthesis and secretion, the most
prevalentof whichare the eccrine and merocrine based mod@&@sattet al,, 2021) These models
involve sugars accumulating as starch in the nectary tissue which provides precursors for nectar
synthesis. The eccrine model then involves sucrose export facilitated by transmembrane
transporters, and the merocrine model proposes that sucrose and other metabolites are packaged

into vesicles and fuse with the plasma membrane to be rele@Reglet al,, 2017; Chatéet al., 2021)

Many nectaries do not have photosynthetic capacity, so nectar carbohydrates are derived from
photosynthesis elsewhere in the plant and delivered through the phi¢feacini & Nepi, 2007)

These sugars can be directly transported into ne(®emet al., 2007) but they are often stored as
starch which is later degraddtinet al., 2014; Solhaugt al,, 2019) In many plants, nectaries are

green and contain plastidt ittge, 2013and it had been hypothesised that nectar sugars can also be
derived from photosynthesis within the nectafiyacini & Nepi, 2007; Littge, 201RB)has recently
6588y RSY2yaliN}IGSR Ay Ynyddls sKAOK KI @S t2y3

photosynthesis can directly contribute to nectar carbohydrdq@earwateret al, 2021)

Nectar studies can be challenging, with many environmental and physiological factors to consider
and minimisgMitchell, 2004; Pacini & Nepi, 200Rectar traits can change throughout the day,
during the flowers life span, and across the plants lifetiiMéchell, 2004; Clearwatest al., 2021)
Nectar traits are very responsive to environmental variation, so many studies looking at genotypic
differences in nectar traits have used controlled environmeas even substantial genetic variation
can be hard to measure in the figlllitchell, 2004) Galetto and Bernardell(2005)proposed some

recommendations to minimise variability in assessing nectar, including sampling from defined

locations across the plant, sampling flowers of the same age, and sampling at the same time of day.
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1.2 Molecular genetics of nectaries

The genetic controls of nectary form and function are variable due to the multiple evolutionary
origins of nectariegRoyet al, 2017) but surprisingly often share genes across plant lineflgeset

al., 2025) Most work has been done in the model spedeabidopsisNicotiang cotton and squash
(Renet al, 2007; Kranet al., 2009; Solhaugt al,, 2019; Chatet al., 2021) as well as some others
(e.gCareyet al, 2023; Katzeet al., 2025) Within angiosperms, the relative order of floral organs
(sepals, petals, stamens and carpels) is conserved, and specified by the overlapping actions of
various transcription factors referred to as the ABC(E) gerie§ f | @tlalk Z021% The location of
nectaries, however, is variable among spe¢isumet al,, 2001) In ArabidopsisCRABS CLAWR(E
was identified as a key regulator of nectary format{@owman & Smyth, 19993nd it has since

been shown to be widely expressed among angiospéithernburg, 2007; Rast al., 2017; Obeng
Darko, 2018)however additional regulators are required (Leta@al,H " HpP VX YR A G A&ayQi
associated with nectary developmefat.g. Liu et al., 2019) Studies in lineages beyond the
Brassicaceae and Solanaceae have identified other regulators required for nectary development.
These includ€&oNein GossypiungPeiet al., 2021)and STYLISETY in Aquilegia(Min et al., 2019)
There has been limited work in nanodel species, and there are likely further novel regulators yet
to be identified (Lia@t al, 2025). See Liast al.(2025) and references within for a review of the

developmental basis of nectary diversity.

Key genes that contribute to controlling nectar composition and volume in the eccrine model of
nectar secretion have been characterisédthe standard model, starchacumulatedn
amyloplastsrior to anthesis and the starch is then hydrolyséato hexoses. losehexosegprovide

the precusors for sicrosesynthess by Sucrose Phosphate SynthgsePS, which is then exported via
the uniporter SWEET?9 into the apoplast. The suciosiee apoplasts then hydrolysed into fructose
and glucose by a cell wall invertase CWINV4, creating a sucrose gradient which is required for
SWEET® continue to export sucrositom the symplasas it is bidirectionaLinet al., 2014;

Minamiet al, 2021 Fig 1.1). Plants carrying mutations in the genes coding for SPS, SWEET9 or
CWINV4 do not produce nectar,
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proposed nectar production model in Clearwatet al. (2021).Thesugarpathway through sucrose phospate
synthase(SPS)SWHETYS9) and CellWall Invertase4 (CWIN4Yyepresents thestandard modelof eccrinenectar
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enzyme to form DHA, which then diffuses into the apoplast and into the neckagure created wittsome
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andconverselypverexpression oBveet9 leads to an increase in nect@Ruhlmanret al,, 2010; Lin

et al, 2014) However, the role these genes play in nectar production in more diverse nectaries in
non-model species is unknowhiaoet al., 2025) The production of specialised metabolites in nectar
has also started to be characteris€d.g.Royet al,, 2017; Magneet al,, 2023, 2024but relatively

few species have been studied in detail.

The mechanisms controlling gene expression and tissue specificity are complex and often involve
multiple cis(e.g DNA sequence motifs) atrdns (e.g transcription factors) acting regulatory

elements (see reviews [§chmitzet al., 2022; Maranckt al,, 2023; Beerninlet al., 2025) The genes
promoter containcisregulatory motifs that can enhance or repress gene expression through the
binding of transcription factors. Distaiselements include enhancers and repressors further from

the target gene that can be multiple megabases away, but that are brought into close proximity
through chromatin loopingBeerninket al., 2025) Many other factors can affect gene expression

and transcript abundance, such as chromatin accessibility and microRRfgéred degradation

(Bartel, 2009; Schmie al,, 2022) It has been hypothesised that as multiple nectary types generally
use the same set of genes, nectary development and function could involve a core nectar regulatory

module(Liaoet al., 2025)

1.3 Leptospermum scopariuma n y dz] |

a n y ddleptosgermum scopariuthR. Forst et G. Forst) belongs to Myrtaceae family, along with
1 n Yy dudalyptusmtn and dl hutukawa.L. scopariunis widespread throughouhotearoaNew
Zealand and potentially our only indigenoueptospermumThe genus has been shown to be
polyphyletic(Binkset al.,, 2022)and has recently been revised and split into five gemera
Aggreflorum AcetospermumGaudium Leptospermopsiand LeptospermungFig 1.2, Wilson &
Heslewood, 2028 TheLeptospermungenus is concentrated in Australia, dndscopariunalso
grows naturally in soutleastern AustraligThompson, 1989Recent modelling suggests that within
L. scopariuntwo clades diverged ~22 million years ago and th&otearoaNew Zealand n y dz] |
contains 5 geographically distinct gene pa#sotet al., 2022) Further taxonomic assessment has
been called for by numerous authgiBerryet al, 1997; Stephenst al,, 2005; Lange & Schmid,
2021; Schmiet al., 2023) but recent genotypingpy Chagnéet al., (2023)did not support further
species segregation withln scopariunin AotearoaNew Zealandbased on significant gene flow
occurring between subpopulations in Aotearbli@w Zealand, but didupport the division oE.

scopariumbetween Australia Aotearchlew Zealand.
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Figurel.2: Bayesian estimate of the phylogeny of tribe Leptospermeae (Myrtacedage §. Adapted from
Wilson & Heselwood(2023, Figure 4Phylogeny is basedn the combined analysis of two nuclear marker:
GAGK GKAO|l fAySa akKz2gAy3d adzZll2NISR Of I RSa o6xnc
dihydroxyacetone DHA in nectar, and orange circles indicate species that have been tested and have b
found to have no DHA in their nectar (primarily based on Williaetsal. 2018, with contributions from
ObengDarkoet al. 2023 and McDonalet al. 2018). Those with no symbols have not been tested.

anydzll 200dzLIA S&a (¢ 2 domindtigg uSacibaife 3itear ds a gefal@pedeas re
colonising disturbed lan(Wardle, 1991; Stepheretal, 20050 anydzl I 2 O0O0dzLJASa | 6 A
habitats and can tolerate a range of conditions, includingtatvient soils, harsh environmental

conditions, and high or low soil moistugBtephenset al., 2005; Derraik, 2008 n y dz] loler@te y

low phosphate soil§GutiérrezGinéset al., 2019; Noe, 2022and Noe (2022) found that nectar

production and growth was not affected by Igosphatetreatments More recently, the ecological

YR SO02y2YAO @t ftdzS 2F Ynydzll KIFIa 06SSy NBO23ayAasSF
and reduce sediment runoff through their roots binding soils and canopy rain interceMiaren

& Phillips,2018p anydzll OFy | f&d2 NBRdAzZOS NUzy2FF 2F ydziNRS
the production of antimicrobial compoundProsseet al, 2016 anydzl I Ol y Ff a2 o6S
OFNb2y aSIdzSaiNIGA2YS GAGK YnydzZlhklnydzllt &KNHz0 € |
plantation forestgScottet al, 2000; Trottert al., 2005)

anydzll Aa KA J®tkayne, JDI2EVYe 2l NIOHEADAwson, 2009 ariation has been
observed in morphology of leaves, growth form, root anatomy, stem and foliage colour, leaf density,
and flower colour and sizStephenst al,, 2005; Dawson, 20093ome variation is due to the
environmental effects of the vast ecological range it occupies, but common garden experiments have
demonstrated that much is due to genotypic variatiafinet al,, 1984; Dawson, 2009t least 150
ornamental cultivars have been bred frdmscopariummuch of which has been based on wild
variation(Dawson, 2009).. scopariuntontains bioactive essential oils, and a range of chemotypes
has been observe(Fig.1.3a, Perryet al,, 1997; Porter & Wilkins, 1999; Dougksal.,, 2004; van

Klinket al., 2005) Perryet al. (1997)identified three chemotypes, and a distinction between
scopariumirom AotearoaNew Zealan@nd AustraliaPorter & Wilking1999)proposed a fourth
chemotype, andouglaset al. (2004)later identified 11 chemotypes, highlighting the variation
gAOGKAY YR 0Si¢S SHy.1.3a Ahdlsis byCRdg)ye al. R02Palso identified

distinct subpopulationsHig.1.3b), but also foundignificant gene flow occurring between them.
anydz I Zrairwhiti (theBa¥t Cape has shown to have distinctly higher amounts of
triketones (leptospermone and flavesone) which have antimicrobial ac{R#yryet al., 1997; van
Klinket al., 2005)
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Figurel.3: Chemotype and Genetic diversity deptospermum scopariurim AotearoaNew Zealand(a)
Cluster analysis of essential oil composition lofscopariumn AotearoaNew Zealand taken from Douglast
al. (2004)(b) Geographical distribution ofotearoaNew Zealanctlusters based on SNP array, taken from
Chagnéet al. (2023)

Honey has historically been used to treat infections and wounds, and is effective due to its high

Q)¢
T

osmolarity, acidity, and presence of hydrogen peroXidelan, 2006 any dzl I K2y S& g1
to have additional nosperoxide antimicrobial activitfMolan & Russell, 1988)hich gave it

increased medicinal valudavricet al. (2008)discovered that the noiperoxide antibacterial
O2YLRdzyR Ay YnydzZll K2ySé Addméetav(S00Rderonstrated thatf 6 a Dh 0
the origin of MGO was dihydroxyacetone (DA withinA y Y n y dz{The ngc&uiHA N3P

converts to the antimicrobial compound methylglyoxal (MGO) in the derived honey, throogh-a

enzymatic dehydratiothat has been well studie(Graingeret al., 2016, Owenset al. 2019 and

references therein}t KS RAA02@0SNE 2F GKS I RRAGAZ2YLFE FyGAol O
FGONF OGAGS YSRAOAYLEE&S a4 GKS aDh Aa y2(G oNR1SY
would be(Molan, 2006) The medical market has strong demand forFagbh YnydzZl I K2y Seéx
range of medical products have been develof8tephenst al., 2005) The antimicrobial properties

2F Ynydzllt KFEGS Ftaz2 YIFERS Al Ay ONNkPherkoyf,2016) LJ2 Lddzt | N

Honey is a valuable industry in Aoteaiaw Zealand with mnnukadominated honey exports
valued at almost NZ&OM in 2@4-25(MP1,2025% anydzl I K2y Seé asStfta F2NJ I
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over other honeys\otearoaNew Zealandin 2023, $48.40kgavet 3S F2NJ Y2y 2Ff 2 NI f  Yn
vs$21.40kg for nonY n y dNIR1, 2023)There has been research interest into how to increase

LIN2 RdzOG A 2y i KNER dza K thé gofainment dnil indystiyifuindelighd o0 S ®3 d
PerbrmanceMy dz] I t f I yil GA2Yy &aQ t WoH)DoNgaetaNPI®)akd t I NI y S NE

cultivar selection through traditional breeding or selectidiickless, 2015)

1.4 a n Yy dzlaltaonga

an2HNhearoab S %Sl yRQaA KyRBEISyaza3LABINIZNE 2F (GKS
throughout AotearoaNew Zealand. There wegg least six names fdr. scopariung the most widely
dza SR 0 SAy 3 Yny (dbdrfield, J0B5; delLdade) 202 2dz) I 6 & dza SR
food, medicine and timbe(Stephenst al, 2005 an2 NA (N} RAGA2Yy I f Y

decoction of the leaves being drunk, applied as a salve, chewed, or the vapours i{Bralekkret

w

0é ar
SRAOAVYE

al., 1987) The bark was boiled and the liquid drunk, capsules were chewed or ifallad

Herbarium,2000p t Al Ynydzll 6a&adzal NB 3IdzY SEdzZRSR FTNRY @2 dzy
coughg(Stephenst al,, 2005% r@uka branches were used to splint broken linfbsnes, 2007)and

the leaves were used assubstitute for tegAllan Herbarium, 2000; Stepheesal., 2005) More
NEOSYy G flaNas aAny2LBRANI I yi LI NOHAOALI yida Ay GKS K2ySeég A
al0FyRa dzaSR T2NJ K2y Seé LINRRAzZOGAZ2Y FNB 2y an2NRk 25

1.5 Mnnuka nectar andlinydroxyacetone (DHA)

anydzZll FE26SNE | NB RAAK &KL faisds andivisitéd bgfa rangedof S Yy SO
insect pollinatorgFig.1.4, Murphy & Robertson, 2000Flowers within the Myrtaceae family

generally produce nectar from the inner surface of the hypanthium, through modified stomata

6 hQ.eNal,3906; Davis, 1997A ny dzl I ySOGI NBE Iyl Gd2Ye KIF& NBOSydift
subnectary parenchyma, nectary parenchyma, and an epidermis with modified st¢@iaeng

Darko, 2018Fig.1.1). This structure is similar to other mesenchgimectariesuponwhich the

standardeccrine secretion moddk based, howeveDbengDarko (2018) f a2 F2dzyR G KIF G Yn

nectaries do not accumulate starch and contain many chloroplasts.

anydzll ySOGFNI A& 3ISySNrfttée KSE24S8 NAOKSZ | yR Aa C
amounts of sucrose and DHRig.1.5, Clearwateret al,, 2018; Noeet al,, 2019) The DHA amount

found in nectar is not directly linked to synthesis of other sugars, and there is also evidence for

aSt SOGADPS NBIF0oaz2NWIiAz2y 2F ySOGFNIAY Ynydzll & @K
the flower(Clearwateret al, 2018 anydzl I ySOGIF NI a2 O2ydGlAya 2iK:¢
including leptosperin and lepteridin@mallfieldet al., 2018p bSOGI NI GNIXAGA AY Yny



genotype, floral stage and environmental fact@@earwateret al,, 2018; Noeet al., 2019) Noeet

al. (2019)in a study across five sites in the North Island found that nectar traits, including nectar
DHA, varied more among plants than among sites, suggesting genetic variation was a contributing
FI Ol 2N any dridiomoRecidugwitiNddth ia\eFand hermaphroditic flowers, and the
male flowers have been shown to produce nectar with higher ratio of DHA to total BMjjaamset

al,, 2018)

DHA is found in nectar of a rangesplecies within the Leptospermeae tribieid.1.2), with
differences in amount between speci@¥illiamset al., 2018) This trait until recently was thought to
be confined to the previously definddeptospermungenusg however two more nectaDHA

producing species outside of the Leptospermeae have recently been iderf@fiehgDarkoet al,,

()

Hypanthium

Hypanthium

e ol 4 . 'Rl DB
Leptospermum scoparium Leptospermum morrisonii Gaudium laevigatum
Figurel.4: Leptospermunfloral anatomy and somef the species used in the present study. (a) Adapted
from Thompsoret al., 1989,Leptospermunfloral morphology. Of specific relevance to the present study
the hypanthium which contains theiectariesandh & ¢ KSNBE GKS y SOGF NJ LINE Rd
from Clearwateret al. (2018) (b) Three Leptospermeae species discussed within this thésiptospermum
scoparium Leptospermum morrisoniand Gaudium laevigatum
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2023) These speciasEricomyrtus serpyllifoliand Verticordia chrysanthabelong to genera within

the Chamelaucieaethe sister tribe to the Leptospermed@Vilsonet al., 2001) The presence of

DHA in nectar is a trait that has been found so far among a total of six genera within the Myrtaceae
family and is often observed in some but not all members of the gesugh as presence W

chrysantha absent inverticordia pictgObengDarkoet al.,, 2023), and presence iggreflorum

whitei, and absence iAggreflorum parvifloriunfWilliamset al., 2018). The recent discovery of DHA
producing species outside of the Leptospermeae highlights that there are many species within these

tribes with nectar that is so far untested for presence of DHA (Olargoet al., 2023).

(a) (b) 0
HO
HO OH \p/O o

-
HO \\
O
Figurel.5: Structure of (a) Dihydroxyacetone (DHA) and (b) Dihydroxyacetone phosphate (DHAP).

An alternative hypothesis for the origin of DHA in nectar is through microbial prody@tidimmset

al., 2014) There are microbes that are known to produce DHA A RA | 3 { {lahdy A A Ot 63 H N
microbes are known to inhabit nectar and alter nectar chemiétignnette & Fukami, 2018k has

0SSy RSY2yadaNIGSR GKIF G {icgkdphdet alKA0£6; NobleDa ,\eB20; Y A ONE 0 A
Larrouyetal,2023F 'y R GKIF G Ynydzll SaaSydalf @McaksoOKSYA &dl
etal, 2017 2 KSy a Sl dzSy OA y IThiinkaithariaetyaldA019)foRrsl yhany S =

bacterial and fungal sequence reads, indicating an associated endophytic microkaufinan

Bresciand2021)A RSY GAFASR | dzoAljdzA 12dzda Y APGsBad Al £ GF EIF T2
agglomeran, that was able to significantly increase nectar Diritro. Larrouyet al. (2023) has

OKF N} OGSNREASR GKS FTE2N}f YAONROAZ2YS 2F Ynydzll |y
and epiphytic.

Mnnuka and other Myrtaceous nectaries haween hypothesised to be photosynthetidepi, 2007;

Clearwateret al, 2018) They fit the green nectary model of open flowers, green nectaries, and a

long nectar productiophase(Nepi, 2007)wS OSy G F yIF G62YA Ol f Ay @SadAa3al daz
also observed that they do not accumulate sta(€lbengDarko, 2018)Clearwateret al.(2021)has
NEOSYydta RSY2YAaGN} SR GKIFG Ynydd bl ySOGENRSA LIK2
flower contributes to netar production. It was hypothesised that photosynthesising nectary

chloroplasts could have a role in regulating nectar flow and composition in response to light.
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Clearwateret al. (2021)LINR LI2 SR F Y2RStf 2F ySOGI NI LINPRdzOGAZ2Y
long lived green nectarie§ig.1.1), combining elements from previous models and integrating a role
of nectary photosynthesis. They also hypothesised that the origin of nectar DHA is through pools of

triose phosphates modulated by photosynthesis in the nectary.

1.6 Context of the present research

Despite the fundamental importance of nectar to crop pollination and honey industries, the genetic

control of nectary function is poorly understoothe basis of this valuable and variable trait of

YySOGIFNI 51! Ay YnydzZll A& Odz2NNByidfeée dzyly26ye® | yRSN
allow development of genbased tools to identify high value germplasm and inform replanting and

breeding programmes.EELJ2 NI LINA OS & ¥ 2hddeya strangly liakd tdMGQ n v dz] |

content and therefore nectar DHA, so increasing nectar DHA coeidde additional valugor the

AotearoaNew Zealandhoney industry. Being able to genetically identify RiHA potential lines

more easily than with the usual nectar sampling would allow selection afl@rering life stages

and higher throughput. Being able to identify many genotypes is preferred as this can ensure

resilient populationg; for example by preserving biodiversity for disease resistance (e.g. myrtle rust

¢ Framptonetal, 20240 ¢ KS LR GSYydGALf 2F Ynydzll LI LFydlFdAzya
explored through theHighPerformance Mnuka Plantations PGP, with recommendations including
incorporation of locdy adaptedd A f R Ynydzl I = FyR dza S @duglagedzl,i A LX S Y
2019)

t I NOYSNRY 3 ¢A (K cansi@ehdion far dvork irythisial@lirdddet ay, #019) as we

are working withatr 2 y 3 aLISOASAa YR an2NRA | WNRElevdldpiagtield | | SK2 f
present research with our partnefdgatiPorou Miere Rangahau, we established that there was a

needto understand the variation in honey value between their bloeksito be able to produce a

consistently high value product while still esourcingplantlines from their rohgterritory or

boundary of an iwi/tribe)Surcing plants from the area in which they will be grofgoo-sourcing is

beneficial as plants are weltdaptedto the environmentand in the case of this taonga crop species

respecting whakapapdhe Mnori concept of genealogy and lineggand maintaining provenance

and regional diversity is also important.

wSOSYyild 62NJ] KIF & LINRGARSR 3SyChagiadal. @B dddwNfeda F2 NI Y
Short Simple Repeat (SSR) mark8ragnéet al.(2019)02 y a G NHzOG SR | f Ay {1l 3S YI L
genotyping by sequencing (GBS) and developed a segregating populatiofaisingiti - East Cape

Ynydzll | O0Saarzyad ¢KS&aS NBaAaSINODK LINR2SOGaxX | yR
2F | O2YLX SGS I aasS Yy qThemadithanatrlS20M)yKyadet di, 2a23)y 2 Y S

(V)]

12



NEOSyidtée SELX2NBR (KS 3SySiA0 Adebbalewdzpandl y R NBf |
and betweenAotearoaNew Zealané@nd Australian populations. They found five geographically
RAAGAYOUG Ynydzl I 3Sy YotdapaNéniZedlaydrd Augrdighopildionsg G K S

are genetically distincChagnéet al. (2023) conducted further genotyping and found significant

gene flow occurring between subpopulationsAintearoaNew Zealan@nd further supported the

division ofL. scopariunbetween Australia anéotearoaNew Zealand

We hypothesise that there is a plant genetic basis for nectar Ctéarwateret al. (2021)
RSY2Yy&adiN}GSR (KIG LK2G2aeyikKSaAra Aa O2yidNRodziAy3
and described a modified eccrine model of nectar production. Cleareatr (2021) also

hypothesised that photosynthesis derived DHAP is dephosphorylated by an unknown phosphatase
enzyme, and diffuses in trace amounts into the apoplast, and from there into the n€aggat.(L).
Ly@SadAalrdAay3da GKAA K& LR GK S aspedialyKas this thaivid ffresedtr G A 2y a 0

throughout the Leptospermeae and Chamelaucieae phylogeny.
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1.7 Research aims and thesis outline

My thesis aims to leicidae the molecular basis of dihydroxyacetone (DHA) production in
Leptospermunmectar It is organised in five research chapters, including one published chapter and

one chapter submitted for publication, followed by synthesis and conclusions.

Chapter 2- Published paper: A phosphatase gene is linked to nectar dihydroxyacetone
I OOdzY dzt | G A 2Leptdspermihm seapdritiin 6

What genes and genomic regions are associated with nectar DHA #topariur?

This chapter uses two complementary approaches to identify genes underpinning the nectar
DHA trait inLeptospermum scopariurihe first was taiseRNAseq analysis to identify nectary
associated genes differentially expressdeween high and low nectar DHA genotypEke

second approachsed a minuka highdensity linkagenap and quantitative trait loci (QTL)
mapping population, supported by an improved genoassembly, to reveal genetic regions
associated with nectar DHA contefixpression and QTL analyses both pointed to the
involvement of a phosphatase genesSgpp2The expression pattern €Sgpp2orrelated with
nectar DHA accumulation, andcit-located with a QTL on chromosome 4. The identificatioa of
total of three QTLs, the firseported for aminor abundance compound @fant nectar, indicates
polygenic control of DHA content. We established plant genetics as a key influence on DHA
accumulation. The data suggest the hypothesis of LsSGPP2 releasing DHA frpho&jithate

and variability in.sSgpp@ene expression contributing t@riation in this nectar traitThis paper

is published in New Phytologist and contains contributions from multiple authors (described in
co-authorship declaration in appendices) including from myself prior to my PhD start date. The

majority of the work however was conducted by myself during my PhD.

https://doi.org/10.1111/nph.19714

Chapter 3 Submitted paper:Genome and transcriptome assemblies of Australian tea
trees Leptospermum morrisoniand Gaudium laevigatum
What genetic diversity is preserih contrasting DHA phenotypes within theeptospermeae

tribe?

In order to further understand the nectar DHA trait in the wider Leptospermeae tribe, genomes
for two Australian species with differing nectar DHA phenotypes were prodiféeghroduced

high-quality haplotyped genome assembliesl@&ptospermum morrisonicontains nectar DHA)

15


https://doi.org/10.1111/nph.19714

and Gaudium laevigatunino nectar DHA)sing higHfidelity longread sequencing and synteny
based scaffolding against theptospermum scopariugenome.These new genome assemblies
provide an important resource fdurther work studying traits related to nectar chemistas

well asfoliagechemistryand understanding the genetic diversityithin the Leptospermeae

tribe. This paper was primarily written by Dawthagnéwith contributions from myself and a
third author (described in cauthorship declaration in appendices). My main contributions to

this paper were developing the idea, acquiring funding, and all field arddaéd work.

Chapter 4¢ Draft paper to be submittedRegulation ofSgpp2and the structure of the

Sgpplocus in the Leptospermeae

DoesSgpp2expression correlate with DHA amounts in other Leptospermeae species? How is

Sgpp2expression regulated?

This chapter aired to further understand the regulation of thBgpp2gene and the structure of
the Sgpplocus within the Leptospermeae and wider Myrtaceae family. Chapter 2 identified three
Sgppgenes in a complex locus, of whisgpp2wvas highly expressed and correlated with nectar
DHA.TheSgpplocus, gene sequences, and transcript abundances were compared anm@ng th
Leptospermeae specied.. morrisoniiandG. laevigatumin the context of the previously
describedL. scopariumToassess thbmSgpp2romoterin vitrotransgenic lines dPetuniaand
Nicotianawe generated using themSgppdromoter drivingVenusexpressionConserved and
unique regions were identified between and within tBgps and regions and binding motifs
unique to the highly expresseggps were identified Sgpp2ranscript abundances correlated
with DHA amounts in two further Leptospermeae speeigviding further evidence that this
gene is responsible for DHA productidithin the conserved promoter regions unique to the
highly expresse&gpp2were two Gbox motifs, and a bZIR typetranscription factor predicted
to bind to them was identified as significantly differentially expressed in the RNAseq dataset
presented in Chapter Zand was subsequently found to-tmcate with another of the QTLs
identified in Chapter 2. The promoter region acrossl18copariumgenotypes was found to be
highly similar, indicating further complex transcriptional regulation fine tusggp2expression.
TheL. morrisoniSgpp2promoter drivingVenudines ofPetuniaand Nicotianawere found to

have strong nectary specific expression.
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Chapter 5 Draft paper to be submitted: Enzymatic characterisation of theptospermum
morrisoniiSGPP2
Can SGPP2 dephosphorylate DHAP to produce DHA and phosiphaiteo?

This chapter aims to establish whether SGPP2 was able to dephosphorylate DHARMpacke
kinetic parameters ofhree LeptospermunmorrisoniiSGPPs with tharabidopsighalianaSGPP
These thred MSGPEBnzymes, along with thatSGPP, were produced and purified in microbial
systems, and assayed for phosphatase activity on three substrates includingl it to

analyse in detail the activity of SGPP2 on DHAP and compare the phosphatase activity and
substrate specificity between theeptospermunsGPPs and AtSGPfeund that LmSGPP2 was
able to dephosphorylate DHAP, and hypothesised that shifts in kinetic parameters between the

SGPPs could be due to changes in in the substrate specificity loop.

Chapter 6¢ Draft paper to be submitted: Overexpression beptospermunmorrisonii
Sgpp2n the nectaries ofPetuniaand Nicotiana

Can overexpression dfmSgpp2n Petuniaand Nicotiananectariesproduce DHA imectar?

To assess the effect bmSgpp2xpression in nectaries that do not produce DHA, | generated
transgenic lines overexpressing thenorrisoniiSgpp2under the nectary specific promoter
Petunia axillaridéNec Sveet9. No increase in DHA was found in the nectar of these transgenic
lines, howevetmSgpp2ranscript abundance was found to be significantly less tamus
transcript abundance under the same promoter. Ha\eclpromoter was found to be not as
strong and nectary specific than previously described in the literature, and it was suggested to

use theLmSgpp2dromoter drivingLmSgpp2n future work.

Chapter 7- Synthesis

The results and conclusions from each chapter are synthesised, and the direction of possible

future work is described.
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2.1 Summary

9 Floral nectar composition beyond common sugars shows great diversity but contributing
ISYySGAO FIOG2NE I NB RMostenbnscopariungzg fend@nédiee a ny dz] |
the antimicrobial compound methylglyoxal in its derived honey, which originates from the
precursor, dihydroxyacetone (DHA), accumulating in the nectar. Although this nectar trait is
highly variable, genetic contribution to the trait is unclear. Therefore, we investigated key
gene(s) and genomic regions underpinning this trait.

1 We used RNAseq analysis to identify necsyociated genes differentially expressed
between highandlownectar5 1 | ISy 2(eLJSad 2 S Idersi®lindageSR | Yn
map and quantitative trait loci (QTL) mapping population, supported by an improved
genome assembly, to reveal genetic regions associated with nectar DHA content.

1 Expression and QTL analyses both pointed to the involvement of a phosphatase gene,

LsSgpp2The expression pattern asSgpp2orrelated with nectar DHA accumulation, and it
co-located with a QTL on chromosome 4. The identification of three QTLs, some of the first
reported for a plant nectar trait, indicates polygenic control of DHA content

1 We haveestablisted plant genetics as a key influence on DHA accumulationddtae
suggest the hypothesis of LsSGPP2 releasing DHA frorphaidphate and variability in

LsSgpp@ene expression contributing to the trait variability.

Keywords: dihydroxyacetonel eptospermum, Leptospermum scoparim y dz] = y SO0 NE LI
sugarphosphatase, QTL

2.2 Introduction

Floral nectar is a reward secreted by specialised nectaries to attract pollinators or other mutualistic
animals, with a strong correlation between nectar quantity and quality and the efficacy of the
resulting plantanimal mutualism (Rogt al., 2017; Nepet al., 2018). Nectar biology thus underpins

the economic performance of many crops, facilitating successful pollination and providing the raw
material for honey production (Prasified al., 2018). Floral nectar is principally composed of a

variable combination of amino acids and glucose, fructose and sucrose, which provide carbon and
nitrogen sources to feeding animals. However, many other compounds can be found at lower
amounts in nectar, including different carbohydrates, organic acids, inorganic ions, proteins and
specialised metabolites such as phenolics, alkaloids and terpenes. At least some of these have been
shown to promote a positive interaction with the target organism while discouraging unwanted

organisms, such as pathogens (Rogl, 2017; Nepet al,, 2018).
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Even though the great majority of angiosperms produce nectar, many aspects of the biology of
nectaries and nectars are relatively poorly understood. Nectaries have evolved several times within
the angiosperms leading to variation in their structure and underpinning molecular genetics

6. SNY I NRSt t 2 é& aln2024)r Additiprially, Bdede® dpécific nectar traits have arisen that
contribute to pollinator differentiation and pollination success. Yet studies on the molecular genetics
of nectar production and secretion have focussed primarily on a few model species such as
Arabidopsighaliana(Kram & Carter, 2009Nicotiana(Renet al., 2007; Silvat al., 2018) and more
recently squashGucurbita pepp(Solhauget al, 2019). Recently, genes or enzymes associated with
production of important specialised metabolites in nectar have also started to be characterised (Roy
et al, 2022; Magneet al,, 2023), but relatively few species have been studied in detail. Moreover,
nectar composition can vary markedly even among species in a single genus. Thus, complimentary

studies of a wider range of plant types are desirable.

LeptospermuniMyrtaceae) is a genus of woody perennials renowned for many of its species
accumulatingrariable amounts ofhe triose dihydroxyacetone (DHA) in their necire

Leptospermungenus is concentrated in Australia and its species are found in a range of habitats,

with L. scopariungJ.R. Forst et G. Forgtowing naturally in soutteastern Australia (Thompson,

1989).L. scopariunis also widespread throughout AotearddZ and is the only indigenous
Leptospermunspecies (Koot al., 2022; Chagnét al., 2023). Recent modelling suggests that within

L. scopariumtwo clades diverged ~82 million years ago and that Aoteard&L. scoparium

OYnydzZl 0 A& 3ISYySGAOFfte RAAGEYd FNRBY GKS ! dzad NI f
gene pools (Kocgtal> HAHHOD® anydzZll 200dzLJASa || ¢6ARS NYy3S 2
conditions, including lomutrient soils, harsh environmental conditions, and high or low soll

moisture (Stephenst al.,, 2005; Derraik, 2008).

The mechanism by which DHA accumulatdsejptospermunmectar, and any associated

physiological function, is unknown. In many plant species, nectaries do not have photosynthetic

capacity, so nectar carbohydrates from photosynthesis elsewhere in the plant are translocated

through the phloem (Pacini & Nepi, 2007). These sugars can be directly secreted into nectr (Ren

al., 2007) but are often stored in nectaries as starch that is later degradedt(ain2014). However,

GKSNB INB Fftaz2 a2YS LXIFyd aLISOASaTonkigigf dzZRAYy 3 Yny
nectaries (Luttge, 2013). Clearwatdral.(2021) recently demonstrated that the nectaries of

Ynydzl I LIK2{G2aeydKS adgaihSugh ngtihe bniBource ofithe Fryttbse,A O y (i

3t dz02aS FyR GNJOS |Y2dzyia 2F &adzONRasS GKFG I NB OK
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atdzRe faz2 F2dzyR GKFG ySOGFNER LK2G2aeyikKSaira ¢l a
nectar.

Phosphorylated DHA (DHAP) is an intermediate of several primary metabolic pathways, including the
Calvin cycle, glycolysis, and gluconeogenesis. Until redesptpspermumvas the only genus with

species reported to accumulate DHA in their nectar, but it has recently been detected in two other

species within the Myrtaceae (Obefarkoet al., 2023). While at least 40 species across the genus
Leptospermuntave nectar DHA in various concentrations, only twacopariunandL.

polygalifolium are currently commercially relevant to theptospermunioney industry (Williamet

al., 2018; Binkst al, 2021)¢ KS LINB&ASy OS 2 F 51 ! hasmadelitkh&basisDOG I NJ 2 F
20SI N2 bSg DY yYWRIQMiIZAE hrieysexpdds | valued at almost

NZ$450M in 2022 (MPI, 2023he nectar DHA converts to the antimicrobial compound

methylglyoxal (MGO) in the derived honey, through a process that has been well studied (see Owens

et al. 2019 and references therein). The nectar DHA content and subsequent MGO concentration

underpins the antibacterial activity of the honey (Adagtsl., 2008; Mavriet al, 2008), and

determines the premium price the honey attracts

anydzZll} A&d KAIKf& LREEY2NLIKAOI 2¢6Ay3 G2 0620K 3ISy?
Yinet al,, 1984; Dawson, 2009). Variation has been observed in morphology of leaves, growth form,

root anatomy, stem and foliage colour, leaf density and flower colour and size (Stepthan005;

51/ 642y HAnpod ¢KS 511 ySOGFNI GNIXAG yR ySOiGl N C
by environmental factors and floral developmental stage (Clearvettat, 2018; Smallfielét al.,

2018; Noeet al, 2019). Noeetal.6 H A M0 F2dzy R GKF G Ynydzll ySOGl NJ OK
among plants than among sites in a study across five sites in the North Island of Adt¥&ardhis

study suggests that genetic factors influence the amount of nectar DHA. The importance of the

genetics of the plant is further supported tye factthatnot £ £ Y n y datcimula@DHA (i &

amounts useful for honey production. Individuals sourced from different regions in Aoté&tdhat

I NB RSaA3IAYFGSR 4 WKAIKQ ySOGFENI 51! FOOdzydz I 2 NE
region (Hamiltoret al, 2013). Clarifying the role of genetics in the nectar DHA trait and

understanding the key genetic factors will not only help answer questions on how and why
Leptospermuninas this unique nectar trait, but also will deliver knowledge that could assist the

K2ySe AYRdzAGNE® ¢KSNBE Aa | LINRP2SOGSR 3JIf20Ff aK2N

unlikely to be sufficient to meet projected demand (McPherson, 2016).

We report here the use of two complementary approaches to find key gene(s) underpinning the

nectar DHA trait inLeptospermumThe first was to identify genes with nectagsociated expression
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that were differentially expressed between relatively high or low nectar DHA genotydeskifand
L-DHA, respectively), and that encoded proteins that could have a predicted role in regulating DHA
amounts from a primary metabolism or biochemical perspective. Of particular interest were
transcripts encoding phosphatases, as it has been postulated that the first step in the process for

DHA to accumulate in nectar would be dephosphorylation of DHAP (Cleaetater2021).

The second and unbiased approach used an improved version bf goepariumwvhole genome

sequence reported by Thrimawithaeaal.6 H n M0 | £ 2y I gderisifg linkagemay dz] | KA 3
and quantitative loci (QTL) mapping population (Chagire., 2019) to reveal genetic regions

associated with the nectar DHA trait. Multiple QTLs were identified, each on separate chromosomes.

One of these QTLs was found to contain the top candidate gene from the expression analysis, which

is predicted to encode a phosphatase. The expression of this phosphatase was further characterised

in relation to nectar DHA accumulation. This is the first report of a gene associated to this unique and
commercially valuable nectar trait, which can now be studied further to establish its physiological

role.
2.3 Materials and methods
2.3.1 Plant material

The lines used in each experiment are detaile8upplementarylableS2.1.

Regional samples

¢2 SyadaNB | Nry3dS 2F 3ISy2GeL)Sa oSNB NBLNBaSyiSR:
AotearoaNZ were grown in a common garden design (all within approx. 50@nklant & Food

Research (PFR) Palmerston North (Aotedrda0 @ WOl ad / FLISQ LI FyGa ¢SNB 3
from the East Cape region of the Gisborne District (described in Cebgi®®> H A Mp0O @ WYwSAy Il
WYFALINIFQ LIXIFyGta oSNB a2dz2NOSR Fa @2dzy3a (GNBSa FN2
FYR 2NAIAYFGS FNBY GKS O2NNBalLRyRAYy3I RAAGNROIU 2

plants were grown from seed collected directly from the corresponding Aoteldibdistricts.

Material from norcommercial sources was collected from private land with the permission of the
26yYSNI G GKS FANRG &SFNI2F abYLtAy3a GKS wol ad |/
YwSAY I QS W2 AlFG2QS Whil32Q FYR WalylsldnQ GNBS
guidelines for sourcing samples from native species (Moeggah,2019) and no prior informed

Oz2yasSyid s+ta 26GFAySR FNRY an2NRA 3Idzd NRAFya F2N (K
the appropriate iwi about the use of material sourced by a commercial nursery in their ancestral

boundaries would have been appropriate prior to the start of the project. We recommend for future
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projects that such consultation should occur before the onset of the project. Initial nectar DHA
sampling on at least 10 individual genotypes per region was followed with repeated sampling for up
to six years on a smaller number of genotypes. Trees chosen for multiyear repeat sampling and gene

expression analysis were those with consistently higher or lower nectar DHA.
Ornamental varieties

L. scopariunf).R. Forstet G. ForspWa I NOAYAAQ ¢l & &a2dzZNOSR FNBY ! yyi
Road, Hautapu, Tamahere), W/ NA Y& 2y Df 2 NEh@nawithan@®taI0MNJadd&/R A Y
Yot SOGNRO wWSRQ FNRY [SIFEFYR 6mM w20SNIa [AyST tlI

Segregating population

¢CKS &AS3aINBIFGAYT LRLMzZ I GA2Y 69/ HnMP9/ Mmnov gl a RS(
I 1LISQ LXIFyda RSAONAROSR | 02 J §tidPorauividie 2tdNandd 2 £ Ra YA G K ¢
represented the Ngti Porou iwi at the onset of this research approved the use of plant material from

the EC201xEC103 segregating population that was developed from crossing parental trees collected

within their ancestral boundaries. The population, genotyping by sequencing and linkage map

construction are described i@hagnéet al. (2019)and Thrimawithanaet al.(2019) Nectars were

sampled from these plants over three consecutive flowering seasons from 2019 until 2021, and

Pearson correlation coefficients were calculated to assess correlation between sampling years.

2.3.2 Phenotyping

Nectar sampling

At least two branches per plant with at least 10 flowers per branch were covered with fine mesh

drawstring bags approx. 24 hrs before collection. Branches with flowers were harvested each

morning between 9 am and 10 am and stored (for up to 5 hrs) in plastic bags at 4°C until flowers

were sampled for nectar. The floral developmental stage sampled wasFa@6rding to Smallfield

et al.(2018), which is defined as: stamens unfolding and anthers beginning to dehisce, nectar

secretion occurring. Nectar sampling used a protocol modified forrant et al. (2009) For each

FE206SNE GKS KeLl yiKAdzY 66KSNBE ASONBGSR ySOGlF NI FC
of water by pipetting it on and off the hypanthium at least five times. Each sample was the combined

nectar washes from 10 individual flowers. As a measure of total sugars, the °Brix value of each nectar

wash sample was determined using a hdmadd refractometer (ADE Advanced Optics, Oregon, USA).
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Quantitative analyses for dihydroxyacetone (DHA)

This method, which measures DHA and MGO, was madified from that reported previously by
Windsoret al.(2012). A subsample (20 L) of nectar wash was combined with internal standard
solution (ISS; 200 uL, 0.1 M citrate buffer pH 4, containinglOrh[* hydroxyacetone [HA]),
pentafluorobenzylhydroxylamine (PFBHA; 30 pL, 10 mY) imlan Eppendorf tube and centrifuged

(10600 rcf, 5 min). The solution was incubated at room temperature for at least 60 min, MeCN (350
pL) added and centrifuged again prior to subsampling for HPLC analysis. Analyses were performed on
an Agilent 1100 HPLC (Agilent Technologies) fitted with a diode array detector, using a Phenomenex
Kinetex (100 x 3.0 mm R, 2.6 um) column and Phenomenex guard column (SecurityGuard 4 x 2
mm RP18) at 30°C. Peaks were monitored at 263 nm. The mobile phase was CH3ONbatH

containing formic acid (0.1%), with a linear programme: 30% MeCN at 0 min, 100% at 4 min, 30% at 5
min and 30% at 10 min. The flow rate was 0.5 mLmwiith injection volumes of 5 uL. DHA was

expressed as mg*agectar sugar as estimated from the °Brix measurements.

233 W/ NAYazy DfE2NRBQ @Guodn 3ISYy2YS FyR Fyy20l GA?2

Genome assembly and scaffolding

Il W/ NAYazy Df2NEBQ Guon 3ISy2YS sl a ISy SwihgaSR G KNP
combination of lllumina short read data and Oxford Nanopore (ONT) long reads. High molecular
weight DNA was extracted from the same plant ahnimawithanaet al.(2019)and one flow cell
(FLGMIN106) was run using a minlON (Mk1B) Oxford Nanopore sequencing device. The ONT data
were base called using Guppy (version 6.4l6addition to the Illlumina paired end (PE) short read
data generated iThrimawithanaet al.(2019) two libraries of lllumina PE data were generated from
the same plant with an insert size of 500bp. The PE short read data and ONT read data were then
FaaSYot SR dzaAy3a al { dw/ ! | &\@Siohatll.§NIC eadsidésciBal] , 9 ¢! { {
in Thrimawithanaet al., (2019 were mapped to the new assembly using BW¥SP optionjLi, 2013)
and reads were flagged as PCR duplicates and removed using sam{flass& Hall, 2014nd
samtools(Liet al., 2009) The contigs from this assembly were scaffolded using the information from
the HiC data using YAHS (Version v1.2&Bpuet al, 2023)NonYny dzl I O2y iA3a FNRY
scaffolded assembly were identified using Blobtq@lkallisst al,, 2020) Contigs that did not blast to
Streptophyta, had GC contents outside of 38286 or were less than 10,000 bp long were removed
from the assembly. The larger scaffolds were natmgdynteny mapping to th&ucalyptusgrandis
(W. Hill)reference assembly (NCBI RefSeq assembly GCF_0165458256d p Ls (fdr. scoparium
prefix. Synteny mapping was done using Minim&p2 2018pnd visuabed with Dgenies
(Cabanettes & Klopp, 2018)
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Gene prediction and annotation

Gene prediction was performdd two waysusing BRAKERS3 (version 3.0Gxbrielet al., 2023)and
RNAseq data from multiple tissues described in Thrimawithana €2@lL9. Firstly, we produced
training proteins using PASHMaaset al., 2008)from a de novo transcriptome assembly using Trinity
(version 2.14.0) and secondly, we mapped the RNAseq data to themeéegenome using STAR
(version 2.5.3a]Dobinet al., 2013)to provide evidence for splice sites and coding regions.
Functional annotation was assigned to predicted proteins usintjl@ggmapper Cantalapiedraet

al, 2021) and by blastp against the TAIR 10 releastrabidopsigReiseret al., 2017) and the Swiss
Prot dataset from UniPraiUniprot Consortium, 2015)

Genome data sovereignty

As a native species to Aoteardl, the ownership and rights to intellectual property and scientific

RFEGF RSNAGSR FTNRBY VYnydzZll NIA&S 02y OSNyaod DSy2YAC
YFGSNRAFE YR INB faz2z O2yaARSNBR GF2y3l YR | KA
and full authority over natural resources are defined by the Treaty of Waitangi, a treaty signed in

mynn 0S06SSy an2NA FyR (G0KS . NAGAAK / NRgyd LyidSNy
resources is also supported by the UN Declaration on the Rights of Indigenous Peoples 2007
(UNDRIP, 2007) which Aotearbals SYR2NB SR AY HamMn® [/ 2YAARSNAY3I {F
assembly and predicted genes were deposited in a protected Aotedrobased repository. This

seeks to ensure there is controlled access to genome data for taonga sfyenie&otearoaNZ The

JdzZf NRAFYya O1FAGAF1AO0 2F GKS 3IASy2YSaR¥yhubBlandl AySF
region of Aotearod 2 | NB G KS f2Q@HfyIMggXinowt yaIrAldnyS 2

2.3.4 Determination of transcript abundance in high and lomectar DHA genotypes, and

across a developmental series
NSOGIFINAS&a Ay YnydzZll Fft26SNAR FNB AyRAaUGAYyOd FyR y
hypanthium,sothe whole hypanthium was sampled. Hypanthium tissue was collected by a
transverse cut between the ovary and hypanthium surface. The petals, sepals, stamens and stigma
were removed. Top portions of the ovary locules were included, and any ovules within them were
removed(Fig.S2.1).

¢ KNBS YnydzZll 3ISy2iGeLiSa LINPBRUrANAE 1ING2 Arid SNNIL4) an@ dzy (0 &
three genotypes producing lower amounts of DHAHA: 1N40L, 1N40A and 1N3ZR) were chosen

for RNAseq analysis. Two floral developmental stages (according to Smell&é]@®018) were

targetedq FDS4, just prior to flower opening (pnectar secretion), and FD36 nectar secretion
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occurring (Fig2.1). Each genotype was sampled on three different days, with 20 hypanthia
harvested per day. All 60 hypanthia for each genotype were pooled into one tissue sample for
extraction and library preparation. Each mature hypanthium sample had 10 of the 20 hypanthia from

which nectar was sampled.

¢tKS O0d Wal NIAYAAQ o6l & dzASR F2NJ I RS@St2LIVSydlf
collected the day before anthesis and on days zero, one, three, six, nine, twelve and fourteen post
anthesis. Ten hypanthia from two to three plants were pooled for each sample, with each stage being

sampled in triplicate as biological replication. Each replicate was taken across three to five days.

RNA was extracted from the hypanthium tissue based on the CTAB metho&&mnhinoet al.

(2008) RNAseq library preparation and sequencing was done by AGRF (Melbourne, Australia).

Twelve lllumina stranded libraries were prepared (two developmental stages for eBthAH

genotype and iDHA genotype) and run in one HiSeq lane of 100 bp peinédeads, resulting in an

average of 20 million reads per sample. The data was then quality checked with FastQC (version

0.11.2) and adapter trimmed using bbduck package of BBMap toolkit (version 38.33). Quality
GNAYYSR NBFIRa ¢6SNB GKSy ItA3aySR (2 (GKS ySgfte AYL
dzaAy3a { ¢! w 0OODSNAA 2lydzrydiradevins 0D S yE SV 3YdBYND a6 AWK ¢UK S NEB
modified to reflect HTSeq format using awk and sed-imers and then used in differential

expression analysis using DESeq2 (verki®®.0) using R (version 4.0.0), whire counts reads

were prefiltered (at leasthree samples with a count of 10 or higher) and a surrogate variable was

introduced to account for genotype differences between the samples. The DeSeq design formula

contained a condition variable which accounted for both development stage and the DHA level.
Furthermore, the nectar secretion occurring stage was selected for exploring the differentially

expressed genes.

To amplify from transcripts in a range of speciesgRTR primers were designed from conserved
regions to match atbgpp(named in line wittAtSgppdescribed in Caparrédartin et al., 2013)
transcripts identified through RNAseq. FordPCR, 1ug of RNA was used for cDNA synthesis. The
cDNA synthesi® FTqPCR reactions and conditions were as describédfiertyet al.(2022) For

each sample, 1pl ddNased RNA was diluted as a gDNA contamination coifitiel developmental
series usedgppzspecific primers and was run with the same reaction conditions on a BioRad CFX
Maestro (5.2.008.0222). Relative transcript abundance for all experiments was calculated using the
geometric mean of three reference geneéctin, SAND and RPL3. Primer efficiencies were

calculated using serial dilution (Primer pairs listedable S2.2).
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2.3.5 Determination of transcript abundance in six tissue types

{AE GA&dadzS GeL)Sa 6SNB KINWBSaiSR FTNRBY SIOK 2F KN
FYR fSIFEF FTNRY (KS LINBGA2dza &SFHNXQa& INRgGKTZ adasSy |
and whole flowers. RNA was extracted from all tissues using the CTAB method as above. Stranded

RNA libraries were prepared by Novogene using-Ré#o™ magnetic kit (Illumina, San Diego,
I'TEAF2NYALFO YR &aSljdzSYyOSRd ¢KS aS1jdzSyOAy3a REGE ¢
STAR aligner (version 2.7.10a) with#ig dzI Yy 1 a 2 RS DSy S-tligpirytirded 8 y R &2 F i
Ot ALJpLIbolasSa mpQod

236 QTL mapping of DHA content in nectar usingegyregatingy’ n y dzl + LJ2 LJddzf | G A 2y

The EC201xEC103 segregating population described in Gitagn@019) was used for phenotypic
assessment for DHA concentration over three flowering seasons (2019, 2020 andTa&igount

for environmental effects, weather information was taken from a weather station (Agent number
21963, network number E0536D, CliFlo, retrieved March 28@f)ox. 800 m from the field location.
Exploratory data analysis (plots, tables) and exploratory models (forward/ backward automatic
variable selection using basic linear models) were used to select a subset of environmental variables
to include in the final model. Brix values of <0.8 were exclutietito the inability to get an accurate
measure of sugar content or samples with little or no nec@art of 181 genotypes, a total of 135

had nectar sampled, and 106 genotypes were included in the QTL analysis (with genotypes excluded
that did not have genotyping data or had only one replicate for ngctrinear mixed effects model

was used to calculatBest Linear Unbiased Prediction (BLUP) values for each genotype (line) via the
Imer function (Ime4 packag®ateset al, 2015). The genotype random effects (BLUPSs) were iid
(independent identically distributed) as all lines were equally related (full siblifilgs)model

incorporated fixed effects for row, average relative humidity of day before, hours on sun of day of
sampling and average night temperature of previous night. Inclusion of these covariates increased
the conditional R2 from 0.43 to 0.4pdrformance package,ideckeet al., 2021)indicating that the
covariates explained some additional variation in log(DHA) values. Adjusting for variation explained
by environmental factors enablése model to more accurately estimate additive genetic effects
(BLUPSs), which improves QTL mappirige DHA data were log transformed to restrict estimated

means and predicted values to be positive, and to stabilise the residual variance. Model checks were
performed to assess for violations of the model assumptions, and no problematic departures were

found.

In total, 185 individuals from theC201xEC103 segregating population were screened using an
Affymetrix Axiomt (ThermaFisher Scientific) Single Nucleotide Polymorphism (SNP) array. The array
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O2y il AYyAy3 dZInnu { bt & MérRaNdrief al.(202B)and the ga@notiRoBiGvaslh 6 SR 0
performed by Labogena (Joey-Josas, France) using standard protocols. After genotyping, the SNP

data were analysed using the Axiom Analysis Suite v5.1.1 software applying a dish QC threshold of

0.82 and a QC Call Rate > 95%. Visual inspection of SNP cluster plots was performed for SNPs

Of  AaaAFASR a Wt2fel A3KwSaz2tdziazyQ o6tlwo yR W/ I
Suite software, and SNP calls were manually curated. Genetic maps were constructed using the SNP

array data using JoinMap v50ww.kyazma.r), based on the twavay pseudetestcross strategy of

Grattapaglia and Sederoff (1994nd SNP markers polymorphic for each parent. Linkage groups
were determined with a logarithm of the odds (LOD) score of 6 or higher for grouping, and the
Kosambi function was used to calculate map distances. The linkage groups were aligned to and
numbered based on the new genome assembly, using a LG (linkage group) prefix. QTLs were
detected using the Interval Mapping (IM) module in MapQTL v6.0 softwarerkyazma.r)|, using
BLUP values. A permutation test (1000 permutations) was performed to calculate the threshold to

declare a QTL significant (genomale 90% LOD 3.3).
2.4 Results

241 LRSYUAFAOLIGAZ2Y 2F Ynydzll 3ISy22dGeéLISa gAGK 3

To determinethat geneticscontributesto DHA trait diversity, we measured nectar DHA content
within and across flowering seasons for genotypes collected from across AcléZrbat grown in a
single locatior(common garden)Up to a terfold difference in average nectar DHA content was
observed between genotypes (7.5 versus 0.7 mg DHugar; Fig2.1a, Fig.$2.2). Genotypes
identified as FDHA or EDHA were chosen for repeat sampling for up to six yearsZBig). For

most HDHA and IDHA genotypes, a difference in DHA was maintained across flowering seasons
(Fig.2.1b). This indicated that nectar DHA contevdisstrongly determined by genetic variation

between individual plants.

Although most genotypes had consistently relatively high or relatively low average DHA content

across seasons, significant variation of individual measurements was observed both within a season

and between seasons for genotypes with relatively high DHA conten(Ei). This suggested
SYGANRYYSyYy(GlFt FFIOG2NR Ffaz2 AyFtdsSyOSR GKS KAIKSN
populations. As nectar samples were taken across the season, daily environmental factors that would

influence nectar DHA would have varied.
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Figure2.2: Nectardihydroxyacetone DHA @ NA I (i A 2 y Lepfospermyfmsygogzyitm)
segregating population(a) Phenotypic distribution of DHA in thEC201xEC1@&&gregating
population in 2019 (average DHA concentration per individudlne dotted lines indicate the
phenotype of the EC201 (4.9 mg gugar)and EC103 (2.4 mg'guga) parents.(b) Correlation
of DHA concentration for the eight individuals RMHD, IN4DW, 1N4BY, 1N4F0, 1IN4CH, 1N:
1N4H3, 1IN4AERrom the EC20¥EC103egregating population that were phenotyped across
three flowering season$2019 and 2020 on y axis against 2021 DHA values on x axe)dline
fitted by linear regressionr values are the Pearson correlation coefficient.
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We phenotyped a populatigieC201xEC1{8hagnéet al,, 2019) to determinesegregaion of

nectar DHA amountdhe data showed a normal distribution (F&R2a), with values ranging from 1.7
to 5.4 mg DHAYsugar. DHA phenotypes of the parents of the segregating population fell at either
end of the range (EC103 = 2.4 migagd EC201 = 4.9 mg)gA subset of the population was also
sampled in the two subsequent years, and the DHA values correlated across ye&2l§Fig: 0.86
and 0.90).

The range of DHA content and the stability of the phenotypes was considered sufficient to select
members of the collection for candidate gene identification émdsethe segregating population

for QTL analysis.

2.4.2 ldentification of a phosphatase gene differentially expressed between nectaries of
high- and low-DHA genotypes
I LIWINREAYI GSté& opDo6 2F wb! asSl RIFIGFE 6SNB 3ISySNI (SR
YFLI 61 O1 NIXYGS 2F ypr (kg andySis wig cdlacdoyl trabstriptiiiie Q  JH D
data from nectaryenriched tissue of HDHA and IDHA genotypes at two developmental stages:-pre
nectar secretion and active secretion (for volcano, PCA and MA plots s&2.BjigAs the RNA was
from mixed tissue due to the nectary not having clear delineation, thedgfdata was first checked
for orthologues of nectarassociated genes to give confidence that analysis would be sensitive
enough to capture nectary genes, even those with low transcript abundance. Three known nectary
associated gene§SWEET@16350.t1; Tabl&2.3; Linet al,, 2014),CRABS CLA@ENe model
g7327.1Bowman & Smyth, 199@ndPin6(gene model g2930.Benderet al., 2013)had relatively
high (transcript base mean 147,282), medium (3,190) and low (14) transcript abundance,
respectively, indicating sufficient nectary tissue had been captured. SWEET9 is a sugar transporter
required for nectar secretion in multiple specigsnet al, 2014; Rot al., 2017) and was included
because of the presumed eccrine model of nectar secretion¢Ral> HAMT O AY YnydzZl |l 6.

et al, 2021).

Regarding differentially expressed gemesween HDHA and IDHA genotypes (adjustqevalue

cutoff of < 0.01 andbg2Foldchange > 1.0), 121 and 167 genes were identified in nectar secreting
and presecreting stages, respectively (Supporting Dat&deFig.S2.3). The standout gene in the
dataset encodes a Haloacid dehalogenbise hydrolase domakgontaining protein. The HAD

protein super family contains members with phosphatase activity. Transcript amount for the gene,
subsequently name&gpp2described further below), was approximately doubled {DHA

genotypes at both developmental stages (with adjugtechlues of 6.87% for nectar secretion and

2.01E%for pre-secretion stages) (Tab#.3; Supporting Datase$]). Reciprocal Blastp identified the
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Figure2.3: ThreeSgppgenes identified in a complex locus. (a) Theptospermum scoparium Sgpacus frorr
15,757,538 to 15,739,538 on Chromosome 4, showing the tiBgppgenes, their introns and exons, and
P1BS and PHO maotifs. (b) Alignments of the residues fron83®f the threelL.scopariumSGPPs, and the
ArabidopsisSGPP (AT2G38740)otif 5 (substrate specificity motif) and its preceding loop are indicated.

ArabidopsitHAD phosphatase geaSgpp(AT2G38740) as a putative homologue. AtSGPP has
dephosphorylating activity on a range of pentose and hexose phosplgars as well as on the

triose glycerol $ohosphate(although DHAP was not teste@@aparrésMartin et al,, 2013) As a

phosphatase has been predicted to be required for releasing DHA from DHAP, thus allowing DHA to
move into the nectar (Clearwatetal®> HAHMOX AF Ynydzlt {Dttwuw O2dzZ R
would directly affect DHA concentrations in the c@flus we considered this gene to like lead

candidatefrom thisdataset forthe nectar trait.

The nectaryenriched transcriptome contained transcripts for two additio8glppgenes closely

related toLsSgpp2termedLsSgpphndLsSgpp3. £ G KNBS Ynydzll 3ISySa NBAAI
located within a 15 kb region from 15,753,983 $gpp3tart codon) to 15,739,704 6SgppEtop

codon) on Chromosome 4 (F&y3a). TheSgppwith the most similar sequence #tSgppvas

termed Sgpp1 andSgpp2and Sgpp3wvere named for the sequence order in the locus. Of the three

encoded proteins, SGPP1 is the closest match to AtSGPP, with 68% amino acid identity. SGPP1 is

84.5% identical to SGPP2 and 86.5% identical to SGPP3, and SGPP2 and SGPP3 are 94.3% identical to
each other. Phylogenetic analysis using a subset oAthbidopsiHHAD family members showed the

Ynydzll LINRGSAya Of I RSR gAGK | (RBIAthe peedicie & (0 N2 y 3
Ynydzl I LINRGSAYE KFEGS + AAYAEFENI €£22L) 4S51jdzSy 08 G2
multiple substrategCaparrésMartinet al, 2019)(Fig2.3b0 ® . 20K G KS Ynydzl | LINR G S

were predicted to localise to the cytoplasm (PredictProtein web tool; Berntetfak,2021).
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Figure2.4: Sgppexpression in a range dfeptospermum scopariurgenotypes (a) Sgpp2normalised RNAseq
counts from LowDHA (N40A, N3ZR, and N40L) and HjA (N41V, N424 and N414) lines against DHA tg g
sugar in the corresponding samples at FD3.81lighDHA average normalised counts were 382,724, and {[&iA
209,122. (b) TotaBgppexpression (RGPCR) in 2017 with 18 genotypes (EC0103, EC031, EC038, EC047, EC
EC49, EC53, N3Y7, N3YY, N327, N40A, N418, N41V, N424, N430, N44R, N44Y, N453ypekpiassion (RT
gPCR) in 2018 with 8 genotypes (N3Z7, N40A, N40L, N414, N41S, N41V, N424, N44R).gdppexaression (RT
gPCR) in 2020 with 10 genotypes (ECIE3201EC31EC37ECA47EC53Electric red N40L N41\, N428).Each
3Sy2Ge1L)5Qa ySOGIFN al YL S O2yaraitca 2F O2Y0AYSR yS
hypanthium tissue of those same ten flowers. Error bars represent one standard deviation. Trendline fitted by
linear regressiony values are the Pearson correlation coefficient.
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2.4.3 Transcript abundance foBgpp2correlates with nectar DHA content

Expression patterns of the threggppgenes were further examined regarding a possible function in
DHA production. RNAseq normalised transcript abundan&gppZorrelated with the average

DHA amounts in the nectar samples(0.94, Fig2.4d). In contrast neitheBSgpplnor Sgpp3were
strongly expressed and no correlation with nectar DHA was found (LsSgplotpfold change in
high-DHA genotypes of 0.119, adjustpdalue of 0.933LsSgpp3.t1, le§old change in highHA
genotypes of 0.02, adjustqaivalue of 0.962, Fi@.5a, Fig.2.5). Of totalSgpptranscript abundance
in the mature nectanenriched tissue samples, an average of 99.46%Sgap2based on

normalised RNAseq read counts), with negligible contribution fegpplor Sgpf38 (0.25% and
0.28%, respectively). A similar ratio, wigpp2dominant, was also found in RNA extracted from
gK2tS W/ NAYazy 2Bd.2NRQ Ff26SNR O0CA3TD

Using RGPCRSgppgene expression was measured in nectanyiched tissue of a wider range of
genotypes across three seasons, &gpp2gene expression again correlated with DHA accumulation
(Fig.2.4b, c, 9. DNA primers that effectively distinguished between the transcripts from the three
genes were not able to be designed at that stage. However, @gppland Sgpp3havenegligible
expression in the flower, the datepresented mosth5gpp2(Fig.2.5d). Further evidence of this is

the low transcript abundance of these genes ussgppgene specific primers for RPCR in 2020
(Fig.&2.5). WhenSgpp2specifictranscript abundance was measuradross seven developmental
stages of the flower, a peak was found at 3 days after flower opening2(5iy, which is just prior to

the period that shows the highest DHA accumulation (Clearveital, 2021).

2.4.4 An improved complete chromosomal scale assemblyLokcoparium/ NRA Y a 2 y
Df 2 NE Q

An unbiased QTL approach was used to complement the RNAseq differential transcript analysis. A

whole genome sequence for the scopariun® @@ W/ NAYaz2y Df2NEQ 6l a4 LINBJA
Thrimawithanaet al., 2019), but to facilitate the QTL analysis, we developed an improved version

OW/ NAYazy Df 2 tehdogéhanie saguence wak dssenlel using 6Gb of Oxford

Nanopore sequencing and 70 Gb of lllumina PE short read data. A genome assembly of 61 scaffolds

larger than 100kb was produced and spanned 294,018,319 bp in total @a#)eThe percentage of

complete BUSCOs and the LAI score were 97.2%&2Epand 10.75, respectively, indicating higher

O2YLX SGSySaa O2YLI NBR (2 .dleSontbrieking was dlsombré NBE Q D m d
accurate, based on improved collinearity withth the E. grandiggenome and the EC201xEC103

linkage map, and one contig was a complete telomere to telomere assembled chromoseGantii
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Figure2.5: Sgppexpression in different tissues and developmental staged eptospermum scopariurr(a)
Sgppl, SgppandSgpBwb ! 2 Slj G N} y & ONR LIi O2 dzyclléwers, satuie/ ahtdlyoGsg?
leaves, mature and young stems, and roots. The grey box indicates the area of the axis that is represer
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shaded area indicates the days after the flower opens that DHA is peaking (d&/based on Figur@bin
Clearwateret al. 2021, FDS6 and 7 in Smallfieét al. 2018). Error bars represent one standard deviation.
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synteny withE. grandigNCBI RefSeq assembly GCF_0165458&&a4 Jised to scaffold and orientate

the new assembly into 11 pseu®K N2 Y242 YSa 06 W/ NARFand.8fndeE Q GH dn O
3025638y S Y2RSfa 6SNB LINBRAOGSR AySgipk SOHA NA Y a ¥y ND ¥
Dt 2NEQ Omodn 3ISYy2YS 4l & vy 2 (Bgpplad part BISgpp3Hude R | Yy R 2y
W/ NAYazy Df2NEQ Gunodn 3ISy2YSgpBefesof SR FdzA f NBazf dz

2.4.5 ldentification of QTLs for DHA content in nectar

ve[ FylFfteara F2NI GKS 511 GNYAG 61 & LISNF2NXYSR dza A
over multiple years and genotyped with SNPs anchored to the newauoeaplete genome assembly

(Supporting Datase$?. In total, 766 SNP markers were polymorphic in the EC201xEC103

segregating population and were used for linkage map construction. Two parental maps of 12 linkage

INR dzLJA o[ DU aeyiaSyAaAd G2 GKS W/ NAYazy Df2NRQ 3ISy?2
totalling 996 cM and 767 cM for EC201 and EC103, respectively. LG8 and LG5 were split into two

groups for EC201 and EC103, respectively. QTLs were identified for nectar DHA concentration on LG9

and LG10 of the EC201 parent, and LG4, LG9 and LG10 of the EC103 pa2<ta dAid. Table2.1).

The chromosome 9 and 10 QTLs segregate from both parents of the population, while the

chromosome 4 QTL is inherited from only one of the parents, indicating that the high DHA allele may

0S FTAESRkK2Y21&32dza Ay (KS 20KSNJ LI NByidiod ¢KS 02y
Df 2NBEQ 3ISy2YS FadaSyoftée NIy3adISR FNRBY | LILINBREAYI (8¢ &

chromosomes Ls4, Ls9 and Ls10, respectively.

2.4.6 Sgpp2is in a QTL fonectar DHA content

After the QTL intervals were defined, the genomic locatioBgp2wvas determined; between
LR2AAGAZ2YA mMpZTtnpZIpyn YR MpITnHIdgcMm 0L2Yy GKS yS
locating with the LG4 QTL. Of the 586 genes in the interval that had >10 read counts in at least three
RNA samples (out of 834 total genes), at a stringent adjysiedue cut off at < 0.005gpp2wvas
the only gene significantly differentially expressed at the nectar secretion stage, and one of only
three genes differentially expressed at the prectar secretion stage. The other two genes at the
pre-nectar secretiorstage encode a protein of unknown function (gene model g18842.t1) and
LEUCOANTHOCYANIDIN DIOXYGENASE/ANTHOCYANIDIN SYNTHASE (ANS, gene model g18659.11).
ANS is part of the biosynthetic pathway of anthocyanins, the pigments putatively responsible for the
NBR O2f2dzNJ 2F GKS Ynydzlb KeLl yiKAdzYs FyR dzyf Al St
adjustedp-value cutoff at < 0.01, there were an additional four differentially expressed genes, none
of which have an annotation indicating clear potential in influencing the DHA trait (Supporting
DatasetS1)

43



(@
EC201_LG9 EC201 _LGI10 EC103_LG4 EC103_LG9 EC103_LGI10

Ls10_18467239
Ls10_18576246
Ls10_18576880

o 0.0 Lst_12121256 0.0 Ls9_709065 10 6045056
0.0 95004066 Lst 11912706 09 Ls9_164125 b/ £<io ‘18064594
11 Lo 713432 SN/ It 1912752 L9 35154 L0 iEMe 16T
17 3515 an 14035 - - St 3 i s 4612
4. Iig"vfé'éw 0.0 Ls10_14403500 861 [ rLst_14961603 13 Ls9_61938 10_1777272
b e inai 89 Ls714960242 L9 2620662 Il 17015318353
e s 9.0 Lst_14961332 16 | \ILs9_142066 il 110713973160
124 L9010 9.8 ~Y=f/ - Lst_14260068 j I _9s9180 1510 12588136
3 ; 44499 = 18 Ls9_2035691 k 10_8532376
184 Ls9_4958796 133 4= I V92052705 J 10-$0san6
9. Ls9 5173284 T s Y =N e il A i 10_907460
204 L9_5394652 18.1 ~]_|-Lsl0_13101340 . /— Lat feuseent e Lo _13%0752 i Ls10_s0s9200
:0'9 L0 5508744 202 ~ L ~Ls10_12467314 138 Ls-_l.(._ -f.‘- 44 L59_39<1.;9 g J Ls10_9069285
209 gt 232~ | ~Ls10_10638509 146 Lst_15567369 Ls9_:f_.:;9' i 110 s6se168
‘.'.6 S TeiD 23.5 T[> Lsl1_13230220 17.1 Ls4_15363003 134 Ls9_..’:?§ 44 I¥| 10_s5s0862
374 L9 6632715 25.6 || Ls10_10006182 172 Ls9_6857642 170 s6s3322
292 196844932 | 2 282 T 10_12242366 . Ls9_6363382 - 1510 8666252
343 L9 7584886 | > 308 =7 ™ Lst0_9009383 24.0 Lo 121324 Il Ls10_8310133
348 L9 7738152 359~ L-Ls10 7115139 i N— 263 L578178059 J Loi0 7226460
7738152 ek wm o s 31A] Lolst 1840462 30.5 Ls9_8712115 RiNLs10_7226655
37. Ls9_818095 372 Ls10_751395 375 /_iLs:_lS. 4780 [07870015¢ S e
38.5 L9 8334870 i 337804 3 1718551412 871372 s10_7227983
;'g.< g 4__{,.\ /leo_é-: 804 396 Lsd_1855141 Ls9_8713721 Ls10_7227693
40.5 8521971 453~/ Ls10_6235959 . | | \lLs9 8706625 20083
449 Ls9_1004114: L H 2703 30.6 2t Ls10_5629083
. ® 5l 183~ - Ls10_4877036 2 Ls9_8712988 Ls1075629213
- Ls9_10527593 o “hi; W2 b [ o s10_3629213
471 i R0ed 22 528 Ls10_4237173 f| |4 |Lso_s715628 L<10 75628986
¥\ 'L0_10529179 ss.oé Lsi0_+236721 M” hILs9” 8706282 L o siacsar
12\ 201009 532 N Lsl0_120870s Iy 1910913737 N a0 1577036
j Ls9_1060836 541 Ls10_4242859 425 Ls9_10935987 ~150979
48.0 \ Ls9_10628688 i - f Ls10_4599796
: L9 64.0 Ls10_2869780 528 Ls9_12486612 | 23
53.1 Ls9_11199208 iai217 - Ls10_4168736
22 = = 683 Ls10_218381 3 Lst 5687690 Ls10 4596139
53.5 Ls9_11239948 658 N1 /-Ls107 1486916 63.0 " fi- Ls10_459613
597 9_11394352 = aa0a i Ls10_4598034
Y. = J 23 | ¥/ Ls10_629393 1510 4242859
41 L's9_12858969 = 633065 i Ls10_424285
£ Ls10_633965 110 4205504
45 Ls9_12854010 = iaa i Ls10_4205704 g
= A 2.7 —~3=t—|Ls10_631348 Ls10 3617494
74.1 scaffold_23_303780 = 63792 ) 3617494
Ls10_637928 11073617449
75.7 scaffold_2 3674 -a e 3
4 3.0 Ls10_63792 6 3605500
76.6 Ls9_16973320 79.7 Lsi 7768147 B AT IEE
76.7 9_9840977 ~ - Ls10_2476824
) 76879
925
76876
2869780
1521077
b\Ls10_1078535
B ILs10 1482304
\ Ls10_1481619
b Ls10_1486920
Ls10_1486916
(b) .,
o ooce H L 4 oo e
~ L] < N J ocoe . 9 S 4 oge g
: o 000
% S 1 . [ 3% u:oo ..3:: oo:xo:oo .s.:'
o 0 0 00
= ] ::3; o Sa8vees, & L osossssee
m = g o | :o e0000 o | .0.0.0. .omoo
= ° o Q@ oo b 1 % ‘soe %o
0000000 : ..... :
q o L] z 0 0000 i
S 8 w o o = i o s
= e = X & oo ese o~ b ot
8 > L Cl ) S H
— = J L
g 7 8. s 3 & & o
2 o < So < o . < | v
. o
9 <1 & *
o .
< ] ° b
T Ca o oo © | g E
9
e
D <+ | L4 L]
o‘ T Ll T T T T
AA AB AA AB BB AA AB
SNP Ls4 11912706 SNP Ls9 6363382 SNP Ls10 5629083

Figure2.6: Quantitative TraitLocus (QTL) for nectar dihydroxyacetone (DHA) concentration inLbgtospermum
scopariumeEC20%EC103egregating population(a) Linkage maps of EC201 and EC103 showing the locations of QT
DHA concentration calculated using Best Linear Unbiased Prediction (BLUP) values. A linear mixed effects model
used to calculate the BLUP values for each genotype to more accurately estimate the genetic effects for improving
mapping.¢ KS YI NJ SNBRQ f20FiA2ya 2y GKS tAy1F3aS YILI I NB )
GKS W/ NAYaz2y Df2NRBQ @uodn 3ISy2YS FaaSyvyofte ONRIKGOD ¢
against the SNP markswith the highest LOD score on linkage groupMand 10located at positiors 11,912706bp
(EC103 = AB, EC201 = A4363382bp (both EC103 and EC201 = AB) &29083bp (EC103 = AB, EC201 = AR)

W/ NAYazy Df 2NE Q,9%ndds4D30 N YAGeRPEEVeln. Lsds linked to theSgpplocus.
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Table2.1: Quantitative Trait Loci (QTL) for DHA concentration in theptospermunscopariumeC20EC103

segregating population. QTL locations are calculated based on BLUP values and their locations are presented
according to the new 'Crimson Glory' v2.0 genome assembhe marker with the highest LOD score are

KSGSNRT @32dza F2NJ GKS LI NByd AyRAOFGSR Ay GKS 02t dzvy U

Marker with QTL peak
L. scoparium highest LOD % variance  location and
chromosome position (bp) LOD score explained interval (cM) Parental map
Ls4 11912706 3.53 12.7 0.5 (@& 25) EC103
Ls9 6363382 3.88 13.9 17.2 (& 30.6) EC103
Ls10 5629083 4.09 16.3 67.4 (4% 93) EC103
Ls10 7115139 3.86 21.5 35.9 (25.873) EC201
Ls9 6363382 3.58 12.8 24.6 (14.8 47) EC201

Candidate genes that could influence DHA content in nectar have not yet been identified for the QTLs
on LG9 and LG10, which contain 1,781 and 1,112 predicted gene models, respectively. Of these, a
total of nine and five genes in LG9 and LG10, respectively were significantly differentially expressed
(adjustedp < 0.01 and log2Fold change > 1.0, Supporting Dagibet

2.5 Discussion

2.5.1 Plant genetics is a key influence on nectar DHA accumulation

Understanding how nectar is formed and why it varies in composition between and within a species
is a question receiving increasing research atten{Raoyet al., 2017;Nepiet al., 2018 Prasifkaet

al., 2018{ f | @&t al.2n24). However, althougiprogress has been made on identifying the
genetic basis for variation of nectar volume (Gakliibal., 2006; Wessingeat al., 2014; Barstovet

al., 2022) or sucrose as a percentage of total sugars (Prasifita 2018),such knowledgés limited
for the othernectarcomponentsEnzymesnd/or candidate genes (Rey al., 2022; Magneet al,,
2023) and a QTL (Kostyemnal, 2019) have been identified responsible for nectar colow few
species but data orthe controlof productionof other metabolites is lacking, perhaps becauséhef
potential difficulties in obtaining sufficient phenotymadgenomic dataln this studypy growing
Ynydzl I LX I yi{a ¥NBivadoromaR éndironmentiaid cblibining nestareening
with genetic sequence analysis of a populats@gregating for nectar DHA contefdcilitated by a
new genomesequence assemblye were able to identiffQ TLsassociated withhis notablenectar
trait. The presence of QTemonstrated for the first time that the concentration of DHA in the
nectar ofL. scopariund Yny dzl I 0 A & dzy, iR addtiod ®gefhinggéhonticregians Brt

assisting with identificatioof associated causal genes.
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¢KS | O00dzydz F GA2Y 2F 511! Ay vy SOlieptadpermntimedhsyhdz] I | YR
honey which is highly valued boétisa food and medicinal product. The economic importance of

Ynydzl I K2ySeé KIa NBadzZ 6SR Ay Al o0SAy3a y2i4 2yfe 2
nectary biology and nectar traits have been studied in detail, but also one of the few species with
ANBSYsS LK2G2a8yUKSUGAO ySOUFENARSa (2 KI @S 0SSy OKI
nectar traits, including DHA content, can be highly varigbteallfieldet al., 2018; Noeet al., 2019;

Clearwateret al., 2021) making it challenginm previouswork to separate the relative influence of

plant genetics from environment on nectar composititoeet al, 2019)

2.5.2 A phosphatase gene candidate for control of nectar DHA production

Two complementary approaches, unbiased QTL discovery and differential gene expression analyses
on nectaries, independently identified a candidate gene associated withDiith production in

Ynydz | SespLLESgphRutatively encodes a phosphatase, based on sequence similarity to
the characterised\rabidopsigeneAtSgpp which dephosphorylates a range of phospsagar

substrates, including a triog€aparrésMartin et al,, 2013) LsSgpp2xpression was essentially

restricted to the flower (Fig2.5a), and in nectarngnriched tissue it had the highest transcript count

in the transcriptome, higher than the candidate orthologue 8WEET® a gene known to be highly
expressed in nectaries (Lem al., 2014, Tabl&3. Also in the top 10 most highly expressed genes in

the dataset were candidate cell wall invertase and sucrose synthase sequences, which could reflect

the highly active carbohydrate metabolism pathways typical of nectaries ($&ble

The complex locus that contaihsSgpp,lLsSgppandLsSgppdes within one of the three QTLs
found to contribute to the nectar DHA phenotydesSgppZranscript abundance correlated with
DHA accumulation, although we did not determine if this was reflected in a corresponding change in

protein abundance or enzyme activity.

Based on the RNAseq analykisSgpp#vas the only gene in the Ls4 QTL interval with significant
differential transcript abundance between higénd lowDHA genotypesaljustedp < 0.001).The
expression characteristics b§Sppgand the putative function of the encoded proteimhich would
directly affect theamountof free DHAIn the nectary make itthe strongestcandidate for the causal
gene underlying the Ls4 QTL for the DHA tHdtwever, it has not been rulealit that other genes in
the interval are responsible for, or @mntribute, to the phenotype. Almost 600 genes expressed in
the nectaryenriched tissue were present in thes4QTL intervalyith sixof thesedifferentially
expressedSupportingDatasetS1). Additionally,fourteendifferentially expressed genegere

identified in the LG9 and LG10 QTL intervalstherresearchwould berequired todraw conclusions
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on anypossiblerolesthesedifferentially expressedeneshave incontributing to thiscomplex

multifactorial trait.

2.5.3 A proposed role for SGPP2

AtSgppexpression is responsive to abiotic stresses, withiganic phosphateR)) starvation causing

one of the largest inductions of expressi@aparrésMartin et al,, 2013) In wider studies of HAD
genes, they have been found to be upregulated in response to Pi §8egset al., 2021)and

contain a high frequency of Pi responsdigelements in their promotergDuet al,, 2021) The
physiological function of AtSGPP is thought to be housekeeping detoxification, modulation ef sugar
phosphate balance and Pi homeostd§€aparrésMartin et al,, 2013; Heet al,, 2019) Based on
FylrfteasSa 27F Lidzil GAGS Sghpddrs, indiudilgyppYiLpiediced © alsbK S Y n y d
be responsive to changes in Pi status. [&8gppocus contains multiple P1BS motifs (GNATATNC),
which are the target element for the transcription factor PHOSPHATE STARVATION RESPONSEL1
(PHR1; Rubiet al, 2001). IMArabidopsisPHR1 has an important role in Pi starvation responses
including adaptation to high light stress and preserving photosyntlistier et al., 2007; Bustost

al., 2010; Nilssomt al., 2012).In particularLsSgpp2ontains high affinity variants of the P1BS
sequence (GAATATTC, Reagal., 2015) in both its promoter and first intron, which could enhance
transcription (e.g., Alekszt al.,, 2017).

In a proteome study, AtSGPP has been found to be associated with the plasma membrane along with
hundreds of other proteins, including other primary metabolism proteins such as the glycatysis
gluconeogenesiselated fructosebisphosphate aldolase and cytosolic trigagosphate isomerase
(Marmagneet al.,, 2007) both of which directly affect pools of DHAP in the cytoplasyingto their

roles in using and making DHAP. If LsSGPP2, which has aisisilitaopredicted localisation as

AtSGPP, is also in the plasma membrane then it would be appropriately located for facilitating

movement of DHA into nectar.

Based on our results and the data on AtSGPP function, we propose a model in which LsSGPP2
dephosphorylates DHAP, allowing DHA to move freely out of the nectaries into the nectar7Fig.

The proposed activity of LsSSGPP2 may be related to a role in Pi homeostasis during sugar production
and secretiorby the nectaryNectary celldhave rapid sugar phosphate turnover amadergo periods

of general oxidative stress as well as osmotic stress during nectar sedidiatiolson & Thornburg
2007).AtSGPP is associated with stress tolerg@aparrésMartin et al,, 2013) and it is possible

that LsSGPP2 assistsnaintaining appropriate Pi concentrations in different cellular compartments

during metabolic flux in a photosynthesising nectéiiggeder & Weber, 2006; Nilssenal., 2012)
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Figure2.7: Integration of SGPPRIK 2 & LIK | G I & S A y (i 2Leptdbrinlan
scoparium)nectar production model. (Developed from the proposed nectar
production model in Clearwateet al. 2021) In this modelthe nectary Hexose
phosphates (HexP) enter through subnectary parenchyma as well as from
photosynthesis from nectary chloroplastyi@ dihydroxyacetonephosphate DHABR
and gluconeogenesis). DHAP is exported from the nectary chloroplasts via the
chloroplastic Triose Phosphate Translocator (TPT). Some of this exported DHAF
dephosphorylated by SGPP2 to fordihydroxyacetone DHA), which then diffuses
into the apoplast and into the nectarAs LsSGPP2 has a simifasilicopredicted
location to AtSGPP, it could be associated with the plasma membrane.
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A possible explanation for thevolution of theunique trait of DHA accumulation could relate to
Leptospermur@lerance to nutrientpoor soilsLeptospermunis the main genus reported to have

high levels of DHA in the nectar of some spefigdliamset al, 2018) and it is centred in Australia

which has a high proportion of nutrient poor sdi@rians & Milewski, 2007The Australian flora

also has many unique features thought to have evolved in response to nutrient poverty, including

some related to nectar trait@Orians & Milewski, 200®) anydzl I 2FGSy 3INRgA 2y A\
are low in phosphorouéStephenst al, 2005) and exhibits highly plastic root architecture in

response to variable soil nutrient concentratiof@utiérrezGinéset al,, 2019; Burget al.,, 2021)

anydzZll Ffaz2 YFAyGlrAya NYLAR INRGUK SAGK O2YLI NI G
(GutiérrezGinéset al., 2019) behaviour that suggests efficient strategies to maintain sufficient Pi in

its tissuesPerhaps the accumulation of DHAniectaris a consequence of evolutionary changes for

toleranceof nutrient poor soils, rather than a response to pollinati@hated evolutionary drivers

acting directly on nectar composition.

2.5.4 Concluding comments

¢KS RIFGF O2yFANYXY 3ISYySGAO O2yiNRf 2F 51! 02y Syl
the biochemical mechanism of DHA accumulation. Further analysis can now be used to confirm

whether the LsSGPP2 enzyme does indeed release DHA from DHAP, as proposed. Understanding the
genetic basis of nectar chemistry opens opportunities for breeding for nectar traits, which could

contribute to increasing production of highl £ dzS YnydzZl I K2y Sé GKNRdzAK LI} |
LX Fyd YFGSNRAEFE® & | GNBIFada2NBR alLISOASa (2 an2NR
indigenousowned ancestral land, such breeding efforts would requiréncmvation and benefit

AKINAY3I gA0GK an2NA® ¢KS ve[a ARSYGATASR Yl & 0SS d
assisted selection, while DNA variants unique to plants growing on ancestral lands will preserve the
authenticity and unigueness of indigenous food products, while maintaining the resilience of local
S$O238aiG8Yad ¢KS W NAY&a2y DE2NBQ OnHon FaasSvyote oA
20KSNJ GNIXAGAa AY YnydzZll X AyOtdzRAYy3a (GK2AS @I fdzd of S
and nectar volume, and plant conservation, such as genes for resistaAcsti@puccinigpsidii

(myrtlerdza G0 +FyR FTRFELIWGFGAZ2Y (G2 OfAYIGS OKIFy3ISd LYLNE
FAdZNIKSNRAY 3 2dzNJ dzy RSNEGFYRAY3 2F Ynydzll ySOGF NJ LIN
specifically for species with green photosynthesising nectaries. Further work can establish whether

the same locus structure and gene expression patterns are found in bépospermunand

Myrtaceae species, and whether the proposed model of DHA accumulation is retained across the

Myrtaceae.
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3.1 Abstract

Leptospermeaeapecies (Myrtaceae) are shrubs that are often termed as tea trees in Australia and
that form the basis of honey and essential oil industri&fs. produced higkguality haplotyped

genome assemblies @audiumlaevigatumand Leptospermum morrisoniising higkfidelity long

read sequencing and syntefmased scaffolding against theptospermum scopariugenome. The

11 pseudechromosomes o6. laevigatumhaplotypes 1 and 2, and morrisonihaplotypes 1 and 2
covered 265 Mb, 255 Mb, 341 Mb and 322 Mb, respectively. These chromesmaieassemblies
were near complete, with complete BUSCOs of 98.3% and 97.98%lémvigatumand 97.1% and
95.6% foiL. morrisoniiand eight to seven contigs achieving telomere to telomerefdaevigatum
andL. morrisonijirespectivelyln total, 33,663 and 31,035 genes were predictet.imorrisonihapl
and hap2, respectively, where&s laevigatur@a K| LJ 248 LS4 KI R Oftheseco | YR
genes,18,121orthologuegroups were shared betwedroth speciesandL. scopariumThese new
genome assemblies provide an important resource for studying traits related to nectar and foliage

chemistry, and for understanding the genetic diversity of the species.

Keywords:Y muka, Myrtaceae, synteny; genome sequengihgptospermeae

3.2 Introduction

Leptospermeace is a tribe of the Myrtaceae family consisting of shrubby trees that are often termed

as tea trees, due to European settlers to Australia using their leaves to make herbal tea. Taxa in the
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Leptospermeae tribe include species belonging toltbptospermumGaudiumand Kunzeagenera.

They bear flowers with five petals that are white, pink or @l thefruit is a woody capsule. Tea

trees are hardy and can grow in moist soils, making Leptospermeae successful colonising species.

There are approximately 80 species of Leptospermeae, however the taxonomy in the genus is often
debated(Wilson and Heslewoq@023) Most species of Leptospermeae are endemic to Siatbt

Australia (mainland and Tasmania), however one species can be foAotearoaNew Zealand

(Leptospermum scoparidnand one in Malaysia and Indonedia ecurvum In addition to their

ecological importance as colonising species, shemospermunspecies have economic value.

While the honey produced from.scopariumin AotearoaNew Zealand & G SNXY SR davYnydzl | K
RdzS (G2 AG&a GNIXRAGAZ2YIT | yR OdzZeptogpernfuniodethey SOG A 2y
basis for Australian honeys. For example, the honey producedlfaptospermunspecies is often

known as jelly bush or lemescented tea tree honey. In Australlagptospermunspecies are also

the basis of a significant essential oil industry.

ThelLeptospermungenome is diploid witld1 base chromosomes (2n = 2x = gPrimawithaneet

al., 2019) although some polyploid forms have been descrifi@dknellet al, 2019) The genome is
relatively compact (~30fillion base pairs; Mpcompared to other plant species. Recent sequencing
of the L. scopariungenome( Thrimawithanaet al.,2019,Griersonet al.,, 2024, Chapter 2provided a
resource folLeptospermuntiology, in particular for understanding the genetic control of traits
relevant to the honey and oil industri¢&riersonret al., 2024, Chapter 2, and for understanding the

genetic diversity and population structure within the spedi€bagnéet al., 2023; Kookt al., 2022)

Here we used higfidelity longread PacBio sequencing to produce highality, near complete,
haplotyped genome assemblies of Australian speGiagdiumlaevigatumand Leptospermum
morrisonii Syntenyanalysis between both species and the genomAaitaroaNew Zealand

Y n y d4j. scopériupwas perforned test for building chromosomscale scaffoldsTranscriptome
sequencing data was used for predicting gene models and transposable elements. Orthologous
protein analysis was performed for identifying prot@oading genes unique to each species and

haplotypes.
3.3 Material and methods

3.3.1 Plant materialand DNA extraction

Gaudium laevigatunis known as the Australian coastal tea tree. The sp€o@sral range is from
Southwest Victoria to Southeast New South Wales and Northern Tasmania. It is naturalised in
AotearoaNew Zealandnd other parts of Australia, where it is considered a weed. Speciofés.
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laevigatumwere sourced from plant$ound in the coastal dunes near to WhangantearoaNew
Zealand39°56'24.2"S 174°58'44.0'E

Leptospermum morrisoris endemic to New South Wales. The species is used by honeybees to

LINE RdzOS K2y Sed ¢KS NBR F2tAl3IS 2NYFYSyidlt @I NASH
individual tree growing at the Plant & Food Research Palmerston Nortf#6r22'35.6"S

175°36'52.8"[E

Young expanding leaves were collected for both species. High molecular weight nuclear DNA was

purified as described by Hilar{a018)

Hypanthium tissue was collected fro& laevigatumandL. morrisoniflowers at approximately floral
developmental stage-8 (Smallfieldet al., 2018) as described in Griersenal. (2024 Chapter 2,
however the ovules within the top portion of locules were not removed. TiBekevigatum
hypanthium samples and fol. morrisonihypanthium samples were taken, and each sample
consisted of 10 hypanthia. RNA was extracted from the hypanthium tissue based on the CTAB
method from Gambinet al. (2008).

3.3.2 Transcriptome sequencing

Seven stranded Illumina mRNA libraries were prepared by Novogene (Hong Kong) fém the
laevigatumandL. morrisonihypanthium RNA and run using one Novaseq lane of 150bp paired ends,

with an average of approximately 24 million reads per sample.

3.3.3 Genomesequendng

Highfidelity (HiFi) Pacific Biosciences (PacBio) long read sequencing was produced using the Sequel®
I SMRT® Cell 8M system for both DNA samples at the McDonnell Genome Institute, Washington
University in Saint Louis, MI, USA. In total, 706,506 and 783,109 circular consensus sequencing (CCS)
reads were produced fdr. morrisoniand G. laevigatumtotalling 15,456,070,399 bp and

15,526,766,806 bp (approximately 51x coverage for both), respectively.

3.3.4 Genome assembly and quality checking

Contig assembly was performed for both sequencing datasets using h{fzienget al., 2021)

using default parameters. Assembly quality checking was performed using the assemiplgl€
(Rashicet al,, 2024) Adaptor sequences detected by the assemblyR&shicket al., 2024)were

chopped off. Contigs classified as contaminants (such as fung:ascomycetes, fung:basidiomycetes,

Pseudomicrostroma glucosiphilyinvere discarded. Contigs anchoring, orientation, and chromosome
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numbering were done by comparative genome mapping againsttiseoparium/ NA Ya 2y Df 2 NEB (

genome assembly versions CG_{@eersoret al,, 2024, Chapter 2

3.3.5 Syntenyanalysis for pseuda&chromosome scaffolding

The synteny analysis was carried agingminimap2 v2.24Li 2018pnd visuaBed with

NGenomeSyh. Firstly, the final curated assemblies were aligned to the 11 chromosomes in CG_v2e

dza ArgirEmapR-x asm®d ¢ KS Ff AJyyYSyida 6SNB FAEGSNBR gAGK 0
laevigatun) or 10KBI(.morrisonid I YR 02y @S NIi S GetTivdGerorhefyn.pl PaAdBka dza Ay
Ay (GKS bDSy2YS{ey LI O1lF3Sd ¢KS -ING a2y RiEAlgaysiNgsa 0a 2
of the synteny plots was used to join and orient thanorrisoniand G. laevigatunassembly contigs
intopseudeOKNR2 Y242YS aAl S a0l FFfF2ftRa GKIG FNB aeyidiSyac

3.3.6 Repeat and gene predictions

De novo transposable elements (TE) detection was performed for eachtyyagdioassembdis in
parallel using edta v2.2(@uet al,, 2019) Each hapléype was softmasked with the corresponding

TE library using RepeatMasker v4.h6ps://www.repeatmasker.ojgGene model prediction was

performed on sofimasked genomes using genePal (https://github.com/RRoidResearch
Open/genepal/), using supports of RiI%&q data fronhypanthium ofboth L. morrisoniand G.
laevigatum as well as liftoffi KS 3Sy S Y 2 R S(Thiimawith@naet al, 20490z] |

3.3.7 Orthologous proteins analysis

Orthologous analysis and species tree generation were based on the predicted peptide sequences in
each haplome, using orthofinder v2.5Bmms and Kelly 2015, 2019)

3.4 Resultsand Discussion

3.4.1 Genome assembly dbaudium laevigatum

Two haplotyped assemblies were produced@rlaevigatumThe initial assemblies f@.

laevigatumQa KI LJX 2@ LJSa oKl LW ™ ISypRementalyIFigB8.1, nd | YR HnAc
respectively, for a total of 302,808,981 bp and 270,392,341 bp, with N50 for the scaffolds of 21.5 Mb

and 12.5 Mb. This initial assemblasfed into the assemblyQC pipeline to check the presence of
FRIFLIGSNEE O2ydl YAYylryGas FraaSvyofe YSGUNROA FyR aey
genome assembly. One contign laevigatunhapl was trimmed. The assembly was then

scaffolded to achieve pseudmromosome length using synteny with scopariumThe final

assemblies foG. laevigatur®a KIF LJv YR KF LM FFGSNI NBY2@Ay3a 02yl

anchoring had 708 and 167 scaffolds (Tablg, respectively, for a total of 302,812,000 bp and
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270,396,241 bp. The N50 for the scaffolds were 23.9 Mb and 22.8 Mb, with half of the assembled
sequenced contained intsixscaffolds for both (L50) and 11 scaffolds larger than 15 Mb achieving
chromosomescale. In total, the 11 pseuethromosomes ofs. laevigatumhapl and hap2 covered

265 Mb and 255 Mb (87.7% and 94.4% of the total assembly for both haplotypes, respectively).
BUSCO analysis using the embryophyta_odb10 reference indicated that the chromssalme
assemblies were near complete, with complete BUSCOs of 98.3% and 97.9%. Analysis of telomeric
repeats using TIDK confirmed that the assemblies are-c@aplete and spanning entire

chromosomes. FdB. laevigatumeight out of the 11 scaffolds were telomet@telomere and

gapless for both hapl and hap2, and therefore can be considered as psbrainosomegTable

3.2). The remaining three scaffolds had one telomere at one end. Seven scaffolds had telomeric

repeats that were internal, i.e. not located at the chromosome ends.

Table3.1: Genome assembly metrics f@audium laevigatumand Leptospermum morrisonii

G. laevigatum G. laevigatum L. morrisonii L. morrisonii
haplotype 1 haplotype 2 haplotype 1 haplotype 2
Number of scaffolds | 708 167 722 238
Total assembly 302,812,000 270,396,241 379,818,864 343,205,770
N50 23,953,855 22,860,685 31,493,504 29,049,683
L50 6 6 6 6
Complete BUSCOs | 1586 98.3%| 1581 97.9%| 1566 97.1% 1542 95.6%
Complete and single| 1552 96.2% | 1550 96.0% 1510 93.6% | 1510 93.6%
copy BUSCOs
Complete and| 34 2.1% | 31 1.9% | 56 3.5% | 32 2.0%
duplicated BUSCOs
Fragmented BUSCOs 15 0.9% | 14 0.9% | 18 1.1% | 18 1.1%
Missing BUSCOs 13 0.8% | 19 1.2% | 30 1.8% | 54 3.3%
Total BUSCO group 1614 1614 1614 1614
searched

3.4.2 Genome assembly dfeptospermum morrisonii

Two haplotyped assemblies were producedlfomorrisonii The initial assemblies far morrisoni &
hapl and hap2 had 880 and 395 scaff¢ispplementary Fi@.1), respectively, for a total of
386,546,005 bp and 349,845,363 bp, with N50 for the scaffolds of 6 Mb and 4 Mb, respectively.
Eighteen and five contigs were removed frammorrisonihapl and hap2 respectively, due to

contamination according to NCBI FG% and Kraken2/Krona results. The cleangd. morrisonf2 &
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hapl and hap2 had 722 and 238 scaffolds, respectively, for a total of 379,818,864 bp and
343,205,770 bp. The N50 for the scaffolds were 31.4 Mb and 29 Mb, with half of the assembled
sequencs contained intosixscaffolds for both (L50) and 11 scaffolds achieving chromosuaie.

The 11 pseudehromosomes oE. morrisonihapl and hap2 covered 341 Mb and 322 Mb (89.9%
and 93.8% of the total assembly for both haplotypes, respectively). BUSCO analysis had complete
BUSCOs of 97.1% and 95.6%_fanorrisonii

Table3.2 Pseudechromosome assembly dbaudiumlaevigatum and Leptospermunmorrisonii.

Chr: chromosome; T2T: telomette-telomere; 1T: one telomere; *: internal telomeric sequence

G. Telomeric | G. Telomeric | L. morrisonii| Telomeric | L. morrisonii| Telomeric
laevigatum | ends laevigatum | ends haplotype 1 | ends haplotype 2 | ends
haplotype 1 haplotype 2
Chrl 21,003,270 | T2T 20,678,918 | 1T 25,889,885 | T2T 29,008,821 | T2T
Chr2 25,397,309 | T2T 23,904,347 | T2T 32,231,048 | T2T* 29,736,634 | 1T
Chr3 29,902,649 | 1T 26,715,370 | T2T 31,830,518 | T2T 29,503,176 | T2T
Chr4 18,678,803 | 1T* 20,026,561 | 1T* 29,946,940 | 1T* 25,558,253 | 1T*
Chrs 24,565,314 | T2T 22,860,685 | T2T 41,213,220 | n 24,312,826 | T2T
Chré 29,855,063 | T2T 29,083,629 | 1T 31,493,504 | 1T 33,585,923 | 1T
Chr7 23,953,855 | T2T* 23,987,127 | T2T 29,110,600 | T2T 31,430,387 | T2T
Chr8 29,553,281 | T2T 27,240,377 | T2T* 36,811,872 | T2T 38,097,710 | T2T*
Chr9 19,296,033 | 1T 18,870,950 | T2T 18,605,778 | 1T 25,276,758 | T2T*
Chr10 21,791,746 | T2T 21,259,159 | T2T 31,105,979 | T2T 27,140,084 | T2T
Chr11 21,889,327 | T2T 20,565,536 | T2T 33,052,471 | T2T 29,049,683 | T2T
Total 265,886,650 255,192,659 341,291,815 322,700,255
chromosome
scale
assembly

ForL. morrisonijiseven and eight out of the 11 scaffolds were telomieréelomere and gapless for

hapl and hap2, and therefore can be considered as psetdamosomegTable3.2). Three

scaffolds had one telomere at one end for both hapl and hap2, and only chromosome 5 missed both
telomeres in hapl (while still being the longest scaffold assembled with >41 Mb). Five scaffolds had
telomeric repeats that were internal. Internal telomeres were found for all four assemblies (both

haplotypes of both species) of chromosome 4.

3.4.3 Repeats and gene model predictions

Repeats predictions were completed in both haplotypes ofitheorrisoniandG. laevigatum

assemblies. In total, 166Mb (43.9%) and 139Mb71%).were repeat sequences in bdthmorrisonii
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assembled haplotypes, respectively (Takl®. This total number of repeats is larger than in Ge
laevigatumd Sy 2YS>X 6KAOK KI & mMncad o6op:0 FYR ymad 0o JE?
genome). This indicates that the larger genomé.afmorrisonicompared toG. laevigatunandL.

scopariuncan be attributed to a larger quantity of repeated elements.

Gene model prediction was performed on sofasked genomedn total, 33,663 and 31,035 genes
were predicted irL. morrisonihapl and hap2, respectively, where@slaevigatur®d K I LJX 2 (G & LIS a

30,563 and 30,422 genes.

Table3.3: Repeat and gene predictions in tH@audium laevigatumand Leptospermum morrisongenomes.

L. morrisonii L. morrisonii G. laevigatum | G. laevigatum | L. scoparium
hap 1 hap 2 hap 1 hap 2
Total assembled size 379,818,789 343,205,770 302,694,896 270,341,035 294,018,319
GC content 40.74% 40.57% 40.90% 40.93% 39.65%
De novo 166,750,051 139,897,441 106,016,252 81,220,902 87,194,611
repeats Base pairs | (43.90%) (40.76%) (35.02%) (30.04%) (29.69%)
detection and | (bp) masked
masking
Number of 33,663 31,035 30,563 30,422 26,419
genes
Number of 37,349 34,484 33,877 33,677 30,231
MRNAs
Number of 159,927 152,601 153,584 151,618 147,978
CDS
Gene model
predictions Average 2,456 2,534 2,538 2,502 2,998
gene length
(bp)
Gene length 96- 118,484 120- 61,399 114-88,847 96- 73,836 116- 133,809
range (bp)
Number of 15,188 13,254 12,543 12,694 9,629
single exon
genes
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3.4.4 Comparative analysis of predictegroteins in theLeptospermeae

A comparison of the predicted proteinslin morrisoniand G. laevigatunwas performed against
G§KSY&aSt @Sa Llsgopario(Fig 84). Among the total of 169,618 proteirnding genes in

the assemblies, 161,235 (95.1%) were assigned to 30,258 orthogroups and 4.9% genes as un
assigned singleton# total 0of18,121 groups were shared between all three species. There, 580 1
groups present i.. morrisoniand G. laevigatumbut absent fromy' n y dz] | ® B1ggrdugsd F £ = H
(3,367 and 2876 genes in hapl and hap2spectively) were detected in both hapypes and

specific toG. laevigatumwhile 1,857 groups (with 2,506 and 2,701 genes in hapl and hap2) in both
haplaypes and specific tb. morrisonii There were more groups,(B5) with orthologous genes in

L. morrisonit Y R Ynydz] I 0 @GlaevigatdmSompariri MER&3 groups that are common
AY Y ny d&]ldevidatyiibut absent fromlL. morrisonii The predicted proteins that were

different between the haplotypes of the same species are of interest as these may be variants that

segregate in the species and may be linked to trait variability.

283

@ Manuka_v2e
Glh1

{1 GIn2
@ Lmh1 297
@ Lmh2

18121

Figure3.1: Orthologue analysis of protein coding genes across in three Leptospermeae genome assem
Each ring represents a haplotype (Ghl, Gh2, Lhl, Lh&&ardium laevigatumand Leptospermum
morrisonii, respectively or the primary assemblyLéptospermumscopariun). The external numbers denot
the count of orthologue groups (OGs) shared by the coloured assemblies, while the number on each ri
represents the total of orthologous genes in the OGs. White sections indicate the absence of orthologo
genes within that specific assembly.
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Figure3.2: Species tree based on genonvdde orthologous gene analysi®Nodes were labelled with their
KASNI NDKAOFf 2NIK2f23dz§ 3INRdzZLIA O0bEUV | yR (GKS yc
leading to that node/species. Speci€daudium laevigatum(Ghl and Gh2) is separated from the clade
containing specieseptospermum morrisonand Leptospermumscopariumé b S¢ %Sl f I yR Y

Thephylogenetidree constructed from the amino acid sequences illustrated thataevigatum

branched away from the other two organisri&g.3.2), whileL. morrisoniandY n y' dz] I & KI NBR
common ancestor N2 with,805 supporting duplication events. Gene trees analyses revealed 32,341
hierarchical orthogroups (HOGS) at the root node of the species tree (NO). There4it8,Z5974

and 30,116 HOGs for nodes N1, N2 and N3, respecfie/new phylogenetic tree constructed

using orthologous genes confirms the expected phylogenetic relationship between the three species

in the Leptospermeae.

In conclusion, we have assembled and annotated reference quality genom@sléevigaturmandL.
morrisonij two Myrtaceae species endemic to Australia. Conserved synteny across Leptospermeae
genomes suggests high levels of genome stability among members of the genus. These genome
assemblies are useful resources for future research on the species biology, including studying traits
related to nectar and foliage chemistry, and understanding the genetic diversity in their natural

ranges.
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Chapter 4 Regulation ofSgpp2and the structure of

the Sgpplocus in the Leptospermeae

4.1 Introduction

Mn yka(Leptospermum scopariund.R. Forst et G. Forafctar containgariable amounts o&

triose sugax, dihydroxyacetondDHA. DHAs the precursor to Methylglyox@GO), the

antimicrobial compound underpinning thieghvalue of mnuka honeyand forming the basis of the
AotearoaNew Zealand honey industryhepresenceof DHA in nectar is@re trait and has only

been reportedin some species within the Myrtaceddnderstanding the basis of DHA production

KFa 06SSy I NBOSyild NBaASINOK F20dzad ! Y2RSt KI &
could explain the origin of DHElearwatetet al., 2021; Griersowrt al., 2024 Chapter 2)and a
phosphatase genesgpp2 has recently been linked to nectar DHA accumulatidn stoparium

(Griersoret al., 2024 Chapter 2).

ThelLeptospermungenus been shown to be polyphyle(Binkset al., 2022) Based on an analysis of
the entire tribe Leptospermeae (Myrtaceae), the genus has recently been revised and split into five
generac Aggreflorum AcetospermumGaudium Leptospermopsiand LeptospermunfWilson &
Heslewood, 2023 four of which contain species with DHA in their nectar. This trait until recently
was thought to be confined to the previously definegptospermungenus. However two more
nectarDHA producing species outside of the Leptospermeae have recently been idef@ifiedg
Darkoet al., 2023) These speciegricomyrtus serpyllifoliand Verticordia chrysanthabelong to

genera within the Chamelaucieae, which is the sister tribe to the Leptosper(iWéitsonet al,,

2001) The presence of DHA in nectar is a trait that has been found so far among a total of six genera
within the Myrtaceae family and is often observed in some but not all members of the geuch

as presence iW. chrysantha absent inverticordia pictg ObengDarkoet al., 2023) and presence in
Aggreflorum whiteiand absence iAggreflorum parvifloriunfWilliamset al., 2018) The recent
discovery of DHA producing species outside of the Leptospermeae highlights that there are many
species within these tribes with nectar that is so far untested for presence o ObkgDarkoet

al., 2023)

TheSgpp2gene has been recently linked to nectar DHA amounts stopariumand it resides
within a complex locus containing three duplicatedppgenecopiesof whichSgpp2s the highly
and differentially expressed copy linked to nectar OBAersoret al., 2024 Chapter 2)So far, we
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know that theArabidopsiggenome contains one copy of tlggppgeneand t has not yet been
established how manggppgenesthere are, or how they expressed in other DHA producing taxa and

the wider Myrtaceae.

Expression of th&gpp2gene is very high and flower specifidinscopariuniGriersoret al.,, 2024
Chapter 2) The mechanisms controlling gene expression and tissue specificity in general are complex
and often involve multipleis(e.g DNA sequence motifs) atrens (e.g transcription factors) acting
regulatory elements (See revieBshmitzet al, 2022; Marancet al,, 2023; Beerninlkt al., 2025)

The promoter of a gene is generally considered to be t2&ldp of the genome upstream of its
transcription start site (TSS) and contains the core promoter and the proximal pro(Safemitzet

al., 2022) The core promoter is the minimum sequence required to initiate transcription, and it
often contains kegiselements(Smale & Kadonaga, 2003he proximal promoter contains other
cisregulatory motifs that can enhance or repress gene expression through the binding of
transcription factors. Distaliselements include enhancers and repressors further from the target
gene that can be multiple megabases away and are brought into close proximity through chromatin
looping(Beerninket al., 2025) Many other factors can affect gene expression and transcript
abundance, such as chromatin accessibility and micrefbjgered degradatioriBartel, 2009;

Schmitzet al.,, 2022)

The genomes of twheptospermunspecies; Leptospermum morrisoniloy Thomps.), which
accumulates DHA in its nectar, aBdudium laevigatunfGaertn. Peter G. Wilsonyhich does not
accumulate DHA in its nect@Nilliamset al., 2018) have recently beeassembled (Chagné, Defg
Grierson, Chapte®). We aim to further understand the regulation of tBgpp2gene and the

structure of theSgpplocus within the Leptospermeae and wider Myrtaceae family. We report here
aninvestigation of theSgpplocus, with specific focus on the promoter®fpp2genes that are highly
expressed. Th8gpplocus, gene sequences, and transcript abundances were compared among three
Leptospermeae species. scopariumL morrisonij andG. laevigatum Conserved and unique
regions were identified between and within ti8gps, and regions and binding motifs unique to the
highly expresse@&gppgenes were identified. Within these were twebGx motifs, and a bZIP
transcription factor predicted to bind to them was identified as significantly differentially expressed
in the RNAseq dataset presented in Griersbal. (2024, Chapter 2), and was subsequently found to
co-locate with another of the QTLs identified in Griersaral. (2024, Chapter 2). The promoter

region within 13_eptospermum scopariugenotypes with varying DHA phenotypes was found to be
highly similar indicating further complex transcriptional regulation fine tudggp2expression

beyond this promoter region. THe morrisoniBgpp2promoter drivingVenudines ofPetuniaand
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Nicotianawere made to assess thangpp2promoterin vitro, and it was found to have strong

nectary specific expression.
4.2 Methods

4.2.1 Plant material

Plant material for the genomes used have been described previdusdggpariung Griersonet al.
2024, Chapter 2|.. morrisoniand G. laevigatunt, ChagnéDeng & GriersqrChapter 3). Fourteen
genotypes ol.. scopariunand Leptospermuntrosses were used for further analysis by PCR. The
genotypes and species selected and which aspects of this study they were used for are listed in

SupplementarylableS.1.

4.2.2 DNA extraction

DNA was extracted from leaf tissue using a rapid &B&Bd extraction protocol based @tewart &
Via(1993)

4.2.3 Nectar and nectary sampling, RNA extraction

As myrtaceous nectaries are generally not well delineatied wholehypanthium was sampleid

provide nectaryenriched tissueHypanthium tissue was collect&m L. morrisoniand G.
laevigatumflowers at floral developmental stage®(Smallfieldet al,, 2018)as described in Figure

2.1 within Chapter 2, however the ovules within the top portion of locules were not removed. Four
L. morrisonihypanthium samples were taken across two days and t@ekevigatunhypanthium
samples were taken in one day. RNA was extracted from nectary enricheddased on theaCTAB
method fromGambincet al. (2008) Each sample consisted of 10 hypanthia and had a paired nectar
sample taken from the same hypanthia. Nectar was sampled as described in Geieat{8024

Chapter 2).

4.2.4 RNAseq andRFgPCR

RNAsequencing (RNAsedjprary preparation and sequencingere completedby NovogengHong
Kong). Sevelllumina strandednRNAlibraries were prepared and run in oiNovasedane of 50 bp
pairedend read, resulting in an average approximately 24million reads per sample. Theads
were then quality checked with FASTQC (2Q)land adapter trimmed usinigstp (0.23.02)ThelL.
morrissoniiand G. laevigatumSgpploci genome sequences were obtained from their respective

genomes (Chagné, DelgGrierson, Chapter 3) arntlere manually annotated. Thguality trimmed

readswere mapped to their respective logsing STAR (v.2.7.1@obinet al, 2013) t A Ay S-NJ g A i K

ddt yia2RS DSyS/ 2dzyiaQo
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RNAseq was validated with-BPCRTo amplify from transcripts in a range of species, primers were
designed from conserved regions to matchSajpptranscripts. The primers f@gppand the

reference genedctinandrpl3 are listed in Tabl&.2 in Griersoret al. (2024 Chapter 2

4.2.5 Nectar DHA quantification

Nectar DHA was analysed as described in Griezsah (2024 Chapter 2)

4.2.6 Genome sequences for comparison

High quality genomes from throughout the Myrtaceae, as well as one from within the Myrtales, were
blasted for theSgpplgene (genomes and accession details are listed in B¢ If the genomes

were annotated those annotations were used, and if not 8gpplocus was then manually

annotated based o®sgpptranscripts for the species if present on NCBI or usind #@ospermum

gene sequences. Predicted whole genes (all exons and introns) were used to construct phylogenies
using MrBayes (v3.2.8&onquistet al, 2012)in Geneious Prime (v2022.0.1) using the default

parameters.

4.2.7 Promoter element analysis

The promoter sequences &gps from the three Leptospermeae genomes were compated (
scopariumO @® W/ N §Chaptér2, D.in@ridhi@ndG. laevigatunt Chapter 3). Approx 1kb
of the proximal promoter from eachsSgpp2.sSgppLmSgpp2LmSgpp3andGISgpR were
annotated with promoter elements using the plantCARE database (PlantCARE wiedtootet al,,
2002) The unigue conserved regions were also annotated with the newPLACE database (newPLACE
webtool: Higoet al., 1999) The promoter sequences were compareduySCLE (Edgar, 2004)
alignment followed by manual alignment of the sequences. Structural differences and conserved
regions were identified by pairwise alignments and annotations, followed by alignment of all five
promoter sequences to identify the regions unique to the highly expreSggpg® promoters (.
morrisoniiandL. scopariumas discussed further below), and conserved across all five promoters
(defined here as >85% identical). Motifs unique to the highly expreSgpg2poromoters were
identified through comparison of conserved unique regions, as well as motifs present only in the

highly expresse®&gpp2giue to single nucleotide polymorphisms (SNPs).

The RNAseq dataset published in Griersbal. (2024) was searched for significantly differentially
expressed transcription factors of types that might bind to motifs identified in the unique conserved
promoter regions. These were identified by literature search of the annotations and motif sequences

from the plantCARE and newPLACE databases.
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4.2.8 PCR amplification of locus

A series of PCRs spanning 8gpplocus were conducted to sequence the locus in a range of
Leptospermungenotypes $ee Supplementary Tablest.1, $4.4 and S45). Product lengths ranged

FNRY MPT (2 cdplod adzAf GALEXS t/w LINAYSNER 6SNB RS
Df 2 NE Q @K ChapteBZ3 yidvisBniandG. laevigatumgenomes; Chapter 3), and different
combinations tried for each genotype. The PCR reactions resulting in the cleanest, ideally single band
product were chosen for minlON sequencing. PCRs were done using iProof (BioRad), with further

information in Supplementary Tald&44 and S45.

4.2.9 MinlON sequencing and assembly

A total of 64 amplicons were sequenced across three qumsing one FLAINO6 flowcell and one

FLOMIN112 flowcelk on a Mk1B minion device (Oxford Nanopore Technologies). The protocol

followed and kit used was ligation sequencing of amplicons using native barcoding (NBD112.24,

Oxford Nanopore Technologies). In brief, the protocol was as follows: Amplicons wepeegmid

dzaAy3a GKS b9.bSEG ' tdN} LL SyR NBLIANKR! GFAfAYS
instructions. DNA cleanup was performed using an equal volume of Ampure XP (Beckman Coulter)
0SIRA a LISNI YIydzZFlI OGdzZNENEQ AyadNHzOlGA2yad ¢KS ol
Master Mix (New England Biolabs, M0367) and pooled into alllAWA LoBind tube (Eppendorf).

The pooled barcoded libraries were then cleaned using 0.4x volume of Ampure beads. Adapters were

then ligated using the NEBNext Quick ligation Reaction Module (E6056) and then cleaned with 0.4 x
volume of Ampure beads. The library was quantified on a Qubit fluorometer (Invitrogen) using a

dsDNA HS kit (Invitrogen, Q32851). Approximately3finol (depending on average length of

amplicons within each run) was then loaded onto the flowcell. The flowcell was loaded according to
YIydzZFl OGdzZNBNRE AyadNHOGA2yas FyR NIy F2NI L4 St 3
The FL&MIN112 flowcell was washed using the Flowcell Wash Kit{EXHP004) and reused.

Sequenced amplicons were basecalled and sorted into barcodes using Guppy (versigp®).4.6

Nanoplot (nanopack v2.2.2) was used to visualise reads, and Chopper (v.0.6.0) was used to trim the

reads and filter based on quality to result in at least 100 high quality reads (Q scores used were

between 20 and 25, with an average of 23.5). Consensus sequences were assembled in Geneious

t NAYS OOHANHHOAOMOST 6@ YIFLLAY3I NBI Retal @4 6 KS W/ NX Y
Chapter 2) and manually extracting each haplotype. Reads for each haplotype were then aligned,

and a consensus sequence extracted.
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4.2.10 Construct design

Promoter sequences were identified through blasting teptospermum morrisorgienome
(Chagné, Deng Grierson, Chapter 3yith sequences for th€etuniahybridaNecISweet9(from Ge
et al.(2000),AF313914.1andLsSgpp®@enes. Th&nNecISweet9promoter was based on the
length ofNeclpromoter as described in G al.(2000), and thé.sSgpp®romoter encompassed
the conserved regions betwedmSgppandLsSgppdromoters. TheemSgppgromoter-Venus
(3.36kb)andLmNecpromoterVenus(2.53kb)expression cassettes in pUC57 were syngeelsby
GenscripUSA) Both expression cassettes were then cloned into pART 2Xdiabacterium
tumefaciengAgrobacteriunyrmediated transformatiorThe resulting plasmids were term@&EG53
(LmSgpp2promoteYenusOC&rminator) and pEG54 (mSweet9promote¥enusOC&rminator)
(Supplementary Fig4.1).

4.2.11 Transformation protocol

PetuniaO @ W a APétinia 8xilldri® P. &xillarisk P. hybridd) andNicotiana bethamianavere

grown in greenhouse conditions and young leaves were takeAdoobacteriuramediated
transformation. The leaves were sté&dd by submersion in 10% bleach wilveen20 for 10 mins,
swirling occasionally. The leaves were rinsed three time4ilirQ water and then blotted dry. Leaf
discs were made using a 5mm Ra@idre biopsy punch (ProSciTech) and placed on cocultivation
media for 4 days (media contents listed in Supplementary T&h®. When theAgrobacterium

cultures reached anefy of 0.6:08, they were pelleted and resuspended in 50ml minimal media +

H N M=acetosyringone to anefo of 0.203 and incubated with shaking for&hours at 28. Leaf discs
were incubated in 25mAgrobacteriumcultures for 5 mis, then blotted with sterile tissue paper and
plated back onto cocultivation media. Uninoculated regeneration and kill controls were also plated
on cocultivation media. Leaf discs were then cocultivated aCX2r 3 days. Leaf discs were then
transferred to selective media (with kanamycin for pEG53 and pEG54 treatments and kill controls)
and regeneration media (regeneration controls). Each plate was transferred to new media every 3
weeks, and shoots were harvested as they arose into tubs of the same media to continue to grow.
When shoots were at leastZcm, they were transferred onto selective rooting media (treatments)
or regeneration rooting media (regeneration controls). After 3 to 6 weeks, rooted shoots were

exflasked into the greenhouse.

At least 20 independent lines for each treatment were exflasked and an approximately 1kb portion of

the T-DNA insert amplified by PCR to check they were transgenic.
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(2)

1kb

POM el [ 50ppS bb [$Sgpp? i LsSgpp]  ——
PGM ! . T— - T— T— e LmSgpp2 e LmSEPp] e
PGM i GISgpp2 e GlSgpp]  —

(b) AtSgpp1

— GlSgpp1

1 LmSgpp1

| { LsSgpp1

—— GlSgpp2

: ® LsSgpp3

1 ® LmSgpp3

051 LmSgpp2

LsSgpp2

0.08
(C) Residue 60 70
Consensus G FNGG P T F F N G N A
LmSGPP1 GFNGG PI1 T|EDFF E N A G K H|N E 1 A
LmSGPP2 GFNGG P I T|EDFF E N S G K HN E I A
LmSGPP3 GFNGG PI1 T|EDTFF E N S G K HN E I A
LsSGPPI1 G FNGAG P I TIEDTFF E N A G K HIN E I A
LsSGPP2 GFNGG PI1TIEDTFF E N S G K HIN E I A
LsSGPP3 GFNGGAPTIT|EDTFF E N S G K HN E I A
GISGPPI1 GFNGG PI1 TIEDFF E N A G K H|N E 1 A
GISGPP2 GFNGG P I T|EDFF E N S G K HN E I A
Loop >

Figured.1: Sgppsin Leptospermeae. (a) Locus structure in Leptospermeae genomes sho8gpgl Sgpp2 and
Sgpp3where present.Pgm(phosphoacetylglucosamine mutase) is the gene flanking 8gpplocus (b) Whole
gene sequence phylogeny of Leptospermeagprs. Sgppl Sgpp2and Sgpp3sequences fromeptospermum
morrisonii, Leptospermumscopariumand Gaudiumlaevigatumwith ArabidopsisSgpplas an outgroup.
Phylogeny created using in Geious (v2022.0.1)with the MrBayes plugin(v3.2.6,Ronquistet al., 2012. (c)
Alignment of the residues from 578 ofthe SGPPH present fromL. morrisonij L. scopariumand G. laevigatum
Motif 5 and its preceding loop are indicated.
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4.2.12 Visual screening and imaging of transgenic lines

All lines were visually screened for the presence of fluorescence in the nectaries and floral parts. For
LmSgpp@romoterVenusand LmSweet9promoteYenusPetunig developmental series (stage 1 2

and 3) images were taken of the nectaries from three liféaral developmental stages were based

on Geet al. (2000) and are defined asStage 1short (24cm) closed corolla, white nectary; stage 2:
elongated (56cm) closed corolla, yellow nectary; and stage 3: elongatéiti{®) open corolla, yellow

to orange nectary (Get al. (2000)stage 3 and 4 combined¥orLmSgpp@romoterVenusand
LmSveet9promoterVenudransformedPetuniaand Nicotiang three lines for each treatment had

stage 3 flowers imaged 3. YFP fluorescence was viewed with a YFP filter and blue light. Paired white
light and bludight (with YFP filterimages were taken on a Leica caméd&%5Q) on a Leica

dissectionmicroscope 205FA.
4.3 Results

4.3.1 Differences in theSgpplocus betweenL. scopariumL. morrisoniiand G.

laevigatum

TheL. morrisonigenome contains all threBgppgenes as described in Griersstnal. (2024 Chapter
2), andG. laevigatunonly has twoSgppcopies,Sgppland Sgpp2Fig 4.1a). The threeSgppk clade
together, and theSgpp2sand 3s clade togetherHig.4.1b), and in both clades th€ISgpp clade
separately reflecting that the twheptospermunspecies share a more recent common ancestor
compared withG. laevigatumWithin theSgpp23 clade, all thd_eptospermum Sgppsade together
indicating that the duplication event that gave riseSgp may have occurred after their separation
from Gaudium The substrate specificity motif is identical within theptospermun8GPP2s (MSGKH)
and SGPP3s (ISGKH), but GISGPP2 has a change to Valine at position 6&if/&GHH,

4.3.2 Two Sgppgene copies probablyhe ancestral trait within the Myrtaceae

MyrtaceaeSgppgene phylogeny is shown kgure 4.2, with nodes annotated with Bayesian
posterior probability (PP). Posterior probability above 0.95 was considered a strongly supported
clade. AllSgpp3 within Myrtaceae clade together with strong support (PP=0.95), and within that,
the Leptospermeae trib&gpps clade together (PP=Eig.4.3). AllISgpp2 within Myrtaceae clade
together, along witlSgpp3. Leptospermunsgpp? and3s clade together (PP=Eig.4.2). The
EucalyptussgppZand 3 clade together, indicating a probable separate duplication from the
Leptospermunsgpp3duplication Fig.4.3). Gene phylogenies across both Bgppland Sgpp23
clades reflect their overall phylogenetic relationships within Myrtacéag.4.2 and Fig4.3).
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Figure4.2: Whole gene sequence phylogerigcussing orMyrtaceaeSgpgs. Sgppl Sgpp2and Sgpp3
sequences fronPunica granatumMelaleuca quinquenerviaSyzigium mairePsidium guajavaRhodamnia
argenta, Leptospermum morrisonjiLeptospermum scopariupGaudium laevigatumCorymbia calophylla
Eucalyptus grandisand Eucalyptus guilfoylewith Punica granatunrepresenting a Myrtales species, and
ArabidopsisSgpplas an outgroup. Phylogeny created using in Genei@u022.0.1)using the MrBayes
plugin (v3.2.6,Ronquistet al., 2012. Nodes are annotated withbayesian posterior probabilities, highly
supported nodes (PP 0.95). The variable residues from the substrate specificity motif (positions 69 and
see Figure t) are indicated next to each gen&he orange circle indicates duplication 8gpplto Sgpp2 and
the greencircles indicate the two independent duplications &gpp2to Sgpp3.

The presence of botBgppland Sgpp2across most of the Myrtaceae included here indicates that

the presence of a secorfsgppcopy is probably the ancestral state of this claBig@.3). The

presence of DHA in the nectar of many species within the sister tribes Leptospermeae and
Chamelaucieae suggests that nectar DHA is the ancestral trait for that clade. The lack of DHA in the

nectar of many species within these tribes also suggest that the ancestral trait has often been lost.

All Sgpp5 retain the motif 5 sequence of IAGKHD(4.2) and allSgpp2 have thealanine toserine
shift at position 69 supporting a shared evolutionary origin. iBb&ucine tamethionine shift at
position 68 appears to have occurred within theptospermunsgppZlade, after the duplication

event that producedsgpp3
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Figure4.3: Relationships within the Myrtaceae. Genera or species are included based on their inclusior
the Sgpptree (Figured.2) or known presence or absence of DHA. The Leptospermeae clade has many
species with reported DHA that are not included here. The coloured circle indicates the demonstrated
presence (green) or absence (orange) of DHA within a branch, as well as hypothesised presence of DI
(light green) or absence (light orange). The numberSgps within the locus is indicated above the taxa
label. If currently unknown, is marked with ??.
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4.3.3 Expression patterns abgpp2 high inL. morrisoniiandlow in G. laevigatum

RNAseq transcript counts indicated high levelSgpp2expression (read counts averaging 232,189)

in the L. morrisonihypanthium, which was validated with f§PCRKig.4.4). The transcript levels of
LnmSgppl(average of 2,122) arldrSgpp3average of 2,376) were low in comparison. The
laevigatumSgpp2ranscript levels were also low in comparison to thraSgppZaverage 1,166),

which was also validated with RIPCRKig.4.4). The transcript levels @ISgppivere similar to
GlSgpp4average of 949). The results of the transcript abundance correlated with the DHA amounts
found in the nectar of each sample. (morrisoniaverage nectar DHA = 4.21mg/g suar,

laevigatumnectar DHA was below the quantitation limit of 0.02mg/g suBay,4.4)
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Figure4.4: Gene expression data fdreptospermum morissonédnd Gaudium laevigatunt, mapped to their
own genomes, and validated by gP@Rising primers designed to amplify 8gpps RNAseq normalised
countsfor the three Sgppsare indicated bythe squares, circles anttiangles and use thdeft x axis. Total
Sgppsas assayed by RJPCR aréndicated by the diamonds, and use the right x axis.
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Figure4.5: Approximately 1kb of the promoter sequence @éptospermummorrisonii, Leptospermum
scopariumand Gaudium laevigatum Sgpp2and Sgpp3sequencesHighlighted arethe regions conserved
within and between the promoters of each gerend structural differences (generally defined here as
insertions/deletions overl5bp, except for 7bp shared between the twioeptospermuntSgpi2s).

4.3.4 Sgpppromoter sequences ih. scopariumL. morrisoniiand G. laevigatumhave

structural differences and unique motifs

There were similarities withiBgpp2promoters and betweersgpp2and 3 promoters Fig.4.5).

Three main regions are unique to the highly expresSgpp2promoters¢ meaning they are in both
Leptospermunsgpp2sequences and not in th8. laevigatunSgpp2or either Sgpp3sequence. The

unique regions are 169bp in total and start 348bp from first exdn scopariunand 188bp from

first exon inL. morrisonii They consist of 7bp, 40bp and 122bp conserved stretches, with two 16bp

inserts between themRKig.4.5). These regions contain multiple conserved maifotably two G

boxes GACGTQAnd a GT1 (GRWAAWhe Gbox was the only one of the two types of motifs
ARSYUGAFASR GKI G ¢ &y Sypp3ILINGeal® yhiiltipld @TbiddiagsitdsINdhiv 2 G S NJ 2
the first kb of promoter for each 6, 9, and 11 ihsSgpp2 GISgpphdLmSgpp2espectively, and 8

and 11 inLsSgpp&ndLmSgpp3espectively.

One region is also shared among all th8gpp3, located within the TR at 25bp from the first
exong it is 46bp long, which alters the length and content of thdER. This change could affect
gene transcription and/or mRNA stability and translation efficigi@rwastavat al,, 2018) The P1BS

high affinity motif GAATAT T)@iscussed previously in Griersehal. (2024 Chapter 2) is also present
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only in the proximal 1kb of the promoter of the highly expresSgpp2 ig.4.5) due to multiple

SNPs. However, there are also multiple additional P1BS motifs (GNATATNC) further upstream in all
five Sgppsequences between flanking genes arfeigps there are a total of three P1BS motifs in
GISgpp2LmSgpp2LsSgppand LmSgpp3and four inLsSgppZnot shown inFigure 4.5, as they are

further upstream).

4.3.5 bZIP transcription factor in QTL for nectar DHA

As we had identified BGox motifs that are bound by bZIP transcription factors, the RNAseq dataset
described in Griersoet al. (2024) was searched for significantly differentially expressed bZIP type
transcription factors. A bZIP gene (gene model g19850.t1) was identified as being significantly
differentially expressed between higbHA and lowDHA lines (adjustepd= 0.0065), with average
normalised RNAseq read count of 3,120 in HIhA lines and 2,266 in |lelHA lines. The gene
model g19850.t1 Swiddrot annotation was OCS1 MAIZ&n OCS element binding factor, and the
TAIR 10 annotation wasT4G34590.¢ a bZIP11 type transcription factdihe maize OCS1 has been
demonstrated to bind to the CREB binding sjtghich is identical to the palindromictidx/Gbox
(Singhet al, 1990)that is present only in the highly expressedpp2promoters.

The location of g19850.t1 was between 2,914,936bp and 2,915,396bp on chromospwiadh is
within the Ls9 QTL for nectar DHA identified in Grieedoa. (2024- Chapter 2). The elmcation of

this differentially expressed transcription factor with a QTL for nectar DHA suggests it has a role in
DHA production, probably by enhancing or inducing the expressiSgmb2hrough binding to the

Gbox motifs present in its proximal promoter.

4.3.6 Sequence ofgpp2gene inLeptospermungenotypes

In the 14 genotypes sequenced for tBgpp2gene (11L. scopariungenotypes, five with two
haplotypes and thre&. scopariuntrosses, Tablg.1), there was a high amount of sequence
similarity between the lines, with the most variation found within the final intron. Withinlthe
scopariumgenotypes, there were 98.9% identical sites in exons and 99.8% pairwise identity. In the
whole gene, there were 83.6% identical sites and 96.2% pairwise identity. Most variability was
observed in the final introq with 58% identical sites and 88.8% pairwise identity. In the whole gene
there were a total of 111 SNPs and indels. When the threszopariuncrosses were included in the
alignment there were 95.9% identical sites in the exons with 99.4% pairwise identity. In the whole
gene there were 55.8% identical sites and 92.7% pairwise identity. Again most variation was
observed in the final introg with 8% identical sites. There were a total of 199 SNPs and indels.

Introns can enhance gene expression and the changes in sequence of the final intron do alter the
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motifs present. However, there is no obvious cosegregation between intron sequence and nectar

DHA in the present dataset.

4.3.7 Promoter region inL. scopariumgenotypeshighly similar

In the 13 genotypes sequenced for the promoter [12Zcopariungenotypes- six with two

haplotypes, ond.. scopariuntross,TableS2.1) there was a high similarity between the lingwith

96% identical sites and 99.4% pairwise identity in 1kb of the promoter and 93.2% identical sites and
98.9% pairwise identity in 3kb of the promot&here were a total of 101 SNPs and indels in the 3kb

of promoter. In the 169bp of conserved regions in the highly expressethtdid m Sgpp2

conserved regions identified in the previous promoter sequence anabigig 5), there were 96%
identical sites and 99.2% pairwise identity. Only one sequemr® of two haplotypes in 1N41y/
contained a SNP in one of theb@x motifs. There was no obvious cosegregation between nectar

DHA andsgpp2promoter sequence differences in this dataset.

4.3.8 LmSgppdromoter induces nectary specific YFPRetuniaand Nicotiana

transgeniclines

In both Petunia(Fig.4.6) andNicotiana(Supplementaryig.$4.2) transgenic lines, themSgpp2

promoter directed strong YFP expression in the nectaries, indicating that elements within the 3.3kb
of the promoter used are key to the strong nectary specific expressi@g@i2 The developmental
series inPetuniatransgenic lines showed YFP fluorescence in the nectaries of all three stages, with a
peak in fluorescence in stage 2 nectaries, just prior to nectar secretion and corolla ogegidd(

a, b andc). TheLmSweetpromotertransformed lines had variable fluorescengwith the majority

being faintly fluorescent in the vasculature rather than in the nectkig.4.6d ande,

SupplementaryFig.S43)

In theLmSgpp@romoterVenusransformedPetunialines the transgene was detected in 15 out of
20 lines, and in themSweetpromoterVenudransformed lines, 8 out of 20 had the transgene
detected. In thdemSgppRromoterVenusransformedNicotianalines the transgene was detected in
5 out of 5 lines assessed, and in ttraSweetpromoterVenugransformed lines assessed, 3 out of 3
had the transgene detected. No transgenes were detected in the regeneration controls of either

species.
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(d) T2R1-3 (f) T3R2-10

Stage 3

Stage 1 Stage 2

Figure4.6: Nectaries of transformedPetuniaat three developmental stages under white artdlue light (with YFP filter)(a, b
and c)LmSgpp2dromoter ¢ Venustransformed lines at stages,? and 3, scale bar 1mm. (d,ejnSweetPromoter ¢ Venus
transformed lines at stages,P and 3. scale bar 1mif) Untransformed regeneration controline at stages 12 and 3 (g)
Example of floral developmental stages, scale bar 1dtectary tissue (orange) indicated with arrow in (f).
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4.4 Discussion

4.4.1 Presence oSgpp2probably ancestral in Myrtaceae with multiple loss of function

events

Within the Leptospermeae tribé,. morrisoniivas found to have &gpplocus structure and gene
expression patterns similar to. scopariuniGriersonet al.,, 2024 Chapter 2), whilés. laevigatum

was found to contain only tw8gppcopies, and th&ISgpp2vas not highly expresseéif.4.1 and

4.4). The absence of a highly expresSmghp2n G. laevigatuntould explain the lack of DHA in that
species Establishing thabgpp2expression correlates with DHA amounts in two further
Leptospermeae species provides further evidence that this gene is responsible for DHA production.
Sgppgene phylogeny indicates that presence of 8gpp2gene is the ancestral state of the

Myrtaceae lineageNig.4.3). Furthermore, a thir&gppcopy occurs within théeptospermunand
EucalyptugFig.4.2). Eaclsgpp3clades more closely with thegpp2within its genus, so is therefore

likely to have resulted from independent duplication events within each of these lineages.

Leptospermeae and Chamelaucieae are strongly supported sister (elgpd/ilsonet al., 2001) and

the presence of the nectar DHA trait has so far been detected within members of seven genera (e.g.
Fig.4.3). We hypothesise that the last common ancestor of these sister tribes probably had a highly
expressedsgpp2 and this high expression has been subsequently lost repeatedly throughout these
clades. We do not currently have genomic sequence for many members of these DHA producing
species, and none for those outside theptospermungenus. Further investigation in®gppgene

number and expression in these species could help to validate this hypothesis. Interesting genera to
examine would bé&/erticorda and Aggreforum, where nectar testing to date indicates both the
presence and absence of nectar DHA within each g@niliamset al., 2018; Obendparkoet al,,

2023) The repeated loss of this trait is the most parsimonious explanation and makes sense if
selection for it varies in its pressure in different environments. While we have hypothesised that DHA
in nectar is a byproduct of phosphate homeostasis, there may be other adaptive significance that is

still unknown.

4.4.2 bZIP transcription factor could be involved in the high expressiorsghp2

The promoters oSgpp2and Sgpp3share many conserved regions (A®), so the elements
contributing to the high nectargpecific expression &gppZare likely to be in the few regions
unique to its promoter. The identification of twalidx motifs within these sequences could explain
the high expression of thesegpp3. Cboxes are a type of ACGT box bound by bZIP type

transcription factors, which have diverse roles that include involvement in photomorphogenesis,
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signal transduction, and specialised metabol{$tanet al., 2023) The bZIP family is one of the

largest transcription factor families in plants and is involved in a range of pathways, including those
involved in light response and hormone signaling. The differentially expressed bZIP transcription
factor identified (gene model g19850.t1) is annotated with an OCS element binding factor that has
been experimentally demonstrated to bindd®x motifs(Singhet al, 1990)identical to those

identified in theLsSgpppromoter region. Whether the bZIP11 transcription factor does indeed
interact with the Gbox motif would need to be demonstrated experimentally, but the fact it is
significantly differentially expressed and located in a QTL.&gopariumnectar DHA suggesit

could be involved.

The transcription factor identified is a homologA¥4G3459@bZIP11/ocsl) and its highest

expression irArabidopsiss in flowergArabidopsis Information Resoure@AIR. Itbelongs to the S1
subgroup of bZIPs that have roles in plant growth and developmespecially seed maturation,

root growth and floral developmer{tVanget al,, 2022) StbZIP overexpression induces sugar

related gene expression and increased sugar cor(fEmtloret al., 2012; Wangt al., 2022) Sucrose
synthaseranscripts increased in bZIP11 overexpression ljialoret al, 2012) and expression of
bZIP11 has been shown to be involved in activation of genes involved in metabolism of minor
carbohydrates such amyo-inositol and raffinoséMaet al., 2011) In the RNAseq dataset from
Griersonet al., (2024 Chapter 2) Sweet9 CWINand SUS4 Sucrose Synthasge among the top 10

most highly expressed genedemonstrating that carbohydrate metabolism pathways are highly

active in this tissue. S4ZIPS are unique as thelfrBRNA leader contains a conserved upstream

open reading frame (UORF). The translation of the main open reading frame (mMORF) is mediated by
sucrose concentrations: high sucrose levels enhance ribosome stalling on the uORF, which results in
reduced translation of the mORRahmankt al., 2009) Our RNAseq analysis measures the

transcript abundance within the hypanthium tissue, but we do not know how translation of the
bZIP11 transcripts would be affected by sucrose concentrations within the hypanthium tissue, or

more specifically, within the nectary tissue itself.

4.4.3 Highly similar promoter sequences withineptospermungenotypes with range of

DHA phenotypes

Within the Leptospermungenotypes with varying DHA phenotypas found very little variation in
the Sgpp2promoter, or the remainder of the genélowever, all promoter sequences in the analysis
are from DHA producing lingsvarying in the amount of DHA present rather than the binary
presence or absence of DHA. ExpressioBgpp2s relatively high even within low DHA lings

average normasged counts were still higher than that Sweet9within the low-DHA transcripts
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(Supplementary Tabl&2.3 within Griersoret al. 2024, Chapter 2). Further attempts to sequence the
promoters in species producing no DHA would help to establish if the regions and motifs we have

identified are essential for the expressionSdpp2

The lack of variation in the promoter coupled with thelooation of theSgpplocus with a QTL for
nectar DHA suggests more complex transcriptional regulati@gpp2expression based on DNA
elements located beyond the promoter region analysed here. Fine tuning of expression may be
conferred by another element within the QTL but not within the proximal promoter, such as a distal
cisenhancer contributing to regulation through chromatin looping. Another possibility is that the
colocation of theSgppwith a QTL is coincidentaland there could be another gene within the QTL

involved that we have not identified.

4.4.4 Sgpp2promoter able to be induced in diverse lineages

TheLmSgpp2romoter strongly expressed in the nectariesRaftuniaand Nicotianatransgenic lines,
despite them being from a plant famitglatively distant to the Myrtaceae. This indicates that
whatever elements are conferring this strong and nectary specific expression are conserved across
species. We see variability in the intensifyfluorescence, but there appears to be a pattern of a

peak in intensity in stage 2 nectaries, whadincides with nectar production beginning just prior to
flower opening(Geet al., 2000) bZIPs contribute to sugar metabolism and upregulate genes such as
Sucrose Phosphate SynthdS@ SWanget al., 2022)andgenes required for sucrose biosynthesis are
known to be upregulated in nectari¢kramet al., 2009) and couldtherefore be expressed in
Petunianectaries at the start of nectar secretioifithe bZIP11 transcription factor ai@box motifs
identified are a key driver of expression, this could explain why the promoter can function in a
distant lineage. ThemSweet$romoter did not work wellas a controk this couldhave beerdue to

a lack of conservation between the distant plant families, or a larger part of the prommagibe

requireddue to structural differences comparedth the endogenousSweetdNecl

4.4.5 Complex regulation oBgpp2expression

These results may further explain why nectar DHA is present or absent in Leptospermeae species and
reveal some of the mechanisms behi@dpp2gene expression. The presence of thba® motifs

may provide the potential for expression, which is then induced by the bZIP11 transcription factor.
These elements may be essential for expressidBgpip2and the presence of DHA, and elements

such as the P1BS motifs may be part of the fine tuning of gene expression, potentially in response to
fluctuating Pi demands. The strong nectary fluorescence ith8gpp@romoterVenusransgenic

lines support the idea that a strong base amounSgpp2expression is turned on by elements
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within the 3.3kb of promoter, and the-@ox motif helps explain the activation of tisgpp2
promoter in distantly related lineagesas bZIP transcription factors are evolutionarily conserved and

are involved in sucrose metabolism in many spe@i¢anget al., 2022)

The lack of variation in the promoter among DpraducingLeptospermungenotypes indicates that

other elements beyond this region must also be affecting gene expression. The identification of
multiple QTLs and the consistency of relative DHA amounts within genotypes across seasons
indicates genetic control of variation in the DHA trait (Griersbal., 2024, Chapter 2), but the

specific mechanisms behind this genotypic variation are unexplained by the present data. Potentially
aciselement beyond the proximal promoter but within the Ls4 QTL could contribute to regulation
thorough chromatin looping. Another possibility could be variation in the bZIP11 transcription factor
and its expression or expression induction capabilities. There could also be regulatory factors not

explored here; such as chromatin accessibility or microRNggered degradation.

The presence of the high affinity P1BS motif within the first 1kb or the promoter as well as within the
first intron of Sgpp2supports the proposed role @gpp2maintaining Pi homeostasis during nectar
production and secretion in a photosynthesising nectary (see Griatsan2024 Chapter 2). All five
Sgpp2and 3 sequences contain 2 or 3 P1BS elements further upstream, which further supports this
and suggests that they may be part of fituming expression rather than baseline expression. As this
locus is enriched for the @Tmotif involved in light responsive pathwalfierzaghi & Cashmore,

1995) this could support this proposed role.

4.4.6 Concluding comments

These results provide further evidence tt&gppds responsible for DHA accumulation in
LeptospermumAt least twoSgppgene copies are present within most members of the Myrtaceae
family examined here. A highly expresstgppzappears to be linked to the presence of DHA and is
likely the ancestral trait within the Leptospermeae and Chamelaucieae tribes. The nectar DHA trait is
dispersed throughout these tribes and therefore may have been repeatedly lost, potentially due to
changes in selection pressure. The combination of tvb@xCtranscription binding sites within the
proximal promoter of highly express&fpp3, along with the presence of a significantly

differentially expressed bZIP11 type transcription factotamating with the Ls9 QTL, could be
responsible for the expression 8fppZ2and subsequently the presence of DHAe lack of variation

in the proximal promoter within DHA producihgptospermungenotypes indicates that further
variation of expression levels is likely conferred by other distal regulatory elements. Future work
should confirm that theSgpp2enzyme is capable of dephosphorylating DHAP in comparison with the

other SgppsApart fromG. laevigatumall the genotypes sequenced here produce DHA in varying
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guantities¢ thus the inclusion of a wider range of true-BiHA lines could help to clarify the role of
the Cbox motifs. It would be interesting to further investigate tAggreflorumand Verticordia
generac as they contain both species with some of the highest nectar DHA levels observed, and
species with no nectar DHWilliamset al,, 2018; Obendparkoet al., 2023) Further transgenic
experiments with &mSgppRromoterVenusconstruct with the @ox elements removed could also

confirm the role of the @ox motifs in strong baseline expression.
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Chapter 5: Enzymatic characterisatianh the

Leptospermum morrisonisGPP2

5.1 Introduction

Species within théeptospermungenus are woody perennials, many of which accumulate DHA in

their nectarq a trait that is unique tsome species within thislyrtaceae family (ObenBarkoet al.,

2023 Wilson& HeselwoodH nHo 0 ® ¢ KS | OOdzydz | GA2y 2F 51! F2N¥&
industry inAotearoaNew Zealandas it accumulates in the nectarlogdptospermum scopariuand

results in formation of the antimicrobial compound methylglyoxal in the honey.

A haloacid dehalogenase (HAD) superfamily phosphatase pr&@iRR, has recently been linked to

nectar DHA accumulation lteptospermuniGriersoret al., 2024 Chapter 2). It was hypothesised

that this enzyme was responsible for DHA accumulatidreptospermunmectar through the

dephosphorylation of dihydroxyacetorghosphate (DHAP), an intermediate of primary metabolic

LI GKgl@asx &adzOK a 3Jted2fearazr It dz02yS23SySara Iy
recently demonstrated to be derived from cellular pools of DigAiediated by photosynthesis

within the nectary(Clearwateret al., 2021)

HAD superfamily members are largely phosphatases, and are distributed across Bacteria, Arachaea
and EukaryotéBurroughset al,, 2006) They are defined by presencelofy’ -tokeidomainwith

four loops containing conserved residues (moti4)that make up the active si{&ahiriet al., 2004;
Burroughset al,, 2006) Many HADs also contain a cap domain which acts as a dynamic lid over the
active site and contains a substrate specificity loop (motifdhiriet al., 2004) Diversification within

this cap domain is largely responsible for expansion of the range of substrates this family can act on
(Lahiriet al., 2004; Burroughst al., 2006) Cap types are classified intro three tymeS0 (o cap), C1
(inserted between motif 1 and 2) and C2 (inserted between motifs 2 afid«} al., 2005) This

ability to diversify substrate specificity provides a potential basis for neofunctionalisation during
evolution(Kuznetsovat al, 2015; Pandegt al,, 2017; Dwet al,, 2021) Gene duplication is

commonly the first step underpinning neofunctionalisatipand Leptospermunsuch ad..
scopariumandL. morrisonihave threeSgppparalogues with different transcript abundance patterns
(Griersoret al., 2024 Chapter 2).

TheArabidopsirthologue of theLeptospermunsGPPEAtSGPP) has been identified as a HAD
hydrolase phosphomonoesterase of subfamily | (C1 type cap) and has had extensive enzymatic
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characterisation(CaparrésMartin et al., 2013, 2014, 2019 aparrésMartin et al. (2013)showed

AtSGPP exhibits dephosphorylating activity on a broad range of substrates, however DHAP was not
among substrates assayed. Subsequent work investigated how changes to the substrate specificity
motif (CaparrésMartin et al., 2014)and other sequence determinanf€aparrésMartin et al., 2019)

affected substrate specificity and enzyme kinetics.

AtSGPP has been proposed to have roles in stress tolerance and Pi homeGsiaaisd&Martin et

al., 2013). Theeptospermungenus is centred in Australia, which has a high proportion of nutrient
poor soilgOrians & Milewski, 2007).eptospermum scopariugan tolerate low phosphate soils
(GutiérrezGinéset al.,, 2019; Noe, 2022and Noe (2022) found that nectar production and growth
was not affected by lowhosphatetreatments. Phosphate homeostasérucial for cell function,
especially under stress and during photosynthesis protect photosynthetic machiner§Bustoset

al., 2010; Nilssoet al, 2012) Based on the proposed function of AtISGPP, we hypothesised that
LmSGPP2 would have similar functiofidiomeostasis duringhotosynthesis and sugar production
and secretion in the nectary, and was potentially of benefit under low phosphate conditions
(Griersoret al., 2024 Chapter 2. Confirmation of SGPP2s ability to dephosphorylate DHAP to
produce DHA and phosphate would support this proposed Falether evidence that this gene is
NEaLR2yaArofS F2NI 51! LINPRAZOGAZ2Y AY Ynydzll 62dzZ R |

and other biotechnologies.

We report hereenzymaticcharacterisation of the threeeptospermunsSGPPs, LmSGPP1 LmSGPP2
and LmSGPP3. These three enzymes, along witArddgidopsisSGPP, were produced and purified in
microbial systems, and assayed for phosphatase activity on three substrates, including\RHAP.

aimed to analyse in detail the activity of SGPP2 on DHAP and compare the phosphatase activity and
substrate specificity between theeptospermunsSGPPs and AtSGPP. We found that LmSGPP2 was
able to dephosphorylate DHAP, and we hypothesise that shifts in kinetic parameters between the

SGPPs could be due to changes in the substrate specificity loop.
5.2 Methods

5.2.1 Expression constructs

Coding sequences were obtained for AtSGPP (accessed from TAIR, G&Fi23GB8740), and the
three SGPPs froln morrisonipenome ChagnéDeng & Griersog Chapter 3)TheL. morrisonii

genes were used, as we do not have approval toAstearoaNew Zealandhative gene sequences

in transgenic experiments.. morrisonialso produces nectar DHA and has Higfpp2expression
(Chapter 4). Furthermoré,. morrisoniandL scopariun8GPPs deduced amino acid sequences have
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high amino acid conservation, with 98.37% (SGPP1), 95.92% (SGPP2) and 97.14 % (SGPP3) shared
identity, so findings here should applyltoscopariunas well ad.. morrisonii Coding sequences

were synthesead by GenscripfUSA)Rnd ligated into pMAIc4xc to enable fusion proteins with
maltosebinding protein (MBP) to be expressed. pM&Ix constructs were cloned into BL21(DE3)
Escherichia cdlines. The expected molecular weights for each fusion protein were 69.70kDa for
MBRAtSGPP, 69.73kDa for MBRSGPP1, 69.76kDa for MBRSGPP2 and 69.73kDa for MBP
LmSGPP3.

MBP-LmSGPP2 AtSGPP LmSGPP1 LmSGPP2 LmSGPP3
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Figure5.1: Purification of SGPP fusion proteinga) MBRLMSGPP2 production and purification. Contains pre
induction cells and post induction cells, followed by post sonication supernatant flow through, wash, and el
fractions. (b) Purified fusion proteins MBRtSGPP, MBEMSGPP1, MBENSGPP2 and MBENSGPP3. Approx
2>g of each. Molecular weight markers are in kDa.

5.2.2 Purification of recombinant proteins

For each of the fusion protein plasmids, starter cultures were initiated from beadstocks with one

bead in 5ml of LB + Amp selection¥58 k)aiid grown at 37°C for approximately 16hrs. 300ml

Odzf GdzNBaA Ay H[ Tl &lohead SIS ovaryightQuinirds.(CSItRresavkré K cn n >
then grown for 68 hours at 28°C untilsy was approximately 0.5. Cultures were then induced with

Mph2F mMa Lt¢D F2NJ I FAYlLE O2yOSgai28CiGebsyere ¥ pnn>a
then harvested at 10,000xg and pellets frozen directh2@8fC.

Fusion proteins were released from the harvested cells by resuspension in 24ml of column buffer
(20mM TrisHCI, 200mM NaCl, 1mM EDTA, pH7.4), and sonication in an icebath with a probe

sonicator (Cgoldenwall) for approx. 1.5 wiatal (3 mirs of 1-2 second bursts and-2 second rests).
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The fusion proteins were purified using ImI MBMJ L) O2f dzYya o6/ @GA Gl 0 | & LISN
AyaldNuzOiGA2yas yR SftdziSR Ay CaiquadgYrgzendicz®IF& NJ b M Ya
80°C. Proteins were quantified using the Nanodrop 1000 (Thermo Fisher), and size and purity

assessed using SPBGE electrophoresis (Biorad). Miniprotein gels (Biorad), Laemelli loading buffer

(Biorad) and unstained protestandards (Precision Plus, BioRad) wesed and gels were run at

200V 0.35A for 30 m@ To assess protein induction and purification protocols, pre induction samples

(~4x10 cells) and post induction samples (~8%Is) were loaded in each well and 10ul of the flow

through, wash and elution was also load&agy(5.1a). When all final fusion proteins were run

together to compareRig.51b0 £ F LILINRE® w>3 2F SIOK 461 & t21 RSRD

5.2.3 Activity assays

To assess the phosphatase activity of each protein, the first substrate screening-tisede?-

phosphatye (R5P), Bjlycerot3-phosphate (G3Pand dihydroxyacetone phosphate (DHARYT50
94124andD7137{ A AYl NB&ALISOUGA GBSt & 0 o LpuBiedProtdi2 30&aM B8 y G A Yy SR
HGQ,5mMMgGIl YR mMnYa 2F &dz0dadN) GS OwptlLEt3DOAIRB 51!t 0
YR cn YlwssdakeS fiomyeach reaction and diluted 200 to assay the phosphate

released. Phosphate released was assayed Wdaigchite Green Phosphate Assay(Kigma

l'f RNAOKZI a! Yontu | a LISNI YI y'YpelkaGuifazgs Nal plateh v & (G NHzO G A
(Thermo Fisher). Samples were run in duplicate within each plate, and the plate was incubated at

room temperature for 30 minutes before reading absorbance at 620nM on a Spectramax ABS plate

reader (Molecular Devices). Phosphate standards between0>a LK 2 & LK G§S ¢ SNBSS NHzy
plate, as well as denatured protein and substrate only controls. Due to the instability of DHAP and

G3P and the trace presence of phosphate in the substta@(mol mot in the DHAP), the value

from the substrate only control was subtracted from the calculated phosphate value for those

samples at each time point. Each plate was run twice.

To establish MichaeliBlenten kinetic parameters, eight substrate concentrations between 0.63 and

160mM were used (exact concentrations varied depending on pr&teistrate combination), and

the reaction sampled between3 minutes. If a sample was outside the linear range, the reactions

were repeated with a higher dilution factor. Dilution factors for the assay betweer20PR were

used depending on proteisubstrate combination. Each plate was run twikcstial velocities for

LmSGPP2 and LmSGPP3 were calculated betwgenidutes at 10mM. &ovalues were converted

G2 >a LIK2aLKFIGS dzaAy3a GKS adFyRFENR OdzZNBSI | yR (K

was calculated by using the dilution factor for each reaction.
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5.2.4 Analysis of assay results

Substrate screening data were log transformed for statistical analysis toisguatiance and the

data were analysed with ANOVA using a gt in time structure account for the repeated

measures of each sample. Results from 15 and 30 minutes were analysed, and the 60 minute values
excluded because they were inconsistergotentially due to the long incubation. Pesbc

O2YLI N ada2ya 6SNB YI RS dza 24 aitign): TheuhttafcBrm&iaalues 5a Ay

were used for figures.

MichaelisMenten kinetic analysis was done in Origin (2022b) usinglinen curve fitting with

Levenberg Marquardt iteration, until converged. The equations used were as follows:

o w Y
v Y

0 w
oY

Where \§is the initial velocity, Maxthe maximum velocity, [S] is the substrate concentrationisK
the MichaelisMenten constant for the substrate, [ET] is the protein concentration, anskhe

turnover rate. Ka/Km ¢ catalytic efficiency was calculated from those values.
5.3 Results

5.3.1 Fusion proteins produced

The four fusion proteins were successfully produced and purified and were the expected molecular
weights Fig 5.1).

5.3.2 SGPP phosphatase sequence comparisons

The four SGPPs have between 66.39 to 95.51% identical seqiegée?). Motifs 1-4 contain

conserved catalytic elemen{Burroughset al,, 2006; CaparréMartin et al, 2019) Loops ¥4 are
responsible for binding and catalysis, and loop 5 is involved in substrate recognition. We see amino
acid changes in the substrate specificity motif at positions 68 (LmSGPP2) and 69 (LmSGPP2 and 3)
(Fig.5.2). At position 68; the shift fromisoleucine () tanethionine (M) does not alter the charge,
polarity or hydrophobicity and has a shift in size from 131.09Da (I) to 149.05Da (M). The position 69
shift fromalanine (A) toserine (S) is a shift from a polar hydrophobic residue to a polar hydrophilic

uncharged residue and a size change from 89.05Da (A) to 105.04Da (S).
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AtSGPP 75
LmSGPP1 75
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LmSGPP3 75
150
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AtSGPP 150
LmSGPP1 150
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AtSGPP 225
LmSGPP1 225
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LmSGPP3 225
245
AtSGPP 244
LmSGPP1 245
LmSGPP2 245
LmSGPP3 245

Figure5.2: Alignment of ArabidopsisAtSGPPand Leptospermum morrisoniimSGPP1, LmSGPP2 and
LmSGPP3 amino acid sequercBlotifs 1-5 are indicated by red boxes, and structural elements are indicat
by red stars. Norconserved amino acids are highlighted in gré&ygure modified from Geneious/20220.1)
output.

Between the two pairs of SGPPs that are predicted to be most similar in activity based on sequence
similarity (AtSGPP and LmSGPP1, LmSGPP2 and LntS§®P)33 there are nine amino acid

changes that are shared within each pair, and differ between the pairs (positions 69,
90,97,107,117,137,153,192 and 26%3.5.2), but only one (position 69) is in a key motif. LmSGPP2
and 3 are 95.51% identical at the amino acid level and have three changes between them in key
motifs (motif 1 positions 25 and 29, motif 5 position 68).5.2), but only the position 68 change in

motif 5 is considered to be in a structural resid&gy(5.2, CaparrésMartin et al,, 2019).

5.3.3 LmSGPP2 can dephosphorylate DHAP

Phosphate was produced when LmSGPP2 was incubated with DHAP, indicating it is able to
dephosphorylate DHAP to produce DHA ahdsphate(Fig.5.3). The amounts of phosphate
produced by LmSGPP2 were not significantly different to LmS@P®B8Y) and both LmSGPP2 and
SGPP3 released more total phosphate off DHAP than either LmSGPP1 or pt8®BR There was
no significant difference between AtSGPP and LmSGPP1 (p>0.05) but there was a significant
difference between the two pairf(SGPP and L9GPPYs LmSGPP2 and LmSGIPRG3,05).

96



5.3.4 Activity on R5Pand G3Psubstrates

To further assess the differences in activity between the SGPPs, they were screened on two further
substrates; R5P and G3[Fig.5.4). AtSGPP, LmSGPP1 and LmSGPP3 had similar activityjcon R5P
which was significantly higher than LmSGPP2 activity on R5P (p<0.05). There was no significant
difference between the activity of LmSGPP2 and LmSGPP3 on G3P, and they were both higher than
AtSGPP and LmSGPP1.

5.3.5 Kinetic analysis

Initial screening results were then followed up with more detailed kinetic analysis where possible.
For the substrate RSPAtSGPP and LmSGPP1 and LmSGPP3 were found to have similar Michaelis
Menten kinetics (Tabl6.1). They have similary(9.91-12.17>M/s) and ka (27.6433.93%) values

but LmSGPP3 has a highaer(&pprox. twice that of AtSGPP), resulting in a lower catalytic efficiency
(ke Km approx. half of AtSGPP). LmSGPP2 has a lowgapprox. half that of the other three), a
higher K, (approx. 4 times AtSGPP), and consequently a lower turnover raeafidoverall

catalytic efficiency @g&/Km approx.10% of AtSGPP and 20% of SGPP3).

3000 -
2500 -
2000 A
1500 A

1000 A

Phosphate released (M)

500 A

AtSGPP LmSGPP1 LmSGPP2 LmSGPP3

B 15min mM30min m60 min

Figure5.3:t K2 ALK I S NBf SIFaSR 6>a0 FTNRY RAKERNRBE:&!I O
NBF OlGA2Y YAEGdzZNBE O2y il AyAy3d wmnYa-ASGPP, MBPMSERPH MBI
LMSGPP2 or MBENSGPP3), 20mM T#4Cl (pH 7and 5mM MgCI2 Error bars indicate standard
deviation. There was a main effect of proteip £ 0.003) forthe combined 15 and 30 min results. Protein:
that do not share a letter are significantly different (5% LSD comparison).
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For the substrate DHAP, LmSGPP2 was found to have similar kinetics on DHAP as it does on R5P
(Table5.1), which is consistent with initial screening total phosphate res#ig.%.4b). SGPP2

activity on DHAP has a relatively low catalytic efficiency compared with AtSGPP on R5P (approx. 10%,
Table5.1). The kis also almost four times higher, indicating it has lower affinity for DHAP than
AtSGPP does for R5P. DHAP is quite an unstable substrate. It underwent seemzyroatic
dephosphorylation under our reaction conditions and also contained trace amounts of phosphate
before use. This increased the background error values in the MiciMefiten assays especially

at high substrate concentrations. Full kinetic analysis could not be done for LmSGPP3, but initial
velocities (V) at 1:0mM were calculated (Tak#e?2). The Wof LmSGPRBHAP was significantly lower
than that of LmSGPF2HAP (6.¥s10.3>mol/min, p = 0.0007).

Table5.1: Kinetic parameters of phosphatase activity of purified MBRSGPP, MBEMmSGPP1, MBP

LmSGPP2 and MBENSGPP3 on ribogephosphate(R5P) and MBPLmMSGPP2 on dihydroxyacetone
phosphate(DHAP) % catalytic efficiency column is relative to AtSGPP catalytic efficiency on R5P.

% catalytic

Protein  Vmax(>M/s)  Kn (MM) keat(S?)  KealKm (M1s) efficiency

AtSGPP  12.17 £0.30 3.28 +0.32 33.93 10.35x18&  100%

LmSGPP19.91+0.69 3.81+1.03 27.64 7.25x18 ~70%
RoP LmSGPP24.68 £+ 0.28 12.16 +2.38 13.06 1.07 x 18 ~10%
LmSGPP311.25+0.46 6.71+0.94 31.36 4.68x 168 ~45%
DHAP LmSGPP25.15+0.25 12.55+2.02 14.38 1.15x 18 ~10%

Table5.2: Initial velocity at 10mM substrate MBRAtSGPP, MBEMSGPP1, MBEMSGPP2 and MBENSGPP3
on ribose5-phosphate(R5P)and dihydroxyacetone phosphatéDHAP) Initial velocities that do not share a
letter are significantly different(p < 0.05)

R5P DHAP

Protein | + emol/min Sig.| £+ emol/min  Sig.

AtSGPP 43.526 a - -
LmSGPP]  36.606 a - -
LmSGPP]  10.689 b 10.342 a

LmSGPPY  30.083 a 6.066 b
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Figure5.4:t K2 a LKl 08 NBt SIF&SR o6>a0 | {KNBFphdsphatexR5R)2ghyseEDl
3-phosphate (G3P) and dihydroxyacetone phosphate (DHAP). The reaction mixture contained 10mM substr.
(R5P, G3P, or DHARS5>g/mL of purified protein (MBRAISGPP, MBEMSGPP1, MBEMSGPP&r MBPR
LmSGPP3), 20mM T#4Cl (pH 7)5mM MgCt. Error bars indicate standard deviation. There was a main effect
protein (p = 0.003) fothe combined 15 and 30 min results. Proteins that do not share a letter are significantly
different (5% LSD comparison).

5.4 Discussion

5.4.1 SGPPZ2an dephosphorylatdDHAP ¢ resulting in DHA

Confirming that SGPP2 can dephosphorylate DHAP provides further evidence thabtisis
NBaLR2YyaAofsS F2NI 51! FOOdzydzZ FGA2y Ay Ynydza !l ySoOil
DHAP has lower catalytic efficiency and affinity compared with AtSGPP on R5P (approx. 10% catalytic
activity, k, approx. four times higher, Tab%1). An analysis on the BRENDA database foluzid
enzymes operating iapeciailsed metabolism aregenerally far slowethan thoseinvolved incore
primary metabolism(~30fold slower BarEvenet al,, 2011) If we compare LmSGPP2he
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enzymes within the database, it has a below average catalytic efficiency, above augrage En

average turnover ratéBarEvenet al, 2011; Bathellieet al, 2018) A bacterial HARQ BT4131 from
Bacteroideshetaiotaomicronwas found to have similarly low (~1xX)@atalytic efficiency across a

range of sugar phosphate substrates, and itwas hypiseB8s (2 o06S Fy WFff LizN1}2as
LIK 2 & LIKdwhdrezhi§xatalytic activity and substrate specificity is not necessarily compatible

with its function(Luet al., 2005)

5.4.2 Comparison with previous studies

AtSGPP has been previously screened under similar conditions with the substrates R5P and G3P, and
a similar pattern was observed of higher activity on R5P and lower orfG®RrréosMartin et al,,

2013) The results for AtSGPP are comparable to those report€aparrosMartin et al. (2013) as

they found catalytic efficiency of 10.7xC1or AtSGPP on R5P and it was 10.3R&e (Table.1).
CaparrésMartin et al. (2014)previously assessed the impact of mutations at the two positions we

see changes in here (positions 68 and 69) and foundAtGPHP68M had little impact on kinetics.
AtSGPAG9M however resulted in lower catalytic efficiency for all substrates screened, and different
substrates were affected differently (e.g. R5P had ~50% and G3P ~25% lower catalytic efficiency
compared with unaltered AtSGPP). The AtS&FIM mutation also altered the pH dependency. In

the present study we see that SGPP2 and 3 (where A is now S at position 69) have overall shifts in
patterns compared to AtSGPP and SGPP1 (they have increased DHAP and G3P activity and decreased
R5P activityf-ig.5.4, Tables.1). InCaparrésMartin et al. (2014)the 168M change had little effect in
AtSGPP, but in the present study for LmSGPP2, where position 69 is altered also, there is an effect for
some substrates (R5Pg.5.4).

5.4.3 Amino acid changes in motif 5 likely alter substrate specificity

HAD phosphohydrolases, like all members of the HAD superfamily, have a conserved core catalytic
domain formed by four loops, that correspond to sequence motidqlahiriet al, 2004; Burroughs

et al, 2006) This core domain positions substrate and cofactor binding residues and catalyses the
phosphoryl group transfer to the active saspartic aciqD)on loop 1, then to a water molecu(gu

et al, 2005) This fundamental catalytic mechanisfspartic acidntermediate and Mg cofactor) is
conserved across the family, and diversification in substrate is mediated by the cap dbooetial,

2005; Burroughet al., 2006) SGPR has a C1 type cap containing the substrate specificity loop,
consisting of a conserved glycine residue flanked by other residues that contribute to the catalytic

site (Luet al,, 2005; CaparréMartin et al, 2014)
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The key differences observed among the four SGPPs here are in the substrate specificity loop (motif 5
at positions 68 and 6%ig.5.2). Based on these results (Tablé and Tables.2, as well aLaparros

Martin et al. 2014), it appears positiol68M alone may not be sufficient to alter kinetics for some
substrates, but when position 69 is also altered it may have more of an effect. Most of the cap
residues are hydrophobic and serve to stskithe deprotonatedlysine(K)from loop/motif 3 and

provide a solvent excluded active site in closed f@athiriet al., 2004; CaparréMartin et al,,

2014) Isoleucine, alanine and methionine are Aooiar/hydrophobic, and serine is

polar/hydrophilic uncharged. An amino acid change like alanine to serine that alters hydrophobicity
could certainly alter activity. Methionine is also unbranched, and more flexible than isoleucine
(Aledo, 2019)Sequence comparisons across the whole proteins suggest that the motif 5 changes at
positions 68 (LmSGPP2) and 69 (LmSGPP2 and 3) are the most likely candidates for the changes in
substrate specificity observed, however there could be other changes that have an effect on activity.
CaparrésMartin et al. (2019)have demonstrated that motif 5 is essential but not the only

determinant of substrate specificity, with residues in other positions potentially having a role.

Substrate ambiguity is common in members of the HAD superfamily, with 75% of its members able to
act on at least five substrat¢sluanget al., 2015) AtSGPP specifically was found to be able to
dephosphorylate eight of the 13 substrates screef@dparrésMartin et al., 2013) Having flexible

loops involved in the active site provides a good basis for diversifying subifeatdyeet al., 2014)

and substrate ambiguity allows for evolution of new functions. Mutations that result in physiological
relevance can occur within the gene, or in regulatory regions increasing the expréSsjuay,

2020) InLeptospermumSgppds within a complex locusthree Sgppparalogues that show

different patterns of expressio(Griersoret al., 2024, Chapter 2 Chapter4) and substrate specificity
(Fig.5.3, Fig5.4, Table5.1). The thred_eptospermuns8GPPs are potentially diverging in their

function. For SGPP2, reaching physiological relevance may be due to a shift in substrate specificity
and a mutation inducing high expression, rather than mutations causing agtion for DHAP

specifically as a substrate and achieving high catalytic efficiency.

5.4.4 Role of SGPP2 ireptospermurmectaries

Griersonet al. (2024 Chapter 2proposedthe activity of SGPP2 may be related tmée in Pi
homeostasis during sugar production and secretiothgynectary Nectary cells have rapid sugar
phosphate turnoveand experienceoxidativeandosmoticstress during nectar secretidiiNicolson &
Thornburg, 2007)InLeptospermunwhere the nectaries are also photosynthetic, maintaining
appropriate Pi concentrationis likely cruciatiuringperiods ofmetabolic flux(Clearwateret al.,,
2021; Griersomet al.,, 2024)
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Triose phosphates, and specifically DHAP, increase during active photosy(itteasise & Lunn,

2006) Clearwateret al.(2021)demonstrated that nectar DHA is derived from these cellular pools of
DHAP through®C labelled experiments. Clearwatral. (2021) showed that increased light

intensity resulted in increased nectar DHA, and inhibition of photosynthesis and triose phosphate
transport resulted in decreased DHA. Our results strengthen the previously hysethesle of

SGPP2 contributing to phosphate homeostasis through demonstrating its ability to dephosphorylate
DHAP, releasing DHA angoBphate The dephosphorylation of DHAP by SGPP2 is effectively
irreversible (at least by SGPP2), which may explain the accumulation of DHA and subsequent

diffusion out of the nectary parenchyma.

The relatively low catalytic efficiency of SGPP2 on DHAP may be due to its broad substrate specificity
(Fig.5.4b). The high expression levels of SGPP2 could enable high levels of nectar DHA to be

LINE RdzOSR® {DttH YI& FdzyOlA2y I acmaintahByPB NI f A 40 WK?2
homeaostasis by being able to dephosphorylate a range of substrates. SGPP2 activity may occur

largely when DHAP pools increase during photosynthisikw affinity could mean that SGPP2

primarily acts on excess DHAP, ensuring that when only low concentrations of DHAP are present, it

can still flow through primary metabolic pathways and preserve essential function. SGPP2 could be
competing for substrate with Triose Phosphate Isomerase (TPI) which has often been regarded as a

near perfect catalystSharmeet al,, 2012) Theoretical calculations to illustrate this competition

indicate that ifTPl and SGPP2 were in isolation competing for DHAP at a cytosolic concentration of

1mM, only around~2% oftotal DHAP acted on by the enzymes would be converted to. DHA

AtSGPRIs expressed in all plant organs but is high in flowers, developing siliques and under
phosphate starvatioiiCaparrésMartin et al., 2013) InLeptospermumve see that SGPP1 and 3 are
expressed in all plant tissues sampled but SGPP?2 is restricted to the flow@r5&wgithin Grierson
et al.2024 Chapter 2), which is consistent with a spesal role in photosynthesising nectar

producing tissues.

5.4.5 Future directions

Future work could further investigate the range of substrates that SGPP2 can work on, as itis
possible that SGPP2 has a preferred substrate that has not yet been screened. Assessing its activity
on dyceraldehyde $hosphae (the product of DHAP isomerisatiby TPI), for example could help
clarify its physiological role. This work was carried out at approximate (assumed) cytosolic pH (7.3)
but it would be interesting to see how pH affects activity. To further assess the molecular basis of the
shift in substrate specificity between the SGPPs, targeted mutagenesis of the substrate specificity

loop (motif 5) could be informative. Generating variants of SGPP2 in which the motif 5 is replaced
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with the corresponding sequence from LmSGPP1 and LmSGPP3 would allow us to assess if changes
in this motif are sufficient to alter substrate specificity or catalytic efficiency and help to understand

functional divergence between these SGPP paralogues.
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Chapter 6: Overexpression aéptospermum

morrisonii Sgpp2n nectaries ofPetuniaand Nicotiana

6.1 Introduction

Nectar is a sugar rich liquid produced by nectaries that is the primary interface between plants and
their pollinators and has essential ecological and evolutionary functions. Nectaries have evolved
multiple times independently and are structurally dive(Bernardello, 2007)The composition of
nectar also varies, both in the ratios of the sugars sucrose, glucose and frgetnden the content

of other compounds such as amino acids, proteins and specialised metalfRliges al., 2017)

Despite nectar and nectary biology underlying the economic performance of varied crops, many

aspects of their biology are not well understogidaoet al., 2025)

The molecular genetics of nectaries are variable because of their multiple evolutionary (Rgins

et al, 2017) Most work has been done on shdited flowers with mesophyllary nectaries and an
eccrine mode of nectar secretion, such as model speuiabidopsisPetuniaand tobaccde.g.Ren

et al, 2007; Kranet al., 2009; Solhaugt al,, 2019) Some of the key genes and their functions have
been characterised, includir®PS which synthesises sucrose that is then exported into the apoplast
via the uniporter SWEET9. The sucrose is then hydrolysed into fructose and glucose by CWINV4,
creating a sucrose gradient which is required for SWEET9 as it is bidire@ohkhanret al., 2010;
Linet al,, 2014; Minamet al,, 2021) Plants carrying mutations in the genes &?SSveet9 or
CWINV4o not produce nectar, and conversely, overexpressioBvafet9 leads to an increase in
nectar(Ruhlmanret al,, 2010; Liret al, 2014) However, the role these genes play in nectar

production in more diverse nectaries in nomodel species is unknowhiaoet al., 2025)

Many Leptospermam species accumulate dihydroxyacetone (DHA), a triose sugar, in their nectar,

which is a trait unique to some species within the Myrtacé@bengDarkoet al.,, 2023) Clearwater
etal.Q02I)NBOSy Gt & RSY2yaGNIGSR GKFG Ynydzll ySOGI N 51
of DHAP, and that photosynthesis within the nectary contributes to nectar sggactuding DHA.

Griersoret al. (2024 Chapter 2) identified a phosphatase gen8gpp2g that was linked to nectar

DHA through gene expression and QTL analyses. It was hypothesised that this gene was involved in
phosphate homeostasis and was responsible for DHA accumulation through dephosphorylation of

cytosolic pools of DHAP. Functional analysigtro has since demonstrated the ability of SGPP2 to

dephosphorylate DHAP, supporting this hypothesis (Chapter 5).

105



Furthering our understanding of DHA accumulatiohéptospermuntan inform breeding and

replanting programmes for the honey industry, and also contribute to our understanding ef non

model species nectaries and the accumulation of unique compounds in nectar. We aim to better
understand the role of SGPP2 in generating DHA through its overexpression in the nectaries of model
plants. We report here the generation of transgeRietuniaand Nicotianalines overexpressing the
Leptospermum morrisorfiypp2under the nectary specific promot&etunia axillarisNec¥ Swee,

and evaluation of nectar DHA in the resulting transgenic lines.
6.2 Methods

6.2.1 Construct design

The gene sequence famSgpp2vas identified through blasting theeptospermum morrisonii
genome ChagnéDeng & GriersarChapter 3) with th&ésSgpp3equence and manually annotating
the locus based on thieeptospermum scopariu@@® W/ NA Y& 2y Df 2 NBeQal.3Sy2YS ¢
2024, Chapter 2). TheaNeclpromoter was obtained from th&etunia axillariggenome (v1.6.2) by
blasting thePetunia hybriddNeclsequence from Get al. (2000,AF313914.1and using the length

of promoter as described iBeet al. (2000) ThePaNectLmS$pp2 expression cassette in pUC57 was
synthessed by GenscripfUSARs a commercial serviceenussequence was amplified from a
VenusN7 (Nuclear localised yellow fluorescent protein) based plasmid, and cloned into pEG47 in
place ofLmSgpp2Both expression cassettes were then cloned into pART 2Xgiabacterium
mediatedtransformation. The resulting plasmids were termaeG49 RPaNeclpromoterLmSgp2-
OCSterminatgrand pEG50RaNecl promoterVenusOCSterminatgr(Supplementary Fig5.1).

6.2.2 Agrobacterium

Both pEG49 and pEG50 were transformed fgpobacteriuntumefaciensstrain GV3101 by

St SOGNRLRNY GA2Y dzaAy3 | DSyS tdzZ aSNJ - OSff 6. A2wl
resulting bacterial cultures stored as beadstocks88tC. Two days prior to transformation, a BirB

starter culture was initiated directly from beadstock with antibiotic selectspe¢tinomycin

100mgAL). Cultures were grown overnight at ZB with shaking. The day before transformation, a

25mL culture was inoculated from the starter culture and grown overnight.

6.2.3 Transformation protocol

28 R2 y2i KI @S an2NRh AdidandNavdZedlandati® gehelskgdeBcgdif (2 d
transgenic experiments or conduct transgenic experiments in native species. We also do not have an

established transformation protocol for nemative LeptospermumTherefore, transformation
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experiments were conducted usihg morrisonisequences iteterologous systes(Petuniaand
Nicotiang. PetuniaO @& W aRetliriakasiarix @. axillaris< P. hybridd) andNicotiana
bethamianawere grown in greenhouse conditions and young leaves were takekgimbacterium
mediated transformation. The leaves were sigdll by submersion in 10% bleach with Tween20 for
10 mins, swirling occasionally. The leaves were rinsed three times in Mdhi® water and then
blotted dry. Leaf discs were cut using a 5mm R#&mde biopsy punch (ProSciTech) and placed on
cocultivation media for 4 days (Media contents liste@ipplementarymaterial for Chapter 4Table
$4.2). When theAgrobacteriuncultures reached anef of 0.608, they were pelleted and
resuspended in 50bominimal media + 2004 acetosyringone to anegho of 0.20.3 and incubated

with shaking for 24 hrs at 28C. Leaf discs were incubated in 25Agrobacteriuncultures for 5

mins, then blotted dry with sterile tissue paper and plated back onto cocultivation media.
Uninoculated regeneration and kill controls were also plated on cocultivation media. Leaf discs were
then cocultivated at 22ZC for 3 days before transfer to selective media (for pEG49 and pEG50
treatments and kill controls) or regeneration media (regeneration controls). Each plate was
transferred to new media every 3 weeks, and as shoots arose they were harvested into tubs of the
same media to continue to grow. When shoots were at leg3t, they were transferred onto
selective rooting media (treatments) or regeneration rooting media (regeneration controls). After 3

to 6 weeks, rooted shoots were exflasked into the greenhouse.

At least 20 independent lines for each treatment were exflasked and an approximately 1kb portion of

the T-DNA insert amplified by PCR to check they were transgenic.

6.2.4 Developmental series gene expression

To assess whether the transgene was being expresse®dtumiatransgenics nectaries were
sampled at three developmental stages feverse transcriptiorguantitative polymerase chain
reaction(RFgPCRfrom two lines from each treatment and one control line. Floral developmental
stages were based on @eal (2000) and are defined a&sStage 1short (24cm) closed corolla,
white nectary; stage 2: elongated-@gm) closed corolla, yellow nectary; and stage 3: elongated (5
6cm) open corolla, yellow to orange nectary @aeal. 2000stage 3 and 4 combineddge Chapted,
Figure4.6g. A sample consisted of nectaries from four flowers. Stages 1 and 3 were sampled in
duplicate, and stage 2 in triplicate. The tissue sampled was nectary enqdhatsverse cuts were

made through the hypanthium/ovary either side of the nectary (SupplementanssR).

RNA was extracted from nectary enriched tisbased on theCTAB method frorambinoet al.
2008) ForRFgPCR700g of RNA was used for cDNA syntheGnomic DNA was removed and

cDNA was synthesid using the iScript gDNA Clear cDNA Synthesisakiiper theY | y dzF I O dzNB N a
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instructions (BieRad, USAThe RYPCR analyses were performed with a LightCycler 480
instrumentwS | OG A 2y a OloflLightQygleBRRISOCSYBRGreen | Master (Roche Diagnostics,
USAY nlgevin >SS OK  LINJ DOSdNked adNA>(A:20)5 andh uktrapure water to a total

@2 t dzY 3. TReRTgRCRs were as follows: one cycle of 5min at 95°C, followed by 45 cycles of 10s
at 95°C, 20s at 55°C, and 10s at 78%ihg tte LightCycler 480 (Roche; version 1.5.0 SP4), data

means were calculated from three technical replicates per biological replicate folisacnd stage
Relative transcript abundanagas then calculatetbr Sgpp2 Venusand Neclusing geometric means

of the reference geneActinand EFlalpha Primer efficiencies were calculated using serial dilution

(primer pairslisted inQupplementary material for Chapté&, Tables5.2).

Statistical significance was determined using a-vag ANOVA in Origin (2022b), followed by
CAaKSNRa [ {pvaluzdxg®. I Odzi27FT

6.2.5 Nectar sampling

At least 14 lines per treatment had three replicates of nectar sampled. Regeneration controls had
five lines with three replicates. Nectar was sampled from stage 3 flowers (described above) by
centrifugation at 3000rpm for 1 min for each flower. THieotianastage 3 was defined similarly to
Petuniag elongated open corolla. The open petal portion of the corolla was removed so that the
corolla tube could be inserted into the sieve (0l15Bppendorf tube with 13 holes in the base) inside
a 1.5nL Eppendorf. Each nectar sample contained nectar frenfl®@wers. Nectar samples were
pooled from multiple days if fewer than four stage 3 flowers were present. At least three replicates

were taken for each line.

6.2.6 Nectar DHA analysis

A preliminary subset of the nectar samples was analysed for the presence of DHA udii®y &d
values were normaded to mg sugar using Brix. Methodology was basetMihamset al. (2014)

with minor modifications to increase sensitivity. Tarealytical limits of detection (based on the
smallest peak area that could be manually integrated) and quantitatidHAwere 0.3 and
0.7ng/mL respectivelyor thePetunianectar samplesthe limits of detection and quantitation were
0.001 and 0.00&8ng/g respectivelysugar based on 30% sugar contdrbrNicotianasampleghe
limits of detectionand quantitation were 0.00and 0.0@3mg/g sugarespectivelybased or22%

sugar content
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(a) /f‘ %\ / ‘ r“g ( \

(b)

Figure6.1: Ovary and nectary of overexpression linestofS i dzy Mitchel@@detivhite andblue light (with
YFP filter) Petals and sepals have been removedd) Three independenPaNeci mSgpparansformed lines
(T1IR22, T1R44, T1R®&b). (b) Three independenPaNeciVenustransformed lines (T2R4, T2R&b, T2R42).
Scale bar ImmNectary tissue (orange) indicated with arrow in (a).
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6.2.7 Fluorescence screening and imaging

All lines were visually screened using a microscope for presence of fluorescence in the nectary and
floral structures, and images were taken of the nectary for five lines at stageP&tioniaand three

lines of the equivalent stage fiNicotiana YFP fluorescence was viewed with a YFP filter and blue
light. Paired white light and blue light images were taken on a Leica caDEs{ on a Leica

dissection microscopeV205FA.
6.3 Results

6.3.1 Plants were confirmed as containing transgenes

In the PaNectLmSgpp2ransformedPetunialines the transgene was detected in 18 out of 20 lines,
and in thePaNectVenudransformed lines, 20 out of 20 had the transgene (T&#&). As

expected, thePaNectLmSgpp2ransformed lines were not fluorescent (F&1a). The transgene
was detected in 5 out of &f the PaNectLmSgpp2ransformedNicotianalines screened, and in
PaNectVenudransformed lines, 5 out of 5 screened had the transgene. No transgenes were

detected in the Regeneration controls for either species.

6.3.2 Nectar DHA was not increased in transgenic lines

ForPetunia of the 59 nectar samples measured for DHA, 40 were below limit of detection
(0.001mg/g sugar), and another 13 below the limit of quantification (0.0024mg/g sugar). The
remaining six samples ranged between 0.0025mg/g sugar to 0.0098mg/g with an average of
0.0039mg/g data not shown). The presence of detectable DHA did not correlate with any
transgene/treatment, and it was concluded tHanSgpp2ransgene did not promote accumulation
of DHA in nectar of the transgenics. The data forNiimtiananectar samples was similgrl5
samples were below the limit of detection and 30 below the limit of quantification. The samples

above the limit of quantification had 0.012mg/g sugar and 0.01mg/g sugar.

6.3.3 The localisation of fluorescence was variableRaNeciVenuscontrol lines

Out of the 20 pEG50 transformé&ttunialines, 17 flowered during screening and were scored for
fluorescenceaat least twice, with four flowers examined each tinvenusfluorescence was observed

in 12 out of 17 lines screened, however three of those only had fluorescence in some flowers (Table
S61). Fluorescence was variable in its brightness and locgtsmmetimes located surrounding the
nectary, in the vasculature, and/or in the nectaRyg.6.1b). Variation in brightness and location was

also observed ilNicotiana(Supplementary Fig%.3).
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Figure6.2: Relative transcript abundance dhe Neclgene and the Sgpp2and Venustransgenesjn three
independent lines ofSgpp2transformed Petunia three independent lines oVenustransformed Petunia,
and one untransformed regeneration contro{a) Transcript abundance of endogenolecl (b) Transcript
abundance of the transgen8gpp2 (c) Transcript abundance of the transgeienus (d) Transcript
abundance of endogenoulecland the transgenes$gpp2and Venus(same data as a b and ¢ ¢he same
graph, to visualisavith a common vertical axis for transcript abundance). All three genes are uridecl
promoter. Each line was sampled twice, with four flowers per sample.

6.3.4 Transcript abundance in transgeniRetunialines

For stage 2 nectaries, endogenduscltranscript abundance was significantly higher in the
LmSgpp2ransformed lines§<0.05) compared witWenusand the regeneration controls, and there
was no significant difference betweé&fenustransformed lines and the regeneration controls. As
expected LmSgppand Venudranscripts were restricted to the corresponding treatment (although
very low values of noreplicated signal were detected in sorammSgpp2ransformed samples using
Venusprimers, most likely representing nespecific amplification). Interestingly, even though they
were under the same promotemSgpp2ranscript abundance was at least S0@eslower than

Venug(Fig.6.2b, ¢, andd).
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Figure6.3: Relative transcript abundance dfleclgene and the Sgpp2and Venustransgenesjn two
independent lines ofSgpp2transformed Petunia two independent lines olVenustransformed Petunia and
one untransformed regeneration control, at three developmental stag€a) Transcript abundance of
endogenousNeclat developmental stages 1 2 and 3. (b) Transcript abundance of the trans§gpp2at
developmental stages 1 2 and 3. (c) Transcript abundance of the transiy@meisat developmental stages 1
2 and 3. Each line was sampled twice, with four flowers per sample.

In the Petuniadevelopmental series, endogenolgcltranscript abundance showed a similar
pattern across all lines, with a peak at stag&i#.6.3a). There was no significant difference in
transcript amounts between lines at stage 1, but at stage 2 and 3 transcript amountsSigpp2
lines were significantly higher tharenusand the regeneration controp&0.05 Fig.6.3bandc).
Similar to the stage 2 resultsmSgpp2ndVenustranscripts were restricted to the corresponding

treatment, with expression varying between lingsg.6.3).
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6.4 Discussion

There was no increase in DHA found in the nectar of the transgenic lines, and the trace amounts
present in some samples are expected as we have previously detected low levels of DHA in the
nectar of untransformedPetuniad 0 KS I dzi K2 NEQ dzyLJdzof AAKSR RFGF0O® ¢
not surprising given th@etunia axillaridNeclpromoter used to expressmSgpp2vas not found to

be consistently nectary specific and strongly expressed in the present experiment. In contrast to

these results, Get al. (2000)used theNeclpromoter fromPetuniacv. WiitchellCexpressing the GUS
reporter gene and showed strong nectary specific GUS signal, and subsequent studies have validated
this expression pattern (e.ginet al,, 2014) Geet al. (2000) used the same experimental line as

used for our experiments (Mitchell/W115), and the length of promoter used was also the same. We
used the promoter sequence frof axillarisbut PetuniacwWa A 1 OK S f (P. akillarisindPK @ 6 N& R
hybrida and the promoter region is 99.72% identical betwéemxillarisand P. hybridan the
NicotianaPaNecl-Venustransformed lines, fluorescence was again not consistently nectary specific,
with many lines having expression in the ovary (Supplementar@-8). Neclexpression has

previously been found at low amounts in other tissues such as ovary and stamen, but that is usually
in addition to higher expression in the nectary (€Cgurteret al., 1999; Kranet al., 2009) Pa\ecl-
Venusexpression and protein fluorescence were variablig.6.1, Fig.6.2 andFig.6.3) and were not
consistent across lines or within flowers within a line. The reason for the variability in nectary
specificity here is unknown, but it could be due to the location of the transgene inselttaiso

cannot be ruled out that the transgene/promoter could have been mutated inAtebacterium

and more thorough sequencing of the transgene cassette should be undertaken to assdss this.
contrast, Chapter 4 showed thBetuniaand Nicotianatransgenics with thémSgpp2romoter

drivingVenushad consistently high and largely nectary specific expression/fluorescence.

Despite being under the sanieNeclpromoter, Venugransformed lines had far high&enus

transcript abundance thabhmSgpp2ranscript abundance in themSgpp2ransformed linegFig.6.2
and6.3). It is not uncommon to observe variability in expression when generating overexpression
lines (e.gMeyer, 1995)and it can be influenced by factors such as location of the transgene
insertion and surrounding elements, transcriptional silencing due to homology with a gene being
silenced and podtranscriptional regulation by e.g. miRNAs or transcript instability. The absence of
introns in theLmSgpp2ransgene could make it more of a target for degradation by small RNAs
(Kiselewt al., 2022) It has been demonstrated that LmSGPP2 is able to dephosphorylate a range of
substrates including DHAP (Chapter 5), so another possible explanation for this difference in

transcript abundance could be the role of DHAP in primary metabolism. As DHAP is an essential
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intermediate inmetabolic pathways such as glycolysis and gluconeogenesis, perhaps overexpression
of LmSGPP2 had detrimental effects and its expression was somehow downregulated (discussed
further below). Furthermore, as LmSGPP2 has broad substrate specificity it could also be
dephosphorylating other sugar phosphates needed for other metabolic processes in the nectary and

ovary, compounding detrimental effects.

Endogenoudleclexpression was highest in nectaries just before anthesis (stage 2) as observed
previously (e.g. Get al.,2000).Interestingly, endogenoudeclexpression was significantly

increased in theemSgpp2ransformed lines at stage 2 and 3, compared Witmustransformed and

the regeneration control. This could be related to the potential downregulation oPtiNecl-

Lm$pp2 transgene affecting endogenod&eclexpression. Perhaps in the attempt to restore
homeostasisNeclexpression was increased. We did not, however, see any significant difference in

nectar sugar content across the nectar sampled lipes)(083, data not shown).

DHA was not found to be increased in ttSgpp2ransformed lines, which was unsurprising given
the minimal and potentially nomectary expression of themSgpp2jene in the lines investigated for
transcript abundance. Variability PeNecl-Venusiluorescence; in both brightness and location
also provides evidence that tHeaNeclpromoter may not have been expressing th@Sgpp3ene

in the nectary tissue. Due to the variability in location of fluorescendgaécl-Venusand the low
amounts ofPaNecl-LmSpp2 transcripts, we could not assess the effect of LmSGPP2 in nectary
tissue. We aim to repeat these experiments with a strongly nectary specific promoter and a
candidate for this would be themSgpp2dromoter itself. Griersort al. (2024 Chapter 2)
demonstrated thatLsSgpp2wvas more highly expressed thalecl(within Supplementarymaterial

for Chapter 2 TableS2.3, and Chapter 4 showed that it is nectary specitimd that specificity is
conserved across diverse lineages. Future experiments could also use codosatipimio reduce
any endogenous small RNAs potentially degradind-th&gpp2ranscript sequence. We chose to
use model species with established transformation protocols for this experiment, however a nectar
research model species with photosynthetic nectaries could more closely rheppospermum

nectaries and could be a better system to assess LmSGPP2 function.
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Chapter 7: Synthesis

7.1.1 Thesissummary

My thesis aimed to leicidae the molecular basis of dihydroxyacetone (DHA) production in

Leptospermummectar We aimed to answer the following questions:

1 What genes and genomic regions are associated with nectar DiHAdopariurd

1 What genetic diversity is present in contrasting DHA phenotypes within the Leptospermeae
tribe?

1 DoesSgpp2expression correlate with DHA amounts in other Leptospermeae species?

1 How isSgpp2expression regulated?

1 Can SGPP2 dephosphorylate DHAP to produce DHA and phoisplirie?

1 Can overexpression of LmSGPPRdtuniaand Nicotiananectaries produce DHA irectar?

Chapter 2aimed to identify genes and genomic regions associated with nectar DHA in

Leptospermum scopariumWe used RNAseq analysis to identify necasgociated genes

differentially expressed between highand lownedsat | ISy 23eLISad 2SS |-f a2

density linkage map and quantitative trait loci (QTL) mapping population, supported by an improved

genome assemblgf L. scopariumto reveal genetic regions associated with nectar DHA content.

Expression and QTL analyses both pointed to the involvement of a phosphatasésfegep2The

expression pattern of sSgpp2orrelated with nectar DHA accumulationa range of genotypesind

it co-located with a QTL on chromosomeThis chapter established thptant geneticds akey

influence on DHA accumulatipand he identification of three QTLs indicatgolygenic control of

nectarDHA contentBased on the proposed function of the LsSGPP2 orthologue, we suggested that

LsSGPP2 releases DHA from DHAP for the purpose of maintaining phosphate homeostasis in the

photosynthesising nectary. We hypothesised that variabilitdpp2gene expression was

responsible for the variation in nectar DHA observed among diffdreptospermungenotypes and

species, and that this variation would be caused by sequence differences witHaggpiocus.

To enable crosspecies comparisons of tif#@gpplocus, inChapter 3we produced whole genome
sequences for two more species within the Leptospermeae tribe -Hliglity haplotypedsaudium
laevigatumand Leptospermum morrisongenome assemblies were producesing higHidelity

longread sequencing and synteimased scaffolding against theptospermum scopariugenome

These genomes were selected to represent contrasting DHA phenotypes within the Leptospermeae

asL. morrisonihas the presence of nectar DHA d@adlaevigatundoes not.These new genome
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assemblies provide an important resource for studying traits related to nectar and foliage chemistry,

and for understanding the genetic diversitithin the Leptospermeae.

Following the identification ocBgpp2n Chapter 2 and the generation of more Leptospermeae
genomes in Chapter &hapter 4aimed to further understand the regulation 8gpp2gene
expression and the structure of tf&ggpplocus within the Leptospermeae and wider Myrtaceae
family. TheSgpplocus, gene sequences, and transcript abundances were compared among three
Leptospermeae species. scopariumbL. morrisonjiandG. laevigatumBYy comparinggppgene
promoters within individual genomes and between the different genomes, botiserved and

unique regionsvere identified. Rgions and binding motifs unique the promoters ofthe highly
expressedsgps were identified. Tdurther characterise thémSgpp2romoterwe generated
transgenic lines dPetuniaand Nicotianag using theLmSgpp2romoter driving expressioaf the
reporter geneVenus Sgpp2expression correlated with DHA amounts in the two further
Leptospermeae species investigated, further supporting the hypothesiStap2s responsible for
DHA production. Comparison 8fppgene sequences from throughout Myrtaceae indicated that
that highSgpp2expression was probably the ancestral state within DHA producing taxa, followed by
repeated loss of the trait. TwG-box motifswere identified as being unique to the highly expressed
Sgpp3, and aZIR1transcription factor predicted to bind to them wadsoidentified as

significantly differentially expressed in the RNAseq dataset presented in Chafiee BZIP11 gene
was subsequently found to docate with another of the QTLs identified in Chapter 2. The promoter
region across 1BHA producind. scopariumgenotypes was found to be highidpnserved in
sequencewith the lack of variable proximalselementsindicatingthat there may befurther

complex transcriptional regulation fine tunilBgpp2expressiorbeyond the promoter region
analysedA limitation of this chapter was the inclusion of only one line that produces noqddrd
future analyses would be benefit from inclusion of even more extreme DHA phenoiipes.
LmSgpp2promoteYenudines ofPetuniaand Nicotianawere found to have strong nectary specific
expressiorindicating conserved regulatory elements in these diverse spdtieas hypothesised

that the presence of the-8ox motifs may be essential for activation@gpp2expression by the
bZIP1ltranscription factor, and other regulatory elements within the QTL but outside of the

promoter region studied may fine tune expression.

Chapter Scharacterised the activity of thie. morrisoniSGPPs and compared them with the
previously characterisedrabidopsisSGPPrhese three mSGPEBnzymes, along witht&GPP, were
produced and purified in microbial systems, and assayed for phosphatase activity on three substrates

that includedDHAPIt was demonstrated that LmSGPP2 can dephosphorylate DHAP to produce DHA
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and phosphate. LmSGPP2 had higher activity on DHAP than AtSGPP and LmSGPP1, and similar
activity to LmSGPP3. | hypothesised that shifts in the kinetic parameters between the SGPPs were
due to changes in the substrate specificity motif. These assays provided preliminary insight into the
range of substrateSgppZcan dephosphorylate, and further substrate screening could allude to
additional functions. These results validated our hypothesis that SGPP2 dephosphorylates DHAP and
further supported its proposed role in phosphate homeostasis and the production of DHA in

nectaries.

Following then vitro characterisation of LmSGPP2 activity in Chapt&@hapter aimed to

characterise LmSGPRR2viva We generatedPetuniaand Nicotianatransgenic lines overexpressing

the L morrisoniiSgpp2under the nectary specific promot&aNecl Sveet9d to assess the effect of
Sgpp2expression in nectaries that do not produce DHA. No increase in DHA was found in the nectar
of these transgenic lines. However, thmSgpp2ransgene transcript abundance was significantly
lower than that of the control lines using the same promdtercontrol a reporter gene, which could
explain the lack of DHA in the nectaries. Furthermore,RhBlecipromoter was found to be not as
strongly expressed nor as nectary specific as previously described in the literature. A highly
expressed nectary specific promoter (such asltheSgppdromoter used in Chapter 2) should be
used for future worklt was hypothesised that as LmSGPP2 has been demonstrated in Chapter 5 to
dephosphorylate DHAP and potentially a range of other sugar phosphate substrates, it may have
been downregulated due to disruption of metabolism in these tissues. The effect of LmSGPP2 on
nectar traits inPetuniaand Nicotianawas unable to be assessed here due to low andlotated

expression of the transgene.

7.1.2 SGPP»roduces DHA iheptospermunmectaries

This thesis has provided strong evidence tBgppds responsible for DHA ireptospermunmectar

(Fig 7.1). Sgpp2expression levels correlated with DHA amounts in all species and genotypes we have
looked at. It would be surprising if these two unique featurékeptospermunmectaries were

unrelated, especially dsalso demonstrated that SGPP2 is able to produce DHA from DHAP. DHAP is
present in cells as part of primary metabolism and could have increased abundance due to
photosynthesis in the nectaijvlacrae & Lunn, 2006; Clearwatgtral., 2021; MalléAPonceet al,,

2025) Finally, the location of th8gpp2gene within a QTL for nectar DHA provides even more

support for this gene being responsibléowever, as the data is correlative, confirmatiorSpipg2

function requires evidence from either les$function or gairof-function plant lines.
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Figure7.1:{ A YLJ A TA SR LINBptdgpar@rn sddpayitalettar groduction model (based on
Clearwateret al. 2021), with contributions from this thesis. In this model, the nectary sugars are unloade
into the subnectary parenchyma then enter the hexose phosphate (HexP) pool and primary metabolic
pathways in nectary parenchyma via sucrose synthase (SuSy), hexokinase (HXK) or fructokinase (FRk
nectary HexP pool is also contributed to by photosynthesis in nectary chloroplasts. Photosynthesis deri
DHAP is exported via the Triose Phosphate Translocator (TPT) and is subsequently isomerised by Trio
Phosphate Isomerase (TPI) to form glyceraldehy@phosphate (G3P) and is further converted to HexP by
gluconeogenesis. Some of this exported DHAP is dephosphorylated by an enzyme we have identified i
present work called SGPP& form DHA which then diffuses into the apoplast and into the nectagpp2
gene expression is potentially regulated by a bZIP11 type transcription factor bindinghox (Shown as C
promoter) motifs in its promoter also identified in this present workP in thepromoter correspondsto the

identified P1BS elementrigure created with some components from Biender
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7.1.3 Complex regulation of DHA production ireptospermum

This thesis has identified multiple elements involved in the molecular basis of DHA production in
LeptospermumSgpp2ranscript abundance correlates with DHA amounts in nectar, therefore
regulatory elements influencing its expression must be key in the production of DHA, along with the
gene itself. The identification of twolebx motifs and a significantly differentially expressed bZIP11
transcription factor could be essential in the regulatiorSofpp2(Fig.7.1). These type of bZIPs often
have diverse roles including involvement in sugar metabolism, photomorphogenesis and signal
transduction(Wanget al,, 2022) The colocation of both th8gpp2and thebZIP11in separate QTLs

for nectar DHA provides further support of their significance. The ability of the 3.3kbppi2

promoter to induce transgene expression in phylogenetically distant species demonstrates that key
elements for strong nectary specific expression are within this region dirtifegppromoter, and

that whatever regulatory elements needed Bgpp2o be expressed in nectaries are conserved

among distant plant families.

The presence of multiple other motifs in the promoter could be indicative of complex recruitment of
transcription factors. The P1BS motifs found throughout the promoter are usually involved in
phosphate starvation responses, including adaptation to Hiigit stress and preserving
photosynthesigMdller et al, 2007; Bustost al.,, 2010; Nilssoet al., 2012) The G motifs are
generally involved in light response pathwdlyam & Chua, 1990; Kaptaevyet al, 2012) Even

within an individual genotype, variation in nectar DHA is observed within and across seasons,
indicating that environmental variables such as light could also be at play, as demonstrated by
Clearwateret al. (2021) ThisSgpp2expression could be further controlled though upregulation of

light responsive transcription factors in response to changing light environments.

The lack of variation in the promoter observed amangcopariungenotypes with varying DHA
phenotypes indicates that other regulatory factors beyond the immediately adjacent promoter
region such as distaiselements further upstream within the QTL, may be essential in further fine
tuning expression. Next steps to establish more specific regions within the QTL could include
additional fine mapping (discussed further below) or technologies such as chromatin accessibility
profiling (e.g ATAGseq). Variation was seen within the final intron of thgpp2gene which could

also be part of the fine tuning of transcription, as demonstrated in other genes including AGAMOUS
(Sieburth & Meyerowitz, 1997; Mararad al., 2023)

Themost probable origin oB6gpp2vas by gene duplication then neofunctionalisation. It is currently
unknown when exactly th8gpp2duplication has occurred, but our analysis showed two Sgpp2

copies inPunica granatung a species outside of the Myrtaceae but within the same order. The C
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box motifs could have evolved from a series of SNPs or insertions, enabling recruitment of the bZIP11
transcription factor potentially already active in carbohydrate metabolism within the nectary

(Marandet al., 2023) The high expression 8gpp2suggests that itould have conferred an adaptive
advantage (discussed further below). However the repeated loss of the nectar DHA trait observed
among the Leptospermeae and Chamelaucieae tribes could indicate fluctuating selection pressures
in different ecological contextdNoeet al,, 2019; Obenddarkoet al., 2023) Analysis of th&gpp2
expression profiles and promoter sequences of more taxa with varying DHA phenotypes could help

to address this hypothesis.

7.1.4 Function ofSgpp2in Leptospermunmectaries

Leptospermunmectaries are photosynthetic, and photosynthesis derived DHAP contributes to nectar
DHA(Clearwateret al,, 2021) Changing light levels could create sudden increased in DHAP within
the cell¢ potentially necessitating release of phosphate to ensure sufficient phosphate is available
for exchangdy the chloroplastic triose phosphate transporter (T#®Tpreserve photosynthetic
machinery(Tegeder & Weber, 2006)heArabidopsisrthologue of SGPP2 has proposed functions
relating to modulation of suggshosphate balance and Pi homeostg§isparrésMartin et al.,, 2013;

Heet al,, 2019) and Pi starvation induces high expression levelt8§pp(CaparréosMartin et al,,

2013) Many of the motifs identified are associated with light responsive and/or phosphate
starvationpathways¢ Gbox (Songet al,, 2008) P1BSNilssoret al,, 2012; Liwet al,, 2017)and GT1

(Lam & Chua, 1990; Terzaghi & Cashmore, 1995; khplamt al,, 2012) supporting a role related

to phosphate homeostasis and photosynthesis.

Not all green photosynthesising nectaries have DHA in their néziguwan Delden, 202450 what

is unigue to these DHA producing taxa? A possible answer to this could relate to their geographical
distribution. Most of the Leptospermeae is centered in Australia, which has a high propoirtion
highly weathered and nutrient poor soils and specifically soils that are low in phospi@niass &
Milewski, 2007)The Australian flora has many unique features thought to have evolved in response
to nutrient poverty, including some related to nectar traj@rians & Milewski, 2007& muka also
maintains rapid growth with comparatively low requirements for key nutriesuish as phosphate
(GutiérrezGinéset al.,, 2019; Noe, 2022pehaviour that suggests efficient strategies to maintain
sufficient Pi in its tissueslighSgpp2expression and the resulting nectar DHA may have been
retained within some lineages of the Leptospermeae and related cladpokliding an advantage in
maintaining phosphate homeostasis within floral tissues, in response to the combimd@on

photosyntheticnectary and lowphosphate availability.
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It is still not entirely clear what fithess advantage, if @gpp2expression and nectar DHA
accumulation provides. We have hypothesised that DHA in nectar is a byproduct of phosphate
homeostasis, however other possible explanations include DHA in the nectar having value to a
pollinator or beneficial microbe, or as a signaling molecule. DHA as a root exudate has been found to
be an attractant for a nematod@Vanget al,, 2020) DHAP has been demonstrated to be part of
signaling pathwaysg such as activation of TgRallénPonceet al., 2025)and MGC¢ of which DHA

is the precursor, has been demonstrated to induce a triose phosphate isomerase ({Bharenaet

al., 2012) Sugars produced by photosynthesis can be sensed as qBetifioet al, 2014) and
Clearwateret al.(2021) also hypothesised that photosynthesis in nectaries could have signaling
purposeg potentially amplifying nectar production from phloem derived sources in response to a
diurnal light signallt cannot be excluded that DHA production in nectar may have no biological
function: SGGP2 activity and negtaxpression may have evolved for another function that is no
longer biologically relevant, and the sporadic occurrence reflects a trait gradually being lost from the

taxa.

7.1.5 Significance for nectar biology

Most of our knowledge of nectar and nectaries is for model species, and research -omoagieh
ALISOASE fA1S Ynydzll A& ONHZOAIFE F2NJ 6ARSYAYy 3 2 dzNJ
genes linked to a minor abundance compound of nectar, where so far the identification of QTLs
related to nectar and nectaries has been limited to effects on nectarylsiaeet al., 2021)and

nectar volumgBarstowet al., 2022, 2025)This work also contributes to our developing
understanding of photosynthetic nectaries. We have built on the work from Cleanetigdr(2021),

by further characterising the proposed path from cellular DHAP to nectar DHA. Cleastvaker

(2021) hypothesised that photosynthesising chloroplasts in the nectary could have a role in
regulating nectar flow and composition, as the contribution of nectary photosynthesis was less than
the total increase in nectar sugar in response to light. We have identified a gene potentially linked to
nectary chloroplasts, adding to our understanding of photosynthesising nectaries and the role of
nectary plastids beyond amyloplasts (eRgnet al., 2007)or chromoplasts (e.dHorneret al., 2007)
Further clarification of the unique role of nectary chloroplastképtospermuntontributes to our

overall understanding in this understudied area.

716 CdzidzNBE AYLI OG F2NJ GKS Ynydzll K2ySeé AyRdzadl

¢tKS YSiGKeft3atez2ElIt 6abDho tS@Sta Ay Ynydzdl Kz2ySe:x

underpin the rmnuka honey industnand influence the export prices able to be achieved by honey

LINE RdzOSNE® LYONBIlI aAy3 abDh tS@gSta 2F YnydzZll K2ySe
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generated within this thesis provides essential insigo the plant genetic basis of this trait. We
have identified multiple genetic elements contributing to nectar DHA production, which can be
further explored to develop genbased tools to identify highalue germplasm. Such tools would
enable efficient screening and selection of many lines, ensbiodjversity can be maintained while

increasing higivalue honey production

Ideally, identification of genomic sequence differences correlating with DHA production that could be
converted to appropriate markers (e.g. figh Resolution Melt analy®2sNJ Y3Sy S OKA LA QU 6
LINE GARS (KS oF&aAra F2NIARSYGATAOIGAZY 2F KAIK QI f
differenceshavenot been identified from the present work. Nevertheless, as high ndatdA is

linked to high transcript abundance of tisgpp2gene, the knowledge generated here could be used

for a mRNA based phenotyping system. Such methodology, however, may not offer significant

advantage over nectaDHA phenotyping. Further development of genotyping methodology could

help provide reliable identification of germplasm for breeding programmes and plantation planting,

through clonal repropagation or selection of mother plants for harvesting seed capsules for

replanting.

Future work is needed to identify specific sequence differences to underpin genomic tools. To clarify
more specific genomic regions to focus on, further QTL mapping populations could be created.
Limitations of our previous population include not drastically different DHA phenotypes of parental
lines, and environmental variability potentially masking some of the QTL effects. New populations
generated should expand the number of genotypes and use crosses between lines with more
strongly contrasting DHA phenotypes. With further sequence information, crosses could be made
between two highDHA producing lines homozygous for a DHA marker, ialdpws to then explore

the other QTLs that may have been masked by it.

This work has been done as part of a government funded Smart¥@z2(A Rl G Ay 3 1 S& Yny dz
determining honey vall@ 0 Ay LJ NI FSINA KA L NRsdz (d#angdnE a Sustajhable K || dz

Food and Fibre Futures funded projelstAn G A t 2 N2 dz Ynydzl I w»os (RE (SSaytal Aoty
Ynydzl I LINE LI 3 { xvehifi ¢ East Calpe Khis ha$ provilled ingightintddnow this

knowledge can be utilised by the end users in the industry. This partnership has emphasised that

being able to eo-soure germplasm from within a roheeeds to bea key driver of future work. E€o

sourcing ensures plants will beell adaptedto their environment including flowering at appropriate

times to be able to produce higluality honey. It also ensures regional diversiy be maintained

to ensure resilient populations. Respecting whakapapa and maintaining provenance is also important
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forbIndA t 2NPdz ,advweINSS suppbrifhg thekdevetopment of distinct provenance

stories and products.

7.1.7 Future work

The discovery of multiple QTLs and genes involved in DHA produclieptospermunspecies
provides the basis for numerous future research directions. Some possibilities to expand this

research space are discussed below.
What are the expression patterns 8gpf2 in wider taxa?

We hypothesise that the ancestral trait is to have a highly expreSgpg2and nectar DHA, with
repeated loss of the trait. To further test this, we could investiggge2s presence and expression

in a wider range of taxa throughout the Leptospermeae and Chamelaucieae tribes. It would be
interesting to see if the correlation betweegpp2expression and nectar DHA continues in taxa with
G2 G2 GKNBS GAYSA KAIKSNI y Bdoiflond Bhiteiwilliarkskety ¢ §
al., 2018)

IsSgpp3ighly expressed in some taxa?

As discussed aboveie hypothesise that the ancestral state is high expressing coBgm2
followed bySgpp3arising through duplicatioq Sgpp3may have retained that high expression in
some taxa. It would be interesting to establish if this could be a factor in the DHA levels seen within

some of the highest DHA producing species &diamset al., 2018)
How can we further investigate the regulationSgpp2expression?

Further work could investigate the regulatory elements fine turiggp2expression. This could
involve fine mapping of the QTLs to further refine the linked locus, or creation of further mapping
populations described above. Otheagulatory elements could be identified though technologies
such as chromatin accessibility profiling (e.g. ASéq) or validation transcription factor binding (e.g.
CHIPseq)(Marandet al., 2023) Promoter dissection experiments could help narrow down the

region of the promoter required for nectary specificity.
Are the Gbox motifs key to higBgppZexpression?

Analysis of wider taxa within the Leptospermeae and Chamelaucieae should also focus doxhe C
motifs identified¢ and establish if they are in fact crucial for the presence or absence of DHA. Ideal
genera to start this investigation would Beggreflorumand Verticordiawhich contain very high

nectar DHA lines as well as lines with no nectar DHA. Further transgenic experiments with a
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LmSgpp@romoterVenusconstruct with one or both of the-6ox elements removed could also
confirm the Gbox motifs role in strong baseline expressi¥past one hybrid experiments could also

confirm interaction of these motifs with the bZIP.
Can we demonstrat8gppZunctionin vivg?

Ways to further demonstrat&gppZunction include further overexpression experiments using the
LmSgpp2romoter to drive expression of themSgpp2aene. These transgenics could initially be in
Petuniaand Nicotianadue to established transformation protocols, but it is unknown how crucial
photosynthesis derived DHAP may be in DHA accumulation. Therefore ideally, a nectary model with
photosynthesising nectaries would be used, such aHegéra helix Stable transgenics to

demonstrate function in noDHA producind eptospermunspecies would take significant time to
develop transformation protocols and would take years to flower and assess nectar DHA. Transient
expression assays in the flowers of Leptospermeae species could potentially be developed more

quickly.
CanSgpp2dephosphorylate other substrates?

Additional substrate screening could help to further understand the activity of SGPP2, as there could
be a currently unscreened substrate that SGPP2 has even higher phosphatase activity on. If one was
found it could allude to another function, where the dephosphorylating of DHAP is not its primary

purpose.
How does phosphatgtarvationaffect nectar DHA?

Previous work has found that low phosphate soils did not affect nectar {fdds, 2022)however,

LISNKIF LJA S@Sy t26SN) tS@Sta 2F LK2ALKIFGS FNBE ySSRS
very low supplied phosphate could help to simulate the possible environments this trait could have

evolved in and clarify the role &gpp2in phosphate homeostasis. Subjecting phosphate deprived

flowers to varying light levels and measuring gene expression, nectar traits, and tissue Pi levels could

also shed light on hoBgpp2expression might be influenced by both Pi starvation and

photosynthesis.
Is the function oBgpp2maintaining phosphate homeostasis in a photosynthesising nectary?

Much of our understanding of photosynthesis is based on leaves, where as long as sucrose synthesis
keeps up with C&assimilation and triose phosphate export from the chloroplast, sufficient Pi should
be released for exchange by the chloroplastic Triose Phosghatelocator(Tegeder & Weber,

2006) Our understanding is limited in how photosynthesis and nectar production affect each other
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in photosynthesising nectaries, and should be the subject of future research. We hypothesise that in
Leptospermumthe combination of photosynthesis and nectar production in the nectaries combined
with low phosphate availability is potentially causing a depletion in cytosolic Pi that is not being

replenished by sucrose synthesgiaecessitating SGPP2 to release Pi for exchange and preserve

photosynthetic machinery. To test this hypothesis, we could look at gene expression changes in both

photosynthetic and nectar production pathways in response to phosphate starvation (discussed
above), varying light levels, and photosynthesis inhibitors such as DCMU (see Clearahjer
2021).

What other factors could explain tlesolution of tle nectar DHAvait?

Understanding the scope &gpp2presence within the Myrtaceae could help us understand

function. While we have hypothesised that DHA in nectar is a byproduct of phosphate homeostasis,
there may be other adaptive significance that is still unknown. One possible advantage could be
related to a pollinator interaction, that could potentially be explored through comparisons of

distribution of DHA producing plants and pollinators.
Are microbes contributing to DHA production in nectar?

Investigating the potential role of microbes (eRantoea agglomeran&auffmanBresciano, 2021)
augmenting DHA production in nectar could also be explored further, especially as microbes can
sometimes mimic the production of heptoduced compoundéigra & Nonzom, 202,33nd
(Larrouyet al, 2023Y0K I N} OG SNAASR GKS Ff2N})f YAONROAZ2YS
taxa both endophytic and epiphytic.

7.1.8 Concluding comments

This thesis strongly indicated th&gpp2s responsible for DHA lreptospermummectar, and that it is
under complex regulation. We hypothesise the function of maintaining phosphate homeostasis in a
photosynthesising nectary but further investigation is required. Futesearch can help us clarify

the basis of this unique nectar trait in a rarodel species and contribute to development of
molecular tools for identification of high value germplagnsupport theAotearoaNew Zealand

honeyindustry.
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Supplementary materiafor Chapter 2

(a) FDS 4 FDS 6-7

Figure 2.1: Developmental stages and nectary enriched tissueLgptospermum scopariurtine EC38. (a)
Examples of FDS4 just prior to flower opening, and FSctar secreting flowers. (b) Cross section of
Y mukaflower showing the location of the transverse cut between the ovary and hypanthium surface, a

the portion of ovules removed
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Figure 22:5 A K@ RNRE&l 0SG2yS 65110 ySOGFENI GNXAG Ay |
(Leptospermum scopariuingenotypes across yeaBHA mg g sugar in key lines, with at least 8 replicates
across at least 3 seasons in total for each line. Blue circle shows the mean
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