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ABSTRACT

ANALYZING GENETIC RESPONSE MECHANISMS ASSOCIATED WITH COPPER

HOMEOSTASIS IN POPULUS TRICHOCARPA USING A BIOINFORMATICAPPROACH

Copper is an essential micronutrient for plants and plays an important role in
photosynthesis, respiration, hormone signaling, cell wall structure and wound healing. Copper
deficiency can cause chlorosis, leaf curling, and weakened steragrdposed that under
copper deficient conditions plants down regulate genes whose proteins use copper as a cofactor
but also play an Aunessential o role for the p
Afessential 6 pr ot eytochsomdCiokdase.pDowmedulationyoh ni n or ¢
Aunessential 0 genes i s p eniRBOGmMIREYandmiR408 ilkes c op p e
thesis increases our understanding of copper homeostasis in plants by analyzing the
transcriptomic response Bbpulustrichocarpato copper deficiency in four vegetative organs
and applies this knowledge to the study of medpper oxidases. Organs have drastically
different responses to copper deficiency with few genes being systemically differentially
expressed and rsbgenes that are differential expressed only are in one organ. Our data also
show that not all genes are regulated to the same extent. Genes that are already highly expressed
(>50 RPKM) under coppesufficient conditions are only ugegulated 1to 4-fold, while low
expressed genes can beregulated as much asf@d. We go on to describe 25 unannotated
genes as laccases based on their sequence similarity with known laccas®sabilopsisand
Populus The laccases break up into seven phylogerigtitistinct groups. Each of the seven
groups have a distinct expression pattern across the four organs in response to copper deficiency

that seems to be mediated by-@IRNAs miR397andmiR408
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CHAPTER 1
AN INTRODUCTION TO COPPER AND ITS ROLE IN PLANT BIOLOGY

Copper is the twentpinth most abundant elemdntt h e e a r andi®as essentials t
micronutrient for life(Linder andGoode, 1991) Copper has the ability to perforome-electron
reduction/oxidatior{Redox reactionsmaking it indispensable fomany ofl i & neet@bolic
processeélinder and Goode, 1991; Lippard and Berg, 1994)plants, copper functionsa
cofactor in a variety of metabolic proteifmaind inmany organelle@Cohu and Pilon, 2010)in
the chloroplast, copper is mostportantin the protein plastocyani{*C), where it serves as an
electron carrier in the electron transport ch{atohet al, 1960) Arabidopsis thalianglike
most plantshas two PC isoform®&ach of which requires a substantial amount of cof\{feigel
et al, 2003 Schuberet al, 2002; Kieselbaclet al, 1998) In the mitochondon, copper is
required foractivity of the cytochrome oxidase comple¢COX), which reduces molecular
oxygen to wate(Carr and Winge, 2003)Copper also functions as a cofactor in a variety of
plastidig cytosolic, apoplastic angacuolarenzymes, including copper/zinc supede
dismutase (Cu/Zn SOD), polyphenol oxidases (PPO), amine oxgla@seorbate oxidase
ethylenereceptors and laccases (L&e)arschner, 2011(Figurel).

C o p p euméraudunctionsin the plant celmakemanaging its abundanceucial.
Copper deficiency can result in changes in root, stem, and leaf morphology as well as decrease
photosynthetic activityMarschner, 2011; Epstein and Bloom, 2005he dangers of copper
deficiency have led to the evolution of a complex copper uptake system a@s @edi/stem to
allow for optimal copper digbution within the cel(seeBurkheadet al, 2009for a review.
Converselyc o p preactiesproperties forqaantsto control the amount and distribution of

copper to prevent the formation of Reactive Oxygen SpéR@s (Halliwell and Gutteridge,



1984) Coppertoxicity leads to inhibition of photosystem Il as well as inhibition of chlorophyll
synthesis, both of which lead to a decrease in photosynthetic efficieney amctease iIROS
(Yruelaet al, 1996; Bernakt al, 2004) These dangemreavoided by a chaperone system for
copper as well as storage of extra copper in organelles suchvastinde

Copper ions irsoil exist primarily as Cu(llput in plantghey areprimarily transported as
Cu(l) (Marschner2011). lonsin the soil are thought teereducedo Cu(l) by a cell surface
ferric reductase (FRQJnakingthe ions available for transpoftVelchet al, 1993). Copper
uptake into the roots of the plant is performedalmppperransporte(COPTL) on the surface of
root cells(Kampfenkelet al, 1995; Sancendet al, 2003) The COPT are a mulgene family
(COPTZL6) present in bottthe plasma membrane and thaoplast COPT6 is primarily found
in the vascular tissue plasma membranes and it interacts with COPT1. When COPT1 is knocked
out COPTE6 is ugegulated most likely to compensate for lack of COPT1 fun¢tflanget al.,
2012) COPTS5 is important for copper efflua thevacule(GarciaMolina et al, 2011)
However,COPT4is inactivebecause o& deletionof an essential methionine residi@ancenon
et al, 2003) COPT3® somplete expression pattern and subcellular localiza@menot yet
been fully investigate(seeBurkheadet al.,2009; Raveet al.,2011; Pilon2011for a review.
In addition to the COPT transporters, Airfllependent ZIRZRT, IRT-like Protein)
transportersiavealsoexhibited theability to transportcopper ios across the plasma membrane
(Wintz et al, 2003)

Copper ions are transported to the shootplastically through the xylenThe ions are
transported out of the root symplgstobablyas Cu(l) by a heavy metal-Fype ATPase (HMA)
(AndrésColaset al, 2006) Once in the xylemipnsare thought tdebound toa metal chelator

such asiicotianaminefor longdistanceransportBriat, Curie, and Gaymard, 2007; Pich and

! This use of FRO to reduce Cu suggests a link between iron and copper homeostasis.
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Scholz, 1996) Copper isthentaken into the symplasf the shootby COPTtransporters
(Sancenoret al, 2003; Wintzet al, 2003) Once inside thehotosynthetic cellscoppercan be
transported to specifisubcellular compartmesivia a variey of mechanismsmost importantly
by the Rtype ATPases which mediate transport into organéesbdetGhanyet al, 2005;
AndrésColas et al., 2006; Puig €t,&2007)

The demand for copper in green tissisda constant fluxdepending otight
availability, water availability, the plafst developmental stage, and availability of copper in the
soil (Burkheacdet al, 2009) Severalktrategiehave arisen to adjust the supply of copper to meet
the fluctuating demandsThese strategieseacontrolled by the transcription factePL7 SPL7
shares sequence similarityttee Cu Response Reguta in ChlamydomongsCRR1, which
regulaes gene targets witn abundance of the seque@&EAC in their promoter region
(Yamasakiet al, 2009) This GTAC sequence is knm as theCu Response Element (CuRE)

It is highly abundant in genes that are important for copper uptake and mobilization of copper
Several lines of evidence support itlea that CRR1 iableto senseopper abundance in
Chlamydomonagropatet al, 2005)

Genetic evidence suggests that SPL7 is i mp
variations in copper supp({ardonet al, 1999; Yamasalet al, 2009) In plants, mder copper
depletel conditions genes witha higher than average numl¢iCuRE motifs are upegulated
by SPL7(Yamasakiet al, 2009) These genesclude, butarenot limited tg COPT1 and 2,

FSDZ, ZIP2, YSLZ, FRO3 andthemiRNAs 397, 398 and408(Yamasakiet al, 2009) The
mMiRNAs 397, 398 and408are known as the GamiRNAs because they atenscriptionally

regulated by SPLih response to coppéeficiency(Yamasakiet al, 2007; AbdelGhanyand

’Iron (ferrous) Superoxide Dismutase (FSD)
*yellow Stripe Like (YSL)



Pilon, 2008; Burkheaet al, 2009) They also have sequencemplementarityo the mRNA of
genes that encodmppercontainingproteins and are able to targetase transcriptfor
degradatiorby the RNAinduced silencing complex (RISChn Arabidopsishe CumiRNASO
targes includeCSD1 and 2, plantacyanin, and many members of the laccase family (LAC2, 3, 4,
7,12, 13, and 115. E. AbdelGhany and Pilon, 2008)

The miRNAmediateddownregulation of certain copper genesmbined with the up
regulation of copper transporters by SPha e led to the development of a fairly complgat
elegant mdel for plant copper eostasis When copper is sufficient within a cedlll copper
containing and coppeegulatingproteinsare expressed at normal levelWhencopperis
deficient however, SPL7 isctive which in turn upregulates copper uptake and transport genes
like COPT1 and 2, FRO3 and ZIRP2eBurkheadet al, 2009for areview). SPL7 also actates
MiRNAs 397, 398 and408 which downregulate a subset of copper genes. This response is
thought to increase the amount of copper being obtained by the plant, limit the number of
proteinsthat demand copper, and conseavailablecopper for essentigiroteinssuchas
plastocyanin and cytochrorooxidase(Figure?2).

Until now, work on copper homeostasis in plants has primarily been performed in
Arabidopsis thaliana While this has been a good model organism fecal/ering the
fundamental pathways of copper homeostagshave begunewstudies inPopulus
trichocarpa(blackpoplal). Poplars a perennial woody dicot that grows relatively quickly and
produces large quantities of biomasgludingsecondary cell walland wood, making it an
attractive model organism for studies related to biofuel production as well appaghection

(Tuskanet al, 2006)



ThePopulusgenome was sequenced2003 andthenpartially annotated using software
to predictopen reading frames and protein prody€tsskanet al, 2006) The genome is
approximately3480 million base pairspanning 19 chromosomes.olHding programs have
reported 45,555 gemaodelsusing homology with known plant proteins aadal initio gene
prediction. The size of th@oplargenome is the result of two genome duplication events since
its divergence from thArabidopsidineage 100120 million years agqTuskanet al, 2006)
Thisincreae in genome size has ledgi@ater gene diversity than Arabidopsisas well as the
presence of multiplpoplarhomologs for a singlérabidopsisgene Genome duplication
creates a twdold problem firstly, gene annotation cannot be taken wholegal@ the
Arabidopsisgenomeand applied to thBPopulusgenomeand secondlydiscovering the function
of every gene is much more difficult duegossiblefunctionalredundancies Fortunatelynew
tools and bettegprocessing power medhatthis problem can bsolvedpartly by bioinformatic
techniquesndpartly by molecular techniques.

RNA-SEQ provides aigh-throughput, tanscriptomewide, quantitative method for
measuring gene expressjovhich can be applied in poorly annotated orgarsdike Populus
trichocarpa(Wang, Gerstein, and Snyder, 200®NA-SEQ has become possible because of the
recent development ofextgererationsequencing techniques such as lllumina, SOhaiImR|454.
RNA-SEQ uses massive parallel sequencing techniques to sequer2@0bp0fragments of
RNA collected from a startingnaterial which are then assembled ir@ntire transcriptonse
(Figure 3) RNA-SEQIis an excellent tool for studying tle®mplete transcriptomic response to
stimuli like copper detiency orpathogen infectionas well agor uncovering previously

unexamiredgeneghat aredifferentially expressed iresponseopperdeficiency



Scope of the Thesis

This thesiglescribe®ur new research into copper homeostasiopulus trichocarpa
As a way to discover novel mechanisms of copper regulatierset out to get imorecomplete
understanding gb o p | transdigomic response to copper deficiency in the vegetative organs
by usingRNA-SEQ. Chapter @escribes howlata from an RNASEQ experiment were
analyzedincludingplantwide patternsand tends of differentially expressed genes, a functional
analysis of differentially expressed genes using MapMan, and differences in the transcriptome
between four vegetative organShapter 3lescribes bioinformatics approach to understanding
the laccase gene family in popldn this clapter wereport thediscovey of previously
unannotated laccase gersr®d discus€u-miRNA downregulation of this important group of

coppercontaining enzymes.



Copper-containing Proteins

Name

Subcellular Location

Function(in Arabidopsi$

Remarks

Plastocyanin
Cytochrome C oxidase
Cu/Zn SOD

Laccase
Ethylene Receptors
Ascorbate Oxidase

Amine Oxidase

Plantacyanin
Polyphenol oxidase

Chloroplast thylakoid)

Mitochondrion(inner membrane)

Cytosol(CSD1), stroma (CSD2),
peroxisome (CSD3)

Apoplast
Endoplasmic Reticulum

Apoplast
Apoplast

Apoplast
Chloroplast (Lumen)

Electrontransporichain photosynthesis

Electrontransporichain respiration
Superoxidadismutation

Cell wall modelingpolyphenolsynthesis
Ethylenesensing

Woundhealing,pathogen responsegll wall
differentiation

Diphenol synthesis

Function is showin vitro

Functionunclear,possibly salt tolerance

Functionunclear,possiblyreproduction

Copper Regulatory Proteins

Name Organ/Subcellular location Function(in Arabidopsi3 Remarks
Plasmamembraneroots (COPT1); . Copperuptake in the roots;opper uptak_en Sulsealviin Teeslmsifer & Lrelzar T C0e & s
COPT Plasmamembraneshoots (COPT2); theshoot symplastransport of copper in .
they are predicted to be vascular
Vacuolar ororganelar (COPT3 and 5) vacuole
FRO Cell surface,roots (FRO2 and 3) Reduction of soil copper from Cu(ll) to Cu(l) Suggest apossible link with Fe Homeostasis
ZIP Roots (ZIP2))eaves (ZIP4) Possible redundancy with COPT AP TETEDONTES Seis) EIEEen Seest) un(.jer oy
copper and can complement crrl knockouts in yeast
HMA Roots andlowers (HMAS) Export Cu(l) into the stem fdongdistance H_MA5_ and COPT1 are thought to transport in opposite
transport directionsacrosghe plasma membrane
RAN1 Endoplasmic Reticulum Delivery ofcopper toethylenereceptors Also calledHMA7
Chloroplast inner membrane (PAA1), . .
PAA Chloroplasthylakoid (PAA2) Delivery of copper toplastocyanin
CCs Cytosol,chloroplasiumen Copper chaperonfer Cu/ZnSODs
SPL7 Nuclear Transcriptionfactor,recognizes CuRE motifs, Homologof Chlamydomonas<CRR1 protein
detectscellular copperabundance
Transport of iron and other metals associate In rice, YSL transporters uptake iron associated with
YSL Plasmamembrane

with nicotianamine.

Figure 1: Functions and cellular locations of important copper protefsabidopsis

phytosiderophores
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CHAPTER 2

AN ANALYSIS OF THE EFFECT OF COPPER DEFICIENCY ON THE TRANSCRIPTOME
OF POPULUS TRICHOCARPA

SUMMARY

A majority of what is known about copper homeostasis has been discovered in
Arabidopsis thaliana While Arabidopsishas been an excellent model organism for the
discovery of basic mechanisms of copper homeostsmylus trichocarpaffers anew,and
possibly more complicatednderstanding. Under coppéeficient conditions, poplar shows
good spatiotemporal separatiof symptoms that allows féwgh resolutionin organspecific
experiments In this chapter wanalyzethe dataof an RNASEQ experiment concerning the
effects of copper deficiency on four vegetative orggonangleaves, old leaves, stems and roots
This experimentincovergyeneral trends in transcriptome expressmcopperdeficient
conditionsand indicates hitherto undiscovered candidate genes that may play a large role in
copper homeostasis and copper deficiency stress respbmsechapter alsexplains organ
specific responses to copper deficiency and expands our understanding of how copper
homeostasis is regulated at the organ levéis Workwill guide futuremolecular and genetic
experiments in discoverirgppper deficiencyesponse mechams.
INTRODUCTION

Treesare an important natural resoufoe humansprovidinglumber, fiber and fueland
they create unique habitats for a diverse group of organisimestovernearly4 billion
hectares oéarthand are shrinking every year digencreased demand for tree products and
farmland(Food and Agriculture Orginization, 2007 reephysiologyis interesting for plant

biologistsbecause atheir extensive secondary growth, ihability to transportwater and
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nutrients ovearelatively large distance, and the iranse amount of resources requiredrmv
andmaintain the size of the organigifuskanet al, 2006) Tree physiologyanbe greatly
impacedby copper deficiengywith symptoms ranging from reduced and distorted growth to
decreasednd chlorotic foliag€Marschner, 2011; Ruiter, 1969J his study aimso descrite the
transcriptomic responge copper deficiencgf a model treePopulus trichocarpa

The sequencing d?opulus trichocarpdBlack Popla) has allowed it to become the most
important model organism for tree biologyopulusis a woody perennial dicot that grows
relatively quickly(Tuskanet al, 2006) Poplar has a number of advantages for the study of
copper homeostasthie to its size and tractabilityFirst, @pper can be removed and resupplied
to poplarin acontrolled mannebecause it growaell in hydroponics systemdHydroponics
also allows for the control of all nutrients ensure copper is the only limiting nutrient. Second,
whencopper deprived, poplar exhibits very good spatiotempesallutionof copper deficiency
symptoms betweeorgans(Ravetet al, 2011)

ThePopulusgenome contains approximately 41,000ividual geneswith 45,000 gene
models Thesize of the genome is due to two genome duplications that occurred since its
divergence from the herbaceous did@tkich includeArabidopsis thaliang100-120 million
years ago These dplications ledo expandedyene families containing large numbef
paralogous genes that may have redundant fungfiarskanet al, 2006) Functional
redundancy and difficulties with transforming poplar make forward and eegersetic
experiments onerouand determining a single ggedunctionconclusivelyis often not possible.
With the development of nexfeneration sequencing, whdalanscriptomic experiments are

becoming more manageable, making a more targeted appoogeheby-gene studies possible.
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RNA-SEQ is the one of the newest and most robust kinds of vitawiscriptomic
experimentRNA-SEQ quantitatively determines the relative abundaned tinscrips within
a sample and allows for tlygiantitativecomparison of transcript abundance between samples.
RNA-SEQ is an attractive research tool for studying copper homeostasis becangeavide
information on the composition and quantitytioé transcripts in théranscriptomeof a sample
andabouthow gene expressiorespondgo copper deficienc{Wanget al, 2009)

The aim of this portion of my thesis is to expand our knowledgember homeostasis
by analyzingatranscrptomic experiment ifPopulus trichocarpa | will begin by discussing the
experimentatlesignand the initial experiments to confirm copper depletion in the hydroponics
system, followed by the RNA preparation and sequenaing lastiythe RNA-SEQdata
annotation and analysis.

METHODS
Experimental Design

This RNA-SEQ experiment was performed uskgpulus trichocarpdcultivar
Nisqually-1), grown in a hydroponic syste(Ravet et al., 2011)Poplarplants wergropagated
by cutting the last-3 inches ofmaturestens of soil-grown plantsvith a razor blade. Excess
leaf materialasremovel until only ~1cn? of leaf area rema#don acutting to minimize
water loss by transpiratiorThe cus weremade below a nodghere adventitious roots easily
arise. Thenodes of eachcuttingwerethen dipped in the rooting compound Clonex®, which
contains3 g/L of the rooting hormonédole-3-butyric acid (IBA), forl hour during which the
cuttings wereept in the darkn 100% humidityto minimizetranspiratiorduring hormone
application The cutting werethen transferred to a meuin consisting otcoarsegrained

vermiculitesaturated witldouble distilledH,0 to minimizeCu absorption The cutting were
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covered (100% humidity) and placed under low light (~<d99) wunti | advedti ti ou
(about 2 weeks) The cuttingsvereslowly introduced to ambient humidity by punching small

holes in the coveringsAfter the rootswveresufficiently developed (the first root hainad begun

to form), the cuttingsveretransferred t@ hydroponis system.

The hydroponics systemasa serieof 5 gallonbuckets filled with 1/18 strength
Hoagl andodés solution, modi f copperstlfate. Plantsigrowhen v ar yi r
sufficientcopper receive 50 nM (final concentrationdf copper sulfate in their mediahile
plants grown in coppeteficient conditionsveregrown without the ad¢ion of any copper
sulfatet o t h e HaouwianlSinceddper is essentiglantscould notlive without some
copper However, althe cuttings contaad somecopperbeforethey wereput in thehydroponics
system because thegmefrom plants grown in saillt is alsolikely that the coppedeficient
Hoag | a n d 0 sstilkhaslaminusculequantityof copper ions presergince it is nedy
impossible to remove all copper ions without a chelaidre gantsin both thesufficient and
deficientconditionsweregrown for5 weeksin ~200¢ Eof light on a longdaycycle until
harvest Toensure statistical strengtat least three uniquaut genetically identicatuttings
were grown in each copper condition.

After 5 weeks of growth ifnydroponicssamples were harvested from the plants and
immediately frozen in liquid nitrogen. From each plant four organs were harvested: roots, stems,
old leaves and young leave®Id leaves were defined as the three oldest leavigite the young
leaveswerethethree newest leavedA differentiationwas made between tloéd and young
leaves because coppsffairly immobile, and leaves that were formed when the plant was a
cutting (i.e, mature leaves) still had locally sufficient amounts of coppérleaves formedfter

the cuttings were placed irydroporics showedstrongcopperdeficiencysymptomgleaves
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were slightly chlorotic and curled)After being frozen in liquid nitrogesamples were ground
to a fine powdeusing apre-chilled mortar and pestle.

Thegroundup orgamnsamples were thegividedinto three pools:.oneused in
InductivelyCoupledPlasma Atomic Emission SpectroscoyCP-AES), to determine the
numberof copper ions in thergans oneused inWestern blotsconfirming copper regulation of
known copper proteingind theastfor RNA extraction and sequencing.

RNA-SEQ Validation

ICP-AES was used to determine the relative abundance of copper and other ions in the
various samplesRavetet al, 2011, performed this work on the samples that were sent for
sequencingand their methodology is described heBamples were washed for 10 miesiin
double distilled (dd) ED, 20 minutes in 4nM EDTA, and then rinsed again for 10 minutes in
ddH,O. These samples were then dried for 3 days in a 8886 One hundred milligrams of
each sample was weighed irsgparateest tubes and mixed with 1 mL of 70% nitric acid. The
samplesvereincubatedor 2 hoursat 60°C followed by 6 loursat 130°C with aglass funnel
on top to prevent the evaporation of nitric acid. Once all organic material dissolredacid,
thesamples were diluted 10x with dgBl. lon type and abundance were then determined using
an ICRAES calibrated withron and copper ion standards

Poplar plants grown in coppdeficient conditions for 5 weeks in hydroponics began
showing the classical syptoms of copper deficiency at 3 weeks, such as stem bending, leaf
curling, and chlorosis between the veins of the leaf. Copper defidietiog plantavas
guantified after 5 weeks by IGRES by Raveet al.in 2011, to ensurdhatthere were decreased
amounts of copper in all four organs compared to plants grown in espfiieient conditions

and that the copper deficiency threshold was achieved (<5 u@grschner, 2011)In old
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leaves, young leaves, and stems, copper levels were decreased in low copper conditions by
nearly h#f (~10 ug g* to ~5 pg g'). Copper deficiency is described as anything below 5ug g
copper, because most plants typically begin showing the symptoms of copper deficiency at or
below this concentration. Old leaves did not show chlorosis or leafgtolitearlythe extent

of young leaves. This is most likely because copper is not remobilized from the leaves. The old
leaves developed before the plant was put in cegecient conditions, therefore, thesas

copper inherent in the old leaves. Rowakere not nearly as affected as the leaves and stem,
maintaining a high amount of copper (>5 1Y) @n their tissues under coppeeficient

conditions; however, they did show decreased copper content compared to thesaffpent
conditions (from 181g g* to 8 pg g*). Although the apparent Cu ion concentration in the roots
is sufficient, it is likely that many Cu ions are apoplastic in the roots, and much of the copper
detected in ICFAES s not inside the plant cells. Iron, nickel, and magnesuame also

measured and showed no change in their concentration under copper defasemqyected

Zinc and manganese, however, did show elevated concentrations in the leaves under copper
deficient conditions See Ravett al, 2011 for ICRAES showingdownregulation of Cu SODs

and PC

RNA-Extraction

RNA was purifiedfrom 100mg (fresh weight)of ground tissu@ising thelnvitrogen
RNeasy® Plant Mini Kit IfavitrogenRNeasy Mini Handbogk012. RNA purity and
concentration were checked Banodropspectrophotometeeadings RNA samples ofive (g
eachwere stored overnight in-80°C freezer and shipped dirgcto the University of Missouri

on dry ice forlllumina sequencing.
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RNA Sequencing

All RNA sequencing was performed at the Universityvlissouri DNA CoreFacility
(http://biotech.missouri.edu/dnacoreRNA integrity was checked usirtge Agilent
Bioanalyzer 2100a fluorescencéasecklectrophoresis systethatdeterminesghelength
quantity, andquality of thesamples The mRNA was purifiefom other RNAsy oligo-dT
purification beadsgethanolwashing and magnetic separatidfirst and second strand synthesis
were performed using a random hexamer niike doublestranded cDNA was then fragmented
and werhangs redting from fragmentation were converted into blunt ends using an End Repair
Mix®. The 3' to 5' exonuclease activity of this mix removes the 3' overhangs and the polymerase
activity fills in the 5' overhangsA s i ngl e O0AO6 nucl eoofthebdunti s added
fragments to preverthe fragmentérom ligating to one another during the adapter ligation
reaction. Unique adapters (8 differesetsfor multiplexing 1 set per sampl@4 setstotal) were
ligated to thedoublestrandedcDNA fragments Fragments with adapters attached were
enrichedusing PCR and primethat recognize the ad@&ptsequenceFragments weragain
checked for qualitand quantified usinthe Agilent Bioanalyzer 2100 systenktight cDNA
librariesat a time wer@ooled, norméized, andrun on the sequencir a single lané

Sequencing of the cDNA libraries was performed usindliin@ina HiSeq 200@ltra-
high-throughput DNA sequencing platfornthis platform usé solid flow cells with oligos
ligated totheir surfacas. ThecDNA fragmentsverewashed over the surface and bounth®
flow cell oligos. Eachbound fragmetwasthen amplifiedoy PCR so that clusters identical

transcriptsveregeneratean the solid cell These clusteraerelarge enough to emit a

* (Low Sample RNA-SEQ protocol, starting on page 39 of the TruSEQ RNA preparation
guide, 2012)
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detectablesignal during sequencinghe reverse strands generated during the Réfecleaved
and washed away so only forward strareteaired The ends of the forward strangdsre
blockedto prevent degradaticand a sequencing primeasthen hybridized to thbase of the
forward strands. All clustemserethen washed with fluorescently labeled single nucleotaels
polymerase. The nucleotiderebound to alocking group to prevemqolymerase from
addingmore than one nucleotide at a tinfgetween nucleotie washes, the fluorescent labels
wereexcited, readby a spectrophotometand then removed for the next cycle. All clusters
wereread simultaneous]yvith one cluster being the equivalent of one read.
RNA-SEQ Read Cleaning

An entirecluster ofidenticd cDNAs attached to the solid matroorrespondto asingle
fr e a d 0 . weredkearedhtsheUniversity ofMissouri, Informatics Research Core Facility
(http://ircf.rnet.missouri.edu:8000Mrough a series of computational steps. Reads with ends
ending inunknown nucleotideNNNNNNNeé . Wweretrimmedto the last relialyl determined
nucleotide All shortread¢<50bp)and f ai |l ed reads (readwerewi th hi
immediately emoved. The adapter sequem@strimmed from all readsand reads thatere
now less than 50 bpereremoved. The readsverethenaligned to thé?opulusgenome,
mitochondridibraries, plastidibrariesandrRNA librariesby massively parallel BLAST
searches Reads blasting to th@nnucleargenomesvereremoved from the final read pool.
Reads blasting to tHeopulusnucleargenomewnereannotated witliheir ENSEMBL gene ID for
differential expression analysis.

Calculating Differential E xpression

Readswverequantified aghe number oReads Per Kilobase of exon pavlillion reads in

thesample(RPKM). This methodstandardizetranscript abundandgy two things: 1}he length
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of the mature mRNA and Z)etotal number ofread generated fronasample. Firstly, long

MRNAs will have more readben a short mRNMAecause a single transcnpil be fractionated

into more 100bp fragment#s such, genes with long mMRNAs are evepresented unless they

are standarded.Secondly, not all samples generate the same number of total reads. Samples
with a higher number of totaéads will oveirepresent all transcriptghen two samples are
comparedand therefore each gene needs to be standardized by the total number of reads in the
sample.

An RPKM wascalculated for every gene in tRepulustranscriptome foeachsample
and this value represents the relative transcript abundance for thaRE&in data from the
three replicatewereaveraged anthese averageserecompared withall otherorgantypes and
treatmentsising a statistical -Test(28 pairwisecomparisons for eaaeng. Significanty
differentialy expressed genéthresholdp-value= 0.02) werethencompiledand annotated for
further bioinformatics experiments.

Data Annotation

All RPKM data were annotated using FASWArd files andexcel. TwoExcel
spreadshediles were returned to us frorhéUniversity ofMissourilnformaticsResearch Core
Facility (IRCF). The firstspreadsheet containeslery predicted gene in ti®opulus trichocarpa
genome (v 2.2) anids RPKM in every sample (4 gans X 2 copper conditions X $logical
replicates = 24 RPKMper geng The secondpreadkeetcontainednly genes with at least
onesignificantchange in expression inpairwise comparisoof RPKMs between sampl¢s-
value < 0.02) For the most part these were superfluous comparisodsve removed all
comparisons that were not between an RPKM in the sufficient conditidine RPKMin the

deficient condition in the same organ.
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A master spradsheet was generateldor everypredicted gene in thiropulusgenome
we averagethe RPKM values for biological replicates We then calculated theld-changean
RPKM value for each gene betwetkie copper sufficient and copper deficient conditiamgach
organ(fold-change =dg, (RPKMgei/ RPKMsy)). Finally, if the gene hadry significantp-
values (< 0.02)for any comparisons between the conditidhe pvalue was included in the
master spreadsheet.

Genes weréhenamotated using a variety of datses.Partial gene annotation was
performed byIRCF with Ensembl Plant datalbmgenelDs and common names
(http://plants.ensembl.org/) and InterPladabase protein domain information
(http://www.ebi.ac.uk/interpry/ Populusgenes were further annotatesingArabidopsis
homologs, as previously determined by the Plant Genddaitabase i rPopultise 6
Annot at (http:Andvw.plantgdd.ory The complete CDS armiotein sequences were
obtainedromthed Tr ans cr i ptfiles feom the RlaRté&pnomiabDatabasehese three
fles™~, 6 Annotati ond, i dwwergseaaeadiugng tkesemblryehe idBre p t
every gendound in the master spreadshegtd theArabidopsishomolog CDS, and predicted
protein sequence weagldedio themasterspreadbeet Finally, all genes were annotated with
their probeset IDfrom a spreasheetavailablefrom Affymetrix (ttp://www.affymetrix.comy
for MapMan analysis
MapMan

Gene transcripts wefanctionallyannot at ed us i n g todi@hpnivireen 6 s
al., 2004) To generate maps, MapMan requires three:files experiment, the map, and the
pathway. In the experiment filgene IDs were replaced with theiffjmetrix probeset ID. If a

gene did not haan Affymetrix probesetID, then the AGihumberof the Arabidopsishomolog
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was used.Some genes had neither an Affymetrix prsle¢ ID nor arArabidopsishomolog
These gene IDsvere combined with their respective fatdanganformationfor eachorganto
complete the experiment file

MapMan divides genes into 36 functional groups called BINs. The BINs are broad
categories that contain from tens to hundreds of gevieg files can be downloaded from
MapMan {ittp://mapman.gabipd.oydo translategene IG5 (either an Affymetrix probaet ID or
an AGI numberjnto aBIN numberfor mapping Genes that did not have a prede ID or an
AGl number were in®BluM,edi Mins dVss pokthimes the s36.
Aff ymetrix Populusmapfile with the Arabidopsis thaliananmapfile to be able to map genes with
Aff ymetrix probeset IDs andyeneswith AGI numbersn the same mapThe combined list of
gene IDs along with their respective BIN numbers formed the complete map file.

All pathway filesweredownloaded directly from the MapMan website and no
modifications were necessaihese three fileexperiment, map, and pathwayereimported
into the MapMan comparison software, available from the MapMan websitegke a graphical
representation of thield-change for eachignificantly differentially expressegkene overlaid
ontoadiagram@f a pl ant cell 6s pat hways.

RESULTS AND CONCLUSIONS
Patterns of Differential Expression

ThePopulusgenomehas 40183 predictedjenesnot including splice variants. Splice
variants were ignorefibr this analysis because of difficulties aligning a read to a particular
splice variant.Our experiment consisted of 24 sampsonditions (5nM and OmM
CuSQ), 4 organs (young leavesld leaves, stems, and roots), and three biological replicates.

read librarywasgeneratedrom each samplasing lllumina sequencing. The resulting libraries
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ranged from 23.4 million reads to 42.4 million reads before read cleaning. After trimming,
filtering, andcleaning the read librariesontainedbetween 14.7 million reads and 33.7 million
readg(Figured). The average RPKM of a gene is 18@f. the 40183 gens, 6909(17.2%)
showed significant qvalue< 0.02) differential expression in at least mrgan leaving 3374
(82.8%)with no significant differential expressiamder coppedeficiency

In this experiment, there aegghty-one expression patteragyene can exhibit between
coppersufficient andcopperdeficientconditions increased, decreased, or unchanged expression
levelsin each of the fouorgans we loo&dat (young leaves, old leavestem,androoty. These
eighty-onepatternsvereeachassigneg numberand the number of gendsat exlibited each
patternwasplotted (Figured). Genes withunchangeexpression irall orgars (pattern41) were
not included. Seven of théop eightpatternanvolve organspecific regulation with no
significant differential expression in any other orgémterestingly patternl4 (genesdown
regulated in roots) copperdeficient conditionsvith no change in any othergar) had the
greateshumber of genes. Nearly 3% of all significantly differentidy expressed gen€$746
geneskhow this pattern aéxpression Thereciproca) pattern68 (genesup-regulated in roots
copperdeficient conditions witlmo changen any otheiorgarn, hadthe second highesumber
of geneswith another 10.8% of the differentially expressed g€iié6 genes) These two
patterns constitute 36.1% of all differentially expressed gelReghermorevery few genes are
differentidly expressedh the same wain all four organsOnly 40 genes are downegulated in
every orgar(pattern 1) while 77 genes are tnegulated irevery organ (patter®l). This
observation is biased becalisesome organsertaingenes ar@ot expressed even under copper

sufficiency, so they cannot possibly be dowegulatedn those organsThis bias means there is
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only a small systemic platranscriptomeesponse to copper deficiendutanindividual
orgarts transcriptomeesponse can be quite largewell as unique
Plant-Wide Trends in Differential Expression

Every significantly differentially expressed gene in Bopulustranscriptomevas
plotted to compare its loigld-change in expression level from the copgeificient to the
copperdeficient condition (Figuie6 and7). There is a trend that highly expressed genes (>50
RPKM), such as light harvesting complexes, have small chamgepression, Wile low-
expressed genes, like SUL3M, seem to have large changes in expression between sufficient
and deficient conditions. A large change in expression for s&elgwessed gene can be a matter
of going from 2 RPKM to 8 RPKM, which isfaur-fold change. Although it is tempting to
discount this change as due to variability in the expression data, the variability is accounted for
by the standardization of the number of reads into RPKM, as well as by averaging the 3
biological replicateswhich are both taken into account in our confidence measurements (p
values). Therefore, even though the actual increase in the number of reads fexpressed
gene is small, the statistical analysis ensures that this is a statistically signifenag amh
expression. However, statistical significance is not equivalent to biological significance, giving
rise to the following speculation: a larfpéd-change in a lovexpressed gene @t as
biologically significant as a smdibld-change in a higlexpressed gene.

The most highly expressed gene that isegulated in coppedeficient conditions is
annotated as ercury or HeavyMetal scavenge(HMA) (Figure6). Both annotations are used
because the mercury scavengers do not always target mgpaaifically, and many have an
affinity for all heavy metals (Fe, Cu, Hg, etc.) or a specific heavy metal other than mercury

(Dykemaet al, 1999) An HMA gene is highly expressed in all the orgdng is only
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significantly upregulated under coppeleficient conditions in the rogtstems, and old leaves.
The closesArabidopsishomologof this gene is ATXL, a copper chaperone that deliv€rsto
PAAL (Puiget al, 2007) The HMAsare metabinding proteins thafunction in metal transport
and metal detoxification. Most likely thesgldcavenges are functioning as metansporting
proteins regulating the amount of copper and iron ions in the cell. GHseadenger protein
family is large especially inPopulus and only a few of thesgenes responid copper
deficiency. Given their genergbroposedole in metal homeostasitigse geneare of interesas
candidate genes for further stuggcause of their potentiadle in copper homeostasis.

The highestold-change in expression is a sulfur transporter in the young leaves (nearly 8
fold). Sulfur assimilation is important for the productiorgaitathione. Glutathione is a small
tri-peptide created from cysteine, glutamate, and glycine. Glutathione functions as an
antioxidant, scavenging free radicals and peroxides and reducing thegydéoe®OS damage
to the celts macromolecules. RQ8ay begenerated under coppéeficient and coppetoxic
conditions primarily from the disruption of important processes such as photosynthesis and
respiration. The link between sulfur assimilatiod aopper abundance primarily hinges on
glutathione productianThe relationship between sulfur and copper homeostasis remains largely
unexplored and our results here suggest there may be greater interaction between the two
homeostasis pathways then hasrbpreviously suggested.

Genes dowsregulated under copper deficiergtyow a similar pattern tgenesup-
regulatedunder copper deficiendfigure?). For the most parhighly expressed genes do not
exhibita large foldchange in expressiorn the rods, however, a large number of the highly
expressed (56000 RPKM) genes have dramatically decreased expres$sidrchange 0f2.5)

in copperdeficient conditions (179 genes, see bokgare 7). Not surprisingly, 59 of these
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genesare involvedwith photosynthesis, includinipe chlorophyll synthesis genes, photosystem |
and Il subunits, and many members of the thylakoid electron transport chain. \ihteout
organspecific transcriptomewide experimentthis root-specificphenonenon would have gen
unnoticed.
Functional Analysis of Differentially Expressed Genes Based on MapMan BINs

In almost everyMapManBIN, rootshave a significantly higherumberof down
regulated genesompared to the other orgaisit a nearly equivalenhumberof up-regulaed
genegqFigures8 and9). The most significant example of tiirend is theophotosynthesiBIN.
Down-regulation ofphotosynthetigenes under copper deficiency is explained by the copper
homeostasis model. These gesesm to bénon-essential in roots and therefag, under
copper deficiency, decreasititeir expression saves important copper resources for other
ilessent i-cardtamingprotg@ins e r

It is counterintuitive that photosynthetic genes should be expressed in thatralhtbut
there are many possible reasons for thisArabidopsis photosynthetic genes are expressed in
newly formed root tissy@specially at the root tip or noots close to the salurface(Sawchuk
et al, 2008) The hypothesis is that these roots may be prepared to differentiate irsboww
tissue when exposed to lighThe containers used in our hydroponics did not filter out 100% of
the light so the roots were expabs® low intensity lightwhich mayhaveencourage
expressiorof photosynthetic ges®n the root surfaceAlthough te light also allowed for some
growth of algagsnce theread librariesvere cleaned to includanly reads mapping to the
Populusgenomeit is unlikely thatthese photosynthetic genaefrom algae or cyanobacteria.
Therefore, poplar roots most likely do expressing photosynthetic genes but these genes are

highly downregulated under copper deficient conditions.
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Analysis of differentiakxpression in each Blbhat isbased on the sheer number of
differentially expressed genes can be mislegdimge each BIN is composed of a different
number of genes. To correct for thise tdataveretransformed by calculatinghatpercentage
of thetotal number of geneare differentially expressed eachBIN (Figure9). For example,
undercopperdeficient conditionsbetween 18% and 25%depending on the orgaanj thesulfur
assimilationgenes are upegulated.Thef 8lfur Assimilatiord BIN only has 16total genes
total, so a few differentially expressed gerean have a large impact in a small BliWe e a
similar trend in thé MtalHandlingd BIN, with acomparativelyjarge percentage-10%) ofthe
genes being upegulated in thiselatively small BIN (96 genes)

Unexpectedly, théd St r e s s dx @INstlondtRew an overabundeaof genes
with differential expressiowhen compared to the other MapMan BINshe plants grown in
copperdeficient conditionshowed a decrease in chloroprgmount photosynthetic activity
and norphotochemical quenchin@avetet al, 2011) Theseconditionscouldlead to cellular
stressand a concomitanhcreasen theexpressiorof stressand redoxrelated genes. While it is
truethattherewas some differential expression of genes in these BiN&s not morehanthe
averagenumber of genes differentially expressed across the ge(abuat 510%) There are
several ways to explain this unexpected redtiltst, many stress and redox gemeay not be
annotated, and ateereforee n t he A Mi s c el | altheughucepper deficihcy Se c on
does stress the plant, the stress may not have been great encauggetdifferential expression
of many fASt oxeds o medhen Besandn RdoxoBINs are loosely defined
so the genes they contain may respond to many different stressors bepjukgeficiency
Ravetet al.2011showed that poplar grown for only 5 weeks under coppéicient conditions

could recover (almost completely) if resuppliedih sufficient copper.lt is hypothesized that if

25



the plant could recover frothe copperdeficient treatment, then it never became so copper
starved that large secondary (stress) responses had occurred.

We see that17.2% of thePopulustranscriptome is dherentially expressed in copper
deficient conditions. Interestingly, we observe thlantsrespond to copper deficiency in a
organspecific manner. Few genes akstemicallydownregulated and fewer still are
systemicallyup-regulated.Ravetet al. 2011 showedhatroots hae the highest corentration of
Cu ions in coppedeficient conditionsyet roots seem to be most sensitive to copper deficiency
Unfortunately, it is unclear whether copper is primarily apoplastic or symplastic when it is in the
root tissue, however, the roots are thoroughly washed beford S0 it is assumed that most
apoplastic copper is removed. It could be that roots are the most effect by copper deficiency
because they are the only organ importing copper and are ragudapper uptake and transport
for the rest of the plant.

Differential Expression in the Organs

As we have seetthe different organs aregulating their transcriptomésr the most part
independently. With thisiimind, the various organs and theanscriptomeseed to be
individually analyzed Thequestios | will attempt toanswerare whatare the togeneghatare
the most differentially expressed under copgeficient conditionsn each orgajand can this
tell us anything about how that @ngis responding to copper deficiency®@ answer the first
guestion, théop ten genes were looked at in two wakgsty, a tablewas maddor each organ
of theten most ugregulated and dowregulatedyenesstrictly determinedy fold-change
Second a table was mader each organf the top tergenes witha fold-change of at least two
sortedby their RPKM in coppedeficient(up-regulated)r coppersufficient conditiongdownt

regulated).This second tableighlightsgenes that may have large biological impact because
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they are highly expresseds previously discussed, low expressed genaghave high changes
in expressionbut may not have a large biological impact. To compensate for this possibility,
bothtableswill be taken into consideration for this studjo answer the second questiai
differentially expressed genagere mapped ontoMapMan metabolic pathway figure in an
attempt to take entire pathways into consideration

Youngleaves

Young leavesip-regulate 1637 genes and devagulate 743 genes under copper
deficiency. For both top ten lists, thieung leaves downegulat copper/zinc SODs,
tyrosinass, alaccase, and plantacyanin(Figures 10and 11). These genes are all down
regulated 23 fold (1/4-1/8 the number of transcripts) in copjaficient conditions. In
Arabidopsis plantacyanin and Cu/Zn SODs are heavily devegulated under coppeeficient
conditions and bothhave beershown to betargets folCu-miRNAs (Yamasakiet al, 2007)

This regulation has also been validate®opulus(Ravetet al, 2011) The tyrosinase genes are
polyphenol oxidases (sé&#ayer, 2006for areview). These geneganscripthave also been
shownto be downregulated by CsmiRNAs in poplarbecause thegene producthave copper

as a cofactqrand they are most likeipvolved infi n @&rs s e n t deterhseéesponsdand
pigmentationRavetet al, 2011)

However, the ugegulated genes may provera interestinghan the dowsregulated
genes None of the 10 most upegulated genas either list of differentially expressed gerres
been identified as coppergulatedmaking all of thentargets for investigationThe only
confirmed mechanism for gene-tggulation under copper deficiencytinge binding ofSPL7to
cis-acting CURE motifs in the promotelf these genes are regulated in an SBEependent

manne, then we expect tbnd an overabundance of these motifs in the promatietisese
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genes However, there may be novel mechanisms of gene regulation at Woekquestiosstill
remain:why are thesgenesoverexpressed in coppeleficient conditionsand howis their
expressiomelatedto copper homeostasis?

Mapping allsignificantly differentially expressed genes from young leaves onto the
various metabolic pathways allows us to visualize the FI) datanore completelyFigure
12). We sedhat nost pathways have some-regulatedyeneswith the exception of the light
reactions and tetrapyle synthesisForthesetwo pathwayswe see a nearly ubiquitous
(although not very dramatic) dowegulation of genesThe light reaction genes consist
primarily of plastocyanin, photosystem | and photosystem Il subunits, and genes involved in the
thylakoidelectron transport chain. Tetrapyle synthesis primarilinvolveschlorophyll
synthesis and light In@gesting corplex assembly This is a small BINconsisting of only 62
genes. Dowsregulation of tetrapyole synthesis genas young leaveselps toexplainthe
chlorosisin copper starved plants.

Old leaves

Old leaves upegulate 1071 genes and dovagulate 769 genes under copper deficiency.
Thetop ten most differentibl expressed genés old leavesareslightly differentthanwhat
appearsn young leaves, althougtvo of the genes in old leaves alsodownregulated in
young leavegFigures 13 and M4). The top ten dowanegulatedgenesn the old leaves are,
similarly to the young leaves, dowrgulated?-4 fold. Plantacyanin and many of the
polyphenol oxidases are not as higdbwnregulatedn old leavesvhen compared to young
leaves although they are still significantly differentially express&dirprisingly,most of the
downregulated genes inoth lists for old leavelave not been predicted as targets of Cu

mediated miRNA dowsregulation the exceptions beingccaseCu/Zn SODs antlyrosinases
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The top ten mosip-regulatedyenes foold leaves under copper deficienayboth lists
are alsalistinctfrom the genes in young leaves. Many peroxidases and stress response genes are
up-reguldaed as shownn figures B and #4, most likely to mitigatelamage fronrROS None of
these genes have been indicated as potential SPL7 (amggthe method daheir up-regulation
remains a mystery.

When the differentially expressed gemeshe old lavesare mapped onto the metabolic
pathwayswe see a slightly different patterrathin the young leave$igure B). Very few
genes in the light reaction and tetrapyrrole synthesis pathways areréigwated Instead
many genes involved in cell waynthesis and phenol production are daegulated. One
possible explanation is that mature leaves have secondary cell walls that are in the process of
lignification andthickening Both polyphenol oxidases and laccases are enzymes that require
copper as cofactor Polyphenol oxidases anerbivorydefense genes, while laccases are
implicated inthelignification of cell walls(Claus, 2004; Mayer, 2006 Both families contain
knowntargets of coppemediated miRNA degradatiorf.o conserve copper, cell wall
macromoleculesynthesigespecially of ligninynay bedownr e gul at ed soiahat ot}t
genescan be expresseaxuhd their proteins can mature with the nowitalde copper.
Stems

Stems ugregulate 1899 genes and devegulate 1026 genes under copper deficiency
Five of the toptenmost downrregulated gendsy fold-change alonare either laccases or
polyphenol oxidase@-igure B). Figure I7 shows the same trends Figure &, butwith a more
diverse group ofoppercontaining proteinsincluding cupredoxis and Cu/Zn SODsOther
important enzymes ithelistsinclude plastocgninas well asalaccase 17 homolog

Plastocyanin is the most abundaappercontaining enzyme in the plant and absolutely essential
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for photosynthesi§Yamasakiet al, 2009) It is remarkable that this gene should be down
regulated. Most likely, PC is not beidgwnregulated by miRNAs, but insteditectly by the
copperavailability in the cell

TheLAC17 homologs alsoone of the top ten dowregulated genes both the young
leaves and the old leaves. This is interesting because not only is this geredolated in all
the organsgit is also among the top ten maktwnregulated for the green tissuéss not a very
highly expressed geneith RPKM values ranging from 0.5 to @ is possible thatme of the
Cu miRNAshasa high affinity for this gents mRNA target site. An investigation of this
mechanism canigg insight into predicting other Cu miRNA targets well as why this
regulation seems to be so tightly controll&gesides the LAC1Hhomolog there are also
homologs for LAC2, LAG, and LACL1in the top ten most dowregulated genes in the stem
(Figure16). The strength of the regulation of laccases is unique to the stem and will eddbok
in moredepth in the next chapter.

The genes upegulated in stems are uniqu€he fact that th€ OPT1 and FRO4
homologsare among the top ten wpgulatedyenes in the stem supports the idea that both the
stem and the roots are involved in copper import into the symfilagtare however still low-
expressedThe combination of these twoteinsis thought tdfacilitate the majority of copper
uptake intacells. FRO4 was recently characterized as a copper deficiency regeogsvhich
suggests a linketween copper ancbn homeostasis Arabidopsis(Bernalet al, 2012) The
FRO enzymesnayact to redue copper for transport by COP;Mhich is the major importer of
copper ions into the symplast.

More interesting still are the genesntggulated with high expressighrigurel7). The

top four of these genes are rlicleoside phosphorylases. Amabidopsishese genes have been
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assigned a variety of functisyfrom facilitating plant growth to pathogen defeii8scencio
Ibafiezet al, 2008; Irshackt al, 2008) Most likely these genes are-tggulatedand highly
expressed tbelp manage oxidative stre€sharon et al, 2008)

Mapping thesignificantly differentially expressed gene§the stem®nto themetabolic
pathwayseveals the same pattern as in the old le@wgsire B). There isdownregulation of a
significant portion of the genasiplicatedfor phenol synthesjsis well as cell wall biogenesis
The sterrbendingsymptomunder coppedeficient conditions may be explained by the dewn
regulation of these pathways, which seems likely to decrease the strength of the celllealls.
downregulaton of these pathways alkelps toprovide more support for the involvement of
laccass and polyphaol oxidasein the generation of phenolic compounds well as
implicatingthesephenolic compounds as an important structural component in cell wallf.
examinethese hypothese more detaiin the next chapter
Roots

Roots upregulate 1353 genes and dovagulate 338 genes under copper deficiency
Thenumberof downregulated genes in roots is more than in the other three organs combined.
In roots, he top ten dowanegulatedyenesarequite different than in the other orgarednone
of themhave beempredictedasCu-miRNA targets(Figures 19 and20). Most of the genes that
are downrregulated and highly expressed are photosynthesis gehessupports what we have
seen inFiguresb, 6, and?.

The top ten upegulated genes are also unique, except for two FRO4 hontbbitgse
also upregulated in the stem. Since FRO4 seems to be involved in copper uptake; this up
regulation in the roots makes send& seeco-regulationwith anotheiCOPT1 homologn

Figure 19. The only other upegulated genes of interest #éneeeMyb-like transcription factors
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These tanscription factorareworth further investigatiobecause they may be neggulatos of
copper responsgenes

Mappingsignificantly differentially expresedgenes in the rootsnto the metabolic
pathwayggives a unique resulFigure21). We see an almost univergattern ofdown
regulation of genes in every pathwakhis observatiorsupports the datshown in kgures6 and
7. Roots seem to be the most sensitive to copper deficieftug is nearly duble the number of
genes we see differentially expressed in the other ordarike other organsnore genes are
up-regulated thn downregulatedn copper deficiencybut in therootsthis trend is reversed.
Explaining why the roots respond to copgeficiency so differently compared to the other
organs will require more datddowever, a possible explanation may lie in the fact that roots are
the only nosphotosynthetic organ, and they are the direct means for nutrient import. Since roots
regulate mtrient ugake for the rest of the plant, it makes sense thathitheg the most dramatic
response to a nutrien¢lated stress.
Conclusions

Given our understanding of the mechanisms of copper regulation of gene expression, the
organspecificdifferences in the patterd gene regulatioare surprising.We expeatdthat the
most importangenesvould have planrwide changes in transcript abundaacelthat those
genes would bamong the topnost differentially expressed geriasach organlt is clear that
this is not the casand there are no genes that oagessarilype considered the most important.
Instead, our data show that organs respond differently to copper deficiency based on local copper
abundancéi.e. between young leaves amld leaves, or roots versus sho@sjl the

composition of the transcriptome before copper starvation.
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This data set provides us with many new genes of inteféstre are almost no predicted
copper responsive genasa@ng the most upegulatedyenesunder copperdeficient conditions.
The only known mechanism of gene-nggulation in response to copper deficiency is the
transcription factor SPL7. Upegulation by SPL7 can be predicted by looking for copper
responsive elements (CuRE) in trenespromoers We would like to look at the promoters of
all up-regulated genes. However, thiglis79genes. IPopulus defining and btaining the
promoter sequences fthris many geness not a trivial taskand is left for future work.

Genes dowsregulatedunder coppedeficient conditions show many familiar genes and a
few new candidate genesportant for copper homeostasi&enes in the CSD, LAC, PPO, and
PC families are commdnamong the most dowregulated genes in the green tissudest of
these gees have alreadyeenshown to be targets of Guediated miRNA dowaregulation in
ArabidopsisandPopulusunder coppedeficient conditiongAbdelGhany and Pilon, 2008;
Ravetet al, 2011; Yamasaket al, 2007) Roots also show dowregulation of these predicted
targets, but a large number of highly expressed photosynthesis genes are also being down
regulated.How these genes are dowegulated in the roots and the roots alone is not abugdantl
clear Examiningthis phenomenom the future may result in a novel mechanism of-root
specific dowrregulation.

Our data also show thabtall genes are regulated to the same extent. Genes that are
alreadyhighly expresse{>50 RPKM)under coppesufficient conditions are only uggulated
1- to 4-fold, while low expressed genean be ugregulatedas much as-fold. This trend also
holds true fordownregulated genes, and to even greater exteniThe varying degree of

regulation of genes shalibe examinedore closelyto determine if regulation by SPlahd Cu
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mMiRNAs can be modulated based targetranscript abundancer if there is some limiting
factor in the amount of regulation that high expressed genes can undergo.

Populusis an emerimg modelorganism;so many bioinformatics tools that facilitate
RNA-SEQ data analysis are still being developed. Consequently, to perform the analyses shown
in this thesis, the data hadle properly annotated using a variety of sources and then
manipulded into the proper formaequired byeach toal This is aime-consuming process and
future experiments will benefit from the curation done here.

The discoveresabout copper homeostasmade here serve tamphasie the need to
develop more complex homeostasis motieds take into consatation local copper abundance,
organ functionand the composition of the transcriptome in the various organs in copper
sufficient conditionsThis work leads directly tonore detded studies characterizing molecular
and genetic response mechanisms to copper deficiency and opens hitherto unepatinsoéd

discoveryin the foresof copper homeostasis
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ID

Sample

Raw Reads

After Short
Read Removal

After Low
Quality Read
Removal

After Adapter

Trim, Followed

by Short Read
Removal

After Plastid
Read Removal
(clean reads)

Percent of
Original
Remaining

Mappable
Reads

Percent of
Clean
Reads

Mapped

Average
reads per
gene

YLO_1 28,469,995 26,628,892 25,673,251 24,953,323 15,507,582 54.5% 14,777,579 95.3% 363
YLO_2 36,077,662 34,402,728 33,256,110 32,300,568 32,155,597 89.1% 30,995,202 96.4% 762
YLO_3 27,736,780 26,262,026 25,312,604 24,519,399 21,593,701 77.9% 20,805,172 96.3% 512

OoLO0 1 37,808,498 34,882,898 33,109,001 31,501,519 30,975,946 81.9% 29,831,927 96.3% 738
OLO0_2 34,796,140 32,135,042 30,525,041 29,042,852 28,882,179 83.0% 27,806,325 96.3% 684
OLO0_3 32,599,057 29,590,925 28,013,182 26,580,227 26,432,454 81.1% 25,546,275 96.6% 628

S0.1 34,998,296 31,977,412 30,194,335 28,581,454 28,481,397 81.4% 26,965,006 94.7% 663
S0.2 41,061,127 36,776,542 34,665,022 32,808,078 32,719,032 79.7% 31,195,413 95.3% 767
S0.3 32,100,457 29,499,869 27,886,203 26,367,460 26,251,895 81.8% 25,141,742 95.8% 618

RO_1 38,113,949 35,587,522 34,055,516 32,767,923 32,647,639 85.7% 29,546,963 90.5% 726
RO_2 27,197,217 25,147,661 24,035,912 23,114,007 22,921,057 84.3% 20,818,670 90.8% 512
RO_3 31,057,608 29,048,836 27,795,909 26,731,924 26,293,169 84.7% 23,813,313 90.6% 585

Figure 4: A table depicting the how the RNEQ sample read libraries was cleaned and the number of reads filtered at each step of

the process
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Figure 5: The number of genes that exhibit each of the 81 possible patterns of expression unddeficippeconditions. Red
squares represent-uegulation, blue squares represent deegulation, and white squares represent no change. The squares
correspond to the organs shown at the left of the key. YL: Young Leaves; OL: Old Leaves; St: Stem; Rt: Root.
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Figure 6:All genes significantly upegulated under coppeeficient conditions.
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Figure 7:All genes significantly downregulated under coppeleficient conditions.
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Figure 8: The absolute number of genes differentially expressed in 33 of the MapMan BINs. The miRNA BIN is excluded because

contained no significantly differentially expresgpgehes, and the miscellaneous BIN is excluded because of the large number of genes

up- and downregulated in each organ. Blue bars represent the numbefrefulated genes, while red bars represent the number of

downregulated genes.

stem, and roots. The total

In each categdng, dérgans read, from left to right: young leaves, old leaves,

number of genes in each category is in parentheses after the BIN name
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Figure 9: The percentage of genes significantly differentially expressed in 34\d&pidan BINs. The miRNA BIN is excluded
because it contained no significantly differentially expressed genes. Blue bars represent the percentagalafaghgenes, while

red bars represent the percentage of doegulated genes.

In each category,digans read, from left to right: young leaves, old

leaves, stem, and roots. The total number of genes in each category is in parentheses after the BIN name.
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Down-regulated

RPKM RPKM

Ensembl Gene ID Ara. Homolog Short Description 50nM Cu 0nM Cu log, (FC) P-value
POPTR_0011s01280 CSD2, CZSOD2 Superoxide dismutase, copper/zinc binding 163.0 20.6 -2.98 ~0
POPTR_0004s22620 CSD2, CZs0OD2 Superoxide dismutase, copper/zinc binding 1460 191 -2.94 ~0
POPTR_0001s39680 No homolog TyrosinasePPO4 2.3 0.3 -2.92 3.08E07
POPTR_0001s39950 No homolog Tyrosinase 522.0 70.7 -2.88 ~0
POPTR_0001s39630 No homolog Tyrosinase PPO2 195 3.0 -2.72 ~0
POPTR_0001s39650 No homolog Tyrosinase 0.9 0.1 -2.70 0.00047
POPTR_0004s22630 No homolog 90.5 14.6 -2.63 ~0
POPTR_0001s21660 ARPN Cupredoxin Plantacyanin 245 5.3 -2.21 3.20E09
POPTR_0001s14010 ATLAC17, LAC17 Multicopper oxidase, Laccase 1.8 04 -2.21 2.92E05
POPTR_0009s01050 CSD2, CZS0OD2 Superoxide dismutase, copper/zinc binding 157.5 342 -2.20 ~0
Up-regulated
- RPKM RPKM
Ensembl Gene ID Ara. Homolog Short Description 50nM Cu 0nM Cu log, (FC) P-value
POPTR_0006s16150 SULTR35 Sulfate transporter ~0.0 5.9 7.96 5.45E08
POPTR 0006512430  No commoname  Maor facilitator superfamilygeneral substrate ~0.0 08 6.97 0.00747083
transporter
POPTR_0016s04570 LEA4-5 Late embryogenesis abundant protein, group 1 0.2 217 6.53 ~0
POPTR_0016s04670 LEA4-5 Late embryogenesis abundant protein, group 1 03 22.6 6.46 ~0
POPTR_0001s42200 No Homolog 01 5.4 6.45 1.46E05
POPTR_0001s31500  No common ame Eg'?e/ :\r']AD(P)'b'”d'”g oxidoreductase family ~0.0 07 6.09 0.0159292
POPTR 0006504060  No commomame > 2denosyl.-methioninedependent ~0.0 1.7 5.87 0.0011056
methyltransferases superfamily protein

POPTR_0015s05760 No common ame Alpha/betaHydrolases superfamily protein 04 217 5.78 ~0
POPTR_0001s09360 No common ame 04 18.3 5.64 0.00174916
POPTR_0015s02070  HAI3 Protein phosphatase 2C, mangafreagnesium 01 2.7 5.52 1.64E06

aspartate binding site

Figure 10: The top ten uand downregulated genes (foldhange) in young leaves in copjficient conditions.
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Downrregulated

Ensembl Gene ID Short Description 5§r|?h}/<ll\(/l,u ORni/IK'(\Z/Iu log, (FC)
POPTR_0001s39950 Tyrosinase 522.1 70.7 -2.9
POPTR_0011s01280 Superoxide dismutase, copper/zinc binding 163.0 20.6 -3.0
POPTR_0009s01050 Superoxide dismutase, copper/zinc binding 157.5 34.2 -2.2
POPTR_0004s22620 Superoxide dismutase, copper/zinc binding 146.0 19.1 -2.9
POPTR_0004s22630 90.5 14.6 -2.6
POPTR_0001s21660 Cupredoxin Plantacyanin 24.5 5.3 -2.2
POPTR_0001s39630 TyrosinasePPO2 19.5 3.0 2.7
POPTR_0011s04710 TyrosinasePPO3 7.3 1.6 -2.2
POPTR_0009s10550 Multicopper oxidase, Laccase 51 1.2 -2.1
POPTR_0001s39680 Tyrosinase PPO4 2.4 0.3 -2.9
Up-regulated
Ensembl Gene ID Short Description SCI)QEI\}/TI\éu ORnFI:/IK,\C/Iu log, (FC)
POPTR_0010s01590 Lateembryogenesis abundant protein, Drought Inducec  38.4 664.9 4.1
POPTR_1545s00200 Plantlipid transfer protein 95.5 578.9 2.6
POPTR_0013s10350 Phosphorylase 51.1 494.5 3.3
POPTR_0004s18880 Chitinase 6.6 240.8 5.2
POPTR_0001s27540 32.9 166.3 2.3
POPTR_0018s12320 16.1 145.1 3.2
POPTR_0009s11760 17.0 76.8 2.2
POPTR_0012s14200 TonB box Embryospecific protein 3 4.0 71.8 4.2
POPTR_0015s13050 PAR1 6.4 62.0 3.3
POPTR_0013s10380 Phosphorylase 7.3 52.9 29

Figure 11: Genes in young leaves with &lffigld-change) of 2 or greater and the highest RPKM in cepp#icient (down
regulated) and coppeleficient conditions (wpegulated) are shown
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Figure 12: A MapMan metabolic pathway diagram showing all genes significantly differentially expregsedgreaves. Genes
indicated with a red box are wpgulated, genes indicated with a blue box are deegunlated, and genes indicated with a white box
do not have a large lpghange in expression.
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Downrregulated

RPKM

RPKM

Ensembl Gene ID Ara. Homolog ShortDescription 50nM Cu 0nM Cu log, (FC) P-value
POPTR_0009s13250 ATPRP2, PRP2 Pistil-specific extensifike protein 74.8 55 -3.75 ~0
POPTR_0006s22290 ABA2 Glucosefribitol dehydrogenase 52 0.4 -3.62 5.400E-08
POPTR_0018s12630 No common name Pistil-specific extensifike protein 20.0 17 -3.58 ~0
POPTR_0010s07800 No common name Mycolic acid synthase 2.5 0.2 -3.55 2.300E-06
POPTR_0007s03480 No homolog Pistil-specific extensifike protein 0.7 01 -3.35 0.012
POPTR_0001s14010 ATLAC17, LAC17 Multicopper oxidase, Laccase 0.5 01 -3.24 0.002
POPTR_0008s16940 No homolog Prion protein 26 03 -3.16 ~0
POPTR_0001s39950 No homolog Tyrosinase 807.5 949 -3.09 ~0
POPTR_0002s21820 No common name Acylhydrolase superfamily protein 25.0 34 -2.89 ~0
POPTR_0473s00200 No common name CAP superfamily protein 371 5.6 -2.72 4.440E-16
Up-regulated
Ensembl Gene ID Ara. Homolog Short Description 55':5"\4[] OF;FI\)/IK'C\:AU log, (FC) P-value
POPTR_0001s06250 CYP76C4 Cytochrome P450,Elassgroup | ~0.0 15 7.31 0.006
POPTR_0003s13420 No commomame Plant disease resistance response protein ~0.0 25 6.52 0.006
POPTR_0013s13350 No commomame Protein of unknown function DUF506 ~0.0 0.8 6.45 0.016
POPTR_0018s09710 No common ame Plantperoxidase ~0.0 1.0 6.12 0.010
POPTR_0015s00590 RCI3,RCI3A Plant peroxidase ~0.0 25 5.97 9.510E-05
POPTR_0001s31950 AtUGT85A2,UGT85A2 UDP-glucosyltransferase ~0.0 1.1 5.97 0.0
POPTR_ 0143500200  ATNRT2.4,NRT2.4 Major facilitator superfamily, generalibstrate ~0.0 1.0 5.91 0.003
- transporter
POPTR_0014s12180 No common ame Pectinesterase ~0.0 09 5.8 0.002
POPTR_0005s12070 No common ame Plant peroxidase ~0.0 2.1 5.72 6.660E-05
POPTR_0011s00280 No common ame Plant peroxidase ~0.0 16 5.72 0.002

Figure 13: The top ten uand downregulated genes (foldhange) in old leaves in coppeeficient conditions.
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Downrregulated

RPKM RPKM

Ensembl Gene ID Short Description 50nM Cu  OnM Cu log, (FC)
POPTR_0001s39950 Tyrosinase 807.5 94.9 -3.1
POPTR_0011s01280 Superoxide dismutase, copper/zinc binding 148.2 27.4 -2.4
POPTR_0004s22620 Superoxide dismutase, coppet/zinc binding 143.9 25.1 -2.5
POPTR_0001s19220 Esterase, SGNH hydrolasgpe 95.3 17.7 -2.4
POPTR_0004s22630 75.8 15.4 -2.3
POPTR_0009s13250 Pistil-specific extensitike protein 74.8 5.5 -3.8
POPTR_0002s26160 RAD-like 42.1 9.2 -2.2
POPTR_0001s08330 Superoxide dismutase, coppetr/zinc binding 39.3 8.6 -2.2
POPTR_0473s00200 CAP superfamily protein 37.1 5.6 -2.7
POPTR_0008s18250 Pectate lyase family protein 29.0 6.3 -2.2
Up-regulated
- RPKM RPKM
Ensembl Gene ID Short Description 50nM Cu  0nM Cu log, (FC)
POPTR_0019s13150 Plant metallothionein, family 15 15.2 187.0 3.6
POPTR_0007s13420 Plantperoxidase 7.4 69.6 3.2
POPTR_0453s00230 Myb-like DNA-binding domain, SHAQKYF class 3.9 41.8 3.4
POPTR_0008s06210 Plant lipid transfer protein 4.6 40.7 31
POPTR_0005s17200 Phosphaténduced protein 9.2 37.2 2.0
POPTR_0012s01630 Alternative oxidase 3.1 30.6 3.3
POPTR_0015s05760 Lipase 5.3 24.5 2.2
POPTR_0012s14200 TonB box, conserved site 5.9 23.7 2.0
POPTR_0001s16640 Tify protein 5.6 22.6 2.0
POPTR_0008s13040 Lipid transport superfamily protein 0.7 20.4 5.0

Figure 14.Genes in old leaves withlog (fold-change) of 2 or greater and the highest RPKM in coeppticient (downregulated)
and coppedeficient conditions (wpegulated) are shown.
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Down-regulated

RPKM

RPKM

Ensembl Gene ID Ara. Homolog Short Description 50nM Cu 0nM Cu log, (FC) P-value
POPTR_0002s01740 PETE1l Plastocyanin 698 ~0.0 -11.00 1.460E-09
POPTR_0002s03670 No homolog 6.7 ~0.0 -7.86 1.920E-07
POPTR_0002s18910 No homolog 187 03 -6.05 ~0
POPTR_0001s18500 ATLAC2, LAC2 Multicopper oxidase, Laccase 4.0 0.2 -4.05 1.210E-12
POPTR_0001s14010 ATLAC17,LAC17 Multicopper oxidase, Laccase 6.2 04 -3.98 2.220E-16
POPTR_0002s10170 Cupredoxin Cupredoxin 1172 13.2 -3.15 ~0
POPTR_0008s07370 LAC5 Multicopperoxidase, Laccase 678 7.9 -3.09 ~0
POPTR_0001s39660 No homolog 26.3 3.35 -2.97 ~0
POPTR_0006s15600 No common name 0.4 0.1 -2.87 ~0.011
POPTR_0009s10550 LAC11 Multicopper oxidase, Laccase 2.57455 0.3 -2.84 5.720E-07
Up-regulated
Ensembl Gene ID Ara. Homolog Short Description SEEG%U ORnPI\/||<I\CAu log, (FC) P-value
POPTR_0001s25290 COPT1 Copper transporter ~0.0 4.4 6.90 0.009
POPTR 0006522510  No common name glgf]'t‘gzg‘;tforﬁd protein family UPF0497, transmbrane 0.1 15 4.69 0.010
POPTR_0001s23570 No common name myb-like HTH transcriptional regulator family protein 0.3 6.8 4.67 0.012
POPTR_0009s03950 ZIP2 Zincliron permease 13 29.3 451 ~0
POPTR_0008s11950 LBD42 Lateral organ boundaries 0.1 1.9 4.49 0.001
POPTR_0012s01630 AOX1A, ATAOX1A Alternative oxidase 5.3 116.6 4.47 ~0
POPTR_0011s04090 No homolog 2.2 45.3 4.3 ~0
POPTR_0096s00200 ATFRO4, FRO4 Ferric Reductase 0.1 21 430 0.00L
POPTR_0017s00660 No common name Zincion binding; nucleic acitinding 0.1 1.4 4.28 ~0
POPTR_0003s10600 DYAD, SWI1 SWITCH1 0.6 11.8 4.20 ~0

Figure 16: The top ten wpnd downregulated genes (foldhange) in stems in coppéeficient conditions.
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Down-regulated

Ensembl Gene ID Short Description 5§r|?h}/<ll\(/l,u ORni/IK'(\Z/Iu log, (FC)
POPTR_0002s10170 Cupredoxin 117.2 13.2 -3.1
POPTR_0002s10150 Cupredoxin 89.4 13.8 -2.7
POPTR_1040s00200 Cupredoxin 82.4 11.8 -2.8
POPTR_0002s01740 Plastocyanin 69.8 0.0 -11.0
POPTR_0008s07370 Multicopper oxidasel.accase 67.8 7.9 -3.1
POPTR_0001s21660 Cupredoxin 66.9 11.0 -2.6
POPTR_0001s33960 Cupredoxin 55.3 12.0 2.2
POPTR_0016s11950 Multicopper oxidasel,.accase 53.1 12.7 2.1
POPTR_0011s01280 Superoxide dismutase, copper/zinc binding 51.4 11.0 2.2
POPTR_0009s04720 Multicopper oxidasel,.accase 47.6 10.7 2.1
Up-regulated

Ensembl Gene ID Short Description 555&& ORnFI:/IK,\C/Iu log, (FC)
POPTR_0013s10350 Nucleoside phosphorylase 323.7 1560.8 2.3
POPTR_0013s10380 Nucleoside phosphorylase 85.6 929.8 3.4
POPTR_0019s07690 Nucleoside phosphorylase 56.4 318.6 2.5
POPTR_0013s10370 Nucleoside phosphorylase 29.3 260.3 3.2
POPTR_0012s03180 Oligopeptide transporter OPT superfamily 36.9 174.4 2.2
POPTR_0001s28030 Lasllike 17.6 157.9 3.2
POPTR_0453s00230 Myb-like DNA-binding domain, SHAQKYF class 10.1 148.6 3.9
POPTR_0007s13420 Plant peroxidase 9.5 145.0 3.9
POPTR_0012s01630 Alternative oxidase 5.3 116.6 4.5
POPTR_0011s07830 Yellow Stripe like 13.2 112.4 3.1

Figure 17: Genes in stemsth a log (fold-change) of 2 or greater and the highest RPKM in ceppticient (downregulated) and
copperdeficient conditions (upegulated) are shown.
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Figure 18: A MapMan metabolic pathway diagram showing all genes significantly differeaiptgssed in stems. Genes indicated
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Down-regulated

Ensembl Gene ID Ara. Homolog Short Description SC?EI\I/IQ\éu OR:]F':AK'(\:/IU log, (FC) P-value
POPTR_0078s00210 PLA IIA, PLA2A, PLP2 Acyl transferase 5.8 ~0.0 -9.71 0.004
POPTR_0002s12610 No common name Subtilisinlike serine endopeptidase 71 ~0.0 -9.47 2.880E-07
POPTR_0007s06310 CYP75B1, D501, TT7 Cytochrome P450I 28 ~0.0 -9.36 0.007
POPTR_0019s01130 ATFLS1, FLS, FLS1 Isopenicillin N synthase 71 ~0.0 -9.16 ~0
POPTR_0003s09200 bHLHO71 Helix-loop-helix DNA-binding domain 119 ~0.0 -9.08 1.890E-05
POPTR_0001s20800 EDA17, HTH Amine oxidase 36 ~0.0 -9.03 ~0
POPTR_0006s06090 No common name 47.3 01 -8.89 1.120E-10
POPTR_0019s12370 ATCHITIV, ATEP3, CHIV, EP3 Glycoside hydrolase 731 02 -8.86 1.30E-12
POPTR_0005s25350 BLH11 Lambdalike repressor 33 ~0.0 -8.53 ~0
POPTR_0019s03110 PLA IIA, PLA2A, PLP2 Patatin/Phospholipase A2lated 28 ~0.0 -8.50 0.00
Up-regulated
Ensembl Gene ID Ara. Homolog Short Description 50Rr|13|\|/<ll\é|:u OF;F“)AK'(\:AU log, (FC) P-value
POPTR_0096s00200 ATFRO4,FRO4 Ferricreductase 07 60.2 6.48 ~0
POPTR_0011s04090 No homolog 03 19.0 6.12 1.290E-07
POPTR_0017s01690 ATFRO4,FRO4 Ferric reduction oxidase 4.9 247.4 5.64 ~0
POPTR_0012s01630 AOX1A, ATAOX1A Alternative oxidase 2.1 73.2 5.10 ~0
POPTR_0003s10600 DYAD, sSwi1 SWITCH1 0.1 3.1 5.04 ~0
POPTR_0016s04840 No commomame Myb-like DNA-binding domain 0.4 10.8 4.67 1.6ME-11
POPTR_0001s23570 No commomame Myb-like HTH transcriptional regulator 03 7.7 453 0.006
POPTR_0453s00230 No commomame Myb-like DNA-binding domain 3.6 68.0 4.25 ~0
POPTR_0001s28030 No common ame LasZXlike 123 1948 3.98 ~0
POPTR_0010s11030 No homolog 08 10.2 3.70 ~0

Figure 19: The top ten wpnd downregulated genes (foldhange) in roots in coppeeficientconditions.
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Down-regulated

Ensembl Gene ID Short Description 5§r|?h}/<ll\(/l,u ORri/lKglu log, (FC)
POPTR_0005s15660 Ribulose bisphosphate carboxylase, small chain 4392.8 41.8 -6.7
POPTR_0005s26080 Chlorophyll a/b binding protein domain 2410.5 72.6 -5.1
POPTR_0010s16030 Heat stable protein 2214.3 536.8 -2.0
POPTR_0004s09910 Ribulose bisphosphate carboxylase, small chain 1878.2 15.9 -6.9
POPTR_0011s02770 Chlorophyll a/b binding protein domain 1831.8 49.7 -5.2
POPTR_0002s22220 Chlorophyll a/bbinding protein domain 1110.2 61.0 -4.2
POPTR_0019s09140 Light harvesting complex of photosystem Il 1109.6 62.0 -4.2
POPTR_0003s05110 Photosystem | PsaH, reactioentersubunit VI 929.4 38.3 -4.6
POPTR_0001s11600 Photosystem | PsaF, reacticentersubunit 111 922.0 51.1 -4.2
POPTR_0014s17070 Chlorophyll a/b binding protein domain 811.3 44.3 -4.2
Up-regulated
Ensembl Gene ID Short Description SCI)QEI\}/TI\éu ORnFl\)/lKE:Au log, (FC)
POPTR_0010s24290 Hg scavenger 921.1 3549.1 1.9
POPTR_0006s23580 Copper transporteCOPT5 172.9 644.4 1.9
POPTR_0009s03950 Zincliron permease 38.2 447.0 3.5
POPTR_0017s01690 Ribosomal protein S12/S23 4.9 247.4 5.6
POPTR_0001s28030 Lasllike 12.3 194.8 4.0
POPTR_0012s03180 Oligopeptidetransporter OPT superfamily 26.9 101.2 1.9
POPTR_0012s01630 Alternative oxidase 2.1 73.2 5.1
POPTR_0453s00230 Myb-like DNA-binding domain, SHAQKYF class 3.6 68.0 4.2
POPTR_0011s07830 Yellow StripeLike 12.2 63.4 2.4
POPTR_0096s00200 Ferric Reductase 0.7 60.2 6.5

Figure 20: Genes in roots with a }q@pld-change) of 2 or greater and the highest RPKM in ceppticient (downregulated) and
copperdeficient conditions (upegulated) are shown.
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CHAPTER 3

COPPER HOMEOSTASIS OF THE POPULUS TRICHOCARPA LACCASE GENE FAMILY
SUMMARY

The laccases are a family @dppercontaining proteins that have been implicated in the
formation of lignin. Laccases are found in many organisms and make up large gene families in
the higher plants. In this chapter we looked at the bioinformatics of laccd2egsulus
trichocarpaas annitial step toward understanding these proteins. dé&eribewenty-five new
laccasegenesn poplat based ortheir sequence similarity witthe seventeelaccases from
Arabidopsisandthirteenpreviouslyannotated laccases frddopulus We proceedeatclassify
thesetwenty-five genes and thehirteenalready described genes into seven categories based on
their protein sequence similaritfthe RNA-SEQ data of these laccases urmgpersufficient
conditionsin Populusshow many of the laccases ashtygexpressed in the stem tissue or
ubiquitously throughout the vegetative organs. Twemty of these thirpgight laccase genes
have a conserved target site f@MRNA 397 and fourgenes have a target site forRNA 408
All but two high-expressethccasedave a predicted targeting site for a@iRNA and show
downregulation undecopperdeficient conditions.Thesedata support the copper homeostasis
model described iArabidopsisandfurther studies maynplicate laccases as lignisynthesizing
enzymes.
INTRODUCTION

In plants, copper deficiency leads to a variety of symptoms including reduced
photosynthetic activity, decreased growth, changes in cell wall formation, and impeded wound
healing(Epstein and Bloom, 2005; Marschner, 201Cppper deficiency severely affects wood

production in forests and can &enajor contributor to biomass loss for woody pldRisiter,
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1969) Modifications in cell walktructurerelated to copper deficienayclude a reduction in
lignin and overall cell wall thickneg#/arschner, 2011)Reduced lignin and cell wall thickness
lead to a decrease in cell wall strength and an inability to resist the negative pressure of
transpiration, resulting in xylem vessel collapBerthetet al, 2011) Conversely, copper
toxicity also has a large impact on plant growth andgdymthetic activityBernalet al, 2004;
Yruelaet al, 1996) The primary sympto of copper toxicity is chlorosis in the green,
vegetative tissue due to increased intercellular oxidative sinesthe down regulation of
photosynthetic gend®Patsikkaet al, 2002)

It may be that the impacif copper deficiency on wood forma is due to théack of
activity of coppercontaining enzymes known as laccad@moet al, 1993; Bertheét al, 2011,
Davinet al, 1992; Driouichet al, 1992; McDougall and Morrison, 1996; Sterjiades, Dean, and
Eriksson, 1992) Laccases are secreted multicopper oxidases that can catalyaeainen
oxidations of phenolic compoun@einhammar and Malmstroem, 198The oxidation ofour
phenolic compounds occurs simultaneously with gaiction of one @molecule into two KO
molecules by the foucopper catalytic centeaf laccases Superoxides are not released in this
process because, @ reduced directly to #D in the catalytic centéClaus, 2004; Solomon,
Sundaram, and Machonkin, 1996} has beemproposed thabxidizedphenolics can then
undergo subsequent radigalical coupling, polymerizing with each other to form complex
polyphenolics, such as lign{Turlapatiet al, 2011)

The catalytic center of laccases is unique and contains four copper atoms in three
different conformationand twocoordination centerd-igure22). The first coordination center
is responsibléor catdyzing 4 oneelectronoxidations of the substragsd contains one type |

(T1) copper atonfSolomonet al, 1996) As electrons are stripped from theubstrate
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moleculesthey are passed to teecond cordination cente(Ducroset al, 1998) The second
coordination center istainuclear cluster containg one type Il (T2) copper atom and two type
lIl (T3a and T3pcopper atoms. Thtrinuclear cluster is responsible for reducing oxygen and
generating wategfSolomonet al, 1996)

Since the discovery of laccases in the lacquer(¥eshida, 1883jhey have been shown
to be broadly distributed across many philaluding bacteria, fungi, insects and plaf@taus,
2003; Mayer antaples, 2002; McCaig, Meagher, d»elan, 2005; Silvat al, 1995) In fungi,
laccases have been shown to degrade ligfgigert, Temp, and Eriksson, 199f)oduce
pigments(Aramayo and Timberlake, 199(3nd even protect the fungus from pathy&alas
et al, 1996) In plants however, laccase functidras remained elusiven vitro evidence has
indicatedthatthey play a role as a biocatalyst in the generation or degradation of phenolic
polymers(Mayer and Staples, 2002¢ading us to believihatthey are involved ifignin
synthesisr degradatioror both(Baoet al, 1993; Bertheét al, 2011; Freudenberg, 1959; Let
al., 1994; et@l)1d93] Rickaydson, Duncan, and McDougall, 2000; Sterjiedal
1992) pigment productiofPourcelet al, 2005) and sap hardening during wound healiBgtt,
1980; Malmstrom, Andreasson, and Reinhammar, 1@4¥&netic approaches to shiogthe
precise function of laccasesplans have beembscured by the size andnoplexity of ther
gene familyin whichgene function redundancy is likelyhile biochemical approaches have
also been inconclusive because the geneapplasc.

In the model organisrArabidopsis thalianathere are seventeen putative laccase genes
(AtLacl-17) (McCaiget al, 2005) Double knockouts of genes AtLAC4 and 17 have shown
decreases in total lignimnplying thatthese laccases have a role in lignin synth@asthetet

al., 2011) AtLAC15 single mutants have a decrease in the browning &réit@dopss seed
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testa caused by the reduction in the oxidatiofteebnoids(Pourcelet al, 2005) To date, these
are the only three laccasesArabidopsisthat have exhibited a photype from knockout assays.
Other single knockout assays of laccases have been unsuccessful in generating a defined
phenotypemeaning more complicated double and triple knockout/knockdown methods will
most Ikely be necessary to ascritletailed functions to each gene in the family.

The copper economy model predicts thnatiercopperdeficientconditions, copper ions
are conserved for proteins essential for the [gantvival, such as plastocyanin and
cytochromec oxidasgBurkheadet al, 2009) I n order to -assempl abhb th
coppercontaining proteins such as Cu/Zn SODs, laccases and plantaay@adiowrregulated
by miRNA-mediated degradation of their transcri(®s E. AbdelGhany and Pilon, 2008 hese
miRNAs are regulated in turn by the SQUAMOSA promdiarding-like transcription factor 7
(SPL7), which is inhibited by abundant copper in the (@3Fnalet al, 2012; Yamasalet al,

2009) This system allows fordown e g u |l at i-eoss eorf t if-adotainingpropeineso
that the majority of the free copper pool is
copper is limitingIn Arabidopsis theprimary miRNAs that are directlyp-regulated by the
SPL7 transcription factor are mifAs 397, 398and408 (Yamasakiet al, 2009) The miRNA
397targets laccases 2, 4 and 1RNA 398targets Cu/Zn SODand a subunit of cytochrome ¢
oxidase and mRNA 408targets laccases 3, 12 and 13 as well as plantacf{@&nih Abdel
Ghany and Pilon, 2008 Populus trichocarpaa novelmiR1444 has been shown to target
anothercoppercontaining proteinpolyphenol oxidasaindercopperdeficient conditiongRavet
et al, 2011)
The laccase gene family is a large and complex family with a proposed function in cell

wall lignification. Thegenefamily has been difficult to study iArabidopsisbecause o& lack
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of lignified tissues and weak phenotypd2opulusis a perennial that develops thick, lignified,
and woodyxylem tissueswhich gives itan advantage ovehrabidopsisfor the study of the
laccase gene familyHoweverthe Populusgenome is much largénan that ofArabidopsis
meaning that the laccase gene family also has the potential of beingndhgerore
redundancy Before detailed molecular studies can begin on individual laccaBeputuswe
need to understand the size and scope of the entire laccadargéye In thischaptemwe will
identify, classify and compare what is known from identified laccases genes as well as
identifying and classifing new urannotated laccases to give a starting pointuturé
molecular studies.
MATERIALS AND METHODS
Sequence Collection

A BLASTn search of the NCBPopulusdatabase (http://blast.ncbi.nlm.nih.gov/) was
performed using the 17 described laccase genes (LATfromA. thaliana
(http://www.arabidopsis.orggnd 13 laccases (LAC4d 2, 3, 90 al, 110ac) fromP.
trichocarpa(http://blast.ncbi.nlm.nih.gov@s queries. The top fifty best hits for each query
were compared and the redundant hits were remadéd with norrlaccase annotations were
removed fron the list and only hits that weeitherun-annotated or known laccases were
retained. This list was further refined b@lustaX alignmern (SettingsProtein Weight Matrix:
Gonnet Gap open: 10Gap Extension: 0.2@ap distances:;™No end gapsjo includeonly
sequencethatcontained th@ne methioningonecysteine and ten histidineesiduesiecessary
for binding the four cpper atoms required for laccas@ction(Claus, 2004; Kumar, Phale,
Durani, and Wangikar, 2003; Solomenal, 1996) All Populuslaccase genes were renamed

using a standard nomenclature to simplifg tiliscussion and are listedRigure23.
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Signal sequence and subcellular targeting prediction was performed for all laccase genes
using SignalP 4.1 (http://www.cbs.dtu.dk/servicegi8IP/). The program was run with the
following parameters: organism group: eukary@tecutoff values: Defaujtminimum signal
sequence length: 10.

A chromosome map was generated usivegPopgenie Chromosome Diagram Tool
(http://popgenie.org/gpthronbsome sizés to scale Genesvereplaced on the diagram
according taheir approximate location on the chromosdqfigure 24)

Tree Generation

The amino acid sequences of the laccases were aligned with previously identified laccase
sequences frorrabidopsisusing ClustalV (http://www.clustal.org/) A phylogenetic analysis
was performed to determine relationships. The sequence alignment, containing 574 amino acid
characters, was input into Mr. Bayes (http://mrbayes.sourceforge.net/) to generatgenstid
tree using a Bayesian Markov chain Monte Carlo approach. A mixed amino acid model was
used, four chains were run for 1.5E7 generations, and the run was repeated to establish
convergence. A 50% majority rule consensus was used to display rdtsu
miRNA Target Prediction

We usedpsRNATarget (http://plantgrn.noble.org/psRNATarpad/predict targeting of
MiRNAs 408and397 against thd?opuluslaccasedecause these are the two cu miRNAs that
target laccases iArabidopsis Maximumexception tolerated for targeting was set to a score of

5, with a complete mismatch counting as 1 and a veophir (GU) counting as 0.5.
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Laccase Epression

Laccase expression four vegetativeorgans (young leaves, old leaves, stand roos)
and their regulation undeopperdeficient conditions were determined by RI$&Q.The
RNA-SEQ experimens described in detail in chapter 2.

RESULTS AND DISCUSSION

New laccase genes Ropulus trichocarpavere uncovered by a BLASearch of the
NCBI Populusdatabase using known laccases fldnthalianaandP. trichocarpaas the query
sequence@McCaiget al, 2005; Ranochat al, 1999) Twentyseven previously uannotated
protein sequences were recovered and aligned to previously annotasse Iseguences. Of
these twentyseven, two sequencéBOPTR_0001s18500 and POPTR_0011s0p88Dnot
contain the appropriate number or arrangement of histidineyasteineresidues to bind the four
copper atomsssential for laccase functioniffares 22 and25). These two predicted genes were
not included in further analysishs seen imArabidopsis thePopuluslaccase genes are highly
variable at the beginning of their sequence because of their subcellular targeting dachain
between the second and third copper binding m@dtCaiget al, 2005) Almost alllaccase
genes end in an-kerminal cysteine residu&igure 25)

The final list ofpoplar laccases contains twediitye un-annotated proteins and thirteen
previously anotated proteins. These thi#yght proteins range between 518 and 582 amino
acids inlength. When put it SignalP lttp://www.cbs.dtu.dk/servicdSignalP/)to predict
their cellular target locain and signal sequence, thitiyo are predicted to be secreted
(apoplastic) with the signal peptidensisting of 4-34 amino acids (Figur23).

Mapping the putative popLAC genes onto a diagram of the chromosomes shows no

obviouspattern(Figure 24). The laccases are evenly spread out across the genome and no
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chromosomes show a largeathaveragenumberof laccase genes. We do see clusters of two to
five genes in tandemn several chromosome$he genes in thessusters are not necessarily
duplications of the same germit wecan see at leasttndemduplications. The laccasgenes
also do not cluer withthe CumiRNA 397, 398 and408genes

Putative &ccase protein sequences frAmabidopsisandPopuluswere aligned using

ClustalX, showing high conservation arinino acids between the species. After geBian

analysis, a radial cladogram of the sequence alignment shows that laccases can be classified into

up toseven groups based solely on their sequence similarity (RRgur&roups of laccases
range from a single member (group 7) up to 11 members (&)ouyntil physiological function
can beascribed to all genes in the gene family, this classification remains subj@dt@aiget

al., 2005) However by includingthe Arabidopsidaccases in the cladograme can say
somehing about the members in groups 1, 2, and 4. Groups 1 and ihah#®&C17 and

atLACA4 respectively.ArabidopsisplantscontainingT-DNA insertions inboth ofthese genes
showeda 2040%decreasén lignin conteni while the single mutarg showed little to no
decrease in ligni(Berthetet al, 2011) AtLAC17 in particular was shown to be responsible for
the deposition of gignin in the stem fibergBerthetet al, 2011) On the other hand, the
atLAC15 gene in group 4as been shown to be highly expressed in the seegaradt&nockolg

of this gene result in seeds witlbaghtercoat(Pourcelet al, 2005) As more laccase genes are
given precise biochemical functions we will be able to better annbpdylogenetic tree and
see if classification based on sequeinckcates conserved biochemical function within the
groupings

Usingour phylogenetic classificatiomve renamed the thidgight genes in a more

intuitive way. Eapdp aPepuley ifsL A Gaob efl oerd |wai ct cha siie
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which the ones place indicates its grouping’&and the tenths place represeatgsndividual
identity (Figure23). For examplepopLAC2.3 is the third sequence in group 2.

A rectangular tree alsshows the similarity ofte thirty-eight laccase gene®ata from
RNA-SEQwereoverlaid to show the basal expression of all the geneach organ and each
gends regulatiorundercopperdeficient conditiongFigure27). Most of the genes inrgups 1,

2, 3, and7 show high expressiofRPKM >5) in the stem antbot tissue, othey areubiquitously
highly expressed, while the genegimoups4, 5 and6 showlow expressionRPKM <5) in every
organ

The mRNAs of all putative laccase genes were input ps&NAtarget to look for
potential targets of MIRNA398and408 The miRNAs397and408are known to be regulated
by the SPL7 transcription factawhich is in turn regulated by copper availability in the cell
(Yamasakiet al, 2009) The miRNAs397and408have also been shown to target laccases in
Arabidopsig(S. E. AbdelGhany andPilon, 2008; Bonnett al, 2004; JonefRhoades and Bartel,
2004; Lu et al., 2005; Yamasaki et al., 200 iRNA 397 was predicted to target twertye of
the thirty-eightPopuluslaccaseswhile miRNA 408was predicted to target four (Figuzé). Up
to 5 basepair mismatches between a-8uRNA andits mRNA targetstill resulsin the
degradation of the transcri(®alatniket al, 2003) In this case we set the threshold for 5 with a
compl ete mismatch -Uobasenpaias 6@aonanthgaas
MiRNA target prediction shows a grospecific pattern. Groups 1, 2, and 5 contain many
potential targets ahiRNA 397, while group 3 is targeted by bothiRNA 397and408 It is
interesting that these are also the groups that are primarily expressed in steowtsapelcause

lignin is also distributed this wayThe transcripts of genes in groups 4, 6 and 7 arpradicted
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MiRNA targets and therefore amet predicted to be regulated in response to copper deficiency
Groups 46 and 7alsocontain genes ubiquitousixpresseat a low leve(Figure27).

For the mospart if a gene is higly expressed and a piieted target of a GmiRNA,
we see a substantial dowagulation of the gen@ copperdeficient conditions The stems seem
to have the highest expression of the laccase genes as well as the greatesgdatian of the
genes.Thedownregulatiors of genes in the stem are almost all statistically significagu¢e
28).

On the other hand, if a gendasv-expressednd a predicted miRNA targete often do
not seedownregulationby the miRNA in fact, we can often see uggulation ofa few of tre
low-expressed gendBigure27). This upregulation is not alwaystatistically significant.
Plotting onlygenes with significant differential expressi&mows thaho gene wittRPKM
higher than 6 irtoppersufficient conditios is significantlyup-regulated undecopperdeficient
conditions(Figure28). Thefew genes that are below 6 RPKM and significantlyregulated are
being upregulated irold and young leavebut never in the stemAlthoughthesechanges in
expression armathematicallysignificant, the question remainare theybiologically
significant? Most likely there is no reason for the organism to waste resourcesiatgeémpt
regulate these low expressed gebes the mechanism for how GniRNAs selectively down
regulatehigh aburance mRNAS has yet to be discovered.

CONCLUSIONS

In this study we have found twenfiye laccase genes that have not been previously
describedexplicitly as laccasesThese twentyfive genescombined with the thirteealready
annotated laccase gerfeam poplar makethirty-eight genes in thBopuluslaccasegenefamily.

The laccase gene family in poplar is rigaouble that oArabidopsis even though there have
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been twogenomewide duplications sincArabidopsisdiverged fromPopulus(Tuskanet al,
2006) If genome duplicatiomverethe only factorwe would expect to see nearly 68 genes in
thePopuluslaccase family We would also see regions of syntenysilikely, there is no
evolutionary pressure to keep copies of geméis redundant functioand many othe laccase
genecopies have not begaeserved.
Thethirty-eight laccase genes are dividetb seven distingbhylogenetigyroups

ranging from a single gene to eleven per groOpginally, laccases were classified by their
isoelectric focusing point (pl) The hypothesis wathat the pl shows a relationship with the
enzyme kinetics anthe substrate specificitgf the enzyres(Deanet al, 1998) When more
laccases were describim a larger number of orgssms, t wasshownthat the pl values vary
little betweernthe known laccasemnd that pl alongas not a good characteristic for describing
thevariability in the laccase familfMcCaiget al, 2005) Using only plant laccasknownat
the time, thdaccase genes wedévidedinto 6 groups based on their amino acid sequence
similarity (McCaiget al, 2005) When all thirtyeightPopuluslaccases are included in the
phylogenetic tree, a seventtivergent group containingnePopulusgene and ité\rabidopsis
homologis obvious(Figure26). Until accuraten vivoevidence is discovered for plant lacc@ses
function, laccases are clustered based on their phylogenetic relationship, the hypothesis being
that genes that have similar sequences will also retain similar enzyme kinetics and substrates.

Thegenes in eacphhylogenetiaggroup show similar expression patterns between the
organs The larger groups (2, 3 and 5) are primarily expressed in gtemsthe root, or
ubiquitously throughout the planinterestingly, these four groups also contain the gemesath
predicted targets of ConiRNAs 397and408 Genes that are lowxpressed argenerallynot

potential targets ddnownmiRNA downregultion. Most likely this is because they have a low
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impact on the copper poahdthere is neelective pressur® conserve a miRNA target site on
theselaccase transcrigt

The findings presented hesapportthe copper homeostasmsodel proposedh
Arabidopsis We propose that poplar, unaspperdeficientconditions upregulates th&PL7
transcriptionfactor,which upregulats transcription omiRNAs 397 and408, which can then
downregulate large numbers of copgmmtaining proteindgncluding thelaccases. This
regulation then allows copper ionslte retained fohigh-importance proteins such as
plastocyanin and ¢gchrome Coxidase.Given the proposed role of laccases in lignin
formation,this model account®r the evidence of wakened xylem cell walls undeopper
deficientconditions(Marschner, 2011)

This studyprovidesinsight into the size and complexity of the laccase family in woody
plants. Although these genes have not been given a conclusive function, we may now begin
understanding the scope of tiask. Determining if laccases are indeed responsible for lignin
formation in the cell wall is an essential factor in understanding coppers impact on cell wall
formation. With the size and possible redundaircyhe laccase gene familglassic forward
genetics experiments will most likely have to be elabaretederto learn about indrdual
| accase g¢e mnehé fwmturé, mRNABIIZ anad08overexpression poplar lines could
be generated, effectively knocking out all highly expressed laccases and solidifying the laccase

familydéds function in lignin formation.
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Figure 22: A diagram of the essential amino acids that coordinate the four copper atoms in the
active site of laccases. The singlecoppelis blue and the trinuclear cluster copper ions are
green.
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ENSEMBL Accession Alternate Full Length  Signal Peptide Predided

Number Gene Name Name Protein(A.A.) length(A.A)) Targeting
POPTR_0006s08740 popLAC1.1 LAC110b 580 33 Secreted
POPTR_0009s03940 popLAC1.2 576 32 Secreted
POPTR_0011s12090 popLAC1.3 570 20 Secreted
POPTR_0011s12100 popLAC1.4 581 31 Secreted
POPTR_0001s41160 popLAC1.5 581 31 Secreted
POPTR_0001s41170 popLAC1.6 581 31 Secreted
POPTR_0001s14010 popLAC1.7 581 31 Secreted
POPTR_0001s35740 popLAC1.8 580 30 Secreted
POPTR_0006s08780 popLAC1.9 LAC110a 579 25 Secreted
POPTR_0010s20050 popLAC2.1 LAC3 555 22 Secreted
POPTR_0008s06430 popLAC2.2 LAC2 556 23 Secreted
POPTR_0001s25580 popLAC2.3 554 21 Secreted
POPTR_0009s04720 popLAC2.4 556 23 Secreted
POPTR_0016s11960 popLAC2.5 LAC1b 557 22 Secreted
POPTR_0006s09840 popLAC2.6 LAC1d 550 87 Mitochondria
POPTR_0006s09830 popLAC2.7 LAC1c 560 23 Secreted
POPTR_0016s11950 popLAC2.8 LACla 557 22 Secreted
POPTR_0004s16370 popLAC2.9 540 - -
POPTR_0009s10550 popLAC2.10 561 27 Secreted
POPTR_0007s13050 popLAC2.11 562 28 Secreted
POPTR_0010s19090 popLAC3.1 LAC90d 575 31 Secreted
POPTR_0008s07370 popLAC3.2 LAC90a 574 30 Secreted
POPTR_0010s19080 popLAC3.3 LAC90c 582 34 Secreted
POPTR_0008s07380 popLAC3.4 LAC90b 562 14 Secreted
POPTR_0013s14890 popLAC3.5 576 32 Secreted
POPTR_0019s14530 popLAC3.6 576 29 Secreted
POPTR_0005s22250 popLACA4.1 565 25 Secreted
POPTR_0005s22230 popLAC4.2 565 25 Secreted
POPTR_0005s22240 popLAC4.3 518 - -
POPTR_0019s11860 popLAC4.4 552 29 Mitochondria
POPTR_0019s11810 popLACA4.5 552 29 Mitochondria
POPTR_0001s21380 popLAC4.6 563 24 Secreted
POPTR_0006s09520 popLAC5.1 LAC110c 562 22 Secreted
POPTR_0016s11520 popLACS5.2 569 22 Secreted
POPTR_0016s11500 popLACS5.3 568 22 Secreted
POPTR_0015s04340 popLACG6.1 579 27 Secreted
POPTR_0012s04620 pOpLAC6.2 579 27 Secreted
POPTR_0014s09610 popLAC7.1 529 - -

Figure 23 Populuslaccase genes discovered by amino acid sequence homology with

Arabidopsisorthologs. Signal peptides and subcellular localization were predicted with TargetP.
Alternate names for knowRopuluslaccases are froflRanocheet al, 1999
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Figure 24: All of thePopuluslaccases and GmiRNAs mapped onto a diagram of the chromosomes. Genes with mRNAs targeted
by miRNA 397and miRNA408are indicated with a red box and green box respectively.
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POPTR 0011512100.1 MGASLLPPP-AFLAVFLFS SVNPEPA- L. QN WHGIRQL A L 145
POPTR 0001514010.1 MGVSFLPSP-AFLGLLLFS SLEPKPA- LG [HVQN WHGIRQLE WWHA 1. 145
POPTR_0001435740.1 [ESSNEN-ARR -ALLFSFSIFCLLPEHA- 1. HVQ WHGIRQLI WWHA] E 144
atLAC17 MALQLLLAVFSCVLLLPQPA - 1O QP! WHGIRQL! WYHA v 136
POPTR_0009803940.1 MGAPVPASPGILLEILLFAMSCLWAFPEV L ‘HTK [HVP) WHG LS FWHA M 150
POPTR_0001s18500.1 LLFAMSCLWAFPEV L i P WHGIRQL JHA A v 135
POPTR 0006508740.1 PSMAALQLLCFFF. LOH [HVAE] WHGVE @ Al ﬁ. 147
atLACZ VAFLFAIS¥NIDAAS - - AGITR oK [HVSN] WHGIRQ! 7 RATVY 141
POPTR 0006508780.1 R Li R_‘ QENVELEWHG L A AT 143
POPTR 0004816370.1 RLEHA HAKYNMS THWHG F WWHAHT FWLRA "; 120
POPTR_0009810550.1 \LEHAKP [HARYNMS THW ﬁ d WWHA A v 141
POPTR_0007813050.1 MVSSRGFLSWLIFLFIGILGFIPFPA- LGHA] QYNMS THWHG R WWHA 7 v 142
atLACIl -MKMGFLFLF SPV- E AKP [HVOYNME THWHG WWHA ™ v 137
POPTR 0016511960.1 S -WFRFMLLAVSLFPALV - 1 [HVK! q WHGTRQL! Al A v 136
POPTR_0016811950.1 S - CFRFMLLAVCLFPAVV - L ) WHG L A A v 136
POPTR 0006809840.1 - - - - FMLLAVCLLPALV - L < ; WHGIRQL! A A v 129
POPTR_0006509830.1 CWLRFMLLAVCLFPALV - L HVKYNVS THWHG L A Al v 137
POPTR_0001825580.1 -MALWLRVLVLVACLFPASV - 1 VSNV TRWHG LR JHA A v 135
POPTR_0009804720.1 -MDMAPWIRVLVLVACLFPASY - L HVICENVE TRWHG L Al RA’ v 137
atLACE MGSHMVWFLFLVSFFSVFPAPS - 1, VKNS THWHG q WWHAI 7 vy 138
atLAC10 PIRILVLFALLAFPACV- E INVKYNVE THWHGIRQ! WWHA] RA vE 136
atLAC16 YNV WWHA A 97
POPTR_0008806430.1 AL 1 HVQYNVE THWHGVRQLRIG! A A 137
POPTR 0010820050.1 QAR - -mr.v:r:l:rpu.v— L QO WHGVRQLR A Al 136
POPTR 0005822230.1 MATNRVLAFQILRFLLFGGFLCCQAT L SP WHGVKQP WWHA A v 138
POPTR_0005822240.1 P SP WHGVNQP JWHA A v 91
POPTR_0011806880.1 MMPIMRVLAFQISRFLLFGGFLCCQAT 1 SP WRGVERP WWHA RA! v 139
POPTR 0005822250.1 MLFCKKELVFKILWVLLFFS - ; GR WHGVELEGY WWHA Al v 138
atLAC15 L RASE] WHGVE P} WWHA A ¥ 133
POPTR_0019811860.1 LCE GVITHWHGVKQP 2] A v 127
POPTR 0019511810.1 L G WHGY PR WWHA Al v 127
POPTR 0001s521380.1 L R WHG WWHA A v 138
atLAC14 L W IGA] 5 WWHA ™ v 147
POPTR 0008507370.1 LCK RNVE THWHGIRQM WWHA! A v 144
POPTR 0010819090.1 L RYNVITHWHGIRQM: WWHA] A v 145
POPTR 0010519080.1 KRLEK KARYNVIETHWHGTRQM A A v 148
POPTR_0008s807380.1 L 0 WHGVRQUE WWHA A v 128
atLACS L RAR WHGVRQM WWHA A v 140
atLACl12 L [RAR W G a v H “ v 138
POPTR_0013514890.1 LFLSIFVIFSFQ; EAET! LCR NARZNVELEW m 3 JHA RA v 146
POPTR 0019s14530.1 CLLLSIFVIISFQASSEEPET RRLER [NAR WHGVRQL A 7 v 146
atLACI3 LLAT L. R WHGIRQM 2] 7 vE 135
atLAC3 LOR RAR WHG :', A Al v 139
POPTR_0014809610.1 L ESPYNATTHWHGVRQT Al A v 103
atLACé LFELQVMNIGRIGAATRF¥QFKVQEIRLERL MEP WHGIKQK AHF A v 143
POPTR_0016811520.1 - - CALALLASS - VASAATVERSFYVKNLTLRRLI SPYDLSTHWHG AHE A v 136
POPTR_0016811500.1 - -CALALLASS - VASAATVEESFYVQNLTVRRLI SPYNLITHWHG A Al v 136
POPTR 0006809520.1 - -CALVLLASS - VASAATVERSFYVKNLTVRRLI SPYNMTLHWHG A A v 136
atLACT MEGVRVPIA- - CALILLATSSIBSASIV L SP E WHGT FHK A HH 137
atLACS MPR QAFLVLLLFSSIASAAVV STENVETHWHGVE| A AT 139
atLACS SNOAFLVLLLESSIASAATVE s G A ATT 139

0 15

Figure 25: A Clustalw2 alignment of of the Arabidopsidaccases and 40 peptide sequences found iRdpelustranscriptome.

How conserved a residue is between all of the sequences is indicated by a grey bar at the bottom of thegraph: 6 i ndi cat es
positions which have a single, fubpnserved residud 6 : 6 i ndi cates conservation between g
scoring > 0.5 inthe Gonnet PAM 250 matdx. 6. 6 1 ndi cates conservation bstweenggOop

in the Gonnet PAM 250 mati Pink boxes at the top of the alignment indicate regions that bind the copper ions. The copper ion
each histidine is thought to bind is in those b@somonet al, 1996)
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POPTR 0012s504620.1
POPTR_0015s804340.1
atLACl

POPTR 0001s41170.1
POPTR 0001s41160.1
POPTR 0011s12090.1
POPTR 0011s12100.1
POPTR_0001s14010.1
POPTR_0001s35740.1
atLAC17

POPTR _0009s803940.1
POPTR 0001s818500.1
POPTR _0006s508740.1
atLAC2

POPTR 0006s08780.1
POPTR_0004s16370.1
POPTR_0009s810550.1
POPTR_0007s13050.1
atLAC1l

POPTR 0016s511960.1
POPTR 0016s11950.1
POPTR_0006s509840.1
POPTR_0006s09830.1
POPTR 0001s25580.1
POPTR_00098504720.1
atLAC4

atLAC10

atLAClé6

POPTR 0008s06430.1
POPTR_0010s20050.1
POPTR_0005s822230.1
POPTR_0005s522240.1
POPTR_0011s06880.1
POPTR 0005822250.1
atLAC15
POPTR_0019s11860.1
POPTR_0019s11810.1
POPTR 0001s21380.1
atLAC14
POPTR_0008s807370.1
POPTR_0010s5190590.1
POPTR_0010s19080.1
POPTR 0008s07380.1
atLACS

atLAC12

POPTR 0013s514850.1
POPTR_0019s814530.1
atLAC13

atLAC3
POPTR_0014s09610.1
atLAC6
POPTR_0016s11520.1
POPTR 0016s11500.1
POPTR_0006s809520.1
atLAC7

atLACS

atLAC9

GAIVILPAP-GKP
GAIVVLPKR-GVP,
GAIVVLPKL-GVP
GALVVLPKR-GIP
GALVVLPKR-GIP
GAIVILPKR-GVP
GAIVILP
GALVILP!
GAIVILP:
GAIVILP
GAIVILP
GAIVIFP

GALIIHPTPGSS-FPFPK-PD]

GALITIHPKLGSP-
GALITHPKLGSP-
GALIIRPPLSSP]
GALII¥PRLGSP-
GAL’ PKP-GVP
GPLT -SVP|
GALIIRPRS-GHP
GALVIRPRS-GHP
GALIIRPRS-GHP
GALVIRPKS-GHS
GALVIRPRS-GRP
GALIIRPRS-GRP)

RPPHP SIS G GGG

PFP -MPR' WWDRN - PMDVLRIADF]
SFP-MPI NVRN - PMDVLRLADF
WWDRN - PMDVLNLAQF]
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LSG--GE
PHHP -NAS
PHHP -DAS
PDY¥P -NAQ
PDY¥P -NAQ
PHHP -NAK
PYFP -NAT
SSEP-SAS
PIAP-NAS
SIAP-NAS
PHLP -NAT
PI¥P-NAT
LMAKAKAP -NST
VQAT - QSP-NR-

S-KSA-GK-
-RPS-GQ-
-ANA-GSN
-KSV-GK-
-KSI-GK-

E. PLD---H
E. PLD---H

DPN---H
DPE---R
PPS---Y
RPPS---Y
PPS---H
RPN---H
LPG---R
LPG---R
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Fig 25: Coninued
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286
286
283
289
289
278
289
289
288
280
294
279
291
285
287
262
283
284
279
278
278
271
281
277
279
279
278
240
278
277
280
233
213
281
275
269
269
280
290
286
287
291
271
282
280
288
288
279
281
245
285
278
278
278
280
275
275
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