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The transition metal copper (Cu) is among the most important mineral nutrients esential
for plant growth,developmentnd fertility. However, Cu is toxic if it imccumulatedn cells in
excess. To maintain Cu homeostagisnts have evolved transcriptionagulationof genes
involved in Cu uptake, trafficking, tissue partitioningdareallocation among Cu requiring
enzymesSPL7 has been shown to play a central role in this transcriptional regulatory network
and is the only transcription factor with a documented role in Cu homeo$t&sisave found
recently that a member of the bHIfamily of TFs,that we designated CCIT1, is transcriptionally
regulated by Cu availabilitys essential for Cacquisitionandis required for plant growth under
low Cu conditionPrevious transcriptome analyses have ident@&dT1among the downstrea
targets of SPL7. Howevethe ccitlspl7 double mutant exhibited infertility phenotype due to
altered flower morphology, substantialityducedpollen production and viabilityThese results
suggest that CCIT1 does nsimply act downstream of SPLAnd his interactive regulatory
pathwayis rather more compleXYlH and RNAseq studies identifiedomponents of this
pathway and the hierarchy of interactiomkich provide essential molecular evidences of the
connection between Cu homeostasis, jasmoniclaogynthesis and male fertiliton the other
hand, cadmium (Cd) is a neessential, toxic metal that causes plant growth retardatisrupts
micronutrienthomeostasis andterferes with photosynthesis and redox balance. The components
of the moleculamachinery mediatinthe crosstalk between Cd and essential elements, however,

are unknown. We have found recently that teatral regulator of Cu homeostas&?L7, is



important for basal Cd tolerance. Here we show that CCIT1 is inducé&dl lhgxicity. Loss of
CCIT1 function results in hypersensitivity to Cd, and compromised Cu accumulation which is
essential for basal Cd tolerance. Transcript abundance comparison betwesmpavadidccitl
mutant identified two Igh-affinity Cu transporteramong the tagets of CCIT1. Togetherthe
results herein expand the understanding of the interactiorebe the essential heavy metal Cu
and the toxic heavy met@ld, and mightprovide novel avenuedor biofortification strategies to

improve mineral nutritio while avoid toxic metal entry into the food crops.
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CHAPTER|

Preface

ABSTRACT

Copper (Cu) is an essential micronutrient ibaequiredfor the growth, development and reproduction of

all organisms including plant€u, however, can be toxic when it accumulates in cells in extéss.
bioavailability of Cuin agricdtural soils largely depends on the soil type and agricultural practices. For
example, Cu deficienagevelops in alkalinsoilsdue to the low solubility of Cu at high pH, and in organic

soils due to Cu binding to organic mattéthile Cu deficiency caberemediedoy the application of Gu

based fertilizers, this strategy is not environmentally friendly, and the repeated use of fertilizers, as well as
Cu-containing pesticides, has led to the buiful of toxic levels of Cu in soilslo prevent Cu deficiency

while avoiding toxicity plants have evolved sophisticated regulatory mechanisms, including transcriptional
regulation of genes involved in Cu uptake, trafficking, tissue partitioning and reallocation among Cu
requiring enzymes. The relationship betweeesth processes and plant fertilityowever,is not well
understood. For example, it has been recognized for decades that Cu deficiagoguhural soilsis
associateavith compromised fertilityJow seed/grain set and, in acute cases, a crop fali@wertheless,

the molecular components underlying the crosstalk between Cu homeostasis and plant fertility have not
been fully identified. In contrast to Cu, cadmium (Cd) is a-essential and highly toxic metal that
increasingly emittedhto the envirament from various agricultural, mining and industrial activities, and

the exhaust gas of automobiles. Cd causes organ dysfunction in humans, growth refargédias by
interferingwith essentiabiochemical processed living cells It is also recogizedthat amondhe cellular
mechanisms of Cd toxicity is the disruption of the homeostasis of micronutrients. The components of the
molecular machinery mediating the crosstalk between Cd and essential elements are not well known as well.
This dissertatin discusses thiglentification and characterization of a novel transcription regulator of Cu

homeostasis iA. thaliang CCITL1, its interaction with the master regulator of Cu homeostasis, SPL7, and



the crosstalk of SPL7CCIT1-dependenpathways with planfertility, synthesis of the plant hormone
jasmonic acicand basal Cd resistanceAnthaliana

1. OVERVIEW OF COPPER HOMEOSTASIS IN PLANTS

Copper (Cu) is an essential micronutrient for all organiseiading plantdecause it acts as a cofactor for
enzynes participating in important biological processes such as respiration, photosynthesis, and oxidative
stressscavengingBurkhead et al., 2009IMerchant, 2010Ravet and Pilon, 2033In plants,Cu is also
important forthe perceptionof ethylene,salicylic acid, nitrogen metabolism, molybdenum cofactor
biosynthesis, pathogen responkgnin synthesiandreproduction(Marschner, 1995ka; Kuper et al., 2004
Pilon et al., 2008Burkhead et al., 2009kVu et al, 2014. This remarkable array of physiological functions
of Cuis attributedto its ability to change the oxidation state {Cii  C)u(Marschner, 1995aThe same
property imposes toxicity whemee Cu ions accumulate in cells in access duledability of Cu to cause
oxidative stresgHalliwell and Gutteridge, 1988Burkhead et al., 2009bTherefore, Cu concentration
within thecell must be tightly regulated to prevent deficiency while at the same time avoiding tokiwity.
mod abundant Cibinding protein in higher plants is plastocyanin (PC), whishs oxidatiorreduction
reactions of Cu to shuffle electrons during photosynth&kiess, 1998 Anothertwo major Cu poteins
arecytosolic and chloropladbcalizedCu/zinc Zn) superoxide dismutas€CSDs), designated as CSD1
and CSDZ2respectively These enzymescavengaeactive oxygen specidROS (Bowler et al., 1994
Kliebenstein et al., 1998The reallocation of Cu betwedC and GDs the sec a | | e-a@tondm@ u
mo d eib among the strategies used plants to regul@ Cu homeostasisand this processs
transcriptionally regulatetly a transcription factor (TF) SPLAnother mechanisnncludes the SPL7
mediatedtranscriptional control of genes involved @u uptake and redistributiohetween tissues
(Burkhead et al., 2009bA concerted action of SPL7 downstream targets is responsibéalémuate Cu
uptake and tigge partitioning to support growth and reproduction of plafitaus far, SPL7 is the only TF
identified in vascular plants with the role in Cu homeostasis. Durindg®hD. work, | discovered that

previouslyuncharacterized member of the basic htdop-helix (bHLH) family of TFs, CCIT1, is essential



for Cu homeostasis iA. thalianaas well. Thissectiondiscussesurrent knowledge of major mechanisms

that regulate Cu homeostasis in vascular plants.

1.1 Copper uptake and long-distance transport in plants
Copper(ll) is a dominant form of Cu in soils whereeitists in a complex with the organic matter, iron (Fe)
and aluminum (Al) oxides, and thus, Cu must be mobilized prior uptake into plan{Faateming and
Trevors, 1989 Cu mobilization strategies are largely unknown lmged on studies . thaliang it has
been proposethat dicots and negrass monocotseduce Cu(ll) to Cu(l), and so Cu(l)tlse mainform of
Cu absorbed by plant roofBurkhead et al., 2009aFurther, it las been proposed thmembraneéoound
ferric chelatereductases from the FRO family /& thalianareduce Cu(ll) to Cu(l) upon Cu deficiency
(Bernal et al., 2012hkJain et al., 2014 There areeightmembersn the FROfamily in A. thaliana(Jeong
and Connolly, 2000 FRO2 localizes ahe plasma membrane, serves as the primary ferric reductase for
root Fe uptakeThe loss of FRO2 function abolishes-Felucible Cuchelate reductase activity, suggesting
that FRO2 could also reduce Cu(ll) to Cu(l) to facilitate Cu(l) up(Rladinson et al., 1999However,Cu
concentrations are not reducedthe frd1l mutant that is allelic t-RO2 suggesting the possibility that
other FROs function to reducgu at the root surfacéRobinson et al., 1999ain et al., 2014 FRO3,is
expressedorimarily in the vasculature in roots, is induced by Cu limitation in both roots and shoots, but
due to localization to the mitochondria, it is unlikely that FRO3 contributes to Cu(l) uptakéerjee et
al., 2006. FRO4andFRO5are strongly upregulated by Cu limitation and their function is essential for
high-affinity Cu uptake suggestingdhthese proteins are the primary Cu reductases that functidn in
uptake(Figure 1;Bernal et al., 2012aFROG6is highly expressed in leaves andnvolved in light response
(Feng et al., 20061t is downregulated by Cu deficiencyshootdMukherjee et al., 20Q06which indicates
thatFRO6 may function in Cu redistributiom photosynthetic tissues.

After Cu(ll) reduction at the rasurfaceCu(l) enters the cytosol of root epidermal ceisplasma
membrane localized transporters of the CTR/COPT familyich is represented by membersin
Arabidopsis thaliana7 members ifDryzasativaand 5 members iBrachypodium distachyofBancenon
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et al., 2003Yuan et al., 2011Jung et al., 2012lung et al., 20D4 Studies inA. thalianadetermined that
genes encodinGOPT1, COPT2, and COPT6 are transcriptionally regulated by Cu deficiba@ncoded
proteinslocalize to the plasma membrane, fiagel Cu uptake, and complement the growth defect dbthe
cerevisiaeCu uptake mutant lacking functional Cu transporters, Ctrlp, Ctr2p, and Eidpe 1 and
(Kampfenkel et al., 199%ancenon et al., 200dung et al., 201 PereaGarcia et al., 2003 AtCOPT1
and AtCOPT2 function primarily in Cu uptake into the root, wheCOPT6 also contributes to Cu
partitioning in photosynthetic tissy&ancenon et al2004 Gayomba et al., 20)3AtCOPTLlis highly
expressed in root tipembryos, trichomes, stomata and poljeainandis transcriptionallyupregulated by
Cu deficiency in shootramasaki et al., 2009dn contrast ttAtCOPT1, AtCOPT2 is notexpressed in the
root tip but is stronglgxpressed ithemain roof vasculature of leavestigma of siliquesind pollergrains
(Gayomba et al., 20)3The transcript abundance AfCOPT5is not altered by Cu availabilifhowever,
the copt5 mutant alleleexhibits chlorosis,hasimpairedphotosynthetic electron transfeoot elongation
defects and compromised vegetative growth under severe Cu limi@@d#T5 localizes to the tonoplast
and the prevacuolar compartment and functioms remobilizing Cu from these organelles during Cu
deficiency(Figurel; GarciaMolina et al., 2011pKlaumann et al., 201)aAtCOPT5is mostly expressed
in the root vasculature and silies and is suggested to facilitate Cu remobilization from roots to
reproductive tissues. This suggestion is based on findinghéhedpt5mutant accumulats Cuin roots and
has decreasddu concentratiorin siliques and seed&arciaMolina et al., 2011&Klaumann et al., 2013b
COPT6resides athe plasma membranés expresed mainly in the vasculatue and reproduction organs
andis upregulated byCu deficiency The reduceuconcentration in leaves and seeflhecoptémutant
under Cu deficiencyhighlights thecontribuion of COPT6to Cu distribution in photosynthetiand
reproductiveissuesduring Culimited conditions(Jung et al., 203, Z5arciaMolina et al., 20138

COPT family members in ricalso mediate Cu transport but manifest slightly distinc properties
thanA. thalianaCOPTSs. For example, OsCOPT2, 3, 4 and 6 have to heterornteneseliate higkaffinity
Cu uptake inthe Cu-uptake deficienttrl ctr2 ctr3 mutant ofSaccharomyces cerevisia@sCOPT7
itself is sufficient to rescue Cu uptaké the yeast mutanfyuan et al., 201)1 In contrast,A. thaliana
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COPTs can function as homooligomédsing et al., 20102 Further, studies ddsCOPT1 and OsCOPT5
discovered the role of Cu in pathogesistancéYuan et al., 2010 OsCOPT2, 3 and physically interact
with OSCOPT6 and mediatagh-affinity uptakein ctrl ctr3 . OsCOPTY7 itself is sufficiemhedate high
affinity uptake inctrl ctr3 (Yuan et al., 2011 Of five COPT proteins iBrachypodiumBdCOPT3, and
BdCOPT4 localize to the plasma membraneaedanscriptionally upregulated roots and leaves by Cu
deficiency. Further, BACOPT3, BACOPT4, and BACOPT5 cdavesaffinity Cu transport, in contrast to
their counterparts iA. thalianathat confetigh-affinity Cu transpor{Jung et al., 2014

Genes encodingIP2 and ZIP4(ZRT-1RT-like Proteins ZIP) family of metal transporteysare
also regulated by Cu availabilitthey aranduced by Cudeficiency andrerepressetty Cu access in roots
of A. thaliana(Wintz et al., 2003Bernal et al., 2019bBased on studies of Win& al (2003) it has been
suggested that ZIP2 and ZIP4 are low affinity Cu(ll) transpo(iegairel). Howeve, Milner et al(2013)
have shown thatlP2 isinvolved in the transport of Zn and Mn but not.Cu

Members of thedeavyM etal Rtype ATPases (HMAshavebeen reported to playportant role
in Cu transport in various plant specide Arabidopsisgenome rcodes 8 HMA members, denoted
HMA1 to HMAS, which are clustered into utgroupsaccording to their metal specificifBaxter et al.,
2003 Mills et al., 2003 Hussain et al., 200Mills et al., 2005 Williams and Mills, 2005 Mills et al.,
2012. HMA1 to HMA4 were suggested to play a role in Zn, Cdand Pb transport, whereB$1A5 to
HMAS8 were predicted to transport Cu and @pxter et al., 2003Mills et al., 2003 Hussain et al., 2004
Mills et al., 200% Williams and Mills, 2005 Mills et al., 2013. AtHMAL localizes atthe chloroplast
envelopeand has a baml substrate specificity. It is implicatedZn?* export from chloroplast, functions as
a C&'/heavy metal pumfMoreno et al., 2008im et al., 2009, andCudeliveryto the strom&Seigneuria
Berny et al., 2006 AtHMAS is mainly expressed in roots and flowesindexhibitsa doseindependent
induction by CAndresColas et al., 20Q6Kobayashi et al., 2008The T-DNA insertion alleles oHMA5
are hypersensitivedo Cu toxicity and accumulated Cu in their roots whet®IAS is mostly expressed
(AndresColas et al., @06, Kobayashi et al., 20Q08These findings suggestthat HMAS functionsin Cu
efflux from root symplasnmto thexylem and plays a role in Cu partition and detoxifica(iéigurel and
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(AndresColas et al., 20Q6Kobayashi et al., 2008 In addition, HMAS5 interacts withATX1-like Cu
chaperonesATX1 and CCH(AndresColas et al., 20Q6Puig et al., 2007b AtHMAG6 (PAA1, P-type
ATPase ofArabidopsisl) localizes atthe chloroplastinner envelopeand delivers Cu to chloroplast
localizedCu/zZn SOD, whereas AtHMAS8 (PAA2) localizes the thylakoid and has been suggested to
transport Cu into thylakoid lumen for supplying Cu to plastocyéRigure 1 and(Shikanai et al., 2003
AbdelGhany et al., 2005 AtHMA7 (RAN1, Responsiwto-antagonist 1¥unctions inCu delivery to
ethylene receptoffFigure 1 and(Hirayama et al., 1999Voeste and Kieber, 2000 Seedling carrying
weak alleles ofanl had normal ethylenbinding activity but were hypersensitive to copphelating
agents, suggesting a role of RARHMA7) in Cu homeostasis in seedlin@nder et al., 2010 In contrast
to Arabidopsis rice HMAs family contains 9 membe(Baxter et al., 2003 Among these members,
OsHMAS5 and OsHMA9 have beemplicatedin Cu transportOsHMAS localizesto theroot pericycle
cells and xylem region. Knoetut of OsHMASfunction leads to the decreasfeCu concentrationn shoots
and an increase in roots, suggesting that OsHMAnvolved in xylem loading of C(Deng et al., 2013
On the other hand, OsHMA®calizesin plasma membrané mainly expressed in vascular tissaesl
anthersthe knockoutihes accumulate more Zn, @ad Cdin shoots but not in rogtsuggesting its role
in the efflux of these metals the shootgLee et al., 200/

Given the toxicity of Cu in ionic formit must associate with a variety of cellular ligands. For
example, a noproteinogenic amino aciajcotianaming(NA) has been identified as a Cu chelatothe
xylem loading in tomatdPich, 1994 1996. The bmatochloronerva(chl) mutant which bears a single
base change in the NA synthaB#A§ gene accumulate€u in the rooand hasower Cuconcerrationin
leaves(Pich, 1994 1996. Further xylem exudate$rom thechl mutanthavelow Cucompared to wild
type. The NA-Cu complexhashigh stability constanindicating that NA is the Cu chelator in xyléRich,
1994 1996. Additionally, the inefficiency of Cu transport from rootssieoots inthe chl mutant can be
reversed by NAoliar applicationtherebyfurther supported a role &fA in Cu translocatioriPich, 1998.
The Yellow Stripe-Like (YSL) family of proteins in nomrassspecies, which are identified based on
sequence similarity to maize Yellow Stripéhvebeen suggested to transport metaimplexedvith NA
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(Curie et al., 20011 The ArabidopsisYSL family has 8 members, XSL1, YSL2 andYSL3 are located in
the plasmanembrane andxpressed in the vascular bungiarenchymaThe double mutant of SL1and
YSL3exhibited elevated Cu concentration in leaves and reduced Cu conoentiageeds, indicating the
role of YSL1 and 3 in Cu delivery from senescing leaves to gMiaters et al., 2006 YSL2 can also
transport CeNA, and its expresonin A. thalianais regulated by Cuwavailability in the growth media.
Based orthe fact that YSL2 localizes at the plasma membrane and is associatedsaittar parenchyma
cells it was proposed that YSL2 mediataterd movement of metals within theasculaturgDiDonato et
al., 2003. Recently, inOryza sativaOsYSL16wvas found to be expressatithe phloem of nodes and
vascular tissues of leavasdto transportCu-NA (Zheng et al., 2012 Knock-out of this geneesults in
increased Cu concentration in old leaves and husks, but decreased Cu concentratiog lisayesrand
panicles andsignificantly reducedertility (Zheng et al., 2002 These results suggest that OsYSL16 is
required for transporting GNA from sourceto sink via the phloem, and this OsYSLi&ediated Cu
transport to grain isnportantfor fertility.

Other putative Cu ligandsntributing tathe long distance transport of Cu includéwchaperone
CCH, and members of the small cysteimeh proteins, retallothioneins (MTs). CClih addition to its role
in intracellular Cu trafficking to the secretory pathwain et al., 1997 is proposed tte involvedin the
long distance transport of Cit.has a unique @erminal extensiomwhichis proposed tde involvedn the
translocation of proteins throughe plasmodesmata to sieve elements for Cu redistribhbra et al.,
20018. CCHhas been foundhainly in thevasculature of senescing leaves and petialed, CCH protein
canbe collectedn the phloem exudates, suggesting a ml€u mobilization from senescing tissues to
reproductive structurgMira et al., 2001p Metallothioneinla (MT1a), is expresseith the phloem(Guo
et al.,2008. Lack of MT1a inArabidopsisresults in 30 % Cu reduction in roatsder high Cu conditign
suggestinghat itfunctiors asa Culigandin the phloemfor Cu detoxification(Guo et al., 2008 Further,
the role of MTs in sourct sink partitioning of Cu waseported by finding that that the quadrug\ér
mutant (ntla/mt2a/mt2b/mj3has a loweiconcentration of Cun seeds but higheroncentratiorin old
leaveswhencompared to wiledype plantgBenatti et al., 2014
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1.2Intracellular copper trafficking
The intracellular Cu traffickings achieved byCu chaperonesvhich aresmall soluble proteins that bind
Cu with high affinity and deliver iwia proteinprotein interadgon to Cu requiring enzymes the cytosol
and intracellular organelles, including chloroplast and mitochor{dtiguello et al., 2007 Gonzalez
Guerrero and Arguello, 20D8A. thalianahas at leaghreetypes ofCu chaperones, includirigu chaperone
for SOD (CCS),Antioxidantproteinl (ATX1) and CCH(Figurel and(Casareno et al., 199Bimelblau
et al., 1998 Chu et al., 2005Puig et al., 2007). CCS so faiis the only Cu chaperone that hlasen
identified for delivering Cu toCu/ZnSOD.The ccs mutantof A. thalianalosesthe activity of all three
isoforms ofCu/ZnSOD. This defect isesceedby introducing theCCSgene into thecsmutant(Chu et al.,
2005. CCSiis also implicatedn Cu delivery to PAA2 (HMAS8) for subsequent PAMA2ediated Cu
translocation into tylakoid lumen(Blaby-Haas et al., 2004

CCH and ATXL1 of A. thaliana are orthologues of the yeaattioxidant protein 1 (ATX}
(Himelblau et al., 1998Puig et al., 2007b Both CCH and ATX1have the conserved €iinding motif
andcan complement the yeasik1 mutant(Puig et al., 2007b The transcript level o€CH is upregulated
by limited Cuand downregulated bgxcess Cu, whereaSTX1 expressionis induced by excess Cu,
indicating that they may have divergent functions in regulating Cu del{Peiig et al., 2007aY easttwo-
hybrid experimerg showedthat ATX1 and CCH wittout its C-terminal extensiorinteracs with RAN1
(HMA7) and HMAS (AndresColas et al., 20Q6Puig et al., 2007b The atx1 single mutant anthe cch
atxldouble mutant are hypersensitive to Cu excess, whereashhmitant responds to high Cu similarly
to the wild-type Ectopicoverexpresion of ATX1 in Arabidopsisconfers higher tolerance to Cu excess
(Shin et al., 201R These results suggest thataddition to intracellular Cu traffickinghTX1 and CCH
contribute to Cu sequestration and detoxificat®acently, a novel Cu chaperone has been ideaiifid.
thalianaandhas beemlesignated aBlastid Chaperone 1 (PCHXFigurel and(Blaby-Haas et al., 203
PCHL1 is a product of alternativegplicad ArabidopsisPAALl (HMAG) and is suggested to aas a Cu(l)
chaperone to PAA1Blaby-Haas et al., 2004 This suggestiornis supportedby results of biochemical
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experiments showing that PCH1 interacts with PAIAYitro and activates the ATPase activity of PAAL

(Blaby-Haas et al., 2004
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Figure 1. Overview of cellular Qu homeostasis irA. thaliana. Cu (Il) in soil is reduced to Cu (l) by ferric reductase
(FROs) ands transportednto the cell primarily by higtaffinity copper transporters of the COPT family. ZIP2 and
ZIP4 may serve as loaffinity Cu transporter and tnaport Cu (Il) into the cell. Once inside the cell, Cu chaperones
mediate intracellular Cu delivery to specific apoproteins. For example, the cytosolic form of CCS provides Cu to
cytosolic superoxide dismutase CSD1, whereas the CCS localized in chlostrolaest transfers Cu to chloroplastic
superoxide dismutase CSD2 and PAA2 for Cu delivery to plastocyanin. ATX1, and also CCH, providet@ueto P
ATPase RANL thas locatedcat the ER wher€u is acquired by the ethylene reced®rR1). Cu is sequestereto

the vacuole by yet unidentifiechnsporterand effluxedvia COPT5.The direction of Cttraffic is indicated by arrows
SPL7, KIN17- dependence of Gresponsive genes is also known, but is discussed in more details in section 1.3.
AtYSL1, YSL2 andYSL3 thatare located in the plasma membrane and transpeNACuia vasculaturgare not
shown in this figure.

Concerning chaperones for Cu delivery to the mitochondrialeQuiring proteins, the metallochaperone
Cox17p has been found be involvedin the delivery of Cdor cytochrome c¢ oxidase (COX) assembly in
Saccharomyces cerevisi@@lerum et al., 1996Arabidopsishas two genes encoding ScCOXibinologs

and bothcanrescue the yeasbx17null mutant(Attallah et al., 2007a Another Cu chaperone in yeast,
COX19p, is a soluble protein that is present in botioglasm and mitochondrial intermembrane space
(Nobrega et al., 2002The Arabidopsisgenome also contairisyeast COX1%homologs located to the
inner mitochordrial membrane facing the intermembrane space. The short forAt@DX191 can

complement the yeasbx19null mutant(Attallah et al., 20070



1.3The transcriptional regulation of copper homeostasis

The transcriptionalregulation of Cu homeostasis in plants has b#emoughly investigated in the
Chlamydomonasnodel (Hill and Merchant, 1995Quinn and Merchant, 1995CRR1 Cu responsive
regulatorl), the Cu-sensing transcription facteontaining theSquamosa promotdsinding protein (SBP)
domain (Kropat et al., 2005aSommer et al., 2010pacts as the key regulator in activating the Cu
assimilatory mechanisms under @eficiency. CRR1 binds tdGTAC motifs Copperresponse elements
[(CuRESg) in promoters of & targets(Quinn et al., 2000Eriksson et al., 2004 CRR1 homolog inA.
thaliana, SPL7 belongs tthe SQUAMOSApromoter binding proteitike (SPL)family of TFs(Kropat et
al., 2005h. SPL7 has been found to play a central role in regulaingnomeostasisinder Culimited
condition(Yamasaki et al., 20094Summarizedn Figure 2). During Cu deficiencySPL7 activates the
transcription oftis targetwia CUREIn promotemregions of copperesponsive gend&ropat et al., 20050
There are at leasivo tiers ofthe SPL7~dependant regulation of the miscriptional response timited Cu.

One tierinvolvestheregulation ofCu uptake and tissue partitioning.

\ Cu deficiency ‘

¥

Cu reductases miRNAs
and transporters accumulation

¥ ¥
Cu uptake and Intracellular Cu
tissue partitioning reallocation

¥

‘ Photosynthesis |

Figure 2. Overview of SPL7dependent transcriptional regulation in response to Cu deficiency iA. thaliana
Under Cu limited condition, SPL7 indes the expression of Cu reductases, SUER&3 FRO4andFRO5 and also
Cu transporters, such @PT1, COPT2andCOPT6to increase€Cu acquisitionSPL7alsotriggersthe accumulation
of miRNAs that target the transcripts of abundant Cu binding pmteuch a€SD1 CSD2and LACCASESto
release Cu for plastocyanin, which servesaa essential electron carriduring photosynthesis.hg function of
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CSD1/2 is replaced by FSD1, which is also transcriptionally upregulated by SPL7 undeficiznt cowlition.
KIN17 physically interacts with SPL7, and may be also involved in this transcriptional regulation pathway in response
to Cu starvation.

For example, nder Cudeficiency, SPLnduces Cu reductases, such-&03, 4and5, high-affinity Cu
transporers, such a€OPT1 COPT2andCOPT6,andlow-affinity Cu transportersuch aZIP2andZIP4,

to increasethe Cu acquisitionlt is noteworthy thaCOPT1expression is induced by high Cu in the media
in thespl7knock-out mutantsuggesting that SPLay dso act as a repressor of Cu uptake under high Cu
conditions(Yamasaki et al., 2009ar he second tienvolves Cu reallocation among Guequiring functions.

In this mechanisnPL7upregulates several miRNAshich target the transcripts of abundanti@ading
proteinsto release Cdor plastocyanirto maintain its function in photosyntheg¢iéamasaki et al., 2097
AbdelGhany and Pilon, 2008ramasaki et al., 2009&8ernal et al., 2019aFor examplejt hasbeen
determined thaSPL7 induces the expressionmfRNA398via direct binding to CURE elements in the
miR398promoter(Sunkar et al., 20Q06vamasaki et al., 20Q07v¥amasaki et al., 2009amiRNA398then
facilitates the degradation dhetranscripts ofess essential Gproteins,CSD1, CSD2, CCSandthegene
encodingcytochrome ¢ oxidase (CG@Bb), to releaseCu to plastocyanirfor maintainingits function in
photosynthesis. Meanwhile the expressioa gene encodinge-superoxide dismutaséSD1is induced

by SPL7to replace theunctions ofCSD1landCSD2(Bowler et al., 1994Kliebenstein et al., 199&ohu

et al, 2009. MiR408 which is also upregulated by SPL7 under Cu deficiency, was shown to target
plantacyanin ARPN and laccases, such dsAC3 LAC12 LAC13 (AbdelGhany and Pilon, 2008
Additionally, aCu chaperone, CCHs alsoup-regultedunder Cu starvatiowia SPL7(Mira et al., 2002
Yamasaki et al., 2009bRecently, a nuclear protein, KL7 was found to physically interact with SPL7
and regulatéhe gene expression, suchGOPT2 COPTG CCHandFSD], in response to Cu deficiency

in Arabidopsis(GarciaMolina et al., 201% The doublespl7-2 kin17-1 mutant is more sensitive to Cu
deficiency tharspl-2s i ngl e mut ant , providing evi de(Garga f or

Molina et al., 2014
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| notethat SPL7 is the only TF with the characterized function in Cu homeodsiissertation
discusses the identification and characterization of a novel regulator of Cu homeostasis, CCIT1 and its

relationship to the SPL@ependant regulatory pathway.

1.4 Copper and plant fertility

It has been known for decades that Cu deficiaransegplantabortion and reduced grain g€igure 3;
Shorrocks and Alloway, 1988/arschner, 1995&50lberg et al., 1999However our knowledge of the
underlying molecular determinants that link Cu with plant reproduasaurprisingly limitedFrom what

is known,COPT1 COPT2and COPT@re highly expressed in pollen grains and COPT1 was noted to have
a role inpollen developmentSancenon et al., 2004ung et al., 203,2Gayomba et al., 20)3COPT1
antisense plants exhibinutritional induced pollen abnormalities that wggecifically reversed by copper
(Sancenon et al., 20P4n addition,a Cu chaperoneédAtCOX17 is preferentially active in anthe(attallah

et al., 2007g indicating a possible role of Cu in pollen developnantvell However, whether COPT2
COPT6or other Curelated genes affect pollen development and what roleplagin this process remains

to be investigated.

Wheat (Triticum aestivum)

Figure 3.Cu deficiency leads to infertility in A. thaliana(Left, Yan et al in prepand wheat(right, from(Shorrocks
and Alloway, 1989). White and black arrows indicate fertile and infertile siliques, respectivdy tinaliana Note
that Cu deficiency results in total grain loss in wheat.

In addition to Cu transporters and a Cu chaperplamtacyanins, whichre classifieés blue copper protein,
have a conserved coppganding siteand areinvolved in pollen germination and pollen tube guidance
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(Ryden and Hunt, 199&insle et al., 2000 For examplechemocyaninwhich isthe plantacyanin ifily,

is secreted from thpistil, andact as an externalignal to regulaten vitro pollen tube reorientatio(Kim

et al., 2003 It has beesuggestechowever thathey mightbeinvolved in the ROSinduced calciunfCa*)
channel activatiomnd C4&" gradient for pollen tube guidan¢®lalho et al., 2000Chae and Lord, 20)1
Plantayanin inArabidopsisshowed abundant expression in stigma and style, overexpression of it resulted
in thelossof directionality of pollen tube growth and a reduced seefDsmtg et al., 2006 However, the

specificrole of plantacyanins in pollen fertility ardu in pollen tube guidance remains unclear.

Most recently,it has beersuggestedhata nucleamprotein, KIN17,physically interacts with the
central Cu regulateBPL7,and plag an essential role in plant fertility together with SRGarce-Molina
et al., 2013 Under Cu starvation, the double mutankiofl 7-1 andspl7-2 showed significantly reduced
pollenviability andlower seed set, and this phenotype can be rescued by Cu application(®asoi&
Molina et al., 201% During my PhD, | discovered that a novel regulator of Cu homeostasis, CCIT1
functions in the interactive SPkdependant pathway in regulating Cu homeostasis, and that the disruption
of the SPLYCCIT1 pahway is detrimental to plant viability and plant fertility even under Cu sufficient
conditions(Chapter 2.

The publications in the recent decade also address the role of phyhowitarediin acid (GA),
jamonic acid (JA) and auxins in stamen developnasa plant fertility. The GAdeficientmutant,gal-3,
generates abortive anther caused by arrested microsporog@iesisy et al., 2004 The mutation of
GID1a/b (GA-INSENSITIVE DWARF 1a and b), which are the two receptors of GA, affect the stamen
elongation(luchi et al., 200Y. The GAinduced DELLA protein degradationasso reported to be involved
in male gametophyte developméhiou et al., 2008 Auxin has beeshownto be synthesizkin anthers
and plays a critical role in plafertility (Cecchetti et al., 2008 Thetirl afb triple and quadruple auxin
receptor mutantexhibitsearlier anther dehiscence and pollen maturation whdshlis in mature pollen
release prior to the completion of filament elongafi©ecchetti et al., 2008In addition, auxin transport

also contributes to theegulation ofthe preanthesis filament elongatig@ecchetti et al., 2008Jasmonic
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acid (JA) biosynthesis iArabidopsishas been long known to play an essgmole in stamen development

and male fertility.The mutant of everal genes that are involved in JA biosynthesis and signalich as
defective in anther dehiscencdlAD1), allene oxide synthas@&Q9, lipoxygenase 3/4LOX3/4, were

found to exhibitanther development/dehiscence defect, and male sterile phefidiyPenn and Browse,

1996 Stintzi and Browse200Q Ishiguro et al., 20Q1Park et al., 2002Caldelari et al., 201 However,

we do notyet know how the developmental cues interact with JA signaling, how the JA is perceived to
regulate stamen development and whether Cu plays a role in thisphdent regulatory pathway of plant
fertility. My data, discussed i@hapter 2point to the crostalk between CCIT1, SPLpollen fertility and

jasmonic acid (JA) biosynthesis.

2. OVERVIEW OF CADMIUM AND ITS TOXICITY IN PLANTS

Cadmium (Cd)is a nonesgntial and highlytoxic transition metglwhich is a natural component of the
Eart hdés alsounsreasingly emitted irgo the environment from various agricultural, mining and
industrial activities, and the exhaustive gas of automobisip, 2003Waisberg et al., 2003Exposure

to Cd causes defect in root and shoot growth, chlorosis of leaves and brownish coloratior(lebroets
Puertas et al., 1998andalio et al., 200Mittler, 2002 PerfusBarbeoch et al., 2008ichner, 2003Morel

et al., 2009. At the cellular level, Cd toxicity results from the displacement of enutmggecefactors from

their cellular binding sitesThiol-capping of essential proteins, inhibition of DNA repair processes,
generation of reactive oxygen species (ROS)iatattference witlthe antioxidant defense systéhtasan
etal., 2009 Plants have deloped several strategies for Cd detoxification, including binding of Cd within
the cell wall, chelation with cellular ligands, compartmentationhimvacuole and enrichment in leaf
trichomegClemens, 2006 Although significant progress has been made in understanding the mechanism
of Cd resistance in plantisindamental questiontbatremainin the fieldare how Cd entersells, how it is

transported within thelant body, how it affects micronutrient homeostasis, and sigagalingnetworks
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underlie the basald resistanceBelow, | discuss the currekhowledge of Cd uptake, Cd translocation,

Cd detoxification and the iataction between the essential heavy metal Cu and Cd.

2.1 Cadmium uptake and translocation in plants
Studies to date have shown that uptake and transport of Cd is mediated by transporters for essential elements
(e.g.Fe, Mn and Ca) due to either the braadbstrate specificity of the transporter, or the similar ionic
properties of essential and nonessential heavy mg@tejare 4) It has been reported that whérmn-
regulatedransporterl(IRTY) is heterogeneously expressed in yeast, Cd inhibits theauptaton (Fe) by
IRT1 (Eide et al., 1996b and the expression tRT1in yeast causes increased sensitivity tqRajgers et
al., 2000Q. In A. thaliang irt1-1 mutant plantsvere less segitive to Cd tharwild-type under limited iron
condition and theirtl-1 roots catained five times less Cd than the wijgbe (Vert et al., 2002 35S
IRT1-expressing transgenic plants sh@mhanced sensitivity to Cd whdmey aregrown on irondeficient
medium as a result of higher protein level®T1(Connolly et al., 2002b These results togethsuggest
thatCd istransported byRT1 (Vert et al., 2002} It was also noted that the expressiofR¥F1ls induced
by Cd Cd inhibitSIRT1-dependent irofll) uptake, and thé. thalianaoverexpessinglRT1accumulates
more Cd(Eide et al., 1996aConnolly et al., 2002a Therefore, it was suggest that Cd might compete
with iron (1) for uptake in Cepolluted soils, thus causirige deficiency(Vert et al., 2002a Consistent
with this suggestion Cd exposure tahe Cd/Zn hyperaccumulatoifhlaspi caerulescengGanges
population) inhibited ironuptake(Kupper and Kochian, 2010

It has alsdeen foundha heterogeneousxpression ofeveral memberfsom NaturalResistance
Associated acrophag®rotein (Nramp family, such ag\tNramp1, 3r4in yeastincreases Cd sensitivity
and Cd accumulatiofThomine et al., 2000The plasma membrane localizationAdNRAMP1 (Cailliatte
et al., 201) indicates that it can take Cd up into celid)ereasthe vacuolar membrane locadtion of
AtNRAMP3 and 4(Molins et al., 201Bsuggests that they may participatdhrintracellulartransport of
Cd (Figure 4) The ability of Nramp genesof rice in Cd transporthasbeenalso investigated Ectopic
expression oOsNRAMP1in rice increase€d accumulation in leavg3akahashi et al., 20} lindicating
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that OsNRAMP1is involvedin rootto-shoot Cd translocation; whereas the suppression of arétheip
geneOsNRAMP5promotesCd translocation to shoots, suggesting tBaNRAMPSis involved in Cd
redistributionfrom shoos to roots(Ishimaru et al., 2002 In addition a shorterm uptake experiment
revealed that the knockout liné OsNRAMP3ost the ability to take up Cbasaki et al., 2032

The wheat Triticum aestivurh calcium (Ca) transportet, ow-Affinity Cation Transporter 1
(TaLCT1), increase Cd toxidty when it is expressedin yeast (Clemens et al., 1998 However,
overexpression ofaLCT1in tobacco resulted in greater toleranceCiub and more efficient Captake.
Consistent with this observation, the transgenic plavdsexpressinaLCTlaccumulatéess Cd but more
Ca in roots compared with the plants transformed thidempty vectoAntosiewicz andHennig, 2004,
indicating that discrepancy exists between the studies of TaLCT1 in yeast and plants.

Metallothioneins (MTs) are small metddinding proteins thatare involvedin Zn and Cu
homeostasisan function as Cd chelatoi@imeri et al., 200k The simultaneous knoe#town ofMT1a b
and c in A.thalianaresulted in hypersensitivity to Cd and significant reduction of aboveground Cd
accumulation, indicatingT1 is essential for Cd tolerance and may participate in-tesehoot Cd
translocatior(Zimeri et al., 200h

It hasbeen foundhata Zntransporting Rype ATPase AtHMA4, enharesthe Cd tolerance of
yeast, indication HMA4 is a Cd efflux transpor{bfills et al., 2003. Further, another Ztransporting P
type ATPaseHMAZ2, was found to function together with HMA4 to contribute to ftmeshoot Cd
translocatiorvia xylem loading. The roeto-shoot Cd translocation was totally abolished due to the loss of

function of HMA2 and HMA4(Wong and Cobbett, 2099

2.2 Cadmium detoxification

In the cytosol, Cddrms abi-dentatecomplex with the ubiquitous thiol tripeptide glutathione GSH: Cd
GS2.This, in turn, promotes the synthesis of the principal mgtading peptides, phytochelatins (PCs).
P Cs -G(u{Cys]nXaa, n=211) are synthesized enzymatically fronred GSH and G&S2 or related
thiols by PC synthases (PCS), act as faffmity Cd chelators, and play the major role in Cd detoxification
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(Howden et al., 1995Howden et al., 199%&obbett et al., 1998 octor and Foyer, 199& atamaniuk et

al., 1999. The Cdsensitive mutant wasnable to synthesizBCs(Howden and Cobbett, 199Rowden et

al., 1995h Howden et al., 1999aand was defective in the PC synthase g@@&51(Ha et al., 1999
Vatamaniuk et al., 1999Cd-PC complexes and Cd ions are then either sequestrated into the vacuole by
ATP-binding cassette (ABC) transporters cation exchangers (CAX), or travehdially from celtto-cell
towards the vasculature and loaded into the xy(Eigure 4 and(Salt et al., 1995Hirschi et al., 2000

Gong et al., 2003Viorel et al., 2009Song et al., 20%WPark et al., 2012
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Figure 4. Overview of Cd transport in plants.The major entry route of Cd intrabidopsisroot epidermal cells is

via IRT1. In rice, NRAMP5 was found to transport Cd into roots. Once in the cy@ddbrms a bidentate complex

with the ubiquitous thiol tripeptide glutathione (GSH):-G&2. This, in turn, promotes the synthesis of the principal
metatbinding peptides, phytochelatins (PCs). PCs are synthesized enzymatically from free GSH@8&d Qd
related thiols by PC synthases (PCS)-Rtticomplex is then sequestered into vacual&BCC1/2. CAX2/4, HMA3

and NRAMP3/4 are also involved in Cd sequestration into vacuol@rdhidopsis Cd is loading into xylem by
HMAZ2/4, whereas in rice, NRAMP1 maserve as a xylem loading transporter. OPT3, an iron transporter that is
localized in phloem, can also transport Cd in the heterologous system. Its contribution to Cd trandpoétis
unclear. Excess Cd in the cell may replace Zn from SPL7, mimiceficiehcy response and result in upregulation
of the SPL7dependent Cu responsive genes.

Vascular heavy metakequestration decreasesdhrcentratiorof heavy metalf the cytosol and

thus serves as an important detoxification mechari$ramutantsof the CdPC transportergbccland
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abcclabcczshowed hypersensitivity to Cd and impaired Cd sequestratiothiet@acuole, demonstrating
that ABCC1 and ABCCp»lay essential roles in seggtrating Cd into vacuol@&igure 4;Park et al., 2012
A P-type ATPase, HMAS, localizes in the vacuolar membrane and can rescue-seasitive phenotype
of yeast mutant which is lacking the @& vacuolar transportgiGravot et al., 2004 In planta, confocal
imaging in the presence of the Zn/Cd fluorescent probe revealed that AtHMAS3 participates in the vacuolar
storage of CdMorel et al., 200R A T-DNA insertional mutantf HMA3 was found more sensitive to Zn
and Cd. Conversely, ectopic overexpression of AtHMA3 improved plant tolera@okand ZnMorel et
al., 2009. The Arabidopsisantiporter,Calcium Exchanger 2 (CAX2), may also be a key player of Cd
vacuolar sequestration. Tobacdtiqotianatabacum plants expressing CAX2 accumulated more Ca, Cd,
and Mn andhe expression of CAX2 in tobacco increased Cd and Mn transport in isolated root tonoplast
vesicleg(Figure 4;Hirschi et al., 2000Korenkov et al., 2007

Recently, a phloerspecific iron transportefligopeptideTransporteB (OPT3 wasfound to be
involved in Cd partitioning. The Cd comteation in young leaveand the xylem sap @ipt3-3 mutant was
significantly lower than it in wiletype, and thept3-3 shoots exhibited higr tolerance to Cd toxicitizhai
et al., 201%. Consistently with the phenotype expression of several vacuolar heavy metal transporters
was upregulated in roots of tlept3-3 mutant (Zhai et al., 201 These data suggest that increased
abundance of the vacuolar heavy metal transporters is among the reasons for Cd retention in roots,
decreased Cd loading into the xylem, aeducedaccumulation in leaves of thtpt3-3 mutant compeed
to the wildtype, leading to Cd resistance phenotypeshiootsof the opt33 mutant.In addition, opt3

mutant alleleppt32, overaccumulate Cdin seeals and root§Figure 4 MendozaCozatl et al., 2014

2.3Crosstalk betweenCd and essentiaimetalsin the cell.

There is also growing evidence indicating the crosstalk between micronutrient homeostasis and Cd
resistance. A recent study transcriptia regulation of Fe homeostasisuggested a crucial relatsimp
between Fe homeostasis and Cd tolerainc@. thaliana Expression ofFIT, AtbHLH38 and 39 is
upregulated upon Cd toxicity. Gaverexpression dfIT1 with AtbHLH38or 39in A.thaliana increagsCd
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tolerance probably due to increased expression of a subset heavy metal detoxification genes, including
HMAS3, Metal tolerance protein MTP3J), Iron-regulatedtransporter 2(IRT2), Iron-regulatedgene 2
(IREG2 andNicotianamine synthetaseahd2 (NAS1, NASJ. The primary Fe transporter Arabidopsis
IRT1is transcriptionally upregulated by Cd and, as discussed above, is the main entry point of Cd into root
epidermal cells(BessorBard et al., 20009 It has also been shown that maintaining high Fe content in
shoots can alleviate Cd toxicifyWu et al., 2012 These results establish an important interaction between
Cd detoxification and Fe homeostasis and suggest a crosstalk between micronutrients and toxic metals.
Therecent studiet our lab have pointed to the essential role of Cu in basal Cd resistafice in
thaliana (Gayomba et al., 20)3Gayanba et al (201Bhave found tha€d stimulates Cu accumulation in
roots ofA. thalianaand induces three plasma membréoelized Cu uptake transporters, COPT1, COPT2
and COPT6This responsalepends on SPL({Gayomba et al., 20)3Lossof-functionof COPTS which
trandational poductfunctions as Cu effluer on the tonoplast, exhibitescreased sensitivitto Cd and
this sensitivity can beeverted by adding extra QCarrio-Seguiet al., 2015%. In addition,leaves ofthe
coptSmutant accumulatkess Cd Thisfinding and the fact thaEOPT5 is primarily expressed ihe root
vasculature, suggest th@OPT5 is involved in Cd translocation from roots to sho@@sarrio-Segui et al.,
2019H. Further Gayomba et al (2013) found th@d mimics Cu deficiency response An thalianaby
triggering the SPL-tlependantniR398 mediated transcripnal pahway of Cu reallocatiofGayomba et
al., 2013. It has been found that Zn binding is essential for CRR1 to t@rgetsponsivelementgKropat
et al., 2005hSommer et al., 2019asince SPL7 is a homolog of CRR1, it was proposed that Cd may
replace Zn fron8PL7, thereby activates it even under Cu replete cond@agomba et al., 20}3During
my PhD work, | found that a novel regulator of Cu homeostasis, CGlElso essential for basal Cd
resistance i\ thaliana Loss of the CCIT1 functioresults in hypersensitivity to Ctigheraccumulation
of Cd in shoots and impaired Cu acculation in roots This CCITXdependent basal Cd resistance is

achievedhroughcontrolling expression of Cu transportetech a<COPT2(Chapter 3.
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Concluding Remarks: During my PhD. work, | discoveredhata noveltranscriptionaregulator, CCIT1,

is essentialfor the transcriptional regulation of Cu homeostasis, disruption ofchwhesults in
hypersensitivity to Cu deficiency . thaliana.CCIT1 acts together with SPL7, play an important role in
pollen viability and plant fertilitypossiblyvia jasmonicacid signalingprovidingthe molecular evidence

for the connection betwedu homeostasis, phytohormaosignaling and plant fertility.
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CHAPTER II
A Novel Transcription Factor, CCIT1, and aMember of the SPLFamily, SPL7, Mediate Crosstalk

betweenCopper HomeostasisPollen Fertility and Jasmonic Acid Synthesisn Arabidopsis thaliana.

ABSTRACT

Copper (Cu) is an essential heavy metal thadsired for plant growth and development. However, when
cellular Cu is in excess, it is also toxic, thus the concentration of Cu in plants needs to be tightly regulated.
The ®phisticated transcriptional regulatory netweskistin plants to achieve thisogl, in which SPL7
(SQUAMOSA promoter binding protéitike7) acts as the central regulator and is the only transcription
factor with a documented role in Cu homeostasisscular plantsVe have found recently that a member

of the basic helitoop-helix (bHLH) family of TFs, which we designated CCIT1, is transcriptionally
regulated by Cu availability and localizes to the nucleus taliana Theccitl T-DNA insertion mutants

are hypersensitive to Cu deficiency and exhibit retarded growth undeni@ed condition, which can be
rescued by introducing the genomic fragmenC@ATL Previous transcriptome analyses have identified
CCIT1 among the downstream targets of SPL7. Howevercahgspl7double mutant showed distinct
phenotypes from the two singheutants, such as arrested growth, seed setting failure, pollen sterility and
altered flower morphology even under Cu replete condition. Further, we found that the transcriptional
response o€CIT1to Cu ddiciency in roots and flowers ,isn part, indepetient of SPL7, suggestirtbe
existence oh more complex parallel interacting pathwedyCu homeostasithan previously thought. The
transcriptome profile comparison between wilge, ccitl-1 andspl7-1 in different tissues revealed that

Cu homeostasis drjasmonic acid (JA) biosynthetic pathway are significantly changed in the mutants. JA
has been known to play an essential role in male fertility in plants. Together, these data suggest that CCIT1
and SPL7 act in a parallel interacting Cu regulatory pagtamalthe JA biosynthetic pathwayo regulate

plant fertility. This chapteaddresses the more diverse role of Cu in plants, such as phytohormone signaling
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and plant fertility, identifies novel regulators and other components in the transcriptionakalgula

pathway furthering our understanding of the relationship between Cu homeostasis and plant fertility.

1. INTRODUCTION
Copper (Cu) is an essential micronutrient for all living organisms because it acts as a cofactor for enzymes
participating in important iblogical processes such as respiration, photosynthesis, and scavenging of
oxidative stresgMarschner, 1995Ravet and Pilon, 2013aln addition to these functions, plants require
Cu for the perception of hormones, lignin synthesis, response to pathogens and repr@8hotimcks
and Alloway, 1988Marschner, 1995Burkhead et al., 200®endel and Kruse, 201Ravet and Pilon,
20133. Among visible symptoms ofCu deficiency are stunted growth, distortion of young leaves,
chlorosis/necrosis of leaves, compromised fertility and seed set, and, in acute cakesppofailure
(Shorrocks and Alloway, 1988Marschner, 1995Solberg et al., 1999 This remarkable array of
physiological functions of Cus attributedto its ability to change the oxidation state {Ca  Cu
(Marschner, 1996 However, the same property imposes toxicity when free Cu ions accumulate in cells in
excess because they promote oxidative s{iémsiko et al., 200h

Cu homeostasis in plants is maintained mainly through the tight regulation of Cu uptake; root
shoot partitioning and accumulation in chloroplasts as well as bsethistribution of Cu between major
Cu-containing enzymes and important-@quiring energyrelated functiongBurkhead et al., 20Q®Ravet
and Pilon, 2013pb Based on studies #rabidopsis thalianait has been suggested that Cu uptake from the
soils into plant roots is achieveth a concerted action of Cu(ll) to Cu(l) reductases and-affjhity Cu(l)
transporters. Since QUl) is a dominant form of Cu in the majority of soffemming and Trevors, 1989
it hasbeen proposethat dicots and negrass monocoteduce Cu(ll) to Cu(l), so Cu(l) the mainform
of Cu absorbed by plant rodBurkhead et al., 20Q9Further, it has been proposed thetmbraneéoound
ferric reductasefrom the FRO family inA. thaliang AtFRO4 and AtFROS5 reduce Cu(ll) to Cu(l), and
their activities are inducebly Cu deficiency(Bernal etal., 20123 Copper (I) then enters the cytosol of

root epidermal cellgia plasma membrane localized transporters of the CTR/COPT family, COPT1, COPT2
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and COPT6while Cu(ll) is suggested to be taken up into rootsmé@nbersof the ZIP ZRT-IRT-like
Proteins)family of transportergKampfenkel et al., 199%ancenon et al., 2003ung et al., 203,Z5ayomba
et al., 2013Ravet and Pilon, 2013aBased ottissue localizatiopattern COPT2, as well as COPT@ere
also suggested to function in Cu distribution in photosynthetic tigduag et al., 201Z5arciaMolina et
al., 2013 Gayomba et al., 20}3while COPT5is involvedin Cu retrieval from the vacuole under Cu
deficiency(GarciaMolina et al., 2011Klaumann et al., 2091 Xylem- and phloerbased long distance
transport of Cus also facilitatecdby members of th&¥ellow StripeLike (YSL) family, YSL1, YSL2 and
YSL3 (DiDonato et al., 200AVaters et al., 2006 The majority of these transport systems are stegjieto
transcriptional regulatiom response to Cu availabilifyamasaki et al., 20098ung et al., 2012

Cu homeostasisisalsomaingid t hr ough t hiiemefsCaul )ecebbamismmwyhich (
includes there-allocation of Cu within the cell to meet the demands cE€sential functionfRavet et al.,
2011 Ravet and Pilon, 2013bFor example, plastocyanin is the major-€ntaining protein in higher
plants and is essential for photosynth€®igigel et al., 2008 During Cu deficiency, the integrity and
activity of plastocyaninn photosynthesi@re maintained by the rallocation of Cu from two Cu/Zn
superoxide dismutases (SOD), CSD1 and CSD2, that are abundant Cu proteins located in the cytosol and
plastids, respectivel\{Bowler et al., 1994Kliebenstein et al., 199&ohu et al., 2009 AsCSDl1andCSD2
transcripts and the actiyitof the encoded proteins decrease, their superoxide scavenging functions are
replaced by an increase in gene expression and total enzyme activity of¢bet&iaing SOD, FSD1
(Christopher and Marinus, 200Yamasaki et al., 2007

It has been known for decades that Cu deficiency causes reduced giaioseicks and Alloway,
1988 Marschner, 1995Solberg et al., 1999 However, our knowledge of the wrtying molecular
determinants that link Cu with plant reproduction, is surprisingly limited. From what is known, COPT1,
COPT2 and COPT®6 are highly expressed in pollen grains and COPT1 was noted to have a role in pollen
developmen{Sancenon et al., 200d4ung et al., 2012Gayomba et al., 20)3COPTlantisense lpnts
exhibit nutritional induced pollen abnormalities that were #judly reversed by CySancenon et al.,
2004). In addition, a Cu chaperonaiCOXL17 is preferentially active in antherAttallah et al., 200y,
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indicating a possible role of Cu in pollen development as well. Howghaegpecific role of Cu in pollen
development and fertility is unknowim addition to Cu transportenslantacyanins, which are classified as

blue copper protein, have a conservedbhding site and are involved in pollen germination and pollen
tube guidancéRyden and Hunt, 199Einsle et al., 2000 However, the specific role of plantacyanins in
plant fertility is unknownas well The publicéions in the recent decade also address the role of
phytohormonegjibberellicacid (GA), jasmonic acid (JA) and auxins in stamen development and plant
fertility. The GA-deficient and the GA receptor mutants, shows abortive afffiemng et al., 20Q04and

affect the stamen elongati@iuichi et al., 200Y, respectively. The &-induced DELLA protein degradation

is also reported to be involved in male gametophyte develogidentet al., 2008 Auxin has been shown

to be synthesized in drdrs and is essential for plant fertility. The mutation of auxin receptors exhibits
earlier anther dehiscence and pollen maturation which results in mature pollen release prior to the
completion of filament elongatiofCecchetti et al., 2008JA biosynthesis iMrabidopsishas also been

known to play an essential role in stamen development and male fertility. Several genes that are involved
in JA biosynthesisrad signaling were found to exhibit anther development/dehiscence defect, and male
sterile phenotyp@McConn and Browse, 1996tintzi and Browse, 2000shiguro et al., 2001 &ark et al.,

2002 Caldelari etl., 201).

Despite theamportance of precise regulation of Cu homeostasis in plants for growth, development
and fertility, our knowledge of GtelatedTFs and the hierarchy of their regulatory pathways in higher
plants is limited. Thus far. thalianaSPL7, is the only identified TF with a role in Cu homeostasis in
higher plant{Yamasaki et al., 2009bSPL7 belongs to thBquamosa&romoterBinding Protein [SBP]
like transcription factors family, which ix. thalianaencounters 17 members, which have diverse functions
in regulating fundamental aspects of plant growth and development, including seed germination and
seedling developmeliiartin et al., 201)) leaf developmenfWang et al., 2008 shat development and
floral transition(Cardon et al., 199%u and Poethig, 20Q0&andikota et al., 200 Bchwarz et al., 2008
Shikata et al., 20Q®Vang et al.2009 Wu et al., 200§ trichome distributiorfYu et al., 201§ programmed
cell death(Stone et al., 20Q5grain productiorfMiura et al., 201§) as well & Cu homeostas{¥ amasaki
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et al., 2009bBernal et al., 2012b SPL7 is distinct from other SPL members eaglent by it separate
clustering on the phylogenetic trééamasaki et al., 20@.

Based on homology to Copper Response Regulatorl (CRR1) in the gre€thklgeydomonas
reinhardtii, SPL7 is suggestead act as a Cu sensor that regulates gene expression through binding to Cu
responsive elements (CURE) in promoters of its targets in response to Cu de{i¢@mmagaki et al., 2009b
Sommer et al., 20)0Transcriptome analyzes revealed that SPL7 is required for the expression of genes
encoding several small RNAs, Cu chaperones, Fel@late reductases FRO4daRRO5, Fesuperoxide
dismutase (FSD1), and several Cu transporters including COPT1, COPT2, YSL2, and, in part, COPT6
(Yamasaki et al., 20@9Bernal et al., 2012alung et al., 20125ayomba et al., 20)3As a result of the
important role of SPL7 in Cu homeasts,spl7knockout and knockdown mutants accumulate less Cu and
develop slower unless extra @uaddedo the growth mediurtyamasaki et al., 2009Bernal et al., 2012a
Gayomba et al., 20)3Most recently, it has been shown that a nuclear protein, KIN17, physically interacts
with SPL7, and that the functiof these proteins is essential for plant fertility under Cu defici@baycia
Molina et al., 2014

In addition to SPL7, mineral nutrient, primarily Fe homeostasis in plants is mathkaimeembers
of the basiehelix-loop-helix (bHLH) transcription factorsThis family is defined by the bHLH signature
domain, which consists of 60 amino acids with two functionally distinct regions. The basic region is located
at the Nterminal end of thelomain and consists of 15 amino acids with a high number of basic residues.
The HLH region at the Germinal end contains mainhydrophobic residues that form tamnphipathie
helicesseparated by a loop region of variable sequence and igtajttand Buley, 2000. The basic region
is involved in DNA binding, while the HLH region, functions as a dimerization do(iinre et al., 198p
Outside of the conserved bHLH domain, these proteins exhibit considerable sequence dijatgelege
etal., 1999 The core DNA sequeee motif recognized by the bHLH proteins is a consensus hexanucleotide
sequence known as thebBx (5CANNTG-3). There are different types oflibxes, depending on the
identity of the two central bases. One of the most common is the palindrebis GCACGTG-3).

Certain conserved amino acids within the basic region of the protein provide recognition of the core
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consensus site, whereas other residues in the domain dictate specificity for a given tppg @G &inson
et al., 2000 Several bHLH transcription factors haveeb shown to be involved in F®meostasis,
including FIT1, POPEYE, bHLH38 and bHLHEE@olangelo and Guerinot, 200¥uan et al., 2008.ong
et al., 201). The study of POPEYE suggests that POPEY# its interaction with its homologs are
important for transcriptional regulation of iron responsive fadtoesg et al., 2010 AtbHLH38 and 39
were reported to form heterodimers with FIT, and act as complexes in transcriptional redafakien
homeostasis and Cd toleran@@ian et al., 2008Wu et al., 2012a However, the role of bHLH in Cu
homeostasis has not been yet investigated.

Here | show that previously unchataized member of the bHLH family, CCIT1,Qu, Cd-
inducedranscription fatorl), is essential for the ability of plants to grow and develop uGdeteficient
conditions, and knockut of CCIT1 elicits molecular Cu deficiency response in flowers evereu@i
sufficient condition. In addition, the genetic studies usingsgl&1 and ccitl-1 single mutants and the
ccitlspl7double mutant showhat SPL7 and CCIT1 act in a complex interacting pathway disruption of
which is detrimental tohe viability and nale fertility of A. thaliana even under Cu sufficient condition.
The genomavide transcriptomenalysisusing RNAseq have identified common and unique targets of
CCIT1 and SPL7 imoots, shoots and flowerEhe transcriptome analysis in floral buds aratureflowers
identified enrichment iJA biosynthetic genes whose expression depends on CCIT1 and SPL7, and the
significantly changed JAiosyntheticpathway inccitl andspl7 mutants. Consistent with these findings,
concentration of JA was significantlgwer in leaves of singlepl7 andccitl mutants. Collectively, data
presented in this Chapter demonstrate the existence of a complexC&FPLY interactive transcriptional
network that is essential for the maintaining Cu homeostasis and reprodudidhatianaand highlight

the important of the crosstalk between @& and pollen fertility.

2. METHODS

2.1 Plant Material
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All plant lines used in the study were in thethalianaColumbia (Col0) background. Seeds of tB&€L7
(SALK_093849; alias spl711) mutant were obtained from Dr. Shikanai (Kyoto University, Japan)
(Yamasaki et al., 2009aTwo CCIT1 (AT1G71200) mutant alleles, SALK_07316@lias ccitll),
SAIL_711 BO7 élias ccit}:2) were obtained from th&rabidopsisBiological Resource CentéAlonso et

al., 2003. Homozygous mutants bearingDINA insertions were setted by PCR using genomic DNA as

a template and the LBb1.3 for SALK line and RP or LB1 for SAIL line and RP primer pairs indicated in
Supplemental Table o generate a doublecitlspl7 mutant the ccitl-lallele was crossed intgpl7-1
mutant(Yamasaki et al., 2009athehomozygous doublmutant was selected by PCR using the genomic
DNA as a template and the LBb1.3 and RP primer pairs indicated in Supplefeill. Transgenic
plants ectopically expressi@CIT1cDNA in the wild-type background, or expressing tB€IT1genomic
fragment in thecitl-1 mutant were produced using the floral dip metf@dugh and Bent, 1998Several
onecopy-insertion homozygous lines expressing the gen@@cr 1 fragment in theccitl-1 mutant were
selected based on their segregation ratios on the selection plate. According to the expression level revealed
by semiquantitative RTPCR, three oneopy-insation homozygous lines with the similar expression level

of CCIT1 compared with wiletype are used in thishapter(from here orCCIT1-1, CCIT1-2 andCCIT1-

3). Three onecopy-insertion homozygous lingsctopically expressinGCIT1in the wildtype backgrand

(from here on, 35€CIT1-1, 35SCCIT1-2 and 35SCCIT1-3), were selectefbr subsequent experiments.

Construction of plasmids is described below.

2.2 Growth Conditions and Experimental Treatments

Different A. thalianaplant lines were grown either onl&l half-strength Murashige and Skoog (1/2 MS)
medium (pH 5.7]Murashige and Skoog, 1962r in hydroponic solutiofiZhai et al., 201 For growing

plants on solid medium, seeds of different plant lines were susfacdéized in 75% (v/v) ethanol and a
solution containing 1.8% sodium hypochlorite (made up by diluting a household Glardion), 0.1%

(v/v) Tween20. Sterilized seeds of uniform size weosvnon %2 MS medium supplemented with 1% (w/v)
sucrose and 0.7% agar (w/v, Sigma A1296). Depending on the experiment, 2 MS medium was
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supplemented with the indicated concentrations o€l or the specific Cu chelator, bathocuproine
disulfonate (BCS) (w/vAcros Organics, Inc164060010)Rapisarda et al., 20D2After stratification at
4°C for 2 days in darkness, seeds were germinated and grown vertically for 10 d&iG, 4422 light/10
h dark photoperiod at a photon flux density of 110 pmdi sn.

For growing plants hydroponically, seed$ different plant lines weresurfacesterilized as
described above. Seeds were sown in 10 d pipette tips containing 0.7% agarose. The top of pipette tips was
cut prior placing them into floats manually made of foam boards. This experimental abkdwed roots

to immerse into the hydroponic soluti®eeds were germinated and grown in hydroponic solutior\af 22

14 h light/10 h dark photoperiod and a photosynthetic photon flux density of 110 phet.ifihe solution

was replaced every week. The standard solution contained 0.125 M ,GdB& et al., 2014 For
achieving Cu deficiency, Cu was omitted from the medium as indicated in each specific experiment. For
example, Cedeficiency phenotypes of tleeitl mutant allelesCCIT1and35SCCIT1lineswere evaluated

after5 weeks of growth in hydroponic meu with or without 0.125 pMCuSQ. To support germination

and growth of thescitlspl7double mutantall indicated lines were grown from the seed in hydroponic
medium containing 0.5 UM CuGlFor global transcriptomanalysesof root and shoot tissues using deep
sequencing (RNAeq) and gRIPCR validation, indicated plant lines were grown for 6 weeks
hydroponically with 0.25 M CuS®(to ensure thgrowth of thespl7 mutant(Bernal et al., 2019a To
achieve Cu deficiency, a subset of plants was grown without Cu for the final 3 weeks prior to harvesting.
For RNA-seqanalyseof flowers, plants were grawhydroponically foreightweeks under Ggufficient

(0.25 M CuSQ) conditions. To achieve Cu deficiency, a subseilafitswas grown without Cu for the

last3 weeks. Fogene expressiostudies irflowers ofdifferent plant lines, including thecitl sp7 double

mutant, plants were grown hydroponically with 0.5 M CuS® ensure the growth afitl spl7double
mutant) continuously for 8 weeks andubsebf plantswas grown without Cu for the la8tweeks. In all

cases plants were grown afN2214 h Ight/10 h dark photoperiod and a photosynthetic photon flux density

of 110 pmol m? s?,
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2.3 RNA Extraction and cDNA S/nthesis

Root, shoot and flower tissuemllected from plants grown under the indicated conditiotese separated

and flashkfrozen inliquid nitrogen before homogenization using a mortar and pestle. Samples were
collected between 7 and 8 Zeitgeber time, where Zeitgeber hour 1 is defined as the first houafédight

the dark period. Total RNA was isolated using TRIzol reagent (lviekch ) , accor di ng to the
instructions. One microgram of total RNA was digestéith DNasel (New England Biolabs) prior to the

first strand cDNA synthesis. The AffinityScript QPCR cDNA synthesis kit (Agilent Technologies) was

used for producig cDNA for subsequent quantitative reéiahe (QRT}PCRanalyses

2.4 Plasmid @nstruction

The CCIT1cDNA without the stop codon was amplified by fRTCR from RNA isolated from. thaliana

roots. The genomic fragment@IT1was amplified by PCR from gendcrDNA isolated fromA. thaliana

roots Primers were designed to includeBattites on resulting PCR products. All cDNA inserts were
introduced individually into thdDONR222entry vector before recombination with the corresponding
destination vector (Invibgen). For complementation of theitl-1 mutant, a 2.%kb genomic region
spanning the entir€CIT1locus was PCRimplified from Col0 and introduced by recombination cloning

into pPRCS2hptvector(Chung et al., 2005The resulting construct was transformed intactiel-1 mutant.

To geerate transgenic lines overexpressi@@ITl, the full-length CCIT1 cDNA was cloned by
recombination intdcarley-Gate102and201 destination vectoréEarley et al.2006), to fuseCCIT1at the
N-termini to genes encoding cyan fluorescent protein (CFP) or human influenza hemagglutinin (HA)
epitope tags, respectively under the control of the 35S promoter. The resulting constructs were transformed
into wild-type A. thaliana. To examine the pattern GfCIT1expressiorn planta a 1,541bp fragment of

the genomic sequence upstream of @@ T1 start codon was amplified by PCR using primer pairs listed

in Supplemental Table 1. The resulting PCR product was cloned byhbéion into theGUS1Gate

vector upstream afidA, encoding thé@-glucuronidaseGUS reporter gene. TheCIT1,-GUSconstruct
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was transformed into wittype A. thaliana.To study the subcellular localization of CCIT1Anabidopsis
protoplasts the ful-length CCIT1 cDNA without the stop codon was fused at thée@ninus with the
modified green fluorescent protein (EGFP) of 8#&T6N1-EGFP-Gate vector (Jung et al 2013 and

expressed under the control of the cauliflower rogaus 35Spro

2.5 Subcellular Localization and Fluorescent Microscopy

35S-CCITI-EGFPconstruct, o6AT6N1-Gate lacking the cDNA insert, was transfected iAtdghaliana
protoplastdsolated from leaf mesophyll cells using previously established procedaiset al., 2009

To visualize nucleiprotoplasts were incubated for 15 min with 54U 4',6' diamfphenylindole2HCI

(DAPI, 10 mg/ml) at room temperaturgnd then were washed with W5 soluti@hai et al., 200Ponce

before microscope observation. EGBRd DAPtmediated fluorescence and chlorophyll aflit@rescence

were visualized using FITC (for EGFP), DAPI and rhodamine (for chlofd) filter sets of the Axio

Imager M2 microscope equipped with the motorizedriXe (Zeiss). Images were collected with tigh-
resolutionAxioCam MR Camera. Images were processed using the Adobe Photoshop software package,

version 12.0.

2.6 Quantitative Reakttime (qQRT)-PCR and Data Analysis

Prior to gRFPCR analysis, primer and cDNA concentrations were optimized to reach the target and
normalizing gene amplification efficiency of 100 +10%. Two microliters offd/l-diluted cDNA was

used as a temgile for qRTPCR in a total volume of 15 [ containing a 500 nM concentration of each PCR
primer, 50 mM KCI, 20 mM TridHCl, pH 8.4, 0.2 mM each dNTP, and 1.25 units of iTag DNA polymerase

in iQ SYBR Green Supermix (BiRad). PCR was carried out using tHeX®6 reaitime PCR system (Bio

Rad). The thermal cycling parameters were as follows: denaturation at 95 € for 3 min, followed by 39
cycles of 95 € for 10 s and 55 € for 30 s. Amplicon dissociation curves (i.e. melting curves) were recorded
after cycle 3 by heating from 60 € to 95 € with 0.5 € increments and an average ramp speed of 3.3 C
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s'. Realtime PCR experiments were conducted using three independent biological samples, each
consisting of three technical replicatdddvardi et al., 2008 unless indicated otherwise. Data were
normalized to the expression ACCTIN 2 The-fold difference (2 ©) was calculated using the CFX
Manager Software, version 1.5 (BRad). Statistical analysis was performed using the Relative Expression

Software Tool (REST; Qiagen).

2.7 Histochemical Aalysis

Transgeniglantsexpressing th€CIT1proGUSconstruct veregrown either on solid %2 MS medium or

in soils to visualiz& CIT 1,0 activity. Histochemical staining was performed with 1 midrbmao4-chloro
3-indolyl-b-D-glucuronide as describédefferson et al., 193 With an overnight incubation period at 37 €.
Staining patterns we analyzed using the Zeiss 2000 stereomicroscope. Images were collected using a
Canon Power Shot S3 IS digital camera and a CS3IS camera adapter. Images were processed using the

Adobe Photoshop software package, version 12.0.

2.8 Analysexf Cu Concentrations

Foranalyse®f Cu concentrations itissues ofA. thaliang seeds were set up and germinated stardard
hydroponic solution(Arteca and Arteca, 200QbAt indicated time pointplantswere transferredto a
hydroponicsolution without Cu and grown for additiéor 4 weeks. Roots and shoots were harvested and
roots were desorbed by washing with 10 mM EDTA for 5 min followed by washiagsolution of 0.3

mM BPS and 5.7 mM sodium dithionite for 10 min before rinsing with deionized water 3 times Elemental
analysis was performed using inductively coupled plasmass spectrometry (ICKS) as describefZhai

et al., 2013

2.9 Synchrotron-basedX-ray Fluorescence MicroscopySXRF)
Leaves from the same position of the tosdérom wildtype andccitlspl7double mutant plants grown

hydroponically with 0.5 pM CuS®for 5 weeks, and flowers from witype, ccitl-1, spl7-1 andccitlspl7
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plants grown hydroponically for the first 3 weeks with 0.5 M Cu®@d transferred to sawith 20 M

CuSQ for the subsequent 4 weeks, were used for SRXF analyses. Leaves and flowers were detached with
forceps and mounted on 35 mm s l-fred tape wmasstretched. @her o s s
distribution of elements in hydrated tissuessvimagedia SRXF atthe Cornell High Energy Synchrotron

Source (CHESS) using H¥eamline and a Vortex ME4 Silicon Drift Detector (SDD). The source of
CHESS F3 beamline is the radiation from 5.3 GeV positrons traveling through a bending magnet in Cornel
Electron Storage Ring (CESR) about 20 m away from experiment hutch. A single bounce capillary made
atCHESSwasusedtofocusXays to a 20 em FWHM microbeam, with
from capillary exit end to focus. The SDD detector wasitipned 90 degree to the incident beam to accept
X-ray fluorescence emitted from sample. Such 90 degree geometry is used at synchrotron beamlines to
minimize X-ray scattering from the sample when it is illuminated by the highly polarized synchrotron
radiation. Samples were held on a XZ stage with X scanning direction 45 degree to both ineidgst X

and SSD detector.-¥ay monochromator with multilayers was used to provide monochromatigsiwith

energy bandwidth about 0.6%:-r8y energy was 12.2 keVifthis experiment, which was enough to excite
fluorescence of Fe, Cu, Zn, Mn, etc., but caused no discernible beam damage to hydrated plant samples. X
ray fluorescence data processing was handled with Praxes, a software package developed by CHESS staff
sdentist Darren Dale using PyMCA module, which was developed at European Synchrotron Research

Facility (ESRF).

2.10 Pollen Viability Assays

Pollen viability was analyzed usirige Alexander stainingAlexander, 1969 Briefly, floral buds (stage

12) (AlvarezBuylla et al., 2010pfrom wild-type, ccitl-1, spl7-1 andccitlspl7were fixed in3:1 ethanol

and acetic acid overnight, anthers were dissected on a slide and pollen was tapped out. A drop (about 15 )
oftheAl exander és stain was added and a coverslip was

on a hot plate for 1.5 {Crismani and Mercier, 20).3Viable polen grains were stained dark violet, while
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nonviable pollen grains were pale turquoise. The numbers of viable and abortedwetiecsunted and

images were collected using the Axio Imager M2 microscope.

2.11 High-Throughput Sequencing of mMRNA, Mapping £guences and Differential Gene

Expression Analysis

Total RNA was isolated using TRIlIzol reagent (Il nvit
micrograms of total RNA of roots or shoot sample and five micrograms of total RNA of floral bdids an
mature flowers were used to construct the stspetific RNASeq libraries as describédhong et al.,

201]). RNA-seq was performed using the lllumina HiSeq 2500 system. Root and shoot samples wer
sequenced in 1 lane, flower samples were sequenced in 2 lanes. Three replicates, 72 samples in total that
were generated in independently conducted biological experiments were run for each treatment and
genotype. The lllumina raw reads were processeagusrimmomatic(Bolger et al., 2014to remove

adaptor andow-quality sequences. Reads shorter than 40 bp were discarded. The resulting reads were
aligned to theibosomal RNA databag®uast et al., 20)3ising Bowtie(Langmead et al., 200allowing

3 mismatches, and those aligned were discarded. The final clean reads were alignédabidopsis

genome sequence (TAIR 10) using TopHatapnell et al., 200Qallowing 1 mismatch. Following
alignment, for each gene modeletbount of mapped reads from each sample was derived and normalized

to RPKM (reads per kilobase of exon model per million mapped reads). Differentially expressed genes
(DEGSs) were identified using edg€Robinson et al., 203@vith the raw count data. Ragvwvalues were
corrected for multiple testing using the false discovery rate (H2Rjamini and Hochberg, 19955enes

with an FDR less than 0.05 and fallanges greater than @qual to 2 were regarded as DEGs.

The identification of significantly changed expression of pathways and Gene Ontology (GO) term
analysis were performed usinghe Plant MetGenMap tool (http://bioinfo.bti.cornell.edu/cgi
bin/MetGenMAP/home.cgi which is a wekbased analysis and visualization package to identify
significantly changed pathways and enriched GO terms from gene expression profile datasets. Biochemical
pathways were deleated using the Plant MetGenMap server that extracts information from the BioCyc
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database hitp://biocyc.orgf and the Pathway Toolsht{p://bioinformatics.ai.sri@m/ptools). The

significance of a changed pathways was determined using the hypergeometric distnputiGnd 6 ‘Q

B —— where N is the total number of genes in all the pathways, M is the total numbeesf ge

in a particular pathway, n is the total number of significantly changed genes in all the pathways, and x is
the total number of significantly changed genes in that particular pathway. The identification -of over
represented (enriched) GO terms is imptated based on the CPANttp://search.cpan.org/dist/GO
TermFinder) perlmodule(Boyle et al., 2004which uses the hypergeometric distribution to calculate the
significance of GO term enrichment. The gene functional classification was analyzed based on their GO

annotations.

2.12 LC/MS Analysis ofJA

Tissues were collected from fiavgeekold plants grown ydroponically with or without 0.5 M CuS%)

and flashkfrozen in liquid N. Four to five hundred milligrams of frozen tissues were grounded into a fine
powder using mortar and pestle. Fddeextraction an@dnalysesvereperformed as describé@ang et al.,
2007 Briefly, phytohormones werextracted with 1 ml of the solvent containing isopropane® HHCI
in2:1:0.005 rati. A hundred microliter of BX JA (80 pg/ {) was added to each sample as an internal
standard and samples were vortexed and centrifudeg?D80g. The supernatant was collected, mixed with

1 ml of dichloromethane, and centrifuged for phase separat@am Eppendorf centrifuge 5424 at a speed
of 12000g. The aqueous and middle layers were discarded. The remaining solvent-akiasdain the
fume hood. The dried residuegrereconstituted irmethanol andiltered through 0.45 pm nylon filter for
subsegant analysediy liquid chromatographynass spectrometry (L-®1S) using the triple quadrupole
LC-MS system (Quantum Access; Thermo Scientific). The JA concentration was calculated by normalizing

to the internal standard and was then converted to ng/g freEightw

2.13 Accession Numbers
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Sequence data for genes used in this study can be found in the GenBank/EMBL libraries under the following
accession numbers (accession numbers in parentl&Si9)1 (AT1G71200) SPL7(AT5G18830)COPT2
(AT3G46900) FRO4(AT5G23980) FRO5(AT5G23990) NRT2.(AT1G08090) NRT2.2AT1G08100),

LOX3(AT1G17420), and OX4 (AT1G72520).

3. RESULTS
3.1 Identification and Domain Organization of CCIT1
Our microarraybased screen for metadgulated transcription factors in roots andathf A. thaliana
identified a gene with the accession number At1G71200 that was speciffpatyulatedby cadmium (Cd)
but not by oxidative stress in roots and shoots (Yan et al in preparatiddhapter 4) At1G7120 has
been also identified imicroarray and RNAseq screemas regulated by Cu deficiency in roots and shoot
of A. thalianaand has been regarded among the downstream targets of(®&h@saki et la 2009h
Bernal et al.,, 2019a The role of At1G71200 in Cu homeostasis or Cd resistance has not been yet
investigated. This chapter discusses the role of At1G7200 in Cu homeostasthatiang while its role
in Cd resistance is discussedGhapter 4Giventhat At1G71200 is transcriptionally upregulated by Cu
deficiency and Cd toxicity, we designated it as CCIT1.

CCIT1 (@liasbHLH160) belongs to the bHLH family of transcription factors, whicA.ithaliana
encounters at least 162 memb@siley et al., 2003Heim et al., 2008 CCIT1 contains an Xermiral
basic domain and a-términal helixloop-helix domain, characteristior the bHLH family members as
evident from then silico analysesisingPredict Protein (https://www.predictprotein.org/) and Motif Scan
(http://myhits.isbsib.ch/cgibin/motif _scan}ools (Figure 1).Five helix motifs, 5 extended strand motifs
from the beta sheet, one nuclear localization motif and several loop regions were found in CCIT1 protein
(Figure 1). These software tools identified putative nucleotides binding and protactintg sites in
CCIT1 amino acid sequence (Figure 1), which is consistent with the functional requirement of bHLH

members to form dimers in order to bind to DilAeim et al., 2003
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Figure 1. Protein motif prediction of the putative A. thaliana bHLH transcription factor, CCIT1. Schematic
diagram showing predicted motifs in the amino acid sequence of CCIT1. CCIT1 consists 255 amino acids. The red,
blue and geen boxes represent helix, extended strand indbegtat conformation and bipartite nuclear localization
signal, respectively. The rest of it is the loop motifs. The red diamonds and blue circles indicate the putative protein
and nucleotides binding sitesespectively. The motif prediction is performed using the Predict Protein tool
(https://www.predictprotein.oryjand the Motif Scanhttp://myhitsisb-sib.ch/cgibin/motif scan tool (Rost et al.,

2004 Ofran and Rost, 2007

3.2 CCIT1 Localizes to the Nuclas in A. thaliana Protoplasts

To examine the subcellular localization of CCJTe coding sequence of CCIT1 was fused at the C
terminus to EGFP in the SATBGFRN1-Gate vector and transiently expressed under the control of the
constitutive cauliflower madc virus 35S promoter iA. thalianaprotoplasts. As a control, protoplasts
were also transfected with the empty SAHGFRN1-Gate vector. EGFmediated fluorescence was
presentat the nucleus of CCIT-EGFRtransfected protoplasts and did not overlap whlorophyll aute
fluorescence (Figure 2AY.o ascertain the nucleus localization of CCHGFP, transfected protoplasts
were coestained with a DNA dye, DAPI. After sheterm incubation, DAPI stained the nucleus, and DAPI
mediated fluorescence overlappeith CCIT1-EGFRmediated fluorescence but not with chlorophyll
mediated fluorescence (Figure 2A). In protoplasts transfected with the empty vector, EGFP was present as
a soluble protein in the cytosol, and its fluorescence did not overlap with chloraphyfluorescence
(Figure 2B). The subcellular localization assay reveals that CCIT1 localizes in the nudleubaliana

protoplasts, which suggests that CCIT1 functions in regulating gene transcription as a transcription factor.
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Figure 2. Subcellula localization of CCIT1 in A. thalianaprotoplasts.A. thalianaleaf protoplasts were transfected
with the vector expressing t@&CITI-EGFP fusion (&) or vector expressingGFP without theCCIT1cDNA insert
(B). To visualize the nucley<CCITI-EGFP-transfeted protoplasts were tained with DAPI. EGFnediated
fluorescence, derived from CCIHEGFP (CCIT1), EGFP (EGFP), DAlMediated fluorescence (DAPI) and
chlorophyll autefluorescence (Chl) were visualized using FITC, DAPI and rhodamine filter setsiirSpipsed
images of CCITAEEGFR and DAPImediated fluorescence and chlorophyll aflbmrescence (Overlay) were created
to demonstrate that green fluorescence derived from GEQ@RP celocalizes with DAPIScale baz10 pm.

3.3 Expressionof CCIT1is Regulated ly Cu Availability

Microarrays and RNAseq data showed th@CIT1is up-regulatedoy Cu deficiency in roots and shoots
and its transcriptional response to Cu deficiency depends on (SRbvasaki et al., 20098ernal et al.,
20121. To validate these data in our experimentaluggetwe analyzed the effect of Cu availability on the
transcript abundare of CCIT1in roots and shoots of dday-old A. thalianagrown on solid %2 MS medium.

To achieve Cu deficiengygrowth medium was supplemented with 500 M bathocuproine disulfonate
(BCS), which is a specific Cu (I) chelator; to achieve Cu toxicity, welsuomgnted growth medium with

45 M CuClz (Jung et al., 200)2We found thaCCIT1was downrregulated by 45 M CuG| whereas was

significantly upregulated by Cu defiency in both, shoots and roots (Figure 3A). These data are consistent
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with previous observations of Yamasaki et al (2009) and suggest that CCIT1 might be involved in

regulation of Cu homeostasisAn thaliana
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Figure 3. Expression ofCCIT1 is differentially regulated in response to Cu availability. A Quantitative reatime

PCR (gRTFPCR) analysis of the effect of 45 M Cu$(Tu) and 500 pM BCS (BCS) on the transcript abundance of
CCIT1in both, shoots and roots of -b@y-old A. thaliana Error barsindicate S.E. (n = 6). Results are presented
relative to the expression @CIT1in wild-type plants grown on %2 MS agar media, which were designated as 1.
Statistically significant differencesf the mean values between control (untreated conditionsyeatgd plants are

i ndi c aft (e.05aB5 Cofmparison of the transcript abundanc€6iT1in rosete leaves (Sh), roots (R), stems

(St), flowers (Fl) and cauline leaves (CL) of wilghe plants. Error bars indicate S.E. (n = 6). Results are prdsente
relative to the expression GICIT1in the stem.

3.4CCIT1is Expressed Mainly in Roots, Leaves and AnthersiA. thaliana

To investigate the sites of CCIT1 actionAnthaliang the expression level @CIT1in different tissues

was analyzed by gRIPCR. The transcript level a&€CIT1in roots (R), flowers (Fl) and cauline leaves (CL)
was asl.6, 2.1 and 1.8 fold higin than in rosette leaves (Shivhereas in stems (St), it wagifhes lower

than it in rosette leaves (Figure 3B) validate the expressi pattern of CCIT1 revealed by qHPICR

the 1.5 kb genomic fragment upstream of @& T1open reading frameCCIT1prg was fused to theidA
reporter g eglueuroredase (Gil$)hagd tI@CIT1proGUS construct was transformed into
wild-type A. thaliana Histochemical analysis oECIT1pro activity in plants grown under standard
hydroponic solution showed no GUS staining (Figure 4A). elev, when the transgenic plants were
exposed to aydroponicsolution without Cu, the expression of GUS was present in the main root but not
in root tips of 2weekold seedlings; lateral roots also exhibited a weak GUS staining (Figure 4B). Strong

GUS stining was observed in roots, petioles and main veins of leaveweékold hydroponically grown
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plants grown for 2 weeks in medium without Cu (Figure 4C and D). Analysis &f@hElproactivity in
flowers revealed GUS staining in anthers of developimdsi{Figure 4E). The expression pattercGiT1
in different tissues suggests that CCIT1 might play a role in Cu uptake fraikiteanslocation to leaves

and, perhapm reproduction.

Figure 4. Histochemical analysis of the expression pattern &CIT1 in A. thaliana transformed with the
CCIT1pro-GUSconstruct. A, Plants were grown for 14 days in standard hydroponic solution with 0.125 M CuSO

B, Plants were grown for 14 days in hydroponic solution without GUS@Plants were grown for 4 weeksstandard
hydroponic solution with 0.125 M CuSD, Plants were grown for the first 2 weeks in standard hydroponic solution
with 0.125 M CuSQ and then transferred to a hydroponic solution lacking Cu. Tissues were collected after 2 weeks

of growth unér Cudeficiency.E, To visualize theCCIT 1proactivity in reproductive organs, plants were grown in
hydroponic solution with 0.5 M CuSguntil bolt, andwerethen subje&dto no Cu solution for the next 3 weeks.

GUS expression was detected in anthedeekloping buds. Note the absence of GUS staining in 1ldaseedlings

and 4weekold mature plants of plants cultured in standard hydroponic solution (A and C), and intense GUS staining
in roots (B and D) and petioles (D) when plants were grown uBdeleficientcondition. White arrows point to the
location of GUS expression.

3.51solation of the ccitl-1 and ccitl-2 mutant alleles and CCIT1 complemented and overexpressing
lines

To determine the role of CCIT1 in Cu homeostasis,deitl T-DNA inserton lines, designated asitl-1
andccitl-2, were obtained frorArabidopsisBiological Resource CentéAlonso et al., 2008 In ccitl-1
andccitl-2, T-DNAisinseg t ed i n t h eUTR sftheGECK bgane,aespeéctil§ (Figure 5A and

Supplemental figure 1ART-PCRanalysesevealed that the-DNA insertion in theccitl-1 allele resulted
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in a loss of the fullength CCIT1 transcript and much lower levels writl-2 (Figure 5A and B,
Supplemental Figure 1A and B).
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Figure 5. Theccitl mutant is hypersensitive to Cu deficiency. AShows an exceimtron structure of th€CIT1
geneand the position of a-DNA insertion site inccitl-1 allele Black arrowheads inchte the TDNA insertion,

located 28 bps downstream from the start codon irceité-1 mutant allele respectively. Scale bar = 250 Iis.
Shows results of the semuantitative RTPCR analysis o€CIT1expression in roots of i@ay-old wild-type (Wt),
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the ccitl-1 mutant the CCIT1 complemented lineGCIT1-1) and wildtype plants ectopically overexpressiBgS
CCIT1 (35SCCIT1). Wildtype, ccitil mutant andCCIT1 plant lines were grown on % MS solid medium
supplemented with 1000 pM BCS (to indu€CIT1 expression and to show thetitl-1 is a knockout plant line).
35SCCIT1-1 plantsand corresponding wittype were grownstandard solid Y2 MS mediurifwenty severPCR
cycles were performed to visualiZZCIT1 expression in roots @35SCCIT1 transgenic plastand corresponding
wild-type, while 30 cycles were performed to visualif@ T1expression itheccitl-1 mutant andtheccitl-1 mutant
expressing the genomi€CIT1 fragment.C and D, Wild-type, ccitl-1, CCIT1-1 and 35SCCIT1-1 were grown

hydroponicallywith 0.125 M CuSQ or without CuSQfor 5 (C) or 8 O) weeks.C showssth to 9N rosette leaves.

Note the chlorotic spots between veins of rosette leavesititil. The photo with all rosette leaves is presented in
Supplemental Figure 2B, shows planlines at the reproductive stage. Note the stunted growth otitiel mutant
in response to low Cu status.

Because thecitl-1 mutant has fully lost the CCIT1 transcript, it has been selected for mdepth studies.
To ascertain that phenotypesdiiy)is associated with th€ECIT1gene, | have also generated togl-1
mutant expressing the genomd€IT1fragment encompassing the putatpremoter region and tHeCIT1
open reading frame (ORF). In addition, | have genenatleldtype transgeniplans ectopically expressing
the CCIT1 cDNA from the CaMV 35S promoter. Thrésdependent oreopy-insertion lines fomative
promoterCCIT1 transgene (designated @€I1T1-1, CCIT1-2 andCCIT1-3) and also for 35S promoter
CCIT1 transgene (designated as 356IT1-1, 35SCCIT1-2 and 35SCCIT1-3) were obtained for
subsequent studieAnalysesof different transgenic lines by RFCR facilitated isolation afcitl-1 mutant
plants expressing the genom@CIT1 fragment with similarCCIT1 expression level as the witglpe
(Figure 5B and Supplemental Figure 1B). | have also identified transgenigywédines ectopically
expressingCCIT1 with an enhancedevel of CCIT1 expression compared to witgpe (Figure 5B and

Supplemental Figure 1C).

3.6 The ccitl Knock-out Plants are Sensitived Low Cu Condition

To test whetheCCIT1 function is essential for Cu homeostasis, vijife, ccitl-1, CCIT1-1 and 35S
CClIT1lwere grown hydroponically with or without Cu for 5 weeks until late vegetative (Figure 5C) or for
8 weeks urit mid-reproductive stages (FigureD). | found that leaves of thecitl-1 mutant were
indistinguishable from leaves of wilype, both grown under Gsufficient conditions (Figure 5C). In

contrast, leaves afcitl-1 plants started to exhibit Cu deficiensymptoms manifested by chlorotic spots
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between veins of mature rosette leaves after 5 weeks of growth Qudeficientcondition, while wild
type plants were still able to tolerate Cu deficiency at this stage (Figure 5C). Further growth under Cu
deficiency has led to severe chlorotic spots in old leaves afcitiel plants, which gradually appeared in
young rosette leaves, whereas wijgge andCCIT1 plants developed these symptoms significantly later
(Figure 5C and Supplemental Figure 1E and I). Wlants were grown to the reproductive stage under
Cu deficiency, thecitl-1 mutant had severely stunted stem elongation, less branched stem, wilting cauline
leaves and decreased seed set compared taywwid the complemented and overexpressing lingu¢ei
5D). Importantly, the genomi€CIT1fragment complementeztitl-1 sensitivity to Cu deficiency (Figure
5D), suggesting that the latter phenotype is due solely toditle1l knockout.Further,wild-type plants
ectopically expressing the5SCCIT1 condruct were significantly less sensitive to Cu deficieriogn
either of other plant lines (Figure 5D).

| also tested the sensitivity to Cu deficiency of the knockdawiti-2 allele. | found that although
Cu deficiency phenotype was not as severe esitir1 plants, theccitl-2 knockdown mutant still showed
chlorotic symptorain rosette leaves afterBeeks of Cu deficiency and had decreased stem growth after
8-weeks of Cu deficiency compared to wiighe (Supplemental Figure 2I). Together these daiadicate
that CCIT1is a novel transcription regulator, which function is important foabiigy of A. thalianato

grow under Cu deficiency.

3.7CCIT1is Essential for Cu Accumulation in Roots ad Shootsof A. thaliana
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To test whether the increased sitimity of the ccitl-1 mutant to Cu deficiency is associated with altered
ability of plants to uptake Cu into roots and/or translocation it into shoots, | compared Cu concentrations in
roots, young and mature leaves of wiijghe, ccitl-1 mutant andCCIT1 plants. Cu concentration in roots

and mature leaves of tleeitl-1 mutant are 38% and 21% lower, respectively than in corresponding tissues
of wild-type, whereas Cu concentration in young leaves o€¢h&-1 mutant was only about 10% lower
compared to wil-type (Figure 6A and B). Interestingly, all tissues of @@IT1-1 complemented line
accumulated more Cu than corresponding tissues oftyplel Currently, | cannot explain this phenomenon.
Nevertheless, data presentedFigure 6 indicate that CCIT1 ntrols Cu uptake into roots and Cu

translocation from roots to mature leavedirthaliana
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Figure 6. Cu concentration in roots and rosette leaves ofweekold wild-type, ccitl-1 and CCIT1-1 grown
hydroponically. Asterisks (*,p < 0.05) indicate statizally significant differences in Cu concentration between-wild
type (Wt),ccitl-1 mutant, CCITICCIT1-1) complemented plantgrror barsindicate S.E (n=5).

3.8CCIT1and SPL7act in a parallel interacting pathway regulating Cu homeostasis
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As indicate in Introduction, SPL7 was the only transcription regulator in vascular plants with the

documented role in Cu homeosta®amasaki et al., 2009bTo examine the relationship betwe@@I1T1

Figure 7. CCIT1 and SPL7 act in a parallel interacting pathwaysregulating Cu homeostasis. ASeeds of the
indicated plant lines were germinated and grown in soll fertilized walarsdardchutrient solution containing 0.125
M of CuSO, (Arteca and Arteca, 200PaNote the retarded growth of theitlspl7double mutant (whitarrowhead)
that has eventually die8, seeds were germinated hydroponically in medium supplemented with 0.5 \M,@a80
transferred to soil with indicated concentrations of CGUCu concentration in the indicated plant lines grown fertilized
with the irdicated concentrations of Cu. Different lowsarse letters indicate thstatisticallysignificantdifferences

of Cu concentration between witgpe (Wt),ccitl-1, splZ1 andccitlspl7(p < 0.05).Error barsindicate S.E (n=5).

C. Cu concentration in 4 getypes under indicated condition. Different letteps < 0.05) indicate statistical
significance in Cu concentration between wijge (Wt),ccitl-1, spl#1 andccitlspl7. Error barsndicate S.E (n=5).

D. gRT-PCR comparison of the transcript abundanc€@PT2 FRO4andFRO5in roots of Bweekold wild-type,
ccitl-1, spl#1 andccitlspl7cultured in hydroponic system with 0.5pM Cug@r the first 3 weeks and transferred
to hydroponic solution with or without CuG@r another 2 weeks. Error bars indicateE.S(n = 6). Results are
presented relative to the gene expression in-tyiye under 0.5uM CuSQ which was designated as 1. Asterisks (*,
p < 0.05) indicate statistically significant differences in gene expression between control (0.54V)) Gn8@reate
(OuM CuSO,) plants, different letters indicate statistically significant differences in gene expression between different
genotypes (& 0.05).E, showsSXRF microphotographfom the preliminaryanalyse®f Cu localization in rosette
leaves of wildtype andccitlspl7mutant.

andSPL7 we generated thecitl-1spl71 double mutant (from here acitlspl?). We then compared the
growth and development of the double mutant with the growth and development of each of the single mutant
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