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E閤trod日ction

官'reesi阻 theplant 脳血gdo盟

When we look around our gardenラ wecan classify plants on the basis of their 

appearance into groups such as “佐ees"or “herbs". This classification is intuitive 

and practical but neither systematic nor standardized. When we consider the 

re1ationships between plants'佐aitsand classification， we can see that plants 

tenned“trees" or “herbs" are dispersed among diverse taxa. Indeedラbothtrees and 

herbs are polyphyletic and mixed in plant phylogeny (Angiospenn Phylogeny 

Group， 2003; So1tis et al.ラ 2005).The gap between lnorphological character・istics

and plant classification is a longstanding mystery in the plant kingdoln (Groover， 

2005). 

In the plant kingdomラ treesare described as vascular plants that have a long 

life span and radial growth at the vascular cambium (Fukushima et al.ラ 2003).

They are phylogenetically categorized into a wide variety of taxa within seed 

plants. The seed plants are comprised of 700 living species of gylnnospenns and 

250ラ000living species of angiosperms (Heywoodラ 1978).In gylnnospenns， lnost 

species in the extant orders (Cycadalesラ Ginkgoales，Gnetalesラ andConiferales) 

are classified into treesラ whichare described as softwood species (Cou1ter & 

Chamber1ainラ 1901).Within the angiospenn民hardwoodtrees show a polyphyletic 

relationship. The CUITent angiospenn phylogeny delnonstrates that a1nong the 

eudicot lineageラ theconversion of trees into herbs or herbs into trees occulTed 

within independent orders and/or fatnilies (Angiospenn Phylogeny Groupラ 2003;

So1tis et al.ラ 2005).For example， families within two predolninant groups of 

eudicots (rosids and asterids) include both tree and herb species; Fabalesラ Rosalesラ

and Brassicales in the rosidsラ andComales， Asteralesラ andSolanales in the 

asterids. These phylogenetic footprints suggest that the histologic and genetic 

features of living trees have been expressed in diverse taxa of land plants during 

the plant speciation processラ ratherthan sunply being retained throughout the 

diversification and evolution of trees. The aun of the present study was to 



determine the common regulatory lnechanisms conserved in boreal and temperate 

trees throughout the process of plant speciation using evolutionary and functional 

analyses. 

Seaso盟aldor醐 a現cyinduction a目dcold accli醐 atio盟強 boreala阻dtemperate 

trees 

Each yearラ treesin boreal and telnperate zones undergo changes that enable theln 

to cope with the extrelne temperature and light conditions in winter. Trees respond 

to the sequential environmental signals such as shortening daylengthラ low

non-freezing and freezing telnperatures. These responses result in a change in 

treesラ developmentalstatus froln a growing to a donnant stageラ andacquisition of 

maximum freezing resistance (Sakai & Larcherラ 1987;Weiser， 1970). Growth of 

boreal and temperate trees ceases during the first stage of this processラ and

terminal buds form in response to shortening daylength (Penγ， 1971). Trees enter 

endodonnancy after a few weeks of short.圃dayconditions. Endodonnancy is 

controlled by endogenous factorsラ andfreezing tolerance slightly increases as 

trees enter this stage (Fuchigami et al.ヲ 1971;Junttila & Kaurin， 1990; Li et al.ラ

2002; Welling et al. 2002). The initial freezing tolerance is rapidly enhanced by 

subsequent exposure to low non-freezing and freezing tempera知res(Hamson et 

al.ラ 1978).As the freezing tolerance increases under low temperature conditionsラ

the dormant stage simultaneously shifts froln endodormancy to ecodormancy， an 

imposed rest under unfavorable circulnstances such as low and freezing 

telnperatures (Rinne et al.， 1997). A few lnonths later， the increase in mean 

temperatures in spring releases ecodonnancy and leads to a gradual decrease in 

the freezing tolerance of donnant trees (Beck et al.， 2004; Li et α1.， 2003). 

Circadian clock system i日開odelpla剖，Arabidopsis thaliana 

Natural daylength is a key environlnental cue for plants to gauge the correct tI1ne 

and season in nature. To accurately lneasure daylength， plants have an endogenous 

lnechanism known as the “circadian clock". Circadian clock systems regulate 

various biological processesラ such as photomorphogenic processesラ日oral

transitionラ leaflnovelnentsラ stomatalconductance， photosynthetic capacityラ and

volatile elnissions (reviewed in Yakir et α1.ラ 2007).The seasonal transition froln 
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growing to donnant stages in boreal and telllperate trees is also categorized as a 

plant photoperiodic response (Gamer & Allardラ 1923).Since some of these 

phenomena are widely conserved among diverse groups of plantsラ itis assumed 

that plants share a basic circadian c10ck lllechanism that functions as a lllaster 

controller of photoperiodic responses. 

In the last few decadesラ llloleculargenetic analyses using a model plantラ

Arabidopsis thalianaラ haveidentified a wide variety of circadian c10ck四 related

genes (reviewed in McClungラ 2006;Mas， 2005). The c1ock-related genes are 

c1assified into several types inc1uding transcriptional factors， photoreceptorsラ

posttranslational regulators (kinases and F回 boxproteins)， and others. On the basis 

of the c10ck lllOdels (transcriptional feedback systellls) in cyanobacteriaラ

Drosophila， and maIlllllals (reviewed in Dunlapラ 1999)ラ itis assumed that the 

transcriptional factors identified in A. thaliana lllake up negative-positive 

feedback loops that are underpinned by photoreceptors and posttranslational 

regulators. Recentlyラ aCOlllputational model of the plant clock system has been 

developed， which contains the main transcriptional feedback loop and additional 

loops associated with the lllain loop (Fig. 1; Locke et al.， 2006; Zeilinger et al.ラ

2006). 

The main transcriptional feedback loop (“Loop 1") is composed of two single 

Myb genes [Late Elongated的Jpocotyl(LHY)and Cir・cadianClock Associated 1 

(CCA1)]ラ aPseudo-Response Regulator [Pseudo四ResponseRegulator l/Timing 01 

CAB2 Expression 1 (PRR1/TOC1)] and an unknown factor “X" (Fig. 1; Alabadf et 

al.ラ 2001;Locke et al.， 2006; Zeilinger et al.， 2006). In this loopラ the

moming-acting LHYand CCAl genes， which have partially redundant functionsラ

directly repress the evening皿 actingPRR1/TOCl gene and are in tum induced by 

PRR1/TOCl through the un1mown factor“X" (Alabadi et aょう 2001).It has been 

proposed that the u此nownfactor“X" is Eaゆ Flowering3 (ELF3)ラ Early

Flowering 4 (ELF 4)ラ LuxArrhythmolPhytoclock 1 (LUXIPCL1) and/or刀meFor

Coffee (TIC) (McClungラ 2008).LHY and CCAl entrain the light signal via the 

photoreceptor (phytochrollle Bラ PhyB)and Phytochrome皿 InteractingF actor 3 

(PIF3) signaling pathway， which resu1ts in their moming expressions 

(Martinez-Garcia et al.ラ 2000).It was reported that the LHY and CCA1 proteins 

are posttranslationally phosphorylated by Casein Kinase 2 (CK 
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binding activities to the PRR1/TOCl promoter (Daniel et al.ラ 2004)，and that the 

proteasome回 dependentdegradation of LHY and CCA1 proteins is inhibited by 

De-Etiolated 1 (DET1) (Song & Carreラ 2005).On the other handラ thePRR1/TOC1 

protein accumulates ear1y in the night and interacts with the phosphorylated PRR3 

proteinラaparalogous gene of PRR1/TOC1， to stabilize its function (叫iwaraet al.， 

2008). PRR1/TOC1 is gradually dissociated from PRR3 during the nightヲ andis 

then posttranslationally degraded through the proteasolne pathway mediatedむy

Zeit1upe (ZTL) (Fujiwara et αょう 2008;Mas et αl.ラ 2003).

Loop III (the “moming loop") associates with the main feedback loop 

(LHY/CCA1-PRR1/TOC1-X) by sharing lnomi時間expressedLHYand CCAl (Fig. 

1; Locke et al.， 2006; Zeilinger et al.， 2006). In this loop， LHY and CCAl 

positively regulate PRR7 and PRR9 in the PRR gene fmnily and are repressed by 

these PRR genes in a feedback manner (Farre et al.ラ 2005).The expression of 

PRR9 is up皿 regulatedby the light signalラ resultingin its lnoming expression 

(Makino et al.， 2001). After P RR9 has been expressed at pea1ζlevel， PRR7 

transcripts begin to increase. PRR 7 protein is degraded through the proteasome 

pathway during the ear1y night (Farre & Kayラ2007).

Loop II (the “evening loop") comprises PRR1/TOCl and an unknown factor 

“Yぺandis connected to the other loops via PRR1/TOCl (Fig. 1; Loc1ζe et aょう

2006; Zeilinger et αょう 2006).It has been proposed that the unknown factor “Y" is 

Gigantea (GI) and/or PRR5， however:ラ theresults of a recent study suggest that 

these two genes do not cOlnpletely fulfill the role of factor “Y" (Kawamura et al.ラ

2008). 

U sing numerous genetic and biological analysesラ thecomplete lnechanisln of 

the plant clock system has been deduced for A. thaliana. However:ラ itis still 

unc1ear whether this cOlnplicated c10ck network in A. thalianαis conserved 

mnong c10ck systelns in other plant species. 

Circadian clock-related ge踊esin angiosperms 

Substantial genolnic resources such as expression sequence tags (ESTs) and 

protein and genomic sequences have been acculnulated for lnany plants. In 

addition， entire genomic sequences are available for SOlne angiospenns， including 

Oryza sativα(rice; comlnelinids in lnonocots)， Sorghum bicolor (sweet sorghuln; 
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cOlnmelinids in monocots)ラ巧tisνin砕ra(grape; rosids in eudicots)ラ Populus

trichocarpα(poplar; eurosids 1 in eudicots)ラ Caricapαrpaya(papaya; eurosids II in 

eudicots) and A. thalianα(thale cress; eurosids II in eudicots) (Arabidopsis 

Genome Initiativeラ 2000;Jaillon et al.ラ 2007;Ming et aょう 2008;Tuskan et al.ラ

2006; Yu et al.， 2005). Analyses of such genomic resources allow us to understand 

the evolutionary conservation and phylogenetic relationships of genes of interest 

(Arnaud et al.ラ 2007;Yang et aょう 2005;Yang et al.ラ 2008).Among circadian 

clock -related genes， comparative genomic analyses show that there are widely 

conserved homologs of the Arabidopsis clock related悶 genesin both eudicots and 

monocots. For exmnple， the genolnes of the monocot O. sativαand the eudicot C. 

papaya contain almost all of the known clock問 relatedgenes， although the copy 

nUlnber varies mnong different species (Ming et al.ラ2008;Murakami et al.， 2007). 

In addition， the clock-related genes are also found in the EST database of model 

legulnes (pea， soybean， and Medicago; eurosids 1 in eudicots) (Hecht et al.ラ2005).

These findings imply that a set ofthe clock-related genes that play key roles in the 

Arabidopsis clock system was established before the divergence of 

lnonocotyledonous and eudicotyledonous plants. 

Most circadian clock叩 relatedgenes show typical diumal/circadian expression 

pattems. In A. thalianaラ LHY/CCA1 genes in the main loop show typical diumal 

rhythmicity with peak expression around dawnラ andexpression of GIラ ELF3ラ

ELF4， and LUX/PCLl peaks around dusk (Doyle et al.， 2002; Fowler et al.ラ 1999;

Hicks et al.ラ 2001;Onai & Ishiuraラ 2005;Schaffer et al.ラ 1998;Wang & Tobin， 

1998). The five PRR genes in A. thaliana show diumal and sequential expression 

pattems froln dawn to dusk in the following order: PRR9→PRR7→PRR5→ 

PRR3→PRRl (Matsushika et al.ラ 2000).Interestingly， these expression pattems 

were also found in orthologous genes of other plant species. In the monocot O. 

satiνa，OsCCAlラ whichis the ortholog of LHY/CCAl in A. thaliana， exhibits a 

typical lnoming expressionラ and the five OsPRR genes show sequential 

expressions in the following order: OsPRR73 (OsPRR37)→OsPRR95 

(OsPRR59)一一心IsPRR1，sunilar to the PRR genes in A. thaliana (Murakami et α1.ラ

2003). Furthennore， the LHY/CCAl genes in Phaseolus vulgarisラ Casf，αneasativa 

Lemna gibba， and Lemna paucicostatαalso show di 
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2005). These expression pattems of clock-related genes are important molecular 

events within the plant circadian clock system. The diumallcircadian expression 

of these genes in diverse plant species suggests functional conservation and 

common clock systems among angiosperms. However， it is still unknown how the 

ancestral clock system was structured in ancient angiosperms， and how it was 

modified and refined in each plant species through the course of diversification. 

Circadia目 clocl王systema阻ddor臨 a臨cyi且d祖ctio日 i阻 trees

In boreal and telnperate仕ees，the first step towards establishing endodonnancy is 

triggered by the perception of short-day signals (Weiser， 1970). The light signals 

are perceived by photoreceptor民 suchas cryptochrolnes and phytochrome民 and

are subsequent1y entrained into the plant clock systeln (Martinez-Garcia et al.， 

2000). In the last decadeラ studieson transgenic Populus have been carried out to 

clarify the involvelnent of phytochromes in photoperiodic regulation in trees 

(Olsen et αょう 1997).In the first reportラtheP hyA gene was overexpressed in hybrid 

aspenラ andtransgenic lines did not stop growing even under short回 dayconditions 

(6田 hdaylength) (Olsen et al吋 1997).A subsequent study showed that the PhyA 

overexpressors did not form a tenninal bud in short-day conditions (Molmann et 

al.ラ 2005;Olsen et al.ラ 1997;Welling et al.， 2002). Eriksson (2000) produced 

PhyA-repressed plants by in仕oducinga P hyA -antisense constructラ andfound that 

transformants established bud fonnation earlier than wild-type plants in response 

to short-day signals. These results were similar to those reported for 

PhyA-overexpressing plants. These transgenic analyses suggest that the PhyA 

gene is required for the photoperiodic control of seasonal growth cessation and 

bud set in Populus. 

Recent studies further clarified that signaling components downstream fr01n 

the plant clock systeln have roles in regulating photoperiodic responses 

(Bohlenius et al.， 2006; Ruonala et al.ラ 2008).The CONSTANS (CO) and 

Flowering Locus T (Fηgenes are necessary for臼oraltransition in angiosperms 

(reviewed in Sear1e & Couplandラ 2004).Interestinglyラ thePopulus CO and FT 

genes play a key role in regulating seasonal endodormancy transition (Bohlenius 

et al.ラ 2006).Overexpression of the Populus CO and FTl genes in hybrid aspen 

inhibited short day-induced growth cessation and bud set. Similar1y， transgenic 
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p1ants in which the 1eve1s of CO and FT were down聞 regu1atedwere rnore sensitive 

to shortening day1ength. In an ex甘elnecase， sorne FT 1四 repressed1ines set a 

tennina1 bud even under 16占 10ng-dayconditionsラ whereaswi1d問 typep1ants 

continued to grow. In nature， pop1ar ecotypes originating frorn various 1atitudes 

differ in their critica1 day1ength for growth cessation. The corre1ation between the 

active phase of CO expression and the 1ight period is critica1 in detennining 

expression of its target FTl and for growth to continue. These results indicate that 

the CO/FT regu1atory rnodu1e is the endogenous tI1nekeeper responsib1e for 

seasona1 donnancy transition. 

Together， the upstrearn and downstrearn signa1ing pathways of the p1ant 

circadian cock systeln are necessary for seasona1 photoperiodislns in trees. 

However.ラ thereis no direct evidence showing that the endogenous c10ck systern 

regu1ates seasona1 donnancy cyc1es in borea1 and ternperate trees. 

。国民自eof the thesis 

The airn of this thesis was to uncover the rno1ecu1ar lnechanisrns under1ying 

induction of seasona1 donnancy in borea1 and telnperate trees. First， 1 focused on 

the circadian clock systern in borea1 trees that is required for seasona1 

photoperiodic responses and induction of endodonnancy. This study exmnines the 

p1ant c10ck systern in the lnode1仕eePopulus， and reconstructs it using 

evo1utionary and functiona1 approaches. Evo1utionary ana1yses revea1ed the 

evo1utionary processes of the angiospenn c10ck systelnラ includingthe bio1ogica1 

c10ck in the Populus genus (Chapters 2 and 3). These ana1yses showed that key 

cornponents in the Arabidopsis c10ck systern are altered in Populus. In additionラ

functiona1 approaches were used to detennine whether these differences wou1d 

result in an altered regu1ation lnechanisln in the Populus clock systeln (Chapter 4). 

These ana1yses showed that the regu1ation of expression and protein function of 

the Populus PRR1/TOCl are rnodified in Populus. However.ラ thisrnodification 

does not affect the diurna1 expression pattems of lnost c10ck -re1ated genes in 

Populus. Collective1yラ evo1utionaryand functiona1 approaches have been used to 

reconstruct the fundalnenta1 rnechanisrn of the Populus clock systern. Although 

the Populus c10ck systern slightly differs frorn the Arabidopsis c10ck systeln， the 

systeln lnight be necessary to predict dai1y and seasona1 environrnenta1 changes 
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and to regulate plant photoperiodisms in Populus. The next step will be to 

determine how the Populus c10ck system reconstructed in this study regulates 

molecular mechanisms of seasonal dormancy induction in boreal and temperate 

trees. 
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Loop 111 
(morning) 

Loop 11 
(evening) 

a・・E酒・・・h竜也温狙量国.m:.

Figure 1. Schematic representation of the proposed model of the plant circadian clock. 

Yellow lightning indicate light input. 
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真壁olec臨1議官 phyloge盟ya盟dexpression of poplar circadi畠nclock 

ge盟es.， LHYl舗 dLHY2

S日臨臨aI・y

• LHY/CCA 1 genes play a key role in the plant circadian clock system and are 

highly conserved aInong plant species. HoweveIラ theevolutionary process of the 

LHY/CCAl gene family remains unc1ear in angiosperms. To obtain details of the 

phylogeny of these genesラ thisstudy characterized LHY /CCA 1 genes in a model 

woody plantラPopulus仕ee.

• The evolutionary process of angiosperm LHY/CCAl genes was elucidated using 

three approaches: cOlnparison of exon-intron sttuctures， reconstruction of 

phylogenetic trees and examination of syntenic relationships. In addition， the 

molecular evolutionary rates and the expression pattems of Populus LHYs were 

analyzed. 

• Gene duplication events of Populus LHYs and Arabidopsis LHY/CCAl had 

occurred independently by different chromosolnal duplication events arising in 

each evolutionary lineage. Populus LHYs were under purifying selection by 

estunating substitution rates of these genes. FurtheIラ PopulusLHYs conserved 

diumal expressions in leaves and stems but the transcripts of LHY2 were more 

abundant than those of LHY 1 in Populus plants. 

• This study uncovered phylogenetic relationships of the LHY/CCAl gene family 

in angiosperms. In addition， the transcript abundance and the evolutionary 

differences between Populus LHYl and LHY2 imply that Populus LHY2 rather 

than LHYl may have a major role in the Populus c10ck system. 
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E日trod阻むをion

Circadian rhythlnsラ oneof the most widespread phenomena in living organisms， 

are generated by endogenous circadian c10ck systems. The circadian c10ck 

systems in plants control the tI1ning of endogenous responses under complex 

circulnstances such as 24-h light四 darkcyc1es and daily temperature fluctuations. 

Those responses inc1ude various diumal biological processes， such as leaf 

lnovementsラ stolnatalconductance， photosynthetic capacity and volatile elnission 

(reviewed in Yakir et aょう 2007). Furthennoreラ plant circadian clock systems 

regulate long-tenn developmental processesラ suchas transition from vegetative to 

reproductive development and froln growing to donnant stagesラ inresponse to 

long-period circannual changes in environlnental factors (Bohlenius et al.ラ 2006;

Hecht et al.ラ2007).

1n the past decade， aided by Arabidopsis genetics and systems biology， a 

wealth of infonnation about plant c10ck systems has been accumulated (reviewed 

in McClungラ 2006;Mas， 2005). The plant c10ck system is proposed to be three 

transcriptional-feedback loop lnodel (loop 1， 11 and 111) in Arabidopsis thalianα 

(Locke et al.ラ 2006;Uedaラ 2006;Zeilinger et al.ラ 2006).1n this lnodel systelnラ

loop 1 couples together the evening oscillator (loop 11) and the lnoming oscillator 

(loop 111). Loop 1， as the center of the three loopsラ consists of two 

moming -expressed genesラ LateElongated 砂pocotyl(AtLHηand Circadian 

Clock Associated 1 (AtCCA1)， and an evening皿 expressedgeneラ Pseudo-response

regulator l/Timing 01 CAB2 Expression 1 (AtPRR1/TOC1). AtLHY and AtCCAl 

are paralogous genes and have a partial redundant function to generate robust 

circadian rhythlns in various environments (Gould et al.， 2006; Schaffer et al.， 

1998). The lnoming expressions of AtLHY and AtCCAl result from a direct 

activation by light and an indirect activation by the partner， AtPRR11TOCl 

(Alabadi et al.ラ 2001;KI1n et al.， 2003; Wang & Tobin， 1998). 1n additionラ

AtLHY/CCAl proteins directly bind to the evening elelnent on the prolnoter 

region of AtPRRl /TOC1， resulting in repression of its transcription during the 

daytI1ne (Alabadi et α1.， 2001). Thusラitis c1ear that AtLHY and AtCCAl play a key 

role in the entrainlnent of environnlental cues and the regulation of the c10ck 

systeln itself in the lnain loop of the c10ck system. 

HOlnologs of Arabidopsis LHYICCAl genes are conserved not only in 
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eudicotyledonous but also in monocotyledonous plants. In eudicotyledonous 

plantsラ LHY/CCAlgenes have been isolated from Phaseolus vulgaris (Kaldis et 

al.， 2003) and Castαnea sativa (Ramos et al.ラ2005)in addition to Arabidopsis. In 

monocotyledonous plantsヲLHY/CCAlgenes have been isolated from Oryza sativa 

(Izawa et al.ヲ 2002)ラ Lemnagibba and Lemnαpaucicostata (Miwa et al.， 2006). 

The proteins encoded by these genes have a conserved Myb DNA四bindingdomain 

at their N-tenninus. Furthennore， these genes exhibit rhythmicity with peak 

expression around dawnラ whichis consistent with the expression pattems of 

Arabidopsis LHYand CCAl (Schaffer et al.， 1998; Wang & Tobinラ 1998).These 

observations imply that functions of LHY/CCAl genes in the plant c10ck system 

are highly conserved among angiospenn species. 

Unlike the conservation of their function， the nUlnber of LHY/CCAl genes per 

genome varies in plant species. In eudicotsラ onecopy of the LHY /CCA 1 gene is 

found in P. vulgaris (eurosids 1) and two copies exist in A. thaliana (eurosids II) 

(Kaldis et al.ラ 2003;Schaffer et al.ラ 1998).In additionラ twocopies of LHY /CCA 1 

gene are annotated as predicted genes in the available genomic sequence database 

of Populus trichocarpα(  eurosids 1; Tuskan et al.ラ 2006; see 

h加ttゆp://μ/genolneι吋.Jg♂i問p伊sf.oωr宮g/尽Pop戸tr1一11厚Popt甘r1駒m山一一-勾噂哨網-句嶋

Oぱfthe LHY/CCA 1 gene has been i臼so叶la瓜te吋dfrom O. sativa and two copies have been 

isolated froln L. gibbαand L. Pαucicostata (Miwa et α1.ラ 2006;Murakami et α1.， 

2007). Thusラ theevolutionaty process ofthe LHY/CCAl gene fatnily appears to be 

cOlnplicated in both eudicots and lnonocots. 

Gene duplication can resu1t froln unequal crossing田 over，retropositionラ and

chromosolnal or whole genolne duplications (reviewed in Zhangラ 2003).In the 

genome of A. thalianaラthreepolyploidy events (so-called 民 sand 'Y) are assulned 

to have occurred in angiospenn evolutionary lineages (Blanc & Wolfe， 2004; 

Bowers et al.ラ 2003;De Bodt et al.ラ 2005).A1though the correct tuning of αand s 

polyploidy events had been under disputeラ recentcOlnpletion of the draft genome 

sequence of Carica papaya revealed that these polyploidy events had arisen after 

divergence of Arαbidopsis and Carica in eurosids II (Tang et al.ラ 2008).On the 

other handラthe'Ypolyploidy event is believed to have occurred in eudicot lineages 

after divergence of lnonocots and eudic 
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Salicoid polyploidy event occurred within Salicaceae after divergence between 

F abales and Malpighialesラ (Tuskanet al.， 2006). Since the conservation of gene 

orders on the duplicated chrolnosolnes resu1ts froln the chrolnosomal duplication 

events (Adams & Wendel， 2005)， cOlnparisons of the gene orders around 

duplicated genes provide molecular evolutionary information for understanding 

the phylogenetic relationships (Bocock et al.， 2008; Sampedro et aょう 2005).

To clarify the evolutionary relationships of angiosperm LHY/CCA 1 genes， 

here 1 first isolated two full-length LHY/CCAl genes from the genus Populus and 

characterized their genolnic structures. 1 next compared the exon-intron structures 

of LHY/CCAl genesラ reconstructeda phylogenetic tree using sequence data of 

angiospenn LHY/CCAl genes and exatnined syntenic relationships in the 

neighboring regions of LHY /CCA 1 genes across plant species. Furthennore， 1 

analyzed the molecular evolutionary ratesラ thediurnal expression pattems and the 

expression levels of these genes to verify the biological function of two LHY 

genes in Populus plants. This study uncovered not only the evolutionary processes 

of the LHY/CCAl gene family in angiosperms but also the differential expression 

pattems of two LHY genes in Populus plants. 

民畳aterialsand 1¥畳ethods

Plant mαterial 

Poplar (Populus nigra var. italica) plants were grown aseptically in agar lnedium 

containing Murashige and Skoog basal salt (Murashige & Skoogラ 1962)ラ

Murashige and Skoog vitamin ラ 20 ln匙M MES.嗣嗣欄長

indole-3 問占bu凶lty戸n比caωCl凶dラ 3% (w/v) sucrose and 0.8% (w/v) agar at 220C under 16 

h-light /8 h-dark conditions (l00μlnol'm-2・dl).

Isolation 0/ fit!l-length cDNA 

The Populus LHY/CCAl genes were isolated from a full田 lengthenriched cDNA 

library constructed froln lnRNA of P. nigra (Nanjo et al.ラ 2007).The LHY/CCAl 

genes were subjected to dideoxy-nucleotide sequencing using a primer walking 

lnethod and nucleotide sequences were assembled by ATSQ software (Genetyx， 

TokyoラJapan).
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Isolation 01 genomic DNA encoding LHY s 

To detennine the exon-intron boundaries of Populus LHYsラ thefull-1ength 

genomic regions were isolated froln P. nigra genolnic DNA using PCR. Genomic 

DNA was extracted by the CTAB (hexadecyltrimethyl回a1nlnoniulnbrolnide) 

method from the leaves of l-month田 oldpoplar plants maintained on agar medium 

(Murray & Thompsonラ 1980). PCR was performed by Takara LA Taq@ 

polylnerase (Takara Bio， Shiga， Japan) according to the manufacturer's 

instructions using the prilner setsラタ-TTGGCTTTCTCTTCTCACTGCC-3'and 

5'-CCATGCAAGGCCAATTCAATAC四 3'for PnLHYl and タ-GATGGAGTGTG-

TCTAACTGGT・-3'and 5 '-CCGTGGAAGGCCAATTCAATACT-3 ， for PnLHY2. 

The PCR condition was: 940C for 1 min; 30 cydes of 980C for 15 sec， 680C for 

10 min; and 720C for 10 min. The a1nplified PCR fragments were Sl由c10nedinto 

pGEM⑧四T Easy vector (Prolnegaラ Madison，WIラ USA) and subjected to 

dideoxy田 nuc1eotidesequencing using a primer walking method. The nucleotide 

sequences were assembled by ATSQ software (GenetyryしTokyo，Japan). 

Phylogenetic analysis 

Amino acid sequences were deduced froln cDNA sequences of LHY /CCA 1 genes 

and aligned using the ClustalW program. The numbers of amino acid substitutions 

between each pair of LHY /CCAl proteins. were estI1nated by the Jones問 Taylor四

Thomton (JTT) lnodel (Jones et al.ラ 1992)with the cOlnplete-deletion option. 

From estimated nUlnbers of amino acid substitutionsラ aphylogenetic tree was 

reconstructed by the neighbor-joining (NJ) method (Saitou & Neiラ 1987).The 

bootstrap values wer・'ecalculated with 1，000 replications (Felsensteinラ 1985).

These procedures were perfonned using MEGA4 software (http:// 

www.lnegasoftware.net/index.html) (Ta1nura et aょう 2007). A phylogenetic仕ee

was also reconst1ucted by the Maxunuln Likelihood (ML) lnethod using PhyML 

(http://atgc.1innm.fr/phYln1/) (Guindon et al.ラ 2005)applying the JTT lnodel for 

a1nino acid substitutions. The bootstrap values for this phylogenetic tree were 

calculated with 100 replications. Rates of nonsynonylnous (dN) and synonylnous 

(ds) substitutions were calculated by the lnodified Nei-Gojobori lnethod with the 

transition/transversition ratio equal to 1.2 and Jukes-Cantor correction. This 

analysis was perfonned using MEGA4 software (Ta1nur・aet al.ラ 2007).
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Boxshade program (http://www.ch.embnet.org/software/BOえform.html)was 

used to highlight the conserved amino acid residues in the aligned atnino acid 

sequences encoded by LHY /CCA 1 genes. 

Identificαtion 01 chromosomal synteny 

1 searched the syntenic relationship in Arabidopsis or Oryza genolnes using the 

genolnic regions containing AtLHY and AtCCAl or OsCCAl on the basis of 

previous studies (Blanc & Wolfe， 2004; Bowers et al.ラ2003;Salse et al.， 2008; Yu 

et al.ラ 2005).

To identify the syntenic relationship of the genomic regions containing 

PtLHYl and PtLHY2 in the Populus genome (http://genolne.jgi-psf.org/Poptrl_1/ 

Poptr1_1.home.html)， 1 first perfonned a bi皿 directionalTBLASTN search against 

the genolnic sequence of Populus using predicted genes located in neighboring 

regions of the PtLHYl and PtLHY2 genes as queries. If a gene(s) showing high 

sequence sunilarity to a query sequence (E-value lower than 10勺wasfound near 

the LHY/CCAl gene， the TBLASTN search was further performed in the reverse 

direction using the best聞 hitgene as a query. When the best-hit gene in the second 

TBLASTN search showed high similarity (E-value lower than 10づ)to the gene 

used as the query in the first TBLASTN search， 1 considered this gene pair as 

orthologs. 

The syntenic relationships across Populus， Arabidopsis and Oryza genolnes 

were exatnined as described above using the databases of Arabidopsis (MIPS 

Arabidopsis thaliana genome databaseラ http://lnips.gsf.de/proj/plant/jsf/atha1/

index.jsp) and Oryza (Rice Annotation Project Databaseラ http://

rapdb .dna.affrc .goお/).

RNA extrαction and real-time PCR 

To investigate the expression pattem of LHY /CCA 1 genes in poplarラ leavesand 

stems of P. nigra growing on the campus of Iwate University (Moriokaラ Japan)

were collected at three-hour intervals from 9:00 AM on July 7， 2006 to 9:00 AM 

on July 9， 2006. The samples were unlnediately frozen in liquid nitrogen and 

stored at -80oC until use. During satnplingう thenatural mean da y length and 

temperature were 14 h 52 min and 20.30C， respectively. 
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Total RNA was isolated from samples using a Nuc1eoSpin⑧ RNA Plant kit 

(MACHEREY四 NAGELラ Duren，Germany) with in-column DNase 1 digestion. 

First-strand cDNA was synthesized using ReverTra Ace-a⑧ (TOYOBO， Osaka， 

Japan) according to the manufacturer's instructions. Real-tIlne PCRs were 

performed using a Thennal Cycler Dice⑧ Real Time System (Takara Bio， Shiga 

Japan) according to the lnanufacturer's instructions. The gene-specific prIlners for 

real四 tI1nePCR were: PnLHY 1 (forwardラ 5'田 GTGAGTTTTCATGTGAGTTTCCG-

G-3'; reverseラ 5'-CTACCAATAAGCCGTCGTCTTG-3')， PnLHY2 (forwardラ 5'-

CTCCATTGAGCTGCCTGAAACA問 3';reverseラタ-CGACCGCATAGACTCCA-

ATTC-3') and ubiquitin 11 (UBQ) (forward， 5'-GGTTGATTTTTGCTGGGAAGC 

-3'; reverse， 5'悶 GATCTTGGCCTTCACGTTG下3').The UBQ gene was used as a 

normalization contro1. Each RNA sample was assayed in triplicate. RNAs were 

assayed from two biological replicates. 

Real四 tIlnePCRs were also perfonned to exmnine expression leve1s of PnLHY1 

and PnLHY2. cDNA fragments of PnLHY1ラ PnLHY2and UBQ were amplified 

using Takara Ex Taq⑧ polymerase (Takara Bio， Shiga， Japan) by the gene-specific 

prIlner pairs shown above. The amplified fragment of PnLHY1 was subc10ned into 

pGEM竺TEasy vector (Prolnegaラ Madisonラ WIラ USA)and those of PnLHY2 and 

UBQ were subcloned into pTAC-1 vector (Biodynamics Laちoratory，Tokyoラ

Japan). These fraglnents were subjected to dideoxy問 nuc1eotidesequencing. The 

vectors containing PnLHY2 and UBQ were digested with SalI and XhoI to cut out 

DNA fraglnents containing PnLHY2 and UBQ， which were subsequent1y 

introduced into the SalI site of pGEM⑧-T Easy vector harboring PnLHY 1. The 

pGEM聞 Teasy vector containing the fragments of PnLHY1， PnLHY2 and UBQ 

was used to generate a standard curve of real-time PCR amplification. Transcript 

levels of PnLHY1 and PnLHY2 were nOlmalized with that of UBQ. Each RNA 

satnple was assayed in triplicate. RNAs were assayed froln two biological 

replicates. 

Res日lts

Characterization ofPopulus LHY /CCA1 genes 

In the genolnic sequence database of P. trichocarpa， two LHY/CCA 1 hOlnologs， 

PtLHY1 and PtLHY.乙werepredicted (Table 2-1). With this infonnationぅ cDNA
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clones of two LHYICCAl genes (PnLHYl and PnLHY2) were isolated from a 

full四 lengthenriched cDNA library of P. nigra (Nanjo et al.， 2007). PnLHYl and 

PnLHY2 exhibited 97.0% and 96.1 % homology at nucleotide sequence level to 

predicted PtLHYl and PtLHY2ラ respectively. Although PtLHYl has been 

annotated as two partial LHYICCA 1 genes in its genomic regionラ 1confirmed that 

a singleラcompleteLHY ICCA 1 gene was encoded in this region. 

Exon四 intronstructures ofLHY /CCA1 genes 

Nextラ 1determined the exon四 intronboundaries of PnLHY 1 and PnLHY2 on the 

genolne of P. nigra. Both PnLHY 1 and PnLHY2 contained seven introns and eight 

exonsラ withthe coding sequences (CDSs) lying froln the third to eighth exons 

(designed as coding regions 1 to IV; Fig. 2-1a). Comparison of the exon四 intron

structures of LHYICCAl genes aInong angiosperm species revealed that the CDS 

of OsCCAl consist of six exons similar to PnLHYs (Fig.エ1a).In contrastラ both

AtLHY and AtCCAl have an additional intron within the predicted coding region 

V of PnLHYs and OsCCAl (Fig. 2-1a). 

Further comparisons of PnLHYs， AtLHYIAtCCAlラ andOsCCAl at the aInino 

acid sequence level revealed that these genes have a conserved Myb DNA聞 binding

dOlnain at the N-terminal region (Fig. 2-1 b). In additionラ theirexon叩 tron

boundaries were conserved among PnLHYs， AtLHYIAtCCAl and OsCCAlラ except

for the sites ofthe additional intron of AtLHYIAtCCA1. The nucleotide lengths of 

coding regions 1， II and III， which encode the Myb DNA-binding dOlnainラ were

the SaIne in all three species (39ラ 112and 62 base pairs， respectively; Fig. 2回 1a).

Phylogenetic analysis ofLHY /CCA1 gene famil)ノinangiosperms 

To infer evolutionary relationships of angiospenn LHYICCAl genesラ a

phylogenetic trees were constructed with the NJ and ML methods using 12 genes 

froln lnonocotsラ O. sativa and Sorghum bicolor; core eudicotsラ

Mesemblァαnthemumcrystallinum; rosidsラれtisνin砕ra;eurosids 1， P haseolus 

vulgarisラ Castaneasativa， P. nigra and P. trichocarpα; and eurosids II， A. thaliana 

(Table 2-2). Among these genesラ OsCCAland SbCCAl were used as an outgroup 

of the phylogenetic tree to place a root because the divergence between lnonocots 
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and eudicots has been established frOln various studies (Angiospenn Phylogeny 

Groupラ 2003;So1tis et aょう 2005).

The reconstructed phylogenetic trees confirmed that the topologies of these 

trees obtained by the two different tree building methods were essentially the 

same (Fig. 2-2). The phylogenetic tree revealed that Arabidopsis CCAl and LHY 

were distant1y related to each other and diverged ear1ier from remaining 

eudicotyledonous LHY/CCAl genes. In addition， eudicotyledonous LHY/CCAl 

genes were more c1ose1y related to Arabidopsis LHY than to Arabidopsis CCA1. 

On the other hand， Populus LHYl and LHY2 were more c10sely related than other 

LHY/CCAl genes， indicating that the gene duplication event that produced 

Populus LHYl and LHY2 occurred after the divergence of Populus and the other 

eurosids 1 (P. vulgaris and C. sativa). Consequent1y， the topology of the 

phylogenetic tree implies that the duplication event of Arabidopsis LHY/CCAl 

does not coincide with that of Populus LHYs. 

Chromosome synteniesαmong the genomes ofPopulus， Arabidopsis and Oryza 

To obtain further information on evolutionary relationships of angiospenn 

LHYICCAl genesラ1next investigated chromosolnal syntenies of P. trichocarpa， A. 

thaliana and O. sativa by examining the physical positions of the orthologous 

genes surrounding the LHY ICCA 1 genes. In the Arabidopsis genomeラ LHYand

CCAl are located on chrolnosomes 1 and 2ラ respectively(Murakalni et α1.ラ 2007).

The neighboring genes of LHY shared a syntenic relationship with those of CCAl 

(Fig. 2-3; Blanc & Wolfeラ 2004;Bowers et αl.ラ 2003).Furthermor民 theflanking 

region of LHY and CCAl retained a chrolnosomal synteny with a partial region of 

chrolnosolnes 4 and 3ラ respectively. Howeverラ the regions of these two 

chromosolnes did not contain LHYICCAl genes. In the Populus genolneラ LHYl

and LHY2 of P. trichocarpa are located on chrolnosolnes 2 and 14ラ respective1 y 

(Table 2-1). COlnparison of the gene organizations around PtLHYl and PtLHY2 

revealed that the flanking region of PtLHYl showed chromosolnal synteny with 

that of PtLHY2 (Fig. 2-3). Furthermoreラ thephysical positions of the orthologous 

genes surrounding Populus LHY11LHY2 and Arabidopsis LHYICCAl were 

relatively well conserved across plant species due to integration of the 

chrolnosolnal syntenies within Populus or Arabidopsis genolnes. These resu1ts 
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suggest that gene duplications of Arabidopsis LHYICCAl and Populus LHYs have 

derived from ancient chrolnosolnal duplication events. 

The gene organizations surrounding Populus LHY11LHY2 and Arabidopsis 

LHYICCAl were next compared against the Oryza genomic sequence. OsCCAl is 

located on chromosome 8 (民1urakamiet al.ラ2007).1found that four genes located 

adjacent to OsCCAl showed homologous relationships to the genes that resided 

near the LHYICCAl genes in the Populus and Arabidopsis chromosomes (Fig. 

2-3). Howeverラ 1did not find an extensive syntenic relationship around the 

LHYICCAl genes between the Oryza and PopuluslArabidopsis genolnes. In 

additionラ theneighboring genes of OsCCAl had no syntenic regions with other 

chrolnosolnes in the Oryza genome (Salse et al.ラ2008;Yu et al.ラ2005).

Moleculareνolutionary rates ofPopulus LHY s 

To examine the selection forces of Populus LHYlメLHY2and the other eurosids 

LHYICCAl genesラ 1 estunated ratios of nucleotide substitution rate in 

non-synonylnous (dN) versus synonylnous (ds) lnutations between LHYICCAl of 

rosids収 vinifera)and eurosids (eurosids 1， P. nigra， C. satiναand P. vulgaris; 

eurosids 11ラ A.thaliana; Table 2四 2).The dN/ds ratios of these genes were smaller 

than 0.4 and sunilar among LHYICCAls of eurosids (Table 2-3). This resu1t 

implies that not onlyPopulus LHYs but also other LHYICCAl genes ineurosids 

are under purifying selection. 

Expression patterns ofPopulus LHY s 

To reveal the functional conservation of Populus LHYs in a clock systelnラ 1next 

detennined expression pattems of PnLHYl and PnLHY2 under field conditions in 

sUlnlner using real-time PCR. PnLHYl and PnLHY2 showed typical diumal 

expressions both in leaves and stelns. of P. nigra (Fig. 2回 4).The transcripts of 

these genes began to increase gradually at lnidnight and reached peaks of diumal 

rhythms around dawn. ~ 

Subsequent1yラ 1carried out quantitative analysis of PnLHYl and PnLHY2 

expressions around their peak expression time (at 9:00 AM on July 8ラ 2006)to 

detennine whether there are differences in the expression levels of these genes. 

Interestingly， the transcripts of PnLHY2 were at least 5 times lnore abundant than 
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those of PnLHYl in both leaf and stem tissues (Fig. 2-5). Furthennoreラ the

expression levels of PnLHYs were 5 to 7 -fold higher in leaves than in stems. 

These findings are consistent with expression data in the poplar eFP Browser that 

Populus LHY2 is expressed in more abundance than LHYl in all tissues (mature 

leaf， young leaf， rootラ dark回 grownseedling， continuous light-grown seedlingラ

female catkinsラ malecatkins and xylem) of Populus plants (Fig. 2-6). Thusラ these

resu1ts suggest that Populus LHY2 but not LHYl is the predominant gene 

expressed in Populus plants. 

Discussio盟

It is well known that the LHY/CCA 1 gene falnily plays a key role in the 

angiospenn circadian clock system (reviewed in Yakir et al.， 2007). Howeverラthe

phylogenetic relationship of the LHY/CCAl gene fatni1y atnong eudicots and 

lnonocots remains to be detennined. In the present study， 1 isolated two LHYs 

from the poplar tree and then e1ucidated the evolutionary process of the 

LHY /CCA 1 genes in angiospenns using three approaches: cOlnparison of 

exon-intron sttucturesラconventionalphylogenetic reconstructionラ andexamination 

of syntenic relationships. 

In eudicots (Populus and Arabidopsis) and monocots (Oryzα)ラ theexon -intron 

structures of their LHY/CCAl genes were well conserved within their CDSs (Fig. 

2-1a). Five exon-intron boundaries were shared in all of the LHY/CCAl genes 

exalnined (Fig. 2-1 b). The similarity in the exon-intron organization of Populus 

LHYsラ ArabidopsisLHY /CCA 1 and Oryza CCA 1 unplies that there is a common 

ancestral gene of LHY /CCA 1 in eudicots and lnonocots. 

Phylogenetic trees of angiospenn LHY/CCAl genes reconstructed by the NJ 

and ML methods exhibited a distant relationship between Arabidopsis LHY/CCAl 

and other eudicotyledonous genes (Fig. 2-2). This evolutionary relationship in 

regard to the divergence of Arabidopsis LHY and CCAl has been shown in 

previous studies (Boxall et al.ラ 2005;Miwa et al.， 2006). In this studyラ by

reconstructing the phylogenetic tree， 1 revealed a close relationship of Populus 

LHYl and LHY2. These resu1ts indicate that gene duplication of Arabidopsis LHY 

and CCAl would not coincide with that of Populus LHYl and LHY2. 

To obtain further details of the phylogenetic relationships of LHY/CCAl genes 
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in angiospermsラ 1analyzed the chromosolnal syntenies among three model plantsラ

P. trichocarp仏 A.thaliana and O. sαtiνα. Chromosolnal syntenies that are 

conserved across plant species are a powerful tool for studying the evolutionary 

process of a gene family (Bocock et al.， 2008; Satnpedro et al.ラ 2005).In the 

Arabidopsis genomeラ theflanking regions of AtLHY and AtCCAl retained the 

synteny that was derived from the s polyploidy event (Figs. 2-3 and 2-7; Bowers 

et al.ラ 2003;described as“old刊 duplicationin Blanc et al.， 2003; Blanc &羽101feラ

2004; De Bodt et al.， 2005). In additionラcompletionof the draft genolne sequence 

of C. papaya suggests that the s polyploidy event would have taken place after 

divergence of Arabidopsis and Carica within Brassicales of eurosids II (Tang et 

al.， 2008). Thereforeラ 1speculate that the ancestral LHY/CCAl gene was 

duplicated into LHYand CCAl in the lineage leading to Arabidopsis but not in 

that leading to Carica. This evolutionary footprint in Brassicales is consistent with 

the resu1ts of a recent study that Carica retains only one copy of LHY/CCA 1 gene 

in its genome (Ming et al.ラ 2008).The results in the present study also 

delnonstrate that other chrolnosolnal syntenies were found in Arabidopsis 

between chrolnosolnes 1 and 4 and between chromosolnes 2 and 3 (Fig. 2-3). 

These syntenies are assigned to the αpolyploidy event that have arisenafter the s 

polyploidy event (Bowers et al.， 2003; described as “recent" duplication in Blanc 

etal.ラ 2003;De Bodt et al.ラ 2005).Howeverラ sincethere are no LHY /CCA 1 genes 

within the syntenic regions of chromosomes 3 and 4ラ duplicatedLHY and CCAl 

produced by the αpolyploidy event lnay have been lost from the ancient 

Arabidopsis genolne during the evolutionary process (Fig. 2-7). 

The conserved syntenic relationships within the Populus genome lead us to 

hypothesize that Populus LHYl and LHY2 were duplicated in the Salicoid 

duplication event that is believed to have occurred after the divergence of 

Fabaceae and Salicaceae within eurosids 1 (Figs. 2-3 and 2-7; Sterck et al.， 2005; 

Tuskan et αl.ラ 2006).This hypothesis is consistent with the topology of the 

phylogenetic trees; the gene duplication of Populus LHYs occuned in a lineage of 

Populus (Fig. 2-2). FUlthennoreラ thesyntenic relationships of the Populus 

chrolnosolnes are shared with four Arabidopsis chromosolnes (Fig. 2-3). The 

present study showed that the chromosolne duplication eve 
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independent1y in each lineage (Fig. 2-7). Thus， 1 propose that a common ancestral 

LHY /CCA 1 gene of eurosids 1 and II had been located on the COlnlnon ancestral 

chromosolne that was subsequent1y duplicated into two Populus chrolnosolnes 

and four Arabidopsis chromosolnes. 

The evolutionary process of angiosperm LHY/CCA 1 genes that was deduced 

by the syntenic relationships differs froln the topology of the phylogenetic tree 

with regard to the timing of the gene duplication of Arabidopsis LHY/CCA 1 (Figs. 

2-2 and 2-7). A1though the syntenic relationships indicated that the ancestral 

LHY/CCAl gene was duplicated into LHY and CCAl after divergence of 

Arabidopsis and Carica in eurosids II， the phylogenetic trees implied that the gene 

duplication had occurredちeforethe divergence of eurosids 1 and II. Several 

studies have recent1y shown that the substitution rate among paralogous genes 

was accelerated in the Arabidopsis genome cOlnpared with the Populus genome， 

which could affect reconstruction of the phylogenetic tree (Tuskan et α1.， 2006; 

Van de Peer et al.ラ 1996).Estimation of the synonymous substitution rates in the 

LHY /CCA 1 genes in rosids (v. vinifera) and eurosids (eurosids 1， P. nigraラ C.

sαtiva and P. vulgaris; eurosids IIラ A.thaliana) indicated that Arabidopsis LHY 

and CCAl had a higher synonymous substitution rate than that of LHY/CCAl 

genes in eurosids 1 (ds values in Table 2-3). Thusラ thedifference in synonymous 

substitution rates would affect the topology of the phylogenetic treeラ resu1tingin 

inconsistency in the titning of duplication events of Arabidopsis LHYand CCAl 

genes estimated by phylogenetic tree and syntenic relationships. 

Unfortunately， the evolutionary process of the LHY/CCAl gene family in 

lnonocots still remains unclear. The chrolnosolne synteny analyses revealed a 

reduced level of conserved synteny in the flanking regions of the LHY /CCA 1 

genes between the Oryza and eurosids genolnes (Fig. 2-3). A reduced level of 

conserved sうrntenybetween the Arabidopsis and the Oryza genolnes has been 

shown previously in genolne四 widesurveys (Salse et α1.， 2002; Vandepoele et α1.ラ

2002). Two Lemna plants have two LHY/CCAl genes (LHYHl and LHYH2) that 

show typical moming expressions (Miwa et αょう 2006). A preliminary analysis 

indicated that the gene duplication event of Lemna LHYHs did not coincide with 

that of Arabidopsis LHY/CCAl and Populus LHYs (data not shown). This is 

because Arabidopsis LHY /CC 
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polyploidy and Salicoid polyploidy eventsラ respectivelyラ andboth polyploidy 

events occurred only in eudicot lineages (Bowers et α1.ラ 2003;Blanc & Wolfeラ

2004; Tuskan et al.ラ 2006).Furthermoreラ phylogeneticanalysis suggests that the 

gene duplication of Lemna LHYHs occurred in a common ancestor of Oryza and 

Lemna (Miwa et aょう 2006;unpublished data). 

Moming expressions of LHY ICCA 1 genes have been observed in many plant 

species (Kaldis et al.ラ 2003;Izawa et αょう 2002;Miwa et al.ラ 2006;Ramos et al.， 

2005; Schaffer et al.ラ 1998;Wang & Tobin， 1998). Both Populus LHYl and LHY2 

also showed typical diumal rhythmicity with peak expression around dawn with a 

slight difference (Fig. 2間 4).Intriguinglyラ however，the resu1ts of the present study 

and the available microarray data showed that the alnount of Populus LHY2 

transcripts was higher than that of LHYl in Populus plants (Figs. 2-5 and 2-6). It 

has been reported that SOlne duplicated genes in the Salicoid polyploidy event 

showed asymme仕icexpressions as with Populus LHY11LHY2 (Amaud et α1.ラ

2007; Oakley et al・ラ 2007; Rajinikanth et αl.ラ 2007; Tuskan et al.ラ 2006). 

Furthermore， aSylnmetric expressions of duplicated genes are observed not only in 

plants but also in lnamlnals (Chung et al.ラ 2006;Ganko et al.ラ 2007).Because 

these expression differences indicate evolutionary divergences of duplicated genesラ

the difference in transcript level between Populus LHYl and LHY2 may imply a 

functional diversity of these genes in Populus plants. 

A1terations of a prolnoter region can contribute to differential expression of 

duplicated genes (reviewed in Zhang， 2003). In the promoter regions of PnLHYl 

and PnLHY2， a difference in the composition of cis四 regulatoryelelnents was 

found. This is presulnably due to nucleotide substitutionsラ insertionsand deletions 

(Fig. 2-8). It has been reported that the duplicated genes derived froln the Salicoid 

polyploidy event showed differential expression pattems in Populus plants 

depending on the evolutionary changes of their prolnoter regions (Ohlniya et αl.ラ

2003; Ohlniya， personal comlnunication). Thusラ itis possible that differences in 

the prolnoter regions of Populus LHYs may affect the transcript levels between 

Populus LHYl and LHY2. 

In additionラ diversityof duplicated genes can be resu1ted froln a1terations of a 

protein coding region (reviewed in Zhangラ 2003).Both of Populus LHYl and 

LHY2 genes are as 
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are under purifying selection (Tab1e 2-3). Howeve[ラ theana1ysis of specific 

phosphory1ation sites that wou1d be required for the physica1 function of 

LHY /CCAl protein in angiosperms (Danie1 et al.ラ 2004)revea1ed that the seline 

residue 10cated at the upstream of the Myb DNA-binding dOlnain is high1y 

conserved among angiospenn LHY/CCAl proteins except for the Populus LHYl 

proteins (Fig. 2同 9).Wang et al. (2005) have proposed thatラ lnSOlne genesラthe10ss 

of a phosphory1ation site in a protein wou1d contribute to acquisition of a 

modified function of the protein during gene and species evo1ution. Thusラ the

mutation of the phosphory1ation site in the Populus LHYl protein may resu1t in 

the divergence of these dup1icated genes in pop1ar tree. 

Collective1yラ a1terationsof protein coding regions and prolnoter regions of 

Populus LHYl and Populus LHY2 indicate that these genes have been subjected to 

a different evo1utionary fate after gene dup1ication. The conservation of 

phosphory1ation sites and higher expression of Populus LHY2 lnay suggest a 

m勾orro1e ofthis gene in the Populus c10ck system. Howeve[ラ itis not c1ear at the 

lnolnent whether Populus LHYl p1ays a ro1e that is redundant with or different 

from Populus LHY2 in Populus甘ee.

In sUlnlnaryラ 1have delnonstrated that Populus has two LHYs produced by the 

Sa1icoid po1yp1oidy event and that the two genes share a COlnlnon ancestor with 

Arabidopsis LHYand CCA1. The Salicoid po1yp1oidy event affected near1y. 920/0 

of the Populus genome and near1y 8ラ000pairs of the Sa1icoid dup1icated genes 

were identified out of 45ラ555genes predicted in the present Populus genolne 

(Tuskan et al.， 2006). They a1so revea1ed that the Sa1icoid dup1icated genes were 

under purifying se1ection， which is sI1ni1ar to resu1ts for LHYl and LHY2 in the 

present study (Tab1e 2-3). On the other hand， they found using who1e-gen01ne 

lnicroarray ana1yses that 5% of dup1icated genes froln the Salicoid po1yp1oidy 

event (near1y 400 pairs of genes) showed differentia1 expression patterns in 

Populus p1ants (Tuskan et al.， 2006). The present study a1so e1ucidated that the 

transcripts of LHY2 were lnore abundant than those of LHYl in Populus p1ants butラ

interesting1y， both LHYs conserved typica1 diurna1 expressions in 1eaf and steln 

tissues (Figs. 2-4 and 2-5). Further studies are c1ear1y needed to understand 

functiona1 differences or redundancies between LHYl and LHY2 in Populus p1ants. 
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τable 2-1 Genomic location of LHY/CCA1-like genes in the genus Populus 

Populus nigra Populus trichocarpa 

Gene Accession Nucleotide homology with Gene Chromosome 

na汀1e number P. trichocarpa ortholog (%) name Predicted gene ID number Location 

PnLHY1 AB429410 97.0 PtLHY1 
eugene3.00021682ぺ

2 14176675-14185271 
0A2 1 eugene3.00021683* 

PnLHY2 AB429411 96.1 PfLHY2 estExt Genewise1 v1.C LG XIV1950* 14 4344378-4351655 
一 一一一

*Predicted gene IDs were obtained from JGI (h性p://genome.jgi-psf.org/Poptパ_1/Popt汁_1.home.html).
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Table 2圃 2LHY/CCA 1-like genes used in the phylogenetic analysis 

Gene 

OsCCA1 

SbCCA1会

McCCA1 

VvLHγ 

CsLHY 

PvLHY 

PnLHY1 

PnLHY2 

PtLHY1女

PtLHY2 

LHY 

CCA1 

Species Classification
a 

Accession number/Gene 10 

Oryza sativa Monocots Os08g0157600
b 

Sorghum bicolor Mono∞ts Sbi_0.39254
c
， TA26762_ 4558

d
，τA31430 4558

d 

Mesembryanthemum crystallinum eudicots/core eudicots AY371287 

Vitis vinif忌ra eudicots/rosids GSVIVT00026185001 e 

Castanea sativa eudicots/eurosids 1 AY611029 

Phaseolus vulgaris eudicots/eurosids I AJ420902 

Populus nigra eudicots/eurosids I AB429410 

Populus trichocarpa eudicots/eurosids I 

Arabidopsis thaliana eudicots/eurosids 11 

AB429411 

eugene3.00021682
f
， eugene3.00021683

f 

estExt Genewise1 v1.C LG XIV1950
f 

At1g01060
g 

At2g46830
g 

aplant classification refers to APGII (http://www.mobot.org/MOBOT/Research/APweb/welcome.html). 

bGene 10 obtained from RAP-OB (http://rapdb.dna.affrc.go.jp/). 

CGene 10 obtained from phytozome (http://www.phytozome.netlindex.php). 

dGene 10s obtainedfrom TIGFミPlantTranscript Assemblies (http://plantta.tigr.org/). 

eGene 10 obtained from Grape Genome Browser (http://www.genoscope.cns.fr/externe/English/Projets/Projet_酬し/index.html).

f Gene 10s obtained from JGI (http://genome.jgi-psf.org/Poptr1_1/Poptr1_1.home.html). 

gGene 10s ob泊inedfrom TIGR (http://www.tigr.org/tdb/e2k1/ath1/). 

*Genes that seemed to be inaccurately annotated were manually modified in this study. 
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τ'able 2-3 Rates of nonsynonymous and synonymous substitutions among eudicot LHY/CCA 1 genes 

Eurosids I Eurosids 11 

P. nigra LHY1 P. nigra LHY2 C. sativa LHY P. vuJgaris LHY A. thaliana LHγ A. thaliana CCA 1 

dN/ds dN/ds dN/ds dwds dwds dwds 

Rosids 0.19/0.639 0.2/0.628 0.172/0.524 0.216/0.732 0.38/1.138 0.473/1.227 

V. vinifera LHY (0.297) (0.319) (む.328) (0.295) (0.334 ) (0.385) 

Rates of nonsynonymous (dN) and synonymous (ds) substitutions were calculated by the modified Nei-Gojobori method with the transition/ 

transversition ratio equal to 1.2 and Jukes-Cantor correction. dN/ds ratios are indicated in parentheses. 
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Figure 2-1. Comparison of the exon-intron structures of LHY/CCA 1 genes. (a) Schematic 

diagram of the exon-intron structures of PnLHY1， PnLHY2， A札HY，AtCCA 1 and OsCCA 1. 

White and gray boxes indicate exons for UTRs and CDSs， respectively. Coding regions 

I-VI are shown in exons 3-8. Lengths of nucleotide sequences are indicated above and 

below (above: UTR， below: exon). (b) Alignments of the amino acid sequences encoded 

by PnLHY1， PnLHY2， AtLHY， AtCCA 1 and OsCCA 1. Amino acid sequences were aligned 

using the ClustalW program. Identical and similar amino acid residues are highlighted with 

black and gray backgrounds， respectively. White and gray diamonds indicate exon爾 intron

boundaries shared in all genes and exon-intron boundaries found specifically in AtLHY 

and AtCCA 1， respectively圃
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10立盟立..-----OsCCA 1 
SbCCA1 

McCCA1 
VvLHY 

CsLHY 
PvLHY 

也盟主rPnLHY1 
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PtLHY2 
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Irosids 
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AtLHY 
leurosids 11 

AtCCA1 

Figure 2-2. Phylogenetic tree of LHY/CCA 1 genes in angiosperms. Full-Iength amino acid 

sequences were aligned using the ClustalW program. A phylogenetic tree was 

reconstructed by the NJ method from numbers of amino acid substitutions estimated by 

applying the JTT model. A phylogenetic tree was also reconstructed by the ML method， 

and the tree showed the same topology as that of the tree obtained by the NJ method. The 

numerals at the branch indicate bootstrap values calculated by the NJ method with 1，000 

replications (Ie社)and by the Mしmethodwith 100 replications (right). Bootstrap values 

>50% are shown. To place a root on the phylogenetic tree， LHY/CCA 1 proteins in 

monocots (OsCCA 1 and SbCCA 1) were utilized as an outgroup. Accession numbers of 

LH'tγCCA 1 genes used in the phylogenetic analysis are shown in Table 2-2. 

29 



A. thaliana 

Chr.4 

A. thaliana 

Chr.2 

A. thaliana 

Chr.3 

P trichocarpa 

Chr.2 

P trichocarpa 

、Chr.14

AtLHγ 
J 

O. sativa 

Chr.8 
…0.09 Mb 

…0.46 Mb 

…0.37 Mb 

…0.11 Mb 

…0.06 Mb 

…0.89 Mb 

…0.66 Mb 

Figure 2・3.Gene organizations surrounding LHY/CCA 1 genes of A. thaliana， P. 

trichocarpa and O. .sativa. Boxes indicated above and below the thick lines designate 

genes encoded on forward and reverse DNA strands， respectively. Orthologous genes 

that were identified by a bidirectional TBLASTN search in the present study and were 

reproduced from previous studies are colored as follows: green， Arabidopsis chromosome 

(Chr.) 1; blue， Arabidopsis Chr. 4; red， Arabidopsis Chr. 2; yellow， Arabidopsis Chr. 3; gray， 

Populus Chr. 2. Black boxes marked with arrows indicate LHY/CCA 1 genes. OrthologoしIS

genes are connected by lines to show the relative positions of each gene pair among 

different chromosomes. The lengths of the genomic regions are shown on the right. 

30 



2006. 7.7 7.8 7.9 

「5Ug」EH qJ 3L 2TO5F|1 トa: Leaf 
国債- PnLHY1 
一世田 PnLHY2

10 

:E言ω〉0 ピ 5 

。
9 12 15 18 21 0 3 6 9 12 15 18 21 0 3 6 9 

2006. 7.7 

Q 51 b: Stem 
~ 4 
ω 

~3 
ω 
ω2  
〉

~ 1 
の
ぽ

O 

7.8 7.9 

9 12 15 18 21 0 3 6 9 12 15 18 21 0 3 6 9 

Fi留ure24. Diurnal expressions of PnLHY1 and PnLHY2 in leaf (a) and stem (b) tissues. 
With total RNA isolated from leaves and stems， transcript accumulation of each gene was 

investigated by real-time PCR using gene-specific primers and normalized to that of 

ubiquitin 11 (UBQ). The date and time of collection of samples are shown above and 

below， respectively. White and black bars indicate day and night， respectively. Each RNA 

sample was assayed in triplicate. RNAs were assayed from two independent biological 

replicates. Values are means土SD.
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Fi自ure2-5. Relative expression levels of PnLHY1 and PnLHY2 in leaf and stem tissues. 

With total RNA isolated from the sa.mple (collected at 9:00 AM on July 8， 2006)， transcript 

accumulation of each gene was investigated by real-time PCR using specific primers and 

normalized to that of ubiquitin 11 (UBQ). A vector harboring fragments of PnLHY1， 

PnLHY2 and UBQ was used to generate a standard curve of real-time PCR amplification. 

Each RNA sample was assayed in triplicate. RNAs were assayed from two independent 

biological replicates. Values are means土SD.
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Figure 2圃6.正xpressionlevels of Populus LHY1 and LHY2 in Populus plants. Microarray 
data are available from the poplar eFP Browser (http://bar.utoronto.ca/efppop/cgトbin/

efpWeb.cgi). Probe Set 10s of Populus LHY1 and LHY2 were identified from the database 
in Affymetrix (http://www.affymetrix.com/). Expression data of Populus LHYs were 
retrieved using Probe Set 10 (Populus LHY1; PtpAffx.125536.1.S1_at: Populus LHY2; 
Ptp.4550.1.S1_at). Values are means :1: SD. 
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Figure 2四 7.Evolutionary scenario of LHY/CCA 1 genes in angiosperms. Diamonds and 

crosses indicate gene duplication and gene loss events，. respectively. Timings of th~ 

polyploidy events (Salicoid， s and a) are indicated by broken lines. 
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合企鳴 轟* 企合. 鳴 岳会哲是也* 岳場合唱.. . 兎 . ・“ ...也 会合企台北金 量 合金 金合負 企兎脅 *司直合会'" "'* *骨 一一“ “ * 
AACT.A主λCTCGAGATCT白TCGTCGATGC--ーーーーーーー-ATGTATTTTT.λTGGACT働時.TAλAAT.GAC且CCACGAGCJ.TGGT-TTGATTT.--ATT.λλT宮叩CATCAATTAGTGTTGGGTTTTA -1535 
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Figure 2-8. Alignment of the promoter sequences of PnLHY1 and PnLHY2. A prediction 

program (PLACE signal scan; http://www.dna.affrc.go.jp/PLACE/index.html; Higo et al.， 

1999) was used to identiちIputative regulatory cis-sequence elements in the PnLHY 

promoters. 
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Figure 2-9. Conservation of phosphorylation sites that were identified in the L卜IY/CCA1

proteins. Shadings in gray on the alignment indicate putative phosphorylation sites.τhe 

numbers in parentheses indicate the count of amino acids. 
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Phylo群 neticfootprint of the pla醐 clocksyste盟 i盟 a盟giosper臨時:

Evol副io阻aryproc記ssesof Pseudo圃 .Respol宮seRegulators 

S祖m盟 ary

• P RR genes have roles in regulating the plant circadian clock system. Howeverラ

the evolutionary process of P RR genes in angiospenn evolutionary lineages is still 

unclear. The aIln of the present study was to investigate the molecular phylogeny 

of these genes and to deduce the evolutionary process of the plant clock system. 

• The molecular phylogeny of angiospenn PRR genes was examined by 

comparison of exon-intron s加 ctures，reconstruction of phylogenetic treesラ and

examination of syntenic relationships. 

• Phylogenetic analyses revealed that PRR genes had diverged into three clades 

before the speciation of lnonocots and eudicots. Furthermoreラ copynumbers of 

sOlne P RR genes independent1y-increased in eudicots and monocots as a result of 

ancient chromosolnal duplication events. 

• The present study uncovered phylogenetic relationships among angiosperm PRR 

genes. Reconsideration of the molecular phylogenies of the plant circadian clock 

related由 genesLHY/CCA 1 and P RR leads to a hypothesis on the evolutionary 

process of the angiosperm plant clock system. 
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I盟trod臨むtion

Organisms have an endogenous tune聞 keepingmechanismラ acircadian clockラ to

gauge daily and seasonal environmental changes. Circadian clock systems in 

plants have roles in regulating various photoperiodic responsesラ suchas 

photomorphogenic processes， f10ral 仕組sition，leaf movementsラ stolnatal 

conductanceラphotosyntheticcapacity， and volatile emissions (reviewed in Yakir et 

al.ラ 2007).Because some of these photoperiodisms are conserved across plant 

species， it is widely thought that plants' circadian clocks share a basic mechanism 

that controls photoperiodic responses. 

In the past decadeラ nUlnerousmolecular genetic analyses of the model plant 

Arabidopsis thaliana have uncovered the basic molecular network of the plant 

circadian clock (reviewed in McClungラ 2006;Mas， 2005). Mathematical analyses 

have been used to deve10p a computational model of the plant clock systemラ

which contains the lnain transcriptional feedback loop (Loop 1) and additional 

loops (Loops II and III) associated with the lnain loop (Locke et al.ラ 2006;

Zeilinger et al.ラ 2006).This systeln of mu1tiple feedback loops is cOlnposed of two 

gene fatniliesラ Pseudo-Response Regulators (PRRs) and Late Elongated 

砂pocotyl/Circadian Clock Associated 1 (LHY/CCA 1)ラ andtwo unknown factors 

(“X" and “Y門)(Locke et al.， 2006; Zeilinger et α1.， 2006). The lnain feedback 

loop consists of two LHY /CCA 1 genesラ thePseudo-Response Regulator l/Timing 

01 CAB2 Expression 1 (PRR1/TOC1) gene and the unknown factor“X". In this 

loop， the feedback regulatory network operates as follows: the evening-acting 

PRR1/TOC1 gene induces the lnoming-acting LHY and CCA1 genes via the 

unknown factor “Xヘandis in tum repressed by LHY/CCA1 (Alabadi et αょう 2001).

To underpin this loopラ PRRlITOC1protein interacts with PRR3 proteinラ the

product of a paralogous gene of PRR1/TOC1ラ toinhibit its protein degradation 

(Fujiwara et al.ラ 2008).The lnain feedback loop associates with Loop II via the 

PRR1/TOC1 gene and with Loop III via LHY/CCA1 genes (Locke et al.， 2006; 

Zeilinger et al.ラ2006).Loop II is made up of PRR1/TOC1 and an unknown factor 

“Y刊. It has been proposed that the unknown factor“Y" is GIGANTEA and/or 

PRR5 (McClungラ 2008).Loop III consists of LHY/CCA1 genes and two PRR 

genesラ PRR7and PRR9. Together， the gene fatnilies PRRs and LHY/CCAls have 

key roles and form the cOlnplex regulatory network in the plant clock systeln. 
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P RR genes are widely conserved among angiosperm evolutionaty lineages as 

are the partner LHY/CCA 1 genes (Murakatni et al.， 2007; Takata et al.， in press). 

PRR genes are characterized by two conserved regions; the pseudo-receiver (PR) 

domain at the N-terminal and the CONSTANS， CONSTANS四 LIKEラ andTOCl 

(CCT) motifs located at the C田 tenninalregion (Murakatni et aょう 2007).ln eudicot 

lineagesラ fivecopies of P RR genes have been identified in A. thαliana and Carica 

papayαand seven copies have been found in Populus trichocarpa (Matsushika et 

al.ラ 2000;Ming et αょう 2008;Ramirez-Carvajal et al.ラ 2008).ln monocot lineagesラ

Oryza satiνa， like A. thaliana and仁 papaya，has five PRR genes (Mur・akamiet 

αl.ラ 2003).The expression pattems of PRR genes in A. thaliana and O. sativa 

share SOlne comlnon features. The five P RR genes in A. thaliana show diumal and 

sequential expression pattems froln dawn to dusk as follows; 

PRR少ーザ'RR7-+PRR5→PRR3→PRRl (Matsushika et aょう 2000). The satne 

sequential expression pattem is found in orthologous genes of O. sati1ノα，which are 

expressed as follows; OsPRR73 (OsPRR37)→OsPRR95 (OsPRR59)→OsPRRl 

(Murakami et al.ラ 2003).ln spite of these similarities in the copy nUlnbers and the 

gene expression pattems of P RR genesラ itis still unclear how P RR genes have 

evolved in angiospenn lineages. 

Rapid acculnulation of genomic sequence data offers new perspectives on the 

lnolecular phylogeny of genes in angiospenns (Tang et al.， 2008). Completion of 

genolnic sequences for various plant species reveals that angiospenn genolnes 

have undergone several ancient chrolnosomal or whole genolne duplication events 

(Arabidopsis Genolne lnitiativeラ 2000;Jaillon et al.， 2007; Ming et al.ラ 2008;

Tuskan et αl.ラ 2006).ln lnonocotyledonous plantsラ thep polyploidy event 

occurred before the speciation of O. sativa and Sorghum bicolor in cOlnmelinids 

(Salse et aょう 2008;Yu et al.， 2005). On the other handラ fourpolyploidy events 

appear to have occurred in eudicotyledonous plants. It is thought that the y 

triplication event took place after the speciation of lnonocots and eudicots and 

before the radiation of rosids species (防白川ifer仏 Ptrichocarpa，仁 papaya，

and A. thaliana) but the tI1ning of this event is still being debated (Jaillon et αl.ラ

2007; Ming et al.， 2008; Tang et al.ラ 2008;Tuskan et al.ラ 2006).The draft 

genolnic sequence of C. papaya reveals that the genome of A. thαliana underwe 
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in eurosids II (Ming et al.ラ 2008).The s polyploidy event is thought to have 

occu汀edbefore the a event (Tang et al.ラ 2008).In the Populus lineage of eurosids 

1， the Salicoid polyploidy event occurred within the Salicaceae after the speciation 

between Fabales and Malpighiales (Tuskan et α1.ラ 2006).The footprints of these 

chrolnosomal duplication events are the conserved order of the genes on the 

duplicated chromosomes in the present genomic sequences (Adams &明Tendel，

2005). Thus comparing the order of genes surrounding duplicated genes provides 

molecular evolutionary infonnation on their phylogenetic relationships (Bocock et 

al.， 2008; Sampedro et al.ラ2005).

The aim of the present study was to c1arify the phylogenetic relationships 

atnong angiospenn PRR genes. To do thisラ 1identified P RR genes from available 

genolnic databases of eudicots (v.νin砕raラ P.trichocarpa， C. papaya， and A. 

thaliana) and lnonocots (0. sativa and S. bicolor). The evolutionary processes of 

angiosperm P RR genes were then examined by comparison of genolnic struc制1官民

conventional phylogenetic reconstruction， and examination of syntenic 

relationships. From the resu1ts obtainedラ 1reconstructed the molecular phylogeny 

of PRR genes in angiospenns and showed that gene expansion occurred via whole 

genolne duplication events in eudicots and monocots. Froln the molecular 

phylogenies of the two gene fatnilies (PRRs and LHY/CCAls)ラ 1propose the 

evolutionary process of the mu1tiple feedback loopsヲ systemin angiosperms. 

民畳aterialsand Methods 

Retrieving sequencωofPRR genes from draft genome sequences 

P RR genes in A. thaliana and O. sativa were retrieved from genomic databases for 

A. thalianα(TIGR Arabidopsis thaliana Database， http://www.tigr.org/tdb/e2k1/ 

ath1/) and O. sativa (The Rice Annotation Project Databaseラ http://

rapdb.dna.affrc.go.jp/)ラ respectively.To identify P RR genes in S. bicolorラ r

viniルra，P. trichocarpa， and仁 papayaラ TBLASTNsearches were perfonned 

against the genomic databases using amino acid sequences encoded by P RR genes 

of A. thaliana or O. sativa as queries: JGI Sorghum bicolor v1.0 (http:// 

genolne.] gl皿 psf.org/Sorbi1/Sorbi l.holne.htInl) for S. bicolor; Grape Genolne 

Browser (http://www.genoscope.cns.fr/exteme/GenolneBrowser/Vitis/) for V. 

vin俳ra; JGI Populus trichocarpa v1.1 (http://genome.jgi-psf.org/Poptrl 1/ 
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Poptr1_1.holne.html) for P. trichocarpa; and Papaya Genolne Project vO.4 in 

CoGe (http://synteny.cnr.berkeley.edu/CoGe/) for C. papaya. Genes that retained 

the typical PR-domain at the N-terminal region and the CCT開 motifat the 

C-terminal region were retrieved from these genomic databases. Genes that lacked 

the PR四 domainor CCT lnotif but showed significant1y high similarity were also 

retrieved (those with E-values lower than 10δo or >90% similarity). The genes 

retrieved from the genomic databases were aligned with P RR genes in A. thaliana 

and O. sativa using the TCoffee program (http://www.ebi.ac.uk/トcoffee/).

Mispredicted genesラ iffoundラ weremanually modified as follows: For predicted 

genes lacking a conserved portion of the P RR geneラ 1searched the database for 

expressed sequence tags (ESTs) of the gene (TIGR Plant Transcript Asselnbliesラ

http://plantta.tigr.org/) and re四 annotatedby assembling the predicted gene and 

relevant ESTs. In SOlne cases， the open reading frame (ORF) of the gene was 

repredicted by the Fgenesh+ prograln (http://linuxl.softberry.comlberry.phtlnl). 

When the exon-intron boundary of a gene was mis-demarcatedラ 1improved the 

boundary based on standard donor/acceptor splice sites without resulting in a 

fralne shift. 

Phylogenetic analJノsis

Alnino acid sequences were deduced from nucleotide sequences of the predicted 

P RR and then aligned using the TCoffee program. The nUlnber of alnino acids 

substituted between each pair of PRR proteins was estIlnated by the 

Jones-Taylor回 Thomton(JTT) model (Jones et al.ラ 1992)with the cOlnplete-

deletion option. From the number of estIlnated amino acid substitutions， a 

phylogenetic tree was reconstructed by the Minimum Evolution (ME) lnethod 

(Rzhetsky & N eiラ 1992).Bootstrap values were calculated with 1，000 replications 

using the ME method (Felsenstein， 1985). These procedures were perfonned 

using MEGA4 software (http://www.lnegasoftware.net/index.htlnl) (Tamura et al.， 

2007). 

Identification 01 chromosomal synteny 

Conservation of chrolnosolnal synteny in V. vin旅ra，P. trichocarpa，仁 papaya，

and A. thaliana was detennined as follows: 1 reconstlucted the ancient gene 
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organization of the f1anking regions of A. thaliana PRR genes before the αands 

polyploidy events using the chromosolnal syntenies reported in previous studies 

(Bower et al.ラ 2003; Tholnas et αょう 2006). Then， 1 compared the syntenic 

relationships between the ancient gene organization in A. thaliana and the 

f1anking regions of P RR genes in V. vin検問 P.trichocarpa， and C. papaya using 

the cOlnparative genomic toolラ CoGe(http://synteny.c町'.berkeley. edu/CoGe/) 

(Lyons & Freelingラ 2008;Ming et aょう 2008).This process also reconstructed 

chromosomal syntenies in P. trichocαrpa that were derived from the Salicoid 

polyploidy event. To clarify syntenic relationships derived froln the y polyploidy 

eventラ 1used infonnation on chrolnosomal syntenies within the genome of V. 

m砕rα(Jaillonet al.， 2007) and the cOlnparative genolnic toolラ CoGe.

Syntenic relationships between the f1anking regions of P RR genes in O. sativa 

and those in S. bicolor were reconfinned using the chromosomal syntenies 

reported in previous studies (Paterson et α1.ラ 2009)and the cOlnparative genolnic 

tool VISTA Browser (http://genolne.lbl.gov/vista/index.shttnl). To reconstruct 

chrolnosomal syntenies of the. f1anking regions of PRR genes derived from the 

lnonocotyledonous p polyploidy eventラsyntenicregions were identified according 

to lnethods reported previously using the O. satiνa genolnic sequence (Salse et α1.， 

2008). 

Results 

Identification ofPRR genes in angiosperms 

There are five copies of the P RR gene in the genolnes of O. satiνα， S. bicolor， V. 

νinifera and仁 papayaラ sixcopies in A. thalian仏 andeight copies in P. 

trichocarpα(Table 3-1). PRR1/TOCl genes in仁 papαyawere not retrieved froln 

the genolnic sequence database because the nucleotide sequence of this gene' s 

C制加nalregion has not yet been detennined. The angiospenn PRR genes 

retained a highly conserved PR四 dOlnainat the N-tenninus and a CCT田 lnotifat the 

C-tenninus (Fig.子1).However， two P RR同 likegenes (PRR9b in A. thaliana and 

PRR5c in P. trichocarpα) retained the CCT-motif but not the PR回 dOlnain(Figs. 

3-2 and 3-3). AtPRR9b showed high hOlnology with AtPRR9 at the C-tenninal 

region， whereas AtPRR9b lacked one四 thirdof the N-tenninal region cOlnpared 

with AtPRR9 (Fig. 3-2a). The exon-intron structures of AtPRR9b were sI1nilar to 
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the corresponding region of AtPRR9 (Fig. 3-2c). AtPRR9 and AtPRR9b are 

encoded on opposite DNA strands in chrolnosome 2ラ andare separated by a 71-kb 

genomic region containing 13 intervening genes (Fig. 3-2b). SI1nilarly， PtPRR5c 

shared high homology and sI1nilar exon回 intronstructure with PtPRR5bラ a1though

PtPRR5c lacked two-thirds of its N-tenninal portion compared with PtPRR5b 

(Figs. 3-3a and c). PtPRR5b and PtPRR5c are located within the 18主bgenomic 

region on chromosome 15 and are separated by two intervening genes (Fig. 3-3b). 

In the present study， 1 examined the molecular phylogeny of P RR genesラ except

for AtPRR9b andPtPRR5c. 

Genomic structures of angiosperm PRR genes 

To investigate the evolutionary footprints of PRR genes in angiospennsラ I

cOlnpared exon-intron structures and insertions/deletions (indels) of the genes. 1 

aligned the predicted atnino acid sequences of P RR genes and compared 

conservation of intron insertion sites and distribution of indel variation. 

Angiospenn PRR proteins . showed high alignment quality around the two 

conserved regions， the PR由 dOlnainラ andthe CCT-lnotif (Fig. 3-1). Arounイldthe 

PR-d開.

monoc∞ot P RR genes (σFi氾g.3 -4). On the other handラ threenucleic acids were 

deleted from regions adjacent to the PR-domain in 14 genes (AtPRR5， AtPRR9ラ

φ'PRR5， CpPRR9ラ PtPRR5aラ PtPRR5bラ PtPRR9aラ PtPRR9bラ Vν>PRR5ラ Vν>PRR9ラ

OsPRR59ラ OsPRR95ラ SbPRR59，and SbPRR95; Figs. 3-4 and 3-5). An intr・on-exon

boundary was conserved within the CCT lnotif of lnost PRR genes， except for 

AtPRR11TOClラ PtPRR11TOC人 Vν'PRR1ITOC人 OsPRR1ITOC1， and 

SbPRR1ITOC1. These differences atnong exon-intron structures and indels 

indicated that angiospenn P RR genes were divided into three groups; the 

PRR11TOCl clad民 theP RR3 and 7 clad民 andthe P RR5 and 9 clade. The 

PRR11TOCl clade contains PRR11TOCls of both eudicots and monocotsラ the

PRR3 and 7 clade contains PRR3/7s of eudicots and PRR37/73s of lnonocots， and 

the PRR5 and 9 clade contains PRR5/9s of eudicots and PRR59/95s oflnonocots. 

Phylogenetic analysis ofPRR gene family 

To deduce the evolutionary relationships among P RR genes in angiospenns， a 
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phylogenetic tree was reconstructed using the Minimum Evolution (ME) method. 

Angiospenn PRR genes c1ear1y separated into three c1ades (PRRl/TOCl c1ade， 

PRR3 and 7 clade， and PRR5 and 9 clade)ラ whichare consistent with the 

categorization of PRR genes' genomic st1uctures (Figs. 3-4 and 3-6). Each c1ade 

contains genes from both eudicots and lnonocots. Consequentlyラ thesedata 

suggest that ancient PRR gene(s) diverged into three c1ades before the speciation 

of monocots and eudicots. 

In all plant species eXaInined， one copy ofthe PRRl/TOCl gene was retained 

in the PRRl/TOCl clade (Fig. 3-6)， whereas at least two copies were found in the 

P RR3 and 7 clade and the P RR5 and 9 clade. 

The P RR3 and 7 c1ade consisted of two different clustersラ eachexclusively 

lnonocot or eudicot genes (Fig. 3-6). Accordinglyラthephylogenetic tree suggested 

that the gene duplication events producing lnonocotyledonous PRR37 and PRR73 

or eudicotyledonous PRR3 and PRR7 occurred independently within lnonocot and 

eudicot lineagesラrespectively.After the duplication event in eudicotsラorthologsof 

P. trichocarpαPRR3 were lost， whereas the P. trichocarpa PRR7 gene appeared to 

be duplicated into PRR7a and 7b. 

In the PRR5 and 9 c1ad民 thelnonocot P RR5 9 and P RR9 5 genes showed an 

earlier gene duplication event that lnay have occurred in a comlnon ancestor of 

lnonocots and eudicots. Howeverラ thebootstrap value supporting this branch was 

not very highラ 56%(Fig.子6).On the other hand， eudicotyledonous PRR5 and 

PRR9 genes formed a gene cluster in the phylogenetic tree. In this cluster， A. 

thaliana PRR9 was distant1y related to other PRR5 and PRR9 genes. This was also 

observed in the phylogenetic tree reconstructed by the Neighbor-Joining method 

(Fig. 3-7). In Populus， both PRR5a and 5b and PRR9αand 9b were more c10sely 

related than other P RR5 and P RR9 genesラ suggestingthat the gene duplication 

events that produced PRR5a and 5b and PRR9αand 9b occurred in P. trichocarpα 

(Fig. 3-6). 

Consequent1yラ althoughthe P RR3 and 7 clade and the P RR5 and 9 clade 

contained at least two copies of P RR genes in both eudicots and monocotsラPRRs

in the two c1ades are assulned to have independently duplicated in eudicot and 

lnonocot lineages. 
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Phylogenetic relationsh伊sof PRR gene family 欣rredjシ'om chromosome 

syntenies 

To c1arify evolutionary events such as gene duplication and gene deletion among 

angiosperm P RR genesラ 1investigated chromosomal syntenies among the 

genomes of monocots or eudicots. Because ancient chromosome duplication 

events result in conserved gene or・deron the duplicated chromosolnes (Adatns & 

Wendelラ 2005)，cOlnparisons of gene organization and detection of chromosolnal 

syntenies can provide lnolecular evolutionary infonnation to understand the 

phylogenetic relationships of the genes (Bocock et al.ラ 2008;Sampedro et αょう

2005). 

In the genolnic sequences of O. sativa and S. bicolor， the flanking region of 

the PRR gene in O. sativa (OsPRR1/TOC1， OsPRR73ラ OsPRR59and OsPRR95) 

showed conserved synteny with that of orthologous genes in S. bicolor (Paterson 

et aょう 2009). On the other handラ only a few syntenic regions were identified 

between PRR37 of O. sativαahd the S. bicolor ortholog. In the genolne of O. 

sativa， the neighちoringregion of OsPRR37 shared synteny with that of OsPRR73. 

This syntenic relationship resulted froln the chrolnosomal duplication that 

occurred in the p polyploidy event (Salse et αょう 2008).The p polyploidy event 

also resulted in conserved chrolnosolnal synteny between the flanking region of 

OsPRR59 and a partial region of chromosolne 8， and between the flanking region 

of OsPRR95 and a different partial region of chromosolne 8. However， these 

partial regions of chrolnosome 8 have lost P RR genes. These results indicated that 

the gene duplication event resulting in PRR37 and PRR73 was the 

lnonocotyledonous p polyploidy eventラ andthat PRR59 and PRR95 were 

duplicated via the p polyploidy event but one of the duplicated genes was lost 

froln genolnes of O. satiναand S. bicolor (Fig. 3-9). 

In eudicots， the flanking region of each P RR gene in A. thaliana 

(AtPRR1/TOClラAtPRR3ラ 5ラ 7and 9) generally shares a syntenic relationship with 

those of each orthologous gene in V. vinifer.仏 Ptrichocarpa， and C. papaya (Fig. 

3-8). The syntenic relationship was not found between the neighboring regions of 

P trichocarpa PRR1/TOCl and those of other PRR1/TOCls， or between the 

neighboring region of C. papaya P RR9 and those of other P RR9s. It is not c1ear 

whether these observations can be ascribed to chrolnosolnal reaITangelnents or 
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fraglnentations of genolnic sequences in slnall contigs. 

In the genolne of A. thaliαnaラ theflanking regions of P RR genes showed 

syntenies with one or three partia1 regions of its genome (Fig. 3-8). These syntenic 

re1ationships originated from the chromosoma1 dup1ications that arose from the s 

and α po1yp1oidy events (Bower et aょう 2003;Thomas et αょう 2006).In the P. 

trichocarpa genomeラ twocopies of each P RR5， P RR 7， and P RR9 gene are 10cated 

at the syntenic regions of chromosomes 12 and 15 (Fig. 3問 8b)ラ thoseof 

chromosomes 8 and 10 (Fig. 3-8d)， and those of chrolnosomes 2 and 14 (Fig. 

3-8e)ラ respective1y.These syntenic regions were produced via the Salicoid 

po1yp1oidy event (Tuskan et al.ラ 2006).A1though flanking regions of A. thaliana 

P RR3 share syntenic re1ationships with partia1 regions of P. trichocarpa 

chromosomes 1 and 9ラ thesetwo partia1 regions did not retain a PRR gene (Fig. 

3田 8c).

Nextラ 1exmnined the chromosoma1 syntenic re1ationships derived froln the y 

triplication event. Genomic information froln V. vinifera was used for this ana1ysis 

because its genome shows a 10~ 1eve1 of genolnic rearrangelnent (Jaillon et αょう

2007). COlnparisons within the genolne of V. vinifera indicated that ancestra1 

flanking regions of P RR genes seemed to be derived from the y trip1ication event. 

There were conserved chrolnosolna1 syntenies between the flanking regions of 

Vνf>RR3 and Vνf>RR7 and between the flanking regions of Vνf>RR5 and VvPRR9 

(Jaillon et aょう 2007; see a1so the cOlnparative genomic too1ラ CoGeラ

http://synteny.c町'.berke1ey.edu/CoGe/). 

Consequentl yラ inthe eudicoty1odonous y po1yp1oidy event， the ancestra1 

PRR3/7 gene was duplicated into PRR3 and PRR7， and PRR5/9 into PRR5 and 

PRR9 (Fig. 3-9). After the y po1yp1oidy event， one copy of each PRR gene 

(PRRl/TOClラPRR3ラ 5ラ 7and 9) has been conserved in the present genomes of V. 

vinifera and仁 pゅの偽 whichhave not undergone additiona1 po1yp1oidy events. 

A1though A. thaliana PRR genes were repeated1y duplicated by the s and/or α 

po1yp1oidy events (Fig. 3-8)ラ onecopy of each gene remains in the present A. 

thaliana genomeラsimi1arto V. νin砕rαand仁 papaya(Fig.子9).In the genolne of 

P. trichocarpa， P RR5ラ 7，and 9 were dup1icated in the Sa1icoid po1yp1oidy eventラ

but the P RR3 gene seelns to be de1eted from partia1 regions of chrolnosomes 1 

and/or 9 (Figs. 3-8 and 3同・9).
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Discussio闘

The plant clock system consists of lnu1tiple interlocked feedback loops， which are 

comprised predolninantly of two gene familiesラLHY/CCA 1 s and P RRs (Locke et 

oょう 2006;Zeilinger et al.ラ2006).These gene families are widely conserved among 

both lnonocots and eudicots (Murakmni et aょう 2007).To clarify the evolutionary 

process of this plant clock system， 1 recent1y reported the molecular phylogeny of 

LHY /CCA 1 genes in angiosperms (Takata et al.ラ inpress). Howeverラ the

evolutionary process of PRR genes is more difficu1t to detennineラ becauseof the 

cOlnplexities that arise froln the mu1tiple copies of P RR genes in each genolne. In 

this studyラ 1recons仕uctedphylogenetic relationships mnong P RR genes in 

eudicots and lnonocots using three approaches: comparison of genomic structur民

reconstruction of phylogenetic trees， and exmnination of syntenic relationships. 

Togetherラ thesephylogenetic analyses of the plant circadian clock related-genes 

LHY/CCAls and PRRs are promising tools to unravel the evolutionary process of 

the plant clock system among angiosperm evolutionary lineages. 

Evolutionary processes ofPRR genes in angiosperms 

PRR genes are widely conserved in angiosperms (monocots; O. sativa and S. 

bicolor: eudicots; V. νin砕ra，P. trichocarpaラ C.papaya and A. thaliana) and at 

least five copies of PRR genes have been retained in their genomes (Table 3-1). 

These PRR genes are tentatively categorized into three or four clusters (Miwa et 

al.ラ 2006;Murakmni et a/..ぅ 2003).In the present study， differences in genolnic 

structures (exon-intron structures and indels) and the topology of phylogenetic 

tree demonstrated that the angiospenn P RR genes are grouped into three clades 

(the PRR1/TOCl cladιthe PRR3 and 7 clad民 andthe PRR5 and 9 clade) (Figs. 

3・-4and 子6).Each clade contains PRR genes of both eudicots and monocots. 

These resu1ts revealed that three lnajor clusters of PRR genes already existed in 

the lnost recent common ancestor of eudicots and monocotsラ butthe precise 

tuning of the diversification of P RR genes could not be determined. Further 

acculnulation of genolnic information from lower plants (Bryophyta， Pteridophytaラ

Lycopodiophytaラ Equisetophytaand gymnospenns) will clarify aspects of the 

ancient divergence of PRR genes. 
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The PRR3 and 7 c1ade and the PRR5 and 9 clade have at least two copies of 

PRR genes in each plant species (Figs. 3-4 and 3-6). The topology of the 

phylogenetic tree indicates that the P RR genes were duplicated independently in 

monocots and eudicots (Fig. 3-6). Indeedラ thesyntenic relationships clear1y 

showed that the gene duplication between monocotyledonous PRR37 and PRR73 

resu1ts from the p polyploidy event that occurred in lnonocotyledonous lineagesラ

and that the gene duplication between eudicotyledonous P RR3 and P RR 7 is 

derived from the y polyploidy event that occurred in eudicotyledonous lineages 

(Fig.子9;Jaillon et al.， 2007; Salse et α1.ラ 2008;Yu et al.， 2005). In the PRR5 and 

9 c1adeラ eudicotyledonous PRR5 and PRR9 were duplicated in the 

eudicotyledonous y polyploidy event. On the other hand， the tI1ning of gene 

duplication between monocotyledonous PRR59 and PRR95 is yet to be 

detennined. OsPRR59 and OsPRR95 must have existed before the p polyploidy 

event because the flanking regions of these genes were a:ffected by the p 

polyploidy event. However， it is unc1ear whether this gene duplication had already 

occurred before the speciation of lnonocots and eudicots. 

P RR genes in P. trichocarpa have expanded more than those in other plant 

species (Table 3-1; Ramirez-Carvajal et al.ラ 2008).This expansion resu1ted from 

the Salicoid polyploidy event that occurred in the Populus lineage but not in other 

eudicots (v. vin砕ra，仁 papaya，and A. thaliana). The Salicoid polyploidy event 

affected lnore than 90% of the genolne of P. trichocarpa and approxI1nately 8ラ000

pairs of the Salicoid duplicated genes remain in the present genolne (Tuskan et al.ラ

2006). In additionラ near1y 5ラ000Populus genes have undergone tandeln 

duplication. For example， the present study delnonstrated that PRR5b and PRR5c 

arose from a tandem duplication within a region on chromosome 15 (Fig. 3-3). 

The gene duplication event between PRR5b and PRR5c probably occurred after 

the Salicoid. polyploidy event because the flanking region of P RR5α" which is a 

Salicoid duplicated region with PRR5b， does not retain the tandeln duplication 

trait (see also JGI Populus trichocarpa v1.1， http://genolne.jgi田 psf.org/

Poptrl_l/Poptrl l.holne.html). However， the PR-domain of PRR5c was deleted 

after the gene duplication eventラ whichimplies pseudogenization of the gene. 

In contrast to gene expansion via the Salicoid polyploidy eventラP.trichoca 
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degradation of PRR1/TOC 1 protein in A. thaliana (Fujiwara et αl.ラ 2008).Ancient 

PRR3(s) of P. trichocarpa are located on the Salicoid duplicated regions of 

chromosomes 1 and/or 9 (Fig. 3-8). HoweverラPRR3(s)have been lost from one or 

both regions in the genome after speciation of eurosids 1 and II. The difference in 

the composition and number of P. trichocarpαP RR genes suggest that there are 

differences between the regulation mechanisms of clock systems in P. trichocarpa 

and A. thaliana. 

The plant clock system is a complex mechanism involving many regulator 

genes， which can transmit a photoperiodic signal to a number of downstream 

genes (reviewed in McClungラ 2006;Masヲ 2005ラ Michael& McClung， 2003). 

Recent cOlnputational genolnic analyses in A. thaliana and O. sativa have 

revealed that SOlne signal transduction components and tr・anscriptionalfactors 

were over四 retainedin the genolne after whole genolne duplication events (Blanc 

& Wolfeラ 2004;Chapman et aょう 2006;Freeling & Tholnasラ 2006;Maere et al.ラ

2005; Tholnas et αょう 2006). It is likely that factors participating in such a 

regulatory mechanism would be particularly dosage-sensitive and show a 

stoichiolnetric balance， which if upsetラ wouldlnodify regulation of downstream 

targets (Birchler & Veitiaラ 2007;Freeling & Thomasラ 2006).This study revealed 

that A. thalianαヲsP RR genes， examples of a transcriptional factorラ havebeen 

repeatedly duplicated through s and αpolyploidy events (Fig. 3回 9).In spite of 

these repetitive gene duplicationsラ thepresent genolne of A. thaliana retains only 

one copy of each PRR gene (PRR1/TOC1， PRR3ラ 5ラス and9). Likewiseラ

LHY/CCAl genesラ thepartner of P RR genes， have undergone subsequent gene 

losses after gene duplications occurred in the αpolyploidy event (Takata et al.ラ ln

press). Collectively， the findings in the present study itnply that the regulatory 

network of the Arabidopsis clock systeln retained a degree of organization 

throughout the dynatnic changes of copy nUlnbers and functions of circadian 

clock -related genes. 

Phylogenetic footprint of the plant clock system in angiosperms 

Loops 1 and III of the Ar，αbidopsis clock system are thought to contain four PRR 

genes (PRR1/TOC1， PRR3ラ 7and 9) and two LHY/CCAl genes (LHYand CCA1) 

(Fig. 3-10; Locke et al.ラ 2006;Zeilinger et al.ラ 2006).Although the circadian 
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c10ck田 re1atedgenes in A. thaliana were dup1icated via the s and αpo1yp1oidy 

eventsラthepresent genome of A. thaliana retains on1y one pair of LHY and CCAl 

genes， which is derived froln the s po1yp1oidy event (Takata et al.ラ inpress). As 

the s po1yp1oidy event is assulned to have occurred in the Brassicacea民LHYand

CCAl genes did not diverge before the speciation of A. thaliana and C. pαrpaya， 

which is consistent with the fact that there is on1y one copy of the LHY/CCA 1 

gene in the genome of C. papayα(Fig. 3-10; Ming et al.ラ 2008).SIlni1ar to the 

genome of A. thaliana， the C. papayαgenome retained on1y one copy each of the 

PRR1/TOC1， PRR3，スand9 genes (Tab1e 3-1). These resu1ts suggest that on1y 

one copy of LHY/CCAlラPRR1/TOClラPRR3，アラ and9 were invo1ved in the p1ant 

c10ck systeln in the COlnmon ancestor of A. thaliana and C. papaya. 

The sIlni1arities between A. thaliana and C. papaya raise the question as to 

when the Brassica1es-type c10ck systeln arose. Phy10genies of the circadian 

c1ock-related genes showed that a set of the genesラ onecopy each of LHY /CCA 1ラ

PRR1/TOC1， PRR3ラ 7and 9， are conserved in the genome of V. vinifera (Tab1e 

子1;Fig. 3-10; Jaillon et al.ラ 2007;Takata et aょう inpress). A1though it r~mains to 

be detennined whether functiona1 divergences between P RR3 and 7 and between 

P RR5 and 9 exist in V. vin併問 conservationof the set of c10ck四 re1atedgenes 

suggests that the fundmnenta1 mechanism of the Brassica1es田 typec10ck system 

was organized before the speciation of V. νinifera and other eurosids species (P. 

trichocarp仏 C.papaya， and A. thalianα; Fig. 3-10). 

Intriguing1y， the c10ck systeln of P. trichocarpa might differ from the 

Brassica1es田 typec10ck systemラbecausethe P. trichocarpa P RR3 gene was 10st and 

LHY/CCAl and PRR7 and 9 were dup1icated via the Sa1icoid po1yp1oidy event 

that occurred after the speciation of eurosids 1 and II (Figs. 3-9 and 3-10). Populus 

LHYs show typica1 diuma1 expressions simi1ar to LHY/CCA 1 genes in other p1ant 

species (Izawa et al.ラ 2002;Ka1dis et al.ラ 2003;Ramos et al.， 2005; Takata et al.ラ

in press; Wang & Tobinラ 1998).On the other handラ the1ack of P RR3 lnight 

influence the posttrans1ationa1 regu1ation of PRR1/TOC1 protein in Populus. 

Furthennore， dup1ication of LHY/CCAl and PRR7 and 9， but not PRR1/TOC1， 

cou1d a1so affect the regu1ation mechanism of the Populus c10ck systeln. Further 

functiona1 studies are needed to c1arify the regu1ation network of the Populus 

c10 
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The monocots O. sativa and S. bicolor retain one LHY /CCA 1 gene and five 

PRR genes in their genolnes (Table 3四 1;Takata et αl.ラ inpress). Phylogenetic 

analysis showed that the gene duplication events that produced monocots' PRR37 

and 73ラ andP RR5 9 and 95 occurred at different times to the events that produced 

eudicots' P RR3 and 7ラ andPRR5 and 9 (Fig. 3-9). This finding raises a complex 

question; what are the roles of these paralogous genes in the monocotyledonous 

clock systeln? It was reported that PRR59 and 95 in O. sativa had peak 

expressions just before dusk and were not induced by light signals. These aspects 

of expression are lnore similar to the regulation of A. thaliana PRR5 expression 

than to that of A. thaliαna PRR9 expression (Ito et α1.ラ 2003;Matsushika et al.， 

2000; Murakami et al.， 2003). Furthermoreラ peakexpressions of O. satiναPRR37 

and 73 are followed by expressions of PRP59 and 95， patterns that are sI1nilar to 

the sequential expressions of A. thaliana PRR7 and PRR5 (Matsushika et al.ラ

2000; Murakatni et al.ラ 2003).The expression patterns of PRR37ラ 73ラ 59，and 95 

of O. satiναare sI1nilar to those of orthologous genes in the lllonocot Lemna 

(Arales) (Miwa et αょう 2006).These resu1ts suggest that lnonocots' paralogous 

gene pairs PRR59/95 and PRR37/73 genes share functional roles with PRR5 and 

PRR7， respectivelyラ inA. thaliana (Fig. 3-10). Together， these data suggest that a 

common ancestor of eudicots and monocots may have had a lnain feedback loop 

(LHY/CCAl♂'RR1/TOC1) that was not posttranslationally regulated by PRR3， and 

lnay have decreased activity of the lnorning loop (LHY/CCAl♂'RR3/7) without 

PRR5/9. 

In conclusion， the present study shows the lnolecular phylogeny of angiosperm 

PRR genes that have key roles in the plant clock systeln. PRR genes diverged into 

three clades before the speciation of lnonocots and eudicots and， in additionラ

PRR3/7 and PRR5/9 underwent independent expansion in eudicots and lnonocotsラ

respectively (Fig. 3-9). Furthennoreラ reconsideringthe molecular phylogenies of 

P RR genes and LHY/CCA 1 genes led to a hypothesis on the evolutionary process 

of the angiospenn plant clock system (Fig.子10).Additional functional analyses 

and accumulation of genolnic information froln other plant species will clarify 

details of evolutionary and developmental processes of plants' clock systellls. 
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τable 3-1. PRR genes in angiosperms used in the present study. 

Chromosome 
Classification

a 
Species Gene name Accession number I Gene 10 Number Location 

monocots commelinids Oryza sativa OsPRR11T0C1 Os02g0618200b，Os02g40510g 2 24564051-24566250 

OsPRR37 Os07g0695100
b
， Os07g49460

g 
7 29615737-29626907 

OsPRR59 Os11 g0157600
b
， Os11 g05930

g 
11 2784911-2789386 

OsPRR73 Os03g0284100
b
， Os03g17570

g 
3 9739149-9746770 

OsPRR95 Os09g0532400b，Os09g36220g 9 20885108-20889176 

Sorghum bicolor SbPRR11T0C1 Sb04g026190
C 

4 55958216-55960718 

SbPRR37* Sb06g014570
C 6 40280414聞 40290602

SbPRR59 Sb05g003660
C 

5 4254506-4259308 

0M 1 
SbPRR73 Sb01 g038820

c 62307206-62313798 

SbPRR95女 Sb02g030870
C
， TA24276_4558

d 
2 65861609-65865883 

eudicots rosids Vitis virげたra VvPRR11T0C1 GSVIVT00016296001 e 17 7198529“7204195 

VvPRR3* GSVIVT00024444001 e 5 4584374-4607119 

VvPRR5* GSVIVT00037169001 e 16 7347191凶 7353600

VvPRR7 GSVIVT00029486001 e 13 1829516ぺ861245

VvPRR9 GSVIVT00026171 001 e 15 7285024開 7290530

eurosids I Populus trichocarpa PtPRR11TOC1 fgenesh4_pg.C_sca汗bld129000038
f 

scaffold 129 470210-475633 

PtPRR5a fgenesh4_pm.む LGXII000134
f 

12 3179830-3184499 

PtPRR5b eugene3.00150024
f 

15 134835凶 139611

PtPRR5c枇* estExt_fgenesh4_pg.C_LG_XV0023
f 

15 149645-153132 

PtPRR7a estExt_fgenesh4_pm.CーしG VIII0151
f 8 2476118-2483078 

PtPRR7b fgenesh4_pg.C_LG_X001956
f 

10 18604746-18611132 

PtPRR9a fgenesh4_pg.C_LG_1I001656
f 2 14066628-14071402 



τable 3圃官聞 continued

PtPRR9b estExt_fgenesh4_pg.C_LG_XIV0468
f 

14 4273730-4278465 

eurosids 11 Athraalbiaidnoa psjs AtPRR1/TOC1 At5g613809 5 24692290-24695776 

AtPRR3 At5g601009 5 24215225-24218590 

AtPRR5 At5g244709 5 8355954聞 8358876

AtPRR7 At5g028109 5 637895-641975 

AtPRR9 A也g467909 2 19239718-19242156 

AtPRR9b付* At2g466709 2 19171484-19172303 

Carica papaya CpPRR 1ITOC 1** EVM prediction supercontig_13.294 h supercontig_13 2714773聞 2715852

CpPRR3 EVM prediction su戸ercontig_139.32
h

supercontig_139 194903-200919 

CpPRR5 EVM prediction supercontig_3.152
h 

supercontig_3 1172848ぺ176846

~ CpPRR7 EVM prediction supercontig_1.291 h supercontig_1 4024079-4030318 

c:pPRR9 EVM prediction supercontig_ 193.20
h 

supercontig_ 193 363399-369853 

aplant classification refers to APGII (http://www.mobot.org/MOBOT/Research/APweb/welcome.html). 

bGene 10 corresponds to the name obtained from RAP-OB (http://rapdb.dna.affrc.go.jp/). 

CGene 10 corresponds to the name obtained from JGI (http://genome.jgi-psf.org/Sorbi1/Sorbi1.home.html). 

dGene 10s correspond to the names obtained fromτIG畏 PlantTranscript Assemblies (http://plantta.tigr.org/). 

eGene 10 corresponds to the name obtained from Grape Genome Browser (http://www.genoscope.cns.fr/ex抱rne/English/Pr吋ets/Projet_M Llindex.html). 

fGene IDs correspond to the names obtained from JG I (h仕p://genome.jgi-psf.org/Poptr1_1/Poptパ_1.home.html).

9Gene IDs correspond to the names obtained from TIGR (http://plantgenomics.tigr.org/). 

hGene IDs correspond to the names obtained from Comparative Genomics Homepage (http://synteny.cnr.berkeley.edu/CoGe/). 

*Genes， which appeared to be misprediced， were manually modified in this study. 

付 Geneis misannotated. 

州安Geneslack the PR-domain. 
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Fi宮ure3-1聞 Alignmentsof the amino acid sequences encoded by angiosperm PRR genes. 

Amino acid sequences were aligned using TCo汗:ee program (http://www.ebi.ac.uk/ 

トco汗ee/). Amino acid. conservation was highlighted by the boxshade program 

(http://www.ch.embnet.org/software/BOX_form.html). Identical and similar amino acid 

residues are highlighted withわlackand gray background， respectively. 
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AtPRR9 
A七PRR9b

AtPRR9 
AtPRR9b 

Pseudo-receiver domain 
1 MGE工VVLSSDDGMET工KNRVKSSEVVQWEKYLPKTV!闘~ê.'"II'IIft.'''踏お曲活音量日:{1lI翻酪舵恵国闇Z祖国創創

61 闘縄組問開館拘I舗即醐細書棚田E醐符期間開制路闘臨瞳臨調姐鴎掛諸制自臨車問厩車開制問;.l!f'~l録制園田出糧制服居間

AtPRR9 121 匝E防毒彊面図画眠宙踊.i:'割削闘関税甥~'U溜富語圃姐盟副時泊目自国鴎悶B~WQHVWRRLTLRDDPTAHAQSLPASQHNLE

AtPRR9b 1-ー『ー-MYLTC--ーーーーーーーー--ーーーーーーー
* * * . 

AtPRR9 181 DTDETCEDSRYHSDQGSGAQAINYNGHNKLMENGKSVDERDEFKETFDVTMDL工GGIDKR
AtPRR9b ーーー-ーーーーー-ーー『ーーーーー『ーーー-ーーーーー『ーーー『ー『四回目甲田司甲田叩回目四回目四四四四四四四四

AtPRR9 241 PDS工YKDKSRDECVGPELGLSLKRSCSVSFENQDESKHQKLSLSDASAFSRFEESKSAEK
AtPRR9b 6-ーーーーーーーーーーーーーーーー四回目ーーー四四四国ーー四ーーーーーーーーーーーーー『ーーーーー-RFEESKSAEK

********** 

A七PRR9 301 AVVALEESTSGEPKTPTESHEKLRKVTSDQGSATTSSNQEN工GSSSVSFRNQVLQSTVTN
AtPRR9b 16 AVVALEESTSGEPKTPTESHEKLRKVRSDQGSSTTSSNQEN工GSSSVSFRNQVLQSTVTN

党合***女合女合女合ヅヤ合会*女合会*公安*食会合女 *安*合会・***********合****安当常****官、た***
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below the alignment using the symbols "asterisk，" "colon，" and "dot" for identical， highly 
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Figure 3-4. Comparison of the exon-intron structures of angiosperm PRR genes around 
the region of PR-d咽

genes were aligned using γ Co 汗eeprogram (小ht社tp:川//www.eb削i.ac.uk/t.凹-c圃屯.圃心.cof汗fee/乃).The numerals 

on the right indicate the numbers of amino acid residues. Sequence similarity is indicated 

below the alignment using the symbols "asterisk，" "colon，" and "dot" for identical， highly 

similar， and weakly similar residues， respectively. Black and gray shadings on the 

alignments indicate a site of exon-intron boundary and one-amino acid deletion， 

respectively. 
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Figure 3・5.Nucleotide sequences around the region of the exon-intron boundaries of 

angiosperm PRR genes at the flanking region of PR-domain. Black and gray shadings on 

the alignments indicate a site of exon-intron boundary and one-amino acid deletion， 

respectively. Higher conservation of nucleotide sequence is shown by the bigger size of 

letters. 
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Figure 3聞6.Phylogenetic tree of angiosperm PRR genes. Amino acid sequences were 

aligned using TCoffee program (http://www.ebi.ac.uk/t圃 coffee/).The phylogenetic tree was 

reconstructed by the ME method from the numbers of amino acid substitutions estimated 

by the JTT model. The numerals at the branch indicate bootstrap values calculated by the 

ME method with 1，000 replications. Bootstrap values >50% are shown. 
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Fi 宮ure 3 ・園7.Phylogenetic tree of PRR genes reconstructed by the Neighbor圃 Joining(NJ) 

method. Full-Iength amino acid sequences were aligned using TCoffee program.すhe

phylogenetic tree was reconstructed by the NJ method from the numbers of amino acid 

substitutions estimated by applying the JTT model. The numerals at the branch indicate 

bootstrap values calculated by the NJ method with 1，000 replications. Bootstrap values 

>50% are shown. 
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Figure 3-8. Chromosomal syntenies of f1anking regions of eudicotyledonous (a) 

PRR1/TOC1， (b) PRR5， (c) PRR3， (d) PRR7 and (e) PRR9. Chromosomal syntenies 

among eudicots were examined using the comparative genomic tool， CoGe (http:// 

synteny.cnr.berkeley.edu/CoGe/). Syntenic relationships within each plant species were 

analyzed by comparative genomic tool， CoGe， and/or according to previous studies 

(Bower et al.， 2003; Jaillon et al.， 2007; Lyons and Freeling， 2008; Ming et al.， 2008; Salse 

et al.， 2008; Thomas et al.， 2006; Tuskan et al.， 2006). Boxes colored with black (A. 

thaliana)， green (C. papaya)， blue (P. trichocarpa) and red (V vinifera) indicate individual 

genes. White boxes marked with arrows indicate PRR genes. Genes with no synten ic 

matches on the selected regions are not plotted. Diamonds with characters on the right 

side of strands indicate angiosperm polyploidy event (α， s， y， Salicoid and p). The lengths 

of the genomic regions are shown on the left. 
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Fi田ure3-9箇 Evolutionaryprocesses of PRR genes in angiosperms reconstructed by 

phylogenetic analysis and syntenic relationships. Chromosomal syntenies among 

eudicots or monocots were examined using the comparative genomic tool， CoGe 

(http://synteny.cnr.berkeley.edu/CoGe/) or VISTA 8rowser (http://genome.lbl.gov/vista/ 

index.shtml). Chromosomal syntenies within each plant species were analyzed by 

comparative genomic tool， CoGe， and/or according to previous studies (80wer et al.， 

2003; Jaillon et al.， 2007; Lyons and Freeling， 2008; Ming et al.， 2008; Salse et al.， 2008; 

Thomas et al.， 2006; Tuskan et al.， 2006). Diamonds and circles indicate gene duplication 

and gene loss event， respectively. The timing of a gene duplication event that is not clear 

in the previous studies is shown by dotted line. 81ack diamonds with question mark 

indicate that a gene duplication event derived from a polyploidy event is not resolved. 

Timings of plant speciation are described by broken lines. 
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Figure 3-10. Schematic diagram of the evolutionary process of the plant circadian clock 

system. For the plant clock system model， loop 1 and 111 are described in this diagram. 

Diamonds with characters indicate angiosperm polyploidy event (α， s， y， Salicoid and p). 
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