
 As a step toward a comprehensive description of lignin 

biosynthesis in  Populus trichocarpa , we identifi ed from the 

genome sequence 95 phenylpropanoid gene models in 10 

protein families encoding enzymes for monolignol 

biosynthesis. Transcript abundance was determined for all 

95 genes in xylem, leaf, shoot and phloem using quantitative 

real-time PCR (qRT-PCR). We identifi ed 23 genes that most 

probably encode monolignol biosynthesis enzymes during 

wood formation. Transcripts for 18 of the 23 are abundant 

and specifi c to differentiating xylem. We found evidence 

suggesting functional redundancy at the transcript level for 

phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase 

(C4H), 4-coumarate:CoA ligase (4CL),  p -hydroxycinnamoyl-

CoA:quinate shikimate  p -hydroxycinnamoyltransferase 

(HCT), caffeoyl-CoA  O -methyltransferase (CCoAOMT) and 

coniferyl aldehyde 5-hydroxylase (CAld5H). We carried out 

an enumeration-based motif identifi cation and discriminant 

analysis on the promoters of all 95 genes. Five core motifs 

correctly discriminate the 18 xylem-specifi c genes from the 

77 non-xylem genes. These motifs are similar to promoter 

elements known to regulate phenylpropanoid gene 

expression. This work suggests that genes in monolignol 

biosynthesis are regulated by multiple motifs, often related 

in sequence.  

  Keywords:   Lignin systems biology  •  Monolignol biosynthesis  •  

 Populus trichocarpa   •  Promoter motifs  •  Transcript abundance 

 •  Xylem-specifi c expression  .  

   Abbreviations  :    CAD  ,    cinnamyl alcohol dehydrogenase   ;     CAld5H  , 

   coniferyl aldehyde 5-hydroxylase   ;     CCoAOMT  ,    caffeoyl-CoA 

 O -methyltransferase   ;     CCR  ,    cinnamoyl-CoA reductase   ;     CesA  , 

   cellulose synthase A   ;       C3H  ,    4-coumarate 3-hydroxylase   ;     C4H  , 

   cinnamate-4-hydroxylase   ;     4CL  ,    4-coumarate:CoA ligase   ;     COMT  , 

   caffeic acid/5-hydroxyconiferaldehyde  O -methyltransferase   ; 

    EST  ,    expressed sequence tag   ;     HCT  ,     p -hydroxycinnamoyl-

CoA:quinate shikimate  p -hydroxycinnamoyltransferase   ;     LC-

MS/MS  ,    liquid chromatography–tandem mass spectrometry   ; 

    ORF  ,    open reading frame   ;     PAL  ,    phenylalanine ammonia-lyase   ; 

    qRT-PCR  ,    quantitative real-time PCR   ;     RACE  ,    rapid amplifi cation 

of cDNA ends   ;     SAD  ,    sinapyl alcohol dehydrogenase   ;     UTR  , 

   untranslated region.        

 The nucleotide sequences reported in this paper have been 

submitted to GenBank under accession numbers: EU603298, 

EU603299, EU603300, EU603301, EU603302, EU603303, 

EU603304, EU603305, EU603306, EU603307, EU603308, 

EU603309, EU603310, EU603311, EU603312, EU603313, 

EU603314, EU603315, EU603316, EU603317, EU603318, 

EU603319, EU603320, EU603321, EU603322.  

 Introduction 

 Lignin is one of the most abundant polymers in the terrestrial 

biosphere and plays an important role in the nature of trees 

and forests. Removal of lignin for processing of wood into paper 

is energy and chemical intensive (Chiang  2002 , Ragauskas 

et al.  2006 ). The conversion effi ciency of lignocellulosic biomass 

to ethanol is determined largely by lignin (Sarkanen  1976 , 

Ragauskas et al.  2006 , Chen and Dixon  2007 ). Lignin also affects 

the digestibility of forage (Jung and Deetz  1993 ). A systems 

approach to studying lignin biosynthesis would increase our 

understanding of secondary metabolism and improve the 

conversion of plants into energy, food and materials. 

 A systems approach involves building predictive models of 

complex biological processes (Kitano  2002 , Albert  2007 ). Many 

aspects of the biosynthesis of lignin are not suffi ciently under-

stood or quantifi ed for predictive model development. Under-

standing this pathway requires knowledge of the quantitative 

       Towards a Systems Approach for Lignin Biosynthesis in 
 Populus trichocarpa : Transcript Abundance and Specifi city of 
the Monolignol Biosynthetic Genes  

    Rui     Shi    1    ,    4   ,      Ying-Hsuan     Sun    1    ,    4   ,      Quanzi     Li    1   ,      Steffen     Heber    2   ,      Ronald     Sederoff    1    and      Vincent L.     Chiang    1    ,    3    ,    ∗    
  1 Forest Biotechnology Group, Department of Forestry and Environmental Resources, North Carolina State University, Raleigh, 

NC 27695, USA 

  2 Bioinformatics Research Center, Department of Computer Science, North Carolina State University, Raleigh, NC 27695, USA 

  3 Department of Wood and Paper Science, North Carolina State University, Raleigh, NC 27695, USA 

  4 These authors contributed equally to this work.  

  ∗ Corresponding author: E-mail,  vincent_chiang@ncsu.edu ; Fax,   + 1-919-515-7801   

(Received September 25, 2009; Accepted December 2, 2009)       

Plant Cell Physiol. 51(1): 144–163 (2010) doi:10.1093/pcp/pcp175, available online at www.pcp.oxfordjournals.org

© The Author 2009. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists.

All rights reserved. For permissions, please email: journals.permissions@oxfordjournals.org

144 Plant Cell Physiol. 51(1): 144–163 (2010) doi:10.1093/pcp/pcp175 © The Author 2009.

R
egu

la
r P

a
p

er

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
c
p
/a

rtic
le

/5
1
/1

/1
4
4
/1

8
6
2
4
3
5
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



relationships of all components — genes, regulatory sequences, 

transcripts, proteins, metabolites, lignin structural units and 

linkages. The sequence of the genome of  Populus trichocarpa  

(Nisqually-1) (Tuskan et al.  2006 ) and the available genomic, 

biochemical and chemical tools make possible the generation 

of much of the information needed. 

 Lignin is polymerized from three primary monomers, 

 p -coumaryl alcohol ( 20 ,       Fig. 1 ), coniferyl alcohol ( 22 ) and 

sinapyl alcohol ( 24 ), the H, G and S monolignols (Sarkanen 

 1971 , Higuchi  1997 , Ralph et al.  2008 ). In dicots, such as  Populus , 

lignin is polymerized from S and G monolignols and low levels 

of H monolignols and other intermediates (light color,  Fig. 1 ). 

Knowledge of key metabolites and enzymes stems from tracer 

studies by Brown, Neish and Higuchi (Brown and Neish  1955 , 

Higuchi and Brown  1963 ). A metabolic grid (Higuchi  2003 , 

Dixon et al.  2001 , Ralph et al.  2008 ) of 10 enzyme families con-

verts phenylalanine ( 1 ) to monolignols ( Fig. 1 ), with a principal 

path within the grid (heavy color). Specifi c enzymes divert the 

G monolignol pathway at coniferaldehyde to form the S mono-

lignol (Osakabe et al.  1999 , Humphreys et al.  1999 , Li et al. 

 2000 , Dixon et al.  2001 , Li et al.  2001 ). Then monolignols are 

transported to the lignifying zone (Sarkanen  1971 , Wardrop 

 1981 ), where lignin is polymerized by oxidative free radical-

based coupling of monomers (Harkin  1967 , Freudenberg and 

Neish  1968 , Higuchi  1997 ), following a combinatorial model 

(Ralph et al.  2008 ). The combinatorial model is the most 

accepted view of lignin biosynthesis, and readily explains the 

high variation in content, composition and linkage structure 

(Ralph et al.  2008 ). 

 Two studies have been carried out to identify  Populus  genes 

involved in phenylpropanoid metabolism, one using genome 

sequence, microarray analysis and expressed sequence tags 

(ESTs) from several species (Hamberger et al.  2007 ), and the 

other using semi-quantitative estimates of transcript abun-

dance in a hybrid ( P. fremontii   ×   angustifolia ) (Tsai et al.  2006 ). 

Hamberger et al. ( 2007 ) implicated 15 genes in lignin biosyn-

thesis in  Populus , based on tissue specifi city of the ESTs. 

In Arabidopsis, 14 candidate genes were identifi ed for vascular 

lignifi cation by Raes et al. ( 2003 ). 

 In this study we focused on  P. trichocarpa  for quantifying 

the expression and regulation of genes involved in monolignol 

biosynthesis. We surveyed 95 gene models through transcript 

quantitation and tissue comparisons, and characterized and 

identifi ed 23 genes potentially involved in monolignol biosyn-

thesis during wood formation. We describe relative steady-state 

transcript abundance that is preferable to differentiating xylem 

as xylem-specifi c expression. We have sampled only four major 

tissues in this study; however, our quantitative inferences about 

abundance and specifi city are consistent with the best charac-

terized  Populus  monolignol genes (see Results and Vanholme 

et al.  2008 ). In these genes, we then identifi ed promoter motifs 

that are associated with specifi city and abundance in differenti-

ating xylem. 

 Computational approaches to identify regulatory elements 

in plant promoters are derived from similar studies in animals 

(Hudson and Quail  2003 , Rombauts et al.  2003 ). There are 

many programs available for sequence motif identifi cation 

(Thompson et al.  2003 , Bailey et al.  2006 , D’haeseleer  2006 ). 

We chose DME-X, an enumeration algorithm-based program, 

because it can incorporate weighted parameters, such as tran-

script abundance or tissue specifi city, to identify regulatory 

motifs (Smith et al.  2005 ). Knowledge of the genes and regula-

tory elements involved in lignin biosynthesis is an essential 

component of a comprehensive systems approach.   

 Results  

 Identifi cation of genes associated with the 
phenylpropanoid biosynthetic pathway in 
the P. trichocarpa genome 

 A total of 45,555  P. trichocarpa  gene models (annotation v1.1, 

 http://genome.jgi-psf.org/Poptr1_1/ ) were surveyed to identify 

phenylpropanoid pathway genes, based on the annotated 

Arabidopsis genes. Of 169 gene models identifi ed, 84 were trun-

cated at the 5 ′  or 3 ′  end. Manual editing of the fi rst and last 

open reading frames (ORFs) of these 84 genes allowed us to 

retrieve six additional possible full-gene models that may 

have been incorrectly truncated by the annotation (v1.1). 

These six are: one 4-coumarate:CoA ligase (4CL), one caffeoyl-

CoA  O -methyltransferase (CCoAOMT), one cinnamoyl-CoA 

reductase (CCR), two caffeic acid/5-hydroxyconiferaldehyde 

 O -methyltransferases (COMTs) and one cinnamyl alcohol 

dehydrogenase (CAD). Information on the remaining 78 

truncated models is listed in Supplementary Table S1. Four 

additional full-gene models for CCRs (CCR1, 3, 5 and 6), which 

were not in the annotation v1.1 but were identifi ed by Tuskan 

et al. ( 2006 ) and Hamberger et al. ( 2007 ), were also included in 

our analysis. Overall, 95 full-gene models were identifi ed as 

putative phenylpropanoid biosynthesis genes in  P. trichocarpa . 

These 95 genes contain ORFs that encode fi ve phenylalanine 

ammonia-lyases (PALs), three cinnamate-4-hydroxylases (C4Hs), 

17 4CLs, seven  p -hydroxycinnamoyl-CoA:quinate shikimate 

 p -hydroxycinnamoyltransferases (HCTs), four 4-coumarate 

3-hydroxylases (C3Hs), six CCoAOMTs, nine CCRs, three 

coniferyl aldehyde 5-hydroxylases (CAld5Hs), 25 COMTs and 

16 CADs (  Table 1 ). Phylogenetic relationships of the genes for 

each family are shown in Supplementary Fig. S1. The numeri-

cal IDs for the known gene family members (bold in  Table 1 ) 

follow Tuskan et al. ( 2006 ). Newly identifi ed members were 

numbered sequentially following the known genes.   

 Tissue-specifi c expression profi les of 95 putative 
P. trichocarpa phenylpropanoid biosynthetic 
pathway genes 

 To identify genes functionally associated with the monolignol 

biosynthesis, we carried out rigorous quantitative real-time 

PCR (qRT-PCR) to determine the abundance and specifi city of 

transcripts for all 95 putative phenylpropanoid genes in four 

 P. trichocarpa  tissues, stem differentiating xylem (X), stem 
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 Fig. 1      Proposed monolignol biosynthesis pathway. PAL (phenylalanine ammonia-lyase), C4H (cinnamate-4-hydroxylase), 4CL (4-coumarate:CoA 

ligase), HCT ( p -hydroxycinnamoyl-CoA:quinate shikimate  p -hydroxycinnamoyltransferase), C3H (4-coumarate 3-hydroxylase), CCoAOMT 

(caffeoyl-CoA  O -methyltransferase), CCR (cinnamoyl-CoA reductase), CAld5H (coniferyl aldehyde 5-hydroxylase), COMT (caffeic 

acid/5-hydroxyconiferaldehyde  O -methyltransferase), CAD (cinnamyl alcohol dehydrogenase), SAD (sinapyl alcohol dehydrogenase).  
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Continued

 Table 1    Ninety-fi ve putative  P. trichocarpa  phenylpropanoid genes in 10 enzyme families  

 Gene family Gene name   a   JGI id Gene model name 

PAL   PtrPAL1   739479  estExt_Genewise1_v1.C_280658  

  PtrPAL2   820249  estExt_fgenesh4_pg.C_LG_VIII0293  

  PtrPAL3   667815  grail3.0004045401  

  PtrPAL4   822571  estExt_fgenesh4_pg.C_LG_X2023  

  PtrPAL5  770553   b   fgenesh4_pg.C_LG_X002043 

 228016   gw1.X.2713.1 

C4H   PtrC4H1   823837  estExt_fgenesh4_pg.C_LG_XIII0519  

  PtrC4H2   665925  grail3.0094002901  

  PtrC4H3  786206   b   fgenesh4_pg.C_scaffold_164000062 

 584578   eugene3.01640067 

4CL   Ptr4CL1   827715  estExt_fgenesh4_pg.C_1210004  

  Ptr4CL2   262277  gw1.XVIII.2818.1  

  Ptr4CL3   639764  grail3.0100002702  

  Ptr4CL4   665396  grail3.0099003002  

  Ptr4CL5   758231  fgenesh4_pg.C_LG_III001773  

 Ptr4CL6 797174 fgenesh4_pm.C_LG_I000177 

 Ptr4CL7 761575 fgenesh4_pg.C_LG_V001627 

 Ptr4CL8 550798 eugene3.00020113 

 Ptr4CL9 757240 fgenesh4_pg.C_LG_III000782 

 Ptr4CL10 837028 estExt_fgenesh4_pm.C_1230033 

 Ptr4CL11 831184 estExt_fgenesh4_pm.C_LG_IV0315 

 Ptr4CL12 827131 estExt_fgenesh4_pg.C_640066 

 Ptr4CL13 228198   c   gw1.X.2895.1 

 Ptr4CL14 768982 fgenesh4_pg.C_LG_X000472 

 Ptr4CL15 834351 estExt_fgenesh4_pm.C_LG_XII0345 

 Ptr4CL16 824740 estExt_fgenesh4_pg.C_LG_XV0666 

 Ptr4CL17 662119 grail3.0015024001 

HCT   PtrHCT1   554899  eugene3.00031532  

  PtrHCT2   835948  estExt_fgenesh4_pm.C_LG_XVIII0344  

  PtrHCT3   825948  estExt_fgenesh4_pg.C_LG_XVIII0910  

  PtrHCT4   578723  eugene3.00180947  

  PtrHCT5   586045  eugene3.18780002  

  PtrHCT6   587193  eugene3.02080010  

  PtrHCT7   784746  fgenesh4_pg.C_scaffold_133000007  

C3H   PtrC3H1   591136  eugene3.36160002  

  PtrC3H2   576112  eugene3.00160247  

  PtrC3H3   831788  estExt_fgenesh4_pm.C_LG_VI0096  

 PtrC3H4 582895 eugene3.14540001 

CCoAOMT   PtrCCoAOMT1   649581  grail3.0001059501  

  PtrCCoAOMT2   829835  estExt_fgenesh4_pm.C_LG_I1023  

  PtrCCoAOMT3   820698  estExt_fgenesh4_pg.C_LG_VIII1209  

 PtrCCoAOMT4 805093 fgenesh4_pm.C_LG_X000399 

 PtrCCoAOMT5 837287 estExt_fgenesh4_pm.C_1450034 
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 Table 1    Continued  

 Gene family Gene name   a   JGI id Gene model name 

 PtrCCoAOMT6 409538   c   gw1.II.873.1 

CCR   PtrCCR1   828721    d    estExt_fgenesh4_pg.C_2080034  

  PtrCCR2   813757  estExt_fgenesh4_kg.C_LG_III0056  

  PtrCCR3   787395    d    fgenesh4_pg.C_scaffold_208000040  

  PtrCCR5   828723    d    estExt_fgenesh4_pg.C_2080041  

  PtrCCR6   814849    d    estExt_fgenesh4_pg.C_LG_I0389  

 PtrCCR8 297354 gw1.86.245.1 

 PtrCCR9 722576 estExt_Genewise1_v1.C_LG_IX2899 

 PtrCCR10 710668 estExt_Genewise1_v1.C_LG_II2105 

 PtrCCR11 410792   c   gw1.II.2127.1 

CAld5H   PtrCAld5H1  679182   b   grail3.0057011701 

 836596   estExt_fgenesh4_pm.C_570058 

  PtrCAld5H2   563244  eugene3.00071182  

 PtrCAld5H3 557180 Eugene3.00090440 

COMT   PtrCOMT1   824484  estExt_fgenesh4_pg.C_LG_XV0035  

  PtrCOMT2   834247  estExt_fgenesh4_pm.C_LG_XII0129  

 PtrCOMT3 731466 estExt_Genewise1_v1.C_LG_XIV1942 

 PtrCOMT4 552360 Eugene3.00021675 

 PtrCOMT5 799151 fgenesh4_pm.C_LG_II000840 

 PtrCOMT6 806142 fgenesh4_pm.C_LG_XI000417 

 PtrCOMT7 836247 estExt_fgenesh4_pm.C_280112 

 PtrCOMT8 811844 fgenesh4_pm.C_scaffold_187000003 

 PtrCOMT9 758840 fgenesh4_pg.C_LG_IV000468 

 PtrCOMT10 555739 Eugene3.00040452 

 PtrCOMT11 586060 Eugene3.01870010 

 PtrCOMT12 780715 fgenesh4_pg.C_LG_XIX000854 

 PtrCOMT13 829076 estExt_fgenesh4_pg.C_19310001 

 PtrCOMT14 740577 estExt_Genewise1_v1.C_410003 

 PtrCOMT15 200573   c   gw1.IX.1038.1 

 PtrCOMT16 588324 Eugene3.02390008 

 PtrCOMT17 669875 grail3.1005000101 

 PtrCOMT18 828771 estExt_fgenesh4_pg.C_2390003 

 PtrCOMT19 676887 grail3.3096000101 

 PtrCOMT20 582798 Eugene3.01420105 

 PtrCOMT21 280232 gw1.239.28.1 

 PtrCOMT22 571762 Eugene3.00131126 

 PtrCOMT23 597596 Eugene3.09770002 

 PtrCOMT24 827707 estExt_fgenesh4_pg.C_1200063 

 PtrCOMT25 176981   c   gw1.I.5581.1 

CAD   PtrCAD1   722315  estExt_Genewise1_v1.C_LG_IX2359  

 PtrCAD2 667694 grail3.0004034803 

 PtrCAD3 804428 fgenesh4_pm.C_LG_IX000475 

 PtrCAD4 587092 Eugene3.20690001 
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differentiating phloem (P), shoot tip (S) and fully expanded 

leaf (L) (      Fig. 2 ). For each gene, 2–4 primer sets (Supplementary 

Table 2) were used to increase specifi city, accuracy and 

precision of our transcript quantifi cation. Absolute transcript 

levels were estimated for each member of each family as tran-

script copy numbers in units of total RNA (Suzuki et al.  2006 ; 

Supplementary Table S2). Our fi nal primer sets have passed 

stringent dissociation curve analysis. All ‘xylem-specifi c’ mono-

lignol genes selected show a single PCR product based on the 

dissociation profi le and show an expected single sequence for 

the product from xylem tissue.   

 Gene-specifi c transcript abundance of the 
PAL family 

 The deamination of phenylalanine by PAL is the fi rst step in 

monolignol biosynthesis ( Fig. 1 ; Higuchi,  1997 ).  PAL  genes 

have been studied in many plant species (Supplementary 

Table S3). Some  PAL  genes are specifi cally expressed in differ-

entiating xylem, while others are expressed in many tissues. 

In  P. trichocarpa , fi ve  PAL  gene models ( PtrPAL1–PtrPAL5 ) 

were identifi ed, consistent with other  Populus  species (Supple-

mentary Table S3). Transcripts of all fi ve  PtrPAL  genes were 

abundant in xylem ( Fig. 2a ; Supplementary Tables S2, S3). 

 PtrPAL1  and  PtrPAL3  were also expressed at moderate levels 

in shoot, phloem and leaf.  PtrPAL1  transcripts were most 

abundant in shoot, suggesting involvement in other pathways 

(Kao et al.  2002 ).  PAL  genes in other  Populus  species most 

similar to  PtrPAL1  or  PtrPAL3  were found to be expressed in 

many tissues, including non-woody tissues (Supplementary 

Table S3). 

  PtrPAL2 ,  4  and  5  are more xylem specifi c. Homologs of 

 PtrPAL2  and  PtrPAL4  in  P. fremontii   ×   angustifolia  (Tsai et al. 

 2006 ) and in  Populus  ESTs (Sterky et al.  2004 , Hamberger 

et al.  2007 ) were also suggested to be xylem specifi c. While 

these studies could not distinguish the transcripts of the 

homologs corresponding to  PtrPAL4  and  PtrPAL5  (98.4 %  

protein sequence identity; Supplementary Table S4), 

Osakabe et al. ( 1995 ) detected expression of homologs of both 

 PtrPAL4  and  PtrPAL5  in developing xylem in  P. kitakamiensis.  

Expression of homologs of  PtrPAL2 ,  4  or  5  in other  Populus  

species was also specifi c to xylem (Supplementary Table S3).   

 Gene-specifi c transcript abundance of the 
C4H family 

 C4H (CYP73) converts cinnamic acid into 4-hydroxycinnamic 

acid ( Fig. 1 ), a precursor for many phenylpropanoids including 

fl avonoids, phytoallexins and monolignols (Hahlbrock and 

Scheel  1989 , Dixon et al.  2006 , Lu et al.  2006 ). In the  P. trichocarpa  

genome, there are three  C4H  gene models ( Table 1 ). Transcripts 

of  PtrC4H1  and  PtrC4H2  (96.6 %  protein sequence identity; 

Supplementary Table S4) were abundant in differentiating 

xylem ( Fig. 2b ; Supplementary Tables S2, S3), suggesting 

that both are important in monolignol biosynthesis (Lu et al. 

 2006 ).  C4H1  and  C4H2  in  P. tremuloides  and two  Populus  

xylem ESTs are orthologs of  PtrC4H2  and  PtrC4H1 , respectively. 

Previously studied  Populus C4H  genes that are similar to  PtrC4H1  

or  PtrC4H2  are xylem specifi c (Supplementary Table S3). 

Transcripts of  PtrC4H3 , not previously characterized, had little 

or no expression in all examined tissues ( Fig. 2 , Supplementary 

Table S2).   

 Gene-specifi c transcript abundance of the 
4CL family 

 4CL catalyzes the formation of CoA thioesters of several 

hydroxycinnamic acids, including 4-hydroxycinnamic acid, 

caffeic acid, ferulic acid, 5-hydroxyferulic acid and sinapic acid 

 Table 1    Continued  

 Gene family Gene name   a   JGI id Gene model name 

 PtrCAD5 767919 fgenesh4_pg.C_LG_IX000970 

 PtrCAD6 557759 Eugene3.00091019 

 PtrCAD7 549334 eugene3.00011775 

 PtrCAD8 831981 estExt_fgenesh4_pm.C_LG_VI0462 

 PtrCAD9 735178 estExt_Genewise1_v1.C_LG_XVI2049 

 PtrCAD10 815665 estExt_fgenesh4_pg.C_LG_I2533 

 PtrCAD11 753324 fgenesh4_pg.C_LG_I002927 

 PtrCAD12 550847 eugene3.00020162 

 PtrCAD13 758155 fgenesh4_pg.C_LG_III001697 

 PtrCAD14 825006 estExt_fgenesh4_pg.C_LG_XVI0159 

 PtrCAD15 232836 gw1.XI.816.1 

 PtrCAD16 417496   c   gw1.VI.1869.1 

    a  Gene information in bold is for those identifi ed by Tuskan et al. ( 2006 ).   

   b  Alternative gene model (JGI ID) descriptors for these loci were used by Tuskan et al. ( 2006 ).   

   c   P. trichocarpa  v1.1 models were truncated. Full models were obtained by manually editing the fi rst and last ORFs.   

   d  These gene models were not included in the  P. trichocarpa  v1.1 45,555 model set.  
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 Fig. 2      qRT-PCR-based tissue-specifi c transcript abundances and phylogenetic analysis of 95  P. trichocarpa  phenylpropanoid genes. Tissues were 

collected from three trees, which were pooled before RNA extraction for qRT-PCR. Three PCRs were carried out for each pooled sample. Mean 

transcript copy numbers and standard error of the means from three technical replicates are given in Supplementary Table S2. Neighbor–
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( Fig. 1 ; Higuchi  1997 , Lee et al.  1997 , Hu et al.  1998 ), suggesting 

diverse functions for potential isozymes. Down-regulation of 

 4CL1  in  P. tremuloides  dramatically reduced lignin content in 

stem wood (Hu et al.  1999 , Li et al.  2003 ), indicating that the 

level of enzyme activity and abundance of monolignol precur-

sors affect the quantity of lignin. 

 In the genome of  P. trichocarpa , 17  4CL  gene models were 

identifi ed ( Table 1 ). Only two,  Ptr4CL3  and  Ptr4CL5 , had 

abundant transcripts in differentiating xylem ( Fig. 2c ; Supple-

mentary Tables S2, S3). We previously identifi ed a single 

 4CL  gene ( 4CL1 ) associated with monolignol biosynthesis in 

 P. tremuloides  (Hu et al.  1998 , Hu et al.  1999 ). In  P. trichocarpa,  

the two xylem-specifi c  4CL  genes ( Ptr4CL3  and  Ptr4CL5 ) are 

most similar in sequence to the  P. tremuloides  monolignol 

 4CL1 , suggesting that both of these  P. trichocarpa  genes are 

important in monolignol biosynthesis. While additional  Ptr4CL  

genes show some specifi city for differentiating xylem (e.g. 

 Ptr4CL1  and  Ptr4CL17 ), their total transcript levels were much 

lower than those of  Ptr4CL3  and  Ptr4CL5 . Transcripts of 

a  Ptr4CL1  homolog in  P. trichocarpa   ×   deltoides  were more 

abundant in old leaves than in xylem (Allina et al.  1998 ) 

(Supplementary Table S3), indicating a different function. 

 Transcript levels of three  P. trichocarpa 4CL  genes ( Ptr4CL4 ,  7  

and  11 ) were preferentially abundant in tissues other than 

xylem. Transcripts of  Ptr4CL4 , which is most similar in sequence 

to the previously characterized  P. tremuloides 4CL2 , were highly 

abundant in shoots and leaves (Hu et al.  1998 ).  Ptr4CL4  may be 

involved in the biosynthesis of fl avonoids and other soluble 

phenolics, as Hu et al. ( 1998 ) suggested for  P. tremuloides 

4CL2 . The other two  P. trichocarpa 4CL  genes,  Ptr4CL7  and 

 Ptr4CL11 , not previously characterized, were more phloem or 

leaf specifi c.   

 Gene-specifi c transcript abundance of the 
HCT family 

 HCT, an acyltransferase, catalyzes the transfer of  p -coumaroyl-

CoA and caffeoyl-CoA to shikimate and quinate for the biosyn-

thesis of corresponding shikimate and quinate esters ( Fig. 1 ; 

Hoffmann et al.  2003 ). The reverse reaction for the formation of 

caffeoyl-CoA from caffeoyl shikimate or caffeoyl quinate esters 

is also catalyzed by HCT ( Fig. 1 ). These reactions may be the 

entry point for the biosynthesis of methoxylated phenylpro-

panoids. Down-regulation of  HCT  in tobacco and alfalfa reduces 

lignin content and increases  p -hydroxyphenyl units in lignin 

(Hoffmann et al.  2004 , Shadle et al.  2007 ).  HCT  down-regulation 

in Arabidopsis redirects some phenylpropanoid precursors to 

fl avonoids (Besseau et al.  2007 ). 

 Of the seven  HCT  genes in the  P. trichocarpa  genome 

( Table 1 ),  PtrHCT1  and  PtrHCT6  are more xylem specifi c 

( Fig. 2d ; Supplementary Tables S2, 3) and most similar in 

sequence to those tobacco and alfalfa  HCT  genes involved in 

monolignol biosynthesis (Hoffmann et al.  2004 , Shadle et al. 

 2007 ).  PtrHCT1  and  PtrHCT6  share 92.8 %  identity in protein 

sequences (Supplementary Table S4); however, the transcript 

level of  PtrHCT1  in differentiating xylem was 22 times that of 

 PtrHCT6 . Transcripts of a homolog of  P. trichocarpa PtrHCT6  

were abundant in  P. fremontii   ×   angustifolia  xylem (Tsai et al. 

 2006 ), but most probably they are encoded by the ortholog of 

 PtrHCT1 , the predominant  HCT  gene in differentiating xylem 

( Fig. 2d ). Hamberger et al. ( 2007 ) identifi ed seven  HCT  and 

eight  HCT-like  homologs. Only one,  HCT1 , the most similar in 

sequence to  P. trichocarpa PtrHCT1 , was abundant in differenti-

ating xylem (Supplementary Table S3). Transcripts of  PtrHCT3  

were more abundant in leaves. The transcript levels of the 

remaining  P. trichocarpa HCT  genes were insignifi cant in all 

tissues examined.   

 Gene-specifi c transcript abundance of the 
C3H family 

 C3H (CYP98A3) catalyzes the conversion of shikimate and 

quinate esters of  p -coumarate into the corresponding caffeic 

acid conjugates ( Fig. 1 ; Schoch et al.  2001 ). Reduction of 

 C3H  gene expression may therefore increase  p -coumaryl (H) 

subunits in lignin (Ralph et al.  2006 ). A mutant with reduced 

C3H activity in Arabidopsis ( ref8 ) is dwarfed, has reduced lignin 

content and is enriched in H subunits (Franke et al.  2002 ), 

a minor component in the lignin of wild-type plants. Reduction 

of  C3H  transcript levels led to reduced lignin content in 

 P. grandidentata   ×   alba  (Coleman et al.  2008 ). 

 In  P. trichocarpa , we identifi ed four gene models for C3H 

( Table 1 ). Only one,  PtrC3H3 , was abundantly expressed in 

differentiating xylem ( Fig. 2e ; Supplementary Tables S2, S3). 

 Populus  EST analyses also revealed only one xylem abundant 

 C3H  gene (Hamberger et al.  2007 ) identical to  PtrC3H3 . 

The other  P. trichocarpa C3H  genes had low or insignifi cant 

transcript levels in all examined tissues.   

 Gene-specifi c transcript abundance of the 
CCoAOMT family 

 CCoAOMT catalyzes the methylation of caffeoyl-CoA to feru-

loyl-CoA as an early methyltransferase leading to the biosyn-

thesis of coniferyl alcohol and sinapyl alcohol ( Fig. 1 ; Ye et al. 

 1994 , Li et al.  1999 , Ye et al.  2001 ). Down-regulation of 

CCoAOMT activity in  P. tremula   ×   alba  reduced lignin content 

and increased the S/G subunit ratio (Meyermans et al.  2000 , 

Zhong et al.  2000 ). 

 We identifi ed six  CCoAOMT  genes in  P. trichocarpa  

( Table 1 ).  PtrCCoAOMT1  and  PtrCCoAOMT2  share 94.7 %  

identity in protein sequence. Transcripts of these genes 

were both abundant and specifi c for differentiating xylem. 

All monolignol-related  Populus CCoAOMT  genes previously 

characterized are most similar to  PtrCCoAOMT1  or  PtrC-

CoAOMT2  (Supplementary Table S3).  PtrCCoAOMT3  and 

 PtrCCoAOMT4  have 80.8 %  protein sequence identity (Supple-

mentary Table S4) but showed distinct expression ( Fig. 2f ; 

Supplementary Tables S2, S3). The transcripts of  PtrC-

CoAOMT3  were abundant and specifi c in differentiating xylem, 
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whereas  PtrCCoAOMT4 ,  5  and  6  transcripts were at background 

levels in all tissues tested.   

 Gene-specifi c transcript abundance of the 
CCR family 

 CCR catalyzes the conversion of cinnamoyl-CoA esters to 

their corresponding cinnamaldehydes ( Fig. 1 ; Higuchi  1997 ). 

Down-regulation of CCR activity in  P. tremula   ×   alba  reduced 

lignin content and increased incorporation of monolignol 

precursors such as ferulic acid into lignin (Leple et al.  2007 ). 

 We identifi ed nine full-gene models for CCR ( Table 1 ), 

whereas Tuskan et al. ( 2006 ) identifi ed seven including two 

truncated genes ( PoptrCCR4  and  PoptrCCR7 , Supplementary 

Table S3), which were excluded in our study. Four  CCR  genes, 

 PtrCCR8–PtrCCR11 , identifi ed in this study were not included in 

Tuskan et al. ( 2006 ). Hamberger et al. ( 2007 ) identifi ed 13  CCR  

genes (Supplementary Table S3), of which  PoptrCCR4 , a trun-

cated gene, and  PoptrCCRL1–PoptrCCRL5 , homologs of two 

Arabidopsis putative  CAD  genes (At5g19440 and At1g51410), 

were excluded in our study. The remaining seven are in our list 

of nine, which includes  PtrCCR9  and  PtrCCR10  that were not 

listed in Hamberger et al. ( 2007 ). Based on a  P. tremuloides CCR  

cDNA sequence, Li et al. ( 2005 ) identifi ed eight putative  CCR  

loci in the  P. trichocarpa  genome. One locus, CCR-H1, contains 

the gene model for the  PtrCCR2  identifi ed in this study, while 

the remaining loci contain truncated  CCR  genes. Of the nine 

 CCR  genes described in this study,  PtrCCR2  was the only one 

that had signifi cant transcript levels in the tissues tested, and 

the level was highest in differentiating xylem and signifi cantly 

less in the other tissues ( Fig. 2g ; Supplementary Tables S2, S3). 

All previous studies of  Populus  species reported expression of 

only one monolignol  CCR  gene related to  PtrCCR2  (Supple-

mentary Table S3).   

 Gene-specifi c transcript abundance of the 
CAld5H/F5H family 

 CAld5H (CYP84), also known as F5H, catalyzes the hydroxyla-

tion primarily of coniferaldehyde, leading to the biosynthesis of 

sinapyl alcohol, the syringyl monolignol ( Fig. 1 ; Humphreys 

et al.  1999 , Osakabe et al.  1999 ).  CAld5H  from sweetgum 

( Liquidambar styracifl ua ) (Osakabe et al.  1999 ) and  F5H  from 

Arabidopsis (Humphreys et al.  1999 ) have been cloned and 

characterized. Overexpression of  CAld5H  in  P. tremuloides  

(Li et al.  2003 ) and  F5H  in  P. tremula   ×   alba  (Franke et al.  2000 ) 

increases the lignin S/G ratio. 

 We identifi ed three gene models for CAld5H in  P. trichocarpa  

( Table 1 ). Transcripts from two of these genes,  PtrCAld5H1  and 

 PtrCAld5H2  (91.4 %  protein sequence identity; Supplementary 

Table S4), were abundant and specifi c for differentiating xylem 

( Fig. 2h ; Supplementary Tables S2, S3).  PtrCAld5H3  had little 

or no transcript in any tested tissues. While both  PtrCAld5H1  

and  PtrCAld5H2  are likely to be the major 5-hydroxylase genes 

involved in monolignol biosynthesis during wood formation 

(Supplementary Table 3), their genetic and biochemical 

functions have not been verifi ed.   

 Gene-specifi c transcript abundance of the 
COMT family 

 COMT was thought to catalyze the methylation of caffeate 

and 5-hydroxyferulate for the biosynthesis of monolignols 

(Higuchi  1997 ). Enzyme inhibition kinetics using recombinant 

COMT protein and different substrates for 10 angiosperm tree 

species showed that, instead, COMT catalyzed methylation of 

5-hydroxyconiferyl aldehyde, which is the predominant path 

for the biosynthesis of the syringyl monolignol ( Fig. 1 ) (Li et al. 

 2000 ). Reduced COMT activity in transgenic  Populus  species 

(Van Doorsselaere et al.  1995 , Tsai et al.  1998 , Jouanin et al. 

 2000 , Ralph et al.  2001 ) reduced the lignin S/G ratio, and 

increased the incorporation of 5-hydroxyconiferyl alcohol 

into lignin. 

 We identifi ed 25 gene models containing  COMT  coding 

sequences in  P. trichocarpa  ( Table 1 ). Only  PtrCOMT2  tran-

scripts were abundant and specifi c in differentiating xylem 

( Fig. 2i ; Supplementary Tables S2, S3). Both  P. trichocarpa 

PtrCOMT2  and  PtrCOMT1  were identifi ed by Hamberger et al. 

( 2007 ) based on wood formation ESTs. Based on qRT-PCR, 

most  PtrCOMT s had no signifi cant expression in any tissue 

tested, including  PtrCOMT1 , which is 90.4 %  identical to 

 PtrCOMT2  in protein sequence (Supplementary Table S4). 

All the previously characterized  Populus COMT  genes impli-

cated in monolignol biosynthesis in wood formation, based on 

substrate specifi city, location or genetic regulation, are 98–99 %  

identical in protein sequence to  PtrCOMT2  (Supplementary 

Table S3). Some  COMT  gene models encode identical proteins 

( PtrCOMT16 / 17  and  PtrCOMT22 / 23 ; Supplementary Table 

S4). Transcripts for  PtrCOMT16/17  were found with little or no 

expression in xylem, but were relatively abundant in leaf tissues. 

 PtrCOMT22/23  transcripts were highly shoot tip specifi c.   

 Gene-specifi c transcript abundance of the 
CAD family 

 CAD catalyzes the reduction of hydroxycinnamyl aldehydes to 

the corresponding monolignols ( Fig. 1 ; Higuchi  1997 ). Down-

regulation of CAD activity in  P. tremula   ×   alba  had essentially 

no effect on either lignin content or the S/G ratio, but enhanced 

the incorporation of hydroxycinnamyl aldehydes into lignin, as 

both end groups and cross-coupling moieties (Baucher et al. 

 1996 , Lapierre et al.  1999 , Kim et al.  2002 ). 

 We found 16  CAD  gene models in  P. trichocarpa  ( Table 1 ). 

 PtrCAD1  showed a high transcript level and was very specifi c for 

differentiating xylem ( Fig. 2j ; Supplementary Tables S2, S3). 

 PtrCAD1  is most similar in sequence (98 %  protein identity) to 

a  P. tremuloides  monolignol-specifi c  CAD  that also had high 

expression in developing xylem (Li et al.  2001 ). The formation of 

sinapyl alcohol from sinapaldehyde is also catalyzed by another 

dehydrogenase, sinapyl alcohol dehydrogenase (SAD) (Li et al. 

 2001 , Bomati and Noel  2005 ) ( Fig. 1 ). In  P. trichocarpa ,  PtrCAD2  

is a  SAD  and had low expression in all tissues tested. Hamberger 

et al. ( 2007 ) also found this  SAD  as a wood formation EST 

(Supplementary Table S3).   
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 Candidate gene family members for monolignol 
biosynthesis in P. trichocarpa 

 Next, we applied quantitative criteria to assign genes that are 

most likely to be monolignol biosynthetic genes based on tran-

script abundance and specifi city. We fi rst selected genes whose 

absolute transcript levels (copy numbers per pg of total RNA) 

in differentiating xylem are  > 30 %  of the sum of transcripts in 

the four examined tissues (Supplementary Tables S2, S3). 

These genes were further screened for absolute transcript levels 

in differentiating xylem that are at least 2-fold greater that 

in any other tested tissues (Supplementary Tables S2, S3). 

Eighteen genes ( PtrPAL2–PtrPAL5 ,  PtrC4H1  and  2 ,  Ptr4CL3  

and  5 ,  PtrHCT1 ,  PtrC3H3 ,  PtrCCoAOMT1 ,  2  and  3 ,  PtrCCR2 , 

 PtrCAld5H1  and  2 ,  PtrCOMT2  and  PtrCAD1 ) meet these criteria 

( Fig. 2 ). In addition to these 18 core genes, we analyzed fi ve 

more genes because they may lead to a more comprehensive 

understanding of the pathway. We included  PtrPAL1  because of 

its high transcript abundance in all tissues. Three additional 

genes ( Ptr4CL17 ,  PtrHCT6  and  PtrCOMT24 ) were expressed at 

high specifi city for differentiating xylem, although at low levels. 

One more gene,  PtrCAD2  (an ortholog of  P. tremuloides SAD ), 

is important for the formation of sinapyl alcohol (Li et al.  2001 , 

Bomati and Noel  2005 ). We selected a total of 23 putative 

monolignol biosynthesis genes. The transcripts (summed) from 

all the selected genes would account for  > 90 %  of the total tran-

scripts for each gene family in differentiating xylem (Supple-

mentary Tables S2, S3). Using liquid chromatography–tandem 

mass spectrometry (LC-MS/MS) we recently analyzed the 

trypsin-digested protein extracts from stem differentiating 

xylem of  P. trichocarpa  and identifi ed specifi c tryptic peptides 

corresponding to the annotated protein sequences of all 23 

genes (unpublished results), establishing that all are, to some 

extent, translated. We cloned all 23 of these candidate genes 

as cDNAs (from differentiating xylem), containing the 5 ′ - and 

3 ′ -untranslated regions (UTRs) and the full coding sequence 

(Supplementary Table S3).   

 Identifi cation of xylem-specifi c promoter 
sequence motifs 

 Many monolignol gene family homologs (particularly the 

phylogenetically paired genes) exhibit similar abundance and 

specifi city in differentiating xylem. Such homologs are present 

in six of the 10 protein families ( Fig. 2a–f and h ), suggesting 

functional redundancy. Dot matrix analyses (Maizel and Lenk 

 1981 ) indicated that the overall promoter sequences of these 

paired homologs are quite divergent. For example, the pair of 

promoters for the genes  PtrC4H1  and  PtrC4H2 , whose protein 

sequences are 96.6 %  identical (Supplementary Table S4), 

show very low DNA sequence similarity (      Fig. 3 ). Dot matrix 

plots for the other paired monolignol genes are shown in 

Supplementary Fig. S2. 

 Because the regulation of gene expression and transcript 

abundance is associated with the interaction of transcription 

factors and regulatory motifs, we searched for promoter 
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 Fig. 3      Dot matrix sequence plot for  PtrC4H1  and  PtrC4H2  genes. The 

plot was created using the gene sequences from 2,000 bp upstream of 

the start codon (fi lled circle) to 2,000 bp downstream of the stop 

codon (open triangle). The program ‘dottup’ in the EMBOSS package 

(Rice et al.  2000 ) with word size of 10 nt was used.  

sequence motifs for xylem specifi city and abundance. We used 

DME-X (Smith et al.  2005 ) to search for 10 nt long motifs over-

represented and abundant in differentiating xylem from the 

promoters of the 95 full-gene models (Materials and Methods). 

The log 2 -transformed transcript abundance within xylem (X) 

and the transcript abundance ratios of xylem to leaf (X/L), 

xylem to phloem (X/P) and xylem to shoot (X/S) were used as 

weighted parameters (Supplementary Table S2). Thirty motifs 

were identifi ed for each weighted parameter (120 total) (Sup-

plementary Table S5). We expect that motifs in the 5 ′ -UTRs 

would be identifi ed because the sequences searched included 

2,000 bp upstream of the translation start site. A similar analysis 

of the 2,000 bp downstream of the translation stop sites did not 

yield any signifi cant motifs over-represented for xylem expres-

sion. Analysis after randomization of the promoter sequences 

based on the Fisher–Yates shuffl e (Fisher and Yates  1948 ) did 

not provide meaningful motifs.   

 Some combinations of promoter motifs 
discriminate transcript specifi city and abundance 
in differentiating xylem 

 To identify how well specifi c motifs can discriminate the 18 

core xylem-specifi c genes from the remaining 77 genes, we 

compiled the frequencies of the 120 motifs and performed 

stepwise discriminant analysis (PROC STEPDISC SAS). The anal-

ysis identifi ed a combination of a minimum of fi ve motifs, 

X/L-15, X/L-13, X/L-12, X/P-30 and X-3, that was suffi cient to 
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classify all 95 genes correctly into 18 xylem-specifi c and 77 

non-xylem-specifi c groups. 

 Many of the 120 motifs resemble known  cis -regulatory ele-

ments previously identifi ed in lignin genes or vascular gene 

expression, such as AC elements (Raes et al.  2003 , Rogers and 

Campbell  2004 ). We used STAMP ( http://www.benoslab.pitt

.edu/stamp/ ; Mahony and Benos  2007 ) to compare the fi ve 

core motifs with known  cis -elements. The  cis -elements that 

best match these motifs were all found in PLACE ( http://www

.dna.affrc.go.jp/PLACE/ ; Higo et al.  1999 ) (      Fig. 4 ). X/L-13 and 

X-3 resemble ACIIPVPAL2, the ACII element found in the 

promoters of PAL genes of many plant species (Hatton et al. 

 1995 , Patzlaff et al.  2003 , Gomez-Maldonado et al.  2004 ). 

X/L-15 resembles MYBPZM, the maize p element (Grotewold 

et al.  1994 ). X/L-12 resembles L4DCPAL1, a UVB-responsive 

element found in the promoter of the PAL1 gene of carrot 

(Takeda et al.  2002 ). X/P-30 best matches the SITEIIATCYTC 

element, an element in the promoter of cytochrome  c  genes 

involved in phosphorylation recognized by a TCP-domain 

transcription factor (Welchen and Gonzalez  2005 , Welchen 

and Gonzalez  2006 ). The ability of the search to fi nd known 

promoter elements of phenylpropanoid genes indicates a 

substantial robustness of the motif-fi nding algorithm.   

 Motifs are duplicated across gene promoters 
and preferentially located near the translation 
start sites 

 The 120 motifs are preferentially located within the proximal 

600 bp upstream of the translation start site (      Fig. 5a ). The 

distribution bias is more obvious for the 18 core monolignol 

gene promoters than the non-xylem-specifi c promoters. The 

fi ve core motifs are distributed across the 18 monolignol gene 

promoters, and each promoter has from four to eight copies 

of some, but not necessarily all, of the fi ve motifs (  Table 2 ). 

The total number of core motifs in the 18 monolignol genes is 

91; therefore, the average number of core motifs in a promoter 

is fi ve. The locations of the fi ve core motifs in the xylem-specifi c 

gene promoters show stronger bias toward the translation start 

site ( Fig. 5b ), consistent with a functional role (Smith et al. 

 2006 , Yamamoto et al.  2007 ).   

 Discriminating power of specifi c motifs 

 Any of the fi ve motifs individually was able to classify correctly 

9–12 of the 18 xylem-specifi c promoters and 64–76 of the 

77 non-xylem-specifi c promoters ( Fig. 4 ). Starting with one 

motif, each addition of a motif increased the number of correct 

assignments of genes into xylem- and non-xylem-specifi c 

groups. Any four of the fi ve motifs were able to classify correctly 

from 16 to all of the 18 xylem-specifi c promoters and from 76 

to all of the non-xylem-specifi c promoters. Each of the fi ve 

individual motifs possesses a high degree of discriminating 

power and the power was increased in combination with other 

motifs. 

 To validate the discriminating power of the motifs, we 

carried out a leave-one-out cross-validation. Removing one 

promoter always resulted in groups of motifs that were similar 

in number of motifs (6.33  ±  0.18, average  ±  SE) and could 

correctly classify all promoters in their data set. DME-X 

analysis of the 95 cross-validation sets identifi ed 607 motifs 

that discriminate xylem specifi city (xylem from non-xylem). 

Of the 607 motifs, 319 (52.5 % ) were highly similar to the 

fi ve core motifs, as denoted by the <1.0 Kullback–Leibler 

(KL) divergence score (Kullback and Leibler  1951 , Schones 

et al.  2005 ). The 319 motifs included 233 that are identical 

(KL divergence = 0) to one of the fi ve core motifs. The 

remaining 288 motifs had low to poor similarity with the 

Motif 

Name
Motif LOGO

Cis-element 

LOGO

Cis-element 

name
e-value

X/L-15* L4DCPAL1 1.30E-08

X/L-13* ACIIPVPAL2 1.19E-08

X/L-12 MYBPZM 4.85E-08

X/P-30* SITEIIATCYTC 2.78E-06

X-3* ACIIPVPAL2 7.21E-11

3 3 1 4 13 6 0 0 0 1 1 0 1 0

6 6 8 9 6 0 3 1 0 2 0 1 2 1

Discriminating power of motif(s)

Motif(s) included in the discriminant analysis

False xylem    

False non-xylem 

Five core motifs Best  match in PLACE database

 Fig. 4      Identities and discriminating power of the fi ve core motifs. Motif identities were determined by searching the most similar known plant 

 cis -elements using STAMP.  ∗ The best  cis -element match was a reverse complement. ‘False xylem’ or ‘False non-xylem’ refers to false positives in 

either tissue. The fi ve core motifs were identifi ed based on the stepwise discriminant analysis carried out using PROC STEPDISC in SAS, while the 

discriminating power and the false identifi cation of promoters were analyzed using PROC DISCRIM in SAS.  
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fi ve core motifs (KL divergence 1.0–4.65). Within the 288 

motifs are two additional major groups, one resembling 

the PALBOXLPC element on the PAL promoter of parsley 

(Logemann et al.  1995 ) and the other resembling the 

CTRMCAMV35S element on the caulifl ower mosaic virus 

(CaMV) 35S promoter (Pauli et al.  2004 ) in the PLACE database 

(Higo et al.  1999 ). 

 The power of discriminating tissue-specifi c genes varied 

depended on the stringency value set for the RSA tool 

(Thomas-Chollier et al.  2008 ) for scanning promoter motifs. 

Increasing the stringency value decreased the power for xylem 

genes and increased it for non-xylem genes (  Table 3 ). The 

power is similar to that using inferred sequence modules to 

predict tissue specifi city of genes in human (Smith et al.  2006 ).    
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 Fig. 5      Location of xylem-specifi c motifs in the promoters. The location of a motif was measured from its fi rst nucleotide to the translation start 

site. The fi ve core motifs were found in 38 (18 xylem specifi c and 20 non-xylem specifi c) of the 95 phenylpropanoid gene promoters. Distribution 

of (a) all 120 motifs in 74 of the 95 promoters and (b) the fi ve core motifs in the 38 promoters.  
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 Discussion  

 Genes associated with monolignol biosynthesis 
in wood formation 

 The sequence of the  Populus  genome makes possible a system-

atic and comprehensive study of the genes for lignin biosynthe-

sis in wood formation. In Arabidopsis, wood is not readily 

obtained and correlation of gene expression with wood forma-

tion is limited. Arabidopsis has very little lignin, and the compo-

sition of that lignin is guaiacyl rich (Do et al.  2007 , Nakatsubo 

et al.  2008 ), which is not typical of woody angiosperms, which 

 Table 3    Discriminating power determined by the leave-one-out cross-validation analysis  

 Motif scanning 

stringency

Correctly predicted 

from 18 xylem genes

Correctly predicted from 

77 non-xylem genes

Overall correct 

rate ( % )

Pearson’s  χ   2  

P -value 

4.0 17 23 52.1 0.0326 

4.2 17 35 54.7 0.0017 

4.5 15 46 64.2 0.0010 

4.7 11 58 72.6 0.0028 

5.0 8 72 84.2 0.0001 

 Table 2    The frequency of each of the fi ve core motifs in the 18 

monolignol gene promoters of  P. trichocarpa   

 Genes Core motifs  Sum of fi ve 

core motifs 
X/L-15 X/L-13 X/L-12 X/P-30 X-3

 PtrPAL2 1 0 2 0 2 5 

 PtrPAL3 2 1 0 0 1 4 

 PtrPAL4 2 0 2 1 0 5 

 PtrPAL5 0 2 2 0 0 4 

 PtrC4H1 1 1 0 1 1 4 

 PtrC4H2 1 1 0 1 5 8 

 Ptr4CL3 2 2 0 0 2 6 

 Ptr4CL5 0 2 0 2 2 6 

 PtrHCT1 2 0 2 0 0 4 

 PtrC3H3 0 1 0 0 4 5 

 PtrCCoAOMT1 1 1 1 1 3 7 

 PtrCCoAOMT2 2 0 2 0 3 7 

 PtrCCoAOMT3 1 1 1 1 0 4 

 PtrCCR2 1 0 0 2 0 3 

 PtrCAld5H1 1 0 1 0 3 5 

 PtrCAld5H2 0 2 1 2 0 5 

 PtrCOMT2 0 1 1 0 2 4 

 PtrCAD1 0 1 0 3 1 5 

Total 17 16 15 14 29 91 

Average no. of 

motifs per gene

0.94 0.89 0.83 0.78 1.61 5.06 

have roughly equal amounts of G and S subunits. Many other 

phenylpropanoid pathways share monolignol biosynthetic 

genes. High levels of expression may be observed for members 

of gene families that are not related to wood formation, such as 

in the defense response (Tsai et al.  2006 ). Hamberger et al. 

( 2007 ) carried out an in silico analysis of all of the  Populus  ESTs 

and, aided by microarray data, identifi ed genes involved in 

monolignol biosynthesis during wood formation. An EST 

approach and results from different  Populus  species under 

different conditions may not be consistent or comprehensive 

for quantitation and comparison of gene expression. EST 

information is typically limited by incomplete depth and 

breadth of sequencing, or by normalization (if applied to library 

construction) that reduces expression information. 

 As a fi rst step in a systematic analysis of monolignol gene 

expression, we analyzed 23 genes and their promoters to 

initiate the development of a comprehensive and predictive 

model of lignin biosynthesis. The functions of most of the 72 

remaining phenylpropanoid genes (full-gene models) are not 

known. Many genes associated with monolignol biosynthesis 

have been characterized genetically and/or biochemically in 

one or more species (Vanholme et al.  2008 ). For seven of the 23 

genes, genetic or biochemical verifi cation of function in wood 

formation has been carried out for their homologs in other 

 Populus  species. These seven genes are  Ptr4CL3 ,  PtrCCoAOMT1 , 

 PtrCCR2 ,  PtrCAld5H1 ,  PtrCOMT2 ,  PtrCAD1  and  PtrCAD2.  The 

genetic and biochemical roles of the remaining 16 genes remain 

to be better defi ned. The availability of the cloned full-length 

transcript sequences of these genes (from this study) and of 

genetic transformation for  P. trichocarpa  (Song et al.  2006 ) now 

makes this possible. 

 Many of the 95 members of the phenylpropanoid gene set 

are not transcribed or are transcribed at low levels in the four 

tissues examined. Some gene families may have many genes 

with diverse functions in secondary metabolism in different cell 

types and tissues. In particular,  COMT  (25 genes),  4CL  (17) and 

 CAD  (16) represent 58 out of the 95 genes. Functions for many 

these genes have been proposed to be unrelated to monolignol 

biosynthesis based on the phylogenetic or expression analysis 

(Tsai et al.  2006 , Souza et al.  2008 , Barakat et al.  2009 ). Addition 

of methyl groups by OMT is widespread in primary and second-

ary metabolism. 4CL and CoA ligation are critical components 

for biosynthesis of fl avonoids, anthocyanins and phytoalexins. 
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CAD is needed for lignan and norlignan biosynthesis, which 

occurs in non-woody tissues (Suzuki and Umezawa  2007 ). 

 These low level transcript genes could be abundantly 

expressed in rare cell types or tissues we did not examine. 

Alternatively, they could be expressed under specifi c conditions 

(e.g. abiotic or biotic stress responses). Transcripts that are 

highly unstable would not have been detected. The absence of 

expression for many genes in multigene families has been 

observed at the genome level in Arabidopsis, where 30 %  of 

the gene models have not shown evidence of transcription 

(Yamada et al.  2003 ). 

 Harmer et al. ( 2000 ), using an 8,000 gene microarray, found 

circadian variation of transcript abundance in about 480 genes 

in whole plants of Arabidopsis. A circadian response was found 

for transcripts of four monolignol genes (as annotated by Raes 

et al.  2004 ) peaking about 6 h before subjective dawn. Rogers 

et al. ( 2005 ), using Northern blot analysis also with whole plants 

of Arabidopsis, found an ‘idealized, consensus trend’ of diurnal 

cycle variation for 11 monolignol genes with a peak 4 h after 

dawn and a second peak at 20 h after dawn. Examination of the 

blots presented by Rogers et al. ( 2005 ) indicates substantial 

deviation from this ‘trend’. Our qRT-PCR results for fi ve mono-

lignol genes (Supplementary Fig. S3) show transcript variation 

over a 24 h period, with a peak at 2 a.m., which declined gradu-

ally during the day. Our results are more consistent with the 

circadian pattern observed by Harmer et al. ( 2000 ), than those 

of Rogers et al. ( 2005 ). Diurnal variation is a signifi cant issue for 

comparative analysis of transcript abundance and specifi city. 

Similarly, seasonal variation (including effects of photoperiod 

and temperature), abiotic and biotic stresses could affect the 

relative transcript abundance of monolignol genes. Our results 

(Supplementary Fig. S3) indicate that sampling at a consistent 

time around 10 a.m. provides a reasonable estimate of tran-

script level and tissue specifi city for monolignol genes in 

 P. trichocarpa . For a comprehensive systems approach, the 

protein quantity and enzyme activity need to be determined 

and compared with the variation and tissue specifi city of 

transcript levels for all the monolignol genes.   

 Functional redundancy in monolignol biosynthesis 

 Our genome-wide identifi cation of  P. trichocarpa  monolignol 

genes and quantitation of the transcript abundance and speci-

fi city suggest substantial functional redundancy in monolignol 

biosynthesis. Members in six of the 10 monolignol enzyme 

families may have redundant functions. The extent of potential 

functional redundancy shows little relationship to the number 

of members of their gene families. Functional redundancy 

should be refl ected in the response of plants to mutation 

or suppression in transgenics because redundancy would 

moderate the perturbations in gene expression. 

 All members of the  PAL  family (fi ve members) are very simi-

lar in sequence (85–98 %  protein identity), and are abundantly 

transcribed in differentiating xylem. None of the  PAL  gene 

family members has been characterized for genetic function 

in tree species by knock-down or loss-of-function mutation. 

 PtrC4H1  and  PtrC4H2  (96.6 %  protein sequence identity) may 

be considered bona fi de genes for monolignol biosynthesis 

based on biochemical properties of recombinant enzymes 

from their  P. tremuloides  orthologs (Lu et al.  2006 ). However, 

gene-specifi c knock-down experiments that would evaluate 

functional redundancy have not yet been done. The extent of 

redundancy for the paired  4CL  gene members,  Ptr4CL3  and  5 , 

with high xylem-specifi c expression also has not been resolved. 

Similarly, the  HCT  gene family has two highly similar predicted 

proteins (93 %  identity) expressed in differentiating xylem, 

 PtrHCT1  is highly abundant, while  PtrHCT6  is expressed at only 

4.5 %  of that level. 

 For  CCoAOMT , the most similar gene pair ( PtrCCoAOMT1  and 

 PtrCCoAOMT2 ; 95 %  protein identity) has a 2-fold difference in 

differentiating xylem transcript abundance.  PtrCCoAOMT3  and 

 PtrCCoAOMT4  are also similar in protein sequence (81 % ), 

but have different tissue specifi cities. Only the ortholog of 

 PtrCCoAOMT1  has been shown genetically (Meyermans 

et al.  2000 , Zhong et al.  2000 ) and biochemically (Meng and 

Campbell,  1998 ) to function in monolignol biosynthesis in 

 Populus. PtrCCoAOMT1 ,  2  and  3  genes show both redundancy 

and specifi city; therefore, they may all be involved in monoli-

gnol biosynthesis.  PtrCAld5H1  and  PtrCAld5H2 , sharing 91 %  

protein identity, are abundantly expressed in differentiating 

xylem. Only the ortholog of one of these two  CAld5H  genes 

has been genetically (overexpression) and biochemically 

(recombinant protein) characterized in  Populus  (Osakabe et al. 

 1999 , Franke et al.  2000 , Li et al.  2003 ).   

 DNA motifs in monolignol pathway gene promoters 
and gene expression specifi city 

 Many studies have addressed the role of specifi c promoters 

in regulation of gene expression in monolignol biosynthesis 

or in lignifying tissues (Higuchi,  1997 , Rogers and Campbell 

 2004 ). These studies most often focus on identifi cation of 

 cis -regulatory elements by deletion analysis or by searching for 

previously identifi ed elements, such as the AC element and the 

related P-box or L-box sequences. Using microarray hybridiza-

tion and EST frequency information, Ko et al. ( 2006 ) associated 

the AC element and a novel ACAAAGAA motif with induced 

secondary xylem development in Arabidopsis. The ACAAA-

GAA motif was not found among the 120 motifs identifi ed in 

our analysis. Promoter sequences of  CesA  (cellulose synthase A) 

genes in  Eucalyptus ,  Populus  and Arabidopsis have recently 

been analyzed by Creux et al. ( 2008 ). They identifi ed 11 consen-

sus promoter motifs for secondary cell wall  CesA  genes. 

However, the sequences of these 11 motifs and the sequences 

of our fi ve core motifs are quite divergent, as indicated by the 

high KL divergence scores (Schones et al.  2005 ) ranging from 

2.01 to 3.63 (scores <1 signify high similarity). 

 The core motifs appear to be redundant and quantitative, 

with each additional motif contributing to greater abundance 

and specifi city. This may be tested by construction of synthetic 

promoters with varying numbers of specifi c motifs. We suggest 

that core motifs could be used to survey the  Populus  genome to 
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predict quantitative expression and specifi city from promoter 

sequences. The similarity and multiplicity of motifs suggest 

a parallel multiplicity and specifi city of transcription factors 

regulating gene expression in monolignol biosynthesis.    

 Materials and Methods  

 Computational identifi cation of P. trichocarpa 
phenylpropanoid genes 

 Phenylpropanoid biosynthesis genes were identifi ed from the 

45,555 gene model set of  P. trichocarpa  genome annotation 

v1.1 ( http://genome.jgi-psf.org/Poptr1_1/ ) by reciprocal BLAST 

(Altschul et al.  1990 ) using protein sequences of the 63 

Arabidopsis phenylpropanoid genes ( http://cellwall.genomics.

purdue.edu/ ).  Populus trichocarpa  gene models homologous to 

the 63 Arabidopsis phenylpropanoid genes were fi rst searched 

based on the protein sequences using the program BLASTP 

with the e-value cut-off set at 1-E03. The resulting protein 

sequences of the positive  P. trichocarpa  gene model hits were 

then blasted against all 31,921 proteins in Arabidopsis (TAIR7, 

 http://www.arabidopsis.org/ ). Only 169  P. trichocarpa  gene 

models that had one of the 63 Arabidopsis phenylpropanoid 

genes as the top hit were retained for analysis. Truncated gene 

models were removed by examining the gene model for ORFs 

and by multiple protein sequence alignment using ClustalW 

(Thompson et al.  1994 ). The phylogenetic relationships of the 

gene models were evaluated using the Clustal alignments of the 

protein sequences and the neighbor–joining trees with 1,000 

bootstrap trials. Phylogenetic trees were plotted using FigTree 

( http://tree.bio.ed.ac.uk/software/fi gtree/ ). Protein sequence 

identity matrices were analyzed by pair-wise alignment using 

JAligner ( http://jaligner.sourceforge.net ) with the default 

BLOSUM62 scoring matrix. JAligner implements the Smith–

Waterman algorithm with Gotoh’s improvement for biological 

local pair-wise sequence alignments. Sequence dot plots of 

the gene sequences from 2,000 bp upstream of the start codon 

to 2,000 bp downstream of the stop codon were created using 

the program ‘dottup’ in EMBOSS (Rice et al.  2000 ).   

 RNA extraction, primer design and qRT-PCR 

 Total RNA was extracted from fully expanded leaf (without the 

midvein), stem developing phloem, shoot tip (∼1.5 cm from the 

top) and stem developing xylem of 1-year-old greenhouse-

grown  P. trichocarpa  (Nisqually-1). Tissues were collected at 

about 10 a.m., approximately 4 h after dawn, from three trees, 

which were pooled before RNA extraction for qRT-PCR. 

Sampling of tissues over a 24 h period (Supplementary Fig. S3) 

indicates that tissue specifi city is maintained throughout the 

24 h period, and that sampling at 10 a.m. provides a reasonable 

estimate of relative transcript abundance. Three qRT-PCRs 

were carried out for each pooled sample. Total RNA extraction/

purifi cation, fi rst-strand cDNA synthesis and qRT-PCR primer 

designs (Supplementary Table S2) were conducted as 

described (Lu et al.  2005 , Lu et al.  2006 , Suzuki et al.  2006 ). 

Several primer sets for nearly identical transcripts were designed 

by including at least one mismatch at the primer 3 ′  terminus 

to discriminate between homologs (Shi and Chiang  2005 ). For 

each targeted gene, 2–4 sets of primers were prepared, and 

the specifi city of all primers was checked by BLAST with all 

annotated transcript sequences in the  P. trichocarpa  genome. 

 Real-time PCRs (Applied Biosystems 7900HT) were con-

ducted as in previous work (Suzuki et al.  2006 ). Verifi cation of 

amplifi cation specifi city was based on dissociation curve analy-

sis (Shi and Chiang  2005 ) and sequences of the PCR products. 

Each reaction was repeated at least three times. Purifi ed PCR 

products were used as standards for establishing a quantitative 

correlation between the transcript copy numbers and the C T  

values (Suzuki et al.  2006 ). 

 To evaluate the effects of tissue pooling on our results, we 

used a simple analysis of variance (ANOVA) model, to analyze 

the variation in our diurnal experiment to estimate the relative 

effects of biological and technical replication. Biological varia-

tion accounts for 6.19 %  of the total variance while technical 

variation accounts for 0.23 %  (Supplementary Table S7). 

Pooling should average the biological variation. By pooling 

these samples and measuring the pools directly (Supplemen-

tary Fig. S3), we show that the transcript levels of the pools 

are not signifi cantly different ( P -value = 0.92) from the calcu-

lated average of the individual biological replicates.   

 Cloning of the whole transcript sequences for the 
identifi ed xylem-specifi c monoliginol genes 

 The cDNA containing the full-length coding region for each puta-

tive monolignol gene was amplifi ed by PCR using primer sets 

(Supplementary Table S6) based on the predicted sequences. 

The 5 ′ - and 3 ′ -UTR sequences were cloned by 5 ′ - and 3 ′ -RACE 

(rapid amplifi cation of cDNA ends; RLM-RACE kit, Ambion, 

Austin, TX, USA) (primers in Supplementary Table S2 were 

used). The whole transcript sequences were assembled from 

the sequences of the coding region and 5 ′ - and 3 ′ -RACE prod-

ucts and deposited in GenBank (Supplementary Table S3).   

 Xylem-specifi c promoter identifi cation and motif 
discriminant analysis 

 The promoter regions, for each of the 95 phenylpropanoid 

genes, were defi ned as the 2,000 nt upstream of the translation 

start site based on the v1.1 annotation of the  P. trichocarpa  

genome or the 5 ′ -RACE results through cDNA cloning. Xylem-

specifi c motifs of these promoters were inferred using the pro-

gram DME-X (Smith et al.  2005 ) with the log 2 -transformed 

transcript abundance (copy number per ng of total RNA) within 

xylem and abundance ratios of xylem over phloem, xylem over 

shoot and xylem over leaf as weighted parameters. We have 

searched for 10 nt long motifs as was done by Smith et al. ( 2005 ), 

who evaluated different motif lengths of eight, 10 and 12 and 

found that while 10 is signifi cantly better than eight, 12 is not 

signifi cantly better than 10, and 12 is far more computationally 

intensive. For each of the four weighted parameters, we ranked 
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potential motifs using the DME-X signifi cance score. We exam-

ined up to 100 motifs selected by DME-X. Most of the motifs 

beyond the fi rst 30 of the ranked motifs had low signifi cance 

scores, when compared with motifs generated from random 

sequences, made by a shuffl ing algorithm from the 95 promot-

ers and choosing a cut-off value that excluded random effects. 

The frequencies of the motifs in each promoter were compiled 

for stepwise discriminate analysis (PROC STEPDISC SAS, Cary, 

NC, USA) to identify the minimum number of motifs that could 

correctly classify the promoters into xylem and non-xylem 

groups. PROC DISCRIM (SAS) was used to analyze the discrimi-

nating power of individual and combinations of the motifs. 

‘WebLogo’ (Crooks et al.  2004 ) was used to generate the motif 

logos. 

 Leave-one-out cross-validation analysis was conducted to 

evaluate the motifs identifi ed by DME-X. A total of 95 cross-

validation promoter sets were prepared so that each of the 

phenylpropanoid gene promoters was removed once from the 

cross-validation promoter set. Each cross-validation promoter 

set was analyzed in the same way as the complete 95 promoter 

sets to identify minimum numbers of motifs that discriminate 

the 94 promoters correctly. These minimum numbers of motifs 

were then scanned, using the RSA tool (Thomas-Chollier et al. 

 2008 ), on the removed promoter of each cross-validation 

set for discriminating power evaluated by PROC DISCRIM. 

Motif similarities were calculated for KL divergence using 

MatCompare (Schones et al.  2005 ).    

 Supplementary data 

 Supplementary data are available at PCP online.   
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