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RESUMEN

TITULO: Coordinacion de la expresion génica durante la sintesis de lignina en alamo (Populus sp)
Autor: Vanessa Viviana Castro Rodriguez **

Palabras claves: Populus sp, Lignina, Bases de Datos, EST (Expressed Sequence Tags),
Microarrays.

El advenimiento de proyectos genomicos/transcriptdmicos estructurales y fisiolégicos de plantas
maderables ha dado lugar a nuevas posibilidades para estudiar la regulacion génica de procesos
metabdlicos que, hasta el momento, ha sido dificil investigar. Una de las principales areas de
investigacion es la biosintesis de madera, debido a su interés ambiental e industrial. El cinamato,
es el recurso de esqueleto carbonado de la ruta de los fenilpropanoides; es sintetizado por la
enzima PAL a partir de la deaminacién de Phe. El amonio liberado puede ser reciclado por enzimas
involucradas en el metabolismo del nitrégeno, como son GS y GOGAT. Los residuos monolignoles
de la lignina son sintetizados por actividad de CCoAOMT y AIdOMT, enzimas metilantes. El
carbono de estos grupos metilo procederia de la accién concertada de las enzimas GDC/SHMT y
su transferencia a la ruta de los fenilpropanoides podria realizarse mediante las enzimas del ciclo
Cl. Este esquema ha sido parcialmente propuesto por varios autores. En el presente trabajo se
analiza la estructura y duplicaciones de los genes que codifican estas enzimas mediante la
utilizacién de informacién gendémica del alamo proveniente de JGI. Tales resultados fueron
ampliados y contrastados, a partir de informacion almacenada de PopulusDB para analizar la
expresion génica drgano-dependiente y la co-expresion. Nuestros resultados estan de acuerdo con
un modelo que propone una fuerte coordinacion de los genes mencionados en la formacion de
lignina.

" Proyecto de Grado

** Facultad de Ciencias. Escuela de Biologia. Director: Angel Garcia-Gutiérrez Fernandez.
Codirector: Jorge Hernandez Torres.



ABSTRACT

TITLE: Poplar genes involved in different metabolic process are expressed coordinately for lignin
production

Author: Vanessa Viviana Castro Rodriguez **

Key words: Populus sp, Lignin, Database, EST (Expressed Sequence Tags), Microarrays.

The advent of structural and functional genomics/transcriptomics projects in woody plants is
expediting new possibilities to study gene regulation of process until now difficult to be approached.
One of the principal research subjects is the metabolism of woody formation due to the positive
implications in ecological and industrial areas. Cinnamate, the source of carbon skeletons for the
phenylpropanoid pathways, is synthetized by the PAL enzyme by deamination of Phe. The
ammonium released could be recycled by nitrogen metabolism enzymes, as GS and GOGAT. The
precursors of lignin are synthesized by the the CCoAOMT and AIdOMT methylating enzymes.
These methyl groups, provided by the S-adenosyl methionine (SAM) through the C1 cycle
enzymes, would be provided by the concerted action of the GDC/SHMT enzymes. This scheme
has already been partially proposed by several authors. In the present work we analyze the
structure and duplications of the genes encoding these enzymes using Populus genomic
information provided by the JGI. Such results were enlarged and contrasted, by gathering data
from PopulusDB in order to analyze organ-dependent gene expression and coexpression. Our
results agree with a model which proposes a tight coordination of the mentioned genes in the lignin
formation.

* Proyecto de Grado. )
Facultad de Ciencias. Escuela de Biologia. Director: Angel Garcia-Gutiérrez Fernandez.
Codirector: Jorge Hernandez Torres.

" Graduation Project ]
** Sciences Faculty. Biology School. Project Director: Angel Garcia-Gutiérrez Fernandez
Co-Director: Jorge Hernandez Torres



INTRODUCTION

Woody plants are one of the most ecologic and economical important resources
on the earth. The trees are the mainstay of a huge extension of ecosystems that
support the natural living conditions of an enormous amount of species, the natural
heritage of the planet. The trees have an environmental interest for forest
repopulation programs and ground retention, and are essential components of the
natural landscape. Furthermore, the forest ecosystems play a crucial paper in the
production of the global C, are also responsible for responses to the climatic
change, and for the maintenance of the biological diversity. Trees are also a
valuable source of materials useful in industry of wood, pulp, paper and other
articles of commercial importance (Gallardo et al. 2003). In the last years, a
considerable number of tree species has been included in basic and applied
research (Merkle and Dean 2000). Working with trees is especially difficult
because of their great physical size, technical inconveniences in molecular and
biochemical analysis, hardships for genetic transformation and regeneration in

vitro, genomes sometimes extensive and long cycle of life.

The wood formation is one of the most characteristic processes that occur during

the secondary development of trees. During more than ten years studies related

with the structure, function, expression and regulation of genes, and the
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corresponding proteins, involved in lignin synthesis have been carried out in
woody plants. Lignin is one of the most abundant components of wood, and it is
the second most abundant constituent in the biosphere, after cellulose. Lignin
provides strength and support to the terrestrial plants, it is a structural part of the
plant cell wall providing additional rigidity, it confers hydrophobic capacity to the
vascular elements and it acts as a mechanical barrier against pathogen agents

(Boerjan et al. 2003).

A characteristic of the lignin is the lack of nitrogen, what is especially important in
woody plants. The lignin is a biopolymer composed of aromatic subunits derived of
phenylpropanoid metabolites. The amino acid Phe proceeds from the
photosynthetic erythrose through the shikimate pathway, and its nitrogen is
supplied by glutamate transamination. Phe is deaminated by the enzyme
phenylalanine ammonia-lyase (PAL) producing cinnamate, the initial metabolite of
the phenylpropanoid pathway from which lignin residues are originated among
other compounds (Whetten and Sederoff 1995). During the conversion of
cinnamate to lignin, great quantities of methyl groups are introduced in specific
positions of monolignols by two enzymes involved specifically in these
methylations: Caffeoyl-CoA O-methyltransferase (CCoAOMT) and caffeic acid/5-
hydroxyferulic acid O-methyltransferase (AIdOMT). References about CCoAOMT
and AIdOMT in woody species as Populus, Pinus, Tilia, Acacia, Betula, Acer,
Fraxinus, and Ostrya are reported by Li et al. (2006). The source of methyl groups

that these enzymes incorporate in the monolignols is the S-adenosylmethionine
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(SAM). According to Canton et al. (2005) the C is transported to SAM through the
Cl cycle enzymes 5,10-methylenetetrahydrofolate reductase (MTHFR), 5-
Methyltetrahydrofolate-homocysteine methyltransferase (MTR), S-
adenosylmethionine synthetase (MAT) and S-adenosylhomocysteine hydrolase
(AHCY). The C for this C1 cycle is supplied by the pair glycine decarboxylase
complex/serine hydroxymethyltransferase (GDC/SHMT). The GDC complex is
composed by 4 different classes of enzymes named P, H, T and L (Douce et al.
2001). The importance of these pathways is not only qualitative, but also
quantitative, because 30-40% of the photosynthetic carbon is extracted from the

biosynthetic phenylpropanoid pathway (van Heerden et al. 1996).

Nitrogen is a restrictive element for the growth and development of terrestrial
plants, the availability of nitrogen in plants constitutes a true challenge for their
survival (Lam et al. 1996). The fixation of atmospheric nitrogen to generate nitrate
or ammonium on the ground for plant assimilation is an expensive and slow
process, and in addition the soil of woody plantations has low pH and is rich in
lignin and other residual secondary metabolites that make the nitrification
processes restrictive (Canovas et al. 2006). Different plant metabolic processes
liberate ammonium so that the plants have developed different metabolic routes
for recycle this compound in order to guarantee the economy of this essential
element during their whole life cycle (Suarez et al. 2002). The high quantities of
ammonium liberated by PAL during the lignifying process could be reassimilated

by the GS/IGOGAT cycle (Canton et al. 2005). The enzyme glutamine synthetase
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(GS) incorporates ammonium to Glu synthesizing Gin, while glutamate synthase
(GOGAT) transfers amidic nitrogen from the GIn to alpha keto glutarate generating
Glu. The amino acids GIn and Glu are the main nitrogen donors to an enormous

range of molecules.

One of the most useful resources to carry out molecular studies in woody plants is
the information provided by genomic and transcriptomic projects. These sources
are being used advantageously in many aspects of structural and physiology
molecular research. Projects of this nature are being developed in woody plants
like Populus, Eucaliptus, Citrus, Prunus, Picea and Pinus (Richmond and
Somerville 2000; Dong et al. 2005; Li et al. 2006; Gonzalez-Martinez et al. 2006).
The genomic projects have served to enlarge plant genome information, as gene
mapping, gene structure and evolutionary studies. In a similar way, transcriptomic
studies have been used in species as Arabidopsis, Oryza, Populus and new
species of commercial interest, advancing in the elaboration of cDNA libraries, and
microarrays (Rensink and Buell 2005). These collections have thousands of
transcripts of selected organs which facilitate the study of tissue and
environmental dependent gene expression, and gene regulation and
coexpression.

We are interested in study a possible coordinated system involving genes
encoding enzymes directly or indirectly related with lignification, especially C1
cycle and monolignol methylating enzymes. In addition, since PAL is

simultaneously the C source of the phenylpropanoid metabolism, and could be
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related with the ammonium assimilation by the GS/GOGAT cycle, the study will
include these genes. Partial models relating these pathways had already been
proposed, so that positive results will aide to understand the regulation of the

mentioned process.
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1. METHODOLOGY

The gene and protein sequences of the enzyme families GS, GOGAT, PAL,
CCoAOMT, AIdOMT, MTHFR, MTR, MAT, AHCY, and the H, P, T subunits of
GDC were taken from the Populus trichocarpa genome database of the Joint
Genome Institute, JGI (http://www.jgi.doe.gov/poplar). JGI protein identification
numbers were adopted in this paper for nucleic and protein sequences adding “p”

to the protein labels.

Protein alignments and trees were performed by using CLUSTALW. Nucleotide
alignments among EST and CDS sequences were made by using CLUSTALW

and MULTIALIN (Corpet 1998).

The p-distances among the exonic and intronic regions of the genes of each family
were calculated by using the phylogenetic program MEGA 3.1 (Kumar et al. 2004).
The introns of each gene were united, and the sewed intronic sequences were

used to obtain the p-distances between the members of each family.

The Populus EST sequences of the enzyme families GS, GOGAT, PAL,

CCoAOMT, AIdOMT, MTHFR, MTR, MAT, AHCY, and the H, P, T subunits of

GDC were obtained from the PopulusDB database of the Umea Plant Science
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Centre (UPSC, http://www.Populus.db.umu.se). The clone quantity for different
organs and tissues were equally obtained. These data were processed to obtain

values representing the gene expression considering the library sizes.

Data for correlation were obtained from the experiment 7, “Global profile of wood-
forming tissues” (Schrader et al. 2004; Hertzberg et al. 2001) as is presented in
PopulusDB microarray database. This experiment analyze the gene expression of
different progressive tissue cryosections covering from cambium to mature xylem
cells of P. tremula X tremuloides stem, consisting the different samples in the
transcripts prepared from the different sections. Expression values of EST clones
were collected from all the samples and were organized in matrix of vertical
columns each one with the data of each gene, so that the rows contained values
corresponding to the same sample. Correlations analysis, p-values and principal
component analysis (PCA) were calculated by introducing this matrix in the

Minitab® 15.1.0.0 version of Minitab Inc, State College, Pennsylvania (USA).

The gene names used in the electronic northern and coexpression analysis were
the corresponding protein identification numbers of the orthologous genes of the
JGI Populus genome database, in order to facilitate the access to the gene
structures. A correspondence among these numbers and the EST terminology
utilized by PopulusDB is presented in the table 4. It is also showed the PU
nomenclature used by PopulusDB for the EST clones of the microarrays

experiments.
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2. RESULTS AND DISCUSSION

The first tree genome completely sequenced has been poplar (Populus
trichocarpa), a project of the Joint Genome Institute (JGI). This species has been
selected by the reduced size of its genome, 4 times smaller than the human, and
50 times smaller than that of the pine, for which reason poplar is a perfect model
for genomic studies in trees. On the other hand the PopulusDB database of the
Umea Plant Science Centers (UPSC) stores EST collections from libraries
constructed from different Populus tremula X Populus tremuloides tissues and
organs (Sterky et al. 2004). The clones have been very useful to perform an

excellent collection of microarray, which are stored in this database.

Poplars are paleopolyploid organisms, and recent genomic studies suggest that
their genomes have suffered duplications along their evolution (Sterck et al. 2005).
The members of the genus Populus are angiosperms of high growth rate, capable
to utilize systems of vegetative propagation and also very valuable as transgene
receptors (Gallardo et al. 2003). For these reasons poplar is considered an ideal
model to carry out molecular studies in trees (Wullschleger et al. 2002). These
plants produce a soft wood rich in cellulose, useful for pulp elaboration, paper, and
wood derivatives as firewood and industrial wood because of its relative content in

lignin. These characteristics
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make Populus an excellent model for commercial perspectives. Poplar massive

production would help to safeguard other forest species of ecological interest.

A general scheme associating the previous related metabolic process (see
introduction) has been proposed by Canton et al. (2005). We selected a work
strategy based in obtaining structural genomic information about the referred
genes and proteins before starting expression data processing. These data were
carefully evaluated since the poplar genome is duplicated so that it was necessary
to define faithfully the duplicated genes in order to handle this information in later
studies, especially expression analysis. It is know that duplicated genes can
diverge to acquire novel and independent functions, and it was necessary to have
accurately information on duplication to assess the physiological diversity of the
poplar genes. The hypothetically coexpressed genes would participate in a
general cellular process geared by means of the combined action of
interconnected metabolically pathways, and which main goal would be the lignin

biosynthesis in woody living tissues (figure 1).

2.1 GENE DUPLICATIONS

In order to search candidate duplicated genes, the information of each family was
independently analyzed as follows: Truncated or putative pseudogenes, and
sequences that not clearly corresponded to the family were discarded. Protein

selected sequences of each family were aligned obtaining the respective trees
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(figure 2). The p-distance among the CDS sequences and intronic regions of the

members of each family was calculated.

GS.- The GS family present 18 models, 9 are truncated sequences which then
were not considered in the analysis, and 8 are entire. The last model p-589509
was not analyzed because its sequence scarcely seemed a typical GS but a
considered nodulin protein found in fungi and plants and also present in archaea
GS, although it had only regional and partial similitude. The alignment among the
selected GS protein sequences produced 2 branches; the first had two GS2, and
the other had 3 groups each one having two GS1 proteins (figure 2a). When the p-
distances among the genes were calculated, the results were confirmed. The
minimal distances corresponded with the pairs obtained by the protein alignment.

GOGAT.- The Populus genome have 10 GOGAT models, but only 4 are not
truncated. These produced 2 branches one had a pair of Fd-GOGAT and the other
a pair of NADH-GOGAT proteins (figure 2b). The sequence p-Fd-GOGAT-734780
does not present the 137 amino acids of the N amino terminal, because the
corresponding nucleotidic sequence of the first exon has been considered part of
the 3"-UTR region. A defective nucleotide in this region break the ORF, so that it
has been selected a posterior first ATG. The Fd-GOGAT sequences presented
more than 95% of similitude so that it is possible that the mutation is circumstantial
and the protein is functional. In fact some P. tremula X tremuloides ESTs
corresponding to this gene have been identified in the PopulusDB database. On

the other hand 105 nucleotides of the NADH-GOGAT-700801 sequence have
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been included in the 3"-UTR region lacking the corresponding 35 amino acids of
the protein, which then were incorporated for the analysis. Once these corrections
were made the tree agreed with the calculated p-distances.

PAL: The family have 6 genes one of them truncated. The alignment showed a
region of 38 amino acids in p-PAL-82117 that not appeared in the plant PAL
proteins. The PAL-82117 gene is probably originated by an internal duplication of
PAL-725007 since the 2 sequences are 98.5% identical and the two genes are
separated by an extension of about 13,000 bases. If PAL-82117 is not functional
because of this insertion, it would explain that none corresponding EST was found
in the PopulusDB database. The tree had 2 groups, with 2 and 3 sequences
respectively (figure 2c), and according the p-values.

CCoAOMT: The alignment of the 5 protein sequences found in the genome
database produced a tree with 3 branches, 2 of them had 2 paired sequences
each one (figure 2d) agreeing the p-values.

AldOMT: When the AIdOMT CDS sequences were previously aligned, AldOMT-
412253 presented a defective base in position 20, although the amino acidic
identity with the more proximal sequence was 97.2%. No ESTs corresponding to
this gene were identified in the PopulusDB database, however it was provisionally
added the corresponding A (in accordance with the paired sequence) in this
position, so reconstructing the broken ORF. The alignment of the protein
sequences produced 5 branches, 3 of them had only 1 sequence, and the other 2
branches had 2 sequences each (figure 2e). The p-distances confirmed the

results.
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MTHFR: Poplar have only two MTHFR genes, and the amino acid sequences
aligned in high degree.

MTR: 5 models are present in the poplar genome, but one is a truncated gene.
Protein alignment produced 2 branches, having 2 genes each one, and p-
distances agreed these results (figure 2f).

AHCY: The Populus genome contain 4 AHCY models, but the AHCY-108722 and
AHCY-108698 genes are identical to that of the Ralstonia metallidurans bacteria.
When the protein sequences were examined in detail it was clear that
corresponded respectively to the N-terminal and C-terminal regions of the bacterial
protein, and in addition the two poplar proteins had large N-t and C-t extensions
that do not exist in the bacteria. The poplar sequences were internally truncated,
regarding the bacterial sequence, in an extension of more than 300 amino acids,
presumably because they occupied almost the whole content of very short
scaffolds. A possibility is the two sequences are united by unknown genomic
information and consequently they are not really truncated, being the gene entire.
The other 2 poplar AHCY proteins showed high identity with other plant AHCY
(figure 29).

MAT: There are 6 MAT genes in Populus, and the tree produced 2 groups each
one with a pair of protein sequences, and two other sequences impaired.
Nucleotidic alignment produced comparable results (figure 2h).

GDC: Populus have 2 GDC-T sequences and 2 GDC-P sequences, but for GDC-H
there are 4 sequences, that the alignment grouped perfectly in two pairs and

according the p-distances (figure 2i).
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Once defined candidate duplicated genes, these were positioned on the
corresponding poplar linkage groups (LG) or scaffolds. To check the duplications,
the collinearity between huge segments surrounding each pair of hypothetic
duplicated genes was analyzed. Localization of genes was carried out by tracking
thousands of nucleotides upstream and downstream the candidate genes, and
then the CDS sequences obtained from regions around the hypothetic duplicated
genes were aligned between them. In this way it was made a general analysis by
crossed alignments among the regional genes that allow us to find sequential
identities and collinearity; the results confirmed all the hypothesized duplications.
In many cases the selection of sequences to align was eased by indications
provided by the genomic database about the character of the genes found. The
sequence orientation of each pair of studied duplicated genes was conserved in all
the cases analyzed. However some collinear duplicated genes were in inverted
positions (figure 3 and table 1) and in addition other not duplicated coding
sequences intercalated among the duplicated collinear genes suggest that

chromosomal events had happened subsequently to the genome duplication.

2.2 P. tremula X tremuloides ESTs, AND DUPLICATED P. trichocarpa GENES

The PopulusDB database contains 102,019 ESTs compiled from 19 libraries of
different Populus organs (Sterky et al. 2004). 17,727 ESTs are from P. trichocarpa
and the rest from P. tremula and P. tremula X tremuloides. This collection is

distributed in clusters, containing each one contigs which enclose ESTs used to
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build consensus sequences. However the imbricated ESTs of each consensus
could correspond to different genes, often duplications, so that the
correspondence of each EST with the P. trichocarpa gene is also reported in the
database. The existence of gene duplications in these 2 species generated
interesting questions when the P. tremula X tremuloides ESTs and the P.
trichocarpa genes were aligned, since it was obtained special information to treat
questions about paralogous and orthologous genes in the context of the poplar

genome duplication phenomenon.

The P. tremula X tremuloides sequences are not identical to the correspondent of
P. trichocarpa, so that when an alignment among two P. trichocarpa duplicated
genes and a P. tremula X tremuloides EST is made, this last present more identity
with one of the genes, indicating this is the orthologous with the P. tremula X
tremuloides gene. However the other duplicated gene is also very similar, having
often nucleotides that appear specifically only in the EST. Furthermore is also
possible to find specific common nucleotides between the duplicated genes that
do not appear in the EST. Poplar genome duplication has been examined by
Sterck et al. (2005), whom concluded that the event happened in an original
species, which explain that the duplication is present in all the actual Populus
species. In fact, when the previous described alignment is made, the distance
between the two P. trichocarpa duplicated genes of an organism is greater than
the distance between the P. tremula X tremuloides EST with the P. trichocarpa

orthologous gene. A probable explanation is presented in the figure 4. After the

23



duplication, the two genes would paralogously diverge by accumulation of
differences in the sequence. This paralogy can seem indeterminate, at least in
comparison with others really paralogous and more distant members of the family,
however the term is technically used in this case (the subject is discussed by
Koonin 2001, 2005). Once the speciation befall, the two species, that inherited the
same genomic content i.e. the two paralogous genes, start independent
evolutionary ways, so that the genes continue undergoing changes in different
manner. A comparison between nucleotidic sequences will prove a greater identity
between orthologous when are compared with its duplicated paralogous due to the
changes occurred on the two duplicated paralogous before the speciation, and
moreover, changes after the speciation also explain common specific nucleotides
between the ortologues when comparing with the paralogous sequences if the
changes occur on these lasts. Nevertheless, changes on a gene after duplication
could explain the corresponding specific nucleotidic identities between the two
paralogous of the other organism, as well as corresponding specific identities
between its paralogue and its ortologue. In these two cases it is necessary to
suppose that these changes happen on nucleotides that had not previously

suffered any mutation since the original state in the primitive species.

2.3 ORGAN-DEPENDENT EXPRESSION AND FUNCTIONAL DIVERGENCE
PopulusDB reports how many ESTSs, i.e. clones corresponding to a determined
gene appear in each organ or tissue, so that a scheme grouping all the genes

under study was constructed in order to compare the representation of different
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genes in each organ and keeping in mind the sizes of the libraries (table 2). This
diagram allows extracting several conclusions concerning the functional

specialization of divergent duplicated genes.

Organs containing a great deal of autotrophic tissues as young leaves presented
an expected profile, a typical GS/GOGAT cycle is detected. GS proteins have two
models in plants, chloroplastidic (GS2) and cytosolic enzymes (GS1) (Lam et al.
1996). The GS2-725770 presented an expression 5 times more than GS2-565302
in young leaves, however the expression of this last gene was about 3.5 fives
greater in virus/fungal-infected leaves than in young leaves noticing a distribution
of roles (see Rapp et al. 2005 about acquisition of novel functions in duplicated
genes). The P. trichocarpa genes were structurally different, at least in the 3'UTR
region, where the GS2-565302 gene presented an intercalated fragment bigger
than 2,000 bases. Some trails indicate that the orthologous EST have also this
region, suggesting that the supposed insertion happened before the speciation.
Differential majority expression of the GS2-725770 gene was also present in
tension wood, floral buds and female catkins. If this gene is preferentially used,
being GS2-565302 reserved for emergency situations it will be a matter of
research. The duplicated GS1-710427, GS1-648144 and the GS1-562842
cytosolic genes were also found in comparable levels in infected leaves,
suggesting a distributive specialization of several members of the family for
pathogen attacks. A glance to table 2 let discover other genes involved specifically

in this task, and equally pointing alternative functions of duplicated genes.
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GS1-648144 was the only GS1 gene expressed in leaves, but its duplicated GS1-
710427 appeared specifically in roots inverting the situation and also representing
a possible divergence of functions; however the expression is comparable in
others organs. When the expression in leaves of these two last genes was
compared according the results of the experiment 13, available in PopulusDB
“Optimization of experimental design in microarray analysis” (Bylesj6 et al. 2005),
was verified that the gene GS1-648144 have expression levels 10 times higher
than GS1-710427. There are not ESTs corresponding to the GS1-685196 gene in
young leaves, and its expression was also very low in the microarray agreeing the
electronic northern. On the other hand the other two pairs of duplicated genes
(GS1-685196, GS1-562842 and GS1-569354, GS1-580657) also presented

functional divergence.

There are two forms of GOGAT, Ferredoxin and NADH dependent. The first one is
located in chloroplasts (Garcia-Gutiérrez et al. 1995) working in photosynthetic
tissues meanwhile NADH-GOGAT has been located in heterotrophic tissues as
flower buds and nodules of alfalfa (Schoenbeck et al. 2000). Fd-GOGAT-734780
was also present in poplar young leaves, although in lower levels (this could be
due to the lability of these transcripts) and interestingly the FGOGAT-695596, that
did not appear in young leaves, was much more expressed in infected leaves
instead of its duplicated gene. The two Fd-GOGAT duplicated genes showed an

organ-dependent distribution of roles. A coordinated program against pathogen
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attacks could be launched using selected GS and Fd-GOGAT isogenes,
presumably for N recycling from infected cells (Pérez-Garcia et al. 1998a, 1998b).
NADH-GOGAT gene is not expressed in photosynthetic organs but in wood cell
death and roots where Fd-GOGAT transcripts are not detected (a revision of GS

and GOGAT in woody plants is reported by Suarez et al. 2002).

Tissue-dependent expression of PAL (Osakabe et al. 1995) and variety of PAL
roles have already been reported by Kao et al. (2002) whom suggest that the
expression of a gene in woody tissues does not exclude different metabolic roles in
other tissues. According the electronic northern the 4 poplar PAL isogenes seem to
be involved in lignification, especially PAL-696959 but the differential apparition in
other organs agree with the idea of an amply distribution of functions. PAL-725007
seems to be poorly used, contrary to its duplicated PAL-696959. Differential
expression was also notorious between the pair AlIdOMT-345776 and AldOMT-
57441 being this last scarcely expressed. The generation of S lignin in woody
poplar is carried out by AIdJOMT (Jouanin et al. 2000) so that the expression of this
gene in tension wood correspond the highly specific ratio of syringyl (S) respect
guaiacyl (G) residues typical of Fraxinus tension wood G layers (Prodhan et
al.,1995). Populus kitakamiensis have 2 AIdJOMT isogenes differentially expressed
in stem and leaves (Hayakawa et al. 1996). We prove they are duplicated genes,
corresponding respectively with their orthologous AIdOMT-345776 and AldOMT-
57441 and according the expression of AlIdOMT-345776 in tension wood. The

isogenes of the other methylating enzyme involved in lignin biosynthesis,
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CCoAOMT also showed a differential organ-specific profile, as it is evident when
the stronger transcript representation of CCOAOMT-691730 was compared with its
duplicated CCoAOMT-722225 in the lignified organs tension wood and wood cell
death, in female catkins and even petioles. CCOAOMT would be less implicated in
methylation conducting to S-lignin, working preferentially for the production of G-

lignin in poplar (Meng et al. 1998) and alfalfa (Guo et al. 2001; Chen et al. 2006).

There seems to be a different physiological evolution for the duplicated GDC-H-
570626 and GDC-H-88775 genes because this last one was preferably expressed.
A similar situation was observed for the duplicated GDC-T-833954 and GDC-T-
828778. The differential levels of MTR, MTHFR, AHCY and MAT genes in tension
wood was patent, suggesting that selected C1 cycle genes are expressed in this
organ. A coordinated expression of these genes with the above analyzed
CCoAOMT and AIdOMT would support the proposed supply of methyl groups to
these two enzymes through the C1 pathway (Canton et al. 2005). Regarding
AHCY, the isogene AHCY-597072 was in whole much minor represented than its
duplicated AHCY-549785 in many organs, suggesting this last gene is
preferentially used. This result is similar to the one described by Pereira et al.
(2007) in Arabidopsis thaliana where there are two isogenes, one of them
expressing itself notably in many organs, whereas the other is very low
represented. MTR-594861 was also much more differently and preferably
expressed in tension wood and cambial zone than its duplicated MTR-649045

isogene. However in wood cell death the levels of this last increased and
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surpassed the expression of the first one. The transcripts of MTHFR-654300 are
the most abundant in tension wood, also suggesting divergent physiological roles.
Finally, different functionality for one MAT gene with respect to other members of
the family has been reported by Shen et al. (2002) in Arabidopsis thaliana;
similarly, a differential expression organ-dependent in this species is cited by
Peleman et al. (1998), who found that the expression of a MAT isogene in roots
and stems was stronger than in leaves. References about tissue-dependence
expression are reported by Schroder et al. (1997) observing tissue-dependence
and functional specialization for MAT isogenes of Catharanthus roseus. In a
similar way, the duplicated poplar MAT-552593, and MAT-572548 pair also
presented a differential expression in organs, and even also the MAT-566909 and

MAT-564333 duplicated genes.

2.4 GENE COEXPRESSION

PopulusDB have a collection of microarrays prepared with an extensive and
representative selection of clones from its proper database. The results as
normalized data set of gene expression are accessible for the public, so that they
can be directly used for different purposes. We decided to examine the
coexpression of the studied Populus genes utilizing data from the experiment 7
because it contained information enough about these genes, and in addition the
samples proceeded from poplar tissues involved in lignification, concretely

sections from cambium to xylem regions of poplar stems. It was decided to use a

29



biostatistical strategy to examine the correlation among them, and although this
class of calculation does not allow to know the expressions level of the genes in
each tissue, it is expected to access to other class of valuable information, the
coexpression through the different cellular types. Although the lignin production
rate could be different in each tissue, all of them are manufacturing this compound

so that it is expected to find some degree of correlation of the involved genes.

The correlation coefficients were calculated among all the genes listed in the table
3. In many cases different cDNA clones representing the same P. trichocarpa
gene had been used, obtaining very coincident values. This allow us to check that
the correlations calculated were correct in practically all the cases, and so
positively assessing the viability of the original experiment for our aim. In all these
cases a statistical mean among the microarray expression data corresponding to
different ESTs representing the same gene were calculated; the new values were
introduced substituting the previous ones to make a new general correlation
calculation and so summarizing favorably the matrix (table 3). The explicitness of
the results and the general viability of the p-values allowed us to perform a
principal component analysis from the correlation matrix in order to reduce the
dimensionality of the data set and to present a simplified scheme of the gene
coexpression (figure 5). According the PCA, practically all the genes appeared
tightly close in the first component suggesting that these genes as a whole are

coordinately involved in the common process of lignification.
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The lignin content of tobacco and poplar (Zhong et al. 1998, 2000) decreased
notably when these plants were transformed with antisense constructions of
AldOMT and CCoAOMT, confirming the transcendent participation of these genes.
AldOMT and all the CCoAOMT poplar genes showed very high correlation values
meaning a strong coexpression during the lignin production (These enzymes are
reviewed by Boerjan et al. 2003 and Li et al. 2006). The signal intensity is
increasing from the phloem through cambial tissues to the xylematic cells, where
the expression is maximal for these 2 genes in the original microarray from which
these data were obtained (Hertzberg et al. 2001). Sterky et al. (1998) had already
obtained very similar results by scrutinizing clones from poplar EST libraries: The
ratio of gene expression is maintained meanwhile the signals increase
concomitantly from cambial cells through xylem. These conclusions combined with
the correlation values suggest that the coexpression of the 3 CCoAOMT genes,
and the AIdOMT gene, occur by intensifying coordinately their expression along
these tissues, irrespective their specific roles in the lignin biosynthesis. Poplar
CCoAOMT is mainly involved in the synthesis of wood G units (Meng et al. 1998)
whereas AIdOMT would be responsible for the production of the S residues. A
review about lignin composition is reported by Baucher et al. (1998). The similar
high correlation values of the different poplar CCoAOMT isogenes hinder to
specify the role of each one in the formation of lignin through the woody region.

All the C1 cycle genes, MTR, MAT, AHCY, and MTHFR showed very high
correlation values among them. It is notice that although some genes as AHCY-

540785 and MTR-73850 had low p-values, it is not easily disposable the
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participation of anyone. The C1 cycle could supply methyl groups to the lignifying
enzymes since many members of each family presented high correlation values
and reliable p-values with CCoAOMT and AIdOMT. The association of C1 with the
methylating enzymes seems to occur as much in herbaceous as in woody plants.
A proteomic study of the AIdOMT, CCoAOMT and C1 cycle enzymes also report
this class of correlation in lignifying cells of maize leaves (Vincent et al. 2005),
specifying the implication of several isoforms of MAT and MTR. In tomato, MAT
accumulates mainly in lignified organs, especially under saline stress conditions
contributing to create rigidity by lignification of vessels (Sanchez-Aguayo et al.
2004). Shen et al. (2002) report decreasing in the lignin content in Arabidopsis
plants with inactive mutated MAT, and in this species Peleman et al. (1998) have
also cited a correlation between lignification and MAT expression. The provision of
methyl groups in lignin formation in woody angiosperms and gymnosperms has
been reported by Sterky et al. (1998) who found high abundance of MAT ESTs in
poplar libraries of cambial and xylematic cells. GUS activity conducted by a MAT
promoter was found around cambial zone of poplar, and MAT expression in these
tissues was determined by using southern blot (Vander Mijnsbrugge et al. 1996).
MAT, MTR, and AHCY transcripts were also present in pine secondary xylem
libraries (Whetten et al. 2001). Based in the results of an eucalyptus microarray
Kirst et al. (2004) present a scheme explaining the coordinated expression among

AldOMT, CCoAOMT and the C1 cycle MTR, MAT and AHCY enzymes.
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Glycine decarboxylase GDC-P-685558 and GDC-T-828778 genes presented high
positive correlation values between them, but GDC-H-570626 had a value of -0.71
and -0.84 with each one indicating negative or inverse correlation although the p-
values not showed confidence; indeed the PCA placed the GDC-H-570626 gene
in the principal component region but in an inverted orientation; in this way other
GDC-H isogene had to be involved in the complex with GDC-P-685558 and GDC-
T-828778 genes, however no other GDC-H EST were used in the microarray.
Rajinikanth et al. (2007) detected transcripts of PtgdcH1 (which correspond to
GDC-H-570626) in xylematic tissues of poplar, and the authors also report the
appearance of PtgdcH2 (GDC-H-88775) gene in this tissue. Although PtgdcH1
had higher expression than PtgdcH2, this last transcript could be the candidate
encoding the H protein for the GDC complex in association with p-GDC-P-685558
and p-GDC-T-828778. These genes showed high correlation with the C1 cycle
genes, MTR, MTHFR, MAT and AHCY, and with AlIdOMT, and CCoAOMT genes
suggesting that the GDC complex could supply C atoms to an active C1 cycle
implicated in lignification. The enzyme that would connect GDC with the cycle C1
is SHMT (Douce et al. 2001) which will be coupled by means THF cofactors
(Mouillon et al. 1999), but unfortunately clones of this gene were not used in this
experiment. The GDC complex is provided with metabolites derived from
photorespiration in photosynthetic cells, where the C1 cycle seems to be linked to
this activity by the GDC/SHMT system (Hanson and Roje 2001). However in non-
photosynthetic organs the C metabolic source it is not known. A diagram showing

a possible coordination between methyl apportion from SHMT and the C1 pathway
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is presented by Vander Mijnsbrugge et al. (2000) who found by means of
bidimensional electrophoresis that GDC is one of the most abundant proteins in
differential poplar xylematic cells, where SHMT, AIdOMT, and CCoAOMT are also
preferentially present. SHMT transcripts have also been identified in pine

secondary xylem (Whetten et al. 2001).

There are several reports about functional diversity of PAL isoenzymes in non
woody organs. PAL protein and transcripts are located in different plant organs as
leaves, stems, flowers and roots of Nicotiana (Fukasawa-Akada et al. 1996), and
in young leaves, stems and petals of Populus (Subrarnaniam et al. 1993).
Differential expression of PAL isogenes involved respectively in fruit ripening and
flower development, has been also detected in Raspberry (Kumar and Ellis 2001).
On the other hand a summary about PAL in woody forming tissues is reported by
Li et al. (2006). PAL supply the carbon skeletons to the phenylpropanoid pathway
from which are produced biomolecules with a wide range of functions; for example
in aspen has been cited lignins, tannins and salicylate-derived phenolic glycosides
(Kao et al. 2002). PAL isogenes show differential functionality in photosynthetic
and woody tissues of aspen (Kao et al. 2002), and poplar tissue-dependent
expression is also cited by Osakabe et al. (1995). The coexpression of PAL with
AldOMT, and CCoAOMT was observed by detecting their concomitant augment
from poplar cambial zone along the xylematic tissues (Hertzberg et al. 2001). PAL
protein has been immunolocated in xylematic cells of poplar (Osakabe et al. 1996)

and even similar methodology allows detecting its subcellular emplacement in
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these tissues (Sato et al. 2004). Our correlation values agree this observation: The
two PAL-725007 and PAL-696959 genes showed high correlation values with all
the AIdOMT and CCoAOMT, however only PAL-696959 had significant p-values
and similar results were obtained regarding GDC and C1 cycle genes. This
suggests that PAL-696959 is especially associated with the lignification supporting
the proposed role of PAL providing material to the monolignol pathway and a
differential involvement of each PAL isoenzyme in distinct process. The differential
expression of PAL isogenes is expectable since lignin is not the only objective of
the phenylpropanoid metabolism. In this respect, PAL promoter constructions
direct GUS activity in distinctive expression models suggesting temporal and
tissue distribution of PAL isoenzymes during the lignifying development of different
poplar cells (Gray-Mitsumune et al. 1999). A complete vision of the process
commented is reported by Prassinos et al. (2005) who amplified by AFLP
technique the cDNA of 6 poplar tissues taken from different stems regions, and
sequencing then the genes preferentially expressed. The resulting profile was a
very similar pattern of progressive abundance of COMT, AIdOMT, PAL, C1 cycle,
and SHMT genes from cambial to xylem tissues, relating the activity of PAL
supplying carbon skeletons for phenylpropanoid metabolites with the entry of C

through C1 cycle for the methylation of monolignols.

The ammonium released by the PAL activity must be metabolically reassimilated
since the plant economy does not permit wasting N. Ammonium recycling

pathways are the GS/GOGAT cycle in angiosperms (Lea et al. 1990; Lam et al.
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1996), and gymnosperms (Canovas et al. 1998), and even the proposal GS/AS
cycle (Avila et al. 2001; Suéarez et al. 2002). Razal et al. (1996) confirmed by
spectroscopic analysis the sequential incorporation of N released by the PAL
activity on GIn and GLu in potato discs. Moreover, these authors refer that the
reassimilated ammonium was found in Phe in lignifying cells, indicating not only an
active GS/GOGAT cycle, but a concatenated coordination with prephenate
aminotransferase to reincorporate N from Glu to arogenate and then to Phe. Very
similar model has been proposed by van Heerden et al. (1996) when they
measured, by using a HPLC technique, the incorporation of N in Phe in cultured
cells of Pinus. Not any GOGAT was used in the microarray of the experiment 7
nevertheless were used 2 GS1 clones. When correlations were calculated the
GS1-580657 gene had good values with CCoAOMT, AldOMT-345776 and with
some C1 cycle genes, being reliable in many cases according the p-values.
However the correlation with PAL and GDC was moderate and the p-values gave
low confidence. In fact this gene appears proximal to the whole of the lignifying
genes in the PCA scheme although not so closed. These results suggest that
although GS1-580657 could participate in lignification, its possible simultaneous
participation in other different processes would disturb a correlation and PCA
profile pointing exclusively a lignification role. Other GS1 genes not used in the
microarray could be also partial or completely expressed, in which case the
ammonium recycling would be a shared work which distribution is a matter of
research. The GS1-710427 gene had much minor correlation values and a low

confidence with the other genes than GS1-580657, and the PCA emplaced it to
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the second component. This is also the case for GS2-725770 which presented a
clear orientation in the second component but inverted with respect to GS1-

710427, which was expected since GS2 encode a chloroplastidic enzyme.
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3. CONCLUSIONS

PopulusDB and Populus genome databases are extraordinary resources to study
molecular physiology of woody plants. The strategy to investigate the coordination
of the process involved in lignin formation was to analyze the expression of genes
participating in different pathways, which could be implicated in metabolic process
related with this task. The selected genes were GDC complex protein, C1 cycle
enzymes, GS and GOGAT, PAL, and CCoAOMT and AIdOMT. Structural
information extracted from Populus trichocarpa genomic database proved previous
references reporting genome polyploidization, since the majority of the genes
studied were duplicated. Gene duplications was recognized when screening ample
genomic regions where the candidate duplicated genes were emplaced, other
variable number of collinear duplicated genes were found; it is noticed that this
could be an ancient event because several not duplicated genes were also found
in these regions, presumably because chromosomal reorganizations occurred
after the duplication took place. The opportunity to have also transcripts from P.
tremula X tremuloides genes allowed to find the most probable P. trichocarpa
orthologous genes with those from the hybrid. An investigation about the aligned
regions found sequential traits understandable as a sequential order of mutation
events through the duplication and speciation events, implying an evolutionary

model in which the orthologous gene Vvariability could be compared
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with the structural paralogous gene divergence. The functional divergence was
examined by means of an electronic northern presenting the organ-expression of
the duplicated genes, concluding in numerous cases of function distribution. The
statistical analyses of microarray expression data showed a strong correlation of a
great majority of these genes, suggesting a coordinated contribution for the lignin
synthesis, and a possible expression model in which several related metabolic

pathways would be subordinated to this finality.
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TABLE 1. Duplicated genes
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Columns from left to right: Duplicated genes, LG or scaffolds where the studied genes were
emplaced, genome extensions inspected, and number of collinear duplicated genes found out.

Double numeration means internal duplications. D: Downstream; U: Upstream.
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TABLE 2. Genes expression
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The left column indicate organs used to build the PopulusDB EST libraries. Protein identification
numbers used by the corresponding orthologous genes of the JGI poplar genome were used to
label the PopulusDB genes (top row). Table values were taken from the PopulusDB and represent
the relative EST amounts according the library sizes. The correspondence of P. trichocarpa genes

with PopulusDB EST clones is presented in the table 4.

TABLE 3. Correlation matrix
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Bold characters represent correlation values. Regular characters are the p-values; p-values <
0.009 are written as 0.00. Protein identification numbers used by the corresponding orthologous
genes of the JGI poplar genome were used to label the PopulusDB genes. The correspondence of

P. trichocarpa genes with PopulusDB EST clones is presented in the table 4.

TABLE 4. Correspondence among JGI and PopulusDB genes.
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FIGURE 1. Hypothesis of pathways coordinated for lignin production
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GS: Glutamine synthetase. GOGAT: Glutamate synthase. AKG: Alpha keto glutarate. PAL:
Phenylalanine ammonia-lyase. CCoAOMT: Caffeoyl-CoA O-methyltransferase. AIdOMT: Caffeic
acid/5-hydroxyferulic  acid O-methyltransferase. MTHFR: 5,10-Methylenetetrahydrofolate
reductase. THF: Tetrahydrofolate. MTR: 5-Methyltetrahydrofolate- homocysteine methyltransferase
(methionine synthase). MAT: S-adenosylmethionine synthetase. SAM: S-adenosylmethionine.
AHCY: S-adenosyl homocysteine hydrolase. GDC: Glycine decarboxylase. SHMT: Serine

hydroxymethyltransferase. SAH: S-adenosyl-homocysteine.
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FIGURE 2. Protein alignment of Populus families.
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a: GS. b: GOGAT. c: PAL. d: CCoAOMT. e: AIdOMT. f: MTR. g: AHCY. h: MAT. i: GDC-H. The

closest branches suggest candidate duplicated sequences.
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FIGURE 3. Gene duplications
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Arrows indicate the 5’-3’ gene orientation. White arrows are the duplicated studied genes united by
horizontal solid line. Black arrows are the duplicated collinear genes specified by dotted lines.
Internal duplications are also marked by grey lines. LG or scaffolds numbers are written at the top
of each. Grey numbers indicate the genomic location.

a: Downstream the GS1-685196 and GS1-562842 genes and upstream GS1-710427 and GS1-

648144 genes were located 4 collinear duplicated genes. The pair GS1-569354 and GS1-580657
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presented 2 collinear duplications in the upstream region, but the downstream region could not be
examined because the scaffold finished just where the GS gene was located. 2 collinear
duplications were placed upstream the pair GS2-565302 and GS2-725770.

b: When the region surrounding the duplicated Fd-GOGAT-695596 and Fd-GOGAT-734780 genes
was examined, 9 duplicated genes appeared collinearly disposed. The gene NADH-GOGAT-
594762 was in a scaffold of only 128,781 bases, consequently an extensive examination was not
possible. However 1 collinear ORF was found downstream NADH-GOGAT positions.

c: The duplicated genes of PAL-696959 were PAL-725007 and PAL-82117 which were closely
placed. A total of 22 collinear genes confirmed the duplication of the genomic region. PAL-667815
and PAL-739482 were also duplicated genes, as it was showed when in the region were found 7
other collinear genes.

d: The duplication of CCOAOMT-564687 was CCoAOMT-55191: 11 and 9 collinear duplications
were found respectively upstream and downstream. Similar regions were examined for the
duplicated CCoAOMT-691730 and CCoAOMT-722225, finding 13 collinear duplications.

e: The downstream region AIdOMT-56062 and AIdOMT-257309 had 3 collinear genes. By contrast,
8 (upstream) and 3 (downstream) collinear duplicated genes were detected for AlIdOMT-345776
and AldOMT-57441.

f: It was not possible to examine the downstream region of the MTHFR-654300 and MTHFR-
704929 because this last was placed close to the end of the scaffold 170. However the upstream
region contained 12 collinear duplicated genes.

g: MTR-649045 and MTR-594861 genes had 6 collinear duplications and for MTR-699903 and
MTR-738504 the screening counted 5.

h: ACHY-549785 and ACHY-597072 were also duplicated genes. The screening of the genomic
region showed 12 duplications collinearly disposed.

i: The genomic region enclosing the duplicated MAT-552593 and MAT-572548 had 15 collinear
duplicated genes; 2 duplications were located downstream and 6 upstream for MAT-564333 and

MAT-566909.
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j: The genomic region of the GDC-H-570626 and GDC-H-88775 genes contained 9 collinear
duplicated genes. 14 duplications were found for the GDC-H-676524 and GDC-H-580100, 10 for

GDC-P-685558 and GDC-P-577945, and finally only 3 for GDC-T-833954 and GDC-T-828778.

FIGURE 4. Genome polyploidization
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Genome polyploidization produce the duplication of a particular original gene generating copies A
and B. Progressive independent changes on the A and B duplicated genes are inherited when a
speciation event happens. New punctual different changes on the A and B genes produce even
more divergence between A and B genes of the species 1 and 2. Orthologous genes are Al with
A2, and B1 with B2. Paralogous genes are Al with B1, and A2 with B2. Comparison among
duplicated A2 and B2 genes with the B1 transcript: Solid lines indicate mutations respectively
before (dark) or after (grey) speciation, that represent conserved similitude between B1 and B2
orthologous. However changes happened on B1 after the speciation (dark dashed lines), represent
conserved residues between the paralogous A2 and B2. Moreover, changes on B2 afters
speciation (grey dashed lines) represent common elements between A2 and B1, i.e. between a

gene and the paralogous of its orthologous.
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FIGURE 5. Principal Component Analysis (PCA).
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Plot of the analyzed variables (gene expressions) on the two first principal components: 90.782%
and 3.283% of the variance respectively. Practically, all the gene coexpression values were
positively correlated with the first principal component, with the exception of GDC-H-570625 which
shows an inverse relationship. The second principal component is mainly characterized by the

mutually exclusive expression of GS1-10427 and GS2-725770 respectively.
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