O Genetics and Molecular Biology, 28, 3 (suppl), 575-581 (2005)
Copyright by the Brazilian Society of Genetics. Printed in Brazil
www.sbg.org.br

Research Article

Eucalyptus ESTs associated with resistance to herbicide inhibitors of
aromatic and branched-chain amino acid synthesis

Edivaldo Domingues Velini', Maria Lucia Bueno Trindade', Elza Alves', Ana Catarina Cataneo’,
Celso Luis Marino®, Ivan de Godoy Maia®, Edson Seizo Mori*, Edson Luiz Furtado®,
Iraé Amaral Guerrini® and Carlos Frederico Wilcken’

!Universidade Estadual Paulista “Julio de Mesquita Filho”, Faculdade de Ciéncias Agrarias,
Fazenda Experimental Lageado, Laboratorio de Matologia, Botucatu, SP, Brazil.
’Universidade Estadual Paulista “Jilio de Mesquita Filho”, Instituto de Biociéncias,
Laboratorio de Xenobioticos, Botucatu, SP, Brazil.

SUniversidade Estadual Paulista “Jilio de Mesquita Filho”, Instituto de Biociéncias,
Laboratorio de Genética, Botucatu, SP, Brazil.

*Universidade Estadual Paulista “Jillio de Mesquita Filho”, Faculdade de Ciéncias Agrarias,
Fazenda Experimental Lageado, Laboratorio de Melhoramento Vegetal, Botucatu, SP, Brazil.
Universidade Estadual Paulista “Jilio de Mesquita Filho”, Faculdade de Ciéncias Agrarias,
Fazenda Experimental Lageado, Laboratorio de Fitopatologia, Botucatu, SP, Brazil.
SUniversidade Estadual Paulista “Julio de Mesquita Filho”, Faculdade de Ciéncias Agrarias,
Fazenda Experimental Lageado, Laboratorio de Solos, Botucatu, SP, Brazil.

"Universidade Estadual Paulista “Julio de Mesquita Filho”, Faculdade de Ciéncias Agrarias,
Fazenda Experimental Lageado, Laboratorio de Entomologia, Botucatu, SP, Brazil.

Abstract

Herbicides inhibit enzymatic systems of plants. Acetolactate synthase (ALS, EC = 4.1.3.18) and 5-enolpyru-
vylshikimate-3-phosphate synthase (EPSPS, EC 2.5.1.19) are key enzymes for herbicide action. Hundreds of com-
pounds inhibit ALS. This enzyme is highly variable, enabling the selective control of weeds in a number of crops.
Glyphosate, the only commercial herbicide inhibiting EPSPS is widely used for non-selective control of weeds in
many crops. Recently, transgenic crops resistant to glyphosate were developed and have been used by farmers.
The aim of this study was the data mining of eucalypt expressed sequence tags (ESTs) in the FORESTs Genome
Project database (https:/forests.esalq.usp.br) related to these enzymes. Representative amino acid sequences
from the NCBI database associated with ALS and EPSPS were blasted with ESTs from the FORESTSs database us-
ing the tBLASTx option of the blast tool. The best blasting reads and clusters from FORESTSs, represented as nucleo-
tide sequences, were blasted back with the NCBI database to evaluate the level of similarity with available
sequences from different species. One and seven clusters were identified as showing high similarity with EPSPS and
ALS sequences from the literature, respectively. The alignment of EPSPS sequences allowed the identification of
conserved regions that can be used to design specific primers for additional sequencings.
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Introduction

Herbicides act upon enzyme systems or specific pro-
teins of plants, altering their functionality. In this work we
will discuss the enzymes Acetolactate synthase (ALS, E.C.
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4.1.3.18) and 5-enolpyruvylshikimate-3-phosphate syntha-
se (EPSPS, E.C. 2.5.1.19). The aim of this study was the
data mining of eucalypt expressed sequence tags (ESTs) in
the FORESTs Genome Project database (https://forests.
esalq.usp.br) related to these enzymes.

The mechanisms of action of herbicides associated
with ALS and EPSPS enzymes have been described by sev-
eral authors, such as Mousdale and Coggins (1991), Hess
(1993), Hess (1997b), and Hess and Bridges (2002). The
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enzyme Acetolactate-synthase (ALS), which is the site of
action of sulfonylureas, imidazolinones and other groups of
herbicides, acts on the synthesis route of the branched-
chain amino acids leucine, isoleucine and valine (Nelson
and Leningher, 2000).

According to the authors mentioned above, ALS is
characterized by its great variability; it is therefore possible
to develop herbicides with the ability to differentiate and
select among plants with a high degree of similarity (for ex-
ample, control of dicotyledon weeds in dicotyledon crops,
or grass weeds in grass crops). The great diversity of this
enzyme system, in addition to the wide use of herbicides
that act upon it, is responsible for a higher number of occur-
rences of weed species resistant to herbicides.

The ALS enzyme is widely studied, and has been se-
quenced from several plant species susceptible or resistant
to herbicides that act upon it. The nucleotide sequences that
confer resistance, initially present at low frequencies in
weed populations that developed resistance, are the same
found in genotypes of cultivated plants equally tolerant to
herbicides. It is likely that the sequences that condition re-
sistance are present in at least some individuals of many
plant species, making it viable to obtain resistant genotypes
without using transgenic techniques.

Hess (1997b), Tan and Medd (2002) and Yu et al.
(2003) observed that the resistance to ALS inhibiting herbi-
cides has been attributed to single point mutations, which
can occur at multiple sites in ALS gene. Base changes in at
least four protein domains have been associated with in
vivo resistance in field plants. The most common mutation
in biotypes selected by sulfonylureas is located in the
highly conserved “Domain A” site that codes for 13 amino
acids, where any alteration of the codon for Proline confers
resistance, primarily to the sulfonylureas and triazolopy-
rimidines. A Tryptophan — Leucine mutation in “Domain
B” has been associated with broad cross-resistance to rep-
resentatives of all four families of ALS inhibiting herbi-
cides. In “Domain C”, an Alanine — Threonine mutation
appears to confer resistance only to imidazolinones. An
Alanine — Valine substitution in “Domain D” is reported
to confer broad cross-resistance, as in the case of the muta-
tion in “Domain B.”

The EPSPS enzyme (5-enolpyruvylshikimate-3-
phosphate synthase, E.C. 2.5.1.19) acts on the synthesis
pathway of aromatic amino acids and of shikimic acid,
which are involved in the production of many compounds
that belong to the secondary metabolism of plants, mainly
related to growth, wood quality, and allelopathic effects, in
addition to tolerance to pests and diseases, with emphasis
on indole acetic acid, lignin, flavonoids, and tannins
(Mousdale and Coggins, 1991; Hess, 1993; Hess, 1997b;
Nelson and Leningher, 2000; Hess and Bridges, 2002).

Glyphosate (N-phosphonomethyl-glycine) is the only
commercially available compound that acts upon the
EPSPS enzyme. It is a systemic, non-selective, broad-
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spectrum herbicide, with translocation via the symplast,
and absorption facilitated by proteins that transport phos-
phate groups, which are present in the plasma membrane.
This herbicide is widely used in eucalyptus plantations as
the major tool for weed control. Without transgenic trans-
formation, all plant species are sensitive to glyphosate in a
higher or lower degree, indicating little functional variabil-
ity of EPSPS at the compound’s binding site. Glyphosate is
considered a non-selective herbicide for eucalyptus, and
therefore should be applied as a spray directed to the weeds.

The EPSPS enzyme is coded at the nucleus and works
within the chloroplast (Stauffer et al., 2001), by catalyzing
the binding of shikimate-3-phosphate and phosphoenol-
pyruvate, producing enolpyruvylshikimate-3-phosphate
and inorganic phosphate (Peterson et al., 1996). According
to Hess (1993), glyphosate is a non-competitive and com-
petitive inhibitor, respectively, in relation to those two sub-
strates. EPSPS inhibition leads to an accumulation of
shikimate in the vacuoles and an increase in the flow of car-
bon into this pathway, which is exacerbated by the loss of
feedback control.

According to Kruse et al. (2000), approximately 35%
of plant dry mass is represented by derivatives of the
shikimate pathway and 20% of the carbon fixated via pho-
tosynthesis follows this metabolic route.

Singh and Shaner (1998) concluded that glyphosate
blocked the activity of EPSP and increased the accumula-
tion of shikimic acid. The authors also describe a method
that can be used to evaluate the concentrations of shikimic
acid even in dead leaves.

It is worth noting that Rippert et al. (2004) demon-
strated that the shikimic acid pathway is indirectly involved
in a second mechanism of action of herbicides. The com-
pound DKN (the active Isoxaflutole metabolite) acts on the
conversion of Hydroxyphenylpyruvate (produced from ty-
rosine) into homogentisate. Homogentisate is, in turn, used
in the production of tocopherols, tocotrienols, and Vitamin
E, which are important antioxidant compounds. The au-
thors observed that the increase in shikimate production
could lead to increases in the accumulated amounts of to-
copherols, tocotrienols, and Vitamin E, and could increase
resistance to DKN (active isoxaflutole metabolite), a herbi-
cide with great potential for use in eucalyptus.

The processes for obtaining plants that are resistant or
tolerant to glyphosate are discussed by Shaner and Bridges
(2002) and Meilan et al. (2002), and are nearly always
based on the super-expression of the gene responsible for
producing the EPSPS enzyme or on the use of amino acid
sequences that cause a greater affinity of the enzyme with
PEP, which binds to shikimate when producing EPSPS (as,
for example, in the configuration that corresponds to the
CP4 EPSPS Agrobacterium gene presented by Harrison et
al., 1996). In soybean cultivars resistant to the herbicide,
both modifications are present. There is a third, less fre-
quently used alternative, which consists of the insertion of
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the GOX gene (glyphosate oxireductase responsible for
transforming glyphosate into glyoxylate and into the inac-
tive metabolite AMPA — aminomethylphosphonic acid).

The broad spectrum of control and absence of selec-
tivity in glyphosate, with the exception of transgenic crops,
indicate the absence of functional variability in the EPSPS
enzyme, specifically at the glyphosate binding site. How-
ever, the work by Rippert et al. (2004) indicates the pres-
ence of functional variability for the synthesis of aromatic
amino acids; it is possible to alter or optimize the synthesis
pathway of these compounds with important reflexes on
growth and on plant tolerance to stresses and to herbicides
that inhibit the HPPD enzyme. The papers show that the en-
zyme can be found at different amounts in different geno-
types (probably as a function of the presence of different
promoters) conditioning different velocities of production
of aromatic amino acids, even if the nucleotide sequence is
maintained.

The objective of this work was to locate Eucalyptus
ESTs corresponding to the ALS (acetolactate synthase en-
zyme) and EPSPS (5-enolpyruvylshikimate-3-phosphate
synthase, E.C. 2.5.1.19) genes, which are directly related to
resistance to herbicides and could optimize the process of
obtaining plants that are resistant to the products that act
upon those enzymes.

Material and Methods

The Eucalyptus Genome Project (Projeto Genoma do
Eucalipto - FORESTS), developed by a consortium of four
companies in the forestry industry, in an agreement with
FAPESP, and executed with the participation of 20 labora-
tories from the State of Sdo Paulo associated with the AEG
network (https:forests.esalq.usp.Br), obtained 123,889
reads constructed from expressed sequence tags (ESTs) of
cDNA libraries, mainly derived from Eucalyptus grandis
tissues. The tissues were removed from different organs of
plants submitted to different growing conditions. The
makeup and coding of the libraries are described in Table 1.

The search for ALS and EPSPS enzymes was per-
formed using the BLAST tool (Altschud ef al., 1997). The
amino acid sequences for those enzymes, described for dif-
ferent plant species, were compared with the information
from the FORESTS project database using the “tBLASTn”
option, allowing the identification of Clusters associated
with them. Only Clusters effectively aligned with the ami-
no acid sequences were selected, using an e-value < e-70 as
a selection criterion.

The nucleotide sequences of the selected Clusters
were compared with the NCBI (National Center for Bio-
technology Information) and the geneBank amino acid se-
quence databases after translation in all possible frames.
The procedure allowed us to confirm the alignment with se-
quences of the GS enzyme or the D1 protein from different
plant species, to find the translation frame for the cluster
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Table 1 - Codes and source tissues of cDNA libraries approved by the
FORESTS project.

Code
BK1

Tissues / growing condition

Bark, sapwood, heartwood, and pith of 8-year old E. grandis
trees

CL1 E. grandis calluses formed in the dark

CL2 E. grandis calluses formed in the light

FB1 Buds, flowers and fruits

LV1 Seedling leaves

Lv2 Leaves from trees efficient and inefficient in phosphorus and
boron utilization

LV3 Leaves colonized with the caterpillar Thyrinteina sp. for
7 days

RT3 Nursery seedling roots

RT6 Roots of trees resistant and susceptible to frost

SL1 E. grandis seedlings grown in the dark and exposed to light
for 3 h prior to RNA extraction

SL4 E. globulus seedlings grown in the dark
SL5 E. saligna seedlings grown in the dark
SL6 E. urophylla seedlings grown in the dark
SL7 E. grandis seedlings grown in the dark

SL8 E. camaldulensis seedlings grown in the dark

ST2 Stems of six month-old seedlings susceptible to water deficit
ST6 Stems of seedlings susceptible to water deficit

ST7 Stems of trees resistant and susceptible to frost

WD2 E. grandis wood

and to obtain values of identity percentages and similarity
probability values (e-value) for the alignments.

Based on the translation frame that produced the best
alignments and using the software GENERUNR, the nucle-
otide sequence corresponding to the clusters was translated
into amino acids for the identification and analysis of Open
Read Frames. The amino acid sequences corresponding to
ORFs were aligned with the amino acid sequences of dif-
ferent plant species (with e-value < e-70 as previously de-
scribed). The software CLUSTAL was used to align the
sequences and to estimate the phylogenetic distances repre-
sented in consensus phylogenetic trees obtained from a to-
tal of 1000 bootstrap trials. The trees were built up using the
neighbor-joining method and were plotted with TreeView.

Results and Discussion

Amino acid sequences corresponding to the ALS and
EPSPS enzymes found in the literature for other plant spe-
cies were confronted with the sequences in the FORESTs
project database, and high levels of similarity were found.
The main results of this initial similarity search process are
presented in Table 2.

The nucleotide sequences of the clusters correspond-
ing to ALS enzyme were compared with the NCBI (Na-
tional Center Biotechnology Information) and the genBank
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Table 2 - FORESTS clusters, identified through the tBlastn tool, which showed similarity with the ALS and EPSPS enzymes.

Enzyme Species Accession Cluster e-value
Arabidopsis thaliana AAB04997 EGEQBKI1001E10.g 0.0
Arabidopsis thaliana AAB04997 EGEQST2200A05.g e-171
Brassica napus P27819 EGRFFB1079F01.g 0.0

ALS Brassica napus P27819 EGBFRT3117G02.g 4e-99
Glycine Max AAMO09515 EGMCCLI1306F10.g 2e-85
Amaranthus powellii AAM21966 EGACFB1011F04.g 2e-73
Brassica napus P27819 EGEQCL2001F11.g 3e-85

EPSPS Arabidopsis thaliana AAK25934 EGEQRT3102H01.g 0.0

Table 3 - Translation frames for the nucleotide sequence of the clusters, minimum and maximum values of e-value and sizes of the ORFs corresponding
to the ALS enzyme.

Cluster Frame Size of the ORFs Number of e-value
corresponding to ALS sequences" Minimum Maximum

EGEQBK1001E10.g +1 679 44 le-74 e-70
EGEQST2200A05.g +3 375 56 3e-152 e-70
EGRFFB1079F01.g +2 419 363 0.0 e-70
EGBFRT3117G02.g +2 210 64 4e-96 e-70
EGMCCLI1306F10.g +1 366 7 Te-88 e-70
EGACFB1011F04.g +1 238 44 le-74 e-70
EGEQCL2001F11.g +3 210 65 2e-97 e-70

(Number of amino acid sequences from the literature aligning with sequences corresponding to the clusters from Eucalyptus with e-values lower than
e-70.

amino acid sequence databases after translation in all possi-
ble frames and the results are presented in Table 3. Due to
the high number of alignments with e-values smaller than
e-70, they were counted and the numbers are presented in
the fourth column of Table 3. It was possible to identify
ORFs 210 to 679 amino acids in length and corresponding
to GS sequences from the literature.

ies, indicating the expression of this gene in different
tissues and conditions.

The results showed that the cluster EGEQBK1001
E10.g is consensual in 14 reads, corresponds to a sequence
of 2611 bases and encloses a complete sequence of the
Acetolactate Synthase enzyme. The start codon was located
at the position 268, and the sequence was truncated by an
end codon at the position 2,365. Coding was obtained for a
total of 679 amino acids.

In Table 4 we listed information on the numbers of
reads that make up clusters related to the ALS enzyme,

classified by tissues of origin. It must be pointed out that the
32 reads related to ALS were present in 12 of the 19 librar-

The alignments of amino acid sequences from the lit-
erature indicated the presence of several conserved regions

Table 4 - Read origin libraries corresponding to clusters with the greatest similarity for the ALS enzyme.

Cluster N. Libraries

re(:lils Bark Calluses Flowers Leaves Roots Seedlings Stem Wood

BK1 CL1 CL2 FB1 LVl LV2 LV3 RT3 RT6 SL1 SL4 SL5 SL6 SL7 SL8 ST2 ST6 ST7 WD2

EGEQBKI1001E10.g 14 1 1 1 2 3 1 2 3
EGEQST2200A05.g 3 2 1
EGRFFB1079F01.g 9 8 1
EGBFRT3117G02.g 2 2
EGMCCL1306F10.g 2 1 1
EGACFBI011F04.g 1 1
EGEQCL2001F11.g 1 1
Total 32 1 2 1 10 1 4 2 3 1 1 3 3
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EGEQBKIO0IEIO.g
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Figure 1 - Alignment of the amino acid sequence for the acetolactate
synthase enzyme (ALS, EC = 4.1.3.18). Sequences for different organ-
isms obtained from the GenBank were compared with the longest se-
quence found in the FORESTs ESTs Database. The tree was built using
the neighbor-joining method with the ClustalX program, and was visual-
ized with TreeView.

from 1 to 28 amino acids in length. The longest conserved
region encloses the domain A, where any alteration of the
codon for proline confers resistance to sulfonylureas and
imidazolinones. When the sequences from FEucalyptus
were included in the alignments, no domain could be ob-
served. Even alignments using only the sequences from Eu-
calyptus did not allow identifying conserved regions that
could be used to design specific primers for further
sequencings of the ALS gene.

The absence of domains in Eucalyptus is in conflict
with the information available in the literature for several
other plant species and indicates the need for further and
better sequencings of the ALS gene. Tan and Medd (2002)
describe the primers used to clone this gene in Raphanus
raphanistrum, but the nucleotide sequences from the litera-

579

ture also can be used to design the specific primers
necessary for additional sequencings.

The phylogenetic distance matrix obtained from the
amino acid sequences from the literature and the sequence
corresponding to the cluster EGEQBK1001E10.g is repre-
sented in Figure 1. This cluster was selected because it en-
codes a complete sequence corresponding to ALS gene.
The GenBank accession numbers for the 14 sequences
from the literature are listed in Table 5. The phylogenetic
tree presents three main branches enclosing the cluster
EGEQBKI1001E10.g (isolated from the other species), five
Poaceae and ten eudicotyledon species. The species group-
ing, except for Eucalyptus, is consistent with the informa-
tion about the control spectra of herbicides inhibiting ALS.
Most of the compounds act mainly on sedges, grasses or
broadleaved weeds. Few compounds have broad-spectrum
control.

The results show that additional sequencings are nec-
essary to develop assisted breeding procedures aiming to
identify individuals and to obtain eucalyptus varieties resis-
tant to ALS-inhibiting herbicides. Considering the high
number of molecules that act on this site, including
preemergence or postemergence herbicides from different
manufacturers and with different control spectra and envi-
ronmental dynamics, the resistance to ALS inhibitors is
quite significant from a practical standpoint.

For the EPSPS enzyme, only cluster EGEQRT310
2HO01.g was identified with a significant e-value (Table 2).
With regard to the origin of the 11 reads that made up the
cluster, 4, 4,2, and 1 corresponded to libraries consisting of
nursery seedling roots, E. grandis wood, E. globulus seed-
lings grown in the dark, and leaves colonized with the
Thyrinteina sp. caterpillar for 7 days, respectively. The
cluster EGEQBKI1001E10.g corresponded to a sequence of
1,931 bases and encloses a complete sequence of the
EPSPS enzyme. The start codon was located at the position
322, and the sequence was truncated by an end codon at the
position 1,897. Coding was obtained for a total of 523
amino acids.

For this cluster, several homologous genes from dif-
ferent species were found, with high similarity indices (Ta-
ble 6). Consistent with information from the literature and
with the absence of selectivity shown by glyphosate, the

Table 5 - GenBank accession numbers for the sequences used to build up the phylogenetic tree for the ALS enzyme.

Species gl Species gl
Amaranthus powellii 2129496 Helianthus annuus 46948858
Amaranthus retroflexus 2129496 Lolium multiflorum 11120576
Arabidopsis thaliana 6523087 Nicotiana tabacum 19779
Bassia scoparia 3820612 Oryza sativa 60116604
Bromus tectorum 19698559 Papaver rhoeas 33300530
Camelina microcarpa 2129496 Raphanus raphanistrum 22450045
Gossypium hirsutum 2129496 Zea mays 320130
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Table 6 - Translation frames for the nucleotide sequence of the cluster EGEQRT3102HO01.g, values of e-value for the alignments, amino acid sequence
lengths corresponding to EPSPS enzyme of different higher plant species and identity percentages in relation to the sequence of the cluster.

Species Frame g.i. e-value Length of sequences'”  Identity (%)
Arabidopsis thaliana +1 295790 0.0 520 73
Conyza canadensis +1 48526084 0.0 519 88
Brassica napus +1 17815 0.0 516 74
Dicliptera chinensis +1 16751567 0.0 516 78
Eleusine indica +1 16415786 0.0 445 84
Lolium rigidum +1 13375567 e-146 347 83
Lycopersicum esculentum +1 66619 0.0 520 86
Nicotiana tabacum +1 114165 0.0 518 79
Orychophragnus violaceus +1 18251236 0.0 518 75
Oryza sativa +1 55775374 0.0 515 81
Petunia hybrida +1 114176 0.0 516 79
Zea mays +1 1524383 0.0 444 85

(UNumber of coded amino acids.

phylogenetic analysis indicated a high level of similarity
among sequences corresponding to this enzyme from dif-
ferent plant species (Figure 2). The presence of a branch en-
closing the four grass species studied (Lolium rigidum,
Oryza sativa, Zea mays and Eleusine indica) must be poin-
ted out.

The alignments of amino acid sequences from the lit-
erature and corresponding to the cluster EGEQBK1001
E10.g indicated the presence of several conserved regions

L. rigidum }ﬂ{

Z mays

E. indica

O. sativa

g

D. chinensis

A. thaliana

B.napus

B.rapa

O.violaceus

Petunia x. Hybrida

N. tabacum

L. esculentum

EGEQRT3102HO1.g

C. canadensis

Figure 2 - Alignment of the amino acid sequences for the enzyme
S-enolpyruvylshikimate-3-phosphate synthase (EPSPS, E.C. =2.5.1.19).
Sequences for different organisms obtained from the GenBank were com-
pared with the highest e-value clusters found in the FORESTs ESTs Data-
base. The tree was built using the neighbor-joining method with the
ClustalX program, and was visualized with TreeView.

from 1 to 20 amino acids in length. It is viable to use these
domains to design specific primers for additional sequen-
cings aiming at locating nucleotide polymorphism and dif-
ferent promoters associated to the EPSPS enzyme.

The identification of different promoters could allow
control of the expression levels of the gene associated with
EPSPS, altering, in turn, the production of lignin, tannins,
flavonoids, IAA, tocopherols, tocotrienols, and Vitamin E,
with likely consequences in terms of sensitivity or toler-
ance to pests, diseases, glyphosate, and plant growth. The
potential of use of tyrosine production increases, to reduce
sensitivity to DKN (Isoxaflutole) must be pointed out, as
evidenced in the work by Rippert et al. (2004).
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