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Abstract Putative plant adhesion molecules include
arabinogalactan-proteins having fasciclin-like domains.
In animal, fasciclin proteins participate in cell adhesion
and communication. However, the molecular basis of
interactions in plants is still unknown and none of these
domains have been characterized in cereals. This work
reports the characterization of 34 wheat (Triticum aes-
tivum) and 24 rice (Oryza sativa) Fasciclin-Like Arabi-
nogalactan-proteins (FLAs). Bioinformatics analyses
show that cereal FLAs share structural characteristics

with known Arabidopsis FLAs including arabinogalac-
tan-protein and fasciclin conserved domains. At least
70% of the wheat and rice FLAs are predicted to be
glycosylphosphatidylinositol-anchored to the plasma
membranes. Expression analyses determined from the
relative abundance of ESTs in the publicly available
wheat EST databases and from RNA gel blots indicate
that most of these genes are weakly expressed and
found mainly in seeds and roots. Furthermore, most
wheat genes were down regulated by abiotic stresses
except for TaFLA9 and 12 where cold treatment
induces their expression in roots. Plant fasciclin-like
domains were predicted to have 3-D homology with
FAS1 domain of the fasciclin I insect neural cell adhe-
sion molecule with an estimated precision above 70%.
The structural analysis shows that negatively charged
amino acids are concentrated along the �1-�3-�4-�2
edges, while the positively charged amino acids are
concentrated on the back side of the folds. This highly
charged surface distribution could provide a way of
mediating protein–protein interactions via electrostatic
forces similar to many other adhesion molecules. The
identiWcation of wheat FLAs will facilitate studying
their function in plant growth and development and
their role in stress response.
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Introduction

Plant development and adaptation to continuous envi-
ronmental changes require that cells undergo profound
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structural and metabolic modiWcations. The plant cell
wall (CW) and its interaction with the plasma mem-
brane (PM), is thought to play crucial regulatory roles
during these developmental processes. CW–PM interac-
tions are dynamic, and involve various types of proteins
such as receptor kinases, arabinogalactan-proteins
(AGPs), cellulose synthase complex (rosettes), and wall-
associated kinases (WAKs). As part of a study on wheat
endosperm development, we sought to characterize
putative wheat fasciclin-like arabinogalactan-proteins
(TaFLAs) and investigate their possible physiological
function in plant development and in response to vari-
ous stresses. Such putative adhesion molecules are not
characterized in cereals. The hydroxyproline (Hyp)-rich
glycoproteins (HRGPs) superfamily consists of three
main subfamilies, namely arabinogalactan-proteins
(AGPs), extensins (EXTs), and proline-rich proteins
(PRPs). HRGPs are characterized by a backbone pro-
tein rich in Hyp with varying degrees of O-glycosylation
depending upon the subfamily (up to 99% of Mr) (Noth-
nagel 1997; Bacic et al. 2000; Showalter 2001). HRGPs
share common signatures that consist of blocks of Hyp
residues organized in clusters called glycomodules, in
which most Hyp residues usually bear either a large
arabinogalactan (AG) polysaccharide or small non-
branched arabinooligosaccharides. In the case of AG
polymers, Hyp residues are organized in noncontiguous
clusters (as in AGPs), however, in the case of arabi-
nooligosaccharides, Hyp residues are organized in con-
tiguous clusters as in EXTs and PRPs (Tan et al. 2003).
In addition to the AG glycomodules, an AGP molecule
may contain other conserved domains such as fasciclin-
like domains similar to the ones identiWed in fruit Xies
(Elkins et al. 1990), or Lys-rich domains (Gaspar et al.
2004). Although an excellent bioinformatics strategy to
identify AGPs has been developed in Arabidopsis
genome (Schultz et al. 2002); there is currently an
urgent need for an exhaustive bioinformatics analysis
and characterization of AGPs in genomes from com-
mercially important crop plants such rice, wheat and
maize. Such an analysis may lead to a better under-
standing of the physiological functions of these pro-
teins. In Arabidopsis, 21 genes encoding FLAs
(AtFLAs) have been identiWed and were classiWed into
four groups (Johnson et al. 2003). The AtFLA genes
are expressed in various plant organs, in various tissues
such as xylem, stylar tissue, and in suspension cultured
cells (Showalter 2001; Johnson et al. 2003; Lafarguette
et al. 2004; Dahiya et al. 2006). Structurally, a fasciclin
domain, as deWned by the consensus “smart00554” in
SMART databases (Simple Modular Architecture
Research Tool at http://www.smart.embl. de; http://
www.smart.ox.ac.uk), is characterized by two highly

conserved sequences regions called H1 and H2 (»10
amino acids long each) with common short conserved
peptide motifs, namely Val-Phe-Pro-X-X-X-Pro and
[Phe/Tyr]-His motifs, where X can be any amino acid
(Kawamoto et al. 1998; Johnson et al. 2003). Consider-
ing the number of AtFLA proteins and their structural
diversity (Lafarguette et al. 2004; Gaspar et al. 2004), it
is expected that they may have diverse function during
plant development and adaptation. For example, the
salt overly sensitive Wve mutant in Arabidopsis (sos5)
has a point mutation in the second fasciclin domain of
AtFLA4 gene, resulting in plants with thinner cell
walls, abnormal swollen cells at the root tip, and an
increase in salt sensitivity (Shi et al. 2003). More recent
studies (Lafarguette et al. 2004; Brown et al. 2005;
Persson et al. 2005; Dahiya et al. 2006) showed that
AtFLA11 gene and its homolog in Zinnia elegans and
poplar are implicated in secondary wall formation. It is
clear that FLA proteins play crucial roles in plant
development, however the mechanisms by which these
proteins achieve their functions are not known. To
date, the adhesion function (physical interaction) of
plant fasciclin-like domains has not been demonstrated
as they have been in fruit Xy Fas1 and in the immuno-
globulin super-family (Wang et al. 1999; Kim et al.
2000, 2002). It has been postulated that the dual pres-
ence of fasciclin-like domains associated with glycosyl-
phosphatidylinositol (GPI)-anchor supports the
involvement of plant FLA in cell adhesion and signal-
ing. However, we still do not know by which mecha-
nism the interaction may occur. This lack of progress in
understanding adhesion mechanism of plant fasciclin-
like domains comes mostly from the lack of structural
studies of their domains. Recent advances in computer
prediction algorithms and the availability of the crystal
structure model of FAS1 domain 4 of Drosophila fasci-
clin (Coult et al. 2003), will open a new way to investi-
gate the importance of certain regions of plant
fasciclin-like domains in adhesion mechanism. In an
eVort to understand the function of FLAs in cereal
development, we initiated this study that focuses on
the identiWcation, cloning, and bioinformatics analyses
of putative FLAs in wheat, a commercially important
Triticeae grain crop. A java script was developed that
allowed us to identify wheat ESTs with similarities to
Arabidopsis FLA proteins in the public databases and
then assemble them into unique contigs, by using bioin-
formatics and transcriptomic approaches in association
with currently available genomic resources. Using this
strategy along with PCR-based methodology, we
cloned 34 full-length putative TaFLA genes. Structural
predictions showed that plant fasciclin-like domain has
fold homology to FAS1 with an estimated precision of
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90%, and the domain consists of a seven-stranded
wedge similar to FAS1. This study may establish the
foundation for further detailed investigations on the
role of each particular TaFLA protein in plant devel-
opment and environmental adaptation. The cloning of
putative TaFLA genes in addition to the mining of rice
homologues allowed us to perform extensive compari-
son of these proteins with Arabidopsis proteins.
Inventory of wheat FLA transcripts in the TIGR EST
database indicates that most of TaFLA genes are
expressed in reproductive organs and roots. In addi-
tion, RNA gel blot analysis indicates that at least
two of these wheat genes are up regulated by cold
treatment.

Materials and methods

Plant material and growth conditions

Winter wheat (Triticum aestivum L. cv Norstar, LT50 of
¡19°C) was used in this work. Plants were grown in
water-saturated vermiculite for 7 days at 25°C/20°C
under a relative humidity of 70% and a 15 h photope-
riod. After this period plants were treated with various
stresses as described earlier (Danyluk et al. 1998).
Control plants were maintained under the same condi-
tions of light and temperature. Cold acclimation was
carried out by subjecting germinated seedlings to a
temperature of 4°C § 1°C with a 12 h photoperiod for
various periods of time as speciWed for each experi-
ment. Seedlings were watered with a nutrient solution
(20:20:20; N:P:K). Plant tissues were immediately fro-
zen in liquid nitrogen after harvesting and stored at
¡80°C until use. Heat shock was performed by incu-
bating seedlings at 40°C for 3 h. Salt-stressed plants
were obtained by incubating seedlings for 24 h in a
nutrient solution containing 500 mM NaCl. Abscisic
acid (ABA)–treated plants were obtained by incubat-
ing seedlings for 18 h in a nutrient solution containing
10¡5 M ABA and concomitantly applying a foliar spray
containing 10¡4 M ABA in 0.02% (v/v) Tween 20.
Polyethylene glycol-induced osmotic stress was per-
formed by removing seedlings from vermiculite and
transferring them to a solution containing 70% (w/v) of
polyethylene glycol (average molecular weight of
8,000) for 48 h.

IdentiWcation of TaFLA-like AGP ESTs using 
bioinformatics and transcriptomic approaches

Bioinformatic and transcriptomic approaches were
used to screen wheat (T. aestivum) EST databases

publicly available. An In-house java script was devel-
oped to perform several bioinformatics steps yielding
a Wnal list of unique wheat sequences with putative
fasciclin-like domains. The Wrst step consists of the
BLAST search (http://www.ncbi.nlm.nih.gov/Ftp/
index.html), to identify and collect hits with similarity
(E < 0.05) to each of Arabidopsis thaliana FLAs
(Johnson et al. 2003). Then the script removes the
redundancy (identical hits names) from this Wrst crude
list of hits before making an assembly of putative
wheat contigs using CAP3 program (Huang and
Madan 1999). Short sequences (less than 300 pb) with
low quality nucleotide sequences (»10–30% NNNs)
were also discarded before assembling the contigs.
Using clustalW program, alignments of these wheat
unique sequences with their closest homologs from
rice and Arabidopsis were performed to identify the
non-overlapping contigs that might correspond to
diVerent regions of the same wheat gene. This last
manual step reduced the number of unique genes and
generates a Wnal list of putative wheat FLA-like AGP
(TaFLA) genes. The search in the initial step was Wrst
performed using AtFLA nucleic acid gene sequences
as query against nucleic acid databases (BlastN), but
later we found that TBlastN program (AtFLA pro-
teins vs. dynamically translated EST databases) was
more eVective in detecting hits. Because of the pres-
ence of repetitive motifs in these proteins, a low com-
plexity Wlter was not used. Multiple sequence
alignment of these protein homologs was generated
using ClustalW program. Simultaneously, the publicly
available clones of the putative TaFLA genes found
were then fully sequenced at least three times to elimi-
nate errors from sequencing procedures. The compari-
son of TaFLA genes with their closest homologs,
allowed us to accurately predict the start (ATG) and
stop codons. The remaining putative TaFLA genes
that did not have clones available (»50% of the total
list) were cloned using PCR-based cloning strategy.

PCR-based cloning of wheat FLA-like genes

Gene-speciWc primers were designed for these genes
using Primer3 program (http://www.frodo.wi.mit.edu/
cgi-bin/primer3/primer3_www.cgi) that were used to
PCR amplify cDNA clones from 7 cDNA libraries (in
pCMVSPORT6 and are directional) made from vari-
ous wheat tissues and developmental stages. The
reverse and forward primers used with each of the
gene-speciWc primers are 5�-AGATCCCAAGCTAGC
AGTTTTCCCAGTCACGA-3�and 5�-GAGCGGAT
AACAATTTCACACAGGAAACAGCTATGA-3�,
respectively. 50 �l PCR reactions contained 0.6 �M
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forward gene-speciWc primer, 0.3 �M of the same
reverse primer, 100 ng DNA, 300 �M four dNTPs, 1 U
Pfx polymerase as indicated in Platinum Pfx DNA
Polymerase kit manual (Invitrogen). PCR conditions
were as follows: an initial 2 min step at 94°C to activate
Pfx is followed by eight cycles of 20 s denaturing at
94°C, 20 s annealing at 72°C, and 150 s extension at
72°C. The annealing temperature was lowered by 1°C
each cycle using down touch function. At the end of
these eight cycles the PCR reaction is extended for
another 44 cycles of 20 s denaturing step at 94°C, 20 s
annealing step at 64°C, and 150 s extension step at
68°C. The Wnal step is conducted at 72°C for 10 min.
PCR products were cloned into PCR4 Blunt-TOPO
vector using zero blunt TOPO PCR cloning kit (Invi-
trogen) and then introduced into chemically competent
bacteria cells (one shot cells).

Computer-based analysis of protein sequences

Several prediction algorithms are currently available
for public use through well-organized websites. These
websites are listed as follows: putative fasciclin
domains were identiWed using two websites. The Wrst
allows the search the Conserved Domain Database at
NCBI (http://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi) (Marchler-Bauer and Bryant 2004). This
algorithm did not identify the FLA-like domain in six
wheat and three rice proteins. Therefore, a motif scan
algorithm allowing the search of Prosite and Pfam
database of motifs (http://www.myhits.isb-sib.ch/cgi-
bin/motif_scan) was used to analyze these proteins.
This program is currently the best in predicting motifs
that have low homology. For the other proteins, the
motifs were extracted manually.

To determine the N-terminal signal sequence for
targeting the protein to the secretory pathway, the
deduced amino acid sequence of putative wheat and
rice FLA proteins were submitted to SignalP (http://
www.cbs.dtu.dk/services/SignalP/) (Bendtsen et al.
2004) and WoLF PSORT websites (http://www.wolfp-
sort.seq.cbrc.jp/). However, the proteins that were pre-
dicted not to have a signal peptide were further
analyzed using DGPI algorithm (http://www.129.194.
185.165/dgpi/DGPI_demo_en.html) that can identify
both signal peptide and GPI anchor addition
sequences. Big-PI program (http://www.mendel.imp.
univie.ac.at/gpi/plant_server.html) was also used to
identify the GPI anchor addition sequences. Three-
dimensional structure of the putative FLA domains
was investigated using PHYRE (Protein Homology/
analogY Recognition Engine) algorithm at http://www.
sbg.bio.ic.ac.uk/»3dpssm. This web-based program

searches Wrst to Wnd homologs to the query in public
databases using the psi blast algorithm, then it
searches Prosite and fold library before initiating loop
modeling, cleft detection, and adding side chains. The
three dimensional prediction is then visualized via
Jmol software (http://www.jmol.org). The co-expres-
sion pattern of the Arabidopsis FLA genes was inves-
tigated using the Arabidopsis co-expression database
hosted at the http://www.csbdb.mpimp-golm.mpg.de/
csbdb/dbcor/ath.html website. This analysis may
allow the identiWcation of interacting molecules and
develop hypothesis on the functional interactions of
FLA genes.

Phylogenetic analysis

Fasciclin-like domains were identiWed in wheat and
rice proteins using several programs as described
above. The sequences of these putative fasciclin
domains (»100 aa) were extracted and multiple align-
ments were carried out using ClustalW at http://
www.ebi.ac.uk/clustalw or, for smaller datasets, T-
COFFEE at http://www.ch.embnet.org. After manual
editing, the alignments were displayed and shaded with
GeneDoc program (http://www.psc.edu/biomed/gene-
doc). For phylogenetic analysis, another in-house java
script was developed that combines PHYLIP 3.65
package (Felsenstein 1993), PHYML algorithm (http://
www.atgc.lirmm.fr/phyml) (Guindon et al. 2005), and
TreeView 1.6.6 (http://www.taxonomy.zoology.gla.ac.
uk/rod/treeview.html), a program for displaying and
manipulating trees. This java script allows for the crea-
tion of PHYLIP alignments that can be edited before
submission for analysis under the JTT (Jones et al.
1992) or DayhoV (DayhoV et al. 1978) substitution fre-
quency matrix with 1,000 bootstrap replicates as imple-
mented in PHYML algorithm. The phylogenetic tree
was then visualized with TreeView software.

Expression patterns

Various wheat tissues libraries were created from
TIGR ESTs databases. The libraries were leaf (63743
ESTs); crown (12480 ESTs), roots (58148 ESTs), seeds
(72462 ESTs), kernel (15253 ESTs), endosperm (11110
ESTs), anthers (9913 ESTs), and pistil (10161 ESTs).
Electronic screening for TaFLA genes in these tissues
libraries was performed using the blastN program and
an EST with above 97% identity over at least 600 pb
was counted as the exact match of the gene. The data is
summarized in Table 1. Also, to conWrm and comple-
ment this “digital northern” data, RNA-gel blot analy-
sis was carried out on some TaFLA genes in leaf,
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crown (the part of the seedling just above and below
the ground from which the roots and shoots branch
out). BrieXy, the RNA was extracted using Tri Reagent
according to the manufacturer’s protocol (Molecular
Research Center, Cincinnati). Full-length cDNAs were
cloned by PCR from cDNA libraries and used as
probes. Northern analyses were performed using stan-
dard procedures (Sambrook et al. 1989) and repeated
at least three times using three diVerent RNA prepara-
tions (biological replicate), and a typical result is pre-
sented in Figs. 4, 5, 6.

Results

IdentiWcation and cloning of putative wheat 
FLA (TaFLAs) genes

A java script was developed that performs several bio-
informatics steps in a row and gives a Wnal list of
unique, putative wheat FLA sequences. As a Wrst step,
the java script performs a tBlastn (NCBI) search on the
TIGR wheat EST databases (580,155 ESTs), using the
21 Arabidopsis FLA protein (AtFLA) sequences as
queries. Arabidopsis FLA4 (At3g46550) gave two
accession numbers NP_190239 and NP_915428, but the
later number corresponds to a rice protein accession
number. In a second step, the script collects all the hits
(E < 0.05) obtained from each of the AtFLA proteins,
which yielded a list of »1017 EST sequences. Then the
script removes redundancy (same accession number)
from this Wrst crude list, thus reducing the number to
143 ESTs. In the next step, the java script merges these
ESTs into unique contigs using the CAP3 assembly
program (Huang and Madan 1999) further reducing
the number to 63 putative TaFLA sequences. In order
to identify contigs that might correspond to diVerent
regions of the same gene, we performed several align-
ments using the clustalW program and manually com-
pared the similarities with the closest full-length
Arabidopsis FLA sequence. This step not only reduced
the number of candidates to 43 sequences, but also
allowed us to assess whether contigs were full-length or
partial sequences. Short sequences (less than 300 pb)
with low quality nucleotide sequences (»10–30%
NNNs) were discarded which reduced the number to
38 putative TaFLA sequences. Four of these putative
TaFLA sequences showed high similarity with maize
genes (92–95% identity at the nucleic acid sequences),
suggesting that they might be maize ESTs mistakenly
deposited into wheat EST databases. Therefore, we
decided not to include them in this study and to limit
further characterization to 34 putative TaFLA contigs.

Among these 34 wheat sequences 50% (17 contigs)
were full-length clones. These 17 contigs were cloned
and fully sequenced at least three times to avoid
sequencing mistakes, and their identities were assessed
by additional PCR using gene-speciWc primers. The full
length clones that correspond to the remaining 17
incomplete sequences (boldface type in Table 1) were
ampliWed by a PCR-based approach using gene-speciWc
primers from various cDNA libraries prepared from
enriched tissues (spike, developing endosperm, or
stressed tissues). Each cloned gene was again fully
sequenced at least three times to avoid sequencing mis-
takes. The 34 putative TaFLAs are listed in Table 1
along with the TIGR accession numbers. In addition, a
total of 24 rice genes were identiWed and included in
Table 1 along with their accession numbers.

The putative wheat and rice proteins have FLA protein 
characteristics

To conWrm that the putative TaFLAs and OsFLAs
belong to the AGP super-family, we Wrst searched for
characteristics that have been identiWed in AtFLA pro-
teins such as: (1) the presence of at least one HRGP
glycomodule (Nothnagel 1997; Bacic et al. 2000; Show-
alter 2001; Johnson et al. 2003; Tan et al. 2003), (2) the
presence of a signal peptide at the N-terminus and in
some cases an additional C-terminal signal for a glyco-
sylphosphatidylinositol (GPI) anchor addition, and (3)
the presence of at least one fasciclin-like domain.
However, the classiWcation of these molecules as
HRGPs will require further experimental evidence
such as their ability to bind �-glycosyl Yariv reagent or
elucidating their pattern of O-glycosylation. According
to the “Hyp contiguity hypothesis”, usually a Hyp resi-
due can be arabinogalactosylated if it is repeated in a
noncontiguous way in motifs such as [Ala/Ser/Thr]-
Hyp-X(0,10)-[Ala/Ser/Thr]-Hyp, where two consecu-
tive Hyp are not separated by more than 11 amino acid
residues (Schultz et al. 2002). However, Hyp repeats in
[Ala/Ser/Thr]-Hyp-Hyp and [Ala/Ser/Thr]-Hyp-Hyp-
Hyp glycomodules seem to be the attachment sites for
linear arabinooligosaccharides (up to Wve residues)
instead of AG polymers (Tan et al. 2003). To predict
the occurrence of such glycomodules in our putative
wheat and rice FLA proteins, we manually counted
Hyp-containing sequence motifs in each of them and
data are summarized in Table 1. Although, most of the
putative TaFLAs and OsFLAs contain in their
sequences these glycomodule motifs, only 5 OsFLAs
and 5 TaFLAs have [Ala/Ser/Thr]-Hyp-Hp-Hyp motif
(Table 1). It is noteworthy to point out that TaFLA30
and OsFLA22 (Os02g26290) seem to lack completely
123
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Table 1 Putative fasciclin-like containing proteins identiWed in wheat and rice genomes

Name Accession#
(TIGR)

Size 
(aa)

Number of putative 
glycomodules

FLA-like 
domain

Signal 
peptide

GPI anchor

[AST]-P ([AST]-P-X
(0,10)-[AST]-P)x

[AST]-P-P [AST]-P-P-P

Wheat proteins
TaFLA1 TC256308 430 2 1 0 0 1 Yes Yes
TaFLA2 TC255748 404 3 1 1 1 1 No Yes
TaFLA3 TC235385 416 3 2 0 0 1 Yes Yes
TaFLA4 TC240008 265 0 3 2 0 1 Yes Yes
TaFLA5 TC237235 429 1 2 2 0 1 Yes Yes
TaFLA6 TC235885 367 5 0 0 0 1 Yes Short
TaFLA7 TC235887 342 4 0 0 0 1 Yes Short
TaFLA8 TC235884 342 4 0 0 0 1 Yes Short
TaFLA9 TC241226 264 0 2 1 0 1 Yes Yes
TaFLA10 TC269370 265 0 2 2 0 1 Yes Yes
TaFLA11 TC262593 255 0 2 0 0 1 Yes Yes
TaFLA12 TC253009 276 0 2 2 0 1 Yes Short
TaFLA13 BT009005 267 1 1 1 0 1 Yes Yes
TaFLA14 TC234795 245 0 2 0 0 1 Yes Yes
TaFLA15 TC249162 289 1 2 0 0 1 Yes Yes
TaFLA16 CK216481 263 0 3 0 0 1 Yes Yes
TaFLA17 CK208285 256 0 3 0 0 1 Yes Yes
TaFLA18 TC255878 263 2 2 0 0 1 Yes Yes
TaFLA19 CV761977 480 3 0 2 0 1 Yes No
TaFLA20 TC276044 436 5 1 4 0 1 Yes Yes
TaFLA21 TC244333 277 1 0 0 0 1 Yes No
TaFLA22 TC245365 435 5 1 3 1 1 Yes Yes
TaFLA23 TC259662 266 0 2 2 0 1 Yes Yes
TaFLA24 BT008953 264 0 3 1 0 1 Yes Yes
TaFLA25 TC266543 459 1 1 2 0 2 Yes Short
TaFLA26 TC266544 460 1 1 1 0 2 Yes Short
TaFLA27 CA705196 482 1 2 2 0 2 Yes Short
TaFLA28 CK201849 402 1 2 0 0 2 Yes Yes
TaFLA29 CK212728 310 5 1 0 0 1 Yes Short
TaFLA30 TC236129 205 0 0 0 0 1 Yes Short
TaFLA31 TC265873 298 1 2 1 1 1 Yes Yes
TaAGP1 TC265874 294 2 2 1 1 0 Yes Yes
TaFLA33 TC256781 265 1 1 0 0 1 Yes Yes
TaFLA34 CA597113 298 0 2 0 1 1 Yes Yes

Rice proteins
OsFLA1 Os04g48490 431 1 1 2 0 1 Yes Yes
OsFLA2 Os03g03600 401 0 2 1 1 1 Yes Yes
OsFLA3 Os08g23180 415 2 3 1 0 1 Yes Yes
OsFLA4 Os08g38270 271 0 2 2 1 1 Yes Yes
OsFLA5 Os08g39270 274 0 2 0 0 1 Yes Yes
OsFLA6 Os05g48900 272 0 2 0 0 1 Yes Yes
OsFLA7 Os01g47780 266 1 1 0 0 1 Yes Short
OsFLA8 Os01g06580 255 0 2 0 0 1 No Yes
OsFLA9 Os05g07060 265 1 2 1 0 1 Yes Yes
OsFLA10 Os09g30010 273 4 2 3 0 1 Yes Yes
OsFLA11 Os09g07350 401 3 2 0 0 1 Yes Yes
OsFLA12 Os01g62380 403 0 1 0 1 1 Yes Short
OsFLA13 Os04g39600 263 0 2 0 0 1 Yes Yes
OsFLA14 Os04g39590 277 0 1 1 2 1 Yes Yes
OsFLA15 Os02g20560 268 1 2 0 0 1 Yes Yes
OsFLA16 Os07g06680 479 1 1 2 0 2 Yes Short
OsAGP1 NP1114086 151 0 0 1 0 0 Yes No
OsAGP2 Os02g28130 148 1 0 2 0 0 Yes Short
OsFLA19 Os02g20540 267 1 2 1 0 1 Yes Yes
OsFLA20 Os02g26320 304 2 2 0 1 1 Yes Yes
OsFLA21 Os02g49420 266 0 2 0 0 1 Yes Yes
OsFLA22 Os02g26290 213 0 0 0 0 1 Yes Short
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such AGP glycomodules, and TaFLA6, 7, 8, and 21
have only scattered [Ala/Ser/Thr]-Pro di-peptide
sequence separated by more than ten amino acids.
Two additional characteristics are observed in known
FLA proteins: they are usually secreted proteins and
may be attached to the plasma membrane via a GPI
anchor. Therefore, they should possess an N-terminus
signal peptide to target them to the secretory pathway
and may have a C-terminus signal sequence recognized
by a transamidase that replaces this peptide sequence
with a GPI module. Putative TaFLA and OsFLA pro-
teins were thus analyzed for the presence of these sig-
nal sequences using several prediction programs such
SignalP (Bendtsen et al. 2004), WoLF PSORT (Hor-
ton et al. 2006), big-PI (Eisenhaber et al. 2003), and
DGPI (Kronegg and Buloz 1999). As expected, all the
putative wheat and rice FLA proteins, except TaFLA2
and OsFLA8, were predicted to be secreted by at least
one of these algorithms (Table 1). Similarly, when
putative AtFLA proteins were run on these programs
(as control), they were predicted to be secreted pro-
teins except for AtFLA20 protein (At5g40940). Fur-
ther experiments will be required to conWrm these
predictions and optimize the current available algo-
rithms. A putative FLA protein is considered GPI-
anchored protein if at least one of the two programs
(Big-PI and DGPI) predicts the presence of the motif
at its C-terminus region. Twenty-three putative TaF-
LAs and 18 putative OsFLAs were predicted to have a
GPI anchor sequence signal by at least one program.
However, TaFLA19, OsFLA17 (NP1114086), and
OsFLA24 (Os03g57460) were predicted not to be GPI-
anchored proteins by both programs (Table 1). On the
other hand many putative TaFLA proteins (11 pro-
teins) have a short C-terminus hydrophobic region,
which prevented GPI anchor signal prediction analy-
sis, suggesting that the number of GPI-anchored
TaFLAs may be underestimated. Therefore, further
experimental evidence will be needed to determine the
anchoring position sites, which will help in optimizing

the prediction programs. When the CDD program at
NCBI was used to search the conserved domains data-
base using as queries the putative TaFLA and OsFLA
proteins, one fasciclin-like domain was identiWed in 24
wheat and 19 rice proteins, and two FLA domains
were found in four wheat (TaFLA25, 26, 27, and 28)
and in two rice (Os07g06680 and Os03g57460; Table 1)
proteins. However, because fasciclin domain
sequences are not well conserved (Kawamoto et al.
1998), the CDD program could not identify such
domain in six of the wheat proteins (TaFLA29, 30, 31,
32, 33, and 34). Similarly, this program could not iden-
tify regions with homology to fasciclin domain in sev-
eral AtFLA proteins used as control (data not shown).
Thus, we tried other prediction algorithms such as
“Motif Scan” or “Pfam”, which conWrmed that both
TaFLA31 and TaFLA34 have indeed one region with
sequence similarity to fasciclin domain, as deWned by
the consensus sequence “smart00554” in public data-
base. However, only a region with weak amino acid
sequence similarity was identiWed in TaFLA29, 30 and
33. All prediction programs failed to identify such sim-
ilarity in TaFLA32, OsFLA17, 18, and 23 (Table 1).
These last four putative FLAs could simply be AGPs,
which is not surprising because we have used full-
length AtFLA protein sequences to search the data-
bases. Hence, we expected to Wnd among the hits
sequences with fasciclin-like domains and/or AGP gly-
comodules. The PAST contents of these four proteins
are higher than 40%, except for OsFLA17 (29%), but
the later contains an A-P-P motif characteristic of
AGPs. Thus, we concluded that these four sequences
are AGPs and are indicated in Table 1 as TaAGP1,
OsAGP1, 2, and 3 respectively. The putative fasciclin
domains identiWed in TaFLA, AtFLA, and OsFLA
proteins were aligned using the clustalW program and
the alignment shows the conserved regions depicted in
the smart00554 motif sequence, namely, the H1 con-
served region is characterized by the following
sequence [Ser/Thr]-[Val/Leu/Ile]-Phe-Ala-Pro-X-[Asp/

Table 1 continued 

The number of fasciclin-like domains is indicated for each protein. The TIGR gene accession number and a summary of the computer-
based predictions of the secretion signal peptide and the GPI-anchoring signals are given for each protein. The number of the putative
glycomodules present in each protein sequence was counted manually. Boldfaced FLAs are sequences that were completed using PCR-
based methods

Name Accession#
(TIGR)

Size 
(aa)

Number of putative 
glycomodules

FLA-like 
domain

Signal 
peptide

GPI anchor

[AST]-P ([AST]-P-X
(0,10)-[AST]-P)x

[AST]-P-P [AST]-P-P-P

OsAGP3 Os04g21570 278 0 2 1 0 0 Yes Yes
OsFLA24 Os03g57460 474 0 2 2 0 2 Yes No
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Glu/Asn]-X-Ala, and H2 is characterized by [Val/Leu/
Ile]-[Phe/Tyr/His/Gln]-X-[Val/Leu/Ile]-X-X-[Val/Leu/
Ile]-[Val/Leu/Ile]-[Val/Leu/Ile]-Pro sequence, where
X can be any amino acid (Fig. 1). The third conserved
region of the domains is located between H1 and H2
regions and is characterized by a two-residue motif,
Tyr-His, which is usually Xanked by [Leu/Val/Ile]-
[Leu/Val/Ile] residues (Fig. 1). These residues have
been shown to play roles in integrin binding in ani-
mal cells (Kawamoto et al. 1998; Kim et al. 2002).
Although fasciclin-like domains were predicted in
AtFLA, TaFLA, and OsFLA sequences, their align-
ment shows that all the regions of the domain are not
conserved in some of these proteins (Fig. 1). Figure 1
also shows that Thr residues in the H1 region are com-
pletely conserved in the fasciclin super family. Simi-
larly, an Asn, Glu or Asp residues (charged amino
acids), always occupies the sixth position after the Thr
residues, except for the AtFLA17.2 domain where Ala
residue is found at this position (Fig. 1). The C-termi-
nus section of H2 regions is rich in small hydrophobic
amino acids such as Val, Leu and/or Ile in virtually all
known fasciclin domains (Coult et al. 2003; Shi et al.
2003; Johnson et al. 2003; Lafarguette et al. 2004).
Figure 1 shows that plant H2 regions have also
conserved this characteristic. However, His residue
usually conserved in all known animal fasciclin
domains, is mostly substituted in plant proteins by
another ring-containing amino acid (Phe or Tyr), or by
another amide-containing amino acid (Gln) (Fig. 1).
Furthermore, the alignment shows that the section
between H1 and H2 motifs of known fasciclin domains
is also conserved in plant proteins. However, the His
residue conserved in this region is missing in some pro-
teins such as AtFLA20.1, AtFLA8.1, AtFLA10.1,
AtFLA1.2, OsFLA6, TaFLA15, and TaFLA1. Finally,
it is noteworthy to mention that like in Arabidopsis
FLA proteins, few wheat proteins have a peptide
stretch (»6 amino acids) that is rich in either charged
(i.e., Lys, Asp, Glu) or hydrophobic (i.e., Val, Leu, Ile)
amino acids near the C-terminus. For example,
TaFLA3, 15, 28, and 33 have a combination of poly-
Lys and poly-Asp stretches near the C-terminus, in
addition to two AGP domains (Fig. 2). The C-terminus
regions of TaFLA16 and 17 have stretch with both Lys
and Asp residues mixed together in addition to the
AGP domain (Fig. 2). However, TaFLA21 has instead
a hydrophobic region rich in Leu, Val, and Ile residues
Xanking the FLA domain. This TaFLA is lacking the
AGP domain and GPI-anchoring signal (Fig. 2). These
charged or hydrophobic regions may play a role in sta-
bilizing/orienting the protein on the cell surface.

Molecular modeling of plant fasciclin-like domains

To get insight about the structure/function relation-
ships in plant fasciclin-like domains, fold recognition
methods were used to predict whether the plant FLA
domain protein sequences have folding similarity to
the recently resolved FasI domain 4 crystals (Coult
et al. 2003). Fold recognition uses threading process
to align the query protein sequence with the known
crystal structure (Godzik 2003). PHYRE is a web-
based algorithm that allows performing such align-
ment and gives the secondary structure predictions
(�-helices and �-strands), with the 3-D coordinates,
the E-value, the estimated precision, and sequence
identity percentile. This structural analysis will also
give additional support to the assignment of these
putative proteins as members of the FLA super-fam-
ily and may provide a rational basis to develop edu-
cated experiments for the evaluation of the role of
certain protein regions in adhesion and signaling
mechanisms. To test the validity of the sequence-to-
structure alignment algorithm, we used as a control
the smart00554 sequence. As expected the threading
analysis predicted that smart00554 sequence should
adopt FasI domain 4 fold with an estimated precision
of 100% (Fig. 3b). Smart00554 fold is organized in
seven beta sheets (�1-7) covering the two sides (back
to back) of the domain. One side is covered by �1-�2-
�7-(�6 end) sheets and the back side by the anti-par-
allel �4-�5-(start of �6) sheets. Both series form a
compact triangular shape with the �6 sheet split over
both sides. The sharp edge of the triangle is formed
by the �3 and �4 helices and �3 strand forms the base
of the open end of this triangle (Fig. 3b). The model
indicates also that the fold is maintained by hydrogen
bounds between small hydrophobic amino acids dis-
tributed along the �-strands. When the program was
run with the 92 plant fasciclin-like domains, 86% of
the FLA domains were predicted to adopt folding
pattern to the FasI domain 4 with an estimated preci-
sion above 70% based on amino acid sequence iden-
tity between 20 and 95%. It is noteworthy to indicate
that these identity scores are lowered because the
FasI domain 4 sequence used for similarity is about
30% longer than the plant sequences. Examples of
plant fasciclin-like domain folds are included in Fig. 3.
Although, the estimated precision was below 50% for
5 Arabidopsis (AtFLA10.1, AtFLA17.1, AtFLA19,
AtFLA20.1, and AtFLA20.2), and one wheat
(TaFLA34) fasciclin-like domains, the PHYRE algo-
rithm could still build folds for these domains using
FasI crystal structure.
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Fig. 1 Multiple sequences alignment of the fasciclin-like domain
from Arabidopsis, rice and wheat. The alignment was generated
by ClustalW program and manually edited. Residues in positions
conserved at 90, 75, and 55% are shaded in black, dark gray, and
light gray, respectively. Dashes represent gaps introduced by the
program for optimal alignment. The three conserved regions

characteristic of fasciclin domains (H1, H2, and [FY]H) are indi-
cated on the top of the alignment. In proteins with more than one
FLA domain have the annotation “.1” or “.2” to indicate the po-
sition of the domain in the protein starting from the N-terminus
end of the protein
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Putative TaFLA genes show diVerential expression 
patterns in various tissues and under environmental 
stresses

Since no microarray data is available for wheat, we
used an alternative strategy that consists of download-

ing all TIGR wheat EST databases (580,155 ESTs) and
then grouping them into EST libraries of various tis-
sues. These libraries were then searched for represen-
tatives of each of our TaFLA sequences using the
blastN program. ESTs with above 97% identity over at
least 600 pb were counted as the exact match of the
TaFLA sequence. Table 2 summarizes these results
along with the total number of ESTs in each library.
According to this “digital northern” data all TaFLAs
are mostly expressed in seeds and roots. Only 6 of the
34 TaFLA genes (TaFLA3, 6, 15, 25, 26, and 31) are
highly expressed as judged by the total number of their
ESTs found. The data show also that some of the genes
are tissue speciWc. For example, TaFLA5 and 31genes
for which the most ESTs identiWed come from endo-
sperm cDNA libraries. TaFLA14, 15, 25, and 26 have
ESTs found mostly in roots, and TaFLA30 and 34 in
anthers. AtFLA33 was the only gene with one EST
present in pistil cDNA libraries. TaFLA22 gene, the
closest FLA to AtFLA4.2 (SOS5 gene) was expressed
at a low level in seeds (two ESTs). In order to conWrm
and complement this expression data, we carried out
northern blot analysis on some TaFLA genes in leaf,
crown, and roots. Our experimental data conWrmed the
expression pattern of TaFLA2, 3, 4, 9, and 12 tran-
scripts, namely TaFLA2 and 9 seem to be expressed
preferentially in roots, TaFLA4 in crown, and
TaFLA12 in root and leaf (Fig. 4). The only discrep-
ancy is that TaFLA14, which has several ESTs in roots
and leaves in TIGR databases, seems to be weakly

Fig. 3 Three-dimensional folding model of the smart00554 motif
along with typical predicted folding patterns of some plant fasci-
clin-like domains. a smart00554 amino acid sequence with the con-
served amino acid residues highlighted in bigger letters, and its
putative secondary structures (above the amino acid sequence).

b Cartoon representations of smart00554 and six typical examples
of plant FLA domains (Arabidopsis, wheat, and rice) fold model as
predicted by PHYRE program using as model fasciclin I domain 4
of �ig-h3. Positively and negatively charged residues are drawn in
black and white, respectively in the cartoon of smart00554

Fig. 2 Representation and location of various domains and se-
quence stretches found in some wheat FLA proteins. The regions
indicated are fasciclin domains, AGP domain, signal peptide, GPI
signal peptide, and the stretches of poly-Lys, poly-Asp, and poly-
Leu/Val/Ile sequences
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expressed according to our experimental data (Fig. 4,
Table 2). We further tested TaFLA16, 18, 19 and 29
transcripts for which no clear conclusion could be
drawn from the ESTs distribution (Table 2). Our
northern blot analysis indicated low expression of
TaFLA16, 19, and 29 transcripts in the three tissues;
however, the TaFLA18 gene was detected mostly in
leaves and roots (Fig. 4, Table 2). The expression pat-
terns of several TaFLA genes were determined in
wheat shoots in response to abiotic stresses such as
cold, heat, salt, and dehydration in addition to ABA
treatments. Our data showed that most of these genes
were not aVected (data not shown). This is not surpris-
ing because most of the TaFLA genes were expressed
in seeds or roots and only few were detectable in above
ground tissues (shoots) (Fig. 4, Table 2). However, the
transcript of any up-regulated gene would be seen eas-
ily by northern gel blot analysis. For example during
cold treatment, TaFLA12 and TaFLA9 transcripts
showed a maximum accumulation in roots of plants

that were acclimated for 6 days at 4°C, but the tran-
scripts returned to normal levels after a longer period
of acclimation (36 days) (Fig. 5). A similar pattern was
observed also for TaFLA18 (data not shown). A slight
increase in TaFLA14 transcript was also observed in
roots after 1 and 6 days acclimation (Fig. 5). However,
regarding other stresses, the transcript levels of
TaFLA12 and 9 did not change in above ground tissues
in response to heat or salt treatment, but were down
regulated by ABA treatment and dehydration treat-
ments (Fig. 6). The TaFLA3 transcript was down regu-
lated in all the treatments except heat-induced stress.
Interestingly, TaFLA14 was the only gene that was up
regulated in response to 70% dehydration-induced
stress (Fig. 6). TaFLA20 and 22, homologs to the SOS5
gene in Arabidopsis, were weakly expressed and the
transcripts could not be detected in leaf, crown, or root
tissues even after 16 h exposure.

Phylogenetic analysis of plant fasciclin-like domains

Phylogenetic analysis could be a useful way to predict
the physiological function of genes. It would be inter-
esting to know the evolutionary history of plant fasci-
clin-like domains. For example, are they the result of
gene duplication? did the duplicated domains evolved
in similar way? Would it be possible to connect the
evolutionary clustering to a functional clustering? To
be able to make conclusive phylogenetic analysis, we
included FLA domains from four species representing
dicots (Arabidopsis), monocots (wheat and rice), and
gymnosperms (Pinus taeda). The pine FLAs domains
were collected from EST public databases (TIGR).
The advantage of increasing species sampling is to
increase the possibility of deducing the point at which
gene duplications occurred. In addition, we used only
FLA domains because the repetitive nature of AGP
glycomodule found in FLA-AGP proteins can be prob-
lematic in making a reliable alignment of FLA pro-
teins, which is essential in a phylogenetic analysis such
this one. The term orthologs or homologs are used
here to describe putative functionally equivalent
domains in Arabidopsis, wheat, rice, and pine based
entirely on sequence similarity and clustering. Our
phylogenetic analysis indicates that plant fasciclin-like
domains could be grouped into at least eight groups (I–
VIII, Fig. 7). It seems that group-I and the other
groups (II–VIII) are the result of an ancient duplica-
tion (Fig. 7). Although bootstrap support values are
low for the main nodes, it is still possible to distinguish
the clustering (groups-I–group-VIII). Interestingly,
these groups seem to evolve diVerently. For example,
group-I includes FLA domains that are less divergent

Fig. 4 Expression of TaFLA transcripts in leaf (L), crown (C),
and roots (R) of 7-day-old wheat seedlings using RNA gel blot
analysis. In all lanes, 10 �g total RNA was used and the 28S ribo-
somal RNA stained with ethidium bromide is included as loading
controls for each lane. Membrane exposure was 16–48 h depend-
ing on the gene
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and have the highest amino acid sequence similarity
with “smart00554” domain. On the other hand, group-
II–group-VIII showed relatively more diversiWed
monophyletic clusters and seem to be the result of
more recent duplications. The most recent duplications
yielded the two FLA domains of AtFLA17 and 20
(group-III) and PtFLA13 domains (group-IV). Inter-
estingly, the two fasciclin-like domains of SOS5 protein
(AtFLA4) involved in salt sensitivity of Arabidopsis
(Shi et al. 2003) seem to be also a result of duplication
but the two copies (in group-V and group-VII) have
evolved diVerently. Both of SOS5 FLA domains have
homologs in other species. Another interesting obser-
vation from this phylogeny analysis is that, although
most of the FLA domain groups have representatives
in dicots, monocots, and gymnosperms, some groups
seem to be conWned to certain species. For example,

group-III composed of AtFLA17.1, AtFLA17.2,
AtFLA20.1, AtFLA20.2 and AtFLA19 are found only
in Arabidopsis, group-IV (PtFLA13.1, PtFLA13.2, and
PtAFLA9) only in pine, and group-VIII (TaFLA6-8,
and TaFLA21, 29) in wheat (Fig. 7).

Discussion

In this work, we describe the features of several FLA
proteins from wheat and rice in an eVort to elucidate
their importance in cereal grain development. We
have developed an in-house java script to screen wheat
ESTs public collection in search for homologs to
AtFLA proteins. This search indicates that wheat has
at least 33 putative FLAs genes, a number that is
higher than in Arabidopsis genome (12 more genes).

Table 2 Wheat FLA ESTs found in publicly available in TIGR cDNA libraries

The libraries were generated from TIGR cDNA libraries of various tissues: L leaf (63743 ESTs), C crown (12480 ESTs), R roots (58148
ESTs), S seed (72462 ESTs), K kernel (15253 ESTs), Endos endosperm (11110 ESTs), A anthers (9913 ESTs), and P pistil (10161 ESTs).
The ESTs with above 97% identity over at least 600 bp were counted as an exact match of the gene. The “*” indicates the lack of con-
clusive information for these transcripts

Name Total 
ESTs

Leaf 
63743

Crown 
12480

Root 
58148

Seed 
72462

Endos 
11110

Kernel 
15253

Anthers 
9913

Pistil 
10161

TaFLA1 5 – – – 1 1 2 – –
TaFLA2 7 – 1 3 3 – – – –
TaFLA3 37 8 9 – 12 – 2 1 –
TaFLA4 5 – 1 – 2 – 1 – –
TaFLA5 7 – – – – 4 1 – –
TaFLA6 21 – – – 15 – 2 – –
TaFLA7 4 – – – 2 – – – –
TaFLA8 8 – – – 8 – – – –
TaFLA9 5 – 1 3 – – – – –
TaFLA10 10 1 1 – 3 – 1 – –
TaFLA11 2 – – 1 – – – – –
TaFLA12 5 1 – 1 1 – 2 – –
TaFLA13 1 * * * * * * * *
TaFLA14 17 3 – 8 – – – 1 –
TaFLA15 27 2 1 8 1 – – – –
TaFLA16 1 * * * * * * * *
TaFLA17 1 – 1 – – – – – –
TaFLA18 6 * * * * * * * *
TaFLA19 1 * * * * * * * *
TaFLA20 2 * * * * * * * *
TaFLA21 2 * * * * * * * *
TaFLA22 2 – – – 2 – – – –
TaFLA23 2 – – – 1 – – – –
TaFLA24 1 * * * * * * * *
TaFLA25 15 – 1 7 1 – – 2 –
TaFLA26 13 1 1 7 2 – – – –
TaFLA27 1 – – – – – 1 – –
TaFLA28 1 – – 1 – – – – –
TaFLA29 1 * * * * * * * *
TaFLA30 7 – – – – – – 3 –
TaFLA31 23 – – – 1 15 4 – –
TaAGP1 12 – – – 9 3 – – –
TaFLA33 4 – – – 3 – – – 1
TaFLA34 1 – – – – – – 1 –
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However, because wheat is a hexaploid plant having
three copies of the same genome (ABD), some of the
identiWed putative TaFLAs might be copies of the
same gene. Usually, copies of the same gene would
share high nucleic acid sequence identity (>97%) in
the coding regions and low similarity at the 3� and
5�UTR regions. Indeed, sequence comparisons indi-
cated that the following pairs: TaFLA6 and 7; TaFLA9
and 24; TaFLA12 and 13; TaFLA16 and 17; TaFLA20
and 22; and TaFLA26 and 27, have coding regions that
are 98–100% identical at the nucleic acid level, and the
3� and 5�UTR regions have low similarity (<30%),
which strongly supports the conclusion that each
sequences of these pairs are copies of the same gene.
Thus, the number of unique putative TaFLA genes
can be reduced to 28. However, despite the presence
of large number of wheat EST in the public databases,
it is possible that we did not identify all TaFLA genes.
Also, since many of the sequences are from EST data-
sets, the accuracy of the checking, even with the strin-
gent criteria used, means that the prediction of some
of the motifs and/or signal may be inaccurate. The
deduced amino acid sequences of wheat and rice FLA
cDNAs gave proteins with sizes ranging between 150
and 480 amino acids. Computer-based analyses
showed two main diVerences between the cereal pro-
teins and Arabidopsis FLAs. First, a low number of
FLAs predicted to have two fasciclin-like domains (4
TaFLAs and 2 OsFLAs) in comparison to Arabidopsis

(10AtFLAs). Second, while all AtFLAs have O-glyco-
sylation sites (AGP glycomodules), 5 TaFLAs and 1
OsFLAs may potentially lack these O-glycosylation
sites. Indeed, the Pro residues in these proteins do not
comply with “Hyp contiguity hypothesis” as described
by Tan et al. (2003) (Table 1). For example, TaFLA30
and OsFLA22 (Os02g26290) lack completely the AGP
glycomodules. This observation is new because all
putative plant FLA proteins identiWed thus far have
the fasciclin-like domain associated with an AGP or
EXT glycomodules (Shi et al. 2003; Johnson et al.
2003; Lafarguette et al. 2004). In addition, four wheat
proteins (TaFLA6, 7, 8, and 21) do not have well-deW-
ned AGP glycomodules, instead they have only scat-
tered [Ala/Ser/Thr]-Pro di-peptide sequence separated
by more than ten amino acids. If the fasciclin domains
of these four wheat FLA proteins were not included in
the estimation of the Pro, Ala, Ser, and Thr residues
(PAST) contents, the values observed were between
25 and 35% (depending of the region of the proteins),
which are still below the 50% content characteristic of
AGPs. It is possible that these scattered Pro residues
may not undergo post-translational O-glycosylation,
however it has been shown that sporamin, a non-AGP
protein, undergoes arabinogalactosylation (as in AGPs)

Fig. 5 Expression of TaFLA transcripts in leaf (L), crown (C),
and roots (R) of wheat seedlings that were cold acclimated for 1,
6, and 36 days at 4°C as determined by RNA gel blot analysis.
Northern conditions were similar to those indicated in Fig. 4. NA
stands for nonacclimated plants grown for 7 days; CA (1d), CA
(6d), and CA (36d) stand for plants that were cold acclimated for
1, 6, and 36 days Fig. 6 EVects of various treatments on the expression of TaFLA

transcripts in wheat seedling shoots. Northern blot conditions are
as indicated in Fig. 4. NA nonacclimated seedlings grown for
6 days; salt, plants treated with 500 mM NaCl for 18 h, ABA
plants treated with 0.1 mM ABA for 18 h, dehydr. plants exposed
to 70% (w/v) of polyethylene glycol (MW 8 kD)
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Fig. 7 Phylogenetic tree representation of the putative fasciclin
domains (about 100 amino acids), from Arabidopsis (AtFLAs),
wheat (TaFLAs), rice (OsFLA), and pine (PtFLAs). Protein se-
quences were aligned with ClustalW and manually edited, and a

tree was constructed under the JTT substitution model using the
PHYML program. Bootstrap support values of 1,000 trials are
indicated
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when expressed in tobacco BY2 cells (Matsuoka et al.
1995). Sporamin protein has a unique Pro residue in its
sequence located at position 36 and the amino acids
surrounding this Pro36 seem to be critical for its
eYcient hydroxylation and arabinogalactosylation
(Shimizu et al. 2005). Thus, it would be of interest to
investigate Pro O-glycosylation in TaFLA6, 7, 8, and
21. In a recent work (Shimizu et al. 2005), a more gen-
eral rule for Pro hydroxylation and O-glycosylation
was proposed that includes non-AGP proteins. In this
rule, the motif required for eYcient Pro hydroxylation
and O-glycosylation consists of [AVSTG]-P-[AVST]-
[GAVPSTC]-[APS or acidic], however this rule still
does not apply to the Pro residues in TaFLA6, 7, 8,
and 21 proteins because they are part of a diVerent
motif, namely A-P-[EQ]-[EL]-[EPR]. Therefore, a
more general Hyp glycosylation rule is still needed.
Although several AGPs have been characterized from
monocots such as lolium (Gleeson et al. 1989), maize
(Kieliszewski et al. 1990), and wheat (Fincher et al.
1974), details are still lacking regarding the composi-
tion and structural variations of the glycan portions. It
would be interesting to express some TaFLA genes in
tobacco cells and investigate the glycosylation pattern
of the proteins. This will help extend the general rule
of Hyp O-glycosylation to include non-AGP (spor-
amin) and the new types of AGP proteins (TaFLA6, 7,
8, and 21). The physiological signiWcance of these
diVerences is still unknown. Beside these diVerences,
wheat and rice FLAs share many other common fea-
tures with Arabidopsis proteins. For example, they all
are predicted to be secreted proteins except for
TaFLA2 and OsFLA8 for which no algorithm could
identify a signal peptide in their sequences. Only
TaFLA19, OsFLA17 and 24 were not predicted to be
GPI-anchored to the plasma membrane. However,
about 25% have shorter C-terminus amino acid
sequences to allow a correct prediction suggesting the
need of improvement of the current GPI prediction
algorithm and experimental conWrmation to support
these predictions. Taking into consideration the cur-
rent prediction, the number of TaFLA and OsFLA
proteins predicted to have GPI anchor sequence
(70%) is comparable to Arabidopsis proteins. RNA
gel blot analyses as well as a database EST survey indi-
cate that most of the TaFLA genes are expressed in
reproductive tissues (i.e., seeds) similar to Arabidopsis
FLA genes. This Wnding strongly suggests that these
proteins are important in plant development where an
exact coordination of embryogenesis steps is required.
Indeed, FLA can play a key role in cell-cell and cell-
environment communication by establishing physical
contact with neighboring cells or with their extracellu-

lar matrices (cell walls). This physical connection
could be a central piece in signal transduction by which
the surrounding environment (e.g., neighboring cells,
external variation etc.) would be sensed by the cell.
The physical interactions may involve a fasciclin-like
domain, which raises the question of how these plant
domains mediate such an interaction and what the
mechanism might be. In order to understand the
mechanism of such interaction, the FAS1 domain of
the insect cell was used as a model to create 3-D folds
of putative plant fasciclin domains using the PHYRE
algorithm. With the exception of 6 fasciclin-like domains
(AtFLA10.1, AtFLA17.1, AtFLA19, AtFLA20.1,
AtFLA20.2, and TaFLA34), the other 86 plant fasci-
clin-like domains were predicted to have folding
homology to FasI domain 4 with estimated precision
above 50%. These six domains may not be functional
or the prediction program may need to be trained on
more possible folds, which may require making crys-
tals from the putative plant fasciclin-like domains.
However, several observations can be drawn from this
preliminary structural analysis: (a) hydrophobic amino
acids (i.e., Ala, Ile, Leu, Val, Pro, Phe) are spread
along the �-sheets and are responsible of maintaining
the 3-D structure of the domains through hydrogen
bonds between them. Phe and Pro residues are ori-
ented toward the central pocket of the model. The
small nonpolar amino acids are generally nonreactive
and may not be involved in interactions, and (b) All
domains have the negatively charged (i.e., Asp, Glu)
and Tyr residues concentrated along the �1-�3-�4-�2
edge, while the positively charged amino acids (i.e.,
Lys, His, Arg) are concentrated on the back side of the
folds. This distribution of highly charged surfaces
could provide an excellent way of mediating protein–
protein interactions via electrostatic forces as found in
many other adhesion molecules such as CD2 and
CD58, where charge instead of shape complementarity
seems to play an important role in recognition (Wang
et al. 1999). It has been shown that CD2 and domain 1
in FasIII have a striking structural similarity, which
may suggest a similar interaction mechanism. In this
case the interacting surfaces are hydrophilic and rich in
charged residues such as Trp, Tyr, Arg and Lys. Our
understanding of the molecular basis of interactions
mediated by plant fasciclin-like domains is limited,
however, extrapolation of the work carried out on the
animal fasciclin and immunoglobulin super-family
(Boyington et al. 2000; Wang et al. 1999; Soroka et al.
2002) to plant fasciclin domain model may allow pre-
dictions to be made concerning regions within the fold
that mediate binding through homophilic (between
similar fasciclin-like domains) or heterophilic (diVerent
123



Mol Gen Genomics (2006) 276:478–494 493
fasciclin-like domain or other interacting proteins)
mechanism. Several AtFLA genes are found to be
expressed at the same time and in the same tissues
(according to the “A. thaliana Co-Response Data-
base”), which may suggest the possibility of interaction
between these FLA proteins via homophilic or hetero-
philic mechanisms. For example, AtFLA18 gene is
positively co-expressed with AtFLA2, 9, and 13 genes
suggesting they may interact with one another. Simi-
larly, AtFLA1 is co-expressed with AtFLA7, 8, and 10;
and AtFLA7 transcript is co-expressed with AtFLA1,
2, 8, 9, 10, 11, 12, and 16. Phylogenetic analysis seems
to indicate that plant FLA domains are the result of
several duplications and the duplicated copies evolved
at diVerent paces. This analysis suggests also that the
most recent duplications occurred in group-III and
group-IV because the two domains of the proteins still
clustering together. In these two groups Arabidopsis
FLA19 and Pine FLA9 did not have FLA domain
duplication. Interestingly, it seems that some FLA pro-
teins lost one of the domains. For example, wheat
FLA19 and Pine FLA1 both in group-II have only one
fasciclin-like domain but clustered with other FLA
proteins having two FLA domains (group-II). In term
of functional prediction, it is diYcult to make clear
conclusions because of the lack of experimental data
on most of clustered FLA proteins. The only clear
example on the importance of FLA domain in plants is
the salt overly sensitive Arabidopsis mutant (sos5).
The mutation (Ser to Phe) in the most conserved
region of FLA4.2 domain produced a mutant with
defects in root cell wall structure and growth that
makes, in turn the plant hypersensitive to high salt
concentrations (Shi et al. 2003). AtFLA4.2 domain in
SOS5 protein clusters with wheat FLA20 and 22, and
rice FLA12 domains (group-VII). All of these FLA
domains have a Ser residue at the same position sug-
gesting similar physiological functions. It would be
interesting to conWrm this prediction with rice mutant.
In addition, RNA blots analysis showed that TaFLA12
and TaFLA9 are speciWcally up regulated by cold
treatment in roots and TaFLA14 is up regulated by
dehydration stress. The three FLA proteins belong to
group VI, the closest to group VII. Taking these data
together, we are tempted to conclude that group VI
and VII may function in signaling pathway during abi-
otic stresses such salt, dehydration, and cold. Again, it
would be of interest to evaluate whether AtFLA6, 7, 9,
and 13, the Arabidopsis homologs of TaFLA9, 12, and
14 are also regulated by cold and/or dehydration treat-
ments. It worth mentioning that group VII includes
also AtFLA11, a protein that was shown to be
involved in secondary wall formation (Brown et al.

2005; Persson et al. 2005). In conclusion, the character-
ization of wheat and rice FLAs and the structural anal-
ysis described above may establish the foundation for
more detailed analysis, which could help design exper-
iments where mutations in fasciclin-like domains may
shed the light on the function of these proteins and
identify the precise region of the domains that are
important in the interaction.
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