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Abstract
Background: Plant non-specific lipid transfer proteins (nsLTPs) are encoded by multigene families
and possess physiological functions that remain unclear. Our objective was to characterize the
complete nsLtp gene family in rice and arabidopsis and to perform wheat EST database mining for
nsLtp gene discovery.

Results: In this study, we carried out a genome-wide analysis of nsLtp gene families in Oryza sativa
and Arabidopsis thaliana and identified 52 rice nsLtp genes and 49 arabidopsis nsLtp genes. Here we
present a complete overview of the genes and deduced protein features. Tandem duplication
repeats, which represent 26 out of the 52 rice nsLtp genes and 18 out of the 49 arabidopsis nsLtp
genes identified, support the complexity of the nsLtp gene families in these species. Phylogenetic
analysis revealed that rice and arabidopsis nsLTPs are clustered in nine different clades. In addition,
we performed comparative analysis of rice nsLtp genes and wheat (Triticum aestivum) EST sequences
indexed in the UniGene database. We identified 156 putative wheat nsLtp genes, among which 91
were found in the 'Chinese Spring' cultivar. The 122 wheat non-redundant nsLTPs were organized
in eight types and 33 subfamilies. Based on the observation that seven of these clades were present
in arabidopsis, rice and wheat, we conclude that the major functional diversification within the
nsLTP family predated the monocot/dicot divergence. In contrast, there is no type VII nsLTPs in
arabidopsis and type IX nsLTPs were only identified in arabidopsis. The reason for the larger
number of nsLtp genes in wheat may simply be due to the hexaploid state of wheat but may also
reflect extensive duplication of gene clusters as observed on rice chromosomes 11 and 12 and
arabidopsis chromosome 5.

Conclusion: Our current study provides fundamental information on the organization of the rice,
arabidopsis and wheat nsLtp gene families. The multiplicity of nsLTP types provide new insights on
arabidopsis, rice and wheat nsLtp gene families and will strongly support further transcript profiling
or functional analyses of nsLtp genes. Until such time as specific physiological functions are defined,
it seems relevant to categorize plant nsLTPs on the basis of sequence similarity and/or phylogenetic
clustering.
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Background
Plant non-specific lipid transfer proteins (nsLTPs) were
first isolated from spinach leaves and named for their abil-
ity to mediate the in vitro transfer of phospholipids
between membranes [1]. NsLTPs are widely distributed in
the plant kingdom and form multigenic families of
related proteins. However, in vitro lipid transfer or binding
has been demonstrated only for a limited number of pro-
teins and most nsLTPs have been identified on the basis of
sequence homology, sequences deduced from cDNA
clones or genes. All known plant nsLTPs are synthesized
as precursors with a N-terminal signal peptide. Plant
nsLTPs are small (usually 6.5 to 10.5 kDa) and basic (iso-
electric point (pI) ranging usually from 8.5 to 12) proteins
characterized by an eight cysteine motif (8 CM) backbone
as follows: C-Xn-C-Xn-CC-Xn-CXC-Xn-C-Xn-C [2]. The
cysteine residues are engaged in four disulfide bonds that
stabilize a hydrophobic cavity, which allows the binding
of different lipids and hydrophobic compounds in vitro
[3]. Based on their molecular masses, plant nsLTPs were
first separated into two types: type I (9 kDa) and type II (7
kDa) that are distinct both in terms of primary sequence
identity (less than 30%) and lipid transfer efficiency [3].
Although they have different cysteine pairing patterns,
type I and type II nsLTPs constitute a structurally related
family of proteins. Type I nsLTPs are characterized by a
long tunnel-like cavity [4,5] while a wheat type II nsLTP
has two adjacent hydrophobic cavities [6]. Several anther-
specific proteins that display considerable homology with
plant nsLTPs [7] have been proposed as a third type that
differs from the two others by the number of amino acid
residues interleaved in the 8 CM structure [8]. To date, no
structural data exists on the lipid transfer ability of type III
nsLTPs.

Because they have been shown to transfer lipid molecules
between membranes in vitro, plant nsLTPs were first sug-
gested to be involved in membrane biogenesis [1]. How-
ever, as they are synthesized with a N-terminal signal
peptide [9], nsLTPs could not fulfill this function and
were thought to be involved in secretion of extracellular
lipophillic material, including cutin monomers [10].
NsLTPs are possibly involved in a range of other biologi-
cal processes, but their physiological function is not
clearly understood. Like many other families of low
molecular mass cysteine-rich proteins, nsLTPs display
intrinsic antimicrobial properties and are thought to par-
ticipate in plant defense mechanisms [11,12]. This hypo-
thetical function is also supported by the induction of the
expression of many nsLtp genes in response to biotic infec-
tions or application of fungal elicitors [13-17] and by the
enhanced tolerance to bacterial pathogens by overexpres-
sion of a barley nsLtp gene in transgenic arabidopsis [18].
Due to their possible involvement in plant defense mech-
anisms, nsLTPs are recognized to be pathogenesis-related

proteins and constitute the PR-14 family [19]. Roles in
plant defense signaling pathways have also been pro-
posed since the disruption of the arabidopsis DIR1 gene,
which encodes a nsLTP with an 8 CM distinct from those
of types I, II or III, impairs the systemic acquired resistance
signaling pathway [20]. Similarly a wheat nsLTP competes
with the fungal cryptogein for a same binding site in
tobacco plasma membranes [21]. A role in the mobiliza-
tion of lipid reserves has also been suggested for germina-
tion-specific nsLTPs [22-24]. Finally, nsLTPs are thought
to possess a function in male reproductive tissues [25].
This role appears to be mainly related to type III nsLTPs
whose genes display anther-specific expression [7], and to
a few type I nsLtp genes including the rape E2 gene [25],
the arabidopsis AtLtp12 gene (At3g51590) [26] and the
rice t42 gene (Os01g12020) [27] that are also predomi-
nantly expressed at the early stage of anther development.
It has been suggested that nsLTPs are involved in the dep-
osition of material in the developing pollen wall [25];
however their precise function in pollen remains to be
elucidated.

Plant nsLTPs are encoded by small multigene families but
to date none has been extensively characterized. Six mem-
bers have been identified in pepper [28], 11 in cotton
[29], 14 in loblolly pine [30], 15 in arabidopsis [31], and
23 in wheat [32]. The availability of the complete
sequence of the arabidopsis [33], rice for both indica [34]
and japonica subspecies [35], poplar [36] and grapevine
[37] genomes has greatly enhanced our ability to charac-
terize complex multigene families [38-40]. In polyploid
genomes such as the allohexaploid wheat Triticum aesti-
vum, the presence of multiple putative copies of each gene
increases the complexity of the multigene families and the
number of closely related sequences. With around 16,000
Mb [41], the genome of the hexaploid wheat is 128 times
the size of the genome of the dicotyledonous model plant
Arabidopsis thaliana and 38 times that of the monocotyle-
donous model plant Oryza sativa and has not been
sequenced yet. Nevertheless, efforts made to generate
wheat cDNA libraries [42-45] mean EST database mining
can also be a successful strategy for the identification of
multigene family members in complex genomes [46,47].
In wheat, novel genes encoding polyphenol oxidases [48],
storage proteins [49] and nsLTPs [50] were identified by
EST database mining.

In the present study, we took advantage of the completion
of the rice (japonica subspecies) and arabidopsis genome
sequences to perform a genome-wide analysis of the nsLtp
gene family in both species. In an effort to identify new
members of the wheat nsLtp gene family, we searched the
large public-domain collection of wheat ESTs for
sequences displaying homologies with characterized rice
nsLtp genes. In order to compare rice, arabidopsis and
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wheat nsLTP evolution, we performed phylogenetic anal-
ysis of the nsLTPs from these three plant species.

Results
The Oryza sativa nsLtp gene family is composed of 52 
members
Based on a conserved 8 CM, nsLTPs remain a structurally-
related family of proteins. However, as a structural scaf-
fold, this motif is also found in several plant protein fam-
ilies that are clustered in a single family (protease
inhibitor/seed storage/LTP family) in the Pfam collection
of protein families and domains [51]. In order to identify
the complete and non-redundant set of nsLtp genes in rice,
we conducted an in silico analysis of the Oryza sativa subsp.
japonica 'Nipponbare' genome. At the time of this study
(November 2006), the Gramene database contained 101
genomic sequences annotated putative rice nsLtp genes.
Each of the deduced protein sequences was manually
assessed through the analysis of the cysteine residue pat-
terns. The diversity of the retrieved 8 CM proteins enabled
several cell wall glycoproteins to be distinguished includ-
ing 23 glycosylphosphatidylinositol-anchored proteins
characterized by a specific C-terminal sorting sequence
[52], 21 proline-rich proteins and hybrid proline-rich pro-
teins characterized by a high proportion of proline, histi-
dine and glycine residues in the sequence comprised
between the signal peptide and the 8 CM [53], and one
glycine-rich protein [54] (Additional file 1). All these
sequences displayed a supplementary motif (described
above) not present in nsLTPs and were thus discarded.
Other proteins were also discarded; they consist of three
alpha-amylase/trypsin inhibitors which contain 10
cysteine residues engaged in five disulfide bonds [55],
three prolamin storage proteins which lack the CXC motif
and two 2S albumin storage proteins which present a
molecular mass (MM) of about 20 kDa. Additionally, we
eliminated two probable pseudogenes that have no corre-
sponding transcripts indexed in the GenBank database
and display mutation accumulations that result in the
absence of the CC motif (Os04g09520) or a truncated 5'
exon that curtails the signal peptide sequence
(Os02g24720). As a result, only 46 out of the 101
genomic sequences initially annotated as putative nsLtp
genes were found to encode proteins displaying the fea-
tures of plant nsLTPs (Table 1). In addition to the pres-
ence of a signal peptide and the 8 CM (C-Xn-C-Xn-CC-Xn-
CXC-Xn-C-Xn-C), the major feature we observed was a
generally small MM (6.5 to 10.5 kDa), criteria that were
those of type I and II nsLTPs described as having a lipid
transfer activity [1,56].

Next, a search for misannotated putative nsLtp genes was
performed by blastn and tblastn searches of the TIGR Rice
Pseudomolecules [57] using as query sequences the 46
rice genes and the 35 previously identified wheat nsLTPs

and nsLtp genes [32]. This approach resulted in the identi-
fication of six additional putative nsLtp genes leading to a
total of 52 rice nsLtp genes (Table 1). These new genes
were originally not annotated as putative nsLtp genes
(Os01g58660, Os03g44000, Os09g35700, Os11g02424)
or the presence of a frame shift in the coding region failed
to identify the deduced proteins as putative nsLTPs
(Os11g02330, Os11g02379.1).

The Arabidopsis thaliana nsLtp gene family is composed 
of 49 members
The same approach was used for arabidopsis. Locus anno-
tations and protein domain descriptions allowed the
identification of 112 loci that potentially encode nsLTPs.
Analysis of protein primary sequences indicated that 31 of
them encode glycosylphosphatidylinositol-anchored pro-
teins, 25 encode hybrid proline-rich proteins and five
encode 2S albumin storage proteins that were eliminated
(Additional file 1). Three other loci were also discarded
since the corresponding deduced protein failed to present
an 8 CM (At1g21360, At2g33470, At3g21260). As a
result, only 48 out of the 112 loci were found to encode
putative nsLTPs (Table 2). Finally, blastn and tblastn
searches allowed us to identify one new locus
(At1g52415) that encodes an 8 CM protein with no
homology with known Pfam domains.

Organization and structure of the rice and arabidopsis 
nsLtp genes
Analysis of the physical chromosomal loci revealed that
26 out of the 52 rice nsLtp genes and 18 out of the 49 ara-
bidopsis nsLtp genes are arranged in tandem duplication
repeats (Figure 1). To cover nomenclature in different spe-
cies, we named rice and arabidopsis nsLtp genes encoding
nsLTPs OsLtp and AtLtp, respectively. Genes encoding
mature proteins sharing more than 30% identity were
grouped in the same type [32]. Genes encoding rice and
arabidopsis type I nsLTPs were named OsLtpI and AtLtpI
respectively, and consecutive roman numbers were
assigned for the other types.

In rice, two significant clusters of six type I nsLtp genes are
found on chromosomes 11 and 12. A dot plot alignment
of these two clusters clearly showed a co-linear segment
that reveals high nucleotide sequence conservation, and
indicated homologies between all nsLtp genes mainly lim-
ited to the ORFs (data not shown). Type II nsLtp genes are
present as a cluster of six copies repeated in tandem on
chromosome 10. Three direct repeat tandems were also
identified on chromosome 1 (OsLtpII.1 and OsLtpII.2;
OsLtpIV.1 and OsLtpIV.2; OsLtpVI.1 and OsLtpVI.2) and
one on chromosome 4 (OsLtpV.2 and OsLtpV.3). Due to
these duplications,nsLtp genes are over-represented on
rice chromosomes 1, 10, 11 and 12, which carry 33 out of
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Table 1: NsLtp genes identified in the Oryza sativa subsp. japonica genome and features of the deduced proteins. Identical proteins 
refer to their relative redundant form. A cluster of tandem duplication repeats is indicated by a vertical line before the gene names 
(see also Figure 1).

nsLtp gene locus/model intron signal peptide mature protein

bp AA AA MM pI a

Type I
OsLtpI.1 Os01g12020.1 103 24 99 10212 4.36
OsLtpI.2 Os01g60740 b 86 27 93 9464 10.55
OsLtpI.3 Os03g59380.1 94 33 91 9085 12.07
OsLtpI.4 Os05g40010.1 372 30 99 9780 12.05
OsLtpI.5 Os06g06340.1 100 28 98 10069 9.84
OsLtpI.6 Os06g34840.1 2740 27 120 12297 3.92
OsLtpI.7 Os08g03690.1 547 27 93 9621 9.90
|OsLtpI.8 Os11g02330 c 106 27 92 9336 10.25
|OsLtpI.9 Os11g02350.1 90 28 93 9437 10.89
|OsLtpI.10 Os11g02379.1 d 114 25 91 8895 11.81
|OsLtpI.11 Os11g02379.2 89 26 92 8916 10.55
|OsLtpI.12 Os11g02400.1 106 26 92 9031 11.50
|OsLtpI.13 Os11g02424.2 709 26 92 9104 11.50
OsLtpI.14 Os11g24070.1 116 25 92 9147 12.20
|OsLtpI.15 Os12g02290.1 133 27 OsLTPI.8
|OsLtpI.16 Os12g02300.1 90 OsLTPI.9
|OsLtpI.17 Os12g02310.1 102 25 92 8930 10.55
|OsLtpI.18 Os12g02320.1 138 25 91 8909 11.81
|OsLtpI.19 Os12g02330.1 106 26 OsLTPI.12
|OsLtpI.20 Os12g02340.1 713 26 OsLTPI.13
Type II
|OsLtpII.1 Os01g49640.1 none 26 77 8119 11.98
|OsLtpII.2 Os01g49650.1 none 36 76 7987 11.28
OsLtpII.3 Os03g02050.1 none 20 76 7549 11.90
OsLtpII.4 Os05g47700.1 none 27 67 7066 10.16
OsLtpII.5 Os05g47730.1 none 27 69 7270 10.66
OsLtpII.6 Os06g49190.1 none 27 67 6967 10.64
|OsLtpII.7 Os10g36070.1 none 26 74 7613 9.84
|OsLtpII.8 Os10g36090.1 none 26 74 7659 9.84
|OsLtpII.9 Os10g36100 e none 26 75 7774 9.84
|OsLtpII.10 Os10g36110.1 none 25 75 7926 9.84
|OsLtpII.11 Os10g36160.1 none 25 69 7382 7.06
|OsLtpII.12 Os10g36170.1 none 24 67 6890 11.90
OsLtpII.13 Os11g40530.1 none 36 74 7665 12.14
Type III
OsLtpIII.1 Os08g43290.1 84 26 68 6744 7.84
OsLtpIII.2 Os09g35700.1 107 26 69 6839 7.84
Type IV
|OsLtpIV.1 Os01g68580.1 none 29 82 8908 10.65
|OsLtpIV.2 Os01g68589.1 none 25 78 8291 9.90
OsLtpIV.3 Os07g18750.1 none 28 76 8073 7.84
OsLtpIV.4 Os07g18990.1 none 23 81 8420 9.86
Type V
OsLtpV.1 Os01g62980.1 97 27 91 9390 12.05
|OsLtpV.2 Os04g33920.1 290 22 94 9608 10.22
|OsLtpV.3 Os04g33930.2 419 26 97 9940 11.28
OsLtpV.4 Os05g06780.1 676 24 93 9497 9.69
Type VI
|OsLtpVI.1 Os01g58650.1 2851 20 103 10909 4.48
|OsLtpVI.2 Os01g58660.1 92 23 89 9876 9.45
OsLtpVI.3 Os10g05720.2 440 28 81 8724 9.56
OsLtpVI.4 Os11g29420.1 791 29 96 10176 6.00
Type VII
OsLtpVII.1 Os11g37280.1 595 27 105 10781 5.32
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the 52 identified genes. On the contrary, no nsLtp genes
were identified on chromosome 2.

In arabidopsis, 18 nsLtp genes were found organized in
seven direct repeat tandems. Whereas one tandem of three
repeats is present on chromosome 1 (AtLtpII.1, AtLtpII.2,
and AtLtpII.3) and one tandem of two repeats is present
on both chromosome 2 (AtLtpI.4 and AtLtpI.5) and 3
(AtLtpI.7 and AtLtpI.8), four direct repeat tandems are
found on chromosome 5. With two to four repeats, these
four tandems lead to the over-representation of nsLtp
genes on arabidopsis chromosome 5.

With the exception of the AtLtpIV.3 and AtLtpIV.5 genes,
no introns were identified in the coding regions of type II
and IV rice and arabidopsis nsLtp genes and type IX arabi-
dopsis nsLtp genes. On the contrary, all the type I, III, V
and VI rice and arabidopsis nsLtp genes (except the
AtLtpI.5 and AtLtpIII.2 genes) were predicted to be inter-
rupted by a single intron positioned 2 to 73 bp upstream
of the stop codon.

Identification of T. aestivum nsLtp genes by EST 
database mining
Because the genome of T. aestivum has not yet been
sequenced, we aimed to identify new members of the
wheat nsLtp gene family by EST database mining. Since we
observed strong homologies between many of the 52 rice
nsLtp genes, the mismatches consented during the assem-
bly of wheat ESTs in tentative consensus sequences or
UniGene clusters (indexed in the TIGR Wheat Gene Index
Database and in the NCBI UniGene database, respec-
tively) make these last not appropriate for the identifica-
tion of novel wheat nsLtp genes. Consequently, blast
searches were performed against the wheat ESTs indexed
in the GenBank database and collected from 239 T. aesti-
vum cDNA libraries. To this end, we used the coding
sequence of each of the 52 rice nsLtp genes listed in Table

1 and each of the 32 wheat genomic and cDNA sequences
identified by Boutrot et al. 2007 [32].

ClustalW multiple-sequence alignments were performed
for each blastn search. For each new putative wheat nsLtp
gene identified, additional reiterative blastn searches were
performed against the wheat EST database to identify
additional related sequences. In total, this survey led to
the identification of 156 putative wheat nsLtp genes (Table
3 and Additional file 2).

We applied to wheat nsLtp genes and proteins the nomen-
clature used for rice and arabidopsis (see above) and the
eight types were named TaLtpI to TaLtpVIII. However, to
consider the hexaploid status of the wheat genome we
grouped wheat genes into subfamilies of putative homoe-
ologous genes. This was based on the identity matrix (data
not shown) calculated from the multiple sequence align-
ments and the nomenclature criteria that group mature
proteins sharing more than 30% identity in a type and
more than 75% identity in a subfamily [32]. The 12 type
I subfamilies were named TaLtpIa to TaLtpIl. Finally, the
different members of each subfamily were differentiated
by consecutive numbers, i.e. TaLtpIb.1 to TaLtpIb.39 for
the 39 members of the type Ib subfamily. The correspond-
ence between the previous nomenclature of wheat nsLtp
genes [32] and the one used in this paper is shown in
Additional file 2.

Since different T. aestivum cultivars were used to construct
the cDNA libraries, the existence of probable variants of
one gene may have resulted in overestimation of nsLtp
gene diversity. Nevertheless, ESTs corresponding to at
least 91 out of the 156 nsLtp genes were identified in the
T. aestivum 'Chinese Spring' ('CS') cultivar. The identifica-
tion of complete subfamily sets in single cultivars, such as
the eight members of the TaLtpVa subfamily in the 'CS'
cultivar, suggests that all the closely related genes of a sub-
family reflect recent evolution of paralogous genes. We

Type VIII
OsLtpVIII.1 Os06g49770 f 221 30 102 9594 9.79
nsLTPY
OsLtpY.1 Os03g44000.1 1088 24 109 12073 9.69
OsLtpY.2 Os07g27940.1 148 27 107 10892 11.98
OsLtpY.3 Os11g34660 g 825 27 104 11394 5.50

AA, number of amino acids; MM, molecular mass in Dalton; pI, isoelectric point.
a cysteine residues were not taken into account in the pI calculation.
b using the transcript structure Os01g60740.2.
c annotations curated (strand: +1; exon 1 start: 679124, end: 679473; exon 2 start: 679580, end: 679589).
d annotations curated (strand: +1; exon 1 start: 702105, end: 702445; exon 2 start: 702560, end: 702569).
e annotations curated (strand: +1; exon start: 18974249, end: 18974554).
f annotations curated (strand: +1; exon 1 start: 30113033, end: 30113426; exon 2 start: 30113648, end: 30113652).
g annotations curated (strand: +1; exon 1 start: 19789864, end: 19790209; exon 2 start: 19791035, end: 19791084).

Table 1: NsLtp genes identified in the Oryza sativa subsp. japonica genome and features of the deduced proteins. Identical proteins 
refer to their relative redundant form. A cluster of tandem duplication repeats is indicated by a vertical line before the gene names 
(see also Figure 1). (Continued)
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Table 2: NsLtp genes identified in the Arabidopsis thaliana genome and features of the deduced proteins. A cluster of tandem 
duplication repeats is indicated by a vertical line before the gene names (see also Figure 1).

nsLtp gene locus/model intron signal peptide mature protein

bp AA AA MM pI a

TypeI
AtLtpI.1 At2g15050.2 653 25 90 9489 12.13
AtLtpI.2 At2g15325.1 127 27 94 10312 4.83
AtLtpI.3 At2g18370.1 438 24 92 9092 4.36
|AtLtpI.4 At2g38530.1 111 23 95 9661 11.90
|AtLtpI.5 At2g38540.1 none 25 93 9281 11.50
AtLtpI.6 At3g08770.1 94 19 94 9883 9.61
|AtLtpI.7 At3g51590.1 467 24 95 9945 9.61
|AtLtpI.8 At3g51600.1 107 25 93 9891 12.68
AtLtpI.9 At4g33355.1 112 28 91 9514 9.86
AtLtpI.10 At5g01870.1 94 22 94 9923 10.45
|AtLtpI.11 At5g59310.1 138 23 89 8854 10.76
|AtLtpI.12 At5g59320.1 94 23 92 9221 10.76
TypeII
|AtLtpII.1 At1g43665 b none 22 75 8367 9.59
|AtLtpII.2 At1g43666.1 none 19 77 8458 9.67
|AtLtpII.3 At1g43667.1 none 21 77 8488 9.59
AtLtpII.4 At1g48750.1 none 26 68 7258 10.74
AtLtpII.5 At1g66850.1 none 24 78 7970 7.12
AtLtpII.6 At1g73780.1 none 29 69 7674 9.67
AtLtpII.7 At2g14846.1 none 21 78 8386 9.69
AtLtpII.8 At3g12545 c none 25 64 7206 10.50
AtLtpII.9 At3g18280.1 none 28 68 7372 12.40
AtLtpII.10 At3g29105 d none 24 70 7841 9.92
AtLtpII.11 At3g57310.1 none 24 79 8504 9.71
|AtLtpII.12 At5g38160.1 none 24 79 8309 5.43
|AtLtpII.13 At5g38170.1 none 24 79 8342 7.12
|AtLtpII.14 At5g38180.1 none 24 71 8127 7.28
|AtLtpII.15 At5g38195.1 none 24 71 7718 4.40
TypeIII
AtLtpIII.1 At5g07230.1 120 24 67 6883 4.29
AtLtpIII.2 At5g52160.1 none 32 64 6791 4.64
AtLtpIII.3 At5g62080.1 315 30 65 6636 4.14
TypeIV
|AtLtpIV.1 At5g48485.1 none 26 76 7974 4.25
|AtLtpIV.2 At5g48490.1 none 25 76 8078 4.59
|AtLtpIV.3 At5g55410.1 81 30 77 8544 10.35
|AtLtpIV.4 At5g55450.1 none 30 74 7779 9.95
|AtLtpIV.5 At5g55460.1 106 32 77 8303 10.50
TypeV
AtLtpV.1 At2g37870.1 96 23 92 9575 12.67
AtLtpV.2 At3g53980.1 99 23 91 9362 9.91
AtLtpV.3 At5g05960.1 88 25 91 9530 10.85
TypeVI
AtLtpVI.1 At1g32280.1 258 23 89 9383 9.69
AtLtpVI.2 At4g30880.1 192 22 87 9222 9.91
AtLtpVI.3 At4g33550 e 79 29 86 9283 10.01
AtLtpVI.4 At5g56480.1 150 23 90 9582 4.91

TypeVIII
AtLtpVIII.1 At1g70250 f none 19 90 9865 4.64
Type IX
AtLtpIX.1 At3g07450.1 none 29 77 7980 12.16
AtLtpIX.2 At3g52130.1 none 26 99 10484 4.40
nsLTPY
AtLtpY.1 At1g52415 g 170 24 92 10825 10.25
AtLtpY.2 At1g64235 h 577 24 94 10313 10.83
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failed to identify any members of the TaLtpIe, TaLtpIf,
TaLtpIi, TaLtpIk, TaLtpIl, TaLtpIVd, TaLtpVb, TaLtpVc, TaLt-
pVIIa and TaLtpVIIIa subfamilies in the 'CS' cultivar. How-
ever, most members of these subfamilies were identified
in cDNA libraries prepared from specific plant material
that were not used to construct 'CS' cDNA libraries.

Rice, arabidopsis and wheat nsLTP characteristics
The characteristics of the 52 rice and 49 arabidopsis puta-
tive nsLTPs are presented in Table 1 and Table 2, respec-
tively. The MM and the theoretical pI of the 122 non-
redundant wheat mature nsLTPs are summarized in Table
3 (details in Additional file 2).

Wheat, rice and arabidopsis nsLTPs are synthesized as pre-
proteins that contain a putative signal peptide of 16 to 38
amino acids. The putative subcellular targeting of the 257
rice, arabidopsis and wheat nsLTP pre-protein sequences
was analyzed using the TargetP 1.1 program and 255 of
them present an N-terminal signal sequence that is
thought to lead the mature protein through the secretory
pathway. TaLTPIVb.3 and TaLTPIl.2 sequences have been
predicted to contain a mitochondrial targeting peptide
and a signal peptide. But, no conclusion could be drawn
about the subcellular localization of these two mature
proteins since the reliability of prediction was very weak.

At the pre-protein level, the OsLTPI.9 and OsLTPI.16
deduced proteins are identical. After cleavage of their sig-
nal peptide (predicted by the SignalP program), the
OsLTPI.8 and OsLTPI.15 mature proteins are identical, as
are the OsLTPI.12 and OsLTPI.19 mature proteins and the
OsLTPI.13 and OsLTPI.20 mature proteins (Table 1).
Therefore, before potential post-translational modifica-
tions, the 52 rice nsLtp genes encode 48 different mature
nsLTPs. The 49 arabidopsis nsLtp genes encode proteins
that are distinct in both their pre-protein and mature
forms (Table 2). Thirty-four wheat proteins are redundant
after cleavage of their signal peptide, 15 of them being
redundant at the pre-protein level. Therefore, before

potential post-translational modifications the 156 wheat
putative nsLtp genes encode 122 different mature TaLTPs
(Additional file 2). The TaLTPIf subfamily displays the
strongest conservation since the four members have iden-
tical mature protein sequences. A high level of redun-
dancy was also observed in genes of the TaLtpIg subfamily
since five out of the eight members encode the same TaLT-
PIg.2 mature protein.

Since it allows all the cysteine residues to be maintained
in a conserved position, the HMMalign program was pre-
ferred to ClustalW and was thus used to perform the mul-
tiple alignments of rice (Figure 2), arabidopsis (Figure 3)
and wheat (Figure 4) nsLTPs. Based on the identity matrix
(data not shown) calculated from the multiple sequence
alignments and the nomenclature criteria that group
mature proteins sharing more than 30% identity in a type
[32], 49 out of the 52 rice nsLTPs, 45 out of the 49 arabi-
dopsis nsLTPs and the 122 wheat nsLTPs were found to be
clustered in nine types. The majority (147 out of 223) of
the rice, arabidopsis and wheat nsLtp genes encode pro-
teins that belong to the type I and type II nsLTPs. Fourteen
rice, 15 arabidopsis and 34 wheat proteins described six
new nsLTP types named types IV to IX. Three rice proteins
and four arabidopsis proteins display less than 30% iden-
tity between themselves or with other nsLTPs to either
make a type by themselves or be integrated in an already
identified type. Therefore, these proteins were named
OsLTPY.1 to OsLTPY.3 and AtLTPY.1 to AtLTPY.4.

Rice, wheat and arabidopsis nsLTPs are small proteins
since their MMs usually range from 6636 Da to 10909 Da.
However the OsLTPI.6 protein and the three members of
the type VII wheat nsLTPs display unusual high MMs (13–
15 kDa) due to the presence of supernumerary amino acid
residues located at the C-terminal or N-terminal extremity
of the deduced mature proteins. While the MM of nsLTPs
previously allowed discrimination of the 9 kDa type I and
the 7 kDa type II, type III nsLTPs were also found to
present a MM of about 7 kDa. With nine nsLTP types iden-

AtLtpY.3 At4g08530 i none 22 104 11859 9.53
AtLtpY.4 At4g28395 j 74, 121 k 20 120 13430 5.28

AA, number of amino acids; MM, molecular mass in Dalton; pI, isoelectric point.
a cysteine residues were not taken into account in the pI calculation.
b annotations curated (strand: -1; exon start: 16455949, end: 16456244).
c annotations curated (strand: -1; exon start: 3977557, end: 3977828).
d annotations curated (strand: +1; exon start: 11082271, end: 11082557).
e annotations curated (strand: +1; exon 1 start: 16134443, end: 16134767; exon 2 start: 16134847, end: 16134869).
f annotations curated (strand: +1; exon start: 26456628, end: 26456958).
g annotations curated (strand: +1; exon 1 start: 19529835, end: 19530183; exon 2 start: 19530354, end: 19530355).
h annotations curated (strand: +1; exon 1 start: 23839912, end: 23840250; exon 2 start: 23840828, end: 23840845).
i annotations curated (strand: +1; exon start: 5421971, end: 5422352).
j annotations curated (strand: +1; exon 1 start: 14044281, end: 14044490; exon 2 start: 14044565, end: 14044734; exon 3 start: 14044856, end: 
14044898).
k AtLtpY.4 contains two introns.

Table 2: NsLtp genes identified in the Arabidopsis thaliana genome and features of the deduced proteins. A cluster of tandem 
duplication repeats is indicated by a vertical line before the gene names (see also Figure 1). (Continued)
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tified, the relationship between MM and nsLTP type
becomes more complex and is not anymore a good crite-
rion to classify nsLTPs. The majority (199 out of 223) rice,
wheat and arabidopsis non-redundant nsLTPs display a
basic pI that is another characteristic of nsLTPs. In no case
did nsLTPs with an acidic pI (3.92–5.50) form a specific
type.

One characteristic of plant nsLTPs types I and II is the
absence of tryptophane residues. Although this is usually
the case, we found two type I (AtLTPI.2, AtLTPI.10), three
type II (OsLTPII.1, AtLTPII.3, AtLTPII.11), four type IV
(OsLTPIV.3, AtLTPIV.1, AtLTPIV.2, TaLTPIVb.1) and three

nsLTPY proteins (OsLTPY.2, AtLTPY.1, AtLTPY.3) that
contain one or two tryptophane residues.

The main characteristic of plant nsLTPs is the presence of
eight cysteine residues in a strongly conserved position
Cys1-Xn-Cys2-Xn-Cys3Cys4-Xn-Cys5XCys6-Xn-Cys7-Xn-
Cys8. All the rice nsLTPs display this feature whereas two
arabidopsis and two wheat nsLTPs present a different pat-
tern. The Cys8 is missing in AtLTPI.1 and the Cys6 in
AtLTPII.10. The TaLTPIVd.1 lacks Cys5 and Cys6 in the
CXC motif and the TaLTPVIa.5 lacks the Cys7. Conversely,
the members of the TaLTPIVa subfamilies, TaLTPIVc.1,
OsLTPIV.1 and OsLTPIV.2 harbor an additional cysteine

Organization of nsLtp genes in rice and arabidopsis genomesFigure 1
Organization of nsLtp genes in rice and arabidopsis genomes. Positions of nsLtp genes are indicated on chromosomes 
(scale in Mbp).
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Table 3: Triticum aestivum nsLtp genes and features of the deduced mature proteins. Details are given in Additional file 2.

nsLtp genes mature nsLTPs

type number of subfamilies number of members AA MM pI a

I 12 85 86–98 8625–9855 4.14, 8.15–11.81
II 8 34 66–71 6841–7437 8.00–11.74
III 2 3 66–71 6727–7107 9.84–10.85
IV 4 12 74–82 7668–8607 11.09
V 3 10 91–99 9240–10514 4.06, 9.54–12.13
VI 2 8 83–94 8608–9793 4.01–4.29, 9.59–9.77
VII 1 3 148–150 15139–15450 9.71–10.39
VIII 1 1 96 9482 4.59

AA, number of amino acids; MM, molecular mass in Dalton; pI, isoelectric point.
a cysteine residues were not taken into account in the pI calculation

Multiple sequence alignment of rice nsLTPsFigure 2
Multiple sequence alignment of rice nsLTPs. Amino acid sequences were deduced from nsLtp genes identified from the 
TIGR Rice Pseudomolecules release 4 (Table 1). Sequences were aligned using HMMERalign to maximize the eight-cysteine 
motif alignment, and manually refined. The conserved cysteine residues are black boxed and additional cysteine residues grey 
boxed.

Type I                       1                   2 3,4 5 6                                 7                            8 
OsLTPI.1    --------------AVQCGQVMQL---------MAP-CMPYLAGAPG----MT-PYGICCDSLGVLNRMAPAPA---DR-VAVCNCVKDAAAGFP-----------AVDFSRASALPAACGL-------------SISF--TIAPNMDCNQVTEELRI-----------------
OsLTPI.2    --------------AISCSAVYNT---------LMP-CLPYVQA------GG-TVPRACCGGIQSLLAAANNTP---DR-RTICGCLKNVANGAS----------GGPYITRAAALPSKCNV-------------SLPY--KISTSVNCNAIN----------------------
OsLTPI.3    ---------------VSCGDAVSA---------LAP-CGPFLLGGAA------RPGDRCCGGARALRGMAGTAE---AR-RALCRCLEQSGPSF------------GVLPDRARRLPALCKL-------------GLAI--PVGAATDCSKIS----------------------
OsLTPI.4    --------VVVARAALSCSTVYNT---------LLP-CLPYVQS------GG-AVPAACCGGIRSVVAAARTTA---DR-RAACTCLKNVAAGAA----------GGPYISRAAGLPGRCGV-------------SVPF--KISPNVNCNAVN----------------------
OsLTPI.5    ------------GTSDLCGLAETA---------FGE-CTAYVAGGEP------AVSRRCCRALGDIRDLAATAA---ER-RAVCACILSEMLAAGD---------GRVDSGRAAGLPAACNV-------------RVGF-IPTSPNFNCFRVR----------------------
OsLTPI.6    ----------ADDVSVSCSDVVAD---------VTP-CLGFLQGDDD------HPSGECCDGLSGLVAAAATTE---DR-QAACECLKSAVSGQF----------TAVEAAPARDLPADCGL-------------SLPY--TFSPDVDCSQSQGHNHAFKQPNNSSTGPQLPPRN
OsLTPI.7    --------------AVTCGDVDAS---------LLP-CVAYLTGKAA------APSGDCCAGVRHLRTLPVGTA---ER-RFACDCVKKAAARFK-----------GLNGDAIRDLPAKCAA-------------PLPF--PLSLDFDCNTIP----------------------
OsLTPI.8    ---------------VTCGQVVSM---------LAP-CIMYATGRVS------APTGGCCDGVRTLNSAAATTA---DR-QTTCACLKQQTSAMG-----------GLRPDLVAGIPSKCGV-------------NIPY--AISPSTDCSRVH----------------------
OsLTPI.9    --------------AVSCGDVTSS---------IAP-CLSYVMGRES------SPSSSCCSGVRTLNGKASSSA---DR-RTACSCLKNMASSFR-----------NLNMGNAASIPSKCGV-------------SVAF--PISTSVDCSKIN----------------------
OsLTPI.10   ---------------ITCGQVNSA---------VGP-CLTYARGGAG-------PSAACCSGVRSLKAAASSTA---DR-RTACNCLKNAARGIK-----------GLNAGNAASIPSKCGV-------------SVPY--TISASIDCSRVS----------------------
OsLTPI.11   --------------AISCGQVNSA---------VSP-CLSYARGGSG-------PSAACCSGVRSLNSAASTTA---DR-RTACNCLKNVAGSIS-----------GLNAGNAASIPSKCGV-------------SIPY--TISPSIDCSSVN----------------------
OsLTPI.12   --------------AITCGQVGSA---------IAP-CISYVTGRGG-------LTQGCCNGVKGLNNAARTTA---DR-QAACRCLKTLAGTIK-----------SLNLGAAAGIPGKCGV-------------NVGF--PISLSTDCSKVS----------------------
OsLTPI.13   --------------AITCGQVGSA---------IAP-CISYVTGRSG-------LTQGCCNGVKGLNNAARTTA---DR-QAACRCLKSLAGSIK-----------SLNLGTVAGVPGKCGV-------------NVGF--PISLSTDCNKVS----------------------
OsLTPI.14   ---------------ITCGQVNSA---------VGP-CLTYARGG-----GAG-PSAACCNGVRSLKSAARTTA---DR-RTACNCLKNAARGIK-----------GLNAGNAASIPSKCGV-------------SVPY--TISASIDCSRVR----------------------
OsLTPI.15   ---------------VTCGQVVSM---------LAP-CIMYATGRVS------APTGGCCDGVRTLNSAAATTA---DR-QTTCACLKQQTSAMG-----------GLRPDLVAGIPSKCGV-------------NIPY--AISPSTDCSRVH----------------------
OsLTPI.16   --------------AVSCGDVTSS---------IAP-CLSYVMGRES------SPSSSCCSGVRTLNGKASSSA---DR-RTACSCLKNMASSFR-----------NLNMGNAASIPSKCGV-------------SVAF--PISTSVDCSKIN----------------------
OsLTPI.17   --------------AISCGQVNSA---------VSP-CLSYARGGSG-------PSAACCSGVRSLNSAATTTA---DR-RTACNCLKNVAGSIS-----------GLNAGNAASIPSKCGV-------------SIPY--TISPSIDCSSVN----------------------
OsLTPI.18   ---------------ITCGQVNSA---------VGP-CLTYARGGAG-------PSAACCSGVRSLKAAASTTA---DR-RTACNCLKNAARGIK-----------GLNAGNAASIPSKCGV-------------SVPY--TISASIDCSRVS----------------------
OsLTPI.19   --------------AITCGQVGSA---------IAP-CISYVTGRGG-------LTQGCCNGVKGLNNAARTTA---DR-QAACRCLKTLAGTIK-----------SLNLGAAAGIPGKCGV-------------NVGF--PISLSTDCSKVS----------------------
OsLTPI.20   --------------AITCGQVGSA---------IAP-CISYVTGRSG-------LTQGCCNGVKGLNNAARTTA---DR-QAACRCLKSLAGSIK-----------SLNLGTVAGVPGKCGV-------------NVGF--PISLSTDCNKVS----------------------

Type II 
OsLTPII.1   ------ASRTAPAAATKCD--PLA---------LRP-CAAAIL------WGEA-PSTACCAGLR--------------A-QKRCLCRYAKNPDLR----------KYINSQNSRKVAAACSV-------------PAPR---------C--------------------------
OsLTPII.2   ----------RASKKASCD--LMQ---------LSP-CVSAFSG-----VGQGSPSSACCSKLKAQ--------------GSSCLCLYKDDPKVK----------RIVSSNRTKRVFTACKV-------------PAPN---------C--------------------------
OsLTPII.3   --------GVVGVAGAGCN--AGQ---------LTV-CTGAIAGGAR-------PTAACCSSLR--------------A-QQGCFCQFAKDPRYG----------RYVNSPNARKAVSSCGI-------------ALPT---------CH-------------------------
OsLTPII.4   ----------------ACD--ALQ---------LSP-CASAIIGNAS-------PSASCCSRMK--------------E-QQPCLCQYARDPNLQ----------RYVNSPNGKKVLAACHV-------------PVPS---------C--------------------------
OsLTPII.5   -------------AT--CT--PTQ---------LTP-CAPAIVGNSP-------PTAACCGKLKAH--------------PASCFCQYKKDPNMK----------KYVNSPNGKKVFATCKV-------------PLPK---------C--------------------------
OsLTPII.6   ---------------AGCN--PSA---------LSP-CMSAIMLGAA-------PSPGCCVQLR--------------A-QQPCLCQYARDPSYR----------SYVTSPSAQRAVKACNV-------------KAN----------C--------------------------
OsLTPII.7   ---------QA-PPPPQCDPGL-----------LSP-CAAPIFFGTA-------PSASCCSSLK--------------A-QQGCFCQYAKDPTYA----------SYINSTNARKMIAACGI-------------PLPN---------CG-------------------------
OsLTPII.8   ---------QS-PPPPQCDPGL-----------LSP-CAAPIFFGTA-------PSASCCSSLK--------------A-QQGCFCQYAKDPMYA----------SYINSTNARKMIAACGI-------------PLPN---------CG-------------------------
OsLTPII.9   ---------QAPPPPPQCDPGL-----------LSP-CAAPIFFGTA-------PSASCCSSLK--------------A-QQGCFCQYAKDPTYA----------SYINSTNARKMIAACGI-------------PFPN---------CS-------------------------
OsLTPII.10  ---------QA-PPPVQCDPGK-----------LSA-CAVPIFFGTA-------PSKSCCSNLRAQ------------E-KDGCFCQYARDPMYA----------SYINSTNARNTIAACGI-------------AFPS---------C--------------------------
OsLTPII.11  ----------------QCD--PEQ---------LSA-CVSPIFYGTA-------PSESCCSNLRAQ------------Q-KEGCLCQYAKDPTYA----------SYVNNTNARKTIAACGI-------------PIPS---------C--------------------------
OsLTPII.12  ----------------QCN--AGQ---------LAI-CAGAIIGGST-------PSASCCSNLR--------------A-QRGCFCQYARNPAYA----------SYINSANARKTLTSCGI-------------AIPR---------C--------------------------
OsLTPII.13  ----------AVVPPSRCN--PTL---------LTP-CAGPALFGGP-------VPPACCAQLR--------------A-QAACLCAYARSPNYG----------SYIRSPNARRLFAVCGL-------------PMPQ---------CS-------------------------

Type III 
OsLTPIII.1  ---------QG-GGGGECVPQLNR---------LLA-CRAYAVPGAG------DPSAECCSALSSI--------------SQGCACSAIS---------------------IMNSLPSRCHL-------------SQIN---------CSA------------------------
OsLTPIII.2  ---------Q--QP--SCAAQLTQ---------LAP-CARVGVAPAP-GQPLPAPPAECCSALGAV--------------SHDCACGTLD---------------------IINSLPAKCGL-------------PRVT---------CQ-------------------------

Type IV
OsLTPIV.1   ----------AGAPFMVCGVDADR--------MAAD-CGSYCRAGSR----ERAPRRECCDAVRGA--------------DFKCLCKYRDELRVM----------GNIDAARAMQIPSKCRIK-----------GAPKS---------C--------------------------
OsLTPIV.2   --------------LSMCGVDRSA---------VAL-CRSYCTVGSA----EKAPTKECCKAVANA--------------DFQCLCDRRDMLRNL----------ENIDADRATQIPSKCGVP-----------GASSS---------CK-------------------------
OsLTPIV.3   ----------------VCNMSNDE---------FMK-CQPAAAATSN---PTTNPSAGCCSALSHA--------------DLNCLCSYKNSPWLSIY---------NIDPNRAMQLPAKCGL-------------TMPA--------NC--------------------------
OsLTPIV.4   --------------HGICNLSDAG---------LQA-CKPAAAVRNP----ADTPSSECCDALAAA--------------DLPCLCRYKGSAGAR-----VWVRFYGIDLNRAMTLPGKCGL-------------TLPA--------HC--------------------------

Type V 
OsLTPV.1    --------------AGECGRVPVDQVALK----LAP-CAAATQNPRA------AVPPNCCAQVRSIG-----------R-NPKCLCAVMLSNTARS---------AGVKPAVAMTIPKRCAI------------ANRPI------GYKCGPYTLP--------------------
OsLTPV.2    ------------DGAGECGATPPDKMALK----LAP-CASAAKDPKS------TPSSGCCTAVHTIGK----------Q-SPKCLCAVMLSSTTRN---------AGIKPEVAITIPKRCNI------------ADRPV------GYKCGDYTLP--------------------
OsLTPV.3    --------------AGKCGKTPAEKVALK----LAP-CAKAAQDPGA------RPPAACCAAVRDIGT---------HQ-SHACLCAVLLSSTVRR---------SGVKPEVAITIPKRCKL------------ANRPV------GYKCGAYTLPSLQG----------------
OsLTPV.4    ------------EGAGECGRASADRVALR----LAP-CVSAADDPQS------APSSSCCSAVHTIG-----------Q-SPSCLCAVMLSNTARV---------AGIKPEVAITIPKRCNM------------ADRPV------GYKCGDYTLP--------------------

Type VI
OsLTPVI.1   ARPATSSTADAPATSGDCSSDVQD--------LMAN-CQDYVMFPADPKID---PSQACCAAVQRA--------------NMPCVCNKVIPEVEQ-----------LICMDKVVYVVAFCKK-------------PFQP------GSNCGSYRVPASLA----------------
OsLTPVI.2   --------------DEGCSRDLQD--------LIME-CQKYVMNPANPKIE---PSNACCSVIQKA--------------NVPCLCSKVTKEIEK-----------IVCMEKVVYVADYCKK-------------PLQP------GSKCGSYTIPSLQQ----------------
OsLTPVI.3   ---------------TECQNDVEV--------LKTT-CYKFVEKDGP-KLQ---PSPDCCTSMKGV--------------NVPCVCTYLGSPGVRD----------NINMDKVFYVTKQCGI-------------AIPG--------NCGGSKV---------------------
OsLTPVI.4   -------ATVSPSAADKCEKDLDL--------LMGS-CEGYLRFPAEAKAA---PSRACCGAVRRV--------------DVGCLCGMVTPEVEQ-----------YVCMDKAVYVAAYCHR-------------PLLP------GSYCGSYHVPGPVV----------------

Type VII 
OsLTPVII.1  -------------AATTCVASLLE---------LSP-CLPFFKD-----KAATAAPEGCCAGLSSIVK---------G--EAVCLCHIVNHTLERAIGVD------IPVDRAFALLRDVCRL-------------SPPA----DIISTCANEKGGVPPLYSCPAPSA--------

Type VIII 
OsLTPVIII.1 -----AVDTGAAAGVPSC---ASK---------LVP-CGGYLNATAA-----P-PPASCCGPLREAAA----------N-ETACLCAILTNKAAL--------QAFGVAPEQGLLLAKRCGV------------TTDAS--------ACAKSASSSATAAAAAAV----------

OsLTPY
OsLTPY.1    -----------APAGTTCE-QLES--------VARS-CTGYLKRSLI------FLNDACCDGAESVY-DALTTDAAVDL-GFVCRCLRGFVISES----------LRPYLYRVANLPRLCRFKD---------RGPIPY--NNSTIHDCRFSGTTRHSL----------------
OsLTPY.2    -----------SSSQLHCGTVTSL---------LSG-CAAFVR-GHGGGAQLPSPGTPCCDGVAGLYAVAADSA---DNWRAVCRCMARLVRRHS------------SNASAIALLPGVCGVVSPWTFAAGNTNSNRPY---------CRSLP----------------------
OsLTPY.3    ---GEVELALDQAGSPTCANN------------LAS-CARYMNGTSM-------PPDGCCEPFRHSVV----------K-EQRCLCDLLASPEIFK--------AFDIKESSFHDLANRCGL-------------KDLN-------TLCPGRTHHRCEVICDGLHL---------
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residue between Cys2 and Cys3, the TaLTPVIa subfamily
members, OsLTPVI.1, OsLTPVI.2 OsLTPVI.4 and AtLT-
PII.10 between Cys6 and Cys7, AtLTPII.6 after Cys7, and
the TaLTPVIIa subfamily members and OsLTPVII.1 after
the Cys8 of the 8 CM.

The multiple alignment of the cysteine motifs of rice, ara-
bidopsis and wheat nsLTPs also revealed a variable
number of inter-cysteine amino acid residues (summa-
rized in Figure 5). The AtLTPII.8 which is phylogenetically
distant from all other type II nsLtp genes (see the phyloge-
netic analysis below) was not taken into consideration. In
this way, seven nsLTP types can be identified through typ-
ical spacings for this motif. For example, type I nsLTPs
contain 19 residues between the conserved Cys4 and Cys5

residues while types III, VII and VIII contain respectively
12, 27 and 25 residues between the conserved Cys6 and
Cys7 residues. Similarly, types II, V and IX can be
described with respectively 7, 14 and 13 residues between
the conserved Cys1 and Cys2 residues. Only types IV and
VI can not be distinguished based on this simple feature.
A closer analysis of the sequences indicates that type VI
nsLTPs are always characterized by a methionine and a
valine residue present 10 and 4 aa before Cys7, respec-
tively (Figures 2, 3, 4). At these positions, these two aa are
always different in type IV nsLTPs and allow the direct dis-
tinction of type IV and VI nsLTPs.

Multiple sequence alignment of arabidopsis nsLTPsFigure 3
Multiple sequence alignment of arabidopsis nsLTPs. Amino acid sequences were deduced from nsLtp genes identified 
from the TAIR arabidopsis genome database (TAIR release 6.0) (Table 2). Sequences were aligned using HMMERalign to maxi-
mize the eight-cysteine motif alignment, and manually refined. The conserved cysteine residues are black boxed and additional 
cysteine residues grey boxed.

Type I                           1              2 3,4 5 6                         7               8 
AtLTPI.1    ------------------ALSCGEVNSN-----LKPCTGYLTNGGITS-----PGPQCCNGVRKLNGMV-LTTL---------DRRQACRCIKNAARNVG--PGLNADRAAGIPRRCGI--KIPY----STQ-ISVR--------------
AtLTPI.2    ------------------LTPCEEATNL-----LTPCLRYLWAPPEAK-----PSPECCSGLDKVNKGV-KTYD---------DRHDMCICLSSEAAITS----ADQYKFDNLPKLCNV--ALFAPVGPKFDCSTIKV-------------
AtLTPI.3    ------------------AISCSVVLQD-----LQPCVSYLTSGSGN------PPETCCDGVKSLAAAT-TTSA---------DKKAACQCIKSVANSVT----VKPELAQALASNCGA--SLPVDASPTVDCTTVG--------------
AtLTPI.4    ----------------NALMSCGTVNGN-----LAGCIAYLTRGAP-------LTQGCCNGVTNLKNMA-STTP---------DRQQACRCLQSAAKAVG--PGLNTARAAGLPSACKV--NIPYKISASTNCNTVR--------------
AtLTPI.5    ------------------ALSCGSVNSN-----LAACIGYVLQGGV-------IPPACCSGVKNLNSIA-KTTP---------DRQQACNCIQGAARALG--SGLNAGRAAGIPKACGV--NIPYKISTSTNCKTVR--------------
AtLTPI.6    ------------------AVSCNTVIAD-----LYPCLSYVTQGGP-------VPTLCCNGLTTLKSQA-QTSV---------DRQGVCRCIKSAIGGLT-LSPRTIQNALELPSKCGV--DLPYKFSPSTDCDSIQ--------------
AtLTPI.7    ------------------TIQCGTVTST-----LAQCLTYLTNSGP-------LPSQCCVGVKSLYQLA-QTTP---------DRKQVCECLKLAGKEIK---GLNTDLVAALPTTCGV--SIPYPISFSTNCDSISTAV-----------
AtLTPI.8    ------------------AISCGAVTGS-----LGQCYNYLTRGGF-------IPRGCCSGVQRLNSLA-RTTR---------DRQQACRCIQGAARALG--SRLNAGRAARLPGACRV--RISYPISARTNCNTVR--------------
AtLTPI.9    -------------------IACPQVNMY-----LAQCLPYLKAGGN-------PSPMCCNGLNSLKAAA-PEKA---------DRQVACNCLKSVANTIP---GINDDFAKQLPAKCGV--NIGVPFSKTVDCNSIN--------------
AtLTPI.10   ------------------AISCNAVQAN-----LYPCVVYVVQGGA-------IPYSCCNGIRMLSKQA-TSAS---------DKQGVCRCIKSVVGRVSY-SSIYLKKAAALPGKCGV--KLPYKIDPSTNCNSIK--------------
AtLTPI.11   ------------------AITCGTVASS-----LSPCLGYLSKGGV-------VPPPCCAGVKKLNGMA-QTTP---------DRQQACRCLQSAAK------GVNPSLASGLPGKCGV--SIPYPISTSTNCATIK--------------
AtLTPI.12   ------------------AISCGTVAGS-----LAPCATYLSKGGL-------VPPSCCAGVKTLNSMA-KTTP---------DRQQACRCIQSTAKSIS---GLNPSLASGLPGKCGV--SIPYPISMSTNCNNIK--------------

Type II
AtLTPII.1   ----------LRVLSEDKKVACI--VTD-----LQVCLSALETPIP-------PSAECCKNLKI---------------------QKSCLCDYMENPSIE--KYL--EPARKVFAACGM--PYPR-------C------------------
AtLTPII.2   ---------KTLILGEEVKATCD--FTK-----FQVCKPEIITGSP-------PSEECCEKLKE---------------------QQSCLCAYLISPSIS--QYI--GNAKRVIRACGI--PFPN-------CS-----------------
AtLTPII.3   --------GIVKVSWGEKKVACT--VTE-----LQPCLPSVIDGSQ-------PSTQCCEKLKE---------------------QNSCFCDYLQNPQFS--QYI--TAAKQILAACKI--PYPN-------C------------------
AtLTPII.4   -------------------VTCS--PMQ-----LASCAAAMTSSSP-------PSEACCTKLRE---------------------QQPCLCGYMRNPTLR--QYVSSPNARKVSNSCKI--PSPS-------C------------------
AtLTPII.5   ---------EDTGDTGNVGVTCD--ARQ-----LQPCLAAITGGGQ-------PSGACCAKLTE---------------------QQSCLCGFAKNPAFA--QYISSPNARKVLLACNV--AYPT-------C------------------
AtLTPII.6   ------------------VDPCN--PAQ-----LSPCLETIMKGSE-------PSDLCCSKVKE---------------------QQHCICQYLKNPNFK--SFLNSPNAKIIATDCHC--PYPK-------C------------------
AtLTPII.7   ---------VVVRVEEEEKVVCI--VTD-----LRVCLPAVEAGSQ-------PSVQCCGKLKE---------------------QLSCLCGYLKIPSFT--QYVSSGKAQKVLTACAI--PIPK-------C------------------
AtLTPII.8   ---------------DEMMGRC---MHE-----IANCLVAIDKGTK-------LPSYCCGRMVK---------------------PQPCACKYFIKNPVL---------LPRLLIACRV--PHPK-------C------------------
AtLTPII.9   -------------------VTCS--PMQ-----LSPCATAITSSSP-------PSALCCAKLKE---------------------QRPCLCGYMRNPSLR--RFVSTPNARKVSKSCKL--PIPR-------C------------------
AtLTPII.10  -----------------VNQACN--KIE-----ITGCVPAILYGDK-------PTTQCCEKMKA---------------------QEPCFFYFIKNPVFN--KYVTSPQARAILKCCGI--PYPT-------C------------------
AtLTPII.11  --------TVVGGWGIEEKAACI--VTN-----LMSCLPAILKGSQ-------PPAYCCEMLKE---------------------QQSCLCGYIKSPTFG--HYVIPQNAHKLLAACGI--LYPK-------C------------------
AtLTPII.12  --------RVVKGSGEEVNVTCD--ATQ-----LSSCVTAVSTGAP-------PSTDCCGKLKE---------------------HETCLCTYIQNPLYS--SYVTSPNARKTLAACDV--AYPT-------C------------------
AtLTPII.13  --------TEVKLSGGEADVTCD--AVQ-----LSSCATPMLTGVP-------PSTECCGKLKE---------------------QQPCFCTYIKDPRYS--QYVGSANAKKTLATCGV--PYPT-------C------------------
AtLTPII.14  ----------------EETQSCV--PME-----LMPCLPAMTKREQ-------PTKDCCENLIK---------------------QKTCLCDYIKNPLYS--MFTISLVARKVLETCNV--PYTS-------C------------------
AtLTPII.15  ----------------EVSSSCI--PTE-----LMPCLPAMTTGGQ-------PTKDCCDKLIE---------------------QKECLCGYINNPLYS--TFVSSPVARKVLEVCNI--PYPS-------C------------------

Type III 
AtLTPIII.1  -------------------QQCRDELSN-----VQVCAPLLLPGAV----NPAANSNCCAALQAT--------------------NKDCLCNALR-------------AATTLTSLCNL--PSFD-------CGISA--------------
AtLTPIII.2  -------------------QSCNAQLST-----LNVCGEFVVPGAD---RTN-PSAECCNALEAV--------------------PNECLCNTFR-------------IASRLPSRCNI--PTLS-------CS-----------------
AtLTPIII.3  -------------------QECGNDLAN-----VQVCAAMVLPGSG------RPNSECCAALQST--------------------NRDCLCNALR-------------AATSLPSLCNL--PPVD-------CGINA--------------

Type IV
AtLTPIV.1   ------------------IDLCGMSQDE-----LNECKPAVSKENP-----TSPSQPCCTALQHA--------------------DFACLCGYKNSPWLGS-FGVDPELASALPKQCGL-ANAPT-------C------------------
AtLTPIV.2   ------------------IDLCGMTQAE-----LNECLPAVSKNNP-----TSPSLLCCNALKHA--------------------DYTCLCGYKNSPWLGS-FGVDPKLASSLPKECDL-TNAPT-------C------------------
AtLTPIV.3   ------------------MSICDMDIND-----MQKCRPAITGNNP-----PPPVNDCCVVVRKA--------------------NFECLCRFKFYLPIL---RIDPSKVVALVAKCGV--TTVP-----RSCQV----------------
AtLTPIV.4   ------------------IPVCNIDTND-----LAKCRPAVTGNNP-----PPPGPDCCAVARVA--------------------NLQCLCPYKPYLPTV---GIDPSRVRPLLANCGV--NSPS-------CF-----------------
AtLTPIV.5   ---------------------CNINANH-----LEKCRPAVIGDNP-----PSPIKECCELLQAA--------------------NLKCICRFKSVLPV---LAVYPSKVQALLSKCGLTTIPPA-------CQALRN-------------

Type V 
AtLTPV.1    ------------------AGECGRMPINQAAASLSPCLPATKNPRG------KVPPVCCAKVGALIR-----------------TNPRCLCAVMLSPLAKK-AGINPGIAIGVPKRCNI-RNRPA----GKRCGRYIVP------------
AtLTPV.2    ------------------AGECGRSSPDNEAMKLAPCAGAAQDANS------AVPGGCCTQIKRFS------------------QNPKCLCAILLSDTAKA-SGVDPEVALTIPKRCNF-ANRPV----GYKCGAYTLP------------
AtLTPV.3    ------------------AGECGRNPPDREAIKLAPCAMAAQDTSA------KVSAICCARVKQMG------------------QNPKCLCAVMLSSTARS-SGAKPEISMTIPKRCNI-ANRPV----GYKCGAYTLP------------

Type VI 
AtLTPVI.1   ----------------DLRKGCYDLGIT----VLMGCPDSIDKKLPAPP---TPSEGCCTLVRTI--------------------GMKCVCEIVN-KKIED--TIDMQKLVNVAAACGR--PLAP----GSQCGSYRVPGA----------
AtLTPVI.2   ---------------VPGQGTCQGDIEG----LMKECAVYVQRPGP-KV---NPSEACCRVVKRS--------------------DIPCACGRIT-ASVQQ--MIDMDKVVHVTAFCGK--PLAH----GTKCGSYVVP------------
AtLTPVI.3   -------------------QVCGANLSG----LMNECQRYVSNAGP--NSQP-PSRSCCALIRPI--------------------DVPCACRYVS-RDVTN--YIDMDKVVYVARSCGK--KIPS----GYKCGSYTIPAA----------
AtLTPVI.4   -------------------ERCNDSGIE----VLRGCPDSI-DKELPTP--PRPSQGCCTLVRII--------------------GMECVCEVIN-KEIEA--AIDMQKLVNVAAACGR--PLAP----GSQCGSYLVPGGMIRH------

Type VIII 
AtLTPVIII.1 ------------------QTEC---VSK-----IVPCFRFLN-T------TTKPSTDCCNSIKEAME-----------------KDFSCLCTIYNTPGLLAQFNITTDQALGLNLRCGV--NTDL-----SACSGTLILQDLRPLQL----

Type IX
AtLTPIX.1   -------------------HPCGRTFLS-ALIQLVPCRPSVAPFST-----LPPNGLCCAAIKTL--------------------GQPCLCVLAKGPPIV---GVDRTLALHLPGKCSA--NFLP-------CN-----------------
AtLTPIX.2   QQEGLQQPPPPPMLPEEEVGGCSRTFFS-ALVQLIPCRAAVAPFSP-----IPPTEICCSAVVTL--------------------GRPCLCLLANGPPLS---GIDRSMALQLPQRCSA--NFPP-------CDIIN--------------

AtLTPY
AtLTPY.1    -------------VYRPWPSECVEVAN----VMVEQCKMFFVHQES-----P-PTAECCRWFS---------SRRK----YAKERRRLCRCLEFLTTAFK----NLKPDVLALSDQCHF--SSGFPMSRDHTCA-----------------
AtLTPY.2    -------IGAGGSRSKRDRESCE--ESR-----IQTCLDVVNSGLK-------ISTECCKFLK---------------------EQQPCLCDVTKTSKIK------TNVLSSRLKSCGI--HNLK-------CGNNNNAMRTSNPPVCKHL
AtLTPY.3    ----------KMVTYPNGDRHCVMAQGQ----VISACLQQANG---------LPHADCCYAINDVNRYV-ETIY---------GRLALCKCFQEI------LKDSRFTKLIGMPEKCAI--PNAVPFDPKTDCDRFVEHIWLKMF------
AtLTPY.4    -------------QDNNPLEHCRDVFVS-----FMPCMGFVEGIFQ------QPSPDCCRGVTHLNNVVKFTSPGSRNRQDSGETERVCLCIEIMGNANH--LPFLPAAINNLPLRCSL--TLSFPISVDMDCSQFRNTKNPDVEKLN---
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Phylogenetic analysis of rice, arabidopsis and wheat 
nsLTPs
In order to analyze the phylogenetic organization of the
nsLTP families, we constructed a phylogenetic tree from
the alignment of respectively 45, 49 and 122 sequences of
arabidopsis, rice and wheat nsLTPs, using the maximum-
likelihood inference. Redundant mature wheat nsLTPs
were eliminated but the arabidopsis and rice complete
families were included. The solidity of the nodes was
assessed by 100 bootstrap resampling repetitions. The
seven arabidopsis and rice nsLTPY proteins were first
included but due to the fact that their position was not
well supported (nodes with weak bootstrap values) and
consequently risked muddling the phylogenetic signal,
they were excluded from the alignment. In the first
attempt, several cysteine-rich protein sequences (metal-
lothioneins, thionins and defensins from arabidopsis and
rice) were tested as potential roots, but their position was
different and none were supported by significant boot-
strap values. Moreover, the phylogenetic relationships
between types were not reliable whatever the root chosen.
Consequently, we chose to present the complete con-
densed unrooted tree (Figure 6) where each of the sub-
trees (detailed in Figure 7) is rooted by all the other
sequences.

The general organisation of the tree is coherent with the
classification of nsLTPs in nine types. All the sequences
belonging to the same type are grouped and constitute
monophyletic groups (i.e. clades) except for type II
nsLTPs. The bootstrap values supporting the clades corre-
sponding to types III, V, VI, VII, VIII and IX are high,
respectively 77, 100, 78, 95, 72 and 100. Types I and IV
have lower bootstrap values, respectively 50 and 39. Based
on the criteria that group mature proteins sharing more
than 30% identity in a type, AtLTPIX.1 and AtLTPIX.2
were first included in type IV although their identity with
other type IV nsLTPs was very low (12.6% to 30.1%).
However, according to their position in the phylogenetic
tree these sequences probably do not share the same com-
mon ancestor as other type IV nsLTPS and were classed in
a new type named type IX. Type II nsLTPs are close in the
tree but do not constitute a clade. This is mainly due to
several A. thaliana nsLTPs (AtLTPII.1, AtLTPII.2, AtLTPII.3,
AtLTPII.7, AtLTPII.8, AtLTPII.10, AtLTPII.11, AtLTPII.12,
AtLTPII.13, AtLTPII.14 and AtLTPII.15), which appear to
be more distantly related to other type II sequences. When
the tree is built only with wheat and rice sequences, type
II nsLTPs appear to be monophyletic and highly sup-
ported (bootstrap value 95; data not shown).

Multiple sequence alignment of wheat nsLTPsFigure 4
Multiple sequence alignment of wheat nsLTPs. Amino acid sequences were deduced from genes or ESTs indexed in the 
NCBI database. Amino acid sequences were aligned using HMMERalign to maximize the eight-cysteine motif alignment, and 
manually refined. For each nsLTP subfamily, one sequence is presented and the number of putative members identified is indi-
cated between parentheses. The conserved cysteine residues are black boxed and additional cysteine residues grey boxed. 
Accession numbers are given in Additional file 2 and amino acid sequence of mature nsLTPs in Additional file 3.

Type I                                                            1               2 3,4 5 6                              7              8 
TaLTPIa.1   (3) ------------------------------------------------IDCGHVDSL------VRPCLSYVQGGPG-------PSGQCCDGVKNLHNQARSQSDRQSACNCLKGIARGIH--------NLNEDNARSIPPKCGV-NLPYTISLNIDCSRV---------------
TaLTPIb.1  (39) -----------------------------------------------AVSCGQVSSA------LSPCISYARG-----NGAS-PSAACCSGVRSLASSARSTADKQAACKCIKSAAA-----------GLNAGKAAGIPTKCGV-SIPYAISSSVDCSKIR--------------
TaLTPIc.1  (12) -----------------------------------------------AVTCSDVTSA------IAPCMSYATGQAS------SPSAGCCSGVRTLNGKASTSADRQAACRCLKNLAGSFN--------GISMGNAANIPGKCGV-SVSFPINNSVNCNNLH--------------
TaLTPId.1   (3) -----------------------------------------------ALSCGQVDSK------LAPCVAYVTGRAS------SISKECCSGVQGLNGMARSSSDRKIACRCLKSLATSIK--------SINMGKVSGVPGKCGV-SVPFPISMSTNCDTVN--------------
TaLTPIe.1   (1) -----------------------------------------------ALSCSTVYNT------LMPCLGYVQS------GG-VVPRACCGGIKKLVSTARSTPDRRSICTCLKNVGSGAA-------GGPYVSRAAGLPGKCKV-PLPF------NCNSN---------------
TaLTPIf.1   (4) -----------------------------------------------EVSCGDAVSA------LIPCGSFLVGAV-----AGAPSESCCRGAQGLRRMAGTPGARRALCRCLEQSGPSF---------GVLPDRARQLPALCKL-GISIPVSPHTDCDKIQ--------------
TaLTPIg.1   (8) ------------------------------------------------ISCSTVYST------LMPCPQYVQQ------GG-SPARGCCTGIQNLLAEANNSPDRRTICGCLKNVANGAS-------GGPYITRAAALPSKCNV-ALPYKISPSVDCNSIH--------------
TaLTPIh.1   (4) ----------------------------------------------AVANCGQVVSY------LAPCISYAMGRVS------VPGGGCCSGVRGLNAAAATPADRKTTCTCLKQQASGMG--------GIKPNLVAGIPGKCGV-NIPYAISPRTDCSKVR--------------
TaLTPIi.1   (2) -----------------------------------------------AISCGQVNSA------LGPCLTYARGGAG-------PSAVCCSGVKRLAAATQTTVDRRAVCNCLKMAVGRMS--------GFKAGNIASIPSKCGV-SVPYAVGASVDCSRVS--------------
TaLTPIj.1   (3) ------------------------------------------------ITCGQVNSA------VGPCLTYARGGAG-------PSAACCSGVRSLKAAASTTADRRTACNCLKNAARGIK--------GLNAGNAASIPSKCGV-SVPYTISASIDCSRVS--------------
TaLTPIk.1   (2) -----------------------------------------------VVQCGQVTQL------MAPCMPYLSGAPG----MT-PYGICCNSLGVLNQLAASTADRVAACNCVKAAASGGF-------PAVDFSRAAALPAACGL-AINFAVTPNMDCNQVTDEP-----------
TaLTPIl.1   (3) ------------------------------------------------LTCSTVYNE------LMPCLGYVQS------GG-AVPRACCSGIKTLVSRARATPDRRAACACLKTVAAAAA-------GGPYLGRAAGLPGRCGV-QPPFKIDPNVNCNAV---------------

Type II 
TaLTPIIa.1 (10) -------------------------------------------------ACQ--ASQ------LAVCASAILSGAK-------PSGECCGNLR-----------AQQGCFCQYAKDPTYG-------QYIRSPHARDTLTSCGL-AVPH-------C------------------
TaLTPIIb.1  (4) -------------------------------------------------ACE--VGQ------LTVCMPAITTGAK-------PSGACCGNLR-----------AQQACFCQYAKDPSLA-------RYITSPHARETLVSCGL-AVPH-------C------------------
TaLTPIIc.1  (3) ----------------------------------------------AT--CS--PTQ------LTPCAPAIIGNAA-------PSAACCGKLKAH----------PASCLCKYKKDPNLQ-------RYVNSPNGKKVFAACKL-RLPR-------C------------------
TaLTPIId.1  (9) ----------------------------------------------AT--CN--ALQ------LTPCAGAIVGNAA-------PTASCCSKMK-----------EQQPCMCQYARDPNLK-------QYVDSPNGKKVMAACKV-PVPS-------C------------------
TaLTPIIe.1  (4) -------------------------------------------------QCN--AGN------LAVCASPIVSGTP-------PSKTCCNNLK-----------SQRGCFCQFAHNRAYS-------SYINSPNARKTLVSCGV-PVPK-------C------------------
TaLTPIIf.1  (2) ------------------------------------------------QDCD--AGK------LIVCAAAIIGGAE-------PSASCCSNLK-----------AQQGCLCKYASNPAYS-------GYINSPTARKTLTSCGI-PIPT-------CPQ----------------
TaLTPIIg.1  (1) ------------------------------------------------AGCD--ASA------LRPCVGAIMLGGA-------VTPGCCARLR-----------AQRACLCQYARDPSYR-------GYVNSPRAQSVVAACGL-PGPK-------C------------------
TaLTPIIh.1  (1) ------------------------------------------------ASCN--AGQ------LTVCASAMLSGAA-------PSAACCSNLK-----------AQQGCLCQFAKNPAYA-------RYVNSPNARKTVASCGV-ALPR-------C------------------

Type III 
TaLTPIIIa.1 (2) ------------------------------------------Q--PPLGTCGAQLSQ------LAPCARYSVPPLP-GQALPTPGPECCSALGSV----------SRDCACGAID------------------IINSLPAKCGL-PRVS-------CQ-----------------
TaLTPIIIb.1 (1) ------------------------------------------Q--PPGG-CVPQLNR------LLACRAYLVPGAA------DPSADCCSALSSI----------SRDCACSTMG------------------IINSIPSRCNI-GRVN-------CSA----------------

Type IV
TaLTPIVa.1  (7) -----------------------------------------------IHVCNVDTGS-----MLNNCRSYCSVGSN----EASPSGACCGAVRGA----------NFKCLCKYKGFLP---------KDIDANRAMQIPAKCGYGPA-S-------C------------------
TaLTPIVb.1  (3) -------------------------------------------------VCDMDNDD------FMACQPAAAATTD---PQPAPSEACCATLGKA----------DLRCLCSYKNSPWLSLY------NIDPKRAMELPAKCGL-TTPP------DC------------------
TaLTPIVc.1  (1) -------------------------------------------APGPLMMCNVDVYR-----MIGACRSYCARGSR----EATPSGQCCAALRGA----------NLRCVCQKKGLLASA-------GNIDARRAMQIPSKCGIGNVPS------RC------------------
TaLTPIVd.1  (1) ------------------------------------------------AVCDMSNEQ------FMSCQPAAAKTTD---PPAAPSQACCDALGGG----------GPQVPVRLQELAVDGRL------QHRPQARHGTSGKCGSPRRPT----ATVC------------------

Type V 
TaLTPVa.1   (8) --------------------------------------------AEGAGECGRSSPDRMALR-MAPCISAADEPDS------APSSSCCSAVHTIGK--------SPSCLCAVMLSGTAKM------AGIKPEVAITIPKRCNMADRPV----GYKCGDYTLP------------
TaLTPVb.1   (1) -----------------------------------------------AGECGRVPADRMALK-LAPCAAATQNPRA------KVAPGCCAQIRSIG--------RSPKCLCAVMLSSTARQ------AGVKPAVAMTIPKRCALANRPI----GYKCGPYTLP------------
TaLTPVc.1   (1) -----------------------------------------------KDECGATPPDQEALK-LVPCVAAGKDPDS------KPSDRCCAAVKEIGE-------RSPACLCAVLLSKIVRR------VGVKPEVAITIPKRCDLTDRPI----GYKCGDYTMPSLQLKD------

Type VI
TaLTPVIa.1  (4) ------------------------------------------------EDCVVDLKG-----IIRECKPYVMFPASPKIT---PASACCSVVQKV----------NAPCMCSKVTKEIEK--------VVCMDKVVYVADYCKN-PLKP----GSDCGSYHVPSQGQ--------
TaLTPVIb.1  (3) ---------------------------------------------EGPAGCQDDVVA-----LNEACYQYVQKGAP-TVP---PSQECCDAVRRV----------DVPCVCSYLGSPGVRD-------NISMEKVFYVSQQCGV-SIPG------NCGGSKV-------------

Type VII 
TaLTPVIIa.1 (3) ADAAKKSIASEPKHIFSRPSGPIISRPAAKDIIASEPTIPRPAAVDVSATCMGSLLE------LSPCLAFFRD-----AGTSKAPAGCCKGLGTIVR------D-QPACLCHIFNHTLERAIGVG---IPVNRALALIRDVCGL-TPPK----VASCANAG-AVPPLYVCPAPSA

Type VIII 
TaLTPVIIIa.1(1) -----------------------------AAPSSAQGTTTPADASGAVPSC---ASK------LVTCAGYLNTTDT-------PPESCCDPLKEAAT-------TQAACMCAILMNKAAL-----QAFGVAPEQGVLLAKRCGVTNDAS------TCAK----------------
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The distribution of nsLTPs in the tree is not either quanti-
tatively or qualitatively homogeneous. As can be seen in
Figure 7, there are significant differences in the number of
sequences, with as few as two sequences for type IX nsLTPs
and 90 for type I nsLTPs. Moreover, nsLTPs of each species
are not homogeneously distributed within each type. Sur-
prisingly, arabidopsis does not posses any type VII nsLTPs
and no type IX nsLTPs were identified in rice and wheat.

Only type VIII nsLTPs displayed the simple organization
that one would expect to be the most frequent between
arabidopsis, rice and wheat, i.e. one sequence of each spe-
cies (or three for the hexaploid wheat) with wheat and rice
closer to each other and more distantly related to arabi-
dopsis. Two other groups of sequences are organized in a
similar way. The first group is composed of TaLTPVb.1,
OsLTPV.1 and AtLTPV.1, however rice and arabidopsis are
more closely related than wheat and rice. The second
group is composed of AtLTPIV.1, AtLTPIV.2, OsLTPIV.3,
TaLTPIVd.1 and TaLTPIVb.1. Even if a probably recent
duplication in arabidopsis genome led to the presence of
two copies, both are closely related to one copy of rice and
two copies of wheat. In all the other cases, the arabidopsis
sequences are either grouped and constitute a separated
clade within a given type or branched close to the root of
the type subtree. This is particularly true for AtLTPI.1,
AtLTPI.4, AtLTPI.5, AtLTPI.6, AtLTPI.7, AtLTPI.8,

AtLTPI.10, AtLTPI.11 and AtLTPI.12 or AtLTPIV.3, AtLT-
PIV.4 and AtLTPIV.5 or AtLTPVI.1, AtLTPVI.3 and AtLT-
PVI.4 or type II nsLTPs. In these cases, no obvious
correspondence between arabidopsis and wheat/rice
sequences exist and it is not possible to identify orthology
relationships between nsLTP gene members of each spe-
cies. A likely explanation may be that functions of nsLTPs
are mostly due to a few conserved features indicating that
functional domains or specific positions will be more
conserved than others. Once these features are identified,
it will become more relevant to perform fine phylogenetic
analyses domain by domain.

The classification of the wheat nsLTP members in sub-
families when they share at least 75% amino acid identity
appeared to agree with their phylogenetic relationships.
Indeed, almost all the subfamilies appeared to be mono-
phyletic (solid brackets in Figure 7) and are supported by
high bootstrap values. Only two subfamilies present a
more complex organization and are paraphyletic (i.e. they
do not include all the members deriving from their com-
mon ancestor; dotted brackets in Figure 7). The TaLTPIIb
subfamily clearly appears to be derived from TaLTPIIa.
These two subfamilies share a common ancestor (node
highly supported: 93), but TaLTPIIb members appear to
have diverged from the others as the branch grouping
them is longer and the node highly supported (98).

Diversity of the eight cysteine motif in rice, arabidopsis and wheat nsLTP typesFigure 5
Diversity of the eight cysteine motif in rice, arabidopsis and wheat nsLTP types. The consensus motif of each nsLTP 
type was deduced from the analysis of the matures sequences of the 52 rice nsLTPs, the 49 arabidopsis nsLTPs and the 156 
wheat nsLTPs presented in Table 1, Table 2, and Additional file 2, respectively. AtLTPII.8 that appears to be more distantly 
related to other type II sequences (see the phylogenetic analysis) was excluded. The values allowing direct identification of the 
nsLTP type are grey boxed. a cysteine residue number 6 is missing in AtLTPII.10. b cysteine residue number 7 is missing in 
TaLTPVIa.5. c cysteine residue number 8 is missing in AtLTPI.1. d AtLTPII.10, OsLTPVI.1, OsLTPVI.2, OsLTPVI.4, and TaLTPVIa 
subfamily members harbor an extra cysteine residue. All type VI contain a Val 4 aa before Cys7 and a Met 10 aa before Cys7 
allowing a distinction between type IV and type VI. e AtLTPII.6 harbors an extra cysteine residue. f TaLTPIVc.1 and TaLTPIVa 
subfamily members harbor an extra cysteine residue. g 12 amino acid residues were counted for the TaLTPIVd.1 that displays 
no CXC motif. h OsLTPVII.1 and TaLTPVIIa.1 subfamily members harbor an extra cysteine residue.

nsLTP type 8CM and number of flanking amino acid residues 
1 2 3,4 5 6 a 7 b 8 c

Type I X2-9 C X9 C X13-15 CC X19 C X C X19-24 C X7,13,14 C X0-26
Type II X0-13 C X7 C X13,15 CC X8-10 C X C X16,21,23 d C X5,6 e C X0-2
Type III X2-7 C X9 C X14,16,19 CC X9 C X C X12 C X6 C X1,2,4
Type IV X0-7 C X9,10 C X15-17 f CC X9 g C X C X21-24,28 C X6-8,10 C X0,1,5
Type V X2-5,10 C X14 C X14 CC X11-13 C X C X24 C X10 C X6,10,12 
Type VI X2-17 C X10 C X16,17 CC X9 C X C X22,23 d C X7,9 C X5-12
Type VII X4,50 C X9 C X15 CC X12 C X C X27 C X9,11 C X17,18 h

Type VIII X3,12,21 C X6 C X13,14 CC X12 C X C X25 C X8 C X2,14,16 
Type IX X2,21 C X13 C X15 CC X9 C X C X22 C X6 C X1,4
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Another subfamily, TaLTPIj, harbors surprising character-
istics since the three wheat sequences are identical to three
nsLTP rice copies (OsLTPI.10, OsLTPI.11 and OsLTPI.18).
In contrast, we observed wheat nsLTP subfamilies (TaLT-
PIa, TaLTPIb, TaLTPIi, TaLTPIIa, TaLTPIIb, TaLTPIVa and
TaLTPIVd indicated with green brackets in Figure 7) in
which the closest related rice nsLTP is already closer to
another wheat nsLTP subfamily. These wheat nsLTPs cor-

respond either to groups in which a closer copy existed in
rice and was subsequently deleted, or to wheat copies that
are undergoing an evolution process specific to wheat.
Because this concerns a large number of genes and the
largest TaLtpIb subfamily, the second hypothesis is more
likely.

Unrooted phylogenetic tree between rice, arabidopsis and wheat nsLTP gene familiesFigure 6
Unrooted phylogenetic tree between rice, arabidopsis and wheat nsLTP gene families. The mature sequences of 
the 122 non-redundant wheat nsLTPs, the 49 rice nsLTPs, and the 45 arabidopsis nsLTPs were aligned using HMMalign and 
then manually refined. The phylogenetic tree was built from the protein alignment (Additional file 3) with the maximum-likeli-
hood method using the PHYML program [75]. When possible, subtrees including sequences of the same type are grouped and 
represented by a grey triangle close to which is indicated, in brackets, the number of sequences of arabidopsis, rice and wheat 
respectively. Subtrees are detailed in Figure 7. Bootstrap values (% of 100 re-sampled data set) are indicated for each node.
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Discussion
Encoded by multigene families, plant nsLTPs were clus-
tered in three clades based on their primary structure [8].
Here we report the genome-wide analysis of the nsLtp gene
family in O. sativa 'Nipponbare' and A. thaliana, which
enabled us to identify six additional clades.

Gene structures and chromosomal locations indicate that
the complexity of the arabidopsis and rice nsLtp gene fam-
ilies is mainly due to tandem duplication repeats repre-
senting 16 of the 49 arabidopsis nsLtp genes and 26 of the
52 rice nsLtp genes. The arabidopsis genome has under-
gone several rounds of genome-wide duplication events,
including polyploidy [58] which likely support this nsLtp
gene complexity. The rice genome is also the result of an
ancient whole-genome duplication, a recent segmental

duplication and massive ongoing individual gene dupli-
cations [59]. Characterized by Wang et al. 2005 [60], a
large-scale segmental duplication is observed in rice chro-
mosomes 11 and 12 and consists of blocks of 5.44 Mb
and 4.27 Mb, respectively. Due to this genomic segmental
duplication, a cluster of six tandem duplicated copies is
present in both chromosomes.

Based on sequence identity, 35 rice nsLTPs and 30 arabi-
dopsis nsLTPs are clustered in the previously described
type I, type II and type III clades. Fourteen rice nsLTPs and
15 arabidopsis nsLTPs are clustered in the six new types
identified in this work. In wheat, 58 out of the 122 non-
redundant nsLTPs are type I nsLTPs, 29 belong to the type
II and three are type III nsLTPs. Finally, 32 wheat nsLTPs
were clustered in five of the new types.

Rooted phylogenetic subtrees detailed from unrooted phylogenetic tree between rice, arabidopsis and wheat nsLTP gene fam-iliesFigure 7
Rooted phylogenetic subtrees detailed from unrooted phylogenetic tree between rice, arabidopsis and wheat 
nsLTP gene families. Each subtree represented by a grey triangle in Figure 6 is detailed and rooted on the remaining parts of 
the tree. Wheat nsLTPs are in black, rice nsLTPs in red and arabidopsis nsLTPs in blue. Monophyletic subfamilies are indicated 
by solid brackets, paraphyletic subfamilies by dotted brackets. Black brackets indicate the wheat subfamily in which a potential 
rice ortholog nsLTP gene is present, and green brackets indicate wheat-specific subfamilies. Bootstrap values (% of 100 re-sam-
pled data set) are indicated for each node.
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The wheat EST survey failed to identify transcripts corre-
sponding to seven genes or protein previously identified.
In the case of the TaLtpIa.2, TaLtpIb.1,TaLtpIg.1, TaLtpIg.5
and TaLtpIh.1 genes, effective transcription is supported
by isolation of cDNAs or protein. However, without
cDNA or protein identified, the TaLtpIIa.5 and TaLtpIb.2
genomic sequences could be pseudogenes. In both cases,
these seven haplotypes are possibly not detected in the
EST databases analyzed because of inter-varietal polymor-
phism, or because of restricted or specific-tissue expres-
sion.

The phylogenetic tree revealed that the classification of
nsLTP family members in types and subfamilies according
to respectively 30% and 75% of amino acid identity ena-
bles a good representation of the organization of the fam-
ily. All the types (except type II) and most of the resulting
subfamilies are monophyletic and supported by convinc-
ing bootstrap values. The three species have members in
all the types except arabidopsis in type VII and rice and
wheat in type IX. Either type VII appeared specifically in
rice/wheat lineage or has disappeared in arabidopsis. It
would be interesting to trace its evolution at the monocot/
dicot scale. The absence of type IX nsLTPs in rice and
wheat suggests that type IX could be specific to dicot spe-
cies. Search for type IX nsLTPs in other species whose
whole genome was sequenced should allow confirmation
of this point.

The distribution of the sequences of the three species is
not homogenous. First, arabidopsis nsLTPs are grouped
within types or isolated and branched close to the root of
the type subtree (type II). The main conclusion we can
draw from these observations is that the ancestral nsLTP
gene family already included eight (or nine) types before
separation between the lineage leading to arabidopsis and
the lineage leading to wheat and rice, but that each type
was probably represented by only one or two ancestral
members. Subsequently, the family evolved specifically in
each lineage in terms of copy number and speed of dupli-
cation or mutation accumulation. The alternative to this
scenario would be that several copies of each type pre-
existed in the ancestral nsLTP gene family before mono-
cots and dicots diverged but that a large number of copies
was lost. It would be interesting to test these hypotheses
by adding nsLTPs from other species to the analysis when
their complete genomic sequences become available.

Our phylogenetic approach turned out to be more
informative about the evolutionary relationships of cer-
tain subfamilies, especially when based on probabilistic
methods instead of computed distances. Indeed, two sub-
families (TaLTPIIa and TaLTPIj) appear to be paraphyletic,
i.e. they do not include all the members derived from the
same common ancestor. In the case of the TaLTPIIa sub-

family, this is due to the fact that some members under-
went a process of divergence which resulted in them being
grouped in a different subfamily (TaLTPIIb). The TaLTPIj
subfamily members appear to be grouped because they
evolved not far from their closest common ancestor. Their
surprisingly high level of conservation with rice nsLTPs
reinforces this assumption. This subfamily groups mem-
bers with common characteristics (high amino acid iden-
tity, slow evolution rates) but does not include all the
descendants of the same ancestor and consequently does
not represent a phylogenetic group. In conclusion,
although grouping according to percentage identity may
make sense, it is nevertheless important to perform a pre-
cise phylogenetic analysis to understand the relationships
between the gene members. Within this context, the iden-
tification of conserved domains or residues will allow to
use these specific regions to perform functional phyloge-
netic analysis.

Within the wheat nsLtp gene subfamilies for which we did
not identify a closely related rice gene, it is amazing to find
the largest wheat TaLtpIb, TaLtpIIa/TaLtpIIb gene sub-
families. The larger number of genes in these subfamilies
may be the evolutionary consequence of adaptation to
wheat-specific functions or various environmental
changes.

Since synteny between homoeologous chromosomes was
shown to be widely conserved in the hexaploid wheat T.
aestivum [61], each gene identified should be related to
two other homoeologous copies. However we report that,
in single cultivars, nine nsLtp gene subfamilies had more
than three members. In spite of the relaxed selective con-
straint often exerted on duplicated genes, the members of
the subfamily share more than 75% identity, suggesting
that recent duplications of nsLtp genes also occurred in the
wheat genome. Diverged from a common ancestor 46
millions years ago, Oryza and Triticum species display
remarkably similar genomic organization [62]. However,
with more than three wheat homoeologous copies identi-
fied for most of the related rice genes, the nsLtp genes fam-
ily appears to be much bigger in Triticum than in the Oryza
genome. It has often been suggested that polyploidy offers
genome plasticity, which, in turn, increases the potential
ability of newly formed species to adapt to new environ-
mental conditions [63]. When a family already presenting
a high copy number at the diploid level is duplicated
twice, the complexity of the redundancy and the possibil-
ities of evolution it offers are vast. To understand the evo-
lutionary pattern of the wheat nsLtp gene family, correct
identification of homoeologous genes and classification
of paralogous sequences is essential. To this end, gene-
specific PCR primers will be designed allowing to amplify
the different members of a subfamily and to determine
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their chromosomal locations using Chinese Spring aneu-
ploid and deletion lines.

The high number of nsLtp genes in the hexaploid wheat T.
aestivum is probably mainly due to gene duplication by
polyploidization. Whether this leads to retention of func-
tion of duplicated genes or to functional diversification
either at the level of gene expression or protein function
remains to be determined. Depending on the species or
on the gene family, both phenomena have been observed
following polyploid-induced gene duplication [64].

Conclusion
By analyzing the complete nsLtp gene family in both rice
and arabidopsis genome we identified six new types lead-
ing to a total of nine types of nsLTPs. The type VII was
found only in rice and wheat whereas the type IX was only
identified in arabidopsis. Wheat EST data mining empha-
sized the higher number of nsLtp genes and complexity of
certain subfamilies. The diversity of rice, arabidopsis and
wheat nsLTPs suggests that nsLTPs support different func-
tions in plants. However, until such time as specific bio-
logical functions or functional domains are defined, it
seems relevant to categorize plant nsLTPs on the basis of
sequence similarity and/or phylogenetic clustering.

Methods
In silico identification of rice and arabidopsis nsLtp genes
The Gramene rice genome database (TIGR pseudomole-
cule assembly release 4 of IRGSP finished sequence) [65]
was searched for nsLtp gene sequences using the gene
annotations. The TAIR arabidopsis genome database
(TAIR release 6.0) [66] was searched for nsLtp genes anno-
tated as encoding lipid transfer proteins and the entire ara-
bidopsis proteome was searched for proteins displaying a
HMMPfam domain PF00234 (Plant lipid transfer/seed
storage/trypsin-alpha amylase inhibitor). Blastn and
tblastn searches were further performed against both data-
bases using the retrieved annotated gene sequences, the
wheat nsLtp gene sequences and previously identified
nsLTPs [32], and the wheat nsLtp gene sequences identi-
fied in this work. The putative rice and arabidopsis nsLtp
gene sequences retrieved were then curated for intron-
exon junction positions using the NetGen2 program [67],
and from comparison with related EST sequences in the
Gramene rice genome database. The amino acid
sequences deduced from the newly identified rice and ara-
bidopsis nsLtp genes were finally assessed through the
analysis of the cysteine residue patterns.

Wheat EST database searches
The search for Triticum aestivum ESTs was performed by
comparing the coding sequences of wheat and rice nsLtp
genes against EST sequences available at NCBI [68] in
blastn searches. Sequence hits with E-values of less than

10-4 and a bit score of 100 or more were identified as puta-
tive nsLtp homologues and extracted. EST multiple align-
ments were performed using the ClustalW program [69].
When their ORF alignment overlapped, multiple ESTs
were considered as derived from a single gene and
resolved to a single representative EST. An ORF was con-
sidered as a new gene if at least one mutation was
observed and if it was represented by at least two ESTs cov-
ering the complete ORF. Then the EST displaying the most
widely represented sequence in the 3'- and 5'-UTR regions
was chosen as representative of the new wheat nsLtp gene.
Singleton ESTs and ESTs presenting incomplete ORF were
not considered except when several of them support a
novel ORF. For a limited number of genes (11), single EST
sequences displaying full ORF were nevertheless taken
into account when they were supported by multiple and
overlapping incomplete EST sequences.

Amino-acid sequence analysis
Pre-proteins translated from the ORF of all nsLTP
sequences were analyzed for presence of potential signal
peptide cleavage sites using the SignalP 3.0 program [70].
The subcellular localization of the mature protein was
predicted using the TargetP 1.1 program [71]. Following
signal peptide removal, theoretical pI and MM were com-
puted using the program provided at [72]. Amino acid
sequences were efficiently aligned to the Pfam profile
HMM (glocal model) defined from the protease inhibitor/
seed storage/LTP family [51] using HMMalign from the
HMMER package [73]. A sequence identity matrix of the
mature nsLTP sequences was computed using BioEdit
v7.0.4.1 [74] enabling us to determine the gene subfamily
assignment and their nomenclature following the guide-
lines proposed by Boutrot et al. [32].

Phylogenetic analysis
Rice, arabidopsis and wheat amino-acid sequences were
aligned to the Pfam glocal model using HMMalign.
Because they were not informative and created aberrant
multi alignments during the re-samplings procedure, a
total of 47 sites were removed from the alignment (12 of
them were represented by only one sequence and the 35
others were non or few-informative sites, among them 29
were only represented by the three type VII wheat nsLTPs).
Phylogenetic trees were built from the protein alignment
with the maximum-likelihood method using the PHYML
program [75]. Maximum-likelihood inference analyses
were conducted under the Jones Taylor Thornton substi-
tution model [76] with estimation of the proportion of
invariant sites and estimation of variation rate among the
remaining sites according to a gamma distribution. The
confidence level of each node was estimated by the boot-
strap procedure using 100 resampling repetitions of the
data. The unrooted phylogenetic trees were visualized
using the Treeview 1.6.6 program [77].
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