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Abstract

The Asr gene family is widespread in higher plants. Most Asr genes are up-regulated under different environmental stress conditions and during fruit
ripening. ASR proteins are localized in the nucleus and their likely function is transcriptional regulation. In cultivated tomato, we identified a novel fourth
family member, namedAsr4, which maps close to its sibling genesAsr1–Asr2–Asr3 and displays an unshared region coding for a domain containing a 13-
amino acid repeat. In this workwewere able to expand our previous analysis forAsr2 and investigated the coding regions of the four knownAsr paralogous
genes in seven tomato species from different geographic locations. In addition, we performed a phylogenetic analysis onASR proteins. The first conclusion
drawn from this work is that tomatoASR proteins cluster together in the tree. This observation can be explained by a scenario of concerted evolution or birth
and death of genes. Secondly, our study showed that Asr1 is highly conserved at both replacement and synonymous sites within the genus Lycopersicon.
ASR1 protein sequence conservation might be associated with its multiple functions in different tissues while the low rate of synonymous substitutions
suggests that silent variation inAsr1 is selectively constrained, which is probably related to its high expression levels. Finally, we found thatAsr1 activation
under water stress is not conserved between Lycopersicon species.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Gene families are common in eukaryotic genomes. Diver-
gence in function or expression pattern among family members
has given plasticity and innovation to species evolution (Ohta,
1989). Cases of variable family size observed between species
Abbreviations: ABA, abscicic acid; CDS, coding sequence; GC, guanosine+
cytidine; Ka, replacement substitution rate; Ks, synonymous substitution rate;
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ESTs.
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are explained by the birth-and-death model of molecular
evolution, which posits that repeated duplication and subse-
quent loss or inactivation of duplicated genes determine a
variable number of members (Quesada et al., 2005). In addition,
gene family members can experience concerted evolution, with
the consequent intraspecific gene copy homogeneization (Nei
and Rooney, 2005). Comparisons within Arabidopsis show that
most paralogous genes accumulate high levels of amino acid
sequence divergence without appreciable differences in expres-
sion patterns (Hughes and Friedman, 2005).

Plants are sessile organisms that copewith abiotic stress.Water
deficit is one of the most studied stresses, as it severely limits crop
productivity and plant natural distribution. For this reason, efforts
have been focused on understanding plant stress physiology. In
this direction, several drought-responsive genes have been cloned
and characterized. It was shown that some of them encode
components of signal transduction pathways involved in
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Table 1
Synonymous (s) and non-synonymous substitutions (n) in Asr genes within the
Lycopersicon/Solanum clade

Asr1 Asr2 Asr3 Asr4

s (Lycopersicon/whole tree) 0.060/0.140 0.126/0.383 0.376/? 0.172/0.317
n (Lycopersicon/whole tree) 0.000/0.016 0.033/0.045 0.018/? 0.023/0.043

Note— in each cell: on the left, the normalized changes after tomato cladogenesis,
on the right, normalized changes on the whole tree.
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adaptation to water stress. Asr genes (named after Abscicic acid,
stress, ripening), as likely participants of the water stress
transcriptional response, can be grouped among them. The
expression of these genes was also detected during fruit ripening
in several plant species (Maskin et al., 2001). Asrs are found in
Spermatophyta forming small gene families. However, the model
plantArabidopsis lacksAsr genes and in grape, only one copy has
been detected using Southern Blot hybridization (Cakir et al.,
2003). In tomato (genus Lycopersicon), ASR1 protein is localized
in the nucleus and binds a specific DNA sequence (Kalifa et al.,
2004). Moreover, ASR proteins from other species are also
localized in the nucleus where they regulate specific promoters
(Wang et al., 2005; Cakir et al., 2003; Yang et al., 2005). These
findings suggest that ASR proteins are transcription factors whose
likely targets are hexose transporters and abscicic acid (ABA)
responsive genes. Since many Asr genes are themselves induced
by ABA and regulate genes involved in sugar transport and ABA
response, a cross-talk between plant hormones and sugars respon-
ding towater stress can be speculated. In fact, ABA and sugars act
in a concerted fashion during developmental processes in plants
(Finkelstein and Gibson, 2002).

In a previous work (Frankel et al., 2003), we examined the
evolution ofAsr2 –originally cloned from a cultivar of commercial
tomato (Rossi and Iusem, 1994)– in tomato wild species that
inhabit areas with different levels of water availability. We found
that this gene was a target of positive selection in tomato species
that live in dry areas. In thiswork,wewanted to gain insight into the
evolution of the Asr gene family in plants. First, we analyzed a
novel tomato Asr gene, named Asr4. This gene bears an extra
region (absent in the other members of the family) encoding a
domain with a repeated motif. This new tomato Asr was also
detected byDóczi et al. (2005),who reported its expression inwater
stressed leaf. We also built a phylogenetic tree of ASR proteins of
higher plants and compared ASR families from tomato and rice.
With this information we hypothesize on the evolution of the gene
family. In addition, we expanded our previous study for Asr2 and
examined the forces governing the evolution of the four tomato
Asrs by comparing synonymous and replacement rates within Ly-
copersicon. Finally, given the high degree of CDS conservation in
Asr1 we decided to investigate if this fact correlated with a
conserved expression pattern in Lycopersicon. To this purpose, we
analyzed the expression of Asr1 and Asr4 in water stressed leaf in
seven tomato wild species from dry and humid climates.

2. Materials and methods

2.1. Plant material

Seeds from L. chilense (accession no. LA2884), L. esculen-
tum v. cerasiforme (accession no. LA1228), L. hirsutum (acces-
sion no. LA1223), L. peruvianum v. humifusum (accession no.
LA0385), L. peruvianum f. glandulosum (accession no.
LA1292), L. cheesmanii (accession no. LA0521) and L.
esculentum cv. M-82 were kindly provided by the Tomato
Genetics Resource Center (University of California, Davis).
Plants were grown in soil pots in a growth chamber (250 μmol
photons m−2 s−1 at 22 °C under a 16 h light/8 h dark regime).
2.2. Sequence and phylogenetic analysis

Sequences were aligned using CLUSTALX and the resulting
alignments were visually inspected and manually edited. Identity
between ASR tomato proteins was calculated with BioEdit (Hall,
1999). ASR protein sequences were retrieved from GenBank and
Plant Unigene Indices (http://www.tigr.org/tdb/tgi/plant.shtml)
using BLASTP and tBLASTn with tomato ASR1 as query. For
Fig. 2A we selected all species with more than one Asr gene and
representatives of different plant groupswith only one known gene.
The accession numbers for the corresponding tentative consensus
(TC) and proteins are: ASR1, 2282019 and TC162125; ASR2,
584787 and TC165353; ASR3, 400471 (incomplete) and
TC158596 (complete); ASR4, DQ058762 and TC124842;
CI21A, 4098248; CI21B, 4098250; DS2, 23095773; RiceASR1,
50252229; RiceASR2, 15289937; RiceASR3, 20146221;
RiceASR4, 20146222; RiceASR5, 2773154; RiceASR6,
38605916; MaizeASR1, TC262475; MaizeASR3, TC253974;
MaizeASR5, TC258649; MaizeASR6, TC258651; MaizeASR2,
TC250893; MaizeASR4, TC258618; LP3-0, 1519370; LP3-1,
1297089; LP3-2, 1401226; LP3-3, 1401234; Pummello, 624672;
Lily, 6525055; Ice plant, 7484607; Apricot, 2677824; Grape,
14582465; Ginkgo, 38532363; Banana, 47575681and Pepper
ASR1, AY496130. Asr1,Asr3 andAsr4 sequences obtained in this
work were deposited in GenBank database with nos. DQ058744
through DQ058762. Asr2 GenBank nos. are AY217009 through
AY217014 and L20756. The tree of ASR proteins was constructed
withMEGA 3.1 freeware (Kumar et al., 2001) using the Neighbor-
joining algorithmwith pairwise deletion option and the p-distances.
The bootstrap test included 500 pseudoreplicates. A Poisson cor-
rection of the distances gave an identical treewith bootstrap support
(>70%) to the same groups. Rice genome information was taken
from NCBI (http://www.ncbi.nlm.nih.gov/genomes/PLANTS/
PlantList.html).

Replacement vs. synonymous substitution rates (Ka/Ks=ω)
were also calculated with MEGA 3.1 using the Nei–Gojobori
algorithm (Nei and Gojobori, 1986). Alignment gaps were not
considered for calculations. PAML (Yang, 1997) was used to
estimate the number of synonymous and non-synonymous subs-
titutions per branch and the total number of synonymous and
replacement sites under a free-ratio model (Yang, 1998). This
model assumes different Ka/Ks (ω) per branch. Codon equilib-
rium frequencies were calculated from average nucleotide
frequencies at each of the three codon positions and the transi-
tion/transversion ratio (κ) was estimated from the data. In Table 1
the number of synonymous and non-synonymous substitutions
(summed only for Lycopersicon branches or the branches in the
whole tree, which includes Solanum) were normalized by the
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number of synonymous and non-synonymous sites in each gene.
The number of synonymous/non-synonymous sites in each gene
are: Asr1, 67.5/256.5; Asr2, 68/247; Asr3, 42.8/281.2; Asr4,
84.8/368.2. Differences between genes in the number of
substitutions (synonymous or non-synonymous) were statistically
tested with a 2×2 contingency table and a Fisher exact test. The
accepted phylogeny of Lycopersicon (obtained with ribosomal
ITS sequences) used in this work is described in Frankel et al.
(2003).

Codon usage and GC content were calculated with DAMBE
(Xia and Xie, 2001). Gene conversion statistical analysis was
performed with Geneconv using default parameters (Sawyer,
1989). This software analyzes whether regions of a pair of
sequences have more common identical silent polymorphic
sites than would be expected by chance. P-values were Bon-
ferroni corrected for multiple testing.

2.3. DNA amplification and sequencing

Genomic DNA extractions were performed as previously
indicated (Frankel et al., 2003). The following primers were used
in PCR reactions to amplify the coding sequence of Asr1, Asr3
and Asr4. For Asr1, upper primer: 5′-GATAGATTTATTGT
TTCAGATGGAG-3′, lower primer: 5′-CCATATTTGGTATA
AGTGTTGTGTC-3′. For Asr3, upper primer: 5′-CAAAGCA
TAAATTGTCTATCGACGT-3′, lower primer: 5′-GTCCATA
GATGGGTGAC-3′. For Asr4, upper primer: 5′-GTCACC
AAAAAACATCATGGC-3′, lower primer: 5′-AGGATAGATT
GATCAGCACAC-3′.

The primers used for sequencing Asr1 were the following:
5′-CCTCTTTTGTTGGTGATAAT-3′ and 5′-AACAACACT
TATTTTGAAACG-3′. The primers used for sequencing Asr3
were the same as those used for PCR. The primer used for
partial sequencing of Asr4 was 5′-CGGAGGAGATAATACA
TATGG-3′. Asr1 from L. chilense and L. peruvianum f. glan-
dulosum was amplified and sequenced with a different set of
primers from cDNA of water stressed leaf; upper: 5′-CAGATG
GAGGAGGAG-3 ′ , lower : 5 ′ -TAGAAGAGATGGT
GGTGTCCC-3′.

Thirty-five cycles consisting of denaturation (95 °C for 1 min),
annealing (53 °C for 1 min) and extension (72 °C for 1 min) were
programmed in a PTC-100 thermocycler (M.J. Research). The
amplification products were run on 1% LMP agarose gels. Frag-
ments were excised from the gel and purified using the Concert
Kit (Gibco). The PCR products were sequenced at the Biotech-
nology Resource Center (Cornell University) with an ABI 3700
sequencer. Sequences were edited using BioEdit (Hall, 1999).

2.4. Expression analysis

Plants were grown on MS medium and after 15 days trans-
ferred to soil pots and maintained in a phytotron with controlled
light, humidity and temperature. At 45 days, the plants were
removed from the pots and let dry during 6 or 24 h on the
laboratory bench. Leaves were then detached, immediately
immersed in liquid nitrogen and stored at −80 °C until RNA
extraction. Controls were obtained from unstressed plants. To
confirm that the severity of the stress was similar to all the species,
wemeasured the relative water content of the leaf. The values at 6
and 24 h did not differ significantly between species (data not
shown).

Total RNA was obtained from leaves according to the Trizol
procedure (Gibco BRL). RNAs from three different plants were
pooled for the assay. Northern Blots were performed following
standard procedures. The use of specific probes that cover mostly
non-coding regions combined to stringent hybridization conditions
(65 °C, 0.1× SSC, 0.1% SDS) avoided cross detection of other
family members. Probes were obtained through amplification of
cDNA (Prime-a-Gene Labeling System, Promega) from cultivated
tomato with the following primers: For Asr1, upper: 5′-TCGATA
GATTTATTGTTTCAGATGGAG-3′, lower: 5′-GACACAA
CACTTATACCAAATATGG-3′. For Asr4, upper: 5′-GCATTC
CATGAACATCATCAG-3′, lower: 5′-AGGATAGATTGAT
CAGCACAC-3′.

3. Results

3.1. A new member of the Asr gene family in tomato

Up to now, three members of the tomato Asr gene family were
known (Rossi et al., 1996). Searching the tomato EST database
(TIGR, www.tigr.org) for eventual novel members, we found the
TC #124842 (defined as Tentative Consensus sequence, created by
assembling ESTs into contigs), which exhibited sequence identity
to known Asr genes. In particular, this contig happened to show
high similarity to DS2 gene from potato – genus Solanum –
(GenBank accession no. CAC86102) and the seashore plant Ca-
lystegia soldanella (GenBank accession no. BAB19963). We were
first puzzled because this TC had STOP codons in the putative
coding sequence, what might represent a pseudogene mark. To
solve this question, we designed PCR primers to amplify the
presumptive coding sequence from cDNA and genomic DNA.
From sequence analysis, we reasoned that this TC corresponds to
an unspliced transcript and named this gene Asr4. When the
manuscript of this work was in preparation, Dóczi et al. (2005)
reported that the same tomatoTC is expressed inwater stressed leaf.

The alignment of the four ASR proteins from tomato shows a
high number of totally conserved positions (Fig. 1A). In addi-
tion, ASR4 protein reveals an unshared domain of 186 amino
acids that includes ten imperfect 13-amino acid repeats compo-
sed of the consensus sequence YGEKTSYGG(G/D)D(T/N)K.
The pairwise percentage identity of ASR proteins is shown in a
table under the alignment (Fig. 1B; only the common regions
were included in the calculations).

In order to determine if tomato Asr4 maps close to the other
Asr genes in chromosome IV (Rossi et al., 1996), we used a
line of L. esculentum with part of its genome replaced with
homologous genomic regions from L. pennellii. In particular, we
used line IL 4-3-2, which bears a single pennellii introgression in
a zone of chromosome 4. This 19 cM region (flanked by markers
TG182 and CD55; Eshed et al., 1992,http://www.sgn.cornell.edu/
maps/pennellii_il/pennelli_i_il_map.html), includes the tightly
linked Asr1–Asr2–Asr3 (Rossi et al., 1996). For mapping pur-
poses, we sequenced Asr4 from the two parental species and the
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Fig. 1. A) Alignment of the Lycopersicon esculentum ASR family. Boxes show totally conserved sites. The two ASR4 regions sequenced from wild species are underlined (with arrowheads at their ends). B) Protein
identity between the four members of the ASR family for the common region.
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introgressed line, discovering thatAsr4 sequences from IL 4–3–2
and pennellii are identical (data not shown). Therefore, Asr4
maps approximately to the same location of the other members of
the family, within a segment not larger than 19 cM.

The high sequence conservation among tomato ASRs promp-
ted us to seek for homologues in plants other than tomato and to
inspect the evolution of these genes. Thus, we searched public
databases for plant ASRs.

3.2. Asr genes in higher plants

We found ASR proteins in a wide taxonomic range within
Spermatophyta. With ASR sequences, we performed a phyloge-
netic analysis with the aim of understanding the history of the
family. Fig. 2A depicts a NJ tree of ASR proteins (rooted with the
gymnosperms Ginkgo/Pine) from families and representatives of
different groups of Spermatophyta. The tree allows to observe
some orthology relationships between potato and tomato genes,
namely Asr1/ci21A, Asr2/ci21B and Asr4/DS2. The absence of
an Asr3-like transcript from the large potato EST databases toge-
ther with our fruitless attempts to amplify this gene in potato
suggest that this member is unique to tomato. A close inspection
of the tree (Fig. 2A) allows to envisage some orthology relation-
ships between maize and rice genes.

The topology of the tree shows a pattern of intra-group identity,
as ASR proteins from tomato/potato and pine form different
clusters. This observation is further corroborated by the calcula-
tions of protein identity between and within groups. Within to-
mato, ASR pairwise identities range from 70 to 80% (Fig. 1B)
while within pine identities run from 60 to 70% (not shown).
However the identities drop to about 50% in comparisons between
pine and tomato (not shown). Some of the maize/rice genes also
group together, but this cluster is not supported by bootstrap. As
can be seen,ASR2 andASR6 frommaize/rice are highly divergent
in sequence. To gain insight into the evolutionary history of the
family we made use of the genomic information of rice.

3.3. Asr genes in rice and tomato

By an in silico screening of the rice genome, we had found six
Asr genes. In the tomato genome, the total number ofAsrs is likely
to be definitive, as the large EST database of this plant (www.tigr.
org) includes just four different Asr transcripts. Fig. 2B gives a
comparison between tomato and rice Asr genes. As mentioned
earlier, all four tomato Asr genes are located close to each other in
chromosome IV while rice Asr genes are scattered on different
chromosomes. In addition, all rice and tomato genes have
associated ESTs that confirm their expression. Rice Asr1 has
four alternatively spliced mRNA isoforms that give rise to four
different proteins. Rice Asr3 and Asr4 are located in tandem and
have the same intron length (which probably represents a recent
gene duplication) while rice Asr2 is more than 200 kb away from
the pair Asr3–Asr4 in chromosome I. Notably, Rice ASR6 is
highly divergent fromotherASRs (Fig. 2A) but shareswith tomato
ASR4 the position of an N-terminal insertion that makes a larger
protein (Fig. 2B). The alignment of these two insertions shows
traces of identity (Fig. 2D). Moreover, when the C-termini of
tomato ASR4 and rice ASR6 are carefully inspected substantial
identity emerges between these two proteins (Fig. 2C). This iden-
tity fades not far from the C-termini and tomato ASR4 becomes
more similar to the other Lycopersicon members (in Fig. 2C only
tomato ASR2 is shown for simplicity). Indeed, when we apply a
statistical test for gene conversion (Sawyer, 1989) among tomato
Asrs, an identical fragment of 62-bp between Asr4 and Asr3
yields a significant value (corrected P=0.012).

3.4. Evolution of the Asr gene family in the genus Lycopersicon

In a previous article (Frankel et al., 2003), we examined the
CDS of Asr2 in seven wild tomato species that inhabit areas with
different levels of water availability. To extend the analysis to the
whole family, we sequenced Asr1, Asr3 and part of Asr4 (see
Fig. 1A for details) in these taxa of Lycopersicon. Protein se-
quences of these genes were used to construct the tree of Fig. 2A.
With the nucleotide sequences, we mapped, for each gene, the
number of replacement and synonymous changes per branch in
the accepted Lycopersicon/Solanum phylogeny (see Materials
and methods section and Supplementary material for details). A
relevant conclusion emerging from these analyses is that the
only member of the family that shows signs of positive selection
is Asr2 (Supplementary material). In Table 1 we present the
synonymous and replacement changes per site for each gene (see
Materials and methods section for details). A remarkable fact is
the lack of replacement substitutions in Asr1 after Lycopersicon
cladogenesis (Table 1). This rate in Asr1 is significantly lower
(Fisher exact test, P<0.05) compared to any of the rates in Asr2,
Asr3 and Asr4; whereas the rates in these latter genes are not
different from each other. Despite this extreme conservation in
Lycopersicon, there are four amino acid differences between
ASR1s from Lycopersicon and Solanum. In order to determine
whether amino acid changes occurred in the tomato lineage
(prior to its speciation) or in the potato lineage, we retrieved
ASR1 sequence from Capsicum annum (pepper), a close out-
group within the Solanaceae. Comparison of ASR1 sequence
between these species (data not shown) indicates that tomato
amino acids are identical to the ones in pepper when looking at
diverged sites between potato and tomato, suggesting that the
amino acid changes took place in the potato lineage. Hence,
ASR1 remained unchanged in Lycopersicon since the diver-
gence of tomato and potato 10 Myr ago.

Another remarkable fact is the low number of synonymous
substitutions onAsr1 as compared to the other members (Table 1).
The number of synonymous changes (considering all branches in
the tree) normalized by the total number of synonymous sites are
0.140, 0.383 and 0.317 for Asr1, Asr2 and Asr4, respectively.
Asr1 rate is significantly lower (Fisher exact test, P<0.01) com-
pared to Asr2 or Asr4, while rates of Asr2 and Asr4 do not differ
from each other (Asr3 is not taken into account here because there
is no Solanum sequence). The number of synonymous substitu-
tions per site within Lycopersicon are 0.060, 0.126, 0.376 and
0.172 for Asr1, Asr2, Asr3 and Asr4, respectively (Table 1).

The observation of different synonymous substitution rates
amongAsr genes is puzzling. Rates should be fairly similar across
genes under the assumption of selective neutrality. Nevertheless,
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Fig. 2. A) Neighbor-joining tree of ASR proteins from different plant species. The numbers in nodes are bootstrap values (only values >70% are shown). Bar length
indicates p-distance. The arrow points at the tomato/potato group. The tree is rooted with the Ginkgo-Pine group (gymnosperms). B) Comparison of several features
between the Asr family from rice (monocot) and tomato (dicot). C) Alignment of the C-termini of tomato ASR4, rice ASR6 and tomato ASR2. The coloring highlights
positions where two proteins have identical aminoacids (grey) and the other protein has a different one (black). D) Alignment of the N-terminal insertions of tomato
ASR4 and rice ASR6. Black boxes indicate identical amino-acids.

Table 2
Percent GC at the different codon positions and intron for the Asr L. esculentum
genes

1st 2nd 3rd 3rd E+A+H+G a Intron

Asr1 71 25 50 56 26
Asr2 71 24 44 37 23
Asr3 67 29 38 35 28
Asr4 (minus insertion) b 68 25 40 32 28
a “E+A+H+G” refers to the subset of codons coding for glutamate, alanine,

histidine and glycine.
b “Minus insertion” remarks that the N-terminal insertion in Asr4 was not

included for calculations.
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Asr1 showed a considerably lower rate of synonymous substitu-
tions, suggesting that synonymous sites in this gene may be more
constrained than in the other members of the family. Therefore,
we decided to analyze the patterns of codon usage in the tomato
Asr gene family.

3.5. Codon usage in the tomato Asr family

The GC content at third codon positions [(GC3)] is a simple
and commonly used measure of codon usage, insensitive to rare
amino acids, reliable in the case of small genes (as in the present
case) and fairly correlated to other measures of codon usage
(Chiapello et al., 1998). Hence, we calculated the GC content at
each codon position for all genes (Table 2). Asr1 turned out to
have the most divergent (GC)3 content (50%) among Asr genes.
Asr2, Asr3 and the common part of Asr4 exhibited a lower (GC)3
content; close to the average 38% obtained for 1173 CDSs
involving 510958 codons in L. esculentum (Codon Usage
Database, www.kasuza.or.jp/codon) and the 42.3% calculated
for Arabidopsis thaliana (this percentage is based on 70,492
CDSs, 27,825,665 codons). Glu, Gly, Ala, Lys and His are the
most abundant residues in ASRs, together accounting for more
than 75% of the protein. Glu, Gly, Ala and His codons exhibit the
highest (GC)3 inAsr1 (see Supplementarymaterial). Surprisingly,
Asr1 has the lowest (GC)3 for Lys. When we re-calculate (GC)3
content in codons for Glu, Gly, Ala and His, the difference
betweenAsr1 (55%) and the otherAsrs (34% on average) or other
tomato genes (32% for 1173 CDS) is even greater (Table 1). The
high (GC)3 inAsr1 is not a matter of local nucleotide composition
since all introns in the four Asrs have essentially the same GC
content (Table 2).

Given the high degree of CDS conservation and differential
codon usage in Asr1, we decided to investigate if this correlated
with a conserved expression pattern in Lycopersicon. Similar
expression patterns might also indicate conservation in the pro-
moter cis-acting elements and trans-acting factors.

3.6. Asr expression analysis in the genus Lycopersicon

As Asr1 and Asr4 showed high levels of induction upon
water stress in leaf (Maskin et al., 2001; Dóczi et al., 2005), we
chose this treatment to compare their expression in the genus
Lycopersicon. We analyzed mRNA levels at 0, 6 and 24 h of
water stress (see Section 2.4 for details). Northern Blot analysis
revealed that Asr1 and Asr4 mRNAs are detected at 24 h in

http://www.kasuza.or.jp/codon


Fig. 3. Asr1 and Asr4 leaf mRNA levels after 24 hr-water stress in Lycopersicon
species. Both Lycopersicon chilense and Lycopersicon peruvianum v. humifusum
inhabit dry areas.
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species from humid areas (except for Asr1 in L. hirsutum) but
not in L. chilense and L. peruvianum v. humifusum, which
inhabit dry environments (Fig. 3). At 0 and 6 h of stress, both
mRNAs were undetectable (data not shown). We also tried to
measure Asr2 and Asr3, but these mRNAs are not detectable by
Northern Blot in leaves of any species under water stress (data
not shown).

4. Discussion

The first conclusion drawn from this work is that some ASR
proteins display intra-group identity. Those from tomato and
potato (Solanaceae, dicots) form a consistent group, and so do
those from the gymnosperm Pinus taeda. Such a pattern of intra-
group identity could be caused by either concerted evolution or
birth and death of genes (considering an ancestral Asr family).
Another possibility is the occurrence of independent duplications
after the divergence of these major lineages (only one ancestral
Asr gene), or it may well be a combination of processes. In
other gene families, their members are already divergent in se-
quence and function before cladogenesis, leading to a gene tree
defining orthology relationships between members from different
species (as in the case of the phytochromes; Alba et al., 2000).

In addition, the likely absence of Asr3 in potato and Asr4 in
tobacco (Dóczi et al., 2005) and a recent duplication in rice (that
originated Asr3 and Asr4) strengthen the hypothesis of a
historically dynamic gene family. The presence of only one Asr
in grape (Cakir et al., 2003; Goes da Silva et al., 2005) and the
absence of this family in Arabidopsis point in the same direction.
However, rice does not carry Asr pseudogenes in its genome,
which would be expected under a birth and death model of
evolution. Nevertheless, this should be taken with caution, since
residence time of pseudogenes in genomes may be short.

Within tomato, pairwise identities are very similar in different
comparisons (Fig. 1B). Moreover, the four genes share many
blocks of conserved aminoacids (Fig. 1A) and form a consistent
cluster in the NJ tree (Fig. 2A). Despite the unquestionable ortho-
logy of tomato Asr4 and rice Asr6 (that supports the existence of
more than one ancestral Asr), the former now looks like the other
tomato family members. In fact, a statistical test supports the
occurrence of a gene conversion event between Asr4 and Asr3.
But we have no additional conclusive evidence on gene conver-
sion. It is likely that the evolution of the family in tomato was
affected by more than one process. The biological significance of
the observed protein sequence homogeneity in tomato is difficult
to hypothesize. Perhaps what gives Asr identity in tomato is the
divergent expression pattern. However, different selective forces
act on tomato Asr genes, casting doubt on the presumptive func-
tional homogeneity. Similarly, pine genes form a consistent
cluster in the NJ tree and have high identity in pairwise compa-
risons. Conversely, riceAsr genes are more divergent among each
other and lie scattered on different chromosomes.

Notably, ASR1 sequence is totally conserved within Lyco-
persicon (Fig. 2A and Table 1); this protein has remained change-
less for 10 Myr in different tomato lineages. This surprising
sequence conservation in a transcription factor might be asso-
ciated with its ubiquitous expression and the concomitant exis-
tence of several promoter targets. Thus, changes in the protein
might disrupt any of its multiple binding activities. Asr1 is
expressed in fruit, flower, leaf, root, stem and seed under normal
conditions and behaves like a housekeeping gene. In contrast, the
other members do not display such a widespread pattern of
expression under normal physiological conditions, being restrict-
ed to a specific organ (Maskin et al., 2001; unpublished data;
Tomato EST database). A similar situation has been recently
reported for the Skp1 gene family, in which a more widespread
pattern of expression is correlated with low non-synonymous
substitution rates (Kong et al., 2004).

Asr1 is expressed at high levels in flower (Tomato EST
databasehttp://www.tigr.org/tdb/tgi/) and during tomato fruit
development (Bovy et al., 2002). In addition, the representation
of Asr1 in all tomato EST libraries is much higher than that of the
other three members: 74, 5, 2 and 9 are the number of ESTs
reported for Asr1, Asr2, Asr3 and Asr4, respectively. These ESTs
come from several libraries representing expressed genes in
different organs (for a complete description of the libraries and
Asr ESTs, see the Tomato EST databasehttp://www.tigr.org/tdb/
tgi). So, is this level of expression of Asr1 causally related to its
low rate of synonymous substitutions? If all synonymous sites are
indeed selectively neutral, rates of evolution should be roughly
similar among genes (Kimura, 1983). However, our data revealed
that the rate of synonymous substitution in Asr1 is significantly
lower when compared to the other members of the family. One
possible explanation for the different rates is that synonymous
codons inAsr1 are not selectively equivalent, causing evolution at
synonymous sites to be governed by a balance between selection
and drift rather than drift alone (Ohta, 1973).

Claims against neutrality of silent changes appeared with the
discovery that synonymous codons for a certain amino acid do not
occur with equal frequencies (see Akashi and Eyre-Walker (1998)
for a review). The idea that synonymous codon choice may affect
fitness is supported by the observation that favored codons are
those that match the most abundant tRNAs available for each
amino acid in highly expressed genes (reviewed in Akashi (2001)
and references therein). The relationship between codon usage

http://www.tigr.org/tdb/tgi/
http://www.tigr.org/tdb/tgi
http://www.tigr.org/tdb/tgi
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bias and level of expression in unicellular organisms and model
eukaryotes has been confirmed by laboratory experiments (Aka-
shi, 2001). Thus, codon usage bias in a particular genemay reflect
a balance between the strength of selection on translation
accuracy/efficiency and mutation. Specifically, Chiapello et al.
(1998) have noticed the presence of two groups of genes in the
model plant A. thaliana. One group contains mainly photosyn-
thetic and housekeeping genes and exhibits a high (GC)3. A
second group shows a high (AT)3 and very specific patterns of
expression. In tomato, Asr1 has features of the first group, a high
(GC)3 content (compared to the average in tomato) and high
expression. The absence of data of relative abundance of tRNAs
in tomato precludes any interpretation of differences among genes
in (GC)3 content in terms of translational efficiency, since we
cannot assert which of the Asr genes have the optimal GC content
at third codon positions. However, on the basis of present evi-
dence, we hypothesise that differences in (GC)3 content and rates
of synonymous substitutions among tomato Asr genes may be
causally related to differences in expression levels and differential
strength of selection for translational accuracy/efficiency.

Our expression data on Asr1 and Asr4 in leaf from L. escu-
lentum are in agreement with previous reports by Maskin et al.
(2001) andDóczi et al. (2005), respectively.Asr1 coding sequence
is highly conserved in all Lycopersicon species, but its induction
upon water stress is not phylogenetically conserved. This diffe-
rence might be caused by changes in the Asr1 promoter region(s)
responsive to water stress signals or in the trans-factors that could
activate Asr1. Remarkably, Asr1 expression is not observed in
species that inhabit dry areas. The similar trend observed for Asr4
makes us think that there might be a different stress response in
species inhabiting arid habitats.

Asr4 deserves a separate comment. The biochemical function
of the encoded extra domain is intriguing as in silico searching of
data bases for consensus motifs did not render any conclusive
clue. This domain contains themotif Ser–Tyr–Glywithin a repeat
of 13 amino acids. This motif is also present several times in
proteins responding to stress in S. cerevisiae (Treger and Mc-
Entee, 1990). Likewise, this tripeptide moiety is found at least ten
times in proteins of unknown function from the fungus Ashbya
gossypii (GenBank accession no.NM210779) and Plasmodium
falciparum (GenBank accession no. AAC47854).

Despite the observed sequence homogeneity among tomato
Asr members, Asr1 seems to be unique in tomato. Its coding
sequence is remarkably conserved, a situation likely caused by its
ubiquitous and high expression. Its multiple targets and the need
for an efficient and accurate translationmay be the constraints that
determine the slow evolution of this gene. In contrast, the other
family members might be more free to change, a situation that
presumably conferred Asr2 the potential to evolve under positive
selection during adaptation of plants to dry conditions.
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