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Abstract
Several species of higher plants have been found to contain S-like ribonucleases (RNases), which are homologous to S-RNases
controlling self-incompatibility. No S-like RNase genes have been isolated from self-incompatible Antirrhinum. To investigate the
relationship between S- and S-like RNases, we cloned a gene named AhSL28 encoding an S-like RNase in Antirrhinum. Amino acid
sequence, genomic structure and phylogenetic analyses indicated that AhSL28 is most similar to RNS2, an S-like RNase from Arabidopsis
thaliana and formed a distinct subclass together with several other S-like RNases within the S-RNase superfamily. Unlike S-RNase genes in
Antirrhinum, AhSL28 is not only expressed in pistils but also in leaves, petals, sepals and anthers, in particular, showing a strong expression
in vascular tissues and transmitting track. Moreover, its RNA transcripts were induced during leaf senescence and phosphate (Pi) starvation
but not by wounding, indicating that AhSL28 plays a role in remobilizing Pi and other nutrients, particularly when cells senesce and are under
limited Pi conditions in Antirrhinum. Possible evolutionary relations of S- and S-like RNases as well as signal transduction pathways related
to S-like RNase action are discussed.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Recently, plant ribonucleases (RNases) have been extensively studied in several species and the best-characterized
family is represented by enzymes typified by the fungal
RNase T2 distributed throughout virus, bacteria, fungi,
slime mold, Drosophila, oyster and plants [1]. Plant members of this family were first identified when sequences of
proteins linked to gametophytic self-incompatibility (S)
locus in the Solanaceae [2] were determined and found to
be similar to fungal RNases [3]. The identification of these
proteins, termed S-RNases, led to the discovery of related
proteins in a variety of self-compatible or self-incompatible
plant species. Based on their similarity to S-RNases, these
enzymes were referred to as ‘‘S-like RNases’’ [4].
The S-like RNases have conserved sequences characteristic of the S-RNases. In general, their molecular masses are
between 21 and 29 kDa, and most have been shown or
predicted to be secreted proteins. Although S-like RNases
*
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are close molecular relatives to the S-RNases, they have important differences in structure, expression and function [4].
Most notably, they do not participate in the control of selfincompatibility. S-like RNase genes have been found in all
plants that have been examined for their presence, indicating
that they constitute an important family of RNA-degrading
enzymes in plants. In contrast to S-RNase genes, whose expression is generally restricted to pistil, S-like RNase genes
are often expressed in other organs under certain environmental conditions. For example, three tomato S-like RNase genes,
LV1, LV2 and LV3, are induced during phosphate (Pi)-starvation processes [5]. The mRNA levels of Arabidopsis RNS1,
RNS2 and RNS3 increase dramatically during senescence [4].
Tomato RNase LE functions in plant wounding [6]. RNase
X2 of Petunia hybrida [7], RNS2 of Arabidopsis thaliana [4]
and RNase NE of Nicotiana alata [8] are expressed in pistil
and likely function as pathogen defense proteins.
In gametophytic self-incompatible Antirrhinum, several
S-RNases have been isolated, but no S-like RNase gene has
been characterized. To investigate the evolutionary relationship between S- and S-like RNase genes in Antirrhinum in
general and the latter’s function in particular, we isolated an
S-like RNase gene, named AhSL28 from Antirrhinum in this
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paper. Phylogenetic and genomic structural analyses provided a close look at their relation. Furthermore, RNA expression
analysis showed that it is specifically induced during senescence and Pi starvation with a higher expression in transmitting track and vascular tissue, suggesting that this gene plays a
role in nutrition metabolism, especially in Pi scavenging.

2. Materials and methods
2.1. Plant material
An Antirrhinum majus line, M75 (self-compatible), and
several self-incompatible lines derived by interspecific
crosses between A. majus and Antirrhinum hispanicum, as
well as an S alleles segregating population, were described
previously [9].
2.2. Isolation and sequence of AhSL28 cDNA and genomic
DNA
The initial AhSL28 fragment was obtained by PCR
amplification of the style sscDNA of Antirrhinum with the
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primers designed according to the most conserved region of
S-RNase and then obtained its 3Vend using the method of 3V
RACE. A leaf cDNA library was constructed from an
S2S4(A16) line using a SMART cDNA Library Construction
Kit (Clontech). The library was screened by plaque hybridization using PCR product containing 3Vpart of AhSL28 as a
probe [10]. Positive plaques were purified, the positive
cDNA clones were converted into a plasmid form according
to the manufacturer’s instruction and sequenced. AhSL28
genomic DNA sequence was obtained by designing a series
of primers (available upon request) for PCR of the genomic
DNA of Antirrhinum. The sequences for AhSL28 cDNA and
its genomic sequences have been submitted to EMBL database under the accession numbers CAC50874 and AJ48
9249, respectively.
2.3. Southern and northern analyses
Genomic DNA was isolated from leaves of Antirrhinum
using a cetyltrimethylammonium bromide (CTAB) extraction method [11]. The DNA (10 Ag) was digested, separated
on 0.8% agarose gel and transferred onto Hybond N +
(Amersham) membrane. Prehybridization, hybridization,

Fig. 1. Alignment of predicted polypeptide sequences of AhSL28 with two Antirrhinum S-RNases (S2- and S4-RNase) and three S-like RNases of Arabidopsis
(RNS2) and L. cylindrica (RNase LC1 and LC2). The conserved (C1 – C5) domains as well as the activity sites in C2 and C3 are indicated by an asterisk.
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and washing of the blot were performed as recommended by
the manufacturer. Total RNA was extracted from different
tissues with the protocol according to RNeasy Plant Mini
Kit (Qiagen). RNA samples were separated on 1% agarose/
formaldehyde gels and transferred to Hybond N + (Amersham), and prehybridization, hybridization and washing of
the blot were performed as recommended by the manufacturer. Probes were labeled with 32P by random priming
using Prime-a-Gene Labeling system (Promega). The blots
were exposed to X-ray films (Kodak).
2.4. In situ RNA hybridization
Dig-labeled sense and anti-sense RNA probes were
prepared following the manufacturer’s recommendation
(Boehringer Mannheim). Tissue fixation and embedding,
in situ hybridization and signal detection were essentially
performed as described [12].
2.5. Leaf senescence, Pi starvation and wounding experiments
For leaf senescence experiments, leaves were staged on
the basis of morphological characteristics as defined in
Smyth et al. [13]. Senescing leaves were those showing
visible signs of chlorosis at leaf margins and wilting. To
starve Antirrhinum plants for Pi, 1-month-old seedlings
were removed from soil and cultured in liquid media with
or without 1.00 mM NaH2PO4 for 12 h in the dark [4]. As
for plant wounding experiment, detached leaves were cut
into stripes and left at room temperature for 5, 15, 30 and 60
min, respectively.

ysis to the S locus in Antirrhinum showed that AhSL28 is a
monomorphic gene (data not shown but see below) and
therefore encodes an S-like RNase. We also found that
AhSL28 have longer N and C ends than other RNases
(Fig. 1). It is unclear why it has the longer terminal ends.
3.2. Genomic organization of AhSL28
To investigate the genomic organization of AhSL28,
DNA blot analysis was carried out on genomic DNA from
two self-incompatible lines (S1S5 and S2S4). It detected three
identical HindIII (0.9, 3.9 and 5.5 kb) and three EcoRI (2.9,
7.2 and 9.5 kb) fragments between the two S genotypes
(Fig. 2). The three respective hybridizing fragments were
predicted from the AhSL28 genomic DNA sequence because
two internal EcoRI and HindIII restriction sites are found
respectively, showing that AhSL28 is a unique copy and
monomorphic gene in Antirrhinum. Similar results were
obtained using genomic DNA from A. majus (data not
shown), suggesting that AhSL28 is highly conserved in
Antirrhinum.
3.3. AhSL28 is closely related to Arabidopsis RNS2
To identify which group of S-like RNases AhSL28
belongs to, a phylogenetic analysis was performed based
on deduced amino acid sequences from available S- and

3. Results
3.1. Identification of an S-like RNase from Antirrhinum
During the isolation of stylar cDNA encoding S-RNases
in A. hispanicum  majus [11], one cDNA fragment homologous to S-RNases was identified and its full-length product
was cloned and referred to as AhSL28. It encodes a
predicted polypeptide of 276 aa with an estimated molecular
weight of 30 kDa, slightly bigger than S- and S-like RNases
from several plant species [1]. Amino acid sequence comparison with two S-RNases from Antirrhinum and several Slike RNases including those from Arabidopsis and Luffa
cylindrica separately showed that its similarity to them is
dispersed throughout (Fig. 1). The five regions highly
conserved among the S-RNases (C1 – C5) [14] are also
evident in the AhSL28 including the histidine residues in
C2 and C3 regions, important for RNase activity (Fig. 1).
Two pairs of cysteine residues at positions 71 and 154 and
positions 216 and 246, respectively, known to form disulfide bonds, are also present [15]. The results indicated that
AhSL28 is highly homologous to S-RNases. Linkage anal-

Fig. 2. DNA blot analysis of AhSL28. Ten micrograms of genomic DNA
from various S allele-containing lines was restricted by HindIII and EcoRI,
respectively. After separation by agarose gel electrophoresis and blotting,
the DNA was hybridized with AhSL28 cDNA. Lanes 1 and 3 represent
plants with S2S4 and lanes 2 and 4 plants with S1S5, respectively. The
numbers indicate the sizes of hybridizing fragments in kilobases.
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S-like RNases from several plant species (Fig. 3A). In the
plant lineage, S- and S-like RNases form two distinctive
ones as found previously [12] consistent with a specialized
function for S-RNases in self-incompatibility. The single Slike RNase lineage implies that their sequences, and thus
presumably their function, are evolutionarily conserved
across the plant species. AhSL28 is most related to RNS2
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from Arabidopsis with an overall similarity of 63.4%,
suggesting that AhSL28 plays a similar role to RNS2 [4].
To investigate its genomic structure, we obtained a
genomic DNA sequence of AhSL28 of 4915 bp corresponding to its cDNA. Seven introns with the lengths of 1053,
207, 722, 719, 902, 339 and 151 bp and eight exons with the
lengths of 236, 30, 74, 104, 94, 163, 78, and 238 bp are

Fig. 3. (A) A phylogenetic tree of plant RNases derived from the alignment of 21 S-like RNases and 31 S-RNases using Clustal W. The plant S-like RNase
sequences included: PD1 and PD2 of Prunus dulcis [26]; RNS1, RNS2, and RNS3 of A. thaliana; T2 of Cicer arietinum; LE and LX of Lycopersicon
esculentum; NE of N. alata; ZE of Zinnia elegans; HV of Horrdeum vulgare; PP of Pyrus pyrifolia; NN and NGR3 of Nicotiana glutinosa; ZM of Zea mays
(accession number M83668); LC1 and LC2 of L. cylindrica (accession numbers D64011 and D64012); MC of Momordica charantia and AhSL28 of
Antirrhinum; RNase T2 of Aspergillus oryzae (accession number S01668). The plant S-RNase sequences are derived from the Solanaceae, Scrophulariaceae
and Roasaceae, respectively. Lyc: Lycopersicon; Mal: Malus; Nic: Nicotiana; Pis: Pisum; Pru: Prunus; Pyr: Pyrus; Sol: Solanum; Lineages with the numbers of
the introns are also indicated. (B) The genomic DNA sequence structure of AhSL28 from Antirrhinum and RNS2 from Arabidopsis. Boxes indicate exons and
lines represent introns (intron not drawn to scale).

68

L. Liang et al. / Biochimica et Biophysica Acta 1579 (2002) 64–71

Fig. 4. RNA blot analysis of AhSL28. (A) RNA from petal (1), sepal (2),
leaf (3), anther (4), and pistil (5) was hybridized with the full-length cDNA
of AhSL28. (B) The same blot was hybridized by rDNA.

identified respectively, similar to RNS2 which also contains
seven introns with the lengths of 218, 118, 120, 377, 263,
268, 117 bp and eight exons with the lengths of 202, 30, 74,
104, 94, 163, 87 and 258 bp, respectively (Fig. 3B) [4].
Plant T2-type RNases have been grouped into three major
classes according to their intron structures. RNS2 from
Arabidopsis and many apparently orthologous genes from
other angiosperms belong to Class II, which have unique
sequence motif near the 5V end with two pairs of double
cystein residues as well as many introns [16]. In comparison, AhSL28 possesses these characteristics and is a
member of Class II T2-type RNases from Antirrhinum.
3.4. AhSL28 is induced during leaf senescence and Pi
starvation

Fig. 6. AhSL28 is induced by senescence and Pi starvation. (A) RNA from
young (1) and senescent (2) leaves was hybridized with the full-length
cDNA of AhSL28. (B) The same blot was hybridized by rDNA. (C) Leaf
RNA from plants grown on normal medium (1) or medium without Pi (2)
was hybridized with the full-length cDNA of AhSL28. (D) The same blot
was hybridized by rDNA.

The close similarity of AhSL28 to RNS2 suggested that
AhSL28 is involved in leaf senescence and Pi scavenge [4].
To investigate these, AhSL28 expression was detected by
northern blot analysis. A similarly sized transcript of 1.1 kb
was detected in leaf, petal, sepal, pistil and anther with an
ubiquitous expression pattern (Fig. 4). To confirm this, in
situ RNA hybridization was performed. An anti-sense probe

of AhSL28 detected its transcripts in the petal, sepal, pistil
and anther from an S2S5 line with a higher expression in
vascular tissues and transmitting track (Fig. 5).
To detect its expression during leaf senescence, RNA was
isolated from young and senescing leaves and probed with
AhSL28 cDNA (Fig. 6). The result showed about 10-fold

Fig. 5. In situ RNA hybridization analysis of AhSL28. The expression of AhSL28 in various organs was detected by RNA in situ hybridization with an antisense probe specific for AhSL28. (A) Anther; (B) pistil; (C) petal; (D) sepal. The blue color shows the hybridization signal. v: vascular tissue; t: transmitting
track.
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increase in AhSL28 expression in senescing leaves, suggesting that AhSL28 plays a role in leaf senescence. To investigate the role of AhSL28 in Pi rescue, RNA was isolated
from Antirrhinum leaves cultured on a medium containing 1
mM Pi or Pi-free for 12 h and analyzed by northern blot
(Fig. 6). The AhSL28 transcript increased about 10 times on
the Pi-free medium. Taken together, these results clearly
showed that both leaf senescing and Pi starvation induce the
mRNA expression of AhSL28.
The induction of AhSL28 expression in the senescing
leaves suggested that its expression is also likely to be
wound inducible. To test this, detached leaves were cut into
stripes and left at room temperature for 5, 15, 30 and 60
min, respectively, and RNA extracted for northern blot
analysis. The result showed that the AhSL28 transcripts
were not altered during these time intervals (data not
shown), showing that AhSL28 is not induced by wounding.
However, it is unknown whether the expression of RNS2 of
Arabidopsis was affected by wounding.

4. Discussion
In this study, we cloned an S-like RNase gene—AhSL28,
the first cDNA encoding an S-like RNase to be identified in
Antirrhinum. So far, both several self-compatible plant
species, such as A. thaliana, and self-incompatible ones,
such as N. alata [8], have been found to contain S-like
RNases. However, their evolutionary relationships to SRNase as well as among themselves are not clear.
Plants have evolved separate mechanisms controlling
self-incompatibility in different families, but in three distantly related families—the Solanaceae, Scrophulariaceae,
and Rosaceae, S-RNases have been found to control gametophytic self-incompatibility [16]. Although previous phylogenetic analyses of S-RNases have indicated that they
share a common ancestry in the Solanaceae and Scrophulariaceae, it is not clear whether the S-RNase of the Rosaceae
results from convergence or they are truly a homologous
system. First, although almost all the S-RNases have five
conserved domains(C1 –C5) and two hypervariable regions
(HVa and HVb), the Rosaceae S-RNases lack HVb [17].
Second, in the genus of Prunus of the Rosaceae, their SRNases have an additional unique intron when compared
with all other S-RNases. Third, the Rosaceae is distantly
related to the Solanaceae and Scrophulariaceae because it
belongs to the subclass Rosaceae and the other two belong
to the subclass Asteridae [16]. A recent phylogenetic
analysis of 67 T2-type RNases by Igic and Kohn [16] has
shown that the S-RNase-based self-incompatibility was an
ancestral state, suggesting that the three families’ GSI were
derived from a homologous system rather than due to
convergence and S-RNase divergence predates speciation
in the Rosaceae, Scrophulariaceae and Solanaceae. Phylogenetic analyses have shown that the Rosaceae acquired SI
before the Scrophulariaceae and Solanaceae. A single or two
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separate events have been proposed to explain the recruitment of RNases into SI during angiosperm evolution. Based
on the available evidence [16], it appears that a single event
was more likely to have occurred.
However, it is not clear what evolutionary relationships
S-RNase and S-like RNase had during SI evolution. Though
they share conserved domains, the most conspicuous differences between S-RNase and S-like RNase are their expression site and function. S-RNases are all pistil-specific
expression genes, whereas most of S-like RNases express
ubiquitously. Furthermore, all the pistil-specific RNases (SRNase and relic S-RNase) have a single intron at a conserved position except those in the genus Prunus of the
Rosaceae with an unique additional intron located upstream
of the C1 region. In contrast, most S-like RNases genes have
more introns except for RNase NE having a single intron at
a position similar to that of S-RNase, for example, RNase
LE from L. esculentum has two introns and AhSL28 from
Antirrhinum and RNS2 from Arabidopsis have seven introns. Two possibilities exist with respect to the evolutionary relationship between S-RNase and S-like RNase:
one is that an S-RNase was a direct evolutionary product of
an S-like RNase or vice versa. It appears to be more likely
that an ancestral S-RNase gave rise to an ancestral S-like
RNase. First, according to the phylogenetic tree (Fig. 3A),
S-RNases from the Rosaceae, Solanaceae and Scrophulariceae are more closely related to the RNase from fungi,
indicating that the emergence of an S-RNase was before that
of an S-like RNase. Second, most S-like RNase genes have
more introns than that of S-RNases, which, in most cases,
possess only a single intron with its position and length
highly conserved. If an S-like RNase was the ancestor of an
S-RNase, they would have to keep losing their introns
during its evolution into an S-RNase. If this was the case,
an S-like RNase or S-RNase missing the conserved intron
found in the S-RNases would have been formed. However,
till now, all of the S-like RNase genes possess an intron
similar to that in the S-RNase genes, indicating that the
simple S-RNase genomic structure is an ancestral one.
Third, as for the intron evolution in eukaryotes, a major
dispute concerns an intron early (IE) vs. intron late (IL)
debate [18], but available evidence indicate that most introns are gained during a long evolution period and the
intron insertion is an ongoing process [18]. The genomic
structure analysis of more S-RNase and S-like RNase genes
will help to provide a better picture about their evolution
relation.
Previous experiments on these genes indicate that S-like
RNases function in several physiological processes including Pi starvation, senescence, wounding, cell death pathway,
defense against pathogens and light signal pathway [19].
Senescence is an important and complex phase in the plant
life cycle and is thought to contribute to fitness through the
recycling of nutrients to actively growing cells. It is also a
highly regulated developmental process during which many
hydrolytic enzymes are activated to remobilize cell compo-
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nents. Among the hydrolytic enzymes, those with RNase
activity are important for the degradation of ribonucleic acid
[20]. In addition, under Pi-limiting conditions, RNases
could degrade RNA together with phosphatases and phosphodiesterases to release Pi [21], making it available for the
plant to use in other processes. These two responses seem to
be coordinated in plants because some plant S-like RNase
gene expressions are induced during both senescence and Pi
starvation. Consistent with this, AhSL28 is likely involved in
these two processes. These S-like RNases are likely to be a
component of a Pi remobilization system that recycles Pis
during senescence or Pi starvation.
But, there are RNases that can only be induced by either
of the two stimuli. The expression of RNase NE of N. alata
is not detected during leaf senescence and its response to Pi
limitation varies depending on tissue types [8]. RNS3 of A.
thaliana is induced during senescence but not during Pi
starvation [22]. These data suggest that senescence and Pi
starvation induce separate signal transduction pathways for
such a RNase gene expression. Tomato RNase LE is
induced by senescence and wounding [6], indicating that
senescence overlaps with the wounding signaling pathway.
However, AhSL28 is induced by senescence but not wounding, suggesting that the two stimuli also work through
separate signal transduction pathways.
How these signal transduction pathways are integrated is
not clear. Efforts have been made to dissect the senescing
and Pi-starvation signaling pathways. Several Pi-starvationresponse mutants in Arabidopsis were isolated and characterized. The experimental results indicated that the Pi signal
is transduced from an as yet unidentified Pi sensor to
transcriptional activators of phosphatase5 (PHO5) via a
cyclin/cyclin-dependent kinase complex [23]. Other experiments suggested that senescence likely acts through plant
hormones including ethylene and abscisic acid. The ethylene accelerates plant senescing, and several genes have been
found to be involved in the ethylene response pathway
through a protein kinase cascade [24]. It is likely that many
S-like RNases are target genes of these signaling pathways.
When plant senesces or grows in a Pi-starved environment,
the sensor(s) activates transcription activators of many
response genes like PHO5 or many S-like RNases via the
protein kinases and induces the expression of them. Many
plant hormones such as ethylene and abscisic acid also show
to function in plant wounding process [25]; they also likely
induce the expression of S-like RNases during both senescence and wounding.
The in situ RNA hybridization analysis showed that
AhSL28 is highly expressed in transmitting track and
vascular tissues which are sites rich in nutrients, consistent
with the role played by AhSL28 to degrade nucleic acid to
supply Pi or other nutrients.
AhSL28 is the first senescence- and Pi starvation-induced
RNase found in Antirrhinum. Its further functional characterization including detailed regulatory mechanisms of its
expression will help dissect the signaling pathways of

senescence and Pi starvation and their integration with other
signaling networks.

Acknowledgements
The project is supported by grants from the National
Science Foundation of China (39825103) and the Chinese
Academy of Sciences. We thank Jian Huang and Lei Wang
for their help in figure preparations and Yunyuan Xu for in
situ hybridization.

References
[1] P.J. Green, The ribonucleases of higher plants, Annu. Rev. Plant
Physiol. Plant Mol. Biol. 45 (1994) 421 – 445.
[2] M.A. Anderson, E.C. Cornish, S.-L. Mau, E.G. Williams, R. Hoggart,
A. Atkinson, I. Bonig, B. Grego, R. Simpson, P.J. Roche, J.D. Haley,
J.D. Penschow, H.D. Niall, G.W. Tregear, J.P. Coghlan, R.J. Crawford, A.E. Clarke, Cloning of cDNA for a stylar glycoprotein associated with expression of self-incompatibility in Nicotiana alata, Nature
321 (1986) 38 – 45.
[3] B.A. McClure, V. Haring, P.R. Ebert, M.A. Anderson, R.J. Simpson, F.
Sakiyama, A.E. Clarke, Style self-incompatibility gene products
of Nicotiana alata are ribonucleases, Nature (Lond.) 342 (1989)
955 – 958.
[4] C.B. Taylor, P.A. Bariola, S.B. DelCardayré, R.T. Raines, P.J. Green,
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