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e Background and Aims Non-S-ribonucleases (non-S-RNases) are class III T2 RNases constitutively expressed in
styles of species with S-RNase-based self-incompatibility. So far, no function has been attributed to these
RNases. The aim of this work is to examine if NnSR1, a non-S-RNase from Nicotiana alata, is induced under con-
ditions of phosphate (Pi) deprivation. The hypothesis is that under Pi-limited conditions, non-S-RNase functions may
resemble the role of S-like RNases. To date, the only RNases reported to be induced by Pi deficiency are class I and
class II S-like RNases, which are phylogenetically different from the class I1I clade of RNases.

e Methods Gene and protein expression of NnSR1 were assayed in plants grown hydroponically with and without Pi,
by combining RT-PCR, immunoblot and enzymatic activity approaches.

o Key Results NnSRI transcripts were detected in roots 7 d after Pi deprivation and remained stable for several days.
Transcript expression was correlated based on Pi availability in the culture medium. Antiserum against a peptide
based on a hypervariable domain of NnSR1 recognized NnSR1 in roots and stems but not leaves exposed to Pi short-
age. NnSR1 was not detected in culture medium and was pelleted with the microsomal fraction, suggesting that it was
membrane-associated or included in large compartments. The anti-NnSR1 inhibited selectively the enzymatic activ-
ity of a 31-kDa RNase indicating that NnSR1 was induced in an enzymatically active form.

e Conclusions The induction of NnSR1 indicates that there is a general recruitment of all classes of T2 RNases in
response to Pi shortage. NnSR1 appears to have regained ancestral functions of class III RNases related to strategies
to cope with Pi limitation and also possibly with other environmental challenges. This constitutes the first report for a
specific function of class III RNases other than S-RNases.
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INTRODUCTION

Ribonucleases (RNases) of the T2 family are secreted endoribo-
nucleases highly conserved in all kingdoms of life which catalyse
the cleavage of single-strand RNA. Despite this common bio-
chemical function, T2 RNases have many different biological
roles (Deshpande and Shankar, 2002; Luhtala and Parker,
2010). In plants, T2 RNases are classified into two subfamilies,
S-RNases and S-like RNases, according to their function
(Green, 1994). S-RNases are associated with the pollen rejection
system in self-incompatible species of Solanaceae, Rosaceae and
Plantaginaceae (McClure et al., 1989). They show high allelic
polymorphism and pistil-specific expression, and are both the
molecular determinant for pollen recognition (Lee et al., 1994;
Murfett et al., 1994) and the cytotoxic factor for self-pollen rejec-
tion, mediated by growth inhibition and RNA degradation of in-
compatible pollen tubes (McClure et al., 1990). Supporting these
findings, the catalytic active site of S-RNases is essential for self-
incompatibility (SI) manifestation (Royo et al., 1994; Huang
et al., 1994). In contrast, S-like RNases are widely distributed
in self-compatible as well as in self-incompatible species of all
plant families examined. They are expressed in many tissues
and are not involved in the self-pollen recognition process.
Plant S-like RNases were implicated in diverse biological
responses, often related to stress induction, and to development

and senescence (reviewed by MaclIntosh, 2011). For instance,
they are induced in several species in response to pathogenic
fungi and bacteria (Galiana et al., 1997; Hugot et al., 2002;
Maclntosh et al., 2010), virus infections (Kurata er al., 2002;
Ohno and Ehara, 2005) and insect feeding (Bodenhausen and
Reymond, 2007; Maclntosh et al., 2010). Many S-like RNases
are also induced as a consequence of abiotic stress, such as phos-
phate (Pi) deficiency (see below), after mechanical wounding
(LeBrasseur et al., 2002; Kock et al., 2004; Hillwig et al.,
2008), during the development of tracheary elements (Ye and
Droste, 1996; Lehmann et al., 2001) and in response to senes-
cence stimuli (Lers er al., 2006). Conversely, other S-like
RNases showed high constitutive expression; consequently,
they were thought to perform a housekeeping role (Maclntosh
et al., 2010). Arabidopsis RNS2 proved to be necessary for
rRNA degradation to a level compatible with cellular homeosta-
sis (Hillwig et al., 201 1a). Constitutive expression also occurs in
tomato RNase LER (Ko&thke and Kock, 2011) and the rice
OsRNS2 gene (Maclntosh et al., 2010). In most of these cases,
the expression of S-like RNases contributes to Pi mobilization
from nucleic acids for nutritional, healing, recycling and
defence functions (MacIntosh, 2011).

Further distinction between S-like RNases and S-RNases was
established from evolutionary studies. Igic and Kohn (2001)
classified plant T2 RNases into three classes, based on
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phylogenetic analysis and the number and position of gene
introns: class I and class II include S-like RNases, while class
IIT groups S-RNases and non-S-RNases. Non-S-RNases are
structurally very similar to S-RNases and, like them, are specif-
ically expressed in the pistil (Lee ez al., 1992; Liang et al., 2003;
Banovic et al., 2009; Roldan et al., 2010). However, like S-like
RNases, they are not polymorphic or functional in the SI recog-
nition system (Roalson and McCubbin, 2003; Kao and
Tsukamoto, 2004). Non-S-RNases probably originated by dupli-
cation from S-RNase genes and subsequent translocation away
from the SI locus (Golz et al., 1998; Igic and Kohn, 2001). The
physiological role of these groups of RNases, often called relic
S-RNases, remains unknown. A putative role related to plant
defence was suggested for some class III non-S-RNases from
the genera Pisum, Luffa and Momordica (Igic and Kohn,
2001), as well as for non-S-RNases and S-RNases found in
Petunia nectar (Hillwig et al., 2010, 2011b).

Five conserved regions have been established in the amino
acids of plant T2 RNases, termed C1-C5 (loerger et al., 1991;
Green, 1994). The C2 and C3 domains, also called CAS I and
CAS II (conserved active site), are almost absolutely conserved
in all T2 RNases and conform the active site (Irie, 1999).
While C1, C4 and C5 domains are somewhat different between
S-RNases and S-like RNases, Vieira et al. (2008) determined
four amino acid patterns between CAS I and CAS II that allowed
an accurate distinction between S-RNases and S-like RNases.
Two of these patterns are exclusively found in S-RNases while
the other two are included in the vast majority of S-like RNases
but not in S-RNases.

Morphological and metabolic changes occur when plants
grow in a Pi-deprived environment, a condition not unusual in
natural ecosystems due to the low solubility of Pi in the soil
(Yang and Finnegan, 2010; Péret et al., 2011). The induction
of T2 RNase genes in several species of plants under Pi depriv-
ation has been reported (reviewed by MacIntosh, 2011; Ivanov
and Anderson, 2011). For instance, tomato LE and LX RNase
and tobacco NE RNase were induced in cultivated cells or root
seedlings grown in Pi-deficient media (Niirnberger et al., 1990;
Kock et al., 1995, 2006; Dodds et al., 1996). Similarly, RNS1
and RNS2 were highly expressed in Arabidopsis seedlings in re-
sponse to Pi limitation (Taylor et al., 1993; Bariola et al., 1994).
Induced S-like RNases may contribute to recycling Pi both from
extracellular and from intracellular RNA sources (Jost ef al.,
1991; Loffler et al., 1993; Bariola et al., 1999; Hillwig et al.,
2011a). Thus far, most S-like RNases induced by low Pi
belong to class I RNases, with a few exceptions belonging to
class II RNases (Maclntosh et al., 2010). No class III RNase
has been reported to be induced by Pi deficit.

Recently, a non-S-RNase gene sequence isolated from styles
was identified in all the individuals examined of a natural popu-
lation of Nicotiana alata (Roldan et al., 2010). This sequence,
termed NnSRI (Nicotiana non-S-RNasel) in this work,
grouped into class III RNases with around 80 % identity to the
functional S,y-RNase sequence.

Here we examine whether NnSR1, a class III RNase, is
induced under Pi deprivation, resembling the functionality of
classTand II S-like RNases. We demonstrate that NnSR 1 expres-
sion was mainly induced in roots in an enzymatically active form
in N. alata plants subjected to Pi deprivation. To our knowledge,
this is the first report of a specific function for a class III RNase,
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other than the role of S-RNases in the SI reaction. The induction
of NnSR1 indicates that there is a general recruitment of RNases,
including those of class I11, to Pi mobilization from nucleic acids
in plants exposed to Pi deficiency.

MATERIALS AND METHODS
Plant material and growth conditions

Nicotiana alata plants used in this study come from a natural
population described by Roldan er al. (2010). Plants were
grown in a chamber at 28 °C under white fluorescent and high-
pressure sodium lights (150—200 pmol m™?s~ ") suspended
1 m above the plants with 16/8-h light/dark period. Seeds were
germinated and grown for 20 d in Petri dishes on sterilized soil.
Sets of nine selected plants were removed from soil and hydro-
ponically cultivated in recipients containing 3 litres of complete
Hoagland’s solution containing 1-5mM KNOj;, 125 mm
Ca(NOs3),, 075 mm MgSQy4, 0-5 mm KH,PO4, 50 wm KCI,
10 M MnSOy, 2 pM ZnSOy, 1-5 pM CuSOy, 72 uMm Fe-EDTA,
75 nm (NH4)6Mo0,0,4, at pH 6. Nutrient solution was changed
weekly and distilled water was added to replenish water loss
every 2 d. After 15 d of acclimatization, healthy plants at the
vegetative stage with 6—8 leaves were divided into two sets
and cultured for different periods in complete Hoagland’s solu-
tion or in Hoagland’s solution containing no Pi. After culture
plants were separated into different organs, frozen in liquid nitro-
gen and stored at —80 °C until use.

RNA extraction and RT-PCR conditions

For each culture period, roots from three representative plants
cultivated with or without Pi were mixed and total RNA was
extracted according to McClure et al. (1990) or using a
SpectrumTM Plant RNA total Kit (Sigma, St Louis, MO, USA).
RNA was treated with DNase (RQI RNase-free DNase;
Promega, Madison, WI, USA) to remove contaminating genomic
DNA. For RT-PCR amplification, 1 pg of total RNA and 5-5 pum
oligo (dT);5 were incubated for 5 min at 70 °C, chilled in ice
water for 5 min, and mixed with 6 mm MgCl,, 0-5 mm dNTPs,
1 pL of ImProm-II™ Reverse Transcriptase and ImProm-I1™
buffer (Promega) in a final volume of 20 pL. Single-stranded
cDNA synthesis was performed for 1 h at 42 °C, according to the
manufacturer’s instructions. A 2-pL aliquot of cDNA synthesis re-
action was used as template for the amplification step, performed in
a20-p.L reaction containing 0-4 units of GoTaq"™ Flexi DNA poly-
merase (Promega), GreenGoTaq Flexi buffer®, 1-5 mm MgCl,,
0-2 mm dNTPs and 12-5-33 pg DNA. All degenerate and specific
primers used are detailed in Supplementary Data Table S1. Primers
were used at 0-4 and 1-2 M for specific and degenerate primers, re-
spectively. The reaction was incubated at 95 °C for 5 min and then
at32-40cyclesof 1 minat94 °C,45 satthe annealing temperature
indicated in Supplementary Data Table S1 and 1 min at 72 °C, fol-
lowed by a final extension step of 5 min at 72 °C. Amplified frag-
ments were analysed on agarose gels and assessed by densitometry
with Gel-Pro™ Analyzer 3-0 software. Transcript relative abun-
dances were referred to actin transcript. For sequencing, amplified
fragments were purified from agarose gels and cloned into
pGEM-Teasy vector (Promega). Recombinant plasmids were ana-
lysed by restriction enzyme digestion and both DNA strands from
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two or more plasmids were sequenced with standard SP6 or T7 pro-
moter primers (Macrogen Inc., MD, USA). Sequence alignment
was performed using CLUSTAL W version 1.81 (Thompson
etal., 1997).

Tissue extraction, subcellular fractionation and Pi content
measurement

For each culture period, roots, stems, leaves and pistils from
three representative plants cultivated with or without Pi were
mixed. Samples were ground to a fine powder in liquid nitrogen
using a pestle and mortar. The powder was extracted onice by hom-
ogenizing 10 g with 1 mL of 10 mM Tris-HCl at pH 7-5 containing
1 mm MgCl, 2 mm KCl, 3 mm EDTA, 1 mm EGTA, 5 % (v/v) gly-
cerol, 0-25 M sucrose, 0-1 mm PMSF, 2 wg mL ™" trypsin soybean
inhibitorand 1 wg mL ™" aprotinin (buffer A). After 15 min centri-
fugation at 16 000g at 4 °C the pellet was discarded and the super-
natant was stored at —80 °C until use. Protein content was
estimated with the Bradford reagent (Bio-Rad, Richmond, CA,
USA). Root extracts were usually 1 g L™ " in concentration.

Subcellular fractionation was performed on homogenates
from roots exposed to Pi- deprivation for 14 d. All fractionation
steps were carried out at 4 °C. The sample was centrifuged at
16 000g for 15 min and the pellet (P16), was washed, resus-
pended in buffer A and stored at —80 °C until use. The super-
natant was subjected to additional centrifugation at 110 000g
for 50 min. The supernatant (SN110) was saved and the pellet
(P110) was washed and resuspended in buffer A. The three frac-
tions, P16, P110 and SN110, were analysed by SDS-PAGE and
Western blot, as detailed below.

The Pi content of roots, stems, leaves and pistils was analysed
on tissue homogenates by the method of phosphomolybdenum
blue reaction using a Shimadzu BioSpect-mini spectrophotom-
eter (Shimadzu Corp., Kyoto, Japan). The amount of free avail-
able Pi in each tissue was calculated on a fresh weight basis.

In-gel ribonuclease activity

Electrophoresis for in-gel RNase activity staining was performed
according to Yen and Green (1991), including torula yeast RNA
(2-4mg ml™") in the separating gel and 0-1 and 2 % (W/w)
SDS in the electrophoresis-running buffer and sample-loading
buffer, respectively. After electrophoresis, gels were successively
washed, incubated, stained and destained. SDS was removed
from gels by two washes of 10 min each with 25 % (v/v) isopropa-
nol in 10 mm Tris-HCI at pH 7-0. Isopropanol was then washed
twice with 10 mm Tris-HCI at pH 7-0 and gels were incubated in
0-1 m Tris-HCI at pH 6-8 at 51 °C for 4 h. Following incubation,
gels were rinsed twice with 10 mm Tris-HCl at pH 7-0 and
stained for 10 min with 0-2 % (w/v) toluidine blue (Sigma) in
10 mm Tris-HCL. Finally, gels were destained with 10 mm
Tris-HCI at pH 7-0 three times for 20 min each and kept in
10 mm Tris-HCI at pH 7-0 containing 10 % (v/v) glycerol. Band
signals were visualized with a UVP EC3 bioimaging system
(UVP Inc., Upland, CA, USA) and assessed by densitometry
with Gel-Pro ™ Analyzer 3.0 software.

Antibody preparation, Western blot and analytical procedures

The peptide sequence GETFTKLREPREKKE corresponding
to the hypervariable region A of NnSRI (pNnSR1) was
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synthesized and coupled to KLH or BSA by Genbiotech
(Buenos Aires, Argentina). Two rabbits were immunized with
0-6 mg of KLH- or BSA-pNnSR1 and boosted three times at inter-
vals of 3 weeks. Both sera specifically recognized the pNnSR1
(Supplementary Data Fig. S1). Proteins from crude extracts were
separated by 15 % SDS-PAGE of 1-5 mm thickness and stained
with Coomassie blue R-250 or electrotransferred onto nitrocellu-
lose membranes (AmershamTM HybondTM-ECL, GE Healthcare
Bio-Sciences, Uppsala, Sweden) and blocked for 2h at 4 °C
with 4 % skimmed milk in PBS buffer. Membranes were then
incubated overnight at 4 °C with anti-pNnSR1 serum (1 : 3000
unless otherwise indicated) in PBS containing 0-1 % Tween 20.
After washing them five times with PBS—0-1 % Tween 20, mem-
branes were reincubated with IRDye 800CW-conjugated anti-
rabbit secondary antibody (LICOR Biosciences, Lincoln, NE,
USA) in PBS containing 1 % skimmed milk. Following six
washes with PBS, band signals were visualized with an Odyssey
infrared imaging system (LICOR Biosciences) and then assessed
by densitometry with Gel-Pro™ Analyzer 3-0 software.

To confirm the identity of the immunodetected band in root
extracts of Pi-deprived plants, the KLH-pNnSR1 antiserum
(1:10000) was preincubated overnight at 4 °C with 3 x
107" mol of BSA and 3 x 10~ '“mol of BSA-conjugated
pNnSR1 dotted onto nitrocellulose strips. Subsequently, the
serum was incubated with root protein extracts electroblotted
onto nitrocellulose as indicated above.

For in-gel inhibition of NnSR1 activity, root protein extracts
were loaded onto 15 % SDS-PAGE of 1-0 mm thickness. After
running, the gel was incubated overnight at 4 °C with (1 : 100)
anti-pNnSR1, preimmune sera and PBS—0-5 % Tween 20.
RNase activity staining was then assayed as indicated above.

To test root excretion of NnSR1, 350 mL of hydroponic
culture medium was clarified by centrifugation for 10 min at
16 000g. The supernatant was passed through a 0-22-pm filter,
concentrated in an Amicon Stirred Cell 8050 filter device (10k
molecular weight cut-off, Millipore Corp., Bedford, MA,
USA) and then dialysed overnight against PBS. Additional con-
centration was achieved using an Amicon Ultra-0-5 mL centrifu-
gal filter device (10k molecular weight cut-off; Millipore).
Aliquots representing 3 % of total culture medium (no protein
detected by the Bradford assay) and root extract (20 g
protein) were assayed by Western blot as detailed above.

Statistical analysis

The data shown are the mean + s.e.m. of at least three inde-
pendent experiments. Statistical analysis were carried out
through Student’s ¢ test for comparison between two groups of
data and one-way ANOVA followed by Tukey’s test to test sig-
nificant differences in multiple comparisons. Statistical analyses
were performed using the computer-based statistical GraphPad
Prism V5-0.

RESULTS

Transcription of a class I1l non-S-RNase is induced in Nicotiana
under Pi deprivation

Nicotiana alata young plants were hydroponically cultivated in
the absence of Pi for 14 d. Typical responses to Pi deprivation
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B

FiG. 1. Effects of Pi deprivation in Nicotiana alata. Young plants were hydroponically cultivated and subjected to Pi deficit for 14 d. Typical responses from

Pi-starved plants (Pi-) compared with Pi-supplied plants (Pi+) confirmed the effectiveness of the treatment. (A) General growth of aerial part. Scale bar = 5 cm.

(B) General root growth and dark red staining of roots, denoting anthocyanin accumulation. Scale bar = 2 cm. (C) Root hair density and morphology. Scale bar =

0-3 mm. (D) Protein content in root homogenates. Values are the mean + s.e.m. of five independent experiments. Data were statistically analysed using the 7-test.
##%p < 0-001. (E) RT-PCR amplification from roots using specific primers for S-like RNase NE.

were observed in the stressed plants with respect to control plants
supplied with Pi: (1) the aerial part growth was notably lower
(Fig. 1A; Kock et al., 2006); (2) roots were longer and exhibited
a dark red coloration, attributed to anthocyanin accumulation
(Fig. 1B; Trull et al., 1997); (3) root hairs were much more abun-
dant and showed frequent swollen tips (Fig. 1C; Maet al.,2001);
and (4) the protein content in root extracts decreased by almost
50 % (Fig. 1D). As expected, Pi deprivation strongly induced
the transcript expression of class I S-like RNase NE (Fig. 1E),
an RNase involved in Pi remobilization in N. alata previously
reported (Dodds ef al., 1996). Overall, these results confirmed
that Nicotiana plants were clearly stressed by limited Pi supply.

The only plant T2 RNases reported to be induced by Pi shortage
were class I and class II S-like-RNases (Maclntosh, 2011). To test
whether class III RNases are also induced by Pi deficit, we used
RT-PCR with degenerate primers based on S-RNase conserved
domains C2, C4 and CS5 of N. alata (Supplementary Data Table
S1; loerger et al., 1991; Roldan et al., 2010). Domains C4 and
C5 of Nicotiana S-RNases are somewhat less conserved in
S-like RNases (Green, 1994). Using two different combinations
of primers (C2—C4 and C2-C5), a single band with the expected
size was amplified in each case from roots grown without Pi, sug-
gesting the involvement of class III RNases in the Pi response
(Fig. 2A; Supplementary Data Fig. S2). The C2—C5 amplified
band was cloned and analysed by sequencing. Only one species
was identified, which was almost identical to a coding sequence
for an RNase isolated from N. alata styles (GenBank accession
no.D63887-1; Kuroda et al., 1994). This RNase was demonstrated
not to be functional in the SI system (GenBank accession no.
GQ850520-1; Roldan ef al., 2010). Thus, we named this gene
NnSRI (Nicotiana non-S-RNasel). RT-PCR with NnSR1-specific
primers and subsequent sequencing of the amplified fragment
confirmed the selective induction of this gene in Pi-deprived
roots, while the expression in roots grown in Pi-supplemented

medium was hardly detectable (Fig. 2B). The induction of
NnSRI transcripts was detected after 7 d of Pi deprivation and
was sustained for several days, with some increase on day 24
(Fig. 2C). Interestingly, another non-S-RNase cDNA sequence
(GenBank accession no. GQ375151-1), termed NnSR2, was not
induced by the absence of Pi (Supplementary Data Fig. S3), sug-
gesting that these non-S-RNases had a different functional
evolution. Deduced amino acid sequences of both NnSR1 and
NnSR2 showed the typical amino acid patterns that distinguish
class III S-RNases from class I and class II S-like-RNases
(Supplementary Data Fig. S4; Vieira et al., 2008).

The NnSR1 protein is induced in roots and stems
in an enzymatically active form

We developed a monospecific polyclonal antibody against a
synthetic peptide based on the sequence of hypervariable
region A of NnSR1 (heretofore abbreviated to pNnSR1).
Hypervariable regions of S-RNases have been successfully
used to generate highly specific antibodies recognizing only
the corresponding allelic variant (Matton et al, 1999;
Goldraij et al., 2006). The antisera generated against both
BSA- or KLH-conjugated pNnSR1 contained antibodies that
recognized the peptide sequence (Supplementary Data Fig.
S1). Both antisera also recognized a single protein band of
31 kDa in root extracts of plants grown under Pi deprivation,
while a very faint or no signal was detected in roots supplied
with Pi-sufficient medium (Fig. 3A). The size of the protein
band was in good agreement with the molecular weight of
S-RNases, which ranges between 30 and 35 kDa. However, the
predicted molecular weights of precursor and mature NnSRI
proteins are around 25 and 23 kDa, respectively (GenBank ac-
cession no. D63887-1). Thus, the apparent molecular weight esti-
mated by Western blot may be caused by N-glycosylation at the


http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct207/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct207/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct207/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct207/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct207/-/DC1

Rojas et al. — NnSR1, a non-S-RNase induced by phosphate deficiency in Nicotiana 1355

A 1200 - B 4000 - L
bp  Pi+ Pi— = bp
23 =3 3000}
500 2E goof 400 g 2 %000
S S5
400 £g 300 £ 2 2000}
© = =
S5 400f e =
58 25 1000
Actin l———l Actin 7
0
Pi+ Pi— Pi+ Pi—
c Pi- 4000
bp  Pi+ 7 11 14 24 22 3000f
c
o >
400 £ 2 2000
[
300 €3
s 1000}
i ol=—=
Pi—

F1G. 2. Expression of class III NnSRI transcript induced by Pi deprivation in Nicotiana alata roots. (A) RT-PCR amplification from roots exposed to 14 d of Pi de-

privation. Degenerate primers designed from C2 and C5 conserved domains of Nicotiana S-RNases were used. (B) Similar to (A) but using NnSR1-specific primers.

(C) RT-PCR amplification using NnSR1-specific primers from roots. Numbers indicate the days of exposure to Pi starvation. Representative gels and the statistical

analysis are shown. Signal intensity values represent the mean + s.e.m. of three independent experiments. Data were analysed using the 7-test (A, B) or one-way
ANOVA followed by Tukey test (C). ***P < 0-001. Pi-, Pi-deficient medium; Pi+, Pi-sufficient medium.
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Fi1G. 3. Expression of class IIl NnSR1 protein induced in Nicotiana alata roots under Pi deprivation. NnSR 1 induction was assayed by Western blot in roots subjected

to Pi deprivation for 14 d. Anti KLH-pNnSR1 serum was used as probe. (A) Induction of a 31-kDa protein in root homogenates of Pi-starved plants. Controls using

preimmune serum (central panel) and Coomassie blue staining (left panel) are shown. The result is representative of three independent experiments. Similar result was

obtained using the anti-BSA-pNnSR1 serum. (B) Root homogenates assayed after Pi-starved plants were transferred to Pi-supplied medium for 2 d. (C) Root homo-

genates assayed after preincubation of anti KLH-pNnSR1 serum with buffer and with 3 x 10™'° mol of BSA and 3 x 10~'® mol of BSA-conjugated pNnSR 1. Thirty

micrograms of protein was loaded in each lane. Signal intensity values represent the mean + s.e.m. of three independent experiments. The data in (B) and (C) were
statistically analysed using one-way ANOVA followed by Tukey test: ***P < 0-001. Pi-, Pi-deficient medium; Pi4-, Pi-sufficient medium.

Asn 49 site, close to the CAS I domain of the NnSR1 precursor. Expression of the induced protein appeared to be dependent on
This site is commonly glycosylated in T2 class III RNases the presence of Pi in the culture medium. The signal was
(MaclIntosh, 2011). decreased almost to basal values found in Pi-supplied plants by
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2 d after the plants grown in Pi-deficient medium were moved to a
Pi-sufficient medium (Fig. 3B). To confirm that the antibodies
specifically generated against the pNnSR1 were involved in the
recognition of the 31-kDa protein, the anti-KLH-pNnSR1 was
separately incubated with BSA and BSA-pNnSR1 conjugate
before Western blot analysis. The 31-kDa signal was reduced
about 80 % when the serum was preincubated with the
BSA-pNnSR1 conjugate before incubation with the Pi-deficient
root extract (Fig. 3C). Taken together, these experiments pro-
vided compelling evidence that the 31-kDa protein induced in
roots under Pi deficiency was NnSR1.

The spatial distribution of NnSR1 was analysed by comparing
equal percentages of root tissue homogenate and plant growth
medium in a protein gel blot. No signal was detected in the
culture medium, indicating minor or no excretion of NnSR1
from the roots (Fig. 4A). Additional fractionation showed that
NnSR1 was mostly excluded from the soluble cytosol/intercellular
fluid fraction. NnSR1 was pelleted with the microsomal fraction,
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Fi1G. 4. Fateofinduced NnSR1. NnsR1 was assayed by protein gel blot in plants
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suggesting that it was associated with membranes or included in
large compartments that were not broken during root homogen-
ization (Fig. 4B).

The induction of NnSR 1 under Pi deprivation was evaluated in
different tissues (Fig. 5). Besides roots, NnSR1 was induced in
stems but not in leaves, where no signal was detected. The induc-
tion was not seen in the pistil either; however, consistent with the
large abundance of NnSRI expression in styles (Roldan et al.,
2010), similar intensity signals of NnSR1 were detected in
styles of both Pi-deprived and Pi-supplied plants. No signal of
NnSR1 was detected in sepals or petals of plants cultivated
with or without Pi (Supplementary Data Fig. S5). In parallel
with NnSR1 induction, the tissue Pi content was determined.
Except in pistils, where the Pi content was similar in plants
cultured with and without Pi, all the tissues examined showed
a pronounced decrease of the Pi content in plants exposed to
Pi-deficient conditions.

Itis thought that induction of T2 RNases under Pi limitation is
related to Pi mobilization from RNA. Therefore, it was important
to determine whether the induced NnSR1 was enzymatically
active. To address this possibility, in-gel RNase activity was
assayed in roots of N. alata. Two bands of 31 and 50 kDa were
seen in Pi-deprived roots only, while no RNase activity was
detected in roots grown in Pi-containing medium (Fig. 6A). To
associate the RNase activity with NnSR1, a thin gel slice from
the two bands was cut and loaded separately onto an
SDS-PAGE. Electrophoresis followed by Western blot analysis
revealed a single band in the lane containing the RNase activity
of 31 kDa but not in the one loaded with the activity band of
50 kDa (Fig. 6B). This result strongly suggested that NnSR1
was induced in an enzymatically active form. Further confirm-
ation was obtained from a complementary experiment in which
a native gel loaded with Pi-deficient root extracts was incubated
with the anti-pNnSR1 antibody. Subsequent in-gel RNase activ-
ity assay showed that the activity of the 31-kDa band was select-
ively inhibited by the antibody (Fig. 6C). This result confirmed
that the activity band of the 31-kDa protein corresponded to
the NnSR1.

DISCUSSION
NnSRI1, a class Il non-S-RNase, is induced under Pi limitation

We have demonstrated here the induction of T2 NnSR1, a class
III non-S-RNase, under conditions of Pi deprivation in the self-
incompatible species N. alata. It is well known that Pi deficiency
promotes the induction of RNases in many plant species, pre-
sumably to recycle Pi from nucleic acid sources. However, all
RNases described so far to be involved in this function have
been class I and class II S-like RNases. Within T2 RNases, the
class III S-RNase subfamily is phylogenetically divergent
from the S-like RNase subfamily. The class III S-RNase subfam-
ily includes the S-RNases and the non-S-RNases of self-
incompatible species and the relic S-RNases of self-compatible
species. Moreover, to the best of our knowledge, this is the first
specific evidence of a physiological role for a class III
non-S-RNase.

NnSR1 exhibited both structural and functional traits of
S-RNases and S-like RNases. Like S-RNases, the deduced
amino acid sequence of NnSR1 showed five conserved domains,


http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct207/-/DC1

Rojas et al. — NnSR1, a non-S-RNase induced by phosphate deficiency in Nicotiana 1357

A Root Stem Leaf Pistil

kDa Pi+ Pi- Pi+ Pi— Pi+ Pi— Pi+ Pi-

29 |
A
— 1500 1500 1500 1500
g
> 1200} 1200 | 1200 |- 1200 |-
g T
g 900 - 900 | 900 | 900 |
>
S 600 600 |- 600 |- 600 |- .
2 —_—
<
= 300 300 | 300 | 300 |
c
(@]
® — 0 0 0
Pit Pi- Pi+ Pi— Pit Pi- Pit Pi—
B s0- 30 - 50 - 40 -
T
= sor T 30—
= 20} 20 b —= o
- 30
o 20
€
20+
= q0t 104
o L
*kk 10 B 10
0 0 0 0
Pi+ Pi— Pi+ Pi— Pi+ Pi— Pi+ Pi-

F1G.5. Inductionof NnSR1 and Pi content in different organs. Plants were grown for 14 d with or without Pi. (A) NnsR 1 was assayed by protein gel blotin roots, stems,

leaves and pistils. The anti-BSA-pNnSR 1 serum was used as probe. Thirty micrograms of protein was loaded in each lane. Signal intensity values represent the mean +

s.e.m. of three independent experiments. (B) Pi content of roots, stems, leaves and pistils. The values represent the mean + s.e.m. of three independent experiments.
Data were analysed using the #-test. ***P < 0-001, **P < 0-05). Pi-, Pi-deficient medium; Pi+, Pi-sufficient medium.

31 kDa 50 kDa Anti pNnSR1  Preimmune

75

50 450 kDa

37

31.5 31 kDa

25

F16. 6. RNaseactivityof NnSR1. (A)In-gel RNase activity assayed onroots cultivated for 14 d in a Pi-deprived medium. (B) Band slices of 31 and 50 kDa from A were

separately loaded onto an SDS-PAGE, blotted onto nitrocellulose and probed with anti KLH-pNnSR 1 serum. (C) In-gel RNase activity assayed as in A after preincuba-

tion of the gel with anti-KLH-pNnSR1 and preimmune sera. Thirty micrograms of protein was loaded in each lane. The result is representative of three independent
experiments. Pi-, Pi-deficient medium; Pi+-, Pi-sufficient medium.



1358

C1-C5, and two hypervariable regions, Hva and Hvb (Kuroda
et al., 1994; Roldan et al., 2010). Moreover, NnSR1 displayed
the amino acid patterns attributed to S-RNases that distinguish
them from S-like-RNases (Vieira et al., 2008; Supplementary
Data Fig. S4). Despite these resemblances, however, NnSR1
was monomorphic and consequently not functional in the SI
system (Roldan et al., 2010). Although the expression of this
protein under normal growth conditions was similar to that of
S-RNases, being exclusively restricted to the pistil (Fig. 5), it
changed dramatically when plants were exposed to Pi deprivation.
Under this condition, the expression of NnSR1 mimicked that of
S-like RNases, especially class I RNases, which are typically
induced in a variety of stress scenarios (Ivanov and Anderson,
2011; MaclIntosh, 2011), mostly contributing to Pi mobilization
from RNA. Exogenous RNA was effective in sustaining tomato
cell growth (Abel et al., 2000) or growth of Arabidopsis seedlings
(Chen et al., 2000), in parallel with a strong induction of class I
S-like RNases (Niirnberger et al., 1990; Loffler et al., 1993).
Consistently, the exogenous RNA (or DNA) was consumed
from culture medium and ribonucleosides were generated, sug-
gesting strongly that RNA degradation by RNase activity sup-
ported the growth of these cultured cells and seedlings. The
NnSR1 also appeared to be induced to participate in Pi rescue,
exhibiting a strong expression in roots and stems under Pi depriv-
ation (Figs 2A, 3A and Fig. 5). This response was, in turn, almost
fully reversed when Pi was resupplied to the culture medium
(Fig. 3B). The fact that NnSR1 was expressed in an enzymatically
active form (Fig. 6) reinforced the idea that it was induced specif-
ically to recycle Pi from nucleic acids. Therefore, NnSR1 induc-
tion seems to be part of a general recruitment mechanism of
RNases to cope with Pi limitation. Thus far, two RNases of differ-
ent phylogenetic origins were reported to be induced in N. alata
under Pi shortage: RNase NE, a class I S-like-RNase (Dodds
et al., 1996); and NnSR1, the class III non-S-RNase reported in
this work. Whether the induction of these two RNases is simultan-
eous or sequential will be the focus of future research, as well as the
study of the Pi threshold triggering such induction.

As expected, the Pi content in roots, stems and leaves was sig-
nificantly lower in plants grown for 14 d in a Pi-deficient
medium. However, the NnSR1 induction was not uniform in
these organs (Fig. 5). NnSR1 was detected mainly in roots and,
to a lesser degree, in stems; however, it was not detectable in
leaves. The latter is not surprising, given that an important frac-
tion of genes modulated by Pi availability exhibited different or
even contrasting expression in roots and leaves (Wu ez al., 2003).
Moreover, after 12— 14 d of Pi deprivation, RNase NE and RNase
LX were induced in roots but not in leaves of N. alata and
Solanum lycopersicum plants, respectively (Dodds et al., 1996;
Kocket al.,2006). Similarly, the expression of RNSI was signifi-
cantly up-regulated in Arabidopsis leaves but only marginally
induced in shoots after 100 h of Pi deprivation (Hammond
et al., 2003). Regardless, it is clear that distinct strategies may
be used by different organs in response to a Pi shortage.

Like S-RNases, NnSR1 exhibited a constitutive expression in
pistils that was not affected by Pi limitation (Fig. 5A). It has been
proposed that expression of class III RNase genes in pistils may
be related to defensive functions (Liang et al., 2003). Recently,
two class III RNases genes from Petunia hybrida, Phy3 and
Phy4, were also related to potential defence functions in pistils
and nectar (Hillwig et al., 2010). In addition, given its
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resemblances to S-RNases and its pistil expression, it will be
interesting to determine whether NnSR1 plays some role in
pollen RNA degradation during the SI reaction.

In self-incompatible species, class III RNases with no func-
tionality in the SI system probably originated from a duplication
of S-RNase genes with a subsequent translocation from the
S-locus (Golz et al., 1998; Kao and Tsukamoto, 2004). In par-
ticular, NnSR1 was derived from the S,)-RNase, a functional S
allele isolated from a natural population of N. alata. The two
RNases shared around 81 % identity and phylogenetic analysis
placed them together, supported by a maximal bootstrap value
(Roldan et al., 2010). Importantly, the induction of NnSR1 as
part of the response to Pi shortage implies that duplication
from S-RNase was accompanied by a change of function. The
acquired function resembles that of class I S-like RNases,
which are typically induced by biotic and abiotic stress
(Maclntosh et al., 2010; Maclntosh, 2011). This functional di-
vergence could be reciprocal to the one that occurred ancestrally,
as the S-RNase-based SI system probably originated from
defence RNases of floral parts (Hiscock et al., 1996; Nasrallah,
2005; Hillwig et al., 2011b). If the SI system evolved by duplica-
tion and sub-functionalization from an ancestral RNase involved
in biotic (and presumably abiotic) defence responses, then dupli-
cation of S-RNases to non-S-RNases may be conceived as the re-
covery of an ancestral function of class III RNases.

In conclusion, we report here that in self-incompatible
Nicotiana a paralogous copy of S;o-RNase termed NnSR1 is
induced under Pi-deficient conditions, demonstrating a specific
functional role for a class III RNase, other than the function of
S-RNases in the SI reaction. NnSR1 was enzymatically active
and presumably contributes to Pi mobilization from nucleic
acids, as was described for S-like RNases. NnSR1 appears to
have regained ancestral functions of class III RNases related to
strategies to cope with environmental challenges. Further re-
search will establish whether non-S-RNases are also induced
in other developmental and stress scenarios in which S-like
RNases are typically involved.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Table S1: primer
pairs and PCR conditions used in this study. Figure S1: specificity
of pPNnSR 1 recognition by antisera. Figure S2: expression of class
IIT NnSR1 transcript induced by Pi deprivation in Nicotiana roots.
Figure S3: expression of class Il non-S-RNase transcripts induced
by Pi deprivation in Nicotiana roots. Figure S4: amino acid
sequence alignment of RNases from Nicotiana alata. Figure S5:
expression of NnSR1 in roots, sepals and petals.
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