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Abstract 

We report the isolation and characterisation of a wound-induced cDNA designated AoPR1 from a 
suspension ofmesophyll cells that had been mechanically isolated from cladodes of light-grown Asparagus 
officinalis seedlings by grinding in a mortar and pestle. The transcript abundance is up-regulated following 
cell separation and in chopped mesocotyl tissue from dark-grown seedlings. The expression of AoPR1 
was shown by northern analysis to be located around the site of damage. Sequence analysis revealed 
similarity between the predicted AoPR1 polypeptide and bean PvPR1 and PvPR2 proteins, the potato 
pSTH2 protein, the pea PI49 protein, the parsley PcPRI-1 protein and a major pollen allergen from birch 
(BetvI). These transcripts have been shown to be induced in response to microbial attack or fungal 
elicitation. To our knowledge, this is the first example of a monocot  cDNA belonging to this class of 
intracellular pathogenesis-related proteins (IPRs). 

Introduction 

Amongst some of the well characterised defence- 
related proteins are the tobacco pathogenesis- 
related (PR) proteins. Following infection of to- 
bacco leaves by tobacco mosaic virus (TMV) PR 
proteins were shown to accumulate rapidly in the 
extracellular leaf spaces, with the most abundant 
class being the small acidic PR1 group of proteins 
[ 1, 3, 6, 9, 26]. Basic isoforms of the PR1 proteins 
with a molecular mass of around 16 kDa have 
since been identified that are targeted into the 

central vacuole in TMV-infected plants [for re- 
view see 1]. PR proteins also accumulate after 
treatment with fungal and bacterial pathogens, 
chemical elicitors (such as salicylic acid) and upon 
mechanical wounding [1]. A functional role has 
been assigned to some members of the classical 
PR protein groups, such as the ]?-l,3-glucanase 
[ 16] and the chitinase activity [ 17]; however, the 
PR1 subclass of protein-encoding genes, which 
have been studied intensively at the nucleic acid 
level, still have an unknown function in the de- 
fence response. 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession number X62103 (AoPR1 cDNA). 



556 

The tobacco acidic PR1 subgroup of PR pro- 
teins generally have a molecular mass range be- 
tween 15.5 and 15.8 kDa [1, 6]. These polypep- 
tides are all synthesised as precursor proteins with 
an N-terminal extension of 30 amino acids, which 
is cleaved during import into the endomembrane 
system prior to secretion into extracellular spaces. 
Characterisation of fungal elicitor-induced pro- 
teins and transcripts from cultured parsley cells 
identified proteins that were also acidic and 
ranged in mass from 17.5 to 19.2 kDa [24]. These 
polypeptides were named parsley PR1 proteins, 
but sequence analysis of cDNAs coding for these 
proteins subsequently revealed no similarity be- 
tween tobacco PR1 genes and three genes coding 
for parsley PRl-like proteins [25]. Evidence has 
also been presented suggesting that the parsley 
'PRl-like' proteins were not extracellular [25]. 
Recently, cDNAs homologous to the parsley PR1 
cDNA have been cloned from potato [18], fun- 
gal elicitor-treated bean cell culture [27], birch 
pollen [2] and pea [9]. As in the parsley clones, 
in all cases there was no indication that the pre- 
dicted protein product of any of these similar 
genes contained an N-terminal extension charac- 
teristic of a signal sequence. It has been suggested 
that these cDNAs represent a new category of 
pathogenesis-related genes and hence the desig- 
nation 'PR 1' is perhaps misleading [27]. Although 
there is no definitive proof, it is very likely that 
the proteins encoded by this new class of PR 
genes are intracellular [24, 25] and therefore, for 
the sake of clarity, perhaps it will be appropriate 
to refer to them as intracellular PR proteins 
(IPRs). 

In previous work we have shown that aspa- 
ragus mesophyll cells mechanically separated 
by grinding in a mortar and pestle are potentially 
a rich source of wound-induced transcripts 
[13, 19]. Several wound-induced cDNAs were 
isolated by differential screening of a cDNA li- 
brary derived from message purified from me- 
chanically separated Asparagus officinalis cells. 
On sequencing, the predicted amino acid se- 
quence of one of these clones was found to be 
similar to the IPR group of proteins recognised 
previously [27]. To our knowledge, this repre- 

sents the first reported cloning of a monocot 
cDNA of this class. 

Materials and methods 

Plant growth and cell isolation 

Asparagus officinalis (cv. Connover's Colossal) 
seed was purchased from Nickerson Seeds Ltd. 
Six-week-old greenhouse-grown plants were used 
for cell isolation by grinding in a mortar and pes- 
tle as described previously [19]. These freshly 
isolated, 'mechanically separated' cells were then 
incubated in a liquid nutrient as described previ- 
ously [13, 19] and RNA isolated for cDNA li- 
brary construction after 1, 2 and 3 days. For stud- 
ies on the wound response in intact asparagus 
tissue, seeds were sown on sterile vermiculite and 
then grown in the dark at 26 ° C. Etiolated seed- 
lings were then harvested 2 weeks after germina- 
tion, and mesocotyls were then cut into various 
lengths and incubated on damp filter paper in 
Petri dishes at 26 °C in the dark until RNA iso- 
lation after 1, 2, or 3 days. 

Construction and differential screenNg of cDNA li- 
brary 

Total RNA and poly (A) + RNA from cells and 
wounded seedlings were isolated as described 
previously [ 8, 13 ]. 2/~g of pooled poly(A) + RNA 
from cells 1-3 days after mechanical isolation 
(grinding) from asparagus seedling tissue were 
used to construct a 2ZAP II library, cDNA syn- 
thesis was carried out by a modification of the 
Gubler and Hoffman [ 12] method using a cDNA 
synthesis kit from Pharmacia. The cDNA was 
ligated into 'lambda ZAP' (Stratagene) and the 
phage packaged using Amersham's packaging ex- 
tract. The resulting library contained 1.2 x 106 
pfu. Ten thousand plaques were plated out at low 
density (2000 plaques per 15 cm plate) and du- 
plicate filters lifted from the plates. One set of 
filters was probed with 32P-labelled first-strand 
cDNA synthesised from the same mRNA used to 



cons t ruc t  the l ibrary and  the o ther  set p robed  
with 32p-labelled f i rs t -s t rand c D N A  synthes ised 

f rom u n w o u n d e d  seedlings. The  labelling, and  re- 

mova l  o f  u n i n c o r p o r a t e d  nucleot ides,  was  carr ied 

out  as descr ibed  [22].  Hybr id i sa t ions  were car-  

ried out  essentially as descr ibed  [22] in 6 x S S P E ,  

5 x D e n h a r d t ' s  solution, 0.5~o S D S  and  100 #g /  

ml dena tu red  sa lmon  sperm D N A  at 65 °C  over-  

night and  the filters washed  finally in 0.2 x SSC,  

0.1~o S D S  at 65 °C. A u t o r a d i o g r a p h y  was  car-  
ried out  overnight  using A m e r s h a m  {/-max ' H y -  

perfilm'. Differentially hybridis ing plaques  were 

p icked  and  repurified by another  r o u n d  of  differ- 

ential screening. The  clones o f  interest  were  sub- 

c loned (accord ing  to St ra tagene ' s  p ro toco l )  by  

the in vivo excision o f  the Bluescript  p S K ( - )  vec- 
tor  tha t  follows super- infect ion o f  the 2 Z A P -  

infected hos t  cells with V C S - M 1 3  helper phage.  

RNA gel blots 

N o r t h e r n  blots were carr ied out  essentially as de- 
scribed [8]. Tota l  R N A  was  run on  fo rma ldehyde  

R N A - d e n a t u r i n g  gels. The  gels were stained in 

e thidium bromide  and  blotted.  Pre-hybr id isa t ion  

and  hybr id isa t ion  were  carr ied in the same hy-  

br idisa t ion solut ion as for the p laque  lifts except  

the solution con ta ined  50 ~o deionised formamide .  
The  p robe  was  labelled by  the oligo-labelling 

m e t h o d  as descr ibed  [8]. 

DNA sequencing 

The  d ideoxy  cha in- te rmina t ion  m e t h o d  [21] was  

used to  sequence D N A  f rom the r e c o m b i n a n t  

pSK( - )  c lone with the Sequenase  Version 2.0 kit 

(USB) .  S ingle-s t randed templa te  was  p repared  
by  phagemid  rescue  or  by denatur ing  p lasmid  

D N A  as r e c o m m e n d e d  by the U S B  Sequenase  
booklet .  C o m p u t e r - a i d e d  sequence analysis [5] 

and  sequence da t abase  searches were carr ied out  
using the Univers i ty  o f  Wiscons in- re leased  pro-  
g rams  on  a VAX.  Prote in  sequence al ignment  
was  achieved using the C L U S T A L  p r o g r a m  on 
an I B M  persona l  c o m p u t e r  [14].  
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Fig. la. Northern analysis of transcript following ceil isola- 
tion and wounding. Total RNAs were extracted from wounded 
or unwounded etiolated asparagus seedling tissue or mechan- 
ically isolated cells and 10 #g of each sample was run out on 
denaturing gels, blotted and hybridised with probe made from 
the AoPR1 cDNA. The RNA samples are as follows: un- 
wounded seedlings (lane 1), cell suspension one day after iso- 
lation (lane 2), seedlings cut into 2 mm length sections one day 
after wounding (lane 3), seedlings cut into 10 mm length sec- 
tions one day after wounding (lane 4), cell suspension two 
days after isolation (lane 5), seedlings cut into 2 mm length 
sections two days after wounding (lane 6), seedlings cut into 
10 mm length sections two days after wounding (lane 7), cell 
suspension three days after isolation (lane 8), seedlings cut 
into sections 2 mm long three days after wounding (lane 9), 
seedlings cut into sections 10 mm long three days after wound- 
ing (lane 10). The approximate transcript size is shown in base 
pairs. 
Fig. lb. Northern analysis of transcript abundance at the 
wound site. Two week old etiolated asparagus seedling me- 
socotyls were cut into 1.5 cm explants and left to age as de- 
scribed in Materials and methods before taking the sections 
for analysis after 1, 2 and 3 days. Total RNA was extracted 
from asparagus tissue and 10 #g of each sample was run out 
on denaturing gels, blotted and hybridised with probe made 
from the AoPR1 cDNA. The samples are as follows: un- 
wounded seedlings (lane 1), 5 mm long sections 5 mm away 
from the wound site one day after wounding (lane 2), 2.5 mm 
long sections 2.5 mm away from the wound site one day after 
wounding (lane 3), 2.5 mm long sections that include the 
wound site one day after wounding (lane 4), 5 mm long sec- 
tions 5 mm away from the wound site two days after wounding 
(lane 5), 2.5 mm long sections 2.5 mm away from the wound 
site two days after wounding (lane 6), 2.5 mm long sections 
that include the wound site two days after wounding (lane 7), 
5 mm long sections 5 mm away from the wound site three days 
after wounding (lane 8), 2.5 mm long sections 2.5 mm away 
from the wound site three days after wounding (lane 9), 2.5 mm 
long sections that include the wound site three days after 
wounding (lane 10). 
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Results 

Isolation of the AoPR1 clone 

cDNAs from a 2ZAP that differentially hybri- 
dised to a cDNA population from mechanically 
isolated asparagus cells versus a cDNA popula- 
tion from unwounded seedling cells were isolated, 
purified and used in northern dot blot analysis. Of 
several clones studied, clone 34 (200 bp in length) 
differentially detected large amounts of steady- 
state transcript in the RNA population from me- 
chanically isolated cells compared to the RNA 
population from unwounded seedlings. This clone 
was then used to rescreen the cDNA library. 
From the 10 000 plaques screened, there were 170 
positive clones. Ten clones were chosen at ran- 
dom and the insert size determined. Three of these 
clones contained inserts of ca. 750 bp. The size of 

the transcript was estimated at 900 bp from 
northern gels (Fig. la). 

Wound induction of message 

One of the 750 bp cDNA inserts was used as 
a probe in northern analysis. As shown in 
Fig. la, the transcript is detectable in mechani- 
cally isolated asparagus cells reaching a maxi- 
mum steady state one to three days after cell iso- 
lation. In chopped mesocotyl sections from 
etiolated seedlings, the transcript abundance is 
comparable to that in mechanically isolated cells 
and appears to follow similar time course kinet- 
ics (Fig. la). To determine the spatial distribution 
of message in relation to the wound site, total 
RNA was isolated from different areas of etio- 
lated, wounded (chopped) mesocotyl and used in 

M S S G S W S H E V A V N V A A G R M F  
1 ATGAGTTCAGGGAGCTGGAGCCACGAGGTCGCTGTC~TGTCGCCGCAGGACGGATGTTC 60 

K A A M L D W H N L G P K I V P D F I A  

61 ~GGCGGC~TGCTCGACTGGCAC~CCTCGGCCCT~GATTGTGCCTGACTTTATTGCC 120 

G G S V V S G D G S V G T I R E I K I N  
121 GGTGGCTCAGTGGTGTCTGGAGATGGATCTGTAGG~CCATCCGAGAGATC~GATC~C 180 

N P A I P F S Y V K E R L D F V D H D K  

181 ~TCCTGCTATACCTTTCAGCTATGTG~GG~CGCCTGGATTTCGTAGACCATGAC~G 240 

F E V K Q T L V E G G G L G K M F E C A  
241 TTCGAGGTG~GCAGACCCTCGTGG~GGTGGAGGTTTAGGT~GATG'fTTG~TGTGCC 300 

T T H F K F E P S S N G G C L V K V T A  

301 ACCACTCACTTC~GTTCGAGCCCTCGAGC~CGGTGGATGCCTCGTC~GGTGACTGCA 360 

S Y K I L P G V A D E S A K A K E G I T  

361 TCCTAC~GATTCTCCCAGGTGTCGCCGATGAGAGTGCG~GGCG~GGAGGG~T~CC 420 

N H M K A T E A Y L L A N P T A Y V *  
421 ~CCACATG~GGC~CCG~GCTTACCTCCTAGCC~CCC~CTGCCTACGTTTAAATA 480 

481 TAGTGATTGTGTTTCTTTGCGTG~GTGCTTGTGAGTTTG~T~GGAGATTGGTTATGA 540 

541 GG~GCTTGATGGGGTCATACATAGTTAGTTTATGTTG~TGATCAGCCTTTTTTGTGTG 600 

601 ~GTACTTGGGAGTTTG~T~GGAGACTG~TATGAGAAAGATTGATGGAGTTATCGTT 660 

661 CATGTTG~TGATCAGCCTTATCAGTTTGT~CAGTGTCG~TGATCAGTCTTATCAGTT 720 

721 TGT~TGGTGGCTTC~ 737 

F~. 2. Sequence of the AoPR1 cDNA and the predicted peptide. The stop codon is represented by an asterisk, 



northern analysis. This showed that after 1 or 2 
days the transcript was mainly located to the 
wound site. However, on the third day transcript 
was also detectable at much lower levels in tissue 
distant from the wound surface (Fig. lb). 

Relationship of  the cDNA to other gene sequences 

As the transcript size was estimated to be 900 bp, 
it was assumed that the approximately 750 bp 
cDNA was not full-length. Following sequencing 
(Fig. 2), the 750 bp cDNA was found to contain 
a major open reading frame of 474 bp with a 
263 bp 3' untranslated region containing a puta- 
tive polyadenylation signal starting at position 618 
but no apparent poly(A) tract. The predicted pep- 
tide amino acid sequence shown in Fig. 2 was 
used to screen the EMBL protein database. The 
sequences that showed significant similarities are 
a group of intracellular PR proteins found previ- 
ously [27]: a pea disease resistance protein, p149 
(27~o identity), a potato PR protein, pSTH2 
(34~ identity), a parsley PR protein, PcPRI-1 
(32 ~o identity), a birch pollen allergen Betvl (36 To 
identity), and the bean elicitor-induced transcripts 
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PvPR1 and PvPR2 (29~o identity). Because of 
this similarity we have named our cDNA clone 
AoPR1 (Asparagus officinalis pathogenesis-re- 
lated clone 1). Sequence alignments are shown in 
Fig. 3. 

Discussion 

The initial differential screening of the cDNA li- 
brary prepared from mechanically isolated aspar- 
agus cells confirmed our assertion [13] that this 
system is indeed a rich source of transcripts as- 
sociated with the wound response. It was inter- 
esting to note that AoPR1, one of the most abun- 
dant cDNA clones in library, coded for a 
transcript with a predicted gene product that was 
similar to a group of proteins known to be strongly 
upregulated in planta by pathogen attack or by 
treatment of cultured cells with microbial elici- 
tors. AoPR1 and the IPR genes from parsley and 
bean were all derived from mRNA purified from 
suspension cultured cells. However, the major 
differences between the procedures used to iso- 
late the AoPR1 and the parsley and bean IPR 
cDNAs is that the latter clones were obtained by 
treatment of long-established, dividing, heterotro- 

Asparagus PRI 

Parsley PRI 

Potato STH2 

Birch BetvI 

Pea I49 

Bean PvPRI 

s s G w s H v vN v AA G D i 
MGVQ K S E V* T T S S * S * E KL L 

MGVT * Y T L * T T T P * * P T * L * * LVV 

M G V F N Y E  T T T SV I P* A* L* * F I * 
y * M G V F N V E  D I T SV**P A I L LVT A 

MGVF T F E D Q T T S P P A T L Y * VAK A 

 N i ilV   IAGGSVVSGDGSi I R i IN 
DT*L Q V L e G A * K S S E T L * * * * G  * * V K L V H L G  

D* L M * Q - V K N I E A - -  EGD S K K M T F V  

D* V A e Q A ~ S S V E N I * * N * G  KK*SFP 

D** VI-*A K S I E I * *  N G K K L T F V  

DTZ AL * S F K S V E I * *  N G K K I S F V  

Asparagus PRI 

Parsley PRI 

Potato STH2 

Birch BetvI 

Pea I49 

Bean PvPRI 

NP AI P FS YVKE RLD FV~HD KF EVKQT L 

D A S- * * K T M* Q KV * A I * DKA T * T Y S Y $ I 

E G S e I K * L * H K I H V K N  L V  T K Y  S M 

E G F * * K * * * D * V * E T N K Y N Y S V 

E D G E T KH * L H KV E L * VAN LAY NY S I 

E D G E T K F  * L H K I E S I E A N  L G Y S Y S I 

I D * D I * L G F I  $ I N N * * T A V * N A D  *T ~ 

* * D V * * D K L  $ 1 S Y D L * * * A H G *  V I* 

* ~ * P I * D T L  K I S N E I * I V A T P D  IL ISN 

* G * V ~ F P D T V  K I S F E A * L S A G P *  IA LSV 

*G V A * P E T A  KI*FDS LSDGP* *! SI 

A arau pR1 SY I GVA ESA KE I N M A T0A  PAYV 
Parsley P~] i F N T K G D A V V P E E N  I K F * N D Q N L T I  F* *V * ~ ~ ..... 

V * Potato STH2 E * H T K G D Y V L K D E D H N E G * K Q G M E L F *  I * S V * A 

Birch Betvl K H T KGD H EVK * E Q V KA S * * MG E T L L R * V S * H S D * * N 

Pea I49 K F T K G D A A P  S E E Q L K T D * A K G D G L F  * L G * H * D - * N 

Bean PvPRI T * H S KGD A * P N E * L KAG * A KS D S L F * * V * * * .... 

Fig. 3. Alignment of amino acid sequences of the AoPRI homologues. The predicted asparagus AoPRI amino acid sequence is 
compared [ 15] with the predicted primary structures of the parsley PcPR-1 protein [25 ], the potato pSTH2 protein [18], the birch 
Beryl allergen [2], the pea p149 'disease response gene' protein [9] and the bean PvPR1 protein [27]. Residues showing identity 
to the AoPR1 predicted protein sequence are shown as an asterisk. Boxed regions show residues of absolute identity for all se- 
quences. The conservation of residues (boxed regions) is shown by an asterisk. 
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phic suspension cell cultures with fungal elicitors, 
whereas AoPR1 was induced in freshly isolated 
mesophyll cells where the wound response is in- 
tense [25, 27]. In long-established suspension 
cultures, any wound signals would be diluted out 
during subculturing so that expression of PR1- 
like genes in these systems would predictably be 
very low until the addition of external elicitors. 
Because AoPR1 was derived from a cell system 
in the absence of external elicitors, it is probable 
that the corresponding transcript is induced dur- 
ing mechanical cell isolation in which endogenous 
elicitors such as plant cell wall fragments may be 
produced [4, 7, 20]. Alternatively, the breaking of 
apoplastic connections as a result of the shearing 
apart of neighbouring cells during grinding may 
be sufficient to induce the wound signal respon- 
sible for transcript induction. It has been shown 
that mRNA coding for PR proteins accumulate in 
freshly isolated tobacco protoplasts, which clearly 
have lost all intercellular connections [ 11 ]. How- 
ever, in these experiments the same PR genes 
were induced by wounding only, so that it was 
difficult to determine any specific effect of cell 
separation on PR transcript induction. 

The induction of PR protein expression is clas- 
sically associated with pathogen infection of 
plants, however, potato pSTH-2-related tran- 
scripts were found to be induced by slicing tubers 
or stems as well as by the addition of arachidonic 
acid to tuber discs or by treatment of leaves with 
Phytophthora infestans mycelial homogenate [18]. 
Thus, as with AoPR1, the pSTH-2 member of the 
IPR group of proteins is induced by wounding. It 
is not known yet whether the birch, parsley or 
bean transcripts are induced only following the 
action of an elicitor or as a result of pathogen 
attack. In situ localisation of parsley PR1 mRNA 
has demonstrated that the transcript is highly 
abundant at sites immediately adjacent to the le- 
sions undergoing hypersensitive response upon 
attempted fungal infection [23, 25]. This pattern 
of expression is similar to the AoPR1 transcript 
accumulation close to the wound site in chopped 
up asparagus seedlings, but data showing that 
AoPR1 transcript is induced by pathogen attack 
have not been obtained. 

Analysis of previously described PR proteins 
with similarities to the predicted AoPR1 protein 
offers evidence that the predicted IPR proteins 
show evolutionary conservation. The order of the 
predicted proteins shown in the alignment reflects 
the degree of similarity among the AoPR1 protein 
and IPR proteins from other species, based on 
clustal analysis. The asparagus protein, which is 
derived from a monocot belonging to the family 
Liliacae, is most divergent from the protein se- 
quence consensus. Although apparent sequence 
similarities are evident, there may be differences 
between the AoPR1 gene and those of other IPR 
genes, reflecting the differences between mono- 
cots and dicots. 

In future experiments we hope to use this 
monocot clone to learn more about the role of the 
AoPR1 protein in the wound response and to 
utilise the asparagus wounded cell suspension as 
a model to investigate the extent of similarity of 
the wound response in monocots compared to 
dicots. 
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