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In search of plant genes expressed during early interac- 
tions between Casuarina glauca and Frank@ we have iso- 
lated and characterized a C. glauca gene that has strong 
homology to subtilisin-like protease gene families of sev- 
eral plants including the actinorhizal nodulin gene ag12 of 
another actinorhizal plant, Alnus glutinosa. Based on the 
expression pattern of cg12 in the course of nodule devel- 
opment, it represents an early actinorhizal nodulin gene. 
Our results suggest that subtilisin-like proteases may be a 
common element in the process of infection of plant cells 
by Frankia in both Betulaceae (Alnus glutinosa) and 
Casuarinaceae (Casuarina gkuca) symbioses. 

Additiotzal keyword symbiosis. 

Actinomycetes of the genus Frankia can enter a nitrogen- 
fixing root nodule symbiosis with several woody plant species 
belonging to eight different plant families collectively called 
actinorhizal plants (Benson and Silvester 1993). Actinorhizal 
root nodules are coralloid structures consisting of multiple 
nodule lobes, each of which is a modified lateral root without 
root cap, with a superficial pendem, a central vascular bun- 
dle, and both infected and uninfected cortical cells (Paw- 
lowski and Bisseling 1996; Franche et al. 1998). 

Several genes expressed specifically or at enhanced levels 
in actinorhizal nodules, collectively referred to as actinorhizal 
nodulin genes, have been isolated from Altius glutinosa and 
Casu¿witza glauca (Guan et al. 1998; Franche et al. 1998). 
Most of these genes have been classified as late actinorhizal 
nodulin genes, reflecting their involvement in final stages of 
nodule formation and functioning. Two families of actinorhi- 
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zal nodulin genes activated in early stages of nodule develop- 
ment have been identified in A. glutinosa (Ribeiro et al. 1995; 
Pawlowski et al. 1997). One of them, ag12, encodes subtil- 
isin-like proteases (Ribeiro et al. 1995). In situ hybridization 
revealed that ag12 genes are expressed in Frankia-infected 
cells of A. glutinosa nodules. While subtilisin-like proteases 
of the KexZfamily have been shown to play an important role 
in the secretory pathway in yeast and mammalia (Vierstra 
1996), only a few examples of subtilisin-like proteases from 
higher plants have been published (Kobayashi et al. 1994; 
Yamagata et al. 1994; Ribeiro et al. 1995; Tornero et al. 1996; 
Taylor et al. 1997). The plant subtilases identified seem to be 
involved in microsporogenesis, fruit ripening, the infection of 
nodule cells by Frankia, and pathogen response, respectively. 
They contain N-terminal signal peptides, suggesting that they 
are secreted to the plant extracellular matrix where they are 
presumably involved in the processing of pericellular sub- 
strates (Yamagata et al. 1994; Ribeiro et al. 1995; Tornero et 
al. 1996; Taylor et al. 1997). 

We are working on the Frankia-Casuarinaceae symbiosis, a 
model system that is especially suited to the analysis of plant 
symbiotic gene expression since C. glauca and its close rela- 
tive Allocasuaritza verticillata, unlike A. glutinosa, can be 
readily transformed and regenerated (Franche et al. 1997, 
1998). To identify an ag12 homolog in C. glauca, degenerate 
oligonucleotide primers were designed based on the amino 

Table 1. Primers used in this study 
i 

Primers Sequences 

12 forward 
12 reverse 
Race1 
Race2 
Race3 
Race4 
12RT1 
12RT2 
Ubi5 
Ubi3 

5’-GCIATIGG/$/cI’lTT/cGCIGCIATGG-3’ 
5’-GC~/~/TICG/,.IGTIGCIGCIGG~/~/TCCA-3’ 
5’-CGACCGATCTACAGTGCCTCC-3’ 
5'-GCTGGG AACA AGGTCCAACC-3' 
5’-CCGGGACATCCATGGmGCCCTC-3’ 
5’-CCCTCATGC’ITCTGGCATTGCTGCAC-3‘ 
5’-TGCTI’CGCCA’ITGGCCAT-3’ 
5’-CCATTTCTGGGCCCCTCITG-3’ 
5’-ATGCAGAT‘=/JTTGTGAAGAC-3’ , 
5’-ACCACCACGG/,AGACGGAG-3’ 
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acid sequence comparison between A. glutiiiosa Ag12 and 
Arabidopsis thaliana Ara12 (Ribeiro et al. 1995; 12 forward 
and 12 reverse; Table 1) and used in a reverse transcription- 
polymerase chain reaction (RT-PCR) to amplify a homolo- 
gous DNA fragment from RNA isolated from C. glauca root 
nodules. An 0.8-kb PCR product showing sequence similar- 
ity to ag12 was cloned into the pGEM-T vector (Promega, 
Madison, WJJ. The insert was excised with SstWPstI and 

r 

subcloned in pBluescript KS+ (Stratagene, La Jolla. CA), 
yielding pCgl2. Due to its homology to the ag12 gene, the 
C. glauca gene was designated cg12. To obtain the full- 
length cg12 cDNA, rapid amplification of 5' and 3' cDNA 
ends (RACE) PCRs were performed with the Marathon 
cDNA amplification kit according to the manufacturer's in- 
structions (Clontech, Palo Alto, CA) with primers Racel- 
Race4 (Table 1). The full products were amplified with the 

'. 

, 

. ,  , 

'I 

. .  

. .  

, 

520 
513 

560 
553 

P T D A T A Q I G T N V Y L S S H Y N M V  M A  c P n A s G 
P N E A T A Q I G T N V Y L S S H Y N M V  M,A C P H A S G I I I  

~ P E W S P A A I R S A M I T T A N P L D N T Q K P I R D N G L D ~ Q V A S P  cg12 
~ P E W S P A A I R S A M M T T A N P L D N T L N P I E E N G K K F ~ L A S P  I I U U  II ~ g 1 2  

, '1 

P s s D L N Y P s F I A F  n N G K'N D T v 
P s s D L N Y P s F I A F n N s T c R R s 

cg12 
Ag12 

Fig. 1. Amino acid sequence comparison between Ag12 and g l 2 ,  Identical amino acids in conserved positions are boxed. Putative signa1 peptide 
cleavage site is indicated by a star (position 29 in Cg12). Amino acids forming the active site of subtilases (DISZ, HZz4, N3?6, and S543 of Cg12) are la-, 
beled by inverse print. 
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Advantage cDNA PCR kit (Clontech) and cloned into the 
pGEM-T vector promega). The largesr cDNA clone was 
2,645 bp long with 5' and 3' untranslated regions (UTRs) of 
221 and 108 bp, respectively (Eh4BL accession number 
AJO12164 data not shown). The 2,295-bp-long open read- 
ing frame (OW) encoded a protein of 765 amino acids with 
a calculated molecular mass of 82 kDa and an isoelectric 
point of 6.5. The deduced amino acid sequence showed 80% 
similarity with Ag12 and displayed all the features of plant 
subtilisin-like proteases including the presence of an N ter- 
minal signal peptide (Fig. 1). Sequence alignment of Cg12 
and Ag12 with tomato subtilases (Meichtry et al. 1999) re- 
veals that these enzymes fall into the LeSBT3/4 subfamily. 
Genomic DNA gel blot analysis indicates that a single gene 
encoding Cg12 is present in C. glauca genome (data not 
shown), while ag12 and LeSBT3/4 belong to small gene 
families (Ribeiro et al. 1995; Meichtry et al. 1999). 

cg12 expression in different tissues was studied with both 
Northern (RNA) blot experiments and RT-PCR. Total RNA 
was extracted from nodule, uninfected roots, and aerial parts 
as described (Bugos et al. 1995). Northern blot experiments 
were conducted as described by Ribeiro et al. (1995) with a 
cg12 probe obtained by excision of the insert of pCgl2 with 
PstI and SstII and a plant ribosomal RNA probe (Carnero Diaz 
et al. 1997) as a loading control. A 2.5-kb transcript could be 
deteped în the nodule RNA but not in RNA isolated from 
roots or stemsneaves (Fig. 2A). The size of the detected tran- 
script was similar to that of the full size cg12 clone and to that 
of ag12 and ara12 (Ribeiro et al. 1995). For a more sensitive 
analysis, RT-PCR was performed based on total RNA isolated 
from roots, nodules, and stemdleaves as described by Laplaze 
et al. (1999) with primers 12RT1 and 12RT2 (Table 1). The 
results showed that cg12 transcripts are present in nodules and 
also in aerial parts of C. glauca (Fig. 2B). Thus, organ- 
specific expression of cg12 was similar to that described for 
ag12 in A. glutinosa (Ribeiro et al. 1995). 

To localize cg12 gene expression, we performed in situ hy- 
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bridization on sections .of mature C. glauca nodules (Gherbi et 
al. 1997). cg12 probes were prepared by linearization o f '  
pCgl2 with SstII and in vitro transcription with T7 RNA PO- 
lymerase (antisense) or linearization with PsrI and in vitro 
transcription with T3 RNA polymerase (sense), respectively. 
Parallel sections were hybridized with a probe for the nitroge- 
nase structural gene nifH from Frankia, prepared as described 
by Gherbi et al. (1997) to identify infected cells containing 
nitrogen-fixing bacteria. cgl2 hybridization signals were 
strong in young, infected cells of the infection zone and 
weaker and irregular iñ the infected cells of the fixation zone 
as denoted by Frankia nifl expression (Fig. 3). No hybridiza- 
tion was detected in the meristem, the uninfected cortical 
cells, or the vascular system. No signal was obtained in con- 
trol hvbridizations with the sense probe (data not shown). A 

, 

mechanisms of infection of nodule cells by Frankia are con- 
served in both systems. 

In summary, we have identified a subtilisin-like protease 
gene in C. glauca and shown that, as already observed in A. 
glutinosa, this protease is probably involved in the process of 
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similar expression pattern had been found for ag12 in mature 
root nodules of A. glutinosa (Ribeiro et al. 1995). 

that Casuarina- 
cese and sPP* are closeb' (swensen 19g6), their 
nodules differ with respect to oxygen protection mechanisms 
employed by both plant host and bacterial symbiont (Silvester 
et al. 1990) a d  also rèspect to nodule carbon me&bofism 
(E. Duhoux, unpublished observation). The conservation of 
ag12/cg12 in Casuarinaceae and Alnus spp. implies that the 

Fig. 2. Tradscription analysis of cg12 in different organs of Casuarina 
glauca. Total RNA was isolated from nodules (N), uninfected roots (R), 
and aerial parts (AP). A, RNA gel blot analysis. RNA samples (20 pg per 
slot) were separated on an 1.2% agarose gel, transferred to a nylon 
membrane, and probed with a cg12 probe and a ribosomal probe (18% 
Camero Diaz et al. 1997) B, Reverse transcription-polymerase chain 
reaction (RT-PCR) analysis. Total RNA was used for RT-PCR experí- 
ments. No amplification was observed when the RT reaction was o ~ t -  
ted (RT-), indicating that the RNA preparations did not contain genomic 
DNA, miquitin (mi) was amplified with primers mis and mi3 Crable 
1) as an intemal 

Although has 
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Fig. 3. Localization of cg12 transcripts in mature, nitrogen-fixing nodules of Casuarina glauca. A and C,  Bright-field microscopy; silver grains denoting 
hybridization appears as black dots. B and D, Dark-field microscopy and epipolarized light; silver grains are visible as yellow dots. A and By Expression 
of cg12 in a longitudinal section of a C. glauca nodule lobe. C and D, Expression of Frankia nifH in an adjacent longitudinal section of the same nodule 
lobe. Arrowheads point at infected cortical cells of the infection zone where (A, B) high levels of cg12 expression are found but (Cy D) Frankia does not 
yet express nzw. Arrows point at infected cortical cells of the fixation zone where Frankia nzfl is expressed but cg12 expression has decreased dramati- 
cally. No signal was found in control hybridizations with sense RNA as a probe. Bar = 100 pn. 

infection of nodule cells by Frankia. The exact function of 
cg12 and ag12 remains to be elucidated. The fact that these 
proteases are expressed during early stages of the infection of 
nodule cells suggests that they play a role in protein process- 
ing rather than in degradative proteolysis. The isolation of an 
expressed sequence tag (EST) clone encoding a subtilisin-like 
protease from nodules of the legume Lotus japonicus 
(Szczyglowski et al. 1997) suggests a widespread function of 
these proteases in root nodule symbioses. In this context, it is 
interesting to note that subtilisin-like proteases are also in- 
duced in the course of response to pathogens (Tomero et al. 
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1996, 1997) and have been implicated in the processing of 
systemin (Schaller and Ryan 1994). Further research will be 
needed to elucidate the function of subtilases in nodulation in 
comparison to their role in pathogenic interactions. 
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