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A pathogenesis-related (PR) protein from Theobroma cacao 
(TcPR-10) was identified from a cacao–Moniliophthora per-
niciosa interaction cDNA library. Nucleotide and amino acid 
sequences showed homology with other PR-10 proteins hav-
ing P loop motif and Betv1 domain. Recombinant TcPR-10 
showed in vitro and in vivo ribonuclease activity, and anti-
fungal activity against the basidiomycete cacao pathogen M. 
perniciosa and the yeast Saccharomyces cerevisiae. Fluo-
rescein isothiocyanate-labeled TcPR-10 was internalized by 
M. perniciosa hyphae and S. cerevisiae cells and inhibited 
growth of both fungi. Energy and temperature-dependent 
internalization of the TcPR-10 suggested an active importa-
tion into the fungal cells. Chronical exposure to TcPR-10 of 
29 yeast mutants with single gene defects in DNA repair, 
general membrane transport, metal transport, and antioxi-
dant defenses was tested. Two yeast mutants were hyperre-
sistant compared with their respective isogenic wild type: 
ctr3Δ mutant, lacking the high-affinity plasma membrane 
copper transporter and mac1Δ, the copper-sensing tran-
scription factor involved in regulation of high-affinity copper 
transport. Acute exposure of exponentially growing yeast 
cells revealed that TcPR-10 resistance is also enhanced in the 
Snq2 export permease-lacking mutant which has reduced 
intracellular presence of TcPR-10. 

Pathogenesis-related (PR) proteins are defined as plant pro-
teins that are induced in response to pathogen infection or 
under different stress conditions (van Loon and van Strien 
1999; van Loon et al. 1994, 2006). PR proteins have been first 
grouped into 14 families on the basis of sequence similarity 
and enzymatic activities (van Loon and van Strien 1999) and 
more recently reclassified in 17 families based on their primary 
structure, serological relationships, and biological activities 
(Christensen et al. 2002). Main attention was paid to some 
PR proteins such as chitinases and glucanases concerning 
their fundamental role in degradation of the pathogen’s cell 

wall (Mauch et al. 1988) while others, such as members of 
the PR-10 family, have been studied more recently (Liu and 
Ekramoddoullah 2006). 

The PR-10 family comprises acidic proteins with a low mo-
lecular mass (15 to 19 kDa), lacking peptide signal and resis-
tant to proteases (Liu and Ekramoddoullah 2006; Walter et al. 
1990); they are allocated to two distinct groups: intracellular 
PR proteins (IPR) with homology to ribonucleases (van Loon 
et al. 1994) and S-norclaurine synthases (Samanani et al. 2004). 
As biological functions, the PR-10 show enzymatic activity in 
plant secondary metabolism, play a role in abiotic stress, and 
have in vitro ribonuclease and antimicrobial activity (Liu and 
Ekramoddoullah 2006). Many genes encoding PR-10 proteins 
appear to be regulated according to biotic stresses in a number 
of plant species. Pathogens triggering a PR-10 response include 
viruses (Park et al. 2004; Xu et al. 2003), bacteria (Breda et al. 
1996; Esnault et al. 1993), and fungi (Colditz et al. 2007; 
Ekramoddoullah et al. 1998; Liu et al. 2003, 2005; McGee et 
al. 2001; Tanabe et al. 2006). 

Recently, a PR-10 gene from cacao (TcPR-10) was isolated 
from a Theobroma cacao L.–Moniliophthora (= Crinipellis) 
perniciosa interaction cDNA library. The hemibiotrophic 
basidiomycete Moniliophthora perniciosa, the causal agent 
of witches’ broom disease (Aime and Phillips-Mora 2005), is 
a serious threat to cacao production in South America and the 
Caribbean (Andebrhan et al. 1999). In planta and in vitro M. 
perniciosa presents two distinct stages: a biotrophic and a 
necrotrophic or saprotrophic phase. Initially, uninucleated 
basidiospores germinate on rapidly growing tissues, such as 
meristems, initiating the biotrophic phase of the disease that 
is characterized by the presence of monokaryotic intercellu-
lar mycelia that lack clamp connections. When emerging 
branches are infected, the disease is characterized by a rapid 
growth of new shoots with short internodes, called green 
brooms (Silva et al. 2002). After some weeks, the infected 
tissues begin to senesce and are colonized intracellularly by 
the saprotrophic mycelium of M. perniciosa, which is di-
karyotic and has clamp connections. The senescing brooms 
turn brown, forming necrotic dry broom structures typical for 
witches’ broom, which begin to produce basidiocarps releas-
ing basidiospores, thus completing the fungal life cycle 
(Ceita et al. 2007; Garcia et al. 2007; Silva et al. 2002). Recent 
studies have shown that it is possible to maintain biotrophic-
like mycelium in vitro, and that the conditions that prevent 
phase change are a low nutrient content and the presence of 
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glycerol as the only carbon source (Meinhardt et al. 2006). 
Breaking mono- and dikaryotic mycelium of M. perniciosa 
yields small cell aggregates that perform as “quasi single 
cells” (and grow on agar surfaces to so-called pseudocolo-
nies) and, thus, may be used for quantitative toxicity assays 
(Filho et al. 2006). 

Because cacao is an important commodity—20 million peo-
ple depend directly on cocoa for their livelihood, and approxi-
mately 90% of the production is exported in the form of beans 
or semimanufactured cocoa products to Europe and the United 
States (Food and Agriculture Organization)—and because of 

the drastic impact of witches’ broom disease on cacao produc-
tion, we focused our attention on gene TcPR-10 as a candidate 
for disease control as well as to study the mechanisms of fun-
gal resistance to this PR protein. Here, we report the molecular 
cloning of TcPR-10, the heterologous expression of the corre-
sponding recombinant protein, and its antifungal activity 
against two different and unrelated species (M. perniciosa and 
Saccharomyces cerevisiae). We also report results suggesting 
that resistance to TcPR-10 in S. cerevisiae is related to absence 
of high-affinity copper transport and ABC export permease 
Snq2, a multidrug efflux pump in yeast. 

 

Fig. 1. Nucleotide and amino acid sequences of Theobroma cacao pathogenesis-related (PR) protein 10 (TcPR-10). A, Nucleotide and deduced amino acid 
sequence of TcPR-10. P loop motif and Betv1 domain are underlined. Asterisk represents open reading frame termination codon. Putative phosphorylation
sites are indicated in boxes on the amino acid sequence B, Comparison of predicted amino acid sequence of TcPR-10 with those of VvBetv1 (Vitis vinifera; 
CAN79554), SvPR-10 (Solanum virginianum; AAU00066), MdPR-10 (Malus × domestica; AAS00047), StBetv1 (S. tuberosum; AAA03019), PaBetv1 
(Prunus avium; AAS47036), FsPR-1 (Fagus sylvatica, AJ130889), and VuPR-10 (Vigna unguiculata, AB038691). The P loop motif (G47–K55), E97, E149, and 
Y151 (as positioned in TcPR-10) involved in ribonuclease activity are indicated in gray boxes. Gaps introduced to get the best alignment are indicated by
dashes, and (.) and (*) represent identical and highly conserved amino acids between sequences, respectively. 
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RESULTS 

TcPR-10 sequence analysis. 
A clone from a cacao–M. perniciosa cDNA library was 

identified as a putative PR-10 gene (insert size of 779 bp) with 
an open reading frame (ORF) of 480 nucleotides encoding a 
protein of 159 amino acid residues (Fig. 1A). The predicted 

protein has a calculated isoelectric point of 5.57 and calculated 
molecular masses of 19.65 and 17.6 kDa with and without the 
His-Tag, respectively. There is no predicted hydrophobic N-
terminal region in the protein sequence. Deduced amino acid 
sequence of TcPR-10 shows the presence of a conserved P 
loop motif GXGGXGXXK and a Bev1 domain (Fig. 1A). Four 
putative phosphorylation sites were detected: three on serine 
residues (S38, S100, and S118) and one on tyrosine residue Y67. 
The predicted amino acid sequence was aligned with different 
members of the PR-10 family using ClustalW and was shown 
to have high homology of conserved amino acids involved in 
ribonuclease activity (P loop domain and E97, E149, and Y151 
residues) (Fig. 1B). 

Analysis of expressed recombinant TcPR-10 protein. 
The TcPR-10 gene was cloned in pET28a plasmid and was 

successfully expressed in Escherichia coli BL21(DE3) after 2 
h of induction (Fig. 2A, lane 5). The highest yield of recombi-
nant protein was obtained after 3 h of induction (Fig. 2A, lane 
6) while no visible band was observed in the corresponding 
control (pET28a without insert) (Fig. 2A, lane 2). The protein 
had a molecular mass of 18.4 kDa, close to the predicted one 
(19.65 kDa with His-Tag). TcPR-10 was successfully purified 
with a Talon resin metal-affinity column (Fig. 2B). 

TcPR-10 ribonuclease activity. 
In vitro ribonuclease activity of the recombinant TcPR-10 is 

shown in Figure 3A. TcPR-10 (1 μg) was capable of degrading 
M. perniciosa RNA (1 μg) in a time-dependent manner. High 
molecular weight RNA smears were observed after 2, 4, and 8 
min of incubation (Fig. 3, lanes 2 to 4) while short molecular 

Fig. 2. Sodium dodecyl sulfate polyacrylamide gel electrophoresis analy-
sis of Theobroma cacao pathogenesis-related (PR) protein 10 (TcPR-10) 
production in bacteria. A, Expression of recombinant TcPR-10 (with His-
Tag tail) in Escherichia coli BL21(DE3). Lane 1: pET28a without insert
and without induction; lane 2: pET28a without insert 3 h after induction;
lane 3: pET28a-TcPR-10 without induction; lane 4: pET28a-TcPR-10 1 h 
after induction; lane 5: pET28a-TcPR-10 2 h after induction; lane 6:
pET28a-TcPR-10 3 h after induction. Arrows indicate the TcPR-10 protein 
band. B, Purified recombinant TcPR-10 (18.4 kDa). 

Fig. 3. Ribonuclease activity of recombinant Theobroma cacao pathogenesis-related (PR) protein 10 (TcPR-10). A, Ribonuclease activity in vitro on 
Moniliophthora perniciosa RNA. TcPR-10 (1 or 0.5 μg) was incubated for various times with 1 μg of M. perniciosa RNA at 25°C. Incubation time: lane 1, 2 
min; lane 2, 4 min; lane 3, 8 min; lane 4, 15 min; lane 5, 30 min; lane 6, 1 h; lane 7, 2 h; lane 8, 4 h; lane 9, 6 h; lane 10, 16 min; and lane 11, 32 min. RNA 
was also incubated 6 h without TcPR-10 and with 1 μg of boiled TcPR-10. B, Ribonuclease activity in vivo on M. perniciosa. TcPR-10 (8 μg) was incubated 
with M. perniciosa broken hyphae at 25°C for varying incubation times. Then, fungal RNA was extracted and analyzed by RNase-free agarose gel 
electrophoresis. Incubation times: lane 1, 15 min; lane 2, 30 min; lane 3, 1 h; and lane 4, 24 h. Broken hyphae were also incubated 24 h without TcPR-10 and 
with 8 μg of boiled TcPR-10. C, Ribonuclease activity in vitro on cacao RNA. Phosphorylated (lanes 1 and 2) or nonphosphorylated (lanes 3 and 4) TcPR-10 
(1 μg) was incubated with cacao RNA at 25°C for varying incubation times: lanes 1 and 3, 1 h; and lanes 2 and 4, 6 h. Cacao RNA was also incubated for 24
h without TcPR-10, only with buffer, and with 1 μg of boiled TcPR-10. 
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weight RNAs were observed after longer incubation times 
(from 15 min to 6 h) (Fig. 3, lanes 6 to 11). Control RNA, either 
untreated with TcPR-10 or incubated with 1 μg of boiled 
TcPR-10, showed no degradation (Fig. 3, lanes 1 and 5). Deg-
radation was exposure concentration dependent because half 
the amount of protein needed double of the time to achieve the 
same RNA degradation (Fig. 3, lanes 12 and 13). 

In vivo ribonuclease activity of TcPR-10 was also observed 
(Fig. 3B); broken hyphae were incubated with 8 μg of TcPR-
10, washed with diethylpyrocarbonate (DEPC) water, and then 
used for RNA extraction. A complete degradation of M. perni-
ciosa RNA was observed after 1 and 24 h of incubation (Fig. 
3B, lanes 3 and 4) while shorter incubation times (15 and 30 
min) (Fig. 3B, lanes 1 and 2) yielded only limited RNA degra-
dation. A control sample corresponding to broken hyphae incu-
bated 24 h with 8 μg of boiled TcPR-10 showed no degrada-
tion (Fig. 3B). 

In vitro ribonuclease activity on cacao RNA was also tested 
(Fig. 3C). Because phosphorylation of PR-10 may influence 
substrate specificity (self RNA versus nonself RNA) (Park et al. 
2004), we first phosphorylated TcPR-10 and tested its activity 
on cacao RNA. Both phosphorylated and nonphosphorylated 
TcPR-10 degraded plant RNA (after 1 or 6 h of incubation) Fig. 
3C, lanes 1 to 4) whereas a control sample corresponding to 
cacao RNA incubated for 24 h with 1 μg of boiled TcPR-10 or 
with buffer showed no degradation (Fig. 3C). 

Antifungal activity, internalization  
of TcPR-10, and membrane permeability in M. perniciosa. 

To test the antifungal activity of TcPR-10 on M. pernici-
osa, increasing concentrations of the recombinant protein 
(chronic exposure, from 0 to 8 μg/plate) were incubated either 
with mono- or dikaryotic broken hyphae of M. perniciosa or 

with basidiospores (Fig. 4). Dikaryotic cultures were the 
most sensitive to TcPR-10 (3% survival of CFU) whereas 
monokaryotic cultures and basidiospores showed the same 
high resistance to TcPR-10 (20% of survival) (Fig. 4). Mor-
phology of M. perniciosa colonies was the same regardless 
of TcPR-10 exposure concentration or treatment with boiled 
TcPR-10 (Fig. 4, inset). 

Sensitivity of M. perniciosa cells to TcPR-10 was associated 
with internalization of the protein in a time-dependent manner 
(from 30 min to 6 h). Fluorescein isothiocyanate (FITC)-
TcPR-10 was observed throughout the M. perniciosa hyphae. 
However, a more intense green fluorescence was observed in 
some foci (Fig. 5B, FITC, arrows), which were colocalized 
with an increase of membrane permeability visualized by 
propidium iodide (PI) red fluorescence (Fig. 5B, PI, arrows). 
Uptake of TcPR-10 was inhibited by 0.05% of NaN3 and by 
low incubation temperature (4°C) (Fig. 5D and E, respec-
tively). Boiled TcPR-10 labeled with FITC neither showed 
fluorescence nor increased membrane permeability (Fig. 5F). 

Antifungal activity, internalization  
of TcPR-10, and membrane permeability in S. cerevisiae. 

Twenty-nine mutant strains S. cerevisiae with defects in dif-
ferent metabolic pathways were used to define probable TcPR-
10 mechanisms of action using a semi-quantitative drop-test 
for screening (Table 1) (Pungartnik et al. 2002). In these ex-
perimental conditions, among the 29 yeast null mutants per-
taining to different metabolic pathways tested for sensitivity to 
TcPR-10 in chronic exposure, none was more sensitive than 
the isogenic wild type (WT) and only 2 (defect in high-affinity 
copper transport) showed a hyper-resistance phenotype (Table 
1). It should be noted that four different WT strains were used 
and the mutants’ phenotypes were compared with that of their 

 

Fig. 4. Effect of Theobroma cacao pathogenesis-related (PR) protein 10 (TcPR-10) on Moniliophthora perniciosa growth and germination. Survival of M. per-
niciosa monokaryotic and dikaryotic broken hyphae and basidiospores incubated with different TcPR-10 concentrations. The inset shows morphology of M. 
perniciosa monokaryotic pseudocolonies after TcPR-10 exposure (4 and 8 μg/ml) and control conditions (exposure to phosphate buffer and boiled TcPR-10 
at 8 μg/ml). 
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Fig. 5. Internalization of fluorescein isothiocyanate (FITC)–Theobroma cacao pathogenesis-related (PR) protein 10 (TcPR-10) and membrane permeability 
of Moniliophthora perniciosa hyphae. FITC-TcPR-10 was incubated with M. perniciosa hyphae at 25°C with or without NaN3, and membrane integrity was 
checked by using propidium iodide (PI) uptake assay. Hyphae were observed under fluorescence microscope at different exposure times (30 min to 6 h) and 
images were taken under phase contrast, FITC filter, and PI filter. 
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respective WT, and that TcPR-10 had higher toxicity in the 
copper transporter group (Table 1). 

Using a more precise experimental approach, chronic expo-
sure to TcPR-10 of cells in stationary (STAT) phase showed 
that the snq3Δ/yap1Δ mutant (lacking a transcription factor 
activated by oxidative stress) was slightly more sensitive (P < 
0.05, unpaired t test, one-tail and two-tail) than the corre-
sponding WT, while another 4-nitroquinoline-N-oxide 
(4NQO)-sensitive mutant, snq1Δ/atr1Δ, had WT-like resistance 
at TcPR-10 exposure doses from 6 to 15 μg/plate (Fig. 6A). 
Because Yap1 protein is known to be activated by oxidative 
stress (Miyahara et al. 1996), two oxidative stress-sensitive 
mutants, sod2Δ and cta1Δ, were also analyzed (Fig. 6B). These 
two mutants had WT-like resistance at all tested doses (Fig. 
6B). Because expression of export permease Snq2 protein is 
controlled by Yap1, we included the snq2Δ mutant in our tests 
and found it to have WT-like resistance to Tc-PR10. Boiled 
TcPR-10 at the highest dose (15 μg/plate) showed no killing at 
all in any of the mutant strains (data not shown). 

Yeast STAT cells exposed to FITC fluorescent-labeled 
TcPR-10 did not take up significant amount of the protein dur-
ing 24 h of exposure (data not shown). Therefore, we analyzed 
the time course of TcPR-10 internalization in yeast exponen-

tially growing (LOG) cells (Figs. 7 and 8). We first assessed 
TcPR-10 sensitivity under these LOG conditions: LOG cells of 
ABC transporter mutant snq2Δ were more resistant than LOG 
cells of the isogenic WT with TcPR-10 exposure at 3 μg/ml 
during 6 h (Fig. 7A). Because ABC transporters are Yap1 tran-
scription activator inducible, we exposed snq1Δ/atr1Δ (resis-
tant to aminotriazole) and snq3Δ/yap1Δ mutants to the same 
doses as before. Interestingly, neither of the two showed statis-
tical difference in survival when compared with the respective 
isogenic WT (Fig. 7B). 

In order to find out whether sensitivity to TcPR-10 is directly 
correlated with cellular uptake of protein (internalization), we 
followed protein accumulation with FITC-labeled TcPR-10 in 
LOG phase cells and checked for viability with PI (Fig. 8). In 
the WT BY10000, TcPR-10 accumulated (from 15 to 60 min 
of exposure) whereas there was no increase in internalization 
of TcPR-10 in the isogenic snq2Δ mutant. The same pattern 
was seen in the viability test with PI after TcPR-10 exposure: 
in the WT, the number of nonviable cells increased with expo-
sure time, whereas this was not so for mutant snq2Δ (Fig. 8A 
and B), confirming its higher resistance to TcPR-10 (Fig. 7A). 
Interestingly, the high-affinity copper transporter mutants treated 
with the same amount of labeled TcPR-10 had the same uptake 

Table 1. Saccharomyces cerevisiae strains used in this study, their relevant protein function, and their response to Theobroma cacao pathogenesis-related 
protein 10 (TcPR-10) incubation 

Yeast mutant strainsa Protein function Responseb Phenotypec Source 

BY10000 Wild type – 
 

EUROSCARF 

rad1Δ, rad30Δ, rad14Δ, pso2Δ, 
rnr4Δ 

DNA repair metabolism ND/WT* 

 

 

sod2Δ, cta1Δ  Anti-oxidant defenses ND/WT* 
 

 

snq2Δ, yor1Δ, aus1Δ, pdr5Δ, 
pdr10Δ, pdr11Δ, pdr12Δ, pdr15Δ, 

Membrane transport ND/WT* 

 

 

YPH98 Wild type – 
 

P. Hieter 

snq1Δ/atr1Δ Membrane transport  ND/WT* 
 

M. Brendel 

snq3Δ/ yap1Δ Anti-oxidant defenses ND/WT*d 
 

 

DTY401 Wild-type – 

 

D. J. Thiele 

fre1Δ, fre2Δ Ferric and cupric reductase ND/WT* 
 

 

DY1457 Wild-type – 
 

D. J. Eide 

zrt1Δ, zrt2Δ, zap1Δ Zinc transporter ND/WT* 

 

 

fet3Δ, fet4Δ, aft1Δ Ferrous transporter ND/WT* 

 

 

DTY165 Wild-type - 
 

D. J. Thiele 

ctr1Δ High-affinity copper transporter of the 
plasma membrane 

HypR** 

 

 

ctr2Δ Putative low-affinity copper transporter of 
the vacuolar membrane 

HypR** 

 

 

ctr3Δ High-affinity copper transporter of the 
plasma membrane 

HypR** 

 

 

mac1Δ Copper-sensing transcription factor involved 
in regulation of genes required for high-
affinity copper transport 

HypR** 

 

 

a  Haploid cells.  
b Response to TcPR10 on drop test. ND/WT = not different from isogenic wild type; * and ** = 8 and 5 μg/plate, respectively; and HypR = hyper-resistant 

compared with the isogenic WT. 
c  One strain representative of the whole series was tested.  
d ND/WT on drop test but sensitive on refine analysis. 
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kinetics as the respective WT (Fig. 8C, D, and E), although the 
mutants were hyperresistant to the protein (Table 1). 

DISCUSSION 

In this article, we reported the characterization of a PR-10 
cDNA from cacao and its corresponding protein, designated as 
TcPR-10. The TcPR-10 ORF was 480 bp in length and en-
coded a polypeptide of 159 amino acids with a molecular mass 
of 18.4 kDa, which is in accordance with the general charac-
teristics of the PR-10 family: i) ORF from 456 to 489 bp, ii) 
protein from 151 to 162 amino acids, and iii) protein molecu-
lar mass of 15 to 19 kDa (Liu and Ekramoddoullah 2006). 
TcPR-10 shares high amino acid sequence similarity with dif-
ferent typical members of the ubiquitous family of PR-10 such 
as PR-1 from Fagus sylvatica and Betv1 from Vitis vinifera 
(Fig. 1B). Sequence analysis revealed that TcPR-10 contains 
no signal peptide, suggesting that it is an intracellular protein 
located in the cytosol in contrast to most other PR proteins, 

which are generally extracellular (Ziadi et al. 2001). This 
result also suggests that TcPR-10 belongs to the IPR group, 
which is known to have homology with ribonucleases (van 
Loon et al. 1994). The presence of a P loop motif 
(GXGGXGXXK) and conserved amino acids such as E97, E149, 
and Y151, considered to be involved in the ribonuclease activity 
(Bantignies et al. 2000; Chadha and Das 2006), indicated the 
possible RNase activity of TcPR-10. Putative phosphorylation 
sites, correlated to RNase activity levels in other proteins (Liu 
et al. 2006), were also encountered in the TcPR-10 sequence 
(S38, S100, S118, and Y67). The expression of active recombinant 
TcPR-10 protein in a bacterial system is supported by the ab-
sence of putative N-glycosylation sites (A-X-S/T type) 
(Lerouge et Faye 1996) in the amino acid sequence (Fig. 1A). 

Purified recombinant TcPR-10 indeed showed RNase (and 
no DNAse) (data not shown) activity on M. perniciosa RNA 
(Fig. 3) as predicted by its amino acid sequence, and also had 
antifungal toxicity (Figs. 4 and 6). The correlation of in vitro 
RNase activity with antimicrobial activity of PR-10 proteins 

 

Fig. 7. Kinetics of toxicity of Theobroma cacao pathogenesis-related (PR) protein 10 (TcPR-10) on Saccharomyces cerevisiae exponentially growing cells. 
A, Exposure time-dependent survival of BY10000 and derived mutant snq2Δ incubated with TcPR-10 at 3 μg/ml for 0, 3, and 6 h. B, Exposure time-
dependent survival of YPH98 and derived mutants snq3Δ/yap1Δ and snq1Δ/atr1Δ incubated with TcPR-10 at 3 μg/ml for 0, 3, and 6 h. 

 

Fig. 6. Effect of chronic exposure of Saccharomyces cerevisiae to Theobroma cacao pathogenesis-related (PR) protein 10 (TcPR-10). A, Survival of wild-
type (WT) YPH98 and derived mutant strains snq3Δ/yap1Δ and snq1Δ/atr1Δ. Stationary (STAT) phase cells were grown in the presence of different TcPR-10 
concentrations. B, Survival of WT BY10000 and derived mutant snq2Δ, sod2Δ, and cta1Δ. STAT phase cells were grown in the presence of different TcPR-
10 concentrations. 
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was already shown. CaPR-10 protein from hot pepper (Capsi-
cum annuum) inhibited growth of the oomycete pathogen P. 
capsici and also exhibited ribonuclease activity against To-
bacco mosaic virus RNA (Park et al. 2004); SsPR-10 from So-

lanum surattense and the AhPR-10 from Arachis hypogaea L.  
(peanut) showed both ribonuclease and antimicrobial activity 
(Chadha and Das 2006; Liu et al. 2006). In the case of Betv1 
from birch (Betula verrucosa) pollen (Bufe et al. 1996; 

 

Fig. 8. Internalization of fluorescein isothiocyanate (FITC)–Theobroma cacao pathogenesis-related (PR) protein 10 (TcPR-10) by Saccharomyces cerevisiae
exponentially growing cells. A, Wild-type (WT) BY10000 and mutant strain snq2Δ incubated with FITC-TcPR-10 and propidium iodide (PI) at 25°C. B, 
DTY165 and isogenic mutants ctr3Δ and mac1Δ incubated with FITC-TcPR-10 and PI at 25°C. Cells were observed under fluorescence microscope at
different time points (15 and 60 min) and images were taken under phase contrast and FITC and PI filters. 
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Swoboda et al. 1996), LaPR-10 from lupine (Lupinus albus) 
roots (Bantignies et al. 2000), and GaPR-10 from Gossypium 
arboretum (Zhou et al. 2002), only the ribonuclease activity 
was demonstrated. 

The in vitro ribonuclease activity of some PR-10 proteins to 
plant defense responses may possibly be explained by the fact 
that their RNase activity may either help to protect plants dur-
ing programmed cell death (PCD) around infection sites (hy-
persensitive response [HR]) or may act directly on the patho-
gen (Liu and Ekramoddoullah 2006). With regard to witches’ 
broom disease, the TcPR-10 gene was obtained from the com-
patible cacao–M. perniciosa cDNA interaction which is known 
to involve PCD in the final stage of the disease (Ceita et al. 
2007; Garcia et al. 2007). During the PCD process, the plasma 
membrane breaks and the cell content is released to the 
apoplast while M. perniciosa invades the plant cells (changes 
from inter- to intracellular mycelium growth) (Ceita et al. 
2007). In these conditions, TcPR-10 may be involved in acting 
directly on the pathogen as an ultimate attempt to impede fun-
gal development. On an other hand, the pathogen-triggered 
PCD that leads to the death of the infected cacao tissues seems 
important for the fungus to change its phase from biotrophic to 
saprotrophic (necrotrophic) in vivo (Ceita et al. 2007). As a 
consequence of the pathogen’s strategy, the TcPR-10 RNase 
activity may participate in PCD, degrading plant RNA, thus 
allowing necrosis and death and thereby supporting fungal 
phase transition and basidiocarp production. This may be sup-
ported by the TcPR-10 (phosphorylated or not) RNase activity 
against plant RNA (Fig. 3C). According to Park and associates 
(2004), phosphorylation of PR-10 may be related to specificity 
for certain RNA substrates (fungus self RNA versus nonself 
RNA). In our conditions, the phosphorylation did not influence 
the RNase activity of TcPR-10 or its substrate specificity (i.e., 
it degraded both plant and fungus RNA). The biological im-
portance of the RNase activity of TcPR-10 and, more gener-
ally, of the other PR-10 proteins with in vitro RNase activity 
needs to be further investigated. Here, we demonstrated that 
TcPR-10, when incubated with M. perniciosa hyphae, was also 
capable of degrading the fungal RNA, thus demonstrating the 
in vivo activity of the recombinant protein (Fig. 3B). 

TcPR-10 showed antifungal activity on both M. perniciosa 
and S. cerevisiae. It inhibited M. perniciosa mycelial growth as 
well as basidiospore germination (Fig. 4). Cells from the 
monokaryotic mycelium and basidiospores had the same sensi-
tivity and were more resistant to TcPR-10 than the dikaryotic 
mycelium (Fig. 4). An increased sensitivity of dikaryotic cul-
tures against different mutagens has already been shown (Filho 
et al. 2006) and is correlated with differential expression of 
genes providing antioxidative defenses in mono- and dikaryotic 
fungus, and also depends on the medium carbon source (Santos 
et al. 2008). Also, we may speculate that basidiospores, having 
the first contact with the putative host and its defenses against 
pathogens, might be better protected to guarantee a successful 
infection. This might also be hypothesized for the monokaryotic 
mycelium evolving from the basidiospore because it may have 
to endure the initial bursts of defense reactions of a healthy 
host (Ceita et al. 2007; Garcia et al. 2007; Scarpari et al. 
2005). 

Our experiments also suggested that the antifungal activity 
of TcPR-10 may be correlated to its RNase activity as previously 
suggested by other work (Chadha and Das 2006). Using the 
AhPR-10K54N mutant protein in internalization experiments, 
these authors showed that the RNase activity domain was 
distinct to the site that interacts with the fungal membrane. 
Denaturation of TcPR-10 led to lack of RNAse activity (Fig. 
4), loss of antifungal activity (Fig. 5), and inability to be taken 
up by both cell types (basidiomycete mycelium or ascomycete 

single cell) (Fig. 7). According to Morgensen and associates 
(2002), Betv1 contains two ligand binding sites (one hy-
drophobic, binding to 8-anilo-1-naphthalenesulfunic acid, and 
the other binding to kinetin), and the authors suggested that the 
lys54 adjacent to the P loop in AhPR-10 may interact with the 
RNA whereas the hydrophobic ligand binding site may interact 
with the receptor or target site on the fungal membrane 
(Chadha and Das 2006). The use of PI, known to be a marker 
of cell viability which enters only through damaged cell mem-
branes, allowed correlating TcPR-10 penetration and antifun-
gal activity to cell viability. However, the uptake of PI after the 
internalization of TcPR-10 (FITC and PI labeling appeared at 
30 min and 1 h, respectively) (Fig. 5A and B) suggested that 
the membrane disruption was a consequence of the TcPR-10 
introduction within the fungal hyphae, and that TcPR-10 did 
not act by directly permeabilizing or disrupting the fungal 
membrane as observed for other antifungal plant proteins 
(Thevissen et al. 1999). It is interesting to note that the in vivo 
ribonuclease activity of TcPR-10 (Fig. 3B) initiated 1 h after 
incubation, which corresponded to the fist observation of the 
membrane permeability (Fig. 5B, PI filter) but appeared after 
the observation of TcPR-10 internalization (Fig. 5A., FITC fil-
ter). Accordingly, the temperature dependence of internalization 
and the NaN3 inhibition, and the fact that yeast STAT cells do 
not internalize TcPR-10, suggest that it is actively transported 
into the M. perniciosa hyphae or yeast cells, as has been 
shown for AhPR-10 in other fungi (Chadha and Das 2006). 

As a first approach, the chronic exposure to TcPR-10 ana-
lyzed by drop test did not render any of 29 yeast mutant cells 
more sensitive when compared with their isogenic WT (Table 
1). The drop test is very good for screening larger number of 
different strains but only shows highly significant differences 
in sensitivity; each drop represents a decade of survival or kill-
ing, because the factor of dilution is 10 between two drops 
(Pungartnik et al. 2002). A more refined test that reveals 
smaller differences in sensitivity necessitates establishing a 
survival curve (Brendel and Haynes 1973). The mutant 
snq3/yap1, that is generally stress sensitive because it lacks a 
transcription factor that responds to stress (He and Fassler 
2005; Rodrigues-Pousada et al. 2004), was not found sensitive 
to TcPR-10 in the drop test (less than a decade difference), 
whereas the inactivation curve revealed a small but significant 
difference in sensitivity to its isogenic WT (Fig. 6A). Because 
Yap1/Snq3 protein is known to control, among others, Snq1 
and Snq2 permeases (Gounalaki and Thireos 1994) and also 
the main oxidative stress defense enzymes (catalase and super-
oxide dismutase), mutants lacking these enzymes were candi-
dates for altered sensitivity to TcPR-10. None were more sen-
sitive than the isogenic WT in STAT phase (Fig. 6A and B). 

Surprisingly, copper homeostasis seems to be important, be-
cause copper uptake mutant ctr3Δ and mutant mac1Δ, lacking 
its transcription activator factor, displayed higher resistance 
compared with WT (Table 1). The two mutants showed ap-
proximately the same protein internalization (Fig. 8D and E) 
as their isogenic WT; therefore, we must assume that TcPR-10 
enters the mutant cells with WT-like kinetics. Thus, it may not 
be the lack of TcPR-10 uptake but rather the lack of copper 
that make the two mutants more resistant. We may speculate 
that either copper is needed for the toxic action of TcPR-10 
(increasing RNAse activity) or the lack of copper leads to an 
altered metal homeostasis which may be important for modu-
lating toxicity of this protein. 

In a more sensitive approach, yeast LOG cells with their 
highly active membrane transport may be used to measure 
TcPR-10 toxicity (Fig. 7) and internalization (Fig. 8). The three 
mutants snq1Δ, snq2Δ, and snq3Δ were tested for TcPR-10 
sensitivity and none was found to be sensitive (Fig. 7B) but the 
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snq2Δ mutant was found to be more resistant than the WT 
(Fig. 7A). Absence of the export permease function of Snq2 
protein apparently fails to export a cellular component that, 
present in higher than normal amount in the cell, inhibits tox-
icity of TcPR-10. Alternatively, lack of the permease function 
may inhibit or negatively interfere with internalization of 
TcPR-10. Surprisingly, the latter seems to occur as shown in 
Figure 8A and B, where uptake of TcPR-10 does not increase 
between 15 and 60 min of exposure (Fig. 8B), contrary to the 
increased uptake in the WT, that shows a higher amount of 
internal protein at 60 min (Fig. 8A). Perhaps, lack of Snq2 
leads to an already observed effect, a compensatory upregula-
tion via Pdr1 of other export permeases (Kolaczkowska et al. 
2008), one of them active in exporting TcPR-10. 

Although Yap1, a member of the AP-1 family of transcrip-
tion factors, activates the transcription of antioxidant genes 
such as SOD2 and CTA1 in response to oxidative stress, this 
has no apparent influence on sensitivity to TcPr-10. Loss of 
activity of superoxide dismutase and peroxisomal catalase in 
yeast mutants sod2Δ and cta1Δ does not lead to a TcPr-10-sen-
sitivity phenotype (Fig. 6B). Yap1 is also implicated in mul-
tidrug response (Coleman et al. 1997; Gounalaki and Thireos 
1994) and, although we did not find any ortholog of YAP1 in 
M. perniciosa, several orthologs (homologs) of yeast Yap1-
inducible ABC transporters in M. perniciosa, including puta-
tive SNQ2, YOR1, and PDR5 orthologs, were found (Santos et 
al. 2008). 

To our knowledge, this is the first report of heterologous ex-
pression of PR-10 from cacao with ribonuclease and antifun-
gal activity against M. perniciosa and S. cerevisiae. One might 
consider the possible use of the TcPR-10 gene to increase the 
resistance of T. cacao to M. perniciosa, similar to the introduc-
tion of a class I chitinase gene (Maximova et al. 2006). Our 
data also suggest that TcPR-10 is actively transported into 
yeast LOG cells and that its antifungal activity is lower in 
yeast mutants with impaired high-affinity copper transport and 
in the absence of Snq2 export permease. A similar scenario 
(i.e., import and export of antifungal proteins via permeases) 
may also occur in M. perniciosa. 

MATERIALS AND METHODS 

Identification of cDNA clone and sequence analysis. 
The TcPR-10 cDNA was identified from a cDNA library of 

susceptible cacao (cv. Catongo) inoculated by M. perniciosa 
(Gesteira et al. 2007). This library was obtained from a pool of 
meristems harvested through the disease time course (from 24 
h to 90 days after infection by M. perniciosa) (Gesteira et al. 
2007). ORF analysis of the nucleotide sequence was performed 
with ORFinder program (Lasergene, Madison, WI, U.S.A.) 
followed by homology search with BLAST (Altschul et al. 
1997) against sequences in the National Center for Biotechnol-
ogy Information database. ClustalW was used for multiple se-
quence alignment of amino acid sequence (Thompson et al. 
1994). Putative serine, threonine, and tyrosine phosphorylation 
sites were predicted on the TcPR-10 amino acid sequence 
using the NetPhos server (Blom et al. 1999). 

Expression of recombinant TcPR-10. 
The TcPR-10 sequence was amplified by PCR using the PR-F 

(5′-GGCGGGATCCATATGGGTGTCACCACATATAC-3′) and 
PR-R (5′-GGCGGTCGACTTAAGCGTAGACATTGGGAT-3′) 
primers, PCR product was cloned into the NdeI and SalI sites 
of the plasmid pET28a (Novagen), and the resulting in frame 
fusion plasmid was transformed into E. coli strain BL21(DE3). 

Overexpression of the TcPR-10 tagged with six histine resi-
dues at the N-terminus was induced by 1 mM isopropyl-β-D-

thiogalactoside at 37°C. To establish the kinetics of TcPR-10 
induction, bacteria were collected and protein content analyzed 
1, 2, and 3 h after induction. Larger quantities of TcPR-10 that 
are needed for protein purification were obtained after 4 h of 
induction. For recombinant protein purification, bacteria were 
harvested by centrifugation and once, washed in equilibration 
buffer (50 mM phosphate buffer [PB], 300 mM NaCl, pH 7.4), 
suspended in lysis buffer (50 mM PB, 300 mM NaCl, lysozyme 
at 0.1 mg/plate, pH 7.4) and kept at room temperature for 1 h. 
The sample was then chilled in ice and sonicated (Gex Ultra-
sonic processor 130, 130 W; eight pulses of 30 s each, 75% 
output, 30 s intervals), and the resulting lysate centrifuged for 
20 min at 11,000 × g. The supernatant was collected for purifi-
cation of soluble protein while the insoluble fraction, con-
tained in the inclusion bodies, was solubilized with 6 M urea. 
Both soluble and insoluble proteins were loaded onto Talon 
resin metal affinity column (Clontech Laboratories), eluted 
with 150 mM imidazole, and dialyzed against 500 ml of 50 
mM PB, pH 7.0 (during 2 days with eight buffer exchanges). 
Final concentration of proteins was obtained in 50 mM PB, 
pH7.0. 

TcPR-10 SDS-PAGE. 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) was performed as described by Laemmli (1970) 
using 5 and 12.5% polyacrylamide in the stacking and resolv-
ing gels, respectively. Briefly, after denaturation at 95°C for 3 
min, proteins were resolved under constant 150 V/280 mA/60 
W electrophoresis and proteins were visualized with 5% 
(wt/vol) colloidal Coomassie G 250 (Neuhoff et al. 1988). The 
molecular weight marker was from Fermentas. Concentration 
of soluble and insoluble proteins was determined by Bradford 
assay (Biorad) using bovine serum albumin as protein standard 
(Bradford 1977). 

M. perniciosa growth conditions. 
M. perniciosa strain ALF553 cultures were grown and toxic-

ity tests were performed as described by Filho and associates 
(2006). Dikaryotic cultures were grown in CPD (2% glucose, 
2% peptone) and monokaryotic cultures in CPG (2% glycerol, 
2% peptone) in liquid media, without agitation, at 25°C for 5 
to 7 days. Agar (2%) was added when solid media were used. 

M. perniciosa spores were obtained from the fungal collection 
of Comissão Executiva do Plano da Lavoura Cacaueira. Spore 
germination was checked by spreading 104 spores onto a 2% 
agar/water plate, incubating them at 25°C for 4 h and examin-
ing the germinating tube formation under a light microscope 
(Interprise). Samples with more than 90% spore germination 
were considered viable and appropriate for experimentation. 

S. cerevisiae strains and growth conditions. 
S. cerevisiae strains used were constructed elsewhere: 

YPH98 (MATa ade2-101 lys2-801 ura3-52 trp1-1 leu2-1) 
(Sikorski and Hieter 1989) and the derived mutant strains 
snq1Δ/atr1Δ and snq3Δ/yap1Δ (Gömpel-Klein and Brendel 
1990; Hertle et al. 1991); isogenic BY10000 (MATα his3Δ 
leu2Δ0 lys2Δ0 ura3Δ0) and derived mutant strains (same 
genotype as BY10000 except for genes of interest, which were 
replaced by kanMX4) (from EUROSCARF; Brachmann et al. 
1998) isogenic DY1457 (MATα: ade6 can1-100oc his3 leu2 
trp1 ura3) and derived mutant strains (same genotype except 
for genes of interest, fet3::HIS3, fet4::LEU2, zrt1::LEU2, 
zrt2::HIS3, zap1::TRP1, aft1::TRP1);  isogenic DTY165 
(MATα: ura3-52 leu2-3,-112 his3-delta200 trp1-delta901 
lys2-801 suc2-delta9) and derived mutant strains (same geno-
type except for genes of interest, ctr1::URA3, ctr3::LEU2, 
ctr2::HIS3); isogenic DTY401 (BY4741) (MATα: hisΔ1 

http://db.yeastgenome.org/cgi-bin/GO/goTerm.pl?goid=3700
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leu2ΔO met15ΔO ura3ΔO) and derived mutant strains (same 
genotype except for genes of interested fre1::HIS3 and 
fre2::Kanr). 

Strains were grown and stored on YPD media (2% glucose, 
2% peptone, 1% yeast extract; 2% agar added for solid me-
dium) at 30°C, 180 rpm, in a gyratory water-bath shaker (G76; 
New Brunswick Scientific Co., Edison, NJ, U.S.A.) for 2 days 
(STAT cells). LOG cells were obtained either by inoculation of 
fresh media with 106 STAT cells/ml and grown with shaking 
for 4 to 5 h at 30°C until 1 to 2 × 107 cells/ml, or by a colony 
suspension spread on a YPD plate, incubated overnight (16 to 
18 h), after which cells were collected, washed three times 
with 0.9% NaCl, and resuspended to a final concentration of 2 
× 107 cells/ml. To ascertain their respiratory competence and 
for elimination of spontaneously accumulated petites, all 
strains were pregrown on YPG media (YPD in which glucose 
replaced by 2% glycerol) before being grown in liquid YPD. 
Media, solutions, and buffers were prepared according to 
Burke and associates (2000). 

TcPR-10 phosphorylation. 
Green brooms from cacao were harvested and native protein 

extract was prepared as described by Pirovani and associates 
(2008). The supernatant served as the enzyme source for the 
kinase studies. Native plant protein extract was supplemented 
with 1 μg of TcPR-10, 5 mM MgCl2, 100 μM ATP, and 25 mM 
KCl in a total volume of 40 μl. The reaction was performed at 
30°C for 40 min and terminated with the addition of EDTA to 
5 mM. Phosphorylation of TcPR-10 was check by protein 
separation on SDS-PAGE as described above. Then, phos-
phorylated TcPR-10 was purified onto a Talon resin metal 
affinity column (Clontech Laboratories) according to the 
manufacturer’s recommendations. Phosphorylated TcPR-10 
was used in ribonuclease activity assays on plant RNA. 

Ribonuclease activity assay. 
For in vitro ribonuclease activity assay, RNA degradation 

was assayed according to Bantignies and associates (2000) 
with modifications. M. perniciosa and cacao RNA were ex-
tracted with the RNAqueous kit (Ambion). RNA (1 μg) in 
DEPC water was incubated with different concentrations of 
purified recombinant phosphorylated or nonphosphorylated 
TcPR-10 (0.5 or 1 μg) at 28°C at different times (2 min to 4 h). 
Reaction mixtures were analyzed by 1% agarose (wt/vol) 
RNase-free gel electrophoresis with ethidium bromide staining. 

For in vivo ribonuclease activity assay, M. perniciosa was 
grown in CPD for 10 days. Then, 300 mg of broken hyphae 
obtained as described by Filho and associates (2006) was incu-
bated with nonphosphorylated TcPR-10 at 25°C from 15 min 
to 24 h in a final volume of 1 ml. After incubation, the broken 
hyphae were washed with 5 ml of DEPC water. RNA was ex-
tracted from washed broken hyphae using the RNAqueous kit 
(Ambion) and analyzed on 1% agarose (wt/vol) RNase-free 
gel electrophoresis with ethidium bromide staining. 

Antifungal activity of TcPR-10. 
Against M. perniciosa. TcPR-10 (0.75, 1.5, 2, 4, or 8 

μg/plate) was spread onto 20 ml of either CPG or CPD agar 
plates. Each 1 ml of mono- or dikaryotic M. perniciosa broken 
hyphae (Filho et al. 2006) was spread onto three plates of 
either CPG (control) or CPD + TcPR-10 plates and further 
incubated for 7 days at 25°C. Survival was defined as the per-
centage of grown pseudocolonies (treated/nontreated control × 
100). TcPR-10 cytotoxicity on basidiospores and inhibition of 
germinating tube formation were assayed at the same concen-
trations of TcPR-10 per plate; basidiospores were diluted with 
PB to obtain a maximum of 200 colonies per plate and incu-

bated for 7 days at 25°C. Spore viability and inhibition of ger-
minating tube formation were assayed as described above. 
TcPR-10 was boiled for 1 h at 100°C and used as a negative 
control in the same conditions. 

Against S. cerevisiae. i) Chronic exposure: TcPR-10 (1 to 15 
μg/plate) was spread onto 20 ml of YPD agar plates. Colony 
forming ability (survival) of yeast STAT cells was assayed by 
exposing them to different concentrations of TcPR-10 for 3 to 
4 days at 30°C. ii) Acute exposure: yeast LOG cells were ex-
posed to TcPR-10, 25°C, shaking 3 μg/ml (0 to 6 h in liquid 
PB); after appropriate dilution, cells were plated on YPD agar 
and assayed for survival after 2 to 3 days of incubation at 
30°C. The surviving fraction was determined by dividing the 
number of agar-grown colonies by milliliter of treated or 
nontreated cells. 

Results for antifungal activity of TcPR-10 are the mean of at 
least three independent experiments. They are presented in a 
semilog graph (Brendel and Haynes 1973) for rapid estimation 
of dose reduction factor. Standard deviation and statistical 
analyses were calculated by GraphPad Prism program. 

FITC labeling of TcPR-10. 
TcPR-10 was labeled using FITC (Sigma) according to 

Chadha and Das (2006) with modifications. Briefly, 0.5 mg of 
FITC was dissolved in 50 μl of 100% dimethyl sulfoxide to 
give a reactive dye concentration of 10 mg/plate. Purified 
TcPR-10 (300 μg) was dissolved in 50 mM carbonate-bicar-
bonate buffer, pH 9.0. FITC solution was added dropwise to 
the protein sample and mixed by stirring, and the sample was 
incubated at 25°C in darkness for 1 h. Nonreacted FITC was 
removed by Sephadex G25 gel filtration and the protein con-
centration was determined by the Bradford method as described 
above. An intense fluorescent band under UV light in SDS-
PAGE gel verified the conjugation between FITC and TcPR-
10. FITC-labeled TcPR-10 was stored at 4°C in the dark until 
use. 

Internalization assays by fluorescence microscopy. 
M. perniciosa or S. cerevisiae LOG cells were incubated at 

25°C with FITC-TcPR-10 (8 or 3 μg, respectively) for different 
periods (15 min to 6 h) in the dark in microtiter plates (with or 
without 0.05% NaN3, strong inhibitor of metabolism). Low 
temperature (4°C) was also used as negative control (inhibition 
of protein transport). To check for viability and membrane 
integrity, fungal cells were incubated with both FITC-TcPR-10 
and 2 μM PI. After incubation intervals ranging from 15 min 
to 6 h, FITC- and PI-labeled cells were washed twice in 0.05 
mM PB and then observed under fluorescence microscope 
DMRA2 (Leica) attached with FITC and PI filters. Images 
were captured using ×40 and ×100 objectives under bright 
field as well as under fluorescent filters using the IM50 soft-
ware (Leica). 
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