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Abstract 
 

The study of small heat shock proteins in plant-pathogen interactions is a subject 
that has to be further investigated. While Hsp70 and Hsp90 participate in the 
defense response, the role of this small Hsps remains elusive. In this work we 
analyzed the expression of small Hsps in citrus canker and the bacterial spot of 
pepper as well as in the incompatible interactions of the bacterial pathogens that 
cause these diseases, Xanthomonas axonopodis pv. citri and Xanthomonas 
campestris pv. vesicatoria, with non-host plants. Our results show that although 
with different expression profiles, small Hsps are induced during both compatible 
and incompatible interactions giving light to the idea that these chaperones are 
components of the basal immune plant response.  
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Introduction 
 

Small heat shock proteins (sHsps) are ubiquitous proteins widely 
distributed in both prokaryotes and eukaryotes (Narberhaus, 2002). sHsps can 
associate with unfolding proteins to form stable complexes and prevent their  
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irreversible aggregation. Also, they could form co-aggregates with proteins and 
then efficiently disaggregate (Nakamoto and Vigh, 2007). They are induced by 
heat shock protecting cellular proteins during prolonged incubation at elevated 
temperatures. sHsps monomer proteins range from 12 to 43 kDa (with the 
majority between 14 and 27 kDa) and they are characterized by a sequence of 
about 100 amino acid residues called α-crystallin domain (Narberhaus, 2002). 
Nevertheless, for their activation sHsps require assembly into oligomeric complex 
structures. They exhibit a wide range of substrate-binding capacities and 
differently from other Hsps they are ATP-independent chaperones (Jakob et al., 
1993). It has been observed that in Escherichia coli when the major DnaK–DnaJ–
GrpE chaperone system becomes temporarily overloaded with substrates due to 
intensive stress, sHsps come into play and may serve to protect damaged proteins 
from aggregating and becoming irreversibly denatured. This pool of folding-
competent proteins may be refolded by the cellular chaperone machineries when 
they are no longer overloaded (Baneyx and Mujacic, 2004). In plants the sHsps 
are localized in the cytoplasm, nucleus, chloroplast, mitochondria, and 
endoplasmic reticulum. Genomic analysis revealed that Arabidopsis thaliana 
possess 37 genes codifying for sHsps while Oryza sativa and Vitis vinifera as 
many as 47 and 65 genes, respectively (Han et al., 2008). In addition to heat 
stress, plant sHsps are also produced under other stress conditions and at certain 
developmental stages. It has been shown that water-stressed sunflowers induced 
the expression of sHsps of 17.6 and 17.9 kDa in stems and roots (Coca et al., 
1994). However, during biotic stress there is only one report that shows direct 
involvement of sHsps in the interaction between tobacco plants and Ralstonia 
solanacearum (Maimbo et al., 2007). They have demonstrated that expression of a 
17 kDa sHsp was increased in tobacco leaves in compatible and incompatible 
interactions with two different strains of the bacteria, a pathogenic one and a non-
pathogenic hypersensitive response (HR) inducing strain, suggesting that this 
sHsp might have a role in induction of basal immnune responses as those induced 
during pathogen-associated molecular pattern (PAMP) recognition (Maimbo et 
al., 2007).  
 

The bacterial genus Xanthomonas comprises a number of phytopathogens 
that produce a variety of plant diseases. Among them Xanthomonas axonopodis 
pv. citri produces citrus canker (Gottig et al., 2008) while Xanthomonas 
campestris pv. vesicatoria is the responsible for the bacterial spot of pepper and 
tomato (Thieme et al., 2005). Besides these compatible interactions that lead to 
disease, both phytopathogens are able to interact with non-host plants in 
incompatible interactions with HR. We have previously characterized the 
expression of Hsp70 and Hsp90 in citrus and pepper plants in the interaction with 
X. axonopodis pv. citri and observed that while no changes in Hsp70 and Hsp90 
expression are produced during citrus canker they are increased in non-host 
resistance (Garavaglia et al., 2009). In this work we analyzed the expression of 
sHsps in compatible and incompatible interactions of X. axonopodis pv. citri and 
X. campestris pv. vesicatoria with host and non-host plants. 
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Methods 
 
 
Plant material, bacterial cultures and inoculations 

 
Orange (Citrus sinensis cv. petropolis) and pepper (Capsicum annuum cv. 

grossum) plants were used. Plants were grown in a green house at 23–25 °C with 
a photoperiod of 18 h. X. axonopodis pv. citri and X. campestris pv. vesicatoria 
strains were grown at 28 °C in SB medium (Dunger et al., 2007) to OD600 of 1, 
harvested by centrifugation, and resuspended in 0.85 % (w/v) NaCl at a density of 
107 cfu/ml. For disease symptoms and HR assays, bacterial suspensions were 
infiltrated into leaves with needleless syringes and samples were extracted at the 
times indicated in the figures. 
 
Protein extract preparation and SDS-PAGE 

 
Leaves protein extracts were prepared by pulverization of leaves under 

liquid nitrogen followed by resuspension in 50 mM Hepes-KOH buffer pH 7.5, 
330 mM sorbitol, 5 mM sodium ascorbate, 2 mM EDTA, 1 mM MgCl2, 1 mM 
MnCl2 and 0.33 mM PMSF in a ratio 1:2 (w/v). The samples were centrifuged at 
12000 g at 4°C, for 20 min. The supernatants were analyzed for total protein 
content as described (Sedmak and Grossberg, 1977), using bovine serum albumin 
as standard. 30 μg of total proteins were boiled for 5 min in 5X SDS sample 
buffer and loaded onto 12% SDS polyacrylamide gels (Laemmli, 1970) and run at 
30 mA in Mini-Protean III Electrophoresis Cell (Bio-Rad). After electrophoresis, 
gels were subjected to Coomassie blue staining and quantification of protein 
bands was performed using Gel-Pro Analyzer Software 3.1 (Media Cybernetics).  
 
 
 
Results 
 

To analyze the expression of sHsps in orange (Figure 1A) and pepper 
(Figure 1B), plants were submitted to 37 °C for heat shock stress. After treatments 
for 30, 60, 120 and 240 min protein extracts were prepared for each sample and 
subjected to SDS-PAGE. The heat stress treatment provoked an increase in a 
visualized band of approximately 15.5 kDa in orange and of 16 kDa in pepper that 
we confirmed as sHsps by Western blot assay using anti-sHsps antibodies (data 
not shown). sHsp expression was increased at the first 30 min of elevated 
temperature stress both in orange and pepper plants being maximal at 120 min and 
decaying after this time, showing a slighter decrease in orange than in pepper 
leaves (Figure 1A, 1B).  
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Figure 1 Expression analyses of sHsps in orange (A) and pepper plants (B) in response to heat 
stress. SDS-PAGE of leaves extracts after 0, 30, 60, 120 and 240 min at 37 ºC. The relative 
amounts of protein were determined from the band intensity in the gel blot and are represented in 
the graphics under each blot. The experiments were repeated three times with similar results. In 
each case bars represent means of the three experiments and error bars represent standard 
deviation. 
 
 
 
 

In order to evaluate if this sHsp increased expression is also observed in 
orange plants during citrus canker, we infiltrated citrus leaves with X. axonopodis 
pv. citri. Figure 2A shows a typical canker lesion one week after needleless 
infiltration. At 0, 24, 48 and 72 h after infiltration, pulverized infected leaves were 
frozen and protein extracts were prepared and subjected to SDS-PAGE. Band 
quantification by densitometry is presented in Figure 2B. Increased sHsp protein 
bands to values of more than 15 times relative to the control mock-infiltrated were 
observed for all the times tested in citrus leaves (Figure 2B). To analyze another 
compatible interaction we infected pepper leaves with X. campestris pv. 
vesicatoria (Figure 2C). Similar to what happened in citrus canker we observed an 
increase of this sHsp during the bacterial spot of pepper (Figure 2C and 2D), 
however in this plant rising of the expression was observed during the first hours 
of the disease being maximal at 8 h and decreasing afterwards. At 72 h similar 
protein levels to mock inoculation were observed (Figure 2D). Moreover relative 
increases in orange leaves were higher than in pepper leaves. 
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Figure 2 Expression analysis of sHsps in citrus canker (A, B) and bacterial spot of pepper (C, D). 
A and C show typical lesions after one week of inoculation of orange with X. axonopodis pv. citri 
and pepper with X. campestris pv. vesicatoria, respectively. 10mM MgCl2 was used as control 
(mock). B and D display the sHsps expression in both plants by SDS-PAGE at different times after 
infiltration (0-72 h). Graphics below represent band intensity relative to 0 h. The experiments were 
repeated three times with similar results. In each case bars represent means of the three 
experiments and error bars represent standard deviation.  
 
 
 
 

Then, we analyzed sHsp expression during incompatible interactions. 
Figure 3A and 3C shows typical HR produced after infiltration of X. campestris 
pv. vesicatoria in orange leaves and X. axonopodis pv. citri in pepper leaves, 
respectively. Similarly to what occurred during the compatible interactions in 
citrus canker and the bacterial spot of pepper, sHsp expression was induced at the 
beginning of the interaction process. At 2 h after the interaction between orange 
and X. campestris pv. vesicatoria an augment of 5 times was observed that was 
maintained until 48 h and then decay slightly at 72 h (Figure 3B). In the case of 
pepper and X. axonopodis pv. citri the increase was observed at the first hour, 
being maximal at 2 h and reaching the same relative increase than orange leaves 
undergoing HR and kept until 24 h. After that time the level decayed displaying 
similar values as the control (Figure 3D). 
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Figure 3 Expression analysis of sHsps in incompatible interactions. A and C show HR lesions in 
orange leaves inoculated with X. campestris pv. vesicatoria and pepper leaves inoculated with X. 
axonopodis pv. citri, respectively. 10mM MgCl2 was used as control (mock). B and D display the 
sHsps expression in both plants by SDS-PAGE at different times after infiltration (0-72 h). 
Graphics below represent band intensity relative to 0 h. The experiments were repeated three times 
with similar results. In each case bars represent means of the three experiments and error bars 
represent standard deviation.  

 
 
Then, we intented to find out to which sHsp this band could account. Since 

the orange genome is not available, we performed a search for sHsps in the C. 
sinensis EST data bank using as query sHsps from A. thaliana: AtHsp15.7 and 
AtHsp17.6 and obtained three EST expressed mainly in callus, entire seedling, 
developing seeds, developing flowers and fruits flavedo and albedo tissues. 
Among them only one was complete and its sequence is presented in Figure 4.  

 
 

 
AtHsp15.7    MADRGIFLYPFRRFQEWSRSTALIDWMESNNSHIFKINVPGYNKEDIKVQIEEGNVLSIRGEGIKEEKKEN 
CsESTHsp14.6 --------MSPPVFREWSGSTALMDWLESPSAHIFKIDVPGYSRENIKVQIEDGNILRIIGEGAKDKEEAN 
                      .   *:*** ****:**:** .:*****:****.:*:******:**:* * *** *:::: * 
 
AtHsp15.7    ---LVWHVAEREAFSGGGSEFLRRIELPENVKVDQVKAYVENGVLTVVVPKDTSSKSSKVRNVNITSKL 
CsESTHsp14.6 TKETVWHVAERRAGGRG--DFSREIELPENVKLDQIKAHVDNGVLTVIVPKDANHKKSSVRNINITSKL 
                 *******.* . *  :* *.********:**:**:*:******:****:. *.*.***:****** 
 

 
 

Figure 4 Comparison of amino acid sequences from AtHsp15.7 and the complete EST found in C. 
sinensis. Highlighted is marked the conserved α-crystallin domain. 
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The other two share the conserved α-crystallin domain but we could not 

conclude about their complete sequence. Figure 4 displays the high degree of 
homology (78 % similarity) between AtHsp15.7 and the C. sinensis EST named 
CsESTHsp14.6 and shows the conserved α-crystallin domain. Although the band 
identified in gels after the temperature or biotic treatments migrates as a 15.5 kDa 
polypeptide, we can not rule out the possibility that a mobility shift is taking 
place. By the other hand we can not exclude the possibility that one of the other 
sHsps is the one induced. In the case of C. annuum, no sHsp sequences are 
available. There is only one complete sequence that displayed 89 % similarity 
with AtHsp17.4 from the related specie Capsicum frutescens (AAQ19680) (data 
not shown).  
 
 
Discussion 
 

Plants are continuously exposed to bacteria and other microrganisms that 
in turn may be pathogens. To be pathogenic, microbes has to penetrate the cell 
wall and in the plasma membrane the pathogen encounter extracellular surface 
receptors that recognize PAMPs. This PAMP-triggered immunity, also named 
basal immunity, may prevent infection if the microbe does not have the weapons 
or effectors that allow them to suppress the basal plant defense. If the pathogen 
success in overcoming this defense by the action of different effector molecules 
the plant needs to defeat effector activity by resistance proteins that induce a 
specific resistance response, or the disease takes place (Chisholm et al., 2006).  
 In this work we analyzed the expression of sHsps during plant-pathogen 
interaction and determined that sHsps are induced during both pathogenic and 
resistance processes in orange and pepper leaves at the beginning of the 
interaction with the pathogen. These results suggest that the participation of these 
chaperones is required in the initial stages of the bacterial recognition and that the 
induction is not a specific consequence of the disease or the HR. In addition, our 
results suggest that sHsps may be more necessary during the disease since we 
observed higher levels of these proteins during the pathogenic processes than in 
the HRs. We also observed that the pattern of induction of the sHsps differs from 
one plant to another, being the orange response more lasting than in pepper leaves 
in which compatible or incompatible interactions are accompanied by an earlier 
increase and decrease of sHsp expression, suggesting a faster adaptation of the 
heat shock response to the disease and the HR in pepper than in orange plants. 

Our results are in agreement with the previously observed by Maimbo et 
al. that analyzed the expression of sHsp17 from tobacco leaves infiltrated with a 
pathogenic and a non-pathogenic strain of R. solanacearum and observed a 
similar pattern profile in both interactions (Maimbo et al., 2007). Moreover these 
authors produced Nicotiana benthamiana sHsp 17 kDa silenced plants and 
observed that appearance of HR was not affected in the silenced plants, 
suggesting that this sHsp might have a role in HR-independent defenses in 
Nicotiana plants (Maimbo et al., 2007).  
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 A small Hsp of 15.7 kDa has been recently identified in A. thaliana and 
similarly to what occurs in pepper and citrus leaves this protein is barely 
expressed under normal conditions. By the other hand AtHsp15.7 is strongly 
induced by heat and oxidative stress (Ma et al., 2006). The elevated expression of 
the sHsp that we observed both in citrus and pepper plants during compatible or 
incompatible interaction may be explained by the fact that in both types of plant-
pathogen interactions reactive oxygen species are produced as a general response 
of the affected tissue (Grant and Loake, 2000).  

In conclusion, taking into consideration our results and the ones previously 
obtained by others, we may speculate that sHsp may participate in the basal 
immune response of the plant since it is early induced during infections. Plants 
exposed to a pathogen have a faster rate of proteins expression involved in the 
immune response that in turn may lead to an overload of chaperones such as 
Hsp70 and Hsp60 complexes. We suggest that sHsps may aid the plant to adjust 
to the invading organisms probably contributing to maintain the pool of these 
newly synthesized proteins in an unfolded conformation until they could be 
correctly folded by the Hsp70 and Hsp60 chaperone complexes. 
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