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ARTICLE 

Antioxidant enzyme changes in response to osmotic stress 
in wheat (Triticum aestivum L.) seedling 
Rana Naderi1*, Mostafa Valizadeh1, Mahmoud Toorchi1, Mohammad Reza Shakiba2 

'Department of Plant Breeding and Biotechnology, Faculty of Agriculture, University of Tabriz, Tabriz, Iran, d e p a r t m e n t of 
Plant Eco-Physiology, Faculty of Agriculture, University of Tabriz, Tabriz, Iran 

ABSTRACT In order to evaluate the effects of osmotic stress on behavioral responses of 
antioxidant enzymes including superoxide dismutase (SOD), peroxidase (POX), catalase (CAT), 
glutathione reductase (GR) and ascorbate peroxidase (APX), a factorial experiment was carried 
out under laboratory conditions wi th three groups of wheat genotypes (tolerant, intermedi-
ate and susceptible) and three osmotic stress levels induced by PEG (control, mild and severe). 
Electrophoretic analyses were performed for three antioxidant enzymes SOD, POX and CAT in 
shoots of wheat seedlings using 7.5% slab polyacrylamide gels. The activities of GR and APX were 
determined spectrophotometrically. For SOD, POX and CAT, two, seven and one isozymes were 
observed, respectively. Statistical analysis showed that osmotic stress has a significant effect on 
enzymatic activities in wheat seedlings. POX, CAT, GR and APX activities were increased signifi-
cantly in the severe stress compared with control condition about 31, 61, 129 and 149 percent, 
respectively. Whereas, SOD activity increased significantly by 41% in the mild stress compared 
with control treatment. The highest enzymatic activity was belonged to tolerant group under 
severe stress conditions for almost all of isozymes and enzymes. Among the antioxidant enzymes, 
APX activity was increased most drastically in severe stress condition. The extent of damage to 
the wheat seedlings seems to depend on genotype and severity of osmotic stress. 

Acta Biol Szeged 58(2):95-101 (2014) 
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The stress factors especially drought, negatively affect plant 
growth and development and causes a sharp decrease of 
plants productivity. The limitation in the availability of water 
induces osmotic stress (Molinari et al. 2007). In certain toler-
ant crop plants morphological and metabolic changes occur in 
response to osmotic stress, which contribute towards adapta-
tion to such unavoidable environmental constraints (Sinha et 
al. 1986). Among crop plants, wheat (Triticum aestivum L.), 
is an attractive study system because of the natural genetic 
variation in traits related to water deficit tolerance (Loggini 
et al. 1999). Water deficit stress induces oxidative reactions 
by producing reactive oxygen species (ROS), which attack 
the most sensitive biological macromolecules and membranes 
to impair their function (Foyer et al. 1994; Noctor and Foyer 
1998; Midler 2002). Strategies to minimize oxidative damage 
are a universal feature of plant defense responses. The plant 
response to water deficit stress would depend on the species 
inherent "strategy" as well as on the duration and severity of 
the stress period. 

Mechanisms of ROS detoxification in several plants by en-
zymatic and non-enzymatic antioxidants are well documented 
(Dhindsa et al. 1981; Asada and Takahashi 1987; Foyer and 
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Noctor 2000). The measure of specific antioxidant enzyme 
activities and/or expression analysis during water deficit 
stress treatments has been generally accepted as an approach 
to assess the involvement of the scavenging system during 
water stress (Cruz de Carvalho 2008). However, contradic-
tory results (increment, reduction or remaining unchanged) 
have been obtained through the much more analysis of plants 
antioxidant in different conditions. In sunflower seedlings 
and in grass plants (Aegilops squamosa) a decrease in SOD 
activity was detected under water deficit stress (Badiani et al. 
1990). The reverse was those also found in wheat (Badiani 
et al. 1990) and rice (Sharma and Dubey 2005) where water 
stress increased SOD activity. Simova-Stoilova et al. (2010) 
reported increased CAT activity in wheat under drought stress 
being higher especially in sensitive varieties. In another study, 
Sharma and Dubey (2005) reported a decrease in CAT activity 
in rice seedlings following drought stress. It was shown that 
APX and/or GR activities were enhanced during water stress 
in wheat seedlings (Keles and Oncel 2002) and alfalfa (Rubio 
et al. 2002). A time course measure of APX and GR activities 
under a mild water stress imposed by a PEG treatment (-0.7 
MPa) on maize detached leaves also showed a significant 
increase in both above mentioned enzyme activities (Jiang 
and Zhang 2002). In a field study, it was observed that when 
plants subjected to mild drought stress in the seedling stage. 
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Table 1. List and characteristics of studied wheat genotypes belonging to three groups. 

No. Families Group Reference 

1 Unknown-1 Tolerant Mohammadi et al. 2010 
2 1 -27-6149/Sa ba I a n// 84.40023 Tolerant Mohammadi et al. 2010 
3 Ghafghaz7/F9.10/Maya"s" IRW92-1-D-474-OMA-OMA-OMA-OMA- Tolerant Mohammadi et al. 2010 

IMA-OMA 

4 DARIC95-010-OMA-OMA-OMA-OMA-6MA-OMA Tolerant Roostaei 2008; Valizadeh et al. 2012 
5 Azarbaijan/Gobostan Tolerant Mollasadeghi et al. 2011 
6 Azarbaijan/Roozi-84 Tolerant Mollasadeghi et al. 2011 
7 Tous Tolerant Mollasadeghi et al. 2011 
8 Azar-2 Tolerant Mohammadi et al. 2010 
9 Sardari Tolerant Mohammadi et al. 2010 
10 DARIC95-010-OMA-OMA-OMA-OMA-8MA-OMA Intermediate Roostaei 2008; Valizadeh et al. 2012 
11 Manning/Sdv1//Dogu88 Intermediate Mohammadi et al. 2010 
12 RECITt/TIA.2//TRK13 Intermediate Mohammadi et al. 2010 
13 Vrz/3/Orf1.148/Td1/Blo/4/Sabalan Intermediate Roostaei 2008; Valizadeh et al. 2012 
14 HKI 6/7/KVZ/T171 /3/MAYA//BB/l NIA/4/KAR7JCWH99034-OAP- O AP- Susceptible Roostaei 2008; Valizadeh et al. 2012 

OAp-OMAR-6MAR 

15 FKG13/4/NWT/3/TAST/SPRW// TCI98-0139-OAP-OAP-OMAR-5MAR Susceptible Roostaei 2008; Valizadeh et al. 2012 
16 JANZ QT3685-OAUS Susceptible Roostaei 2008; Valizadeh et al. 2012 
17 RINA-11 Susceptible Roostaei 2008; Valizadeh et al. 2012 
18 Azarbaijan/Saratoveskaya-29 Susceptible Mollasadeghi et al. 2011 
19 Cimmyt/Saysonz Susceptible Mollasadeghi et al. 2011 

the drought-tolerant wheat cultivar acclimatized better than 
the drought- susceptible cultivar by maintaining favorable 
water relations and lower membrane injury due to low H , 0 , 
accumulation and antioxidant defense in the leaves under 
severe water-deficit conditions (Khanna-Chopra and Selote, 
2007). 

Polyethylene glycol (PEG) compounds have been used 
to simulate water stress effect in plants (Murillo-Amadaor et 
al. 2002). PEG of higher molecular weight is considered to 
cause blockage of the pathway of water movement, reducing 
water absorption and causing desiccation of the plant (Lawlor 
1970). It is envisaged from the above findings that PEG solu-
tion can be frequently used in the laboratory for screening 
drought tolerant genotypes at early stage. 

Therefore, the present study aimed to determine the ef-
fect of PEG-induced osmotic stress on enzymatic antioxidant 
systems in tolerant, intermediate and susceptible wheat geno-
type's seedlings and to evaluate the activity changes in anti-
oxidant enzymes in the three groups of wheat genotypes. 

Material and Methods 

Plant material and experimental conditions 

The experiment was conducted in factorial form, using a 
completely randomized design with three replications. Three 
groups of wheat genotypes (9 tolerant, 4 intermediate and 6 
susceptible), (Roostaei 2008; Mohammadi et al. 2010; Molla-
sadeghi et al. 2011) (Table 1) were evaluated under laboratory 
conditions. Seeds of wheat genotypes were surface sterilized 
with 0.01% HgCl, solution for three minutes, followed by 

washing several times by distilled water. Ten seeds of each 
genotype then were placed on the moist Whatman germina-
tion papers in Petri dishes and were germinated using distilled 
water for 3 days under control conditions (light/dark regime 
of 16/8 h at 25/20 °C, relative humidity of"60-70%. Light 
intensity during the daytime was 350 pmol m 2 s ')• After 3 
days, osmotic stress was imposed by application of PEG-6000 
(polyethylene glycol) for 5 days. Using the Michel-Kaufmann 
equation, 139 and 203 g of PEG-6000 was dissolved in 200 ml 
of distilled water and total volume was raised up to one liter 
to produce solutions of mild (-0.4MPa) and severe (-0.8MPa) 
osmotic potential, respectively (Michel and Kaufmann 1973). 
The activities of five antioxidant enzymes were evaluated 
on shoots of 8-day-old seedlings in Faculty of Agriculture, 
University of Tabriz during 2012. 

Native polyacrylamide gel electrophoresis 

The activities of SOD. POX and CAT were determined in 
native PAGE (Polyacrylamide gel electrophoresis). The crude 
extract of fresh and healthy shoots were prepared with sepa-
rate mortars and pestles in a Tris-HCl extraction buffer pH 
7.5 (Tris 50 mM, sucrose 5%. ascorbic acid 50 raM. sodium 
metabisulfite 20 mM, PEG 2% and 2-mercaptoethanol 0.1%) 
before use with a ratio of 0.1 gr pi 1 (W:V) and centrifuged 
(Model EBA 12R) at 4 °C and 10 000 rpm for 10 minutes 
(Valizadeh et al. 2011). Enzyme extracts were immediately 
absorbed onto 3x5 mm wicks cut from Whatman 3 mm filter 
paper and loaded onto 7.5% horizontal slab polyacrylamide 
gels (0.6x15x12 cm), prepared by Poulik buffer (Soltis and 
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Control M l d s i r e s s 3ev«re streas 

1 2 1 0 1 1 1 7 9 i a 1 0 1 1 1 / v 1 i l ü 1 1 if u 

SOD 

SOD 

Figure 1. Example of isozyme pattern and relative activity of SOD In 
the shoots of wheat seedlings for three stress conditions (No.1, 2, 9: 
tolerant- 10, 11: intermediate and 17: susceptible genotypes). 

0 . 1 1 

u tt 0 , 1 
> *-> ns 
> 
u (0 

b '¡F 0 . 0 9 

iH 
Q 

® 
0 , 0 8 

o to Ü 
a . o 0 , 0 7 

0 , 0 6 a 
Control Mild stress Severe stress 

Figure 2. Mean comparison of SOD, in three stress conditions. 

Soltis 1990) using TBE (Tris-Borate-EDTA) electrode buffer 
(pH 8.8). Electrophoresis was carried out at 4 °C for 3 hours 
(constant current of 30 raA, and voltage of about 180 V). 
For each genotype, analysis was repeated three times, each 
time from bulked material of at least five seedlings. After 
electrophoresis, two slices of slab gel were prepared. The 
staining protocol for SOD and CAT was performed according 
to Soltis and Soltis (1990) and POX according to Olson and 
Varner (1993). The gels were fixed and scanned immediately 
after staining. An image analysis program (MCID Analysis 
Evaluation 0.7) was used to measure DxA (optical density 
x area) parameter for each isozyme band to evaluate the 
enzymatic activity. 

Spectrophotometer analysis 

The activities of GR and APX were determined spectrophoto-
metrically (Model RAY LEIGH UV-2601). GR activity was 
determined by measuring the reduction kinetics of oxidized 
glutathione (O'Kane et al. 1996). APX activity was deter-
mined following the oxidation of ascorbate to dehydroascor-
bate. as described by Nakano and Asada (1981). 

Protein determination 

The protein contents of the enzyme extracts were determined 
by Bradford (1979) method using bovine serum albumin 
(BSA) as a standard. 

Statistical analysis 

Data were analyzed using the general linear model procedure 
in SAS program (SAS Institute, Cary, USA). The assumptions 
of variance analysis were tested by ensuring that the residuals 
were random and homogenous, with a normal distribution. 
Enzymatic activity means were compared by LSD and SNK 
using the SAS program. 

Results and Discussion 

Assessment of electropherograms for SOD, CAT and POX in 
19 wheat genotypes displayed two, one and seven isozymes, 
respectively. Analysis of variances for 10 above mentioned 

s> Control is Mild stress • Severe str ess 

1 -
«J z 

~ 0,12 

0,1 

3. 0 . 0 6 

0 .04 
Tolerant intermediate 

Wheat groups 

Figure 3. Treatment combination means of wheat groups and PEG-
mediated osmotic stress for SOD,. 

isozymes activities and two antioxidant enzymes, including 
GR and APX, studied spectrophotometrically, showed that the 
osmotic stress has a significant effect on enzymatic activities 
in wheat seedlings. But, the differences between three groups 
of wheat (susceptible, tolerant and intermediate) were sig-
nificant only for one SOD (SOD,) and two POXs (POX, and 
POX ). Stress x wheat groups interactions were significant for 
all enzymes except one SOD (SOD,) and one POX (POX,) 
isozymes (variance analysis not shown). 

Superoxide dismutase 

The specific SOD activity was increased in the shoots of 
wheat seedlings under stress conditions. Increase in enzyme 
activity coincided with a variable increment in the individual 
isoform expression. Two isozymes (SOD l and 2) were de-
tected in the shoot with SOD, being the major one (Fig. 1). 
Mean comparison of SOD, in three levels of stress conditions 
is presented in Figure 2. SOD, activity was significantly 
increased in both mild and severe stress conditions, having 
non-significant stress wheat group interaction. The SOD, 
expression showed a concomitant increase with the total SOD 
activity. The stress x wheat group interaction was significant 
for SOD, (Fig. 3). A significant difference between severe and 
mild stress was observed in tolerant and susceptible groups 
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Figure 4. Example of isozyme pattern and relative activity of POX in 
the shoots of wheat seedlings for three stress conditions (No.1, 2, 9: 
tolerant- 10, 11: intermediate and 17: susceptible genotypes). 
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Figure 6. Example of enzyme pattern and relative activity of CAT in 
the shoots of wheat seedlings for three drought conditions (No.1, 2, 9: 
tolerant- 10, 11: intermediate and 17: susceptible genotypes). 
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Figure 5. Treatment combination means of wheat groups and PEG-
mediated osmotic stress for POX, (a) and POX7 (b). 

for SOD,, whereas in intermediate group there was no sig-
nificant difference and the maximum activity was obtained 
in tolerant group at mild (-0.4 MPa) stress. 

Interestingly, mild water stress resulted in a maximum and 
significant up-regulation of SOD, in both tolerant and suscep-
tible groups compared with intermediate group (Fig. 1 and 
3). The ability of plants to overcome oxidative stress partly 
relies on the induction of SOD activity and subsequently on 
the up-regulation of other downstream antioxidant enzymes 
(Alscher et al. 2002). According to this fact that SOD process-

Figure 7. Treatment combination means of wheat groups and PEG-
mediated osmotic stress for CAT activity. 

ing is known to be substrate inducible) Tsang et al. 1991), 
an increment in the SOD activity may be attributed to the 
increased production of the superoxide (O,") as substrate 
that lead to induced expression of genes encoding SOD. In 
sunflower seedlings a decrease in SOD activity was detected 
under water stress (Badiani et al. 1990). The reverse was true 
in wheat (Badiani et al. 1990; Bakalova et al. 2004) and rice 
(Sharma and Dubey 2005) where water stress increased SOD 
activity. Our results are consistent with Badiani et al. (1990) 
and Bakalova et al. (2004). Higher SOD activity in tolerant 
group compared with susceptible and intermediate groups 
can also be explained by less efficiency susceptible group in 
scavenging of O,"under severe stress conditions. 

Peroxidase 

Seven isozymes were detected (Fig. 4) in the shoots of wheat 
seedlings with POX, and POX7 being the major ones, having 
significantly different activities between wheat groups. Dif-
ferences of genotypes within group and stress x wheat group 
interaction were significant for all POX isozymes except for 
POX, (data not shown). The highest enzymatic activity incre-
ment was belonged to tolerant group of wheat under severe 
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Figure 8. Treatment combination means of wheat groups and PEG-
mediated osmotic stress for GR activity. 
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Figure 9. Treatment combination means of wheat groups and PEG-
mediated osmotic stress for APX activity. 

stress conditions (-0.8 MPa) for most of POX isozymes, 
especially for POX, and POX? (Fig. 5a, b). 

POX, APX and CAT are three important H ,0 , scaveng-
ing antioxidant enzymes functioning in different sub cellular 
compartments (Noctor and Foyer 1998). Increase in POX 
activity in leaves of drought tolerant and susceptible wheat 
cultivars has also been reported earlier under water deficit 
stress. Sairam and Saxena (2000) reported that tolerant geno-
types, with highest peroxidase activity, had the lowest lipid 
peroxidation and highest membrane stability under water 
stress at different stages after anthesis, while the susceptible 
genotypes exhibited the lowest antioxidant enzyme activity, 
membrane stability and the highest lipid peroxidation. 

Acar et al. (2001) reported an increase in POX activity in 
tolerant barely variety but non changed activity in susceptible 
one. Shao et al. (2005) observed variation in peroxidase activ-
ity in wheat genotypes under soil water deficits at maturation 
stage and suggested that water stress tolerance was closely 
associated with POX activities. An increase in POX activity 
in drought tolerant as well as susceptible maize genotypes at 
seedling stage under 72 h drought stress has been reported by 
Chugh et al. (2011). In a review applied at seedling stage of 
wheat cultivars, antioxidant enzymes activities were increased 
with the decrease of osmotic potential in both tolerant and 
sensitive cultivars. The tolerant cultivar exhibited a higher 
antioxidant activity compared to the sensitive one (Valifard 
et al. 2012), supporting our results in the present study. 

Catalase 

A single band of CAT was detected in the shoots of wheat 
seedlings upon native PAGE separation. In severe stress con-
dition, CAT showed higher activity as compared with mild 
stress and control condition (Fig. 6). Stress x wheat group 
and stress x genotype within group interaction for CAT were 
also significant (data not shown). A significant difference was 

observed between severe and mild stress in tolerant wheat 
group alone (Fig. 7). 

Reports on catalase activity under stress condition are 
heterogeneous. CAT activity has been shown to increase 
in maize (Kolarovic et al. 2009), wheat (Luna et al. 2004) 
and also to remain unchanged or even decrease under water 
stress in sunflower (Zhang and Kirkham 1992). Luna et al. 
(2004) reported leaf H ,0 , content increased even though total 
CAT activity doubled in wheat seedling under severe stress 
conditions. Our results are consistent with works reporting 
the increased CAT activity in response to osmotic stress in 
wheat seedling. 

Glutathione reductase 

Effect of water deficit stress was significant on GR activity, 
measured spectrophotometrically. Stress x wheat group inter-
actions and genotype within group were significant. Figure 8 
indicates the mean GR activity values, for treatment combina-
tions. The highest and significant GR activity was obtained 
for tolerant wheats in severe stress conditions. 

Several authors have reported increased activity of GR in 
rice seedlings (Sharma and Dubey 2005) and alfalfa (Rubio et 
al. 2002) under environmental stresses. Lascano et al. (2001) 
reported an increase in glutathione reductase (GR) activities 
in the tolerant wheat cultivars and a higher decline in reduced 
glutathione (GSH), ascorbate content and less oxidative dam-
age than in the susceptible cultivar. 

Ascorbate peroxidase 

APX activity showed significant difference for osmotic stress, 
genotype within group conditions, stress x wheat group 
and stress x genotype within group interactions. In spite of 
genotype differences within groups (data are not shown), 
the interaction effect between stress and groups of wheat 
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revealed that (Fig. 9), the tolerant group of wheats under 
severe stress displays a substantially increased activity for 
APX as for GR. 

Khanna-Chopra and Selote (2007) reported that drought 
tolerant wheat cultivars had the highest APX activity dur-
ing severe water deficit stress in post-anthesis period as our 
finding for wheat seedling. Al-Ghamdi (2009) reported that 
drought acclimated (by cessation of watering for 8 days) 
wheat seedling exhibited systematic increase in the activity 
of H ,0 , scavenging enzymes, particularly APX and CAT and 
maintenance of ascorbate redox pool by efficient function of 
APX enzyme. 
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ABSTRACT Spirodela polyrhiza (L.) Schleiden (giant duckweed) is an extensively studied 
representative of duckweeds (Lemnoideae subfamily, Araceae). Despite its widespread applica-
tion in numerous research areas and wel l-known capability for producing turions, the effects 
of various toxicants on turion production are sporadically discussed in the scientific literature. 
Our aim was to study the growth of S. polyrhiza under cadmium stress and to test its potential 
interference wi th turion production. Effects of cadmium were assessed in axenic cultures of a 
local S. polyrhiza clone in 7-days-long duckweed growth inhibition tests. Our results indicated 
that higher cadmium concentrations decreased the relative growth rates of cultures within 3 
days and growth inhibition reached its maximum between the 3rd and 5th days with 0.080 mg 
I ' IC50. Parallel w i th slowed frond production - by mirror image pattern - induction of turion 
formation was observed. The first turions protruded by the 5th day of treatments in the 0.075-
0.75 mg I ' concentration range. Such rapid onset of turion formation is indicative of an almost 
immediate switch between normal and turion mode of menstem function upon cadmium stress. 
The consideration of this mechanism in practical applications of S. polyrhiza is recommended. 
Acta Biol Szeged 58(2):103-108 (2014) 
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Spirodela polyrhiza (L.) Schleiden (giant duckweed) is a 
cosmopolite representative of the Lemnoideae subfamily 
(Araceae). Although Lemna gibba L. and L. minor L. are 
the commonly used species in standardized ecotoxicological 
test procedures (Environment Canada 2007) S. polyrhiza is 
also widely applied as a model organism in plant physiol-
ogy, ecotoxiciology and bioremediation studies (Gaur et al. 
1994; Oláh et al. 2008). This special attention could partly 
be attributed to its special way of propagation (Chaloupková 
and Smart 1994). Duckweeds usually produce descendants 
vegetatively by their meristematic 'pockets' at the proximal 
end of their fronds. A considerable portion of the subfamily 
(15 out of 37 species according to Appenroth 2002), however, 
can produce not only daughter fronds but turions or turion-
like fronds as well, which serve as dormant buds for surviving 
unfavorable periods (Jacobs 1947). S. polyrhiza is the most 
extreme example of this strategy since in temperate regions 
its winter survival relies exclusively on its turions because 
normal fronds cannot tolerate low temperatures (Appenroth 
2002). Turions are produced by the same meristematic re-
gions as normal vegetative fronds. Jacobs (1947) observed 
that the growing primordium loses its ability to reversibly 
switch between normal and turion developmental paths 
when it reaches approximately 0.2 mm length. According 
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to Smart and Trewavas (1983) the developing primordium 
crosses this limit when cell expansion tends to dominate 
over cell division and the developmental switch is regulated 
by the internal level of abscisic acid (ABA). The mesophyll 
of turions is less differentiated, contains high amounts of 
starch, and lacks aerenchyma, and, as a result, turions sink to 
the water bottom during unfavorable periods (Jacobs 1947). 
Structural simplicity and small size of fronds, rapid growth, 
and easy observation of turion formation qualify S. polyrhiza 
as an ideal model system for investigating regulation of mor-
phogenesis and dormancy in plants (Chaloupkova and Smart 
1994). Besides their popularity in plant physiological and 
ecotoxicological research, common advantages of duckweed 
species make these plants suitable for various fields of practi-
cal applications (Wang et al. 2014). Recently duckweeds are 
considered as potential candidates for bioremediation, waste 
water treatment, and raw material (e.g. protein and starch) 
production (Cheng and Stomp 2009). 

Despite its extensive application in ecotoxicology and 
phytoremediation research, the effects of heavy metals on 
turion formation of S. polyrhiza are sparingly discussed and 
the results are rather contradictory. Xylander et al. (1993) 
found that the presence of either cadmium (Cd) or nickel in 
the nutrient medium inhibited formation of turions. Contrary 
to that, Srivastava and Jaiswal (1989) found Cd to induce tu-
rion formation. Susplugas et al. (2000) reported similar effect 
of hexavalent chromium. Since the induction or suppression 
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Table 1. Relative growth rates (RGR, mean±SE, n=12) of control samples, lowest observed effect Cd-concentrations (LOEC), median 
growth inhibiting Cd-concentrations (IC50, ±95% confidence intervals), mortality- ('Mortality') and turion formation-inducing con-
centrations ('Turion formation') of Cd as calculated for the periods between counting days 0th, 3rd, 5th and 7th, respectively. 'Mortal-
ity' and 'Turion formation' denote the Cd concentration ranges where negative mean RGRs or protruding turions, respectively, were 
observed. 

0"~-3rJ days 3rd-5'h days 5'h-7'h days 

0.401 (±0.011) 0.398 (±0.013) 0.275 (±0.012) 
LOEC (mg Cd I ' ) 0.075 0.01 0.05 
ICM (mg Cd I ' ) 0.297 (±0.088) 0.080 (±0.016) 0.100 (±0.030) 
Mortality (mg Cd I ' ) - - 0.5-1 
Turion formation (mg Cd I ' ) - 0.075-0.75 0.075-0.75 

of turion formation could affect both realized growth rates 
and quality of the produced biomass, the effects of various 
chemicals on turion formation are important factors consider-
ing the practical applicability of duckweeds. The aim of the 
present study was to assess the effects of Cd on growth of 
S. polyrhiza over a wide concentration range and to test its 
potential interference with turion production. 

Materials and Methods 

Test conditions 

Effects of Cd were investigated in duckweed growth inhibi-
tion tests. Axenic stock culture of Spirodela polyrhiza (L.) 
Schleiden. was initiated from plants collected in 2004 at lake 
Kis-Balaton (W. Hungary). Stock cultures were maintained on 
Steinberg medium (pH 5.5±0.2, Environment Canada 2007) 
in tissue culturing room of Department of Botany, University 
of Debrecen (Hungary), under constant temperature (22±2 
°C) and irradiation (warm white fluorescent lamps, PPFD: 
60±10 pmol m 2 s"1). 7-10 days prior to growth inhibition tests 
several plants were subcultured aseptically in 300 cm3 Erlen-
meyer's flasks containing 100 ml sterile Steinberg medium in 
order to maintain exponential growth of cultures. The applied 
conditions assured that no turion formation occurred during 
pre-culturing and tests in control cultures. 

7-days-long, static growth inhibition tests were performed 
in 80 mm (diameter) crystallizing dishes containing 100-100 
ml test solutions. Cd was applied in form of 3CdS04 x 8 H , 0 
salt (Reanal, Hungary) in final concentrations of 0, 0.001, 
0.0075. 0.01,0.025,0.05, 0.075,0.1,0.175, 0.25, 0.375,0.5, 
0.75 and 1 mg Cd T1, respectively. 2-3 colonies (10±2 fronds) 
per vessel were used as starting inoculum at the beginning of 
tests. Growth was characterized by the change in total frond 
number (FN) of cultures. Each culture was photographed 
digitally at 0th, 3rd, 5th, and 7'h days of tests (Environment 
Canada 2007). Then digital images were used for counting 
FN by means of ImageJ (Abramoff et al. 2004). All living, 
distinguishable fronds were considered. 

The same digital images were used for assessing turions 
produced during the tests. All distinguishable turion pri-

mordia were counted irrespective of their detachment from 
mother frond. 

Data analysis 

Relative growth rate (RGR) of cultures was calculated for 
periods between counting days according to the Environment 
Canada (2007) guidelines: 

RGR (frond frond1 day1) = (ln(FNp - ln(FN_)) /1. -1. 
where FN and FN are the observed frond numbers at days 
t and t 
• J 

Based on newly formed turions and fronds the turion 
yield ratio (T%) of cultures that is production of turions in 
percentage of total new offshoots during a given period was 
calculated as follows: 

T% - turions / (turions + new fronds) 
Each applied Cd concentration was tested in 4 parallel 

cultures per test, and in 2 or 3 independent experiments. For 
assessing effects of Cd respective results of all parallel treat-
ments were pooled (n = 8-12). Medians were compared by 
Kruskal-Wallis test and post-hoc Mann-Whitney pairwise 
comparisons using Past 3.01 (Hammer et al. 2001). Effects of 
different Cd concentrations were considered as significantly 
different at p<0.05 levels. The lowest observed effect con-
centration (LOEC) was considered as the lowest applied Cd 
concentration which resulted in significant (p<0.05) growth 
inhibition as compared to control. IC50 that is Cd concentra-
tion resulting in 50% growth inhibition for a given period of 
treatments was calculated performing non-linear regressions 
by means of Sigmaplot 10 (Systat Software). Four parameter 
logistic curves were fit to mean RGRs plotted as percentage 
of respective control means. 

Results 

Inhibiting effects of Cd on FN of S. polyrhiza cultures evolved 
very fast. By the 3rd day of treatments 0.075 mg T1 and higher 
concentrations significantly (p<0.05) reduced RGR and 0.75 
and 1 mg T1 Cd almost completely stopped growth of cultures 
(Fig. 1, Table 1). Prolonged exposure to low Cd concentra-
tions slowed the growth of plants as well. Growth of cultures 
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Figure 1. Relative growth rates (RGR) of S. polyrhiza cultures calculated on the basis of frond number changes between 0th-3rd, 3,d-5th and 5th-
7th days of cadmium treatments, respectively. Regression lines are 4 parameter logistic curves with coefficients of determination in brackets. 
Symbols denote mean of 8-12 samples as percentiles of mean control RGR. 

was significantly (p<0.05) inhibited between the 3rd and 5th 

days of treatments at 0.01 mg dm ' and higher concentrations. 
In this period 0.175-1 mg 1' and higher concentrations low-
ered growth rates of cultures below 0.1 frond frond 1 day1 that 
is increased the doubling times of fronds over 8 days. There 
was no considerable difference in pattern of growth inhibition 
over the applied Cd concentration range between periods of 
3rd-5,h days and 5lh-7th days (Fig. 1). 0.25 mg l 1 and higher 
concentrations stopped entirely production of new fronds or 
even induced 'negative growth' that is resulted in mortality of 
existing fronds (Table 1). At 1 mg 11 Cd proved to be lethal 
for test cultures within 7 days. 

The LOEC and IC50 values showed strong decrease as 
comparing the periods of 0Ih-3rd and 3rd-5th days, respectively. 
However, later (5th-7,h days) both LOEC and IC50 showed 
slight increase (Table 1). 

Formation of turions was first observed at the 5Ih day of 
exposures. At this point, protruding turions were visible in the 
0.075-0.75 mg 11 concentration range (Table 1). Comparing 
the turion-inducing Cd concentrations, there was no differ-
ence at the 5th and 7th days of exposures, respectively (Table 
1). Differentiation of primordia between the 3rd and 7th days of 
exposures was concentration-dependent and showed clearly 

mirror image pattern (Fig. 2). Increase in Cd concentration 
elevated T% suggesting that a growing proportion of newly 
formed offshoots became turion. Beyond 0.1 mg 11 produc-
tion rate of new fronds dropped strongly and in line with that 
T% exceeded 45% (Fig. 2). At 0.5 mg dm 3 Cd formation of 
turions became almost exclusive (85±8%) among offshoots in 
the test cultures. 0.75 mg l1 Cd -the highest applied non-lethal 
concentration- accelerated the inhibition on the meristematic 
activity further and thus both formation of fronds and turions 
declined. This resulted in still high but somewhat lower T% 
(63±15%) than 0.5 mg l 1 Cd. 

Discussion 

Due to rapid doubling of duckweed cultures Cd-induced 
growth retention took place within a short time interval, even 
3 days of exposure proved to be effective. The calculated IC50 

values for the assessed three periods (0.297; 0.080 and 0.100 
mg 11 for O ^ ' " , and 5th-7th days, respectively) indicate 
that growth inhibition reached its maximum by the 5th day of 
exposure stopping completely the production of new fronds 
at higher concentrations after which the mortality of fronds 
took place resulting in negative growth rates of cultures. The 
observed effective concentrations were in the similar range as 
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Figure 2. Average number of fronds and turions produced by one mother frond between the 3rd and 7th days of cadmium treatments (offshoot 
production) and relative proportion of turions in total offshoot production (T%), respectively. Error bars denote standard errors of means 
(n=8-12). 

the literature data. On the basis of fresh weight change Gaur 
et al. (1994) calculated 0.09 mg 11 IC50 for S. polyrhiza after 
4 days of Cd treatments. In 7 days long growth inhibition tests 
with similar test conditions to ours Naumann et al. (2007) 
reported 0.323 mg 11 IC50 based on FN of L. minor cultures. 

Although S. polyrhiza is widely studied in ecotoxicology 
and bioremediation research effects of heavy metals on its 
turion formation are scarcely mentioned. The only avail-
able report on turion-inducing effect of Cd was provided 
by Srivastava and Jaiswal (1989). In their paper growth and 
turion formation of duckweed cultures was monitored at 
10lh, 20lh and 30th days of treatments. Turion formation was 
first observed after 10 days due to 10 mg 11 Cd. Although 
this concentration is one order of magnitude higher than the 
lethal concentration in our experiments, it induced similar 
extent of inhibition in growth rate (35%) also leading to turion 
production. Since they applied similar light and temperature 
conditions to those in our experiments we assume that the 
different growth media might be the potential reason for the 
higher inhibiting dose of Cd. Srivastava and Jaiswal (1989) 
used different concentrations of major nutrients and also ap-

plied 1% sucrose in the growth medium which might improve 
the tolerance of plants to Cd. 

Rapid onset of turion production in our study suggests that 
switch of mother frond meristems from normal mode to turion 
formation takes place almost immediately after exposure to 
Cd. Since developmental path of offshoot primordium is ir-
reversibly determined after a distinct period of morphogen-
esis (Jacobs 1947; Smart and Trewavas 1983) production of 
normal fronds continued during the first few days irrespective 
of Cd treatments. After protrusion of those fronds, the next 
generation of offshoots clearly reflected turion-inducing 
effects of Cd. The observed lag in turion formation fits the 
time range reported for plants under phosphate deficiency (3 
days, Appenroth 2002) and ABA treatments (within 4 days, 
Smart et al. 1995). 

Appenroth (2002) grouped turion inducing factors into 2 
classes: those in the first one influence turion yield by total 
productivity of the system (e.g. via conditions of carbon 
assimilation), while those in the second one are signals for 
switching between normal and turion mode of meristematic 
pockets. Rapid appearance of turions in our experiments 
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suggests that Cd stress serves as a factor for triggering turion 
mode similarly to the latter group of factors. 

Differentiation of primordia into normal fronds versus 
turions between the 3rd and 7lh days of exposures showed 
distinct bell-shaped response of T% as a function of the ap-
plied Cd concentration (Fig. 2). This pattern is very similar 
to that reported by Smart and Trewavas (1983): they found 
that turion formation induced by ABA treatments was always 
accompanied by decreasing rate of frond production and 
after reaching maximum T% it decreased in parallel with 
the declining meristematic activity. Srivastava and Jaiswal 
(1989) and Susplugas et al. (2000) also observed a decrease 
in vegetative growth when turion formation had started as a 
result of Cd and chromate stress, respectively. 

Although the regulating factors of Cd-induced turion for-
mation were not assessed directly in our study we suggest at 
least two mechanisms for explanation for formation of turions 
under Cd stress as based on former reports: 

i) Induction of turion formation by Cd might be attributed 
to its interference with mineral nutrition especially to imbal-
anced uptake of phosphate (Srivastava and Jaiswal 1989), a 
well described factor triggering turion formation (Appenroth 
2002). Cd is known to inhibit phosphate nutrition of plants 
(Das et al. 1997) and in the rapidly growing duckweed plants 
P-deficiency might develop within short time. Appenroth 
(2002) observed rapid onset of turion formation (3 days) as 
a result of phosphate limitation which supports the former 
assumption. 

ii) Similarly to other abiotic stress factors heavy metals 
influence the hormonal regulation of plants (Manara 2012). 
Enhanced synthesis of stress-related hormones such as ABA, 
ethylene and salicylic acid and decreased concentration of cy-
tokines might promote senescence of plants. Internal level of 
ABA and its relative concentration to cytokinins were proved 
to be directly linked to turion formation of S. polyrhiza by e.g. 
Smart and Trewavas (1983), Chaolupková and Smart (1994) 
and Smart et al. (1995). 

Further efforts are needed to reveal which of the above 
mechanisms or perhaps a third one is responsible for altera-
tion of primordium developmental pathway in response to 
Cd stress. Latest transcriptome analyses on both active S. 
polyrhiza fronds and turions published by Wang et al. (2014) 
revealed that ABA-responsive element binding factors, 
ethylene-responsive element binding factors, heat-shock 
transcription factors, and WRKY transcription factors -which 
also regulate plants' stress defense - play role in switch from 
normal to turion mode of meristems. 

Based on our results it could be concluded that turion 
formation of 5. polyrhiza should have been taken into con-
sideration when this species is used in basic and applied re-
search. Despite the widespread application of giant duckweed 
in ecotoxicology and plant physiology, turion formation as a 
response to various toxicants is reported scarcely. Our results 

indicate that the switch to turion mode of meristems can occur 
within the time period of frequently applied growth inhibi-
tion tests. Thus, the onset of turion formation may provide 
important additional information on special physiological 
effects of a given toxicant. 

Another interesting aspect of turion formation might 
emerge when potential use of duckweeds is discussed as tools 
for phytoremediation. Such techniques apply plants rapidly 
increasing their biomass and exhibiting a relatively high af-
finity to absorb toxicants. As some of these toxicants seem to 
induce or at least enhance turion production, this mechanism 
might significantly reduce the expected growth rates of the 
applied species. 
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ABSTRACT In order to evaluate the morphological and physiological responses of soybean 
genotypes to water deficit, a field experiment with 3 different soybean genotypes at three dif-
ferent irrigation regimes was carried out. Plants were grown either under optimum condition 
(irrigated), drought stress implemented before the f lowering (pre-anthesis) and pod-filling stage 
(post-anthesis). Seed yield and measured morphological characters, except for number of seeds 
per plant and seed protein content, decreased from normal irrigation regime to water deficit 
stress in both f lower ing and pod fil l ing growing stages. Leaf relative water content (RWC) was 
significantly decreased in all genotypes by water deficit at both growing stages, as wel l as both 
stressed environments had progressive fal l in chemical osmolytes and chlorophyll content. With 
the present results, it can be concluded that drought stress retards the growth and metabolic 
activity of soybean genotypes. These parameters showed considerable variability under drought 
stress at different growth stages in soybean. Acta Biol Szeged 58(2):109-113 (2014) 
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Plants are subjected to several harsh environmental stresses 
that adversely affect their growth, metabolism, and yield. 
Drought is a meteorological term and defined as a period 
without sufficient rainfall for crop growth and productivity. 
This limitation for water supply in agriculture is likely to 
increase in the future due to growth of population and eco-
nomical sectors other than agriculture (Araus 2004). Soybean 
is considered a species sensitive to several abiotic stresses 
(Van Heerden and Kriiger 2000), when compared with other 
tropical legumes, such as Vigna unguiculata and Phaseolus 
vulgaris (Roy-Macauley et al. 1992; Silveira et al. 2003), 
as well as others species as Gossypium hirsutum, Sorghum 
bicolor (Younis et al. 2000) and chickpea (Talebi et al. 2013). 
Drought stress is the most important limiting factor at the 
initial phase of plant growth and establishment (Jaleel et al. 
2009). Soybean is particularly sensitive to the lack of mois-
ture during the blooming process (growth stages R l and R2) 
and during the legume and seed growing processes (growth 
stages R3 - R6) (Doss et al. 1974; Sionit et al. 1987). Med-
erski et al. (1973) claim that water stress during the bloom-
ing process (growth stages R1 and R2) and legume growing 
process (growth stages R3 and R4) was noticed as a factor 
responsible for a flower and legume abortion, however, the 
seed size was reduced by the stress during the seed growing 
process (growth stages R5 and R6) (Krivosudska and Filova 
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2013). The responses of different crops to the decrease of 
water potential caused by drought may vary considerably 
among species (Save et al. 1995). In most of the crops, yield 
losses might be the result of decreasing in water supply dur-
ing the vegetative phase, due to drought during reproductive 
development or due to terminal drought at the end of the crop 
cycle (Serraj et al. 2004). In term of morphological responses 
to drought stress, the remarkable reduction in growth, dry 
mater and harvestable yield in a number of plant species were 
recorded, but the tolerance of species to this menace varies 
remarkably (Serraj et al. 2004; Talebi et al. 2013). Various 
physiological responses of plants to drought with their toler-
ance mechanisms were reported in different crops (Dhanda 
et al. 2004; Serraj et al. 2004; Benjamin and Nielsen 2006; 
Kalefetoglu and Ekmekci 2009; Praba et al. 2009; Talebi et 
al. 2013). Soybean is planted over a wide range of conditions, 
but information related to morphological and physiological 
changes in the plant organs under drought stress is lacking. 
The aim of the present work was to examine the effects of 
drought on several morphological and physiological param-
eters of soybean under different water regimes. 

Materials and Methods 

Three soybean (Glycine max cv. Sambaiba) accessions (Habit, 
L17 and M7) were chosen for the study based on their reputed 
differences in growth habit and yield performance. Experi-
ments were conducted at the experimental field of Islamic 
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Azad University of Sanandaj (35°10'N, 46°59E; 1393 m 
above sea level), in Kurdistan province (northwest of Iran) in 
2012. Some of the soil physicochemical characteristics were: 
sand 25.4%, silt 32.6%, clay 42%, pH 7.6, organic carbon 
0.62%, electrical conductivity 0.50 dS m-1, and available P 
and K 9.3 and 340 mg L 1 , respectively. The experiment was 
laid out in a split-plot arrangement with randomized complete 
block design and three replications. Three different irrigation 
regimes including irrigation every 4th day (al), irrigation 
every 4th day with withholding irrigation at flowering stage 
for 15 days (a2) and irrigation every 4th day with withholding 
irrigation at pod filling stage for 15 days (a3) were compared 
in main plots. In well-watered control experiment, water 
level at field capacity (between 80 to 90%) was maintained 
throughout the experiment. For drought treatments, water was 
withheld for 15 days until the water level at field capacity 
decreased to 50%. Three different soybean genotypes were 
assigned in sub-plots. Each sub-plot contained three sowing 
rows 3 m in length. Inter- and intra-row spacing was 50 and 
15 cm, respectively. 

Six plants were randomly chosen from each plot to mea-
sure the number of seeds per plant, number of seeds per pod, 
plant height, 100-seeds weight, biological yield and grain 
yield (g m 2) was measured by harvesting each plot at crop 
maturity. Leaf relative water content (RWC) was determined 
according to Turner (1981), based on the following equa-
tion: 

RWC = (FM - DM) / (SM - DM) xlOO 
where FM is leaf fresh mass, DM is dry mass of leaves after 
drying at 85 °C for 3 days, and SM is the turgid mass of 
leaves after soaking in water for 4 h at room temperature 
(approximately 20 °C). Half of the third (from the top) 
fully expanded leaf was used. Samples for chlorophyll and 
carotenoid determination were taken from soybean leaves 
using a 0.8 cm diameter cork borer, weighted quickly in 
pre-weighted clean glass vials and 5 ml of 80% acetone was 
added to these samples. The leaf material was bleached and 
decanted off. The optical density was read at X = 663, 646 and 
470 nm using 80% acetone as a blank by a spectrophotometer 
(Spectronic Genesys-5, Milton Roy). Content of chlorophyll 
a, chlorophyll b and carotenoids (pg g ' ) was calculated 
according to Lichtenthaler and Wellburn (1983) using the 
following formulae: 

Chlorophyll a = 12.21 OD663 - 2.81 ODM6; 
Chlorophyll b = 20.13 O D ^ - 5.03 O D w ; 
Carotenoids = (1000 OD470 - 3.27 Chlorophyll a - 104 

Chlorophyll b) / 229 
Soluble sugars were determined based on the method of 
phenol-sulfuric acid (Dubois et al. 1956). 0.5 g fresh weight 
of soybean leaves was homogenized with deionized water, 
extract was filtered and treated with 5% phenol and 98% 
sulfuric acid, mixture remained for 1 h and then absorbance 
at 485 nm was determined by spectrophotometer. Contents 

of soluble sugar were expressed as mg g4 FW. 
Leaf soluble proteins were extracted from 2 g leaf dry 

weight of each sample into 5 ml Tris-HCl buffer (pH=8.0) 
containing 26.8 ml 0.2N HC1, 17.2% sucrose, 1% ascor-
bic acid and was then centrifuged. 1 ml of reagent D was 
added into 0.05 ml of the resulting solution and kept at room 
temperature. Then, 3 ml of reagent E was added and the 
sample was kept in Bain-marie at 50 °C. The absorbance 
was measured spectrophotometrically at 625 nm. Protein was 
calculated based on pM g 1 FW. For seed oil content, crude 
oils were extracted with n-hexane in a Soxhiet apparatus for 
12 hs. After drying the solution with anhydrous sodium sul-
phate, solvent was removed by vacuum distillation at 30 °C. 
Oil percentages were determined by weight difference. Seed 
protein content was determined by the Kjeldahl method and 
it was converted to protein content by using the conversion 
factor 6.25 (AOAC 1980). 

All collected data were subjected to analysis of variance 
operations and means of treatments were compared with the 
least significant difference (LSD) test at P < 0.05. The statis-
tical calculations were performed with MSTAT-C software 
version 2.10. 

Results 

Seed yield and yield components 

Drought stress had significant effects on seed yield and mor-
phological traits. Seed yield and measured morphological 
characters, except for number of seeds per plant and seed 
protein content, decreased from normal irrigation regime to 
water deficit stress in both flowering and pod filling grow-
ing stages (Table 1). Interestingly, seed oil content increased 
significantly by water deficit stress. Between the genotypes, 
Habit showed higher seed yield and oil content (Table 1). The 
interactive effects of irrigation regimes and genotypes for seed 
yield and morphological characters are presented in Table 2. 
Seed yield and most of the measured traits were significantly 
decreased in stress treatments compared to normal irrigation 
environment (Table 2). Habit showed higher seed yield and 
100-seed weight in stressed environments compared to other 
genotypes, while seed oil content in L17 and M7 was dramati-
cally higher than in Habit (Table 2). 

RWC and leaf biochemical characters 

Leaf relative water content (RWC) was significantly de-
creased in all genotypes by water deficit at both growing 
stages as well as both stressed environments (al and a2) had 
progressive fall in chemical osmolytes and chlorophyll con-
tent (Table 3). Interactive effects of genotypes and irrigation 
regimes for RWC and leaf biochemical attributes showed less 
decrease in early flowering stress (a2), while when plants sub-
jected to water stress at pod filling stage (a3) these characters 
significantly decreased and genotypes differed in response 
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Table 1. M a i n e f fec ts of i r r igat ion regimes and genotypes on seed y ie ld and y ie ld components tra i ts . Da ta are means f r o m th ree 
repl icat ions . Means f o l l o w e d by same letters in a g roup of a co lumn a re not s igni f icant ly d i f f e ren t a t P < 0 .05 accord ing to LSD test . 

Treatment NPP NSP TSW Y (t/ha) BY (t/ha) PH Seed oil (%) Seed 
protein (%) 

Normal irrigation (a1) 127.7±11.22a 2.4±0.41 a 13.1±1.12a 6.23±2.14a 15.05±3.78a 90.2±7.49 a 15.9±0.49b 
Water stress at flow-
ering (a2) 

Water stress at pod 
filling (a3) 

Habit 
L17 
M7 

73.3±8.63 b 

80.9±9.11 b 

110.9±9.01 a 
87.2±7.14 b 
83.8±6.89 b 

2.1±0.28 a 11.7±0.58b 2.26±0.98 b 6.42±2.18 b 63.5±7.91 b 16.8±0.78b 

2.2±0.11 a 13.4±0.98 a 5.38±0.34a 11.43±1.07a 60.6±4.78 b 15.7±0.30b 
94.7±7.11 a 17.4±0.24a 2.3±0.09 a 10.3±0.68b 2.93±0.45 b 8.73±0.91 b 

2.4±0.07 a 12.5±0.49 a 2.86±0.51 b 8.81±1.08b 90.1±8.79 a 18.7±0.41a 

34.2±0.77 a 
34.2±0.33 a 

2.5±0.29 a 11.3±0.47b 2.67±1.08b 7.46±2.58 b 91.7±8.17a 19.04±1.14a 28.9±0.79 a 

33.03±0.77 a 
31.70±0.46 a 
32.80±0.24 a 

NPP=Number of pods/plant; NSP=Number of seeds/plant; TSW=100-seed weight; Y=seed yield (t/ha); BY=Biological yield (t/ha); PH=Plant height (cm) 

Table 2 . In teract ion e f f e c t o f i r r igat ion regimes x genotype on seed y ie ld and morpholog ica l character ist ics . Da ta a re means f r o m 
th ree repl icat ions . M e a n s in each co lumn f o l l o w e d by same letters are not s igni f icant ly d i f f e ren t at P < 0 .05 accord ing to LSD test . 

Treatment Genotype NPP NSP TSW Y 

Habit 129.5±10.11 a 2.35±0.19 a 13.96±0.97 a 10330±478.9 a 
Normal Irrigation (a1) L17 149.6±9.77 a 2.47±0.17 a 11.27±1.08 ab 5036.6±325.8 b 

M7 103.7±11.07 ab 2.44±0.10 a 14.01±1.45 a 3340±279.58 c 
Habit 94.5±9.14 b 2.06±0.08 a 13.62±1.11 a 2793.4±215.21 c 

Water stress at flowering (a2) L17 51.4±8.11 c 2.02±0.09 a 9.74±0.54 b 1346.7±425.14c 
M7 74.2±7.19c 2.19±0.11 a 11.77±1.57 a 2636.6±478.14c 
Habit 108.56±10.11 ab 2.29±0.12 a 12.54±1.14 a 3010±521.14 c 

Water stress at pod filling (a3) L17 60.56±4.01 c 2.53±0.19 a 9.75±0.78 b 2400±615.25 c 
M7 73.5±5.14c 2.55±0.21 a 11.6±1.86 ab 2603±397.78 c 

Treatment Genotype BY PH Seed oil (%) Seed protein (%) 

Habit 19330±2478.15 a 46.5±28.37 d 13.86±2.47 b 36±1.28 a 
Normal irrigation (a l ) L17 13476.6±1987.45 b 115.66±29.14 a 16.43±0.98 ab 34.24±2.12 a 

M7 12363.3±2135.17 b 108.99±17.15a 17.56±1.65 a 32.35±1.48 a 
Habit 7000±2745.25 c 56.44±8.14cd 16.10±1.73 ab 33.87±1.38 a 

Water stress at flowering (a2) L17 5316.6±1798.54c 69.88±5.18 c 15.90±1.98 ab 33.24±1.47 a 
M7 6953.3±1796.35c 64.22±6.16 c 18.50±1.11 a 35.52±1.65 a 
Habit 7880±2014.34c 79.44±8.19 be 17.21 ±1.36 a 25.24±1.29 b 

Water stress at pod filling (a3) L17 7400±1978.24 c 98.66 ±10.14ab 20±0.98 a 26.36±1.37 b 
M7 7101.3±2078.39 c 97±14.77 ab 19.91±0.79 a 30.38±2.79 ab 

NPP=Number of pods/plant; NSP=Number of seeds/plant; TSW=100-seed weight; Y=seed yield (t/ha); BY=Biological yield (t/ha); PH=Plant height (cm) 

t o d r o u g h t s t r e s s ( T a b l e 4 ) . It s e e m s t h a t , M 7 i s a b l e t o k e e p 

o r a c c u m u l a t e m o r e R W C a n d o t h e r b i o c h e m i c a l o s m o l y t e s 

w h e n c o m p a r e d t o H a b i t a n d L I 7 , w h i l e H a b i t s h o w e d h i g h e r 

s e e d y i e l d a n d o t h e r y i e l d c o m p o n e n t s t h a n t h e o t h e r t w o 

g e n o t y p e s . T h e y i e l d r e d u c t i o n s in M 7 a n d L I 7 u n d e r w a t e r 

d e f i c i t s t r e s s a r e l e s s t h a n t h a t i n H a b i t . T h e r o l e o f R W C a n d 

o s m o l y t e s a c c u m u l a t i o n in t o l e r a n c e t o w a t e r d e f i c i t i n L 1 7 

a n d M 7 i s n o t i c e a b l e . 

Discussion 

I r r i g a t i o n r e g i m e s a n d g e n o t y p e s b o t h d i f f e r e d s i g n i f i c a n t l y 

f o r a l l m o r p h o l o g i c a l c h a r a c t e r s , e x c e p t f o r n u m b e r o f s e e d s 

p e r p l a n t a n d s e e d p r o t e i n c o n t e n t , t h a t c a n b e c o n s i d e r e d 

u s e f u l f o r s c r e e n i n g s o y b e a n g e r m p l a s m u n d e r w a t e r s t r e s s . 

C o m p a r e d w i t h c o n t r o l c o n d i t i o n s ( a l ) , p r o g r e s s i v e w a t e r 

s t r e s s d e c r e a s e d n u m b e r o f p o d s p e r p l a n t , s e e d y i e l d , b i o -

l o g i c a l y i e l d a n d p l a n t h e i g h t . T h e r e d u c t i o n i n t h e n u m b e r 

o f p o d s a n d s e e d s i z e in t h e s t r e s s t r e a t m e n t s a p p e a r s t h r o u g h 

t h e r e d u c t i o n o f d r y m a t t e r p r o d u c t i o n ( O y a e t a l . 2 0 0 4 ) . 

T h e r e d u c t i o n in r e l a t i v e w a t e r c o n t e n t ( R W C ) i n b o t h s t r e s s 

e n v i r o n m e n t s ( a l a n d a 2 ) w a s p r o v o k e d b y t h e w a t e r l o s s e s 

i n s o i l , b e c a u s e d u r i n g t h e p h o t o s y n t h e s i s w a t e r l o s s o c c u r s 

t h r o u g h t h e s t o m a t a l m e c h a n i s m a n d t h e w a t e r a s s i m i l a t i o n 

r a t e i s n e g a t i v e l y a f f e c t e d d u r i n g d r o u g h t s t r e s s ( V e r s l u e s 

e t a l . 2 0 0 6 ; L o b a t o e t a l . 2 0 0 8 ) . T h e r e d u c t i o n i n t h e t o t a l 

s o l u b l e p r o t e i n s d e t e c t e d i n t h e p l a n t s u n d e r w a t e r s t r e s s i s 
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Table 3. Main effects of irrigation regimes and genotypes on relative water content (RWC) and some leaf biochemical characteris-
tics. Data are means from three replications. Means fol lowed by same letters in a group of a column are not significantly d i f ferent 
at P < 0.05 according to LSD test. 

Treatment RWC Soluble sugar Soluble protein Chi a Chi b Carotenoid 

Normal irrigation (al) 0.68±0.6 a 0.072±0.07 ab 0.061±0.04 a 13.2±1.12 a 16±1.37 a 1.6±0.14 a 
Water stress at flowering (a2) 0.64±0.5 a 0.080±0.06 a 0.053±0.02 b 9.47±0.79 b 7.31±2.79 b 1.6±0.27 a 
Water stress at pod filling (a3) 0.55±0.3 b 0.062±0.05 b 0.041 ±0.04 c 7.81±1.09 b 16.81±3.97 a 0.6±0.71 b 
Habit 0.64±0.7 a 0.061 ±0.05 b 0.059±0.07 a 9.3±0.63 a 12.3± 0.77 b 1.2±0.01 a 
L17 0.62±0.7 a 0.072±0.04 a 0.062±0.08 a 10.8±0.99 a 12.6 ±0.71 b 1.2±0.01 a 
M7 0.62±0.6 a 0.063±0.04 a 0.042±0.09 b 10.3±0.83 a 15.2±1.01 a 1.3 ±0.01 a 

RWC=Relatlve water content; C6/a=Chlorophyll a; Ch/6=Chlorophyll b 

Table 4. Interaction effect of irrigation regimes x genotype on physiological parameters. Data are means f rom three replications. 
Means in each column fol lowed by same letters are not significantly di f ferent at P < 0.05 according to LSD test. 

Treatment Genotype RWC (%) Soluble sugar Soluble protein Chi a Chi b Carotenoid 

Habit 0.63±0.11 a 0.07±0.01 a 0.063±0.009 a 10.71 ±1.13 b 13.65±0.54 b 1.47±0.39 be 
Normal irrigation (al) L17 0.43±0.08 b 0.07±0.02 a 0.063±0.007 a 13.35±0.45 a 15.24±1.21 a 1.38±0.27 be 

M7 0.51±0.05 a 0.06±0.02 a 0.057±0.005 a 15.50±1.88a 19.35±2.89 a 1.57±0.49 be 
Habit 0.50±0.03 a 0.07±0.01 a 0.047 ±0.006ab 10.66 ±1.15b 7.62±1.28c 0.73±0.47 c 

Water stress at flowering (a2) L17 0.43±0.04 b 0.08±0.03 a 0.053±0.005 a 9.77±1.34 b 7.80±1.24c 0.65±0.42 c 
M7 0.41±0.04 b 0.08±0.02 a 0.060 a 7.77±1.01 b 6.48±2.64 c 0.77±0.38c 
Habit 0.47±0.04 ab 0.06±0.02 a 0.040±0.003 b 6.51 ±1.12 c 16.04 ±1.25a 2.24±0.66 b 

Water stress at pod filling (a3) L17 0.47±0.03 ab 0.06 ±0.01 a 0.037±0.006 b 9.28±0.77 b 14.69±0.57 a 3.78±0.59 a 
M7 0.51±0.01 a 0.07±0.01 a 0.047±0.005ab 7.56±0.88 be 19.72±3.24a 1.39±0.77 be 

RWC=Relative water content; Ch/a=Chlorophyll a; Cfi/b=Chlorophyll b 

due to probable increase of the protease enzyme activities, in 
which these protease enzymes promote the breakdown of the 
proteins and consequently decrease the protein amount pres-
ent in the plant under abiotic stress conditions (Debouba et 
al. 2006; Lobato et al. 2008; Jaleel et al. 2009). In inadequate 
conditions to the plant the pathway of protein breakdown is 
active, because the plant uses the proteins for the synthesis 
of nitrogen compounds as amino acids that might be auxil-
iary for the plant osmotic adjustment (Sankar et al. 2007). In 
conclusion, alternative and significant variation was found for 
morphological and physiological characteristics in tested soy-
beans under water deficit environments, which underlines the 
susceptibility of this crop to drought stress. Based on the pres-
ent results it can be concluded that drought stress retards the 
growth and metabolic activity of soybean genotypes. These 
parameters showed considerable variability under drought 
stress at different growth stages in soybean. This study may 
help to understand some adaptive mechanisms developed by 
soybean genotypes and contribute to identify useful traits for 
soybean breeding programmes. 
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ABSTRACT Drought is one of the most important abiotic stress that affects plant growth and 
productivity. Class-Ill Peroxidases (PODs) are known to maintain oxidative stress induced-ROS at 
sub-lethal levels in plants under abiotic stress conditions, but, studies documenting how drought 
regulates boil ing stable class-Ill PODs are still a matter of conjecture. In this study, changes 
in total protein content (TPC), water content (WC), H202 , malondialdehyde (MDA) and ROS 
scavenging class-Ill boiling stable POD were studied in the shoots of seven cultivars of wheat 
at different stages of drought treatment (3 days: D3, 5 days: D5 and 7 days: D7) fol lowed by 
recovery f rom stress (post stress: PS). Simultaneous analysis of H202 , MDA contents and activi-
ties of ROS-scavenging class-Ill boiling stable POD (BsPOD) enzymes gave an integrative view 
of physiological state and detoxifying potential under conditions of sensitivity and tolerance. 
Drought stress increased TPC and decreased WC in all the cultivars of wheat . H 20 2 content de-
creased considerably under various stage of drought stress in a genotype dependent manner. 
As a result, amount of MDA, a product of lipid peroxidation, was also less in all the cultivars 
at all stress durations. During initial stress conditions (D3), a marked increase in BsPOD activity 
was observed in cultivars PBW343, PBW550, PBW175, DBW17 and HD2967. An especially high 
increase (55-fold) was noticed in PBW175 accompanied by enhanced expression of boiling stable 
POD isoenzyme(s) suggesting that this cultivar has more efficient mechanisms to scavenge ROS 
species. In addit ion, this cultivar has also maintained higher BsPOD activity when the stress 
duration increased from D3 to D7. The other cultivars having lowest enzyme activities are men-
tioned as cultivars sensitive to drought stress. Compared to stress, significantly higher soluble 
protein content accompanied by BsPOD activity was observed after the exposure to recovery 
conditions in the majority of cultivars. Based on these results, the possible role of BsPOD activ-
ity and isoenzyme(s) to perform biological antioxidative reactions to combat drought-induced 
oxidative stress was discussed. Acta Biol Szeged 58(2):115-122 (2014) 
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In nature, plants frequently encounter environmental condi-
tions that may include stresses such as biotic and abiotic 
conditions, which drastically affects crop both in terms of 
quality and quantity (Chaves and Oliveira 2004; Kotak et al. 
2007). Drought is one of the environmental stresses, which is 
the most significant factor restricting plant growth and crop 
productivity in the majority of agricultural fields of the world 
(Tas and Tas 2007). Compelling evidences have indicated that 
drought is associated with oxidative stress in plant cells and 
can cause the generation of reactive oxygen species (ROS) 
such as H ,0 , (hydrogen peroxide), Oy (superoxide) and OH 
(hydroxyl) radicals in a tissue dependent manner (Gao et al. 
2008). Among them, H202 seems best suited to play the role 
of a signaling molecule due to its higher stability and longer 
half-life (Hung et al. 2005). If H202 serves as a stress signal, 
the fluctuation of the H.O, level in plants should spatially 
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and temporally reflect changes in the environment. Under 
normal conditions, ROS are inevitable generating from the 
essential aerobic metabolism including chloroplastic and 
mitochondrial processes, per-oxidation of membrane lipids 
and plasma membrane linked electron transport systems (Bi 
et al. 2009). Besides dangerous cytotoxic molecules, ROS 
have been shown to act as second messengers involved in 
the various stress signal transduction pathways, which con-
trol and regulate such biological processes as programmed 
cell death and hormone signaling (Graper and Dolan 2006). 
However, excessive ROS synthesis can cause an extensive 
peroxidation and de-esterification of membrane lipids as well 
as damages plants by oxidizing photosynthetic pigments, 
membrane lipids, proteins and nucleic acids, if the plant is 
not efficient in scavenging these molecules (Mittler 2002; 
Baruah et al. 2009). Besides this, increase and accumulation 
of ROS could cause lipid peroxidation leading to cell death. 
Malondialdehyde (MDA), which is the most abundant alde-
hydic lipid breakdown product, is considered as a suitable 
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marker for membrane lipid peroxidation (Goel and Sheoran 
2003). A decrease in membrane stability reflects the extent 
of lipid peroxidation caused by ROS. Oxidative stress arises 
due to an imbalance between generation and elimination of 
ROS, which can lead to changes in membrane permeability 
and membrane leakage. All these observations suggest the 
dual role of ROS in plant biology as dangerous molecules and 
key regulators of growth and defence pathways. Plants have 
ability to sense ROS and re-programme their gene expression 
in response to changing conditions of their environment. 
Microarray studies involving mutants and antisense lines that 
lack ROS-scavenging enzymes revealed that ROS act as sig-
naling molecules involved in the expression of a large number 
of genes and biological processes (Miller et al. 2008). In order 
to combat ROS, plants have the detoxification mechanism 
that includes both enzymatic and non-enzymatic antioxidant 
components (Scandalios 2005). Enzymatic antioxidants 
systems involve the activity of superoxide dismutase (SOD), 
peroxidase (POD), catalase (CAT), ascorbate peroxidase 
(APX), glutathione reductase (GR) and dehydroascorbate 
reductase (DHAR) (Gill and Tuteja 2010). Non-enzymatic 
components includes ascorbate (AsA), glutathione (GSH), 
flavonoids, phenolic compounds, alkaloids, tocopherol and 
carotenoids, which act as antioxidant buffers (Mittler 2002; 
Foyer and Noctor 2005; Gratao et al. 2005). Out of the 
antioxidative enzymes involved in mitigating the effect of 
oxidative stress, class-Ill peroxidases (PODs) are the major 
antioxidative enzymes grouped in a super-family utilizing 
guaiacol as electron donor. They are located in the cytosol, 
cell wall and involved in the decomposition of H , 0 , through 
the oxidation of phenolic compounds. Generally, peroxidases 
(PODs/PRXs) are divided in three different classes. Class-I 
mainly includes ascorbate peroxidases and cytochrome C 
peroxidases (CcPs); class-II contains fungal manganese and 
lignin peroxidases, while class-Ill involves all the secretary 
plant peroxidases (PODs) (for review, see Cosio and Dunand 
2009). Several key roles have been attributed to plant class-Ill 
PODs in response to biotic and abiotic stresses, such as the 
modification of cell wall via suberin polymerization, cross-
linking of structural non-enzymatic proteins, and cleaving 
cell wall polysaccharides; they may affect leaf expansion, 
fruit growth, germination and nodulation (Cosio and Dunand 
2009). They may have diverse roles possibly due to the large 
number of their isoforms (isoenzymes). The quantitative and 
qualitative changes in the expression of antioxidant enzymes 
are often related to the levels of resistance to water stress. 
Some studies indicated that activities of antioxidant enzymes 
are correlated with plant tolerance to abiotic stress (Ozkur et 
al. 2009; Wang et al. 2009). 

Many water-stress inducible proteins (e.g. HSPs and 
LEAs) are highly hydrophilic and remain soluble even after 
boiling. Thereafter, they have been termed as "boiling soluble 
proteins" (BSPs) (Jacobsen and Shaw 1989). Many proteins, 

which were detected in total protein extracts, are lost after 
boiling the extracts (Pelah et al. 1995). Earlier research also 
indicated that hydrophilins represent less than 0.2% of the 
total protein of a given genome, however, it represents the 
most significant part of the proteome in regulating tolerance 
to abiotic stresses in plants (for review, see Battaglia et al. 
2008). Hence, to better elucidate the role of these boiling 
soluble proteins (BSPs), it is a prerequisite to examine their 
expression not only under water stress, but also after boiling 
of extracts. Moreover, the role of class-Ill type boiling stable 
peroxidases (BsPODs) under drought treatment is not well 
documented. Therefore, in the present study, we have ana-
lyzed the effect of drought on the biochemical activity and 
isoenzyme expression profile of BsPODs along with H , 0 , 
and MDA contents in the shoots of different wheat cultivars. 
Analysis of isoforms of BsPOD coupled with biochemical 
analysis will provide new insights into drought-induced oxi-
dative stress. Wheat is one of the most important crops in arid 
and semi arid areas worldwide and it is sensitive to drought 
and temperature stress. In order to facilitate the detection of 
BSPs, heat stable (HS) fractions that resist coagulation upon 
heating at 100 °C were focused. 

Material and Methods 

Seed germination and growth conditions 

Seeds of commercially relevant lines of seven wheat (Triti-
cum aestivum L.) cultivars (PBW343, PBW621, PBW527, 
PBW550. PBW175, DBW17 and HD2967) (Table 1) were 
selected for experimental purposes. All the cultivars were ob-
tained from PAU Ludhiana, Punjab, India. They were selected 
as all are locally grown and a comparison of their responses 
could give a better understanding of the susceptibility/toler-
ance to the different varieties to drought. Seeds were surface 
sterilized with 1% (w/v) mercuric chloride followed by 70% 
(v/v) ethanol (Sharma et al. 2006). Seeds were thoroughly 
rinsed with deionized water and imbibed for 6 h. After imbibi-
tions, seeds were placed in petri plates containing sterile filter 
sheets, moistened with water. Then, the seeds were incubated 
at 25±1 °C in a seed germinator in darkness and allowed to 
grow for 6 days. To impart water stress, watering of plants 
was completely withheld for the test period when plants 
were 6 days old. Sampling was done on the 3 rd(D3), 5th (D5) 
and 7th (D7) day to study response of plants to the length of 
drought. In all experiments, samplings were also done at zero 
day of drought, which was designated as control. To study 
the post-stress (PS) effect, after the 7th day of drought stress, 
plants were re-watered. Water content (WC) was measured 
after imposing stress treatments. Fresh weights (FW) were 
determined within 2 h after collection. Dry weights (DW) 
were obtained after oven drying the samples for 72 h at 70 
°C. WC was calculated from the following equation: 

WC = FW-DW/FW. 
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Extraction of Boiling Stable Proteins 

Boiling stable proteins were extracted as described previ-
ously (Sharma et al. 2006; Sharma et al. 2012). Briefly, 
tissues were homogenized with chilled mortar and pestle in 
extraction buffer (50 mM Tris buffer, pH 7.0). Crude extracts 
were centrifuged at 10 000 g for 10 min. The total extract 
was boiled for 15 min in order to get boiling stable protein 
fractions. The total soluble protein content in the supernatant 
was determined according to Lowry et al. (1951) using BSA 
as a standard. 

BsPOD activity analysis 

The BsPOD activity was measured according to the method 
described in Sharma et al. (2013). The mixture contained 50 
mM TRIS (pH 7.0), 10 mM guaiacol and 5 mM H 2 O r To 
this mixture An aliquot of 120 pg of protein was added to 
this mixture adjusting the total volume to 1 ml. The increase 
in absorbance was measured at 470 nm at intervals of 30 s. 
The activity was calculated as per min per milligram of tet-
raguaiacol production by using the extinction coefficient for 
tetraguaiacol of 26/mM/cm. 

Isoenzyme analysis of BsPODs 

Boling stable proteins were extracted as described above. For 
in-gel activity analysis, the proteins (240 pg) were separated 
by a non-denaturing 12% polyacrylamide gel electrophoresis 
as described by Sambrook et al. (1989). When electrophoresis 
was complete, the gel was washed three times in 50 mM so-
dium acetate buffer (pH 5.0). Peroxidase activity was visual-
ized by incubating the gel in 50 ml of a solution containing 
50 mM sodium acetate buffer (pH 5.0), 330 pi of guaiacol (9 
M) and 1.5 ml of 6.6% H.O,. The gel was incubated at room 
temperature in dark until reddish-brown bands appeared. 
The gel was washed in distilled water and used for further 
analysis. Relative abundance of isoenzymes was quantified 
by Ultraquant software 13.3.26 of gel documentation system 
(Omega Lum USA) 

Estimation of hydrogen peroxide content 

The H.O, content was measured by the method described by 
Mamik and Sharma (2014). The reaction mixture contained 
0.5 ml of Tris-HCl buffer pH 7.0, 0.5 ml of 0.1% trichloroa-
cetic acid (TCA), 120 pg of protein, 2 ml of 1 M KI. After 1 h 
of reaction in dark, the absorbance was measured at 390 nm. 
The amount of hydrogen peroxide (pM/gFW) was calculated 
using a standard curve prepared with known concentrations 
of H,02 . 

Statistical analysis 

The plants were distributed over a completely randomized 
design, with 175 treatment combinations, forming a 7x5x5 
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Figure 1. Effect of drought stress and recovery on WC (A), and TPC (B) 
in the shoots of different cultivars of Triticum aestivum. Data shown 
are averages ± SD (n=3).d represents significant difference with respect 
to control p<0.5. e represents significant difference of PS relative to 
D7 p<0.5. 

factorial (7 genotypes, 5 watering regimes and 5 samplings) 
at vegetative and reproductive phases. Statview ANOVA pro-
gram was used for statistical analysis of the data. Values were 
compared using one-way analysis of variance and student's 
/-test for differences between pairs of data if the ANOVA 
(LSD()05) revealed significance. Means were tested by LSD 
at P 0.05 level (LSD005). 

Results and Discussion 

Drought stress triggers the change of a wide variety of re-
sponses ranging from physiological to metabolic processes in 
plants. In the present study, effect of drought stress on BsPOD 
enzymes and other parameters were studied in seven different 
cultivars of wheat by imposing drought stress for 3 days (D3), 
5 days (D5) and 7 days (D7) and followed by recovery from 
drought stress (PS). 

Changes in the physiological parameters 

As shown in Figure l A, compared to the control (zero day), 
water content (WC) in all wheat cultivars showed a progres-
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sive decrease as the intensity of stress increased from D3 
to D7. However, only in PBW527, no substantial change in 
WC at D3 was observed. Most research has shown decreased 
WC in response to drought stress (Chakraborty and Pradhan 
2012; Sanchez-Bianco et al. 2002; Chakraborty et al. 2002). 
Moreover, compared to D7, a notable increase (about 2- to 
7-folds) in WC was observed following post stress recovery 
period (PS) in all cultivars, except PBW343 and PBW621. 

The changes of total protein content (TPC) in the leaves 
of wheat cultivars treated with drought stress are shown in 
Figure IB. Significantly increased TPCs were detected dur-
ing the drought stress. Relative to the control. TPC increased 
significantly at all stages of drought in PBW621, PBW527, 
PBW550, PBW175 and HD2967. At the same time, in 
PBW343, a substantial decrease in TPC was observed at 
D7. Earlier studies reported that drought stress affects gene 
expression and protein synthesis (Lobato et al. 2008). Lee 
and Lee (2000) described elevated soluble protein content 
following water stress. As indicated by earlier studies, protein 
degradation under drought stress might be due to increased 
activity of proteases and catabolic enzymes or to fragmenta-
tion of proteins because of the toxic effects of ROS. These 
processes may result in reduced protein contents. Compared 
to D7. TPC increased considerably in cvs PBW343, PBW621, 
PBW550, DBW17 and HD2967 during the PS period. 

Changes in MDA content 

The drought-induced changes were further examined by 
measuring the accumulation of thiobarbituric acid (TBA)-
reactive compounds, such as malondialdehyde (MDA). These 
compounds are by products of lipid peroxidation, a process 
resulting in the generation of ROS (Dhindsa et al. 1981). 
Lipid peroxidation in the cell membranes is said to be one of 
the most challenging and detrimental effect of water stress in 
the membranes of all cells exposed to various degree of stress 
(Thankamani et al. 2003). The degree of lipid peroxidation 
was measured in terms of MDA content which is one of the 
determinants indicating the severity of stress experienced 
by any plant. Compared to the control, significantly higher 
concentrations of TBA-reactive compounds were observed 
in drought stressed leaves of HD2967 and DBW17 at all 
stages (D3, D5, D7) of drought (Fig. 2A). In PBW621 and 
PBW527, the maximum MDA level was observed at D7. In 
PBW343, a linear increase of the MDA values were observed 
as stress duration raised from D3 to D5. Jiang and Huang 
(2001) reported increased MDA accumulation and reduced 
WC and photosynthetic pigment content under prolonged 
drought. Terzi and Kadioglu (2006) reported similar transient 
changes in MDA contents under drought stress. Earlier, Tatar 
and Gevrek (2008) also reported that MDA content increases 
in wheat with the increasing degree of stress. Tian et al (2012) 
also reported increased MDA content in the leaves and petals 
of Marigold plant in response to drought stress. Notably, in 
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Figure 2. Effect of drought on MDA (A), and H202 (B) content and 
specific activity of BsPOD (C) in the shoots of different cultivars of 
Triticum aestivum. Data shown are averages ± SD (n=3).d represents 
significant difference relative to the control p<0.5. e represents sig-
nificant difference of PS relative to D7 p<0.5. 

PBW550 and PBW175, a substantial decrease in MDA levels 
were observed at D3, D5 or D7, suggesting that drought-
induced BsPODs provided sufficient protection as seen in Fig-
ure 3A. The lower values of MDA in PBW 175 and PBW550 
may indicate that these cvs may have an efficient free radical 
quenching system, which can maintain higher membrane 
stability and lower peroxidation under drought treatment. 
These speculations are in agreement with previous studies 
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Figure 3. Drought-induced changes in BsPOD isoenzymes in shoots of different cultivars of Triticum aestivum. Bar graphs as shown in the top of 
panels indicate relative band intensities, which were determined using Ultraquant software of Gel Visualization, Documentation and Analysis 
system (Omega-Lum, USA). 
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of Sairam et al. (2000), Terzi et al. (2010) and Zhang et al. 
(2011) who found that low MDA levels were associated with 
drought stress tolerance in artichoke plans, common beans, 
and wheat, respectively. In PBW343, DBW17 and HD2967, 
MDA content increased in the early period of drought but 
it decreased during the further periods. During PS. MDA 
content was observed to be decreased in PBW621, PBW175, 
DBW17 and HD2967 while it increased substantially in 
PBW343 and PBW550. Earlier Simova-Stoilova et al. (2008) 
reported similar results in wheat varieties, which showed an 
increased MDA content on release of water stress. 

Changes in H202 

While ROS have the potential to cause oxidative damage to 
cells during environmental stresses, recent studies have shown 
that ROS play a key role in plants as signal transduction 
molecules involved in the mediation of responses to pathogen 
infection, environmental stresses, programmed cell death and 
different developmental stimuli (Mittler 2002). Among ROS, 
H.O, seems best suited to play the role of signaling molecule 
due to its higher stability and longer half-life (Hung et al. 
2005). If H.O, serves as a stress signal, the fluctuation of H.O, 
level in plants should spatially and temporally reflect changes 
in the environment. H.O, content significantly decreased at 
D3 in PBW343, PBW550, PBW175, DBW17 and HD2967 
(Fig. 2B) which might be a consequence of the increased 
BsPOD activities in these cultivars indicating that BsPOD 
activity have been involved in the detoxification of H 2 0, . 
Earlier Simova-Stoilova et al. (2008) reported similar results 
in four wheat varieties, which when subjected to drought 
stress showed a progressive decrease in H.O, content due 
to the increased POD activities. Lee and Lee (2000) also 
documented similar findings upon cold stress in cucumber. 
In the present study, lower level of H.O, coupled with lower 
values of MDA in these cvs indicate that these cultivars 
have an efficient free radical quenching system that offers 
protection against oxidative stress. Although H.O, content 
decreased significantly at D3 day in PBW621 and PBW527, 
BsPOD activity also decreased, which might indicate that 
other antioxidant enzymes (such as APX, GR or CAT) might 
be involved in the detoxification of H.O, in these cultivars. 
Earlier studies also documented that, besides antioxidant 
enzymes, non-enzymatic metabolites such as ascorbate and 
glutathione are involved in ROS scavenging. Furthermore, 
they, together with alpha-tocopherol, have been reported as 
to be involved in suppression of peroxidation of membrane 
lipids by reducing the MDA content and thus protecting the 
integrity of the bio-membranes (Gill and Tuteja 2010).Our 
results were in agreement with the studies of Bandurska et al. 
(1997), in which roots of two barley genotypes subjected to 
drought stress showed significantly decreased H.O, content 
without increased peroxidase activity indicating that other 
mechanisms may also be involved in the detoxification of 

H.O,. During the post stress period, however, H.O, levels 
increased significantly in PBW343 and PBW550 compared 
to those at drought stress. In PBW621 and PBW527, H.O, 
content decreased considerably relative to that at D7. 

Changes in BsPOD activity 

The metabolism of ROS, such as that of H.O,, depends on 
various functionally interrelated antioxidant enzymes, such 
as PODs. Although abiotic stresses have been shown to in-
duce one or more antioxidant enzymes, there has been little 
information on the role of POD at boiling level under various 
drought stress stages and recovery. To control the steady-state 
ROS levels, PODs are important enzymes of the antioxidant 
system converting H.O, to water (Cosio and Dunand 2009; 
Miller et al. 2008).The changes in BsPOD activities in shoots 
of different wheat cultivars are shown in Fig. 2C. Our results 
showed that the seven cultivars responded to drought stress 
differently in terms of activities of antioxidant enzyme. Com-
pared to the control, imposition of drought stress treatment 
significantly induced the BsPOD activity at D3 in PBW343 
(11-fold), PBW550 (6-fold), PBW175 (52-fold), DBW17 
(3-fold) and HD2967 (35-fold). The increased antioxidant 
enzyme activity correlated with decreased H.O, content in 
drought stressed shoots. On the other hand. PB W621 showed 
a sharp decline in BsPOD activity after drought treatment and 
no change was observed in PBW527 at D3 stage, indicating 
a genotype specific regulation of BsPODs. As the duration of 
drought stress increased to severe stress (at D5), the BsPOD 
activity increased considerably in PBW621 and DBW17. In 
PBW343, PBW527 and HD2967, a significant decrease in 
the BsPOD activity was observed at D5. It should be em-
phasis that, as the duration of stress further increased to D7, 
only PBW175 maintained higher BsPOD activity (3.7-fold) 
compared to the control. This indicates that BsPOD activity 
is involved in maintaining the level of ROS and the stability 
of bio-membranes by controlling lipid peroxidation. As adap-
tive enzymes of the antioxidant system. PODs are known to 
play an important role in protecting membrane lipids from 
peroxidation and reducing cell damage being caused by 
oxidative stress in plants (Abedi and Pakniyat 2010; Lee and 
Lee 2000). All other cultivars showed a substantial decrease 
in BsPOD activity, which may reflect the low ROS scavenging 
capacity and increased damage in these cultivars. Tian et al 
(2012) also reported that POD activity declined significantly 
with increasing drought stress. Therefore, from the above 
described observation, it can be postulated that, out of the 7 
varieties, antioxidant mechanisms in terms of BsPOD activity 
is enhanced in PBW175, which can be considered potentially 
tolerant and designated as best variety. Higher POD activity 
has been correlated with the relative drought tolerance of 
crop plants (Abedi and Pakniyat 2010; Mafakheri et al. 2011; 
Chakraborty and Pradhan 2012) 

On the removal of stress after D7, a notable increase in Bs-
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POD activity was observed in PBW343, PBW621, PBW527, 
DBW17 and HD2967 emphasizing the importance of cellular 
mechanisms that protect protein integrity and enable damage 
repair upon stress relief. Earlier studies on oxidative stress 
have also shown that the level of some antioxidants in rela-
tion with GR and APX may be higher during the recovery 
period than during water stress, as observed for example in 
cotton (Ratnayaka et al. 2003) or in pea (Mittler and Zilinskas 
1994). This might indicate that either stress had induced an 
antioxidant response that 'hardens' the plants for future stress-
ful conditions or/and that antioxidant protection in pivotal 
under recovery period. On the other hand, in PBW175 and 
PBW550, the BsPOD activity decreased significantly. The 
oxidative damage to cellular components is limited under 
normal conditions due to the efficient control of ROS through 
well coordinated and rapidly responsive antioxidant system 
consisting of several enzymes. Earlier, Mafakheri et al. (2011) 
also reported decreased activity of peroxidase during recovery 
in chickpea after drought stress conditions. 

Changes in BsPOD isoenzyme 

Patterns of BsPOD isoenzymes are shown is Fig. 3. After 
native-PAGE analysis, three BsPOD isoenzymes were de-
tected in a genotype dependent manner. Earlier, Abedi and 
Pakniyat (2010) and Gratao et al. (2005) reported that number 
of isoenzymes of POD varies from plant to plant. Utilization 
of multiple isoforms of antioxidant enzymes is one of the 
major control mechanisms of cellular ROS detoxification. 
Imposition of drought treatment drastically provoked the ex-
pression of BsPOD 1 isoenzyme at D3 in almost all cultivars 
except in PBW621. At D5, BsPOD 1 isoenzyme was also 
induced in PBW621, PBW550, PBW175 and DBW17. Ac-
cumulation of BsPODl decreased in PBW343 and PBW527, 
which may be related to the low ROS scavenging capacity 
of these cultivars to remove ROS under drought treatment. 
Upon removal of water stress (PS), the BsPODl isoform 
was induced in DBW17, suggesting that the BsPODl iso-
form have participated in the repair of the cellular damage. 
Moreover, induction of new isoform(s) was also observed in 
the drought stressed shoots. Two minor differential boiling 
stable POD isoforms (designated as BsPOD2 and BsPOD3) 
were observed in shoots under drought treatment in PB W343, 
HD2967 and PBW175. Utilization of multiple isoforms in 
shoots may be one of the primary control mechanisms in 
plants to detoxify ROS. BsPOD2 isoform was induced in 
PBW343 at D3 and in HD2967 at D7. BsPOD3 was accu-
mulated in PBW343, PBW175 and HD2967 at D3. During 
post stress period, differential BsPOD2 and BsPOD3 isoforms 
were not detected. In the different cultivars, along with vari-
ous stages of drought stress, expression profile of isoenzymes 
well correlated with the changes observed in the biochemical 
activity. In PBW550, PBW175 and DBW17 a good correla-
tion was observed between BsPODl and BsPOD activity at 

all the stages of drought stress. Increased band intensity and 
appearance of new isoenzyme bands may be an indication 
of an increase in the BsPOD activity under drought stress. 
Terzi and Kadioglu (2006) and Abedi and Pakniyat (2010) 
have also suggested that increased POD activity under stress 
conditions appears to be due to changes in the isoforms popu-
lations. Temporal and spatial drastic changes in expression of 
antioxidant isoforms have been reported previously (Baek et 
al. 2000; Kim et al. 2005). 

To conclude, our results suggest that increased BsPOD 
activities due to temporal regulation or induction of new 
isoforms during the stress regimes were thereby dependent 
on plant genotype. Different wheat cultivars responded dif-
ferently in response to different stages of drought stress. 
These results can be used as markers while breeding crops 
for drought stress tolerance in arid regions. In addition, 
PBW175 with high BsPOD activities, which may represent a 
higher capacity to protect against drought-induced oxidative 
damage, could be introduced to farmers as drought tolerant 
cultivar for arid and semi-arid environments. Out of the seven 
tested varieties, PBW175 showed much more pronounced 
antioxidant mechanisms and hence seemed to be protected 
from the negative effects of water stress even at the longer 
duration and increased severity. 
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Erodium is the third largest genus of Geraniaceae with 75 
species of annual or biennial herbaceous rosette form (Fiz et 
al. 2008). These taxa are distributed in all continents except 
Antarctica, but most of them are found in temperate and 
tropical regions of the world with a great diversification in 
Mediterranean region (Fiz et al. 2008; Takhtajan 2009). Ero-
dium species are common weeds, but are used in traditional 
medicine because of its astringent properties (Gohar et al. 
2003). L' Heritier (1789) was the first who used Erodium for 
this genus. Boissier (1867) divided Erodium into two sec-
tions: Barbata Boiss and Plumosa Boiss. Knuth (1912) in his 
study divided Erodium into two sections as Plumosa with five 
species and Barbata with the remaining species. Schonbeck-
Temesy in Flora Iranica (1970) followed Boissier system, but 
used Erodium instead of Barbata for section name. How-
ever in 1972, Guittonneau considered these two parts as two 
subgenera Plumosa and Barbata (El Hadidi et al. 1984; El 
Naggar 1991). All mentioned classifications were based on 
different mericarp characters as beak and bristles condition. 
In Plumosa section, species have deciduous beak and hairy 
bristle, but in Barbata beak is persistent and there is no feather 
like bristles. Janighorban (2005) pointed to 15 species without 
any sectional classification for this genus in Iran. 

In the present study the Schonbeck-Temesy (1970) classi-
fication has been used which defined two sections in Erodium 
as section Plumosa Boiss and section Erodium (Barbata 
Boiss) with E. oxyrrhynchum M. Bieb. is the only species 
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of first section present in Iran. At the same time, Erodium 
section is composed of 5 subsections as Gruina Willk. et 
Lange. including E. gruinum (L.) L Her. and E. hoefftianum 
C.A. Mey., subsection Absinthioidea (Brumh.) Guitt. includ-
ing E. ciconium (L.) L Her., E. stephanianum Willd., and 
E. dimorphom Wendelbo, subsection Malacoidea Brumh. 
with E. malacoides (L.) Willd., E. neuradifollium Del. Ex 
Godr. and E. pulverulentum (Cav.) Willd., subsection Bovei 
(Delile) Schonbeck-Temesy including E. laciniatum (Cav.) 
Willd. and finally subsection Cicutaria Willk. et Lange. in-
cluding E. cicutarium L Her., E. moschatum (L.) L Her and 
E. deserti Eig. 

Over the last decades, investigation of protein electro-
phoretic patterns was frequently used in plant taxonomic 
studies. In most cases, the seed was used as protein source, 
because it displays a certain stage of the plant life and is less 
affected by environmental stress than the leaves (Crawford 
1990). Concerning Erodium species, the only study on seed 
protein electrophoretic patterns of the genus was conducted 
by Sharawy and Badr (2008) on 12 Erodium species of Egypt. 
In our present study, the electrophoretic protein profiles of 
seven Erodium species native to Iran are investigated. 

Materials and Methods 
Plant material 

Sampling was carried out from distribution range of the seven 
studied Erodium species in 2012 and 2013 growth period. Ac-
cession details for studied species are displayed in Table 1. 
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Table 1. Voucher details of the investigated Erodium species. 
1 2 3 4 5 6 7 M 

Taxa Locality Herbarium 
number 

E. cicutarium Tehran, Vanak, Najaflan & 
Taghipour. 1439 m. 
Tehran, Peykanshahr, Botanical 
Garden of Iran, Taghipour. 1270 m 

911 
918 

E. ciconium Tehran, Peykanshahr, Botanical 
Garden of Iran, Taghipour. 1261 m 

913 

E. oxyrrhynchum Tehran, Peykanshahr, Botanical 
Garden of Iran, Taghipour. 1261 m 

912 

E. malacoides Gilanegharb, Vizhnan, Najafian. 
920 m 

927 

E. moschatum Gilanegharb, Vizhnan, Najaflan. 
920 m 

929 

E. gruinum Gilanegharb, Vizhnan, Najaflan. 
915 m 

926 

E. hoefftianum Karaj, Kondor, Taghipour. 1897 m 9215 

135 kDa 
100 kDa 

75 kDa 
63 kDa 
48 kDa 

35 kDa 

25 kDa 

17 kDa 

11 kDa 

Extraction of Seed Proteins 

In order to extract seed storage proteins, seeds pods were 
removed and 0.1 g of each seed sample was powdered and ho-
mogenized with 1 ml extraction buffer (0.2 M Tris-HCl, pH 8) 
in mortar in ice bath for 1 hour. Extractions were centrifuged 
in a cold room with 13400 rpm for 30 min. Supernatant was 
transferred to a clean tube and used immediately for electro-
phoresis (Laemmli 1970; Sharawy and Badr 2008). 

Bradford method 

The protein concentration was measured by Bradford (1976) 
method. To produce 100 ml of 0.01% Coomassie Brilliant 
Blue G250 solution, 10 mg of Coomassie Brilliant Blue 
G-250 was dissolved in 5 ml of 95% ethanol, then 10 ml 85% 
phosphoric acid was added and when the dye has completely 
dissolved, it diluted to 100 ml with distilled water, and filtered 
through Whatman #1 paper just before use. In this method, 
Bovine Serum Albumin (BSA) solution (1 g/1) in Tris-HCl 
buffer was prepared and used as standard protein solution. 
The different concentrations of BSA from 0 to 0.6 mg/ml 
were prepared using extraction buffer, then 5 ml of Coomassie 
Brilliant Blue G250 solution was added and their absorbances 
were read in 595 nm (Bradford 1976). A standard curve of 
absorbance versus mg/ml protein was prepared and the con-
centration of samples was determined from the curve. 

SDS-polyacrylamide gel electrophoresis 

Gel electrophoresis was performed with Tris-glycine running 
buffer (pH 8.3) at room temperature. SDS-PAGE was consist-
ing of 4% stacking gel (pH 6.8) and 15% separating gel (pH 
8.8). Electrophoresis was done in constant voltage (120 V) 
for 2 hours. The gel was stained with Coomassie Brilliant 
Blue R-250 in 50% methanol and 3.5% acetic acid for about 

Figure 1. SDS-PAGE pattern of the examined Isolates of Iranian Ero-
dium. M: pre-stained protein ladder (10-170 kDa). Lane 1-7: E. cicu-
trium, E. ciconium, E. oxyrrhynchum, E. moschatum, E. hoefftianum, 
E. malacoides, and f . gruinum, respectively. 

30 min, followed by destaining in 10% methanol and 10% 
acetic acid overnight or until the gel background was cleared 
(Laemmli 1970). 

Proteins molecular weight measurement 

For the preparation of a protein molecular weight standard 
curve a 10-170 kDa protein ladder was used. After electro-
phoresis of the sample protein solutions their relative mobility 
values (Rf) were calculated. The logarithm of the molecular 
weights of protein ladder against their Rj s were plotted. The 
molecular weights of the samples were calculated by com-
parison of their R( s with the standard curve. Multivariate sta-
tistical analysis of data was performed using SPSS Software 
(version 18; SPSS, Chicago, IL, USA). Cluster analysis by 
WARD method (minimum variance) was used to illustrate 
branching patterns as an appropriate method for quantitative 
variables. 

Results 

For the first time, seed storage protein electrophoretic profile 
of E. hoefftianum is recorded. About 48 specific bands were 
observed and their molecular weights (13-102 kDa) were cal-
culated (Fig. 1). Presence and absence of bands were consid-
ered as qualitative binary or multistate features in multivariate 
statistical analysis. Some bands were exclusively observed in 
certain species, for example six bands were only observed in 
E. oxyrrhynchum, four in E. cicutarium and other four bands 
only in E. moschatum. There was also one band in common in 
E. moschatum. E. cicutarium and also three bands in common 
in E. malacoicles and E. hoefftianum species pairs. 

Cluster analysis by WARD method (Fig. 2) showed that 
there are two main clusters in distance level 25. The first 

124 



Seed protein electrophoretic profiles in Erodium species 

Dendrogram using Ward Linkage 

Rsscaled Distant* Cluster Combine 
C 5 10 15 20 25 
| I I I I l 

cicutanum 1 

ciconium _ 
hoefft antm — 

malacoides _ _ _ _ _ 

giuinuin _ _ J 

iiiosthaluiii 

oxyrrhyncum 

Figure 2. WARD dendrogram based on the electrophoretic data of 
Erodium seed proteins. 
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Figure 3. PCA scatter diagram based on the electrophoretic data for 
studied Erodium species. (Axis values are based on Principal Compo-
nent Analysis). 

cluster contains Erodium species of section Erodium. This 
is divided into two sub-clusters, which contain two closely 
related species as E. ciconium and E. cicutarium. The other 
sub-cluster comprises two species: E. hoefftianum and E. 
malacoides at a distance of about 10. The second main cluster 
contains E. oxyrrhynchum that belongs to Plumosa section. 

In scatter diagram of Principal Component Analysis based 
on the first and second factors of electrophoretic data (Fig. 

3), it is evident that E. oxyrrhynchum as the only species 
of Plumosa section, has been separated from other species 
(belonging to Erodium section). 

Discussion 

Comparison of the electrophoretic profiles revealed that the 
most common bands are observed between E. cicutarium 
and E. ciconium (possessed in common five bands) and also 
between E. malacoides and E. hoefftianum (possessed in 
common five bands). E. cicutarium and E. ciconium, and also 
E. malacoides and E. hoefftianum species pairs showed the 
highest similarities. According to WARD clustering pattern 
(Fig. 2), the two main clusters are in accordance with the 
Schonbeck-Temesy (1970) sectional classification (Erodium 
and Plumosa). In main cluster of Erodium section, E. grui-
num and E. hoefftianum species of Gruina subsection, there 
were two near sub-clusters, which are in accordance with 
the Schonbeck-Temesy (1970) sub-sectional classification. 
The second major cluster contained E. oxyrrhynchum of 
Plumosa section. This is clearly separated from Erodium sec-
tion. Cluster analysis by WARD method for Erodium species 
is somehow in accordance with Sharawy and Badr studies 
(2008) on Egyptian Erodium, especially in sectional separa-
tion, but there are some differences in species separation 
pattern, for example E. cicutarium from Cicutaria subsection 
and E. ciconium from Absinthioidea subsection are grouped 
in the same cluster in the present study. E. malacoides from 
Malacoidea subsection and E. hoefftianum from Gruina sub-
section are also grouped as closely related species in the same 
sub-cluster. E. gruinum and E. hoefftianum are elements of the 
same subsection, but are grouped in different sets. According 
to PCA graph based on electrophoretic data (Fig. 3), results 
clearly confirmed sub-sectional classification of Erodium 
presented by Schonbeck-Temesy (1970). 

The results of seed storage protein electrophoresis for 
seven studied Erodium species of Iran showed that species 
separation at sectional level is in accordance with previous 
studies in Egypt (Sharawy and Badr 2008) and also confirmed 
the Schonbeck-Temesy opinion about sectional classification. 
The present study reinforced that electrophoretic profiles of 
seed storage proteins have taxonomic value in species delimi-
tation in the genus Erodium. 
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ABSTRACT The 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced acute inflammatory bowel 
disease (IBD) model in the rat is discussed, focusing on the details of the TNBS instillation and 
highl ight ing the advantages and l imitations of this model . For determinat ion of the time-
dependent action of 50% ethanol and different doses of TNBS, male Wistar rats were treated 
w i th 50% ethanol or 10 mg or 30 mg of TNBS dissolved In 50% ethanol . The TNBS-induced 
inf lammation peaked 48-72 h after installation and the colitis caused by 30 mg of TNBS was 
more severe than that caused by 10 mg of TNBS. To test the effectiveness of sulfasalazine (SASP), 
male rats were treated with 10 mg of TNBS or with 10 mg of TNBS and SASP, and 72 h later the 
extent of mucosal damage was determined. Orally administered 50 mg/kg/day SASP proved to 
reduce the TNBS-induced colonic inf lammation In rats significantly. The TNBS-induced colitis 
model facil itates a better understanding of the immunopathological mechanisms of IBD. Op-
timization of the dose of TNBS and oral SASP as positive control in TNBS-induced colitis in rats 
furnishes an appropriate test system for new anti-IBD drugs. 
Acta Biol Szeged 58(2):127-132 (2014) 
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Inflammatory bowel disease (IBD) is a chronic disease of 
the gastrointestinal tract, primarily manifested as Crohn's 
disease (CD) and ulcerative colitis (UC). Environmental, 
genetic and immunological factors all contribute significantly 
to the pathophysiology of IBD, but the precise mechanisms 
remain unclear (Kaser et al. 2010). Epidemiological stud-
ies have revealed an increasing incidence of IBD in north-
western Europe, the USA and eastern Canada, suggesting 
that environmental and lifestyle factors play a major role in 
the development and progression of this disease (Vatn 2008; 
Kappelman et al. 2013; Ng et al. 2013). 

Several animal models have been developed in attempts 
to understand the pathogenesis of IBD and to test pharmaco-
logical molecules and therapeutic targets. However, CD and 
UC are chronic diseases, while animal models are necessar-
ily primarily acute, in order to limit the discomfort and the 
pain caused to the animals and to reduce the costs associated 
with the use of reagents and supplies. Invertebrate models 
of IBD, involving Caenorhabditis elegans (Chinnadurai et 
al. 2008; Kang et al. 2010) and Drosophila melanogaster 
(Liu et al. 2010; Apidianakis et al. 2011), have been used 
to investigate the genetic factors and signalling pathways 
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involved in the pathogenesis of these diseases and to identify 
novel therapeutic agents (Lin et al. 2011). However, the vari-
ous vertebrate models (most commonly mice and rats) more 
closely resemble the complexity of the human physiology 
than those with invertebrate animals, and may reflect the dif-
ferent subtypes of patients with IBD, and they are important 
in preclinical studies (Jurjus et al. 2004). 

Rodent models of chemically induced IBD are widely 
used because of their simplicity and the possibility of the 
control of the degree of inflammation (Table 1). However, 
the differences in protocols lead to difficulties in reproducing 
reported experiments and in comparing measured parameters 
between studies. The inconsistent variables generally include 
the rodent strains used, the amounts and concentrations of 
chemical agents and the time of sacrifice in relation to the 
treatment. 

The 2,4,6-trinitrobenzenesulfonic acid (TNBS) model 
was originally described by Morris et al. (Morris et al. 
1989). TNBS (0.5 to 4.0 mg for mice and 10 to 30 mg for 
rats) is dissolved in 45% or 50% ethanol, which can lead to 
the destruction of the mucosal barrier. As a hapten, TNBS 
can bind to the endogenous proteins, giving rise to hapten-
protein formation, which induces the interleukin-12 (IL-12) 
and T helper 1-mediated local immunological response. The 
activated macrophages produce inflammatory mediators, 
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Table 1. Advantages and disadvantages of the most common chemically-induced animal models of IBD. 

Models Advantages Disadvantages References 

TNBS 

DSS 

Acetic acid 

Indomethacin 

Widely applicable to vertebrate animals 
(rats, mice, guinea pigs, rabbits), in which 
the pathology closely resembles the human 
pathology. 
Can induce acute or chronic transmural 
inflammation. 

Can induce inflammation in acute, chronic or 
relapsing form. 

The general health of the animals is similar to 
that of the controls. 

Cannot mimic the relapsing phase of 
Crohn's disease. 

Longer duration of experiment. 

The treatment is more complex. 

Induces inflammation not in the colon, but in The inflammation is not localized in the 
the ileum and jejunum. colon. 
Simple administration (subcutaneous) without 
anaesthesia. 

Scheiffele et al. 2002 
te Velde et al. 2006 Motaval-
lian-Naeini et al. 2012 
Alex et al. 2009 

Rose et al. 2012 
Chen et al. 2007 
Perse et al. 2012 

Yamada et al. 1992 
Fabia et al. 1992 

Yamada et al. 1993 
Piepoli et al. 2005 

TNBS = 2,4,6-trinitrobenzenesulfonic acid, DSS = dextran sulfate sodium 

such as tumor necrosis factor-, IL-6and IL-1 (Ishiguroetal. 
2010; Stroberet al. 1998), which in turn result in transmural 
inflammation with weight loss and diarrhoea. The TNBS 
model has many advantages, such as the simple process and 
the short duration of the experiment. Moreover, it is widely 
applicable to vertebrates, including mice (it is important to 
note, however, that the susceptibility to TNBS-induced colitis 
varies between different mouse strains: SJL and BALB/c mice 
are susceptible), rats, guinea pigs and rabbits, and can be used 
either acutely with a single TNBS treatment or chronically 
with the repeated administration of TNBS (Terai et al. 2014). 
On the other hand, this model has the major limitation that it 
cannot mimic the relapsing phase of CD (Table 1). 

Among the reference drugs with anti-IBD effects, hy-
drocortisone acetate (20 mg/kg, i.p.), Asacol (100 mg/kg, 
p.o.) (Motavallian-Naeini et al. 2012), 5-aminosalicylic acid 
(5-ASA; 8, 25 or 75 mg/kg, intracolonal) (Horvath et al. 
2008) and the 5-ASA-releasing sulfasalazine (SASP; 360 
mg/kg, p.o.) (Byrav et al. 2013) have been found effective in 
ameliorating inflammation. 

The primary aim of the present study was to investigate 
a TNBS-induced acute IBD model in the rat, focusing on 
the details of the TNBS instillation and highlighting the ad-
vantages and limitations of this model, in which anti-colitis 
drugs can be tested. A further aim was to describe a newly 
developed method for treatment with SASP as a positive 
control in a TNBS-induced acute colitis model. 

Materials and Methods 

Animals 

Male Wistar rats (200-250 g, Toxi-Coop Zrt., Hungary) were 
housed in groups (4 or 5 rats in each cage). Food was with-
drawn overnight before the induction of colitis; otherwise, 
the animals had access to food and drinking water ad libitum 

throughout the experiments. The animal care and research 
protocols were in full accordance with the guidelines of the 
University of Szeged. 

Experimental design for determination of the 
time-dependent action of 50% ethanol or TNBS 
(10 or 30 mg) dissolved in 50% ethanol 

The animals were randomly divided into three groups, to 
which 50% ethanol (n=36), 10 mg of TNBS (n=27) or 30 mg 
of TNBS (n=90) was administered. 12 h before the induction 
of colitis, the rats were fasted. 

TNBS (also called picrylsulfonic acid, f rom Sigma-
Aldrich) as received from the manufacturer was aliquoted 
and stored at -20 °C in order to prevent its effectiveness. The 
TNBS solution for administration was prepared immediately 
before treatment: 10 mg or 30 mg of TNBS was dissolved in 
50% ethanol for instillation in a final volume of 250 pi per 
rat. Following dissolution, the TNBS solutions were protected 
from fight, because they are light-sensitive and unstable at 
room temperature. 

The intracolonic administration of the ethanol or the 
TNBS (dissolved in ethanol) was performed under transient 
ether anaesthesia with the aid of an 8 cm long plastic catheter 
(8OO/IOO/26OPO. ReplantMed) attached to a 1 ml syringe. 
After the instillation, the rats were kept on their back for about 
30 s before being returned to their cages. 

The body weight was measured immediately before and 
24, 48 and 72 h after ethanol or TNBS treatment. 

Both before and 24, 48 and 72 h after treatment with 10 
mg of TNBS, and 1.5, 3, 6, 12, 24, 48 and 72 h and 6 and 10 
days after treatment with 30 mg of TNBS and 6, 12, 24 and 
48 h after treatment with ethanol, rats (n=9 at each timepoint) 
were sacrificed by cervical dislocation under ether anaesthe-
sia, and the 8 cm portion of the colon distal from the rectum 
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Table 2. Treatment groups. 

Group (n=9) Treatment Route options Schedule 

Absolute control 
Vehicle control 
TNBS-treated 

Positive control 
(anti-IBD drug) 

Test Item 

EtOH 
TNBS In 50% EtOH 

TNBS In 50% EtOH + 

SASP in 1 % CMC 

TNBS in 50% EtOH + 

test item 

Intracolonic 
Intracolonic 
Intracolonic 

Oral 

Intracolonic 

Oral 

Single dose of 250 pi of 50% EtOH 
Single dose of 10 mg/250 pi of 50% EtOH 

Single dose of 10 mg/250 pi of 50% EtOH 
Daily 2 x 25 mg/ 250 pi 1 % CMC 

Single dose of 10 mg/250 pi of 50% EtOH 
Twice daily 

EtOH = ethanol. TNBS = 2,4.6-trinitrobenzenesulfonic acid solution. SASP = sulfasalazine, CMC = carboxymethylcellulose 

was dissected, longitudinally opened, gently rinsed with 
ice-cold physiological saline, and photographed (Panasonic 
Lumix DMC-TZ6 digital camera) for determination of the 
extent of macroscopic colonic inflammatory damage. 

Experimental design for tests of the 
effectiveness of a SASP in the TNBS model 
(Table 2) 

The animals were randomly divided into 2 groups, for the 
administration of 10 mg of TNBS (n=9) or 10 mg of TNBS 
+ SASP 50 mg/kg/day (positive control group, n=9). For 12 h 
before the induction of colitis, all of the rats were fasted. The 
animals were treated with TNBS (10 mg dissolved in 50% 
ethanol for a final volume of 250 pi per rat). The detailed steps 
of the TNBS treatment were described above. 

The animals in the positive control group were treated 
with TNBS and SASP as follows: 25 mg/kg SASP was 
dissolved in 1% carboxymethylcellulose (CMC) for a final 
volume of 250 pi per rat. The animals were treated orally 
with SASP solution twice a day for 3 days, the first treatment 
taking place 2 h before the instillation of TNBS. 

72 h after the treatment with TNBS, the 8 cm distal seg-
ment of the colon was collected as described above. 

Parameters utilized to analyse the severity of 
the induced inflammation 

Body weight change: the weight of each animal was mea-
sured every day, starting on the day before TNBS treatment, 
and the change in weight was calculated as a percentage, the 
baseline (100%) being taken as the weight on the day of the 
TNBS challenge. 

Percentage of damaged mucosa: the extent of macroscopi-
cally apparent inflammation, ulceration and tissue disruption 
was determined in a randomized manner from colour im-
ages via computerized planimetry (proprietary computerized 
planimetry software, developed in our laboratory was used: 
Sta t_2_l_l ) . The surface area of macroscopically visible 

mucosal involvement was calculated and expressed as a per-
centage of the surface area of the total 8 cm colonic segment 
under study. 

Statistical analysis 

Results are shown as means ± S.E.M; statistical comparisons 
were performed with the two-tailed Student /-test. 

Results 
Time-dependent changes in colonic 
inflammation induced by 50% ethanol, or by 10 
mg or 30 mg of TNBS 

Our findings revealed the role and time-dependent effects 
of ethanol (the vehicle of TNBS) and the different doses of 
TNBS in the development of acute colonic inflammation. 50% 
ethanol give rise to damage to the mucosal barrier 6-12 h after 
treatment, and the macroscopic changes were reversed after 2 
days. The TNBS-induced inflammation peaked 48-72 h after 
instillation, and this was followed by a slow recovery process. 
The maximum extent of the lesion caused by 30 mg of TNBS 
(62.8 ± 5.5% of the 8 cm segment of the colon) was slightly 
greater than that caused by 10 mg of TNBS (58.0 ± 3.0% of 
the 8 cm segment of the colon) (Fig. 1A). Moreover, in the 
30 mg TNBS group 5 rats died during the study, whereas in 
the 10 mg TNBS group there were no deaths. 

Changes in body weight induced by treatment 
with 10 mg or 30 mg of TNBS 

The rats treated with 30 mg of TNBS exhibited a significantly 
greater weight loss as compared with the animals challenged 
with 10 mg of TNBS on the third day (Fig. IB). 

SASP, a positive control for the TNBS colitis 
model 

SASP administered orally twice a day in a dose of 25 mg/kg/ 
day in 1% CMC significantly reduced the colonic inflamma-
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Figure 1. Time-dependent changes in the percentage of mucosal damage induced by 10 mg of TNBS, 30 mg of TNBS or 50% ethanol (A). (The 
intermittent x axis shows the time-scale: hours and days.) Results are given as means ± S.E.M., n=7-9. Time-dependent body weight changes 
caused by challenge with 10 mg or 30 mg of TNBS (B). Results are given as means ± S.E.M., *P<0.05 as compared with the 30 mg TNBS group 
on the 3rd day, n=7-9. 

tion in the TNBS (10 mg)-treated rats, from 51.2 ± 3.7% to 
28 ± 2.1% 72 h after the TNBS challenge (Fig. 2A). 

The representative images demonstrate that the TNBS (10 
mg) treatment caused macroscopic damage in the 8 cm seg-
ment of the colon, such as ulceration and wall thickening (Fig. 
2B), while the SASP treatment exerted an anti-inflammatory 
effect on the TNBS (10 mg)-induced colitis (Fig. 2C). 

Discussion 

The use of animal models is important for the attainment of a 
better understanding of the pathological mechanisms involved 
in IBD, and such models can contribute to the development 

of new modes of treatments for humans. The present study 
related to a detailed protocol of TNBS treatment in the rat, 
with methods designed to monitor colonic inflammation, 
including the effects of different doses of TNBS, ethanol and 
SASP on the development of colonic inflammation. 

TNBS-induced colitis can mimic many of the features 
of CD. The body weight loss is an indicator of the severity 
of the colitis, because TNBS/ethanol treatment causes diar-
rhoea, and the discomfort decreases the appetite (Ibrahim et 
al. 2011). In accordance with previous findings, we found that 
there was a greater decrease in body weight in the rats treated 
with 30 mg of TNBS at 72 h than in those treated with 10 mg 
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B TNBS 10 mg 

Figure 2. Effect of 50 mg/kg/day sulfasalazine (SASP) on the severity of colonic inflammation induced by 10 mg of TNBS (A). Results are given 
as means ± S.E.M., ***P<0.001 as compared with the TNBS group, n=9. Representative images of the 8 cm colonic segment from each group: 
TNBS 10 mg (B), TNBS 10 mg + SASP 50 mg/kg/day (C). 

of TNBS. Moreover, in the 10 mg TBNS group, no rat died 
as a result of the TNBS treatment. 

The dose of TNBS and the percentage of ethanol applied 
vary among the reported investigations. In agreement with 
previous studies, we found that the severity of TNBS-induced 
colonic inflammation is dose-dependent (Motavallian-Naeini 
et al. 2012, Brenna et al. 2013). Menozzi et al. observed that 
30 mg of TNBS resulted in the need for a longer regenera-
tion of the histological changes as compared with 10 mg of 
TNBS (Menozzi et al. 2006). The findings relating to the 
body weight changes, the mucosal damage and the survival 
rate following the treatments with the two different doses of 
TNBS suggest that 10 mg of TNBS is a more appropriate dose 
with which to induce colonic inflammation. 

As the time-related changes in ethanol-induced mucosal 
damage indicated, ethanol plays an important role in the 
initial phase (12 h after treatment) of the development of in-
flammation. Hong-Yan Qinet al. demonstrated that the same 
dose of TNBS in different vehicle volumes caused different 
degrees of damage, TNBS in 25% ethanol gave rise to a lower 
pathological score and to a lower level of myeloperoxidase 
activity relative to those after TNBS in 50% ethanol (Qin et 
al. 2012). 

We used SASP (brand names Azulfidine in the U.S., and 
Salazopyrin and Sulazine in Europe) as a positive control. 

SASP is a sulfa drug and a widely used anti-colitic agent in 
human IBD therapy. Earlier findings revealed that SASP and 
5-ASA are poorly absorbed in the gut (Yen et al. 2012), while 
5-ASA, the pharmacologically active metabolite of SASP, in-
gested directly into the colon is effective in decreasing colitis 
(Horvath et al. 2008). The oral administration of SASP is 
better than local ingestion of the drug into the inflamed colon, 
as there is then less risk of aggravation of the injury of the 
inflamed colon; moreover, the oral administration of SASP 
can serve as a positive control (Ghatule et al. 2014. Zhang 
et al. 2014). The present study has demonstrated that SASP 
given orally at a dose of 50 mg/kg/day twice a day resulted 
in an improvement in the colonic inflammation induced by 
10 mg of TNBS. 

In conclusion, this report has described a chemically-
induced rodent model of intestinal inflammation focusing 
on TNBS-induced acute colitis in rats, a widely-used simple 
animal model characterized by transmural inflammation with 
weight loss. It emerged that 10 mg of TNBS is a more suitable 
dose than 30 mg of TNBS, and, as a reference drug, orally 
administered SASP is preferable to an enema (Horvath et al. 
2008) for attenuation of acute TNBS inflammation in rats. 

This model may promote a better understanding of the 
immunopathological mechanisms of IBD via the testing of 
new compounds in the preclinical phase. It is hoped that this 
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detailed description of the TNBS colitis protocol used in our 
laboratory will be helpful to other research teams. 
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ABSTRACT L-DOPA (L-3,4-dihydroxyphenylalanine), currently the most effective known 
therapeutic agent for the symptomatic relief of Parkinson's disease, is one of the highly active 
allelochemicals that inhibit the growth and development of certain plant species. A tropical 
legume, Mucuna pruriens, has been shown to contain f rom 2 to 7% L-DOPA. However, little is 
known about the L-DOPA contents of other plants. The aim of our work was to develop and 
val idate a simple method for the LC-MS/MS determination of L-DOPA in different oat varieties. 
During the development of the method, various LC and MS parameters were optimized from 
the aspect of sensitivity. In the final method, the calibration curve was linear over the concen-
tration range 10-10,000 pg/pl. L-DOPA could be detected at 18 pg/kg level through use of the 
[(M+H)-NH3]+ f ragment of the [M+H]+ molecular ion. The Intraday precision and accuracy were 
all wi th in acceptable ranges. Acta Biol Szeged 58(2):133-137 (2014) 
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L-DOPA (L-3,4-dihydroxyphenylalanine) is currently widely 
accepted as the most effective therapeutic agent for the 
symptomatic relief of Parkinson's disease. This compound is 
produced by certain plants, and especially a tropical legume, 
Mucuna pruriens or velvet bean, which has been reported 
to contain up to 7% L-DOPA (Daxenbichler et al. 1971). M. 
pruriens is used in the traditional Indian therapeutics and a 
number of attempts have been made to utilize it as a modern 
medicine (Nagashayana et al. 2000). On the other hand, the 
legume demonstrates a significant allelopathic effect, which 
means that other plants can hardly live in its vicinity. This 
phenomenon has been ascribed to its high L-DOPA content 
(Nishihara et al. 2004). Allelopathic plants and allelochemi-
cals are of considerable potential in agriculture as their ap-
plication has the result that the amounts of artificial fertilizers 
can then be significantly decreased with them. If this is to be 
achieved, extended experiments are needed as regards the 
allelochemical contents of different plants. The aim of the 
present study was the determination of L-DOPA in oat, certain 
species of which exhibit notable allelopathy (Schumacher et 
al. 1983; Bertoldi et al. 2009) 

Various methods are available for the quantitative analysis 
of L-DOPA. Modem capillary electrophoresis and high per-
formance liquid chromatography (HPLC) methods are proper 
(Tsunoda 2006; Shalini et al. 2011), but the selectivity can 
be further increased by mass spectrometric (MS) detection, 
especially if the MS/MS mode is at hand (Manini et al. 2000; 
Bourcier et al. 2006). 
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We therefore set out to develop and validate a simple 
method for the LC-MS/MS determination of L-DOPA in 
different oat varieties. 

Materials and Methods 

Materials 

L-DOPA and L-tyrosine standards were purchased from 
SERVA (Hungary), while a-methyldopa, ascorbic acid stan-
dards and formic acid, acetic acid and ammonium acetate 
were from Sigma-Aldrich (Hungary). Membrane-filtered, 
deionized water for HPLC runs was produced with Millipore 
(Merck. Hungary) water purification equipment. HPLC-grade 
acetonitrile (ACN), methanol (MeOH) were purchased from 
Molar Chemicals (Hungary). 

Stock solutions of L-DOPA, L-tyrosine and a-methyldopa 
were prepared by dissolution of the solid standards in an 
aqueous solution of 0.1% (v/v) formic acid and 0.1% (m/v) 
ascorbic acid to obtain a concentration of 1 mg/ml. Stock so-
lutions were diluted to the necessary concentrations, typically 
to 10 ng/pl for parameter optimizations. 

HPLC parameters 

HPLC investigations were performed on an Agilent 1100 
(Agilent, Palo Alto, USA) modular HPLC system, equipped 
with a degasser (G1379A), a binary pump (G1376A) and a 
micro-well plate autosampler (G1229A). 

Separation was carried out on a Synergi Hydro-RP 250 x 
2 mm. 4 pm analytical column (Gen-Lab. Hungary) in front 
of which a Hydro-RP 4 x 2.0 mm guard column (Gen-Lab, 
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Figure 1. MS/MS spectrum of the L-DOPA after fragmentation of the molecular ion [M+H]* (m/z 198.2). 

Hungary) was situated. The column temperature was main-
tained at 30 °C with a Jones Model 7990 Space column heater 
(Jones Chromatography, UK). Eluent A consisted of 0.1% 
(v/v) formic acid and 3% (v/v) eluent B. Eluent B contained 
ACN/MeOH at a volume ratio of 75/25 containing 0.1% (v/v) 
formic acid. The gradient elution started with 0% B, which 
was increased linearly to 100% B within 5 min, held there 
for 2 min, then decreased to 0% in 3 min, and kept there for 
5 min. Before the next injection, a 5 min equilibration period 
was held. The flow rate was set to 200 pl/min. The injection 
volume was 5 pi. The retention times of L-DOPA, L-tyrosine 
and a-methyldopa were 5, 6.5 and 7.8 min, respectively. 

The HPLC was controlled by Chemstation B.02.01 soft-
ware. 

Ion trap MS conditions 

The MS measurements were performed with a Varian 500MS 
Ion Trap mass spectrometer equipped with an electrospray 
ionization (ESI) source. The ion trap parameters were tuned 
in positive ion mode by continuous infusion (5 pl/min) of the 
standard solutions (10 ng/pl) with the built-in syringe pump 
of the instrument. The parameters were set as follows: capil-
lary voltage, 45V, RF loading, 67%; needle voltage, 4350 
V; spray shield voltage, 600 V; fragmentation voltages, 0.5, 
0.71 and 1.86 V for L-DOPA, L-tyrosine and a-methyldopa, 
respectively. The ion source parameters were optimized in 
flow injection analysis without a column. In the final ex-
periments the ion source parameters were as follows: spray 
chamber temperature, 50 °C; drying gas (N,) pressure and 
temperature, 25 psi and 350 °C, respectively; nebulizer gas 
(N,) pressure, 60 psi. 

The MS was controlled by MS Workstation 6.6 soft-
ware. 

Sample preparation 

GK Iringó, GK Kormorán and GK Zalán were chosen as a 
probe oat species. They were grown in an experimental field 
in Kiszombor and Újszeged (Csongrád County, Hungary). 
The M. pruriens seeds were grown in greenhouse. The seeds 
were finely ground with a laboratory grinder and 1 g of the 
powder was soaked in 6 ml of an aqueous solution of 0.1% 
(m/v) ascorbic acid and 1% (v/v) MeOH. The mixture was 
shaken vertically with a Stuart STR4 vertical shaker for 5 h, 
then centrifuged at 4500 rpm for 5 min. The supernatant was 
filtered through a GF/B glass microfiber filter. Twenty pi of 
0.6 pg/ml internal standard a-methyldopa solution was added 
to 1 ml of the filtered extract. 

Results and Discussion 

The development of this method related not only to L-DOPA, 
but also to its biological precursor, L-tyrosine. a-Methyldopa 
was selected as internal standard and added to the samples 
immediately before the analysis in order to correct for the 
fluctuations in the MS performance. 

Because of the H+-accepting property of the amino group 
(El Aribi et al. 2004) positive ion mode was applied for the 
detection of the analytes. Under ESI conditions, L-DOPA 
(L-tyrosine and a-methyldopa too) can be effectively trans-
formed into a protonated ion. The fragmentation of [(M+H)]+ 

yields different fragment ions (Fig. 1), the most abundant in 
the case of L-DOPA being [(M+H)-NH,]+ at m/z 181 and 
[(M+H)-H,0-C0]+ at m/z 152. To obtain the highest [(M+H)-
NH,]+ fragment peak intensity (m/z 181, 165 and 195 for 
L-DOPA, L-tyrosine and a-methyldopa, respectively), opti-
mization of the ESI parameters was carried out. 

The effects of the nebulizer gas pressure and temperature 
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Figure 2. The effect of the nebulizer gas (x axis) and drying gas pres-
sures (upper left hand corners) on the L-DOPA signal. The experiments 
were carried out at two different nebulizer gas temperatures (350 and 
300 °C, black and grey bars). 

and the drying gas pressure were studied. The results revealed 
that the investigated parameters did not have significant ef-
fects on the ionization efficiency of L-DOPA (Fig. 2). How-
ever, an outstanding intensity was observed at a nebulizer 
gas pressure of 60 psi and a drying gas pressure of 25 psi at 
a nebulizing gas temperature of 350 °C. 

After the establishment of the MS parameters, the influ-
ence of the mobile phase composition on the efficiency of L-
DOPA ionization was investigated via flow injection analysis 
by using acetonitrile, methanol, formic acid, acetic acid and 
ammonium acetate. It was found that formic acid and acetic 
acid were more suitable than ammonium acetate as mobile 
phase additives (Fig. 3). No matter which individual solvent 
was used, there was no marked effect on the signal intensity. 
On the other hand, in the course of the HPLC separation, 
methanol provides higher selectivity, while acetonitrile has 
lower viscosity. In order to take advantage of both of these 
beneficial features, ACN/MeOH mixture was chosen as elu-
ent B at 75/25 (v/v), and eluent A also contained 3% (v/v) 
of eluent B. Gradient elution proved suitable for the total 

C* 

v a C O ^ a C P 0 ^ 0 / o(xcO^ 

.oW o W 7 3 

Figure 3. The effect of different mobile phase composition on the 
L-DOPA signal. 

x lO 

6 7 
Time (min) 

Figure 4. Total ion chromatogram and selected ion chromatograms for 
L-DOPA, L-tyrosine and a-methyldopa of the GK Kormoran variety. 

separation of the L-DOPA, L-tyrosine and a-methyldopa 
signals (Fig. 4). 
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Figure 5. Calibration curves created by dilution with the extraction solvent (0.1% (m/v) ascorbic acid and 1% (v/v) MeOH) and corn extract 
(blank matrix). 

In order to test the linearity of the response versus the 
amount of L-DOPA injected, various concentrations of 
standard solutions in the range from 10 to 10 000 pg/pl were 
analyzed. Figure 5 presents two calibration curves. The stock 
solution of the analyte was diluted with the extraction solvent, 
or with corn extract (blank matrix). Both plots exhibited 
good linearity throughout the whole concentration range. 
Observations in plant analytical chemistry (Dams et al. 2003; 
Lattanzio et al. 2007) indicate that the slopes of the calibration 
curves differed due to the matrix effect. The ionization of L-
DOPA is suppressed by the matrix components: the response 
is 1.35 times higher in the absence of the matrix. 

During validation of the method the mean recoveries of 
four replicates at three different spiking levels (0.6, 3 and 
6 mg/kg) were 95.2%, 99.6% and 95.2%, respectively. The 
repeatability of the measurements was calculated by per-
forming four injections of one of the spiked sample extracts. 
RSD % was found to be better than 4%, as were the intraday 
precision and accuracy. The limit of detection was 15 pg or 
18 pg/kg (S/N=3). 

The validated method was applied for the determination 
of the L-DOPA contents of different oat varieties. Some M. 

Table 1. L-DOPA content of some selected oat species and Mu-
cuna pruriens samples. 

Sample L-DOPA content (mg/kg) 

GK Iringó 10.02 
GK Zalán 2.17 
GK Kormorán (Kiszombor, 2007.) 7.83 
GK Kormorán (Kiszombor, 2008.) 2.27 
GK Kormorán (Kiszombor, 2009.) 3.88 
GK Kormorán (Újszeged, 2009.) 11.89 
M. pruriens 1. 37423 
M. pruriens 2. 64019 

pruriens seeds were also analyzed, for comparison (Table 
1.). It was concluded that the concentration of L-DOPA in 
oat varies within the interval 2-20 mg/kg, which is three 
orders of magnitude lower than that in M. pruriens samples. 
A further important observation was made that the L-DOPA 
content depends not only on the variety, but also on the time 
of harvesting and the production site. 
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ABSTRACT Xanthophylls, primarily hydroxyl- and keto-derivatives of p-carotene (such as 
zeaxanthin, p-cryptoxanthin, canthaxanthin, echinenone and astaxanthin) have powerful antioxi-
dant activity. Due to several positive effects on human and animal health, industrial application 
of xanthophylls shows an increasing tendency. In our previous study, carotenoid biosynthesis 
of the p-carotene producing zygomycetes, Mucor circinelloides was modified by integrating 
the p-carotene ketolase encoding gene (crtW) of Paracoccus sp. N81106 into the genome. The 
isolated mutants accumulated mainly canthaxanthin and echinenone. Although, the fungus 
has p-carotene hydroxylase activity the astaxanthin production remained low even under dif-
ferent cultivation conditions, whereby canthaxanthin accumulation was further enhanced. In 
this study, the p-carotene hydroxylase encoding gene (crtZ) of the same bacterium was intro-
duced into these canthaxanthin producing mutants of M. circinelloides either on autonomously 
replicating plasmids or by integrating it into the genome using the REMI method. Increased 
astaxanthin accumulation was observed in the transformants, which together wi th zeaxanthin 
and p-cryptoxanthin content could be further enhanced several fold by the modification of 
the cultivation conditions. An effective method for the extraction of carotenoids from Mucor 
mycelia grown in liquid culture was also developed. Acta Biol Szeged 58(2):139-146 (2014) 
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Mucor circinelloides (Mucoromycotina) is an intensively 
studied carotenoid producing zygomycetes; well-developed 
transformation systems are available for the fungus and most 
of the genes involved in the carotenoid biosynthesis have been 
isolated and characterized (Velayos et al. 2000a, 2000b, 2003, 
2004; Papp et al. 2006, 2010; Csernetics et al. 2011). Caro-
tenoids are tetraterpene molecules and synthesized via the 
mevalonate - isoprenoid pathway in fungi. Condensation of 
two molecules of geranylgeranyl pyrophosphate, several de-
hydrogenation and two cyclisation steps lead to the formation 
of P-carotene in M. circinelloides (Fig. 1.), which is the major 
carotenoid compound in the fungus, but intermediates (such 
as lycopene and y-carotene) are also accumulated (Velayos 
et al. 2000a, 2000b; Csernetics et al. 2011; Papp et al. 2013). 
Furthermore, M. circinelloides shows a weak P-carotene 
hydroxylase activity, therefore it is able to synthesize zeax-
anthin (3.3'-dihydroxy-p,p-carotene) and P-cryptoxanthin 
(3-hydroxy-p,P-carotene) (Papp et al. 2006, 2013; Csernetics 
et al. 2011). At the same time, several microorganisms, such 
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as Paracoccus sp. N81106 able to accumulate canthaxanthin 
(P.P-carotene-4,4'-dione), echinenone (P,p-carotene-4-on) 
and astaxanthin (3,3'-dihydroxy-P,P-carotene-4,4'-dione) 
as well: formation of astaxanthin from p-carotene requires 
a P-carotene hydroxylase and a ketolase activity (Misawa 
et al. 1995). These xanthophylls have powerful antioxidant 
properties and their preventive action against different types 
of cancer, age-related macular degeneration, heart- or bone 
disease makes them dietary important (Chew et al. 1999; 
Nishino et al. 2002; Mares-Perlman et al. 2002; Guerin et al. 
2003; Beatty et al. 2004; Yamaguchi 2004; Kumaresan et al. 
2008). Besides, they are frequently used in pharmaceutical 
and cosmetic industry and also in feed additives (Bhosale 
and Bernstein 2005). Today, most of the commercially avail-
able xanthophylls are synthesized chemically. Biosynthesis 
of astaxanthin is limited to microorganisms and along with 
other carotenoids an increasing demand can be observed to 
replace chemical synthesis with natural sources (Bhosale and 
Bernstein 2005). 

In our previous studies, crtW and crtZ genes of the Para-
coccus sp. N81106, encoding P-carotene ketolase and hy-
droxylase, respectively, were expressed in M. circinelloides 
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Figure 1. Carotenoid biosynthesis pathway in M. circinelloides and possible steps of the p-carotene - astaxanthin conversion in M. circinelloides 
transformants harbouring the Paracoccus sp. N81106 crtW and crtZ genes (based on Misawa et al. 1995). HMG-CoA-3-hydroxy-3-methylglutaryl-
CoA; IPP-isopentenyl pyrophosphate; DMAP-dimethylal lyl pyrophosphate; GPP-gerany l pyrophosphate; FPP-farnesy l pyrophosphate; GGPP 
- geranylgeranyl pyrophosphate. M. circinelloides genes: ipi-IPP isomerase; isoA - FPP synthase; carG - GGPP synthase; carRP-phytoene synthase/ 
lycopene cyclase; carB - phytoene desaturase. Paracoccus sp. N81106 genes: crtZ- p-carotene hydroxylase and crtW- p-carotene ketolase. 

140 



Astaxanthin producing Mucor circinelloides 

MS 12 strain on autonomously replicating plasmids (Papp et 
al. 2006). Introduction of the crtZ enhanced the zeaxanthin 
and P-cryptoxanthin accumulation, while introduction of the 
crtW lead to the presence of canthaxanthin, echinenone and 
astaxanthin in low amount. Co-expression of the crtZ and 
crtW genes increased the canthaxanthin and P-cryptoxanthin 
production compared to the introduction of only the single 
crtW (Papp et al. 2006). Integration of the Paracoccus crtW 
gene into the Mucor genome by double homologous recom-
bination and restriction enzyme-mediated integration (REMI) 
led to transformants accumulating 123-148 pg g 1 canthax-
anthin and 117-135 pg g"1 echinenone [dry mass] (Papp et al. 
2013). At the same time, production of astaxanthin remained 
low in these transformants. It is supposed that the endogenous 
P-carotene hydroxylase has poor activity and able to convert 
canthaxanthin to astaxanthin with low efficiency (Papp et al. 
2013). Another explanation could be that Mucor P-carotene 
hydroxylase does not able to catalyse this conversion but the 
low amounts of zeaxanthin and P-cryptoxanthin accumulated 
by the fungus may serve as substrates to the Paracoccus 
P-carotene ketolase to form low amount of astaxanthin. 

In this study, our aim was to express the m Z gene of Para-
coccus sp. N81106 in canthaxanthin producing mutants of M. 
circinelloides to enhance the astaxanthin accumulation. The 
crtZ was introduced on autonomously replicating plasmids 
and, in parallel, it was integrated into the Mucor genome 
using the REMI method. Carotenoid content of the resulting 
transformants and effect of different culturing conditions on 
their carotenoid composition were also investigated. 

Materials and Methods 
Strains, media and growth conditions 

The M. circinelloides s trains, MS 12+pCA81f / l and 
MS 12+pPT51' R3/2, which have leu A *, pyrG~, crtW* genotype 
(Papp et al. 2013) and are derived from the leuA; pyrG mutant 
MS 12 (Benito et al. 1992), were used in the transformation 
experiments. These strains are auxotrophic for uracil and har-
bours the crtW gene encoding the P-carotene ketolase of Para-
coccus sp. N81 106 (formerly Agrobacterium aurantiacum) 
integrated into their genome by homologous double recom-
bination (MS12+pCA81f/l) or REMI (MS12+pPT5LR3/2) 
methods. Both strains accumulate mainly canthaxanthin 
and echinenone and small amount of astaxanthin (Papp et 
al. 2013). 

Escherichia coli TOP 1 OF was used in plasmid amplifica-
tions. E. coli was cultivated on Luria-Bertani medium (LB. 
10 g tryptone; 5 g yeast extract; 10 g NaCl and 20 g agar for 
solid medium per litre) containing 100 pg mL4 ampicillin 
at 37 °C. 

For growth tests, nucleic acid and carotenoid extraction, 
M. circinelloides strains were cultivated on solid minimal 
medium (YNB, 10 g glucose; 0.5 g yeast nitrogen base with-
out amino acids; 1.5 g (NH4),S04. 1.5 g sodium glutamate 

Nael 

Figure 2. Plasmid construction used to transform the canthaxanthin 
producing mutants MS12+pCA8lf/1 and MS12+pPT51'R3/2. The plasmid 
harbours the Paracoccus sp. N81106 crtZ gene encoding a p-carotene 
hydroxylase between the Mucor gpdl promoter and terminator re-
gions. The Mucor pyrG gene is responsible for the complementation 
of the uracil auxotrophy and ampR (gene for ampicillin resistance) 
for the bacterial selection. The fragment obtained by digesting with 
the restriction enzymes Nael and Ncol corresponds to pPT50'R used 
for REMI transformation. 

and 20 g agar per litre) supplemented with uracil and leucine 
(0.5 nig mL~') if required. Fungal cultures were grown for 
4 days at 25 °C under continuous light. Effect of cultivation 
temperature on carotenoid accumulation of the fungal strains 
was tested on YNB plates at 20. 25. 30 and 37 °C. To examine 
the effect of carbon sources on carotenoid production, glucose 
was replaced with fructose, trehalose, mannose, galactose, 
glycerol-L-monoacetate, dihydroxyacetone and L-aspartic 
acid in a final concentration of 1% in YNB. Combinations 
of different carbon sources were also tested. The carotenoid 
content was also determined from liquid cultures when strains 
were grown in YNB medium without agar for 6 days on 25 
°C under continuous light and shaking (110 rpm). Mycelia 
were separated from the media by filtration using 0.45 pm 
pore size filters (Millipore). 

For growth test, 105 spores were inoculated onto the centre 
of YNB plates. To test the mitotic stability of the transfor-
mants solid malt extract medium (MEA, 10 g glucose; 10 
g malt extract; 5 g yeast extract and 20 g agar per litre) was 
used as a complete medium. 

Molecular techniques 

Purification of plasmid DNA was performed with the Viogene 
Mini Plus and Midi Plus Plasmid DNA Extraction Systems 
(Viogene). DNA fragments were purified from agarose gel 
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Table 1. Different methods and solvents tested to improve the carotenoid extraction efficiency from liquid cultures. 

Extraction method Pre-treatment Extraction solvent 

Conventional * 

Reduction of the 
moisture content 

Pre-treatment 
with lactic acid 

Lyophilisation for 45 min. 
Drying at 40 °C overnight 

0.2 M 
0.3 M 
0.4 M 
0.5 M 
2 M 
3 M 
4 M 
5 M 

10% 
20% 
50% 
100% 

heating to 120 °C 

heating to 50 °C 

Acetone 
Petroleum ether 
DMSO, partition in petroleum ether 
DMSO, partition in hexane 

Acetone and petroleum ether 

Acetone 

aThe method, which was used for solid cultures and described in Materials and Methods, is regarded as the conventional method. 

using the Silica Bead DNA Gel Extraction Kit (Thermo 
Scientific). General procedures for plasmid DNA manipula-
tion, transformation of E. coli and Southern blotting were 
performed by following standard methods (Sambrook et al. 
1989). For fungal DNA preparation, mycelium was disrupted 
with a pestle and mortar in liquid nitrogen and DNA was 
isolated according to Iturriaga et al. (1992). CrtZ gene probe 
for Southern hybridization was constructed by amplifying a 
DNA fragment from the plasmid pPT50 using the crtZl (5' 
ATG ACC AAT TTC CTG ATC 3') and crtZ2 (5' CGT GCG 
CTC CTG CGC CTC 3') primers and the digoxigenin-based 
PCR DIG Probe Synthesis Kit (Roche). The DIG Nucleic 
Acid Detection Kit (Roche) was used for immunological 
detection of the nucleic acid blots, following the instructions 
of the manufacturer. 

Plasmid construction and transformation 

The plasmid pPT50 harbouring the crtZ gene of Paracoccus 
sp. N8106 under the control of the promoter and terminator 
regions of the Mucor glyceraldehyde-3-phosphate dehydro-
genase ( g p d l ) gene was used in all transformation experi-
ments (Fig. 2) (Papp et al. 2006). As a selection marker, the 
plasmid holds the Mucor pyrG encoding the orotidine-5 
'-phosphate decarboxylase, which complements the uracil 
auxotrophy of M. circinelloides strains MS 12+pCA81f/l and 
MS 12+pPT5 l"R3/2. 

For PEG/CaCl,-mediated transformation, protoplasts of 
M. circinelloides were prepared following the next steps: 
spores of MS 12+pC A81f/1 and MS 12+pPT5 TR3/2 were har-
vested from four days old cultures and inoculated into small 
drops onto cellophane sheets placed on YNB media supple-
mented with uracil and arown at 25 °C for 16 h. Colonies 

were washed in protoplast-forming solution ( 10 mM sodium-
phosphate buffer. pH 6.4: 0.8 M sorbitol: 1.5% home-made 
snail enzyme) and incubated at 25 °C for 3 h under continuous 
gentle shaking. Protoplasts were separated from the mycelia 
by filtration through 3 sheets of gauze. Protoplasts were col-
lected by centrifugation (3200 rpm, 15 min, 4 °C), washed 
with SMC buffer (50 mM CaCl,; 10 mM 3-(N-morpholino) 
propanesulfonic acid and 0.8 M sorbitol) and re-suspended 
in 0.25 ml SMC. Thereafter, the PEG/CaCl,-mediated trans-
formation of MS12+pCA81f/ l and MS 12+pPT5 1 'R3/2 
protoplasts with circular plasmid was performed according 
to van Heeswijck and Roncero (1984). For REMI, the pPT50 
plasmid was digested with Nael - Ncol enzymes (to avoid the 
re-circularization) and the resulting pPT50'R linear fragment, 
which harboured the crtZ gene fused with the gpdl promoter 
and terminator regions and the pyrG gene, was introduced 
into the recipient MS12+pCA81f/l. The REMI transforma-
tion of protoplasts was performed according to the PEG/ 
CaCl,-mediated transformation method, except that 30-30 
U restriction enzymes used for preparation of the linearized 
DNA were added to the protoplasts together with 5-10 pg 
linear fragment and the solution was incubated for 0.5 h on 
ice and 1.5 h at 33 °C. Transformants were selected on the 
basis of auxotrophy complementation on YNB solid medium. 
Introduction of the pPT50 plasmid into MS12+pCA81f/l and 
MS 12+pPT51 'R3/2 resulted the MS 12+pCA81f/l+pPT50 
and MS 12+pPT5l 'R3 /2+pPT50 , while introduction of 
the pPT50'R fragment into MS12+pCA81f/l resulted the 
MS 12+pCA81f/1 +pPT50' R transformants. 

Carotenoid extraction and analysis 

Carotenoids were extracted from 500 mg mycelial powder 
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with 700 jal acetone and vortexing (Papp et al. 2006). This 
extraction step was repeated until the pellet was found to be 
devoid of pigments. Extracts were collected in 50 ml Falcon 
tube, combined and partitioned in an equal volume of 10% 
diethyl ether in petroleum ether. To facilitate the separation 
2 ml distilled water was added and centrifuged (3200 rpm, 
8 min, 4 °C). The petroleum ether fraction was dried under 
nitrogen. To determine the dry mass. 500 mg mycelial powder 
was dried at 70 °C overnight. 

The carotenoid extraction was performed from liquid 
cultures, as well. Filtrated Mucor mycelia was disrupted with 
liquid nitrogen and was partitioned to test different extraction 
methods, such as lyophilisation, drying at 40 °C or desic-
cation with sodium-sulphate with different concentrations, 
solvents (such as acetone, petroleum ether and DMSO) and 
acid pre-treatment combined with heating (0.2-5 M lactic acid 
at 50-120 °C) (Table 1). Other steps of the extraction were 
performed as described above. 

For high-performance liquid chromatography (HPLC), 
samples and standards were analysed by using a modular 
Shimadzu low-pressure gradient HPLC system. The dried 
samples were re-dissolved in 100 pi tetrahydrofuran supple-
mented with butylated hydroxytoluene (100 pg mL 1) directly 
before the analysis and 2 pi was subjected to HPLC analysis 
on a Phenomenex Prodigy column (4.6 x 250, ODS 3 pm). 
The separation was performed with a gradient (where min/ 
solvent A%/solvent B% was 0/99/1; 8/60/40; 13/46/54; 
15/0/100; 18/0/100; 21/99/1; 25/99/1) using 4% water-96% 
methanol as solvent A and 100% methyl-terc-butyl ether as 
solvent B. at a flow rate of 1 mL min"1. The detection wave-
length was 450 nm and the column thermostat temperature 
was 35 °C. For identification of carotenoids the following 
standards were used: astaxanthin, lycopene. (3-carotene 
(Sigma), (3-cryptoxanthin, canthaxanthin, zeaxanthin (Carl 
Roth) and echinenone (DHI Water and Environment). For 
y-carotene, standard was purified by HPLC from Mucor 
azygosporus. 

Results and discussion 

Introduction of the crtZ gene into 
MS12+pCA8lf/1 and MS12+pPT51 'R3/2 strains 

Introduct ion of the pPT50 circular plasmid into can-
thaxanthin and echinenone producing MS 12+pCA8lf/ l 
and MS 12+pPT51 ' R 3 / 2 mutan t s r e su l t ed in 20-25 
transformants/lO5 protoplasts. The transformation frequency 
was similar to those in our previous studies, in which au-
tonomously replicating plasmids harbouring the bacterial 
crtW and crtZ genes were used to transform the MS 12 strain 
(Papp et al. 2006; Csernetics et al. 2011). The REMI trans-
formation method was applied successfully for zygomycetes 
firstly by our research group (Papp et al. 2013). Similarly to 
those experiments, two to three colonies could be isolated 
per transformation of 106MS12+pCA81f/l protoplasts using 

the pPT50'R linear DNA. Southern hybridization analysis 
verified the presence of the exogenous DNA in the transfor-
mants (results not shown), which proved to be mitotically 
stable on selective (YNB) and non-selective (MEA) media 
after ten consecutive cultivation cycles and no differences in 
their growing ability was observed compared to the recipient 
or the wild-type strains. Five-five isolates per transformation 
experiments were selected for further analysis. 

Carotenoid content of the transformants 

Carotenoid content of five-five transformants was analy-
sed at the 4th and 10th cultivation cycle after the transfor-
mation by HPLC. Strains MS12, MS 12+pCA81f/l and 
MS12+pPT51'R3/2 were used as controls (Table 2). After 
the 4th cultivation cycle, low amount of astaxanthin and 
decreased canthaxanthin and echinenone content were ob-
served in all transformants. After the 10lh consecutive cul-
tivation cycle on YNB, MS12+pCA81f/l+pPT50/l-5 and 
MS 12+pPT51 ' R3/2+pPT50/1 -5 accumulated 737 and 611 
pg g"1 [dry mass] total carotenoid and 6 and 14 pg g 1 [dry 
mass] astaxanthin, respectively. Astaxanthin content was 
around 1-2% of the total carotenoids in these transformants. 
Compared to the recipient strains, significantly increased 
echinenone, (3-carotene and y-carotene content and de-
creased canthaxanthin content were also observed, mainly 
in MS 12+pPT51 'R3/2+pPT50/1 -5 (Table 2). Integration of 
the crtZ gene into the genome of MS12+pCA81f/l resulted 
in 741 pg g"1 [dry mass] average total carotenoid content 
and, similarly to the transformants harbouring the crtZ 
gene on autonomusly replicating plasmids, canthaxanthin. 
echinenone and (3-carotene remained the major carotenoid 
components. These integrative transformants accumulated 
significantly higher amounts of total carotenoids, as well 
as canthaxanthin, echinenone and zeaxanthin than those 
harbouring the crtW and crtZ genes on autonomously repli-
cating plasmids (Papp et al. 2006). However, they produced 
similar amounts of astaxanthin. As higher level of astaxanthin 
accumulation was observed by introducing the crtZ gene on 
autonomously replicating plasmids than by integrating it 
into the genome (Table 2), MS12+pCA81f/l+pPT50/l-3 and 
MS 12+pPT51 ' R3/2+pPT50/1 -3 transformant were selected 
for further investigations. 

Effect of the cultivation conditions on the 
carotenoid accumulation 

Carotenoid accumulation of MS12+pCA81f/l+pPT50/l-3 
and MS 12+pPT51 ' R3/2+pPT50/1 -3 was analysed at dif-
ferent cultivation temperatures and compositions of media 
(Table 3). Effect of carbon sources on the carotenoid pro-
duction of MS12+pCA81f/l was analysed in our previous 
study and the tested carbon sources were selected based 
on these results (Papp et al. 2013). Cultivation on fructose, 
trehalose and mannose as sole carbon sources increased 

143 



Csernetics et al. 

Table 2. Total carotenoid content and composition of the transformants, MS12 and the recipient MS12+pCA8lf/1 and 
MS12+pPT51'R3/2 strains. 

Strain Total caro- (5-carotene p-cryptoxanthin Zeaxan- Echinenone Canthax- Astaxan- Lycopene y-carotene 
tenoid thin anthin thin 

MS12 422±25 268±18 25±3 6±2 _ 14*3 23*4 
MS12+pPT51'R3/2 511±27 56*11 16±4 10±2 103±4 110*10 2*1 11*2 32*4 
MS12+pPT51 'R3/2+pPT50/1 -5 611±55 201±23 11±1 12±2 137*15 36*11 14*2 19*6 65*10 
MS12+pCA8lf/1 534±29 38±10 27±5 4±2 114*11 151*19 2*1 21*5 34*4 
MS12+pCA8lf/1 +pPT50/1 -5 737±75 146±15 24±4 14±4 203*36 103*14 6*4 24*7 87*15 
MS12+pCA8lf/1 +pPT50'R/1 -5 741±112 236±37 14±4 6±3 171*15 145*47 3*1 12*1 36*11 

Average values (pg g ' [dry mass]) were calculated from carotenoid content of five transformants in three independent carotenoid extractions and measurements. 

the total carotenoid, zeaxanthin and echinenone content of 
MS 12+pPT51'R3/2+pPT50/1 -3 in comparison with cultiva-
tion on glucose. Astaxanthin accumulation significantly in-
creased on fructose, L-aspartic acid and mannose; on the latter, 
28 pg g 1 [dry mass] astaxanthin content was measured (Table 
3). Glucose, mannose, trehalose and fructose had also positive 
effect on the carotenoid content of both MS 12+pC A81f/1 and 
MS 12+pPT51" R3/2 (Papp et al. 2013). 

Effects of combinations of carbon sources (such as di-
hydroxyacetone and L-aspartic acid combined with glu-
cose, trehalose and mannose) on the carotenoid content of 
MS 12+pPT51' R3/2+pPT50/1 -3, MS 12+pC A81f/1+pPT50/1 -3 
and the recipient strains were also tested. Most combinations 
resulted in slight increase in the total carotenoid content. 
However, glucose combined with dihydroxyacetone led to 
the highest total carotenoid content in all strains (Table 3). 
approximately 2-3 times higher amounts were measured 
than on glucose or dihydroxyacetone, separately. Simul-
taneously, enhanced P-cryptoxanthin. canthaxanthin and 
echinenone production was detected in MS 12+pCA81f/l and 
MS12+pPT51'R3/2 and increased astaxanthin. zeaxanthin. 
P-cryptoxanthin. canthaxanthin and echinenone accumula-
tion was observed in MS12+pPT5rR3/2+pPT50/ l -3 and 
MS 12+pCA81f/1 +pPT50/1 -3 (Table 3). Application of glu-
cose and dihydroxyacetone supposedly resulted the induction 
and increased activity of the gpdl promoter, which enhanced 
the expression of the erf W and crtZ genes. Dihydroxyacetone 
as sole carbon source resulted decreased total carotenoid 
content, however, the proportion of xanthophylls within it 
increased in MS12+pPT5rR3/2+pPT50/l-3. 

We also tested the effect of the cultivation temperature 
on the carotenoid content. Temperature is an important en-
vironmental factor affecting the biosynthesis of carotenoids 
(Bhosale 2004). Cultivation at 30 °C had a positive effect on 
the total carotenoid and astaxanthin content compared to culti-
vation at 25 °C in the case ofMS12+pPT51'R3/2+pPT50/l-3. 
The transformants were able to survive at 37 °C as well, with 
lower production of carotenoids. Similarly, transformants 
harbouring the Paracoccus crtW gene integrated into the 
genome (MS12+pCA81f/l and MS12+pPT51'R3/2) were 

able to survive at 37 °C, in contrast with the wild-type MS 12 
(Papp et al. 2013). Xanthophylls, including astaxanthin has 
better antioxidant activity than P-carotene and may protect 
cells against increased levels of reactive oxygen species and 
may contribute in higher thermo tolerance through decreasing 
the fluidity and stabilizing the structure of the membranes 
(Palozza and Krinsky 1992; Tjahjono et al. 1994; Liang et 
al. 2009). 

Development of carotenoid extraction m e t h o d 
for l iquid cultures 

For fermentation developments, it would be advantageous 
if carotenoid and xanthophyll production in liquid culturing 
would be developed and optimized. Therefore, carotenoid 
production of our transformants was also tested in liquid 
cultures. It was observed that the extraction method used 
for mycelia harvested from solid media (Papp et al. 2006; 
Csernetics et al. 2011) is not effective for those from liquid 
media. Relatively high amounts of pigments remained after 
several extraction steps. It was presumed, that high moisture 
content of mycelia or formation of thicker cell wall in liquid 
media may cause the low efficiency of the carotenoid ex-
traction. Thus, different methods were tested to improve the 
extraction efficiency. The conventional method was used as 
a control (Table 1). 

To reduce the moisture content, lyophilization for 45 
min. or overnight drying at 40 °C was applied together with 
acetone and petroleum ether extractions. Sodium-sulphate, 
which has desiccating effect, was also tested. It was applied 
in 10, 20, 50 and 100% (m/m) of mycelial mass combined 
with acetone extraction. Among the tested processes, lyo-
philisation combined with acetone extraction proved to be 
the most effective. In case of the astaxanthin producer Phaffia 
rhodozyma. which has thick cell wall, DMSO or acid pre-
treatment is used for cell lysis before carotenoid extraction 
(Sedmak et al. 1990; Xiao et al. 2009). Therefore, different 
acids were tested to enhance cell lysis and avoid degradation 
of astaxanthin and lactic acid was found to be the most ap-
propriate for this purpose (Ni et al. 2008). Extraction with 
DMSO and partition of carotenoids in hexane instead of 
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Table 3. Carotenoid composition of transformants under different cultivation conditions. 

Strain Carbon source/ 
temperature 

Total ß-carotene ß-crypto-
xanthin 

Zeaxan-
thin 

Echinenone Canthax- Astaxan- Lycopene 
anthin thin 

y-carotene 

MS12+pPT51'R3/2+pPT50 
MS12+pCA8lf/1+pPT50 
MS12+pPT51'R3/2+pPT50 
MSI 2+pCA8lf/l +pPT50 
MS12+pPT51'R3/2+pPT50 
MSI 2+pCA8lf/1 +pPT50 
MS12+pPT51'R3/2+pPT50 
MS12+pCA8lf/1 +pPT50 
MS12+pPT51'R3/2+pPT50 
MS12+pCA8lf/1 +pPT50 
MS12+pPT51'R3/2+pPT50 
MS12+pCA8lf/1+pPT50 
MS12+pPT51'R3/2+pPT50 
MS12+pCA8lf/1+pPT50 
MS12+pPT51'R3/2+pPT50 
MS12+pCA8lf/1+pPT50 
MS12+pPT51'R3/2+pPT50 
MS12+pCA8lf/1+pPT50 

MS12+pPT51'R3/2+pPT50 
MS12+pCA8lf/1+pPT50 
MS12+pPT51'R3/2+pPT50 
MS12+pCA8lf/1+pPT50 
MS12+pPT51'R3/2 
MS12+pPT51'R3/2+pPT50 
MS12+pCA8lf/1 
MS12+pCA8lf/1+pPT50 

611 ±55 201±23 11±1 12±2 137±15 36±11 14±2 19±6 65±10 
Glucose 737±75 146±15 24±4 14±4 203±36 103±14 6±4 24±7 87±15 

694±72 233±21 10±2 16±2 165±22 23±4 17±4 16±5 68±25 
Fructose 705±81 134±19 19±3 11±1 195±31 97±11 6±1 22±7 81±31 

400±49 72±9 7±1 13±3 101±14 19±2 17±3 10±2 44±12 
L-aspartic acid 259±25 32±7 9±2 6±2 64±12 47±13 5±2 6±1 26±15 

806±92 309±31 21 ±4 16±4 159±18 29±7 12±3 17±5 71±23 
Trehalose 409±31 57±15 12±3 10±2 108±27 80±9 6±2 10±1 33±11 

734±62 175±19 7±1 17±2 202±20 39±4 28±3 21 ±4 80±21 
Mannose 497±59 75±11 23±7 10±3 143±19 74±9 5±1 19±6 59±15 

635±65 261±31 17±2 13±2 123±13 22±2 8±2 12±2 50±18 
Galactose 579±53 124±22 15±3 16±3 150±17 86±7 7±1 17±7 54±11 

Glycerol-L-mono- 465±35 200±16 14±3 9±4 67±9 23±11 6±1 6±2 22±3 
acetate 588±57 201±21 8±2 12±4 124±23 75±17 5±2 13±5 45±7 

395±41 54±7 16±5 29±5 70±16 69±21 11±2 5±1 17±4 
Dihydroxyacetone 207±16 24±6 6±1 8±2 30±7 58±22 5±1 4±2 11±3 

614±44 262±31 20±7 10±2 90±17 20±2 6±1 20±7 51 ±11 
Glucose, on 20 °C 653±71 168±19 13±5 13±4 171±19 68±11 3±1 19±5 71 ±9 

694±61 206±11 18±4 12±4 105±23 31 ±17 30±5 21±4 73±27 
Glucose, on 30 °C 507±67 94±19 16±4 10±3 98±21 49±15 6±2 32±9 87±24 

447±36 199±14 10±2 4±1 26±6 3±1 4±1 16±6 55±31 
Glucose, on 37 °C 500±81 182±19 9±1 3±1 73±11 16±7 1±0.5 23±12 73±37 

959±189 36±15 123±25 10±2 161±24 300±55 2±1 133±34 128±29 
Glucose + 989±183 62±24 102±31 30±7 223±35 115±42 35±4 74±19 128±44 
Dihydroxyacetone 1171 ±227 44±11 151±31 2±1 225±41 443±71 3±1 161±41 159±33 

1032±205 50±23 113±27 27±8 211±45 299±34 29±3 125±21 137±54 

Average carotenoid values (pg g ' [dry mass]) were calculated from biological replicates in three independent carotenoid extractions and measurements. 

petroleum ether significantly increased the carotenoid yield. 
In our tests, 0.2-0.5 and 2-5 M lactic acid was added to the 
mycelial powder and the resulting samples were heated to 
120 °C and 50 °C, respectively. After a centrifugation step, 
the extraction was continued with the repeated addition of 
acetone and vortexing. In most of the tested cases, mycelia 
became completely colourless after 6-8 extraction steps. 
Finally, extraction with DMSO or 4 M lactic acid combined 
with heating to 50 °C were found to be the most effective for 
carotenoid extraction, which resulted 120-200% effectiveness 
in comparison with the conventional method. Additionally, 
HPLC analysis verified that these conditions did not resulted 
in significant degradation of pigments. Carotenoid composi-
tion of MS12+pPT51'R3/2+pPT50/l-3 was analysed from 
mycelia cultivated in liquid YNB medium (containing glucose 
as carbon source) using the above described method. Total 
carotenoid content was around 398 pg g"' [dry mass] and 10-
25% increase in the proportion of canthaxanthin, echinenone, 
(3-cryptoxanthin, zeaxanthin and astaxanthin content was ob-
served, however it was still below of the xanthophyll content 
of mycelia harvested from solid media. 
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ABSTRACT An amylolytic bacterial strain, Bacillus licheniformis SKB4 produced maximum 
amylase at pH 6.5 at 42 °C, and at late stationary phase (24 h) of growth. Starch and peptone 
were found the best supporting carbon and nitrogen source wi th C:N ratio of 1:2 for amylase 
production. The purif ied enzyme was non-responsive to most of the metal ions except K*and 
Mg** (1.0 mM). The enzyme was stable and active at pH 6.5. The enzyme showed optimum 
temperature at 90 °C wi th 10 min of half life ( t j at 100 °C. The Q10 of the enzyme was 1.0. 
The thermodynamic principles like activation energy, free energy for substrate binding and 
transition state of the enzyme were found 31.53, 5.53 and -17.4 KJ/Mol of starch, respectively. 
The kinetic constant like 1/max, Km Kcatand catalytic efficiency (KcJKm) for starch were found to 
be 1.04 pmol mg 1 min 1 , 6.2 mg m l 1 , 2 x 103S 1 and 3.22 x 102 ml mg 1 S respectively. All these 
f indings suggested that this amylase has unique characteristics for starch hydrolysis in respect 
to thermostabil ity and kinetic properties. Acta Biol Szeged 58(2):147-156 (2014) 
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Alpha-amylase (EC 3.2.1.1, 1,4-a-D-glucan glucano hydro-
lase, endoamylase) hydrolyzes starch, glycogen and related 
polysaccharides randomly by cleaving the internal a-1,4-
glucosidic linkages and have great success by replacing the 
chemical hydrolysis of starch, a-Amylases account for -30% 
of the enzyme market (Shivramakrishnan et al. 2006) and it is 
widely used in various industries like alcohol, brewing, sugar 
for liquefaction of starch; in textile industry for desizing of 
fabrics, etc (Gupta et al. 2003). The exploitation of amylase 
in world market is estimated to increase by 4% annually, 
significantly uses in detergents (37%), textiles (12%), starch 
(11%), baking (8%) and animal feed (6%) industries (Deb et 
al. 2013). Bacterial a-amylases, particularly from the Bac illus 
species are of special interest for their large-scale production 
under simple cultivation system and of remarkable thermo-
stability (Prakash and Jaiswal 2010). Heat-resistant enzymes 
offer commercial opportunities because higher temperatures 
can overcome the viscosity problems of substrate (e.g. starch) 
and accelerated endothermic reactions (Kikani et al. 2012). 

Microbial enzyme production is generally subjected to 
the influence of different parameters of culture condition; 
therefore it is necessary to standardize the cultural and nu-
tritional conditions of the organism. In industry, submerged 
fermentation process is generally employed for the produc-
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tion of microbial enzymes due to the easy control of different 
physico-chemical parameters, less chance of contamination 
and enzyme remain in the culture fluid somehow as purified 
form (Coronado et al. 2000; Gangadharan et al. 2006). 

In view of the versatile appliances of thermophilic 
a-amylase in different sectors, attempt has been made to 
optimize the submerged culture condition and characterize 
some relevant properties of the purified a-amylase from 
Bacillus licheniformis SKB4. 

Materials and Methods 

Microorganism 

Bacillus licheniformis SKB4, a soil isolate (Samanta et al. 
2009) was used for the present study. 

Culture condition for amylase production 

Enzyme production was carried out in 250-ml Erlenmeyer 
flask containing 50 ml basal medium (pH 6.5) containing (g 
T1): starch, 5; peptone, 10; beef extract, 5; KH,P04 ,3; MgS04 

0.5; CaCl2; 0.02. It was inoculated with 1% (v/v) freshly pre-
pared inoculum and incubated on a rotary shaker (120 rpm) 
at 42 °C for 28 h. The growth of the bacteria was measured at 
620 nm. The pH of the culture medium was also measured in 
different time intervals. The culture supernatant obtained by 
centrifugation (5000 rpm for 10 min) was considered as crude 
source of enzyme and assayed for amylase activity. 
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Optimization of culture conditions 

To determine the optimal cultural condition for enzyme pro-
duction, the most effective level of individual parameters, 
viz.. initial medium pH (3.0-10.0), growth temperature (30 
°C - 50 °C), soluble sugars (glucose, mannose, galactose, 
fructose, inositol, arabinose, sucrose, lactose, maltose, rham-
nose, xylose, ribose, raffinose, starch in 0.1-0.5 g % w/v 
concentrations) and nitrogen sources (peptone, beef extract, 
tryptone, urea, yeast extract, thiourea, NH4NO , (NH4),HP04 

(NH4)H,P04, NaNO, in 0.1-0.5 g % w/v concentrations) were 
studied following one variable at a time (OVAT) optimization 
protocol. 

Assay of a-amylase 

Amylase activity was determined by studying its saccharo-
lytic properties according to Bernfield (1955). Briefly, the 
reaction mixture consisted 0.5 ml of 1% (w/v) starch, 0.4 ml 
of phosphate buffer (10 mM, pH 6.5) and 0.1 ml of enzyme 
solution and incubated for 5 min at 90 °C. The reaction was 
stopped by addition of 1 ml of 3,5 dinitrosalicylate (DNS) 
reagent. The quantity of reducing sugar was measured colo-
rimetrically at 530 nm using glucose as standard sugar. The 
unit of amylase was defined as the amount of enzyme which 
produced 1 pmol of reducing sugar as glucose in 1 min under 
specified condition. 

Purification of amylase 

The concentrated culture broth was brought to 35% satura-
tion with analytical grade (NH4),S04 and kept overnight at 
4 °C. The supernatant was separated by centrifugation (10 
000 x g for 10 min) and the precipitate was discarded after 
examining its amylolytic activity. Then 80% saturation was 
brought by adding additional (NH4)2S04 and was allowed 
to stand overnight at 4 °C. The precipitate was collected by 

centrifugation (12 000 x g for 30 min at 4 °C) and dissolved 
in 10 mM phosphate buffer (pH 6.5). The precipitate was 
then dialyzed against the same buffer for 24 h with a peri-
odical change of buffer solution. The dialyzed enzyme was 
then applied to a DEAE cellulose column (Merck. Mumbai, 
India) and the enzyme was eluted with a linear gradient of 
KC1 (0.01-0.1M). The active fraction in the flow through were 
collected and concentrated in lyophilizer. At the next stage, 
the amylase solution put on a Sephadex G-100 column (1.5 
x 92 cm) that pre-equilibrated with 10 mM phosphate buffer 
(pH 6.5) and then eluted with the same buffer. The active 
enzyme fraction were collected and concentrated and stored 
at 4 °C for further use. 

Effect of metal ions on amylase activity 

Different metal ions (at a concentration of 1-100 mM) in as-
say buffer (10 mM phosphate buffer pH 6.5) were incubated 
with the enzyme at 37 °C for 30 min. The residual activities 
were examined under standard assay conditions. 

Influence of pH on amylase activity and stabi l ity 

The optimum pH of enzyme activity was measured at dif-
ferent pH levels from 3.0-11.0 [10 mM citrate buffer (pH 
3.0-5.8), 10 mM phosphate buffer (pH 6.0-8.0) and 10 mM 
bi-carbonate buffer (pH 9.0 to 11.0)]. To determine the pH 
stability, the enzyme solution was mixed with suitable buffer 
at different pH values (10 mM, pH 3.0-11.0) and incubated 
at 4 °C for 24 h and then residual activity was measured at 
optimum temperature. 

Determination of opt imum temperature and 
apparent half life (t1/2) of amylase 

The optimum temperature of enzyme activity was determined 
by incubating the reaction mixture separately at different tern-

Figure 1. Effect of initial medium pH on amylase production (•) and growth of B. licheniformis SKB4. The pH of medium adjusted after 
sterilization. Bacteria were grown on a rotary shaker (120 rpm) at 42 °C for 28 h. 
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Figure 2. Cell growth ( • ) and enzyme production ( • ) of 8. licheniformis SKB4. Incubation period was 28 h at 42 °C on a rotary shaker (120 rpm). 
Initial medium pH adjusted at 6.5. The pH ( o f the growing medium increased during growth of the bacteria. 

perature from 30-100 °C. The apparent half life (t |/2) of amy-
lase at 100 °C was estimated on the basis of thermostability 
of enzyme in the absence of substrate. The enzyme solution 
was taken in a stoppered test tube and placed in a water bath 
at 100 °C. The enzyme solution was taken out after regular 
interval and assayed immediately after addition of substrate, 
t was estimated at when 50% activity was restored. 

Thermodynamic characteristics of amylase 
activity 

The activation energy (Ea) for substrate hydrolysis under the 
given experimental conditions was determined by plotting the 
data in an Arrhenius plot (Das et al. 2012). The free energy 
for substrate binding and transition state formation was calcu-
lated using the following derivations (Saqib et al. 2010): 

AG*e (free energy of substrate binding) = -RT In Ka 
Where, Ka = L/A'M. R is the universal gas constant (8.314 

JK 1 mol1) and T is the absolute temperature (K). 
AG*e (free energy of transition state formation) = -RT 

In (K /K ) 
y cat m' 
The temperature coefficient (Ql0) is the rate of an en-

zymatic catalytic reaction changes for every 10 °C rise in 
temperature, was calculated by the Dixon and Webb equation 
(Dixon and Webb 1979). 

In Q,n= E x 10/RT2 

Where, Ea is the activation energy of the enzyme (J 
mol1). 

Determination of kinetic constants for substrate 

The Michaelis constant (K ), maximum reaction velocity 
(V ), turn over number (K ) and catalytic efficiency (K J 
K ) of purified amylase for starch were determined by using 
Lineweaver and Burk plot (Lineweaver and Burk 1934). 

Results and Discussion 

Effect of initial medium pH and incubation time 
on amylase production 

pH is one of the important determinant for growth and overall 
activities of microbes. The catalytic activity and three dimen-
sional structure of enzyme are of particularly very sensitive to 
hydrogen ion concentration. The experimental organism, B. 

-0.0023X + 0.1292x' - 2.144x + 12 
R2 = 0.9965 
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Table 1. Effect of soluble sugar on growth and amylase forma-
tion of B. licheniformis SKB4. Fermentation condition: tem-
perature 42 °C, initial medium pH 6.5, incubation time 28 h. 
Data represented as the average of three separate experiments. 

Carbon source Concentration Growth Enzyme ac-
(g% wN) (620 nm) tivity (U/ml) 

Control (without 1.10 0.10 
C source) 

Glucose 0.1 2.40 0.23 
0.3 2.40 0.15 
0.5 3.6 0.10 

Mannose 0.1 2.25 0.03 
0.3 3.60 0.05 
0.5 3.20 0.26 

Galactose 0.1 3.00 0.15 
0.3 3.15 0.20 
0.5 3.30 0.27 

Fructose 0.1 2.85 0.12 
0.3 3.60 0.09 
0.5 3.60 0.07 

Inositol 0.1 2.10 0.06 
0.3 3.30 0.10 
0.5 3.90 0.10 

Arabinose 0.1 2.70 0.06 
0.3 2.40 0.09 
0.5 2.25 0.09 

Sucrose 0.1 2.25 0.21 
0.3 2.55 0.17 
0.5 3.00 0.05 

Lactose 0.1 2.40 0.11 
0.3 2.40 0.27 
0.5 1.80 0.50 

Maltose 0.1 2.55 0.11 
0.3 2.85 0.21 
0.5 3.00 0.30 

Rhamnose 0.1 1.86 0.02 
0.3 3.15 0.08 
0.5 3.45 0.05 

Xylose 0.1 2.40 0.08 
0.3 3.30 0.08 
0.5 3.90 0.10 

Ribose 0.1 2.40 0.18 
0.3 2.10 0.15 
0.5 3.30 0.04 

Raffinose 0.1 2.40 0.06 
0.3 3.30 0.06 
0.5 3.60 0.03 

Starch 0.1 2.6 0.45 
0.3 2.7 0.65 
0.5 3.0 0.90 

licheniformis SKB4 grew well over a wide range of pH. i.e., 
3.0 to 10.0, produced maximum amylase at pH 6.5 (Fig. 1), 
but it showed maximum growth at pH 6.0. Most of the starch 
degrading bacterial strains are reported to produce enzyme 
in a pH range between 6.0 and 7.0 (Haq et al. 2002; Gupta et 
al. 2003; Rasooli et al. 2008). 

B. licheniformis SKB4 initiated to synthesize amylase 
from the 12,h h of active log phase, and maximum amount 

Table 2. Effect of different nitrogen sources on growth and 
amylase production of B. licheniformis SKB4 ( incubation 
time 28 h, initial medium pH 6.5, temperature 42 °C). Data 
represented as the average of three separate experiments. 

Nitrogen source Concentration 
(g% w/v) 

Growth 
(620 nm) 

Enzyme activ-
ity (U/ml) 

Control 0.08 0.10 
NH4NO3 0.1 0.10 0.08 

0.3 0.20 0.07 
0.5 0.32 0.02 

(NH4) ;HP04 0.1 0.45 0.10 
0.3 0.62 0.14 
0.5 0.80 0.08 

(NH4)H2P04 0.1 0.30 0.07 
0.3 0.72 0.05 
0.5 0.65 0.03 

NaN03 0.1 0.22 0.07 
0.3 0.46 0.04 
0.5 0.58 0.04 

Urea 0.1 0.90 0.08 
0.3 0.85 0.05 
0.5 0.55 0.05 

Beef extract 0.1 2.0 0.10 
0.3 3.0 0.16 
0.5 3.5 0.18 

Peptone 0.1 2.2 0.17 
0.3 2.8 0.20 
0.5 3.2 0.32 

Tryptone 0.1 0.95 0.10 
0.3 0.95 0.06 
0.5 1.30 0.07 

Veast extract 0.1 0.90 0.12 
0.3 2.6 0.12 
0.5 2.8 0.10 

Thiourea 0.1 0.35 0.10 
0.3 0.10 0.03 
0.5 0.10 0.03 

was noted during its late stationary phase (24 h) (Fig. 2). 
Similar pattern of amylase synthesis was also observed by 
Bozi et al. (2011) in Bacillus subtilis IP 5832. Wanderley et 
al. (2004) suggested that effective induction of amylase did 
not occur until the stationary phase of growth and it related 
to the depletion of readily available carbon source. Moreover, 
maximum a-amylase production by B. licheniformis Shahed-
07 occurred when cell growth reached to the stationary phase 
(26 h), suggesting that enzyme secretion is not growth related 
rather it depends on the quantity of cell mass (Rasooli et al. 
2008). 

In relation to growth. pH of the media was tended to acidic 
up to 12 h of growth, but, thereafter changed towards alkalin-
ity (Fig. 2). The initial decrease of pH is due to fast growth 
of the organisms which produced acids from carbohydrate 
fermentation, and the latter change of pH towards alkalinity 
may due to cell lysis (de Oliveira et al. 2010). Similar fashion 
of cell growth, enzyme production and changes in pH of the 
culture media were observed in case of Bacillus sp. IMD 434 
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Figure 3. Effect of incubation temperature on amylase production ( • ) and growth ( • ) of B. licheniformis SKB4. The pH of medium adjusted at 
6.5. Bacteria were grown on a rotary shaker (120 rpm) for 28 h at different temperatures (30-50 °C). 

(Hamilton et al. 1999) and Bacillus sp. IMD 370 (Me Tigue 
et al. 1995). 

Effect of temperature on amylase production 

The studied bacterium, B. licheniformis SKB4 grown well at 
30 °C, but it produced notable quantity of amylase at 35 °C. 
Maximum level of enzyme production was found at 42 °C, 
but highest growth was achieved at 45 °C (Fig. 3). Previously, 
it was reported that maximum level of a-amylase production 
by B. subtilis 147 (Avdiiuk and Varbanets 2008) and Bacillus 
sp. GHA1 (Ahmadi et al. 2010) occurred at 42 °C. Aiba et 
al. (1983) reported that the high temperature may inactivate 
the expression of genes responsible for the starch degrading 
enzymes. 

Effect of carbon and nitrogen sources on 
amylase production 

A range of soluble sugars at various concentrations (0.1 -0.5%, 
w/v) were tested for growth and amylase production of B. 
licheniformis SKB4 and the results are summarized in Table 
1. Among the carbon sources, starch was found to be best 
inducer for amylase synthesis followed by lactose > maltose 
> galactose > mannose. Whereas, other sugars like fructose, 
inositol, arabinose, rhamnose, xylose, and raffinose could 
be considered as poor producer of amylase. Similar type of 
results was also noted in B. licheniformis (Chandra et al. 1980, 
Rasooli et al. 2008). Aiyer (2004) and Rasooli et al. (2008) 
also suggested that starch is a good inducer for amylase 
synthesis in B. licheniformis. Glucose, sucrose and ribose 
in 0.1 % (w/v) concentration act as moderate carbon source 
for amylase production (Table 1), but enzyme synthesis was 
inhibited at their higher concentrations (>0.1 %, w/v). Similar 

type of findings was also noted in case of Bacillus polymyxa 
and B. subtilis (Nickless et al. 2001) and their amylase pro-
ducing gene was turned off (catabolite repression) in presence 
of glucose or fructose. The bacterial cells growing on easily 
utilizable carbon sources such as glucose or sucrose did not 
need to waste valuable energy for the biosynthesis of amylase. 
Therefore, the gene for amylase is turned off (Nickless et al. 
2001). Haseltine et al. (1996) argued that a sensory system 
facilitated the detection of exogenous starch which acted as 
mediator for induction of a-amylase synthesis. The present 
findings suggest that the B. licheniformis SKB4 a-amylase 
induction by starch and repression by glucose was subjected 
to multiple forms of regulations. 

It was found that enzyme production increased along with 
starch concentration upto 0.5% (w/v) and above it decreased 
(Fig. 4). But growth of the bacteria reached highest level at 
1% (w/v) starch concentration. Rukhaiyar and Srivastava 
(1995) explained that culture broth viscosity has increased 
at high concentration of starch which interfere the oxygen 
transfer leading to limitation of dissolved oxygen for the 
growth of bacteria as well as its enzyme synthesis. 

The effect of nitrogen sources over the concentration 
range of 0.1 to 0.5% (w/v) on growth and amylase produc-
tion of B. licheniformis SKB4 was tested and represented in 
Table 2. Among the various nitrogen sources, peptone (0.5%, 
w/v) favoured maximum amylase production. The increas-
ing order of amylase production by the stimulatory nitrogen 
sources can be arranged as: peptone (0.5%, w/v) > beef ex-
tract (0.5%, w/v) > (NH4),HP04 (0.3%, w/v) > yeast extract 
(0.1%, w/v). Low concentration of nitrogen is inadequate 
for the enzyme production and excess nitrogen is equally 
detrimental causing inhibition of microbial growth as well 
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Figure 4. Effect of starch concentration on growth and amylase production of 6. licheniformis SKB4. Basal medium contained starch at various 
concentration (0.025-2.0 % w/v), initial pH 6.5, temperature 42 °C, incubation time 28 h. 

as enzyme synthesis (Aiyer 2004). Mc Tigue et al. (1995) 
also reported that peptone was a better nitrogen source for 
amylase production of .B. licheniformis SPT 278 than that of 
other organic and inorganic nitrogen sources. The maximum 
amylase yield was achieved when peptone concentration was 
at 1.0% with C/N ratio of reached 0.5 (Fig. 5, Table 3). This 
indicated that the nature and relative concentrations of carbon 
and nitrogen sources are important for amylase production 
from B. licheniformis SKB4. Earlier reports also revealed 
the C/N ratio of 1:1 to 1:2 was very effective for a-amylase 

Table 3. Effect of ON ratio on amylase production. 

C/N ratio Activity of enzyme (%) 

2.5 44 
1.0 72 
0.66 86 
0.50 100 
0.33 100 

production by different strains of Bacillus sp. (Aiyer 2004, 
Avdiiuk and Varbanets 2008). 

E f f e c t o f m e t a l ions o n e n z y m e a c t i v i t y 

The effectiveness of a group of metal ions on the activity of 
purified amylase (Mu 60 kDa) was tested and represented 
in Table 4. Among them, Mg2+ and K* only increased the 
enzyme activity at very low concentration (1 mM). It was 
observed that Zn2+, Fe2+, Cu2+ inactivated the enzyme activity 
at higher concentration (0.1 M), whereas, Hg2+ inhibited at 
lower concentration. This observation indicated that the ac-
tivity of amylase from B. licheniformis SKB4 may not metal 
dependent. The results were comparable with the findings of 
other studies (Shaw et al. 1995; Rao et al. 2002). 

E f f e c t o f p H o n s t a b i l i t y a n d a c t i v i t y o f a m y l a s e 

The optimum pH of the amylase activity was found at 6.5 
(Fig. 6). The enzyme was stable at this condition (Fig. 6). 
The enzyme retained considerable activity in the pH range 
of 6.0-9.0. It also retained about 58% and 18% of its original 
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Figure 5. Effect of peptone concentration on growth and amylase production of B. licheniformis SKB4. Basal medium contained various con-
centration of peptone (0.2-1.5% w/v). Initial pH, temperature and incubation were 6.5, 42 °C and 28 h, respectively. 

1 2 0 al. 2010) and Bacillus cereus GUF8 (Mahdavi et al. 2010). 
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Figure 6. Effect of pH on enzyme activity ( A ) and stability ( • ) of S. 
licheniformis SKB4 amylase. pHof the reaction buffer was varied (3-11). 
Amylase activity measured at 90 °C. 

activity at pH 9.0 and 4.0, respectively. Our results are compa-
rable with a-amylase from B. subtilis ITBCCB148 (Yandri et 

E f f e c t o f t e m p e r a t u r e o n a m y l a s e a c t i v i t y 

Activity of a-amylase from B. licheniformis SKB4 was 
measured over a temperature range of 30 °C to 100 °C. The 
enzyme showed optimum activity at 90 °C (Fig. 7). It was 
also observed that 90% of its original activity was retained 
at 70 °C after 1 h incubation (Fig. 8). Other reports indicated 
that a-amylase from B. licheniformis (Adeyanju et al. 2007). 
B. cereus MK (Mrudula and Kokila 2010) were also active 
at 90 °C. 

The half-life (t|/2) of a-amylase of B. licheniformis SKB4 
was 10 min at 100 °C and the temperature coefficient value 
(Q10) was found to be 1.0 (Table 5). The Q10 for enzymes 
generally achieved between the range of 1 and 2 (Singh and 
Chhatpar 2011). 

D e t e r m i n a t i o n o f k inet ic a n d t h e r m o d y a n a m i c 
ind ices 

The kinetic constants of the a-amylase like Km (the Michaelis 
constant) and V (the maximum reaction rate) for starch 
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Table 4. Effect of metal Ions on the activity of purified B. licheni-
formis SKB4 amylase. Enzyme activity was measured at pH 6.5 and 90 
°C. Data represented as the average of three separate experiments. 

Table 5. Summary of d i f fe rent kinetics and thermody-
namic properties of pur i f ied B. licheniformis SKB4 amy-
lase. Thermodynamic parameters were calculated at 90 °C. 

Metal ions Concentrations Relative activity % of change Parameters 
(M) (%) 

Control 100 _ 
MnCI2 0.1 20 80 (-) 

0.01 80 20 (-) 
0.001 86.6 13 .4 (-) 

ZnCI2 0.1 0 100 (-) 
0.01 23 77 (-) 
0.001 76.6 23.4 (-) 

HgCI2 0.1 0 100 (-) 
0.01 8 92 (-) 
0.001 13 87 (-) 

CoCI2 0.1 20 80 (-) 
0.01 63 37 (-) 
0.001 76.6 23.4 (-) 

FeCI3 0.1 10 90 (-) 
0.01 86.6 13.4 (-) 
0.001 93 7 (-) 

CaCI2 0.1 24 76 (-) 
0.01 76 24 (-) 
0.001 93 7 (-) 

KCl 0.1 86.6 13.4 (-) 
0.01 95 5 (-) 
0.001 103 3 (+) 

MgCI2 0.1 80 20 (-) 
0.01 86.6 13.4 (-) 
0.001 110 10(+) 

CuCI2 0.1 0 100 (-) 
0.01 46.6 53.4 (-) 
0.001 60 40 (-) 

Purified amylase 

Km (mg/ml) 6.2 

Kr»* (pmol/mg/min) 1.04 

C < s ' ) 2x103 

K a t / Km (ml mg ' S ') 3.22x102 

Ea (KJ mol ') 31.53 

Q,o 1.0 
AG E 5 (KJ mot') 5.53 
AG E T (KJ mol ') -17.4 
T1 ( j (min) (100 ' O 10 

120 • 

100 -
S? 
>< 80 -
> 
o 
ro 60 -
ro 
> 
ro 40 • 
ro ac 

20 -
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(+) indicates stimulatory effect, (-) indicates inhibitory effect. 

were found to be 6.2 mg ml ' and 1.04 pmol mg 1 min 1 (Table 
5), respectively, at 90 °C and pH 6.5. The Km and Vmax of 
a-amylase from Bacillus stearothermophilus GRE1 were also 
found to be 4.78 mg ml"1 and 6.67 mg ml"1 min"1, respectively 
(Hossain et al. 2006). The turn over number ( K J , which 
is the second-order rate constant for the conversion of the 
enzyme-substrate complex to the product, was calculated as 
2x 103 S 1 (Table 5). The apparent second-order rate constant, 
also called catalytic efficiency (KcJKJ, was 3.22xl02 ml 
mg 1 S 1 (Table 5). All these characteristics are unique in the 
studied amylase, indicating its higher catalytic efficiency 
against starch like homopolysaccharides. a-Amylase from a 
mutant strain of B. licheniformis EMS-6 also showed similar 
Kcat and KJKm values (Haq et al. 2010). 

Thermodynamic parameters provide a detailed portrait of 
inside of many chemical and biological reactions (Tanaka and 
Hoshino 2003). The activation energy (Ea) of the amylase of 
B. licheniformis SKB4 for starch hydrolysis was found to be 
31.53, KJ/mol at 90 °C (Table 5). Previously it was reported 
that a-amylase from B. licheniformis EMS-6 was 25.14 KJ/ 
mol (Haq et al. 2010). The free energy for substrate binding 

Temperature (°C) 

Figure 7. Effect of temperature on the activity of B. licheniformis SKB4 
amylase. Temperature range of the reaction was 30-100 °C and amylase 
activity measured at pH 6.5. 

100 

\> 
o ro 
ro > 

15 0) oc 

30 45 
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Figure 8. Study of thermostabi l i ty of amylase f rom B. licheniformis 
SKB4 In absence of substrate after 1 h Incubation. Amylase activity 
measured at pH 6.5 and 90 °C. 
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(AG"E s) and transition state for formation of an activated 
enzyme substrate complex (AG'E T) of the enzyme at 90 °C 
were found to be 5.53 and -17.4 KJ/mol, respectively (Table 
5). The free energy is required for the formation of activa-
tion complex and catalytic activity. The values of AG*E s and 
AG*e t indicated higher affinity of enzyme towards soluble 
starch for hydrolysis. The values of AG*E S AG*E T for glu-
coamylase from Arachniotus citrinus were found to be -2.95 
and -17.7 kJ mol"1, respectively (Perveen et al. 2006). 

The present study revealed that B. licheniformis SKB4 is 
a potential strain for alpha amylase production in presence of 
soluble starch as substrate and complex nitrogen sources such 
as peptone. The high thermostability and metal independence 
of this amylase will be very effective for soluble starch hydro-
lysis. Various kinetic and thermodynamic parameters of the 
enzyme suggested that it has great affinity to catalyze soluble 
starch and suitable for many commercial applications, such 
as pharmaceutical, detergent and food industries. 
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Antidermatophytic effect of Bacillus mojavensis SZMC 
22228 and its secreted chymotrypsin-like protease 
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ABSTRACT The aim of the present study was to investigate the antifungal effect of Bacillus 
mojavensis SZMC 22228 against different dermatophytes and to isolate the antidermatophytic 
compound from the bacterial ferment broth. B. mojavensis SZMC 22228 and Its cell-free fer-
ment broth effectively inhibited the growth of clinical reference strain of Microsporum canis, 
Microsporum gypseum, Trichophyton mentagrophytes, Trichophyton rubrum and Trichophyton 
tonsurans in agar diffusion test in vitro. An antidermatophytic, - 25 kDa protein (B. mojaven-
sis SZMC 22228 antidermatophyitc protein, BMAP) was purified from the antifungally active, 
cell-free ferment broth using size exclusion and ion-exchange chromatography. BMAP showed 
antifungal effect against all of the investigated dermatophytes both In agar diffusion and broth 
microdllution susceptibility tests. M. gypseum proved to be the most susceptible dermatophyte 
to BMAP (MIC=40 pg/ml), all the other Investigated fungi were less susceptible (MIC=80 pg/ml). 
The enzymatic activity of this protein was Investigated in mlcrotiter plate assay using hydrolase 
specific chromogenic substrates. BMAP showed high proteolytic activity towards N-Succ-Ala-
Ala-Pro-Phe-pNA, and proved to be a chymotrypsin-like protease. These results suggest that 
the antidermatohytic activity of B. mojavensis SZMC 22228 correlates with Its chymotrypsin-like 
protease production. After further investigations, the purified BMAP could be a promising base 
of a novel antidermatophytic Strategy. Acta Biol Szeged 58(2):157-162 (2014) 

KEY WORDS 

Bacillus mojavensis 
dermatophytes 
antifungal effect 
protein isolation 
extracellular chymotrypsin-like 

protease 

The worldwide distributed dermatophytes are a group of 
keratinophilic fungi. They are highly adapted to digest 
keratinous debris thus these fungi are capable of invading 
the superficial layer of the skin, hair, and nails of humans 
and other vertebrates (Bond 2010; Leite Jr et al. 2014). 
Approximately 40% of the human population is affected in 
worldwide (Leite Jr et al. 2014), but the spectrum of isolated 
dermatophytes is diverse in time and geography (Havlickova 
et al. 2008; Seebacher et al. 2008). They rarely cause life-
threatening infection in healthy individuals, but they may have 
a debilitating effect on the patients and affect their quality of 
life (Rotta et al. 2012). However, it is a well-known fact that 
the incidence of superficial and fatal systemic dermatophyte 
infections has been increasing continuously during recent 
years as a consequence of the rise in the number of immu-
nocompromised patients (Rotta et al. 2012). The choice of 
the appropriate therapy in the cases of these patients is not 
simple because of the possible drug interactions and severe 
side effects (Dias et al. 2103). The more frequent occurrence 
of antimycotic resistant dermatophyte strains further sharpens 
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this problem (Jones 1990; Mukherjee et al. 2003; Martinez-
Rossi et al. 2008). Therefore, there is a substantial demand 
for new safely applicable antidermatophytic compounds 
without side effects. 

Biologically active substances secreted by the members 
of Bacillus genus are promising compounds of drug industry 
for development of novel antifungal agents (Tserkovniak et al. 
2009). The plant endophyte Bacillus mojavensis is a relatively 
new member of the Bacillus genus (Nair et al. 2002; Bacon 
and Hinton 2011). This species is closely related to Bacillus 
suhtilis complex, but it can be distinguishable based on the 
fatty acid composition, DNA sequence, and the resistance 
to genetic transformation (Bacon and Hinton 2011). Several 
studies reported that B. mojavensis actively secretes different 
compounds with remarkable or potential antifungal activity, 
e.g. lipopeptides such as surfactin, iturin, fengycin; proteases, 
cellulases (Youcef-Ali et al. 2014). Due to this feature B. 
mojavensis is also known as an effective biocontrol agent 
against plant and post-harvest pathogenic filamentous fungi 
(Bacon and Hinton 2011). 

This paper describes the antidermatophytic activity of 
a B. mojavensis strain isolated from mumijo, a traditional 
Mongolian medicine (Galgoczy et al. 2011); furthermore, the 
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isolation and identification of an extracellular chymotrypsin-
like protease (B. mojavensis SZMC 22228 antidermatophyitc 
protein, BMAP) which plays a role in it. 

Materials and Methods 

Strains and media 

The following clinical reference dermatophyte strains were 
used in the present study: Microsporum canis (American Type 
Culture Collection, USA; ATCC 36299), Microsporum gyp-
seum (ATCC 24102), Trichophyton mentagrophytes (ATCC 
9533), Trichophyton rubrum (ATCC 28188) and Trichophyton 
tonsurans (ATCC 28942). All these isolates were maintained 
on potato dextrose agar (PDA, Sigma-Aldrich, St Louis, 
MO, USA) slants at 4 °C. For inoculum preparation they 
were subcultured onto oatmeal agar (10 g/1 oatmeal, 1.5 g/1 
KH,P04, 1 g/1 NaNO,, 1 g/1 MgS04 , 20 g/1 agar) to induce 
conidium production (Jessup et al. 2000; Ghannoum et al. 
2006). Antifungal activity tests were performed in PDA 
plates. B. mojavensis SZMC 22228 was maintained on LB 
(10 g/1 tryptone, 2 g/1 yeast extract, 10 g/1 NaCl, 20 g/1 agar, 
pH 7.0) slant and was grown in low salt LB broth (LSLB: 
10 g/1 tryptone, 5 g/1 yeast extract, 5 g/1 NaCl, pH 7.0) for 
investigation of antifungal activity of the cell-free ferment 
broth and for purification of the BMAP. 

Isolation and molecular identif icat ion of B. 
mojavensis SZMC 22228 

B. mojavensis was isolated from a Mongolian mumijo prepa-
ration (Galgoczy et al. 2011) and indentified for partial se-
quencing of the gyrA gene according to Reva et al. (2004). 
After sequencing (performed at LGC Genomics GmbH, 
Berlin, Germany) of the amplified partial gyrA gene, the 
result was compared with similar sequences available in 
the National Center for Biotechnology Information (NCBI) 
database using Basic Local Alignment Search Tool (BLAST) 
(Altschul et al. 1990). 

Purif ication of B. mojavensis SZMC 22228 
ant idermatophyt ic protein (BMAP) 

BMAP was isolated from the ferment broth of B. mojavensis 
SZMC 22228, which was cultivated in 250-ml Erlenmeyer 
flask containing 100 ml LSLB inoculated with 105 bacteria, 
and incubated at 30 °C for 48 h under continuous shaking 
(160 rpm). After bacterial cell harvest (30 min, 10.000xg, 
4 °C), the supernatant was filtered (MILLEX-HP, pore size: 
0.45 pm, Millipore, Billerica, MA, USA) then the extracel-
lular protein fraction was precipitated with 80% of am-
monium sulfate at 4 °C for 24 h. Precipitated proteins were 
collected by centrifugation (30 min, lO.OOOxg, 4 °C) and 
resuspended in 10 ml of 20 mM Tris buffer (pH 7.2). This 
protein solution was dialyzed (Snake Skin dialysis tubing, 
3.5K MWCO, Thermo Scientific, Logan, UT, USA) against 

20 mM Tris buffer (pH 7.2) in 1:100 volume ratio based on 
the instruction of manufacturer at 4 °C for 48 h with buffer 
changing after 24 h. 

The different molecular weight protein fractions of the 
ten-fold concentrated sample were separated with size exclu-
sion chromatography. The column (20x250 mm, Sephadex 
G-50, GE Healthcare, Uppsala, Sweden) was equilibrated 
with 20 mM Tris buffer (pH 7.2). Protein fractions were 
eluted (flow rate: 2 ml/min) with the above mentioned buf-
fer. Protein fractions which showed high antidermatophytic 
activity in agar diffusion test (data not shown) were pooled, 
concentrated to six-fold, and then this solution was separated 
with centrifugal ultrafiltration (Corning® Spin-X® UF 20 ml 
Centrifugal Concentrator, 30,000 MWCO Membrane, Corn-
ing, Tewksbury, MA, USA). The <30 kDa fraction (showed 
antidermatophytic effect in agar diffusion test, data not 
shown) was dialyzed against 20 mM Tris buffer (pH 7.2), 
then purified with ion-exchange chromatography on a CM 
Sepharose Fast Flow (Sigma-Aldrich, St Louis, MO, USA) 
column (13x60 mm, equilibrated with 20 mM Tris buffer (pH 
7.2) at a flow rate of 1 ml/min. The proteins were eluted with 
a NaCl gradient (0.1-1.0 M) prepared in the equilibrating 
buffer. The protein fractions were dialyzed against 20 mM 
Tris buffer (pH 7.2); finally, they were sterilized by filtration 
(MILLEX-HP, pore size: 0.45 pm, Millipore, Billerica, MA, 
USA) and their antidermatophytic activity was investigated 
in agar diffusion test. Protein content of the different fractions 
was checked in SDS-PAGE (NuPAGE Novex 4-12% Bis-Tris 
Gel, 1.0 mm, 10 well, Invitrogen-Life Technologies, Eugene, 
OR, USA) visualized with Coomassie Brilliant Blue R-250 
and silver staining. Purification experiments were repeated 
three times. 

Ant idermatophyt ic act iv i ty assays 

Fungal inocula were prepared as described previously (Gal-
goczy et al. 2008). An agar diffusion technique was used 
to estimate the antagonism ability of B. mojavensis SZMC 
22228 and the size of growth inhibition caused by the cell-
free bacterial ferment broth (filtered through MILLEX-HP, 
pore size: 0.45 pm) and the purified BMAP. Solid culture 
medium (PDA) was overlaid with 1 ml of potato dextrose 
broth (PDB, Sigma-Aldrich, St Louis, MO, USA; pH 7.0) that 
were inoculated with 106 microconidia/ml and was dried. For 
the investigation of antagonism ability, 10 pi 104 bacteria/ml 
suspended in LB was dropped on the surface of this plate and 
was dried. For investigation of the antifungal activity of B. 
mojavensis SZMC 22228 cell-free ferment broth and purified 
BMAP. an agar diffusion technique was used: 100 pi of sterile 
bacterial ferment broth or BMAP (160 pg/ml) diluted in 20 
mM Tris buffer (pH 7.2) were filled into the wells of inocu-
lated PDA plates. Sterile LSLB or Tris buffer (pH 7.2) was 
used as negative control. Diameters of the inhibition zones 
were measured after incubation at 30 °C for 72 h. 
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Table 1. Antidermatophytic activity of the Bacillus mojavensis 
SZMC 22228, its cell-free ferment broth and the 160 pg/ml puri-
fied -25 kDa antidermatophytic protein (BMAP) in agar diffu-
sion test on PDA after incubation at 30 °C for 72 h. 

Diameter of inhibition zone (mm) 

Species 
B. mojav-

ensis 
SZMC 
22228 

Cell-free 
ferment 

broth 

160 pg/ml 
BMAP 

Microsporum canis 
ATCC 36299 

58.0±10.5 14.3±2.1 15.3±2.9 

Microsporum gypseum 
ATCC 24102 

48.0±2.9 18.3±2.1 23.7±3.1 

Trichophyton mentagro-
phytes 
ATCC 9533 

53.3±14.5 12.0±3.0 14.7±1.5 

Trichophyton rubrum 
ATCC 28188 

32.7±11.6 15.0±2.6 17.30±0.6 

Trichophyton tonsurans 56.7±12.6 16.3±2.1 18.3±2.3 
ATCC 28942 

Standard deviations (±SD) derived from three replicates (N=3). 

Minimal inhibitory concentrations (MIC) of BMAP 
against the investigated dermatophytes were determined 
in broth microdilution susceptibility test using flat-bottom 
96-well microtiter plate. One hundred microliter of BMAP 
diluted in PDB was mixed with 100 pi of microconidial sus-
pension (105 microconidia/ml) prepared also in PDB. The 
final concentrations of BMAP were 160, 80, 40, 20, 10, 5, 
2.5 and 1.25 pg/ml. The plates were incubated at 30 °C for 
72 h, and the optical densities were then measured at 620 nm 
with microtiter plate reader (AS YS Jupiter HD-AS YS Hitech. 
Salzburg, Austria). Two hundred microliter fresh PDB was 
used as background for the spectrophotometric calibration. 
To determine MICs, optical densities of the untreated control 
cultures (100 pi of microconidial suspension mixed with 100 
pi PDB) were referred to 100% of growth, in each case. MIC 
was defined as the lowest BMAP concentration at which 
growth was not detected on the basis of the OD6,0 values 
as compared with the untreated control. Antifungal activity 
experiments were repeated three times. 

Enzymat ic act ivity assays 

The enzymatic activity of BMAP was determined in 96-
well microtiter plate by the use of N-bz-Phe-Val-Arg-pNA, 
N-a-bz-L-Arg-pNA, N-acetyl-L-Leu-/?NA, N-Succ-Ala-Ala-
Pro-Phe-pNA, p-nitrophenyl-N-acetyl-[3-D-glucosaminide, 
p-nitrophenyl-N,N'-diacetyl-P-D-chitobioside,p-nitrophenyl-
|3 -D-N,N\N"- t r i ace ty lch i to t r iose , P-ni t rophenyl-P-D-
cellobioside, and p-nitrophenyl-P-glucopyranoside. All 
substrates were purchased from Sigma-Aldrich (St Louis, 
MO. USA). Twenty microliter of 1 mg/ml substrate was 
given to 80 pi of 40 pg/ml BMAP (diluted in 20 mM Tris 
buffer; pH 7.2) and incubated for 3 h at 30 °C. The reaction 

was stopped by addition of 25 pi 10% (w/v) sodium car-
bonate and the p-nitrophenol or /7-nitroaniline release was 
measured at 405 nm using an ASYS Jupiter HD microplate 
reader. Twenty microliter of 1 mg/ml substrate mixed with 
20 mM Tris buffer (pH 7.2) was used as background for the 
spectrophotometric calibration. Enzymatic activity assays 
were repeated three times. 

Results 

Isolation and identif ication of B. mojavensis 
SZMC 22228 

The BLAST analysis of the amplified partial gyrA sequence 
revealed 99% similarity to the partial gyrA sequence of 
B. mojavensis NRRL BD-600 strain (accession number: 
EU138644). Based on this result, the Bacillus strain isolated 
from Mongolian mumijo preparation was identified as B. 
mojavensis. This B. mojavensis strain was deposited in the 
Szeged Microbiological Collection (SZMC, http://www2. 
sci.u-szeged.hu/microbiology/collection.htm) under the 
SZMC 22228 number, and the partial gyrA gene sequence 
in the European Nucleotide Archive under the HG964636 
identifier. 

A n t i f u n g a l activity of B. mojavensis SZMC 22228 
and its ferment broth 

The isolated B. mojavensis SZMC 22228 effectively inhibited 
the growth of M. canis, M. gypseum, T. mentagrophytes, T. 
rubrum and T. tonsurans in different rates (Table 1). The cell-
free ferment broth of B. mojavensis SZMC 22228 also showed 
antidermatophytic activity on these isolates in the applied agar 
diffusion test (Table I). In these tests M. canis (58.0±10.5 
mm inhibition zone caused by B. mojavensis SZMC 22228) 
and M. gypseum (18.3±2.1 mm inhibition zone caused by the 
cell-free ferment broth of B. mojavensis SZMC 22228) were 
the most susceptible dermatophytes (Table 1). 

Purif ication of B. mojavensis SZMC 22228 
ant idermatophyt ic protein (BMAP) and its 
ant i fungal activity 

Gel electrophoresis revealed the presence of a protein with 
a molecular mass of approx. 25 kDa in the purified fraction 
of the ferment broth which had antidermatophytic activity 
(BMAP, Figure 1). After purification the final yield of BMAP 
from three independent productions was 3.64±0.53 mg. One 
hundred sixty microgram per milliliter BMAP was able to in-
hibit the growth of M. canis, M. gypseum. T. mentagrophytes, 
T. rubrum and T. tonsurans causing inhibition halos with dif-
ferent diameters in agar diffusion tests (Table 1). M. gypseum 
(inhibition zone: 23.7±3.1 mm) was the most susceptible 
isolate (Table 1). Based on these results we suppose that the 
isolated - 2 5 kDa molecular weight BMAP plays a role in 
the antidermatophytic effect. The purified BMAP maintained 
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its antifungal activity against all investigated dermatophytes 
in broth microdilution susceptibility test, and also the M. 
gypseum proved to be the most susceptible fungus (MIC = 
40 pg/ml). All the other dermatophytes were less susceptible 
(MIC = 80 pg/ml). 

Enzymatic activity assays 

BMAP did not show enzymatic activity towards N-acetyl-
L-Leu-pNA, p-nitrophenyl-N-acetyl-P-D-glucosaminide, 
p-nitrophenyl-N,N'-diacetyl-P-D-chitobioside, p-nitro-
phenyl P-D-N,N',N"-triacetylchitotriose, p-nitrophenyl-
P-D-ce l lobios ide , p -n i t ropheny l -p -g lucopyranos ide , 
p-nitrophenyl-N-acetyl-P-D-glucosaminide; but hydrolysed 
the N-a-bz-L-Arg-pNA, N-bz-Phe-Val-Arg-pNA, N-Succ-
Ala-Ala-Pro-Phe-pNA proteolytic substrates. The most 
effective proteolytic activity was exerted on N-Succ-Ala-
Ala-Pro-Phe-pNA (Figure 2). Based on these results and 
the amount of the released p-nitroaniline from digested 
proteolytic substrates (Figure 2), BMAP is considered as a 
chymotrypsin-like protease. 

Discussion 

Several B. mojavensis strains are considered as biocontrol 
agents because they can enhance plant growth and protect 
the plant against its fungal pathogens due to the produced 
surfactin, iturin, fengycin and various enzymes. Although, 
the factors which are responsible for growth enhancement 
are unknown but the antifungal mechanism of the biocontrol 
strains is well-characterized especially on Fusarium verticil-
lioides (Bacon and Hinton 2011). Growth inhibition ability 
of B. mojavensis on other plant pathogenic (e.g. Ambrosiella 
macrospora, Botrytis cine re a. Fusarium oxysporum. Fusar-
ium moniliforme, Macrophomina phaseolina, Mucor ram-
manianus, Alternaria solani, Phytophthora meadii, Pythium 
aphanidermatum and Rhizoctonia solani), and (opportunistic) 
human pathogenic (such as Aspergillus flavus, Aspergillus 
niger, Candida utilis, Candida albicans and Rhizopus spp.) 
fungi was demonstrated by previous studies (Nairet al. 2002; 
Maachiaet al. 2011; Youcef-Ali et al. 2014). In our work 
we observed that B. mojavenis SZMC 22228 can inhibit ef-
fectively the growth of different dermatophytes. Such kind 
antifungal activity of B. mojavenis has not been reported in 
the literature yet; however, data are available about the an-
tidermatophytic effect of other Bacillus species. Previously, 
it was proven that Bacillus amyloliquefaciens HNA3 exerts 
growth inhibition effect on T. mentagrophytes (Nastro et al. 
2011) and different B. subtilis isolates on Trichophyton and 
Microsporum spp. (Kumar et al. 2005, 2009; Lukmanova 
et al. 2008). Kumar et al. (2009) observed that a peptide 
belonging to the group of antifungal antibiotic peptides is 
responsible for this effect. Compared to this finding, a - 2 5 
kDa extracellular chymotrypsin-like protease (BMAP) plays 

LJ 

-25 kDa protein 
(BMAP) 

188 kDa 
98 kDa 

62 kDa 

49 kDa 

38 kDa 

28 kDa 

17 kDa 
14 kDa 

6 kDa 

3 kDa 

Figure 1. Bis-Tris SDS PAGE (4-12%) of the antidermatophytical ly 
active purified -25 kDa protein (BMAP) from the ferment broth of 
Bacillus mojavensis SZMC 22228. Lane 1, purified -25 kDa BMAP; 
lane 2, molecular weight marker (SeeBlue Plus2 Pre-Stained Standard, 
Invitrogen-Life Technologies, Eugene, OR, USA). 

a role in the antidermatophyotic activity of B. mojavensis 
SZMC 22228. 

Numerous species of Bacillus have been involved in 
industrial protease production and B. mojavensis is also 
considered as a great source of different (alkaline) proteases 
(Schallmey et al. 2004). Three different alkaline proteases 
from B. mojavensis A21 strain have been isolated, which 
show differences in their molecular weight (15-29 kDa) and 
enzymatic features, such as specific activity, pH and thermal 
optimum/stability, and calcium-dependence (Haddar et al. 
2009a, 2009b). Proteases showing same substrate specific-
ity as BMAP were isolated from the ferment broth of B. 
mojavensis-rslaXed B. subtilis strains. A 30 and 43-46 kDa 
molecular weight fibrinolytic enzymes with high activity to 
N-Succ-Ala-Ala-Pro-Phe-pNA chromogenic substrate were 
purified from the ferment broth of B. subtilis DC33 and Bacil-
lus sp. nov. SK006 (Wang et al. 2006; Hua et al. 2008). The 
antifungal activity of these proteases has not been investigated 
yet, but few reports demonstrated a correlation between the 
biocontrol function of Bacillus strains and their extracellular 
protease production (Luo et al. 2013). Information about the 
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X-o-bz-L-Arg-pNA N-bz-Phe-Val-Arg-pNA N-Succ-Ala-Ala-Pro-Phr-pNA 

Substrate 

Figure 2. Substrate activity of the of the purified -25 kDa antidermatophytic protein (BMAP) at 30 °C after 3 h. Standard deviations (±SD) 
derived from three replicates (N=3). 

antifungal activity of extracellular proteases is available in the 
case of B. mojavensis-related B. subtilis. Its culture filtrate 
which had protease activity inhibited the growth of afla-
toxigenic Aspergilli (Thakaew and Niamsup 2013). Basurto-
Cadena et al. (2012) found connection between the presence 
of proteases and antagonistic activity of B. subtilis against 
plant pathogenic fungi such as F. verticillioides and R. solani. 
In a more detailed study, it was observed that the 41.38 kDa 
alkaline protease P6 from B. subtilis N7 effectively inhibits 
the spore germination and mycelial growth of F. oxysporum 
f.sp. cucumerium (Luo et al. 2013). Until the present study, 
antidermatophytic effect of bacterial proteases has not been 
described in the literature. 

Our results indicate that the isolated - 2 5 kDa BMAP 
could be a promising agent in the treatment of dermatophy-
tosis, however, further in vitro and in vivo investigations and 
characterization experiments (such as MALDI-TOF analysis, 
N-terminal sequencing, enzyme kinetics, pH and thermal 
optimum/stability, ion-dependence, hematolytic and toxic 
effect, etc.) are needed. 
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ABSTRACT RNA silencing is a part of the plant innate Immune system that could effectively KEY WORDS 

RNA silencing cope w i th Intruders, like viruses. However , viruses evolved proteins that can suppress RNA 
silencing thus supporting virus spreading in the host. To counteract RNA silencing, suppressor p j ^ " 
proteins attack different players of RNA silencing pathway. The P1 protein of the Sweet potato Sweet potato mild mottle virus 
mild mottle virus binds and Inactivates small RNA loaded RISC complexes. Using a deletion series RNA silencing suppressor 
in the P1 protein w e aimed to identify the possible smallest work ing version of P1. Our results 
revealed that the minimal RNA silencing suppressor domain of P1 is as small as 210 amino acids 
in size. Acta Biol Szeged 58(2):163-166 (2014) 

RNA silencing is a post-transcriptional gene regulation 
mechanism conserved in almost all eukaryotes and involved 
in many essential biological processes, from development, 
physiological activity to the regulation of abiotic and biotic 
stress responses by micro RNAs (miRNA), genome defense 
by 24 nucleotide (nt) long small interfering RNAs (siRNAs) 
and in particular antiviral defense by 21 nt siRNAs. RNA 
silencing negatively regulates genes expression (Herr and 
Baulcombe 2004). 

The trigger of RNA silencing can be pri-miRNAs for 
miRNAs or double stranded (ds) RNAs as replicative forms 
of plant viruses. Trigger RNAs are processed into si- and 
miRNAs by the RNAse III type enzymes Dicers, then small 
RNAs are loaded into the Argonaute (AGO) protein contain-
ing protein complexes called RNA induced silencing complex 
(RISC). This process is referred to as RISC assembly. In 
RISC, one strand of the small RNA is eliminated resulting in 
the single stranded (ss) small RNA containing RISC complex 
(active RISC). Active RISC complexes are able to hamper 
gene expression either by cleaving the target RNA or by 
inhibiting the translation of the target RNA (Hutvagner and 
Simard 2008). Thus, Argonaute (AGO) proteins play a key 
role in RNA silencing. 

In the last few years, several AGO binding proteins were 
identified. Most of them contain GW/WG (Gly-Trp/Trp-Gly) 
domains, which mediate the interaction with AGO. This group 
of proteins was named GW/WG proteins after the founding 
member GWl 82 protein of human. GW182 in animals binds 

Accepted Dec 18, 2014 
""Corresponding author. E-mail: lakatos.lorant@med.u-szeged.hu 

AGO and mediates the interaction with the polyA binding 
proteins to repress the translation of the target RNA (Pfaff 
et al. 2013). In Schizosaccharomyces pombe, transcriptional 
silencing involves AGO and TAS3 that shows high similar-
ity to animal GWl82 proteins (Pfaff et al. 2013). In plants, 
heterochromatin silencing exploits a couple of GW/WG 
proteins, such as the second largest subunit of the RNA poly-
merase V complex and SPT5 protein (Bies-Etheve et al. 2009; 
Herr et al. 2005). Moreover, the GW/WG protein SUO was 
identified in Arabidopsis thaliana to be involved in miRNA 
driven RNA silencing (Yang et al. 2012). Thus, these GW/ 
WG proteins have a positive effect on RNA silencing and are 
absolutely required for the efficient carrying RNA silencing 
into execution. 

Two viral proteins bearing WG/GW domains were found 
to have a negative effect on RNA silencing. The p38 protein 
of the Turnip crinkle virus (TCV) sequesters small RNA 
unloaded AGOl (Azevedo et al. 2010). However, the PI 
RNA silencing suppressor protein of the Sweet potato mild 
mottle virus (SPMMV) is markedly different from that of p38. 
SPMMV PI binds AGOl loaded with si- or miRNAs, thus in-
hibiting target cleavage of active RISC complexes. Mutational 
analysis revealed three WG/GW motifs, resembling the AGO 
binding platform conserved in plants and metazoans, at the 
N-terminal part of PI, which are required for AGO binding 
and silencing suppressor activity (Giner et al. 2010). 

Recently, we found that the first 383 amino acid (aa) 
region of the SPMMV PI renders RNA silencing suppressor 
activity (Giner et al. 2010). Thus, our aim was to find the 
smallest region of the PI protein bearing fully functional sup-
pressor activity. Our results based on a series of truncation of 
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empty PI 1-383 p i 1-120 PI 1-383 1-210 PI 1-383 PI 1-360 PI 1-383 

Figure 1. RNA silencing suppressor activity of the truncated mutants. The first panel shows empty vector infiltrated sample, used as negative 
control. The mutant of interest was infiltrated as shown in the second, third and fourth panel. On the right side of each panel PI 1383 was 
infiltrated, as positive control. 

the PI protein from the C-terminal end showed that the 1-210, 
but not 1-120, amino acids region is fully functional. 

Materials and Methods 

Plant materials 

Wild-type Nicotiana benthamiana plants grown in soil under 
normal growth conditions were used for, virus infection and 
agroinfiltration. Plants were grown in Phytotron (Versatile 
Environmental Test Chambers; Sanyo, Tokyo, Japan) under a 
14-h light (50 mE m±2s±l) and 10-h dark regime at 23 °C. 

Agroinfiltration 

Agroinfiltration was essentially carried out as described ear-
lier (Silhavy et al. 2002). Plasmid DNA was introduced into 
the Agrobacterium tumefaciens C58C1 strain by triparental 
mating (Wise et al. 2006). Agrobacterium strains harboring 
the expression plasmids were cultured at 28 °C in LB medium 
in the presence of 5 pg/ml tetracycline and 100 pg/ml kana-
mycin. Cultures were centrifuged at room temperature with 
1000 g to pellet the bacteria, then resuspended in the induc-
tion solution containing 10 mM MES (pH 5.6), 10 mM MgCl, 
and 150 pM acetosyringone. Optical density of the cultures 
were determined and diluted to an ODh(10 of 0.3 for suppressor 
and 0.1 for reporter genes. Diluted and mixed Agrobacterium 
strains were incubated in the induction solution for 1-3 hours 
at room temperature before infiltration. 

Primers used in this study 

P1 -5' -end: 5' GGGGATTCCCTAGAATGGGGAAATCCA 
AACTC 3' 
P I , -3 ' -end: 5' TGAATTCTCATGCCACCGTGATGG-

1-JOU 

GACACACCATAGC 3' 
Pl 1 3 0 5 -3 ' -end: 5 ' TGAATTCTCATGTCTTTGTAACCCA-
CATAACTGC 3' 
P l 1 2 1 0 - 3 ' - e n d : 5 ' T G A A T T C T C A A A T T G A G A A A A -
CAGTTTCCTCAAAAACC 3' 
P l M 2 0 - 3 ' - e n d : 5 ' TGAATTCTCAGTTATCAAGTACAT-
TGTCGTCGCGCTTGTT 3' 

Western blot analysis 

To the blot analysis, samples were collected in 2 cm diameter. 
The samples were extracted in 2x sodium dodecyl sulfate 
(SDS) loading puffer and boiled for 5 minutes, after sample 
preparation 10% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) was run. Blocking was carried 
out in 5% dry milk in phosphate buffered saline (PBS) at 
every turn. Anti-HA (anti-influenza hemagglutinin, 1:3000 in 
5% dry milk) and anti-GFP (anti-green fluorescent protein, 
1:5000) was used for HA and GFP tagged samples, respec-
tively. Anti rabbit HRP (anti-rabbit IgG conjugated to horse-
radish peroxidase, 1:5000) was used as secondary antibody. 
At the co-immunoprecipitation anti-Ha and anti-myc antibody 
was used (1:5000 in 2% dry milk; secondary antibody was 
anti-rabbit HRP. 1:5000). 

Results and Discussion 

It was previously demonstrated that the N-terminal 383 amino 
acid region of SPMMV PI possessed the silencing suppressor 
domain (Giner et al. 2010). If the N-terminally HA-tagged full 
length SPMMV PI was infiltrated into N. benthamiana plants 
and immunoprecipitated, the minority of the HA-tagged 
protein was proven full length (Lakatos, unpublished). This 
result might not be surprising, since it is already known that 
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A B 

1 2 3 4 5 6 

1 2 3 4 5 
Figure 2. Expression analysis of GFP and the truncated suppressor mutants. Panel A, GFP detected by anti-GFP polyclonal antibody; lanes: 1, 
empty vector+GFP171; 2, GFP-171+ P11383; 3, GFP-171+ P1,120; 4, GFP-171+ P1,.210, 4 GFP-171+ P I , 305, 5, GFP-171+ P I , 360; GFP-171+ P1 ,.383. Panel B, 
suppressor mutants detected by anti-HA antibody; lanes: 1, GFP-171+ P11120; 2 GFP-171 + P112,„; 3 GFP-171+ P I , 305; 4 GFP-171+ P11360; GFP-171 + 
P1 , 383; lower panel represents the loading control. 

maturation of the huge potyviral polypeptide translated occurs 
via the intrinsic protease activities of the polypeptide. Even 
PI has a protease domain in its C-terminal, which is required 
for liberation of PI from the primary translation product (Valli 
et al. 2007). Thus, the C-terminal truncation of PI can be a 
consequence of its own protease activity, but the action of the 
plant proteases could not be excluded. 

Our aim was to find out, whether these shorter versions 
of PI still have RNA silencing suppressor activity. To answer 
this question, we systematically performed C-terminal trunca-
tions on the SPMMV PI protein. To this end, we amplified 
the PI coding region with Pl-5 '-end primer (annealing to 
the translational start codon) and P1, 360-, P1, ,05-, PI ,.210- and 
PI, 120-3'-end primers resulting in 360-, 305-, 210- and 120-aa 
versions of PI . PCR products were cloned into the TOPO II 
vector (Invitrogen) and sequenced from both sides. These in-
serts were cloned into pSanyi plant expression vector (Kertesz 
et al. 2006) to express them as fusion protein with a HA-tag at 
their N-terminal end. Agrobacterium strains harboring these 
constructs were coinfiltrated with reporter construct GFP-
171.1 (Parizotto et al. 2004) to check for silencing suppres-
sor activity in N. benthamiana (Giner et al. 2010). SPMMV 
PI, 3gJ was used as a control, because this truncated version 
was known to have silencing suppressor activity. Forty eight 
hours post-infiltration, visual inspection of the infiltrated 
leaves was carried out under UV light. We found that the 
SPMMV Pl , 383 PI, 360, P l , 305, and PI, 210infiltrated leaves 
showed bright green fluorescence under UV light, indicat-
ing RNA silencing suppressor activity. However, the PI ,_120 

infiltrated leaves were rather red, which demonstrated lack 
of silencing suppressor activity (Fig. 1). Then, Western blot-
ting was carried out to detect GFP protein in the infiltrated 
leaves. Consistently with our visual inspection, strong GFP 
expression was found in the protein extracts of PI, PI , M ) , 
PI, ,05, and PI, 2H)infiltrated leaves, while significantly less 
GFP was detected, when GFP-171 or GFP-171 and PI, ,20 

were infiltrated (Fig. 2A). These experiments clearly revealed 
that silencing suppressor function was lost in the case of the 
PI mutant. We showed earlier that SPMMV PI contains 
three WG/GW motifs at positions 15, 101 and 131 (Giner 
et al. 2010). Although, we found that changing W131 to A 
(alanine) did not significantly affect the silencing suppres-
sor function, but in the case of the PI, mutant, excluding 
W131 and ten more amino acids might be detrimental for 
silencing suppressor activity (Giner et al. 2010). Finally, the 
expression of the N-terminally HA-tagged truncated silencing 
suppressor proteins were examined by western blotting. Our 
results showed that extracts of leaves infiltrated with PI 
PI, Pl,.360, and PI showed high suppressor expression 
in increasing protein size (Fig 2B). On the other hand, leaves 
infiltrated with PI did not express the corresponding pro-
tein. Of note, that extracts used in this experiment contained 
nearly the same amount of protein, as shown in the protein 
loading panel (Figure 2B). However, the SPMMV PI, 
protein, which did not show suppressor activity, could be 
detected only when they coinfiltrated in plants with Tobacco 
etch virus HC-Pro (data not shown) (Azevedo et al. 2010; 
Szabo et al. 2012). 
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The prototype RNA silencing suppressor inhibiting preas-
sembled RISC is the SPMMV PI protein, which consists of 
759 amino acids. As it was shown before, this large protein 
in size contains the RNA silencing suppressor domain at the 
N-terminal part (Giner et al. 2010) and a protease domain 
conserved in the Potivirideae family (Valli et al. 2007). 
Shorter versions of PI were found in unrelated experiments 
implicated the functionality of these proteins. Thus, we nar-
rowed the silencing suppressor domain to the N-terminal 210 
amino acids of SPMMV PI . This truncated protein has full 
silencing suppressor activity, compared to longer versions. 
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ABSTRACT One of the most important effects of climate change is the occurrence of ther-
motolerant mycotoxin producing fungi in countries with temperate climate, causing mycotoxin 
contamination of agricultural products. Indeed, a shift has recently been observed in the occur-
rence of af latoxin producing fungi in Europe, wi th consequent aflatoxin contamination In agri-
cultural commodities including maize and milk in several European countries including Serbia, 
Croatia, Slovenia, Romania and Ukraine. These observations led us to examine the occurrence 
of mycotoxin producing Aspergilli in agricultural products In Hungary and Serbia. The samples 
were collected from cereal fields In Hungary and North-Serbia (Vojvodina) after harvest in 2012. 
Surface-sterilized cereal seeds were placed on selective media and the isolated fungal strains 
were identified using morphological methods. The species identification of selected Isolates was 
carried out using sequence-based methods. Several potentially aflatoxlgenlc A. flavus Isolates 
were Identified on maize. Further examinations of mycotoxin producing abilities of the Isolates, 
and their occurrence in milk and milk-derived products are In progress. 
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Mycotoxins are secondary metabolites of filamentous fungi, 
which are harmful to animals and humans, and are able to 
provoke various disease symptoms (Varga et al. 2009). Afla-
toxins are the most thoroughly studied mycotoxins, which are 
produced by species assigned to the Aspergillus genus. They 
were discovered when the toxicity of animal feeds contain-
ing contaminated peanut meal led to the death of more than 
100,000 turkeys from acute liver necrosis in the early sixties 
(Turkey-X disease: Blout 1961. Sargeant et al. 1961, van der 
Zijden et al. 1962). Aspergillus flavus was identified as the 
producing fungus, and aflatoxins were named after the toxic 
agent. Aflatoxins have both toxic and carcinogenic properties, 
posing serious threats to both animal and human health (Ben-
nett and Klich 2003). Aflatoxin B is the most toxic aflatoxin, 
being a potent genotoxic carcinogen in laboratory animals 
and there is a strong evidence for its liver carcinogenity in 
humans (Wild and Turner 2002). Comprehensive studies have 
shown that aflatoxin is a risk factor for human hepatocellular 
carcinoma, especially in Asia and sub-Saharan Africa (Groop-
man et al. 2005). Although lethality is an uncommon outcome 
of aflatoxicosis in humans, several deaths were attributed to 
that (Nyikal et al. 2004). Because of its toxicity, over 100 
countries restrict the content of aflatoxins in the food and 
feed supplies (van Egmond et al. 2007). 
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Aflatoxins are a group of structurally related difurano-
coumarins that were named as aflatoxin B , B„ G r and G, 
based on their fluorescence under UV light (blue or green) 
and their relative chromatographic mobilities during thin-
layer chromatography. Aflatoxin Bj is the most potent natural 
carcinogen known (Squire 1981,1 ARC 2012), and is usually 
the major aflatoxin produced by toxigenic strains. Aflatoxin 
M , a hydroxylated metabolite is found primarily in animal 
tissues and fluids (milk and urine) as a metabolic product of 
aflatoxin B, (Varga et al. 2009). 

The most important producer, A. flavus is also an impor-
tant pathogen of various cultivated plants including maize, 
cotton and peanut, and causes serious yield losses throughout 
the world. Since aflatoxin production is favoured by moisture 
and high temperature, A. flavus is able to produce aflatoxins in 
warmer, tropical and subtropical climates (Varga et al. 2009). 
Consequently, aflatoxin contamination of agricultural prod-
ucts in countries with temperate climate, including Central 
European countries was not treated as a serious health hazard. 
However, climate change associated with global warming 
seems to change the scenario. Recently, several papers have 
dealt with the effects of climate change on the appearance of 
aflatoxin producing fungi and aflatoxins in foods (Paterson 
and Lima 2010, Tirado et al. 2010). Based on these studies, 
aflatoxin producing fungi and consequently aflatoxins are 
expected to become more prevalent with climate change 
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• Fus. verticillioldes 
• Fus. proliférâtum 
• Asp. flavus 
OPen. oxalicum 
• Pen. bilaiae 
• Acr. zeae 
• Blonectria sp. 
• Asp. welwitschiae 
• As p. fumigatus 
a Asp. tabacinus 

• Asp. flavus 
• Asp. v&twitschiae 
• Asp. fumigatus 
• Asp. sydowii 

• Asp. jensenii 
• Asp. niger 
• Asp. nomius 
• Asp. tubingensis 
• Fus. protiferatum 
• Fus. verticillioides 
a Pen. alii 
• Pen. dec um bens 
m Pen. chrysogenum 
m Pen. pinophilum 
m Pen. bilaiae 

Figure 1. Distribution of potentially mycotoxin producing fungi in maize samples collected after harvest (top), and in samples stored in ware-
houses (bottom). 

in countries with temperate climate. Indeed, several recent 
reports have indicated the occurrence of aflatoxin producing 
fungi and consequently aflatoxin contamination in agricul-
tural commodities in several European countries that did not 
face with this problem before. 

Regarding Hungary, Richard et al. (1992) examined the 
mycotoxin producing abilities of 22 isolates collected from 

various sources in Hungary, and none of the isolates were 
found to produce aflatoxins. Besides. Borbély et al. (2010) 
have examined mycotoxin levels in cereal samples and mixed 
feed samples collected in eastern Hungary, and detected afla-
toxin Bj levels above the EU limit in 4.8% of the samples. 
Additionally, more recently, Dobolyi et al. (2013) identified 
aflatoxin producing A. flavus from maize kernel collected in 
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various parts of Hungary. Furthermore, Tôth et al. (2013) have 
examined the occurrence of potential mycotoxigenic fungi on 
Hungarian maize kernels between 2010 and 2012. Several 
potentially mycotoxigenic Aspergillus isolates were identified 
on maize. In 2010 the weather was very rainy, while in 2011 
and 2012 the weather conditions were more hot and dry. In 
2010, a large number of Pénicillium species occurred in the 
samples, possibly due to the colder weather conditions. In 
2011 and 2012, Aspergilli were observed in larger quantities 
than previously, possibly due to the dry and hot weather con-
ditions. These observations led us to examine the occurrence 
of potential aflatoxigenic species in maize kernels collected 
in Hungary and Serbia (Vojvodina). 

Materials and Methods 

Sample collection 

The samples were collected from various maize growing 
regions of Hungary and Serbia in 2012. The samples were 
surface sterilized, and plated onto dichloran rose bengal 
(DRBC) media (King et al. 1979). Plates were incubated at 25 
°C in darkness and monitored periodically for characteristic 
mycelium growing from the kernels. Outgrowing mycelia 
were purified and transferred to malt extract agar (MEA). 
Isolates were subcultured as single conidia on MEA, PDA 
(potato dextrose agar) and CYA (Czapek yeast agar) plates 
(Samson et al. 2004). 

Genotypic studies 

The cultures used for the molecular studies were grown on 
YPD (1% yeast extract, 1% peptone, 1% D-glucose) broth 
for 5 days, on 25 °C. DNA was extracted from the mycelia 
using the Masterpure™ yeast DNA purification kit (Epicentre) 
according to the instructions of the manufacturer. Part of the 
calmodulin gene was amplified and sequenced as described 
previously (Pildain et al. 2008). The primers used were: 
cmd5 (5 -CCGAGTACAAGGAGGCCTTC-3 ) and cmd6 
(5 -CCGATAGAGGTCATAACGTGG-3 ) (Hong et al. 2005). 
Calmodulin sequences were compared using nucleotide-
nucleotide BLAST (blastn) with default settings (http:// 
blast.ncbi.nlm.nih.gov, Altschul et al. 1990) to the GenBank 
database, and to our own sequence database. Species iden-
tification was determined from the lowest expected value of 
the BLAST output. 

Examination of aflatoxin producing abilities 

The Aspergillus flavus isolates were grown on 2 ml YES (2% 
yeast, 20% sucrose) solution. The isolates were incubated 
for 7 days at 25 °C and at 30 °C in darkness. The aflatoxin 
extraction were carried out in 2 ml dichloromethane. For the 
examination of the aflatoxin producing abilities of the isolates 
thin layer chromatography (TLC) and enzyme-linked immu-
nosorbent assay (ELISA) methods were used. 

The used aflatoxin standard included aflatoxin B,, B,, G, 
and G,. Camag Linomat 5 syringe system, Merck Millipore 
TLC Silica gel 60, and toluene:ethyl-acetate:formic acid 
6:3:1 mixture were used for TLC analysis. To quantify the 
aflatoxin levels, ELISA analysis (AgraQuant® Total Aflatoxin 
Assay 1/20) was performed according to the instructions of 
the manufacturer (Romer Labs). 

Results and Discussion 

Several Aspergillus species have been identified recently, 
which are able to produce aflatoxins (Varga et al. 2009). These 
species can readily be distinguished using sequence analysis 
of part of their P-tubulin or calmodulin genes (Varga et al. 
2011). In this study, we examined the occurrence of potential 
aflatoxigenic fungi on maize in several parts of Hungary and 
Serbia in 2012. Fusarium species (mainly F. proliferatum and 
F. verticillioides) and A. flavus were mostly present in samples 
collected during harvest in 2012 (Fig. 1). Other Aspergillus 
and Penicillium species were also detected. Besides these po-
tentially mycotoxigenic species, Acremonium zeae. a potential 
biocontrol organism against maize pathogens (Wicklow et 
al. 2005), Penicillium bilaiae, which is used as a phosphate-
solubizing organism (Leggett et al. 2007), and a Bionectria 
species which was found to be able to degrade zearalenone 
(Takahashi-Ando et al. 2002) were also identified. 

Fusarium species dominated in samples collected after 
harvest, while Aspergillus species were predominant in 
stored samples. Occurrence of A. flavus was 76% in stored 
samples, and 33% in samples collected after harvest (Fig. 1). 
Regarding the samples collected during harvest in 2012, some 
samples were contaminated by aflatoxins. These highly car-
cinogenic mycotoxins were detected in 2 field samples came 
from Serbia (3.16 and 0.82 pg/kg). However, these values 
are below the EU limit (10 pg/kg; http://eur-lex.europa.eu/ 
legal-content/EN/TXT/PDF/?uri=CELEX: 32010R0165&fr 
om=EN). Fumonisins were detected in most of the samples. 
In two maize samples (from Curug and Pancevo), the amount 
was above the EU limit (data not shown). 

We have also chosen 10-10 A. flavus isolates and tested 
their aflatoxin producing abilities at 25 °C and 30 °C. We 
have observed some differences in the aflatoxin production at 
different temperatures (data not shown). We are planning to 
examine the aflatoxin M, content and the aflatoxin producing 
abilities of Aspergillus strains from Hungarian cheese samples 
too using HPLC and ELISA methods. 
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ABSTRACT MRSA infection is alarming particularly in hospital set ups/community. We typed 
43 isolates of Staphylococcus aureus (MRSA and MSSA) based on genomic DNA restriction 
f ragment length polymorphisms (RFLPs). The genomic DNA of the test isolates was digested 
with Smal enzyme, fractionated by PFGE and the patterns were assessed by dendrogram for 
percentage similarity. The Smal restricted genomic DNA of 19 MRSA and 24 MSSA identified 27 
different PFGE patterns, in which 11 and 16 were from MRSA and MSSA, respectively. Prevalence 
predominance was observed in few types/subtypes of MSSA (type B and subtype 1-1) and MRSA 
(sub type A-2) and high percentage of similarity was noticed among the subtypes of PFGE types 
such as P and I of MSSA. During the epidemiological studies, to understand the dissemination of 
endemic/epidemic MRSA and MSSA, PFGE-based typing of pathogens may be used as a reliable 
and effective typing method. Acta Biol Szeged 58(2):171-177 (2014) 
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Methicillin-resistant Staphylococcus aureus (MRSA) has 
emerged as a global health concern and poses a continuous 
threat to medical care since the first strain was isolated in the 
United Kingdom in 1961 (Chambers 2001; Yamamoto et al. 
2012; Nelson and Gallagher 2012; Uhlemann et al. 2013; Udo 
et al. 2014). MRSA is becoming majorly responsible for a 
wide spectrum of nosocomial and community associated in-
fections worldwide (Mehndiratta and Bhalla 2012; Stryjewski 
and Corey 2014) and cause endemic and epidemic infections 
in many parts of the world including India (Pulimood et al. 
1996; Stryjewski and Corey 2014). 

The treatment and eradication of MRSA is becoming dif-
ficult and they may further increase the number of infections, 
the costs and the length of hospital stays (Vidhani et al. 2001; 
Patel 2007; Elixhauser and Steiner 2007). Also, MRSA strains 
are commonly resistant to multiple antimicrobials, in par-
ticular to all beta-lactams (except for the newer anti-MRSA 
compounds), which narrows the treatment possibilities and 
changes the spectrum of antibiotics used for therapy (Qureshi 
et al. 2004; Rajaduraipandi et al. 2006; Bartoloni et al. 2014; 
Ben Nejma et al. 2014). Now, health care facilities of all 
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types experience such MRSA with significant and consistent 
increase in prevalence and with very obvious clinical impact. 
This increased prevalence of MRSA could be due to increased 
transmission of various strains among people or emergence 
of new strains (Uemuraet al. 2004). Therefore, the knowledge 
of endemic MRSA strains in each place will be valuable in 
the surveillance and epidemiological investigation of MRSA 
clones/outbreaks for which epidemiological typing would be 
indispensable (Fujino et al. 2004; Bartoloni et al. 2014). 

Based on PFGE typing, which is one of the most widely 
used molecular approaches of epidemiological analyses, 
the clonal nature of MRSA can be identified in order to 
understand the sources and routes of MRSA transmission 
(Hosoda et al. 2002; Goering et al. 2008). This will help the 
implementation of appropriate infection control measures 
and the effective empiric treatment protocols during the 
clinical management of MRSA infections, besides assisting 
our understanding of the diverse evolutionary trajectories of 
MRSA lineages globally (Bartoloni et al. 2014). As epide-
miologically related isolates share the same genetic features, 
DNA-based typing techniques can be applied for an accurate 
epidemiological evaluation of MRSA. In this study we de-
scribe the application of DNA fingerprints generated by PFGE 
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Table. Test MRSA and MSSA isolates subjected to PFGE. 

S. Collection Type of dini- Total No. Isolate number MRSA Type of Total No. Isolate number MSSA PFGE 
No. centers cal specimen of MRSA for PFGE PFGE pat- clinical of MSSA for PFGE pattern 

(n=19) tern specimen (n=24) 

1 Coimbatore Blood 1 13 F2 Pus 4 23,26,33,35 B 
Pus 1 15 S Pus 4 1,31,41,42 1-1 
Pus 1 16 T Pus 1 8 Q 

2 Palayam Pus 1 20 U Throat 2 24,30 C 
Pus 1 4 P-1 
Pus 1 5 P-2 

3 Salem Pus 5 9,11,19,21,32 A-2 Urine 1 25 D 
Syn. fluid 1 28 G 

4 Trichy Urine 2 7,22 A-1 Pus 1 3 I-2 
1 6 I-3 
1 18 I-4 
1 14 I-5 

5 Coonoor Syn. fluid 2 10,29 H Pus 1 12 R 
6 Erode Sputum 2 17,43 O Sputum 2 37 M-1 

Blood 2 2,27 F-1 Pus 1 40 N 

7 Karur Pus 1 34 K Sputum 1 38,39 M-2 
Pus 1 36 L 

Syn. fluid = Synovial fluid 

to determine and compare the PFGE patterns of endemic 
MRSA and MSSA strains isolated from different centers of 
Tamilnadu, India. 

Materials and Methods 

I d e n t i f i c a t i o n o f S. aureus 

The clinical samples collected from Microbiological Labora-
tory at Coimbatore, and from six of its sub-centers in Tamil-
nadu for a period of 24 months were aseptically handled and 
processed (Table 1). The morphotypes (cellular types) were 
done for all the samples based on the Gram staining method. 
The samples were also inoculated into respective prelimi-
nary screening media according to the standard laboratory 
procedures (Bannerman 1999) and incubated at 37 °C for 
24 h. The microscopically identified isolates were further 
confirmed based on biochemical test results. All isolates of 
S. aureus were tested for the production of free coagulase 
enzyme using tube coagulase test. The results were confirmed 
using the standard coagulase-producing S. aureus strain 
ATCC-25923. 

Screening for MRSA 

All the confirmed S. aureus isolates were tested for methicillin 
resistance using lpg oxacillin disc on Mueller Hinton agar 
incubated at 35 °C and their methicillin resistance/sensitivity 
was documented. Furthermore, the antibiotic susceptibil-
ity pattern was studied by disc diffusion test following the 
guidelines of the Clinical and Laboratory Standards Institute 
(CLSI2010). The antibiotics used were Penicillin-G (10 unit); 
Ampicillin (10 pg); Cephalexin (30 pg); Cephotaxime (30 

pg); Erythromycin (15 pg); Gentamycin (10 pg); Amikacin 
(30 pg); Netillin (30 pg); Ciprofloxacin (5 pg); Ofloxacin (5 
pg); Norfloxacin (10 pg); Co-trimoxazole (25 pg); Vancomy-
cin (30 pg) and Linezolid (30 pg). 

Pulsed-Field Gel Electrophoresis (PFGE) 

A total of forty-three isolates of S. aureus (19 MRSA and 24 
MSSA) were selected based on antimicrobial susceptibility 
patterns and subjected to PFGE. Three well characterized 
MRSA clones, EMRSA-15 (Clonal Complex [CC22]), EMR-
SA-16 [CC30] and SMRSA-105 [CC5]) were also included in 
the study for comparative evaluation. NCTC 8325 was used as 
a gel reference standard. PFGE typing of Smal (Gibco. BRL, 
UK) digested DNA was performed by a modification of a pre-
viously described method (Bannerman et al. 1995). A colony 
was inoculated into brain heart infusion broth and incubated 
overnight at 37 °C without agitation. The pellet from 0.4 ml 
of this culture was washed in 0.8 ml NET buffer (10 mM Tris, 
1 mM EDTA, 10 mM NaCl), resuspended in 0.25 ml NET 
buffer and mixed with 200 units of achromopeptidase (Sigma) 
(Leonard et al. 1995) and an equal volume of 2% SeaPlague 
agarose (Flowgen) at 50 °C. The cell/agarose suspension was 
loaded into block molds (BioRad) and allowed to solidify at 4 
°C. Cells were lysed by incubation at 50 °C for 60 min in lysis 
buffer (6 mM Trizma base, 100 mM EDTA, 1 M NaCl. 0.5% 
Brij 58, 0.2% sodium deoxycholate, 0.5% lauroyl sarcosine). 
The blocks were washed three times for 10 min each at room 
temperature in TE buffer (10 mM Trizma base. 1 mM EDTA). 
One quarter of each agarose block was digested with 30 units 
of Smal for 3 h according to the manufacturer's instructions 
and loaded into the wells of a 1 % PFGE certified agarose gel 
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Figure 1. Smal digested genomic DNA fingerprints of MRSA and MSSA 
isolates by pulsed field gel electrophoresis (PFGE). 

(BioRad). Electrophoresis was performed in 0.5xTBE buffer 
(44.5 mM Trizma base, 44.5 mM boric acid, 1 mM EDTA) 
(Biowhittaker) by the contour-clamped homogenous electric 
held method with a CHEF Mapper system (BioRad). The 
fragments were separated with a linear ramped pulse time 
of 6.8 to 63.8 seconds over a period of 23 h at 14 °C and the 
gels were stained with 1 pg/mL ethidium bromide (Sigma) 
solution for 30 min, visualized under UV and photographed. 
Differences between isolates were recorded by visual com-
parison of DNA fingerprints and their PFGE patterns were 
determined. First, the patterns were examined to identify the 
common pattern (usually recognized as type A). Subsequently, 
the size and number of the fragments in the common pattern 
were compared with the fragments that made up the patterns 
of the other isolates. On the basis of fragment-for-fragment 
comparisons, each isolate's pattern was then classihed. Pat-
terns that were different from common patterns by six or more 
band differences were considered unrelated types (as type B. 
type C etc.). Patterns that differ from the common pattern (i.e 
type A) by two or three fragment differences were considered 
to be subtypes (such as Al , A2 etc.) of the common pattern 
(Tenoveret al. 1995). 

Statistical Analysis 

Data are represented in hgures, descriptive as mean ± SD, 
95% Conhdence Interval with normal approximation has been 
calculated around estimates of prevalence. Chi Square test in 
case of proportions and Student's /-test in case of means were 
used for analyses. 

Results 

The PFGE restriction patterns of the 43 isolates as well as 
known reference and control strains were visually examined. 
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Figure 2. Smal digested genomic DNA fingerprints of MRSA and MSSA 
isolates by pulsed field gel electrophoresis (PFGE). 

Presence of 12-15 well resolved bands of approx. 670 to <80 
kb were conhrmed. The reproducibility of banding patterns 
was conhrmed using reference strains and control strains on 
different gels. Upon PFGE typing of 19 MRSA (47.5% of 
250), a total of 11 different PFGE patterns were identihed 
and were further grouped under 9 types (Table 1). 

Upon PFGE typing among 19 of 250 MRSA. a total num-
ber of 11 different PFGE patterns were identihed in which 
9 types were conhrmed (Table 1). It was found that each 
type was differing from others by 6 to 7 bands. For example, 
PFGE types O and H; A and F differed from each other by 6 
bands with a similarity between 90% and 95%. Types such 
as T and O, K and L were found to be 95% related. Further, 
these MRSA strains were observed to represent different 
geographical areas of this region. PFGE type O was isolated 
in sputum specimen from Erode (western part of Tamil Nadu 
state) and type H in synovial fluid collected from a hilly area 
called Coonoor (a town in the Nilgiris district, Tamil Nadu 
state, located at an altitude of 1,850 m above sea level). The 
two PFGE types A and F carried sub-types/variants such as 
Al , A2 and Fl , F2 respectively and among subtypes A and 
F only one band difference was noticed. The most frequent 
pattern A2 represented 26% of the 19 MRSA isolates and all 
of these were isolated from a single (Salem; a western district 
of Tamil Nadu state) center. Other subtypes were found to 
represent varying geographical areas. Subtypes A1, Fl and F2 
were isolated from Trichy (central part of Tamilnadu state), 
Erode and Coimbatore (western part of Tamilnadu state) and 
the dendrogram-based analysis estimated 95% similarity 
among the subtypes of each type (Fig. 3). 

Similarly, of 24 MSSA, 16 PFGE patterns were identi-
hed and further categorized in to 10 PFGE types (Table 1). 
Types D and Q, C and B were observed to be 95% related 
and all were geographically found to be from different places 
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Figure 3. Dendrogram showing the percentage similarity among PFGE patterns (Sma/) of MRSA and MSSA genomic DNA. 

(type Q and B from Coimbatore; type C from Palayam, type 
D from Salem). Furthermore, types 1. M and P in MSSA 
carried varying number of sub types and the most frequent 
PFGE subtype 1-1 made up 16% of the 24 MSSA isolates. All 
the strains of 1-1 subtypes were isolated from pus specimens 
of a single hospital in Coimbatore. However, subtypes 1-2 
through 1-5 were from another geographical area (Trichy). 
Subtypes 1-2 and 1-3, and sub types 1-4 and 1-5 were 95% 
related, whereas, subtype 1-1 was only 90% related to other 
types. Similarly, subtypes P-land P-2, and Ml and M2 shared 
95% similarity. 

The PFGE types of all the S. aureus strains tested were 
compared with three recognized major international types/ 
clones. Three of the major international clonal complexes of 
S. aureus were found among 24 MSSA isolates analyzed us-
ing PFGE. PFGE type I is a variant of EMRSA - 15, which 
belongs to the MLST clonal complex - 22. PFGE type P is a 
MSSA variant of EMRSA-16, which belongs to the MSST 
clonal complex - 30 and, PFGE type R belongs to the MLST 
clonal complex 5. 

Discussion 

Bacterial pathogens with antimicrobial resistance are more 
difficult and expensive to treat as they may increase other 

complications and could lengthen hospital stay (Elixhauser 
and Steiner 2007). In this respect, emergence of hospital and 
community associated MRSA is causing worldwide concern 
(Mehta et al. 1998; Maree et al. 2007; Ray et al. 2011; Su-
jatha, 2014). Many tertiary care hospitals refer MRSA as an 
important nosocomial pathogen (Anupurba et al. 2003; Thati 
et al. 2011; Ahmed et al. 2012; Mir and Srikanth 2013; Kali 
et al. 2013) and therefore frequent surveillance and accurate 
epidemiological typing is indispensable to understand and 
identify the sources and routes of transmission so as to control 
its further spread (Fujino et al. 2004; Adesida et al. 2007). 

Epidemiological studies involve different typing methods 
to explore the epidemiology of MRSA and pulsed field gel 
electrophoresis (PFGE) has been recommended as a 'gold 
standard' (Mehndiratta and Balla 2012) for typing MRSA 
isolates because it can distinguish among several concurrent 
epidemic strains. As a result of the rich diversity of the chro-
mosomal digestion profiles and clarity, this typing method has 
been used in several epidemiological studies of MRSA infec-
tions (Erdenizmenli et al. 2004; Wolter el al. 2008; Tenover 
and Goering, 2009; Shabir et al. 2010; Pereira et al. 2014). 

In this study, PFGE played a vital role in typing the 
MRSA and MSSA isolates obtained from various parts of 
Tamilnadu and also in understanding the most predominant 
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and potential strains of this region. This was a multicenter 
study, in which PFGE patterns of the test strains (both MRSA 
and MSSA) collected from different districts of Tamilnadu 
state were studied and their patterns were compared among 
themselves as well as with the PFGE patterns of major 
international reference clones. A total of 9 and 10 PFGE 
types were identified from 19 MRSA and 24 MSSA isolates, 
respectively. Ichiyama et al. (1991) had proposed PFGE as a 
useful method for investigating the source, transmission and 
spread of nosocomial MRSA infections and reported 31 dis-
tinctive fragment patterns among 111 infecting and colonizing 
MRSA isolates from inpatients of six different hospitals under 
Nagoya University in Japan. Based on the PFGE restriction 
patterns, their study confirmed the involvement of 4 types of 
test strains causing epidemic infections among patients. In 
a similar type of study, Wei and Grubb (1992) classified 26 
clinical isolates of MRSA collected from six Australian hos-
pitals into 17 groups based on RFLPs of chromosomal DNA 
using PFGE and also highlighted the sensitivity of PFGE in 
typing MRSA both within and between hospitals. 

A multicenter study assessed the optimal resolution and 
interlaboratory reproducibility of results from genotyping S. 
aureus by PFGE (van Belkum et al. 1997) and it was observed 
that several isolates did not give a 100% match at different 
centers, indicating that the standardization of PFGE depends 
on controlling a variety of experimental factors. However, in 
comparison with conventional typing methods such as phage 
typing and antibiotyping, PFGE's potential in discriminat-
ing MRSA during epidemiological studies is still significant 
(Loureiro et al. 2000). This has also been acknowledged by 
several workers (Shopsin and Kreiswirth 2001; Sasaki et al. 
2002; Fujino et al. 2004). Struelens et al. (1992) also demon-
strated the discriminatory ability of PFGE with typing ability 
index of 0.982 when compared to the indices of 0.959 and 
0.947 for antibiotyping and phage typing, respectively. The 
first report on EMRSA - 15 variant from the United States 
employed PFGE as the only epidemiological tool (Wolter et 
al. 2008) and identified the pathogen. In this study, neither 
MRSA nor MSSA isolates can be more heterogeneous, be-
cause the difference in diversity among MRSA and MSSA 
isolates may not be significant and statistically valid, especial-
ly when we look at types rather than patterns, as 9 PFGE types 
were determined among MRSA and only 10 PFGE types in 
MSSA. However, Carles-Nurit et al. (1992) found that the 
Smal restriction pattern in each of 20 MSSA strains collected 
from a single hospital over a period of 4 months was unique, 
whereas only seven RFLP patterns were seen among 27 test 
MRSA strains. The authors also confirmed these findings 
through nearly similar Apa\ restriction patterns supporting 
low diversity among the MRSA isolates tested. This proved 
that MSSA strains were more diverse than MRSA. 

Although MRSA PFGE subtype A2 was found to be the 
commonest pattern, it may not be widespread geographically 

as all these isolates were obtained from a single center. Other 
MRSA subtypes were also confined to a particular center, 
and no isolates of a single subtype were found in varying 
centers of this region. The MRSA isolates of subtype A2 
were isolated at different time intervals from the same center 
during the study, suggesting the continued presence of these 
strains in that area. 

All the MSSA PFGE subtype 1-1 strains were isolated 
from patients' pus specimens of a single orthopedic hospital in 
Coimbatore. Large interval was noticed between the isolation 
time of each of these isolates and the patients were found to 
form pus only after their admission, showing the dissemina-
tion of this strain locally. The identification of subtypes is 
becoming possible, as there are alterations in Smal macro-
restriction digestion patterns resulting from gain or loss of 
restriction sites due to point mutation, insertions or deletions. 
Generally, a number of subtypes are generated from a well-
studied MRSA clone and the DNA profiles of the test strains 
generated by PFGE techniques appear stable and reproducible 
even after several times of subculturing. Among the sub-types 
of major MSSA clones such as P and M and MRSA PFGE 
subtypes of clones A and F of this study, more than 95% simi-
larity was calculated and it was found that the strains were 
genetically related and had evolved and disseminated within 
this area. However, one of the MSSA subtypes 1-1 of clone I 
shared only 90% similarity with the rest of the subtypes (1-2 
through 1-5) and this should be a distantly related strain of this 
group. Stewart et al. (1993) estimated the genetic distances 
between MRSA with unusual methicillin resistance by ana-
lyzing DNA polymorphisms. The authors observed that the 
majority of the isolates were belonging to one group with only 
minor genetic differences between the isolates that showed 
varying resistance to methicillin, and suggested that this was 
the evidence of the development of resistant variants from a 
particular clonal type during outbreaks. 

More interestingly, in this study we compared the PFGE 
types of MRSA and MSSA with representatives of three ma-
jor international clonal complexes of S. aureus and identified 
the presence of all three of them in South India. 

No data were available about international travel or con-
tact in the case of the patients involved. This fact suggests that 
these three clones may also be important causes of S. aureus 
infections in India. EMRSA-15 is the dominant MRSA in 
the UK, followed by EMRSA-16 (Ellington et al. 2010). In 
Scotland, EMRSA-16 and EMRSA-15, represented 80.0% 
and 15.4% of all MRSA, respectively (Monnet et al. 2004; 
Goering et al. 2008). EMRSA-16 and other clones within 
Clonal Complex 30 are found worldwide (Chen et al. 2013). 
EMRSA-16 is the second most common MRSA in the USA 
and is a common cause of community acquired MRSA in 
both the USA and Australia. USA 100, also known as the 
New York/Tokyo clone was the most common pulse-field 
type (PFT) in the USA (44%) and Japan and is found in many 
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other countries worldwide. However, a first report appeared 
in the literature about the incidence of an EMRSA-15 variant 
in the United States in 2008 (McDougal et al. 2003; Wolter et 
al. 2008). MSSA variants of these three MRSA clones have 
been widely reported. Although none of the MRSA clones 
found in this study belonged to these three clones, it is clear 
that the mobile genetic element known as staphylococcal cas-
sette chromosome mec (SCCmec) which confers methicillin 
resistance is able to transfer into these clones and given the 
right selective pressure it is possible that this may happen in 
this region. 

As MRSA infection is alarming particularly in hospital 
set ups/community and in unique cases such as diabetic and 
immunocompromised patients, quick, efficient and reli-
able characterization of strains and identification of clonal 
spread within a region need to be done. The PFGE-based 
DNA fingerprinting is a useful method for investigating the 
transmission patterns of nosocomial MRSA infections. The 
understanding of MRSA epidemiology in the respective 
regions and identification of the DNA restriction patterns of 
the most infecting/prevalent strain(s) by PFGE could assist 
the monitoring of the spread of these strains. Also, infected 
patients can be isolated and provided with better treatment 
so as to bring out effective control and prevention strategies. 
We undertook this study to determine the type or clonality 
of MRSA and MSSA in a specific region and also to identify 
the level of diversity among the tested isolates. 

MRSA subtype A2 alone represented 26% of the 19 
MRSA, while MSSA type I represented 33% of the 24 MSSA 
examined. The predominance of certain types/subtypes in the 
studied area could be due to the effective spread of particular 
strains. Although the probable reason for the speedy trans-
mission is ambiguous, it may be related with the virulence 
factors of the particular strain. A clear clinical understanding 
of predominant and widespread endemic MRSA/MSSA could 
be derived by analysing their virulence factors as well as by 
typing isolates representing other regions of state Tamilnadu. 
When epidemiological surveys of this kind are carried out 
continuously, effective control measures can be implemented 
by identifying specific MRSA clones that are responsible for 
frequent infections. 
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Investigation of the relationship of hydrogenase enzymes and photosynthesis 
in Thiocapsa roseopersicina 

Ildikó K. Nagy 

Department of Biotechnology, University of Szeged, Szeged, Hungary 

The photosynthetic purple sulphur bacterium, Thiocapsa roseopersicina harbours four functional [NiFe] hydrogenases. Two of them are 
attached to the periplasmic membrane (Hyn, Hup) and the other two are apparently localized in the cytoplasm (Hoxl , Hox2). It prefers to 
utilize reduced sulphur compounds for anaerobic photochemolithotrophic growth, but simple organic substrates such as glucose and acetate 
can also be used as carbon, energy and electron sources. 

There is a facultative lithoautrophic proteobacterium, Ralstonia eutropha which has a soluble hydrogenase gene, hoxl. In R. eutropha 
the Hoxl protein has an established role in the in vivo photosynthetic electron transport similar to that of the H o x l E in T. roseopersicina. 
The in frame deletion of hoxlE gene causes complete loss of in vivo hydrogenase activity in T. roseopersicina and in addition, this loss-
of-function mutation was not complemented by hoxl gene. 

Various constructs harbouring the hoxl gene were transferred into different T. roseoperscina hydrogenase mutant strains. 
Functional studies aimed the investigation of the role of hoxl in the modulation of Hoxl enzyme. Therefore, experiments were carried 

out under conditions when only Hoxl hydrogenase was functional (elevated sodium-thiosulphate concentration in the medium). The strain 
expressing the hoxl gene was shown to evolve significantly higher amount of hydrogen in vivo compared to the control (empty plasmid in 
the same strain). 

The global gene expression changes were studied in three different strains by sequencing-based Whole Transcriptome Analysis (WTA): 
the strain which contains the complete Hoxl hydrogenase. the hoxlE mutant strain and the hoxlE mutant strain harbouring the heterolo-
gous hoxl gene. 

The WTA results were divided into two groups. The first group deals with the genes, which showed decreased expression in response 
to hoxlE deletion (two genes organized into one operon and coding for the NADH dehydrogenase subunit 5 protein and a hypothetical 
transmembrane protein coupled to NADH-ubiquinone oxidoreductase chain 5 homolog). The low expression levels of these genes were not 
complemented by the hoxl gene. The second group represents genes, which products are involved in the organization of the photosynthetic 
reaction center and the light harvesting complex. These genes also showed reduced expression in the hoxlE mutant strain, however the 
addition of the hoxl gene restored their expression levels. 

Currently we are investigating the metabolic background of the gene expression changes by deploying different molecular and functional 
experiments as well as mutant analysis studies. Light dependence of the Hox l hydrogenase is under investigation, this might shed light on 
the interaction of Hox l hydrogenase and photosynthesis. 
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