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Abstract 
 
Specific activities and isoform patterns of peroxidases, acid phosphatases, DNases and RNases were studied in relation 
to in vitro rooting of Petunia × hybrida microshoots in the presence of 4 μM indole-3-butyric acid (IBA). Specific 
activities of the above enzymes increased in the course of rooting. Rhizogenesis could be related with an increased 
specific activity of peroxidases during the initiation phase, in parallel with increased lignin content. Twelve 
peroxidases, six anionic (A1 - A6) and six cationic (C1 - C6), seven acid phosphatases (ACP1 - ACP7), seven RNases 
(R1 - R7) and four DNases (D1 - D4) isoforms were detected following native PAGE. Variation in the number of the 
above isoforms and their quantity was observed during different stages of rooting. Particularly, A2, A3, C3, C4, C5, 
ACP2, R1, R2, R3, and D4 isoforms appeared after the induction phase and could be related to emergence of root 
primordia. Additionally, R3 and D4 could be associated with cell division and differentiation, since these are only 
expressed in rooted microshoots. Moreover, the higher number of roots in IBA-treated microshoots could be related to 
the higher expression of RNase and DNase isoforms during initiation and expression phases. 
Additional key words: electrophoresis, IBA, lignin, microcuttings, nucleases, vegetative propagation. 
 
 
Introduction 
 
Petunia (Petunia × hybrida) is an important ornamental 
bedding plant and several studies are reported on the 
promotion of regeneration in vitro (Economou and Read 
1984, Cabaleiro and Economou 1991, Dimasi-Theriou  
et al. 1993, Auer et al. 1999 and references therein). 
Adventitious root formation (ARF) in microshoots 
(microcuttings), a unique and complex process, is 
essential in vegetative propagation and the analysis of 
ARF on a number of plant species has led to the general 
recognition of three phases in the rooting process: 
induction is defined as the period in which no 
morphological events are clearly observed and comprises 
the early molecular and biochemical steps preceding 
morphological modifications; initiation in which cell 
divisions take place, root meristems are formed and root 
primordia are established; expression in which root 
emergence and growth occurs (Moncousin and Gaspar 
1983, Syros et al. 2004, Hatzilazarou et al. 2006 and 
references therein).  
 It is well established that auxins play a central role in  
 

the determination of rooting capacity, while the most 
commercial propagation is done by rooting with indole-3-
butyric acid (IBA). Auxin type efficacy depends on the 
affinity for the auxin receptor protein involved in rooting, 
on the concentration of free auxin that reaches target 
competent cells, on the amount of endogenous auxin, and 
on metabolic stability (De Klerk et al. 1997 and references 
therein, Kevers et al. 1997, Tereso et al. 2008).  
 Peroxidase (POD; EC 1.11.1.7) belongs to a large 
family of enzymes able to oxidize several different 
substrates in the presence of H2O2 (Siegel 1993). On the 
other hand, POD could participate in the protection of 
cells and subcellular systems from the effects of H2O2 
(Molassiotis et al. 2006a,b, Niknam et al. 2006). Studies 
οn adventitious root formation have suggested a funda-
mental role of peroxidases in controlling rooting, while 
peroxidase activity was proposed to define rooting phases 
in several species (Moncousin and Gaspar 1983, Gaspar 
et al. 1992, Calderón-Baltierra et al. 1998, Rout et al. 
2000, Syros et al. 2004, Hatzilazarou et al. 2006 and  
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references therein). Anionic PODs are involved in the 
process of lignification (Mäder and Füssl 1982, 
Christensen et al. 1998, Repka et al. 2000) and suberini-
zation (Espelie and Kollattukudy 1985, Šimonovičová  
et al. 2004). On the other hand, changes in POD activity 
(mainly due to cationic PODs) influence rooting by 
indole-3-acetic acid (IAA) catabolism (Kevers et al. 1997 
and references therein). Nevertheless, cationic PODs are 
also involved in the biosynthesis of lignin and suberin 
(Quiroga et al. 2000).  
 Acid phosphatases (E.C.3.1.3.2) are a group of 
enzymes, which non-specifically catalyzes the hydrolysis 
of a variety of phosphate esters (Duff et al. 1994 and 
references therein). The morpho-physiological events 
leading to emergence of roots through various tissues 
have been associated with hydrolysis of cells and tissues 
(De and Roy 1984) and a relationship between increasing 
acid phosphatase (ACP) activity and adventitious root 
formation has been reported (Bell and McCulley 1970, 
Bhattacharya and Nanda 1979, Kumar and Kakkar 1989). 
The specific role of ACP in this process remains to be 
elucidated. 
 In plants, DNA-degrading enzymes, better known as 
nucleases type I (EC 3.1.30.2) as well as RNA-degrading 
enzymes (RNases) have been studied in several species 
(Green 1994, Sugiyama et al. 2000, Desai and Shankar 
2003). No plant specific DNA-degrading enzyme 
(DNase) has been identified. The biological role of these 
enzymes is not well elucidated. It is suggested  
 

that nuclease type I enzymes participate in the process of 
DNA replication, recombination and repair and mainly in 
catabolic processes of nucleic acids (Grafi and Larkins 
1995, Yupsanis et al. 2004 and references therein), while 
the main cell functions of plant RNases are their general 
housekeeping roles in RNA processing and turnover 
(Green 1994). The above enzymes could participate in 
diverse physiological processes in higher plants, ranging 
from senescence and xylogenesis to seed germination and 
fruit development (Thelen and Northcote 1989, Green 
1994 and references therein, Yupsanis et al. 2004 and 
references therein). Little is known regarding the signal 
pathways involved in the regulation of nucleolytic 
enzymes (DNase, RNase, type I nuclease) (LeBrasseur  
et al. 2002). In one case, barley aleurone synthesizes and 
secretes a nuclease in response to gibberellic acid (Brown 
and Ho 1987). Although it has been reported abundant 
DNA and RNA amplification occurred at the time of 
adventitious root formation (Oppenoorth 1979, Duhrssen 
et al. 1984) few information on the behaviour of 
nucleolytic enzymes in the rooting process is reported 
(Bhattacharya et al. 1976a,b). 
 The present research was conducted to study the 
lignin content and the quantitative and qualitative 
changes of peroxidases, acid phosphatases, RNases and 
DNases during in vitro rooting of Petunia × hybrida 
microshoots in order to associate them with successful 
root formation and relate them with the interdependent 
phases of in vitro rooted microshoots.  

 
Materials and methods 
 
In vitro cultures: New and fully expanded leaves from 
the top of the shoots of greenhouse grown petunia 
(Petunia × hybrida, cv. Ultra Blue) plants were properly 
disinfected (Economou and Read 1984), washed in sterile 
distilled water at least three times, cut into segments  
(1.0 × 1.0 cm; cross sections of the midrib of the leaf 
lamina) and subsequently transferred in a culture media 
consisted of Murashige and Skoog (1962; MS) basal salts 
supplemented with 2 μΜ 6-benzyladenine (BA) for 
adventive bud proliferation and microshoots multipli-
cation (Dimasi-Theriou et al. 1993). The pH of the media 
was adjusted to 5.8 before gelling with 6.5 g dm-3 of agar 
(Sigma-Aldrich, St. Louis, USA). For root induction 
treatments, 6-week-old microshoots (1.5 - 2.0 cm) were 
separated from the mother cultures and transferred to MS 
basal salts supplemented with 4 μM IBA, while an MS 
medium without a growth regulator was used as control. 
One excised shoot was placed in culture tube  
(25 × 150 mm) having 20 cm3 of the MS rooting medium. 
All the cultures were maintained at 22 ± 2 °C and 16-h 
photoperiod (irradiance of 40 μmol m-2 s-1, cool white 
fluorescent lamps; Osram, München, Germany). Peroxi-
dase, phosphatase, DNase and RNase activities and 
isoform patterns as well as lignin content were evaluated 
in the basal parts of the microshoots on day 0, and after 

12 h, 1, 3, 7, 11, 15 and 19 d. In addition, on day 19, un-
rooted microshoots without the presence of callus in the 
basal part, were also used. 
 
Enzyme extraction: Control and treated microshoots  
(50 mg of lyophilised tissue) were extracted with ice cold 
buffer (1:10), which consisted of 100 mM K-phosphate 
(pH 6.5), 1 mM phenylmethylsulfonic fluoride (PMSF) 
and 10 % (m/v) polyvinylpolypyrolidone (PVPP). The 
homogenate was clarified by centrifugation (20 min;  
10 000 g). The supernatant was dialyzed against the 
extraction buffer (except of PVPP) and was used as 
soluble enzymes source (Syros et al. 2004). All prepara-
tions were performed at 0 - 4 °C. 
 The protein concentration was determined following 
the method by Bearden (1978) with bovine serum 
albumin as a standard.  
 
Peroxidase activity and PAGE: Peroxidase (POD) 
activity was determined spectrophotometrically by 
monitoring the formation of an indamine dye from  
3-(dimethylamino)benzoic acid (DMAB) and 3-methyl-2-
benzothiazolinone hydrozone hydrochloride monohydrate 
(MBTH) at 590 nm in the presence of H2O2 (Ngo and 
Lenhoff 1980). Anionic and cationic soluble peroxidases 
were submitted to electrophoresis on a polyacrylamide 
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slab gel consisting of 10 % (m/v) separating gel (5.0 cm × 
1.5 mm) and 5 % stacking gel (3.0 cm × 1.5 mm), 
according to the Laemmli (1970) and Reisfeld et al. 
(1962) for anionic and cationic peroxidase isoforms, 
respectively. The running buffer for the anionic peroxi-
dase was 25 mM Tris-glycine (pH 8.8) and for the ca-
tionic peroxidase 350 mM β-alanine-acetic acid (pH 4.5). 
Peroxidase isoforms were detected by incubating the gels 
in 50 cm3 100 mM sodium acetate buffer (pH 5.0), with 
3-amino-9-ethyl-carbazole (dissolved in N,N-dime-
thylformamide) in the presence of 0.05 cm3 H2O2 (30 %) 
(Syros et al. 2005a). Gel development was stopped with 
distilled water. Gels were photographed using a Kodak  
T-Max 100 film. For quantifications of enzyme patterns, 
densitometric analysis of the enzyme bands was done 
using Gel-Pro Analyser Software (Media Cybernetics, 
Silver Spring, MD, USA). 
 
Acid phosphatase activity and PAGE: Acid 
phosphatase (ACP) activities were assayed by measuring 
the amount of p-nitrophenol produced according to the 
method of Bessey et al. (1946). The enzyme unit was 
defined as the amount of phosphatase changing an 
increase in absorbance (A410) of 0.01 min-1. For acid 
phosphatase electrophoresis, 10 μg of protein was used 
(see peroxidase activity and PAGE; anionic peroxidase). 
ACP isoforms were visualized using Na-α-napthylacid 
phosphate as substrate (Syros et al. 2005b). Gel 
development stopped and the isoenzyme patterns were 
photographed and quantified as referred above. 
 
DNase and RNase activity and PAGE: DNase and 
RNase were assayed according to Yupsanis et al. (2001) 
in the presence of 0.6 mg dm-3 substrate (ssDNA or 
RNA), 33 mM ammonium acetate (pH 5.5) and 1 mM 
Zn2+. The reaction stopped by adding chilled HClO4  
(12.5 %); the non-degraded substrate was removed by 
centrifugation (15 min; 12 000 g) and the absorbance of 
the supernatant was measured at 260 nm. ssDNA was 
prepared by heating 2 mg cm-3 aqueous solution of DNA 
in a boiling-water bath for 10 min and immediately 
cooling in an ice bath. The enzyme unit was defined as 
the amount of nuclease changing an absorbance (A260) of 
0.01 min-1. Enzyme extracts (4 μg protein) were subjected  
 

to native PAGE as above mentioned (see peroxidase 
activity and PAGE) according to Laemmli (1970) on 
active gel polymerized in the presence of RNA or ssDNA 
(90 mg dm-3) according to Matoušek and Tupý (1987) as 
modified by Yupsanis et al. (2001). Following electro-
phoresis, the gel was stained with ethidium bromide  
(0.5 μg cm-3) and the appeared DNase and RNase 
isoforms (dark bands) were identified on a UV-trans-
illuminator (TFX-20M, Gibco BRL, Carlsruhe, Germany).  
 
Lignin determination: Microshoots from the rooting 
experiment were assayed for lignin content by applying 
the thioglycolic acid procedure (Syros et al. 2005a) with 
some modifications. After extraction of peroxidases and 
centrifugation (see above) the pellets (10 mg) were 
resuspended twice in ethanol and centrifuged at 8 000 g. 
The pellets were then air dried at 60 °C. The insoluble 
cell wall material was resuspended in 1 cm3 2 M HCl and 
0.1 cm3 thioglycolic acid in an Eppendorf tube. The 
mixture was heated for 4 h in a boiling water bath and 
centrifuged at 15 000 g for 15 min. The pellets were 
washed with water, resuspended in 1 cm3 0.5 M NaOH 
and left overnight at room temperature. The insoluble 
residues were removed by centrifugation and lignin 
thioglycolate was precipitated by the addition of 0.4 cm3 
concentrated HCl (3 h, 4 °C). After centrifugation at  
15 000 g for 20 min, the pellets were resuspended in  
1 cm3 0.5 M NaOH. The absorbance was recorded at  
280 nm and lignin content was determined from calibra-
tion curve with commercial lignin alkali. 
 
Rooting data and statistical analysis: The rooting 
percentage, the number and the length of the roots were 
determined on day 19 after microshoot planting. In each 
treatment, 110 microshoots were used; 30 and 80 for 
rooting evaluation and biochemical investigations, 
respectively. A microshoot was considered rooted if it 
had at least one root ≥ 0.1 cm. The experiments were 
conducted at two subsequent periods with similar results. 
Data on rooting and survival rate were subjected to arcsin 
transformation before statistical analysis. Mean sepa-
ration in the rooting data was performed with the  
z-test, while data on enzyme activity and lignin content 
with Duncan’s multiple range test at P < 0.05.  
 

 
Results 
 
Control and IBA-treated microshoots rooted satisfactorily 
and achieved high rooting percentages, while the greatest 
number of roots was counted with the use of IBA  
(Table 1). The length of roots was similar for both control 
and IBA-treated microshoots. The emergence of the 
adventitious roots took place on day 11 in control 
microshoots, while this was noticed two days earlier in 
the IBA-treated microshoots.  
 A sharp decrease of lignin content from day 0 to day 1 
during adventitious root formation was noticed in control 

and IBA-treated microshoots (Fig. 1A). This content 
increased from day 1 to day 15 for control but less in 
IBA-treated microshoots. The lignin content was lower in 
un-rooted microshoots in comparison with rooted micro-
shoots on day 19 (Table 2).  
 POD activity in control and IBA-treated microshoots 
decreased from day 0 to day 1, increased from day 2 to 
day 11 and slightly decreased thereafter (Fig. 1B). This 
activity was higher in IBA-treated than in control 
microshoots and in rooted microshoots in comparison  
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Table 1. Rooting rate, number and length of roots of Petunia × 
hybrida microshoots treated with 4 μM IBA on day 19 of 
rooting. Values are the mean of 3 replicates of 10 microshoots 
each. In each column, the values with the same letters are not 
significantly different at P ≤ 0.05 according to the Duncan’s 
test. 
 

 Rooting [%] Root number  Root length [cm]

Control 55.0ab   6.55b 0.36a 
ΙΒΑ 60.0a 12.44a 0.34a 

 

 
Fig. 1. Lignin content (A) and POD specific activity (B) of 
Petunia microshoots during adventitious rooting. The vertical 
bars indicate SE, n = 4.  
 
with un-rooted microshoots on day 19 (Table 2). 
 PAGE analysis of control and IBA-treated micro-
shoots revealed the appearance of six (A1 - A6) anionic 
PODs isoforms from day 0 up to day 15 (Fig. 2). In 
controls, A1, A4, A5 and A6 appeared from day 0 to day 
1, while two slow migrating A2 and A3 POD isoforms  
 

were revealed from day 3 and thereafter (Fig. 2). On the 
other hand, the above-mentioned A1, A4, A5 and A6 
were also noticed in IBA-treated microshoots from day 0 
to day 3, while the A2 and A3 were revealed from day 7 
and thereafter (Fig. 2). The amount of the above-
mentioned A2 and A3 anionic POD isoforms slightly 
increased during adventitious root formation (Fig. 2). In 
un-rooted microshoots A2 and A3 (in IBA-treated) along 
with A6 (in both control and IBA-treated) were not 
noticed (Fig. 2). 
 
Table 2. Lignin content [μg g-1(f.m.)], POD specific activity  
[(A590 mg-1(protein) min-1], and ACP, RNase and DNase 
specific activities [U mg-1(protein)] on day 19 of in vitro rooted 
and un-rooted Petunia microshoots. Means of 4 replicates. In 
each row, the values with the same letters are not significantly 
different according to the Duncan test at P < 0.05. 
 

 Control  IBA 
 rooted un-rooted rooted un-rooted 

Lignin  356.13a 187.67b 248.16a 129.17b 
POD 168.52a 77.87b 153.53a   53.70b 
ACP     2.05a   0.72b     1.43a     0.79b 
RNase     3.08a   2.10b     2.45a     0.88b 
DNase     2.34a   0.56b     1.84a     0.42b 

 
 Electrophoretic analysis revealed the similar 
appearance of six (C1 - C6) cationic PODs isoforms  
(Fig. 3 and results not shown) in control and IBA-treated 
microshoots from day 0 up to day 15. The C3 and C4 
POD isoforms were noticed especially on 12 h and day 1, 
while a fast migrating C5 isoform was revealed from day 
11 and thereafter. Un-rooted microshoots revealed similar 
patterns of C1- C6 isoforms. 
 In control and IBA-treated microshoots, ACP specific 
activity was minimum from day 0 to day 1 and maximum 
from day 3 to day 11. This activity was higher in the case 
of IBA-treated microshoots from day 7 and thereafter 
(Fig. 4A). ACP activity was lower in un-rooted micro-
shoots (Table 2). Electrophoretic analysis revealed the 
appearance of seven (ACP1 - ACP7) ACP isoforms from  
 

 
Fig. 2. PAGE on native gels (10 %) of anionic POD isoforms of Petunia control (C) and IBA-treated (IBA) microshoots during 
adventitious rooting. The indication ½ corresponds to the 12 h treatment; the indication 19 and 19΄corresponds on day 19 of rooting, 
of rooted and un-rooted microshoots, respectively). 
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day 0 upto day 15. In detail, in the control and IBA-
treated microshoots ACP1, ACP3, ACP4, ACP6 and  
 

 
Fig. 3. PAGE on native gels (10 %) of cationic POD isoforms 
of control Petunia microshoots during adventitious rooting.  
 

 
Fig. 4. ACP (A), RNase (B) and DNase (C) specific activitiesy
of Petunia microshoots during adventitious rooting. The
vertical bars indicate SE, n = 4.  
 

ACP7 were displayed from day 0 to day 3 and ACP2 and 
ACP5 from day 3 and thereafter (Fig. 5 and results not 
shown). ACP2 and ACP5 were not presented in un-
rooted microshoots (results not shown).  
 RNase and DNase activity increased from day 0 to 
day 15 for both control and IBA-treated microshoots and 
was higher in IBA-treated microshoots at the respective 
days (Fig. 4B,C). RNase and DNase activities were lower 
in un-rooted microshoots (Table 2). Electrophoretic ana-
lysis of control and IBA-treated microshoots revealed the 
appearance of seven RNase (R1 - R7) isoforms from day 
0 to day 15 (Fig. 6). R5, R6 and R7 were displayed 
during the whole period, while R1, R2 and R3 were 
revealed from day 11 to day 15 and from day 7 to day 15 
in control and IBA-treated microshoots, respectively. In 
control and IBA-treated rooted microshoots R1, R2, R3, 
R5, R6 and R7 appeared on day 19, on the other hand, in 
the un-rooted microshoots only slight the appearance of 
R1, R5, R6 and R7 but additional R4 was observed  
(Fig. 7).  
 Electrophoretic analysis of control and IBA-treated 
microshoots, revealed the appearance of D1, D2, D3 and 
D4 DNase isoforms from day 0 to day 15 (Fig. 6). D1, 
D2 and D3 were observed from the beginning of the 
rooting, while the fast migrating D4 appeared from day 7 
and day 3 and thereafter for control and IBA-treated 
microshoots, respectively (Fig. 6). The above-mentioned 
DNase isoforms strongly appeared in the IBA-treated  
microshoots (Fig. 6) but very slightly in un-rooted 
microshoots (Fig. 7) where the fast migrating D4 isoform 
did not appear. 
 
 

 
Fig. 5. PAGE on native gels (10 %) of ACP isoforms of IBA-
treated Petunia microshoots during adventitious rooting. 
Numbers indicate the relevant days of rooting. 

 
Fig. 6. PAGE of RNases and DNases isoforms on active (10 %) RNA and DNA gel, respectively, of Petunia microshoots during 
adventitious rooting in control and IBA-treated microshoots. The isoforms appeared after staining the gels with ethidium bromide. 
Numbers indicate the relevant days of rooting (the indication ½ corresponds to the 12 h treatment).  



ENZYME ACTIVITIES DURING IN VITRO ROOTING 

535 

Discussion 
 
Petunia microshoots revealed similar rooting percentages 
as well as length of roots for control and IBA-treated 
microshoots while microshoots exposed to IBA had 
higher number of roots (Table 1). Adventitious rooting is 
promoted by treatment with auxins, particularly with IBA 
(e.g. Ludwig-Muller 2000). Additionally, the appearance 
of the roots was noticed earlier in the IBA-treated 
microshoots. This may be related to the shorter required 
rooting time in IBA-treated cuttings (Hassanein et al. 
1999 and references therein). The rooting response with 
IBA could also be influenced by its capacity of being 
acropetally transported (Ludwig-Muller 2000) along with 
transpiration stream in the xylem. This feature may be 
facilitated by auxin conjugation and/or metabolism.  
 

 
Fig.7. PAGE of RNases  (on the left) and DNases (on the right) 
isoforms on (10 %) RNA and DNA gel, respectively, of Petunia
on day 19 of rooting in control and IBA-treated microshoots.
The isoforms appeared after staining the gels with ethidium
bromide. Numbers 19 and 19΄corresponds on day 19 of rooting
of rooted and un-rooted microshoots, respectively.  
 
 The rooting process, in successive interdependent 
physiological phases, involves changes in interrelated 
biochemical factors (Bhattacharya 1988). Peroxidases are 
the most traditional biochemical markers used in rooting 
studies (Moncousin and Gaspar 1983, Hatzilazarou et al. 
2006). According to the Gaspar et al. (1992) the 
induction period is characterized by a sharp reduction of 
peroxidase activity, the initiation phase by an increase 
and the expression phase by a reduction in peroxidase 
activity. Consequently, it is necessary to detect minimum 
and maximum peroxidase activity, in order to define the 
rooting phases (Gaspar et al. 1992). In the course of 
adventitious root formation of Petunia × hybrida control, 
as well as on IBA-treated microshoots, the soluble 
peroxidase activity showed the typical change (Fig. 1B) 
described for other species (Moncousin and Gaspar 1983, 
Rout et al. 2000, Metaxas et al. 2004, Syros et al. 2004, 
Hatzilazarou et al. 2006) and showed a minimum on day 
1 (in induction phase) and a peak on day 11 (in initiation 
phase). The maximum activity and the time taken to 
reach it could be related to the rooting capacity of the 
species (Berthon et al. 1987, Calderón-Baltierra et al. 
1998), while the duration of the phases (induction, 
initiation and expression) varies depending on the plant 

species and the culture conditions (Moncousin and 
Gaspar 1983, Metaxas et al. 2004 and references therein). 
Several authors have observed a positive correlation 
between peroxidase activity and rooting (Moncousin and 
Gaspar 1983, Kevers et al. 1997, Metaxas et al. 2004, 
Syros et al. 2004). According to them, root formation 
occurred after the cuttings reached and passed a peak of 
maximum enzyme activity. 
 With regard to peroxidase isoforms, petunia micro-
shoots were characterized by a generally increased 
expression of both anionic and cationic peroxidase 
isoforms from day 1 to day 15 (Figs. 2, 3), as well as with 
the appearance of additional anionic (A2 and A3) 
isoforms from day 7 to day 15 and cationic isoforms (C3, 
C4 and C5) from day 3 to day 15. Microshoots treated 
with IBA showed the most expressive changes in these 
isoforms. Changes in anionic and cationic peroxidase 
isoform patterns could be positively correlated. Similar 
correlations were reported in a number of plant species 
(Gaspar et al. 1992, Faivre-Rampant et al. 1998, Metaxas 
et al. 2004, Syros et al. 2004). Anionic peroxidase 
isoforms are involved mainly in growth and development 
(Gaspar et al. 1985), associated with lignin polyme-
rization (Mäder and Füssl 1982) and suberinization 
(Espelie and Kallattukudy 1985). For example, the fast-
migrating anionic peroxidase isoforms of tobacco (Mäder 
and Füssl 1982) and poplar (Christensen et al. 1998) have 
been considered to be involved in the polymerization of 
lignin monomers. On the other hand, changes in cationic 
peroxidase influence rooting by IAA catabolism (Kevers 
et al. 1997).  
 The lignin content of petunia microshoots increased 
during adventitious root formation and was lower in the 
case of IBA-treated microshoots (Fig. 1A, from day 7 to 
day 11). This suggests an inhibition of the lignification in 
the IBA-treated microshoots in agreement with 
Aeschbacher et al. (1994), Ballester et al. (1999) and 
Syros et al. (2004).  
 Hydrolytic enzymes (including phosphatases) facili-
tate root primordia emergence from cuttings following 
digestion of middle lamella of cortical tissues (Bell and 
McCulley 1970). Phosphatases have also been reported to 
be involved in root emergence from hypocotyl cuttings of 
Phaseolus mungo (Bhattacharya and Nanda 1979). The 
specific activity of acid phosphatase of both control and 
IBA-treated microshoots slightly increased from day 0 to 
day 15, and ACP activity was higher in IBA-treated 
microshoots (Fig. 4A). Moreover, a new slow migrating 
ACP2 isoform (in both control and IBA-treated 
microshoots) was expressed after the induction phase 
(from day 7 and thereafter) (Fig. 5). These findings 
indicated that phosphatases were involved in the root 
emergence and could be associated with increased energy 
requirements as rooting progressed. Kumar and Kakkar 
(1989) reported that increased activities of acid phos-
phatase by auxin treatments might facilitate emergence of 
greater number of root primordia through biochemical 
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degradation of cortical tissues and assist in the absorption 
of material derived from these tissues. Additionally, 
phosphatases are referred to be involved in cell-to-cell 
communication, and in response to hormones (Smith and 
Walker 1996).  
 Quantitative and qualitative changes in DNA and 
RNA prior to rooting have had been determined in many 
plant species (Haissig 1982 and references therein). 
Furthermore, exogenous application of DNA and RNA 
stimulated rooting of Phaseolus mungo and Impatiens 
balsamina cuttings (Bhattacharya et al. 1976a,b). An 
increase of DNase and RNase activities in cuttings of the 
above-mentioned species was also observed during early 
stages of rooting. These results supported the hypothesis 
that applied DNA and RNA could be used, after partial 
catabolism by nucleases, for the synthesis of new DNA 
and RNA needed for rooting. The specific activities of 
both DNase and RNase in the basal parts of the petunia 
microshoots increased during rooting (Fig. 4B,C). 
Treatment with IBA further enhanced these activities and 
their increase appeared earlier in comparison with control 
microshoots. Bhattacharya et al. (1976a,b) suggested that  
 

RNase activity may be related to rooting, but the 
mechanism of involvement is unclear. In any case, 
according to our results, enhanced DNase and RNase 
activity and appearance of four DNase (D1 - D4) and 
seven RNase (R1 - R7) isoforms (Fig. 6) accompanied 
root formation. Undoubtedly, the R3 and D4 isoforms are 
associated with the process of root formation (cell divi-
sion and differentiation), since these are not expressed in 
un-rooted microshoots. D4 DNase could be characterized 
as a nuclease type I since it displayed similar relative 
mobility (Rf = 2.5, Fig. 7). The higher quantity and the 
earlier appearance of DNase and RNase isoforms during 
adventitious rooting in the IBA-treated microshoots could 
be related to the higher number of roots observed in these 
microshoots (Table 1).  
 According to our results, the changes of specific 
activities and isoform patterns of peroxidases, acid phos-
phatases, RNase and DNase provide useful indicators of 
the processes involved in the adventitious rooting of 
Petunia × hybrida microshoots and could be associated 
with successful root formation. Hence, these enzymes 
might be used as potent biochemical markers. 
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The new volume of the Advances in Photosynthesis and 
Respiration acquaints us with the metabolism of sulfur 
in photosynthetic systems. 
 Sulfur is one of the elements which are essential for 
metabolic processes of living organisms. Biologically 
important sulfur compounds – these include sulfur 
amino acids cysteine and methionine, glutathione, as 
well as numerous cofactors, e.g. coenzyme A, thiamin-
diphosphate, lipoic acids or proteins that transfer acyls 
in lipid biosynthesis – contain sulfur chiefly in sulfide 
form. However, the source of sulfur for biochemical 
compounds is the sulfate anion. It is reduced and 
incorporated into organic substances by plants, bacteria 
and fungi only. 
 This field of research has never received much 
attention. However, substantial progress has been 
achieved in understanding sulfur assimilation, due in 
particular to a combination of methods of biochemistry 
and molecular biology in the recent ten to fifteen years. 

 The book is of appropriate length (500 pages), 
divided into five parts: Part I: Sulfate activation and 
reduction, biosynthesis of sulfur containing amino 
acids; Part II: Sulfur in plants and algae; Part III: Sulfur 
in phototrophic prokaryotes; Part IV: Ecology and 
biotechnology; Part V: Specific methods. It is evident 
that nothing has been omitted, from the fundamentals 
of sulfur metabolism through genetic and proteomic 
studies to ecology and biotechnology, including 
specific methods. 
 Next to the four chief editors, another 55 authors of 
the individual chapters participated in writing this book, 
scientists literally from all over the world. 
 Thus, thanks to the editor of the Advances in 
Photosynthesis and Respiration, Prof. Govindjee, an 
up-to-date, complete and well classified review of the 
contemporary knowledge of the sulfur metabolism in 
phototrophs is now available to the scientific public. 
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