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The genetically transformed roots of red beet have been 
shown, for the first time, to produce very high levels of 
peroxidase (POD; EC 1.11.1.7) accounting for 1.21 x 106 

Units L-1. Of the ten clones established using different 

strains of Agrobacterium rhizogenes, one was that from 
the strain LMG-150, three each from A 2/83, A 20/83 
and A4. All the clones showed true integration of T-
DNA when tested by PCR and Southern hybridization 
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methods. Each clone differed significantly from the 
others in growth, hormone dependency and POD 
production where LMG-150 produced highest biomass 
(140 g FW L-1) as well as POD (ranging from 8000-9000 
U g-1 FW and 1.18 x 106 U L-1 with a specific activity of 
600 U mg-1 protein) on hormone-free medium, both in 
shake-flask as well as in bioreactor with a further 
enhancement to 1.21 x 106 U L-1 upon the addition of 
extra calcium chloride (5 mM). PAGE with active 
staining showed 4 distinct bands of Rm 0.06, 0.16, 0.25, 
0.38 and 0.46 in the biomass and bands at Rm 0.06, 0.16, 
0.25 and one extra band of Rm 0.575 in the spent 
medium where isozymes of Rm 0.38 and 0.46 were 
totally absent. The pH optima and other properties 
were grossly comparable with the standard horse-radish 
POD (HRP) with better thermal stability than HRP and 
therefore, the present source appears to offer a cheaper 
and additional alternative for the commercial 
production of POD. 
 
 
Plants remain as indispensable source for a number of 
chemical substances that are difficult to synthesize 
chemically owing to their complicated structures. For 
various reasons, the cultured cells and organs of higher 
plants are preferred over the conventional source for a wide 
array of proteins, secondary metabolites and biologically 
active substances. However, the unstable productivities 
often encountered in callus and cell suspension cultures 
indicate the alternative types of cultures, the organ cultures. 
Hairy roots, obtained after genetic transformation of host 
cell by Agrobacterium rhizogenes, are genetically stable 
and express faster growth rate than the normal roots 
(Doran, 2002). Above all, such roots are amenable for 
scale-up in large bioreactors and hence offer better 
advantages compared to cell cultures, and therefore, are 
widely preferred for the production of various chemical 
substances that are akin to root systems. 

Peroxidase (E.C.1.11.1.7) (POD) is an enzyme known to 
play a very crucial role in scavenging free radicals 
(peroxides) within the plant system (Regalado et al. 2004) 
in addition to their involvement in various metabolic 
activities. Outside the plant system this enzyme has several 
commercial applications, the major ones being its use as an 
important component in chemical diagnostics and 
laboratory experiments (Regalado et al. 2004). Because of 
broader catalytic activity, a wide range of chemicals can be 
modified using POD and hence has varied applications in 
waste water treatment to remove phenolics, synthesis of 
various aromatic compounds and removal of peroxides 
from foodstuffs, beverages and industrial wastes (Torres et 
al. 1997; Ayala et al. 2000). An extensive array of use 
though can be found for this enzyme, a major bottleneck 
lies in its current high cost of production. Presently, 
horseradish has been the source of high quality POD for 
biochemical / clinical applications whereas certain 
agricultural wastes / by products have been suggested for 
the production of commercial-grade POD. However, these 
sources of POD are limited by difficulties in purification 
(Uozumi et al. 1992; Srinivas et al. 1999). A few plant 
cell/suspension cultures have been reported to produce 
considerable levels of POD (Veitch, 2004). For example, 
cell cultures of horseradish, radish, suspension cultures of 
carrot, peanut, tobacco, spinach, Vaccinium sp and cowpea 
(Melo et al. 1995; Veitch, 2004) produced appreciable 
levels of POD enzyme. However, these systems were of 
limited applications due to the slow growth rate of cell 
cultures, inconsistent product yield and genetic instability.  
 

Table 1. Peroxidase activity (U g-1 FW) in different parts of 20-
day-old red beet seedling and mature tuber at pH 6.0. 

Plant part Total POD activity 
U g-1 FW 

20 day old seedling  

Leaf blade 3591.5 

Petiole 2623.4 

Root 9700.3 

Mature tuber  

Peel 6116.0

Pulp 1492.5

Pulp + Peel 4398.0

 
Figure 1. Diagrammatic representation of the bioreactor model 
used for the growth of hairy root clone LMG-150. The reactor 
was of 3 L capacity with a working volume of 1.75 L. About 10 g of 
actively growing hairy roots were inoculated in to the anchorage 
basket held in growth vessel having MS basal liquid medium with 
3% sucrose. The air was supplied at a rate of 33.4 cm3 s-1 through 
the glass sparger of 45 cm height and 7 cm diameter. The reactor 
was operated in dark at 23 ± 2ºC and after the required running 
period the reactor was dismantled and the biomass and spent 
medium were analyzed for POD. 
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Hairy root cultures of carrot produced higher levels of POD 
of about 19.2 U g-1 FW than the suspension cultures, which 
were correlated to increased phenolics content in the 
medium (Uozumi et al. 1992). Horseradish hairy root 
cultures have also been reported to produce considerably 
higher level of PODs (Uozumi et al. 1992; Flocco et al. 
1998). Enhanced production of secondary metabolites and 
their related precursors were achieved by using different 
strategies such as selection of clone, changing growth 
conditions, particularly with reference to hormones and 
nutrients. Another interesting strategy is the exposure of 
cultures to changed environment such as treatment with 
elicitors. For example, treatment with different abiotic 
elicitors such as AgNO3 and CuSO4caused about 100% 
increase in POD production in transformed root cultures of 
horseradish. Further, the metal ions caused secretion 
leading to an overall productivity of about 12-fold higher 
POD enzyme (Flocco et al. 1998). The heterotrophic hairy 
roots of Ipomoea aquatica were also found to produce POD 
at levels 250 U g-1FW. When such roots were made 
autotrophic, the POD activity within the tissue nearly 
doubled which the authors related to the requirement of 
POD for scavenging the high release of toxic oxidants, the 
peroxides (Kino-Oka et al. 2001).  

 
Since the hairy root clone obtained by each transformed 
plant cell is expected to be genetically different conferred 
due to the difference with respect to the place of T-DNA 
integration (into the host genome) and the number of T-
DNA copies that get integrated into the genome (Doran, 
2002), each clone is expected to behave differently with 
respect to growth and metabolite production. Therefore 
selection of a hairy root clone having properties of high 
biomass accumulation and POD production forms one of 
the important and unexploited strategies to obtain a stable 
and high level of enzyme production. Hairy root cultures of 
red beet have been studied extensively for the production of 
natural food colorants, the betalaines (Thimmaraju et al. 
2003a; Thimmaraju et al. 2003b; Suresh et al. 2004; 
Thimmaraju et al. 2004). This communication reports, for 
the first time, that they can also be used for the production 
of high levels of POD enzymes. Therefore, the aim of the 
present study was to establish different clones of red beet 
hairy root cultures using different A. rhizogenes strains, 

study their growth pattern and the levels of POD production 
to select the most suitable hairy root clone for scale up in a 
bioreactor. The present study also considers other aspects 
that might influence the enzyme productivities such as the 
effect of different metal ions on the production and 
secretion of POD into the medium so that the same is 
amenable for in situ recovery (Uozumi et al. 1992; 
Thimmaraju et al. 2004). 
 

MATERIALS AND METHODS 
 
Establishment of hairy roots 
 
Red beet seeds of variety “Ruby Queen” were obtained 
from Indo-American Hybrid Seeds, Bangalore, India. The 
seeds were surface disinfected and sown aseptically on MS 
medium with 2% sucrose and three week old seedlings 
were used as the source of cotyledonary leaves from which 
the hairy roots were induced. The superiority of 
cotyledonary leaves for hairy root induction had been 
established earlier by screening different seedling parts. 
The cotyledonary leaf explants were aseptically infected, by 
following standard protocols, with different strains of A.- 
LMG-150, A 2/83, A4, A 20/83 (Doran, 2002; Thimmaraju 
et al. 2003a). The A. rhizogenes clones were known to 
induce hairy roots in several other plant systems. The hairy 

Table 2. Activity of different peroxidase fraction in hairy root 
clone LMG-150 grown in bubble column reactor (U g-1 FW) and 
percent total activity in the spent medium. 

Peroxidase 
fraction 

Total units of POD  
activity per g-1 FW 

% of the total activity 
found in the medium

Acidic (pH 4.0) 13.8 13.4 

pH 6.0 9932.0 5.9 

Neutral (pH 7.0) 3495.1 0.4 

Basic (pH 9.0) 4754.3 4.9 

Figure 2a 
 
 

Figure 2b 
 
Figure 2. Confirmation of transgenic nature of hairy root clones 
by PCR (a) and Southern analysis (b). Lanes 1-10; LMG-150; A4 
(1); A4 (2); A4 (3); A 2/83(1); A 2/83(2); A 2/83(3); A 20/83(1); A 
20/83(2); A 20/83(3); M = Marker i.e., 100 bp ladder; C = 
untransformed control from seedling explants. PCR was performed 
using rolA gene specific primer sets (forward- 5' AGA ATG GAA TTA 
GCC GGA CTA 3' and reverse- 5' GTA TTA ATC CCG TAG GTT
TGT TT -3') (Sigma, USA), which were designed using Primer3 
software. The amplified DNA was run on 0.8% (w/v) agarose gel to 
separate the DNA fragments, transferred to nylon membrane 
(BioBondTM-Plus, Sigma). Southern analysis (b) was done by 
probing with a psoralen biotin (Ambion Inc, USA) labelled 308 bp 
fragment of the rolA gene. 
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root clone arising independently from each transformed cell 
was made bacteria-free using cefotaxime (200 mg L-1) and 
the bacteria-free clones were maintained in 50 ml conical 
flask containing 15 ml of Murashige and Skoog's 
(Murashige and Skoog, 1962) liquid medium with 30 g 
sucrose (MS). Root tips were subcultured every three 
weeks into fresh medium and the cultures were maintained 
on a gyratory shaker at 90 rpm in dark at 25 ± 2ºC, unless 
otherwise mentioned.  

 
Agrobacterium rhizogenes is a soil bacterium known to 
lodge DNA plasmids having T-DNA region that gets 
transferred to higher plant genome. The T-DNA has several 
genes, of which the important ones are the rol genes (rol A, 
B, C, D), aux genes involved in auxin metabolism and 
opine synthesizing genes. Since auxin is also synthesized 
by the higher plants, the other genes such as rol genes and 
opine synthesis character of hairy roots are generally tested 
to confirm the integration of T-DNA into the host genome 
(Doran, 2002). In the present study, we have chosen to test 
the presence of one of the rol genes, i.e., rolA for the 
confirmation of the integration of T-DNA from the 
plasmids of A. rhizogenes which was done by following 
polymerase chain (PCR) reaction. For PCR analysis 
(Hamill and Lidgett, 1997), a known quantity of bacteria-
free roots grown in MS basal medium were removed, 
blotted gently on sterile filter paper and quickly frozen in 
liquid nitrogen. Thereafter, genomic DNA from putative 
transformants and normal roots (untransformed) was 
extracted by using the plant genomic DNA preparation kit 
GenEluteTM supplied by Sigma, USA as per the 
manufacturer's instruction. The rol genes have been fully 
characterized by earlier workers and their nucleic acid 
sequences are available in the bioinformatics database 

(NCBI GeneBank). PCR was performed using rolA gene 
specific primer sets (forward- 5' AGA ATG GAA TTA 
GCC GGA CTA 3' and reverse- 5' GTA TTA ATC CCG 
TAG GTT TGT TT -3') (Sigma, USA), which were 
designed using Primer3 software for the rolA gene 
sequence from accession No. AB006688 from NCBI 
GeneBank. The PCR mixture (25 µl) contained 50 ng of 
DNA prepared from normal and hairy roots respectively as 
the template, 1X PCR buffer, 25 pmoles of each primer, 2.5 
mM of dNTPs and 1 unit of Taq DNA polymerase (MBI 
fermentas). PCR was carried out by amplifying with initial 
denaturation at 94ºC for 5 min followed by 35 cycles each 
of 1 min denaturation at 94ºC, 1 min annealing at 55ºC and 
1 min extension at 72ºC with a final extension of 72ºC for 
10 min using Eppendorf (Model: 22331) thermal cycler. 
The amplified DNA was run on 0.8% (w/v) agarose gel to 
separate the DNA fragments, transferred to nylon 
membrane (BioBondTM-Plus, Sigma) using standard 
protocols of Southern analysis (Hamill and Lidgett, 1997) 
and probed using psoralen biotin (Ambion Inc, USA) 
labelled 308 bp fragment of the rolA gene obtained from A. 
rhizogenes strain ATCC 15834 using the above said 
primers. The probe was prepared by using PCR amplified 
fragment of rolA gene after purification using Qiagen PCR 
purification kit (MinEluteTM) and labeled with psoralen 
biotin. The labeling, hybridization and detection were done 
with Ambion Bio detect kit (Ambion Inc, USA), according 
to the manufacturers instructions.  
 
Growth of hairy roots 
 
Once the clones were confirmed for their transformed 
nature, the clones were characterized for their growth 
performance, POD production and their response to auxins 
and abiotic elicitors. For testing growth performance, about 
50 mg of root tips of 10 hairy root clones were subcultured 
in 50 ml Erelenmeyer's flasks containing 15 ml of MS basal 
liquid medium with 3% sucrose and grown on a rotary 
shaker as described earlier. The biomass accumulation was 
monitored at an interval of 5 days for a total period of 25 
days. Fresh weight increase was recorded after surface 
drying the roots by keeping between folds of blotter sheets.  
 
POD production 
 
The POD activity in each clone was monitored at an 
interval of 5 days for a total period of 30 days. Similarly, 
the non-transformed beetroot parts and seedling parts 
(grown both in vivo and in vitro) were also tested for the 
enzyme. For this, different POD fractions were extracted 
separately using separate buffers where the acidic POD was 
extracted by homogenizing 50 mg fresh tissue of hairy 
roots, seedling parts and mature beetroot (tuber) parts in 1 
ml of sodium acetate buffer (pH 4) containing 1 mM DTT, 
0.1 mM PMSF. Similarly the other PODs such as of pH 
6.0, neutral and basic fractions were extracted using sodium 

 
Figure 3. Pattern of growth and biomass accumulation in
different clones of hairy roots over a 25-day growth period.
About 50 mg of root tips each of the 10 hairy root clones were
subcultured in 50 ml Erlenmeyer's flasks containing 15 ml of MS
basal liquid medium with 3% sucrose and grown on a rotary shaker
set at 90 rpm in dark at 23 ± 2ºC. The biomass accumulation was
monitored at an interval of 5 days for a total period of 25 days. Fresh
weight increase was recorded after surface drying the roots by
keeping between folds of blotter sheets. The data is the average of 5
replicates of two independent experiments each and the bars
indicate SE of mean. 
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phosphate buffer of pH 6.0, sodium phosphate buffer of pH 
7.0 and Tris-buffer of pH 9.0 respectively, each containing 
1 mM DTT and 0.1 mM PMSF. After homogenization the 
homogenate was centrifuged at 12,000 rpm twice and the 
supernatant was assayed for POD activity 
(Wititsuwannakul et al. 1997). Briefly, 1 ml assay mixture 
was prepared which consisted 100 µl of 1% H2O2, 100 µl of 
0.25% ortho-di-anisidine hydrochloride, 10 µl of enzyme 
extract and 790 µl of respective buffer. The change in OD 
per minute (dA min-1) was recorded using kinetic program 
in UV- visible spectrophotometer (Shimadzu UV-160A) at 
460 nm. The results were expressed as units per gram fresh 
weight (U g-1 FW), using standard horseradish POD 
enzyme obtained from ICN-biochemicals, where one unit 
refers to change of absorbance of 1 OD per minute. To 
quantify the extra cellular POD in the medium, the spent 
medium was taken and centrifuged twice at 12,000 rpm at 
4ºC to remove cell debris if any and the supernatant was 
assayed for enzyme activity. The total protein concentration 
was determined by following the Lowry's method.   
 
Influence of auxins 
 
Ten mg each of different hairy root clones were inoculated 
into 50 ml conical flasks containing 15 ml of MS liquid 
medium with 0.5 and 1.0 mg L-1 of either Indole acetic acid 
(IAA) or Naphthalene acetic acid (NAA) and incubated on 
an orbital shaker kept at 90 rpm maintained at 25ºC. The 
total biomass (fresh weight in g L-1) and POD activity were 
analyzed at the end, i.e., on 20th day and POD productivity 
level was expressed as units of enzyme produced per litre 
of medium.  
 
Influence of salts 
 
For horseradish hairy roots the additional ion-
supplementation considerably enhanced the release of POD 
into the medium (Uozumi et al. 1992). Therefore, to check 
for similar influence in the present system the cultures were 
exposed to MS liquid medium containing additional levels 
of different ions in salt forms such as NaCl, KCl, MgCl2, 
CaCl2, Na2SO4, Na2CO3, KNO3, FeCl3 and EDTA at 
various concentrations such as 5, 10 and 15 mM. Hairy 
roots were cultured in 50 ml Erlenmeyer's flask containing 
15 ml of MS medium incorporated with different ionic salts 
keeping rest of the conditions as mentioned earlier. 
Biomass and POD levels were estimated at the end of 20th 
day and the POD productivity (activity U L-1) and the POD 
released into the medium (also measured in terms of 
activity) were calculated.  
 
Intracellular and extra-cellular POD 
 
To further characterize the enzyme, the POD zymogram 
was prepared by polyacrylamide gel electrophoresis (7.2%) 
(PAGE) carried out at 120 V for 4 hrs using 12 x 14 x 0.3 

cm gel without SDS using standard protocol. The gel was 
stained for POD activity with a 100 ml solution of sodium 
phosphate buffer containing 10 ml of 0.25% ortho-di-
anisidine hydrochloride and 10 ml of 1% hydrogen 
peroxide (Wititsuwannakul et al. 1997) and immediately 
photographed. 
 

 

 
 
Figure 4. Totalactivities of different peroxidases (a), and the pattern 
of release of different peroxidases into the medium (b) and total 
protein content (mg g-1 FW) (c) in the clone LMG-150 cultured for 30 
days. POD activity was monitored at an interval of 5 days for a total 
period of 30 days. Different POD fractions were extracted separately 
using separate buffers and the supernatant was taken from both 
medium and the extract from biomass for POD and total protein 
analysis. The data is the average of 5 replicates of two separate 
experiments. The bar indicates SE of mean. 
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Thermal stability of POD 
 
Thermal stability of the enzyme was determined by 
measuring the residual activity after incubating 100 µl of 
the crude enzyme extract (the extraction of which has been 
explained earlier) at different temperatures in a shaking 
water bath. Aliquots (10 µl) taken at different time intervals 
were assayed immediately and residual activity was 
expressed as per cent increase or decrease of activity. 
 
Production of POD in bioreactor 
 
Hairy root cultures were grown in a 3 L bubble column 
reactor (Suresh et al. 2004; Figure 1) with a working 
medium volume of 1.75 L. Hairy root inoculum was 
prepared by sub culturing about 100 mg of hairy roots of 
clone LMG-150 in 40 ml medium in conical flasks for 10 
days under standard conditions mentioned earlier. Totally 
10 g fresh weight of actively growing hairy root inoculum 
was transferred aseptically through inoculation port into the 
anchorage basket of the growth chamber. The bioreactor 
was maintained in dark at 23 ± 2ºC with air supply through 
a sparger at a rate of 33.4 cm3 s-1. After the running period 
of 10 days, the biomass and the spent medium were 
analysed for the units of POD produced.  
 
Statistical analysis 
 
All treatments involved at least 5 replicates and the enzyme 
and PCR analyses had two replicates. All the experiments 
were repeated at least once and the data presented is the 
mean of two individual experiments and standard error of 
means (SE) were calculated applicable. 
 
RESULTS 
 
Establishment of hairy root clones 
 
When cotyledonary leaf explants of red beet were co-
cultivated with different A. rhizogenes strains such as LMG 
-150, A 2/83, A 20/83 and A4 hairy roots started appearing 
from the cut surfaces of the explants 15 days after infection, 
possibly as a result of transformation. Though a large 
number of hairy root clones were produced from each set of 
explants, it was possible to free only ten clones from the 
perpetual occurrence of A. rhizogenes along with the hairy 
roots. Of the ten clones, one was that from the strain LMG-
150, three each from A 2/83, A 20/83 and A4. Each hairy 
root clone so obtained was named as LMG-150, A 2/83(1), 
A 2/83(2), A 2/83(3), A 20/83(1), A 20/83(2), A 20/83(3), 
A4(1), A4(2), A4(3).   
 
Genomic DNA of all the clones when analysed for 
transformation first by PCR amplification using rolA 
specific primer, all the ten clones showed positive signals 
for both PCR and Southern hybridization (Figure 2A and 

B) indicating the true integration of Ri T-DNA into host 
cell genome. Whereas normal beetroot (lane no. C) did not 
show any positive signal for rolA.  

 
Growth of hairy root clones  
 
Initially different clones were studied for their growth in 
terms of biomass production for a period of 25 days at 5 
days intervals. As shown in Figure 3, of the 10 clones of 
transformed roots, the clone LMG-150 was the best clone 
in terms of biomass production in hormone-free MS liquid 
medium producing about 2.0 g fresh weight in 15 ml MS 
liquid medium on 20th day after inoculation, with a 
declining trend later. A2/83(2) was the next best clone in 
terms of growth and rest of the clones produced less than 
0.5 g fresh weight (Figure 3). The clone LMG-150 showed 
a typical sigmoid growth curve accounting for much higher 
biomass compared to other clones.  
 
POD production 
 
In LMG-150 root clone, the activity of POD extracted at 
pH 6.0 was highest on 15th day producing about 9000 U g-1 

 
Figure 5. Growth (a) and peroxidase activity (b) in different hairy 
root clones grown in hormone free MS liquid medium and in MS with 
either IAA or NAA at either 0.1 mg L-1 or 1.0 mg L-1 observed on 20th

day of culture period. The data is the average of 5 replicates of two 
independent experiments and the bars indicate SE of mean values. 
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FW followed by 8000 U g-1 FW on 20th day, and of the total 
about 30% of the POD in each case was secreted into the 
medium (Figure 4a and b). However, the enzyme extracted 
each at acidic (pH 4.0), basic (pH 9.0) and neutral (pH 7.0) 
showed significantly lesser POD activity. In the medium on 
15th day, about 45% of the total activity was that of acidic 
and nearly 20% were those from pH 6.0 and neutral. 
However, the basic POD was released at high levels 
accounting for 28% of the total found in the medium 
(Figure 4b). The total protein was highest on 15th day and 
remained consistently as 15 mg g-1 FW biomass (Figure 
4c). The clone A 20/83(2) expressed higher level of POD 
i.e., nearly 12000 U g-1 FW on 20th day in MS liquid 
medium (data not shown). Since, the biomass was lower in 
this clone than LMG-150 accounting for lower productivity 
per litre, latter the clone LMG-150 was considered for 
detailed study. All the other clones produced either less or 
negligible total POD activity compared to the clone LMG-
150 (data not shown).  
 

To check whether the high level of POD activity observed 
in hairy roots was due to transformed nature of root or not, 
the non-transformed tissues were also screened for POD 
activity. Table 1 shows that among the seedling parts 

whether grown in vitro on MS medium or in the soil, the 
roots expressed almost similar activity of POD (9000 U g-1 
FW) whereas the cotyledonary leaf that was used for 
inducing hairy roots in the present study showed much 
lesser level of about 3591 U g-1 FW of POD activity. In the 
mature red beet tuber (grown in the field), peel showed 
maximum activity of 6116 U g-1 FW which again was much 
lesser than that found in hairy roots (Table 1). 
 
Influence of auxin  
 
While the root clone LMG-150 showed high biomass 
productivity of 140 g FW L-1 on hormone-free medium, the 
other clones produced very low biomass. The clone LMG-
150 was unable to grow in the presence of any level of IAA 
whereas growth was fair in the presence of NAA though the 
latter also suppressed biomass when compared with control 
(Figure 5a). IAA significantly supported biomass formation 
in the second clone of A 2/83 whereas NAA supported 
better biomass than in control in the first clone of A4, 
followed by third clone of the same and the third clone of 
A20/83. In general, both the auxins IAA and NAA 
appeared to suppress the biomass accumulation in clone 
LMG-150, whereas for most of the other clones either IAA 
or NAA was beneficiary either marginally or significantly 
(Figure 5a). 
 
Unlike the biomass, the productivity (units L-1) of POD (pH 
6.0) in the best clone LMG- 150 was almost similar with or 
without auxin treatment accounting for about 1 × 106 units 
of POD activity per litre medium (Figure 5b). Similarly, in 
most of the other clones, the POD productivity was 
enhanced significantly by the auxins and in some of them 
the productivities were on par with that of the best clone. 
The clones A 20/83(2), A 20/83(3), A4(1), A4(2) and A4(3) 
performed better than their respective controls when 
supplemented with 1 ppm of NAA producing about 1 x 106 
units of POD activity per litre. Whereas the clones A 
2/83(2) and A 2/83(3) produced higher POD in the 
presence of 0.5 ppm IAA accounting for about 0.8 x 106 
and 0.6 x 106 U L-1 respectively (Figure 5b).  
 
Influence of salts 
 
Among the different salts used in addition to those already 
present in the medium, FeCl3 as well as EDTA completely 
suppressed growth and POD activity levels even in the best 
clone LMG-150 (data not presented). Among the other 
metal ions used CaCl2 at 5 mM concentration produced 
slightly higher POD activity of about 1.21 x 106 U L-1. 
Further higher concentrations appeared to suppress the 
enzyme productivities in a dose dependent manner. KCl 
produced slightly higher POD activity (Figure 6a) than the 
control accounting for about 1.11 x 106 units per litre with a 
suppression of activity at higher treatment levels. Most of 
the other ions either produced same amount of POD or 

 
Figure 6. Effect of different salts at various concentrations on the
level of activity (a) and secretion (b) of peroxidase enzyme in hairy
root clone LMG-150 estimated on 20th day of the culture period (X-
axis: 1: NaCl, 2: KCl, 3: MgCl2, 4: CaCl2, 5: Na2SO4, 6: Na2CO3, 7: 
KNO3). 



Peroxidase production from hairy root cultures of red beet (Beta vulgaris) 
 

 192

appeared to suppress the enzyme at higher treatment levels, 
except for KNO3 where higher the level better was the POD 
activity (Figure 6b). 
 
Maximum release of POD measured in terms of activity 
was observed in the presence of 5mM KNO3 (nearly 50%) 
that was followed by only NaCl (43%) (Figure 6B), 
whereas treatments with other metal ions at three different 
concentrations did not cause any significant effect on POD 
secretion.  
 
Intracellular and extra-cellular POD 
 
Figure 7 shows the active staining of PODs of intra- and 
extra-cellular ones separated on 7.2% polyacrylamide gel. 
POD from the hairy roots of clone LMG 150 showed 5 
distinct bands each corresponding to relative mobility (Rm) 
of 0.06 (designated as F), 0.16 (E), 0.25 (D), 0.38 (C), 0.46 
(B). Of these D, E and F were found in the spent medium. 
The bands B and C were not present in the medium. 
Whereas the band with Rm value of 0.575 (A) was found 
only in the medium, which was absent in the biomass and 
this may be the isozyme that was completely secreted in to 
the medium. Therefore, red beet hairy roots totally 
produced about 6 POD isoforms of which three were 
secreted partially into the medium and only one was 
completely secreted into the medium. The protein 
molecular markers on the extreme right lane of Figure 7 
gives a rough idea about the nature of isozymes though a 
native gel should not be compared with such markers.  

Thermostability 
 
Figure 8 (a-d) shows the percent increase or decrease of 
POD activity as a function of three different temperatures 
during a total period of 60 min. The thermal inactivation of 
PODs extracted at acidic and neutral pH was negligible 
upto 50ºC with almost 95% of the activity being retained 
even after 40 min. However, the POD of basic pH was very 
sensitive to temperature with 50% loss at 50ºC in 40 min, 
with total loss of activity at 60ºC. At the latter temperature 
(60ºC) the acidic and neutral PODs retained more than 70% 
of the activity upto 40 min whereas these enzymes were 
completely inactivated at 70ºC. 
 
POD production in bioreactor 
 
The best clone LMG-150 was grown in a bubble column 
reactor for 10 days. As shown in Table 2, even here this 
clone produced almost same amount of total POD as 
observed in the shake flask, except that there was slight 
reduction in the quantity of extra cellular POD. A total 
POD of about 9000 U g-1 FW was produced in the bubble 
column reactor (Table 2). 
 
DISCUSSION 
 
Establishment of hairy root clones 
 
As reported earlier (Xu et al. 2004) the cotyledonary leaves 
showed the best response to Agrobacterium infection 
resulting in the induction of roots that exhibited typical 
phenotypic characteristics of “hairy roots” such as intense 
hairiness, plagiotrophic growth, higher lateral branching 
and faster growth than the normal roots. Above all, the 
roots were able to grow well on hormone-free medium 
indicating the harmone-independent nature of roots that 
generally results due to their transformed nature (Hamill 
and Lidgett, 1997). In most of the earlier studies, the 
transformation of plant tissues by A rhizogenes was 
generally confirmed by using biochemical method, i.e., by 
the detection of opines in plant tissues. In the present study 
the hairy root clones were tested for transformation and 
integration of T-DNA into the red beet genome first by 
means of PCR amplification using rolA-gene-specific-
primer and second by doing PCR – Southern hybridization 
using 301 bp long psorelen-biotin labeled rolA gene 
specific probe. Thus the presence of rolA specific band 
upon PCR amplification and Southern hybridization clearly 
established the proof for successful transformation (Figure 
2a and b). 
 
Biomass accumulation and POD activity  
 
Among the ten hairy root clones established, there was a 
clear-cut difference from one clone to another in terms of 
biomass accumulation and the profile of POD activity 

 
Figure 7. Zymogram of peroxidase isozymes from roots (Lanes 1 -
4) and from spent medium (lanes 5 - 8) developed by activity
staining of the enzyme separated on 7.2% native polyacrylamide
gel. The electrophoresis was carried out by loading about 20 µl each 
of crude enzyme preparation from both biomass and spent medium
in a 7.2 % polyacrylamide gel (12 ´ 14 ´ 0.3 cm) (PAGE) carried out 
at 120V for 4 hrs. Similarly about 10 µl of standard protein molecular
weight marker mix was also loaded and stained with coomassie
brilliant blue R-250 (lane M) separately after electrophoresis. 
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(Figure 3; Figure 5b). These differences may be attributed 
to the secondary variation in the T-DNA insertion, copy 
number, size and location of integration of T-DNA of Ri -
plasmid into the plant genome (Doran, 2002) as also noted 
in horseradish hairy roots (Flocco et al. 1998). The best 
clone LMG-150 established in the present study produced 
POD of about 9000 U g-1 FW, which was significantly 
higher than the POD activity reported for horseradish hairy 
roots (Flocco et al. 1998). The kinetic studies showed that 
the POD activity was high during mid-exponential growth 
phase and declined further as the biomass reached its peak 
on 25th day as also observed by Flocco et al. (1998). This is 
probably due to high metabolic activity during which the 
pro-oxidants are formed sending signals for the release of 
POD to quench the oxidant molecules, as has been 
suggested for Ipomoea aquatica (Kino-Oka et al. 2001). 
The low productivities of PODs of other pH may also be 
due to the same reason that most of the metabolic activities 
occur at pH ranging from 5.5 - 6.0, which is well known. 
Similarly in non-transformed seedling tissues and tubers it 
is the seedling root that expressed maximum POD activity 
(irrespective of in vivo or in vitro conditions of seedling 
growth) and not the tuber indicating that it is the rooty 
morphology probably playing a role in signaling POD 
expression. Thus the transformed nature of red beet hairy 
roots harbouring genes for root morphology i.e., rol genes 
(Lemcke and Schmulling, 1998; Thimmaraju and 
Bhagyalakshmi, 2005) is probably one reason for the over-
expression of POD, as in seedling roots rather than in the 
mature tubers. The higher expression of POD in the skin of 
red beer tuber may be attributed to defence related activities 
or due to elicitation by surface borne micro-organisms, 
since several soil-borne microbes are known to elicit phenyl 
propanoid pathway, enhancing the intermediary enzymes as 
well (Radman et al. 2003). In hairy root clones LMG-150, 
the total protein content reached maximum on 10th day and 
remained constant till the end of growth phase though 
growth ceased after 20th day indicating the probable 
stability of certain enzymes such as POD. Since red beet 
hairy roots are also used for the production of betalaines, 
the red pigments for food applications (Thimmaraju et al. 
2003a; Thimmaraju et al. 2003b; Thimmaraju et al. 2004), 
the hairy root system studied presently offer an excellent 
source for the simultaneous production of both pigment and 
enzyme. 
 
Influence of auxins  
 
The fact that auxins are involved in growth and 
morphogenesis of various types, especially roots, is well 
established. The exogenous application of two auxins in the 
present study did not cause any significant improvement of 
biomass accumulation in most of the clones, except in 
clones A 2/83(2) and A4 (1) where there were significant 
improvements in biomass after the supplementation of 
auxins. Such hormone dependency for growth has also been 

 
Figure 8. Thermostability of crude peroxidase enzyme fractions 
at three different temperatures (50, 60 and 70ºC) recorded for 40 
min time period. About 500 µl of the crude enzyme extract 
prepared at different pH was incubated at three different 
temperatures and the rate of loss of activity was monitored by taking 
10 µl from each of the treatments and measuring the activity i.e., dA 
min-1 at 460 nm. The data is the average of 5 replicates of two 
independent experiments. 
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observed in hairy root cultures of Cichorium intybus (Bais 
et al. 2001) and horseradish hairy roots (Uozumi and 
Kabayashi, 1997). Contrarily, there was a very high 
variability when POD production was concerned. In many 
cases the POD activity increased in response to specific 
concentrations of auxins. Such responses may be attributed 
to the hormonal support or stress created on the hairy root 
clones apart from the well-known fact that POD has been 
implicated significantly in auxin metabolism (Liu et al. 
1996). In cases where increased growth was observed, such 
as in clones A 2/83(2) and A4(1), the oxidants produced 
during various metabolic activities demand for the 
synthesis of this enzyme for scavenging O2 (pro-oxidants) 
and H2O2 (peroxides) (Kino-Oka et al. 2001). In addition, 
the POD being necessary for the cell during the stress-
related metabolism the presence of auxins may switch on 
the stress signal for the production of POD causing sudden 
increase of the same in most of the other clones where 
biomass is otherwise suppressed. Interestingly, the best 
clone LMG-150 did not respond significantly for auxin 
where POD levels remained almost constant even after 
treatment (Figure 5b) indicating that this clone neither 
utilizes exogenous auxin nor that the addition of hormones 
impart any stressed physiological conditions. The non-
responsiveness of this clone may be attributed to the lack of 
auxin-uptake metabolism from the cell exterior, particularly 
at levels that are tried in this study. However, it may be 
recalled that these levels were able to induce rooting and/or 
callus in untransformed cultures (Narayan et al. 2004). 
Since the different clones induced by the same strain of A. 
rhizogenes such as three clones each from A 2/83, A20/83 
and A4 responded differently to different auxins, the 
present study clearly indicates that red beet hairy roots form 
an excellent model system to unravel the influence of T-
DNA on auxin metabolism.  
 
Influence of salts 
 
Data presented in Figure 6a show that the cations Mg2+, 
Ca2+ and K+ from their respective salts caused slight 
increase in POD production while the other anions used 
such as SO4

2-, CO3
- and Cl- appeared to suppress the same. 

NO3
- ions also suppressed POD activity at low 

concentrations, nevertheless producing the same at higher 
concentration. Na2-EDTA and FeCl3 completely suppressed 
the growth of the hairy roots, as has also been observed in 
other hairy root systems (Uozumi et al. 1992). 
 
Among the different cations Na+ and Mg2+ ions improved 
the secretion POD into the medium thus acting as effluxing 
agents. The involvement of these ions in membrane 
permeabilization acting as ion channels has been well 
established (Karpen and Ruiz, 2002). The other cations 
such as K+ and Ca2+ did not cause any significant increase 
in POD secretion though these ions are also involved in the 
membrane activities and reported to cause secretion of POD 

in horseradish hairy roots (Uozumi et al. 1992). 
Supplementation of medium with anions such as SO4

2-, 
CO3

2- and NO3
- increased the extracellular POD activity 

with NO3
- causing highest secretion of about 50% of the 

total POD (Figure 6b). This was in contrast to the earlier 
reports where NO3

- had very little effect on secretion of 
POD (Uozumi et al. 1992). However, certain white rot 
fungi such as Phanerochaete flavido-alba has also been 
observed to respond positively to carbon limitation and 
excess of nitrogen leading to the leaching of lignin POD 
(Hamman et al. 1997). 
 
Isoperoxidase profile 
 
All the isoforms present in the hairy root biomass, except 
for two, were also found in the extra cellular medium but 
only one isoform of Rm 0.575 was found only in the 
medium but not in the biomass. This pattern indicates that 
four of the six isozymes were of secretary-type-proteins but 
the degree of secretion varied allowing a good scope for 
improving the secretion. The involvement of specific 
signals for leaching a specific type of POD isozyme forms 
an interesting study for the future. Further, there was a clear 
distinction between the different isoforms differing by Rm 
value of at least 0.15, which implies that the isoforms are 
amenable for easy separation and further purification 
(Figure 7). 
 
Thermostability  
 
The studies on thermal inactivation of crude POD from red 
beet clearly indicated that the enzyme is quite stable and 
only about 5% of reduction in the activity at 50ºC even 
after 30 min (Figure 8). Thus the enzyme appears to be 
quite stable even above ambient temperature of 27-32ºC 
promising a wide array of future applications.  
 
POD in bioreactor 
 
Though various metabolites are suppressed in a bioreactor 
when compared with the respective shake flask culture 
(Doran, 2002), the selected root clone of red beet i.e., 
LMG-150 performed well even in the bioreactor cultivation 
producing comparable levels of POD. Though there was a 
suppression of biomass in the bioreactor, leading to the 
lower overall productivity, such suppression was not very 
significant. Interestingly, the release of enzyme into the cell 
exterior was very limited in bioreactor, except for the one at 
acidic pH (Table 2). Contrarily there are other organized 
systems grown in bubble column bioreactor such as the 
somatic embryos of sandalwood, which released very high 
levels of PODs when grown in bioreactor (Pal et al. 2003). 
These observations indicate that the red beet hairy root 
system has several metabolic activities that need to be 
unraveled and hence appear as an interesting system for 
future studies.  
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CONCLUDING REMARKS 
 
The present study has clearly established that certain clones 
of red beet hairy roots produce copious levels of POD 
having good thermal stability. Since POD is also involved 
in lignin biosynthesis via phenyl propanoid pathway and 
the latter gets elicited to various biotic and abiotic elicitors, 
there is a high possibility for further enhancing the levels of 
POD by means of elicitation. The additional fact that the 
clone LMG -150 produced similar amounts of POD in a 
bubble column reactor as of shake flask cultures, indicate 
that the red beet hairy roots can be exploited for scaled up 
production of POD and the method appears to form a better 
alternative for horseradish POD. The observation that 
nearly half of the synthesized POD is secreted into the 
medium indicates the possibility of permeabilizing the roots 
for enhanced efflux of the enzyme even in bioreactor, as 
reported for the pigments from the same system 
(Thimmaraju et al. 2003a; Thimmaraju et al. 2003b; Suresh 
et al. 2004; Thimmaraju et al. 2004). Several other unit 
operations for scale-up of hairy root biomass have also 
been worked out and, therefore, the red beet hairy root 
system appears very promising for the production of this 
expensive enzyme.  
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