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/11 /Abstract

/12 /

/13 / Reactive oxygen (free radical) species such as hydroxyl, superoxide or peroxyl radicals significantly affect cell function and,

/14 /therefore, determine bioreactor productivities. The specific intracellular reactive oxygen species (ROS) levels as well as the ROS

/15 /type, during the log and stationary phases of several Xanthomonas campestris (both untreated and HOCl-treated cells) cultivations

/16 /in the bioreactor, with and without antioxidants, were measured through electron spin resonance (ESR) spectroscopy. Depending

/17 /on the cultivation conditions, intracellular hydroxyl or superoxide radicals at different levels were detected. The oxygen supply

/18 /during the cultivations was through need-based, pulse additions of hydrogen peroxide (H2O2), which was subsequently decomposed

/19 /by culture catalase to yield oxygen. Using data from all cultivations, it was found that the growth rate constant decreased with the

/20 /log-phase intracellular ROS level; the specific productivity of xanthan gum was found to be optimal at an intracellular ROS level of

/21 /0.33 mmol per g cell in the stationary phase. The rheology of the xanthan gum produced in various cultivations is discussed. Further,

/22 /a model, which can simulate and predict the specific total intracellular ROS level in the cultivations with untreated cells have been

/23 /developed.

/24 /# 2002 Published by Elsevier Science Ltd.

/25 /Keywords: ROS level; Xanthomonas campestris ; H2O2; Antioxidants; Xanthan gum

/26 /1. Introduction

/27 / Oxidative stress is understood as the condition that

/28 /results when an excess of reactive oxygen species (ROS)

/29 /such as hydroxyl, superoxide, peroxyl free radicals or

/30 /singlet oxygen are present in the organism [1�/3].

/31 /Oxidative stress has been closely related to cancer,

/32 /ageing [2], many other degenerative diseases [4] and

/33 /damage to DNA, membrane and proteins [2,5,6].

/34 /However, sub-lethal levels (levels which do not cause a

/35 /significant loss in cell viability, e.g. about 0.4 mmol per g

/36 /cell for Xanthomonas campestris ) of induced ROS can

/37 /improve bioreactor productivity as well as the product

/38 /profile [7,8].

/39 / In this study, specific intracellular ROS levels during

/40 /various cultivations of the model system, X. campestris

/41 /producing xanthan gum, were quantified using electron

/ 42/spin resonance (ESR) spectroscopy, to determine the

/ 43/relationship between ROS level and growth/productiv-

/ 44/ity. The type of ROS was also identified. Quantification

/ 45/of ROS levels in bioreactors has not been reported so

/ 46/far, except briefly, in a related paper [7]. In that related

/ 47/paper, aeration was used as the oxygen source, whereas,

/ 48/H2O2 pulses have been used to supply oxygen in all

/ 49/cultivations described in this article.

/ 50/ Different specific intracellular ROS levels during

/ 51/cultivations were obtained using untreated or HOCl-

/ 52/treated cells and growing them in the presence/absence

/ 53/of antioxidants such as ascorbic acid (vitamin C),

/ 54/tocopherol (vitamin E) or a combination of the anti-

/ 55/oxidants. HOCl was used earlier to induce intracellular

/ 56/ROS [7,8], which resulted in higher productivity. The

/ 57/particular antioxidants were chosen because ascorbic

/ 58/acid is water soluble and hence can be effective against

/ 59/ROS in the hydrophilic regions of the cell such as the

/ 60/cytoplasm and in the medium; tocopherol is lipid-

/ 61/soluble and hence can be effective against ROS gener-

/ 62/ated in the hydrophobic regions of the cell, especially, in
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/63 /the cell membrane. Several steps of the oxidative

/64 /phosphorylation pathway, which lead to the formation

/65 /of metabolic free radicals (ROS), take place in the

/66 /membrane [9].

/67 / Further, a model to simulate and predict the total

/68 /ROS level in the culture when untreated cells are grown

/69 /under different conditions, has been developed. The

/70 /rheology of the xanthan gum (0.1% w/w xanthan gum

/71 /solutions in de-ionised water) produced in the above

/72 /cultivations has been studied. In addition, correlations

/73 /between growth rate parameters and the log phase

/74 /specific ROS levels on the one hand, and between gum

/75 /production parameters and stationary phase specific

/76 /ROS levels on the other, have been explored.

/77 /2. Materials and methods

/78 /2.1. Culture

/79 / The microorganism used in this study was X. campes-

/80 /tris (MTCC 2286, IMTECH, Chandigarh, India) pro-

/81 /ducing xanthan gum. The stock cultures were

/82 /maintained at 4 8C on agar slants containing 25 g l�1

/83 /glucose, 8 g l�1 yeast extract, 10 g l�1 CaCO3 and 20 g

/84 /l�1 of agar. The growth medium (standard medium)

/85 /consisted of 40 g l�1 glucose, 3 g l�1 yeast extract, 5 g

/86 /l�1 K2HPO4, 0.6 g l�1 of MgSO4 �/ 7H2O and 0.4 g l�1

/87 /of urea in tap water (tap water was used to provide trace

/88 /elements and the medium was sterilised by autoclaving

/89 /without glucose before inoculation). During bioreactor

/90 /cultivations, oxygen was supplied through pulse addi-

/91 /tions of H2O2. In certain cultivations, 5 mM ascorbic

/92 /acid (vitamin C) and/or 1 mM tocopherol (vitamin E)

/93 /were added to the standard medium, either initially or in

/94 /pulses along with H2O2. However, the total concentra-

/95 /tion of antioxidants added were the same whether they

/96 /were added initially or in pulses. For tocopherol

/97 /addition, it was dissolved initially in DMSO, added,

/98 /and vigorously agitated at 1200 rpm, before inoculation,

/99 /to ensure solubility and hence, availability to cells. Since

/100 /vigorous agitation was not employed during the cultiva-

/101 /tion to maintain shear levels, the availability of toco-

/102 /pherol to the cells during pulse additions is suspect.

/103 /Also, care was taken to ensure negligible volume change

/104 /on addition of H2O2, ascorbic acid and/or tocopherol.

/105 /3. Analyses, reagents and equipment

/106 / The cell concentration was measured using a spectro-

/107 /photometer (JASCO, Japan) through cell scatter at 600

/108 /nm, using a calibration curve of cell concentration

/109 /versus optical density. The number of colonies on plates

/110 /were counted under a magnifying glass. The xanthan

/111 /concentration was determined through dry weight

/ 112/measurement after isolation through alcohol precipita-

/ 113/tion followed by centrifugation at 10 000�/g for 45 min

/ 114/[10]. The extracted xanthan gum was dissolved in de-

/ 115/ionised water to make 0.1% w/w xanthan gum solutions,

/ 116/and viscosities of such solutions (not the broth viscos-

/ 117/ities) were measured using a Brookfield viscometer at

/ 118/30 8C.

/ 119/ To measure oxygen centred radicals formed, a spin

/ 120/trapping technique [11] was employed. A quartz liquid-

/ 121/cell accessory was used for the sample placement and the

/ 122/same volume (250 ml) of different samples was used in all

/ 123/ESR analyses. Care was also exercised to maintain the

/ 124/required concentrations of the species in the liquid-cell

/ 125/accessory. The free radical concentration is proportional

/ 126/to the area under the absorption curve [12]. The area

/ 127/under the absorption curve was obtained by double

/ 128/integration of the derivative spectrum obtained, using

/ 129/computer programs. The free radical concentrations

/ 130/were obtained by comparison with concentrations of

/ 131/known standards: KO2 for superoxide radicals and

/ 132/H2O2 with 0.1 mg ml�1 FeCl2 for hydroxyl radicals [13].

/ 133/ Hypochlorous acid was generated and quantified

/ 134/from sodium hypochlorite (SRL, India) and only freshly

/ 135/prepared HOCl was used [14]. The spin trap, dimethyl-

/ 136/pyrolline-N -oxide (DMPO) (Sigma) was used to arrest

/ 137/the ROS, for ESR analysis.

/ 138/ The bioreactor (Vaspan Industries, India) employed

/ 139/was a 2 l (1 l working volume) stirred tank reactor with

/ 140/two Rushton turbine impellers, rpm and temperature

/ 141/controls. The DO and pH data were obtained on-line

/ 142/using probes (Bela Instruments, India) through a data

/ 143/acquisition and control system (SCR Elektroniks, India)

/ 144/interfaced with a PC. The ESR spectrometer (Varian E-

/ 145/3) was used for obtaining the ESR spectra.

/ 146/3.1. Treatment procedures

/ 147/ Cells in the required growth phase, at a concentration

/ 148/of 2 g l�1, were resuspended in 0.05 M phosphate

/ 149/buffer, taken in several 25 ml shake flasks. The flasks

/ 150/were thoroughly cleaned before use, including a sulpha-

/ 151/chromic acid wash. Freshly prepared hypochlorous acid,

/ 152/the concentrations of which were determined by iodo-

/ 153/metry, were added to the cultures in three stages. Each

/ 154/stage consisted of a 60 s HOCl exposure after which the

/ 155/cells were removed from the HOCl containing treatment

/ 156/medium by centrifugation. Then, the cells were incu-

/ 157/bated in normal growth medium for 40 min in the dark,

/ 158/at 30 8C, with gentle shaking. The concentrations of

/ 159/HOCl used for exposure at the beginning of each stage

/ 160/were: 0.66 mmol per g cell (I stage), 4.65 mmol per g cell

/ 161/(II stage) and 20 mmol per g cell (III stage). After the

/ 162/third incubation, the free chlorine left in the flasks was

/ 163/quenched by using sterile sodium thiosulphate. Cultur-

/ 164/able bacteria were assayed by plating on LB agar and

/ 165/colonies were counted after 10 h of incubation.
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/166 / The live colonies were isolated and grown in shake

/167 /flasks placed in a shaker-incubator at 30 8C, in the

/168 /same growth medium mentioned previously. The growth

/169 /experiments with the treated cells were also conducted in

/170 /the 1 l bioreactor at 30 8C.

/171 / All experiments described were repeated at least twice.

/172 /4. Model for intracellular ROS level

/173 / The experimental results showed that the specific

/174 /intracellular ROS level plays an important role in the

/175 /fermentation, and therefore, an attempt is made in this

/176 /section to develop a predictive model for intracellular

/177 /ROS concentration/specific level. While reactions re-

/178 /ported in the literature for the initiation and termination

/179 /of the free radical species of interest are considered, the

/180 /focus in this first attempt is on total radical concentra-

/181 /tions rather than on levels of individual radical species.

/182 /This ‘lumped’ approach to free radical species permits

/183 /some lumping of reactions as well, thereby, reducing the

/184 /number of unknown parameters in the model.

/185 / The effect of known antioxidants, ascorbate (Vit C�)

/186 /and tocopherol (ArOH) have been considered in the

/187 /model. When present, they generate antioxidant free

/188 /radicals (Vit C�+ and ArO+) by reaction with ROS of

/189 /interest (OH+, O2
�+, ROO+). The antioxidant free

/190 /radicals are more stable than the ROS of interest,

/191 /because, the unpaired electron can be de-localised into

/192 /the aromatic ring structure [2]. Thus, the rate of

/193 /termination of the lumped radicals is expected to be

/194 /different in the presence of the antioxidants. Further,

/195 /the effect of ascorbic acid on the oxidation-state of iron

/196 /in the cell is explicitly addressed in the model.

/197 /4.1. Initiation reactions

/198 / The initiation reactions considered were:

199 H2O2�Fe2� 0 Fe3��OH�
�OH+ (1)

200 H2O2�Cu�
0 Cu2�

�OH�
�OH+ (2)

201 O2�Fe2� 0 Fe3��O�

2
+ (3)

202 ROOH�Fe3� 0 Fe2��H�
�ROO+ (4)

/203 /4.2. Termination reactions
/204 /

205 OH+
�OH+ 0 H2O2 (5)

206 O�

2
+
�O�

2
+
�2H� 0

SOD
H2O2�O2 (6)

where, SOD is superoxide dismutase.

207 HOO+
�HOO+ 0 H2O2�O2 (7)

208 HOO+
�O�

2
+
�H� 0 H2O2�O2 (8)

209 OH+
�HOO+ 0 H2O�O2 (9)

210O�

2
+
�OH+ 0 OH�

�O2 (10)

Clearly, some of the reactions above (for example, the

/ 211/enzyme mediated reaction Eq. (6)) are governed by

/ 212/mechanisms of their own. However, the overall rate

/ 213/constants for these reactions can be obtained from

/ 214/literature as Table 1 shows.

/ 215/ When vitamins C and E are present in the medium,

/ 216/they interact with the radical species of interest through

/ 217/reactions such as the following, and thereby influence

/ 218/the relative abundance of various ROS in the free

/ 219/radical pool:

220Vit C�
�O�

2
+
�H� 0 H2O2�Vit C�+ (11)

221Vit C�
�OH+ 0 H2O�Vit C�+ (12)

222ArOH�O�

2
+ 0 HO�

2 �ArO+ (13)

223ArOH�ROO+ 0 ROOH�ArO+ (14)

The rates of initiation for the hydroxyl, superoxide

/ 224/and peroxyl radicals can be written as:

225rini;OH+ �k1[H2O2][Fe
2�]�k2[H2O2][Cu

�] (15)

226rini;O�

2
+ �k3[O2][Fe

2�] (16)

227rini;ROO+ �k4[ROOH][Fe3�] (17)

If the total ROS concentration of interest (�/[OH+]�/

/ 228/[O2
�+]�/[ROO+]) is represented as [Rad+], then, the

/ 229/total rate of initiation is given by:
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Table 1

Parameter values used in the model; the subscripts for k refer to the

corresponding equations

Parameter Value Source/basis

k1 76 M�1 s�1 [2]

k2 109 M�1 s�1 [2]

k3 7.0�/l08 M�1 s�1 [18]

k4 2.6�/l07 M�1 s�1 [19]

k5 6.0�/l09 M�1 s�1 [20]

k6 1.9�/109 M�1 s�1 at physiological pH [21]

k7 8.0�/105 M�1 s�1 [22]

k8 8.5�/l07 M�1 s�1 At physiological pH [21]

k9 1.5�/1010 M�1 s�1 [23]

k10 1010 M�1 s�1 [24]

k11 2.7�/l05 M�1 s�1 at physiological pH [2]

k12 1.2�/l010 M�1 s�1 [25]

k13 4.5�/l03 M�1 s�1 [26]

k14 5.1�/105 M�1 s�1 [27]

Cui 1.25�/10�6 M�1

s�1

Estimated from [16]

Fei 3�/10�5 M Estimated from [16]

[H2O2] 0.1 M Sriram and Sureshkumar, 2000

[O2] 5 mM Sriram and Sureshkumar, 2000

ROOH 3.1�/l0�4 g per g

cell

Estimated from [16]

R 4 Assumed, based on information

from [2]

a 10 M�1 From error minimisation

b 70 M�1 From error minimisation

g 4.54�/l03 M�1 From error minimisation

Y.M. Rao et al. / Process Biochemistry 00 (2002) 1�/9 3

ARTICLE IN PRESS



U
N
C
O
R
R
E
C
T
E
D
 P

R
O
O
F

230 rini�k1[H2O2][Fe
2�]�k2[H2O2][Cu

�]�k3[O2][Fe
2�]

�k4[ROOH][Fe3�] (18)

The dominant mechanism for radical termination

/231 /(quadratic termination) would involve interactions be-

/232 /tween two radicals, either of the same type or of

/233 /different types. In view of the paucity of rate constant

/234 /information for all the possible reactions, and to restrict

/235 /the number of unknown parameters, a quadratic

/236 /termination rate law for the lumped radical species

/237 /was assumed;

238 rter�kav[Rad+]2 (19)

where, kav is an average termination rate constant. A

/239 /reference to Table 1 shows that the termination rate

/240 /constants for quadratic termination for different radical

/241 /types differ greatly; in a detailed model that treats the

/242 /individual radical types separately, the value of kav
/243 /would be expected to depend strongly on circumstances

/244 /that change the composition of the radical pool. In the

/245 /present lumped model, such effects are accounted for,

/246 /through a scaling factor that modifies the overall order

/247 /of magnitude and other factors, which specifically

/248 /account for the effect of substances such as vitamin C

/249 /and E, as detailed below.

/250 / In addition to the effect on the composition of the

/251 /radical pool, some other factors need to be considered in

/252 /connection with vitamins C and E. It is known that

/253 /vitamin C can reduce Fe3� to Fe2� [2], and thus make

/254 /Fe2� available for ROS generation by the initiation

/255 /reactions listed above. Thus, when vitamin C is present,

/256 /the ratio of Fe2� to Fe3� may be expected to be higher

/257 /than otherwise. The concentration of iron species in the

/258 /cell is, however, influenced by many other cellular

/259 /processes in which these species participate. Therefore,

/260 /it was assumed that vitamin C alters the ratio of Fe2� to

/261 /Fe3�, while maintaining the total Fe pool unaltered.

/262 /Thus;

263
[Fe2�]

[Fe3�]
�(1�aVit C)R; [Fe2�]� [Fe3�]� [Fei] (20)

where, R stands for the ratio of Fe2� to Fe3� in the

/264 /absence of vitamins C and E.

/265 / As mentioned above, the presence of ascorbic acid

/266 /and/or tocopherol can be expected to alter the composi-

/267 /tion of the free radical pool. In the lumped model, where

/268 /a single rate constant is used to treat the termination

/269 /rates, it is, therefore, expected, that the value of kav will

/270 /reflect such changes. For example, as reactions (Eqs.

/271 /(11)�/(14)) shows, vitamin E would reduce the concen-

/272 /tration of the less reactive peroxide radical, thus making

/273 /the radical pool richer in the more reactive species. On

/274 /the other hand, vitamin C reduces the concentration of

/275 /the more reactive hydroxyl radical, thus making the

/276 /radical pool richer in the less reactive species. It can,

/ 277/therefore, be expected that the value of kav will decrease

/ 278/in the presence of vitamin C, while the effect of vitamin

/ 279/E would be to enhance it. Here, such effects of these

/ 280/antioxidants are represented by writing;

281kav�k0
av exp(�bVit C)exp(gArOH) (21)

a functionality which ensures that the termination rate

/ 282/constant reverts to the normal value kav
0 in the absence

/ 283/of vitamins C and E. For kav
0 , in the absence of

/ 284/information on the relative abundance of the different

/ 285/types of radicals, a scaled average of the values reported

/ 286/for the individual termination reactions listed above has

/ 287/been used.

/ 288/ Applying the commonly used pseudo-steady state

/ 289/approximation to the total radical concentration, the

/ 290/rates of initiation and termination were equated and the

/ 291/resulting equation solved to obtain the total radical

/ 292/concentration, [Rad+]. Table 1 lists values of the rate

/ 293/parameters as well as concentrations used as inputs to

/ 294/the calculation. All parameters could be obtained or

/ 295/estimated from information in the literature, except for

/ 296/the constants a , b and g , which are constructs of the

/ 297/model. These latter values were, therefore, chosen by

/ 298/minimising the error between experimental and simu-

/ 299/lated values, in the cases when vitamin C or E was

/ 300/present alone. Subsequently, these same values were

/ 301/used to predict the [Rad+] in situations where vitamin C

/ 302/and E were both present simultaneously. The equations

/ 303/were solved using a C program on a Pentium III PC.

/ 304/5. Results and discussion

/ 305/5.1. Types of intracellular ROS detected

/ 306/ DMPO was used to trap free radicals for measure-

/ 307/ment. DMPO is a nitrone which binds the radical to its

/ 308/a-carbon to form adducts which give hyper-fine splits

/ 309/characteristic of the bound radical, in the ESR deriva-

/ 310/tive spectrum [15]. Analyses of the spectra obtained

/ 311/showed that hydroxyl radicals (four splits), and in

/ 312/certain cases, superoxide radicals (three splits), were

/ 313/formed in the intracellular space when X. campestris

/ 314/cells were grown in culture with H2O2 as the oxygen

/ 315/source. The ROS in the log phase (2.5 h) and stationary

/ 316/phase (50 h) of the various cultivations were quantified.

/ 317/ The ESR determinations showed that one type of

/ 318/radical usually dominated the ROS population in a

/ 319/sample; the other types were not detectable. Superoxide

/ 320/radicals were found only in certain cultivations invol-

/ 321/ving the untreated cells; in the log-phase when grown in

/ 322/standard medium, and both in the log and stationary

/ 323/phases when grown with vitamin E. Hydroxyl radicals

/ 324/were found in all other cases.

/ 325/ The discussion in the following sections does not

/ 326/differentiate between ROS types. However, the lumping
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/327 /of ROS species does not significantly reduce the inter-

/328 /pretation of the results presented, because the less

/329 /reactive superoxide radicals were found in lower specific

/330 /levels than the more reactive hydroxyl radicals. The

/331 /relative reactivities were deduced from the rate constants

/332 /for reactions of superoxide and hydroxyl radicals with

/333 /various compounds [2].

/334 /5.2. Intracellular ROS level and its effect on growth

/335 / The growth curves of untreated cells when H2O2 was

/336 /used as the oxygen source in cultivations, with and

/337 /without antioxidants, are presented in Fig. 1. The total

/338 /amount of H2O2 added and the initial cell concentra-

/339 /tions used were the same in all cultivations reported in

/340 /this paper. The maximum cell concentrations was the

/341 /highest (1.75 g l�1) in the cultivation with 1 mM

/342 /tocopherol (all antioxidant concentrations are initial

/343 /concentrations), which was 59% higher than that

/344 /obtained when the untreated cells were grown in

/345 /standard medium. The lowest maximum cell concentra-

/346 /tion (0.8 g l�1) was obtained in the cultivation with 5

/347 /mM ascorbic acid. However, when a mixture of 5 mM

/348 /ascorbic acid and 1 mM tocopherol were present, the

/349 /maximum cell concentration was comparable with that

/350 /obtained in standard medium.

/351 / A logistic equation [16];

352
dX

dt
�k

�

1�
X

Xs

�

X (22)

was used to fit the growth curves, and the simulations

/353 /are also shown in Fig. 1. The corresponding maximum

/354 /cell concentration for each of the cases shown, was

/355 /chosen as the Xs parameter and the growth rate

/356 /constants were found through least squares analyses.

/357 /Growth rate constants, ROS types and total ROS levels

/358 /measured in the log phase of growth, in the cultivations

/359 /carried out are summarised in Table 2. In general, it is

/360 /seen that the growth rate constants were higher when the

/361 /ROS levels were lower.

/ 362/ It is interesting that the presence of ascorbic acid

/ 363/increased the intracellular free radical level by 20%

/ 364/compared with that obtained in standard medium,

/ 365/whereas, a decrease was expected, because ascorbic

/ 366/acid was expected to scavenge the free radicals formed.

/ 367/The possible reason for the unexpected increase is the

/ 368/reduction by ascorbate of Fe3� to Fe2�, which can

/ 369/further react with H2O2 to produce hydroxyl radicals [2].

/ 370/Also, the presence of tocopherol alone or in combina-

/ 371/tion with ascorbic acid, resulted in a significant decrease

/ 372/in the total intracellular ROS level; it was only about

/ 373/11% of that obtained in standard medium. Also, there

/ 374/was a very significant (8.8-fold) increase in growth rate

/ 375/constant when tocopherol alone or in combination with

/ 376/ascorbic acid, was present. Whether this large increase is

/ 377/due to the antioxidant action of tocopherol alone or a

/ 378/combination of antioxidant action and some other

/ 379/growth-promoting action, is unclear.

/ 380/ When the antioxidants were added in pulses along

/ 381/with H2O2 to untreated cells, such that the total

/ 382/concentration of antioxidants added was comparable

/ 383/with that in the cultivations described above, the

/ 384/increases in growth rate were less significant: 0.23 h�1

/ 385/with ascorbic acid, 0.27 h�1 with tocopherol and 0.25

/ 386/h�1 with a combination of ascorbic acid and tocopherol

/ 387/compared with 0.13 h�1 in standard medium. Also, the

/ 388/differences in maximum cell concentrations achieved

/ 389/were not very significant. Since the antioxidants were

/ 390/added in pulses, their effective concentration at any time

/ 391/point was much less than the earlier cultivations where

/ 392/the entire amount was added as a bolus in the beginning.

/ 393/Also, the availability of tocopherol to the cells is suspect

/ 394/because vigorous mixing conditions could not be

/ 395/employed during pulse addition when cells were present.

/ 396/Therefore, the increases in growth rates were less

/ 397/marked compared with the cultivations discussed ear-

/ 398/lier.

/ 399/ The model developed in the earlier section was used to

/ 400/simulate the specific intracellular ROS levels obtained

/ 401/when H2O2 is used as the oxygen source, and also when

/ 402/either ascorbic acid and/or tocopherol was present in the

/ 403/medium during the H2O2-based cultivations. The para-

/ 404/meter values used for the simulation are presented in

/ 405/Table 1. The simulated values are shown in Table 3

/ 406/along with the experimental values and it can be seen

/ 407/that the model simulates the experimental data well. The

/ 408/values of the parameters, a , b and g , obtained during

/ 409/the simulations were used to predict the specific ROS

/ 410/level when both, vitamin C and E, are present simulta-

/ 411/neously. As can be seen from Table 3, the predicted

/ 412/value is in good agreement with the experimental value.

/ 413/ The growth curves of HOCl-treated cells when H2O2

/ 414/was used as the oxygen source in cultivations, with or

/ 415/without antioxidants, is presented in Fig. 2 and the

/ 416/growth simulations using the same logistic equation as

/ 417/above is also presented in the same figure. The
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Fig. 1. Growth curves obtained when untreated cells were grown with

H2O2 as the oxygen source. Points refer to experimental data and lines

are simulated profiles.
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/418 /maximum cell concentration was highest in the cultiva-

/419 /tion with tocopherol, as obtained in the cultivation with

/420 /untreated cells. Also, the variation in maximum cell

/421 /concentration obtained with the type of cultivation was

/422 /similar to that obtained with untreated cells. In addition,

/423 /the ROS levels and the corresponding growth rate

/424 /constants, presented in Table 2, show that the correla-

/425 /tion between ROS levels (log phase) and growth rate is

/426 /qualitatively similar to the case of the untreated cells.

/ 427/ Irrespective of the type of cells (untreated or HOCl-

/ 428/treated), a reasonable correlation is seen between the

/ 429/growth rate and the log phase intracellular ROS level

/ 430/(obtained from all the cultivations), as shown in Fig. 3.

/ 431/The increase in intracellular ROS level is seen to result in

/ 432/a decrease in the growth rate, which can be represented

/ 433/in a linear fashion as: growth rate�/�/0.39(intracellular

/ 434/ROS level)�/1.18.

/ 435/5.3. Effect of intracellular ROS levels on specific xanthan

/ 436/gum productivity

/ 437/ Specific xanthan gum levels and ROS types obtained

/ 438/in cultivations in which, H2O2 pulses were employed for

/ 439/oxygen supply, in the presence and absence of antiox-

/ 440/idants, are given in Table 4; all xanthan gum levels

/ 441/mentioned were obtained at the same time (50 h). With

/ 442/untreated cells, the maximum specific xanthan gum level

/ 443/(3.78 g per g cell) was obtained when grown in standard

/ 444/medium The presence of ascorbic acid significantly

/ 445/reduced the specific gum level to 49% of that obtained

/ 446/in standard medium and, although the presence of

/ 447/tocopherol, either alone or in combination with ascorbic

/ 448/acid, improved the specific gum level, it was lower than

/ 449/that obtained in standard medium. Similar trends were

/ 450/obtained from cultivations in which the antioxidants
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Table 2

Log phase ROS type/levels and growth rate constants in cultivations with untreated and HOCl-treated cells

Cultivation in Untreated cells HOCl-treated cells

ROS (mmol per g cell) Growth rate (h�1) ROS (mmol per g cell) Growth rate (h�1)

Standard medium 2.099/0.05 superoxide 0.13 2.309/0.08 hydroxyl 0.15

�/Vit C 2.509/0.04 hydroxyl 0.33 2.569/0.10 hydroxyl 0.27

�/Vit E 0.229/0.01 superoxide 1.10 0.559/0.02 hydroxyl 0.95

�/Vit C�/Vit E 0.259/0.01 hydroxyl 1.05 1.159/0.03 hydroxyl 0.90

The initial concentration of ascorbic acid employed was 5 mM and the concentration of tocopherol employed was 1 mM.

Table 3

Experimental and simulated or predicted values of intracellular ROS

levels with untreated cells

Type of cultivation Experimental value

(mmol per g cell)

Simulated/predicted

value (mmol per g

cell)

With aeration in stan-

dard medium

0.089/0.01 0.08

With H2O2 in standard

medium

2.099/0.05 2.09

With H2O2 in standard

medium�/Vit C

2.509/0.04 2.49

With H2O2 in standard

medium�/Vit E

0.229/0.01 0.22

With H2O2 in standard

medium�/Vit C�/Vit E

0.259/0.01 0.26

The experimental ROS value with aeration was reported earlier [7].

Fig. 2. Growth curves obtained when HOCl-treated cells were grown

with H2O2 as the oxygen source. Points refer to experimental data and

lines are simulated profiles.

Fig. 3. Correlation between growth rate and specific ROS level in the

log-phase.
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/451 /were added in pulses along with H2O2, although the

/452 /reduction extents were lower.

/453 / As expected [8], HOCl treatment significantly im-

/454 /proved the specific xanthan gum production in all

/455 /cultivations (Table 4), although the increase varied

/456 /from 25%, in the cultivation with ascorbic acid, to

/457 /124%, in the cultivation with tocopherol. Also, the

/458 /cultivation with tocopherol provided higher specific

/459 /xanthan productivity (6.4 g per g cell) than the cultiva-

/460 /tion with a combination of tocopherol and ascorbic acid

/461 /(4.7 g per g cell), which was different from that observed

/462 /with untreated cell cultivations.

/463 / The data presented above indicate that the presence of

/464 /antioxidants does not improve the specific xanthan gum

/465 /productivity of cells, both untreated and HOCl-treated.

/466 /However, the overall gum concentration in a cultivation

/467 /depends on specific gum productivity and the cell

/468 /concentration and, therefore, it is not surprising that

/469 /the presence of antioxidants, especially tocopherol,

/470 /increased the overall xanthan gum concentrations (4.86

/471 /g l�1 with untreated cells to and 11.01 g l�1 with HOCl

/472 /treated cells) compared with the cultivations in the

/473 /standard medium (4.16 g l�1 with untreated cells and

/474 /7.84 g l�1 with HOCl-treated cells).

/475 / The relationship between the ROS levels in the

/476 /stationary phase and specific xanthan gum levels

/477 /(obtained from all cultivations), presented in Fig. 4,

/ 478/interestingly, suggests that an optimum level exists for

/ 479/the intracellular ROS concentration, at which the

/ 480/specific gum production reaches a maximum value. In

/ 481/the present case, this optimum is seen to be about 0.33

/ 482/mmol per g cell. Possibly, below this optimal level, the

/ 483/genetic mechanism for free radical mediated increase in

/ 484/xanthan gum production [8] is not fully utilised and

/ 485/above the optimal level, other deleterious effects of ROS

/ 486/such as oxidation of cellular components play a role in

/ 487/decreasing productivity.

/ 488/5.4. Rheological characteristics of xanthan gum

/ 489/ The importance of xanthan gum in many of its

/ 490/application areas is due to its ability to impart a high

/ 491/viscosity and a shear thinning behaviour to its solutions.

/ 492/The non-Newtonian rheological behaviour of xanthan

/ 493/gum solutions is well known [17], and it can be expressed

/ 494/as a power law relationship:

495t�K ½ġ½n; nB1 (23)

Here t is the shear stress and ġ is the shear rate. The

/ 496/apparent viscosity, h , at any shear rate, ġ is, therefore,

/ 497/given by:

498h�
t

½ġ½n�1
(24)

The degree of shear thinning depends on the value of

/ 499/‘n ’, the power law index. The value of ‘n ’, the larger the

/ 500/decrease in viscosity for a given increase in shear rate. In

/ 501/this study, the rheology of xanthan gum produced by

/ 502/using the H2O2 based oxygen has characterised the

/ 503/supply strategy, with and without antioxidants.

/ 504/ The viscosities of solutions of xanthan gum at 0.1% w/

/ 505/w in water were determined at different shear rates

/ 506/(calculated from the rpm employed) and the results are

/ 507/presented in Table 5. Both at highest and lowest shear

/ 508/rates, gums produced by HOCl-treated cells in H2O2-

/ 509/based and conventional cultivation showed the max-

/ 510/imum viscosity and gums from cells grown with vitamin

/ 511/C showed the minimum viscosity. Also important is the

/ 512/change in viscosity with shear rate, which depends on

/ 513/the parameter ‘n ’ in the constitutive equation. Loga-

/ 514/rithmic plots of viscosity versus shear rate were made
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Table 4

Stationary phase ROS type/levels and specific xanthan gum levels in cultivations with untreated and HOCl-treated cells

Cultivation in untreated cells HOCl-treated cells

ROS, mmol per g cell Xanthan gum, g per g cell ROS, mmol per g cell Xanthan gum, g per g cell

Standard medium 0.199/0.02 hydroxyl 3.789/0.20 0.349/0.03 hydroxyl 7.009/0.30

�/Vit C 1.019/0.07 hydroxyl 1.889/0.20 1.279/0.06 hydroxyl 2.259/0.10

�/Vit E 0.139/0.01 superoxide 2.869/0.30 0.409/0.03 hydroxyl 6.409/0.20

�/Vit C�/Vit E 0.289/0.02 hydroxyl 3.479/0.20 0.599/0.05 hydroxyl 4.709/0.20

The initial concentration of ascorbic acid employed was 5 mM and the concentration of tocopherol employed was 1 mM.

Fig. 4. Correlation between specific xanthan levels and specific ROS

level in the stationary phase.

Y.M. Rao et al. / Process Biochemistry 00 (2002) 1�/9 7

ARTICLE IN PRESS



U
N
C
O
R
R
E
C
T
E
D
 P

R
O
O
F/515 /and the values of ‘n ’ and ‘K ’ calculated from the slopes

/516 /and intercepts of such plots are also tabulated in Table

/517 /5. The values of n (B/1) clearly show the shear thinning

/518 /nature of the gum solutions. The larger the value of ‘n ’

/519 /(i.e. the closer n is to 1), the less is the shear thinning

/520 /behaviour. Thus it may be seen that cultivations with

/521 /hydrogen peroxide (untreated cells) give gums with

/522 /higher shear thinning characteristics. The HOCl-treated

/523 /cells give similar gums even in conventional cultivation.

/524 /It may also be noted that the gum produced by HOCl-

/525 /treated cells gives higher viscosity solutions in general.

/526 /Interestingly, the differences in characteristics between

/527 /gum produced by untreated cells and that produced by

/528 /HOCl-treated cells are narrowed down by the presence

/529 /of the antioxidants employed. This probably happened

/530 /because the SoxRS regulon responsible for the improve-

/531 /ment in xanthan gum productivity [8], was activated to a

/532 /lesser extent in the presence of the antioxidants.

/533 / Attempts were made to correlate the rheological

/534 /characteristics of the xanthan gum produced during

/535 /the various cultivations with the ROS levels in the

/536 /intracellular space and/or in the medium. Since the gum

/537 /is produced inside the cells and secreted out, the final

/538 /characteristics may reflect an influence of mechanistic

/539 /aspects (intracellular) or degradation/modification after

/540 /secretion (say, due to ROS in the medium) or both.

/541 /However, no clear correlations were obtained. Further

/542 /work, probably on molecular weight and its distribu-

/543 /tion, is required to understand ROS effects on gum

/544 /quality.

/545 /6. Conclusions

/546 / Intracellular ROS levels during the log and stationary

/547 /phases in the cultivations of untreated and HOCl-

/ 548/treated X. campestris cells (oxygen supply was through

/ 549/H2O2 pulses), with and without antioxidants (ascorbic

/ 550/acid and tocopherol), were quantified using spin traps

/ 551/and ESR spectroscopy. The intracellular ROS levels

/ 552/depended on the presence of antioxidants. Further, the

/ 553/observed differences in the growth rate constants and

/ 554/the specific xanthan gum levels were correlated with the

/ 555/specific ROS levels. An optimal value of intracellular

/ 556/specific ROS level was found to exist for specific

/ 557/xanthan gum levels. In addition, a model based on

/ 558/fundamental ROS intracellular reactions was developed

/ 559/to simulate and predict the intracellular ROS levels in

/ 560/the various cultivations of untreated cells. There was a

/ 561/good agreement between the model predicted and

/ 562/experimental values of intracellular ROS. The rheologi-

/ 563/cal properties of xanthan gum varied with the conditions

/ 564/of the cultivation.

/ 565/7. Nomenclature

567ArOH tocopherol (vitamin E)

568ArO+ tocopherol radical

569Cui intracellular copper

570Fei intracellular iron

571k growth rate constant (s�1)

572kav
0 scaled average of the rate constants for the

termination reactions (M�1 s�1)

573kav scaled average of the rate constants for the

termination reactions in the presence of

ascorbic acid and/or tocopherol (M�1 s�1)

574kx second order rate constant for the reaction, x

(M�1 s�1)

575K flow consistency index (kg (m s2�n )�1)

576n power law index

577O2
�+ superoxide radical
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Table 5

Apparent viscosities, power law index, n , and flow consistency index, K , of xanthan gum extracted from various cultivations at different shear rates

or rpm

Rpm 6 12 30 60

Shear rate (s�1) 7.92 15.84 39.60 79.20

Cultivation Apparent viscosity (cP) n ln K

Untreated (aeration) 230.0 133.0 65.0 39.5 0.234 7.011

HOCl (aeration) 550.0 188.0 89.0 47.5 0.140 7.628

Untreated (H2O2) 250.0 150.0 61.0 35.0 0.130 7.355

HOCl (H2O2) 360.0 200.0 92.0 50.0 0.144 7.660

Untreated (H2O2�/vit C) 150.0 95.0 40.0 25.0 0.200 6.700

HOCl (H2O2�/vit C) 200.0 120.0 60.0 34.0 0.200 6.896

Untreated (H2O2�/vit E) 265.0 140.0 61.0 40.0 0.190 7.227

HOCl (H2O3�/vit E) 275.0 148.0 64.0 45.0 0.194 7.241

Untreated (H2O2�/vit (C�/E)) 210.0 117.5 36.0 34.5 0.212 6.957

HOCl (H2O2�/vit (C�/E)) 195.0 102.5 56.0 32.0 0.222 6.860

Untreated refers to untreated cells; HOCl refers to HOCl treated cells; aeration implies that oxygen supply was through aeration in the cultivation;

H2O2 implies that oxygen supply was through need-based pulse additions of H2O2; when not mentioned explicitly, the cultivation was carried out in

standard medium; when vit C or vit E or vit (C�/E) are mentioned, the cultivations were carried out with 5 mM vitamin C or 1 mM vitamin E or a

combination of 5 mM vitamin C and 1 mM vitamin E, respectively.
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578 OH+ hydroxyl radical

579 rini,x initiation rate of species, x (M s�1)

580 rter,x termination rate of species, x (M s-1)

581 rini initiation rate of Rad+ (M s�1)

582 rter termination rate of Rad+ (M s�1)

583 R ratio of the concentrations of Fe2� to Fe3�

584 Rad+ sum of the ROS species of interest, OH+, O2
�+

and ROO+

585 ROO+ peroxyl radical

586 ROS reactive oxygen species

587 SOD superoxide dismutase

588 t time (s�1)

589 Vit C� Ascorbate

590 Vit

591 C�+

ascorbic radical (semihydroascorbate)

592 [x ] concentration of intracellular species, x (M)

593 X cell concentration (g l�1)

594 Xs parameter in the logistic model (g l�1)

595 a constant in the model for intracellular ROS

level (M�1)

596 b constant in the model for intracellular ROS

level (M�1)

597 g constant in the model for intracellular ROS

level (M�1)

/ġ/ shear rate (s�1)

599 h apparent viscosity (cP)

600 t shear stress (N m�2)

/601 /
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