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Role of citric acid on the biosynthesis of xanthan was studied in continuous culture. Increased citric acid 
consumption resulted in an increase in ATP production by cells which was used in the synthesis of xanthan. 
Mass balance equations developed on the basis of xanthan synthesis pathway and citric acid metabolism explain 
improvement in xanthan production. 
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Aqueous solution of extracellular polysaccharide xan- 
than is viscous and pseudoplastic in nature. Its rheologi- 
cal behavior is stable over wide ranges of pH, tempera- 
ture and salt concentrations. Because of these properties 
it is used as a thickening agent in food, cosmetics and 
pharmaceutical industries. Xanthan fermentation is both 
growth and nongrowth associated and most of the xan- 
than is formed in the nongrowth phase. At a higher xan- 
than concentration the viscosity of the culture increases 
causing decrease in the specific productivity due to oxy- 
gen transfer limitation to the microbial cells. 

Various reactor configurations, such as Stirred Tank 
Reactor with disk turbine and INTERMIG impeller, ex- 
ternal circulation loop reactor, an air lift reactor, bubble 
column, a plunging jet reactor, have been used to in- 
crease oxygen transfer into the medium (5, 7, 11, 14, 16, 
21, 24). A two stage process, separating cell growth and 
xanthan production, also improves the xanthan produc- 
tivity (2, 4). 

For production of xanthan using synthetic media, 
citric acid is used as a chelating agent to prevent the 
precipitation of salts during heat sterilization and it has 
shown that the addition of citric acid increases the yield 
of xanthan (13). The above observation indicates that 
citric acid has an important role in the biosynthesis of 
xanthan. In the present study, the role of citric acid as 
an energy source in xanthan biosynthesis is reported. 

MATERIALS AND METHODS 

Xanthomonas campestris NRRL B 1459 S4 L-II was 
used in the study. The organism was maintained on 
YPG medium containing (g/l): glucose, 10.0; yeast ex- 
tract, 3.0; malt extract, 3.0; peptone, 5.0. The culture 
was stored at -20°C and subcultured every two weeks. 
Synthetic media used in the studies contained (g/[): 
glucose, 30.0; KH2P04, 5.0; citric acid, 2.5; NH&l, 1.0; 
Na2C03, 0.5; Na2S04, 0.114; MgClz.6Hz0, 0.163; ZnCl?, 
0.0067; CaCl*. 2H20, 0.012; FeC13, 0.0014; H3B03, 
0.006. 

Continuous fermentation experiments were conducted 
in 3.5 I (working volume 2.1 r) bioreactor (Bioengineer- 
ing AG, Switzerland) fitted with a standard turbine 
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impeller. The agitation rates were 650 and 850 rpm and 
aeration rates 0.8 and 1.0 vvm in the carbon limited 
and nitrogen limited conditions, respectively. Temperature 
was maintained at 28°C and pH at 7.020.1 by 2N 
NaOH/HCl. 

The fermentation mixture was diluted up to ten times 
according to the viscosity and centrifuged at 10,000 rpm 
(RC 5, DuPont Instruments) for 40min to remove the 
cells. The supernatant after centrifugation was used for 
the estimation of xanthan, glucose and citric acid. 

Cells, pelleted after centrifugation of 25 ml of diluted 
culture medium, were suspended in 10ml of distilled 
water and centrifuged at 10,OOOrpm for 15 min. Cells 
were transferred to a preweighed aluminium foil cup and 
dried at 90°C overnight. Glucose concentration in the 
cell free culture medium was measured by DNS method 
(12). Citric acid was measured by acetic anhydride 
method (20). Xanthan was estimated by precipitation 
with propanol and drying. Two volumes of propanol 
was added to 10ml of the cell free culture medium and 
mixed thoroughly to precipitate xanthan. Precipitated 
xanthan was dissolved in 1% KC1 solution. Reprecipitat- 
ed xanthan was dried at 60°C in vacuum overnight. 
Before inoculation, the medium was fully saturated with 
air. The oxygen solubility at 100% saturation was calcu- 
lated from the media composition and considering the 
salting out effects of glucose and salts present in the 
media (18). 

RESULTS 

In obligate aerobic organisms, net energy requirements 
for cell growth and product formation can be estimated 
from oxygen uptake rate measurements. Oxygen uptake 
by cells will vary with specific growth rate and specific 
product formation rate. Results of continuous culture ex- 
periments at different dilution rates (0.02-0.12 h-l) are 
shown in Fig. 1. With an increase in dilution rate xan- 
than concentration decreased but the cell concentration 
remained constant as it was limited by the nitrogen 
source in the feed. Dissolved oxygen level in the reactor 
depended on xanthan concentration and varied between 
10 to 70% of the saturation value. At 0=0.08 h-l both 
specific glucose consumption and xanthan production 
rates were observed to be maximum. Specific oxygen con- 
sumption rate increased with an increase in dilution rate 
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FIG. 1. Continuous xanthan fermentation at different dilution 
rates. 

(Fig. 2). Metabolic activities (xanthan production, glu- 
cose consumption and oxygen consumption rates) were 
observed to follow a similar trend and thus were inter- 
related. 

If citric acid is metabolized simultaneously with glu- 
cose and acts as an energy source, oxygen uptake by 
cells should increase with an increase in citric acid con- 
sumption (at a particular dilution rate) provided the sys- 
tem is not limited by oxygen supply. Thus in the next set 
of experiments citric acid consumptions were varied by 
changing the citric acid concentration in the feed (1.0 to 
5.0 g/o while keeping other conditions the same as in 
previous experiments (D=O.OS h-l, glucose concentra- 
tion in feed 3O.Og/l). In this case as well, cell concentra- 
tion did not change with an increase in citric acid concen- 
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FIG. 2. Specific oxygen consumption rates at different dilution 
rates. 

tration in the feed. Xanthan concentration, however, in- 
creased (3.4 to 7.6 g/Z) with an increase in citric acid con- 
centration. Dissolved oxygen concentration was mini- 
mum (35% of saturation value at 7.6g/l xanthan) when 
citric acid concentration in the feed was 5.0 g/l. Total 
consumption of citric acid was observed in all the cases. 
When citric acid concentration in the feed was increased 
above 5.0 g/l there appeared some inhibition and xan- 
than concentration dropped sharply although cell concen- 
tration remained unaffected. Batch studies also gave 
similar results at initial citric acid concentration above 
6.0 g/l in the medium. With an increase in specific citric 
acid consumption rate both specific xanthan productivity 
and specific glucose consumption rates increased. 
Specific oxygen consumption rate also showed a similar 
trend (Fig. 3). Citric acid consumption increased oxygen 
consumption (i.e. ATP production which is used for the 
synthesis of xanthan and consequently higher consump- 
tion of glucose). In these experiments, an increase in oxy- 
gen consumption was mainly due to an increase in citric 
acid consumption since in this set of experiments all 
other parameters were same. 

To find out whether energy from citric acid is used for 
xanthan synthesis only or for cell growth as well, and 
whether citric acid is metabolized even in the absence of 
xanthan synthesis, experiments were designed to separate 
cell growth phase from the xanthan synthesis phase in 
the carbon limited media in continuous fermentations. 
In the carbon limited media xanthan synthesis was not 
observed. In the batch study we have observed that with 
an increase in C/N ratio (varying glucose concentration 
from 1 .O to 30.0 g/l while keeping NH&l concentration 
at 2.Og/Z), Y,,x (g xanthan/g cell) increased and Yx,s 
(g cell/g glucose) decreased (Fig. 4). At a lower C/N 
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FIG. 3. Specific xanthan productivity, glucose consumption and 
oxygen consumption rates at different specific citric acid consumption 
rates. 
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FIG. 4. Xanthan and biomass yields at different C/N ratios. 

ratio this change was sharp indicating preference for cell 
formation over xanthan production. This concept of 
manipulating C/N ratio for the separation of cell growth 
and xanthan production was used in continuous fermen- 
tation. In these experiments at 0=0.08 h-l glucose con- 
centration in the feed was gradually brought down from 
3O.Og/l to 3.Og/l while keeping 5.Og/l citric acid. At 
glucose and citric acid concentrations lower than 3.Og/l 
and 5.0 g/l, respectively there was a decrease in cell con- 
centration. A feed containing 3.Og/l glucose and 5.Og/l 
citric acid was thus carbon limited and under these condi- 
tion no xanthan formation was observed. 

In order to vary citric acid consumption rate under 
carbon limited condition citric acid concentration in the 
feed was varied from 5 .O to 1 .O g/l while keeping glucose 
concentration at 3.Og/l. Figure 5 shows specific glucose 
consumption rate at different specific citric acid consump- 
tion rates for both carbon limited and nitrogen limited 
conditions (under nitrogen limitation, besides cell 
growth, xanthan formation also takes place). Cell con- 
centration decreased from 2.Og/l to 1.38 g/l with an 
decrease in citric acid concentration in the feed from 5.0 
to 1.0 g/l under carbon limited condition. When citric 
acid is metabolized through TCA cycle, various inter- 
mediates are used as precursors of cellular biosynthesis. 
So citric acid is used for the supply of both energy and 
precursor metabolite for cell synthesis. Since glucose con- 
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FIG. 5. Specific glucose consumption rates at different specific 
citric acid consumption rates for both carbon limited and nitrogen 
limited conditions. Symbols: x , carbon limited condition; A, nitro- 
gen limited condition. 
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FIG. 6. Specific oxygen consumption rates at different specific 
citric acid consumption rates for both carbon limited and nitrogen 
limited conditions. Symbols: x , carbon limited condition; a, nitro- 
gen limited condition. 

sumption rates were same at different citric acid con- 
sumption rates, specific glucose consumption rates at 
higher citric acid consumption rates decreased due to in- 
creased cell concentration. Batch studies have shown 
that media containing only citric acid as a carbon source 
does not support cell growth. Glucose is required for 
cell building materials such as DNA, RNA, lipids, 
lipopolysaccharides etc which can not be synthesized 
from citric acid. Decrease in specific glucose consump- 
tion rate with increase in citric acid consumption rate in 
carbon limited condition shows that citric acid is also 
used for cell synthesis in presence of glucose. Specific 
oxygen consumption rates at different specific citric acid 
consumption rates in carbon and nitrogen limited condi- 
tions are given in Fig. 6. 

In the carbon limited media, substrate is used for 
growth and maintenance function of cells whereas under 
the nitrogen limited condition, besides cell growth and 
maintenance, substrate is used for xanthan synthesis. 
Thus the specific glucose and oxygen consumptions were 
higher in a nitrogen limited condition. 

DISCUSSION 

Extracellular polysaccharide xanthan is composed of 
glucose, mannose, glucuronic acid, acetic acid and pyru- 
vie acid. Xanthan synthesis pathway as proposed by 
Jarman and Pace (8) is as follows: IDP-glucose, GDP- 
mannose, UDP-glucuronic acid, phosphoenol pyruvate 
and acetyl CoA are combined through IDP linked (iso- 
prenoid diphosphate) intermediates to form a xanthan 
molecule. Acetyl CoA and phosphoenol pyruvate (PEP) 
are formed through ED (Entner-DoudoroiT) pathway. 
Phosphoenol pyruvate is further converted to acetyl 
CoA and enters TCA cycle to produce ATP and NADH, 
H+ as an energy source. Xanthan synthesis requires 
energy in spite of ATP available from the oxidation of 
NADH, H+ and NADPH, H+ produced through TCA 
cycle and xanthan synthesis. These reduced cofactors 
have to be oxidized through oxidative phosphorylation 
to produce ATP plus NAD+ and NADP+. Net energy 
yield of the cell will depend on the availability of oxygen 
for the oxidation of reduced cofactors. 

In the metabolism of citric acid utilizing bacteria citric 
acid is first splits into oxaloacetate and acetate and finally 
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FIG. 7. Simplified xanthan synthesis and citric acid metabolic 
pathway. 

gives pyruvic acid (3, 9, 10). Pyruvic acid can be convert- 
ed to lactic acid or can go to the TCA cycle through 
acetyl CoA. When citric acid is metabolized through the 
TCA cycle, it produces ATP which is used for xanthan 
synthesis and maintenance function of cells. The path- 
way linking xanthan biosynthesis and citric acid metab- 
olism is shown in Fig. 7. 

In the formulation of a material balance the following 
cases are considered: 

Case I Under carbon limitation glucose is used for 
cell growth and maintenance. The balance equation for 
microbial growth under carbon limited condition can be 
written as (1, 6) 

+0.242C02+0.337H2G (1) 

Glucose is metabolized through TCA cycle to produce 
ATP for the maintenance of cells. Thus 

C6H1206 + 6H20 + 4(ADP + Pi) + lONAD+ 

+2FAD++ 

6C02 + 10NADH2 + 2FADH2 + 4ATP (2) 

NADH2 + 1/202 + (P/O)(ADP + Pi)- 

NAD+ + (P/O)(ATP) + Hz0 (3) 

where 
(P/O)=mols of ATP produced per half mol of oxy- 

gen consumption 
Case II Under nitrogen limited condition, in addi- 

tion to cell growth and maintenance, glucose is used for 
xanthan synthesis. Considering the ratio of acetate and 
pyruvate as 0.60: 0.38, 10.89mol ATP are consumed 
and 3.58 mol NADH, H+ are produced during xanthan 
synthesis (16). 

The equation for xanthan synthesis can be written as 

CsH1206+ 1.983ATP+0.652NAD++ 

0.182C32.34H49.96027.3b(xanthan) 
+ 1.983(ADP +Pi)+0.652NADH2 

+O.l09C@ (4) 

Case III Under nitrogen limited condition, when 
citric acid is available instead of glucose as carbon 

source, citric acid metabolism can be written as 

Citric acid + 4NAD + + CoASH + FAD+ 

+ (ADP + Pi)AAcetate +4C02 

+ 4NADH2 + FADH2 + ATP (5) 

The material balances for the above stated cases can be 
written as follows: 

Case I 

S=SI+& (6) 

0 2(X) = 02(c) + 02,m) (7) 

0 2(mjX6b1S2 (8) 

where 
s =total specific rate of glucose consumption, 

mmol/g cell. h (case I, Eq. 6) 
Si =specific rate of glucose consumption for cell 

synthesis, mmol/g cell. h 
s2 =specific rate of glucose consumption for cell 

maintenance, mmol/g cell. h 

02(X) =specific rate of oxygen consumption (total) 
under carbon limited condition, mmol/g 
cell. h 

0 2(C) =specific rate of oxygen requirement for cell 
synthesis, mmol/g cell. h 

%m) =specific rate of oxygen requirement for the 
maintenance of cells, mmol/g cell. h 

bl =fraction of total NADH2 oxidized to produce 
ATP during cell growth and maintenance 

Case II 

SN=S,+S2+& (9) 

~P=~Pl+~Pz+~P3 (10) 

OT = 02(X) + 02(P) (11) 

where 
SN = total specific glucose consumption rate, 

mmol/g cell. h (case II, Eq. 9) 
SP =specific glucose consumption rate for xan- 

than production, mmol/g cell. h 
s PI =specific glucose requirement rate for making 

xanthan molecule, mmol/g cell. h (Eq. 4) 
S P? =specific glucose requirement rate for ATP 

production by ED pathway and TCA cycle 
for xanthan monomer synthesis, mmol/g 
cell. h 

S P3 =specific glucose requirement rate for ATP 
production by ED pathway and TCA cycle 
for polymerization and transport of polymer 
across membrane, mmol/g cell. h 

OT =total specific oxygen consumption rate for 
cell growth, maintenance and xanthan 
production in nitrogen limited condition, 
mmol/g cell. h 

02(P) =specific rate of oxygen required for ATP 
production needed for xanthan production. 
This includes ATP required for xanthan syn- 
thesis, polymerization and transport of poly- 
mer into medium, mmol/g cell. h 

From (2), (3) and (4) 

0 2(p) = 0.326b2& + 6b26P2 + SPY) 

ATZ’p=4(Spz+SP3)+b2{0.652Spl 

+ WSP2 + SP3)) (P/O) 

(12) 

(13) 
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Y P/s~I=O.~~~SPI 

where 
Y P/Spl = Amount of 

case 
A TPp =Total ATP 

(14) 
TABLE 1. Estimated values of parameters= 

xanthan produced from Spl glu- 

required for xanthan synthesis, 

SI = 0.929 mmol/g cell. h 

& =0.191 mmol/g cell. h 

02(C) = 1.756 mmol/g cell. h 

SP =0.58 mmol/g cell. h 

&I = 0.439 mmol/g cell. h 
SE = 0.028 mmol/g cell. h 

SP3 = 0.113 mmol/g cell. h 

bl = 0.479 

mmol/g cell. h 

b2 =fraction of total NADHz oxidized to produce 
ATP during xanthan synthesis. 

Defining A TPu as 

A TPu = A TP,/ Y,,,,, 

= 4(SpzfSp~)+bzi0.652Sp,f12(Spz+SP3)}(P/O) (15) 

0.182&r 

where 
ATPu =mmols of ATP used per mmol of xanthan 

production. This includes ATP required for 
synthesis, polymerization and transport of 
the polysaccharide to the medium. 

Case III 

Si.Jc=SJ+&+Sp+Sc (16) 

where 
S NC = total specific glucose consumption rate, 

mmol/g cel1.h (case III, Eq. 16) 
SC =mols of glucose consumption due to citric 

acid, mmol/g cell. h 
from (3) and (5) 

ATPc=C+5Cb2(P/O) (17) 

p = ATPc 
’ ATPu 

where 
C =specific rate of citric acid consumption, 

mmol/g cell. h 
A TPc =mols of ATP produced by citric acid 

metabolism, mmol/g cell. h 
PC =specific xanthan production due to citric acid 

consumption, mmol/g cell. h 
Combining (17) and (4), we get 

5.49{Ct5Cb2(P/0)}(0.182Sp,) 
SC= 4(SP2ttSP3)tbz{0.652Sp,t 12(Sp~tSp&‘/O) (19) 

OTC = OT + OCP (20) 

where 
OK = total specific oxygen consumption rate 

mmol/g cell. h (case III, Eq. 20) 
OCP = total specific oxygen consumption rate due to 

citric acid metabolism and xanthan synthesis 
due to citric acid metabolism 

from (4), (5) and (19) 

=5c 
0.652 x 5.49{Ct 5C b,(P/O)}(0.182SP,) 

+ 4(SpztSpj)tbz{0.652Sp,t12(SP2+SP3)}(P/O) (21) 

where 
(NADH&,= total NADH2 production from citric acid 

metabolism and xanthan synthesis due to 
citric acid 

from (3) and (21) 

62 =l.O 
A TP,, = 37.18 mol ATP/mol xanthan 

a Procedure for estimating the parameter values are given in 
Appendix. 

o,,=+lsc+ 

0.652~ 5.49{C+5Cb2(P/O)}(0.182S,,) 
4(&t&J+ bz{0.652Spl t12(SpztSp3)}(P/O) 1 (22) 

The values of specific consumption of glucose and rate 
of xanthan production in the absence of citric acid were 
calculated by extrapolating the lines to zero for the 
values of citric acid consumption from Figs. 3, 5 and 6. 
This extrapolation is logical because values have changed 
linearly in the range of citric acid consumption studied. 

The experimental values obtained are as follows: 
S =1.12mmol/gcell.h 
SN = 1.7 mmol/g cell. h 

02(X) = 2.3 mmol/g cell. h 
0-r = 3.4 mmol/g cell. h 
Y P/Spl = 0.08 mmol/g cell. h 

and (P/O)= 1.2 (16). 
For case I and case II, other parameters were estimat- 

ed from Eqs. 6-15. The values are given in Table 1. Sub- 
stituting the estimated values into Eqs. 18, 19 and 22 
gives the effect of citric acid consumption rate on xan- 
than productivity, glucose and oxygen consumptions 
rates. A good correlation between theoretical and ex- 
perimental values is evident from Fig. 8. 

The estimated value of maintenance coefficient is 
0.215 mmol glucose/g cell. h. Jarman et al. (8) reported 
0.363 mmol/g cell. h in a sulphur limited condition 
whereas Rye et al. (17) reported much lower value under 
a glucose limited condition (0.04 mmmol/g cell. h). In 
continuous fermentation a constant fraction of cofactors 
are oxidized to give ATP through mitochondrial electron 
transport system. According to our estimations 48% 
(bl =0.479) of cofactors are oxidized during cell growth 
and maintenance. This is due to the involvement of 
reduced cofactors for the biosynthesis of macromolec- 
ules for cell growth. These reduced cofactors are not 
available for mitochondrial oxidation. It also shows that 
when oxygen is not limiting all reduced cofactors (b2= 
1.0) are oxidized through ATP production during xan- 
than synthesis. 

When glucose was the only carbon source used for 
xanthan synthesis, 76% (Spi/Sp. 100) was required to 
form xanthan molecules and the remaining 24% for 
ATP production to meet the energy requirement in xan- 
than production. Theoretical considerations and ex- 
perimental results showed that citric acid provided 
energy for xanthan synthesis. It has also the sparing 
effect on glucose consumption. Yield of xanthan on glu- 
cose increased from 0.23 at zero citric acid consumption 
to 0.58 (at citric acid consumption rate of 1.226 mmol/ 
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FIG. 8. Correlation between theoretical and experimental data. 

g cell. h). ATP requirement including synthesis, polymeri- 
zation and transportation across membrane estimated 
from the experiment is 37.18 mol ATP per mol of xan- 
than. Little information is available in the literature 
regarding energy requirement for the biosynthesis of 
polysaccharide. According to Sutherland (22) the site of 
assembly and polymerization of the repeat unit occurs 
within cytoplasmic bilayer membrane. Energy rich phos- 
phate bonds are needed for the excretion and release of 
a polymer. The mechanism is yet not clearly understood. 
Energy is also needed for the phosphorylation of isopre- 
noid lipid intermediates. The estimated ATP require- 
ment per mol of xanthan (37.18 mol ATP/mol xanthan) 
satisfy the predicted theoretical values of substrate con- 
sumption and xanthan production and is very much 
close to the value (34 mol ATP/mol xanthan) reported by 
Pons et al. (16). 

Experimental observations show that citric acid in- 
creases oxygen uptake during cell growth in glucose limit- 
ed condition. It showed that energy from citric acid after 
meeting the requirement for cell growth and main- 
tenance is largely wasted under glucose limited condi- 
tion. It appears that any other ATP source or TCA cycle 
intermediates should have similar effect as that of citric 
acid on xanthan synthesis. Souw et al. (19) found that 
effect of citric acid on xanthan synthesis is different from 
the effect of pyruvate, a-keto glutarate and succinate. 
They observed stimulation effect by organic acid on cell 
growth. Trilsbach ef al. (23) found some positive effect 
of L-glutamate and pyruvate on the cell growth and xan- 
than synthesis in a synthetic media. However, the role of 
TCA cycle intermediates for the stimulation of cell 
growth and product formation may not be same. Citric 
acid is rapidly metabolized through TCA cycle leading 
to ATP production which is utilized in xanthan produc- 

APPENDIX 

Procedure for estimating parameter values given in 
Table 1 is as follows: all values are calculated at dilu- 
tion rate of D=O.O8 h-l. Based on the elemental compo- 
sition, the molecular weight of microbial cell=24.04 
From Eq. 1 

s,= 0.08x0.1x 103 
0.358 )i 24.04 

=0.929 mmol/g cell. h 

From Eq. 6 

&=S-SI 

=1.12-0.929=0.191 mmoVgcel1.h 

From Eq. 1 

0 ~ 0.08 0.189 lo3 
x x 

2(c)- 
= 

0.358 x 24.04 
1.756 mmol/g cell. h 

From Eqs. 7 and 8 

b 
1 
= (2.3-1.75) 

6x0.191 
=0.479 

From Eq. 14 

SPI= s= 0.439 mmol/g cell. h 

From Eqs. 6 and 9 

Sp=&-S 

=1.7-l.12=0.58mmol/gcell~h 

From Eq. 11 

0 Z(P)=OT- 02(X, 

=3.4-2.3=1.1 mmoVgcel1.h 

From Eq. 10 

sP2+sP3=sP-&I 

=0.58-0.439=0.141 mmol/g cel1.h 

From Eq. 12 

1.1=0.326x b2x0.439+6x b2x0.141 

b2=l.ll=1.0 

From the Eq. 15 at P/O= 1.2 

A TP, = 37.18 mol A TP/mol xanthan 

From Eq. 17, at C= 1.226 mmol/g cell. h (specific rate of 
citric acid consumption at inlet citric acid concentration 
of 5.og/r) 

ATPc=1.226+5~ 1.226~ 1.0~ 1.2 

= 8.582 mmol/g cell. h 

From Eq. 18 

PC = 0.23 mmol/g cell. h 

From Eq. 19 

SC = 1.28 mmol/g cell. h 
From Eq. 22 
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Ocp = 3.49 mmol/g cell. h 

Since 10.89 mol of ATP are consumed and 3.58 mol of 
NADH, H+ are produced during xanthan synthesis (16), 
ATP required for xanthan synthesis (excluding polymeri- 
zation and transportation across membrane) 

Yp,sp1{10.89-3.58~2(P/O)) 

10. 

11. 

sp2= 
Yp,so,{10.89-3.58bz(P/O)} 

Yield of ATP per mol of glucose 

From Eq. 2, yield of ATP per mol of glucose=4+12& 
(P/O) 

12. 

13. 

14. 

Sp2 = 0.028 mmol/g cell. h 

and 
15. 
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