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CHAPTER I

INTRODUCTION AND SUMMARY



INTRODUCTION

This research is primarily concerned with yields and thermodynamic
efficiencies of microbial production of useful products, mainly ethanol.
Both, aercbic and anaerobic fermentation processes are studied. Some
statistical methods, to obtain better estimates of thermodynamic efficiencies,
are developed. Some literature data and experimental results of this
research on ethanol production are used to demonstrate the application
of these metheds. This work is divided into three chapters. Tables,

nomenclature and references are located at the end of each chapter.

Qverview of Chapters

Chapter II is mainly concerned with the development and application
of some statistical methods to obtain better estimates of yield and main-
tenance parameters from all available experimental data. Equations,
derived by Erickson [1] for aerobic cultures, are used to estimate the
maintenance coefficient, true growth and product yields for the data of
Nishizawa et al. [2] and de Hollander et al. [3].

In Chaptexr ITI, equations for anaerobic fermentation processes are
derived. These equations are used to estimate the maintenance coefficient
and true growth yield. Data of Dekkers et al. [4] and Lee et al. [5] are
analyzed to demonstrate the application of the equations developed for
anaerobic fermentation processes. In both cases ethanol is the main product.

Chapter IV is an experimental study of ethanol production by anaerobic

fermentation of Zymomonas mobilis, ATCC 10988, on glucose in batch culture,

Glucose, biomass and ethanol concentrations and carbon dioxide evolutionm

ratewere recorded and used to check the consistency of the data. The
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results of the experiment are used to estimate the maintenance coefficient

and true growth yield.
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CHAPTER II

APPLICATION OF STATISTICAL METHODS
TO THE ESTIMATION OF TRUE GROWTH AND
PRODUCT YIELDS IN AEROBIC CULTURES



INTRODUCTION

Yield is an important industrial consideration in any process. In
microbial production of useful products, both the growth yield and product
formation yield are important. In earlier work the concept of energetic
vield has been intreduced and used [1-10]. When maintenance is considered,
the true growth yield, nmax’ and the true product vield, Egax, may be found
based on the concept that the energy in the organic substrate is allocated for
these three functions; that is,

Energy Input = ?EirsioiiigcatEd + HeLateranes + ?EirgioziiicatEd (1)

, ene -
production tey formation

If Equation (1) is divided by the energy input, it may be written in the form:

l=n+€ﬂ+€p (2)
nmax ’ max
£
P

where N and Sp are the energetic yields of blomass and products respectively
based on the energy input, and M and E?ax are the true energetic yields
for biomass and products, respectively, based on the energy allocated for
biomass production and product formation, respectively. The fraction of the

input energy evolved as heat because of maintenance is € As shown else=~
1l

where [5], Equation (2) can be divided by n and written in the form

+ g 4 2 (3

where U is the specific growth rate and m is a maintenance coefficient.
The energetic yields n and Ep depend on the specific growth rate and vary

with the fractioms of energy alliocated for growth and product formation

. . . nax
while the true energetic yields 2 . and gpa are better measures of the

X

efficiency of the strain with respect to production of biomass and products,
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respectively. Genetic engineering may be used to produce new strains which
under optimal growth conditions may exhibit improved yields. Parameter

max

estimation of T Ep and m, and the comparison of these parameters with

ax’
the estimated maximum values for energetic yields iIs expected to be helpful
in guiding the search for genetic changes which improve yields.

This work 1is concerned with the estimation of true energetic yield
parameters. Several methods are considered, and two different forms of the
equations are examined. Some of the statistical methods could be directly
used by employing SAS* [11]. 1In other cases it was necessary to write
longer computer programs with subroutines; however, in these cases SAS
was also frequently emploved. The consistency of the experimental data
and the need for methods which allowed all of the data to be simultaneously
used in the parameter estimation process are considered in this work. Both

] . \ max ,
point and interval estimates of Npax® Me? and Ep are obtained for several

ax
sets of experimental data.

The estimation of true growth yields and true product yields has been
considered previcusly [5-8]; however, interval estimates of the true product
yield have not previcusly been reported. Stouthamer, Roels, and their
coworkers [12-15] have considered yields associated with product formaticn,

; max ,
but they have not estimated gp . Interval estimates of 2 - have been
reported [8, 9, 16]; however, product formation was nct presented in most

of the cases which were considered. In earlier work in which products

max - . ; g
were present, Ep was fixed and Moy 304 m, were estimated [6-9].

*SAS or Statistical Analysis System is a system of statistical method
subroutines which are available for use 1n data analysis. Very little
computer programming is required for their application.



THEORY
The balance equation of microbial growth and product formation can
be written as follows:

3 2

where CHm02 denotes the elemental composition of organic substrate,

= 1 N <+ +
+bO2 yc caponLq z CHrOSNt cH

CHpOan denotes the elemental composition of biomass and CHrDsNt represents
the average elemental composition of extracellular products. For this

growth process, carbon and available electron balances can be written as

{2-4]:

y.+tz+d 1.0 (3)

s £
£ 70N + [
P

By using Pirt's model [17,18] and the regularities, Erickson [5] has

1.0 (6)

it

derived the following equations:

Form I:
L S uooen max
°p
max

o £ = of
= _ 1 qmax ! me ’ 1 gs}
T T TR CTaax ®

max £

P
Y i
S S Lmax
(1 - e Nax’ m g 1= %

d b ) e | i )
< = + =+ £ . ) (9)
N n U n max

. S, H
oM o0 o+ E) 1 (10}
n L — n Ermx
P
_max

i n Eu k= s
g = ¢ £ g
TR T T e ( ) (11)
n n 2 n .max

max =



Y Y
s . § .max
d (1 Yb nmax) Epu . Y HP
du cu+ o + ( £ ) (12)
n n e n -max
max ;p

Form I and Form II correspond to the two different forms:considerad
previocusly in vield studies wichout products [18,19]. Because of measure-
ment errors, parameter estimates differ for each of these six equations.
Equations (7) and (10) give different parameter estimates because the
forms of the two aquations differ while Equatiomns (7), (8) and (9) give
different parameter estimates because different experimental data are
used. Biomass, product, organic substrate, and specific growth rate
heasuremencs are used with Equations (7) or (10). Oxygen, biomass,
product and specific growth rate measurements are used with Equations (8)
or (l1l). Carbon dioxide, biomass, product, and specific growth rate
measurements are used with Equaticns (9) or (@2).

Several different methods of statistical treatments of the data

may be employed to obtain point and interval estimates of m,, N and

max’
max

P

are compared.

. Three different methods are employed in this work and the results

A ]

Method I:

Equations (7) through (12) can be rearranged in the following form:

v 1 i e e 1 4 13)
= s ——"' - g E-‘_.-
1i Mg ili e Emax i
P
_max
1 - Tmax | e =T ey
Y.. = -+ — + ¥ = + e, . (14)
24 n ’ ®21  _max 71
max 1§ z



k- ;é max - ?E 5§ax
Y31. = . hes ¥ XZl . ma * e3'
nmax 1i 3 = =
P
Y,. = L X, 4+4m + X' L + &,
41 n 11 e . max 41
max 21
L= Thax 1 - rgax
N e——— g L]
51 = Ty FEp max 851
max £
P
Y Y
1 w _s. n 1 - __i Em.ax
Ty e s P
Y = p + + X'
61 n &1 me . 21 .max
max £
P
where
1 B d,
i i
Y., =—, L. %= Y, ==
11 Ny 21i ni 3 ﬂi
v } E_l_ . ) By My 4 _ di”1
41 g 3 51 My 61 Ay
i i
g . S .u
L. = X, = 2= xp = 22
14 i’ 21 U * 24 ng

(15)

(16)

(17)

(18)

where N is the number of data points. The wvalues of reductance degree Ys'

Yh and Yp’ are constants for specified substrate, biomass and extracellular

products, respectively [1-5].
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The last term in Equations (13) through (18), eji’ is an error term. It

can be defined as:

e, = Y.i - Y.i
J 12 5bs It5 a1 (19)

One can find the estimates of parameters o, Npax and EEax by

using a non~linear least square technique which is based on minimizing the
quantity [20].

2 -
[eji] for j = 1,2, ..., 6 (20)

[ o I

i=1
Also, it is possible to obtain combined estimates of parameters from M of

Equations (7) through (9) or (10) through (12);

[ G 4

1=

8., 21
: : ( jl) (2L
i=1 i=1
for M equations each with N data points.

For the case of correlated in and Yj’i (3 # j'), Box and Draper [23]
have derived a determinant criterion which, when minimized with raspect to

_ max ; ;
the parameters, Moy B and £, >gilves estimates of these unknown parametars

in the multiresponse models (13) through (15) or (16) through (18); that is,

the determinant of the following matrix is minimized.

N . N N “‘

L (e, )" I (e;.0(2,.,) v v v o« v v« . L e,.)(e,.)
i=1 14i i=1 1i 21 1=1 11 Mi

N N N .

N CTRICED. L (e’ £ ¥ : p (8pp)(ey,) (22)
j 21 1i . 24
i=1 i=1 i=1

N N N ,

L (Bl (8, ) N (-0 J - W . b3 (eh,)“
i=1 Mi 11 a1 Mi 21 (=1 Mi |
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in this work, the Hooke and Jeeves Pattern Search Technique [24] was
used to estimate parameters by minimizing the above determinant.

For 95% confidence intervals of parameters, the Smooth Bootstrap
Method was used [25,26].

Basically, N sets of data are generated based on the assumed model and
the observed data using Monte Carlo simulation techniques. From the N
sets of generated data, N estimates of the parameters are obtained. These

estimates are arranged in ascending order as for example,

1 2 N
ﬁmax i-ﬁmax S oFF Ew i-ﬁmax (23)
; ; i T N-1 ;
Then a 95% confidence interval for n is [n , N 1 where r is
max max max

the integral part of 0.025 N. Of course, the larger the value of N the more

precise the estimated interval is.



Method II:

As a first step, nonlinear regression was applied to each of

Equations (13) through (15) or (16) through (18) to obtain least squares

estimates of errors (éji) by using SAS.

These estimates of errors were used to estimate the variance covariance

matrix (L) as follows:

N -~ 2 S A~ ~ & A A ]
T (ey.) Z (eqy,)(e,.) e e e e Z (e,.)(e..)
(=1 11 =1 1i 24 i=1 11 M1
~ 1 N . N 5 N " ~
: W Teee—— S E « & ® s Z i =Y
P L (e, )(egy) I (ey0) I (2,0 (ayy) (24)
i=1 i=1 i=1
N -~ -~ N ”~ el N ~ 3
T (eﬁ4)(eli) b (&%i)(e?i) R z (gﬁi)_
i=1 = i=1 . = i=1

where P is the number of parameters to be estimated.

Combined peint estimates were obtained by minimizing the following quantity:

’ N

|

(8145 &ays ooy eﬂi) -

z

i=1

where e is given by Equation (19); that is

{ 25)
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, max
Xzi(or XZi), m_, n £E°7)

= v, F,
b (X e max’ “p

®i1 T Yiivobs T T3\t1i (26)

Again, the Hooke and Jeeves Pattern Search Technique [24] was used.
This method is principally weighted least squares based on the

estimated covariance matrix., The 95% confidence intervals were estimated

with the same procedure of Method I.

Method III:

This is a method of analysis oI growth curves which utilizes the
technique of analysis of covariance [27].

To be able to apply this method Equations (7) through (12) are linearized
as follows:

for Form I

in = Boﬁ-alxli + 82321 j=1, 2, 3 (27)
for TForm II
Y., = 8. + B'X' + 3'X’ j=4, 3, 6 (28)
it o0 11l 2724
where;
g (.Y, 8
_ 1 - £, 2 -4, 8.5 _»
Yli % YZi = + 5 + 1, YBi - s o
u £ EE s 5 C:D
Y.r4=‘—, Y-.= - + N = [— .44 ——
4L N oL U(n . Ll "6 J(n - Y. - v n}
) e
= - = T = -—
Xli y? XZL n ° z £4 " Xél - 1
i ! 1
= 2. = @ A
}30 n ) 1 :ne, 52—- =



2-10

B! Bl = C Bé B iax
"o = m_, 1
a max 0

The variables, in, may be transformed to new variables, Zji’ as follows:

1
Z1g =3 (g T ¥, ¥Yq9) (293
Tyg = Xy = 2Y2i + Y3i (30)
2o, =Y. . 4+ Y ., (31)

For the equations of Ferm II, Y Y Y, are replaced by ¥ ¥_ .5 ¥

i “EHE 3L 4i* 51 T6i’

respectively.

Coefficients of Equations (26) and (27) should be orthogonal to
coefficients of Equation {253).

By using multiple linear regression procedures (in this study SAS
was used for this purpose) maximum likelihood estimates of BO, 81 and 62

(or Bé, Bi and Bé) can be cbtained by minimizing

l 2
& (Zl. - Iy )
i=1 **obs *treale
where
210, T By ¥ By ¥ iBptas + Qo Folay (32)

In this expression % and 4, are parameters associated with the new variables

-~ ! r L] 1 t
ZZi and ZBi' The parameters Bo, Bl and 82 are replaced with 80’51 and B!,
respectively, for the equations of Form II. The application of this tech-
nique was studied in detail by Yang et al., [28].

The 957 confidence intervals for Bk can be estimated by using the

estimated standard errors of parameters, SB , which are directly obtained
k
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from computer outputs.
The confidence interval is

(N-5) « 8 k=20, 1, 2 (33}

£0.025
DISCUSSION AND RESULTS

In microbial growth processes with product formation the energetic
yield parameters, m_ s nmax and E?ax, can be estimated by using one of
Equations (7) through (12). Since the errors are different for each group
of data, usually estimated values of these parameters depend on the data
used and the form of the equations which are used. When sufficient data
exists so that more than one of Equations (7), (B) or (9) can be used, statis-
tical techniques to get the best estimates of parameters are needed. In this
work, three different statistical methods are used to estimate the true
energetic yield parameters under conditions where sufficient data exists
to use two or more of Equations (7) through (9). Methods I and II are
used with Equations (7) through (9) but Methed III is designed for linear
equations. Equations (27) and (28) are used with Method III. Methcds I
and II require utilization of a non-linear regression search technique.
Method III is easily applied using SAS.

Data of Nishizawa et al. [24] was previously analyzed by Erickson [7].
For the glucose limited and oxygen limited data sets, values of EP and z were
calculated by utilizing available electron and carben balances [Equations
(6) and (5)], respectively. For some part of the oxygen limited growth data

set, experimental values of product formation data were reported, and reasonably
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good consistency was observed [7].

Since the extracellular product data was obtained from the carbon and
available electron balances [7], only Equations (7) and (9) were used for each
of these data sets when Form I was used.

Erickson [7] has reported theoretical maximum values of Npax and E?ax
as 0.88 and 0.95, respectively. Also, it is known that due to thermodynamic

max

limitations, wvalues of nma and Ep must lie between zero and one and me

X
should be positive,

Results of analysing the data of Nishizawa et al, [29] are shown in
Tables 1 and 2. Tor both data sets, the results from Form I appear to be
more reasonable than the results obtained using Form II. The point estimates

. .max
of &

are considerably greater than 1.0 when Form II is used, Point
estimates are also presented in Tables I and II using the individual
equations such as Equation (4) with Form I and the appropriate data for
that equaticn. Parameter estiﬁates using individual equations differ
considerably from one another; this shows the need to use statistical methods
which allow the data to be combined to obtain point and interval estimates
based on all the data.

The results in Table I using Form I give relatively high ﬁalues of
B and ggax; however, the point estimates are very reasonable compared to
the maximum thecoretical values. The wvalues for the true growth yield,
Npax? have a relatively narrow 957 confidence interval. Method III
consistently vields a larger 953% confidence interval than Methods I and IT.

The Bootstrap technique [25, 26; also see Appendix] was used to.obtain 95%

confidence intervals for Methods T and II.
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In Table II, the estimates of the true growth yield, nm , under oxygen

ax
limited growth are even larger than the values in Table 1. The average of
the six interval estimates is [0.70, 0.78]. While these values are possible,
the values are larger than those normally reported elsewhere in the litera-
ture.
~max | ;

The estimated values for qp in Tables I and II are relatively large
and the confidence intervals are very wide. The point estimates in Table 1
for Form I are less than the theoretical maximum value of 0.95; bewever, in

: ; _max ; ;
all other cases, the point estimates cof ;p exceed 0.%5. Since the quantity
of products is smaller than the quantity of biomass, and since much of the
data did not include direct measurements of products, it is not surprising
. . max : :

that the confidence intervals are large for Sp . Because of biochemical

X
must be less than

and thermodynamic limitations, the actual values of g;a
0.95 and the actual confidence interval may be shortened to reflect this
limitation.

In Table I, the estimated values of the maintenance coefficiént are
very small. All of the point estimates are positive, but some of the
interval estimates include negative wvalues. It is clear that only the

:

positive values have a physical meaning associated with them. It is
relatively common for the 957% confidence interval to include zero when
mainternance parameters are estimated.

The results in Table II for oxygen limited conditions differ comsiderably
from those in Table I for glucose limited conditions. The estimated value
of the true biomass energetic yield, nmax’ is significantly larger under

oxygen limited conditions. The estimated value of the maintenance ccefficient

is also larger under oxygen limited conditions; however, values of the

maintenance coefficient are relatively small in both Tables I and II. The

ai

confidence intervals for the true product energetic yield, S , are so

peat
2
large that significant conclusions can not be obtained by comparing these

estimates.
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The data of de Hollander et al, [30] has been previocusly analyzed by

Erickson and Hess [8] using linear regression and fixed values of the para-

max
meter &

. An analysis of data consistency showed poor data consistency
at the highest dilution rate. Table III shows the parameter estimates
using all of the data of de Hollander et al, [30] while Table IV presents
similar results, but based on all the data except that at the highest
dilution rate. In this analysis Equatiouns (4), (5), (7), and (8) are used;
the carbon dioxide data needed for Equations (6) and (9) is nct available.
The results in Table III show that the point estimates of the true
biomass energetic yield - are very consistent for Methods I, II, and III
for both Form I and Form II, but that the estimates for Form I are larger
than those for Form II. The interval estimates for Phpaisé differ considerably;
Method II gives the shortest interval for Form I while Method I gives the
shortest interval for Form IL. These two intervals are similar. Method III
gives the largest 95% confidence intervals.
The point estimates for the true product energetic yield, Esax’ are
very similar in Table III for Methods I, II, and III for Form I and also
for Form II. The point estimates of Ezax are smaller for Form I than Form II.
The interval estimates include an interval which exceeds the maximum
theoretical value of 0.93 [8] except for Form I, Method II. The interval
of interest is from the lower limit to 0.93 for those five cases. The
shortest interval 0.61 < Eiﬂx < 0.89 from FormI, Method II appears to be
a realistic interval. It is a 95% confidence intarval; however, the other
intervals are also 95% confidence intervals.

The point estimates for the maintenance coefficient, m,, are all

relatively small for all methods and both forms. The values for Form II
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are smaller than those for Form I. All of the interval estimates include
an interval where m is negative; however, this can be removed because m,
must be positive based on thermodynamic considerations. The interval
estimates show that m, is small for this organism.

The results in Table IV show the results of parameter estimation with-
out using the data at the highest dilution rate. The point estimates for
the maintenance coefficient are negative for four of the six cases in
Table IV, The point estimates of E?ax exceed the theoretical maximum value
of 0.93 for all six cases. It is clear that the parameter estimates in
Table IV are not as acceptable as those in Table III., It is also clear that
removal of the data at ome diluticn rate has a significant effect on the
parameter estimates. The data at the highest dilution rate appears to
include several good measurements and one measurement with significant
error.

~Max

When products are present and the three parameters, gp

, N and m
e

max
are estimatad, the data requirements are greater than when only two parametears
are being estimated. The results in Table III appears to indicate that
there is sufficient data to estimate these parameters from the experimental
results of de Hollander et al. [30].

When one obtains several 95% confidence intervals by using three methods
and two forms of the equations, the broadest intarval estimate from the
lowest limit to the highest limit should clearly include the actual value
with at least 95% confidence. Method III appears to consistently yield
larger intervals than Methods I and II. Methods I and II utilize the

Bootstrap method which does not raquire any assumptions with regard to

the model of the data. Because of the simulation approach which is used
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to obtain the confidence intervals using Methods I and II, the interval
may deviate slightly from a 95% confidence interval. However, even larger
deviations may be present in Method III because of the transformation and
linearizaticn of the equations.

The point estimates from Methods I, IT, and III are generally in good
agreement. Since Method III is simplest to use it might be considered as
the preferred method for point estimates. When both point and interval
estimates are desired, Methods I and II are recommended. Since Method II
involves the estimation of the covariance matrix, this method should give
very reliable results whenever it is possible tc obtain good estimates of
the covariance matrix. Normally , the estimates of the covariance matrix

are better when more data is available.

CONCLUSIONS

Three different methods are presented and applied to cobtain point and
interval estimates of true energetic yield and maintenance parameters., Good
point and interval estimates of Npax® E?ax and m_ are obtained for the
data of de Hollander ec al.{30]. Methods I, II, and ITI give similar npoint
estimates; however, Methods I and II usually give shorter interval estimates
than Method III,

The results show that the parameter estimates depend on the form of
the equaticns. Forms I and II give results which differ some. Utilization

f both forms is desirable because this gives a clear indication of the

dependence of the estimatss on the form ¢f the squations.
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For the data considered in this work, the best results are obtained
when all of the data is utilized. Data which does not satisfy the ceonsis-
tency test appears to make a positive contribution to the parameter

estimates for the three methods which are used in this work.
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NOMENCLATURE

Jji

o

Jji

|

MLE

Moles of ammonia per quantity of organic substrate containing
one g atom carbon, g mole/g atom carben.

Moles of oxygen per gquantity of organic substrate containing
one g atom carbon, g mole/g atom carbon.

Moles of watar per quantity of organic substrate containing
one g atom carbon, g mole/g atom carbon.

Moles of carbon dioxide per quantity of organic substrate
containing one g atom carbom, g mole/g atom carbom.

Error of ith data point in jth equation.

B data peoint in jth eguation.

. t
Estimate of error of 1
,th :
Mean of estimates of errors of j equation

Atomic ratic of oxygen to carbon in organic substrate,
dimensionless.

Number of equations.
Maximum likelihood estimate.

Atomic ratio of hydrogen to carbon in organic substrate,
dimensionless.

Rate of organic substrate consumption for maintenance, g equiv.

f=

of available electrons/g equiv of available electroms in
biomass (hr)

Number of data points.
Atomic ratio of oxygen to carbon in biomass, dimensionless.
Number of paramerers to be estimatad.

Atomic ratio of hydrogen to carben in biomass, dimensionless.
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Atomic ratic of hydrogen to carbon in products, dimensionless.
Atomic ratio of oxygen to carbon in products, dimensionless.
Atomic ratio of nitrogen to carbon in products, dimensionless.
Students' t distribution with (N-53)df. and 0.95 prebability
(for one tailed table).
Biomass carbon yield (fraction of organic substrate carbon
in biomass), dimensionless.
Fraction of organic substrate carbon in products, dimensionless.
Generated normal randem number for ith data point (WN(0,1)).
Estimate of kthparameter
Reductance degree of biomass, equivalents cf available
gelectrons per gram atom carbon
Reductance degree of products, equivalents cf available
electrons per gram atom carbon,
Reductance degree of organic substrate, available electrcns
per gram atom carbon.
Fraction of energy in organic substrate which is evolved as
heat, dimensionless,
Fraction of energy in organic substrate that is evelved as
heat because of cell maintenance, dimensionless.
Fraction of energy in organic substrate which is convertad
tg bicmass or biomass energetic yield, dimensionless,
"True" biomass energetic yietd, dimensionless.

Specific growth rate, hr~
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Fraction of energy in organic substrate which is converted
to products, dimensionless

"True'" product energetic yield, dimensionless

. . - .th
Estimate of variance of K° parameter,

) n .th .
Estimate of variance of errors from j equation,
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CHAPTER IIL

ESTIMATION OF MAINTENANCE AND TRUE GROWTE
YIELD IN ANAEROBIC CULTURES
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INTRODUCTION

In aerobic microbial processes invelving growth and product formation
the biomass energetic yield, n, and the product energetic yield, Ep’ have
been determined by assuming that these values are equal to the correspond-
ing fraction of available electromns incorporated into biomass and products,
raspectively [1L - 8]. For aerobic processes, this assumption has been shown
to be appropriate and reasonable [1,9,10].

In this work, consideration is given to anaerobic processes as well as
aerobic growth processes. Roels and co-workers [10 - 13] have considered
the energetics of anaerobic growth processes and pointed out the need to
consider the differences of the energy content per equivalent of available
electrons of the substrate and the product. Roels [10,11] presents some
results in which the thermodynamic efficiency associated with anaerobic
growth has been calculatead,.

In earlierworks [5,9,14,15] the yield parameters, wn " and E?ax and the

ma
maintenance coefficient, m, have been defined and introduced. As attention
is directed to anaerobic processes, it should be clearly understood that the
available electron balance is exact and that the energy balance differs
significantly from the available electron balance. It is alsc important to

carefully consider the basic definitions of quantities and parameters as new

concepts are introduced.



THEORY
Consider a stoichiometric equation associated with growth and product
formation of the form
+
;+ aNH3 bO2 5 (1)

where CH O,, CH O N ,and CH O N give the elemental compositions of the
m 1 p ng rs t

CH 0 = y CH ON + 3CH ON_+ cH.0 + dCO
jul c png rst 2

carbon, hydrogen, oxygen, and nitrogen in the organic substrate, biomass, and

extracellular product, respectively. Using the valences C =4, H=1, 0 = -2,

and N = -3, the available etectron balance is [1 - 4]

P g Y ‘
88 ¥ e B m =B = 1D
Ve Yy 1o
(2)
or
€+ n+ %} = 1.0 (3)

where y is tne reductance degree [1 - 4] and the subsecripts s, b, and p refer

to substrate, biomass and product, respectively. The carbon balance is
Yo t 2 +d = 1.0 )

Equation (l) describes many aerobic processes and some anaerobic processes

(b = 0 for the anaerobic processes).

Free Energy Yields

A free energy balance may also be written for equation (1). If the

free energy lsvel is taken as zerc for NH., in aqueous solution, HZO liquid,

3

and CO2 gas, only the free energy of the substrate, biomass, and product

need to be considered in equation (1). That is,

8Gy = y MG + 38G, + AG,

(3)
where AGE, AGE, and AGp are the free energies of the substrate, bicmass, and
product per g mole of carbom, .respectively, and &Gb is the free energy dis-

sipated in the process. Let us define a free energy yvield for growth as



n = Yy égb- (6)

and a free energy yield for product formation as

Y
ben 0 &—G;i- (73

Equation (5) may be written in the form

€in + Nehy + Eth = 1,0 (8)
where
AG
= D
€th %, (9)

Free energy is used in the microbial process for growth, maintenance

and product formation, Conceptually one may define

max free energy incorporated into biomass (10)
nth = free energy allocated for biomass production
and
max free energy incorporated into products
12 = ; . (11)
th free energy allocated for product formation

Phe allocation of free energy may now be written in the form

Free Free energy o . Free energy
anergy = allocated for + e . 8y allocated for
: " . for maintenance
input biomass production product forma-
ticn
or dividing by the free energy input
n &
th th
1 = nHax te F Ry
th th (L2)
where the fraction of free energy consumed for maintenance is
m
_ "th Meh
By ™ T (13
where Mo b is the maintenance coefficient in free energy units; that is,

kI free energy consumed/kJ free energy in biomass per hour, The specific

growth rate,u, divided by the biomass free energy yield, n iz the specific

th’

rate of free energy consumption of organic substrate. Equation (12) may be

written in the form
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m £
1 _ 1, th th (18)
n th max H n Emax

If the free energy per equivalnet of available electrons is 8gs Bpo and gp
for the substrate, biomass, and products, respectively, then Equations (6)

and (7) become

Y. g g
b®b b
n y = —n (15)
th c fsgs gs
2t Y g g
g, = BEE = Rg (16)
Y8, g P

m g
N e (17)
n N~ m e
P
where
g
max _ °b
Nen = g, Nnax (18)
g
max _ °p ,max 19
Eth 8, °p 19]
and
g m
m, = Z 2 (20)
b

where Npax? giax and m, are yield and maintenance parametesrs associated
with the available electron yields n and ED [5,14,15]. TFrom Equations (18),
(19) and (20), it is clear that the new free energy yield and maintenance
parameters are related to the corresponding available electron parameters.

The methods of parameter estimation which have been presented previously,

[7,8] to estimate the values of nma Esax and m, may be employed to obtain

x,
point and interval parameter estimates of these parameters from substrate,

biomass, product, specific growth rate, oxygen, and carbon dioxide measure-

ments. From these results and Equations (18), (19), and (20), point and

max max
g

interval estimates cf nth ) may be obtained.

gy, 209 B
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The numerical values of the free energy per equivalent of available
electrons for the substrate and product may usually be found from tabulated
literature data [10,16]. TFor substrates such as glucose and ethanol which
do not contain nitrogen, the free energy of combustion per equivalent of
available electrons should be used to find gs and gp. For biomass, the value
of Roels [10] of -67.1 kJ/C mole for the free energy of formation of bio-
mass may be used to obtain a value of

g, = 113 kJ/equivalent
for the free energy of the biomass relative to aqueous NH3, CO2 gas and
liquid HZO' This value is in good agreement with the value of 114.7
kJ/equivalent reported by Minkevich [17 18].

Equation (14) should be valid for both anaerobic and aerobic processes
which follow equation (1). To illustrate the application of these equations,
let us examine the ethyl alcohol fermentation with glucose as the organic sub-
strate, Under conditions of excess oxygen, aerobic cell growth and mainte-
nance are important. Under oxygen limited conditions, ethanol is produced and
both substrate level phosphcrylation and oxidative phosphorylation are impor-
tant. Under strictly anaerobic conditions, ethanol is the electron acceptor
and ATP production from substrate level phosphorylation provides all the
energy for rearrangement of substrate available electrons into biomass.

Under strictly anaerobic conditions, two moles of ATP are formed from
ADP when one mole of glucose is converted to ethyl alcohol. The available
electrons in the glucose are transferred to ethyl alcohol and stoichio-
metrically, giax = 1.0; that is, the available electrons allocated for ethyl
alcohcl production are all incorporated into ethanol. The available electron
balance for Equation (1) becomes

n+& = 1.0 (21)



Equation (21) implies that available electrons which are not transferred to
alcohol will be incorporated into biomass; that is, Equation (1) does not
consider any loss of available electrons because of other products or biochem-
icals which might be present in small quantities, Equation (21) implies

that T 1,0; that is, all the available electrons allocated for biomass

production are incorporated into biomass. These results also have implications

for the free energy balance; that is,

o, B
ey = L - roah he il S (222
S "‘S

or because of equation (21)

g
Ethxl—dl+€k ) (23)

In the process of anaerobic growth with alcohol production, the maximum pos-
sible thermodynamic efficiency would occur when all of the available electrons

are transferred to ethanol and biomass, Under these condifiions from equations

max

{18) and (19) and Npax = 1.0 and Qp = 1.0,
max _
Nep = Fb. (24)
gs
and
UEE o 2 (25)
th 7

Consideration of the generation of ATP in product formation for use in growth

, max max , ; . s
would increase Eth and decrease Nep The fraction of free energy dissipated
must be at least as large as that given in Equation (23). In actual practice,
some of the available electrons will not be transferred to ethancl and biomass;
and the free energy dissipated will be larger than that given ia Equation (23).

Anaerobic Conditions

The ethyl alcohol produced under anaerobic conditions may be viewed as

a product which must be generated to produce the ATP which is required for



growth and maintenance. If the available electrons that are transferred from
glucose to ethanol are viewed as bélng expended to provide energy, another
set of yield and maintenance parameters may be defined. A prime will be used
with these parameters to distinguish them from those used earlier.

Under strictly anaerobic conditions, the fraction of the available elec-

trons incorporated into biomass depends on the mass of cells per mole of ATP,

Yi;;, according to the relationship [15].

o]
be Ymax
12 ATP

n = "
max oYy e (26)
12 ATP

where 12 equivalents of available electrons are transferred to ethanol to

produce 1 g mole of ATP from ADP. For o, = 0.462, Y = 4,291, and
T
YZ;; = 28.8 g cells per mole ATP, n = 0,284, For Yi"’;‘; = 10.5
g cells/mole ATP, néax = C.126, That is, neglecting maintenance, the max-

imum fraction of available slectrons of glucose that can he incorporated
into biomass under these anaercbic conditioas is 0.284 based on the value of

28.8 g cells/mole ATP of Stouthamer [19]. Using the average value of 10,5

g cells/mole ATP of Bauchop and Elsden [20}, Npax = 0.126, To obtaia a

large fraction of ethanol and a small fraction of cells, a small value of

max . o .

YATP or a large maintenance coefficient appears to be desirable. Based on
equation (1), for strictly anaerobic processes, the maintenance process
may be viewed as the utilization of ATP, which is generated during ethanol

formation and used for maintenance purposes. Growth yield and maintenance

parameters for anaercobic growth may be written in the form

e (27)



u(n + &£5)  _
——-;r*—iL' = o + m'a (28)
max
Wye+d+3) _ u F—
n Moo € (29)
H o
Lt = 4+ : (30)
max
YATP YATP wlE
and
Bl ol (31)
th th
where néax and Yi;: are related as shown in equation (26). An equation analo-

gous to equation (26) may be used to relate n and Y The maintenance coef-

ATP”
ficients are related according to the relationship
mé _  la4 mATE -
I e
where m is the moles of ATP expended per g of cells per hour for maintenance

ATP

and mé ig the maintenance coefficient in equivalents of available electrons
expended per equivalent of available electrons of biomass per hour. Egquation
(32) is limited to fermentations in which 12 equivalents of available electrons
are transferred per mole of ATP generated. Equations (27), (28), and (29) are
similar and follow Pirt's model [21] for growth and maintenance. Equation (27)
utilizes organic substrate, biomass, and specific growth rate measurements.
Equation (28) utilizes biomass, ethanol and specific growth rate measurements,
while equation (29) is designed for biomass, carbon divxide, ethanol, and
specific growth rate measurements. Equations (28) and (29) may be viewed as
alternate versions of equation (27) where the available electron and carbon
balance, respectively have been inserted to enable other measurements to be used

in data analysis. Equations (27), (28), and (29) may also be viewad as the result
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of derivations analogous to those presented elsewhere [4,5] in which glucose

consumption, ethanol production, and CO, production, respectively provide the

2

starting form of the Pirt model.

In Equation (31), the free energy biomass yield, must take into

t
nth’

account the free energy remaining in the ethanol product; that is,

Iy A

th gg ™ QPEP

n (33)

The available electron balance may be used to elimipate £_ in equation (33).

P

max

th is related to the corresponding avail-

The true free energy biomass yield, n

able electron yield according te the relationship

n’m&x - gquax (34)
th

B3
9s = gp(l = Ngax’
The free snergy and available electron maintenance coefficients are related;

that is,

LGs = mé
9 (35)

m! =
th
where méh is the free energy expended for maintenance per unit of biomass free

» - r ,max
energy per hour. Comparison of M and M.y, @s well as Niy and n

that these parameters are defined the same way in both cases. Thus, the nu-

max

ek shows

merical values should be similar., Note, however, that ntﬁ is not the same as

Tyt
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RESULTS AND DISCUSSION
The application of the theory to anaerobic process is illustrated using
data from the published literature [13,22]. The anaerobic data of bekkers

et al., [13] tor the growth of Saccharomyces cerevisiae CBS 426 on glucose

in a chemostat is examined for consistency in Tablie I. Except for the
12th data point, the data are reasonably consistent. The results of para-
meter estimation with the 12th data point excluded are presented in Table
II. The methods of data analysis have been described previously [7,8,23,24].
Equations (27), (28) and (29) are used with least squares parameter esti-
mation to estimate the true growth yield, n;ax’ and the maintenance coefti-
cient, m;. Linear regression with Equation (27) in the form presented is
referred to as Form II. Division of every term of Equation (27) by the
specific growth rate, u, gives Form I. Methods to use all of the measure-
ments simultaneously to obtain maximum likelihcod estimates (MLE) have been
presented elsewhere [7,23]. Method III with all the covariates included
gives the maximum likelihood estimate [23]. Ilethod III with only ona
covariate included was also applied in this work. When one eigenvalue is
much larger than the other, the covariate associated with the largest eigen
value should be retained. A measure of the goodness of fit is [23]

J = 62

N-P=1

-
Where 0 1is z mean square error, N is the number of data points, and P is

the number of parameters to be estimated. For additional detail on the
statistical mechods, please refer to the earlier works [7,8,23,24]. The

average values o, = 0.462 and vy, = 4.291 are used in the analysis of

b b

the data,
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max

-t : .
For a known value of YATP , the wvalue of n can be caiculated using
max

Equation (26). Dekkers et al., calculated a value of Y“TP = 8.6g dry wt/

mole ATP for their anaerobic data and they reported a value of YATP = 15.1g
dry wt/mole ATP tor their aercbic data. I[xamination of the results in Table

II, together with Equation (26), shows that the values of Noax in Table II

‘max
correspond to smaller values of YA

P than 8.6g dry wt/mole ATP if 12 equiva-

lents of available electrons transferred to ethanol produce 1 g mole of ATP.
,max ' ; ;
The value of ¥ = 8.6 corresponds to n . = 0.11. This value is at the
m

ATP

upper end of the 957 confidence interval
0.0608 < n __ < 0.118
= U 2

The results in Tabie I. show tnat the maintenance coefficient, m; , 18
small. Only the positive portion of the 95% confidence interval is of

1]
interest since m must be positive; that is, we have 95% confidence that
e

0 < me < 0.0866

Esener et al., [253] showed that My varies between 0.25 to 0.70 m moles
ATP/g(hr) which corresponds to 0.018 to 0.U51 hr_l for m;. These values
are within the 95% confidence interval presented above.

The continuous culture data of Lee et al., [22] for growth of Zymomonas
mobilis on sucrose is examined for counsistency in Table III. The consistency
is reasonably good. The data points in which the feed contained 100 g/%

sucrose were combined with those in which the feed contained 150 g/% and

analyzed together. Zymomonas mobilis has an absolute requirement for pento-

thenic acid [26,27]. It produces levan when it grows on sucrose [20]. In
this analysis, veast extract as substraie and levan as side product are ia-

cluded in analyzing the data. Levan is considered as product amalugous to
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ethancl; that is, ATP is assumed to be produced in the process of counverting
glucose to levan. The yeast extract is included as a substrate and the
values of o= 0.40 and vy = 4.0 are used in estimating the carbon and
available electron content of the yeast extract.

The parameter estimation results are presented in Table IV. The values
of the waintenance parameter, mé, are much larger for this organism while
the values of the true growth yield are much smaller when they are compared

to the results in Table II. Zymomonas mobilis uses the Entner-Doudoroff

pathway and produces 1 mole of ATF/mule of glucose converted to ethanol [26].
This organism has received considerable attention with respect to ethanol
production as it is more ethanol tolerant and it can produce ethanol faster
than conventional yeasis [28-31]. The high maintenance requirements of

this organism have been considered by Cromie et al. [32] and Esener et al.,
[25]. Esener et al., [25] pointed out tnat the high maintenance requirement
requires rapid ethanoi production by the organism to meet this need. Thus,
larger values of m; should be found for this organism. Esener et al., [25]
has estimated that mATP = 10.3 m moles ATV/g (hr) for this organism which
correspouds to 1.50 hrnl for m; assuming 24 equivalents of available elzc-
trons generate 1 ATF. (The coefficient in iquation (32) is 288). This

value is within the $5% confidence interval

0.937 < m, < 4.10

The 95% confidence interval for the true growth yield is

0.0305 < n.

< 0.0539
max —

max
1
- e 4 = i i i =
The interval may be compared to YoTp 8.3 which is equivalent to - 0.054

found by Forrest [33]. Since 24 equivalents of available electrons yield

1 mole of ATP, Equation (26) becomes
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p¥p max

L 3z aw
max g, Y
b'b max
Y + 24
12 ATP

for Zymomonas mobilis

Values of YATP ranging from 4.3 to 9.3 have been estimated by Swing
and DeLey [26]; however, with the large maintenance requirement for this

max

organism, the corresponding value of Y may be considerable higher.
ATP

The true growth yield in available electron units, n;ax’ can be econver-
ted ta a better thermodynamic measure of growth efficiency by using Equation
(34) to obtain the true free energy biomass yield. In Table V values of
the true free energy biomass yield, the true free energy product yield, and
the corresponding maintenance parameter In free energy units are presented
for several sets of data. The close agreement of the true free energy biomass

yield from aerobic and anaerobic measurements for the data of Dekkers et al.,

[13] should be noted. For Zymomonas mobilis and the efficiency of growth is

lowest and the maintenance coefficient is largest. Both of these contribute

to the high rate of alcohol production by this organism.
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CONCLUSIONS

The methods of parameter estimation in which all of the data are con-
sidered simultaneously to obtain maximum likelihood estimates of parameters
have been extended to anaerobic growth processes. Parameter estimates
have been obtained for two sets of literature data. For anaercbic growth
where the product is the only electron acceptor, growth and maintenance are
coupled with product formation. When product formation is desired, a high

maintenance requirement is a desirable property.
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NOMENCLATURE

AG

AG

AG
P

AG

Moles of ammonia per quantity of organic substrate containing
one g atom carbon, g mole/g atom carbon.

Moles of oxygen per quantity of organic substrate containing
one g atom carbon, g mole/gatom carbon.

Moles of water per quantity of organic substrate containing
one g atom carbon, g mole/giatom carbon.

Moles of carbon dioxide per quantity of organic substrate con-
taining one g atom carbon, g mole/g atom carbon.

free energy of biomass per g mole of carbon in biomass, KJ/mole C.

free energy dissipated per g mole of carbon in susbstrate,
KJ/mole C,

free energy in product per g mole of carbon in product, KJ/ mole C.

free energy in substrate per g-mole of carbon in substrate,
KJ/mole C.

Amognt of free energy in biomass per g equiv. of available electron
in biomass, KJ/g. equiv. of a.e.

Amount of free energy in product per g. equiv., of available electron
in product, KJ/g. equiv. of a.e.

Amount of free energy in substrate per g. equiv. of available
electron in substrate, KJ/g. equiv., of a.e.

Maximum likelihood estimate,

Rate of organic substrate consumption for maintenance, g equiv. of
available electron per g equiv. of available electrons in biomass (hr).

‘Moles of ATP expended per g of cells per hour for maintenance,

moles ATP/g-hr.,
Same definition with m_. Prime denotes anaerobhic procass.

Amount of free energy consumed per unit of free energy in biomass
per hour, KJ free energy consumed/KJ free energy in biocmass. (hr).

Same definition with mth' Prime denotes anaerobic process.
Number of data points.
Number of parameters to be estimated.

Biomass yield based on ATP, g dry biomass/g mole. ATP,



max

max

Tty

th

nmax
th

max
th

max

3-16

Maximum biomass yield based on ATP, g dry biomass/g mole ATP.

Biomass carbon vield (fraction of organic substrate carbon
in biomass), dimensionless.

Fraction of organic substrate carbon in products, dimensionless.
Covariates included in Method TII.

Reductance degree of biomass, equivalents of available electrons
per g atom carbon.

Reductance degree of products, equivalents of available electrons
per g atom carbon.

Reductance degree of substrate, equivalents of available electrons
per g—atom carbon.

Fraction of energy in organic substrate which is evolved as heat,
dimensionless.

Fraction of emnergy in organic substrate that is evolved as heat
because of cell maintenance, dimensionless.

Fraction of free energy in substrate which is evolved as heat
dimensionless.

Fraction of available electrons in organic substrate which is
converted to biomass or biomass energetic yield dimensionless.

mm

True' biomass available electron vield, dimensionless.

"True' biomass available electron yield, dimensionless. Prime
denotes anaercbic process.

Fraction or free energy in organic substrate which is converted
to biomass energetic yield, dimensionless.

Biomass free energy yield, dimensionless.
"True'" biomass free energy vield, dimensionless,

"True" biomass free energy vield, dimensionless, Prime denotes
anaerobic process.

Specific growth rate hr—l

Fracticn of available electrons in organic substrate which is
converted to products, dimensionless.

"True'" product energetic vield, dimensionless.
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B Fraction of free energy in organic substrate which is converted
h o products, dimensionless.

é'uax

h "True" product free energy vield, dimensionless.
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CHAPTER IV

ETHANQI PRODUCTION BY ZYMOMONAS MOBILIS

ON GLUCOSE IN ANAEROBIC BATCH CULTURE



INTRODUCTION

Anaerobic growth of Zymomonas mobilis, ATCC 10988, on glucose in batch

culture has been performed. Samples collected during the fermentation
procegs were analyzed to determine bilomassg, ethanol production and glucose
consumption. Also, carbon-dioxide production has been measured.

These measured variables have been used to check consistency of
experimental data by utilizing previously presented [1-5, Chapter III],
carbon and available electrom balances.

Maintenance coefficient, m s and true growth yield, Moasx® in anaerobic
processes have been defined in Chapter III. Previously introduced methods
[Chapter IT, III, 13] have been used to estimate m, and nmax for the data
collected during anaerocbic growth of Z. mobilis on glucose in batch
cultures.

It has been demonstrated that, having higher maintenance requirement
and lower true growth yield are important properties for this organism.
Also, it was found that these are desired properties when ethanol producticn

is the main purpese of the process.



4=~2
THEORY

Stoichiometric equation of microbial growth and product formation can
be written as CHmOl + aNH,y + b02 = yCCHpOan + z CHrOsNt + cH20 + dCO2 (1)
where CHmol’ CHpOan and CHrOsNt represent the elemental compositions of the
organic substrate, biomass and extracellular product, respectively (for
anaerobic processes, b = 0).

The reductance degree, <, has been defined as the equivalents of
available electrons per g atom carbon or the equivalents of oxygen required
to oxidize the organic substance of interest to COZ’ HZO and NH3. Also,
Minkevich and Eroshin [1l] have shown that the fraction of carbon in biomass,
Gb’ the reductance degree, Yb’ and energy content per equivalent of available
electrons in biomass, Qo’ are relatively constant and equal to 0.462, 4.291
and 27 kecal/eq., respectively.

Utilizing equation (1), carbon and available electron balances can be

written as [1-4]

]
-

8 4+ z+d carbon balance (2)

and
+n+Eg =1 available electron balance (3)

D

where, Ver 2 and d are the fraction of substrate carbon converted to biomass,

{

product and carbon dioxide, respectively, and €, n andgp are the fractions
of available electrons in the substrate, which are transferred to oxygen,
incorporated into biomass and utilized in product formation. Obviously,
for anaerobic case, £ will be equal to zero and Equation (3) will be

B =l (4)
Equations (2} and (4) have been used to check the consistency of data

collected during the anaercbic fermentation of Zymomonas mobilis on glucose.
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During fermentation, measured variables are biomass concentration X,
g/1, specific carbon dioxide evolution rate QC02: moles C02/g biocmass (hr),
specific substrate consumption rate, g substrate/g biomass (hr) and specific
product formation rate, g product/g biomass (hr). In batch cultures both
instantaneous and integrated balances are pessible. For instantanecus

balances, following relationships have been derived [5] to obtain Yos 2

ds d
n an Ep
v wShE
Ve P (3)
s 'S
= 52 5% (6)
g. Q
s s
a = 2 %oy (7
9 Q5
- Ghln M (8)
n =
0s¥s &
¥
e = meh (9)
P gty G
For integrated balances the following equations are used.
a X—XO
Y., ® o g (10)
o US (Sa—S)
rJD P-.PO
z = =& T (11)
S 8]
122 Q% . x . a0
d = S (12)
(SD ol S) us
oY (¥-X)
n = ..%__b_zé_.;.j. (13)
Us' g 1507
oY (P-P)
= et 14
Ep EE;B (5 =5 (14)
S 8 o

where X, 5 and P are the concentration of biomass, substrate and product at
any time of interest, @, respectively, and X , 5, and Py are the initial biomass,

substrate and product concentrations, respectively.
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The maintenance coefficient, m'e, and true biomass available

electron yield, n'ma , may be estimated using the following equations

X

which have been derived in Chapter III:

nru + m'e (15)
max

R
n

pin + &) u
P . : +m' (16)
n n

By, +d + 2 u
- = — + m'e (17)

Equations (15), (16) and (17) have been used to obtain estimates
of m'e and n'max' Also, Method III, which is explained in Chapter II, has
been used with these equations to obtain better, combined, estimates of

the parameters m'_ and n' i
P e o max



MATERIALS AND METHODS

Fermentor

4 Bench-Scale Fermentor, Model 19, manufactured by the New Brunswick
Scientific Co. was used. A 7 liter stirred container with four vertical
baffles was used for ceil cultivation., Different rates of agitation were
provided by impellers with flat stirring paddles.

Temperature was maintained at 30°C with the aid of a temperature
controller. For the first run, pH of the medium was maintained at 5 by

a New Brunswick Scientific Model pH-22 controller., Foaming was controlled

by using antifoam, a spray produced by Dow Corning.

Organism
Zymomonas mobilis, ATTC-10388, was used for all rums.

Medium Composition

Medium composition is listed below.

Component g/liter distilled water
D~-Glucose 160.00
Urea, (NHO)ZCO 0.50
Mg804.7H20 1.00
*KH,,BG 2.00
Yeast extract (Difco) 10.00

*For run IT, instead of 2 gm/1l KH,PO,, 6.5432 em/1 KH2P04 and 4.51125%
gm/1 K2HP04 were used as buffer to maintain pH at 7.0.



Fermentation

Innoculum preparation: Zymomonas mebilis was recovered from agar slants

(20 gm/1 glucose, 5 g/l yeast extract and 2% agar at 30 C). The cells
were cultivated for 24 hrs. in 100 ml of broth with the same composition
as the fermentor broth. Twenty ml of this culture was used to innoculate
200 ml of medlum which was cultured for 12 hrs. This 200 wml of culture
was used as innoculum.

Batch growth of Zymomonas mobilis on Glucose: Five liters of culture

medium in the fermentor vessel were autoclaved at 20psia for 15 minutes,
After the temperature had returned to 30°C, it was connected to the fer-
menter and innoculated with 200 ml. of innoculum. During the fermentation
process, gas flow rate, gauge pressure, pH and % o, in exit gas were
recorded at least every half hour. For biomass, glucose and ethanol
analysis samples were taken by means of a sigmamotor peristaltic pump.
The first 60 ml were discarded and 25 ml samples were collected and 10 ml
of these samples were analyzed.

Agitation was maintained at 400 RPM for Run I; it was set to 800 RPM

during Run II.

Analytical Methods

Cell Dry Weight Analysis: The 10 ml sample collected each time was

filtered on a previously weighed millipore membrane filter (Type RA 1.2 yum).
The filtrate was saved for further glucose and etharncl analysis. The
residue was washed with distilled water after the filtrate had been removed.
The biomass was dried at 105°C for 24 hrs. and weighed again. Also values

of biomass were corrected for drying loss of filter papers.
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Glucose and Ethanol Concentration: The filtrates saved from all dry

weight analysis were used for this analysis. The analysis was performed
with HPLC, Varian 520 (Column: HPLC column for organic acid analysis,
Aminex Ion Exclusion HPX-87H 300 x 7.8 mm; Detector: Refractive index de-
tector; Oven temperature: 450C; Solvent flow rate: 0.9 ml/min; 2% propanol
was used as internal standard).

Carbon Dioxide in the Gas Phase: Beckman Mcdel 864 CO2 infrared

analyser was used. Minimum flow rate requirement for this analyzer was
1 1/min. To satisfy this and strict anaerobic condition pure nitrogen gas
has been used. Filtered nitrogen gas passed through a rotameter and
entered the fermentor through a sprayer. The lower scale of 002 analyzer
was calibrated using dry air while the upper scale was calibrated using

a standard gas containing 2.3% COZ' Both sample and standard gases were
passed through drierite before entering the pressure regulator. The CO

2

scale was from 0% 002 to 2.3% C02. In the late period of the fermentation,

nitrogen gas flow into fermentor was increased to keep CO2 concentration
in this range. Using a valve just before the drierite, excess gas was

vented. By using the rotamater of the C0, analyzer, the flow rate into

2

the analyzer was kept at 1 1/min throughout the process.

Volume of Broth: Volume of broth at each point was calculated simply

by subtracting, subsequently, the volume of samples from original volume
of broth. Also, for Run I, where pH controller was used, corrections were
made for aclid and base additions. No corrections were made for

changes due to evaporation of water, nutrient consumption and formatiom

of ethansl and biomass,
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Gas Flow Rate: A rotameter was used to measure the flow rate of gas

entering the fermentor. Gauge pressure of entering gas was also recorded
and gas flow rate was corrected for pressure using a chart provided with
the rotameter,

The molar air flow rate per unit volume of broth, Qm’ was calculated

as follows:

Q o F , 1mole gas 273K , 60 min
m V 22,4 1 303%K hr.

(18)

where F was the gas flow rate, 1/min, and V was the volume of broth at the
time of interest. The molar flow rate was assumed to be the same for the
inlet and exit streams to the fermentor.

Rate of Carbon Dioxide Evolution: Since the inlet gas stream is pure

nitrogen, rate of carbon dioxide evolution is

QCOZ 6 g = % C02 el Qm (19)
100

The specific rate of carbon dioxide evolution QCO was calculated by

2

dividing QCO2 * X by the biomass concentraticn, X.

Specific growth rate: Specific growth rate is defined as

1
1 - - ———— 2
W=7 : (20)

To calculate !, biomass concentration versus time plet was drawn. A smooth
curve was passed through these experimental points. Smocthed wvalues were
read and used to obtain derivatives at the time in question by using a
subroutine program (DGT3). By dividing the slope by the value of X at

the same point in time, an estimate of the specific growth rate, u, was

obtained.



4=9

Specific Rate of Glucose Consumption: The specific rate of glucose

consumption is

(21)

o
a’a
Dlen

Qq = -
Similarly, smoothed values were obtained from the substrate concentration
versus time curve and used to estimate slopes at each peint in question by
using subroutine DGT3. The slope is again divided by the value of biomass
concentration, X, at the same point in time.

Rate of Ethanol Production: Specific rate of ethanol production is

defined as

1, dp
% =X " I© (22)

It was calculated with the same procedure as that performed for glucose,.
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DISCUSSION AND RESULTS

Anaerobic growth of Zymomonas mobilis, ATCC 10988, on glucose in batch

culture has been studied. This organism has received increasing attention
recently because of its more ethanol tolerance and faster ethanol producing

capability [6, 7, 8, 9]. Zymomonas mobilis has absolute requirement for

pantothenic acid {10, 11]. It also produces levan when it grown on sucrose
[12]. It follows Entner-Doudoroff pathway and produces 1 ATP per mole glu-
cose used [10].

Measured variables during anaerobic growth of Z. mobilis on glucose
in batch culture for Run #1 and Run #2 are presented in Tables I and II,
respectively. As explained earlier in this chapter, during Run #1 pH was
controlled by a pH controller. Some instrumental problems later prevented
good pH control; therefore, for the second run phosphate buffer has been used
and pH was controlled by this way. Another difficulty was encountered during
biomass measurements. Because of very small size of the organisms, filter
paper clogged very quickly and for that reason a very small sample size was
filtered (5 to 10 ml). This affected the accuracy of biomass measurements.
The CO, analyzer had a low range for CO, measurements (0 to 2.5% COE)'
Therefore, the inlet gas flow rate had to be increased during later stages
of the fermentation process to reduce the CO2 concentration. This dilution
procedure affected the accuracy of the CO2 measurements.

Calculated variables of Run #1 and Run #2 are presented on Table III
and IV, respectively., Another common problem of analyzing the data was the
necessity of obtaining drivatives of biomass, substrate and product,
respectively, with respect to time. To take derivatives a subroutine

program (DGT3) has been used. It was necessary to smooth the
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experimental data before using this subroutine program by drawing a smooth
curve through the experimental points and reading the corresponding smoothed
values from the curve. Some scatterings of values of U, Qs and Qp may be
attributed to this smoothing procedure. The consistency of experimental
data collected during Run #1 and Run #2 is examined and shown in Tables V
and VI, respectively. As can be seen in Table V and VI, available electron
and carbon balances are much lower than unity, during the early stages of
fermentation for both Run #l and Run #2. The carboun balance shows especially
low values. This may be due to the €O, measurements. Theoretically Z.
mobilis produces about 1.8 moles ethanol and 1.8 moles 602 from 1 mole of
glucose. Therefore d/z ratio should be approximately 1/2. But results show
that this ratio is much lower than 1/2 during the early stages of the process.
Later on it reaches this value and during the late stages of the batch pro-
cess it passes this value. Slow transport of 002 from the fermentation
broth may be one reason for the low d/z ratio in Run #1. CO2 may dissolve
into the broth at higher rates than it is transported out during the early
stages of the fermentation process. During the middle stages of fermentation
process, as it is seen, better consistency is observed and the d/z ratio is
much closer to 1/2. During the late stages of the fermentation process the
inlet gas flow rate was increased; this probably enhances the mixing and
mass transfer, and more CO2 is released to the gas phase. This may probably
explain having higher values for the d/z ratio during this stage of the
fermentation.

Table VII shows the integrated available electron and carbon balances
for Run #1 and #2. Reasonably good estimates were obtained from integrated

balances.
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During very late stages of fermentation process a small amount of
lactic acid production was observed (from HPLC analysis). But, because of
very low and very scattered values, it wasn't included in the calculations.
Also, because of the reasonably good data consistency from the integrated
balances, the yeast extract consumption was not included in the calculations.
Results of parameter estimation with Rum #1, Run #2 and Run #1 and i#2
combined are presented in Tables VIII, IX and X, respectively. Equations
(15), (16), and (17), form II, are used with least squares parameter esti-
mation {(linear regression) to estimate the maintenance coefficilent, m;, and
the true growth yield, n;ax' Also, Method III (Chapter IT and 13) were
used to obtain better estimates of parameters by utilizing all the available
data obtained. Method ITII with all the covariates included gives the maxi-
mum likelihood estimate {13].
Estimates obtained from Run #1 show that maintenance requirement for
this organism is much higher than conventional veasts; that is,
3.8468 E_m;.i 4.0109
Results of Run #2 gave considerablv lower values for m;,
1.2423 < ol < 2.3387
The same trend has been observed for n;ax results,

Run #1; 0.1233 < n'__ < 0.2492
— max

Run #2; 0.0590 < n' < 0.1423
— 'max
Since the consistency of the data is much better for Run #2 than for Run #1,
one would expect the parameter estimates to be better for Rum #2, also.
These results may be compared to the results cbtained from the analysis

of the data of Lee et al. [12] which are presented in Chapter III. The
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results presented above for m; are contained within the interval from the
data of Lee, et al. [12]
0.937 < m;_i 4.10
However, for the true growth yieid, nhax, the interval from the data of
Lee, et al. [12]
0.0305 < ! < 0.0539
— 'max —
is smaller than the intervals presented above. When only one mole of ATP
is produced per mole of glucose consumed,
n < 0.165
max —

where the upper limit corresponds to

(Max
ATE = 28.8 g cells/g mole ATP.
As stated in Chapter III, the value Y oo = 8,3, which is equivalent
ATP
to = 0.054, was found by Forrest {[14] for this organism. The pHE problem

max

encountered during Run #1 may be one reason for having considerably different
results from Run #1 and Run #2. Considering that one of the best ethanol
producing strains (ATCC 10588) has been used in this study, our results

shiow that this organism has a high maintenance coefficient. The high main-
tenance requirement and low growth yield are unique to this organism and

they are desirable properties which are related to the ability of this

organism to produce ethanol rapidly.
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CONCLUSIONS

Previously described methods of parameter estimations have been used
to analyze the data collected during the anaercbic growth of Zymomonas
mobilis, ATCC 10988, on glucose in batch culture. A high maintenance
requirement and low growth yield require this organism to produce large
quantities of ethanol.

Since data collected from continuous fermentation and fed-batch fer-
mentation are more reliable for parameter estimates, further experiments

are needed to confirm the results.
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NOMENCLATURE

a

Mcles of ammonia per quantity of organic substrate containing one
g atom carbon, g mole/g atom carbon.

Moles of oxygen per guantity of organic substrate containing one
g atom carbon, g mole/g atom carbon.

Moles of water per quantity of organic substrate containing one
g atom carbon, g mole/g atom carbon.

Moles of carbondioxide per quantity of organic substrate containing
one g atom carbon, g mole/g atom carbon.

Rate of organic substrate consumption for maintenance, g equiv.
of available electrons per g equiv. of available electrons in
biomass (hr). (Prime denotes anaercbic processes.)

Gas flow rate, liters/min.

Product concentration, g/liter.

Initial product concentration, g/liter.

Rate of evolution of carbondioxide, g moles/g drv wt (hr).

Molar air flow rate per unit volume of broth, g mole/1 (hr).
Heat evolution in fermentation per equivalent of oxygen uptake,
kcal/g equiv.

Rate of product formation, g/g dry wt (hr).

Rate of organic substrate consumption, g/g dry wt (hr).

Organic substrate concentration, g/liter.

Initial organic substrate concentration, g/liter.

Biomass concentration, g/liter.

Initial biomass concentration, g/liter.

Volume of broth, liters.
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Biomass carbon vield (fraction of organic substrate carbon in
biomass), dimensionless.
Fraction of organic substrate carbon in products, dimensionless.
Reductance degree of biomass, equiv. of available electrons per
g atom carbon.
Reductance degree of products, equiv. of available electrons per
g atom carbon,
Reductance degree of organic substrate, equiv. of available electrons
per g atom carbon.
Fraction of available electrons in organic substrate which is
transferred to oxygen, dimensionless.
Fraction of available electrons in organic substrate which is
incorporated into biomass, dimensionless.
"True'" biomass available electron yield, dimensionless. (Prime
denotes anaerobiec process).
Specific growth rate, hr_l.
Fraction of available electrons in organic substrate which is
incorporated into products, dimensionless.
Weight fraction of carbon in biomass, dimensionless.
Weight fraction of carbon in products, dimensionless.
Weight fraction of carbon in organic substrate, dimensionless.

Time, hrs.
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APPENDIX
AN EMPIRICAL COMPARISON OF THE BOOTSTRAP
AND NORMAL THEORY METHODS FOR
CONSTRUCTING CONFIDENCE INTERVALS
The procedure used to estimate the confidence interval by the Bootstrap

method is presented for the case where the maintenance parameter, m, and
the true growth yield, Noax® 2T8 the parameters of interest. The results
are compared with those obtained from Normal Theory methecds for several
different error distributioms.

To illustrate the procedure, consider Equations (16) and (17), Chapter IT,

for the case where there is no product formation.

CrSYSQ=m+“ (1)
Gbe S = rImax

4804

- 2+u=me+n“ (2)
be max

To facilitate presentation, Equations (1) and (2) are put into the

following form,

yli=o&+Bxi+€li Tt =1y 25 + & s 1 (33
Yo; = o+ Sxi + EZi o=l 24 , 0 (4)
where
oY
s's Q_.
¥ao & si
ii Gbe
48Q0a.
_ 21
21 T oy, tHy

are system responses and alsc dependent variables, x; = “i is independent

variable and Eli and 821 are random errors with mean zero and bivariate normal.



and

are unknown parameters to be estimated.
From Equaticns (3) and (4), two least square estimates of ¢ and 8,

@_ and E, can be calculated where g is a (2 x 1) vector of the form

&y 1
8z |

o~
=

and_g is (2 x 1) vector of the form

B=[ 2]
32

e

Using these two least square estimates, (&;, Bi) and (&), éz), based on

respectively Equation (3) and Equation (4), estimated errors can be obtained;

Eli = Yli = O;I- - lei i = l’ 2, . L] .y n (5)
€11 T Yoy T 8y 7 By 1=y 2 » 1 (6)

r] * * * ~ ol
Randomly selecting n pairs of errors (e 1i° € 2i) from (Eli, 821)

i=1, 2, .. ., n, imitated system responses y*li and Y*Zi can be obtained,
such that;
* = & a * i =
y* g =8 + lei + £ 14 i ls 25 & 5 s & (7)
X = A a * i =
V*,, = 0y + Bzxi + £ 24 i 1, 2, . . ., 10 (8)

Least square estimates of & and 8, (a*l B*l and u*z, B*z) can be
»

obtained using imitated responses from Equations (7) and (8), respectively.

We can imitate the experiment, independently, many times. Suppose after

#(D gty @ 01402y, (o x ™ gy #)

N repetitions, we obtain (o, s

and, (@2*D ) gty (@ @ 2Py 0t 8,x M) mhese least

square estimates by using weighted least square estimate technique:

A - - "l 1 -l ~
Coooled LA~ 1] 71" A& (9)
3 -netutrsta (10)

pooled
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where,
A is sample variance-covariance matrix, 2 x 2, of
(a1*(l), uz*(l)), (a1*(N), uz*(N))

. - LK)

B is sample variance-covariance matrix, 2 x 2, of

B+ D, g+ My, L, (e g,

1l is (2 x 1) vector of ones.
Second step is to construct 95% confidence intervals for @ and B. For

this purpose, pooled values of o and B we calculated for each repetition,

as follows:

Cx*;i())led = [1' E_i]_l 1' _ﬁ_ u*(i) 121, & « i3 N (11)
B*;(uix)aled =ty § et i=1, ..., N (12

where,

~

L 1s the estimate of variance-covariance matrix of errors, L; the errors

~

from Equations (5) and (6) may be used to construct Z. Since the errors,

and £% are pairs of the original errors, values of I estimated from

1i 2i
e* . and £%,., should be similar to those estimated from £,. and £,..
11 21 1i 21
Since the Bootstrap method is not an exact method, mathematically
derived, to obtain confidence intervals a distribution curve should be

constructed for this purpose.

From Equations (11) and (12),

. 23 ol g BT s -1 =1 4171
% o 1 1 ¥ 1

var (o pooled) [1' 2 - 11 7 1' £~ var (o )_2 11' X l} (13)
where,

Var (9"_*) = dl 2:”:

_ i (®°
4TSt T
i=1



Substituting and simplifying give,

3 *
Ve pooled

where,

Similarly

a *
Var (B pooled)

where

1
flg S gt
2 (xi X)

a1

i=1

1

e

Now, a distribution curve with zero mean can be constructed.

):dl.

T

& fd) o =
¢, = e —a D VA

B (4 = P
Ci = (B* - Bpooled) / V2 T

Renumbering the subscripts such that the values of C? and C

increasing order; that is,

a a
Cl < C2

| A

B B
Cl < C2 <

When N is large, 95% confidence intervals can be obtained; let

. <C and,

. < C

r = [largest integer < (0.025)N].

for o,
N ':)‘-
' +
Ctpoole.d C(r)

2 B
Bpooled * C(r)

i

e /A, * T<B<B

e T < < d
! — 7 — "pooled

“pooled

+

+

Ch

C(S)

B
C(S)

vdy T

———

¥di

L

T

5-4

(14)

(15)

Let,

(16)

(17)

in

(18)

(19)
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To compare the Bootstrap and Normal Theory Methods, for the specified
variance-covariance matrix of the errors, o, B, Xieov o (i=1, 2, . . ., n)
values and the error distribution type Eli and EZi’ Lo Ly 2% & & a3 Ty Bnd
Y14 and Yoq values are calculated. To this data set the Bootstrap and
Normal Theory methods were applied to obtain average length of confidence
intervals and coverages of o and B8 for six different error distribution
types (Table 1).

Simulation results showed that Bootstrap method is a reliable method

as well as other exact methods and can be used for different type of error

distributions in which the exact methods are absent.
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In the microbial production of useful products, it is important to
understand the allocation of substrate energy for maintenance, growth and
product formation. Methods are presented to obtain point and 957 confidence
interval estimates for the true growth yield parameter, true product yield
parameter, and the maintenance parameter, in aerobic cultures. Three
different statistical methods are presentéd which allow all data to be
used simultaneously for those cases where more than the minimum number
of measurements are made at each specific growth rate. These methods are
applied to two sets of literature data. Point estimates are similar for
the three methods, but interval estimates are considerably larger for the
third method. The 95% confidence interval estimates of maintenance coeffi-
cient showed that, in aerobic cultures, maintenance requirements are small,
Results obtained for true product yields are close to the theoretical maximum

value. For Rizobium trifolii, the 95% confidence interval for true growth

i i . < < 0.68.
yield is 0.53 2N 2 0.68
Equations are developed and used to estimate the maintenance parameter
and true growth yield in anaercbic cultures. Two sets of published data

were analyzed to demonstrate the application of these equations. For the

growth of Saccharomyces cerevisiae on glucose in chemostat, low values of

maintenance requirement and growth yield were observed; [0,00866] and

[0.0608, 0.118], respectively. In contrast to these results, a very high

maintenance requirement was observed for Zymomonas mobilis; 0.937 < m'e < 4.10.

Zymomonas mobilis, ATCC 10988, was cultivated anaerobically on glucose

in an instrumented fermentor. Samples collected during fermentation process
were analyzed to determine biomass and ethanol production and glucose con-

sumption. The COZ production was also recorded. Reasonably good consistency



was observed. Previously developed equations, for anaerobic cultures,

were used to estimate the maintenance coefficient and true growth yield.
Parallel to previous results, very high maintenance requirements were
observed for this organism; for Run #1 and Run #2, 3.8469 f_m% f_&.OlOQhr—l,
1.2423 < ol < 2.3387hr L, respectively. For ', 0.1233 <l < 0.2492
and 0.0690 f.n;ax.i 0.1429 were found for Run #1 and #2, respectively.

It was concluded that the high maintenance requirement and low growth

yield are related to the ability of this organism to produce ethanol.





