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BACKGROUND INFORMATI&N

The LSU/MTF Bioengineering Research Facility has, for the past three
years, been involved in the development of a process (and ancillary pro-
cessing énd analytical techniques) to produce bacterial single-cell pro-
tein of good nutritional quality from waste cellulose. A fermentation
pilot plant and laboratory/were developed and have been in operation for
about two years. During this time we ha§e proven gkat single-cell pro-
tein (SCP5 could be produced from sugarcane bagasse~-a typical agricul-
tural cellﬁlosic waste. Our efforts during the past year have been
. directed at the optimization and understanding of this process and its
controlling variables. Both batch and continuous fermentation runs have
been made under controlled conditions in the 535 liter pilot plant vessel
and in the laboratory lé4-liter fermenters,

To facilitate the optimization of this process, certain 'evaluation
parameters' have been chosen to provide quantita{ive measurement of prog-
re;s. The first six (of the eight) parameters are the critical dependent
variables which control the last two-—product cost and product quality.

These evaluation parameters are presented in Table 1, The explana-
tions for tﬁe choice of these parameters is given in Appendix A. Table 2.
is an evaluation of the status of each parameter compared to the goals
set for the economical operation of the process. It can be seen that all
goals have been achieved except for 'Continuous Productivity'. This value
represents the experimental}y verified productivity of the fermentation

unit in continuous flow operation and is, in essence, the main evaluation.

parameter for economical operation of the progress. When this parameter
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ie impreved to the level of its goal (1.5 érams of dry cells produced per
liter of fermenter capacity per hour), the process will be considered
funetienal.

Appendix B includes evaluation charts for each of the parameters and
graphical presentations wherever appropriate. The definition of the
effeets ef each eontrolling variable is evaluated for each parameter, and

a systematic program of work to be done is presented.

. pt@blems were investigated to define the mechanisms and kineties cf the
-gatabolie fermentation processes,

GROWIH EFFECTS OF TREATED BAGASSE SOLIDS AND SOLUBLES ON A MIXED_ _CULTURE
OF CELLULOMONAS AND ALCALIGEVESllT* o

growth of Cellulomonas and Alcaligenes on a substrate composed of solid
gnd soluble fractions, The substrate is alkali-treated bagasse; the solid
fraction is composed of that fraction which is insoluble after alkali

treatment, whereas the soluble fraction is compesed of that fractiom which
vemains seluble after alkali treatment and subsequent meutralization,

It has been hypothesized that the Gellul@m@nas, which possesses a
8=Glucanase enzyme, grows pted@minanély on the selid fraectien and forms
acidic products, Alcaligenes, on the other hand, possesses a B=Glucosidase

enzyme and grows predominantly on the seluble fraction and forms basiec

products.



It is the aim of these experiments to prove the above hypothesis
qﬁalitatively and quantitatively. As an extension of this, it is desired

to relate these results from batch processes to continuous cultures.

Procedure

The substrate used in this experiment was sugarcane bagasse, which
was treated with 4% NaOH and heated at l70lF for one hour. This material
was then blended in a Wariég blender and filtered through a layer of
"Birdseye". The material which passed fhrough the "Birdseye" was colle;ted

and neutralized with HCl.and shall henceforth be referred to as 'soluble

fraction". The soluble fraction was composed of 7.41 grams/liter of NaCl

“and 13.04 grams/liter of solubles other than NaCl. The DNS test at a 20:1

dilution'yielded 1.70 grams/liter of reducing sugars, and the Phenol-
Sulfuric Acid test at a 125:1 dilution yielded 4.125 grams/liter of soluble
carbéhydrates. The matérial which was retained in the "Birdseye' shall be
called‘the "solid fraction'". The solid fraction was washed repeatedly to
insure all the solubles and salt had been washed away. The solid fraction
had-a moisture content of 79.3%. Both the solid fractionm and the soluble
fractioﬁ were stored at about 35 F until needed.

The first experiment was run using the above substrates, but merely
mixing the relative proportions of the solid fraction and the soluble
fraction. All runs were made in 500 ml. side-arm flasks which had a total
of 250 ml. of media, and which had a total solid fraction plus soluble
fraction concentration of 10.0 grams/liter. The substrate loading and the

media for the first run is as follows:



Run No.‘l

Flask No. . 1,2
Solid fraction 10.0
(gms/1) :

Soluble fraction 0.0

(gms/1) except NaCl

(NH4) 2S04 6.0
(gnms/1) '
/
. MgS0y4 - 7H20 0.4
(gms/1)
CaCl 0.1
(ng71)
NaCl 1.4
(gms/1)
KZHPO4 1.0
(gms/1)
KH5POy, 1.0
(gms/1)
Yeast Extract 0.1
(gms/1) -
Trace Minerals 1.0
(ml/1)

3,4

9.0
1.0
6.0
0.4
0.1
1.4
1.0
;.O
0.1

1.0

5,6

8.0

2.0

6.0

0.4

0.1

1.4

1.0

1.0

0.1

1.0

7,8

7.0
3.0
6.9
0.4
0.1
1.4
1.0
lfO
0.1

1.0

9,10

6.0

4.0

6.0

0.4

1.4

1.0

1.0

0.1

1.0

The flasks were then sterilized and inoculated with a mixed culture

of Cellulomonas and Alcaligenes; however, the cells were spun down from

the inoculum and resuspended in sterile water.

The flasks were then

inoculated with approximately the same quantity of both Cellulomonas and

Alcaligenes, The second experiment will now be described, and the results

will all be analyzed at the same time.

The second experiment was the same

as the first except that the solid and soluble concentrations were varied.



Run No. 2

Flask No. 1,2 3,4 5,6 7,8 9,10

Solid fraction 0.0 2.5 5.0 7.5  10.0
(gms/1)

Soluble fraction 10.0 7.5 5.0 2.5 0.0
(gms/1) except NaCl

(NH,) 550, 6.0 6.0 6.0 6.0 - 6.0
(gms/1) .

MgSO4 THoO / 0.4 0.4 0.4 0.4 0.4
(gms/1)

- CaCl 0.1 0.1 0.1 0.1 0.1
(gms%I) ' :
NaCl 5.5 5.5 5.5 5.5 5.5
(gms/1)

KoHPO,, 4,45 445 445 445 445
(gms/1)

KH, PO, 3.40 3.40 3.40 3.40 3.40
(gms/1)

Yeast Extract 1.0 1.0 1.0 1.6 1.0

(gms /1)

Trace Minerals 1.0 1.0 1.0 1.0 1.0

(m1/1)

The flasks were sterilized and inoculated in the same manner as the
first run of this experiment. |

An important tool in the differentiation of the two cell populations.
is the "Differential Plate Count" or the "Viable Plate Count". By perform-
ing a plate count with the organisms at a proper dilution, one can deter-
mine the number of viable or living organisms of each species.

Two types of agar are used in the preparation of the Petri dishes or
plates. Cellobiose agar is specific for Alcaligenes; therefore, it gives

the number of viable Alcaligenes at any given time during the fermentation.




Nutrient Broth Agar gives a total of the Alcaligenes and Cellulomonas

which are viable at any given time. Therefore, the number of Cellulomongs
can be determined by difference between the Nutrient Broth Agar and the
Cellobiose Agar. The procedure for preparation of the agar and the plating

technique is:

Nutrient Broth Agar - Nutrient Broth 8.0 gms/1
| / Plain Agar © 18.0 gms/1
Yeast Extract 1.0 gms/1
Cellobiose Agar - Celiﬁbiose 1.0 gms/1
Plain Agar 18.0 gms/1

Nutrients ' IN

The agar must be mixed very well to insure that everything goes into solu-
tion, and should then be autoclaved at 15 psig for.15 minutes and stored.
If the agar is kept at 45 C, it will remain liquid and can be used.
The plating technique used is the pour plate method. The sample of cul-
ture is diluted in Sterile 1IN saline so that there are between 30 and 300
colonies on a plate. This assures a good statistical sample and accurate
results. One milliliter of the diluted sample is placed in a petri dish,
and about 15 ml. of agar are péured into the plate and mixed well. The

plate is then incubated at 31 C for 48 hours and the colonies are counted.

Results and Discussion

Figure 1 illustrates net cell growth versus substrate loading. The
data indicate that at both extremes; i.e., pure solid fraction and pure
soluble fraction, growth-is essentially the same, Based upon our postulate,
these should correspond to cultures of pure Alcaligenes grown on pure solu-~

bles and pure Cellulomonas grown on pure solids. There should also be a



Figure 1. Net Cell Growth Versus
Substrate Loading
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respective increase and decrease in pH. Unfortunately, the plate counts
 did not yield any usable information other than the fact that the numbers
gotten do not correspond to those one would expect in a mixed culture of
Cellulomonas and Alcaligenes. This problem is being evaluated by the
Microbiology Department. Figure 4, however, does indicate that the pH
Arises initially as the solubles are being utilized, and the pH decreases
as.the solids are being utilized. The only way to relate this to a par-
ticular microorganism, however, is by a plate count to determine the rela-
ti&e proportion of the two organisms. This will be accomplished in the
near future.

Figures 1, 2, and 3 show that as we begin mixing'the solid fraction
and thé soluble fraction the net cell growth increases. Maximum cell
growth occurs at equal concentrations of pure solids and pure solubles.

If one assumes that 1.0 gram of dry‘fure solid fraction yields’0.38 grams
of cells, and 1.0 gram of soluble carbohydrates yields 0.50 grams of cells,
then Figure 1 can be gotten from Figures 3 and 5. This cannot be done due
primarily to the inadequacy of the test for soluble carbohydrates; i.e.,
the Phenol-Sulfuric Acid test. The test is not specific and many factors
may interfere in readings. We are searching for a new test.

These data do indicate, however, that adding various proportions of
soluble fraction to the solid fraction does enhance the net cell growth
‘and also the percent and quantitative utilization of the substrate. The
next step is to relate this to any continuous data available and to pick a
few points and conduct the fermentation on a larger scale where growth can

occur at a more optimum level.
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Percent Bagasse Solids Digested

Versus Substrate Loading

Figure 2.
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Bagasse Solids Digested and
Bagasse Solubles Digested
Versus Substrate Loading

‘Figure 3.
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pH Versus Time for Run No. 2.

Figure 4.
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EFFECT OF DRYING AND BALL-MILLING ALKALT-TREATED BAGASSE AS A SUBSTRATE FOR

MICROBIAL GROWTH!L]

The purpose of this experiment was to determine the effect on microbial
growth of drying and ball-milling alkali-treated bagasse. Also, a compari-
son will be made of a fermentation run with continuous pH control and of one
run with semi-continuous pH control,

It is believed that drying alkali-treated bagasse in an air oven will

/ :
result in a re-crystallization of the cellulose. This would mean that the
dried bagasse would be less susceptible to microbial degradation than the

undried treated bagasse. If the dried bagasse were ball-milled, this should

help to decrease the crystallinity and render the substrate more susceptible

"~ to microbial attack.

Continuous pH control should be more advantageous than semi-continuous
control since the system will experience no large shocks due to deviation of

the pH very far from 7.0.

Procedure

" The bagasse to be used as substrate was prepared in three different

waysf

1. Bagasse was treated with 4% NaOH at 170 F for one hour.

2. The bagasse from (1) was dried in an air oven at 90 C for 12 days.

3. The bagasse from (2) was ball-milled with 1/2-in. ball bearings

for 48 hours.

The treated bagasse was loaded into a 7.0-liter fermenter which had semi-
continuous pH control. The treated and dried bagasse was loaded into a 7.0-
liter fermenter which had semi-continuous pH control. The treated, dried,
and ball-milled bagasse was loaded at the same concentration into a 14.0-
liter fermenter with pH control and into a 7.0-liter fermenter with semi-

continuous pH control. The 7.0-liter fermenters were loaded with 25.0
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grams/liter dry weight of substrate and 12.0 liters of media. The composi-~

_ tion of the media is:

(NH,) SOy 6.0 grams/liter
KH,PO, 3.41 v
KZHPO4 4,35 "
MgS0,, * TH,0 0.4 "
CaCl,, | 0.1 "
Yeast Extract 0.1 "
NaCl 2.0 "
Trace Minerals 1.0 ml/liter
P-2000 . 1.0 "

The fermenters were sterilized and inoculated with a mixed culture of Cell-
ulomonas and Alcaligenes.which were grown on filter paper and 2% lactose,

respectively. The inocula were in Log Phase Growth (LPG).

Results and Discussion

Results are shown on the growth curves in Figures 6, 7, 8, and 9 and
Tabie 3. Based upon these data, it sppears that the continuous pH control
did not offer any advantage over the semi-continuous system. One way the
low mass-doubling time of the l4-liter vessel can be explained is that the
inoculum may not have been as healthy as the others. Although the treated
bagasse has the lowest mass—-doubling time in LPG, it did not have the
greatest extent of growth., This may be somehow related to the phenomena in
the growth curves which shows the treated bagasse culture leveling off
rapidly after LPG, whereas the other cultures tail off graduzlly in a con-
tinuously increasing manner. The gradual decrease in growth_rate and in-

crease in extent of growth of the oven-dried material is probably due to



. Figure 6. Treated, Dried, Ball-Milled Bagasse
: Vessel No. 2 (14.0 liter)
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Treated, Dried, Ball-Milled Bagasse

Vessel No. 3 (7.0 liter)

~ Figure 7.
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Treated, Dried Bagasse
Vessel No. 4 (7.0 liter)

Figure 8.
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Treated Bagasse -

Figure 9.

Vessel No. 5 (7.0 liter)
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TABLE 3

CELL GROWTH DATA

Substrate | T D TDBM  TDBM
Loading (gms/1) - 25 25 25 25
Volume (L.) | 6 6 6 12
pH control (C or $-C) - 8=C .S—C S~-C c
tmp (hrs.) / 5 6 7 8
KU at end of LPG 2000 1600 2100 1400
.KU at end of 73 hrs. 2550 2950 3250 2150

. T - Treated Bagasse
TD - Treated, Dried Bagasse

TDBM - Treated, Dried, Ball-milled Bagasse

decrystallization of some of the bagasse which had been crystallized in the
oven. If the bagasse had been neutralized prior to placing in the oven,
then the extent of crystallization would have been great. Since it was not

neutralized, only a small amount of crystallization would have occurred.

\

EFFECT OF SUBSTRATE PARTICLE SIZE ON CELL GRowTH([1]

This experiment was conducted to determine if substrate particle size
-had an effect on the microbial utilization of the substrate. It was postu-
lated that for a given mass of substrate, a decrease in the mean particle
size would result in an ipcreased total substrate surface area available for
microbial attack. The particle size reduction would also decrease the de-
gree of crystallinity of the substrate which would further.enhance microbial

attack. Since we believe microbial attack to be a surface phenomena, the
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‘increase in total surface area and in the number of substrate particles

should increase microbial utilization of the substrate. -

Procedure

Bagasse was prepared for use in two different ways: -

1.

Treated, then ball-milled bagasse -~ Bagasse was treated with 3%
NaOH, heated at 170 F for one hour, then neutralized with H,50,
and dried in an ogen at 90 C for 24 hours. It was then ball-
milled for 48 hours. After miliing, the s;gasse was placed in a
éieve shaker which contained sieves of 35, 80, 200, 230, and 325
mesh sizes. The corresponding sieve openings were 595, 177, 74,
63, and 44 microns. The bagasse was shaken for two hours, and
the material which collected on each screen was used as substrate
for that particular size range. .
Bagasse was first ball-milled and separated into the same fractions
as described above. Each fraction was then treated with 3% NaOH,
heated at 170 F for one hour, and neutralized and used as sub-
strate. Particle size ranges employed were:
@ Particles which passed through a 35-mesh screen but not a
80-mesh screen
e Particles which passed through a 80-mesh screen but not a
' 200-mesh screen
e Particles which passed tﬁrough a 200-mesh screen but not a
230-mesh screen
® ' Particles which.passed through a 230-mesh screen but not a -

325-mesh screen

e Particles which passed through a 325-mesh screen,
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The bagasse was loaded at 5.0 grams/liter dry weight into 500 ml. flasks

which contained 250 ml. of the following media:

(NH) 2504 6.0 grams/liter
MgSO,, - THo0 0.4 "
cacl, 0.1 "
NaCl 1.0 "
KH,PO,, 3.41 "
KZHP04 .35 "
Yeast Extract | 0.1 "
Trace Minerals 1.0 ml/liter

The flasks were then sterilized and inoculated with a mixed culture of
Cellulomonas and Alcaligenes which were grown on filter paper and 2% lactose

respectively.

Results and Discussion

Results are presented in tabular form below.

Treated, then ball-milled bagasse -

Particle Size Range Net Cell Growth (KU) Unfiltered Net Growth

177 to 595 microns ' 190 790
74 to 177 microms 240 620
63 to 74 microns | 190 | 520
44 to 63 microns 240 | 550 |

Less than 44 microns : 180 500
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Ball-milled, then treated bagasse -

Particle Size Range Net Cell Growth (KU) Unfiltered Net Growth

177 to 595 microns 270 o 380
7?4 to 177 microns - 210 : 380
63 to.77 microns 210 390
44 to 63 microns 230 » . 440
Less than 44 miérons y 240 : 400

Interpretation of the growﬁh of the cultures Eased only on turbido-
metric ﬁeasurements as above proved to be unsatisfactory. Even at the low
substrate loading the small particles interfered with a proper determina-

. tion of cell density. Since we do not have a quantitative chemical analy-
sis for cell density at the present time, one will have to be devised before
further work can be done with small particles of substrate. All the filters
became plugged with substrate, thus making it impossible to measure the cell
density. The Ninhydrin test, which is a quantitative test for protein, is
being developed and will hopefully fill this technical void.

SELECTION OF A BUFFER SYSTEM - EFFECT OF VARIOUS CONCENTRATIONS OF PHOSPHATE
BUFFER 12]

Selection of an appropriate and adequate buffer system to maintain pH
within a range compatable to growth for shake flask cultures is a formidable
problem. A phosphate buffer is a natural firsf choice since its pKa is near
neutrality, and since the cells do require a small amount of phosphate for
growth., A series of experiments were Qesigned to determine the concentration
of phosphate buffer that would best control changes in pH, and to determine

at what concentrations phosphate inhibition would be in evidence.
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Procedure

Media was prepared to contain:

(NH4)2504 6.0 grams/liter
NacL 1.0 . "
MgSOy, - TH,0 0.4 "
CaCl, - 0.1 | "
Yeast Extract 0.1 "
Trace Minerals 1.0 ml/liter
Glucose ' "~ 3.0 grams/liter

Two hundred fifty ml aliquots of this media were put into 500 ml Belco
sidearm flasks and prepared to contain the following concentrations of phos-
phate buffer.

Molarity of Buffer gms. KpHPO4 gms. KH2PO4

0.015 | 1.3 1.02
0.05 4.45 3.40
0.1 8.70 6.80
0.2 17.4 13.6
0.4 34.8 27.2

0.5 43.5 34.0
All flasks were inoculated with three ml of Cellulomonas, and pH was taken

at the beginning and end of the run. Cell growth was determined by increase

in optical demnsity with a Klett-Summerson colorimeter equipped with a red
filter. Reducing sugars were measured at the beginning and end of the run
using the 3,5 dinitrosalicylic acid .(DNS) method.

I; was noted that caramelization of the glucose increased with increased

concentration of phosphate salt and that in no case did the amount of
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reducing sugar indicated to be present using the DNS method correspond with

the original substrate loading.

Results and Discussion

I3

From the data presented in Table 4, it appears that the growth rate of
Cellulomdnas is inhibited at phosphate concentrétions greater than 0.05.N.
Growth rates at 0.015 N and 0.05 N are comparable; and though the pH at the
higher concentration shows/less of a decrease than at the lower concentra-
tions, both final pH's are incompatable to maximum substrate utilization and
cell growth.

The problem of pH control for bench-top fermentation or pilot plant
.- scale fermentations is not a serious one. Addition of acid or base can be
accomplished asceptically and mechanically so that the pH can be controlled
within a very small range. However, the problem of maintaining optimum pH
in a shake flask culture is a very real one. The measurement of pH at inter-
vals, and the sporadic adjustment of pH, greatly enhances the opportunity for
contamination not to mention the cellular trauma involved in abruptly ad-
jusfing the pH from 5.0 to 7.0,

The alternative to inadequate buffers at low phosphate levels and to
inhibition at higher levels should reasonably be a switch to another buffer
system that would provide a strongly buffered neutral solution and not in-

hibit the growth rate of Cellulomonas.
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EXPLANATIONS FOR CHOICE OF PROCESS EVALUATION PARAMETERS

1. Batch cell concentration at end of log phase growth - Circ (grams of

dry cells/liter of culture)

4

|

1n cell LOG PHASE OF

CELL GROWTH
conc.

time e

__é. In log growth phase thé mass of the cells of thé culture is
v

increasipg by first-order kinetics—--the cells are dividing by
binary fission, and the culture is growing at its maximum
growth rate. |

b. The end of the log phase of growth &enotes that something is
limiting the free growth of the culture. ) |

c. The CLPG’ therefore, gives us a measure of the extent of free
growth possiblg for that cultufe under whatever conditions are

imposed.

2. Growth Rate on Bagasse - HLPG (hrs—l), (during log phase growth) .

30




from‘ - dac  _ uC; n = 0.69

dt tMD

a. Gives the ﬁharacteristic growth rate of the culture during the
log phase under whatever conditions are imposed on the culture,
Productivity Calculated from a Batch Culture - Pc B (grams dry

cells/liter fermenter volume « hour)

Pe.B. = Mre'Crpc

a. Gives a measure of the performance of the particular batch
culture if it were in steady—state continuous flow under the
saﬁe conditions.

Cell Yield on Substrate — YCH20 (grams dry cells/gram of bagasse

fiber used)

c
ds

where; S = concentration of filterable solids

~a. Has a usual maximum value of 0.50 for cells aerobically

metabolizing carbohydrate.

b. Sincelnot all bagasse is reﬁor;ed as filterable Solids, this
value does not represeﬁt the overall yield of cells on
bagasse (which will be lower). : -

Substrate Utilizatioﬁ Efficiency at the Eﬁd of Log Phase Growth =~

(SO-S‘) (non—dimeﬂsional) ‘

LPG ‘ '

So

where: S, = grams dry filterable solids at start of culture
S = grams dry filterable solids at any tfme (in this case

at end of LPG)
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’

a. Gives a measure of the extent to which the substrate can be
metabolized without limiting the free growth of the culture
(asspming that nothing else is limiting culture growth).

b. Indicates the émount of thé fiber that can be metabolized in
a single pass through the fermenter.

6. Continuous Productivity - P, (grams of dry cellsfliter of fermenter

volume * hour) Y

P = C*D where

.C = cell concentration in g/l in steady-state in
a continuous culture
D = dilution rate in hrs.-;

= FEED RATE of the culture,
FERM. VOL, -

a. Experimental value for the productivity of the culture in

steady~-state continuocus flow.
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