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1. OINTRODUCTION

The reaults of the prdiminary biodegradation test of ESA-substrate by pure cultue of
Fibrobacter succinogenes were presented in TN 2.100. A significant hydrolysis was noticed on
different substrates as glucose, cellobiose, cdlulose, wheat, tomato, soya. Based on the results of
these experiments it was decided to test the degradation of complete ESA-subgtrate in a
controlled reactor under CO, atmosphere to maintain the anaerobic conditions (tablel). One of
the condusons was the unability of F.succinogenes to grow when it is placed in the vicinity of
faeces.

This report gives tests performed in order to improve the degradation using the vegetable part of
ESA-substrate (wheat, soya and cabbage) on fed-batch process.

Table 1 : Schematic overview of the content of the technica note 2.100

CONCEPT

The potentidities of F.succinogenes

Production of the ESA-substrate

Degradation of part of ESA-substrate one by one

METHODS

Quantification of extracdlular metabolites (glucose, succinate, acetate, VFA) by HPLC
Estimation of degradation by developement of COD method suitable to our process and by dry
mass measurement of the subgtrate residue at the end of experimentation.

EXPERIMENTS

* Tedtsin bottle which give results of degradation on single part of ESA-substrate

Substrate | Degradation (%)
Wheat 32
Soya 63
Cabbage 78
Faeces 0
Soirdlina 0

* Teds in anaerobic reactor with specific substrate: cellobiose, wheat and the previous
composition of ESA-substrate (wheset + tomato + faeces + spiruling). The cellobiose experiment
sarves as a standard degradation. The experiment on wheat has shown that kinetics are lower
than the standard growth. The growth on the previous ESA-subdtrate has confirmed the inhibition
due to the presence of faeces.
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2.0. PROCESSDESIGN
2.1 General conditions of cultivation

F.succinogenes was grown under 100% CO2 in a basa medium described in TN2.100.
2.2 ESA conditions of cultivation

The basd medium (without carbon source) was added with 2% of dry matter.

All ingredients (table?) were mixed in a kitchen blender.

Fresh green cabbage were first cut n smdler parts and then subsequently mixed in a kitchen
mixer. Wheat straw was grind in dry conditions with a kitchen mixer and then a blender until
about 5 mm particules were obtained.

Table 2 : Composition of ESA-subdtrate in the three reactors examined in this technica note

Reactor 1 Reactor 2 and reactor 3
Component DM (q) proportion (% w/w) DM (qg) proportion (% w/w)
wheat 28 33,3 33,6 29,2
soya 28 33,3 33,6 29,2
cabbage 28 33,3 33,6 29,2
spirulina 0 0 14,2 12,5

We have chosen to add a fraction of cdlobiose at the beginning of the experimentation in

reactors 1 and 2 to adlow a rapid colonization of fibers by F.succinogenes. In these conditions,
we could delete the lag phase which is usua on complex subgrates like lignocdlulosc
components. The reactor 3 was sarted without cellobiose in theinitia medium.
During the fed-batch procedure, the dry matter was added once a week and in this case the
substrate was made up only with ESA-substrate : whesat straw 5.6 g (%dry matter 94.2), soya
waste 5.6 g ( %dry metter 90.6), fresh cabbage 769 (Yodry matter 7.4), and spirulina2.4 g. The
percentage of DM were determined by weighing after 24 hours a 110°C in oven.

2.3 Experimental set-up

The experiments were performed using the anaerobic reactor described in TN 2.100.

At the beginning of experimentation, the reactor of 2 liters was filled with 1.2 liters of medium
(basa medium + vegetable matter) and gerilized at 120°C during 20 min. After Serilization, the
reactor was flushed under CO, effluent (in the gazeous part in the top of the glass). Cystein and
NaCO; were added in the hot medium to decrease the redox potential. When redox conditions
were obtained (-300mV), the temperature was regulated to 40°C and 200 ml of preculture were
added. In this process, the reactor was filled up and the gaseous phase was taken up a smal part
in comparison with the liquid phase. After inoculgtion, the reactor was sealed gez tight and the
flush of CO, was connected only when samples were taken for the analysis of the liquid phase.

2.4 Analysis of the liquid phase
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Measurement of pH vaue :  on-linewith Ingold probe

Measurement of redox vaue : on-line with Ingold probe

Extracelular netabolites :  off-line, quantification of glucose, succinate, acetate, VFA by high
pressure -liquid chromatography after cdibration of each component. An example of high liquid
pressure chromatogram is given in table 3.

2.5 Analysis of the solid phase

Degradation of solid subdirate : off-line, at the end of the culture, by COD method described in
TN 2100 and by filtration/weighing of the resdue. At the end of the experiment (after 1000
hours of culture), the entire volume of the reactor is filtered. The cake is dried ( 24 hours at
110°C in aoven) and weighed.

Deemination of lignocdlulosc resdue : off-ling, a the end of the culture, by sequentia
determination of cdl-wal components. This method uses a trestment with neutral and acid
detergent and sulfuric acid ( Van Soest, 1963) . The protocol is described in the french standard
(AFNOR, NF V 18-122, 1997)

Table 3 : Anayss of soluble products by HPLC
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3.0RESULTS
3.1 Standard culture on cellobiose

In slandard conditions, which means on soluble subdrate like cellobiose and with only one
addition of subgtrate in the course of process, the extracelular products are basically succinate
and acetate The resultsin figure 1 show a production of succinate 4 g/l and acetate 3 g/l. They are
consistent with the results published by Matheron et d, 1997.
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Figure 1 : Growth of Fibrobacter succinogenesin reactor on cellobiose.
Report of optical density (®), production of succinate (M) and acetate ()

The cdlobiose is cleaved in two molecules of glucose by a cellobiase or in one glucose and one
glucose- 1- phosphate by a cellobiose phosphorylase (Matheron et d, 1996). Actudly, we could
firstly observed a decrease of cellobiose concentration and an increase of glucose concentration.
The increase of cellobiose concentration after 25 hours is due to the fact that we added an other

fraction of cellobiose (Figure 2).
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Figure 2 : Growth of Fibrobacter succinogenesin reactor on cellobiose.
Report of consumption of substrates: cellobiose (A), glucose (M) and total sugars (K1)
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Figure 3 : Growth of Fibrobacter succinogenesin reactor on cellobiose.
Report of NH3 consumption (A), values of pH (M) and redox potential (")

After 100 hours of culture, there was alimitation by the nitrogen source and the reactor was
stopped. This culture would be weighing as a stlandard behaviour of F.succinogenes on soluble
substrate and would be just used to compare the metabolism of this bacteria on ESA-substrate.
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3.2 Vegetable degradation of ESA-substrate,
Reactor 1: Wheat straw + soya waste + cabbage
With cellobioseat t =0

Within the results of the previous TN , F.succinogenes is unable to grow on faeces. In spite of
this problem, we have shown that F.s remains a good dternative to the firs compartment of
MELISSA observing that it could degrade lignocellulosic substrates. In the TN 2.100, we have
begun to test in reactor the degradation of single substrate one by one: wheat, soya and cabbage.
In this report, we have stand up for testing the association of the three vegetables in concentration

decided in the meeting of Gent.
Thefigure 4 givesagenerd view of dl parameters measured during this experiment.
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Figure 4 : Growth of Fibrobacter succinogenesin reactor 1 (on vegetable part of ESA -substrate).
a) Report of products: succinate (#), acetate (M), butyrate (4),NH3 evolution (- )
b) Report of pH values (M) and redox potential ()
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3.2.1 Andyssof thefirst step : 0-100h

Figure 5 reports for the first hundred hours.
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Figure 5 : Growth of Fibrobacter succinogenesin reactor on vegetable part of ESA -substrate.
Report of products: succinate (#), acetate (M), butyrate (4 ),NH3 evolution (- )

The comparison between the figure 5 and figures corresponding to a standard culture on
cdlobiose (figures 1 at 3) gives to believe that in this step of culture, F.s degrades at once the
cdlobiose present in the initid medium. In this case, it developes a classicd metabolism,
producing succinate (3g/l) and acetate (1g/l). The HPLC andyss shows that after 40 hours of
culture, there was no more cellobiose in the medium which could prove that after thistime, F.s
degrades only the non-soluble part of substrate but always produces succinate and acetate.

During this step, there was aso a consumption of (NH,)2S0,.

3.2.2 Thesecond step : 100-250 h

At 100 hours, we added a dose of vegetable part: wheat (5.6g), soya (5.69) and fresh cabbage
(76g @ 5.6 DM). The same figure (5) shows that the concentrations in succinate and acetate

decrease during 24 hours before increasing again.
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3.2.3 Thethird step : 250 -1000 h

After 250 hours, the substrate had been added three times (figure 4). During this Stage, succinate
was consumed and the products were acetate and butyrate with high level of concentration, near
8 g/l. This particular metabolism with production of butyrate was never described in the literature.

On the other hand, the metabolism of cdllulose was investigated using in vivo **C NMR and 'H
NMR ( Bibollet et a., 2000).The quantitative determinaion of metabolic fluxes showed the
revershility of different metabolic pathways in F.succinogenes. revershility of glycolyss and
revershility of succinate synthess pathway toward the production of acetate. This phenomenon
could be an explanation to the change of metabolism observed on our experimentation.

Matheron et d.(1999) showed that the presence of ammonia increased the reversa of succinate
synthes's pathway while the other reversed routes remained unchanged. Therefore, it was exactly

our case in this reactor. The andyss of N curve reveds a high level of nitrogen excreted in the
medium in the form of ammonia Maybe, it will be corrdated to the acetate concentration.

3.24 Quantification of degradation

Substrate added (1/3 wheat+1/3 soya+1/3 cabbage) = 84 g DM
Subgtrate non treated after 1000 hours of culture = 28 g DM
Substrate degraded =56 g DM , ie 67% of theiinitid quantity in 41 days
Degradation yield = 1.36 g DM /day

Total volume of thereactor : 1.6 L

Specific degradation yield : 1.05 g /L .day

3.3 Degradation of ESA —substrate,
Reactor 2 : Wheat straw + soya waste + cabbage + spirulina
With cellobioseat t =0

Usng the same initid condition (cellobiose 8 g/L) that the previous experimentation, reactor 2
was implemented with spirulinain addition to vegetable part of ESA-substrate.

TN 2.200 february 2002/ final version april 2002 10
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33.1 Andyssof theliquid phese

The figure 6 gives the generd profile o the degradation which could be correlated to the profile
shown in figure 5. During the firat gep (0 - 100 h), Fibrobacter succinogenes develops an usud
metabolism with production of succinate and acetate. Between 100 and 250 h , we could make
the assumption that we observed a metabolic balance characterized by a Sabilisation of acetate
and succinate concentration and production of propionate (butyrate in the reactor 1). During the
last step, until 1000 hours, this production increases in large amounts (about 8 g/L) after
consumption of succinate.
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Fgure 6 : : Growth of Fibrobacter succinogenesin reactor 2 ( vegetable part + spiruling).
a) Report of products: succinate (M), acetate (), propionate (A),NH3 evolution (- )
b) Report of pH values () and redox potential ()

3.3.2 Quantification of degradation by dry mass measurement
Substrate added (whesat straw+soyatcabbagetspiruling) = 115 g DM
Subgtrate non treated after 1000 hours of culture = 49 g DM
Subgtrate degraded = 66 g DM ie 57 % of the initial quantity in 41 days
Degradation yield = 1.61 g DM / day

Specific degradation yied : 1.01 g DM / L.day
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The previous tedts in bottle have demondrated that there is no growth of F.succinogenes on
spirulina, probably because of the proteic composition of spirulinawhich can’t be used as carbon
and energy sources by F.s. Therefore, the quantity added during the fed-batch could be
recovered at the end of the process. The subgrate redly involved in the degradation process will
be only 100.8 g DM and from the same point of view, the part of substrate after 1000 h which
ocould be take in account is only 34.5 g DM . The percentage of vegetable degradation is 66%0,
vaue smilar to the one obtained in reactor 1 (67%). That confirms in the opinion that there is no
degradation of spirulina

3.3.3 Quantification of degradation by COD measurement

TN 2.200 february 2002/ final version april 2002 12
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The gypstrate COD is defined as the vaue obtained by the standard curve considering
wheat straw + soya waste + cabbage + spirulina:

substrate COD (g O2/L) = 0.725 x dry mass (g substrate added in the medium)

After 1000 h of culture, the otz COD and the g1 yp1e COD were measured by a representative
sample of the heterogeneous medium.

On the reactor 2, these andyses give the following results:
Sum of gypstrate COD added : substrate COD = 84.3 g OJ/L

Fina value obtained after 1000 hours of culture : g5 COD = 71.4 g OJ/L
Find vaduein liquid phase: solubleCOD = 27.9 g O,/L

Find value of solid COD : 71.4-279=43590,/L

According to aprevious andyss (TN 2.100), the substrate degradation by F.s. doesnot result in
adecrease of total COD in areactor, the solid subgtrate being mainly split in small organics
(succinate, acetate, propionate and CO,). Consequently, the total COD is supposed to
marginaly decrease during the time course of the culture.

The previous results lead to caculate that 84.3 g O,/L —71.4 g O,/L = 12.4 g O,/L are not
recovered in the reactor volume which coud indicate that 12.4 / 84.3 = 15 % of initid COD is
flushed out the reactor in the gas phase during the culture. This part can be volatile faity acids and
CO..

The percentage of COD solid degradation is calculated by 43.5/84.3 =50 %. Thisis
sgnificantly lower than the evaluation of degradation by dry mass measurement which is 57 %.

3.3.4 Quantification of degradation by cdll-wall measurement

Sequentid determination of cdl-wall components by Van Soest method was improved on single
substrate, on ESA-substrate and on the dry residue obtained after 1000 h of culture. The raw
dataare shown in table 4.

Table 4: Raw data about cdll-wdl determination

Totd fibers Hemicdlulose |Cdlulose | Lignin

%DM %DM %DM %DM
Whest straw 75.5 23.2 452 6.3
Soyawaste 9.7 4.7 5 0
Cabbage 15.6 34 11.6 0.6
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Mix (1/3,1/3,1/3) 33.3 10.3 20.4 2.3

Reactor 2 resdue 491 18.2 27.2 37

Knowing data from dry mass measurement and using hypothesis that spirulina could not be a
subgtrate, degradation of each componert could be calculated :

Total substrate added : 115 g DM
Total spirulinaadded : 14.4 g DM
Tota subgtrate after 1000 hours of culture: 49 g DM

Totdl fibers: 51 % DM degraded 0.333 x (115-14.4) — 0.491 X (49-14.4)
0.333 x (115-14.4)

Hemicellulose : 40 % DM degraded 0.103 x (115-14.4) — 0.182 x (49-14.4)
0.103 x (115-14.4)

Cellulose : 54 % DM degraded 0.204 X (115-14.4) — 0.272 x (49-14.4)
0.204 x (115-14.4)

Lignin : 45 % DM degraded 0.023 x (115-14.4) — 0.037 x (49-14.4)
0.023 x (115-14.4)

These results point out an homogeneous degradation of cell-wall components, near 50%.
Importantly, it has to be emphasized that for soya and cabbage, the fiber fraction to be degraded
remains low (10 and 15 % respectively) compared to the total dry matter to remove.

3.4 Degradation of ESA —substrate,
Reactor 3: Wheat straw + soya waste + cabbage + spirulina
Without cellobioseatt =0

The third experiment was improved without addition of cdlobiosein theinitid medium.
3.4.1 Andyssof the liquid phase

The generd profile of the curves (figure 7) is Smilar to those obtained in reactor 1 or 2 but not in
the same scale of products concentrations. Succinate and propionate concentrations are haf for
the same production of acetate (8 g/L). In the rumen ecosystemn, propionate is well-known to be
produced from succinate by direct decarboxylation (Gottschalk, 1986).This pathway is employed
by Selenomonas ruminantium which is the mgor propionate- producing organism in the rumen
and which get rid of succinate produced by cdlulolytic bacteria (Scheifinger et d., 1973). None
published data indicates that F .succinogenesis able to use this pathway on standard

TN 2.200 february 2002/ final version april 2002 14
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subgtrate. Two hypothesis could be advanced; the first is that our process involves high
concentration of complex lignocellulosic subgirates which dictate a metabolic balance to dlow a
detoxification of the medium. The second hypothess is that the culture is sysematicaly
contaminated by the wheat straw addition even if this subdtrate is dways Serilized. At the present
time, severd tedts are operated to try to find an explanation and will be presented in the next TN.
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Fgure 7 : : Growth of Fibrobacter succinogenesin reactor 3 ( vegetable part + spirulina).
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a) Report of products: succinate (M), acetate (), propionate (A),NH3 evolution (- )
b) Report of pH values (M)and redox potential ()

3.4.2 Quantification of degradation by dry mass measurement

Substrate added (whesat straw-+soyatcabbaget+spiruling) = 115.2 g DM

+ faeces at the mid term
Subgtrate non treated after 1000 hours of culture = 46.6 g DM
Substrate degraded = 68.6 g DM ie 59 % of theinitid quantity in 41 days
Degradation yidld = 1.45 g DM / day
Specific degradation yield = 0.91g DM /L.day
According to the hypothess that spirulina and faeces could not be conddered as potentia
substrates, the dry mass corresponding are removed from the tota vaue. The results become::
Substrate added (wheat straw+soya+cabbage) = 90.7 g DM

Subgtrate non treated after 1000 hours of culture = 22 g DM

Substrate degraded = 68.7 g DM ie 75.7 % of theinitid quantity in 41 days

3.4.3 Quantification of degradation by COD measurement

On the reactor 3, these anadyses gives the next results :
substrate COD = 78.8 g O,/L ( wheat + soya + cabbage + spirulina + faeces)

total COD = 65.5 g O,/L which could indicates that 16.8 % COD isflushed in the
gazeous phase

soluble COD = 38.8 O,/

According to these values, the percentage of degradation obtained by COD measurement is 66
%.

Thereis gill adight discrepancy between degradation yield estimation by COD (66 %) and dry
mass measurements (76 %).
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The comparison of the results between reactor 3 (no initia cellobiose) and reactor 2 (initia 8 g/L
cdlobiose) seemsto indicate that the degradation is more efficient in reactor 3. This must be
confirmed. An explanation could be that the production of VFA islower on reactor 3 dueto
lower totd initid sugars concentration which could result in alower inhibition of F.s metabolism.
This could lead to interesting strategy of dimination during the culture.

3.4.4 Quantification of degradation by cdl-wal measurement

Reactor 3 was stopped at the end of january and these values are not yet available.

4.0 SUMMARY / OUTLOOK

Actudly, the process usng Fibrobacter succinogenes can degrade vegetable part of ESA-
subgtrate with a very good efficiency. Tests on single substrates show that degradation of whesat
straw was performed with 32%, soya waste 63%, cabbage 78% (dry mass estimation).
Spirulinawhich isa proteic subgrate, is not degraded by F.s.

An ambiguity remains about the influence of faeces because a recent test on a new faeces sample
shows that F.s can growth when placed in the vicinity of this materid in association with a
cdlulosic subgtrate but it could not be considered as a subgtrate source. Thisis in contradiction
with results presented in the previous TN and could be explained by a bad sample of faeces
(antibiotic ?). An addition of faeces a the mid term of reactor 3 shows that degradation of
vegetable part is not affected by faeces.
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In al cases, F.s does not seem to be able to degrade faeces and spirulina.

The association of wheat straw, soya waste and cabbage gives between 56 % and 76 % of

degradation based on dry mass measurement and between 50 and 66 % of degradation based
on COD andysis. The dy mass measurement 67 % (reactor 1), 66% (reactor 2) and 76 %
(reactor 3) seemsto be the best method because it concerns the whole solid part but thereis on
the one hand an overestimation because it includes the biomass content and on the other hand an

underestimation because there are sgnificant losses during the filtration.

Van Soest method for fibers fraction estimation has been implemented which enables to follow
the fibers fraction degradation.
The andytica methods are presently improved according to those presented in Barcelona:

M odel substrate Liquid phase
34 % COD
100% COD ( 84 g/LCOD) (28g/LCOD)
: VFA , NH,
v
Elementary Anagerobic :
B viverer A oot Solid phase
g 51 % COD
v (43 g/LCOD)
Biomass
Z Gaseous phase
15% COD
Quantification by .
fluorometer N0 Gl noH,
CO,?
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