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ABSTRACT 

Introduction: Clostridium thermocellum is considered a model organism for 

consolidated bioprocessing, due to its ability to hydrolyze lignocellulosic 

biomass more efficiently than many other organisms and to produce ethanol. 

In order to meet the industrial requirements of ethanol yield and titer, metabolic 

engineering efforts have been made resulting in a strain that successfully 

displays increased ethanol yield with reduced amount of some byproducts. 

However, the ethanol yield in this engineered strain still does not meet the 

industrial requirements and significant amounts of amino acids are still 

produced. To attempt to decrease the level of amino acid excretion intended to 

improve the ethanol yield in C. thermocellum, it is essential to understand its 

metabolism and how it is affected by different cultivation conditions and medium 

compositions. This study aimed to gain an insight in how carbon- and nitrogen 

limitation affect amino acid excretion in C. thermocellum, with the hypothesis 

that excess of carbon and nitrogen yields more amino acid excretion. 

Methods: Mass-balance based calculations of rates and yields were used to 

analyze the metabolism of a wild-type of C. thermocellum (DSM 1313) grown 

anaerobically in carbon- or nitrogen-limiting chemostats. For this, Low-Carbon 

medium containing, respectively, cellobiose (5 g/L) and urea (0.15 g/L) as the 

limiting nutrient was used. Both cultivations were performed at 55 °C, pH 7.0 

and 400 RPM shaking at a dilution rate of 0.1 h-1.   

Conclusions: Considering yields of total amino acids excreted in both 

limitations, it was hypothesized that C. thermocellum exploited the amino acid 

excretion to maintain carbon balance around the pyruvate node caused by 

excess of the carbon. Based on yield of valine excreted in particular, it was 

hypothesized that amino acid excretion was used to maintain redox balance in 

the metabolism of C. thermocellum, where malate shunt could play a major role. 

However, results of the Carbon-limitation did not allow any conclusion of 

nitrogen excess having an effect on amino acid excretion in C. thermocellum. 
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LIST OF ABBREVIATIONS 
Abbreviation Meaning 

ACK Acetate kinase 
 ADH Alcohol dehydrogenase 
 ADP Adenosine diphosphate 
 AHAIR Acetohydroxyacid isomeroreductase 
 AHAS 2-aceto-2-hydroxybutanoate synthase 
 ALDH Aldehyde dehydrogenase 
 AK Aspartate kinase 
 AMP Adenosine monophosphate 
 ASA Aspartate semialdehyde dehydrogenase 
 ATP Adenosine triphosphate 
 BCAT Branched-chain aminotransferase 

BCKDH Branched chain keto acid dehydrogenase 
 CimA Citramalate synthase 
 CDW Cell dry weight 

DHAD Dihydroxy-acid dehydratase 
 GLDH Glutamate dehydrogenase 

GlnA Type I glutamine synthetase 
GlnN Type II glutamine synthetase 
GOGAT Glutamin oxoglutarate aminotransferase 
HSD Homoserine dehydrogenase 

 HSK Homoserine kinase 
HPLC High Performance Liquid Chromatography 
ILT Isoleucine transaminase 

 IMDH Isopropylmalate dehydrogenase 
 IPMD 3-isopropylmalate dehydratase 
 IPMDH 3-isopropylmalate dehydrogenase 

IPMI Isopropylmalate isomerase 
 IPMS 2-isopropylmalate synthase 
 KARI Keto-acid reductoisomerase 
 LC Low-Carbon 

LDH Lactate dehydrogenase 
 MDH Malate dehydrogenase 
 ME Malic enzyme 
 NADH Nicotinamide adenine dinucleotide 
 NADPH Nicotinamide adenine dinucleotide phosphate 
 OD Optical density 

PEP Phosphoenolpyruvate 
 PEPCK Phosphoenolpyruvate carboxykinase 
 PFL Pyruvate formate lyase 
 PFOR Pyruvate:ferredoxin oxidoreductase 

Pi Inorganic phosphate 
 PPi Inorganic pyrophosphate 
 PTA Phosphotransacetylase 
 RI Refractive index 

RP-HPLC Reverse Phase High Performance Liquid Chromatography 
TDH Threonine ammonia lyase 
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1. INTRODUCTION 

Cellulosic ethanol is one of the most promising alternative transportation fuels 

because of the fact that it can be derived from abundant renewable feedstocks, 

it gives cleaner combustion, and it is compatible with the current engine 

technologies. Saccharomyces cerevisiae and Zymomonas mobilis are currently 

being used for the bioconversion, due to their capability of high ethanol yields 

and titers. But because these microorganisms cannot natively hydrolyze 

cellulosic material, the process requires thermal and/or chemical pretreatment 

followed by addition of enzymes, resulting in uncompetitive production costs 

compared to fuels made from petroleum (Rydzak et al., 2017).  

An alternative with lower capital and process costs is consolidated 

bioprocessing (CBP), in which all steps are carried out in one single reactor 

(Lynd et al., 2016). As an option for CBP biocatalyst, Clostridium thermocellum 

is considered a model organism due to its ability to hydrolyze lignocellulosic 

biomass more efficiently than many other organisms and to produce ethanol. 

However, C. thermocellum currently gives a lower ethanol yield and lower titer 

than the industrial requirements, and still has to prove its efficiency in substrate 

conversion at high substrate loadings (Brown et al., 2015). In addition to 

ethanol, wild type C. thermocellum also produces acetate, lactate, formate, 

carbon dioxide, hydrogen and excreted amino acids (primarily valine and 

alanine) (Holwerda et al., 2014; Ellis et al., 2012). In order to improve the 

ethanol yield and titer, metabolic engineering efforts have been made resulting 

in a strain that successfully displays increased ethanol titer and yield with 

reduced amount of acetate, lactate, formate and hydrogen. However, the 

ethanol yield in this engineered strain still does not meet the industrial 

requirements and needs to be improved further. Interestingly, this engineered 

strain of C. thermocellum also produces significant amounts of amino acids, 

which limits its ethanol yield due to drain of carbon (Tian et al., 2016). However, 

little is known why C. thermocellum produces these amino acids (Holwerda et 

al., 2014; Rydzak et al., 2017; van der Ween et al., 2013).  
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To attempt to decrease the level of amino acid excretion intended to improve 

the ethanol yield in C. thermocellum, it is essential to understand its metabolism 

and how it is affected by different cultivation conditions and medium 

compositions. It is also significant for increasing the current understanding of 

the metabolism of C. thermocellum. To establish a central foundation for this 

study, a metabolic model (figure 1) combining glycolysis and nitrogen 

assimilation was constructed (Deng et al., 2013; Olson et al., 2017; Zhou et al., 

2013; Xiong et al., 2018; Rydzak et al., 2017; Saccharomyces Genome 

Database). It should be noted that some of the co-factors in biosynthesis of 

amino acids shown in this constructed metabolic model are from S. cerevisiae 

(broken arrows), and that the actual co-factors used in C. thermocellum were 

unknown and can be different. 

 
Figure 1: Constructed metabolic model combining glycolysis, selected amino acid biosynthesis 
and nitrogen assimilation, used in this study. PEP: phosphoenolpyruvate; OAA: oxaloacetate; 
α-KG: α-ketoglutarate; Glu: Glutamate; Gln: Glutamine. For all other abbreviations, see list of 
abbreviations. Pathways and enzymes found in glycolysis of C. thermocellum, based on 
enzyme activities and metabolite profiles (Deng et al., 2013; Olson et al., 2017; Zhou et al., 
2013). Pathways and enzymes for synthesis of amino acids found in C. thermocellum were 
based on isotope metabolite analysis (Xiong et al., 2018). Some of co-factors for synthesis of 
amino acids found in S. cerevisiae from Saccharomyces Genome Database (SGD) were 
applied (broken arrows). Pathway of nitrogen assimilation in C. thermocellum was based on 
genome annotation (Rydzak et al., 2017). 
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An earlier study has hypothesized that C. thermocellum exploits overflow 

metabolism, including excreted amino acids, to maintain carbon balance 

around the pyruvate node in its glycolysis (Holwerda et al., 2014). Another study 

has shown reduced amount of secreted amino acids and increased ethanol in 

C. thermocellum by deleting Type I glutamine synthetase (glnA), involved in 

ammonium assimilation (Rydzak et al., 2017). Based on this, a hypothesis was 

made that excess of nitrogen could lead to amino acid excretion in C. 

thermocellum. One study suggested that Clostridium cellulolyticum adapted its 

metabolism to low carbon flow, by oxidizing NAD+ through hydrogen gas. At 

high carbon flow, regeneration of hydrogen gas-mediated NAD+ cannot keep 

up forcing C. cellulolyticum to produce more lactate and exopolysaccharide for 

maintaining balance of electron. Based on this study of C. cellulolyticum, it has 

been speculated that C. thermocellum might use amino acid excretion to 

maintain its redox balance with increased intracellular carbon (van der Veen et 

al., 2013). 

This study aimed to gain an insight in how carbon- and nitrogen limitation affect 

amino acid excretion in C. thermocellum, with the hypothesis that excess of 

carbon and nitrogen yields more amino acid excretion. 

2. MATERIALS AND METHODS 

2.1. Strain and culture purity 
A wild-type strain of C. thermocellum, DSM 1313, purchased from DSMZ 

(Braunschweig, Germany) previously stored in CTFUD medium (Olson and 

Lynd, 2012) at -80 °C was used. Assessment of culture purity by 16S rRNA 

sequencing was performed and no contaminations were detected in any 

culture. 

2.2. Medium 
The medium was a chemically defined Low-Carbon (LC) medium with minor 

modifications (Holwerda et al., 2012). Cellobiose was used as the carbon 

source and urea was used as the nitrogen source.  
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Medium for wake-up cultures and pre-cultures were prepared as stock solutions 

in 125-ml serum bottles, sealed with butyl rubber stoppers and purged with pure 

nitrogen gas at room temperature for 20 cycles (vacuum and purging, 45 

s/cycle). All stock solutions were prepared with purified water (Purelab water 

purification system, ELGA LabWater, UK). Following are the stock solutions 

and their components with final concentrations in brackets. Solution A was 

prepared in 20x stock-concentration and contained cellobiose (5 g/L). Solution 

A* was prepared in 50x stock-concentration and contained MOPS buffer (5 g/L). 

Solution B was prepared in 25x stock-concentration and contained buffer salts 

(0.1 g/L Na2SO4, 2 g/L KH2PO4, 3 g/L K2HPO4). Solution C was prepared in 50x 

stock-concentration and contained urea (2 g/L). Solution D was prepared in 50x 

stock-concentration and contained salts (1 g/L L-cysteine HCl monohydrate, 

0.2 g/L MgCl2.6H2O, 0.05 g/L CaCl2.2H2O, 0.0035 g/L FeSO4.7H2O, 0.025 g/L 

FeCl2.4H2O). Solution E was prepared in 50x stock-concentration and 

contained vitamins (0.02 g/L pyrodoxamine dihydrochloride, 0.004 g/L P-

aminobenzoic, 0.002 g/L D-biotin, 0.002 g/L vitamin B12). Solution TE was 

prepared in 1000x stock-concentration and contained trace elements (0.00125 

g/L MnCl2.4H2O, 0.0005 g/L ZnCl2, 0.000125 g/L CoCl2.6H2O, 0.000125 g/L 

NiCl2.6H2O, 0.000125 g/L CuSO4.5H2O, 0.000125 g/L H3BO3, 0.000125 g/L 

Na2MoO4.2H2O). Stock solution A, A*, C, E and TE were filter sterilized into 

autoclaved 125-ml serum bottles sealed with butyl rubber stopper, purged with 

pure nitrogen gas at room temperature for 20 cycles (vacuum and purging, 45 

s/cycle) using 0.2 μm PES membrane filter. Solution B and D were transferred 

to 125-ml serum bottles before the bottles were sealed with butyl rubber 

stopper, purged with pure nitrogen gas at room temperature for 20 cycles 

(vacuum and purging, 45 s/cycle) and autoclaved at 121 °C for 20 minutes. All 

solutions were stored at room temperature, except for solution E and TE that 

were stored at 4 °C. Solution E was covered with aluminum foil to prevent light 

degradation. Each stock solution was then aseptically added, in the alphabetic 

order, to sealed autoclaved serum bottles containing purified anaerobic water, 

using 0.6 - 0.8 μm sterile needles to achieve desired final concentrations in 50 
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ml of total volume. The medium was finally purged with 20% CO2 in N2 gas mix 

for 5 cycles (vacuum and purging, 45 s/cycle). 

For the main culture (bioreactor), the medium was prepared in a 10-L Duran 

flask sealed with a butyl rubber stopper, which was pierced with stainless steel 

tubes to allow in- and outflow of medium and gas. Solution B was autoclaved 

in the medium flask and purged with pure N2 overnight. Solution A, C and E 

were prepared on the day of use. Solution E was covered with aluminum foil 

and was stirred for 5 hours until all biotin was dissolved. In strict order, solution 

A, C, E and purified water were filter sterilized (0.2 μm PES) into the medium 

vessel while stirring as aerobic solutions and let purge overnight. Solution D 

and TE were prepared as described above (anaerobic, sterile solutions) in 

serum bottles and filter sterilized into the medium vessel. In the same way, 

anaerobic purified water was added into the medium vessel making the total 

volume of 10 L, before the medium vessel was covered with aluminum foil. Final 

concentrations of all solutions were the same as in serum bottles described 

above, except that the medium contained no MOPS buffer, 1 g/L of L-cysteine, 

and different final concentrations of urea. Final concentration of cellobiose was 

5 g/L in both chemostats, while final concentration of urea was 0.5 g/L in C-

limited chemostat and 0.15 g/L in N-limited chemostat. Before inoculating the 

main culture, the medium was purged with 20% CO2 in N2 gas mix for an hour. 

All chemicals were supplied by Sigma Aldrich, except for ferrous sulfate 

heptahydrate and potassium dihydrogen phosphate that were supplied by 

Fisher Acros Organics and VWR chemicals respectively.  

2.3. Bioreactor 
The bioreactors used were 1-L stainless-steel bioreactors (Greta Multifermeter 

System, Belach Bioteknik, Stockholm, Sweden). A feed vessel (medium), a 

base vessel and an effluent vessel were connected to the bioreactor using 

Norprene®/Tygon® tubing. All septa and o-rings used were of Viton® which had 

low O2 gas permeability. The medium was continuously pumped into the 

bioreactor with peristaltic pumps, while the effluent pump was controlled by a 

level sensor. 
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2.4. Cultivation 
Two different nutrient-limited chemostats, carbon-limited and nitrogen-limited, 

were performed in biological triplicates. In order to allow cultures from freezer 

stock to adapt to new growth conditions, the experiments were divided into 

three phases; wake-up culture, pre-culture and main-culture. 

Wake-up culture was prepared by inoculating a freezer stock into 50 ml 

medium, containing 5 g/L cellobiose and 0.5 g/L urea, in a 125-ml serum bottle, 

and was allowed to grow at 55 °C and 180 RPM shaking. At exponential phase 

(approximately OD600 = 0.8), a pre-culture of the same working volume was 

inoculated and was allowed to grow under the same conditions until OD600 

reached 1.2, when 5% inoculation volume was transferred to the bioreactor 

(main-culture). Inoculation volume for wake-up culture and pre-culture was 

approximately 0.2-2% of the working volume.  

The main-culture grew anaerobically in a 1L-bioreactor containing 0.8 L of 

medium as chemostat cultivation, initiated with batch mode at 55 °C and 400 

RPM stirring. When the cells reached stationary phase (typically a spike in OD 

followed by a decrease, around approximately OD600 of 2.5), the cultivation was 

switched to a continuous mode with 0.1 h-1 of dilution rate (0.08 L/h of medium 

flow rate). Flow rate was controlled twice a day using an in-line serological 

pipette and adjusted as needed. The working volume was kept constant at 0.8 

L using a level sensor and pH was kept constant at 7.0 with 4 M KOH.  

2.5. Sampling of chemostat 

In order to evaluate that a steady-state was achieved, samples for two pre-

steady-states were withdrawn after 6 and 8 total residence times respectively. 

Sampling for steady-state was withdrawn after approximately 10 total residence 

times, based on OD and CDW measurements. 

At both pre-steady-states, approximately 20 ml of sample was aseptically 

withdrawn from both bioreactors and effluents using a 0.6 mm sterile needle 

and syringe for OD600 measurement, cell dry weight (CDW) measurement, urea 

and ammonia analysis, and analysis of sugars and fermentation products. 70% 
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isopropanol was used to wash the septum, before and after sampling, to 

prevent contamination. 

Similar to pre-steady-states, about 45 ml of sample was aseptically withdrawn 

from inside the reactor using a septum as well as from the effluent for OD600 

measurements, CDW analysis, urea and ammonia analysis, analysis of sugars 

and fermentation products, and amino acid analysis at steady-state. In addition 

to these, another 22 ml of sample was withdrawn only from inside the reactor 

for transcriptomics, proteomics, and 16S rRNA sequencing (purity control). 2 

ml of medium was also aseptically withdrawn from the medium vessels for 

analysis of urea and ammonia, sugars and fermentation products, and amino 

acids. 

3. ANALYTICAL METHODS 

3.1. Cell dry weight 
All samples were put directly on ice after withdrawal, awaiting measurement or 

sample preparation. For CDW measurement, 15-ml conical glass centrifuge 

tubes (CDW tubes) had previously been dried at 105 °C overnight and weighed 

empty after cooled down in a desiccator. Measurements were performed in 

triplicates. For the two pre-steady-states, 5 ml per sample was added to each 

CDW tube. For the steady-state, 10 ml per sample was added to each CDW 

tube. The CDW tubes were centrifuged at 2500 x g and room temperature for 

20 minutes. Supernatants were then discarded, before DI water of the same 

volume was added to the pellet for resuspension. The sample was centrifuged 

at 2500 x g and room temperature for another 20 minutes. Supernatants were 

then discarded and pellets were dried at 105 °C for 24 hours. The samples were 

then cooled down in a desiccator before weighing.  

3.2. Urea and ammonia 
Samples (1 ml) were centrifuged at room temperature for 2 minutes. 

Supernatants were then stored at -20 °C until analysis.  

The analysis was made with a Urea/Ammonia assay kit (rapid, cat. no. K-

URAMR), supplied by Megazyme (Bray, Ireland). A 10-times scaled down 
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version of manufacturer’s protocol was applied for use with a 96-well plate 

reader (SPETROstar OMEGA, BMG labtech, Germany). Also, standard curves 

of urea and ammonia were made and used for determining concentrations of 

these in the samples.  

3.3. Sugars and fermentation products 
Samples (1 ml) were first centrifuged at room temperature for 2 minutes. 

Supernatants were transferred to a 0.22 μm nylon centrifuge tube filter 

(Corning), and centrifuged at room temperature for another 2 minutes. The 

flow-throughs were then stored at 4 °C until analysis.  

Analysis was performed using High Performance Liquid Chromatography 

(HPLC from Waters, Milford, MA, USA), using refractive index (RI) and 

ultraviolet (UV) detectors, eluent of 5 mM sulfuric acid at 0.5 ml/minute and at 

30 °C. The column used was an Aminex HPX-87H column (Bio-Rad, Hercules, 

CA, USA).  

3.4. Amino acids 
Samples (1 ml) were centrifuged at room temperature for 2 minutes. 

Supernatants were then stored at -20 °C until analysis.  

A commercial kit AccQ-Tag (Waters, cat. no. WAT052880) and a RP-HPLC 

AccQ-Tag column (cat. no. WAT052885) were used. A commercial amino acid 

standard solution containing 17 dissolved amino acids and solutions of 

glutamine, asparagine and tryptophan were mixed to a standard containing 20 

amino acids. For internal standard, 2-aminobutyric acid (AABA) was used. The 

analysis was run according to the AccQ-Tag method manual (Waters, cat. no. 

WAT052874). Pre-column derivatization with 6-aminoquinolyl-N-

hydroxysuccinimidyl carbamate (AQC) and RP-HPLC chromatography was 

employed. The detection was performed with UV at 250 nm. Due to co-eluting 

peaks, serine, asparagine, histidine and glutamine could not be quantified. 

3.5. Transcriptomics  
Samples were immediately centrifuged at 5000 x g for 5 minutes at 4 °C, before 

the supernatants were discarded. 1 ml of RNAlater Stabilization solution 
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(Invitrogen) was directly added to the pellet and stored at 4 °C overnight. On 

the following day, the stored samples were centrifuged at 5000 x g for 5 minutes 

at room temperature. Supernatants were discarded and pellets were stored at 

-80 °C until analysis. 

The analysis will be carried out after this thesis project, due to the limited 

timeframe, and is therefore not described in this report. 

3.6. Proteomics 
Samples were immediately centrifuged at 5000 x g for 5 minutes at 4 °C, before 

supernatants were discarded. 5 ml of cold phosphate buffer (containing 9 g/L 

NaCl, 1.4 g/L Na2HPO4, 0.25 g/L KH2PO4) was added, followed by 

resuspension. The samples were then centrifuged at 5000 x g for another 5 

minutes at 4 °C. Supernatants were discarded and pellets were immediately 

stored at -80 °C until analysis.  

The analysis will be carried out after this thesis project, due to the limited 

timeframe, and is therefore not described in this report. 

4. RESULTS 

Carbon-limited and nitrogen-limited cultivations were performed using 

cellobiose as carbon source (5 g/L) and urea as nitrogen source (0.5 g/L for C-

limited and 0.15 g/L for N-limited cultivation) at a dilution rate of 0.1 h-1. One of 

three C-limited cultures did not grow for unknown reason and was terminated; 

thus, the C-limited cultivation was only in duplicates while the N-limited 

cultivation was in triplicates.  

For one of the C-limited cultivations, a significantly higher CDW at steady-state 

was observed than the preceding pre-steady state measurements. Since the 

OD remained constant, this was considered an analytical error with the CDW 

method and further calculations used an CDW estimation based on the average 

ratio of OD/CDW of the N-limited cultures, assuming that the biomass 

composition was constant between the two cultivations.  
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Based on different OD values between the samples for pre-steady states and 

the putative steady-state, it was also questionable if a steady-state in the N-

limited culture was actually achieved. Therefore, for the N-limited chemostats, 

a second steady-state was therefore measured and it displayed very similar 

data compared to those from the first steady-state, suggesting that a steady-

state had been achieved. For presenting results of the N-limited chemostats, 

an average of both steady-states was used. 

Table 1: Steady-state data of C-limitation and N-limitation shown as averages and standard 
deviation. Averages for C-limitation was based on 2 replicates, while N-limitation was based on 
3 replicates. Yxs of C-limited culture was based on a calculated CDW derived through ratio 
OD/CDW of N-limitation, thus no standard deviation. CB: cellobiose; CO2: carbon dioxide; 
EtOH: ethanol; AA: amino acid. 

 C-limitation N-limitation 

Yxs [g/gCB] 0.11 0.11 ± 0.00 
YCO2/s [mol/molCB] 
YEtOH/s [mol/molCB] 

3.42 ± 0.13 
0.98 ± 0.00 

2.73 ± 0.11 
0.81 ± 0.03 

YAcetate/s [mol/molCB] 1.34 ± 0.01 1.08 ± 0.00 
YFormate/s [mol/molCB] 0.13 ± 0.01 0.18 ± 0.01 
YLactate/s [mol/molCB] 0.02 ± 0.01 0.09 ± 0.01 
YPyruvate/s [mol/molCB] 0.02 ± 0.01 0.04 ± 0.01 
YAAs/s [mol/molCB] (a) 0.06 ± 0.03 0.18 ± 0.01 
Residual cellobiose [mM] < 0.01 3.87 ± 0.06 
Residual urea [mM] 1.59 ± 1.13 0.02 ± 0.00 
Residual ammonia [mM] 2.84 ± 2.39 0.11 ± 0.03 
Carbon balance (b) 79% 82% 
Nitrogen balance (b) 50% 76% 
Degree of reduction (b, c) 65% 72% 

a Yield of total excreted amino acids 
b Based on a general biomass composition of CH1.8N0.2O0.5 
c Based on following definition for degree of reduction: C, 4; O, -2; H, 1; N, -3; P, 5; S, 6 

While yield of biomass was very similar in both cultures, yields of carbon 

dioxide, ethanol and acetate were slightly higher in the C-limitation with 

approximately 1.2-fold (table 1). In contrast, yields of formate, lactate, pyruvate 

and total excreted amino acids were higher in the N-limitation with 1.4-fold, 4.5-

fold, 2-fold and 3-fold, respectively.  
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Figure 2: Yields of biomass, carbon dioxide, glucose, ethanol, acetate, formate, lactate, 
pyruvate and total excreted amino acids at steady-state from C-limitation and N-limitation 
respectively.  
 

 

Figure 3: Yields of top 5 excreted amino acids, remaining and total amino acids at steady-state 
from C-limitation and N-limitation respectively. Cysteine, which was added in medium and 
consumed, is excluded. All samples were performed in singlets. VAL: valine; TYR: tyrosine: 
ALA: alanine; ILE: isoleucine; LEU: leucine. All samples were performed in singlets. More data 
can be found in table A4 in appendix B. 
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Yields of top 5 excreted amino acids were higher in the N-limitation and it was 

especially apparent for valine with the N-limitation being approximately 15-fold 

higher (figure 3). Tyrosine was found in significant amounts in both limitations, 

while alanine was found in much lower amounts in both limitations. Yield of 

isoleucine was also significantly higher in the N-limitation with approximately 4-

fold. Due to co-elution, asparagine, glutamine, histidine and serine could not be 

quantified. More data can be found in table A4 in appendix B. 

Concentration of residual cellobiose in the C-limitation was below 0.01 mM, 

while residual urea was in excess. In contrast, concentration of residual urea in 

the N-limitation was as low as 0.02 mM, while residual cellobiose was in excess. 

 

 
Figure 4: Carbon-, nitrogen balance and degree of reduction over biomass, sugars, urea, 
ammonia, carbon dioxide, pyruvate, acetate, ethanol, formate, lactate, and total excreted amino 
acids at steady-state in C-limitation and N-limitation respectively. Data can be found in table 
A5-6 in appendix B. 

While total carbon balance was similar in both limitations, balance over 

biomass, carbon dioxide, acetate and ethanol were slightly lower in the N-

limitation (figure 4). On the other hand, carbon balance over lactate and total 
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excreted amino acids was significantly higher in the N-limitation. Carbon 

balance over sugars (cellobiose and glucose) was also apparently higher in the 

N-limitation. Total nitrogen balance in the C-limitation was as low as 50%, while 

76% was recovered in total for the N-limitation (table 1). Degree of reduction 

was similar to the carbon balance. Total degree of reduction was similar for 

both limitations, while significant differences were observed for biomass, 

sugars, pyruvate, acetate, ethanol, lactate and total excreted amino acids 

between the two limitations (figure 4). More data can be found in table A5-6 in 

appendix B. 

5. DISCUSSION 

Comparing the C-limitation with the N-limitation, some interesting observations 

can be made with regard to products. While biomass yield was very similar in 

both limitations and ethanol yield was only slightly higher in the C-limitation, the 

difference in yield of total amino acids excreted between the two limitations was 

significant (3-fold higher in the N-limitation, table 1). Among all the amino acids 

excreted, valine represented the largest difference in yield between the two 

limitations (15-fold higher in the N-limitation, table A4 in appendix B). 

Considering the hypothesis of this study that amino acid excretion in C. 

thermocellum can be caused by excess of carbon and nitrogen, yield of total 

amino acids excreted in both limitations were expected to be relatively low and 

this significant difference appeared as a contradiction. However, observing this 

high yield of total amino acids excreted in the N-limitation, a similar hypothesis 

to an earlier study (Holwerda et al., 2014) was concluded based on the 

constructed metabolic model (figure 1) that the excessive carbon forced C. 

thermocellum to produce more of pyruvate-derived amino acids in order to 

maintain carbon balance around the pyruvate node. This hypothesis was also 

supported by the yield of accumulated pyruvate in the N-limitation being 2-fold 

higher (table 1), indicating metabolic imbalance as suggested by another 

studies (Holwerda et al., 2014; Guedon et al., 2002). As mentioned, yield of 

valine represented the largest difference between the two limitations among all 

the amino acids excreted. Assuming that NADPH is required in biosynthesis of 
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valine, based on the constructed metabolic model (figure 1), a hypothesize was 

made that C. thermocellum produced this significant amount of valine in 

particular to maintain the redox balance in its metabolism. Normally, 

approximately two-thirds of phosphoenolpyruvate (PEP) is directly converted to 

pyruvate using pyruvate phosphate dikinase (PPDK) and the remaining through 

the malate shunt (Olson et al., 2017). Considering that PPDK is activated by 

ammonia, it was speculated that the low amount of nitrogen could make PPDK 

less active forcing C. thermocellum to use the malate shunt more to convert 

PEP to pyruvate which in turn led to NADPH being generated in higher amount. 

The malate shunt was therefore suspected to play a crucial role in the increased 

yield of valine.  

To establish a foundation for further investigation of this study, a comparison of 

ethanol yield and total amino acid excretion yield between this study and other 

similar studies was constructed (table 2). 

Table 2: Comparison of ethanol yield, total amino acid excretion yield, and top-3 amino acids 
excreted from this study and other similar studies. EtOH: ethanol; AA: amino acid; Glu: glucose; 
TYR: tyrosine: LEU: leucine; ALA: alanine; VAL: valine; GLU: glutamate; ASN: asparagine; ILE: 
isoleucine. Wild type C. thermocellum (DSM 1313) was used in all studies. 

a C-limited of this study (chemostat)  d Papanek et al., 2015 (batch)  
b N-limited of this study(chemostat)  e Holwerda et al., 2014 (batch) 
c Deng et al., 2013 (batch)   f mol/mol glucose equivalent 

Taking into account that valine has been among the two most reported amino 

acids excreted in C. thermocellum, the high yield of valine in the N-limitation 

was expected (table 2). On the other hand, such a low yield of valine of only 

about 7% of total amino acids excreted in the C-limitation was unexpected 

(table A4). Interestingly, yields of excreted tyrosine were also considerably high 

in both limitations, while the difference in yield of excreted leucine between the 

 YEtOH/s YAAs/s Top-3 AAs C-source N-source 

 [mol/molS]   

1 (a) 0.98  0.06  TYR 38%, LEU 31%, ALA 8% 5 g/L cellobiose 0.50 g/L urea 

2 (b) 0.81  0.18  VAL 49%, TYR 21%, LEU 9% 5 g/L cellobiose 0.15 g/L urea 

3 (c) 0.86  0.16  VAL 83%, ALA 8%, ASN 4% 5 g/L cellobiose 1 g/L yeast extract 

4 (d) 1.20  0.29  VAL 58%, ALA 13%, GLU 9% 5 g/L cellobiose - 

5 (e) 0.54 (f) 0.11 (f) VAL 65%, ALA 28%, ILE 3% 100 g/L cellulose 5 g/L urea 
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two limitations was denoting as well (5-fold higher in the N-limitation, table A4) 

and these demonstrate a contrast to results of other studies to date. In addition 

to valine, alanine has been the other most excreted amino acid and observing 

alanine excreted in significantly lower yield than tyrosine in both limitations was 

therefore also unexpected. Comparing nitrogen balance between the two 

limitations, significant differences in balance over urea, ammonia (converted 

from urea) and total excreted amino acids were observed (figure 4). In addition, 

the balance over biomass was approximately 2-fold higher in the N-limitation 

despite the yields of biomass being very similar in both limitations. Considering 

that the balance for both limitations was calculated using the same biomass 

composition, a possible reason for this significant difference could be that the 

biomass composition was different in the two limitations resulting in misleading 

calculations. 

In conclusions, different hypotheses were made based on the constructed 

metabolic model. Considering the yields of total amino acids excreted in both 

limitations, it was hypothesized that C. thermocellum exploited the amino acid 

excretion to maintain carbon balance around the pyruvate node caused by 

excess of the carbon. Based on the yield of valine excreted in particular, it was 

hypothesized that amino acid excretion was used to maintain redox balance in 

the metabolism of C. thermocellum, where the malate shunt could play a major 

role. The results of the C-limitation did not allow any conclusion of nitrogen 

excess having an effect on amino acid excretion in C. thermocellum. However, 

considering the possible errors observed, this study should be repeated and 

examined further for obtaining more convincing conclusions. For investigating 

the hypotheses made, it can be of interest to perform limitation of other 

nutrients. It can also be interesting to study flux of the malate shunt by varying 

dilution rate, for gaining a better understanding of its role in amino acid 

excretion in C. thermocellum.  
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7. APPENDICES 

7.1. Appendix A: Mass balance  
General mass balance over a reactor:  

ACCUMULATION = IN – OUT + PRODUCTION/–CONSUMPTION  

General mass balance for component y in the liquid phase: 

!(#×$%)
!'

= 	 (𝐹+, ∙ 𝑦+,) −	(𝐹01' ∙ 𝑦01') +	(𝑟4×	𝑉6)	    (1) 

Where y is concentration of component y in the liquid [g/L], yin and yout are 

concentrations of component y in ingoing and outgoing flow [g/L], Vl is liquid 

volume [L], Fin and Fout are ingoing and outgoing flow of component y [L/h], ry 

is volumetric productivity of component y [g/L, h]. The left-hand side can be 

rewritten according to the product rule: 

!(#×$%)
!'

= 	𝑉6×	
!(#)
!'

+ 	y×	 !($%)
!'

       (2) 

Assuming that the volume is constant with ideal mixing gives !($%)
!'

= 0 and y = 

yout, equation 3 can be derived from equation 2: 

!(#×$%)
!'

= 	𝑉6×	
!(#)
!'

        (3) 

Assuming that Fin = Fout = F, equation 4 can be derived from 3: 

𝑉6×	
!(#)
!'

= 	𝐹 ∙ (𝑦+, − 	y) +	(𝑟4×	𝑉6)     

!(#)
!'

= 	 9
$%
∙ (𝑦+, − 	y) +	𝑟4       (4) 

General mass balance for cells: 

!(:)
!'

= 	 9
$%
∙ (0 − 	x) +	𝑟<        (5) 

Applying rx = µx, where µ is the specific growth rate [h-1], equation 6 can be 

derived from equation 5: 

!(:)
!'

= 	−	 9
$%
∙ x + 	µx  

!(:)
!'

= 	𝑥	(µ −	 9
$%
)        (6) 
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General mass balance for a substrate: 

!(?)
!'

= 	 9
$%
∙ (𝑠+, − s) + 𝑟B        (7) 

Applying rs = qs×x, where qs is biomass-specific consumption rate [g substrate/g 

cell, h], equation 8 can be derived from equation 7: 

!(?)
!'

= 	 9
$%
∙ (𝑠+, − s) − 𝑞B	𝑥        (8) 

Equation 6 and 8 are dynamic expressions of mass balance for cells and 

substrate respectively. 

Mass balance for cells at steady-state; !(:)
!'

= 0, equation 9 can be derived from 

equation 6: 

																0 = 	𝑥 ∙ Dµ −	 9
$%
E 	Þ		µ = 	 9

$%
 = D       (9) 

D is dilution rate [h-1]. 

Mass balance for a substrate at steady-state; !(?)
!'

= 0, equation 10 can be 

derived from 8: 

9
$%
∙ (𝑠+, − s) = 𝑞B	𝑥         

														𝐷(𝑠+, − s) = 𝑞B	𝑥                       (10) 

Applying yield of biomass Yxs = G
HI

, equation 11 can be derived from 10: 

													𝐷 ∙ (𝑠+, − s) =
𝐷
𝑌<B

∙ 𝑥 

													𝑌<B =
<

BKL	M	?
                                     (11) 

Carbon balance over component y: 

𝑦N = 	𝑛N ∙ 𝑦                     (12) 

nc is number of carbon atoms in component y and y is concentration of 

component y [mol/L]. 

Nitrogen balance over component y: 

𝑦P = 	𝑛P ∙ 𝑦                       (13) 
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nN is number of nitrogen atoms in component y and y is concentration of 

component y [mol/L]. 

Degree of reduction over component y: 

𝑦Q = 	𝑛Q ∙ 𝑦                     (14) 

nD is degree of reduction of component y and y is concentration of component 

y [mol/L]. Degree of reduction for each atom used for calculations were C, 4; 

O, -2; H, 1; N, -3; P, 5; S, 6. 

7.2. Appendix B: Data 
Table A1: OD at 1st pre-steady-state (PSS1), 2nd pre-steady-state (PSS2), steady-state (SS), 
and 2nd steady-state (SS2) for C-limited and N-limited cultivation. C-limitation was performed 
in two biological replicates and N-limitation was performed in three biological replicates. All 
samples were performed in triplicates. 

 

 

 

 
 

 

Table A2: Measured CDW at 1st pre-steady-state (PSS1), 2nd pre-steady-state (PSS2), 
steady-state (SS), and 2nd steady-state (SS2) for C-limitation and N-limitation. C-limitation was 
performed in two biological replicates and N-limitation was performed in three biological 
replicates. All samples were performed in triplicates except for PSS1 of C-limited cultivation, 
which was performed in singlet. 

 

 

 

 

 

 

 

 

 

 

 C-limited cultivation N-limited cultivation 
 OD OD 

PSS1 1.33 ± 0.02 1.03 ± 0.01 
PSS2 1.32 ± 0.01 1.09 ± 0.01 

SS 1.31 ± 0.01 0.97 ± 0.01 
SS2 - 1.00 ± 0.01 

 C-limited cultivation N-limited cultivation 
 CDW [g/L] CDW [g/L] 

PSS1 0.56 0.40 ± 0.02 
PSS2 0.56 ± 0.03 0.45 ± 0.01 

SS 0.70 ± 0.05 0.38 ± 0.01 
SS2 - 0.39 ± 0.01 
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Table A3: Calculated CDW at 1st pre-steady-state (PSS1), 2nd pre-steady-state (PSS2) and 
steady-state (SS) of C-limited cultivation using average ratio OD/CDW of N-limited cultivation. 

 

Table A4: Yields of detected amino acids for C-limitation and N-limitation at steady-state. Note 
that data displays production of excreted amino acids, except for cysteine which was added in 
medium and consumed. C-limitation was performed in two biological replicates and N-limitation 
was performed in three biological replicates. All samples were performed in singlets. 

 

 
  
 
 

 

 

 C-limited cultivation N-limited cultivation 
 OD CDW 

(g/L) 
Ratio OD CDW 

(g/L) 
Ratio 

PSS1 1.33 0.53 2.51 1.03 0.40 2.56 
PSS2 1.32 0.53 2.51 1.09 0.45 2.40 

SS 1.31 0.52 2.51 0.99 0.39 2.56 

Compound C-limited cultivation N-limited cultivation 
 Yi/s [mmol/mol CB] Yi/s [mmol/mol CB] 

Alanine 7.3 ± 0.0  8.6 ± 0.2  
Arginine 0.0 ± 0.0 0.0 ± 0.0 
Aspartate 0.0 ± 0.0 0.0 ± 0.0 
Cysteine 74.8 ± 29.9 175.6 ± 9.7 
Glycine 1.8 ± 0.1 1.8 ± 0.1 
Glutamate 1.8 ± 0.0 5.1 ± 0.5 
Isoleucine 1.5 ± 0.2 7.6 ± 1.0 
Leucine 3.4 ± 1.1 6.4 ± 0.2 
Lysine 0.2 ± 0.3 0.0 ± 0.0 
Methionine 1.2 ± 0.0 0.0 ± 0.0 
Phenylalanine 1.0 ± 0.0 5.1 ± 0.4 
Proline 1.5 ± 0.1 4.0 ± 0.2 
Threonine 1.6 ± 0.1 2.1 ± 0.2 
Tryptophan 0.5 ± 0.0 0.0 ± 0.0 
Tyrosine 34.5 ± 2.0 41.2 ± 3.7 
Valine 6.2 ± 0.4 94.3 ± 5.1 
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Table A5: Carbon balance, nitrogen balance and degree of reduction for C-limitation. The 
cultivation was performed in two biological replicates. Sample of biomass was performed in 
triplicates, while the remaining samples were performed in singlets. Asparagine, glutamine, 
histidine and serine could not be quantified due to co-elution. 

Compound Carbon balance (b) Nitrogen balance (b) Degree of reduction (b, c) 
 IN OUT IN OUT IN OUT 
 mmolC L-1 mmolC L-1 mmolN L-1 mmolN L-1   

Biomass 0.00 20.81 0.00 4.23 0.00 87.38 
Cellobiose 171.60 0.00 0.00 0.00 670.40 0.00 
Glucose 1.20 1.20 0.00 0.00 4.80 4.80 
Ethanol 0.00 27.80 0.00 0.00 0.00 166.80 
Acetate 0.00 37.90 0.00 0.00 0.00 151.60 
Formate 0.00 1.90 0.00 0.00 0.00 3.80 
Lactate 0.00 0.75 0.00 0.00 0.00 3.00 
Pyruvate 0.00 0.75 0.00 0.00 0.00 2.50 
Malate  0.00 0.00 0.00 0.00 0.00 0.00 
Urea 10.97 1.59 21.94 3.19 0.00 0.00 
Ammonia 0.00 0.00 0.12 2.84 0.00 0.00 
Alanine 0.00 0.31 0.00 0.10 0.00 1.24 
Arginine 0.00 0.00 0.00 0.00 0.00 0.00 
Asparagine 0.00 - 0.00 - 0.00 - 
Aspartate 0.00 0.00 0.00 0.00 0.00 0.00 
Cysteine 4.36 1.18 1.45 0.39 26.16 7.06 
Glutamine 0.00 - 0.00 - 0.00 - 
Glycine 0.00 0.05 0.00 0.03 0.00 0.15 
Glutamate 0.00 0.13 0.00 0.03 0.00 0.45 
Histidine 0.00 - 0.00 - 0.00 - 
Isoleucine 0.00 0.13 0.00 0.02 0.00 0.66 
Leucine 0.00 0.29 0.00 0.05 0.00 1.44 
Lysine 0.00 0.02 0.00 0.01 0.00 0.10 
Methionine 0.00 0.08 0.00 0.02 0.00 0.50 
NH3 0.00 - 0.00 - 0.00 - 
Phenylalanine 0.00 0.12 0.00 0.01 0.00 0.55 
Proline 0.00 0.11 0.00 0.02 0.00 0.48 
Serine 0.00 - 0.00 - 0.00 - 
Threonine 0.00 0.09 0.00 0.02 0.00 0.36 
Tryptophan 0.00 0.08 0.00 0.01 0.00 0.32 
Tyrosine 0.00 4.40 0.00 0.49 0.00 18.57 
Valine 0.00 0.44 0.00 0.09 0.00 2.13 
CO2 0.00 48.69 0.00 0.00 0.00 0.00 
Total 188.13 148.81 23.51 11.54 701.36 453.87 
Recovery (%)   0.79   0.50   0.65 

 

b Based on a general biomass composition of CH1.8N0.2O0.5 
c Based on following definition for degree of reduction: C, 4; O, -2; H, 1; N, -3; P, 5; S, 6 
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Table A6: Carbon balance, nitrogen balance and degree of reduction for N-limited cultivation. 
The cultivation was performed in three biological replicates. Sample of biomass was performed 
in triplicates, while the remaining samples were performed in singlets. Asparagine, glutamine, 
histidine and serine could not be quantified due to co-elution. 

Compound Carbon balance (b) Nitrogen balance (b) Degree of reduction (b, c) 
 IN OUT IN OUT IN OUT 
 mmolC L-1 mmolC L-1 mmolN L-1 mmolN L-1   

Biomass 0.00 15.43 0.00 3.14 0.00 64.80 
Cellobiose 167.60 46.40 0.00 0.00 670.40 185.60 
Glucose 2.70 2.80 0.00 0.00 10.80 11.20 
Ethanol 0.00 16.37 0.00 0.00 0.00 98.20 
Acetate 0.00 21.80 0.00 0.00 0.00 87.20 
Formate 0.00 1.82 0.00 0.00 0.00 3.63 
Lactate 0.00 2.70 0.00 0.00 0.00 10.80 
Pyruvate 0.00 1.15 0.00 0.00 0.00 3.83 
Malate  0.00 0.00 0.00 0.00 0.00 0.00 
Urea 2.46 0.02 4.91 0.04 0.00 0.00 
Ammonia 0.00 0.00 0.00 0.11 0.00 0.00 
Alanine 0.00 0.26 0.00 0.09 0.00 1.03 
Arginine 0.00 0.00 0.00 0.00 0.00 0.00 
Asparagine 0.00 - 0.00 - 0.00 - 
Aspartate 0.00 0.00 0.00 0.00 0.00 0.00 
Cysteine 5.81 0.52 1.94 0.17 34.85 3.10 
Glutamine 0.00 - 0.00 - 0.00 - 
Glycine 0.00 0.04 0.00 0.02 0.00 0.11 
Glutamate 0.00 0.26 0.00 0.05 0.00 0.92 
Histidine 0.00 - 0.00 - 0.00 - 
Isoleucine 0.00 0.49 0.00 0.08 0.00 2.44 
Leucine 0.00 0.38 0.00 0.06 0.00 1.92 
Lysine 0.00 0.00 0.00 0.00 0.00 0.00 
Methionine 0.00 0.00 0.00 0.00 0.00 0.00 
NH3 0.00 - 0.00 - 0.00 - 
Phenylalanine 0.00 0.47 0.00 0.05 0.00 2.07 
Proline 0.00 0.20 0.00 0.04 0.00 0.88 
Serine 0.00 - 0.00 - 0.00 - 
Threonine 0.00 0.09 0.00 0.02 0.00 0.34 
Tryptophan 0.00 0.00 0.00 0.00 0.00 0.00 
Tyrosine 0.00 3.73 0.00 0.41 0.00 15.75 
Valine 0.00 4.74 0.00 0.95 0.00 22.74 
CO2 0.00 27.48 0.00 0.00 0.00 0.00 
Total 178.56 147.12 6.85 5.23 716.05 516.57 
Recovery (%)   0.82   0.76   0.72 

 

b Based on a general biomass composition of CH1.8N0.2O0.5 
c Based on following definition for degree of reduction: C, 4; O, -2; H, 1; N, -3; P, 5; S, 6 
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