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Abstract

A novel fermentation system was employed whereby the mycelial mat of Rhizopus oryzae was
attached to a polypropylene tube. Batch operation was used for growth, while continuous operation
was employed during the fumaric acid production phase. A clear decrease in respiration, fumaric acid
(FA) and ethanol production was observed when zero nitrogen was fed in the production phase, with
FA productivity decreasing from an initial 0.7 g.L".h"" to 0.3 g.L".h" after 150 hours. With the
addition of 0.625 mg.L™".h"" of urea FA productivity dropped to only 0.4 g.L"".h" after 150 hours and
0.3 g.L"".h" after 400 hours. Under these conditions it was observed that the ethanol production rate
decreased 20 times faster compared with the FA production rate, therefore resulting in high FA yields
towards the end of the fermentation (instantaneous 0.96 g.g”" and average 0.81 g.g™' after 400 hours).
Increasing the urea feed rate to 1.875 mg.L".h" resulted in a clear increase in FA production and
respiration rates. This condition also resulted in a 25% increase in biomass after 150 hours, while the
decline in the ethanol production rate was seven times lower than in the 0.625 mg.L'h" urea

fermentation, resulting in lower FA yields.
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Nomenclature

A decay factor

ATP adenosine triphosphate

C liquid phase (HPLC) concentration (g.L™)

Cs gas analyser concentration (%)

Coo inlet gas concentration (%)

D¢ gas phase dilution rate (h™)

Dy inlet liquid dilution rate (h™)

Dy liquid dilution rate (h™)

eth ethanol

FA fumaric acid

Gly glycerol

NADH nicotinamide adenine dinucleotide

P atmospheric pressure (kPa)

R ideal gas constant

r volumetric productivity (g.L™".h" [liquid], mmol.h™.L"[gas])
Tg mass based glucose consumption rate (g.g biomass™.h™)
Fivir initial volumetric productivity (g.L".h" [liquid], mmol.h™".L" [gas])
SA succinic acid

T temperature



Yield factor



Introduction

Fumaric acid (FA) is a four-carbon unsaturated dicarboxylic acid and is present in the tricarboxylic
acid cycle. FA has been identified by the USA Department of Energy as one of the top 12 chemicals
to be produced by industrial fermentation from renewable substrates [1]. Fumaric acid is used
extensively; examples include synthetic resins and biodegradable polymers in the polymer industry
[2], as a food acidulent and beverage ingredient in the food industry [3] and as an antibacterial agent
in the pharmaceutical industry [3]. The most significant future application would be in the production
of maleic anhydride from FA. Maleic anhydride currently has a market size of 2.1 Mton per annum
[4]. FA is currently produced from butane in the petrochemical industry but due to environmental

considerations, fermentation-based routes are receiving more interest [2].

The filamentous fungus Rhizopus oryzae (ATCC 20344) has been shown to be the top microbial FA
producer and has been used the most widely in the open literature [2,3,5] utilising various substrates
including glucose, xylose and plant hydrolysates [3,6,7]. Attempts at FA production with better
known genetically modified microbes are still not able to compete with production with Rhizopus
oryzae (ATCC 20344) [8,9]. The majority of fermentations with R.oryzae use two stages.In the first
stage (growth stage), the fungus is grown aerobically in order to produce small mycelial pellets. The
second stage (production stage) is an aerobic, non-growth stage in which FA production is induced by
phosphate or nitrogen limitation [10—13]. Unlike most other microbes, the glucose consumption rate
does not drop significantly with the onset of phosphate/nitrogen limitation. Instead the glucose is
redirected towards FA production since the pathway is both adenosine triphosphate (ATP) and
nicotinamide adenine dinucleotide (NADH) neutral, i.e. there is no net production/consumption of
NADH or ATP when FA is produced from glucose by R. oryzae [14]. The metabolic pathways which

are active during the FA production was illustrated in our previous work [15].

Ethanol is an unwanted by-product during the production stage. This has been associated with oxygen
diffusion limitations within the biomass [2,12]. Because of this, the majority of studies on R. oryzae

focus on reducing ethanol production by manipulating the morphology of R. oryzae, with the focus on



optimising the growth phase parameters (pH, dissolved oxygen, metal ion concentration and shear
conditions) in order to decrease the diameter of the mycelial pellets. Although these studies have
made considerable progress in reducing the size of the mycelial pellets, none have reported a
significant reduction in ethanol production [10-12,16-18]. The result is that the FA yields obtained
(glucose as substrate) with the pellet morphology are still low (0.3 g.g"'-0.6 g.g") compared with the
theoretical maximum of 1.28 g.g™' [3]. Owing to these poor yields, the focus has shifted towards other
means of reducing ethanol production. Studies conducted by our research group indicate that the
ethanol production rate decreases significantly over time compared with the FA production rate,
resulting in an increase in the FA yield over time [15]. This phenomenon is also present in the data of
other authors [3,12,18,19], but has not been reported on. Manipulating the production phase to
increase the fermentation time could lead to significant gains in FA yield. Switching from batch to
continuous operation could lead to prolonged fermentation time in the production phase. However,
there have been no published studies on continuous FA production, since the pellet morphology
causes significant operational issues, such as blockage in the reactor due to mycelial pellets clumping

together [3]. Switching to an immobilised system is therefore required for continuous operation.

Research on nitrogen addition in continuous citric acid production by Aspergillus niger shows that the
operation time can be prolonged by continuous addition of nitrogen at very low feed rates [20].
Nitrogen addition during continuous FA production is therefore expected to be a very important
parameter since nitrogen limitation also directly influences the flux of glucose towards FA [21,22].
Moreover, nitrogen addition is also expected to influence the length of continuous fermentation.
However, even though nitrogen limitation is one of the most important mechanisms for FA production
with R. oryzae, only two studies have been published on the topic [21,22]. Both of these used batch
fermentation with high initial urea concentrations (0.1 g.L"' — 2 g.L"). However, they came to the
same conclusion, namely that a urea concentration of 0.1 g.L" led to optimal FA production. Since the
optimum was found at the edge of the range of urea concentrations tested, it is possible that an even

lower urea feed could have resulted in increased FA production.



Here, R. oryzae was immobilised on a polypropylene pipe. The morphology was controlled by the
initial glucose concentration during the growth stage; higher glucose concentrations resulted in thicker
fungal mats. During the production stage, the reactor was operated continuously. The goal was to
study the influence of the continuous addition of nitrogen (urea) on the metabolism of R. oryzae
during the production stage of continuous FA fermentation. Once an ideal nitrogen feed rate has been
identified the dilution rate will be varied in order to study its effect on the metabolism. The viability

of long, continuous fermentations was also investigated.

Materials and methods

Microorganism and culture conditions
R. oryzae (ATCC 20344) was prepared as described previously by Naude and Nicol [15].
Media

The growth medium consisted of (in units of g.L™"): 4 glucose, 2 urea, 0.6 KH,PO,, 0.25 MgSO,.7H,0
and 0.088 ZnSO,.7H,0. The fermentation medium consisted of (in units of g.L™): 50 glucose,
0.6 KH,PO,, 0.25 MgSO, and 0.088 ZnSO,.7H,0. The urea for the nitrogen feed rate investigation
was fed separately. The urea concentration used in all fermentations was 250 mg.L"'. All media
components were obtained from Merck (South Africa). Distilled water was used and all media were
sterilised in an autoclave at 121 °C for 60 minutes. The glucose and urea were sterilised separately

from the rest of the components.
Fermentation

The reactor, pictured in Figure 1, was a modified version of that used by Naude and Nicol [15]. The
major modifications are described below. The working volume of the reactor was increased to 410
mL and the length of the polypropylene pipe was increased to 350mm.The polypropylene pripe had

an outer diameter of 34 mm.



A custom, dry gas mixture (Afrox, South Africa) of 18.5% O,, 9% CO, and 72.5% N,, was sparged
through the reactor. Air flow into the reactor was controlled at 40 mL.min 'using a SLA5850 (Brooks,
USA) mass flow controller. The gas phase of the reactor had a volume of 2.9 L. Atmospheric pressure
was 86 kPa. The pH, temperature and DO were controlled at 5, 35 °C and 60% saturation respectively
for both the growth and production phases as previously described [15]. The pH was controlled by

dosing 10M of NaOH (to increase pH) or 1M of HCL (to decrease pH).
Growth phase

The primary goal during the growth phase was to develop a thin biofilm which would be spread
evenly over the surface of the polypropylene pipe. The same growth process was used as previously
described [15]. The surface area for growth was 0.068 m” and at the end of the growth phase the
fungal mat was between 1 mm and 2 mm thick with no visible biomass present in the liquid phase i.e.

all of the biomass was immobilised.
Production phase

The switch to the production phase was made once the on-line measurements indicated that all of the
glucose used in the growth stage was consumed; the procedure described previously [15] was used.
The reactor was operated continuously during the production phase with the nitrogen source (urea)
continuously added in a separate line from the rest of the other components. This was crucial in
preventing nitrogen buildup in the reactor and ensured that the biomass was exposed to a constant

nitrogen concentration at all times.
Analytical methods

The procedure described earlier [15]was used to determine the glucose, fumaric acid, ethanol, malic
acid, glycerol and succinic acid concentrations in the broth by means of HPLC (High Performance
Liquid Chromotahraphy) with an Aminex HPX-87H ion exchange column (Bio-Rad Laboratories,

USA). The CO, and O, in the outlet gas was measured using a Tandem gas analyser (Magellan



Biotech, UK) as described previously [15]. The immobilised biomass was also determined using

previously described methods [15].

Results and Discussion

Model description

In continuous free-cell fermentations, volumetric productivities remain constant once the reactor has
reached steady state. However, with the continuous immobilised fungal fermentation, there was a
decrease in volumetric productivity over time which had to be taken into consideration. This decrease
was not caused by a washout problem since the biomass was immobilised and there was no visible
biomass in the fermentation outlet. As will be made clear in the discussion, it is believed that this
decrease in volumetric productivity is a result of the nitrogen limitation. The growth phase was
identical for all fermentations, and all biomass measurements at the end of the production phase
indicated either identical biomass or a higher amount of biomass compared with those measured
directly after the growth phase, i.e. growth during the production stage was limited with the majority

of the carbon (> 98%) used in the production of catabolites.

Previous studies have shown that the metabolism of R. oryzae during FA production can be divided
into three parts [3,14], namely reductive tricarboxylic acid (TCA) cycle, ethanol production and
respiration (oxidative TCA together with oxidative phosphorylation). These pathways are described
by Equations 1, 2 and 3. It was found that the relative volumetric rates between these three pathways
were not constant throughout the fermentation, and therefore an independent rate had to be used for
each one. The reductive TCA cycle, ethanol production and respiration were represented by fits on the
FA, ethanol and O, profiles respectively. By using HPLC data, online dosing and gas profiles (O, and
CO,) it was found that the three main metabolic rates (FA, ethanol and O,) were best described by the
functions in Equations 4, 5 and 6. These functions are similar to those used by Ochsenreither et al.
[23]. The decay factors (Agy, Aew, Ao2) in Equations 4, 5 and 6 are an indication of the fraction of the

rate that is lost every hour, i.e. if a decay factor of 1% is used, it implies that 1% of the current



volumetric rate will be lost after one hour. Therefore, lower decay rates are indicative of a more stable
flux towards the specified metabolite. The initial volumetric rates (7;y;r) in Equations 4,5 and 6 are

equal to the volumetric rates at the start of the production phase (z = 0).

Reductive CeHyp0g + 2C0, — 2C4H,0, + 2H,0 I

TCA

Ethanol CoH1,05 — 2C,Hg0 + 2C0, 2

Respiration CeH206 + 60, —» 6C0, + 6H,0 3
Tra = Tinirp, (1= Apa)? 4
Teth = TiNiT o0 (1 = Aeen)* 5
To, = TINITOZ(l - Aoz)t 6

The volumetric production rates for succinic acid (SA) and glycerol exhibited a constant ratio to that
of fumaric acid. Therefore, the production rates of glycerol (Equation 7) and SA (Equation 8) are
described by the fumaric acid rate with yield factors Yrc and Yggy respectively. Overall, SA and
glycerol were only detected in low concentrations. Pyruvic acid and malic acid are the other two
minor by-products that were detected. Their data are not shown since the concentrations were too low

(<0.05 g.L'") to generate repeatable concentration profiles.
Tgtye = YrGTra 7

Tsa = YrsaTra 8

Since steady-state analysis could not be used, due to the decreasing volumetric rates over time,
dynamic analysis was used to relate the volumetric production rates (») to the HPLC and gas analyser
concentrations [24]. Equations 9 and 10 describe the liquid phase and gas phase dynamics
respectively. Note that the liquid and gas phases each had their own holdups and dilution rates. The

units for the liquid phase volumetric rates () are given in g.L "' h"', and those for the gas phase (CO,
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and O,) are in mmol.L™.h™. Note that the liquid holdup was used as the basis for both of these rates.
For the liquid phase, the outlet dilution rate was always higher than the inlet dilution rate due to
NaOH dosing and the separate nitrogen addition. For the gas phase, it was assumed that the inlet and

outlet gas volumetric flow rates were equal. The ideal gas law was used.

dac

d_tL=DL()CH0_DLCH+rH 9
dCs _ oo oy BT 10
dt a( Go c) PVGTG L

Since the system has a double over—specification, the validity and accuracy of the model can be tested
[24]. The glucose HPLC data and CO, gas analysis can be compared against the values predicted by
the model in order to check the consistency of the overall model. The fitted rates (Equations 4, 5 and
6) are used with the stoichiometries (Equations 1, 2 and 3) to calculate the glucose consumption rate.
Considering that glucose was the only substrate, the accuracy of the glucose fit (Equation 11)
provides a good indication of the mass balance closures. It should be noted that ro, in Equation 11 has
units of mmol.L".h™" while all the other rates in Equation 11 have units of g.L".h"". All mass balance

closures of the results that follow were within 96% to 102%.

180 180 180 180 180

rgluc = Er” + W‘rdh + m‘roz + Mrglyc + ﬁrSA 11

Nitrogen feed rate investigation

In this study, three different nitrogen (urea) feed rates were investigated, namely 0, 0.625 and
1.875 mg.L".h". The experiments were performed in duplicate. Each repeat experiment was fitted
with the model shown in the previous section. The model parameters for the repeat fermentations
(i A, Yre, Yrsq) were then averaged and are shown in Table 1. The model parameters for each
experiment are supplied with the supplementary material (Appendix A). The reactor was operated at a
target dilution rate of 0.1 h™', although the actual outlet dilution rate varied slightly (< 5%) due to
changes in the dosing and nitrogen feed rates. These small differences in dilution rate account for

some of the dissimilarities seen in the repeat fermentations in Figure 2 and Figure 3. However, these
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small variations in dilution rate were taken into account since the inlet and outlet dilution rate were
measured and their effects on the dissimilarities are removed in the results in Table 1 and Figure 4.
The measured dilution rates are shown in Appendix A. Small differences in biomass between repeat
experiments also account for some of the differences in Figure 2, Figure 3 and Table 1. Again, the
biomass was measured (Appendix A) and the effect on the variance is removed in the mass-based
rates in 4. The high dilution rate (0.1 h™") resulted in low FA titres and ensured that the nitrogen feed

rate was the only significant variable affecting the metabolism of R. oryzae.

The FA and ethanol concentration profiles are shown in Figure 2. The decay of volumetric
production rate is significant in the case where no nitrogen is being fed. Ethanol is considered to be an
unwanted by-product [2,3] and numerous research studies aim at limiting ethanol production
[3,12,16,25-28]. A decline in ethanol production is therefore beneficial if that in FA production is less
severe. From Figure 2 and Table 1, it is evident that the 0.625 mg.L".h"" urea feed rate scenario is
characterised by a slowly declining FA production rate and a fast declining ethanol production rate.
The declines in the production rates are best interpreted by considering the fitted decay ratios (Table
1). It is very clear that urea addition has a significant effect on the decay of FA production as a seven-
fold decrease in the decay factor (4r4) was observed when urea was introduced into the system. In
contrast, the effect on ethanol production is less severe as the decay factor (4z7) decreased by only
40% when urea was introduced. For zero urea addition, 4., was 3 times higher than the corresponding
Ap4, but this value increased to 14 when urea was introduced (at 0.625 mg.L™.h™"). Accordingly, it
appears that an ideal production window exists at the end of the 0.625 mg.L".h"' fermentation, where

high FA and low ethanol production occurred.

Increasing the urea feed rate to 1.875 mg.L™".h™" resulted in an increase in the FA production rate
(negative Ag4). The corresponding ethanol rate still decreased, but less severely than for the
0.625 mg.L™"h" case. The increase in FA production is most probably linked to the increased biomass
production which occurred, with the final biomass amount being 25% higher than in the zero urea

case (Table 1). Ethanol production still exhibited a decline, although the decay factor (Agr) was 4
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times lower than in the 0.625mg.L'.h" urea fermentation. Ethanol production still remained

significant towards the end of the fermentation.

During the production phase a significant fraction of the carbon uptake is used for respiration. The
measured oxygen uptake given in Figure 3 can be used to quantify the extent of respiration. Similar
to the FA profile, an increase in urea feed rate to 0.625 mg.L"".h"' resulted in a significant decrease
(60%) in the decay factor for oxygen (4o;). This can be seen in Figure 3 where the decay in oxygen
consumption rate was less severe for the 0.625 mg.L'.h"' fermentation (middle graph on the left).
Respiration, along with ethanol production, is responsible for generating the maintenance energy
required for R. oryzae and the CO, produced during respiration can enhance the intracellular
availability of CO, used to produce FA in the cytosol. Increasing the nitrogen feed rate to 1.875 mg.L™
'h' resulted in an increase in respiration as observed in the negative decay ratio (4,) in Table 1.
This can be attributed to the observed biomass growth since a fraction of the respiration energy is

invested in growth.

It was found that the glycerol and SA production rates were always proportional to the FA production
rates (Supplementary material, Appendix B). This result is expected for SA given the single reaction
step that separates SA from FA. The glycerol result is, however, less obvious given the branch point
in glycolysis through which all the carbon fluxes. Generally, the amount of glycerol and SA produced

is very small, being 3% to 5% the amount of FA.

The glucose profiles in Figure 3 indicate that glucose consumption decreased with time, except for
the 1.875 mg.L" h"urea run. The theoretical lines on the glucose profiles were calculated via a mass
balance, using the fitted profiles of the other metabolites. The agreement between the measurements
and the calculated fit indicate good mass balance closures. This provides confidence in the accuracy
of the measurements and suggests that all major metabolites are accounted for. Biomass growth was
not incorporated into the mass balance. The agreement for the 1.875mg.L'.h'urea run(< 2%)

indicates that the fraction of glucose spent on biomass growth was minimal.
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The main flux distribution as a function of time can be visualised by considering the distribution of
the glucose flux. This was done by using the fitted rates (Equations 4, 5 and 6) and the stoichiometries
in Equations 1, 2 and 3 to determine the amount of glucose consumed towards FA production (rgF 4,
ethanol production (r,"") and respiration (r,””). These three rates are then stacked on top of each
other as seen in Figure 4. The relative size of each section gives an indication of the relative yield for
the three main pathways. The right-hand graphs in Figure 4 give the instantaneous and accumulative

yields. Note that the average of the two repeat runs is given with error bars indicating the variation.

It is evident that nitrogen addition inhibits the initial glucose consumption rate, with both urea
fermentations starting at a value 60% lower than the zero urea fermentation. This stands in contrast to
the decay of the total glucose consumption rate, where zero urea addition results in rapid decay. For
ideal production conditions the thickness of the red stack (FA) should be maximised, while the
thickness of the green stack (ethanol) should be minimised. For maximum urea addition
(1.875 mg.L"".h™") the thickness of the red stack increases with time, but the green stack simply
remains fairly thick. This results in a lower instantaneous yield of FA on glucose towards the end of
the run when compared with the fermentation with lower urea addition (80% as against 90%). When
the zero urea fermentation is compared with the lower urea fermentation, it is seen that the
instantaneous yields and glucose productivity after 150 hours of operation are similar. The similarity
will, however, not last for longer periods of operation given the faster rate of decay of the zero urea
fermentation, in which FA production rates will diminish as time progresses. It is therefore advisable

to prolong the duration of the lower urea run, as explained in the following section.

Even though it has been reported that nitrogen has a significant influence on the metabolism of
R. oryzae during FA production [3], there have been limited studies [21,22] on this topic. Studies by
Ding et al. [21] and Gu et al. [22], were performed with batch fermentations. The range of initial
nitrogen (in the form of urea) concentration investigated for both these studies was between 0.1 g.L”
and 2 g.L”". The optimum initial nitrogen concentration for both these studies was 0.1 g.L"'. Dividing
the concentration by the fermentation length (70 hours) results in an average nitrogen feed rate of

1.43 mg.L"h". Since the optimum was found at the lower end of the range of concentrations
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investigated, we can assume that the nitrogen feed rate that results in the highest yields and FA
production rates could be lower than 1.43 mg.L™".h"'. Unfortunately, the fermentation profiles were
not shown in either report, which makes comparison of the FA and ethanol decay rates impossible.
Although these studies found the same optimum nitrogen feed concentration, the reasoning behind the
improved FA production was different. Ding et al.[21] showed that cytosolic fumarase was inhibited
by the nitrogen in the feed medium, explaining why lower nitrogen concentrations in the feed result in
increased FA production. Gu et al. [22] showed that nitrogen starvation stimulated the alternative
respiration in R. oryzae, suggesting that the nitrogen concentration in the feed also affects the
respiration efficiency. Enzyme assays for pyruvate carboxylase, considered to be rate limiting step in
FA production [3,29,30], from R. oryzae show that it is inhibited by aspartate and glutamate,

metabolites which require a nitrogen source for synthesis [30].

The studies described above clearly show that nitrogen plays a significant role in the control of the
metabolism of R. oryzae and especially in the control of pyruvate carboxylase, fumarase and
alternative oxidase. The issue with the nitrogen studies by Ding et al. [21] and Gu et al. [22] is that
they were performed in batch fermentations in which the nitrogen concentration in the medium is
expected to decrease over time and since the nitrogen levels directly influence the metabolism of R.
oryzae. This effect is seen best in the study by Ding et al. [21] where the fumarase activity varied
greatly during the fermentation. This study tried to address this issue with improved nitrogen control
in order to prevent any nitrogen buildup. For example, as discussed above the average feed rate used
[21] was 1.43 mg.L".h"" which lies close to the 1.875 mg.L'h" feed rate used in this study.
Therefore, by using similar nitrogen feed rates while changing the nitrogen feed method we managed
to increase the accumulative yield from the 0.51 g.g”" obtained in [21] to 0.65 g.g” after 75 hours. The
results above clearly show that nitrogen control is crucial in creating a competitive FA process, and
that simply limiting the nitrogen at the start of a batch fermentation is not sufficient. The results could
also benefit the production of FA with Sacchormyces cerevisiae using heterologous genes from R.
oryzae. Xu et al. [8] showed that nitrogen levels directly influenced the pyruvate carboxylase

introduced into S. cerevisiae from R. oryzae, however, tests were performed in batch conditions and
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therefore the nitrogen level was not properly controlled. Futher investigation on nitrogen control in S.

cerevisiae could lead to improved yield and productivity as in the case of R. oryzae.

The yields obtained in the lower urea run (0.625 mg.L™".h™") become significant when compared with
the thermodynamic analysis done on FA production by Taymaz-Nikerel et al. [31]. In this study
attention was paid to the transport costs associated with FA production. It was found that an antiporter
was the most likely transporter which results in a cost of 3 ATP per mol of FA transported from the
cell. Using this assumption, together with zero ethanol production and along with a ATP/NADH ratio
of 1.25 and a ATP/FADH ratio of 0.75, Taymaz-Nikerel et al. [31] predicted a maximum theoretical
yield of 0.97 g.g'. This yield is very close to the instantaneous yield obtained at the end of the lower
urea (0.625 mg.L™".h™") fermentation (0.9 g.g™") in this study. The slight difference in yield is caused by
ethanol production as shown below. The high FA transport costs also explain why there is a

significant amount of respiration (Figure 3) at the start of the zero urea fermentation.

When all of these results are taken into account, it seems that R. oryzae actively prioritises FA
production in the nitrogen scarce environments found in this study. In the case where no nitrogen is
added, R. oryzae uses the less efficient ethanol pathway in conjunction with respiration in order to
produce the energy to produce and transport as much FA as possible before the organism starts to
decay due to nitrogen starvation. When nitrogen is continuously added at a rate of 0.625 mg.L".h™' R.
oryzae uses more efficient pathways to produce the energy required for FA transportation while also
ensuring that the FA production rate is kept stable over time. Further increasing the nitrogen feed rate
to 1.875 mg.L"".h"' means that there is enough nitrogen available to increase the FA production by

increasing the amount of biomass at the cost of the FA yield.
Dilution rate and long-term stability

A preliminary investigation was performed to determine the influence of the excreted catabolite
concentrations on the response of R. oryzae. This was performed in conjunction with a long-term run
(400 h) employing 0.625 mg.L™".h"" of urea addition. The lower urea addition rate was chosen based

on the faster ethanol decay of the previous experiments and a more consistant biomass level compared
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with higher urea feed rates. The dilution rate was first set to 0.1 h™', and was subsequently reduced to
0.05 h" and then to 0.025 h™'. The measured concentrations and oxygen rates are given in Figure 5,
where a clear increase in FA concentration and decrease in glucose outlet concentration are observed
as the dilution rate is lowered. The changes in dilution were not reflected in the ethanol measurements
owing to the rapid decay in ethanol production as observed in the previous results. The oxygen uptake
rate also exhibited no sign of being affected by the dilution rate changes, with only a steady decay

over time being observed.

A model as described in the previous sections was fitted over the whole time span, using only a single
set of parameters as quantified in Table 2. The model is also shown in Figure 5. Note that the
discontinuities in the model represent the sudden changes in dilution rate. Also note the similarities
between the model parameters in Table 1 and those from the 0.625 mg.L" h"urea run in Table 2. The
proper fit of the single model indicates that the higher FA, SA and glycerol concentrations (see
Appendix B) obtained at lower dilution rates have a negligible influence on the production
characteristics of R. oryzae quantified by the model. This observation might not hold for FA
concentrations higher than 14 g.L”', but it can be concluded that the catabolite concentration ranges
considered in this study have no significant influence on the flux characteristics of the organism

during FA production.

In Figure 6 the glucose rate distribution and yield characteristics are plotted in a fashion similar to that
in Figure 4. It can be seen that ethanol production is virtually eliminated after 250 hours, leaving only
FA production and respiration. It is encouraging to see that the thickness of the red stack (equivalent
to the FA production rate) is not significantly reduced after 400 hours of operation, hinting that longer
production is possible. After 400 hours the volumetric FA productivity was still 0.28 g.L™".h", with
zero ethanol as complement. This is highly favourable for the FA yield on glucose as can be seen in
the yield graph which shows that a final instantaneous yield of 0.96 g.g"' and an accumulative yield of
0.81 g.g"'were obtained. Longer operation will further improve the accumulative yield since the zero

ethanol production phase will be prolonged. These yield results, in conjunction with an average
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productivity of 0.36 g.L".h"',compare favourably with those from other authors [3,12] who obtained
accumulative yields of 0.3 g.g'to 0.6 g.g”" and average productivities of 0.3 gL".h" to 0.5 g.L""h"

for batch fermentations.

Conclusions

The results from the continuous fermentations clearly indicate how nitrogen addition influences the
time-dependent product distribution of R. oryzae. A scenario was presented in which ethanol
production terminated while FA volumetric production was on a par with the results in other literature
reports. It was shown how the low urea addition rate (0.625 mg.L™".h™") resulted in high decay of the
ethanol production rate and low decay of the FA production rate. A production window was presented
where the FA yield on glucose was close to 1 g.g'while the FA volumetric productivity was
0.3 g.L"".h". The results suggest that fermentation strategies with appropriate continuous nitrogen
level control can be highly beneficial to the development of this process compared to simply limiting

the nitrogen at the onset.
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Table 1: Model parameters for the nitrogen investigation. The parameter values are the average

of the duplicate experiments. The standard errors are also shown.

Urea feed rate (mg.L".h™")

Parameter 0 0.625 1.875
TiniTy, (L7 07 0.72+0.05 045+0.01  0.49 = 0.04
TiniTo,(MMOLLNY) 3444015  279+004  2.94=0.11
TINIT o (&L H) 0.3+£0.001  021£0.02 0.20=0.03
Apa 0.75%+0.01  0.09% % 0.03 -0.40% + 0.01
Ao, 0.50% +0.01 0.21% +0.04 -0.16% = 0.01
Aetn 230%+0.10 1.40%+0.01 0.37%+ 0.07
YeG 4.00% +0.01  4.40% =040 4.50% + 0.40
Yrsa 4.50%+0.01 3.60% +0.40 3.60% + 0.70
Biomass (g.L")  1.51+0.10 1.65£0.05 1.92+0.06
Table 2: Model parameters for dilution rate investigation
Parameter Value
Tmaxy, (L0 0.46
Tmaxo, (mmol.L™" .h™) 0.00113
Tmax,,,, (@L"h") 0.23
Apa 0.12%
Ao, 0.16%
Agen 1.4%
Yg 4.8%
Yesa 3.2%
Biomass (g.L™") 1.70
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Figure 1: Photos of the reactor setup.
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Figure 2: Fumaric acid (left) and ethanol (right) profiles for the nitrogen investigation with 0 mg.L™'h"

' (top), 0.625 mg.L'h" (middle) and 1.875 mg.L'h™" (bottom) nitrogen addition. The dashed lines

indicate the model fit.
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Appendix A: Fermentation data

The fermentation data for the nitrogen investigation experiments are shown in Table A.1 below.
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Table A.1: Fermentation data of the nitrogen investigation experiments

0 mg.L " h" urea feed rate

Fermentation
1 2
TMAXp4 (g-L'l-hhl)1 0.77 0.67
191
TMax,, (Mmol.L™.h"") 359 329
TMax,y, (L0 030  0.30
Apa 0.75% 0.75%
Ao, 0.50%  0.50%
Apen 2.20% 2.40%
Ye 4.00% 4.00%
Yrsa 4.50% 4.50%
Biomass (g) 1.61 1.49

Average dilution rate (h"")  0.091 0.098

0.625 mg.L™ .h" urea feed rate

Fermentation
1 2
TMAXp 4 (gL "h") 0.46 0.45
Twmaxo, (mmolLh™) 276 2383
TMAX ey (&L 1) 023 019
Apa 0.12%  0.06%
Ao, 0.16% 0.25%
Aetn 1.40%  1.40%
Yre 4.80% 4.00%
Yesa 3.20%  4.00%
Biomass (g) 1.67 1.63

Average dilution rate (k") 0.093  0.110

1.875 mg.L".h™" urea feed rate

Fermentation
1 2
TMAXp 4 (gL "h") 0.45 0.52
Twmaxo, (mmolL™h™) 283 305
Thax,e (L7 07) 0.18 022
Agpg -0.40% -0.40%
Ao, 0.17% -0.15%
Aetn 0.45% 0.30%
Ye 3.80% 5.20%
Yega 4.00% 3.20%
Biomass (g) 1.73 1.87

Average dilution rate (k")  0.090  0.096




Appendix B: Succinic acid and glycerol profiles

The profiles for SA and glycerol for the nitrogen investigation (Figure B-1) and dilution rate

investigation (Figure B-2) are shown below.
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Figure B.1: Succinic acid (left) and glycerol (right) profiles for the nitrogen investigation with 0
mg.L'h™ (top), 0.625 mg.L"'h" (middle) and 1.875 mg.L'h™" (bottom) nitrogen addition. The dashed

lines indicate the model fit.
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dashed lines indicate the model fit.
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