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A co-substrate model of Candida tropicalis TISTR 5306 cultivated in 10 - 100 g/L xylose and 1 -10 g/L
glucose at the ratio of 10:1 was developed based in part on modified Monod equation. The kinetic
parameters include substrate limitation as well as substrate and product inhibitions with inclusion of
threshold values. A general good fitting with average RSS, , , R?, and MS,,  values of 162, 0.979, and
10.8, respectively, was achieved between ten simulated profiles and experimental kinetics data. The
implementation of developed model on xylitol production from non-detoxified corncob hemicellulosic
hydrolysate resulted in relatively good agreement with RSS, . , R?, and MS, ,  values of 368, 0.988,
and 24.5, respectively. The developed model can be applied to predict microbial behavior in batch
xylitol production system using hemicellulosic hydrolysate over a xylose range of 10 - 100 g/L and
provide useful information for subsequent design of fed-batch and continuous systems to achieve the
efficient sustainable resource management of this agricultural and agro-industrial waste.

Keywords Co-substrate cultivation, Model development, Candida tropicalis, Hemicellulosic hydrolysate,
Xylitol production

Abbreviations

Substrate inhibition constant associated with xylitol production (g/L)
Substrate inhibition constant associated with substrate utilization (g/L)
Substrate inhibition constant associated with growth (g/L)

Substrate limitation constant associated with xylitol production (g/L)
Substrate limitation constant associated with substrate utilization (g/L)
N Substrate limitation constant associated with growth (g/L)

S Mean square

Xylitol concentration (g/L)

Threshold xylitol concentration to inhibit xylitol production (g/L)
Threshold xylitol concentration to inhibit substrate utilization (g/L)
Threshold xylitol concentration to inhibit growth (g/L)

Maximum xylitol concentration (g/L)

Maximum xylitol concentration to inhibit growth (g/L)

Maximum xylitol concentration to inhibit substrate utilization (g/L)
Maximum xylitol concentration to inhibit xylitol production (g/L)
Volumetric productivity of xylitol production (g/L/h)

Volumetric productivity of biomass production (g/L/h)

Maximum specific substrate utilization rate (g/g/h)
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Maximum specific xylitol production rate (g/g/h)
Correlation coefficient
RSS Residual sum of squares

S, Xylose concentration (g/L)

S, Glucose concentration (g/L)

X Biomass concentration (g/L)

Y Xylitol yield based on sugar consumption (g/g)
Yp /s Biomass yield based on sugar consumption (g/g)
a Proportioning factor for xylose consumption
(T Maximum specific growth rate (h—1!)

Xylitol is extensively utilized in the food and pharmaceutical industries due to its advantageous properties
for human consumption!. The economic value of xylitol is one of the highest among the well-accepted green
chemicals. The xylitol market size was ever expanding with values at 906 million USD in 2021, 929 million USD
in 2022, and 957 million USD in 2023 (Custom Market Insights). The CAGR of higher than 3.7% is expected to be
achieved between 2024 and 2032. These are driven by the rising demand for natural and low-calorie sweeteners
reflecting the health consciousness among consumers®. Currently, research into microbial production of xylitol
has been extensively explored as a viable alternative to chemical methods. Microbial production has advantages
in terms of sustainability, environmental friendliness, efficiency, and production safety’.

Agro-industrial and agricultural wastes are the main contributors of lignocellulosic biomass, which have
been extensively researched for its structural compositions and renewable properties*. Xylose-rich solution,
which generally contains pentoses (xylose and arabinose) and hexoses (glucose, mannose, and galactose) is
easily obtained by acid pretreatment and can be utilized as substrate for the production of xylitol**. During
the cultivation using sugar mixtures, a common observation is the inhibition or slowing down of D-xylose
utilization, along with the suppression of xylose reductase (XR) synthesis due to the presence of glucose in the
growth medium. In fact, many studies on mixture sugars cultivation have shown that the presence of excess
glucose has detrimental effects on xylose metabolism and xylitol production. Whereas a low level of glucose
could serve as a co-substrate to promote cells growth, supplies reduction equivalents, and maximizes the
bioconversion of xylose into xylitol°. The higher xylitol production has been reported with an optimal xylose and
glucose ratio of 10:1 by using Pichia fermentans®’, Candida mogii®, C. magnoliae®, and Debaryomyces hansenii'.
Among microbial strains studied for their potential in xylitol production, C. tropicalis has been widely used due
to its capability to metabolize pentoses, compatibility to almost all types of hemicellulosic hydrolysate, and high
efficiency for bioconversion'!.

A modeling approach can provide insights into the factors influencing xylitol production kinetics, enhancing
understanding of the process, and optimizing xylitol production strategies. For instance, the dynamic reaction
kinetics of xylitol production using C. tropicalis ATCC 13,803' and Kluyveromyces marxianus ATCC 36,9073
were effectively characterized by the modified Monod equations. This model highlighted the impact of oxygen
levels and xylose concentrations as limiting factors during the cultivation process. Yeast growth and xylitol
production using D. hansenii ITB CCR85 cultivated in co-substrate of xylose and glucose were well modelled
by Monod and Luedeking Piret kinetics, respectively'“. Additionally, the kinetics of glucose and xylose mixture
under the ratio of 3.5:1 cultivation using C. tropicalis MTCC 184 cultivated in sugarcane bagasse hydrolysate could
also be reasonably described by Monod model. The comparative analysis of the model parameters provides a
tangible understanding of how ultrasound irradiation influences xylitol production'®. However, the kinetics and
mathematical model of xylitol production using C. tropicalis with the optimal 10:1 xylose:glucose have not been
fully characterized. This study is the first report for detailed mathematical development of xylitol production
kinetics using C. tropicalis cultivated in 10:1 xylose and glucose mixture with incorporation of important kinetic
parameters such as threshold and maximum xylitol concentrations inhibiting substrate consumption and xylitol
production in the model.

In this study, ten batch conversions of C. tropicalis TISTR 5306 at various initial concentrations of pure xylose
and glucose under the ratio of 10:1 was assessed. Xylitol production from non-detoxified corncob hemicellulosic
hydrolysate in a batch culture system was assessed. The main objectives were to develop a co-substrate model of
xylose and glucose at a ratio of 10:1, search for optimal kinetics parameters, and validate the developed model
by interpolation and extrapolation to independent experimental kinetics data of pure sugars substrate. The
assessment of model predictability was also extended by extrapolating validation to independent kinetic data
using digested hemicellulosic hydrolysate as substrate for xylitol production.

Materials and methods

Microorganism, inoculum preparation, and cultivation

A yeast strain C. tropicalis TISTR 5306 was procured from Thailand Institute of Scientific and Technological
Research (TISTR). It was maintained on Yeast-Malt (YM) agar (10 g/L of glucose, 3 g/L of yeast extract, 3 g/L
of malt extract, 5 g/L of peptone, and 15 g/L of agar) with regular transfer to fresh plates every 2 weeks. For
inoculum preparation, one loop full of cells from a freshly sub-cultured plate were inoculated into Erlenmeyer
flask (250 mL) containing YM medium with a working volume of 100 mL. The inoculated flasks were incubated
for 24 hin a rotary shaker at 30 ‘C with agitation set at 200 rpm. The initial cell concentration was 1.23 x 109 CFU/
mL with cell viability above 99%.

Corncob hemicellulosic hydrolysate preparation
Corncob was selected as raw material as our previous study on optimization of the pretreatment evident that
the highest sugar conversions were obtained from corncob followed by the rice straw and sugarcane bagasse!®.
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Corncobs were purchased from Chiang Mai Provincial Livestock office in Thailand. The structural composition
of corncob was determined on dry basis as follows %(w/w): 34.9 cellulose; 38.3 hemicellulose; 7.80 lignin; 19.0
extractives!®. The collected corncobs were dried at 60 °C to a constant weight, then milled and sieved to isolate
particles<2 mm in size. Sequential corncob pretreatment was conducted for 113 min at 95 ‘C using diluted
sulfuric acid (H,SO,) (3.36% w/v) with solid corncob loading of 10% (w/v) in an autoclave'®. After cooling, the
liquid fraction was obtained through filtration, known as corncob hemicellulosic hydrolysate, which primarily
consists of hemicellulosic sugars. The composition of the corncob hemicellulosic hydrolysate was as follows
(g/L): 9.85, xylose; 0.52, glucose; 3.42 acetic acid; 0.14 furfural; 0.32 hydroxymethyl furfural (HMF); 0.86
total phenolics. Thereafter, the hydrolysate was concentrated to xylose concentration of 100 g/L using vacuum
rotavapor (Greatwall, Model No. Rotavapor R-1010, China), maintaining at 100 mbar and 70 ‘C for the media
preparation during the hydrolysate experiment. The initial volume and concentration of xylose of the original
hydrolysate were used as preliminary guides to determine final volume of hydrolysate that must be attained after
evaporation so that 100 g/L concentrated hydrolysate could be eventually confirmed with high performance
liquid chromatography (HPLC). The composition of concentrated hydrolysate was as follows (g/L): 100, xylose;
5.45, glucose; 8.05, acetic acid; 0.08, furfural; 0.33, HMF; 8.28, total phenolics.

Xylitol production from pure sugars

Xylitol production using co-substrate cultivation was conducted in 250 mL Erlenmeyer flasks with 100 mL of
working volume. Erlenmeyer flasks were incubated at 30 °C and 200 rpm in a shaking incubator with an initial
pH of 6.0 under microaerobic conditions. The pure sugars media were prepared at the initial xylose + glucose
concentration levels of 10+1, 20+2, 30+3, 40+4, 50+5, 60+6, 70+7, 80+8, 90+9, and 100+ 10 g/L.
Subsequent dilution of each medium using active inoculum 10% (v/v) in logarithmic stage at 24 h, during which
the initial xylose in inoculum medium was depleted, resulted in the decrease of initial sugars concentration to
9+0.9, 18+1.8, 27+2.7, 36 +3.6, 45+4.5, 54+5.4, 63+6.3, 72+7.2, 81 +8.1, and 90+9.0 g/L. The ratio of
xylose and glucose in each medium was thus still maintained initially at 10:1 when the yeast began to propagate.
Experiments for model development were performed with the xylose+ glucose concentrations of 18+ 1.8,
36+3.6, 54+5.4, 72+7.2, and 90+ 9.0 g/L. Interpolation validation was conducted with the xylose + glucose
concentrations of 27 +2.7, 45+4.5, 63+ 6.3, and 81 +8.1 g/L. Extrapolation validations was conducted with the
xylose + glucose concentrations of 9+ 0.9 g/L. Each experiment was performed in quintuplicate. Samples were
taken at a regular interval of 12 h until 48 h and then every 24 h until the cessation of cultivation time of 168 h
to measure the concentrations of xylose, glucose, xylitol, and dried biomass.

Xylitol production from non-detoxified corncob hemicellulosic hydrolysate

Xylitol production using non-detoxified corncob hemicellulosic hydrolysate was conducted under identical
conditions as the experiment using pure sugars. In the case of sugars concentration, xylose and glucose were
adjusted by diluting concentrated hydrolysate accordingly and then adding additional pure glucose to achieve
a xylose and glucose ratio of 10:1. The pH of the hydrolysate was adjusted to 6.0 by adding either 5 M NaOH or
5 M HCI. The effects of non-detoxified hydrolysate on substrate utilization, biomass, and xylitol production were
evaluated by comparing with pure sugars experiment. The predictability of developed model was assessed in the
hydrolysate experiment by comparing the experimental data with the kinetic profiles of microbial growth, sugars
consumption, and xylitol production. Samples were taken at a regular interval of 12 h until 48 h and then every
24 h until the cessation of cultivation time of 168 h to measure the concentrations of xylose, glucose, xylitol, and
dried biomass.

Model development

Rate equations are crucial to model development as they establish a quantitative framework for comprehending
the process. In this study, the foundation for rate equations was derived from previous models developed for C.
shehatae ATCC 22,9847 and Zymomonas mobilis ZM4 (PzB5)!8 cultivation using mixture of xylose and glucose.
The model assumes that the predominating factors influencing kinetics are substrate and product inhibition
with both a threshold level. Additionally, the substrate limitation effect from Monod-type expressions was also
integrated into the model. Simulation profiles were generated using numerical integration with the Euler-Cauchy
method and a time increment (Af) of 0.2 h.

In the co-substrate cultivation by C. tropicalis, the consumption and growth occur simultaneously on
both xylose and glucose!®. Although C. tropicalis possesses specific transport proteins or transporters that are
responsible for the uptake of xylose and glucose, the presence of one sugar invariably affects the uptake of the
other. Therefore, sugar uptake and growth are represented by the maximum consumption rate and the maximum
specific growth rate, respectively, on xylose and glucose as single carbon sources. The proportioning factors
for xylose (a) and glucose (1 — a) were applied to describe their consumptions and contributions to biomass
formation. Considering this, the equations representing microbial growth were given in Egs. (1), (2), and (3).
The xylose and glucose uptake can be represented by Eqgs. (4) and (5), respectively.

Microbial growth rate:

T
E = [ar.’l'.l + (1 - a) sz',Q] T (1)
S P— Py, Kiza
Tyl = Mmax 1— 2 2
o1 = Hmax1 (KS_M + 51) ( Frag — Poi ) \Kiz1 + 51 @
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Xylose (S,) and Glucose (S,) uptake rate:

@ - _a Sl 1 P — Bs,l Kis.l T (4)

dt N @5 max,1 Kss,l + Sl Rns,l - ]Dis,l Kis.l + Sl

(152 Sz P — Pz‘s 2 Kz's42

—=—(1- S max 1- S X

dt ( Oé) & . (KSS.2 + SZ) ( Pms.Q - Bs.Q) (Kz'.ng + SZ) (5)

Kim et al.? reported that in co-substrate cultivation using C. tropicalis ATCC 13,803 cultivated in xylose and
glucose concentrations of 100 g/L and 20 g/L, respectively, only ethanol was produced as a by-product. Silva et
al?! found that the rise of glucose/xylose ratio of 1:2.5 resulted in the elevated by-products formation using C.
guiiliermondii FT1 20,037. Therefore, to simplify the model, the side reactions were neglected, and xylitol was
assumed as the only product from xylose. The xylitol production rate can be represented by Eq. (6).

Xylitol (P) production rate:

dP S1 P-P, K,
—7 = dpmax 1— x (6)
dt Ksp + Sl Pm,p - Pip Ki,p + Sl

The terms with subscript 1 referring to xylose and subscript 2 referring to glucose.

Parameters estimation and optimization
Model parameters estimation was performed according to a previously described program written in Microsoft
EXCEL using Visual Basic for Applications (VBA)!7182223 The optimal parameters for each equation were
determined by minimizing the total residual sum of squares (RSS,, ) between the experimental data and
predicted profiles from five batches of cultivation with xylose +glucose concentrations of 18+ 1.8, 36+ 3.6,
54+5.4,7.24+7.2,and 90+9.0 g/L.

The RSS for each batch cultivation was defined in Eq. (7):

RS Siotal = RSSy + RSSq + RSSs + RSS, (7)

where x, Sy S, and P are the dried biomass concentration, xylose concentration, glucose concentration, and
xylitol concentration, respectively. RSS , RSS ,, RSS ,, and RSS  represent the residual sum of squares for each
respective variable. RSS, , was used as the objective function, while the total mean square (MS, , ) and the
correlation coefficient (R?) were calculated simultaneously. The statistical parameters (RSS, . , MS, ., R?) were
employed to evaluate the quality of fit?>.

total

total® total®

Analytical methods

Cell viability of yeast was measured using a microscope (CX23, Olympus, Tokyo, Japan) with a hemocytometer!®.
Dried biomass concentration was obtained through the method of weight difference using the harvested cells
from cultivation broth by centrifugation at 2,822 X g for 10 min. The cells were washed twice with distilled water,
followed by drying at 105°C until steady weight. The concentrations of glucose, xylose, and xylitol were quantified
by HPLC with Aminex® HPX-87H column (Bio-Rad, USA). The concentrations of acetic acid, furfural, and HMF
in the corncob hemicellulosic hydrolysate were quantified using a ZORBAX Eclipse XDB-C18 column (Agilent
Technologies. USA)*. The total concentrations of phenolic compounds were estimated by spectrophotometry
using Folin-Ciocalteu reagent (Sigma, USA)?.

Statistical analysis
The analyses were reported as mean =+ standard error (SE) and conducted with Statistical Packages for the Social
Sciences (SPSS, version 17.0) using one-way analyses of variance (ANOVA). Statistical differences among means
were determined using Duncan’s multiple comparisons and considered significant at p <0.052%7,

Xylitol yield and productivity were calculated in Egs. (8) and (9):

_produced xylitol concentration (g/L)

Xylitol yield (g/g
vlitol yield (e/e) consumed xylose (g/L)

(8)

. . produced xylitol concentration (g/L)
Xylitol productivity (g/L/h) = 9
ylitol productivity (g/L/h) cultivation time (h) ©)

Results and discussion

Effects of substrate concentration on biomass and xylitol production

Ten batch bioconversions using C. tropicalis cultivated in co-substrate of xylose and glucose with different
concentrations of xylose (10 - 100 g/L) under a ratio of 10:1 were assessed. The experimental data of fermentative
parameters are tabulated in Table 1. Both the mitigation of Y, and Q, as well as the increment of Y, and Q,
incorporated with increased Y, could signify that the desired metabolic pathway of converting xylose to xylitol

/X
instead of biomass was achieved under the condition of relatively high substrate concentrations. As a result of
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Exp | S,+S,(g/L) | Time (h) | P, (g/L) |x(g/L) Y,." (g8 Y, (g/g) Y, (gg | QP (glLh) Q. (g/L/h)

1 9+0.9 48 3.38+0.05 | 4.21+0.09f |0.38+0.01" 0.43+0.01° [ 0.79+0.01' |0.07+ <0.01/ |0.09+ <0.01
2 18+1.8 48 8.91+0.020 |6.24+0.24° |0.50+ <0.018 |0.36+0.01° 1.36+0.03" | 0.19+0.00' 0.14+ <0.01°
3 27+2.7 48 15.7+0.04" | 6.96+£0.05% | 0.58+ <0.01f. | 0.26+ <0.01¢ | 2.27+0.018 | 0.33+ <0.01" | 0.14+ <0.01*
4 |36+3.6 48 23.6+0.078 |6.55+0.03¢ | 0.65+ <0.01 | 0.18+0.01¢ 3.59+0.01f | 0.49+ <0.018 |0.14+ <0.01%
5 45+4.5 72 27.840.25f. | 8.09+0.25¢ |0.62+ <0.01° | 0.18+0.04% | 3.47+0.09¢ | 0.39+ <0.01f. | 0.11+ <0.01%
6 |54+54 72 33.7+0.26° |8.78+0.35 |0.62+£0.01% | 0.16+0.01¢ 3.89+0.14° | 0.47+0.01¢ 0.12+ <0.01¢
7 63+6.3 72 40.0+£0.29¢ | 8.59+0.14® | 0.63+0.02° 0.14+ <0.01f. | 4.61+0.06¢ | 0.55+ <0.01¢ |0.12+ <0.01
8 |72+472 72 48.7+0.18° | 7.66£0.05% | 0.68+0.01° | 0.11+ <0.018 | 6.35+0.06° | 0.68+0.01° 0.11+ <0.01¢
9 81+8.1 72 5724023 |7.92+0.18> | 0.71+0.01° 0.10+ <0.018" | 7.27+0.17° | 0.79+0.01° 0.11+ <0.014
10 | 90+9.0 72 64.5+0.32* | 7.20+0.06°% | 0.78+ <0.01* | 0.09+ <0.01' | 8.79+0.07* | 0.90+ <0.01* | 0.10+ <0.01f.

Table 1. Maximum xylitol concentration and its corresponding time and dried biomass concentration being
produced as well as associated experimental kinetic parameters after cultivation with different xylose 4 glucose
initial concentration levels maintained at 10:1 ratio. S, is the xylose concentration (g/L); S, is the glucose
concentration (g/L); P, _is the maximum xylitol concentration (g/L); x is the dried biomass concentration at
maximum xylitol concentration (g/L). The values indicate the mean value + standard error (SE). *Mass yield

is calculated from the ratio of total concentration of produced xylitol or dried biomass per total consumed
xylose. "Volumetric productivity is calculated from the ratio of total concentration of produced xylitol or dried
biomass per total production time. “Mass yield is calculated from the ratio of total concentration of produced
xylitol per total produced dried biomass.
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Fig. 1. Co-substrate xylitol production at a low level of glucose.

it, although the increment of the initial substrate concentrations caused a longer cultivation time, the lowest
biomass yield of 0.09 g/g incorporated with the highest xylitol concentration, yield, and productivity of 64.5 g/L,
0.78 g/g, and 0.90 g/L/h, respectively, were achieved by using xylose concentration of 90 g/L with additional
9.0 g/L glucose (Table 1). It can be concluded that the higher xylose concentration benefits the decrease of the
fraction of xylose metabolized to generate biomass and increase the conversion efficiencies of xylose to xylitol.
This phenomenon can be explained by a trade-off between xylitol production and biomass formation. As shown
in Fig. 1, xylitol is directly converted from xylose, whereas the biomass formation from xylose needs through
XDH followed by xylulokinase (XK) enzymatic reactions. XDH converts xylitol back to xylulose and XK
phosphorylates xylulose to xylulose-5-phosphate (Xylulose-5-P), a pivotal step in xylose metabolism. Xylulose-
5-P is an intermediate that can feed directly into the PPP by ribose-5-phosphate isomerase (RPI). The higher
xylitol productivity was the result of a higher XR:XDH ratio?s.

Additionally, the low level of glucose supports the conversion of xylose into xylitol. Xylose is directly
converted into xylitol by XR in the presence of coenzyme, namely, nicotinamide adenine dinucleotide phosphate
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(NADPH) or nicotinamide adenine dinucleotide (NADH). NADPH coupling oxidation assay for XR revealed
that wild type C. tropicalis exhibited higher specific XR activity when cofactored with NADPH rather than
NADH by 7.8 times®*. Continuous NADPH regeneration is a necessity in an efficient xylitol production system
through the pentose phosphate pathway (PPP) with enzymatic coupling reduction processes of glucose-6-
phosphate dehydrogenase (G6PDH) and 6-phosphogluconate dehydrogenase (fPGDH)?. The PPP is primarily
an anabolic pathway that utilizes the C6 sugars of glucose to generate C5 sugars and reducing equivalents. The
preference for using glucose as a carbon and energy source arises from its ease of metabolism and efficient
energy extraction properties. The presence of a lower level of glucose could enhance NADPH supplement and
further benefits xylitol production®. On the other hand, a low level of glucose can also enhance the secretion
of extracellular xylitol as less of the xylitol formed is oxidized into xylulose by xylitol dehydrogenase (XDH)
with NAD+ as an electron acceptor. The presence of glucose can hinder further oxidation by slowing down
the glucose-6-phosphate (Glucose-6-P) production from xylulose via xylulose-5-phosphate (Xylulose-5-P)%.
Consequently, the higher xylitol concentration could be achieved by the high fraction of xylose metabolized to
xylitol and additional low level of glucose via enhancing NADPH supplement and decreasing xylitol oxidation.
Since the highest xylitol yield and productivity were achieved by using xylose + glucose concentrations of 90 + 9.0
g/L, the subsequent hydrolysate experiment was performed with these initial values.

Our results are comparable to Saha et al.?®, where they have subjected the Barnettozyma populi NRRL Y-12728
for xylitol production using xylose concentrations from 50 to 75 and 100 g/L. The yeast strain produced 32.2,
49.9, and 58.1 g/L xylitol with a yield of 0.65, 0.70, and 0.71 g/g and productivities of 0.45, 0.52, and 0.43 g/L/h
at 50, 75, and 100 g/L xylose, respectively. Eryasar and Karasu-Yalcin.*® investigated strains of C. tropicalis, C.
famata, C. guilliermondii, and D. hansenii for xylitol production, the highest xylitol concentrations of 83.28
and 54.07 g/L from 100 g/L xylose were achieved by using C. tropicalis M2 and C. tropicalis M43, respectively.
Prakash et al.>! reported that maximum xylitol production of 68.6 g/L from 100 g/L of xylose with a yield of
0.76 g/g and volumetric productivity of 0.44 g/L/h were achieved by using D. hansenii. Xu et al.’? reported that
the accumulation of xylitol reached the maximum at an initial xylose concentration of 100 g/L (65.8 g/L) and
then decreased when the initial xylose concentration exceeded 100 g/L using C. tropicalis 31,949. C. tropicalis is
a promising strain for xylitol production, the higher yield of 0.78 g/g and productivity of 0.90 g/L/h in this study
may be attributed to the additional glucose.

Model development and searched parameters assessment
Five batch cultivations with initial xylose (S,) and glucose (S,) concentrations of 18+1.8, 36+3.6, 54+5.4,
72+7.2, and 90+ 9.0 g/L have been conducted and used in the estimation of parameters in a complete model
through the parameter searching program. The optimal parameter constants are presented in Table 2, while
the parameter values of maximum specific utilization rate of xylose (q,,,..,) and glucose (q,,..,) as well as
maximum specific production rate (q,, . ) were functionally associated with their corresponding initial sugars
concentration (Fig. 2). As can be seen 1f7r0m Fig. 2(A), 4., 1/9onax » Was decreased with S, up to 5 g/L after which
a plateau was reached at ~ 0.4 with R? of 0.996. The relationship between g omax and S, as shown in Fig. 2(B) with
R?0f 0.998.

The q_,,,,., was restricted by critical xylose concentration (S, ) as presented in Eq. (10). The relationships
between q,,..../q,,..,With §,and g pmax with S, were fitted to the polynomial equations as shown in Eqs. (11)
and (12), respectively.

. 7 { 7.397 x 10735 + 0.4551; S1 < S1 v 10)
s max1 (s max 1,crits Sl 2 SLC}'iz‘
(s max,1 o y —-203 —-1@2 =
—= = —4.702 x 107755 4 8.889 x 10755 — 5.47S5 + 1.171 (11)
(s max,2
Gpmax — 1972 x 107087 — 3.425 x 107487 + 2.112 x 10725, — 8.559 x 10~* (12)

The simulation curves from the model are depicted in Fig. 3 (B, D, E, H, ]) alongside experimental data points
for comparison. As evident from Fig. 3 (B, D, E H, J) and Table 3 (Parameter search) with average RSS,,.» R?,
and MS, .. values of 192, 0.982, and 12.8, respectively, the model demonstrated an acceptable fitting of the data
within the xylose concentration range of 20 - 100 g/L.

Model validation using optimized parameters

Model validation was carried out by employing the developed model and optimized kinetic parameters to
simulate profiles of sugars consumption, biomass, and xylitol production. These simulated profiles were
subsequently compared to actual experimental data or expected trends to evaluate the accuracy and effectiveness
of the model. Interpolation and extrapolation validations were performed by applying the model to different
experimental sets with initial xylose concentrations within and outside of the range of 20 - 100 g/L. Interpolation
test was preformed using sets of xylose + glucose concentrations of 27 +2.7, 45+4.5, 634 6.3, and 81+8.1 g/L.
The extrapolation test was performed using 9+ 0.9 g/L. As evident from the simulation profiles shown in Fig. 3
(A, G, E, G, I) and Table 3 (Validation) with average RSS, , , R?, and MS, ., values of 132, 0.975, and 8.81,
respectively, it provided credible evidence that the model could accurately predict experimental results within
the xylose concentration range of 10 - 100 g/L under a xylose and glucose ratio of 10:1.
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Equations Parameters | Values | Units
s 1 2.04 g/L
Koo 0.18 g/L
Pigs 10.4 g/L
Pis 12.4 g/L
Substrate uptake st 228 g/L
Prusa 30.2 g/L
Kist 600 g/L
Ko 600 g/L
Lerit 59.5 g/L
Domaxt,crit 0.90 g/g/L
Himax,1 0.16 h!
Fmax2 0.03 |h?!
@ 0.59
B 0.41
Ko 1.35 g/L
Microbial growth f‘*z (1)413 g/L
ix,1 . g/L
P 47.9 g/L
P 149 | gL
Poa 320 g/L
Kt 95.0 g/L
Kio 151 g/L
Ky 425 |g/L
Xylitol production Py 113 g/L
Pup 111 g/L
Kip 254 g/L

Table 2. Optimal kinetic parameters for all data sets.
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Optimal kinetic parameters
Optimal kinetic parameters for substrate uptake, biomass production, and xylitol production are shown in Table
2. The proportioning factors represent the relative preference for sugars utilization and biomass production from
either xylose or glucose. The factors for xylose (¢ =0.59) and glucose (1 — «=0.41) indicated that the specific
xylose uptake was 59% of its maximum value, while that of glucose was 41% of its maximum when the two
sugars were presented initially in a 10:1 ratio. The maximum specific growth rate (4, ) represents metabolism
or substrate utilization, which is attributed to transport of substrate across the cells membrane, the faster flux is
therefore required to achieve high g, '°. In the present model, u,, . on xylose (4,,,. ) was approximately 5 times
that of glucose (4,,,,, ). It indicated that the yeast grew faster and was more efficient at utilizing xylose compared
to glucose. This may be related to the two sugars transporter proteins - CtStp 1 and CtStp2 in C. tropicalis. Growth
curve and sugars consumption profiles revealed uptake of both glucose and xylose simultaneously. However, the

), and maximum specific xylitol production rate (g omax) with their

/qsmax,Z

with glucose concentration, (B)
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Fig. 3. Simulation (line) and experimental (point) data for batch xylitol production by C. tropicalis using
xylose and glucose as substrate (g/L): (A) 10 xylose+ 1 glucose, (B) 20 xylose + 2 glucose, (C) 30 xylose+ 3
glucose, (D) 40 xylose + 4 glucose, (E) 50 xylose + 5 glucose, (F) 60 xylose + 6 glucose, (G) 70 xylose +7
glucose, (H) 80 xylose + 8 glucose, (I) 90 xylose + 9 glucose, and (J) 100 xylose + 10 glucose. Representations:
blue (xylose); yellow (glucose); pink (xylitol); green (dried biomass). The graph represents the mean

value + standard error (SE) values.
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Sections S,+S,(g/L) |RSS, ., |R? MS,,,
18+1.8 5.80 0.994 | 0.39
36+3.6 120 0.972 | 7.99
Parameter search 54+5.4 341 0.965 |22.8
72472 248 0.987 | 16.5
90+9.0 245 0.993 | 16.3
27427 38.5 0.982 | 2.57
Validation (interpolation) oras 122 0578 1820
63+6.3 274 0.982 | 18.3
81+8.1 214 0.992 | 14.3
Validation (extrapolation) | 9+ 0.9 10.4 0.942 | 0.69

Table 3. Summary of related statistical parameters used in fitting quality assessment between the predicted
profiles and pure sugars experimental data. S, is the xylose concentration (g/L); S, is the glucose concentration
(g/L); RSS, , . is the total residual sum of squares, R? is the correlation coefficient, MS, . , is the total mean
square.

total total

CtStp1 showed relatively less effect of glucose repression in mixed sugars and was a better transporter of xylose
than CtStp2**. The substrate affinity constant or Monod saturation constant (K) is a parameter to describe
the affinity of microorganism for its substrate. It represents the substrate concentration at which half of the
maximum specific growth rate was achieved. K| associated with xylose utilization (K ;) was approximately 11
times that of glucose (K ,) and K associated with cells growth (K ) from xylose (K, ;) was approximately 7
times that of glucose (K, ,) indicating a high affinity for glucose than xylose™. As shown in Egs. (2) - (5), the
substrate limitation effect on xylose utilization (S,/ (Kss’ ,+S,) was higher than on glucose (S,/ (KSS’ ,+S,), whereas
the effect of glucose limitation (S,/ (st,z +S§,) on growth was higher than that of xylose (S,/ (st) ;+S,). This could
be a possible consequence of the preference not solely relied on facilitated diffusion but also on the cellular
metabolic demand and the concentration gradient of the sugars in which xylose is the major substrate for xylitol
production and glucose is served for cells growth. Additionally, K_ associated with xylitol production (K_) was
4.25 g/L. The xylose limitation effect on xylitol production (S /K, +S ;) indicated that a relatively higher level
of xylose is required to drive xylose metabolism. This requirement can be explained from the conformation
of structure of XR enzyme which contains a hydrophobic binding pocket whereas xylose exhibits significant
hydrophilic characteristics®.

Generally, high xylitol production is achieved by using high substrate concentration. However, a decrease in
xylitol yield was observed when the xylose concentration increased from 75 g/L to over 100 g/L, even though
C. tropicalis is considered an osmotolerant yeast*. The substrate inhibitory constant (K)) is a parameter used
to describe the inhibitory effect of substrate on cells growth (K, ) and xylitol production (K, ). The constants
of xylose (K, ;) and glucose (K, ,) associated with growth were 95.0 and 151 g/L, respectively. The constant of
xylose associated with xylitol production (K, ) was 254 g/L. As shown in Egs. (2) and (6), the factors of K, A
(K, +S,) and K, /(K; +§)) indicated that the growth was more sensitively affected by xylose concentration
compared to xylitol production. Similar phenomenon was observed with xylose concentration over 200 g/L,
the production of xylitol declined whereas the growth was inhibited®”. This may be due to the yeast possessing
metabolic pathways that can convert xylose into xylitol through enzymatic reactions which can be independent
to active cells division or growth process.

During cultivation, the effects from xylitol concentration (P) occurred simultaneously. The rates of cells
growth on xylose (r, ,), xylose utilization (ds,/dt), and xylitol production (dp/dt) were promoted when P was
below the threshold Tevels of 14.0 g/L (P,.,), 104 g/L (P, ), and 11.3 g/L (Pl.p), respectively. A linear depreciate
occurred when P was between the threshold and inhibitory levels, until the inhibitory effect occurred at the
P=149¢g/L (P, ), 228 g/L (P, ,),and 111 g/L (P, ), respectively. This phenomenon can be explained by low
levels of xylitol simulating XR?®, whereas high levels of xylitol inhibit the XR reaction’. Theoretically, the factors
1-(P- Pix,l)/(mel - Pix,l)’ 1-(P- Pis,l)/(Pms,l - Pis,l)’ and 1 - (P - P,.P)/(Pm - Pip)=0 would occur when
P=me’ » Pms’ pand P respectively (Egs. 2, 4, and 6), which indicated that fﬂhe growth, consumption, and
production were completely stopped by xylitol. However, this was not the case as xylose has been consumed
to a certain level before P reaches inhibitory levels in a batch cultivation system. The slowdown and eventual
cessation of growth as well as xylitol production, especially in the cases of pure sugars cultivation, were thus
principally caused by xylose limitation. This caused the values of dx/dt or dp/dt gravitated toward zero as the
variable of xylose concentration was directly proportional to the growth and xylitol rate equations (Egs. 2 and
6). It was also possible for the values of dx/dt and dp/dt to descend and finally reaching zero due to accumulated
xylitol concentration (P=P, _or Pmp) in the fed-batch or continuous systems.

Model validation by extrapolation to xylitol production kinetics in hemicellulosic hydrolysate
The hydrolysate experiment was performed in batch culture system under a xylose and glucose ratio of 10:1.
A lower xylitol concentration of 53.5 g/L with a yield of 0.64 g/g and productivity of 0.56 g/L/h was achieved
using non-detoxified corncob hemicellulosic hydrolysate compared to pure sugars experiment. Specifically, the
utilization of xylose and glucose, as well as the production of xylitol and dried biomass, were compared with pure
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sugars experiment as shown in Fig. 4. Higher dried biomass production was observed for the hydrolysate after
96 h. This phenomenon may be attributed to the utilization of incompletely depleted xylose and other sugars in
hydrolysate as carbon source for yeast growth. Additionally, the lower xylose consumption rate (0.91 +0.05 g/L/h
vs. 1.13+0.06 g/L/h) incorporated with lower xylitol production rate (0.64+0.03 g/L/h vs. 0.97 +0.02 g/L/h)
between 12 - 48 h and incomplete xylose utilization after 72 h were observed from hydrolysate experiment.
Differences in xylose utilization and xylitol production can be associated with the presence of inhibitors in
hydrolysate. Similar effects of inhibitors on xylose consumption and conversion were observed when using C.
tropicalis for xylitol production. The inhibitors could cause mitigation in biological activities and enzymatic
functions. The activity of XR enzyme regulates the flux of xylose through the metabolic pathway. Higher XR
activity typically leads to faster conversion of xylose to xylitol, promoting efficient xylose consumption by
microbial cells*®. Rafiqul et al.*° found that acetic acid, phenolics, furfural, and HMF in hemicellulosic hydrolysate
significantly inhibited XR from C. tropicalis TFO 0618 with concentration-50 (IC,,) values of 11, 6.4, 2.3, and
0.4 g/L, respectively. Kaur et al.*! reported that the addition of 2 g/L acetic acid decreased xylitol production rate
by 4.18% compared to the control medium lacking inhibitor in cultivation by C. tropicalis OK165575. Therefore, a
detoxification method is commonly employed to decrease the inhibitors concentrations and further improve the
xylitol production. Kumar et al.*? found that 150 Da polymeric membrane was effective in removal of inhibitors
from corn cob acid hydrolysate with simultaneous concentration of xylose. The removal of inhibitors like acetic
acid (82.4%) and salts of acid (57.8%), respectively, and a xylitol yield of 62% were successfully achieved using C.
tropicalis MTCC 6192. Ahuja et al.*® reported that ~ 93.23% furfurals and 94.62% phenolics in hydrolysate were
removed by using activated carbon. A xylitol yield of 0.78 g/g was achieved from the detoxified hydrolysate by P
caribbica MTCC 5703. The removal of furfurals and phenolics effectively improves xylitol production. Moreover,
during cultivation, although C. tropicalis can mitigate the inhibitory effects of furfural and HMF by converting
them into less toxic compounds, this process requires NAD+, which is also an important cofactor used in xylose
metabolism*!44,

The predictability of the developed model was assessed in the hydrolysate experiment by comparing the
experimental data with kinetics profiles. Figure 5 depicts the simulation curves of experimental data by the
developed model for prediction of sugars utilization, biomass, and xylitol production. A relatively good fit
was achieved with RSS, . R2, and MS cotal values of 356, 0.988, and 23.8, respectively. However, these statistical
parameters were lower than those for the pure sugars fitting with RSS, , , R% and MS, , , values of 245, 0.993,
and 16.3, respectively (Table 3), due to the underprediction of dried biomass after 96 h. The good fitting of
sugars utilization and xylitol production indicated that the current model also demonstrates good predictability
for hydrolysate medium, whereas the underprediction of biomass production after reaching the highest xylitol
concentration suggested that further modifications to the growth rate equations were necessary.

Xylose utilization Glucose utilization

100
@ Purc sugars 30 4 @ Pure sugars
B Hydrolysate B Hydrolysate
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40
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0 12 24 36 48 72 96 120 144 168 0 12 24 36 48 72 96 120 144 168
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Fig. 4. Comparison of xylitol production using pure sugars and hydrolysate.
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Fig. 5. Simulation (line) and experimental (point) data for batch xylitol production by C. tropicalis using
corncob hemicellulosic hydrolysate. Representations: blue (xylose); yellow (glucose); pink (xylitol); green
(dried biomass). The graph represents the mean value + standard error (SE) values.

Conclusion

A good agreement between simulation data and experimental results with average RSS, , , R and MS, , , values
of 162, 0.979, and 10.8 for pure sugars as well as 368, 0.988, and 24.5 for hydrolysate, respectively, has revealed
the comprehensive model development of xylitol production using C. tropicalis cultivated in a co-substrate of
xylose (10 - 100 g/L) and glucose (1 - 10 g/L) at a ratio of 10:1. In future studies, the subsequent scaling up of
current cultivation system would be important using hydrolysate in bioreactor systems with different cultivation
modes, for example, batch, fed-batch, and continuous systems. The kinetic parameter estimation and model
development are also important to be evaluated and compared with those values obtained from the current
experiment accordingly.

Data availability
The data sets generated during and/or analysed during the current study are available from the corresponding
authors on reasonable request.
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