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Abstract

A simple, rapid and accurate method for determining the product (ethanol) content in plant-cell culture
media simultaneously with the nutrient (sugars) contents by mid-infrared (MIR) spectroscopy was
developed using a Fourier transform infrared (FT-IR) spectrometer equipped with an attenuated total
reflectance (ATR) accessory. We examined the potential of this method by comparison with a
high-performance liquid chromatography (HPLC) method and applying the developed method to the
simultaneous measurement of the ethanol content with the sugar ones in the liquid culture media
suspended with the rice and tabaccum cells, respectively. The experimental results suggested that the
sugar consumption and ethanol production behavior of the suspension plant cells would be
non-destructively and simultaneously monitored by the developed method. Furthermore, the
spectroscopic method provided in this study could be developed as the technique to analyze the kinetic

overall metabolism of the suspension plant cells.

Keywords Mid-Infrared Spectroscopic Quantification;, FT-IR/ATR Method; Plant
Cells; Sugar, Ethanol.

Introduction

A wide range of useful products is produced from plant cells and the precise control of
the plant cell cultivation process is one of the most important subjects in both scientific
and engineering fields. The cell cultivation control in a biological reactor would depend
on the accuracy of the real-time monitoring of nutrients such as sugars supplied and the
products. In addition, glycolysis is usually the first step of a series of highly developed

and very complicated metabolic pathways and starts simply to consume sugars such as



glucose. Moreover, the plant cells uptake the nutritive sugars in the medium directly and
after hydrolyzing those with enzymes secreted from the cells. Thus a good grasp of the
kinetic sugar uptake phenomena is very important to control the cultivation process
precisely in the both scientific and engineering fields. Furthermore, the suspension cells
produce various materials to the medium and most of these products are the final
materials through series of highly developed and very complicated metabolic pathways
and cycles.

The development and utilization of sophisticated strategies for the bioprocess
control are stymied by the lack of suitable on-line sensors for the direct and
simultaneous measurement of substrates and products in real time. Therefore, a simple
and rapid analysis of the medium in which the cells are is crucial for a good
understanding of their kinetic metabolisms for the control. Recently, near-infrared
(NIR) spectroscopy in conjunction with chemometric techniques has offered as an
alternative to the aforementioned techniques [ 1-6]. Nevertheless, the mid-infrared
(MIR) spectroscopic method has advantages in respect to the spectral information in
comparison to the NIR spectroscopy theoretically, although it has been very difficult to
obtain the useful MIR spectrum from wet materials due to the strong absorption of MIR
radiation by water. The MIR information is based on the fundamental vibrational modes
of the objective molecules, but only the combination tones, overtones and the
combinations are observed in the NIR region and the intensity is much lower than that
in the MIR region [7]. In parallel with the development of the Fourier transform infrared
(FT-IR) technology, the attenuated total reflection (ATR) techniques have evolved and
provide FT-IR spectroscopy with substantial potential as a quantitative quality control
tool for bioprocesses [8, 9]. The ATR provides a simple and reproducible means of
handling products in the form of liquids and pastes and the ATR fiber probe may offer
even more [10].

Various methods by FT-IR/ATR are under development for the analysis of
bioproducts and the cell cultivation process [11-17]. We also studied the quantitative
analysis of sugars in aqueous solutions using the FT-IR/ATR method [18, 19] and
applied this technique to the quantification of the actual liquid medium suspended plant
cells [20]. As a result, each sugar content in the culture medium in which the plant cells

were suspended was simultaneously and accurately measured by the MIR spectroscopy.



Additionally, a simple, rapid and accurate method for analyzing the sugar metabolic kinetics
was developed by the FT-IR/ATR method [21-23]. Also, the FT-IR/ATR method has a
potential to theoretically determine most of the chemical components relating to the
metabolism as well as sugars. The application of the MIR quantification results of the
metabolite for both the nutriment and productive components during the cultivation
process to the kinetic metabolic analysis has been reported [2, 11, 14]. However, the
chemometric methods over a wide range of the MIR spectra were carried out in order to
analyze the complicated spectra including the information of both the nutriment and
productive components, although the MIR information is based on the fundamental
vibrational modes of the objective molecules.

The objective of the present study is to develop a simple, rapid and accurate
determination method for the nutrient and product contents in the culture medium
suspended plant cells using the FT-IR/ATR method. In addition, we examined the
potential of the developed method by comparison with a high-performance liquid
chromatography (HPLC) method. We then performed a plant cell cultivation with the
rice and tabacum cells in the different media in order to study the influence of the cell
characteristics and the medium components on the quantification accuracy. Rice cells
are one of the typical plant cells producing much ethanol and can easily form aggregates
during cultivation. On the other hand, the tabacum cells are almost dispersing in the
liquid culture medium and the ethanol production is negligible in comparison to the rice

cells.

2

Materials and Methods

2.1

Culture media

All chemicals used in this work were of special grade and were obtained from Wako
Pure Chemical Industries (Osaka, Japan). Sucrose was used as the ordinary carbon

source for plant cell cultivation. Glucose and fructose, which are used to synthesize



sucrose, were also studied. In addition, ethanol was prepared as the product during plant
cell cultivation.

The R2S [24-26] and Murashige-Skoog (MS) [27], which contain 30-g sucrose per
liter, were used respectively as the standard media for the rice and tabaccum cell
cultivation. In addition, various types of the modified R2S media containing sucrose,
glucose, fructose and ethanol were prepared and the number of carbon molecules of
sugar per unit volume of each medium was almost the same as that of the standard R2S

(sucrose) medium. The sugar and ethanol contents in these media are listed in Table 1.

Table 1

The sugar and the other components in the medium for plant-cell cultivation were
prepared as separate solutions and mixed after being sterilized. The sugar solution was
sterilized by filtration using a 0.2-um membrane filter and the medium without sugar
was autoclaved for 15 min at 394 K. In addition, each sugar was dissolved in pure water
purified by utilizing an AUTO STILL WG221 (Yamato Scientific, Tokyo, Japan) and a
Simpli Lab ultrapure water system (Millipore, Bedford, MA).

2.2

Plant cell cultivation

The cultivation reported in this study was carried out with Oryza sativa L., Japonica, cv.
Nipponbare (rice) and Nicotiana tabacum cv. Bright Yellow No.2 (tabaccum; TBY-2),
which were sub-cultured respectively in the dark in the R2S medium for 14 d at 298 K
on a rotary shaker (125 rpm) and in the MS medium for 7 d at 298 K on a rotary shaker
(150 rpm). The 0.5 g-dry cell of the fourteen-day-old inoculums of the rice cells was
inoculated into 120 ml of each fresh medium in a 300 mL flask, and cultivation was
carried out for 21 d under the same conditions as mentioned above for the rice cell
cultivation. One and one half milliliters of the seven-day-old inoculum of the TBY-2
cells was inoculated into 95 mL of the fresh medium in a 300 mL flask and cultivation
was carried out under the same conditions as mentioned above for the TBY -2 cell
cultivation. At regular time intervals, the metabolite contents and the dry cell weight in

the medium were measured as follows.




2.3

Analytical procedure

A Magna 750 FT-IR spectrometer (Nicolet Inst. Corp., WI) equipped with a KBr
beamsplitter and a deuterated triglycine sulfate KBr detector were used to obtain the
spectra. The ATR spectra were acquired with a horizontal zinc selenide ATR sampling
accessory (SPECACLAMP ATR 11080; Graseby Specac, IA). Sixty-four scans of
symmetrical interferograms at 4 cm™ resolution were added for each spectrum. The
ATR spectra of the culture media passed through a 5-micrometer membrane filter were
obtained in 4000 to 800 cm™.

The dry cell weight after drying at 363 K for 24 h was obtained. For the TBY-2 cell
cultivation, the dry cell weight was compared to the turbidity of the culture medium at
600 nm. The turbidity was measured by an UV-VIS-NIR scanning spectrophotometer
(UV-3100PC; Shimadzu, Kyoto, Japan) with a cuvette of 1-cm light path.

As the measurements of the reference values, the analysis of the sugars and ethanol
in the culture media was made by a Tosoh (Tokyo, Japan) HPLC system, comprised of
a model DP-8020 pump and a model RI-8020 differential refracting detector. A
Shim-Pack SCR-101N (Shimadzu, Kyoto, Japan) HPLC analytical column (7.9%300
mm) with a guard column was used. The mobile phase was the pure water after
filtration through a 0.2-pm membrane filter and degassing with an ERC-3310 degasser
(Erma Optical Works, Tokyo, Japan). The flow rate was 0.5 ml/min, and the column
temperature was maintained at 313 K with a column oven (CO-8020, Tosoh, Tokyo,
Japan). The refractactive index of the elute was monitored. This method has an accuracy

of approximately +£0.8 mM (data not shown).



3

Results and Discussion

3.1
Mid-infrared spectral analysis of R2S culture medium

Spectral characteristics of metabolites in R2S media

We subtracted the spectrum of sucrose in the aqueous solution [18] from that of the
components in the R2S medium containing sucrose. The subtracted spectrum is shown
in Fig.1, in which the spectrum subtracted water from the R2S medium without sugar is
also represented. Both indicted almost the same spectral features and the differences
between them were negligible over the fingerprint region of the metabolite components.
Thus, Fig.1 experimentally suggests the spectral additivity among the components in the
R2S culture medium and we may acquire the sucrose information in the R2S culture

medium as well as in the aqueous solution.

Figure 1

Figure 2a shows the ATR spectra of sucrose, glucose, fructose and ethanol in the
R2S media, which were obtained after spectral subtraction of water, in the finger print
region from 1300 to 900 cm™. For the sugars, there were many peaks such as CO and
C-OH stretching modes, which complicatedly overlap each other [18, 19, 28], especially
in the region from 1150 to 950 cm™. These peaks depend on the sugar structure and on
the interaction between the sugar molecules and their environments. In addition, ethanol
had a significant sharp peak around 1045 cm™, which did not overlap the sugar peaks
mentioned above. Thus, we can identify each sugar and ethanol in the medium with its
spectral pattern in this region. The peaks around 1055, 1036, 1065 and 1045 cm’’

mainly characterize the sucrose, glucose, fructose and ethanol spectra, respectively.

Figure 2




Determination of metabolite content in R2S media

Focusing on the above wavenumbers, we made the calibration curves between the
absorbance and the metabolite concentrations in the media and the following straight

line fits all curves.
4,(v)=a,(V)C +b,(v) (1)

Here, A/(v) and C; are respectively, the absorbance and the concentration of the
metabolite (7) at the wavenumber (V). The slope, a ( v), of the straight line relates to the
types of metabolite and the value of b v) may theoretically show the absorbance of the
medium without metabolite.

The calibration curves for metabolites in the R2S medium are displayed in Fig. 3a
and excellent linearity was observed for each metabolite at each wavenumber. Also, the
parameters of the calibration curves are listed in Table 2. The correlation coefficient for
ethanol at 1045 cm™ where the ethanol spectrum has the sharpest and most stainable
peak as shown in Fig. 2a, is 0.999. In addition, those for sugars at that wavenumber are
all higher than 0.999. Moreover, the b/ v) values at the four wavenumbers for all
metabolites can equal to the experimental values of the absorbance of the medium
without metabolite as shown in Fig. 1. These indicate that the b values can be used as

only the function of the wavenumber.

Figure 3
Table 2

Next, we examined the spectral additivity for the sugar mixtures in the culture
media. Figure 4a shows the spectrum of the glc-fru-suc-EtOH6 mixture in the R2S
medium and was calculated by adding the metabolite spectra according to each actual
concentration (see Table 1). Very good agreement between the two spectra is observed
in the finger print region as shown in Fig. 4a. For all mixtures in the R2S media, the
calculation values are compared with the actual ones in Fig. 4b-1 and b-2. The ordinate
is the ratio of the calculated absorbance to the actual one which means the error of the
spectral additivity. All values of the ordinate in the finger print region are roughly less

than £10%. At the four wavenumbers where the calibration curves were obtained, the




error is less than +3%. Therefore, the spectral additivity could be experimentally
confirmed and the calibration curves obtained in this study are accurately applicable to
evaluate each metabolite concentration in the R2S medium. Additionally, it is thinkable,
based on our previous studies on the MIR spectroscopic analysis of the sugar aqueous
solutions [18, 19], that the spectral additivity would be acceptable over the

concentration range for the plant cell cultivation.

Figure 4

Since the above results experimentally suggest that the FT-IR/ATR method may
have a potential for the metabolite content determination in the R2S medium, the MIR
spectroscopic metabolite content determination in the R2S medium was performed

using the Bouguer-Beer's law under the assumption of the spectral additivity as follows:

AV)=2 a,(V)C, +b(v) (2)

Eq.(2) is rewritten as the matrix expression.

Aygss Aoc10ss gieross  Pputoss  Arom 1055 Coe bigss
s | | Gacsoss gesoss Cpugoss Toomoss | Coe ‘ bygss (3)
Ags | | Quctoss Pgerves Dpuposs gonoes | Cpa bigss
A s Qoeros Ageros Ypunoss Tromioss \Cron ) \Dss

Here, the left subscripts suc, glc, fru and EtOH respectively mean sucrose, glucose,
fructose and ethanol. The right subscripts indicate the wavenumbers. Moreover, Eq.(3)

has the other expression (Eq.(4)).

Coe Aieross  Ggietoss  Gpuoss  Drrom 0ss Aigss —Digss 4
Cg[( | Foucaoss Qgegoss Apugoss Peom o Agzs = by ( )
C/m Aeros Dgeross Dputoss Deomoss | | Aioes = Droes

Cron Auernss Agetoss Dputoss Leomioss) \Aioss = Dross

Each metabolite concentration is then calculated using the parameters of the calibration
curves at the four wavenumbers for each metabolite (Table 2).

Figure 5 displays a comparison of the metabolite contents in the R2S medium
determined by the above MIR spectroscopic or HPLC method, which is one of the
present standard methods, with the actual ones. As shown in Fig. 5, excellent agreement
between the actual and estimated metabolite content for both analytical methods is

obtained. Their correlation coefficients are all higher than 0.99. This may suggest that




the FT-IR/ATR spectroscopy is applicable for the content determination of not only the
sugars but also ethanol (the metabolic product) as an accurate method. In addition, it
takes ten or twenty minutes for the HPLC measurement while the ATR spectrum was
obtained within a minute. Furthermore, the MIR spectrum gives the information of all
components having infrared activity, though the HPLC data provide only the
information for each component after the pre-treatment for the HPLC measurement.
Hence, the MIR spectroscopy has a higher performance than the other analytical
methods for monitoring the cultivation process from the viewpoint of the kinetic

metabolic analysis.

Figure 5

Changes in metabolite concentrations during rice cell

cultivation

For the R2S media during the sucrose cultivation of the rice cells, we applied the
FT-IR/ATR method to the metabolite content determination. Figure 6a shows the time
behaviors of the ATR spectra, which were obtained after the spectral subtraction of
water, during the rice cell cultivation with the R2S media. At the beginning of
cultivation (0 d), the ATR spectrum had the same characteristics as that of sucrose in the
R2S medium as shown in Fig. 2a. During cultivation, the absorbance decreased almost
over the finger print region with the changes of the spectral patterns. The spectrum at 6
d was quite different from that at 0 d and had qualitatively the same spectral
characteristics as that of the glucose-fructose mixture in the aqueous solution [18]. This
spectroscopically indicated that there were only glucose and fructose left in the medium
after 6 d of cultivation. Around 1045 cm™ where the sharp peak identifying ethanol is
indicated in Fig. 2a, the broad peak at 10 d and the sharp peaks at 12 and 14 d were
observed. Finally the ATR spectrum was almost equal to that of the R2S medium
without sugar as shown in Fig. 1. Thus, the spectral change shown in Fig. 6a gives the
evidence for the biological process in which ethanol is produced after sucrose in the

medium is hydrolyzed and consumed by the rice cells.

Figure 6




Figure 7a shows the time courses of the sugar and ethanol contents evaluated by the
method above and of the dry cell weight in the R2S culture media during the rice cell
cultivation. The graph displays that the R2S medium initially contained only sucrose as
the carbon source. Just after the start of cultivation, the sucrose content immediately
decreased and the glucose and fructose contents slightly increased. The glucose and
fructose contents reached peak values at 4 to 6 d and decrease afterward. The dry cell
weight increased with a decrease in the total sugar content and reached a maximum
value when the sugars were almost consumed. The ethanol content that was negligible
in the initial stage became successively higher and indicated the highest value of about 4
g/L at 12 d just after the dry cell weight had reached the maximum value. After that, the
ethanol content rapidly decreased and was less than 1 g/L in the final stage of

cultivation (21 d).

Figure 7

Figure 8a represents a comparison of the quantification results of the metabolites in
the R2S medium during the rice cell cultivation using the MIR spectroscopic method
with those using the HPLC method. Very good agreements for the sugar and ethanol
contents between both were observed and the validity of the application of the simple
and rapid MIR spectroscopic methods to the simultaneous determination of the
nutrimental and productive content during the rice cell cultivation were experimentally
confirmed. Hence the results above indicated that the sugar consumption and ethanol
production behavior during cultivation could be continuously observed through the
spectra in the R2S culture medium for the rice cell cultivation using the FT-IR/ATR
method.

Figure 8




3.2
Mid-infrared spectral analysis of MS culture media

Mid-infrared Spectroscopic determination of metabolite

contents in MS media

In our previous study [20], we developed the sugar content determination in the MS
media using the FT-IR/ATR method focusing on sugar uptake by the TBY-2 cells [21].
In this study, we researched the simultaneous quantification of both the sugars as the
nutrients and the ethanol as the product.

Figure 2b represents the ATR spectra of ethanol in the MS medium, which were
obtained after the spectral subtraction of water, in the finger print region from 1300 to
900 cm™ and those of the sugars reported in our previous work [20]. Ethanol had a
significant sharp peak around 1045 cm™, which did not overlap the sugar peaks
mentioned above, in the same MS medium as that in the R2S medium (Fig. 2a). Also, in
the MS media, we can identify each sugar and ethanol in the medium with its spectral
pattern in this region.

Then we remade the calibration curves using the peaks around 1055, 1036, 1065 and
1045 cm™ mainly characterizing the sucrose, glucose, fructose and ethanol spectra,
respectively, because the spectral additivity for the MS medium had been
experimentally checked in our previous work [20]. The calibration curves for the
metabolites in the MS medium are displayed in Fig. 3b and excellent linearity was also
observed for not only the sugars but also the ethanol at each wavenumber. As listed in
Table 3, the correlation coefficient for ethanol at 1045 cm™ where the ethanol spectrum
has the sharpest and most stainable peak as shown in Fig. 2b is 0.999. In addition, those
for sugars at that wavenumber are all higher than 0.999. These correlation coefficients
were the same as those for the R2S medium. Therefore, these results experimentally
suggest that the FT-IR/ATR method may have a potential for the content determination
of both the sugars and ethanol also in the MS medium using the Bouguer-Beer's law

under the assumption of the spectral additivity.

Table 3




Influences of ethanol peaks on mid-infrared spectroscopic

determination of metabolite contents

We also subtracted the water spectrum from the MS medium during the sucrose
cultivation of the TBY-2 cells and the time variations of the subtracted spectra in the
finger print region during cultivation are displayed in Fig. 6b [20]. At the beginning of
cultivation (0 d), the ATR spectrum had the same characteristics as that of sucrose in the
MS medium as shown in Fig. 2b. The absorbance spectra of the MS medium shown in
Fig. 6b decreased with the change in the spectral pattern during the TBY-2 cell
cultivation and the pattern changes spectroscopically indicated that the sucrose in the
MS media during the TBY-2 cell cultivation was hydrolyzed the same to glucose and
fructose as that in the R2S medium during the rice cell cultivation. However, only the
broad peak around 1045 cm™ characterizing ethanol at the final stages of the TBY-2 cell
cultivation in the MS medium was observed in Fig. 6b, and was much lower than that of
the rice cell cultivation in the R2S medium. In addition, the changing kinetics of the
spectral pattern of the MS medium was different from that of the R2S medium.

We also applied the FT-IR/ATR method to the metabolite content determination in
the MS medium during the TBY-2 cell cultivation. The metabolite contents were
determined by Eq.(4) with the calibrating parameters listed in Table 3. Figure 7b shows
the time courses of the sugar and ethanol contents evaluated by the method above and of
the dry cell weight in the culture media during the TBY-2 cell cultivation. In Fig. 7b,
the time courses of the sugar contents evaluated by the method above and of those
evaluated by the HPLC method [20] and the dry cell weight in the culture media during
the TBY-2 cell cultivation were displayed. The calculated time behavior in
consideration of the ethanol existence in the MS medium in this study vary from those
neglecting the ethanol existence in the MS medium in our previous study [20] and are
qualitatively and quantitatively similar to those evaluated by the HPLC method. Both
results evaluated by the MIR spectroscopic method in consideration of the ethanol
existence in the MS medium and by the HPLC method indicate that the sucrose content
immediately decreased just after the beginning of the cultivation and that the glucose
and fructose contents successively increased. The ethanol content that was negligible at

the initial stage reached a concentration of about 1 g/L at 7 d of cultivation when the dry



cell weight had just reached the maximum value. After that, the ethanol content
successively decreased and was almost zero at the final stage of cultivation (14 d).

For the metabolite contents in the MS medium during the TBY-2 cell cultivation,
Figure 8b represents a comparison of the quantification results obtained by the two MIR
spectroscopic methods with those by the HPLC method. The sugar contents calculated
by the MIR spectroscopic method in consideration of the ethanol existence agreed with
those by the HPLC method more consistently than those by the previous MIR
spectroscopic method [20]. Thus the validity of the application of the simple and rapid
MIR spectroscopic method to the simultaneous determination of the nutrimental sugar
and the productive ethanol content was also experimentally indicated for the TBY-2 cell
cultivation in the MS medium, although the ethanol production by the TBY-2 cells was
almost negligible. Therefore the results above suggested that the kinetic sugar uptake
phenomena of the TBY-2 cells could be analyzed more accurately using the FT-IR/ATR
method in consideration of the ethanol peaks of the MS medium spectra than by the

previous MIR spectroscopic method [20].

4

Conclusion

The rapid and accurate determination of the ethanol content simultaneous with the sugar
ones in the liquid culture media suspending plant cells was developed using the MIR
spectroscopic method, which can obtain the information based on the fundamental
vibrational modes of the objective molecules and has advantages with respect to spectral
information in comparison with the near-infrared spectroscopy, theoretically. So we
apply the developed method to the simultaneous measurement of the ethanol content
with the sugar ones in the R2S media suspending the rice cells, which are one of the
typical plant cells producing much ethanol and can easily form aggregates during liquid
cultivation. The experimental results suggested that the sugar consumption and ethanol
production behavior of the suspension rice cells would be measured. In addition, for the
MS medium suspending the TBY-2 cells which produce little ethanol during
cultivation, the sugar content determined by the MIR spectroscopic method in

consideration of the ethanol existence in the medium indicated a better accuracy than



that determined by the previous method neglecting the absorption peaks of the ethanol
in the medium [20]. Therefore, the spectroscopic method provided in this paper could
be developed as the technique to analyze the kinetic overall metabolism of the
suspension plant cells because the FT-IR/ATR method has a potential to determine
theoretically most of the metabolite including the ionic dissociative materials [29, 30].

This study represents a very important step in such developments.
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Figure Legends

Fig.1.

Subtracted ATR spectra of the components in R2S medium other than sugar.
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Fig.2. ATR spectra of glucose, fructose, sucrose and ethanol. (a) in R2S medium. (b) in MS medium.
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Fig.3. Calibration curves between the absorbance of sugar and ethanol spectra and their concentrations.

(a) in R2S medium. (b) in MS medium.
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Fig.4. Comparison of calculated spectra with actual ones for R2S medium. (a) Spectral comparison for
glucose-fructose-sucrose-ethanol (gle-fru-suc-EtOH6) mixture medium. (b-1) Absorbance ratio of
calculated spectra to actual ones (about 3% of ethanol concentration). (b-2) Absorbance ratio of

calculated spectra to actual ones (about 6% of ethanol concentration).
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Fig.5. Comparison of evaluated sugar and ethanol contents in R2S media with actual ones. (a) MIR

spectroscopy. (b) HPLC method.
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Fig.6. Time behavior spectra of culture medium during sucrose cultivation. (a) Rice cell cultivation

with R2S medium. (b) TBY-2 cell cultivation with MS medium.
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Fig.7. Time courses of sugar contents, ethanol content and cell density during sucrose cultivation. (a)

Rice cell cultivation with R2S medium. (b) TBY-2 cell cultivation with MS medium.
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Fig.8. Comparison of sugar and ethanol contents in culture medium during sucrose cultivation
evaluated by FT-IR/ATR method with those by HPLC method. (a) Rice cell cultivation with R2S
medium. (b) TBY-2 cell cultivation with MS medium. The notations, “4 comp.” and “3 comp.”, mean the

sugar contents determined by the MIR spectroscopic method in consideration of the ethanol existence and
the absence [20], respectively.

30 ~~—r—r—rrrr—r—r —
[ 0o
[ m
20 7
> Z
£ 10F .
s | O '
o |
o}
b suc glc fru
[ 4comp. ® e A
L 3comp. O o A |l
_10 PUREP ST W W T W VO W WO W W W | S S WY
10 0 10 20 30

C [0/

calc, HPLC



Tables

Table 1. Sugar and ethanol contents in R2S culture media for infrared spectroscopic measurement.

concentration [g/L]

Culture media

glucose fructose sucrose ethanol
glc-EtOH3 31.78 --- --- 2.90
frc-EtOH3 --- 31.23 --- 2.99
suc-EtOH3 --- --- 29.47 2.72
gle-fru-EtOH3 15.36 16.11 --- 3.03
glc-suc-EtOH3 15.32 - 15.13 3.00
suc-fru-EtOH3 --- 15.83 14.96 2.90
gle-fru-suc-EtOH3 10.34 10.65 10.11 2.96
glc-EtOH6 31.25 --- --- 6.07
frc-EtOH6 --- 31.35 --- 6.05
suc-EtOH6 --- --- 29.90 5.61
glc-fru-EtOH6 15.27 16.28 --- 6.00
glc-suc-EtOH6 15.27 --- 15.16 6.03
suc-fru-EtOH6 --- 16.25 15.16 6.11

glc-fru-suc-EtOH6 10.08 10.90 10.13 5.97




Table 2. Fitting parameters and correlation coefficients of calibration curves for R2S culture medium.

sugars ~ Wavenumber Fitting parameter, Fitting parameter, Correlation
[cm™] a [(gL)"] b[-] coefficient, 7 [-]
1036 0.00160 0.0012 0.999
1065 0.00095 0.0023 0.999
glucose
1055 0.00105 0.0017 0.999
1045 0.00128 0.0016 0.999
1036 0.00066 0.0012 0.998
1065 0.00151 0.0023 0.999
fructose
1055 0.00117 0.0017 0.999
1045 0.00078 0.0016 0.999
1036 0.00093 0.0012 0.999
1065 0.00125 0.0023 0.999
sucrose
1055 0.00144 0.0017 0.999
1045 0.00116 0.0016 0.999
1036 0.00082 0.0012 0.994
cthanol 1065 0.00015 0.0023 0.995
1055 0.00066 0.0017 0.922

1045 0.00253 0.0016 0.999




Table 3. Fitting parameters and correlation coefficients of calibration curves for MS culture medium.

sugars ~ Wavenumber Fitting parameter, Fitting parameter, Correlation
[cm™] a [(gL)"] b[-] coefficient, 7 [-]
1036 0.00163 0.0009 0.999
1065 0.00099 0.0016 0.999
glucose
1055 0.00110 0.0010 0.999
1045 0.00131 0.0014 0.999
1036 0.00069 0.0009 0.998
1065 0.00154 0.0016 0.999
fructose
1055 0.00118 0.0010 0.999
1045 0.00080 0.0014 0.999
1036 0.00092 0.0009 0.999
1065 0.00125 0.0016 0.999
sucrose
1055 0.00142 0.0010 0.999
1045 0.00114 0.0014 0.999
1036 0.00088 0.0009 0.985
cthanol 1065 0.00024 0.0016 0.939
1055 0.00069 0.0010 0.992

1045 0.00253 0.0014 0.999




