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Abstract The fungus Rhizopus oryzae converts both glu-
cose and xylose under aerobic conditions into chirally pure
L(+)-lactic acid with by-products such as xylitol, glycerol,
ethanol, carbon dioxide and fungal biomass. In this paper,
we demonstrate that the production of lactic acid by R. ory-
zae CBS 112.07 only occurs under growing conditions.
Deprivation of nutrients such as nitrogen, essential for fun-
gal biomass formation, resulted in a cessation of lactic acid
production. Complete xylose utilisation required a signifi-
cantly lower C/N ratio (61/1) compared to glucose (201/1),
caused by higher fungal biomass yields that were obtained
with xylose as substrate. Decreasing the oxygen transfer
rate resulted in decline of xylose consumption rates,
whereas the conversion of glucose by R. oryzae was less
affected. Both results were linked to the fact that R. oryzae
CBS 112.07 utilises xylose via the two-step reduction/oxi-
dation route. The consequences of these effects for R. ory-
zae as a potential lactic acid producer are discussed.

Keywords Lignocellulose - Xylose - L(+)-lactic acid -
Rhizopus oryzae - Respiration - Growth

Introduction

Lactic acid and its derivatives represent an important cate-
gory of compounds for industries producing food, chemical
and pharmaceutical products. Lactic acid can be synthes-
ised chemically, but this results in racemic mixtures of
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D- and L-isomers. Chirally pure lactic acid can be produced
by microbial fermentation and is required for the manufac-
turing of the biodegradable polymer polylactic acid, which
is an alternative to petrochemically derived plastics [6].
Furthermore, the microbial production of lactic acid is of
economic importance due to the prospect of using cheap
and widely available feedstock materials such as lignocel-
lulose [2].

Lignocellulosic biomass and agricultural residues are
rich in polysaccharides such as cellulose (~35-50%) and
hemi-cellulose (~5-20%), which are embedded in a matrix
of lignin [9]. A broad range of physical, chemical and enzy-
matic treatments can be applied in order to remove/modify
the lignin and to hydrolyse the polysaccharides to ferment-
able monosaccharides [17]. The resulting hydrolysates con-
tain a mixture of hexoses such as glucose and pentoses such
as xylose which all form potential substrates for the micro-
bial production of lactic acid.

The Zygomycete fungus Rhizopus oryzae is a well-
known producer of chirally pure L(+)-lactic acid from glu-
cose and starch [19, 22, 26, 27] and capable to form cellulo-
Iytic and xylanolytic enzymes [3, 18]. In earlier work, we
studied the conversion of xylose to lactic acid by ten differ-
ent wild-type strains of R. oryzae [14]. When cultures of R.
oryzae CBS 112.07 were exposed to relatively high xylose
concentrations (60-120 g/1), only +40 g/l xylose was con-
verted to mainly lactic acid. Furthermore, most of the tested
R. oryzae xylose-converting cultures showed a lower lactic
acid yield in comparison to the cultures grown on glucose
as sole carbon source. Carbon dioxide as a product of aero-
bic respiration was found in higher amounts with the cul-
tures grown on Xxylose in comparison to the ones on
glucose. This indicated that throughout the conversion of
xylose by R. oryzae, the respiratory metabolism and xylose-
to-lactic acid fermentation are related.
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Incomplete substrate utilisation, lactate yields and the
requirement of oxygen for product formation are important
aspects for the suitability of R. oryzae as lactic acid pro-
ducer. Therefore, in the present study, the influence of
growth and respiration on the conversion of xylose into lac-
tic acid was studied.

Materials and methods
Fungal strain and inoculum preparation

The strains R. oryzae CBS 112.07 (CBS-Centraalbureau
voor Schimmelcultures, Utrecht, The Netherlands) and R.
oryzae NRRL 395 (NRRL-Northern Regional Research
Laboratory, Peoria, IL, USA) were grown on Potato Dex-
trose Agar at 30°C. Spores were harvested as described pre-
viously [14] and stored at —80°C. Mycelial biomass was
produced in growth medium containing per litre: glucose
30 g, (NH,),SO, 1.25g, KH,PO, 0.6 g, MgSO,-7H,0O
0.25 g, ZnSO,-7H,O0 0.04 g, Na,HPO,-2H,0 5.37 g and
NaH,PO,-H,0 9.64 g. All chemicals, unless indicated oth-
erwise, were purchased from Merck (Darmstadt, Germany).
The growth medium was prepared as described previously
[14], inoculated with 2 x 10° spores/ml and incubated in a
rotary shaker with an agitation rate of 150 rpm at 37°C.
Mycelial biomass was harvested by a wash treatment and
served as inoculum for shake flask experiments [14].

Shake flask experiments

Composition of the fermentation medium used in the
baffled Erlenmeyer shake flask cultures was similar to the
growth medium except sodium phosphate salts were
replaced by 52 g/l CaCO; (SA Omya, Benelux, NV, USA)
functioning as neutralising agent for lactic acid formation.
A filter-sterilised xylose (Sigma-Aldrich, Germany) or glu-
cose solution served as carbon source (cellulose acetate
filter with pore size 0.2 pm, Minisart, Sartorius). Fermenta-
tion medium was inoculated with washed mycelial biomass
[0.1 g mycelial biomass (dry weight) per litre]. Cultures
were incubated in a rotary shaker with an agitation rate of
150 rpm and 37°C. Homogenous samples of 1 ml were
withdrawn and analysed for substrate and product concen-
tration by High-Pressure Liquid Chromatography.

In order to study the influence of oxygen transfer rate
(OTR) on the conversion of glucose and xylose by R. ory-
zae, reactors with monitoring and control of the oxygen
concentration are preferably used. However, as described in
previous work [14], growth of the filamentous fungus R.
oryzae in submerged controlled stirred fermentor often
resulted in heterogeneous growth with mycelium attached
around elements in the reactor such as baffles, electrodes

@ Springer

and impellers. Therefore, to examine the effect of OTR on
the conversion of glucose and xylose by R. oryzae CBS
112.07, another experimental set-up was used where the
fungus was cultivated in different medium volumes of 75,
100, 125 and 150 ml.

Preparation of cell-free extract

Fungal cells cultivated in growth medium were centrifuged
(5 min at 3,000 rpm) and the wet pellet was stored at
—80°C. Prior to use, the pellet was washed with 0.85%
NaCl solution to remove residual medium components. The
cell-free extract was prepared by freezing the washed cells
in liquid nitrogen and grinding in a mortar. An extraction
solution containing Bis—Tris buffer pH 6.5, 20 mM MgCl,,
5mM and B-mercaptoethanol, 1 mM, was added to the
powder (1:1 w/v). After extraction for 1 h, the protein sus-
pension was centrifuged for 15 min at 14,000 g and 4°C to
obtain a clear supernatant, which serves as a source of
intracellular enzymes.

Enzyme assays

Xylose reductase (XR) and xylitol dehydrogenase (XDH)
activity assays were performed in 200-pl volumes. Oxida-
tion of cofactors was monitored in a temperature-con-
trolled spectrophotometer by measuring absorbance at
340 nm. XR activity in cell-free extract (20 pl) was
assayed in a sodium phosphate (pH 6.5, 50 mM) buffered
mixture containing p-xylose (100 mM) as substrate and
NADPH (0.2 mM) as cofactor [25]. The XDH activity in
cell-free extract (20 pl) was assayed in a PIPES KOH (pH
7.0, 50 mM) buffered mixture containing b-xylulose
(10 mM) as substrate and NADH (0.2 mM) as cofactor
[20]. Background activities (assays without xylose or xylu-
lose) were also measured and included into the calcula-
tions. One unit of enzyme activity corresponds to 1 nmol
of cofactor converted per mg cell-free extract protein per
minute.

Xylose isomerase (XI) activity was tested in 1-ml vol-
umes by incubating 20 pl cell-free extract in a 50 mM
sodium phosphate buffered (pH 7.0) mixture containing
p-xylose (10 mM) and MgCl, (10 mM) for 17 h at 37°C
[8]. The enzymatic activity was stopped by adding
0.05ml 50% trichloroacetic acid and xylulose was
assayed by the cysteine—carbazole—sulphuric acid method
[5]. In order to determine the protein content, the proteins
in the cell-free extract were separated from the extraction
buffer by centrifugation over a membrane (Microcon
YM-3, Millipore, USA) and resolved in de-ionised water.
The protein content was analysed by the BCA Protein
Assay Kit (Pierce, USA) using diluted bovine serum
albumin as standard.
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Evaluation of gene sequences encoding enzymes involved
in xylose metabolism

As part of the Fungal Genome Initiative at the Broad Insti-
tute of Harvard and MIT the genome sequence + automated
annotation from the R. oryzae strain RA 99-880 has been
released on http://www.broad.mit.edu/annotation/fungi/rhi-
zopus_oryzae/. This database enabled us to search for puta-
tive genes encoding the enzymes involved in xylose
metabolism in R. oryzae. Enzymes of interest are XR (EC
1.1.1.21), XDH (EC 1.1.1.9) and xylulose kinase (XK) (EC
2.7.1.17) catalyzing the conversion from xylose to xylu-
lose-5-P via xylitol and xylulose, respectively, and XI (EC
5.3.1.5), which converts xylose directly in xylulose. A
selection of sequences obtained from NCBI and EMBL dat-
abases was used to search the R. oryzae genome using the
‘tblastn’ algorithm. For XR, XDH and XK, genes from
fungi were selected to create a high probability of finding
the corresponding gene. Accession numbers of XR were:
Pichia stipitis (X59465), Neurospora crassa (AY876382),
Aspergillus niger (AF219625), Candida sp. (AY854501).
Accession numbers of XDH were: Pichia stipitis
(A16166), Neurospora crassa (XP_325071), Aspergillus
oryzae (AB109101), Candida albicans (XP_719434).
Accession numbers of XK were: Piromyces sp.
(AJ249910), Pichia stipitis (AAF72328), Aspergillus
niger (AJ305311), Neurospora crassa (EAA33587),
Candida sp. (DQ087275). Since no fungal genes other than
the Piromyces sp. gene [8] are known, the search for XI
was also performed using genes from different types of
organisms having accession numbers: Piromyces sp.
(AJ249909), Arabidopsis thaliana (Q9FKK7), Xanthomas
campestris (Q8PI9T9), Streptomyces albus (P24299),
Escherichia coli (P00944), Bacillus subtilis (P04788),
Lactobacillus brevis (P29443).

Analytical methods

The treatment of samples and analysis of monosaccharides,
organic acids, alcohols and polyols were performed by
High-Pressure Liquid Chromatography as described earlier
[14]. The cell dry weight determination was performed by
filtration of fermentation broth over a pre-weighed filter
and drying overnight [14]. The ammonium concentration in
fermentation samples was analysed with an Ammonium
Test (Spectroquant, Merck, Germany). The chiral purity
(%) of lactic acid was determined by derivatisation of all
lactates using methanol, after which both enantiomers of
methyl lactate were separated on a chiral Gas Chromatogra-
phy column and detected using a Flame Ionisation
Detector. The chiral purity was expressed as the area of
the main enantiomer divided by the sum of areas of both
enantiomers.

Calculations

The maximal volumetric consumption rate (ggy,,) is defi-
ned as the amount of sugar consumed (g) per litre per hour,
whereas the maximal volumetric production rate (qpmay)
can be defined as amount of product formed (g) per litre per
hour. The yield of lactic acid (Y) is based on the amount
of product synthesised (g) divided by the amount of sub-
strate consumed (g). Biomass yield (Y,,) is calculated by
the amount of biomass (g dry weight) divided by the
amount of substrate consumed (g). The carbon recovery is
calculated with respect to moles of carbon produced
divided by moles of carbon consumed as described earlier
[14]. Carbon recovery calculations were made to estimate
carbon dioxide production by respiration. In these calcula-
tions, we included one carbon dioxide for each ethanol pro-
duced to compensate for equimolar carbon dioxide
formation in ethanol synthesis.

Results

Effect of nutrient limitation on sugar utilisation and product
formation by R. oryzae

As described in previous work, cultures of R. oryzae CBS
112.07 grown in fermentation media with relatively high
xylose concentrations (60—120 g/1) decreased the consump-
tion rate when approximately 40 g/l was converted,
although sufficient carbon source was available [14]. This
result suggests that a nutrient, other than xylose, was limit-
ing. According to the composition of the fermentation
medium and an assumed fungal biomass composition of
CH, §005N0.1650.0045P0.00s5s [24], it was calculated that
nitrogen was the limiting compound.

To study the effect of N-limitation on the lactic acid pro-
duction from xylose by R. oryzae, the fungus was cultivated
in fermentation medium containing 80 g/l xylose and
1.25 g/1 (NH,),S0,, corresponding to a C/N ratio of 121/1
(g/g) (Fig. la). After 115h of incubation, approximately
40-45 g/1 xylose was converted into 21.1-24.4 g/l lactic
acid [chiral purity of 100% L(+)-lactic acid] (Fig. 1b). So,
for complete xylose conversion, a C/N ratio of approxi-
mately 61/1 is required. The by-products glycerol (3.5—
4.0 g/l, Fig. 1c) and xylitol (1.0-1.2 g/1, Fig. le) were pro-
duced at lower levels. Between 115 and 160 h of incuba-
tion, the consumption of xylose by R. oryzae was continued
at a low linear rate. To test if this was caused by N-limita-
tion, cultures were pulsed with 2.5 ml (NH,),SO, solution,
(NH,),PO, solution (both 50 g/I) or demi water (blank)
after 160 h incubation. In comparison to the blank, the
ammonium-pulsed cultures both showed an accelerated
xylose consumption rate. Production rates of glycerol
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Fig. 1 Conversion of xylose (a) A 80
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(Fig. 1c), ethanol (Fig. 1d) and xylitol (Fig. le) increased,
whereas no significant lactic acid production (Fig. 1b) was
determined after ammonium addition. After 190 h of incu-
bation, the glycerol and ethanol concentrations decreased,
suggesting that these compounds can serve as carbon
source for R. oryzae and can be used simultaneously with
xylose. At the end of the fermentation (240 h), the biomass
concentration of the (NH,),SO, and (NH,),PO,-pulsed cul-
tures was 10.2 and 7.6 g/l, respectively, corresponding to a
biomass yield (Y,,) of 0.16 and 0.12 g/g. These biomass
concentrations—in the cultures with double ammonium
concentration—were approximately twice as high in com-
parison to the biomass concentration obtained in the culture
without the extra ammonium addition.

Former results showed that cessation of product forma-
tion, which was observed during growth on xylose and can
now be attributed to nitrogen limitation, did not occur

Fig. 2 Conversion of glucose
(a) by R. oryzae CBS 112.07 to
lactic acid (b), ethanol (c¢), glyc-
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under further identical conditions with glucose as substrate
[14]. However, utilisation of glucose as carbon source
resulted in lower microbial biomass formation compared to
xylose, indicating that N-limited conditions might not yet
have been established. To investigate this, R. oryzae was
cultivated in glucose-containing media with higher C/N
ratios. The cultures with C/N ratio of 201/1 and 151/1 con-
verted glucose completely within 70 h of incubation into 74
and 75 g/l lactic acid [chiral purity of 100% L(+)-lactic
acid] (Fig. 2a, b), respectively, indicating no N-limitation.
The glucose consumption rate of R. oryzae cultivated at
higher C/N ratios of 603/1 and 302/1, declined after con-
sumption of 15 and 60 g/l glucose, respectively. By-prod-
ucts such as ethanol (Fig. 2¢) and glycerol (Fig. 2d) were
formed at different levels depending on the C/N ratio with a
maximum of 4.5 and 5.3 g/l, respectively. The addition of
extra (NH,),SO, restored glucose consumption indicating
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N-limitation. The concentration of glycerol and ethanol
decreased after glucose was completely consumed, suggest-
ing that in the former period catabolite repression by glu-
cose occurred. Figure 2f shows that whereas growth and
lactic acid production continued up to 65 h, in all tested R.
oryzae cultures the concentration of (NH,),SO, was
already nearly depleted from the medium after 44 h of incu-
bation. A possible explanation is intracellular accumulation
of nitrogen or the formation of reserve material such as gly-
cogen. Furthermore, after 70 h of incubation and prior to
the ammonium pulse, the cultures with C/N ratios of 608/1,
302/1, 201/1 and 151/1, showed biomass concentrations of
0.9, 2.2, 3.1 and 3.8 g/1 (Fig. 2e), respectively, correspond-
ing to a biomass yield (Y,,) between 0.03 and 0.06 g/g. To
study if growth-associated product formation is a more gen-
eral phenomenon for R. oryzae, it was also tested for R.
oryzae CBS 112.07 with glucose under P-limitation and for
R. oryzae NRRL 395 with xylose as substrate under N-lim-
itation. Also, in these cases the conversion of substrate to
lactic acid stopped when growth-limiting conditions were
reached (results not shown).

Thus, lactic acid production from both glucose and
xylose by R. oryzae CBS 112.07 only occurs under growing
conditions. Furthermore, in comparison to glucose, conver-
sion of xylose by R. oryzae required a lower C/N ratio due
to a higher biomass yield. This indicates that with xylose as
substrate, the energetically more efficient respiration plays
a more important role compared to the situation with glu-
cose. The higher respiratory flux could be related to the
occurrence of the reduction/oxidation pathway of xylose
utilisation in R. oryzae as suggested by subsequent produc-
tion and consumption of xylitol. In order to better under-
stand the relation between growth, aerobic respiration and
lactic acid formation via fermentation, the initial steps in
the xylose metabolism of R. oryzae were identified.

Identification of enzymes involved in xylose metabolism by
R. oryzae

Most eukaryotic organisms use a two-step reduction/oxida-
tion route to convert xylose via xylitol to xylulose. Some
exceptions have been reported where yeast and fungal spe-
cies employ the isomerase route (XI) [4, 8, 21]. As pro-
posed in Fig. 3, the first enzyme involved in the two-step
reduction/oxidation route is the NADPH-dependent XR
catalysing the conversion of xylose to xylitol. The polyol
xylitol can be excreted or oxidised to xylulose by a NAD-
dependent XDH. Further metabolism is from that point
onwards identical, starting with the phosphorylation of
xylulose to xylulose-5-phosphate by XK and further con-
verted to glyceraldehyde-3-phosphate via the pentose phos-
phate pathway. The resulting intermediate pyruvate can
function as substrate for fermentation via the glycolytic

D-glucose D-xylose NADPH
@ lc NADP*
X xylitol ho
NAD*
XDH l NADH > C O: [ respiratory chain ]
D-xylulose
XK l
D-xylulose-5-P 4----------- D-ribulose-5-P
I a
i Pentose Phosphate 5 "
I Pathway -C NADP*  —
Dl v op : NADPH ~——
——> D-glucose-6-P ------<g----------*
o~ CO,
+
D-glyceraldehyde-3-P
' Pathway
|
I
v
pyruvate
(@ _.-="77~<._(©
I ]
4 >

v
biomass  ethanol + CO, CO+H,0
lactic acid

Fig. 3 Proposed pathways for the catabolism of xylose, adapted from
Schneider (1989) [21]. XI xylose isomerase, XR xylose reductase, XDH
xylitol dehydrogenase, XK xylulose kinase. Pyruvate functions as sub-
strate for growth (a), fermentation (b) and/or respiration (c)

pathway to lactic acid or ethanol, for biomass formation or
for oxidation to carbon dioxide and water via respiratory
processes [9, 21].

To identify the presence of the isomeration route and/or
the two-step reduction/oxidation route in R. oryzae CBS
112.07, activities of XI, XR and XDH were assayed by in
vitro analysis. Cell-free extracts of R. oryzae CBS 112.07
cultivated in growth medium containing 30 g/l xylose or
glucose were used for the enzyme assays. In the glucose
culture, R. oryzae converted approximately 30 g/l glucose
to 13.5 g/l lactic acid within 48 h of incubation whereas the
fungus grown in xylose-containing medium utilises approx-
imately 10 g/l xylose and produces 4.5 g/l lactic acid. The
cell-free extract made of fungal biomass cultivated with
glucose contained soluble proteins without detectable XI,
XR or XDH activity. On the other hand, as shown in
Table 1, the cell-free extract of the xylose-converting cul-
ture contained detectable XR and XDH activity whereas no
XI activity was analysed, indicating the presence of the
two-step reduction/oxidation route in R. oryzae.

The rDNA sequence of R. oryzae strain RA 99-880
showed 100% homology with strain CBS 112.07 [1],

Table 1 In vitro analysis of xylose reductase (XR), xylitol dehydro-
genase (XDH) and xylose isomerase (XI) activity in cell-free extracts
of glucose or xylose-converting R. oryzae CBS 112.07

C-source Enzyme activity

XR* XDH?* X1
Xylose 75.1 0.53 ND
Glucose ND ND ND

ND not detected

# One unit of activity is defined as nanomole of NADPH or NADH
converted per milligram total cell-free extract protein per minute
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whereas a lower homology (~80%) was obtained when
comparing with other eukaryotes such as Saccharomyces
cerevisiae and Trichoderma. This indicates that the
sequence of strain RA 99-880 is representative of strain
CBS 112.07. A selection of sequences obtained from
NCBI and EMBL databases was used to search the R. ory-
zae genome using the ‘tblastn’ algorithm. The Blast
search on XR (Locus RO3G_16589.1; E-value 3e-100)
revealed six possible transcripts (>38% amino acid iden-
tity) in the R. oryzae genome all belonging to the aldo/
keto reductase family (Pfam domain search). The R. ory-
zae transcript with the highest homology with the target
sequences (47-53% amino acid identity) is likely to be a
XDH (Locus RO3G_02257.1; E-value 9e-78). The Blast
search on XDH revealed four possible transcripts (>30%
amino acid identity) in the R. oryzae genome, all harbour-
ing an alcohol dehydrogenase GroES-like domain and
zinc-binding dehydrogenase domain (Pfam domain
search). The transcript with the highest homology with the
target sequences (44—46% amino acid identity) is likely to
be a XDH. The Blast search on XK revealed one possible
transcript (>36% amino acid identity) in the R. oryzae
genome harbouring the FGGY family of carbohydrate
kinases, N-terminal domain and the FGGY family of car-
bohydrate kinases, C-terminal domain (Pfam domain
search). This transcript is likely to be a XK (Locus
RO3G_11716.1; E-value 2e-130). The Blast search on XI
revealed no possible transcripts in the R. oryzae genome.
It seems likely that no gene encoding this enzyme is pres-
ent in R. oryzae. The findings of this molecular analysis
confirm the results obtained by the in vitro enzyme analy-
sis, indicating the presence of the two-step reduction/oxi-
dation route in R. oryzae CBS 112.07.

Effect of oxygen transfer rate on metabolism of R. oryzae

Conversion of xylose via the two-step reduction/oxidation
route suggests an enhanced negative effect of oxygen limi-
tation on sugar consumption and product formation com-
pared with glucose [7, 21]. To study the effect of the OTR
on the conversion of glucose and xylose by R. oryzae,
shake flasks with different medium volumes were used. By
altering the volume of the medium in baffled Erlenmeyer
flasks, the oxygen transferring liquid/air surface can be var-
ied [10]. In shake flask cultures, we used the carbon recov-
ery calculations in order to estimate the carbon dioxide
produced by respiration. Decreasing culture volumes
resulted in significantly increased xylose consumption and
lactic acid production rates by R. oryzae (Fig.4a,Db).
Table 2 shows the maximal xylose consumption rate, g,
of 0.22 to 1.16 g/l/h and the maximal lactic acid production
rate, gpma, of 0.16 t0 0.78 g/l/h by R. oryzae in different cul-
ture volumes. The cultures with volume of 125 and 150 ml
resulted, in comparison to the cultures in 75 and 100 ml, in
higher concentrations of glycerol and xylitol (Fig. 4c, e).
The concentration of these fermentation products decreased
at the moment that xylose nearly depleted, indicating that
the fungus utilises glycerol and xylitol as carbon source.
The lactic acid yields (Y, varied between 0.54 and 0.65 g/
g, where the culture of 100 ml yielded the highest amount
of lactic acid. The relatively low carbon recoveries show
that a significant amount of carbon substrate utilisation can
be ascribed to respiratory CO, production (missing carbon
in this calculation).

With glucose as carbon source the situation is different.
Figure 5a and b show that the conversion rate of glucose
into lactic acid by R. oryzae is less affected by the tested

Fig. 4 Effect of different medi-
um volumes (aeration rates) on
the conversion of xylose (a) by 25

>
3

R. oryzae CBS 112.07 to lactic g 20 +
acid (b), glycerol (c), ethanol (d) 2 45l
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5+ I
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Table 2 Fermentation data of R. oryzae CBS 112.07 cultures grown in 250-ml baffled shake flasks with variable culture volumes containing 30 g/

1 xylose or glucose

C-source Medium Lactic Gomax Gpmax Yo Carbon recovery
volume (ml) acid (g/1)* (g//h)° (g//h)° (g lactic acid/g)* (% C-mol)*
Xylose 75 16.1 1.16 0.78 0.55 66
100 18.8 0.73 0.60 0.65 83
125 12.0 0.35 0.22 0.54 70
150 16.2 0.22 0.16 0.59 81
Glucose 75 21.6 1.77 1.53 0.71 96
100 22.3 2.50 1.97 0.77 98
125 23.5 2.50 1.97 0.78 90
150 232 1.96 1.57 0.79 94

# Calculations with data obtained when at least 83% of xylose and 98% of glucose was consumed

b Rates calculated over at least three data points

culture volume and therefore by the OTR. Lactic acid
yields of 0.71-0.79 g/g were calculated and are signifi-
cantly higher than the yields obtained with xylose
(Table 2). By-products such as glycerol (0.3-0.5 g/1) and
ethanol (1.2-1.5 g/1) were formed in all cultures up to com-
parable levels (Fig. 5c, d). When glucose was depleted, the
formerly produced glycerol and ethanol concentrations
decreased again. Table 2 shows that in comparison to the
data obtained with xylose, significantly higher maximal
consumption rates (1.77-2.50 g/l/h), lactic acid production
rates (1.53-1.97 g/l/h) and lactic acid yields (0.71-0.79 g/
g) were obtained with glucose as carbon source. Further-
more, the carbon recovery data were higher in case of glucose
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Fig. 5 Effect of different medium volumes (aeration rates) on the con-
version of glucose (a) by R. oryzae CBS 112.07 to lactic acid (b), glyc-
erol (¢) and ethanol (d) in a 250-ml baffled shake flasks with medium
volumes of 75 (dark filled triangle), 100 (open square), 125 (open tri-
angle) and 150 ml (multiplication sign). Dotted lines represent the start
of detectable consumption of glucose

cultures (~95%) compared to xylose cultures (~75%)
suggesting less conversion of substrate to carbon dioxide.

Discussion

In a previous article we reported that R. oryzae is able to
convert xylose into lactic acid and ethanol. Compared to
glucose utilisation, the conversion of xylose requires addi-
tional enzymatic steps. In this study, we showed several
results indicating that R. oryzae utilises xylose via the two-
step reduction/oxidation route.

First, in vitro enzyme analysis of cell-free extracts, made
from xylose-converting R. oryzae biomass, showed activity
of XR and XDH whereas XI activity was lacking. The
activity of XR in the cell-free extract was approximately
150-fold higher in comparison to the XDH activity. A pos-
sible explanation for this discrepancy in activity can be
found in the different hydrophilic characters, determined by
the approach described by Kyte and Doolittle (1982) [12],
which seems significantly higher for XR than for XDH. As
a result, the used extraction procedure may have caused
some loss of XDH activity. Furthermore, the stability of the
enzymes throughout the extraction procedure was not
tested and therefore unknown. Anyhow, detection of XR
and XDH indicates the presence of the two-step reduction/
oxidation route in R. oryzae.

Second, results from previous study showed that R. ory-
zae CBS 112.07 secreted xylitol throughout xylose conver-
sion [14]. As soon as the xylose nearly depleted from the
medium, the fungus started to utilise the formerly produced
xylitol from the medium. Furthermore, R. oryzae cultures
converted xylitol, as sole carbon source, to mainly lactic
acid (data not shown). As shown in Fig. 3, xylose-ferment-
ing micro-organisms can produce xylitol from xylose either
by XR activity or, more unlikely, via activities of XI and
XDH. Therefore, the formation and utilisation of xylitol by
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R. oryzae strongly implies the presence of the two-step
reduction/oxidation route to convert xylose.

Finally, comparison of the genome sequence of R. ory-
zae strain RA 99-880—representative of the used strain
CBS 112.07 based on rDNA sequence homology—and
sequences of genes representing XR and XDH from the
NCBI and EMBL databases showed the presence of genes
encoding these enzymes. No homology was found between
the genes representing XI and the genome sequence of
strain RA 99-880 suggesting once more that the two-step
reduction/oxidation route is present in R. oryzae.

The two-step reduction/oxidation route bas been exten-
sively investigated for the production of ethanol by various
xylose utilizing yeast species, e.g. Pachysolen tannophilus
and Candida shehatae [7, 9, 21]. A consequence of the
difference in cofactor dependency of the two key enzymes
is that both reactions do not balance out each other’s cofac-
tor requirement. Other metabolic routes have to be applied
for this purpose: the pentose phosphate cycle to regenerate
NADPH used by XR, and oxygen-requiring respiration to
regenerate the NAD used by XDH (Fig. 3). Whereas xylose
conversion requires the input of oxygen, ethanol production
in these yeasts only occurs under oxygen limitation, with
higher ethanol yields at stronger oxygen limitation. Conse-
quently, ethanol production by these yeasts has to occur
under suboptimal conditions for both xylose conversion
and ethanol production. This rendered the conversion of
xylose into ethanol by yeasts harbouring the two-step
reduction/oxidation route—both wild type and genetically
engineered strains—uneconomical, at least until xylose
utilisation by a genetically engineered Saccharomyces
cerevisiae was realised and transformed with a gene encod-
ing XTI [11].

In our study, a comparable effect of OTR on xylose util-
isation and product formation was found for R. oryzae.
Decreasing OTR had no significant effect on glucose con-
sumption, but strongly affected the xylose uptake rate. Fur-
thermore, with glucose as substrate ethanol was formed
under all experimental conditions whereas with xylose as
substrate ethanol production was absent in most cases. So,
the disadvantage of the two-step reduction/oxidation path-
way for ethanol production from xylose also seems to hold
for R. oryzae. This is however not the case for lactic acid
since it is produced both under strict aerobic and oxygen-
limiting conditions.

Our results showed that the conversion of xylose by
R. oryzae strain CBS 112.07 and NRRL 395 not only
depends on the availability of a carbon source in the
medium but also on the presence of other nutrients, such as
nitrogen and phosphorous. This occurred for both xylose
and glucose, but at different C/N ratios. These different C/N
ratios can be explained by the higher biomass yield on
xylose compared to glucose. This, in turn, is caused by the
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fact that with xylose as substrate, respiration is necessary
for the re-oxidation of NADH generated by XDH. Due to
the higher energetic efficiency of respiration compared to
lactic acid production more fungal biomass can be pro-
duced from the same amount of sugar. Or, in other words,
less sugar (C) is necessary to convert the same amount of
ammonium (N) into biomass, resulting in lower C/N ratios
for complete sugar utilisation.

Product formation, limited to conditions at which growth
occurs, has—as far as we are aware of—not been reported
for a fermentation product as lactic acid. In its natural habi-
tat (mostly soil), R. oryzae will not encounter the high sugar
concentrations used in our experiments. Its regulation of
sugar metabolism might therefore not be adapted to these
situations resulting in lactic acid production as a conse-
quence of overflow metabolism [15]. One could hypothes-
ise that during growth under carbon and energy limitation
tight regulation of sugar uptake and/or glycolysis is not
necessary because they are rate-limiting anyhow, whereas
under non-growing conditions a tight regulation is more
important to prevent spillage of resources. This could be an
explanation of the growth-associated lactic acid production
by R. oryzae. Growth-associated product formation could
prove to be a disadvantage for using R. oryzae for lactic
acid production since compulsory fungal biomass synthesis
has a negative impact on lactic acid yield. The extent of this
negative influence depends on the biomass yield on glucose
and xylose. In general, the biomass yield for glucose is
rather low, 0.03-0.06 g/g, resulting in lactic acid yields of
0.7-0.8 g/g. This corresponds well with lactate yields for
homolactic lactobacilli [13]. The biomass yield on xylose is
higher due to the relatively higher contribution of respira-
tion to cellular energy generation, resulting in considerably
lower lactate yields of 0.55-0.65 g/g. However, considering
the fact that lignocellulosic hydrolysates generally contains
about two-times higher glucose than xylose concentrations,
the negative effect of growth on lactate production from
xylose will have a minor impact on overall lactic acid yield.

Current industrial lactic acid production occurs at near
neutral pH. At this pH not lactic acid but Ca-lactate is
formed. By treatment with sulphuric acid this is converted
into lactic acid with CaSO, (gypsum) as by-product [23].
At the scale necessary for lactic acid as food product it is
still possible to deal with gypsum as by-product. However,
if lactic acid is to be used at larger scale as building block
for the chemical industry it would be advantageous to per-
form the fermentation process at lower pH, producing lactic
acid itself directly. The strains used in contemporary pro-
cesses are not able to produce lactic acid at these low pH
values. Alternatives are sought among yeasts and fungi that
are able to grow at lower pH, e.g. R. oryzae [22]. It how-
ever appears that, as reviewed by van Maris et al. (2004)
[16], cellular export of weak acids such as lactic acid at low



J Ind Microbiol Biotechnol (2008) 35:569-578

577

pH proceed via active transport and costs metabolic energy
(one ATP/acid). This would imply that at low pH lactic
acid production does not result in net energy gain and that
lactic acid production should always be accompanied by
energy-generating processes like alcoholic fermentation or
aerobic respiration in order to meet maintenance require-
ments. So, whereas the isomerase route for xylose conver-
sion is the pathway of choice for synthesis of ethanol
because it can function without oxygen input, the situation
is not as clear-cut in case of lactic acid production at low
pH since this requires oxygen for energy generation any-
way.

Rhizopus oryzae is considered to be a potential produc-
tion organism for lactic acid with advantages compared to
lactic acid bacteria, with its ability to convert xylose homo-
lactically, being able to grow without complex nutrients
and with a high chiral purity of the produced lactic acid
[14]. Because R. oryzae is able to grow at low pH, the pos-
sibility to use this micro-organism for the synthesis of lactic
acid at low pH has been discussed.

The experiments described in this paper show that lactic
acid formation is growth associated. This can be considered
as a disadvantage for industrial production; however, it was
shown that due to the relatively low biomass yields, this
will have only minor consequences for the conversion of
lignocellulosic hydrolysates into lactic acid.

Lactic acid production by R. oryzae occurs under aerobic
conditions. This can be considered to be a disadvantage,
since the productivity of the industrial process may become
limited by oxygen transfer. However, if lactic acid produc-
tion at low pH does not generate net ATP as described by
van Maris et al. (2004) [16], lactic acid production has to
occur under aerobic conditions anyway.
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