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Milled wood samples were subjected to acid prehydrolysis under selected oper-
ational conditions to remove the hemicellulosic fraction, and the solid residues
(directly or after oxidation with NaClO) were used as substrates for the enzy-
matic hydrolysis of celluiose. The glucose solutions obtained were supplemented
with nutrients, sterilized and used for culturing the red yeast Xanthophyllomyces
dendrorhous (formerly Phaffia rhodozyma). Both cell growth and carotenoid pro-
duction by the yeast were studied in culture media made from hydrolysates. The
experimental results showed that the culture media made from hydrolysates are
suitable for both proliferation and carotenoid production by the micro-organism
studied. The distribution of individual carotenoids (including astaxanthin,
canthaxantin, B-carotene and echinenone) in microbial pigments was also

studied. © 1997 Elsevier Science Ltd

INTRODUCTION

Carotenoids are natural pigments with a variety of
applications in food technology. Astaxanthin (AX, 3,3
dihydroxy-BB-carotene —4-4’ dione) is a carotenoid
widely distributed in nature: for example, the charac-
teristic coloration of salmon flesh, trout or shrimp is due
to this compound. AX is also used as additive for poul-
try rations in order to improve the coloration of both
flesh and egg yolks (Johnson et al., 1980a,b; Johnson &
An, 1991; Tangeras & Slinde, 1994).

Neither fish nor poultry are able to synthesize caro-
tenoids, which must be provided in feed. Because of
that, a large and growing market exists for AX. Other
factors increasing the interest for AX production are its
high market price (accounting for a significant part of
salmon feed costs) and its efficient deposition in flesh
(Torrissen et al., 1989; Johnson & An, 1991).

AX can be produced by chemical or biotechnological
procedures. The chemical way has been commercially
developed by Hoffman-La Roche, whereas a variety of
micro—organisms are able to synthesize AX. For exam-
ple, algae (Haematococcus pluvialis), bacteria (such as
Agrobacterium auranticum, Mycobacterium lacticola or
Brevibacterium spp.) and yeast (such as Xanthophyllo-
myces dendrorhous, formerly Phaffia rhodozyma) are
useful for this purpose (Andrewes et al., 1976; Bubrick,
1991; Nelis & Leenheer, 1991; Tjahjono et al., 1994;
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Yokoyama et al, 1994). Among micro-organisms,
yeasts are the most promising AX producers, notably
for aquaculture applications (Fang & Cheng, 1993).

Phaffia rhodozyma can grow from a variety of carbon
sources, including glucose, maltose, saccharose, cello-
biose, xylose, arabinose and lactose (Johnson & An,
1991; Fang & Cheng, 1993). Additionally to standard
sugar solutions, culture media made from plant or fruit
juices (Okagbue & Lewis, 1984; Meyer & du Preez,
19944), byproducts of corn wet milling (Hayman et al.,
1995) or acid hydrolysates of lignocellulosic materials
(Martin er al., 1992, 1993) have been used for making
proliferation media. To our knowledge, enzymatic
hydrolysates have not been tested as components of
culture media for carotenoid production by yeast or
bacteria.

Enzymatic hydrolysis of lignocellulose is a promising
way to use this renewable, cheap and widespread
resource. Wyman (1994) reported a comparative eva-
luation of saccharification technologies, and concluded
that enzymatic hydrolysis is now beginning to appear
economically advantageous. For this purpose, cellulases
from the fungus Trichoderma reesei is the most widely
employed enzymatic complex.

In the enzymatic hydrolysis of biomass, the reaction is
carried out under mild experimental conditions, leading
to easily fermentable sugar solutions. However, native
lignocellulosic materials are composed of cellulose fibres
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with crystalline structure that are embedded in a matrix
composed by hemicellulose and lignin. Because of that,
the chemical resistance and the lack of accessibility to
the substrate limit both the yields and kinetics of sac-
charification. In order to improve these factors, the raw
material can be pretreated. The pretreatment steps
increase both operational costs and investment, but also
improve the rate and yield of saccharification, enhan-
cing the economic features of the process.

Among the pretreatments assayed, the dilute acid
process appears to stand best in economic terms
(Wyman, 1994). In a single step, this technology causes
several alterations in raw materials, including cellulose
decrystallinization, hemicellulose removal, dissolution
of acid-soluble lignin, increase in pore volume and
available surface area; all of these improve subsequent
enzymatic hydrolysis. Under selected operational con-
ditions, the cellulose is almost quantitatively retained in
the solid phase during the dilute acid treatment (Parajo
et al., 1995a).

On the other hand, the hemicellulosic sugars gener-
ated by these treatments can be used as carbon sources
for the fermentative production of food-related products.
For example, when the raw material is a hardwood, the
xylose-rich solutions obtained from hemicelluloses can
be used for producing xylitol (Heikkila et al., 1992;
Parajo et al., 1996), whereas the sugar solutions gener-
ated from softwoods (a mixture of xylose, arabinose,
glucose, mannose and galactose) can be fermented to
Single-Cell Protein by Scytalidium acidophilum (Ivarson
& Morita, 1982). Figure 1 shows the principle of a pos-
sible process based on the utilization of a softwood as a
source of hemicellulosic sugars and glucose.
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According to the ideas above, the solid residue
from dilute acid hydrolysis (prehydrolysis) shows an
enhanced susceptibility to enzymatic hydrolysis in com-
parison with native lignocellulose. However, depending
on the raw material, the effects caused could be insuffi-
cient to produce a highly reactive substrate for enzy-
matic conversion. Some resistant substrates show poor
accessibility even after the acid prehydrolysis, and a
subsequent treatment with oxidizing agents is necessary.
The coupling of sequential steps with acid and NaClO
results in a processing scheme that compares very well
in efficiency with other reported chemical pretreatments
(David et al., 1988).

This work reports on a process including the follow-
ing stages: chemical processing of wood, enzymatic
hydrolysis of the solid residue from treatments and
carotenoid production by Xanthophyllomyces dendro-
rhous in culture media made from the above hydrol-
ysates. Pine wood was treated with sulphuric acid under
selected operational conditions (Parajo et al., 1995a)
in order to remove the hemicellulosic fraction, and the
solid residues obtained were evaluated as substrates for
enzymatic hydrolysis. Additional experiments were
carried out in order to study the improvements obtained
in the saccharification step when an oxidizing treat-
ment was performed sequentially to the treatment
with sulphuric acid. The enzymatic hydrolysates were
used for proliferating cells of Xanthophyllomyces
dendrorhous, and both the fermentation dynamics and
the carotenoid profile were determined. For compara-
tive purposes, similar experiments were carried out
using commercial glucose solutions instead of wood
hydrolysates.

To further processing and/or
ENZYMATIC HYDROLYSIS

Glucose
solution

Solid residue
(useful as fuel)
Air

|

Nutrients —>| FERMENTATION }4— Microorganisms

l

Carotenoid-pigmented
microbial biomass

Fig. 1. Principle of a possible process based on the utilization of both hemicellulosic sugars and cellulose for obtaining food-related
products.



Carotenoids of Xanthophyllomyces dendrorhous 349

MATERIALS AND METHODS
Raw material and chemical processing

Pinus pinaster wood chips were collected in a local pulp
mill, milled to pass a 1 mm screen, homogenized in a
single lot and stored. Samples from the above lot were
treated with dilute sulphuric acid solutions under
operational conditions selected on the basis of a prev-
ious study (Parajo et al., 1995a). In a first set of experi-
ments, the solid residues from these treatments were
used as substrates for enzymatic hydrolysis. In other
assays, the solid residues were treated with NaClO
solutions before the enzymatic hydrolysis stage (see
below). The composition of cellulosic substrates was
established by means of a normalized, quantitative acid
hydrolysis with 72% sulphuric acid (Browning, 1967).
The content in lignin was determined gravimetrically,
whereas cellulose and hemicelluloses were measured
from the hydrolysates by HPLC as reported elsewhere
(Parajo et al., 1995b).

Enzymatic hydrolysis

The cellulosic substrates from the above treatments
were hydrolyzed in media containing a mixture of
cellulases from Trichoderma reesei (Celluclast) and
cellobiase from Aspergillus niger (Novozym). The
enzyme concentrates were kindly provided by Novo
(Denmark). The activities of enzymes in the reaction
media and the liquor/solid ratio were considered as
operational variables, and all the enzymatic runs were
performed during 48 h at 48.5°C and pH 4.85 (citrate
buffer 0.05N) using a liquor/solid ratio of 20g/g. At
given reaction times, samples were withdrawn from the
reaction media and analyzed for glucose by HPLC
(Parajo et al., 1995b).

Organism and fermentation assays

Freeze-dried broths of Xanthophyllomyces dendrorhous
ATCC 24228 were proliferated in a medium containing
10 g glucose/l, 3 g yeast extract/l, 3 g malt extract/l and
5g peptone/l, and transferred to plates containing the
same medium supplemented with 20g agar/l. Sugar
solutions (enzymatic hydrolysates or commercial glu-
cose) were supplemented with nutrients as above, steril-
ized, inoculated with loopfuls of Xanthophyllomyces
dendrorhous and incubated in orbital shakers. The
experimental conditions for fermentation were agitation
speed =200rpm, temperature =21°C and initial pH
=6. At given fermentation times, samples were taken
from the culture media and centrifuged. Glucose was
determined in supernatants by the same method used
for enzymatic hydrolysates, and the pellets were washed
twice with sterile water and used to determine both
biomass (as dry weight) and carotenoids using separate
aliquots.

Carotenoid determination

Carotenoids were extracted from cells by disruption
with DMSO (Sedmak ez al., 1990) and transferred to
hexane (Calo et al., 1995). After centrifugation, samples
were analysed by HPLC using a diode array detector
(Hewlett Packard 1050 Series). The analyses were
carried out using a Merck LiChrosorb Si 60 column
(oven temperature = 30°C) using gradient elution (flow
rate =1ml/min; mobile phase: 100% hexane during
1 min; change up to 50% hexane and 50% ethyl acetate
in 2min, this last concentration remaining constant
during additional 6 min). Carotenoids were identified
by their retention times and by comparison of the
vis-UV spectra with those of pure compounds. AX
and echinenone standards were kindly provided by
Hoffman-La Roche.

RESULTS AND DISCUSSION
Dilute acid hydrolysis (prehydrolysis)

The kinetics and product distribution of the acid pre-
hydrolysis of pine wood have been previously studied
(Parajo et al., 1995a). Table 1 shows the raw material
composition and the set of operational conditions
selected on the basis of our previous experience, as well
as other data on the residue yield and composition of
phases. It can be noted that under the harsher con-
ditions, the cellulose degradation is negligible whereas
an almost complete hemicellulose removal is achieved,
and that the hydrolysates contain up to 19.2g/l of
hemicellulosic sugars (a mixture of mannose, xylose,
galactose, arabinose and glucose) with low acetic acid
and furfural concentrations. Considering the compo-
sition of hydrolysates, it can be concluded that the liquors
are potentially useful for fermentative purposes; and that
the selectivity towards cellulose degradation could make a
process based on the separate utilization of hemicelluloses
and cellulose (in the way depicted in Fig. 1) feasible.

Enzymatic hydrolysis of the solid residues from
prehydrolysis

As described in previous sections, the dilute acid treat-
ment causes several effects additional to hemicellulose
degradation that also enhance the enzymatic hydrolysis,
including removal of extractives and structural changes
in cellulose. However, owing to the selective dissolution
of some fractions, the relative lignin content of the solid
residues increases in comparison with that of raw wood
(see Table 1), limiting the accessibility to cellulose fibres.
So, a counteraction exists between effects enhancing and
hindering the enzymatic hydrolysis.

This counteraction of effects could explain the
remarkable differences existing in literature on the eval-
uation of the acid technology as a pretreatment for the
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enzymatic hydrolysis. Elander (1994) found that the
dilute acid pretreatment improved the enzymatic
hydrolysis stage, decreasing the celullase requirements
and shortening the reaction times (and so, the size of
reactors). Knappert et al. (1981) reached cellulose con-
versions in the range 7.7-74.9% after 48h in the enzy-
matic hydrolysis of acid-pretreated poplar wood, and
found kinetic improvements when the cellulase complex
was supplemented with cellobiase. On the other hand,
David et al. (1988) found that prehydrolysed Eucalyptus
wood is a poor substrate for enzymatic hydrolysis.

Figure 2 shows the results obtained when prehydro-
lyzed pine wood samples (under the conditions of
experiments 1 to 6 of Table 1) were used as substrates
for enzymatic hydrolysis. Both the kinetics and yields of
reaction improved with the severity of the pretreatment.
However, the maximum glucose concentration achieved
in experiments (5.3 g/l) is too reduced for making suit-
able fermentation media.

In order to improve the accessibility of enzymes to
cellulose, the harsher experimental conditions were
selected for the acid prehydrolysis, and a NaClO treat-
ment was carried out before the enzymatic hydrolysis.
Table 2 summarizes the experimental conditions used in

this step, as well as further information on the residue
yield and composition of solid residues, and Fig. 3
shows the generation of glucose when the processed
samples were used as substrates for enzymatic hydroly-
sis. It can be noted that the oxidizing treatments mark-
edly improve the susceptibility of the cellulosic
substrates towards enzymatic hydrolysis, leading to a
typical hyperbolic kinetic pattern (Holtzapple et al.,
1984). The highest glucose concentrations achieved in
this set of experiments (from 10 up to 30 g/l) are similar
or higher than the concentrations of the carbon sources
used in related studies on proliferation of Phaffia using
this sugar as a carbon source (Johnson & Lewis, 1979;
An et al., 1989; Fang & Cheng, 1993; Meyer & du Preez,
1993a,b, 1994b,c). For example, Johnson & Lewis
(1979) found that increased glucose concentrations in
the culture media resulted in decreased mass concentra-
tions of AX, the synthesis of this compound being sup-
pressed when the substrate concentration exceeded 40 g/1.

Preparation of fermentative media

Table 3 lists data reported on the growth of Phaffia on
several carbon sources. Most authors used culture

Table 1. Composition of raw wood, conditions used in acid treatments and composition of reaction products in the prehydrolysis stage

(a) Composition of raw wood (percent, oven-dry basis).
Lignin, 32.0.
Cellulose, 52.7.
Hemicelluloses, 21.1.

(b) Operational conditions used in acid hydrolysis, residue yield and composition of solid residue.

Operatiortal conditions fixed in all the experiments:
Normal boiling temperature.
Liquor/wood ratio =10/1 g/g.

Other operational conditions:

Exp. % H,SO, Time, h
1 6.5 2
2 6.5 5
3 6.5 8
4 10 2
5 10 5
6 10 8

(c) Residue yield and composition of phases

COMP. SOLID PHASE

COMP. LIQUID PHASE

Exp. RYD % LD % CD % HCY Sh AcHY FD
1 76.7 39.0 34.8 14.2 15.1 1.4 0.1
2 723 42.6 47.6 8.8 17.7 13 0.2
3 71.2 414 46.4 9.6 19.1 1.4 0.3
4 74.8 39.1 4.6 43 16.9 22 0.2
5 71 422 51.9 29 18.6 2.3 0.4
6 69.6 41.1 52.0 2.3 19.2 1.6 0.5

) Nomenclature: RY, residue yield (g/100 g); % L, percent of lignin in processed samples (g/100 g processed wood); % C, percent of
cellulose in processed samples (g/100 g processed wood); % HC, percent of hemicelluloses in processed samples (g/100 g processed
wood); S, sugar concentration in hydrolysates (g/l); AcH, acetic acid concentration in hydrolysates (g/l); F, furfural concentration

in hydrolysates (g/1).
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media made from commercial sugars, whereas grape
and alfalfa juices, residues from corn wet milling and
acid peat hydrolysates have also been tried for this pur-
pose. The data on AX concentration varied in a broad
range, depending on the carbon source, type and con-
centration of nutrients and type of strain (wild or
mutant). Glucose supports high growth rates, but mod-
erate AX vyields (Johnson & Lewis, 1979). For wild
strains, the usual carotenoid concentrations vary in the
range 200-300 ug/g yeast, with maximum values of
500 ng/g, AX accounting for 40-95% of this concentra-
tion (Johnson & An, 1991). As can be seen from Table 3,
significantly higher concentrations can be reached using
mutant strains (An et al., 1989, 1991; Meyer & du Preez,
1993a, 1994a,c); but in these cases the stability of the
micro-organism can be a limiting factor.

Enzymatic hydrolysates of processed lignocellulose
have been used for a variety of biotechnological pro-
cesses (including production of Single Cell Protein, lac-
tic acid, ethanol and acetone-butanol), and can similarly
be used for culturing Xanthophyllomyces dendrorhous
cells. In order to obtain comparative data, culture media
were prepared from hydrolysates and from commercial
glucose (both containing 15 g glucose/l). The operational
conditions used for incubation were chosen according to
data from literature: the shaking speed was fixed at
200 rpm, the optimum value reported by Martin et al.
(1992), and temperature was fixed at 22°C as suggested
by Johnson and Lewis (1979). Under these conditions,
almost complete substrate depletion was reached in
both types of media after 40-60 hours of fermentation.

Figure 4 shows the dynamics of biomass generation in
both types of media, as well as the behaviour predicted
by the equation of Moraine and Rogovin (1966). As a
regression parameter, this equation provides the maxi-
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Fig. 2. Glucose generation in the enzymatic hydrolysis of the
solid residues obtained in experiments 1 to 6 of Table 1.

mum specific growth rate pmay, which was 0.07h~! for
hydrolysates and 0.14h~! for the medium containing
commercial glucose. This difference suggests that some
inhibitors exist in hydrolysates. In fact, the citrate buffer
has been cited as an inhibitory agent for Phaffia (John-
son & Lewis, 1979). However, the biomass concentra-
tions reached similar levels in both types of media after

Table 2. Experimental conditions used for the oxidizing
treatments of solid residues from prehydrolysis, and results
obtained

(a) Operational conditions selected for prehydrolysis: those
of experiment 6 of Table 1.

(b) Operational conditions used in NaClO treatments
Operational variables fixed in all the oxidation experi-
ments:

Temperature, 60°C.
Reaction time, 1 h
Other operational variables:

Exp. NaClO conc., mol/l

Liquor/solid ratio, g/g

7 0.60 20
8 0.60 30
9 0.60 40
10 0.80 20
11 0.80 30
12 0.80 40

(c) Residue yield and cellulose content of solid residues from
the above treatments:

Exp. Residue yield, g/100g  Cellulose content, g/100 g

7 70.0 72.1
8 64.4 74.3
9 523 89.5
10 63.2 75.7
11 50.1 954
12 49.0 90.2
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Fig. 3. Glucose generation in the enzymatic hydrolysis of the
solid residues obtained in experiments 7 to 12 of Table 2.
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Table 3. Results reported on the proliferation of Phaffia species growing on several carbon sources

Carbon source or Volumetric Mass carotenoid References

culture medium carotenoid conc. (ug/g yeast)
conc. (mg/l)

Glucose 1.30-10.12 325-1633 Johnson & Lewis, 1979; Haard, 1988; An e? al., 1989; Fang &
Cheng, 1993; Meyer & du Preez, 19934,b; Meyer & du Preez,
1994b,c

Cellobiose 0.22-4.10 2701812 Johnson & Lewis, 1979; Okagbue & Lewis, 1983; An et al., 1989,
Fang & Cheng, 1993

Maltose 1.03-5.33 512-1317 Johnson & Lewis, 1979; Fang & Cheng, 1993

Saccharose 1.40-8.4 508-1690 Johnson & Lewis, 1979; Okagbue & Lewis, 1983; Haard, 1988;
Fang & Cheng, 1993; Meyer & du Preez, 1994a

Xylose 0-1.48 0-819 Johnson & Lewis, 1979; Okagbue & Lewis, 1983; Fang & Cheng,
1993

Arabinose 1.25-9.30 1.4-1014 Johnson & Lewis, 1979; Okagbue & Lewis, 1983; Fang & Cheng,
1993

Glucose + fructose 2.8-29 150-1060 Meyer & du Preez, 1994a

Lactose 2.34 1072 Fang & Cheng, 1993

Molasses 0.8-15.3 444-1086 Haard, 1988; Fang & Cheng, 1993

Grape juice 2.0-15.5 120-1510 Meyer & du Preez, 1994a

Carbohydrates from — 480-1567 Martin et al., 1992, 1993

peat hydrolysates

Corn wet milling 0.1-2.6 100400 Hayman et al., 1995

coproducts

80100 h. The values of gi,,x are similar to those reported
by Johnson and Lewis (1979) and Meyer et al. (1993a),
(0.02-0.14h™"). It can be noted that the concentration of
the carbon source leading to the maximum growth rates
in the literature (10 g/1) is more favourable than the one
selected for this work; but reduced glucose concentra-
tions also result in lower biomass concentrations, limit-
ing the interest of the process.

The above results show that hydrolysates perform
well in the bioconversion assays. Martin ef al. (1992)
found that peat hydrolysates were good culture media
for biomass production, and suggested that the presence
of reaction byproducts (cellobiose) was responsible for
this behaviour. It can be noted that in our case the cel-
lobiose concentration is negligible because the medium
made from hydrolysates was supplemented with cello-
biase, but other fractions (denatured enzymes after
sterilization, other components of enzyme concentrates,
hemicellulosic sugars remaining in wood and sacchari-
fied in the enzymatic step or mineral salts from the solid
residue) can also promote the cell growth. These ideas
could justify the higher biomass concentration reached
for pine wood hydrolysates in relation to commercial
glucose media (see Fig. 4). Similarly, Okagbue and
Lewis (1984) using culture media made from standard
glucose and alfalfa residual juice, found that the higher
the juice concentration in the medium, the greater the
cell mass produced.

On the basis of the data shown in Fig. 4, it can be
inferred that the biomass yield (Yx/s) was 0.47g bio-
mass/g consumed glucose for pine wood hydrolysates,
whereas the corresponding value for the commercial
glucose medium was 0.40 g/g. These results are in the
range reported for Phaffia by Meyer and du Preez
(19944a) (0.23-0.46 g/g, this last range obtained for solu-
tions containing 10 g glucose/l).

Additionally to the biomass concentration, the rela-
tive amount and distribution of carotenoids are main
factors to be considered in the bioconversion. Figure 5
shows the DAD chromatograms of standard carote-
noids and cell extracts. AX was the main carotenoid
found in micro-organisms, in relative proportions of
40-60% depending on the type of media and fermenta-
tion time. These percentages are typical values for
Phaffia strains (Johnson & An, 1991). Besides AX, can-
thaxanthin, echinenone and B-carotene were identified
in cell extracts. Two unidentified peaks (termed Ul and
U2 in Fig. 5) were also present. Owing to their low
practical importance, these compounds (which have not
been definitively identified) were integrated using AX as

——=&— Pine wood hydrolysates
. Commercial glucose solution

Biomass conc., g/l

04 + | %

T
0 50 100 150 200

Time, h

Fig. 4. Dynamics of biomass generation in synthetic or
hydrolysate media (dots: experimental results; lines: behaviour
predicted by the equation of Moraine and Rogovin).
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CONCLUSION

Wood is a potential source of sugars by means of acid
and/or enzymatic hydrolysis. Sequential stages of acid
and oxidizing treatments led to a solid residue suscepti-
ble to enzymatic hydrolysis, providing a means for
obtaining both glucose (up to 30 g/1) and hemicellulosic
sugars (up to 19.2 g/l of a mixture containing glucose,
galactose, xylose, mannose and arabinose). After sup-
plementation with nutrients, the enzymatic hydrolysates
behave as suitable culture media for proliferation of
Xanthophyllomyces dendrorhous (formerly Phaffia rho-
dozyma), a red yeast that can be produced at a reason-
able growth rate (up to 0.07h~') with high cell yield
(0.47 g biomass/g consumed glucose) reaching concen-
trations up to 1.8 mg carotenoids/l. The HPLC-DAD
analysis showed astaxanthin as the main constituent
(accounting for 40—60% of the total carotenoids), with
lower proportions of canthaxanthin, echinenone and
B-carotene. The results obtained confirm the potentiality
of enzymatic hydrolysates for making suitable culture
media for astaxanthin production by Xanthophyllomyces
dendrorhous.
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