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Abstract Various inocula and grains were evaluated for
carotenoid production by solid-state fermentation using
Penicillium sp. PT95. Millet medium was more effective
in both sclerotia growth and carotenoid production than
other grain media. An inoculum in the form of sclerotia
yielded higher sclerotia biomass compared to either a
spore inoculum or a mycelial pellet inoculum. Adding
wheat bran to grain medium favored the formation of
sclerotia. However, neither the inoculum type nor
addition of wheat bran resulted in a significant change in
the carotenoid content of sclerotia. Among grain media
supplemented with wheat bran (wheat bran:grain =1:4
w/w, dry basis), a medium consisting of rice and wheat
bran gave the highest sclerotia biomass (15.10 g/100 g
grain), a medium consisting of buckwheat and wheat
bran gave the highest content of carotenoid in sclerotia
(0.826 mg/g dry sclerotia), and a medium consisting of
millet and wheat bran gave the highest carotenoid yield
(11.457 mg/100 g grain).
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Introduction

To date, almost all the industrial production of
carotenoids using filamentous fungi and yeasts has
involved the use of liquid-state fermentation (LSF)
[13]. The use of solid-state fermentation (SSF) for
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carotenoid production 1is still in the exploratory
stage [4]. It is necessary to isolate a strain suitable for
use in SSF. Many well-known carotenoid-accumulat-
ing microorganisms, such as Blakeslea trispora, Phyc-
omyces blakesleeanus, and Phaffia rhodozyma, are not
suitable for SSF due to the difficulty of separating
their mycelia or cells from the fermented substrate,
making it difficult to collect mycelia or cells for pig-
ment extraction.

We isolated a strain of Penicillium sp. PT95 from a
soil sample. This strain can form abundant orange,
sand-shaped sclerotia (ca. 300 pm in diameter) in which
carotenoid is accumulated. Because the sclerotia can be
separated easily from their solid medium, strain PT95 is
suitable for SSF for carotenoid production. In our pre-
vious work [5], we studied the culture conditions influ-
encing sclerotial growth and carotenoid production of
strain PT95, demonstrating that the strain could form
sclerotia only under SSF conditions and not in sub-
merged culture. Accordingly, SSF is currently the only
method available for carotenoid production with strain
PT95. In nature, organisms such as species of Penicillium
and Aspergillium typically grow on solid amylaceous
substrates such as various grain seeds [7]. We found that
corn meal used as a fermentation substrate was more
efficient than wheat bran for selective sclerotia growth
and carotenoid production of strain PT95 [4]. However,
both the sclerotia biomass and pigment yield of PT95 on
corn meal medium were too low to be economically
practical. The question arose whether the use of grains
other than corn, would result in a significant increase in
both the sclerotia biomass and carotenoid yield. We also
noticed that an old slant culture of the strain consisted
of three components: mass conidia, mycelia and a few
sclerotia. If one of these were selected as inoculum, what
is the result in forming sclerotia? In order to answer
these questions, we conducted a series of experiments on
the influence of inoculum type, and grain (i.e. corn, rice,
wheat, sorghum, buckwheat, millet, broomcorn millet)
on the sclerotia biomass and carotenoid yield of strain
PT95 during SSF.
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Materials and methods

Microorganisms

Strain PT95 was isolated from soil collected close to Fenyang,
Shanxi Province, and identified as a species of the Penicillium
thomii series described by Raper and Thom [10]. See Han et al. [6]
for additional details and a complete bibliography. Strain PT95
was routinely maintained on Czapek’s agar slants [9].

Inocula preparation

Strain PT95 was cultured on Czapek’s agar slants in the dark at
25°C for 7 days. Spores were washed from slant cultures
with sterile water and a suspension of about 10% spores/ml was
prepared as inoculum. The mycelial pellets obtained by growing
mycelium cultures in 250 ml shaken flasks containing 100 ml
Czapek’s liquid medium (25°C, 125 rpm, 7 days) were homoge-
nized aseptically in a Sorvall Omnimixer for 3 min in an ice bath.
The mycelial pellet suspension (5.0 mg/ml) was used for inocula-
tion. The sclerotia as inoculum were obtained from 20-day-old
Czapek’s agar plate cultures of the strain. To purify sclerotia, the
plate cultures were centrifuged (4,000 g, 5 min), rinsed aseptically
five times with sterile water to wash away spores. The sclerotia
were then homogenized aseptically in a Sorvall Omnimixer for
10 min in an ice bath, and the suspension (5.0 mg/ml) was used as
inoculum.

Solid-state fermentation

Grains tested in this work (i.e. corn, rice, wheat, sorghum, buck-
wheat, millet or broomcorn millet) were obtained from the Cereal
Quality Laboratory, Shanxi University. The grains were dried at
60°C and then ground to pass through a 2-mm sieve prior to use.
The basal medium for SSF consisted of 25 g rice, or other grain,
moistened with 20 ml nutrient salt solution that contained the
following (per liter of distilled water): NaNOs, 3 g; maltose (Sigma,
St. Louis, Mo.), 10 g; soybean oil (Sigma), 2.5 g; K;HPO,, 1 g;
KCl, 0.5 g; MgSO47H-0, 0.5 g; FeSOy, 0.01 g. The initial pH of
the salt solution was adjusted to 6.0. The wheat bran added to the
basal medium is described below. Grain (25 g) and nutrient salt
solution (20 ml) were then each dispensed into 250 ml flasks. After
sterilization (121°C, 30 min), 2 ml inoculum was spread aseptically
on the surface of the substrate in each flask. Flasks were incubated
in the dark at 25°C for 20 days.

Analytical methods

Sclerotia were separated from fermented medium by a procedure
described by Han and Xu [5], washed thoroughly with distilled
water, and lyophilized. The dried sclerotia were weighed before
carotenoid analysis. Pigment extraction and determination were
performed as described by Wang and Li [14]. The proportion of

f-carotene in the total amount of carotenoid was determined by
thin layer chromatography (TLC) and electron absorption spectra
(2].

Experimentation and analysis

All experiments were replicated in three flasks and the data are
presented as the arithmetic mean =+ standard error. Duncan’s
multiple range test [11] was used to determine significant differences
among means at the 1% level of confidence.

Results

Effect of inocula on sclerotia biomass and the content
of carotenoid in sclerotia

Regardless of the grain medium used to grow strain
PT95, inoculum in the form of sclerotia resulted in a
significant increase in sclerotia biomass compared to
other two types of inocula (P <0.01), with mycelial pellet
inoculum yielding the lowest sclerotia biomass (Table 1).
In contrast, no significant differences were found in the
carotenoid content of sclerotia among treatments with
the three inocula (data not shown). In order to test the
effect of inoculum level on sclerotia biomass yield and
the amount of carotenoid in sclerotia, the flasks of
each grain medium were inoculated respectively with
2 ml of four different suspensions of sclerotium inocu-
lum (i.e. 2.5, 5.0, 7.5 and 10.0 mg/ml), giving culture
inoculum levels of 5 mg, 10 mg, 15 mg and 20 mg per
flask, respectively. The results (Table 2) showed that,
regardless of the medium, sclerotia biomass was signifi-
cantly affected by the inoculum level. Plotting sclerotia
biomass versus amount of inoculum revealed a positive
linear relationship: the higher the amount of inoculum,
the higher the sclerotia biomass. The sclerotia biomass
harvested from the millet medium inoculated with 20 mg
sclerotium inoculum per flask reached a maximum of
12.3 mg/100 g grain. However, inoculum level did not
significantly affect the content of carotenoid in sclerotia
(data not shown).

Inoculum in the form of sclerotia gave the best results
of the three inocula tested, and an inoculum level of
20 mg per flask caused a significant increase in sclerotia
biomass. Therefore, in subsequent experiments, we used
20 mg pure sclerotia per flask as inoculum.

Table 1 Effect of inocula on sclerotia biomass of strain PT95 grown on various grain media. Values are given as mean =+ standard error

Inoculum type Dry sclerotia weight (g/100 g grain)

Corn Rice Wheat Sorghum Buckwheat Millet Broomcorn millet
Sclerotia 11.5240.92°%  11.30£0.90°  6.05+£0.42° 9.43+0.67° 8.50+0.68°  11.24+0.90°  10.30+0.93°
Spores 9.70+0.78° 9.75+0.71° 497+039°  7.92+40.71°>  6.62+0.56°  9.05+£0.71°°  8.19+0.65%°
Mycelial pellets  8.20+0.66" 7.95+0.64° 3544028 6.50+£0.45  520+0.37*  8.00+0.64% 7.05+£0.56%

*Superscript letters within a column indicate that values followed by the same letter did not differ significantly (P <0.01) in Duncan’s

multiple range test
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Table 2 Effect of inoculum level for cultures on sclerotia biomass of strain PT95 grown on various grain media

Inoculum level (mg)° Dry sclerotia weight (g/100 g grain)

Corn Rice Wheat Sorghum Buckwheat  Millet Broomcorn millet
5 11.03£0.88%* 10.60+0.84*° 530+£0.37° 8.85+0.63*  7.90+0.63* 10.70+0.85*  9.60+0.86*
10 11.52£0.92*  11.30£0.90* 6.05+£0.42* 9.43+£0.67*  8.50+0.68% 11.24+0.90° 10.30+£0.93"
15 11.87+£0.95*  11.73+0.84°° 6.62+£0.52*> 10.05+£0.90*® 8.95+0.75"® 11.85+0.93*® 10.95+0.86*°
20 12.27+£0.98*®  12.20+0.97°° 6.95+0.55*® 10.76+£0.75° 9.40+0.66° 12.30+0.98° 11.45+0.91°

*Superscript letters within a column indicate that values followed
by the same letter did not differ significantly (P <0.01) in Duncan’s
multiple range test

‘Amount of sclerotium inoculum inoculated in each flask

Table 3 Effect of grains on sclerotia biomass and carotenoid yield. Data in parentheses were obtained from medium consisting of wheat

bran plus grain (wheat bran/grain =5 g/20 g)

Grain Dry sclerotia weight Carotenoid content p-Carotene fraction of  Carotenoid yield p-Carotene yield
(g/100 g grain) (mg/g dry sclerotia) total pigment (%) (mg/100 g grain)® (mg/100 g grain)
Corn 12.27°* (15.02) 0.542% (0.518) 71% (71) 6.650° (7.780) 4.722° (5.524)
Rice 12.20° (15.10) 0.540% (0.547) 70* (70) 6.588° (8.260) 4.612° (5.782)
Wheat 6.95* (9.12) 0.709° (0.694) 69 (69) 4.928" (6.329) 3.400" (4.367)
Sorghum 10.76° (13.15) 0.687° (0.644) 69* (69) 7.392° (8.469) 5.100° (5.844)
Buckwheat 9.40° (11.02) 0.818° (0.826) 68" (63) 7.689¢ (9.103) 5.229" (6.190)
Millet 12.30° (14.86) 0.803° (0.771) 70* (70) 9.877° (11.457) 6.914° (8.020)
Broomcorn millet 11.45% (13.32) 0.585" (0.570) 70* (70) 6.698° (7.592) 4.689° (5.314)

*Superscript letters within a column indicate that values followed
by the same letter did not differ significantly (P <0.01) in Duncan’s
multiple range test

Effect of grains on sclerotia biomass and carotenoid
yield

Both the sclerotia biomass and the amount of carotenoid
accumulated in sclerotia were strongly dependent on the
grain medium used (Table 3). Of the grains tested, millet
gave the highest sclerotia biomass, followed by corn, rice,
broomcorn millet, sorghum, buckwheat and wheat.
Buckwheat was more favorable to carotenogenesis than
other grains, and gave the highest carotenoid content,
followed by millet, wheat, sorghum, broomcorn millet,
corn and rice. Since the total amount of carotenoid in each
flask culture was affected by both the sclerotia biomass
and the content of carotenoids in sclerotia, we tested the
effect of these grains on total carotenoid yields. Wheat
gave the lowest pigment yield of 4.928 mg/100 g grain.
Millet, which had pronounced effects not only on sclerotia
biomass, but also on carotenoid content, gave the highest
pigment yield of 9.877 mg/100 g grain, which was twice
that achieved on wheat.

In our previous experiments [4], TLC revealed two
major pigments. f-Carotene amounted to 71% of the
total carotenoids. Although different grains had differ-
ent effects on the proportion of f-carotene in the total
carotenoid, these differences were not significant
(Table 3).

Effect of adding wheat bran to grain media

Substituting 5 g wheat bran for 5 g grain in the grain
medium (ratio wheat bran:grain 1:4; w/w, dry basis)

9Determined as dry sclerotia weight x content of carotenoid in
sclerotia

resulted in a significant increase in the sclerotia biomass
compared to the control without wheat bran (P <0.01),
but did not result in a significant increase in either the
carotenoid content or the proportion of f-carotene
(Table 3). After supplementation with wheat bran, rice
gave the highest sclerotia biomass (15.10 g/100 g grain),
followed by corn, millet, broomcorn millet, sorghum,
buckwheat and wheat; buckwheat gave the highest
carotenoid content (0.826 mg/g dry sclerotia), followed
by millet, wheat, sorghum, broomcorn millet, rice and
corn; millet gave the highest carotenoid and f-carotene
yields of all media tested (11.457 mg and 8.020 mg/100 g
grain, respectively).

Discussion

One conclusion from these results is that the sclerotia
inoculum can result in a significant increase in sclerotia
biomass compared to either the spore inoculum or the
mycelial pellet inoculum. The question arises as to how
the sclerotium inoculum can produce such an effect. At
this point no satisfactory explanation can be offered.
Perhaps the sclerotium inoculum contains substances
inducing morphological differentiation of strain PT95,
whereas such substances are less abundant in spore
inoculum or in mycelial pellet inoculum. Further study
may be required to test this hypothesis.

Generally, oxygen penetration into solid medium is
one of the main limitations of SSF [1]. Therefore, it is
common practice to supply oxygen to the medium dur-
ing SSF. In this study, oxygen limitation may have been
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partially overcome by adding wheat bran to the medium,
by increasing the gaps between grain particles and
increasing oxygen penetration into the medium, which
apparently resulted in the formation of more sclerotia
than in the control. No attempt was made to determine
the optimal ratio of wheat bran to grain at which the
highest sclerotia biomass could be obtained.

SSF, unlike LSF, requires no complex fermentation
controls, has the advantages of superior productivity [12],
simpler techniques, reduced energy requirements, low
wastewater output, and improved product recovery, all of
which makes its application of potential interest. For
example, SSF has been used for enzyme production and
upgrading the values of existing foods, especially oriental
foods [3]. Although some strains of P. blakesleeanus
grown on agar were more carotenogenic than those grown
in liquid culture [8], studies on their SSF for carotenoid
production in amylaceous substrates, such as cornmeal
and other grains, have not been reported. Thus, SSF of
strain PT95 for carotenoid production represents an ori-
ginal approach. Due to the inability to form sclerotium
and synthesize carotenoids in liquid medium [6], it is
impossible to compare pigment yields of strain PT95
under SSF conditions with that under LSF conditions.
However, it is certain that the maximal content of f-car-
otene (0.56 mg/g dry sclerotia) obtained in this work is
much lower than the maximal content of f-carotene
(33 mg/g dry mycelium) produced by some carotene-
overproducing strains of P. blakesleeanus under LSF
conditions [8]. Therefore, further research needs to be
done to increase both the sclerotia biomass and the
pigment content of strain PT95 under SSF conditions.
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