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Ethanol increases carotenoid production in Phaffia rhodozyma
W-L Gu?!, G-H An'? and EA Johnson*
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Addition of ethanol (0.2%) to cultures of the yeast Phaffia rhodozyma increased the specific rate of carotenoid
production [(carotenoid)(cell mass) ~*(time) !]. The incremental increase in carotenoid synthesis with ethanol was
highest in carotenoid-hyperproducing strains. Ethanol increased carotenoid production when it was added at vari-

ous points during the lag and active growth phases. Ethanol increased alcohol dehydrogenase and hydroxy-methyl-
glutaryl-CoA (HMG-CoA) reductase activities. Our results indicate that increased carotenoid production by ethanol

is associated with induction of HMG-CoA reductase and possibly activation of oxidative metabolism.
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Introduction increasing astaxanthin levels in the yeast without lower-

Astaxanthin (3,3dihydroxy-8,8-carotene-4,4dione) is ing growth.

one of the most abundant carotenoids in nature and occurs
in certain microorganisms [16] and animals [13] where itMaterials and methods

imparts vivid pigmentation. Since animals cannot synthe-Yeast strains and culture conditions

size carotenoids, these must be provided in their diets fo ) ) X
deposition into the flesh or carapace. Astaxanthin is vaIuP - rhodozymastrains used in this study were the natural

' ; : isolate UCD-FST-67-385 [4] and mutants derived from this
22:;ggmns1§|rﬁ:guy r;qousgguﬂ?; rglgrt?aerlz/tgst,ltor:/v(;fsa%:(?)%::lgéedtgrain' Mutant 2A2N was obtained by serial nitrosoguani-

exceed 400 000 metric tons in 1995 and the correspondin ine mutagenesis of strain 67-385 and antimycin selection

X ]. Strain P-5-6 was isolated by manganese-induced selec-
market for astaxanthin as a feed component would-B80 tion: strain 2A2N was inoculated into 5 ml of YEP (yeast

million [1]. Astaxanthin is important not only as a pigment extract, 0.3%; bactopeptone, 0.5%: glucose, 1%) containing

source in aquaculture [14,16], but also as a potent ant'OX'r'nanganous chloride (79 mg ™, and incubated for 7 days

dant [16] that may delay aging and degenerative diseasg 2C0C. The yeast culture was diluted with 0.85% NacCl

in humans and animals. Carotenoids have been propos lution, plated on YEP-glucose agar plates, and grown for
to prevent some cancers [6] and to stimulate the immun days at 26C. Colonies were replicated onto YEP-succi-

system [9]. The high antioxidant capacity of astaxanthin N . . )
c)c/JuId |e£d] to expar?ded commercial gppliiations. nate agar, and the small colonies (impaired in respiratory

Astaxanthin is the principal carotenoid in the heterobasi-ﬁchlt\gx) vase rsvasscgz?ggg dfg:] dca:g\t;r??r;dsgrrlgd:‘Je(:rt’ls?r:ﬁegizfn
diomycetous yea$?haffia rhodozymabut commercial pro- Iucos’e 3’ EL asparagine 19 1 KH.PO 25 L
duction of astaxanthin is limited because of the low conten gnd M SQ?gHZO 0 g L%) [2’7] f%r7, da ZS at4’26b gtrai’n
in wild strains [14,15]. Several mutants have been isolate 9 909 y :

, ; . : . -5-6 was isolated as a colony that stained weakly after
by industrial and academic laboratories that have '”Creaset%trazolium treatment [21] for%h indicating respir);ltory
levels of astaxanthin, but the majority of these mutantsd

%iror\:v | g?,g{s ;!O(\g%tgﬁ;} dtri]r?t e\mde dﬁg@gsofgd ‘?ggh‘g:gla]emanganese—induced selection as described above. Yeasts
9 yp ‘were maintained on YM broth (yeast extract/malt

Various nutritional supplements including valine [20]’yeaStextract/peptone/dextrose medium) (Difco, Detroit, MI,

extract [11], acetic acid [19], and mevalonic acid [8] have o ;
been shown to increase carotenoid productioR.imhodo- Er%ﬁ? :tg_a7roflcants at®¢ [4] or in 40% glycerol/60% YM

zyma Mevalonate significantly increased carotenoid pro- P. rhodozymavas grown in 300-ml baffled flasks con-

duction [8], but is too expensive for use in large-scale fer- _. . ; . i
mentations. In this study, we show that addition of Iowtalnlng 30 ml YM broth at 26C with 150 rpm orbital shak

quantities of ethanol increases carotenoid productioB.in ing for 5 days. Ethanol (200 proof, USP grade) (Sigma

; ; - Chemical Co, St Louis, MO, USA) was supplemented to
rhodozymavhich could provide an economical method for designated incubations. Cell mass was determined by the

optical density (660 nm) of a washed cell suspension; 1 mg
dry cell weight per ml corresponds to an OD of 1.35 [4].
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(DMSO) method [26]. One milliliter each of DMSO, ace- growth (£.6.2, 4.7£ 0.1, and 4.8 0.2, respectively). Ho

tone, petroleum ether and 20% NaCl solution were seriallyThe final pH probably decreased due to the production of
added to the yeast pellet with vortexing [5]. The upper pet- organic acids. The effect of addition of ethanol to cultures
roleum ether layer containing the carotenoids was collectedt various times was examined. Addition of 0.2% ethanol
and analyzed by thin layer chromatography and electronic at 0, 24, 48, or 72 h of cultivation did not affect cell mass
absorbance spectroscopy [4]. or carotenoid accumulation (Table 2). Incremental
For measurement of enzyme activities, yeasts from 15 ml additions of ethanol at 0, 24, and 48 h also did not affect
of culture were centrifuged for 5min at 4080y and cell mass and carotenoids (Table 2).
washed with distilled water. Yeasts were suspended in 3 ml Since carotenoid formation was not affected by the time
of phosphate buffer (0.1 M, pH 7.0) and disrupted by sonic-of ethanol addition, it was assumed that ethanol increased
ation for 6 min (High Intensity Ultrasonic Processor, 600 carotenoid production as the cells enter into stationary
watt model, Vibra Cell, Sonic & Materials, Danbury, CT, phase (during days 3-5). Therefore, growth and carotenoid
USA) with continued cooling on ice. The yeast homogenate  formation were measured over time in strain P-5-6. Growth
was centrifuged for 4 min at 20 000g. The activity of  of the mutant was slightly inhibited by ethanol at the begin-
alcohol dehydrogenase and HMG-CoA reductase were ning of cultivation resulting in a slightly longer lag phase
measured by the methods of Racker [23] and Qureshi than the control (Figure 1a). Carotenoid formation was con-
al [22], respectively. All experiments and analyses were tinuously enhanced by ethanol but the effect of ethanol was
conducted in duplicate and replicated at least once, and thgreatest at 3 and 5 days (Figure 1b).
means and standard deviations for the data are presented. The activities of certain enzymes related to carotenogen-
esis and alcohol metabolism were assayed to determine if
they were affected by ethanol. Ethanol slightly increased
the activity of NAD-alcohol dehydrogenase (Table 3). The
Our laboratory previously demonstrated that carotenoidactivity of HMG-CoA reductase, a key enzyme for iso-
hyperproducing mutants obtained by antimycin selection prenoid and carotenoid production was increased about
were impaired in ethanol utilization [4]. In this study three-fold by ethanol (Table 3). The activities of enzymes
mutants were isolated after manganese treatment and related to TCA and glyoxalate cycle activity including mal-
screening for impaired tetrazolium reduction, conditionsate synthase, malate dehydrogenase, isocitrate dehydrogen-
that select for alterations in respiratory metabolism. The ase, and isocitrate lyase were not significantly affected by
effects of a low concentration (0.2%) of ethanol on growthethanol (data not shown).
and carotenoid synthesis were investigated in various
strains. Cell mass accumulation was increased by ethanﬂiscussion
in the wild-type 67-385 and the parental strain 2A2N, but
total carotenoid formation was not appreciably increased Ethanol has been shown to affect morphology, sexual
(Table 1). In contrast, in the mutants P-5-6 and Dp-41, celbctivity, and metabolic activities of various yeasts and fungi
mass was increased compared to the parental strains in the [17]. In humans and other mammals, ethanol oxidation
absence of ethanol, and carotenoid formation was increasedsults in alteration in the size of mitochondria, disruption
by the addition of 0.2% ethanol to the medium (Table 1). of the cytoplasmic reticulum, and increased formation of
These results suggest that ethanol increased the flow of careactive oxygen species [17]. Ethanol is oxidized in cells
bon precursors to carotenoids in the mutants. to acetaldehyde by alcohol dehydrogenase or by a cyto-
Incremental increases of ethanol concentrations of 0, 0.Ichrome P-450 enzyme system [17]. Acetaldehyde is known
and 0.2% were accompanied by increased carotenoid for- to be catabolized by at least three routes: (a)
mation (1420t 90, 2010+120, and 217@ 130, acetaldehyde H,O+ O, —acetater superoxide by alde-
respectively), and decreased final pH (5.8.2, 5.0£ 0.1, hyde oxidase; (b) acetaldehyd €O,—pyruvate by pyruv-
and 4.8+ 0.1, respectively) but did not appreciably affect ate decarboxylase; and (c) acetaldehyde H,O +
NAD(P)—NAD(P)H + acetater H* by aldehyde dehydro-
genase [17]. The reaction catalyzed by pyruvate decarboxy-

Results

Table 1 Effect of ethanol on growth and carotenogenesiPofrhodo-

zyma
Table 2 Effect of ethanol on carotenogenesiskfrhodozymastrain P-
Strain No ethanol Ethanol (0.2 %, v/v) 5-6 when added at various time points
Cell mass Carotenoid Cell mass Carotenoid Time Ethanol Cell mass Carotenoid
(L™ (nggtyeast) (gL' (uggtyeast) (h) (%, VIV) (gL (kg g yeast)
67-385 3.2 520 5.2 570 Control 0 4.8 1680
2A2N 2.9 1730 4.1 2040 0 0.2 4.8 2190
P-5-6 4.3 1790 4.6 2310 24 0.2 4.6 2050
Dp-41 4.3 2240 4.3 2800 48 0.2 4.6 2230
72 0.2 4.7 2140
Yeasts were grown in 300-ml baffled flasks containing 30 ml YM broth 0; 24, and 48 0.07 each 4.7 2240

at 20°C with 150 rpm orbital shaking for 5 days. The standard deviations
for cell mass and carotenoid were 0.3-0.5 g land 60-12Qug g* The standard deviations for cell mass and carotenoid were 0.1-02g L
yeast, respectively. and 60-12Qug g%, respectively.
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Figure 1 Effect of ethanol on cell mass and carotenoid productiof? ofhodozymaP-5-6. (a) Cell mass production; and (b) carotenoid production
during growth. Symbols:--@®—), growth in the presence of ethanol (0.2%, v/v); ard@—), growth in the absence of ethanol.

Table 3 Effect of ethanol on induction of alcohol dehydrogenase andhyde dehydrogenase form acetate as a product. The
HMG-CoA reductase iff’. rhodozymastrain P-5-6 observed decrease in pH by growthRf rhodozymawith
ethanol may have been caused by acetate formation.
Addition of acetate to the medium increased carotenoid for-
mation byP. rhodozymd19]. Acetate has been postulated

No ethanol Ethanol (0.2%, v/v)

Cell mass (g Y 4.7+0.1 4.8+0.1 S . .
Carotenoid g g yeast) 165 160 2490+ 150 to inhibit enzymes of the glyoxalate bypass resulting in
Alcohol dehydrogenase (unit 495 54+8 increased levels of acetyl-CoA [17]. However, of various
mg™ protein) nutrient supplements evaluated, mevalonate has been most
;lc\)/ltg;goA reductase (unit m§  0.33+0.06 0.91+0.24 effective in enhancing carotenoid accumulationPinrho-

dozyma([8], but addition to production fermentations is
not economical.
It is intriguing in the present study that ethanol increased

lase almost always proceeds in the reverse directiof'€ activity of HMG-CoA reductase, a key enzyme in iso-
because of thermodynamic constraints. The reaction cat®'€ncid biosynthesis. The biosynthesis of ergosterol, an
lyzed by aldehyde dehydrogenase produces NAD(P)H|mporyqnt membrane sterol, was increased by ethan8l in
which when present in excess may present a redox imba]é_ereVISIaean_dS_. carls_bergenS|SL2]. HMG-CoA reductase
ance, which slows activity of the TCA cycle resulting in N S: Cerevisiaés subject to feed-back regulation by meva-
respiratory inhibition. Previously, our laboratory demon- onate [10], and the enzyme is known to be intricately regu-
strated that respiratory inhibition with accompanying for-atéd in mammalian cells [7]. Our results support the con-
mation of reactive oxygen species increased carotenoid pr&_lusmn that increased flux through th? isoprenoid pathway
duction [3,24,25]. Growth of superoxide dismutatse'nd.uced by ethanol probably results in part from deregu-
mutants (Mn-SOD or Cu/Zn-SOD) &accharomyces cere- lation of HMG-CoA reductase._ . .
visiae was significantly decreased with ethanol compared " conclusion, this study provides evidence that biosynth-
to glucose as the carbon source [18]. Lowered aeratiorESiS Of iSoprenoids including astaxanthin and other caro-
however, alleviated the inhibitory activity of ethanol [18]. ©€N0IdS in P. rhodozymais enhanced by ethanol. This
Therefore, increased carotenoid production by ethanol i§'€thod should provide a simple and inexpensive means to
probably related to alteration in respiratory metabolism and"¢'€aS€ the yields of astaxanthin in industrial fermen-
formation of reactive oxygen species. However, it is alsg@tions.
possible that ethanol induces specific enzymes such as P-
450 systems, oxidases, or glyoxalate cycle enzyme
involved in oxidative metabolism and formation of ace-
tyl-CoA. This work was supported by Danisco Biotechnology, by
The reactions catalyzed by aldehyde oxidase and aldendustrial sponsors of the Food Research Institute, and by
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