Journal of Industrial Microbiology & Biotechnology (1998) 20, 291-298
[J 1998 Society for Industrial Microbiology 1367-5435/98/$12.00

http://www.stockton-press.co.uk/jim

Growth and f-galactosidase synthesis in aerobic chemostat
cultures of Kluyveromyces lactis
VA Inchaurrondo, MV Flores and CE Voget

Centro de Investigacion y Desarrollo de Fermentaciones Industriales (CINDEFI), Facultad de Ciencias Exactas,
Universidad Nacional de La Plata, Calle 47y 115 (1900), La Plata, Argentina

Growth and B-galactosidase ( B-gal) expression were characterized in the yeast Kluyveromyces lactis  strain NRRL
Y-1118 growing in aerobic chemostat cultures under carbon, nitrogen or phosphate limitation. In lactose or galac-
tose-limited cultures, B-gal accumulated in amounts equivalent to 10-12% of the total cell protein. The induced B-
gal expression was repressed when cells were grown under N- or P-limitation. In lactose medium, enzyme levels

were 4-8 times lower than those expressed in C-limited cultures. A similar response was observed when galactose

was the carbon source. These results suggest that a galactose-dependent signal (in addition to glucose) may have

limited induction when cells were grown in carbon-sufficient cultures. Constitutive B-gal expression was highest in
lactate-limited and lowest in glucose-limited media and was also repressed in glucose-sufficient cultures. Other K.
lactis strains (NRRL Y-1140 and CBS 2360) also showed glucose repression (although with different sensitivity)

under non-inducing conditions. We infer that these strains share a common mechanism of glucose repression inde-

pendent of the induction pathway. The kinetics of B-gal induction observed in C-limited cultures confirms that B-
gal induction is a short-term enzyme adaptation process. Applying a lactose pulse to a lactose-limited chemostat
culture resulted in ‘substrate-accelerated death’. Immediately after the pulse, growth was arrested and B-gal was

progressively inactivated. Yeast metabolism in C-limited cultures was typically oxidative with the substrate being
metabolized solely to biomass and CO . Cells grown under P- or N-limitation, either with glucose or lactose, exhibited
higher rates of sugar consumption than C-limited cells, accumulated intracellular reserve carbohydrates and
secreted metabolic products derived from the glycolytic pathway, mainly glycerol and ethanol.
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Introduction and provide useful information for process design. Most of

the existing knowledge on enzyme induction and repression
The lactose/galactose (lac/gal) regulon Kitiyveromyces of the lac/gal regulon was derived from batch culture stud-

lactis anfSiS}S of a set dOf glgenes that erg)cc;de t[%(]a euzymelgs [7,15]. Surprisingly, few data are available from con-
required for lactose and galactose metabolism [8]. The two. T ' .
genes involved in utilization of lactose ateAC12 and Qinuous (chemostat) cultures, which offer the advantage of

. . well-defined growth conditions, ie growth rate and nutrient
LACA encodmg lactose permease aﬁ{galactogdaseﬂ— Ii{nitation. The aim of this work was to characterife
gal) respectively. Expression of these genes is regulated r%

the transcriptional level. This regulation is dependent o aFiicﬁosl'figeiﬁxg;ergzzgn Cig?ﬂ%;?g?“éﬁﬂﬁ?g: st_lr_?]lir; \;t rain
the function of a positive regulatory protein (Lac9p), thatshowed a strong glucose repression phenotype [16].

activates transcription by binding to a specific promoter K. lactis has industrial potential as a source of microbial
squ_e_nce L(lp;tream of]c theI target ger|1e. Under nhonmdluc Jotein, enzymes such ag-galactosidase and diverse
conditions (absence of galactose or lactose in the cultur " ; .
: VA . Mmetabolites such as ethanol and flavoring compounds. It is
medium), transcription is slowed down because the actio . . ; .
. ; : - also an attractive microbial host for the expression of
of Lac9p is antagonized by the negative regulatory prOte'rforeign genes and protein secretion [2 21].p Therefore

Gal80p. On induction with lactose or galactose, Lac9p . )
becomes competent to activate transcription [8,12,26]. Glu[esult:s obtained here would be of relevance to the practical

cose repression is strain dependent as measured by tﬁgphcatlons of this yeast.
reduction of enzyme levels in media containing galactose
plus glucose as compared with galactose alone. Glucose
appears to decreadeAC9 expression and/or the specific
activity of the regulatory protein [3,16,27]. AAC%inde-
pendent repression pathway has been proposed as %’cmorganisms
additional mechanism [28]. ; .
. : : The yeast strains used weke lactis NRRL Y-1118, K.

Physiological studies complement molecular researcrl‘actisyNRRL Y-1140 (ARS Culture Collection, Peoria, IL
USA) andK. lactis CBS 2360 (Centraalbureau voor Schim-
melcultures, Baarn and Delft, Netherlands). Stock cultures

Correspondence: CE Voget, Centro de Investigagi®esarrollo de Fer- A . . .
mentaciones Industriales (CINDEFI), Facultad de Ciencias Exactas, univyVere maintained on solid medium under vaseline 4.4

ersidad Nacional de La Plata, Calle 47y 115 (1900), La Plata, Argentinal N€ Solid medium contained (g}): lactose 20; bactopep-
Received 16 October 1997; accepted 17 April 1998 tone 5; malt extract 3; yeast extract 3; agar 30.
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Media and culture conditions limited cultures was determined with DNS reagent [18].
Yeast cultures were carried out in a previously describedslucose was measured by the glucose oxidase-peroxidase
synthetic medium [15] which was modified to be used inmethod (Glicemia, Wiener, Argentina). Total carbohydrates
chemostat cultures (Table 1). Sugars, lactate and pho& whole cells and residual sugar concentrations in carbon-
phates were sterilized separately by autoclaving them. Vitlimited cultures were estimated by the anthrone method
amins were sterilized by filtration. Chemostat cultures werd13]. Lactate, ethanol, acetic acid, pyruvate and glycerol
performed in a 1.5-L fermentor (LH series 210, LH Engin- were measured with specific enzymatic kits (UV methods,
eering, UK) with a working volume of 900 ml. The stirring Boehringer Mannheim, Germany). Protein in whole cells
rate was 700 rpm and the air flow rate was adjusted to 30 was determined by the Lowry method, using bovine serum
h™* (20°C, 101.3 Pa). Under these conditions, the maximumalbumin as standard [13].

oxygen transfer rate of the reactor, determined by the sulfite Growth was monitored by optical density at 625 nm in
method [4], was 92 mmol 1 h™t. The pH was controlled a Pye Unicam SP6-250 spectrophotometer. Biomass dry
at 4.7+ 0.1 by the automatic addition of 0.6 M KOH or weights were also determined by drying culture samples
H,SQO,. All cultures were carried out at 3G. Yeast growth  (10-30 ml) at 105C after centrifugation and washing. The
was strictly aerobic (dissolved oxygen tension was alwaydraction of budded cells was determined with a Neubauer
above 30% saturation). chamber.

As a criterion for the establishment of a steady state, the B-gal activity was determined with lactose as substrate
time elapsed between a change in the culture conditiongsing permeabilized cells. Pellets were thawed and cells
and sampling corresponded to at least five volume changesesuspended with buffer PPB-Mn (50 mM potassium phos-
Three samples for analysis were taken at each steady stgibate, pH 6.6 containing 0.1 mM N#). Permeabilization
at intervals equivalent to one or two generation times. Thavas achieved by adding toluene (2% v/v) to the cell suspen-
standard errors of mean values of enzyme activities andion and incubating for 15 min at 3Z. At zero time, 1 ml

growth parameters were always less than 10%. of lactose solution (278 mM in PPB) was added to 1 ml of
permeabilized cell suspension. After an appropriate reac-
Analytical methods tion time, the reaction was stopped by heating the sample

Samples for analysis were taken from the culture effluenfor 1 min in boiling water. The glucose produced was
stream. A volume of culture was collected in an ice bathdetermined by the glucose oxidase-peroxidase method. The
(within 1-5min) and centrifuged in an Eppendorf cell concentration in the reaction mixture was adjusted
microfuge (30s, 14 000x g) at 5°C. The supernatant according to the sample activity. The standard assay was
medium was filtered through a membrane filter (Millipore, carried out at 37C. At 30°C the reaction rate decreased by
0.2-um pore size) and frozen aR0°C until it was analysed a factor of 1.42. One unit oB8-gal activity corresponds to
for residual nutrients and extracellular products. This samthe hydrolysis of Jumol of lactose per minute. Under the
pling procedure gives only an approximate value for theconditions of the assay, 400 units are equivalent to 139 000
concentration of the growth-limiting substrate. For accurateMiller units [6] and thus correspond to the activity of 1 mg
measurements of the very low residual substrate concerf pure g-gal. SpecificB-gal activity is expressed as units
tration, rapid sampling and quenching techniques arédmg biomass). The specific rate of3-gal synthesis (g
required in order to avoid interference by the high meta-was calculated as specific activitydilution rate (at steady
bolic activity of the cells [25]. The cell pellet was washed state) and expressed as units (mg bionads}.
twice with distilled water and frozen for the determination
of biomass composition and enzyme activity. Lactose inChemicals
the feed medium and in the supernatant phase of N- or R-actose, glucose, galactos#l-lactate and vitamins were
purchased from Sigma Chemical Co (St Louis, MO, USA).
Bactopeptone was from Difco (Detroit, MI, USA). Malt

Table1 Chemostat culture media extract and yeast extract were from Merck (Darmstadt,
Germany). Other medium components were of analytical

Compound C-limited N-limited P-limited grade.

Carbon source 4 16 16

NH,CI 2.3 0.69 2.3 Results

NaH,PQ,-H,0 0.79 0.79 0.1 o o

MgCl,-6H,0 0.6 0.6 0.6 Yeast growth and B-gal expression in C-limited

KCI 0.4 0.4 0.4 cultures

gaZCSOAZ Ho 8-?4 %-514 %5,1 . The effect of dilution rate (D) on yeast growth agdgal

aCh 2H, : : : expression was examined in C-limited cultures with lactose

Microelementd 1ml 1ml 1ml . L

Vitaming 1ml 1ml 1ml or galactose as the carbon_ source (induced co_ndlt_lons).
Typical growth parameters with lactose are shown in Figure

The components are expressed in g.L 1. The culture was stable up to a D of 060.01 it From

2Stock solution (g Y): FeSQ-7H,0 15.0; ZnSQ-7H,0 5.0; MnSQ-H,0 the wash-out kinetics, a maximum growth rate of 0.54 h
8-(135 Elugg'itt‘zﬂcé 2-;3?55001'6"'20 0.15; NaMoO,-H,0 0.65] HBO;  was determined, which was somewhat higher than that
bSt(’)ck solu’tion (g £%): niacin 12, pantothenic acid (hemicalcium salt) 4.0; Observe.d in batch .CUItur.e.S (0.465h T.hls difference may
pyridoxine 1.0, thiamine-HCI 1.0, folic acid 1.p;aminobenzoic acid 1.0, € ascribed to an insufficient adaptation of the yeast to the

biotin 0.06, myo-inositol 60. batch culture conditions [9]. Carbon balances (data not
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Figure 1 Aerobic growth ofK. lactis NRRL 1118 in lactose-limited chemostat culture. The lactose concentration in the feed mediurt WasM.
(®) Y, biomass yield; &) 0o, specific rate of oxygen consumptiom)(residual lactose; (---) budded cells.

shown) indicated a purely oxidative metabolism at all

dilution rate of 0.25-0.35H and declined again at D

growth rates. The decrease of biomass yields at low growthalues above 0.47h as the culture approached wash-out.
rates can be attributed to maintenance effects [22]. Residu#éh lactose medium, the maximum rate of synthesis was 5.0

lactose concentrations were0.1-0.5mM. A similar

Units (mg biomass} h™* while the highest specific activity

growth pattern was observed with galactose. Residual gakorresponded to cells grown at dilution rates between 0.10
actose concentrations were 12- to 15-fold higher than thosand 0.20 h'. In galactose medium galues at low growth

observed in lactose cultures (data not shown).

rates were higher than those observed in lactose medium,

The extent of3-gal expression was analyzed in terms of yielding cells with a higher specific activity. Nevertheless,

Je: the specific rate of enzyme synthesis. The dependence

¢ie maximum g was of the same order (5.5 Units (mg

0. with D followed a similar pattern in lactose and galactosebiomass)* h™). It was estimated thag-gal in lactose or

media. Figure 2 shows that, gncreased in an approxi-

galactose-induced cells accumulated in amounts equivalent

mately linear manner to a maximum at an intermediateo 10-12% of the total cell protein.
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Figure 2 Steady statgs-gal expression as a function of growth rate in
aerobic lactose and galactose-limited chemostat culturéslattisNRRL
1118. Specifig3-gal activity: (A) galactose; @) lactose; g (specific rate
of B-gal synthesis): 4) galactose; ©) lactose.

B-gal expression under noninducing conditions was
determined at D values of 0.1 and 0.25 tvith glucose or
lactate as carbon source. As can be seen, constitutive
enzyme expression was repressed by glucose (lactate-
grown cells showed3-gal levels~8-10-fold higher than
cells grown on glucose) and also responded to changes in
the growth rate (with both carbon sourcesvglues were
higher at D= 0.25 h*: Table 2). Fructose gave similar
enzyme levels as glucose (data not shown). A common
intermediate of glucose and fructose metabolism, rather
than the sugars themselves, might be the effector molecule
that exerts the repressive effect. Alternatively, both glucose
and fructose might be active in repressing enzyme
expression.

Constitutive and induce@-gal levels were determined
in two otherK. lactis strains, CBS 2360 and NRRL Y-
1140, that have been described as non-repressible and
weakly repressible by glucose, respectively [3,16,27]. The
results obtained at D= 0.26 ' showed that, in these
strains, synthesis g8-gal was also higher in lactate-grown
cells than cells grown with glucose (Table 2). The highest
noninduced activity in both glucose and lactate media cor-
responded to the non-repressible strain.

The three strains gave similar growth yields with the
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294 Table 2 Steady statgg-gal expression of differeri{. lactis strains grown in aerobic chemostat cultures
Yeast strain GRP D (A) NL B-gal specific activity: Units (mg biomass)
glucose lactate lactose
K. lactis NRRL 1118 + 0.10 C 0.22+ 0.09 [4] 1.88+ 0.35 [2] 17.7+ 1.47 [4]
(0.022) (0.19) 2.77)
N 4.75x% 1072 [2] - 2.97+ 0.18 [2]
(0.297)
P 0.13+ 0.04 [3] - 4.40+ 0.65 [3]
(0.013) (0.44)
0.25 C 0.15+ 0.034 [4] 1.54+ 0.28 [2] 18.3+ 2.23 [8]
(0.037) (0.385) (4.6)
N 5.8x 1072 [2] - 215+ 0.3 [3]
(0.54)
P 0.11+ 0.05 [2] - 4.6+ 0.28 [3]
(0.027) - (1.15)
K. lactis NRRL 1140 * 0.26 C 0.73+ 0.036 [2] 1.69+ 0.03 [2] 8.25+ 0.21 [2]
(0.19) (0.44) (2.14)
K. lactis CBS 2360 - 0.26 C 2.1+ 0.05 [2] 3.5+ 0.3 [2] 10.5+ 0.27 [2]
(0.55) (0.92) (2.73)

Values in the table indicate the mean valustandard deviation of-gal specific activity obtained in [N] independent chemostat cultures.
Numbers in parenthesis arg eplues (Units (mg biomass)h™).

GRP: Glucose repression phenotyperepressible weakly repressibles non-repressible (according to references [3], [16] and [27]).
NL: nutrient limitation.

three carbon sources tested indicating a common metabolin C- and N-limited cells were 24.5 and 1.98 Units (mg
pattern in C-limited chemostats. Growth parameters withhiomass)*, respectively (data not shown). It is noteworthy
glucose were similar to those with lactose (Table 3). Allthat N-limited cells exhibited loweg-gal levels than cells
the strains usedl-lactate efficiently. At D= 0.25 h* the  grown under P-limitationg-gal was strongly repressed in
residual lactate concentration was less than 1 mM apd Y glucose media under N-limitation and only slightly in P-
was about 40 g biomass (mol lactatejdata not shown). limited cultures.

Yeast growth and B-gal expression in carbon- Kinetics of B-galactosidase induction
sufficient cultures B-gal induction was examined in C-limited cultures
Yeast cultures were carried out under nitrogen or phosphat® ~0.22 h?) by switching the feed medium containing
limitation with lactose or glucose as carbon sources. Tablglucose to a feed medium containing lactose. As the data
3 summarizes the results of yeast growth, biomass compadndicate (Figure 3), cells were immediately induced for
sition and extracellular products formed under the differengal (the first sample was taken 15 min after the change of
growth conditions tested. Cells grown under P- or N-limi- the feed medium) and 20% of the fully induced level was
tation exhibited higher rates of sugar consumption and alsexpressed after one doubling time (0.66 volume changes).
higher respiration rates as compared to C-limited cells. Th&he specificB-gal activity increased continuously during
enhanced carbon flux resulted in the accumulation of intrathe entire period of transition and reached steady state lev-
cellular reserve carbohydrates, particularly in N-limitedels after five volume changes. As expected from the
cultures at low growth rates, and also in the secretion obehavior observed in other inducible systems, the transient
metabolic products derived from the glycolytic pathway, period was accompanied by an initial accumulation of lac-
mainly glycerol and ethanol. The latter predominated in Ptose and a fall in the cell population because induction of
limited cultures. Minor amounts of acetate (only at=D the lactose transporter and the lactose catabolic enzymes is
0.25 %) and pyruvate were also detected in the culturea prerequisite for full growth on the carbon source [1,5].
media under N- or P-limitation~0.25-2.0 mM). In all When the shift was carried out with a mixture of lactose
cases cell yield decreased as a consequence of carbon ovand glucose or lactose and lactate (29 &f each carbon
flow. Carbon balances in N- and P-limited cultures eithersource), similar induction kinetics were observed (data not
with lactose or glucose showed 90% and 70% of carborshown). The repressive effect of glucose g@gal
recovery at D= 0.1 and 0.25 1, respectively. expression was also observed with the mixed substrates.
The induced and constitutivg-gal expression was The steady state specific activities of the induced cultures
repressed when cells were grown under N- and P-limitationvere 8.9 and 17 Units (mg biomass)n lactose/glucose
(Table 2). In lactose medium, enzyme levels were reducednd lactose/lactate media, respectively.
4-8 times compared to those expressed in C-limited cul- When the feed medium with lactose was switched to a
tures. A similar response was observed when galactose wésed medium containing glucose, the spedffigal activity
the carbon source, ie at B 0.1 it* the B-gal activities decreased~50% per doubling time) until basal levels were
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Discussion

.1)

2.0 - 18

From a dynamic point of view, enzyme expression is best
analyzed in terms of g the specific rate of enzyme syn-
thesis. Our results on the expressionBafial in chemostat
cultures showed that.ovaried in a wide range (over 10
fold) in response to the environmental conditions, con-
firming that the lac/gal regulon d{. lactis is tightly regu-
lated. The maximum gwas reached in both lactose- and
galactose-limited cultures at intermediate growth rates.
When cells were grown in lactose-sufficient cultures (either
- 0.2 N- or P-limited), repression g8-gal may have been caused
 a——— by an increased concentration of the internally released glu-
5 6 cose. However, a galactose-dependent signal, which limited
or slowed down induction under these culture conditions,
may have also existed. This became apparent when the car-
bon source was galactose (12-fold decreasg-gél levels
Figure 3 Kinetics of B-gal induction in chemostat cultures &t lactis in N-limited cells compared with C-limited cells). This

NRRL 1118. At zero time (zero volume changes), the feed medium con- . . .
taining glucose+22 mM) was changed to a feed medium containing lac- negative regulation could explain the decrease of q

tose (-11.5 mM). Steady state cultures were C-limited~D.22 I, (@) ~ Observed in galactose-limited cells growing at high D
Biomass dry weight;©) specifics-gal activity; (&) lactose concentration. values (above 0.4H), a condition which was coincident

with a marked increase in the levels of the carbon source

reached (data not shown). This indicates that induction wal the culture medium. The same galactose effect, in
quickly arrested after the shift ang-gal was not further addition to the repression exerted by glucose (or a

1.8 - 15

1.6 - 12

- 1.0

1.4 e
- 0.8

biomass dry weight (gL

1.2 - 0.6

- 0.4

Specific activity Units (mg biomass)™"

lactose (mM)

'r Volume changes
shift

inactivated. derivative), probably contributed to the repressiorgegal
synthesis in lactose media under similar growth conditions.

Inactivation of B-gal upon a sudden change in Alternatively, submaximal gvalues at low growth rates in

lactose concentration lactose and galactose-limited cultures may be attributed to

When a culture growing in steady state under lactose limifhe low effective level of the inducer [12].

tation was pulsed with 5 mM lactose, the concentration of Constitutive-gal expression was repressed by glucose.
biomass started to decrease and lactose accumulatdd® weakly repressive strain NRRL Y-1140, and even the
(Figure 4). The decrease of biomass concentration followefOn-repressive strain CBS 2360, also showed glucose
a wash-out kinetics indicating that growth ceased immedif€pression under non-inducing conditions in our chemostat
ately after the pulse (the estimated D value was 022 h cultures. Although it is difficult to compare these results

The specific-gal activity decreased during the transientWith those obtained in batch cultures, where the glucose

indicating enzyme inactivation. The half life @tgal was repression phenotype had been studied in the presence of
about 4.4 h. the inducer, we can infer that the€. lactis strains tested

share a common mechanism of glucose repression
(although with different sensitivity) that is independent of
the induction pathway. This possibility has been invoked
to explain the fact that glucose repression also occurred in
mutants defective in the Lac9p activator [16,28]. Constitut-
ive B-gal expression also responded to the external concen-
tration of the carbon source. This was particularly evident
in N-limited cultures wheregB-gal was repressed 30-fold
as compared to glucose-limited cells. Again, this may be
attributed to an increased internal concentration of glucose
when cells were grown in glucose-sufficient cultures.

In lactose-limited cultures, B-gal accumulated in
amounts equivalent to 10% of the cell protein. In C-limited
-0 cultures, especially at low growth rates, the intracellular

substrate concentration is usually in th®& range [17].
The kinetic properties of3-gal (K,, = 18-40 mM, V.«
~0.33 mmol lactose mit (mg protein)*, 30°C, PPB-Mn),
indicate that the enzyme is not an efficient catalyst under
these physiological conditions. Thus, the beneficial effect
Figure 4 Transient changes in the biomass and sugar concentration andf synthesizing high enzyme levels is easy to infer. The
S S oo ok e T po, microorganism can optmize s growth rate by sustaining
of lactose was 5 mM. The lactose concentration in'the feed mepdium waléhe approprlate metabolic ﬂu?(' In nalture this has.an .ObVI.Ous
~11.5mM. D ~0.25 . (@) Biomass dry weight; @) specific g-gal  €cological advantage [19]. Direct evidence for this situation
activity; (A) lactose concentration. can be obtained by comparing tire vivo andin vitro g-

lactose (mM)
specific activity Units (mg biomass)'1

biomass dry weight (gL")

0.0 0.4 0.8 1.2 1.6 20
'1\ Volume changes

pulse
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