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Evaluation of yeast capability to assimilate various 
carbohydrates by menadione-mediated amperometry
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Menadione-mediated amperometry at carbon paste electrodes containing yeast 
Kluyveromyces lactis grown on different carbon sources (glucose, galactose 
or maltose) was exploited to monitor intracellular redox activity induced after 
yeast subjection to several monosaccharides (glucose, fructose, galactose) and 
disaccharides (sucrose, maltose, lactose). Higher electrode responses to galac-
tose and lactose or maltose for yeasts grown on galactose or maltose, respec-
tively, compared to those obtained with yeasts grown on glucose, indicated the 
influence of a carbon source on yeast capability to utilize carbohydrates. 
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INTRODUCTION

All presently known yeasts (nearly 1,500 species belonging to 
149 genera [1]) are capable to assimilate one or more carbo-
hydrates. The basic metabolic pathways of carbohydrate as-
similation for various yeasts are considered similar with dif-
ferences in transport systems, equipment of phosphorylation 
or in regulation of the pathways [2–6]. These differences re-
sult in different rates of carbohydrate utilization. Yeast capa-
bility to consume carbohydrates is usually evaluated by 1 or 
2 day-lasting measurements of their residual concentrations 
[7, 8] or by measuring the uptake rates by zero trans-influx 
assays employing 14C- or 3H-labeled sugars [9–12]. There-
fore, a rapid, simple and not expensive method to compare 
the yeast capabilities to assimilate various sugars is greatly 
desirable. 

Electrochemistry provides the possibility of monitoring 
redox processes inside the yeast without cell disruption. To 
achieve electron transfer between the electrode and the redox 
centers of the enzymes in the cell, an electroactive mediator 
is added to the solution. Mediator shuttles the electrons be-
tween the electrode and the redox centers in the enzymes. 
Our previous research employing yeast-modified carbon 
paste electrodes showed the possibility to monitor intracel-

lular redox activities related to sugar metabolism in yeast 
cells by using a single lipophilic mediator menadione (2-me-
thyl-1,4-naphtalenedione) [13, 14]. Menadione can cross the 
cell membrane and enter the cytoplasm where it is reduced 
to menadiol (2-methyl-1,4-naphtalenediol) by the cytosolic 
and mitochondrial enzymes catalyzing electron transfer 
from NAD(P)H to quinone substrates. Menadiol diffuses 
outside the cell and is oxidized to menadione at the carbon 
paste electrode. After subjection of yeast-modified electrodes 
to various sugars, the increases in amperometric responses 
were obtained due to additional formation of NAD(P)H in 
the glycolysis and pentose phosphate pathway and, there-
fore, additional production of menadiol. The magnitudes of 
the mediated sugar currents were considered to reflect sugar 
assimilation rates. Continuous measurements of menadione-
mediated glucose-, fructose- or sucrose-induced currents at 
electrodes with yeasts belonging to different genera revealed 
two distinct modes of current development during the first 
2 to 3 min after yeast subjection to these sugars [14]. Initial 
transient currents and delay in current development were 
characteristic of electrodes with tested Saccharomyces cere­
visiae. The currents at electrodes with tested non-Saccharo­
myces cerevisiae strains were gradually increasing with no 
delay in current development. The reason of this diversity is 
obscure. Another variation was detected in yeast capability 
to utilize galactose indicating possibly different mechanisms 
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of galactose assimilation by S. cerevisiae or Pichia guillier­
mondii and yeast Candida pulcherrima or Debaryomyces 
hansenii [14].

Kluyveromyces lactis used in this research is one of 
sparse yeasts that are capable to utilize milk sugar lactose 
(consisting of glucose and galactose). Thus, one more sugar 
could be included into the research. This work presents the 
investigation of menadione-mediated current responses to 
three monosaccharides (glucose, fructose and galactose) and 
three disaccharides (sucrose, maltose and lactose) at K. lac­
tis-modified electrodes. The influence of different carbon 
sources (glucose, galactose and maltose) in the yeast growth 
medium on current magnitudes was tested.

EXPERIMENTAL

Wild type (wt.) K. lactis was isolated from spontaneous fer-
mentation of juniper berries that terminated within 7 days 
and possessed only one dominating yeast strain. The iden-
tification of yeast was performed using the automatised API 
20C AUX (bioMerieux, France) system for clinical yeast iden-
tification and by classical methods such as assimilation of 
sugars and other substances [15]. Yeasts were grown on the 
YEPD medium containing 1% yeast extract, 2% peptone, 2% 
glucose (or galactose or maltose) and 2.5% agar as continu-
ous lawn for 3 days at 30 °C until biomass stopped growing 
and thereafter were stored in a fridge for electrode prepara-
tion. 

All chemicals were of analytical grade and used without 
further purification. Glucose and fructose were purchased 
from Fluka. Galactose was from Applichem. Sucrose and 
maltose were from Reakhim. Lactose was from AnalaR. Phos-
phate buffer was prepared from 0.1 M KH2PO4 (Fluka) and 
contained 0.1 M KCl (Fluka). The pH value was adjusted with 
KOH. Menadione (Sigma) solution was prepared in ethanol.

Plain carbon paste was prepared by mixing 100  mg of 
graphite powder (Merck) with 50 µL of paraffin oil (Fluka). 
The paste was packed into an electrode body consisting of 
a plastic tube (diameter 2.9 mm) and a copper wire serving 
as an electrode contact. The layers of the yeast cells on the 
surfaces of plain carbon paste electrodes were formed by dip-
ping the electrode into the suspensions of yeasts prepared 
from 80 mg yeast in 1 mL of phosphate buffer at pH 6.5. This 
concentration of yeasts was considered as optimal since fur-
ther increase of the yeast amount resulted in lower currents 
due to slower diffusion of a mediator through a thick layer of 
cells. The electrodes were allowed to dry at room temperature 
for 25–30 min and then covered with a dialysis membrane 
(Aldrich-Sigma). The yeast suspension was used only for 
1 day. To repeat the experiments, a new yeast suspension for 
electrode modification was prepared.

All experiments were repeated at least 3 times.
Electrochemical experiments were carried out with a 

BAS-Epsilon Bioanalytical system (West Lafayette, USA) 
and a three-electrode cell arranged with a magnetic stirrer. 

Platinum wire and Ag/AgCl, 3 M NaCl served as counter- and 
reference electrodes, respectively. The yeast-modified carbon 
paste electrode served as a working electrode. The electro-
chemical measurements were performed immediately after 
the electrode preparation. Amperometry was carried out in a 
stirred solution at an operating potential 0.1 V (vs Ag/AgCl, 
3 M NaCl) in phosphate buffer at pH 6.5. The electrode was 
poised at an operating potential until the steady state of the 
background current was obtained. Thereafter, menadione 
was added to a final concentration 67  μM. After the new 
steady state of the current was established (45 to 60  min), 
a sugar-containing solution was added. For repetitive mea-
surements with the same electrode, the electrode was taken 
out from the solution, rinsed with water and again placed in 
the phosphate buffer. The electrode was again poised at an 
operating potential until the steady state of the background 
was obtained. Menadione and sugar solutions were again 
successively added.

All measurements were carried out at room temperature.

RESULTS AND DISCUSSION

Previously published amperometric investigations of glucose 
metabolism employed yeast S. cerevisiae, platinum electrodes 
and the double mediator system consisting of lypophilic me-
nadione/menadiol and hydrophilic ferricyanide/ferrocya-
nide [16–19]. Direct electrochemical oxidation of menadiol 
at a Pt electrode was slow. Therefore, ferricyanide was used 
for signal amplification. When yeasts were immobilized on 
a carbon paste electrode, ferricyanide as the second media-
tor was not necessary due to the quasi-reversible menadiol/
menadione redox process at the carbon paste electrode [13]. 
Menadione is known to produce reactive oxygen species inside 
the yeast cells that can cause oxidative cell damage [20, 21], 
therefore, its concentration for experiments with yeast-mod-
ified electrodes was chosen with respect to the stability of the 
currents. Reproducible steady states of the currents at me-
nadione concentration 67 μM at K. lactis-containing carbon 
paste electrodes indicated that yeast cells were not damaged. 
Upon injection of a definite amount of mono- or disaccha-
ride into the solution, the increases of the currents were ob-
served (Fig. 1, shown for yeasts grown on glucose as a carbon 
source) due to increased menadiol concentrations caused by 
additional formation of NAD(P)H during the glycolysis and 
pentose phosphate pathway. The responses developed gradu-
ally and after some time reached their nearly constant values. 
The highest menadione mediated-currents were obtained 
for glucose and fructose (Fig. 1a) that are preferable sugars 
for all yeasts and sucrose (Fig.  1b) that consists of glucose 
and fructose. The response to lactose was more than twofold 
lower. Maltose- and galactose-induced currents were rela-
tively very low indicating slow assimilation of these carbohy-
drates. The mean values and the standard errors of the cur-
rents at three separate electrodes (obtained during 10  min 
after subjection to sugars) are summarized in the Table. 
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Fig. 1a. Menadione-mediated current responses 
of electrodes containing yeast K.  lactis to addi-
tions of monosaccharides (as indicated) in phos-
phate buffer at pH 6.5, menadione concentration 
67 μM, glucose, fructose and galactose concen-
trations 10 mM, operating potential 0.1 V

Fig. 1b. Menadione-mediated current responses 
of electrodes containing yeast K. lactis to addi-
tions of disaccharides (as indicated) in phos-
phate buffer at pH 6.5, menadione concentration 
67 μM, sucrose, lactose and maltose concentra-
tions 5 mM, operating potential 0.1 V

Ta b l e .  Menadione-mediated current responses to various sugars at carbon paste electrodes with immobilized K. lactis; menadione concentration 67 μM, 
glucose, fructose and galactose concentrations 10 mM, sucrose, lactose and maltose concentrations 5 mM, solution pH 6.5, operating potential 0.1V vs Ag/
AgCl, 3M NaCl

Sugar in medium 
of yeast growth

Current responses to

Glucose, nA Fructose, nA Galactose, nA Sucrose, nA Lactose, nA Maltose, nA

Glucose 450 ± 20 390 ± 30 20 ± 5 420 ± 30 150 ± 20 50 ± 5

Galactose 430 ± 30 410 ± 30 130 ± 10 270 ± 10 40 ± 5

Maltose 460 ± 20 30 ± 5 140 ± 15 360 ± 20

Variation in the magnitudes of the currents is possibly relat-
ed to some variation in cell loading caused by the dip-coating 
mode of cell immobilization.

Yeast cell membranes are not freely permeable for sugars 
[3, 5]. An obligatory step in their utilization is their transport 
through cell membranes either in an intact form (glucose 
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and fructose) or after hydrolysis to the component monosac-
charides, mediated by substrate-specific transporters. Most 
of the investigation of sugar transport and pathways of uti-
lization has been carried out with S. cerevisiae. It has been 
assumed that other yeasts use sugars in the same way. Hex-
ose transport in yeast is mediated by large families of sugar 
transporters, sometimes called permeases [3, 5]. Hydrolysis 
of disaccharides may occur outside the cell membrane, in 
the periplasmic space, or inside the cell after the transport of 
disaccharide, depending on the yeast species and the nature 
of sugar. Sucrose is hydrolyzed to an equimolar mixture of 
glucose and fructose in most cases by an external invertase. 
Kinetic analysis of the glucose and fructose uptake in S. cere­
visiae [10] revealed that when glucose and fructose were in 
the media separately, the uptake profiles indicated that both 
sugars were utilized at similar rates. When media contained 
equal concentrations of glucose and fructose, glucose was 
utilized at approximately twice the rate of fructose. The pref-
erential uptake of glucose was also determined when sucrose 
was used as a substrate suggesting that glucose and fructose 
compete for the same membrane carriers in S. cerevisiae [10]. 
Some yeast strains are also able to transport sucrose via 
sucrose-proton symport followed by intracellular hydrolysis 
and metabolism [22]. Our previous research of menadione-
mediated responses at yeast-modified electrodes revealed 
that the ratio of the current responses to glucose, fructose 
and sucrose were strain-dependent [14]. Similar responses to 
these sugars or somewhat higher glucose currents were ob-
tained only at electrodes with commercial baker’s yeast, two 
samples of the tested wild type S. cerevisiae and one sample 
of tested C.  pulcherrima, whereas glucose currents at the 
electrodes containing the tested wild type P. guilliermondii 
and D. hansenii were two- to threefold higher [14]. In this 
research, K. lactis-containing electrodes gave only somewhat 
higher responses to glucose compared to those of fructose 
and sucrose (Table). Different ratios of the magnitudes of 
current responses to glucose, fructose and sucrose possibly 
reflect different sugar transport systems in yeasts belonging 
to different genera.

Maltose metabolism depends on two key enzymes: malt-
ose permease that transports maltose into the yeast cell and 
maltase that cleaves maltose into two molecules of glucose 
[23, 24]. For the induction and synthesis of these enzymes, the 
presence of maltose in the cell environment is required [24]. 
In most organisms, the conversion of galactose to glucose-
6-phosphate which enters glycolysis takes place by the action 
of five enzymes (the Leloir pathway) [25–27]. It is generally 
accepted that in S. cerevisiae the genes encoding the Leloir 
pathway of galactose assimilation are repressed in the pres-
ence of glucose and can be activated in the presence of ga-
lactose [27]. Therefore, low galactose and maltose currents 
(Table) recorded at the electrodes with K.  lactis grown on 
glucose could possibly be explained by inactivity of enzymes 
necessary for effective assimilation of these sugars. Lactose is 
one of many carbon compounds that can be metabolized by 

K. lactis but not by S. cerevisiae [28]. The ability of this yeast 
to metabolize lactose results from the presence of lactose per-
mease and β-galactosidase that hydrolyses internalized lac-
tose into glucose and galactose [29]. Intracellular glucose can 
enter glycolysis while galactose follows the Leloir pathway.

To reveal whether the substitution of glucose in the yeast 
growth medium has influenced the yeast modified electrode 
responses, experiments were carried out with cells grown on 
galactose or maltose instead of glucose. The responses to glu-
cose remained similar in all cases (Table). The changes were 
observed for responses to galactose, lactose and maltose. 
When yeasts were grown on galactose, the magnitudes of ga-
lactose currents were about sixfold higher (Table) indicating 
that the necessary enzymes were active. The responses to lac-
tose were also higher (Table) possibly due to higher impact 
of galactose. Maltose-induced currents remained low. When 
yeasts were grown on maltose, the magnitudes of the maltose 
currents were about sevenfold higher (Table) also indicating 
that necessary enzymes were activated. Galactose- and lac-
tose-induced currents were similar to those obtained when 
yeasts were grown on glucose.

CONCLUSIONS

Menadione-mediated amperometry at carbon paste elec-
trodes modified with yeasts provides the possibility to moni-
tor intracellular redox activity related to sugar metabolism. 
Different magnitudes of the currents induced by glucose, 
fructose, galactose, sucrose, lactose or maltose reflect po-
tential differences in sugar transport systems and different 
activities of the enzymes necessary for assimilation of these 
sugars in yeast grown on distinct carbon sources.
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AMPEROMETRINIS MIELIŲ GEBĖJIMO ĮSISAVINTI 
ĮVAIRIUS ANGLIAVANDENIUS VERTINIMAS

S a n t r a u k a
Mielių Kluyveromyces lactis gebėjimas įsisavinti įvairius ang-
lia vandenius (gliukozę, fruktozę, galaktozę, sacharozę, laktozę ir 
maltozę) buvo tirtas amperometriškai naudojant mielių sluoksniu 
modifikuotus anglies pastos elektrodus ir mediatorių menadioną. 
Registruotų srovių dydžiai priklausė nuo to, kokiu angliavandeniu 
buvo veikiamos mielės ir kuris cukrus (gliukozė, galaktozė ar mal-
tozė) buvo auginimo terpėje. Kelis kartus padidėjusios galaktozės 
ar maltozės srovės, kai auginimo terpėje vietoj gliukozės buvo ga-
laktozė ar maltozė, yra susijusios su fermentų, reikalingų pastarie-
siems cukrams įsisavinti, aktyvavimu mielių augimo metu.


