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Uptake of fructose by the cyanobacterium Nostoc sp. ATCC 29150
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Fructose uptake was studied in the facultatively heterotrophic, dinitrogen-fixing cyanobacterium Nostoc sp.
ATCC 29150. A fructose uptake system showing a K, of 1.4 mM was evident in fructose-grown cells. It was
induced by fructose even in the light and was more active when assayed in the light than in the dark. In
addition, a low-affinity process of fructose uptake showing a K, of about 100 mM was observed in both
photoautotrophically and chemoheterotrophically grown cells.

Introduction

Photoautotrophy is the most common mode of
growth of cyanobacteria [1,2]. Facultative photo-
heterotrophy (i.e., growth with organic electron
donors in the light) or chemoheterotrophy has
been demonstrated, however, for a number of
cyanobacteria, mainly filamentous strains [1-3].
About half of the filamentous strains described by
Rippka et al. [3] were able to grow photohetero-
trophically on a sugar. Fructose, glucose and
sucrose were, in that order, the most commonly
used substrates [3]). A significant fraction of the
filamentous, sugar-assimilating strains were di-
nitrogen-fixers, most of them belonging to three
genera, namely, Calothrix, Fischerella and Nostoc.

Studies on sugar uptake by cyanobacteria have
mainly concentrated on the assimilation of glucose
{4-8]. These studies have indicated the presence,

* Present address: Institute of Physical Chemistry, University
of Vienna, Wihringerstrasse 42, A-1090 Vienna, Austria.

Correspondence (present address): E. Flores, Instituto de
Bioquimica Vegetal y Fotosintesis, Universidad de Sevilla-
C.S.1.C,, Facuitad de Biologia, Apartado 1095, 41080-Sevilla,
Spain.

in glucose-assimilating strains, of permeases show-
ing K values for glucose of about 0.1-1.0 mM
[6-101. Fructose is a good substrate for growth for
many cyanobacteria (see e.g. refs. 11-13), but
fructose uptake has been studied with only one
facultatively heterotrophic strain, Anabaena
variabilis ATCC 29413, for which K, values for
fructose of 0.05 and 0.15 mM have been reported
[9,14].

Our interest in transport systems of cyanobac-
teria arose from the fact that very little informa-
tion is available on the functions of the cyto-
plasmic membrane of the organisms. Although
physical separation of the cytoplasmic membrane
from the intracellular photosynthetic membranes
is now possible with several strains [15,16], only
two activities, a Ca’*-ATPase [17,18] and a cyto-
chrome-c oxidase (see e.g. Ref. 19), have been
tentatively localized on the cytoplasmic mem-
brane. Apart from porins in the outer membrane,
systems for the uptake of substrates into the cell
must be located in the cytoplasmic membrane. An
investigation of the uptake system for fructose in
Nostoc sp. ATCC 29150 is reported here. This
dinitrogen-fixing strain can grow photoautotrophi-
cally, photoheterotrophically [3] or chemohetero-
trophically [20], and is capable of gene transfer
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from Escherichia coli [20] by the method of Wolk
et al. [21].

Materials and Methods

Nostoc sp. strain ATCC 29150 (PCC 7107) was
grown axenically in the light or in darkness, at
30°C, in the liquid medium of Allen and Arnon
[22] diluted 8-fold and supplemented with 2.5 mM
KNO, and 2.5 mM NaNO, (AA/8 NO;). For
growth in the dark the cultures were supplemented
with D-fructose, sterilized by filtration, at 30 mM
unless otherwise indicated.

To study fructose transport, cells were harvested
by low-speed centrifugation at room temperature
(24° C), washed (when the cells that were used
had been grown with fructose, they were washed
several times), and finally resuspended in fresh
AA /8 NO; medium at a concentration of 2.5 to
5.0 pg of chlorophyll [23] per ml. Suspensions of
cells (final volume, 5 ml) were incubated with
shaking at 30°C under white light (10 cm from a
15-W Daylight fluorescent lamp, General Electric)
or in the dark, and 0.1-333 mM (0.4-0.8 pCi per
ml) D-[U-"Clfructose (specific activity 219
mCi/mmol, from ICN Radiochemicals, Irvine,
CA, U.S.A)) was added. All of the assays were
carried out for 20 min and, at different times (5,
10, 15, and 20 min), 1 ml samples were removed
and filtered (0.45-pm pore size Millipore HA
filters), and the cells on the filters were washed
with 5 ml of AA/8 NO; medium. The filters
were dissolved in a dioxane-based scintillation
liquid and the radioactivity determined in a scin-
tillation counter. The amount of fructose taken up
by the cells was always less than 3% of the total
fructose added.

Growth rates were determined from the in-
crease in the concentration of chlorophyll [23] in
the cultures. The specific growth rate constant
(1") as used here corresponds to log,,2 /¢4, where
ty is the doubling time.

Results

A kinetic study of fructose uptake by dark
grown cells, for a wide range of sugar concentra-
tions (from 0.1 to 333 mM), showed the presence
of two different components in the graph of fruc-
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Fig. 1. Eadie-Hofstee plot of the effect of the concentration of

fructose on the rate of fructose uptake by Nostoc sp. ATCC

29150. Cells grown on fructose in the dark were harvested and

washed, and their fructose uptake activity determined in the

light for different concentrations of [ C]fructose. v, fructose
uptake rate; [S], concentration of fructose.

tose uptake by Nostoc sp. ATCC 29150 (Fig. 1).
The high-affinity component showed a K, of 1.4
mM, and the low-affinity one showed a K, of
about 100 mM.

Dark-grown cells of Nostoc sp. took up fructose
when assayed in the light or in darkness (Fig. 2).
Rates of uptake of fructose at low concentrations
(0.1-10 mM) of the sugar were higher in the light
than in darkness, whereas at high concentrations
of fructose (33-150 mM) the rates were similar
under both conditions (Fig. 2).

The level of activity of each uptake system was
dependent upon conditions of cell growth (Fig. 2).
The high-affinity system was present in cells grown
in the dark with fructose (V,,,, 0.15-0.3 nmol -
pg~ ! chlorophyll - min~1), but its activity was ex-
tremely low in photoautotrophically grown cells
(Vipax» 0.005-0.01 nmol - pg~' chlorophyll -
min~'). The difference between light- and dark-
grown cells with regard to the low-affinity system
was however not nearly as great. When the uptake
of fructose was tested at high concentrations of
sugar (66-150 mM), where the low-affinity system
was operative, fructose uptake rates were 0.25-0.5
nmol - pg~! chlorophyll - min~! for dark-grown
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Fig. 2. Effect of the concentration of fructose on the rate of

uptake of fructose in photoautotrophically or chemo-

heterotrophically grown Nostoc sp. cells. Note that the data

are presented in a semi-logarithmic format. Uptake of

{1 CJfructose was measured in the light (0) or in the dark (®)

with chemoheterotrophically (fructose)-grown cells, and in the
light with photoautotrophically-grown cells (a).

cells and 0.05-0.1 nmol - pg~! chlorophyll - min "}

for light-grown cells (Fig. 2). If, for dark-grown
cells, the activity of the high-affinity system is
substracted from the uptake activity observed at
high concentrations of fructose, the resulting val-
ues (0.1-0.2 nmol - pg ™' chlorophyll - min~') are
similar to those observed with light-grown cells
(0.05-0.1 nmol - pg~ ' chlorophyll - min~!). It thus
appears that, in strain ATCC 29150, the high-af-
finity system for fructose uptake is inducible, its
cellular level changing up to 40-fold, whereas there
was only about a 2-fold difference in the activity
of the low-affinity system between light- and
dark-grown cells.

When photoautotrophically-grown cells were
incubated in the dark in the presence of fructose,
development of the high-affinity fructose uptake
took place in less than 48 h; incubation in the
light in the presence of fructose also resulted in
induction (Fig. 3). However, photoautotrophi-
cally-grown cells incubated for 48 h in the dark
without fructose exhibited an extremely low activ-
ity for uptake of fructose at a low sugar con-
centration (Fig. 3). It thus appears that fructose,
rather than incubation under dark conditions, is
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the factor that decisively determines the induction
of the high-affinity system for uptake of fructose
by strain ATCC 29150. As a matter of fact, the
growth rate of this strain in the light was enhanced
by the presence of fructose in the culture medium.
Under our experimental conditions, the specific
growth rate constant (u’) of photoautotrophic cul-
tures was 0.32 d~', whereas that of cultures supp-
lemented with 15 mM fructose and incubated
under the same conditions was 0.45 d~ 1.

To test the possible contribution to fructose-de-
pendent growth of the two affinity components of
fructose uptake, the growth rates of cultures
incubated in the dark with a wide range of con-
centrations (1-333 mM) of fructose were
determined. As shown in Fig. 4, the specific growth
rate constant (u') increased slightly as the con-
centration of fructose increased from 1 to 33 mM.
Higher concentrations of sugar did not result in
increased growth rates but, rather, hampered
growth to some extent (Fig. 4); for instance, the
growth rate at 333 mM fructose was 60% of the
value at 33 mM. It thus appears that growth on
fructose in the dark involves fructose uptake by
the high-affinity system, whereas growth was
negatively affected by concentrations of fructose
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Fig. 3. Adaptability of the high-affinity fructose uptake system

of Nostoc sp. Photoautotrophically-grown cells were incubated

in AA/8 NO;  medium, at 30 ° C with shaking, for 48 h, in the

light with 15 mM fructose (O), or in the dark with (a) or

without (a) 15 mM fructose. The cells were then harvested and

washed, and their fructose-uptake activity determined in the
light with 1 mM [ C]fructose.
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Fig. 4. Effect of the concentration of fructose on the growth

rate of Nostoc sp. in the dark. Washed dark-grown cells were

inoculated at 75 ng chlorophyll-ml~! in AA /8 NO; medium

containing different concentrations of fructose, and incubated

with shaking in the dark at 30°C. p’, specific growth rate
constant (see Materials and Methods).

that allowed uptake of fructose by the low-affinity
component as well.

Discussion

A biphasic pattern for uptake of fructose was
evident in Nostoc sp. ATCC 29150 (Figs. 1 and 2).
The component showing higher affinity for fruc-
tose (K,, 1.4 mM) appears to be the one involved
in heterotrophic growth on fructose. It may well
correspond to a permease taking up fructose. The
affinity of this uptake system for fructose is simi-
lar to the affinities for glucose or fructose reported
for other cyanobacteria [6,7,9,10,14]. Although
these affinities are relatively low [9], it has been
reported (see review in Ref. 24) that cyanobacteria
frequently occur in soils and in freshwater habi-
tats rich in organic matter. The possible signifi-
cance of the uptake of sugar by cyanobacteria in
relation to the sugar concentrations usually found
in nature has been discussed [8,9].

The high-affinity activity of fructose uptake
was subject to regulation, being induced by fruc-
tose (Fig. 3). Since metabolism of fructose is prob-
ably taking place in the course of our experiments,
either the transport or the metabolism (or both) of
fructose could be the regulated step in fructose
uptake. However, because increasing the con-

centration of fructose allowed fructose uptake in
photoautotrophically grown cells (Fig. 2), we sug-
gest the transport step is the regulated one. Adap-
tation of a sugar transport system has also been
shown for glucose uptake in a filamentous
cyanobacterium, Plectonema boryanum, by Raboy
et al. [5,6]; those authors did not distinguish be-
tween induction by the sugar or by incubation in
the dark. In the filamentous, dinitrogen-fixing
strain Nostoc sp. Mac and in the unicellular strain
Synechocystis sp. PCC 6714, on the other hand,
glucose transport activity was constitutive [4,7].
Whereas Nostoc sp. ATCC 29150 was isolated as a
free-living organism [3], Nostoc sp. Mac was an
endophytic symbiont [25]. In addition to short-
term induction of sugar transport systems, long-
term adaptation to growth under heterotrophic
conditions has also been observed in cyano-
bacteria [5,20,26], but it is not currently under-
stood.

Uptake of fructose by the high-affinity compo-
nent is higher in the light than in the dark (Fig. 2).
Since, for cyanobacteria, light is a much more
efficient energy source than is heterotrophic
metabolism [1,2], this result could be interpreted
as an energy requirement for uptake of fructose by
the high-affinity system. In contrast, the low-affin-
ity process of fructose uptake was not affected by
light; moreover, it was not subject to regulation
(Fig. 2) and did not appear to contribute to growth
on fructose (Fig. 4). The physiological significance
of fructose uptake at high concentrations of fruc-
tose is thus uncertain. Whether the low-affinity
process is mediated by a permease or proceeds by
passive diffusion through the cell membrane is not
clear. In the latter case, the K, of the process
might correspond to an intracellular reaction in-
volved in the metabolism of fructose, since the
incubation times used (20 min) were relatively
long and most probably allowed metabolism of
the substrate.

Not every cyanobacterium able to grow photo-
heterotrophically is able to grow chemohetero-
trophically in the dark [27]. Thus, the presence of
a sugar permease, which appears to be required to
grow on a sugar [9], does not guarantee growth of
the corresponding strain in the dark on the sugar.
What role has such a sugar permease in the physi-
ology of cyanobacteria? Organic substrate-depen-



dent growth in the light, in the absence of CO,,
has been reported in cyanobacteria [28,29], as has
sugar-dependent growth in dim light which by
itself failed to support autotrophic growth
[12,30,31]. In addition, in strain ATCC 29150, the
growth rate was higher in the light in the presence
of fructose than under photoautotrophic condi-
tions, as it is also the case for some other fila-
mentous cyanobacteria [14,32]. It is thus possible
that photoheterotrophy and mixotrophy (a nutri-
tional regime in which CO, and organic carbon
are assimilated simultaneously [9]) are important
modes of growth for sugar-assimilating cyanobac-
teria. In this context it is most interesting that the
fructose uptake system of strain ATCC 29150 was
induced by fructose even in the light, since the
evolution of a given regulatory function is most
probably physiologically meaningful, suggesting
that fructose may contribute to cell growth in
nature under phototrophic conditions.
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