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Abstract

The turnover times of glucose, averaged for o-io m in the upper
waters of Lake Kinneret and measured by the addition of single
or multiple concentrations of substrate, ranged from 23 to 188
hours and 1 to 87 hours respectively . Potential uptake rates
(estimated as Vmax) ranged from 0 .095 to 1 .94 µg glucose
1 - 'h- ', while measured uptake rates varied from 0.09 to 1 .1 µg
glucose 1- 'h - ' . Concentrations of dissolved carbohydrates and
glucose averaged 0 .71 mg glucose equivalents 1- ' and 39 µg
glucose F' respectively . No evident relationships between glucose
cycling and any fractions of dissolved organic matter, phyto-
plankton biomass or primary productivity were found . Turnover
times were generally most rapid immediately after the decline of
the spring Peridinium bloom. The respiration percentage of in-
corporated glucose ranged from 25% to 61% with highest values
during the summer months . Respiration may be influenced by
the nature of the indigenous bacterial population as well as by
temperature. Daily heterotrophic glucose carbon uptake was
about 9% of the photosynthetic incorporation and could provide
a bacterial yield of about 7 x 104 cells ml- 'd- ' .

Introduction

The metabolism of glucose in aquatic environments has
often been studied as a general indicator of microbial
heterotrophic activity (e .g . Wright & Hobbie, 1969 ; Allan,
1973; Overbeck, 1975 ; Albright, 1977) . We have investi-
gated the uptake and respiration of this compound in
Lake Kinneret, a warm (13-30°C) monomictic lake in
northern Israel (Serruya, 1978) . A distinctive feature of
this lake is the annual bloom of the dinoflagellate Peridi-
nium cinctum which reaches concentrations of 124 g
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freshweight m Z . At other times of the year, the algal
standing crop averages about 22 g freshweight m - ' (Ber-
man & Pollingher, 1974). Previous reports from this
laboratory have dealt with ecological aspects of the phyto-
plankton ( Pollingher & Berman, 1977) and the zooplank-
ton (Gophen & Landau, 1977). Bacterial nitrification and
denitrification have been quantitated and some specific
organisms have been studied in detail (Cavari, 1977a;
1977b). In this communication we summarize our
findings on the utilization of glucose by microbial hetero-
trophs and on the concentrations of dissolved carbo-
hydrates and glucose in Lake Kinneret and relate these
data to the organic carbon flux in the lake .

Methods

For experiments to determine glucose turnover times,
Vmax (maximum uptake rate), and respiration by
microplankton, we adapted the basic technique of Wright
& Hobbie (1965) and Hobbie & Crawford (1969) . Lake
samples taken from near surface (i or 3 m) at a central
lake station, representative for the pelagic waters (Berman
& Elias, 1972) were incubated without shaking in the dark
at room temperature (20 ± 2'C) . Appropriate additions
(0 .04, 0 .1, 0 .2, 0 .4 and o.8 MCi per to ml lake water of uni-
formly labelled 14 C-labelled glucose, specific activity 287
nCi mmole1) were made to sealed, sterile flasks in which
were suspended small holders with glass filter (GF/C)
wicks soaked in 0 .5 ml Hyamine hydrochloride . Incuba-
tion was stopped by adding 6% TCA, and 0 .05% HgCI in
40% formalin (Wood, 1973). We could detect no ap-
parent losses of incorporated 14C-glucose from cells
treated with this fixative in contrast to reports of such
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losses in samples poisoned with HCl or other strong acids
(Ramsey, 1976). After shaking the flasks for i hour to
ensure maximum absorption (> 96%) of released CO 2
by the Hyamine soaked wicks, samples were filtered
through presoaked 0 .45 mµ Millipore filters, which were
then rinsed with about 5 ml of filtered lake water . Radio-
activity on filters and wicks was counted separately by
scintillation in Aquasol (New England Nuclear) fluor in
order to estimate the retained and respired carbon res-
pectively . Preliminary experiments showed that the up-
take of glucose was linear for at least 3 hours (Berman &
Stiller, 1977) and, therefore, we used a i hour incorpora-
tion period for our experiments .

To follow seasonal changes of glucose turnover in the
lake, we ran two series of experiments, from September
1974 to June 1975 and subsequently from October 1976
to July 1977 . In these experiments only a single concen-
tration of 14C-glucose was added (Parsons & Strickland,
1962). Samples were taken from several depths at the
central lake station, ten ml of each sample was placed in
a sealed sterile flask with a Hyamine soaked wick (see
above) and o .1 uCi of uniformaly labelled 14C-glucose
(6 )ug glucose 1- ') was added. The flasks were incubated
and the samples treated as described previously . Incuba-
tion of the first experimental set was at room temperature
but the second series was run on the research vessel at
ambient air temperatures immediately after sampling .

Attempts to utilize the Hicks & Carey (1966) assay for
glucose were unsuccessful, probably because of the ionic
composition of the Lake Kinneret water and subsequently
a new method was developed (Cavari & Phelps, 1977) .
Dissolved carbohydrates were determined by the phenol-
sulfuric-acid method (Strickland & Parsons, 1968) on
water filtered through Whatman GF/C filters .

Results

i. Glucose turnover times, uptake rates and respiration
In Table 1 we show the average turnover (or residence)
times for glucose in , the o to 1o m water layer determined
for two series (October 1974 to June 1975 and October
1976 to July 1977) . For both experimental sets, turnover
times during the winter months were slower than in
summer. In Fig . 1 we show two typical depth profiles of
turnover times and respiration from February 1975
(homothermic conditions) and July 1975 (stratified con-
ditions) .

For the second experimental series, ambient glucose
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concentrations were also measured (Cavari et al., 1977),
and we could therefore calculate the absolute rates of glu-
cose uptake . These rates (averaged from o to 1o m) ranged
from o .09 to 1 .1 µg glucose 1- 'h- ' .

Respiration (or mineralization) in the upper water
layer, expressed as the percentage of the total glucose up-
take which was released as CO2, ranged from 27% to 59% .
The percentage respiration for the first series of experi-
ments (incubation at room temperature) was somewhat
lower than for the second experimental series (on deck in-
cubation) . Not unexpectedly the highest levels of respira-
tion tended to occur during the warm summer months,
this trend was most pronounced in multiple concentra-
tion addition experiments (see below and Table 2) .

2 . Experiments with multiple concentration additions of
substrate
By varying the concentrations of added 14C-glucose, more
details of the uptake characteristics of the microplankton
may be, obtained (Wright & Hobbie, 1965 ; Allen, 1969) .
In contrast to other reports (Vaccaro & Jannasch, 1967 ;
Overbeck, 1975) a saturation type response was always
found in Kinneret waters . Generally good fits for the
Woolf modification of the Michaelis-Menton curve were
observed, with correlation coefficients ranging from
o.81-o .99. Although subject to several qualifying assump-
tions (Wright, 1973 ; Williams, 1973), such experiments
can provide estimates of maximal uptake rates
(V...), turnover times (T), and a quantity (K t + S)
which represents the sum of the substrate affinity and
ambient substrate concentrations and thus gives an upper
estimate for ambient concentrations (Table 2) .

Turnover times calculated from these experiments
showed a similar seasonal pattern to those estimated
from single concentration addition experiments . In
absolute terms, however, multiple concentration addi-
tion experiments gave much more rapid glucose turnover
times especially in the summer months . Nevertheless,
even the fastest rates that we found are still slower than
those reported for other eutrophic lakes (Allen, 1973).
Furthermore, these experiments indicated maximal
values for ambient glucose concentrations which were
considerably lower and fluctuated less than those mea-
sured in Lake Kinneret directly by the method of Cavari
& Phelps (1977) . In this series of experiments, which were
run at room temperature, the percentage of respired sub-
strate ranged from 25 to 61% (average 43 .9 ± 12%) and
was lower in winter than in summer months .



Table 1 : Single substrate concentration addition experiments : Glucose Turnover Times (T) , Uptake Rates

and Respiration (R) with concomitant phytoplankton data*

Average of two monthly measurements . For glucose experiments, results are based on average of samples

taken from 0,1,3,5, and 10 m . Algal biomass and productivity from Pollingher and Berman (1978) .

+ The average uptake rate of glucose for the entire trophogenic layer, 0 to 20 m, was 0 .61 pg 1- 'h - ' .

3. Concentrations ofdissolved carbohydrates and glucose
In conjunction with our studies of glucose uptake, we also
measured dissolved carbohydrates and glucose in Lake
Kinneret . The average monthly concentrations of these
compounds measured for the o-1o m water layer at a cen-
tral station in Lake Kinneret did not show any clear
seasonal trends (Fig . 2) . Similarly neither dissolved or-
ganic nitrogen or dissolved organic phosphorus exhibited
distinct seasonal fluctuations during the period of this
study (Berman, unpublished) . In the case of dissolved
carbohydrate there was an overall increase in concentra-
tions in 1976 compared to 1975 which may reflect the
breakdown of the larger standing crops of phytoplankton
in 1976. The average concentration of dissolved carbohy-
drates (DOC) in the o to io m layer from January 1975 to
August 1976 was 0.71 (S.D . ± 0.33) mg glucose carbon
equivalents 1- ' . At present due to technical difficulties,
we have no reliable data on DOC levels in Lake Kinneret
although some measurements indicate that these con-

centrations were usually between 5 to 1o mg C 1- . There-
fore, we estimate that between 7 to 14% total DOC
was carbohydrate carbon .

Glucose concentrations, averaged from o to 1o m, are
also shown in Fig . 2 . From October 1976 to July 1977,
glucose ranged from 13 to 106µg 1 - ', with an average value
of 38.9 (± 17 .5) µg 1- ' . Thus in terms of carbon, glucose
made up only about 2 to 3% of the dissolved carbohydrate
pool. Similarly in ocean waters, measurements of glu-
cose concentrations also indicate that this compound
forms only a very minor portion of the ambient DOC
(Parsons & Takahashi, 1973) . However, in Starr Lake,
Vermont, Allen (1973) found that glucose carbon con-
stituted about 1 t% of the total dissolved organic carbon
pool .

Several attempts were made to identify the dissolved
sugars in Lake Kinneret waters . Samples were concen-
trated 100 to 500 fold by lyophilization, and desalted by
passing through Amberlite Resin-MB3. Subsequent
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Series 1 Series 2

Date

T

(hrs) R

(7)

Algal

Biomass

(g .m 2)

Primary

product

(mgC m 2 d ')

Date

T

(hrs)

Glucose

R

	

uptake

(7) (ug 1 - 1h - ')

Algal

Biomass

(g .m 2 )

Primary

product

(mgC
.-2 d - ')

9/74 23 31 20 .5 1861 10/76 81 57

	

1 .07 18 .4 1558

10/74 38 31 36 .0 1996 11/76 45 37

	

1 .10 22 .2 1470

11/74 52 36 27 .0 1056 12 76 89 47

	

0 .55 8 .1 936

12/74 102 27 16 .5 979 1/77 188 46

	

0 09 9 .7 1147

1/75 159 33 16 .6 500 2/77 94 36

	

0 .62 54 .8 1773

2/75 129 29 29 .3 1702 3/77 109 57

	

0 .30 128 .0 2038

3/75 123 36 41 .6 2196 4/77 73 59

	

0 .48 163 .1 4256

4/75 100 41 83 .4 2539 5/77 67 48

	

0 .60 161 .2 2306

5/75 79 55 104 .8 3266 6/77 48 44

	

0 .95 29 .7 1498

7/77 37 53

	

0 .85 20 .5 1354

89 35 41 .7 1788 X 83 48

	

0 .66 59 .6 1834
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Fig. i . Lake Kinneret : Depth profile of glucose turnover times (e-a-o-*), in hours; percentage respiration of incorporated

glucose (----) ; and temperature (	), C. A: 12 February 1975 ; B: 29 May 1975 .

separation and tentative identification by paper chroma-
tography indicated that glucose was indeed the major
monosacharide present . No other sugars, with the excep-
tion of traces of fructose, were detected using this method .

Discussion

Despite high standing crops of zooplankton (Gophen,
1972) and phytoplankton (Berman & Pollingher, 1974)
and relatively warm temperatures in Lake Kinneret, the
uptake rates and turnover times of glucose which have
been observed are low in comparison to those reported
for many temperate, eutrophic lakes (Allen, 1973 ; Hall,
1975; Wetzel, 1976) . In contrast to other workers
(Allen, 1973 ; Overbeck, 1975), we found no correlations
between the turnover times of glucose and either standing
crops of algae or primary production (Tables I and 2) .
Also, there did not appear to be any clear relationship
between heterotrophic glucose uptake rates and the con-
centrations of any of the dissolved organic fractions
which we assayed . Albright (1977) reported correlations
between glucose heterotrophic potentials (Vmax )
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and DOC in the waters of Georgia Straight, Vancouver,
but not in the Frazer River and its estuary. Allen (1969)
noted a direct relationship between the concentrations of
DOC and the standing crops of phytoplankton in Lake
Lotsjon . However, as Allen (1977) demonstrated, the
susceptibility of various molecular weight fractions of the
soluble organic pool to bacterial uptake can be very dif-
ferent, and thus there may not necessarily be any direct
correlation between heterotrophic activity and total
DOC.
The parameter Vmax has been found to relate

reasonably well with the numbers and activities of heter-
otrophic bacteria (Allen, 1969) . Our values for Vmax
in the upper Kinneret waters (1 to 3 m) ranged from 0 .095
to 1 .94 µg glucose 1- 'h- ' . By comparison, Overbeck (1975)
reported Vmax of 0.2 to 1 .2 µg glucose 1- 'h - ' for Plus-
see, an eutrophic lake with temperatures ranging from
about 4 to 22°C. Allen (1973) found higher values for
Vmax, up to 13.25 µg glucose 1- 'h- ', in eutrophic. lakes
in Vermont and Sweden during summer months, and
Hall (1975) reported Vmax ranging from I to 2.05 µg
glucose 1"'h- ' in nutrient supplemented limnocorrals in
Lake Ontario . The relatively higher values for Vmax



Table 2 : Glucose Parameters from multiple concentration addition experiments with concomitant phytoplankton data*

* All glucose data were derived from samples taken at 1 or 3 m depth . The phytoplankton measurements (Pollingher

and Berman, 1978) were monthly average values .

which we found in May to July 1975 might be attributed
to bacteria developing on organic material released from
the decline of the Peridinium bloom. However no sharp
rise was noted for these months in 1976, even though algal
standing crops had been higher than in the preceeding
year. The decrease in turnover times towards the end of
the Peridinium bloom which occurred from May
1975 and from June 1976 could also indicate an enhance-
ment of glucose utilization due to a proliferation of
heterotrophic microorganisms on dead cell material at
this period .

Since carbohydrates might be expected to be readily
available as heterotrophic substrates, the concentrations
which we observed in the Kinneret should have provided
a good source for bacterial development . As we have
noted, however, glucose cycling by heterotrophs does not
appear to be very rapid in this lake . This situation may be
attributed to relatively low bacterial numbers or low me-
tabolic activity, or both . Some reasons for this may be
proposed . High standing crops of zooplankton, which are
known to graze actively on bacteria (Gophen et al., 1974),

may be responsible for maintaining a low level of bacte-
rial populations . Cavari (1977b) has presented data show-
ing that denitrification rates in Kinneret waters are en-
hanced by the addition of orthophosphate and it is there-
fore possible that phosphorus limitation may also be
partly responsible for the observed low glucose heter-
otrophic activity. Furthermore, substrates other than
glucose are certainly actively utilized for heterotrophic
metabolism. If these compounds are in rapid flux they
may not be detectable in high concentrations in the water
but nevertheless they could support considerable bacterial
growth. Indeed, Hoppe (1976) and Overbeck (1975) have
shown that glucose may not always be a good choice as a
representative substrate for measuring heterotrophic ac-
tivity .

The respiration of incorporated glucose which was ob-
served in these studies was generally higher than has been
found for colder waters (Hobbie & Crawford, 1969 ; Hall,
1975; Overbeck, 1975) and it would be interesting to know
if our respiration values are typical for warm lakes, Tem-
perature may also have an indirect effect on respiration
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Date

Vmax

(pg 1-1h 1 X 10 -2 )

T

(hours)

(K t + Sn)

(pg 1 -1 )

R

(5)

Correl . coef .

(r)

Algal biomass

(g .m 2 )

Primary

production

(mgC m-2d-1)

16 . 1 .75 20 .9 10 26 37 0 .81 16 .6 500

26 . 2 .75 12 .3 66 8 45 0 .99 29 .3 1702

29 . 4 .75 27 .2 45 12 61 0 .93 83 .4 2539

28 . 5 .75 167 2 4 60 0 .99 104 .8 3266

20 . 6 .75 100 1 1 58 0 .97 35 .7 2229

9 . 7 . 75 194 4 8 55 0 .96 37 .9 2291

21 .10 .75 34 .0 25 9 29 0 .95 26 .6 1946

30 .12 .75 12 .0 62 8 33 0 .90 25 .6 1194

21 . 3 .76 9 .5 87 8 25 0 .88 60 .5 2076

10 . 5 .76 16 .4 58 9 37 0 .89 145 .4 2124

21 . 6 .76 15 .1 22 4 45 0 .99 67 .9 2497

12 .7 .76 37 .6 27 10 42 0 .97 14 .5 1288

X 53 .8 34 8 .9 43 .9 56 .5 1803
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rates . As mentioned previously, both the first series of
single concentration addition experiments (from Octo-
ber 1974 to May 1975) and the multiple addition experi-
ments showed increased summer respiration rates even
though the sample incubations were carried out at room
temperatures which did not change very greatly over the
year. Thus to some extent, respiration rates may be also
an intrinsic property of the microbial populations
present, and these, in turn, may be somewhat deter-
mined by temperature . The second set of experiments,
from October 1976 to July 1971, which were run at am-
bient air temperatures on board the research vessel,
showed a less clear seasonal pattern and had generally
higher levels of respiration .

Although both single and multiple concentration addi-
tion experiments gave similar seasonal patterns of respi-
ration and turnover times, they showed considerable
differences in absolute values for glucose turnover times .
Also the glucose uptake rates measured directly in the
second series of single substrate addition experiments
were unexpectedly close to the maximum potential rates
(Vmax) and glucose concentrations assayed directly
were usually greater than (K, + S) estimations (Table 2) .

Turnover times for organic compounds obtained by
single or multiple concentration additions of substrates
have been recently compared by Gocke (1978) . His study
indicated that the former technique might lead to an
overestimation of turnover times if the amount of added
substrate in single addition experiments is large in rela-
tion to ambient concentrations. In our situation, both the
apparent ambient glucose concentrations (see below) and
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Fig . 2 . Lake Kinneret : Seasonal variations in concentrations, carbohydrates (e- •- e-,), mg glucose equivalents i - ' and
glucose (e--•- - .) ug i - ' averaged for the water layer from o to to m .

the amount of added substrate were much higher than in
Gocke's study, and thus the single addition experiments
probably overestimated turnover times. Also, it should
be noted that our data from multiple concentration ad-
dition experiments were based on water samples from
one depth only, whereas the results from single addition
experiments represent averaged values from several
depths from o to 1o m. Thus, although the two techniques
which we used to study glucose uptake are complemen-
tary, in our case the data from the two methods cannot
be easily compared on an absolute basis . Gocke's work
suggests that the more accurate results are obtained by
the more tedious method of multiple concentration addi-
tions. Cavari (unpublished) has found rapid short term
fluctuations of glucose concentrations in natural water
samples placed in autoclaved bottles . Samples which
were assayed in the laboratory approximately one hour
after being taken often had different ambient concentra-
tions of glucose than were initially present . This pheno-
menon may also partly explain the lower glucose concen-
trations and more rapid turnover times which we found
in multiple concentration addition experiments and cer-
tainly merits future investigation .

In terms of ambient concentrations, glucose carbon
constituted only a small fraction (< 1%) of the total DOC
in the lake water. The glucose uptake rates measured
from October 1976 to July 1977 averaged 0.24 µg glucose
carbon 1- 'h - ' for the trophogenic layer (o to 20 m), that is,
approximately 12o mg glucose carbon m -'d- . During
the same period, apparent net photosynthetic carbon
fixation averaged 1834 mg C m-'/day sunlight' . If we



assume conservative respiration losses of about 25% of
the fixed carbon from algae during the night hours, the
true net photosynthetic incorporation was 1375 mg C
m-'d - ' . Therefore, in the trophogenic layer, daily hetero-
trophic glucose carbon uptake was approximately 9% of
the amount of carbon fixed by primary production . Of
the heterotrophic glucose fixation, if about 45% was
respired, then about 66 mg C m - 'd- ' . of bacterial biomass
should have been synthesized in the trophogenic layer or
about 3 .3 mg bacterial C m - 'd - ' . This amount of carbon
would give an average bacterial standing crop of about 7
x 10 ° cells ml- ' growing on glucose (We have assumed a
neglible role here for heterotrophic algae although Pollin-
gher & Berman (1976) have shown that these are fairly
common in Lake Kinneret) .

Clearly, glucose heterotrophic uptake and respiration
in the water column can only account for a small portion
of the total DOC flux . Although we have no good data, it
is unlikely that there has been a drastic increase in DOC
over the past decade . Peridinium blooms, have been an
annual feature of the lake for at least eighty years (Ser-
ruya, 1978) . The organic carbon of the sediments is low in
relation to many eutrophic lakes and shows no recent in-
creases (Serruya et al., 1974). Over the long term period
then, no obvious trend to increasing levels of either parti-
culate or dissolved organic matter is evident and respira-
tion losses at all trophic levels must serve to maintain the
balance of organic carbon . Our studies using glucose have
only elucidated a part of the undoubtedly multi-substrate
bacterial heterotrophic activities in Lake Kinneret . Future
research, using naturally formed DOC as substrates,
should give a more complete picture of the bacterial
metabolism in this lake .

Summary

I . We have studied glucose uptake in Lake Kinneret by
both single (Parsons & Strickland, 1962) and multiple
(Wright & Hobbie, 1965) concentration addition techni-
ques from October 1974 to July 1977 .

2 . Turnover times determined by single concentration
additions to samples from o to 1o m ranged from 23 to
188 hours . For an experimental series from October 1976
to July 1977, measured glucose concentrations averaged
39 µg glucose 1-' for o to tom depth. Glucose uptake rates
for the same period varied from 0 .09 to 1 .1 µg glucose
I - ' h - '

3 . From multiple concentration addition experiments

with samples taken from i or 3 m depths, we obtained
turnover times ranging from i to 87 hours, maximum
uptake rates Vmax, from 0.095 to 1.94 µg glucose
1- 'h- ' and (K, + S) from I to 26 µg glucose 1- ' .

4. Despite reasonably high, ambient concentrations of
carbohydrates (average 0.71 mg glucose equivalents 1- '),
glucose turnover times and uptake rates are relatively
slow in comparison to those reported for temperate,
eutrophic lakes (e .g . Allen, 1973; Hall, 1975 ; Wetzel,
1976) . This situation in Lake Kinneret may be due to limi-
tation of the bacterial populations by intense zooplank-
ton grazing or to low phosphorus availability .

5 . Respiration, expressed as the percentage of total glu-
cose uptake released as C02, ranged from 25 to 61% . Al-
though the highest values were observed during the
summer months, respiration rates appeared to be af-
fected not only directly by temperature but also by the
composition of the indigenous microbial population .

6. Heterotrophic glucose carbon uptake in the tropho-
genic zone was about 9% of the daily photosynthetic
carbon fixation and could provide a bacterial yield of
about 7 x 10 ° cells ml - 'd - ' .
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