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MQNQBEMENT PERSPECTIVES 

The estimation of "growth" of planktonic communities has 
been complicated by an inability to separate growth of bacteria 
which use organic substrates from algae that fix carbon dioxide 
for growth. Quantification of carbon recycling via algal 
respiration and excretion also remains elusive. These problems 
were avoided by measuring protein production. Furthermore, the 
subcellular composition of other newly formed biopolymers 
(carbohydrate and lipid) was estimated. These methods provided 
doubling times for the plankton population of 1G to BE days 

’ instead of the 3-5 days from previous methods. This information 
makes the modelling of transport rates of nutrients much 
different. Recyling through zooplankton grazing is in balance 
with growth. Such food chain studies are a prerequisite for 
contaminant process studies. Rs part of the present study, 
pathways for sulfate metabolism in a lake ecosystem are also 
described.
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PERSPECTIVE—GESTION 

I1 est difficile d'estimer la croissance des communautés planctoniques dans la 

mesure ofi on ne parvient pas A distinguer la croissance des bactéries qui se 

nourrissent de substrats organiques de celle des algues qui métabolisent le 

bioxyde de carbone. Les efforts visant a quantifier 1e recyclage du carbone 

par suite de la respiration et de 1'excrétion des algues n'ont donné que des 

résultats imprécis. Nous avons contourné ces difficultés en mesurant la 

production de protéines. Nous avons en outre estimé la constitution 

infracellulaire d'autres polyméres vivants nouvellement formés (glucides et 

lipides). Nos méthodes ont révélé un temps de doublement de 10 Q 20 jours par 

opposition A celui de 3 5 S jours avancé antérieurement. Cette information 

entraine d'importantes répercussions sur la modélisation des taux de transport 

des substances nutritives. Le zooplancton phytophage compense 1a croissance / 

de la fraction végétale et maintient une situation d'équi1ibre par sa fonction 

de recyclages Les études de ce genre sur les chaines alimentaires sont 

absolument indispensables pour ouvrir la voie aux études sur 1e cheminement 

des contaminants. Dans la cadre de cette meme étude, on définit également le 

cheminement du métabolisme des sulfates dans un écosystéme lacustre.
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Cuhel, R. L., and D. R. S. Lean. 1987. Protein synthesis by lake 
plankton measured using in situ carbon dioxide and sulfate 
assimilation. Can. J. Fish. Aquat. Sci. 44: 000-000. 

Sequential 4-6 h in situ measurements of carbon dioxide and 
sulfate uptake showed mid-day deepening of the depth of Pmax and 
photoinhibition of upper water column samples. Analysis of 
subcellular fractions accentuated total uptake measurements, with 
net protein synthesis providing a direct measure of growth. The 
percentage of carbon assimilated into protein.was smallest at the 
depth of maximum photosynthesis and increased with light 
limitation. Summed incubations agreed well with al l-day 
deployments for total carbon fixation and protein synthesis. 
Assimilation numbers were consistently low (<2.5 g C g Chl 3'1 h“ 
1) with integrated (0-20 m) areal production of 616-1467 mg C m’ 
2 and 7.5-32.4 mg S m'2 during the light day. Non-reductive 
sulfate assimilation (predominantly ester-S04“) accounted for up 
to 40% of the total sulfate uptake when diatoms predominated. 
Protein synthesis measured with 35$ (200-1000 mg protein m"'2 

during the light day) increased 57-89% overnight. Hourly rates 
were similar during light and scotophase incubations. Night 
metabolism substantially altered the biochemical composition 
(e.g. protein, lipid, and carbohydrate) of the plankton with 
respect to newly-incorporated carbon. Combined plant-specific 
H14CO3" and general microbial 358042“ techniques suggested algal 
dominance in the mixed layer.



Cuhel, R.L. and D.R.S., Lean. 1987. Mesure de la synthese de protéines par 1e 
plancton A partir de l'assimi1ation de bioxyde de carbone et de sulfate in 
situ. Journal canadien de sciences halieutiques et aquatiques. 44:000—0000. 

Des mesures séquentielles in situ toutes les 4 8 6 heures de la teneur 
en bioxyde de carbone et en sulfate ont révélé que le niveau de photosynthese 
maximale se situait 5 une profondeur plus grande au milieu de la journée et ' 

que la lumiére avait un effet inhibiteur dans les échantillons de la portion 
supérieure de la colonne d'eau. L'analyse des fractions infracellulaires a 
permis de mettre en evidence les mesures de l'assimilation totale; nous nous 
sommes fondés sur la synthése protéique nette pour mesurer la croissance 
directement. La proportion de carbone qui est asssimilé pour la synthese de 
protéines atteint son point 1e plus faible A la profondeur correspondant A la 
photosynthése maximale et augmente au fur et 3 mesure que la lumiere 
pénétrante décroit. La somation des incubations concorde bien avec les 
les incubations se prolongeant toute la journee pour ce qui est de la fixation 
totale de carbone et la synthese de protéines._ Les mesures de 1'assimilation 
tendent uniforméent B la baisse ( 2,5g C Chl a'1 h“1) tandis que les 
productions par unité de surface intégrées (de 0 A 20 m) s'échelonnent 
respectivement de 616 A 1 647mg C m“2 et de 7,5 A 32,4mg S m‘2 au cours de la 
partie diurne de la journée. L'assimilation non—réductive de sulfate . 

(principalement sous forme d'ester-S04‘) représente plus de 40 p. 100 de 
l'assimilation totale lorsque les diatomées prédominent. La synthese 
protéique mesurée A 1'aide du 35S (200—1 000mg protéine m'2 au cours de la 
cours de la partie diurne de la journée) augmente de 57 5 89 p. 100 pendant la 
partie nocturne de la journée. Les taux horaires demeurent semblables pendant 
les périodes d'incubation illuminées et obscures. Le métabolisme nocturne 
transforme considérablement la constitution chimique do plancton (c'est—5—dire 
les protéines, lipides et glucides) pour ce qui est du carbone nouvellement 
incorporé. L'emploi de techniques de mesure du H14C03" propres au 
phytoplancton et des techniques microbiennes générales fondées sur le 353042“ 
semble indiquer que les algues dominant dans la couche mixte.
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The biochemical composition of newly-formed particulate 
material resulting from phytoplankton growth is modulated by 
light, temperature, species composition, and the nutritional 
state of the plankton. Recently developed methods for measurement 
of macromolecular synthesis by phytoplankton permit analysis of 
specific end products of carbon fixation (eng. protein, 

carbohydrate, and lipid) and may.provide a means of identifying 
nutrient deficiency in phytoplankton by accumulation of carbon 
in carbohydrate and lipid storage products beyond daily growth 
requirements ,(Antia et al. 1963; Antoine and Tepper 1969; 
Strickland et al. 1969; Hobson and Pariser 1971; Konopka and 
Schnur 1981). The relative content of protein, lipid, and 
carbohydrate in phytoplankton may also affect the value of 
microplankton as a food source for herbivores (Scott 1980). 

Sulfate incorporation into protein provides a 

quantitative measurement of net protein synthesis by 
microplankton (Bates 1981: Cuhel et al. 1982). In combination 
with carbon assimilation studies it enables detection of biomass 
turnover in circumstances when algal growth is slow or absent 
(Cuhel et al. 1984). Since sulfate is taken up as needed, the 
method can be used to demonstrate net protein synthesis by 
microplankton at night, a phenomenon which is closely linked to 
diel patterns of carbon metabolism. In addition, total sulfate 
uptake and the ratio of reductive to non-reductive sulfate
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assimilation (see below) gives useful information for 
construction of geochemical cycling models in aquatic systems. 

The combined measurements of sulfate uptake and sub- 
cellular incorporation patterns for both carbon and sulfur were 
applied to several specific problems or questions in lake 
productivity analysis: (1) investigation of effects of sampling 
time-of—day and in situ incubation time on productivity 
estimation; (2) determination of areal rates of reductive sulfate 
assimilation and protein synthesis, with comparison to 14¢- 
bicarbonate uptake and incorporation patterns; and (3) 

measurement of night protein synthesis by 35$-sulfate 
incorporation into protein and related night changes in carbon ’ metabolism following in situ incubation. Because in situ methods 
take into account small scale temperature gradients, light 
quality, and differences in phytoplankton species cmposition, 
abundance, and light adaptation with depth, they may provide more 
accurate estimates of production than obtained with artificial

_ 

light incubators. In most cases, in situ_studies were 
accompanied by time-course light intensity experiments (Cuhel and 
Lean 1987). 

Pathways of Sulfate Assimilation 

Sulfate transport is an energy-requiring process which 
concentrates sulfate against an external-internal concentration 

. gradient (Deane and O'Brien 1975: Jeanjean and Broda 1977; Cuhel
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et al. 1981). Once inside the cell, the relatively inert sulfate 
ion must be activated by ATP (Fig. 1); the activated sulfate (APS 
or PAPS) is subsequently available for reductive assimilation 
into cysteine, methionine, and sulfur-containing peptides (eqp 
glutathione) and protein (see Tsang and Sdfiff 1975M 
Alternatively, several important non-reductive pathways of sulfur 
assimilation have been described, including synthesis of the 
plant sulfolipid (Benson 1963) which is an obligate requirement 
for photosynthetic electron transport and hence a cmponent of I 

all photosynthetic membrane structures (Memmzet al. 1976; 
Sinen§q'1977). A second major sulfur-containing product is 

acidic sulfate esters of polysaccharides, common among diatoms, 
red, and brown algae (Ramus 1974; Percival et al. 1980). Both 
sulfolipid and ester sulfate synthesis are carried out by algae 
to the greatest extent, although some bacterially-derived sulfate 
esters have been reported (Fitzgerald 1976). Finally, the ' 

involvement of S—adenosyl methionine (SAM) in methylation 
reactions is shown in Figure 1: although the sulfur atom Of 
methionine is not transformed in the methylations, there is a 

broad range of environmentally important products arising from 
SAM—catalyzed methylations which may be investigated through 
studies with radiolabeled methionines. 

The geochemical fate of biogenic sulfur in the water
_ 

column and in sediments depends on the degree to which the sulfur 
is reduced. Most biomass sulfur is fully reduced to the level of
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sulfide (S2') and can be either incorporated directly by 
decomposers after protein hydrolysis or released to the 
environment as H25 (from amino acid fermentation) or as volatile 
sulfur compounds (em; dimethyl sulfide) to the atmosphere. The 
latter process accounts for about 35 Tg S per year in-the global 
atmospheric sulfur cycle (Andreas and Raemdonck 1983). The 
oxidized forms mentioned above are more refractory to degradation 
and probably become involved in sedimentary processes. By virtue 
of its hydrolysis-resistant C-S bond, the plant sulfolipid may 
persist in sediments and provide a marker for phytoplankton 
sedimentation. More quantitatively significant is the ester 
sulfate of acidic polysaccharides (Nriagu and soon 1985): its 
labile -c-0-303' linkage is susceptible to arylsulfatase- 
catalyzed hydrolysis in sediments (Nriagu-and Soon 1984); 
combined with its high proportion of total sulfur fixation in 
some circumstances can result in substantial inputs of inorganic 
sulfate required for sedimentary sulfate reduction. We have 
therefore considered sulfate assimilation in the context of both 
total and reductive (i.e. excluding sulfate esters and 
sulfolipids) forms. Whole cell sulfate uptake measurements (cf. 

Jassby 1975; Campbell and Baker 1978; Monheimer 1978b) do not 
differentiate between reductive and non-reductive assimilation, 
but the distinction may be of value in models of biogenic reduced 
sulfur inputs for acid rain and related considerations.
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MATERIALS AND METHODS, _ 

water samples were collected from the CSS LIMNOS in 5—liter 
Niskin bottles deployed on a rosette sampler with temperature 
sensor. The samples, collected from fixed depths, were drawn into 
steam-cleaned 3E0 mL BOD bottles and spiked with either 14¢- 
bi¢arbOnate (2 GBq mol'1; 20 DPM ngC°1 final specific activity) 
or 35$-sulfate (carrier-free; 125 DPM ngS'1 final specific 
activity). The bottles were returned to the original depths on a 
mooring several hundred metres from the ship. For back-to—back 
incubations, three moorings were deployed, with one reserved for 
an all-day incubation. Short-term experiments were sequentially 
deployed and removed from the remaining two moorings. Sub-surface 
light intensity was determined with a submersible LiCor quantum 
sensor near local noon, and total daily light flux was calculated 
from pyroheliometer data. - 

In general, preincubation manipulations were carried out 
in subdued light before dawn. Unless specified otherwise, "14C“ 

and "358" refer to filter-retainable radioactivity derived from 
labelled sodium bicarbonate and sodium sulfate, respectively. 

At the end of each incubation, 14¢ and 35$-labeled 
samples were filtered through Whatman GP/F filters using the 
punch funnel described in Cuhel et al. (1981) to reduce isotope 
adsorption. The filters were then frozen (-20 C) for subsequent 
laboratory processing. The subcellular fractionation procedure
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used to separate low molecular weight (LMW), alcohol—soluble 
protein, lipids, hot trichloroacetic acid (HTCA)-soluble material 
and residue protein is described in Cuh-:1 et al. (1984). 

The long turnover time for sulfate (>15 years) requires 
the use of high radioisotope activities. However, the -subcellular 
fractionation procedure isolates contaminating, unfixed sulfate 
in the LMW fraction and it is easily removed by barium 
precipitation. For this reason low blanks in the other fractions 
can be routinely obtained without the rigorous isotope 
preparation employed by Bates (1981). ' 

Radioisotopes were obtained fro New England Nuclear 
Corp. and Amersham Searle. Filters for whole cell uptake and 
aliquots of derived fractions were counted in PCS (Amersham 
Searle) by liquid scintillation on a Searle Mark III using the 
external starndards method of quench correction. All data for 
14¢-bicarbonate uptake were corrected for isotope discrimination 
using the factor of 1.66 recommended by steemann Nielsen (1952). 
Incorporation of 35$-sulfate into biomass occurs without isotope 
discrimination (McCready et al. 1975). 

Synoptic analyses of dissolved nutrients and particulate 
carbon, nitrogen, phosphorus, and chlorophyll 5 were provided by 
the water Quality Laboratory, CCIW. 

Composition of the subcellular fractions 

This studyrelies on a subcellular fractionation procedure
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which separates classes of molecules based on their sequential 
solubilization by a variety of relatively specific solvents under 
appropriate extraction conditions (Roberts et al. 1963). Because 
it is critical to understand possible ambiguities arising from 
the actual composition of particular intracellular fractions, an 
overview of the types of labelled mlecules expected in each 
fraction is given below: 

1) Low Molecular Weight (LMW): The cold trichloroacetic acid 
(TCA) soluble fraction contains a wide variety of metabolic 
intermediates and all the inorganic ions. Sugars and sugar 
phosphates, amino acids and peptides, nucleotides, vitamins and 
co-enzymes are found in this fraction. Precipitation of inorganic 
sulfate with barium leaves in solution the “LMW organic-S“ 
coponent of 35$-labelled samples. The loss of cysteine or 
methionine is negligible. 

2) Alcohol Soluble Protein (EtOH): Samples labelled with 35$ 
can contain a significant amount of label in the alcohol-soluble, 
ether-insoluble portion of the lipid extract. The aqueous phase 
of the partitioned extract contains proteins with amino acid 
compositions similar to that of the residue protein (Roberts et 
al. 1963) and probably consists of more hydrophobic membrane 
proteins such as permeases and electron transport system 
proteins. The proportion of 14¢ incorporated into this fraction 
is triVia1 (<1%) $0 fOr 14¢ it is not separated and is therefore 
included in the lipid fraction.
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3) Lipid: This contains ether-soluble membrane lipids, 
neutral fats, and sterols. Sulfolipid, an integral part of 
photosystem II, found only in photosynthetic organisms, is 

contained in this fraction. 

4) Hot TCA-Soluble (HTCA): Mono- and oligosaccharides from 
the hot acid hydrolysis of polymeric carbohydrates, mono- and 
oligonucleotides from hydrolysis of ribonucleic acids (RNA) and

I 

deoxyribonucleic acids (DNA) are the primary constituents of the 
HTCA material, Hydrolyzed bacterial cell walls (hexosamines) and 
a small amount of protein can also appear in this fraction. In 
35$-labelled samples the hydrolysis of sulfated polysaccharides 
releases inorganic sulfate which can be precipitated with barium, 
subdividing HTCA into "Ester-SO4'" and “HTCA Organic-S"

A 

components. 

5) Protein: The final residue contains the bulk of cellular 
protein, but cellulose is also resistant to the above treatments 

' and is included in this fraction. Although cellulosic cell walls 
are not common in algae, they can occur in some species of the 
Chlorophyceae, Chrysophyceae, Dinophyceae, Prasinophyceae, 
Rhodophyceae, and Xanthophyceae (Sournia 1981). 

While replicate samples generally agree very well (c.f. 

Cuhel et al. 1984) instances of mismeasurement, filter 
inefficiency, etc. do occur. We emphasize the fact that within an 
experimental treatment subcellular distribution, as percent of 
total fixed label in specific fractions, is independent of the
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total amount of isotope retained on the filter. The precision of 
subcellular distribution is in fact better than that of total 
uptake, which allows resolution of smaller differences among 
samples and can help identify aberrant whole cell uptake data- 
Al l data reported herein for total uptake are the sum of the 
derived fractions. Unprocessed filters labelled with 14¢ were 
regularly counted to verify recovery. We can assume a similar 
recovery for 35$ in the replicate samples since the fractionation 
procedure was essentially identical. 

RESULTS 

Diurnal cycles of photosynthetic capacity (Jorgenamm 1966; 
Prezelin et al. 1977) and incorporation of carbon into ** 

macromolecules (Morris and Shea 1978; Cuhel et al.. 1984) are well 
documented. The rhythms may result from mixing in the water 
column and exposure to variable light fields (Marra l978a,b); 
hence, all-day in situ incubations which retain the sample at a 
fixed depth for prolonged periods may introduce artifacts in 
total production measurement. Since it is not always practical to 
make repeated in situ deployments during the day, on several 
occasions we compared total uptake and subcellular incorporation 
patterns of 14¢-bicarbonate from three sequential in situ 
incubations to results from samples incubated all day. Physical 
and standing crop measurements of the stations are summarized in 
Table 1.
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The first example is from inshore station 401 on 8 June 
1982 when the water column was weakly stratified under thermal 
bar conditions (Simons and Scher-tzer 1987). Subsurface maxima 
for total carbon fixation and incorporation into protein and 
lipid were evident during each incubation period (Fig. 2). 

Photoinhibition of 14C—bicarbonate uptake was most pronounced in 
mid-day samples at 1 and 2.5 m. The %Cprot, an indicator of 
photoinhibition in light intensity experiments (Cuhel and Lean 
1987), displayed the most marked increase at the-surface in the 
late afternoon incubation. At this time, although the magnitude 
of the subsurface maximum was less pronounced, the hourly rate of 
photosynthesis was reduced at all depths to values similar to 
early morning incubations. Incorporation of CO2-C into protein 
was much more uniform with depth and time of day than was total 
carbon fixation or incorporation into lipids. 

The all day incubation yielded lower values for C02 
uptake and incorporation than the sum of the sequential 
incubations, though the differences were generally < 25%. 
Discrepancies were greatest below 5 m, but there was very little 
difference in the %C among fractions, shown for %Cprot in Figure 
2. 

Net protein synthesis was measured using 35$-sulfate for 
the all day incubation. Vertical profiles for total uptake and 
subcellular distribution of C02—C and S04-S (Fig. 3) were 
similar in the depth of the principal subsurface maximum for
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total uptake and the shape of the protein production profile. 
Total lightzdark uptake ratios for sulfate increased from the 
surface to a maxflnum at the productivity maximum. At 10 m and 
below the ratio was about half that at Pmax. Below 45 m microbial 
growth was essentially undetectable by these techniques. 

Ester sulfate dominated the subcellular distribution of 
sulfur, comprising up to 40% of the total fixed sulfur. Ester—S 
was far more significant in the upper water column: both %Sester 
and total ester decreased rapidly with depth (Table 2). The ' 

light:dark ratio of ester sulfate synthesis was also depth 
dependent. Sulfur incorporation into protein was a relatively 
constant proportion of total sulfur metabolism in the upper 12.5 
m, below which it increased. Samples from deeper in the water 
column had increasing proportional incorporation of sulfate into 
protein in the dark (Table 2). ‘ 

Whole cell and protein C:S ratios were similar, 
increasing from SQ at 1 m to almost 90 at 10 m (Fig. 3). Below' 
this depth both decreased rapidly. The difference between total- 
Cztotal-S (whole cell) and total C:reduced-S emphasized the large 
contribution of ester sulfate to total sulfur uptake, especially 
in the upper 16 m. The total-Czreduced-S ratio is more 
appropriate to physiological interpretation because ester-S04“ is 
generally associated with extracellular polysaccharides, hence 
total-Czreduced-S will be used for the remainder of this paper. 

The in situ experiment decribed above took place during
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stratification at the inshore station. The physical instability 

may have resulted in sampling of different plankton populations 
at each depth throughout the day. For accurate comparison of 
sequential and all day incubations it is necessary that similar 
populations are repetitively sampled at each depth. The following 
examples were obtained at stations with well defined thermoclines 
which restricted mixing to the epilimnion. 

.A three part back-to-back in situ deployment at the south 
shore station (465) on 1 July 1982 represented-conditions of 
strong stratification and high chlorophyll 3 concentration (Table 
1). Subsurface maxima for total carbon fixation and its 
assimilation into lipid and protein occurred only during the mid- 

day incubation (Fig. 4), and there was only slight evidence of 
photoinhibition based on %Cprot, despite nearly 18GB uEinst. m'2 
s'1 of incident solar radiation at noon. Photosynthesis fell off 

rapidly below the level of Pmax (depth of 1%_light penetration, 
10.9 m) accmpanied by increased proportional incorporation of 
carbon into protein indicative of light'limitation. In contrast 
to the previous example, the agreement of summed sequential 
incubations with the all day deployment was excellent for total 
photosynthesis and subcellular carbon incorporation patterns. 

Depth profiles of total sulfate uptake and incorporation 
into protein and ester components differed from those for carbon 
only in the morning incubation (Fig. 5) when the rate of decrease 
with depth was not as steep and the depth of maximum protein
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synthesis was slightly deeper for sulfur. In all other respects 
the two measurements provided very similar results. Protein-S 
from the all day deployment agreed well with the sum of the 
sequential experiments, and the lower all day total sulfur was 
attributable to lower ester sulfate labelling. As for the 
previous example, ester sulfate was much less significant deeper 
in the water column and the proportion of sulfur incorporated 
into protein increased with depth in all cases (Fig. 5). Both 
protein C:S and total-C:reduced—S-were lower than the June 
experiment and generally resembled the depth profile for 
photosynthesis.

_ 

Depth profiles of the lightzdark sulfate uptake ratio 
displayed sub—surface maxima at the depth of Pmax in all cases 
(Table 3). Light stimulation of sulfate uptake.increased markedly 
with incubation time, such that ratios frm all day incubations 
were generally 2-3 times the average for part day samples. 
Quantitatively, summed dark sulfate uptake was about 3 times 
greater than the all day rate, possibly reflecting enhanced algal 
dark uptake after previous light exposure. The midday dark uptake 
rates were almost twice those from the early morning sampling 
which had no prior light exposure. However, hourly dark sulfate 
uptake decreased to morning values in the late afternoon 
deployment. Light:dark ratios for %Sester were >1 and for %SProt 
<1 only during the morning incubation (Table 2). These features 
were completely eliminated in later incubations but were again
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apparent in all day samples. 
All day incubations may also yield systematically greater 

daily photosynthesis relative to summed part-day deployments, as 
shown for station 403 on 26 August. Although temperature was 
uniform in the UPPer 10 m (Table 1), there was a surface maximum 

in chlorophyll 5. In turn, subsurface maxima in total carbon 
dioxide fixation occurred throughout the day, with an extremely 
steep gradient during the mid-day'incubation (Fig. 6). The 

pronounced mid-day depression of surface photosynthesis was 
accompanied by the only instance of a subsurface minimum in the 

%CProt(Fig.6).
i 

As in the previous examples (Figs. 2 and 4), the amount 

of carbon fixed into protein was very similar between all day and 
sum-of—parts incubations, with even smaller differences than for 
total carbon uptake (Fig. 6, bottom panel). Only the 1 m all day 
incubation had lower protein-C as well as much lower total 
production. The small differences in protein carbon relative to 
total carbon fixation tended to accentuate a subsurface minimu 
in %CPr°t for the all day incubation. The isothermal composition 
of the upper 10 m combined with winds increasing to 20 knots on 
that day may have promoted sufficient mixing to prevent in situ 
photoinhibition at the surface (Putt et al. 1987 and hence enable 
greater photosynthesis in the 1 m afternoon sample. 

Both total uptake and subcellular distribution of sulfur 
during the all day incubation were well correlated with those for
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carbon (Fig. 7L The extent of surface depression in uptake was 
less pronounced for sulfur, resulting in a large increase in the 
cellular C:S ratios between 2.5 and 7.5 m. A slight increase in 

the light:dark sulfate uptake ratio was also found in this 
region. A similar, though muted trend was found for protein C:S 
ratios. The proportion of sulfur incorporated into protein 
increased below the depths of high productivity to slightly 
greater than 50% of the total sulfur assimilated in the deepest . 

sample. 

The three experiments described above demonstrate a very 
strong influence of time-of-day on the depth distribution and 
magnitude of photosynthesis measured by in situ techniques. 
Protein synthesis, measured by 14¢ incorporation into protein, 
was much more uniform with depth than total carbon fixation, and 
this was supported by sulfur incorporation into protein in 
parallel incubations at station 405 (1 July 1982; Fig. 5). The 
smaller decrease in protein synthesis relative to total carbon 
fixation at photoinhibiting.irradiance, documented during light 
intensity experiments (Cuhel and Lean 1987), was demonstrated for 

mid—day incubations during all three experiments. 

Night metabolism and protein synthesis in situ: 

Loss of previously fixed carbon during night respiration of 
algae is often a significant component of the total daily 
particulate organic carbon budget. A portion of the energy thus
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produced can be used_for algal protein synthesis, leading to net 

assimilation of sulfate-S into protein accompanied by loss of 

carbon from energy storage reservoirs hug. LMW metabolites, 
polymeric carbohydrates, neutral lipids, etcJ. Previously 
reported measurements from incubations in a light gradient 

implicated light history as a dominant factor controlling the 

extent of night metabolism (Morris 1981; Cuhel et al. 1984; Cuhel 

and Lean 1987). Overnight incubations during in situ productivity 
measurements provided corroborative data and reaffirmed the 

potential significance of night metabolism to nutrient flux and 

phytoplankton chemical composition. The following example, from 

the 26 August deployment at the central lake station, 
demonstrates several important processes associated with night 

algal growth. 
All day incorporation vs. depth profiles for H14CO3' and 

355042‘ (Fig. 7) included very strong subsurface assimilation 
maxima for both tracers, and this feature was also evident in the 
night component of C and S metabolism. At 5 m, the depth of 
daytime Pmax, total 14¢ decreased by nearly 25% (Fig. 8). 

Respiration and redistribution of 14C—labeled organic material 
reduced the polymeric carbohydrate (HTCA) and to a lesser extent 

LMW metabolite pools, but very little change in lipid-14¢ was 
noted. Protein was the only fraction to increase in 14¢ activity 
overnight. Net synthesis was confirmed by parallel incorporation 
of 35$-sulfate into protein, although sulfate was assimilated
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into cell coponents in proportions similar to daytime growth. 
No net loss of sulfur was observed during night incubation, and 

the sub-surface peak of activity was much less pronounced than 
for carbon. ' 

Night metabolism of in situ incubated plankton was far 
from trivial in Lake Ontario experiments. For the three 
experiments containing overnight components one third to one half 
of the total daily protein synthesis occurred at night, based on 
the assimilation of sulfur into the protein fraction (Table 4). 
The somewhat lower proportional increases of protein carbon 
reflect the varying specific activity of the newly-incorporated 
14C in the different macromolecular fractions contributing to 
night protein synthesis. In general 1 mg protein-14¢ was 
incorporated at night for every 2-4 mg total 14¢ respired or 
otherwise lost from the particulate matter (excretion was not 
measured). We stress the terms mg 112: since the transformation 
of carbon among fractions and the environment occurs with a wide 
range of specific activities and hence need not reflect actual 
weight values for total particulate carbon. In contrast, 35$ is 
incorporated from exogenous supplies as needed and, with its 
small precursor pools, provides quantitative rates during both 
day and night incubations. 

DISCUSSION 

Though 1ong—term deployments for in situ carbon assimilation
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‘D often result in lowered daily estimates of photosynthesis 

(Vollenweider and Nauwerek 1961; and others as reviewed in Harris 
1978), from the results of the three detailed in situ 
experiments, it can be concluded that in Lake Ontario, all day in 
situ deployments could be used as quantitative measurements of in 
situ primary productivity. Each represented a specific situation, 
i.e. thermal bar development, stratification during maximum 
phosphorus deficiency, and season's-end destratification. Total 
uptake and subcellular assimilation patterns of 14¢-carbon 
dioxide were remarkably similar between all day incubations and 
the sum of sequential deployments: considering the possible 
differences incurred in repetitive sampling of natural 

‘D populations the <25% "error" between the methods may be 
considered negligible. There was also similar agreement for 35$- 

sulfate in the example provided. 
_

~ 

Within the particular experiments, however, there 
appeared several consistent features bearing on the primary 
productivity of the water masses themselves. The first of these 
involves photoinhibition of primary production by surface 
populations. It has been emphasized that retaining samples in 
bottles near the surface prevents turbulent mixing through the 
water column experienced by unrestrained populations (cf. Marra 

1978b). While this may well affect many measurements, cases may 
occur in which the mixed layer is sufficienntly shallow that 
photoinhibiting irradiance exists throughout the mixed layer.
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Such an example may be found in the 8 June experiments (Fig. 2). 

The apparent depression of photosynthesis in surface samples 
during midday and afternoon incubations coincides with the only 
occassion in which an independent measure of photoinhibition, 
DCMU-enhanced fluorescence, also indicated in situ 
photoinhibition (Putt et al. 1987). In our other experiments, in 

situ photoinhibition may not have occurred: to assess the 
magnitude of error introduced by'the in situ incubation we have 
calculated the integrated daily production with and without 
photoinhibition (i.e. assuming the chlorophyll,3-specific rate at 
the depth of Pmax was maintained to the surface, Table 5). In 

fact the greatest potential error was found on the day when DCMU- 
enhanced fluorescence suggested the occurrence of in situ

g 

photoinhibition. Overall, however, error due to this factor was 
much less than 15% for full day productivity estimation., 

Vertical heterogeneity in the composition of the plankton 
population was well demonstrated in the 8 June experiment at 
station 461. Because long-shore current velocities were highly 
variable (Simons and Schertzer 1.987), sequential sampling points 
at a given depth did not necessarily contain similar populations. 
Vertical gradients in production characteristics were also 
encountered and were expressed most clearly in the subcellular 
distribution of incorporated tracers. While deeper samples were 
exposed to lower light fluxes, the variability in % ester sulfate 
(Table 2) with depth was much greater than could be attributed to



light intensity effects alone, based on an incubator experiment 
at the same station the next day» In fact, very little light 
effect was demonstrated for the proportion of sulfur entering 
this product in the homogeneous population of the light intensity 
experiment, as found for the 1 m in situ sample.

_ 

_The magnitude of increase in the proportion of protein-S 
with depth (Table 2) was also much greater than the weak effects 
of light intensity alone (Cuhel and Lean 1987). The proportion of 
sulfur in bacterial protein is considerably larger (usually >7fl%) 
than for algae (Cuhel et al. 1984): the maximum of 63% at 20 m is 
reminiscent of typical bacterial sulfur distribution (Cuhel et 
al. 1982) suggesting increased heterotrophic activity relative to 
phytoplankton in the deepest samples. Further evidence for 
bacterial activity was found in comparison of the subcellular 
distribution of sulfur in light and dark-incubated_samples. Algal 
protein turnover in the absence of net synthesis results in 14¢ 

incorporation~into protein but not of 35$ (Cuhel et al. 1984). 

Hence the unusually high protein C:S ratios in the upper water 
column may be indicative of substantial algal protein turnover, 
but this conclusion remains tentative. Further work is necessary 
to clarify the meaning of the C:S ratio when applied to mixed 
microbial populations. 

During the 1982 Lake Ontario Nutrient Assessment Study 
(LONAS), 6 all day in situ measurements of carbon and sulfur 
metabolism were conducted, three at inshore stations (401 and
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4fl5) and three at the central lake station (403). Depth profiles 
for temperature, chlorophyll 3, assimilation number, and the % C 

or S incorporated into protein are shown in Figs. 9 and 10 

(inshore and central lake stations, respectively). Maximum 
assimilation numbers (g C g Chl 3'1 h'1) were 1.1-1.5 (inshore) 

and 0.9-2.2 (offshore), significantly lower than the 1.1-4.5 and 

1.6-5.7 reported by Glooschenko et al. (1974) and Stadelmann et 
al. (1974) for similar Lake Ontario stations during the 
International Field Year of the Great Lakes (IFYGL). In 

most cases sub-surface maxima for assimilation number coincided 
with minima in % C incorporated into protein, but no relationship 
was found between assimilation number and % S in protein. This is 

consistent with the lack of light intensity effect on patterns of 
sulfur metabolism in general (Cuhel and Lean 1987). 

Even though photosynthetic efficiency and soluble 
reactive phosphorus (Stevens et al. 1987) were markedly lower in 
the lake, June-September integrated areal production estimates 
(0.6-1.5 g C m'2gday'1) were in good agreement with those of 
Stadelmann et al. (1974; 5.3-1.9 g C- In-2 day'1). 

Integrated carbon fixation = sulfate reduction ratios 
averaged 99 by weight, a value similar to the composition of 
microorganisms in general (Jordan and Peterson 1978; Culel et al. 

1984; Cuhel and Waterbury 1984) but not necessarily to short- 
term uptake (Monhfimer 1978a). Non-reductive sulfate assimilation 
processes, particularly ester sulfate formation, were often more
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than 30% of total sulfur assimilation, and can contribute 
significantly to sediment sulfur cycles as electron sinks for the 
oxidation of organic matter. In fact our estimates of sulfate 
ester formation (Table 4), 2-12mg S m'2 d'1, are consistent with 
observed rates of reduction of organic sulfate esters in lake 
sediments (ca. 8 ng S m'2 d'1) reported by Smith and Klug (1981). 

Night metabolism of algae can include biosynthesis of 
protein and nucleic acids at rates equal to daytime growth (cf. 

Cuhel et al. 1984). For photosynthetic organisms this capability 
has substantial physiological significance as it represents 
complete uncoupling between carbon and energy accumulation and 
utilization. The temptation to consider relative night growth of 
algae as an index of nutrient deficiency (Lancelot and Mathot 
1985) must be yielded to cautiously, however. Since daylength 
varies considerably in higher latitudes, relative amounts of 
products must be interpreted in terms of their respective rates, 
otherwise night metabolism will appear inconsequential when 
nights are short. More difficult considerations include isotopic 
equilibration artifacts, discussed below and in Cuhel and Lean 
(1987), as well as the non-ubiquity of night protein synthesis 
capability among algae. 

Two consequences of night synthesis are a net increase in 
certain biochemical constituents, eng. protein, and a continued 
demand for nutrients. The energy used for night synthesis is 
derived from carbohydrates, generally requiring degradation of
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polymeric carbohydrates stored during daylight hours. Therefore, 
elemental ratios such as C:N and C:S and cell composition ratios 
such as protein:carbohydrate and protein:lipid may systematically 
change throughout the night. Combined 14C-bicarbonate and 35$- 

sulfate assimilation studies carried out overnight can describe 
night synthesis unambiguously. 

Several of the in situ experiments included an overnight 
component for which the data of 26 August, Station 403, will 
serve as an example (Fig. 8). The flow of carbon was primarily 
into protein from carbohydrates, with all activity mediated by 
the LMW fraction (through which polymeric carbohydrate 
degradation products are transformed). The energetic costs of 
night protein synthesis include at least S ATP for each peptide 
bond formed plus 17-18 ATP for each reductively assimilated S04 
molecule (one every 36 amino acids) in addition to the 
transformation of carbon skeletons, transamination reactions, 
etc. These costs are met through oxidative metabolism of 
carbohydrates. Thus one carbon unit is incorporated into protein 
for every 3-5 units removed from the (LMW + polymeric) 
carbohydrates: the flow of carbon into protein was accopanied by 
a similar assimilation of exogenous sulfate into protein. one 
result of these activities is a dramatic alteration in the ratios 
of 14¢-biopolymers to one another (Fig. ll). While incorporation 
patterns from all day incubation yielded quite variable ratios 
with dominance of carbohydrates in evidence, overnight incubation
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and associated night growth returned the relative abundance of 
the major biopolymers to near unity in the upper water column 
(lower panel). Such uniform relative abundance has been suggested 
to be optimal food quality for some herbivores (cf. Scott 1980). 

In order for the observed redistribution of carbon to 
actually have a noticeable effect on the food quality of plankton 
requires that the bulk coposition of the plankton change in kind 
overnight. That is, the composition of the total particulate 
carbon must be altered appreciably. It is not sufficient that the 
recently-assimilated, hence 14C—labelled component of the 
particulate material undergo these changes if it accounts for a 

small fraction of the total particulate carbon. We have therefore 
considered the approximate doubling time of the plankton 
population with respect to total particulate carbon and the 
protein cmponent specificallyu Using integrated production 
values from Table 4 and integrated POC and particulate protein 
(Hkk 1987) we estimated the days required to double either the 
POC or protein stocks using either light day or 24 hour 
production measurements (considering each as a "day" for 
calculation purposes; Table 6). The significance of night 
metabolism is accentuated in these calculations: since protein 
synthesis at night is energized by oxidative carbon metabolism, 
full 24 hour growth measurements indicate faster protein-specific 
and slower carbon-specific growth rates than the light day 
estimates. Three stations with 24 hour measurements had average
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POC and protein increases of 9.7 and 6.5% day"1 using light day 
data but 8.2 and 10.6% based on 24 hour incubations. In light of 
these findings, the diel vertical migration of herbivores (Taylor 
et al. 1987), may be related to food quality but other factors 
may be involved in Lake Ontario where the growth rate of the 
particulate material was too slow for a single day's night 
metabolism to significantly alter the biochemical community 
structure. 

_

- 
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Tab1e.i. Vertical profiles of temperature, chlorephyll 5, particulate carbon ana 
nitrogen, and dissolved nitrate plus nitrite and soluble reactive phospherna. ‘ 

Data are for near-dawn samples.
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, Table 2. Protein and eater sulfate coaponenta of light and dark all day in sitn 
‘D incubation: at station 401 on 8 June 1982, with incubator data using 5 n water 

at station 401 on 9 Jnna~i982 for comparison. B/A, not applicable. 
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Table Protein and ester sulfate coaponenta of light and dark all day in azltu 
incubation: at station 403 on 26 August 1982, with incubator data using 5 Q 
water at station 408 on -25 August 1982 tor comparison. The depth of 18 I, no 
10.8 a and rece1ved"71.9 ;LE1ll8‘B.'B'2‘8'l at nidday. E/A, not applicable. 
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Table I.1ght day, sight, and 24 hour integrated particulate production for ' atat1one' with overnight in site deployments. Eight values are the difference 
between light day and 24.11011: meaeuteaeats. 
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Table All day in sito production integrated 0-80 a with (-9) and without <-> 
photoinhibition (P1). Integrations without photoinhihitioa assume uniiora 
chlorophyll grapeciiic photosynthesis iron the depth oi IQ, to the surface. lo 
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10 June 
STI. 403 

+ 552.0 
- 585.4 

Z DIP? 2.3 

1 July + 1467.2 
BTI. 405 — 1673.0 

8 DIP? 7.2 

22 Bept. 0 800.0 
STU. 403 = 

_ 

012.0 
8 DIP? 2.5 

AYE. DIFFERERGE 0.0 

010.2 110.3 
124.1 
0.7 

40.4 
43.0 
0.4 

299.1 
. 309.3 

3.4 

130.3 
141.1 
3.1 

4.9
1 

9.20 
10.23 
10.5 

I/A 
Ill 

32.38 
33.11 
2.3 

13.03 
13.12 
0.7 

4.5 

s .4: 
a.os 
10.9 

I/A 
If/A 

19.03 
19.50 
2.5 

311.13 
11.18 
0.4 

4.0 

1.99 
2.05 
3.0 

I/A 
I/A 

9.30 
10.05 
2.0 

2.13 
2.10 
1.4



£ 
Table 8. Euphotic some doubliilg tines for total particulate organic carbon and 
protein badcd on integrated light day or 26 hour in sitn aeaeuroaenta and 
integrated standing stocks oi P00 and protein. Protein data are iron Pick 
(1986). A protein coaposition of 52.62 O, 1.12 8 is used (Jokes et a1. 1975). 

DAYS T0 DOUBLE STANDING STOCK 
IHGJBATIOI 

DATE/STATION PERIOD POC(“0) PROTEIIUW) PROTEII(“8) 

29 June I-j'l' DAT 0'.2 
8'1‘! . 401 24 hour 10.4

4 

28 August LT DAY 10.8 
STI. 403 24 hour 13.6 

22 Sept. LT DAY 11.0 
811. 403 84 hour 13.1 

1.9.4 

13.0 

22.0 
15.5 

18.1 
14.0 

13.8 
7A 

21.1 
11.1 

24.7 
15.7



FIGURE LEGENDS
_ 

Fig. 1. Schematic pathways of sulfate assimilation in microorganisms. 

Fig. 2. Total carbon uptake and its incorporation into lipid and protein during 

back—to—back in situ incubations at station 401 on 8 June. The proportion of carbon 

incorporated into protein is shown in the right—hand panels. The bottom panels show the 
sum of the three incubations (closed symbols) compared to all day (0630-2126) in situ 

incubation (open symbols).
_ 

Fig. 8. Details of carbon dioxide and sulfate metabolism during all day in situ incubation 
at station 401 on 8 June. Pane] A: Carbon dioxide. Panel B; Sulfate; right-hand panel 
shows the light 2 dark suliate uptake ratio. Panel C: C:S uptake ratios and proportion 
of total incorporated into protein. 

Fig. 4. Total carbon uptake and its incorporation into lipid and protein during 
back-to-back in situ incubations at station 405 on 1 July. The proportion of carbon 
incorporated into protein is shown in the right-hand panels. The bottom panels show the 
sum of the three incubations (closed symbols) compared to all day (0000-2105) in situ 

incubation (open symbols). -



Fig. 5. Total uptake and incorporation of into protein and ester—SO4 during 
back-to-back in situ incubations at station 405 on 1 July. The proportion ‘ 

of sulfur 

incorporated into protein and C:S weight ratios for protein and total-C:reduced—S are 
shown in the right—hand panels. The bottom panels show the sum of the three 

incubations (closed symbols) compared to all day (0600-2105) in situ incubation (open 

symbols). 

Fig. 6. Total carbon uptake and its incorporation into lipid and protein during 

back-to—back in situ incubations at station 406 on 26 August. The proportion of carbon 
incorporated into protein is shown in the right—hand panels. The bottom panels show the 
sum of the three incubations (closed symbols) compared to all day (0655-2085) in situ 

incubation (open symbols). 
'

- 

Fig. 7. Details of carbon dioxide and sulfate metabolism during all day in situ incubation 
at station 405 on 26 August. Panel A: Carbon dioxide. Panel B: Sulfate; right-hand 

panel shows the light z dark sulfate uptake ratio. Panel C: C:S uptake ratios and 
proportion of total sulfur incorporated into protein.

4



§ 
is and/’F. 

Fig. 8. Night changm in total carbon and sulfur and their subcellular components for
I 

station 408 on 26 August. Natural photoperiod 13.6L:l0.5D. NOTE: amounts are 

calculated for the specific activity of the initial inorganic “C and hence underestimate 
fluxes out of macromolecular components. 

Fig. 9. Vertical profiles for temperature, chlorophyll g, assimilation number, and the % of 
total assimilated C or S in protein for all day in situ incnbations at inshore stations 

4 5' 
during LONAS, 1982. Daily integrated production is given in T8bl€8£::I andd‘. 

Fig. 10. Vertical profila for temperature, chlorophyll 5 assimilation number, and the % 
of total amimilated 0 or S in protein for all day in situ incubations at the central lake 
station during LONAS, 1982. Both temperature and chlorophyll g. were uniform with 
depth at 3 units on 10 June (upper panels). Daily integrated production is given in Tables 

Fig. 11. Ratios of major “C-biopolymers following all day and overnight in situ 

incubation at station 403 on 26 August.
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