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"If someone tells me that In making these conclusions I have gone beyond 
the facts I reply: 'This is true. that I have freely put myself among 
ideas whIch cannot be rigorously proved. That is my way of looking at 
things. Every time a cbemist concerns himself with these mysterious 
phenomena and every time he has the luck to make an important step 
forward he wIll be led instinctIvely to attribute their prime cause to a 
class of reactions In harllOny with the general results of his own 
researches. Tha t is the logIcal course of the human mind, in all 
controversial matters. I" 

Loula Pasteur, 1857 



-4-

PRIMARY PRODUCTION OF PARTICULATE PROTEIN AMINO ACIDS: ALGAL PROTEIN 
METABOLISM AND ITS RELATIONSHIP TO THE COMPOSITION OF 

PARTICULATE ORGANIC MATTER 

by 
STEVEN ERIC LOHRENZ 

Submitted to tbE~ Department of Biology on April 29. 1985 
1n partial fulfillment of the requirements for the 

Degree of Doctor of Philosophy 

ABSlRACT 

The biochemical and physiological bases underlying primary production 
of partfculate protein a;a:dno acids were investigated 1n an effort to un
derstand the relationship between algal protein metabolism and particu
late organic matter composition. 

In order to examine 'biochemical processes associated with conversion 
of inorganic carbon and :nitrogen into protein, the effects of Nut 
limitation on free amino acid and protein composition and incorporation 
of inorganic 14C were stilldled in the marine chlorophyte, Nannochloris 
sp. (clone GSB Nanna). :Free amino acid metabolism was sensitive to 
changes in steady state ltllit-limited growth rates. Reduced carbon 
and nitrogen flux into protein resulting from nitrogen limitation of 
growth was associated wi'th reductions in proportions of cellular carbon 
and nitrogen in the intu.cellular free amino acid (IFAA) pool. Growth 
rate-dependent changes I 1D IFAA pool composition reflected changes in rate 
limiting steps which wer,e intermediate between assimilation of inorganic 
nitrogen and the incorpo:ration of nitrogen into macromolecules. The 
proportion of cellular carbon in both protein and pools of free amino 
acids decreased with dec;reasing growth rate. Distributions of 
incorporated inorganic 14C among free amino acids and protein provided 
qualitative descriptions of growth related compositional variations. 
Saturation rates of (IFN~) carbon with dissolved inorganic l4C did not 
significantly change as growth rates decreased. In contrast, saturation 
rates of free glutamate, glycine + alanine. and valine did decrease with 
growth rate. At low grm~th rate, specific activities of the newly 
assimilated glutamate. valine, and glycine + alanine in protein were 
higher th8n specific sctivities of their corresponding free amino acid 
pools. This was likely til consequence of metabolic segregation and more 
rapid saturation of ~rotHln precursor pools . 

Enrichment of NHl-liEuted steady state cultures of Nannochloris 
sp. with NH4 led to a dr~UD4tic time dependent increase in free glu
tamine concentrations ac(:ompanied by differential increases in other free 
amino acids. Patterns ojr isotope incorporation into the free amino acids 
reflected real changes 1n concentrations. Increases were associated with 
.the diversion of photosynthetically fixed carbon from lipophilic material 
towards amino acid biosytlthesls, and signalled the onset of increased 
protein synthesis. Prel:l:rn1nary investigations of two other marine 
phytoplankton species, ~ma1iella tertiolecta (clone Dun) and 
Thalasslosira weissflogil (clone Actin), suggested that the nature and 
timing of the biochemicaf response to NHt enrichment is different 
among different species. 
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ABSTRACT (continued) 

At higb light intensity, increased NHt limitation of 
Nannochloris 8p. was associated with decreases in cellular protein, 
protein to carbon ratios, and protein to chlorophyll a ratios. At low 
light intenSities, cellular protein and protein to carbon ratios did not 
decrease with increasing NHt limitation. Chlorophyll ~ to protein 
ratios were generally higher at low light intensity and decreased with 
increasing NHt limitation, suggesting that nitrogen limitation 
suppressed low light enhancement of chlorophyll a production. Observed 
incorporation rates of inorganic 14C exceeded predicted rates for 
glycine and alanine in protein under combined conditions of light and 
nitrogen limitation, an indication that protein turnover in excess of net 
synthesis was important under these conditions. 

The characteristics of protein composition and incorporation of 
inorganic 14C were examined in steady state Nut-limited cultures 
of three other species of marine phytoplankton. The species studied 
included ChaetOceros simplex (clone BBSH). Cbattonella luteus (clone 
Olisth). and Chroomonas salina (clone 3C). Saturation of protein 
precursors was different for different species and for different protein 
amino acids. Nannochloris sp. displayed the most rapid and complete 
equilibration. while C. simplex exhibited relatively slow or incomplete 
saturation and higb sensitixlty to nitrogen depletion. Intermediate 
patterns were observed for the other species. For all species examined, 
protein glycine and alanine demonstrated relatively rapid and complete 
equilibration of precursor pools, and were least sensitive to nitrogen 
depletion. 

With the knowledge that these selected amino acids consistently 
demonstrated relatively rapid and complete equilibration of precursor 
pools with l4C-lnorganlc carbon in several taxonomically distinct 
marine algae, primary production of particulate protein amino acids and 
its relationship to the composition of particulate organic matter was 
investigated in the epilimn10n of a semi-enclosed marine basin, Salt 
Pond. MA. Studies were conducted previous to and throughout a major 
bloom of Ollsthodiscus mBgnus. Before the bloom, the ratio of particu
late protein amino acid (PPAA) production to particulate organic carbon 
(POC) production was not significantly different from the relative pro
portions of PPAA and POC in the particulate organic matter. Comparisons 
between estimated production and observed concentration changes indicated 
residence times of POC and PPAA were similar (10 - 20 days). Thus with 
respect to poe and PPAA. particulate organic matter compoSition reflected 
the composition of organic matter being produced by photoautotrophs. 
During the bloom decline, the PPAA/POC production ratiO, a reflection of 
the activities of the metabolically active algal population, was 
significantly less than the PPAA/POC ratio of the particulate organic 
matter. This discrepancy can be attributed either to increased turnover 
of protein associated with the low inorganic nitrogen concentrations and 
in situ light intensities, or selective removal of PPAA carbon by 
secondary transformational processes. 

Thesis Supervisor: 
Title: 

c. D. Taylor 
Associate Scientist 
Woods Hole Oceanographic Institution 
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THE CCt!POSITIOIW. DllWUCS OF <I!.G.AIIIC MATl'lIl IN AQUATIC EllVlIlONHENTS 

Planktonic photoautotrophs account for the greatest proportion of 

primary productivity 1n the world'. oceans (e.g. Whittle, 1977; Woodwell 

et a1., 1978; Peterson. 1980; Ne1nhau8, 1981) . Through their ability to 

synthesize organic matter from primary substrates using the Bun'. energy. 

phytoplankton provide the source of energy and building blocks for growth 

of virtually all other marine organiauo Yet phytoplankton carbon 1s a 

small proportion of the ocean's total particulate' carbon (Cauwet. 1981; 

Ne1nhaus, 1981). Even if only the euphotic layer particulate organic 

matter 1s considered, phytoplankton carbon may often account for leas 

than half the particulate carbon, especially 1n oligotrophic systems (e.g 

Hobson, 1971; Hobson et a1., 1973; Beers et a1., 1975; Eppley et al., 

1977; Wangersky, 1977; Whittle. 1977; Sharp et al., 1980). 

The processes whereby phyt0jUankton derived prt.ary organic matter is 

converted, either directly or indirectly, into other organism. of the 

marine food chain and into non-living reservoirs of organic matter have 

been the subjects of study since the very earliest stages of 

oceanographic research . Despite the intensity and duration of these 

investigations, and largely as a result of methodological limitations, 

researchers have only just begun to unravel the complexities of organic 

matter transforaatlons and the roles of biological processes which 

mediate them. 

The remainder of this introduction reviews the major processes which 

influence the composition of organic utter in the oceans 8S they are 

currently understood, and specifically considers the relative importance 

of primary inputs by phytoplankton in influencing the particulate organic 

matter compositIon in surface waters of the oceans. Evidence i. cited 
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suggesting that processes other than primary production of organic matter 

may significantly influence particulate organic matter composition, and 

lead to ambiguities in attempta to use chemical and biochemical 

measurements 88 a88ay. of phytoplankton physiological atate and 

biosynthet1c activity. 

BACXGROUND 

The Marine Food Chain and the Ccapoait101l of Organic Matter 

The composition of particulate organic matter 18 a function of the 

interactive roles of microbial autotrophic and heterotrophic processes 

which are the baaia for the marine food web. Recent investigations have 

begtm. to recogu1ze the 1mportance of the behaviour of individual 

organisms and individual organic compounds in controlling this level of 

marine tropbod}'D8..m1ca. The classical view of the marine food chain is 

that pbytoplanktOQ pass through herbivores on to primary carnivores, and 

it is through this stepwise transfer of organic matter that production of 

commercially important species is realized (e.g. Issaccs, 1969; 

Anikouchine and Sternberg, 1973; Steele, 1974). This paradigm has since 

been re-examined and the importance of non-phytoplanktonic microorganisms 

in food web processes 1s now being evaluated (Pomeroy, 1974; Sieburth et 

a1. , 1977 , 1978; Landry, 1977; Joiris, 1977; Porter et 81., 1979; 

Sorokin, 1981,; Williams, 1981; AzSII et a1. , 1983). One of the major 

problems plsguing the claallic paradiSIl 18 that it faUs to account for 

the fate of the 1arse portion of primary organic matter which passes 

directly to the dissolved organic pool (Williams, 1981) . I n the rest of 

this section, I discuss haw production and utilization of dissolved 

organic matter can influence particulate organic matter composition. 
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The highest concentration of dissolved organic carbon in the oceans 

1s in the euphotic zone (e.g. Menzel and Ryther, 1970; Handa, 1970; 

Degena, 1970; Gagoslan and Lee, 1981) where the vast majority of primary 

production occurs. Dissolved organic matter may be produced by a variety 

of mechanl8IDS including phytoplankton ezcreUon (e.g. Fogg, 1962, 1977j 

Hellebust, 1965; Sharp, 1977; Mague et al •• 1980), cell autolytic 

processes (e.g . Golterman, 1964; Bell and Mitchell, 1972; Dawson and 

DuurslIa, 1981), release of soluble material during 1ngesUoo (e . g. 

Whittle, 1977), and zooplankton excretion (Webb and Johannes, 1967). 

Williams (1981) cited evidence that 8S much 8S 50% of primary production 

may pass through the dissolved organic pool. Poulet and Hartln-Jezequel 

(1983) and Hammer and BroCkman (1983) observed highest release of 

dissolved free amino acids in algal cultures nearing stationary phase. 

This would suggest that higher proportions of primary organic matter may 

be transferred .to the dissolved organic matter in algal populations which 

are stressed (e.g. the latter portion of a bloom). 

A number of studies have observed significant increases in dissolved 

organic compounds associated with blooms. These include amino acids 

(Jeffries, 1969; Ittekkot. 1982) . fatty acids (Jeffries. 1970; Kattner et 

al • • 1983), and carbohydrates (Handa. 1970; Ittekkot et al •• 1981. 

1982). Stress related compensations in algal metabolism result in 

significant changes in biosynthetic patterns (e.g. Syrett, 1953; Tbomas 

and Krauss, 1955j Fogg, 1956,1959; Handa. 1969; Caperon and Meyer, 1972; 

Myklestad and Haug, 1972; Thomas and Dodson. 1972; Rhee, 1973 . 1978; 

Morris et al •• 1974; Conover , 1975; Harrison et BL., 1976; Hyk1estad. 

1977; Edge and Ricketts. 1977; Laws and WonS. 1978; Goldman and Peavey. 

1979; Goldman, 1980; Laws and Bannister, 1980; Hitchcock. 1981; Shifrin 
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and Chiaholm, 1981; KOnopoka and Schnur, 1981). However, the effect of 

such chanaes in al8a! blosynthetlc patterns on particulate organic matter 

composition could be obscured by production and utilization of dis.olved 

organic material. 

Investigations of the relative contribution of specific organic 

compounds to particulate organic matter indicate selective 

depth-dependent 1088 of biogenic materials such 88 amino acids (Degena, 

1970; Slezen and Hague, 1978; Lee and Cronin, 1982,1984; Lee et al., 

1983', lipid (Wakeham et al., 1980; Gago81an et al., 1982; Lee et al., 

1983), and carbohydrates (Handa, 1970). Lee and Cronin (1982) 

constructed a model based on the coapoaltlon of sediment trap material 

showing 80% of the particulate saine acid. produced durin, photosynthesis 

are decomposed or released in tbe upper 14m in a Peru upwelling area. 

Relative depth dependent variations &lions particulate a.tt1no acids are 

different for different amino acids, Buggesting different product1on 

mechanisms and susceptibility to heterotrophic activity (Siezen and 

Mague, 1978; Lee and Cronin, 1982, 1984). 

Bacterial growth can be supported by both dissolved and particulate 

organic material. An operational distinction of particulate material Is 

any substance retained on an 0.45 JDicron filter. 'Ibis is an adequate 

definition for the purposes of this discussion, as it is likely that 

larger material is an obligatory intermediate in the conversion of 

primary substrates to upper trophic levels. On the other hand, dissolved 

organic matter accounts for by far the largest proportion of organic 

IIWlteria! in the marine environment (Neinhaus, 1981; Cauwet, 1981). It 

has been suggested that bacterial utilization of dissolved organic 

IISteri41 and subsequent grazing of the bacteria by aicrozooplankton may 
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provide a route for the dissolved organic reservoir to re-enter the 

particulate organic phase, and hence the food web (e.g. Beers and 

Stewart, 1969 in Landry, 1977; Sorok1n, 1981; W1ll1a&a, 1981; Azam et 

a!., 1983). Such a mechan1_ for production of particulate organic 

material could potentially influence particulate organic .. tter 

composition independently of primary production. 

There 1& substantial evidence Buggesting that bacteria may indeed 

efficiently assimilate specific dissolved organic Bubstratea including 

glucose, (Andrews and Williams, 1971; Derenbach and Wl11iaaa, 1974), 

amino acids (Hobbie et al., 1968; Andrews and Wl111a.a, 1971; Crawford et 

a!., 1974; W1.1l:1.aa8 et 81 .. 1976; Dawson and Gocke, 1978; Hollibaugh et 

a1 . , 1980; Williams, 1981; HaSBtr&. et al., 1984), and protein 

(Hollibaugh and Azam, 1983). Direct utilization by bacteria of dissolved 

organic aatter re1eased by phytoplankton has been demonstrated using 

14 
selective filtration of natural samples incubated with C-HC03 (Azu 

and Holm-Hansen, 1973; Derenbach and W1l1ialll8, 1974; Larsson and 

Hagstr~m, 1979; Cole et al., 1982). Although the selective filtration 

methods used in these studies result in ambiguities in production and 

utilization rates (see critique in Smith and Horner, 1981), bacterial 

incorporation of label was consistently observed. A variety of attempts 

have been made to distinguish the production and heterotrophic 

utilization of photosynthesized dissolved organic matter including 

kinetic analyses of isotope distribution between dissolved and 

particulate phases (Wiebe and Smith, 1977; Bell, 1980, 1983; Bell and 

Sakshaug, 1980; Lt, 1983) and use of antibiotics (e.g. Jensen, 1984). 

Bell and Mitchell (1972) have shown that microbial association with 

algal cultures seems to be greatest as the algal culture nears 
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senescence, and it 1s at this tille that, through cell autolysi., the 

largeat amount. of di.8olved organic matter are released. Other evidence 

for Cl088 coupUn8 between production end utilization b the d1el 

periodicity in concentration. of soae di •• olved aubltret... Dlel 

variations have been obaerved in the cOIleentrat1ona of aaino acida 

(Mopper and Lindroth, 1982) and other compounds (e.g. Sieburth et a1., 

1977). Consistent with this wa. the observations by Hammer and Brockman 

(19B3) of a rhythmic release of dissolved free amlno acids in partially 

synchronized outdoor cultures of ThaI.sslostra rotula. Harvey (1983) 

alao observed rapid fluctuations in dissolved carbohydrates in the New 

York Bight and attributed it to rapid cycles of production and 

utilization. Ittekkot (1982) noted that changes in dt •• olved 

carbohydrates and amino acids during a spring: plankton bloom in the 

northern North Sea were dissimilar when both were analyzed in the same 

samples. demonstrating the unique behaviour of different types of organic 

IIWlterial. Hopper and Undroth (1982) suggested on the basis of their 

studies of diel variations in dissolved free aaino acida in the Baltic 

Sea that the differential behaviour of individual amino acids provided 

insights as to the production and utilization processes which dominated 

during different periods in a diel cycle. 

Because processes controlling the composition and distribution of 

bulk organic matter in seawater involve differential rates of production 

and consumption of individual organic compounds, understanding these 

processes and their influence on particulate organic matter composition 

will require rate measurements of individual classes of organic 

material . The relatively low concentrationa of identified biogenic 

compounds shows that organic carbon i8 being removed at a rate cOIIIparable 
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to production (Gagosian and Lee. 1981). Although determinations of 

concentrationa of compounds by themselves cannot provide estimates of 

rates of production or utilization. the rapid depth- and t1me-dependent 

fluctuations of these biogenic compounds Is cODsistent with an 

interactive role of autotrophic and heterotrophiC processes in 

influencing the composition and cycling of dissolved aud particulate 

organic material In the ocean. 

Blochea1cal Cycle. and the ntatrlbutlOD of Oraan1c Matter 

Menzel and Ryther (1970) noted that it Is "increasingly obviouB that 

biochemical cycling of organic matter 18 not closely coupled with that of 

plants and animals which produce and immediately consume organic -stter 

in the f amUiar f ood cycle of the sea". Recycling of organic matter 

relies on the 'role of non-phytoplanktonlc organ!8ID. to transform the 

primary organic matter back to substrates utilizable by phytoplankton. 

Heterotrophic organisms may significantly influence particula te organic 

composition simply by the presence of their biomass. Perhaps an even 

greater impact on composition may be through their activities 8S 

catalysts of organic matter transformations independent of algal 

metabolism. 

The recycling of a variety of materials in euphotic systems has been 

investigated. Estimates of losses of organic material from the euphotic 

layer indicate that in oligotrophic s ystems, a8 little as 1- 10% of the 

pr1ury production escapes into the deep ocean (Bishop, 1977 J 1978; 

Whittle . 1977; Parsons et al., 1977; Harrison, 1980). Rapid cycles of 

nutrient utilization and reminer&liz8tion have been demonstrated (e.g. 

Glibert et al., 1982; C8peron et al., 1979; Harrison et al., 1978; 
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Harriaon, 1980, car.ide and Gllbert, 1984; Garside, 1984). Eppley and 

Petarem (1979) .raue that 80% of u1tr0len uaed by open ocean 

phytoplankton 11 recycled. William. (1981), elt1n. evidence frOll v.rioue 

woro, Wile. tad that IOOpl.&Dkton metabolia. cannot aCCO\D1t for the 

majority of D.1tro.an ra,eneraUon and bacteria .y not be praarlly 

responsible for reminerallzation 8ince they tend to ... 1_Uate organic 

substratea with high efficiency. Although othera have shown that 

bacteria are capable of remlnerallzing Dutrients from decomposing ~gae, 

turnover of particulate matter in seawater 1s apparently more rapid than 

pOBsible from microbial activity aloDe (Harrison, 1980). 

TheBe obaervatioDa have stimulated interest in the role of 

microzooplankton 1n reminerallzaUon of organic _tter. Johannes (1965) 

demonstrated that remineralization 1a enhanced by the presence of both 

bacteria and protozoa, compared to just bacteria alone. Evidence aa to 

the importance of these microorganisms in organic matter cycling is 

steadily sccumulating (e.g . Johannes, 1965; Stout, 1980; SorOkin 1981; 

Williaas, 1981; Banse, 1982; Azam et a!., 1983; Azam and Ammerman, 

1984) • 

The inclusion of bacteria and microzooplankton in chemical analyses 

of particulate organic material could bias the results since their 

composition may be significantly different from phytoplankton (e.g. 

Beers, 1966; Banae, 1974, 1977). Frequent effort. have been made to 

estimate the proportion of particulate carbon asaociated with 

phytoplankton and other living and nonliving reservoirs using 

microscopically and electronically derived particulate volumes to 

estilD8.te e&rbon CClltent (StrathllBD., 1967 j Zeitzche1, 1970; Hobson et at., 

1971; Hobson et al., 1973; Beers et al., 1975; Whittle, 1971; Eppleyet 
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al., 1977; Sharp et a1., 1980; SorOkln. 1981; Hendriksou et a1., 1982; 

Helligan et al., 1984). Some of these studies have been criticized since 

they are based on carbon to volume ratios which are clearly subject to 

variations 8S a result of differences In species and physiological state 

(Chan, 1978, 1980), and preservation methods can destroy or 

morphologically alter organisms (e.g. Paerl, 1984). Nevertheless. these 

studies indicate almost exclusively that phytoplanktOQ do Dot account for 

the majority of particulate orgaoic material, and heterotrophic biomass 

may be comparable to phytoplankton (e.g. Sorokln, 1981; Caron, pers. 

coma.). Frequently, the detrital material (generally includins some 

bacteria) accounte for the majority of particulate carbon (e.g. 

Zeltz8che1, 1970; Beers et al., 1975). 

The importance of detrital material as a reservoir of particulate 

organic material and a potential food source (e.g. A11drege, 1979. 

Wangersky, 1977) has provoked interest in its chemical composition and 

mechanisms of formation. Suggested modes of formation include 

aggregation of colloidal material associated with collapse of bubbles 

(e.g . Baylor and Sutcliffe, 1963; Johnson. 1976), bacterial clumping 

(e .g . Pearl, 1974; Sorokin, 1981). and adsorption of dissolved organic 

matter onto colloidal material (e.g. Wangersky, 1977; Cauwet, 1978, 

Gagosian and Lee, 1981). Histochemical analyses of aggregates has shown 

that they may contain protein and carbohydrate (Nemoto and Ishikawa, 

1969; and Gordon, 1970; in Parsons et a1., 1977). Fallon and Brock 

(1979) observed that the composition of particlea during the latter 

portion of a bloom indicated partially autolyzed or decomposed algal 

cells may alao be an iaportant nonliving source of particles. 
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There have been a variety of attempts to chemically distinguish 

livins particulate carbon from non-living detrital carbon. Frequently, 

the concentration of total particulate carbon 1s regressed agaiust 

chlorophyll concentrationa in field 88mple8 from a particular water mass 

over some period of time. The assumptions are that chlorophyll not 

associated with living plant material 1s rapidly degraded, 80 that the 

intercept of such a regression provides an average value for 

nonphytoplanktonlc carbon in the particulate material, and the slope 1s 

an average value of the carbon to chlorophyll ratio of the phytoplankton 

population (Banas, 1977). Packard and Dortch (1975) uaed a similar 

approach comparina regraaaiona of proteln-N a.ainat chlorophyll in 

oceanic and upwelling communities. They estimated that anywhere from 35% 

(upwelling) to 80% (oceanic) of the particulate protein-N may be 

nonphytoplanktonic. Barlow (l982b) citing evidence that chlorophyll may 

be associated with nonliving particulate matter, questioned its value as 

a tracer of living plant material. He used glucan, 8 labUe reserve 

polysaccharide in diatoms, in place of chlorophyll to estimate detrital 

(including bacteria) content of protein, ATP, and total carbohydrate. 

The validity of such exptrapolations is dependent on the constancy of the 

relative biochemical composition of living organic matter (e.g. Steele 

and Baird, 1962; Donagbay et al., 1978; Karl, 1980; Goldman, 1980), and 

independence of the behaviour of different organic reservoirs over time 

(Banse 1977). Despite the limitations, the results consistently indicate 

a substantial amount of carbon and biogenic compounds such 8S protein and 

carbohydrate may not be associated with phytoplankton. 
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Wangersky (1977) suggested that only during a bloom are phytoplankton 

a major portion of particulate material, and that yearly cycles of 

particulate organic carbon and productivity are not necessarily 

correlated in time. Hlcroautoradlographic techniques have shown that 

even 1£ phytoplankton biomass doadnates the particulate organic material, 

proportions of production associated with different species may not be 

representative of their biomass (eg. Watt, 1971; Maguire and Neill, 1971; 

Gutel'makher. 1973; Davenport and Maguire, 1984). The presence of 

significant amounts of particulate organic matter not directly associated 

with the active phytoplankton population raises doubt. as to whether 

primary production 1& the dominant factor influencing the composition of 

particulate organic matter. The possiblity that other processes may be 

more important in controlling particulate organic matter compo8ition 

makes it less feasible to use the chemical and biochemical composition of 

particulate organic matter 8S an index of phytoplankton physiological 

state . 

The Chea1cal Ca.po81t1on of Natural Population. 

Phytoplankton possess the capacity for physiological interaction with 

their environment, which can lead to changes in their metabolism and 

resulting biochemical composition. Consequently, it seems reasonable to 

ezpect phytoplankton generated variations 1n the composition of 

particulate organic material. But to what eztent can we attribute the 

composition of particulate organic material to the activities of 

phytoplankton? Various investigators have suggested the use of chemical 

ratios 8S an indication of a natural phytoplankton population' 8 

physiological state . The C:N ratio has been one of the most coaaonly 
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referred to In the literature large1.y because it 18 a straightforward 

measurement and, in the laboratory, demonstrates a reasooably uniform 

correlation with relative growth rate for a variety of species (Donaghay 

et al., 1978j Goldman et al., 1979; Goldaan, 1980). However, ita value 

88 a precise indicator of the physiological state of natural populations 

has been criticized on the basis that it Is senaitive only at low 

relative growth rates (Dooaghay et al., 1978), and 18 subject to 

interference by nonphytoplankton material (Banae, 1974, 1977; Goldman, 

1980). Similar criticisms can be raised against carbon to phosphorus 

ratios, and carbon to Chlorophyll ratios 88 indices of relative growth 

rate (cof. Goldman, 1980). 

Another chemical ratio which haa been suggested 88 a useful relative 

indicator of population physiological state 1a the protein/carbohydrate 

ratio (Mykleatad and HaUl, 1972; Haug et al., 1973; Barlow, 1982s.bj 

Barlow and Henry, 1982; Konopka, 1982). As. 1& the case for other ratios, 

it 1s subject to interference by nonphytoplankton material. Moreover, 

resulta of its application to mixed natural populations may often be 

ambiguous since different apecies have different protein content even if 

they are growing under similar conditiona (Chan, 1978.1980). Konopka 

(1982) compared several biochemical indices in a relatively pure natural 

population of Oecil1atoria rubeacena including protein to chlorophyll, 

carbohydrate to protein, and RNA to protein ratios. De8pite the relative 

uniformity of the natural community, results led to conflicting 

conclusions illustrating the difficulties in interpreting biochemical 

measurements. A ftmdamental criticism of 8uch biochemical approaches 1a 

their use of colorimetric a8says on natural mixtures of particulate 

organic material. Such assays provide an adequate relative index when 
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used with pure cultures in controlled laboratory situations, but are less 

meaningful when applied to comple% organic matrices which make up 

particulate organic matter In natural systems (cauwet, 1981) . 

An additional problem which 1a independent of the interference of 

noophot08yntbetlcally derived material 1s that diel variations in 

blosynthetic patterns can substantially influence the results of chemical 

and biochemical 8SBayS. Goldman (1980) noted that average carbon to 

nitrogen and carbon to chlorophyll ~ ratios for cultures grown in 

light/dark cycles were lower than values for cultures grown in constant 

light regimes. The discrepancy was most pronounced at relative growth 

rates of approximately O. 7u and below. and would consequently affect max 

interpretations of the relationship between these ratios and relative 

growth rate. Hitchcock (1980) investigated t1me-dependent variations in 

biochemical parameters throughout a light/dark cycle. He observed 

significant increases during the photoperiod in cellular chlorophyll a 

and carbohydrate of Skeletonema costa tum, particularly at higher 

temperatures and lower lisht intensities. Cellular protein seemed to be 

the least variable of these parameters. Hitchcock noted that the 

protein/carbohydrate ratio showed a diel range comparable to that in a 

culture progressing from s nutrient sufficient to defficient state and 

cautioned the use of this ratio as an indication of nutrient status of 

natural populations . Van Liere et ale (1979) also observed higher ratios 

of carbohydrate production during the photoperiod in continuous cultures 

of Oscillatoria agardhii grown on a light/dark cycle. Other biopolymers 

were produced at a relatively constant rate throughout the light and dark 

period, presumably with dark synthesis occurring at the expense of 

carbohydrate. this general pattern of storage product accumulation 
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during the photoperiod has been observed by other investigator. in 

laboratory situations (Darley et al., 1976; alBa Tamiy. (1957) and 

Xanazawa (1964) in Morris, 1981). Deaplte the well recognized dependence 

of bloaynthetic processes on the diel cycle, it has rarely been 

considered in field investigations which uaed chemical and biochemical 

ratios in efforts to physiologically characterize phytoplankton 

populations • 

In light of the variety of critic!.m. which have been raised, it Is 

apparent that conclusions about the activities of microorganisms based 

solely on determinations of the concentrations of chemical substances are 

often ambiguous and provide little inforsatlon about the organisms' 

respective roles 1n organic matter cycling. A more direct approach to 

estimating microbial activity and biochemical compo8ition involves the 

use of isotopic tracers. Although such an approach is subject to 

significant methodological constraints which will be discussed, it 

provides the most definitive means of probing the composition of living 

microbial biomass and tracing production of specific organic materials. 

Isotope Traclna of Microbial Activities 

Isotopic methods avoid problems of detrital interference by directly 

tracing microbial metabolism. However, they are subject to other 

potential artifacta. I will limit thi8 di8cussion to the use of C and N 

isotopes aa tracers for the sake of brevity. Probably the IIIOSt cOlllllonly 

14 used isotope i8 C-HC03 after the method of Steeman-Neilsen (1952). 

However, the history of this technique has been one of controversy since 

its inceptioo (Yentach and Menzel, 1974; Lean and BurnisOD., 1979; 

Peterson, 1980; Dring and JewsOD, 1982). Some of the problema are 
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aS80ciated with ssmple manipulation and include effects of containment, 

potential contamination and the use of endpoint incubations wb.1ch muat 

88suae linear uptake (e.g_ Carpenter Bnd Lively, 1980; Pitzwater et al., 

1982; Celskes et al . , 1979; Goldman et al., 1981&; Venrlck et al., 1977; 

FergusOD et a1., 1984; Ferguson and Sunda, 1984) . Other problema are 

associated with the lack of a clear understanding of the integrated 

effects of biological processes of carbon flzatl00. respiration and 

photoreaplratlon, and their relationship to the net production of 

particulate carbon (e.g. Harris et a1., 1979; Peterson, 1980; 11 and 

Goldman, 1981; Dring and 

The introduction of 

JewaOD, 1982). 

15 
the N method (Nees8 et al., 1962; Dugdale and 

Goering, 1967) provided another tool for tracing the utilization of a 

primary substrate by phytoplankton. In addition to problems aaaociated 

with sample manipulation mentioned 14 for C-HC03, there are other 

potential artifacts unique to this method. The relatively low 

concentration of inorganic nitrogen in seawater increases the chance for 

perturbing the system by the addition of tracer and can result in 

artificially enhanced uptake rates (Dugdale and Goering, 1967; Fiaher et 

a!., 1981; McCarthy and Goldman, 1979; Glibert and Goldman, 1981; Goldman 

et al ., 1981a,b). Conversely, if ambient nitrogen levels are low, 

depletion of substrate could lead to underestimates of uptake 1f endpoint 

incubations are extended over too long a period (e.g . Goldman et al., 

1981a). Freezing of samplea can alter allbient concentratioDs, 

particularly at low levels (Carpenter and McCarthy J 1975). Other 

potential artifacts include dilution of added tracer by reminera1ization 

(Harrison et a1., 1978; Caperon et al., 1979; G1ibert et al., 1982) and 

uptake of organic nitrogen sources not traced (e.g. Remsen, 1971; 
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Mccarthy, 1972; Schell, 1974; Wheeler et al., 1974; Wheeler and Stepheua, 

1977) both leadius to underestimates of uptake. 

14 Despite their limitations, the combined ua. of C-lnorganic carbon 

15 and N-inorgaoic nitrogen perll11.tted compar18ons of 

uptake ratios of carbon and nitrogen 14 
(1.e. C-HC0

3 

phytoplankton 

and 15N) with 

the carbon to nitrogen ratio 10. particu1ate satter (Slawyk. et al. J 1977j 

Collos and Slawyk, 1979; Eppley et a1., 1977; CaperoD et al., 1979; Sharp 

et al., 1980; Slawyk et al., 1980; Harrison et al., 1983). Theae 

invest1gations provided a comparison of measured activities of primary 

producers and the composition of particulate organic .atter. The results 

of these investigations have frequently demonstrated a positive 

correlation between C:N uptake ratios and the C:N ratio 1n the 

particulate material, but quantitative agreement wa. generally poor and 

uptake ratios varied over a much 1arser ranle than particulate ratios. 

In addition to potential interference ~y detritus and Don-algal biomasl, 

some of the discrepancies may have been due to the fact that nitrogen and 

carbon uptake are not necessarily coupled (Bassham and Kirk, 1964; Collos 

and S1awyk. 1979; Goldman et al., 1981a). Consequently, the C:N uptake 

ratios may not have been a reflection of the relative composition or 

biosynthesis of particulate carbon and nitrogen. 

The ubiquitous nature of carbon in living bio .. ss, and the 

specificity of the association of inorganic carbon fixation with 

14 photosynthetic organisms provide a baaia for using inorganiC C to 

trace the biochemical composition and metabolism of phytoplankton 

populations. Through precise rate ae8aurements of primary production of 

chemically distinct biogenic saterials, it Is possible to detera1ne the 

extent to whIch changes in particulate organic ... tter composition are 
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attributable to phytoplankton production 8S oppoeed to transformations 

mediated by other biological processes. Information about rates of 

primary production of specific types of organic material wl1l help to 

define the role of phytoplankton in biochemical cycling of organic 

matter, as well aa provide a direct assess.ent of growth-related 

phytoplankton activity. 

Amino acids are the building blocks of protein and several 

investigators have pointed out the utility of protein 8S a model 

biopolymer reflecting growth (Cubel, 1981; Cubel et a1. , 1981a,b,c. 

1982a,b,1983; Bates, 1981; L1 and Harrison, 1982). Amino acida and 

protein are nutritionally important to heterotrophs. and make up a 

substantial proportion of primary production. 

* * * * 

This thesis describes a series of studies conducted in order to 

14 evaluate the use of inorganic C as a probe of composition and rates 

of biosynthesis of free amino Bcids and protein in marine phytoplankton. 

The investigative approach consisted of three main parts. Initially. the 

growth rate-related steady 

protein and their kinetics 

state composition of free aaino acid and 

14 
of C incorporation were determined in 

NHZ-l1m1ted cultures of the marine chlorophyte. Nannochloris sp. In 

addition, the dynamics of free amino acid composition and isotope 

+ incorporation associated with NH4 enrichaent were examined. The 

results provided a basis for relating the distribution of incorporated 

14 
inorganic C to cellular chemical composition and metabolism . 

Differences between species in their responses to enrichment were also 

evaluated . 
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Secondly, isotope incorporation rates were compared to net synthesis 

rates of protein amino acids + in NH4-1ia1ted steady state cultures of 

Nannochlorls ap. at higb and law light intensities. lntercomparisons 

+ were also made among the incorporation characteristics in NH4-

limited steady state cultures of three other marine phytoplankton 

species. The results revealed that hotope incorporation into the 

protein am1no acids glycine and alanine were generally in good agreement 

with Det synthesis rates. This observation provided a foundation for 

estimating net protein synthesis rates in natural populations. 

Finally, with the aid of an extensive framework of laboratory 

results, I examined the relationShip of prl .. ry production of particulate 

organic carbon and particulate protein amino acids to observed 

concentration change. and relative abundances of particulate organic 

carbon and protein amino acids in a well mixed euphotic system. The 

studies were conducted over 8 wide range of environmental conditions and 

population physiological states. The objectives were to assess the 

degree to wh1ch phytoplankton metabolism is reflected by particulate 

organic matter composition, and deteraine the relative importance of 

primary inputs and secondary transformations 1n influencing the 

particulate protein amino acid content of particulate organic matter. 

This investigation provided an unprecedented opportunity to explore the 

relationship between phytoplankton as a primary source of particulate 

amino acids, and the behaviour of this important class of organic 

compounds in the marine environment. 
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CHAPrm 2. METHODS AND HATHUAlS 



CUL1'IlIU! METHODS 

Media Coapoaltion 
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CUltures were maintfdned 1n an artificial seawater medium (Guillerd, 

1975; GuUlard and Rytht:!r, 1962; Goldman and McCarthy, 1978). The 

mineral composition of the mixture is given in Table 2-1. The amounts 

shown were dissolved in deionized wa~er (Barnstead Nannopure water 

purification system). E~fore use, the solution was filtered through 47mm 

Whatman GF/F filters andl autoclaved in teflon containers . The artificial 

seawater was subsequently enriched with nutrients, individually 

sterilized in teflon cOD.ta1ners (with the exception of the vitamin 

mixture which was filter sterilized and stored in screw cap pyrex test 

tubes). Media concentra.tious and working stock concentrations of 

nutrients are given in lable 2-2. Formation of a reddish precipitate was 

frequently observed afte~r nutrient enrichment. GuUlard (1975) noted 

that a reddish precipitate containing phosphorus appeared after 

autoclav1ng the artificial seawater media together with the nutrients and 

trace elements. The reddish color suggests that iron hydroxides may also 

have been present. This could be removed by sterile filtration through a 

O.22~ Millipore membrane filter. 

Growth Conditious 

Azenic stock cul turels were obtained from R. R. L. Gul11ard, currently 

associated with the Cult"ure Collection of Marine Phytoplankton (CCKP) at 

Bigelow Laboratories in 1~lne, USA. A lIst of species used in th1s 

thesis is given in Table 2-3. 



- 49 -

Table 2-1. Mineral concentrations in artificial seawater. 

NutrIent Concentration 
(mM) 

Nael 400 
MgS04 (anhydr . ) 20 
MgC12 • 6H20 20 
CaC12 (anhydr . ) 10 
KC1 10 
KBr .808 

H3B04 .20b 

aprepared aa a stock solution of 1.6M and diluted 0.5ml per liter. 

bprepared as a stock solution of O.4M and diluted O.Sml per liter. 
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Table 2-2. Concentrations of nutrients and trace elements 
In standard culture media. 

Nutrient. 

NaH2P04 • Hi' 
N82Si03 • 9Hi' 
Fe Sequestrene 
CuSo4 5HtJ 
ZnS04 7H20 
CoC12 6H20 
HnC12 4H20 
Na2Mo04 • 2H20 
NH4C1 

Vitamins : 
Thiamin-Hel 
BIotin 
812 

Media Concentration 
(uM) (mg/1) 

40 
106 
11. 7 
0 . 04 
0.08 
0.5 
0 .9 
0.03 
500b 

0.3 
2.0xlO- J 
3.7x10-4 

5.5 
30 
5 
0 . 01 
0.022 
0.01 
0 . 18 
0.006 
26.5 

0.1 
0.5ug/1 
0.5ug/1 

Working: St.ock 
Concentration (mM) 

40 
106 
11. 7 
0. 048 
0.088 

0.58 

0.98 

0.038 
500 

0.3 
2.0x10-3 
3.7x10-4 

8Prepared as individual primary stocks; working stock cons i sted of a 
mixture of each metal solution diluted 1000 times plus Fe aequestrene. 
This mixture was autoclaved in teflon, followed by sterile filtratioD 
through a O.2~ Hililpore membrane filter. 

brar continuous culture expe riments , NH4C1 was added to 125pM. 

cPrepared 8S 8 primary s tock at a concentration of O.lmg/ml. 

dprepared 8S a primary stock at I.Omg/ml. 



Table 2-3. Species list of marine algae obtained from the 
culture collection of marine phytoplankton. 

CloDe Species 

Dun Dunaliella tertiolecta 

Actin Tbalas8iosira viessilogii 

GSB 
Nanno Hannochloria ap. 

Olisth Chattonella luteus 
(previously Ollsthodiscus) 
Loeblich and F1ne, 
also Gibbs et a1. 

JC 

BB .. Cbaetoceros 8implex 

Isolator 

Cuillard 

Conover 

Guillard 

Guillard 

Location 

Gardiner's Island 
Pond, N. Y. 

Great South Bay. 
N. Y. 

lDna Island Sound, 
USA 

(Tank) Hilford. cr 

Ilate 

• :a 
• 

1956 

14 Apr 60 
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o Cul tures were malntol!lllned at 20 C In a 12:12 11ght:dark cycle regime 

in 15 x .150 DID borosll1c:ate tubes capped with white polypropylene caps. 

Prior to inoculation tUk~8 were extracted with 1.5N Hel overnight. rinsed 

and subsequently autoclalved with approximately 10 aUB deionized water. 

The water was poured off: and media was added aseptically. 

Flasks used for continuous culture experiments (Fig. 2-1) were 

constructed by Anderson Glass. The 0.5 liter jacketed flasks were 

similar to those used by· Goldman and Mccarthy (1978). Temperature was 

maintained within IDC of lloe by 8 Haake D2 heating-clrculatlon water 

bath cooled with tap wat:er. Cultures were illuminated using three 

parallel Vita-Lite fluorescent bulbs which provided an average quantum 

density of approximately 176+70 (95% confidence interval) JJE/m2 /s 

2 (range 90 - 200 pE/m Is from top to bottom of culture vessel). Light 

intensities were determined in flaaks conta1n1ng deionized water using a 

Biospherics submersible 4pi probe. Cultures were mixed by a combination 

of aeration (Second Nature Whisper 600 aquarium type air pump) and 

magnetic stirring (Fisher Cat . No . 14-5ll-IV2 magnetic st1rrer)~ Air was 

pumped through a combined mixture of sterile glass wool and cotton, 

followed by sparging through sterile distilled water, and finally passed 

through an additional sterile co tton filter before being blown into the 

culture . Media was dispensed to the cultures via Harvard Apparatus 

Peristalic Pumps. Tub1n;& was silicon and gla8s. 

CHFI4lCAL ANALYSES 

ChlorOPhYll a analyses 

Chlorophyll concentrations were determined by the fluorometric method 

of Yentsch and Menzel (H~63), as described by Smith et a1. (1981). 
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Samples were filtered on a H111ipore type HA CnOGinal O.45ua pore size) 

and the filter dissolved in 90% aqueous acetone. Samples were incubated 

for 10 minutes and fluorescence read on 8 TUrner designs Model lo-OOSR 

fluorometer equipped with filters for chlorophyll a fluorescence. 

Readings were corrected for phaeopigment fluorescence by subtracting 

readings for acidified sa.ples (two drops of O.75M Hel) from those for 

unacldifled samples. 

Eleaental carbon and !Un-agEll ADal.,..ee 

Samples were filtered on combusted (SOOoe overnight) Whatman eF/F 

25mm glass fiber filters using a K1111pore filtration apparatus, and 

filters were dried in an oven at 5~C. Dried filters were stored 

desslcated until they were analysed for elemental carbon and nitrogen 

using a Perkln-El.aer 240 elemental analyzer. Philip Klamer and Bonnie 

Woodward performed the analyses. 

Hutr1ent Analyses 

Samples for nutrient analysis were filtered through combusted Whatzan 

o GF/F filters and stored frozen at -20 C until they were analyzed. 

Nutrients (ammonium, nitrate, nitrite, silicate, and orthophosphate) were 

analyzed using a Technicon autoanalyzer. Al1 nutrient analyses were made 

by Zophia Mlodz1nkaa. 

DisBol ved InorganiC and Orpnic Carbon AII.alYBe. 

Dissolved inorganic carbon analyses were performed by adding 3m! 

samples, previously filtered through combusted Whatman GF/F filters, into 

15m! serum bottles stoppered with butyl rubber. Samples were acidified 
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Figure 2-1. Schematic of continuous culture system. Abbreviations: CP, 

cotton filter; GW , gla88 wool; AP, air pump; OR, overflow reservoir; CB. 

circulating bath flow; S5, sterile syringe; LtV, Luer-lok valve; 5, 

magnetic stirrerj HR, media reservoir; PP, peristaltic pump. 
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with O.15mla ISN H2S04 and stirred for a minimum of 3 hours. Gaseous 

CO
2 

was then analyzed by infrared spectroscopy and corrected for s 'lr 

blank. Dissolved organic carbon was determined by the method of Menzel 

and Vaccaro (1964). Analyses were made by Brian Howes and Dale 

Goehringer. 

Protein Assay 

Bulk protein analyses were made USing the method of Bradford (1976). 

The method uses CootDassie Brilliant Blue dye binding reagent which is 

commercially available from ~o-R.ad . Standard curves were determined 

using egg ovalbumin (Sigma) which haa a response factor representative of 

average proteins. Extraction for this 8ssay involved grinding the 

filtered sample in 0.5 N HaOH and subsequently extracting two times for 

o 10 minutes at 80 C, centrifuging at 4000& for 20 minutes and combining 

the supernatea (Rausch, 1981). The assay solution consisted of O.5ml 

sample in 0.5N NaOH, 0.5 ml O.SH H3P04, and 0.25 m1 concentrated 

Bio-Rad reagent solution of Coomassie Brilliant Blue . The solution was 

allowed to incubate for 10 ainutes and absorbance was read at 595 nm . I 

have found that the response factor for this assay is highly sensitive to 

the pH of the solution. The solution composition described here gives 

adequate sensitivity in the 2-25 pg/~ sensitivity range (in the 

e%tracted solution). 

LABORATORY INCUBATION RtOCEDURES 

Saapl1Qa Procedure 

For culture eIperiment8, steady state was defined as the time when 

chlorophyll ~ concentration and cell density remained constant for at 
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least 2 generations. For the lowest growth rate under low light 

conditions, steady state was maintained only 1.1 generations. 

Immediately preceding isotope incubations, samples were removed for 

particulate elemental carbon and nitrogen analyses. F1ltrates were 

collected and stored refrigerated for subsequent analysis of dissolved 

inorganic carbon. Cella were counted OD a Spencer Bright-line 

hemocytometer. In addition, chlorophyll! concentration and pH were 

determined. For these analyses, no more than 15% of the culture volume 

was removed from the full steady state chem08t&t. and the isotope 

incubation was begun within 20 minutes of Inltial sampling . ]mmedlately 

before introducing the radlo1abel (C4
-inorganlc carbon, New England 

Nuclear), aeration was stopped. 

Time series sampling during the incubations included filtration of 

particulates on combuated Whatman GP/F glass fiber filters. For 

radiolabeled aamples. filters were cut to a diameter of 13mm using a 

template (Cuhel et a1., 1981a) and housed in Millipore SXOO 13 syringe 

filter holders . A Gast Manufacturing Corp . Series #1077 vacuum pump was 

used. Filtration pressures did not exceed 150m. Mg. Filtered samples 

for amino acid analyses were placed in acid washed 20m! glass 

scintillation vials containing 1.5m! 80% methanol and stored at _6°C 

until analysis. 

RadiCNUllsay Procedures 

For estimates of total particulate l4C fiIation. filters were 

placed in the bottom of a 20m! scintillation vial, covered with O.1m! 1N 

o 
HC1, and dried under a gentle air flow at 55 C. The dried filters were 

moistened with a drop of deionized water. and 10 ml scintillation fluor 
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was added. Aqu8so1 was used for all high light intensity experiments 

with Nannochlorls sp. t and Salt Pond e:zperments prior to 13 August 83. 

Scintiverae II (Fisher) was used for all other experiments . Comparisons 

between Aquasol and Scl:ntiverse II indicated their quench characteristics 

were quite similar for the materials being counted (data not shown). 

Total acid non-volatile 14C was assayed by a method similar to that 

described by Schindler ,and Holmgren (1971) and L1 and Goldman (1981). 

One m1 of the culture w,as acidified to a concentration of O.32N "2S04 

(pH 1.2) in a 7 m1 scintillation vial, sparged with air for 15 minutes, 

and 6 ml Sclntlverse II added. Counts per minute were measured with a 

Beckman LS-IOOC liquid .scintillation counter. Measured counts were 

quench corrected by the channels ratio method (KobayashI and Kaudsley, 

1974). 

SUllCI!u.uuR fRACl'IOIlAUOIi i!l.OCBDUIlES 

JiJdIf1catlon of Ez1atin41 Procedtaea 

Subcellular fractirnlation procedures involve sequential solvent 

e:z:traction of cellular loaterial into fractions whose chemical 

cbaz:acteristics are opel['ationally defined by the solvent 

characteristics. The ~rocedure described here involves several 

modifications of procedures previously described by Roberts et al. 

(1963) J tbrris et a1. (Jl974). lJ. et a1. (1980) J larsen et a1. (1981) J 

Cuhel et &1. (1981b), aud Hitchcock (1981). 

Initially, samples <:ontaining glass fiber filters were transferred to 

Belico 12m! glass tisSUE! homogenizers. Homogenizer tubes were cut down 

to a 10 m1 volume using a glass saw so that they would fit in the HS-4 

rotor. The contents weI:e grotmd in appronmate1y O.1m! 80% aqueous 
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methanol, which had prevloualy been filtered through a combusted Whatlaan 

GF/F filter. In cases where th.e sample bad been stored 1n 80% aqueous 

methanol 1n scintillation vials, the eICeSB liquid was subsequently 

transferred to the grinder J along with an 80% aqueous methanol rinse of 

the scintillation vial. lb.e rE!sulting bOlllOgenous 8U8pe.naion was 

vortezed, and subsequently centrifuged at 4000& for 20 minutes in a 

Sorval.l RC2B refr1gerated centl~1fuged with an HS-4 swinging bucket 

o 
rotor. Temperature was maintajlned at 15 C. The supernatant was 

removed. and temporarily held llLslde in a small test tube, while the 

pellet was subsequently re8UBpt~nded and extracted in 1 .S 111 80% aqueous 

o ethanol at 60 C for 20 minutes . This mixture W88 again centr1fuged, 

sod the supernates combined. The pellet waa extracted two additional. 

times with a 1:1 mixture of 80~ aqueous ethanol and dietbyl ether at 

600 C for 20 minutes and 10 minutes respectively, again combining the 

supernates. The combined supernate included intracellular free am.1.no 

acids, other low molecular weight metabolites, and lipophilic polymers. 

The lipophUic material was sel:>arated by concentrating the combined 

o 
supernatant to 3 ml. at 60 C under air, adding 1 ml deionized water. and 

extracting this solution two t:LlIIes with 5 ml dletbyl ether. For 

scintillation counting of the aqueous alcohol soluble and the lipophilic 

fractions, the entire fraction or an aliquot was transferred to either a 

20ml or a 7m.! scintillation villl, evaporated to near dryness, and 

scintillation fluor added in a ratio of less than 1:6 sample to fluor 

volume. In the case of the aqueoua alcohol fraction, O.lm! IN Hel was 

added before evaporative drying to insure coaplete removal of inorganic 

14C• 
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The remaining pellet was then subjected E~1ther to hydrolysis for high 

pressure liquid chromatographic separation. Gluantltation, and collection 

of protein amino acids (see Allino Acid ADalYllia), or was further 

o fractionated into hot (95 C) trichloroacetic acid soluble (largely 

carbohydrate and nucleic acid material) and .:ILnsoluble material (largely 

residual protein) (e.g. Roberts et a1., 1963j; Cube! et a1., 1981bj Morris 

et al., 1974; Konopka and Schnur, 1980, 1981). For the latter procedure, 

the pellet was resuspended in 1.5 ml trlchlOI·oacetic acid and e:r:tracted 

o 
two times for 20 minutes and 10 minutes re8pE~ct!ve1y at 95 C. The acid 

supernatants were combined and 1 m.1 mixed with 0.75 ml Tris-

hydroxyethanolamlne (pH 13) and transferred t:o a 10 ml Nalgene fllmware 

scintillation envelope. Scintillation fluor (6 ml) was added to form a 

gel. Alternatively, the entire acid fractiall (approximately 3ml) was 

added to a 20 ml gleas 8cintillation vial andl 17 ml scintillation fluor 

added. The remaining pellet was transferred with sequential rinses of 

0.75 ml O.IN NaOH, 1.0 m1 deionized water, and 0 . 75 ml 1M Tris (pH 7) 

into either a 10 ml filmware bag ot a 20 ml ~~ass scintillation vial and 

combined with 6-10 m1 scintillation fluor. 

Coapariaon of Subcellular Fractionation Proce~ 

The prolific use of subcellular fractionation procedures over the 

past 2 decades has resulted in the developmen.t of a variety of 

t echniques. The lack of clear chemical defin.it1oDs for the operationally 

defined fractions has limited the extent to w-hich results using different 

procedures can be directly compared. Hitchcock (1981) compared the 

ability of different fractionatioD procedures to recover standards 

representative of the operationally defined fractions. He found 
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substantial differences between the different methods. He also compared 

the carbon content of different subcellular fractions 8S determined by 

14 chemical analysis with that derived from C in subcellular fractions 

of Gonyaulax tamarensls labelled for 6 hours. He found good agreement 

between the amount of lipid carbon derived from chemical composition and 

lipophilic 14C• In contrast, hot trichloroacetic acid extractable 

14 C underestimated that determined from chemical analyses, while the 

14 
residual C in the pellet was higher than the estimate of protein 

carbon. 

In view of these observations, I felt it was important to compare my 

fractionation method with two procedures described in the literature. 

One of these methods, that of 11 et al. (1980), was also described in the 

Hitchcock study so that intercomparison of results was possible. The 

method of Cuhe1 et al. (198lb) is very similar to the fractionation 

procedure described by Roberts et al. (1963). Flow diagrams outlining 

the procedures are shown in Table 2-4. Material for fractionation was an 

axenic batch culture of Nannochloris sp. which was grown in the presence 

14 of inorganic C for 4 generations to ensure approximate equilibrium 

l abel distribution. Amounts of carbon. as calculated from the levels of 

14c label associated with comparable fractions for each method are 

shown in Table 2-5. All three procedures gave very similar results for 

the cold acid/aqueous alcohol. and lipophilic fractions. and agreement 

between the Cuhel et a1. and my method were quite simlar for all 

fractions. However, the L1 et al . procedure. which uses filtration 

rather than centrifugation to separate soluble and insoluble material, 

tended to give lower proportions of label in the hot trichloroacetic acid 

fraction, and higher estimates in the residue fraction. 
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Table 2-5. Comparison of results using different 
fractionation procedures. 

Method: 11 et a1. 

Fraction 

Alcohol or 
Cold Add 
Soluble 1500 (104)" 

Llpophylic 3650 (322) 

Hot AcId 
Soluble 1050 (24) 

Residue 5960 (248) 

Sum of 
Fractions 12060 (419) 

Actual 
Total 12376 (414) 

Roberts et a1. / 
Cuhel et 81. 

1710 (156) 

3580 (50) 

1380 (547) 

4010 (348) 

10680 (668) 

My method 

2010 (381) 

3610 (248) 

1840 (149) 

3990 (199) 

11450 (518) 

BErrors In parentheses represent 95% confidence limits (0=3). 
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The residue 1s cons.ldered to be largely protein. More efficient 

recovery of protein by the method of L1 et al e 1s unlikely since 

comparisons of different protein a88ay metbodolo81ea indicated relatively 

complete recovery of protein in the hot trichloroacetic acid insoluble 

fraction (see Recovery ,of ProteiD by Iztractlon). Rather, it 8eemB the 

L1 et al. method results in a les8 complete separation of hot acid 

soluble and insoluble f:ractious. It may be that the resuspension 

associated with vorte~ng used in my method and that of Cuhel et ale 

leads to more effective Bolub1l1s8tion than the filtration procedure used 

by U et a1. 

AMINO ACID ANALYSIS 

AIIino Acid Derlvatizatil)U Procedure 

Free or hydrolyzed IUlino acids were derivatized with dansyl chloride 

(S-(dlraethylamino)-l-naphthalene-sulfonyl chloride) in a procedure which 

was a modification of a number of pub11she
o
d literature methods (Wiedmier 

et sle, 1962; Dejong et a1., 1982 ; Tapuh1 et a1., 1981; Parris and 

Gallel1i, 1984 ; MacNicol , 1978; Bayer et al., 1976). Dansyl chloride 

(Sigma ) was dissolved in acetonitrile (Spectra UV Grade, Fisher) to a 

concentrstion of 6 mg/mI. This solution was stored dessicated under 

o 
argon or nitrogen at - 20 C. Extracted amino acid samples were dried 

lDlder air at 600C and rE!suspended in equal volumes of O.SH NaHC0
3 

(pH 

8.5), KMn04 distilled H~~O, and the dansy1 chloride solution. It was 

found that this Buspen.Joan could be effectively m.1.z:ed by brief 

sonication. The reactic~ mixture was incubated in darkness for 1 hour at 

37°C. The reaction was terminated by addition of KMn0
4 

distilled 

H
2

0 and O.1M H
3

P0
4 

(HPLC Grade , Fisher) in final volume proportioDs 

of 7 . 5:3:2 (H
2
0 :reaction mixture:H

3
P0

4
). 
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Potential aources of error' in determining amino acid concentrations 

included injection error, storage losses, variations in derlvatization 

efficiency, error in peak inte~grattonJ and error in preparation of 

standards. Mean response factors (integrated peak area/nanomoles 

injected) are shown along with 95% confidence intervals in Table 2-6. 

The 95% confidence intervals jlnc"iude all previously mentioned sources of 

error. This error was propagllLted in all subsequent calculations . 

Analytical variations resultulg from errors other than that associated 

with preparation of standards are shown In Table 2-7. These errors were 

smaller than those in Table 2--6, indicating that the standard preparation 

error was significant . 

Various conditions which ~dght affect the efficiency of 

derivatization were evaluated .. No significant increases in response 

factors were observed if the derivatizstion mixture was incubated 4 hours 

versus I hour (table 2-8). Ctorrelations between response factors and the 

reaction mixture molar ratio tJf amino groups/dansyl chloride (range 

0.001-0.12) were examined. Ctorrelation coefficients are given in Table 

2- 9, and were not significant at the 0.05 probability level except in the 

case of serine and threonine. This indicates that adequate 

derivatization can generally 'be achieved provided dansy! chloride is 

present in a 10-fold molar excess relative to amino nitrogen (e .f. Bayer 

et sl., 1976). The dependene.e of response factors on time of storage at 

-6°C is shown in Table 2-10. There did not appear to be any consistent 

decreases up to 90 days after derlvatization. Samples in this study were 

analyzed within 2 weeks of de'rlvstization. DeJong et a1. (1981) noted 

that Dns-tyrosine was relatively unstable . However. it was not included 

in my analyses. 
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Table 2-6. Response factors for integrated absorbance by daDsylated 
amino acids at 254nm. 

Amino Response factor 95% Conf. Int,a n % 
Acid (V sec nmole-1 ) 

asp 0.588 0.111 8 18.9 
glu 0.570 0.113 9 19.8 
gln 0 .474 0.170 8 35.9 
ser 0.715 0.170 8 23.8 
thr 0.572 0.074 6 12.9 
gly 0.748 0.149 7 19.9 
ala 0.658 0.121 6 18.4 
Baba 0.365 0.176 1 48.2 
Gabs 0.614 0.236 5 38.4 
arg 0.585 0.232 5 39.6 
pro 0.615 0.202 4 32.8 
val 0.554 0.145 6 26.2 
l1e 0.361 0.171 4 47.3 
leu 0.602 0.120 4 19.9 
trp 0.451 0.280 3 62.1 
phe 0.621 0.241 3 38.8 
lys 0 .945 0.436 3 46.1 
his 1 .09 0.264 3 24 . 2 
orn 0.884 0.318 3 36.0 

sError due to injection error. storage losses, variation in 
derivatization efficiency, peak integration error. and standard 
preparation error . 
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Table 2- 7. Analytical variationa (95% confidence intervals) 
for Individual amino acids resultIng from the combination of 

errors associated with injection, storage, variation in 
derlvatlzatlon effIciency, and peak integration. 

Amino 
Acid Xa n 

aap 5 . 2 36 
glu 6.2 36 
gln 5.7 32 
ser 5.0 31 
thr 5.5 23 
81y 8.1 30 
.1. 8.4 20 
gaba 7.4 24 
arg 8.7 20 
pro 7.0 16 
val 10.2 26 
ile 10.5 18 
leu 4.4 18 
trp 14.2 13 
ph. 7.5 14 
1ys 9.7 13 
his 5.1 13 
orn 8.8 13 

895% confidence interval expressed 88 percentage of the response 
factor. 
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Table 2-8. Compari8on of derivatlzation incubation periods of one 
and four hours at 37°C. 

Incubation Period 
Amino (0.125 V lec, 50,,1 injection) 
Acid 1 hour 4 houri 

aap 0.933 0 . 922 
glu 0.897 0.944 
gln 0.964 0.968 
ser 1.50 1.65 
thr 1.47 1.46 
gly 1.51 1.50 
ala 1.35 1.28 
bala 1.62 1.64 
babe 1.11 1.09 
aaba 0.788 0.780 
gaba 1.60 1.53 
pro 1.35 1.35 
arg 1.57 1.52 
val 0.902 0.824 
met/cya 0.905 0.785 
He 0 .614 0.531 
leu 1.21 1.10 
trp 0.988 0.891 
phe 1.46 1.33 
orn 1.96 2.29 
1y. 2.30 2. 48 
his 2 .47 2. 68 
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Table 2-9. Correlations bt:!tween response factors and molar ratio 
of amino groups/dallsyl chloride (range 0.001-0.12) 

in the dl:!r i vatlzatlon mixture. 

Ami no Correlation 
Acid Coefficient n 

asp 0.0493 10 
glu -0.580 U a 

gln - 0.546 Ua 
ser -0.726 Ub 
thr -0 . 856 10c 

gly 0.175 10 
ala -0.162 8 
arg -0.696 8a 

pro -0.328 8 
val -0 . 212 10 
11e - 0.150 10 
leu -0.172 10 
trp 0.016 9 
ph. 0.185 9 
1y. - 0 .147 9 
his -0.463 9 
orn -0.360 9 

BSlgn1flcan t at 1'-0.10 level. 

bSignificant at P-0. 02 l evel. 

CSignificant at \"'U . 01 level. 
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Table 2-10. Dependence of response factorS on time of storage 
at -6°C. 

Date of derivatlzation: 14 Aug 83 15 Mar 83 14 Feb 83 
Days of storage: 0 87 0 81 0 95 
Amino Acid 

asp 3.49 3.15 4.80 6 . 31 4.98 5.30 
glu 5.53 5.03 4.10 7. 32 3.60 3.60 
gln 3.55 3.71 3. 23 3.72 3.59 2. 65 
ser 4.96 5.22 8.29 6.70 6.00 6.80 
thr 4.54 5.11 4.98 4.49 4.77 4. 58 
sly 6.26 5. 42 5.62 4. 92 5.70 6.30 
al. n.d. n.d . 5.60 4.9 4.94 5.40 
pro 3.56 3.73 6. 37 n.d. 4 .80 5.70 
arg 6.87 4.80 6.15 5.40 6.00 4.80 
val 5.34 4.28 3.99 5.50 3.37 3.53 
ne 4.52 2. 95 2.50 3. 10 1.94 1.80 
leu 5.84 5. 03 4.98 6.63 3.92 3.86 
trp 5.63 3. 47 3. 32 4.23 2.86 2. 66 
phe 4.91 4.84 5.89 8.50 4.43 4.98 
orn 9.33 6.84 7.90 9. 00 5.89 6.06 
1ys 8.80 6.01 9.50 10 .0 6.51 6.62 
h!s 9. 26 8 .11 9.50 8.56 8.00 8.37 

aValues represent mean of 2 or more injections. 
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ColUIID. Pack.1l1& Procedure 

The dansylated amino acids were separated by high pressure liquid 

chromatography. All columns WE~re slurry-packed. '!be dimensious of the 

column were: inner diameter 4 . 1mm, outer diameter 1/4 inch, length 25cm 

witb an additional Scm guard c(llUl:m (All tech Associates) . The packing 

procedure involved connecting an 55l slurry reservoir to a well cleaned 

analytical column containing a 2 pm frit at the bottoll and plumbed so 

that waste solvent would drain into a beaker . The column was initially 

filled with dibromomethane J and an allount of packing material adequate to 

fill the column with a slight E!XCeS8 was suspended in a 1 : 1 mixture of 

methylene chloride and dlhromolliethane and gently layered onto the 

dlbromomethane . Finally, the fllurry was layered with acetonitrile or 

acetone until the reservoir wall fUled. At this point an air driven 

fluid p.lmp {Haskel Engineering and Supply Co.} well primed with the 

mobile phase solvent was connec:ted to the reservoir. Back pressure was 

increased to approximately 8000-10,OOO psi and rapidly released onto the 

reservOir/analytical colUlllD. sYlitem. Once a volUlle adequate to flush the 

system several times had passed through, pressure was reduced. The 

analytical column was disconnected from the reservoir and excess packing 

material was carefully smoothed off the top and a frit and endcap firmly 

screwed on. The column was r~OBed well with the mobile phase carrier 

(acetonitrile) before analyses were made. Packing material used was 

always 5 micron octyldec8eilanl:!; (ODS), however, two different brands were 

used: Spheriaorb S5-0DS and NlJcieosil 5 CI8 both available from 

Alltech Associates. 
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Separation and Collection 

Separation was accomplished using a gradient system driven by a 

Waters Associates 6DOOA pump assisted by an .M-45 pump. Both were 

interfaced with a Waters Associates M660 Sol'vent Programmer. A Waters 

Associates UK6 injector was used with a 1 ml sample loop. Detection was 

by ultraviolet absorbtion at 254nm on 8 Wate'rs Associates Hodel 440 

absorbance detector. Integration of curve signals was accomplished by 

either an Hewlett Packard 3390A integrator 0 :[' an SP4270 Spectrophysics 

integrator. A LinBe1s ch\l.rt recorder was al.,BO used. The gradient 

conditions for Spberlsorb were 12-55% aceton:ltrlle In 0.0.)1: phosphate 

buffer (pH 6.25) over a convex gradient (curve 7, waters M660 Solvent 

Programmer) of 75 minutes duration. For Nucleas!1 packing material. 

comparable separation could be achieved with a convex gradient (curve 7) 

of 15-55% acetonitrile in O.03M phosphate bu:ffer (pH 6.25) over 40 

minutes. A representative elution scheme is shown in Fig. 2-2. 

Fractions for isotope quantitation were ,~ollected directly from the 

detector outflow. Scintillation fluor was aodded directly to the 

fractiona, and fraction volume generally did not exceed 35% of fluor 

volume. Quench corrections were made by the channels ratio method. 

EXlllACTION AND REroVERY 

Free ~ Acid Extraction and Recovery 

Recovery of free amino acids in the aqueous alcohol fraction was 

determined by two different techniques. In the first procedure, aliquots 

of an isotopically labeled mixture of amino f:lcids were added to a 

combusted Whatman GF/F glas8 fiber filter (Cllt to a diameter of 13 mm and 
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o 
combuated overnight at 500 C). The filters were subsequently extracted 

and the proportion of label aSI30ciated with each solvent fraction was 

quantified by liquid ac1nt1l1a1clon counting. The results are shown in 

Table 2-11 and indicate that the free amino acids will be relatively 

completely extracted into the aqueous alcohol fraction, provided they are 

released from cell material du:ring grinding. 

Recovery of individual frele amino acids was also deteraine.d by adding 

an aliquot of a standard mixture (prepared from amino acids purchased 

from Sigma) to a c.ombusted Wha"tman GF/F glass fiber filter and 

extracting. Recoveries for tb,e individual amino acids, shown in Table 

2-12, were uniformly high. 

Recovery fram Hydrolysis 

Conditions for hydrolysis 'of protein into individual protein amino 

o 
acid residues (6N HCl, 20 hours at 110 C under N2) results in loss of 

amide nitrogen from aparaglne and glutamine, and nearly complete 

destruction of tryptophan (DeJong et al., 1981). The effects of such 

treatment on the individual amdno acids was investigated by adding 

aliquots of a standard m1Iture~ of free amino acids to 8 combusted Whatman 

GF/F filter (l3mm) in a 10 ml ampule and hydrolyzing under conditions 8S 

described sbove. Recoveries olf individual amino acida ,are glven in Table 

2-13. In addition to the lossies referred to above, my results indicate 

substantial loss of serine and. threonine, and some loss of methionine + 

cysteine, phenylalanine and is:oleucine. Possibly, the presence of law 

levels of residual oxygen led to oxidative destruction of these amino 

acids during hydrolysis. 
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Pigure 2-2. Representative chromatogram showing elution pattern of 

dansylated amino acide separated by reverse phase high pressure liquid 

chromatography. Column contained Spher180rb S5-0DS 5 micron 

octyldec8s11ane. Mobile phase consisted of a 75 minute exponential 

gradient of 15-55% acetonitrile in O.03M NaH2P04 (pH 6.25). 
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Table 2-11. Proportion of labeled free amino acida recovered in 
subcellular fractiona. 

Cell Fraction % Recovered Label 

Alcohol Soluble 93.7 
(92.7 - 94.6, n- 3) 

Ltpophylic 1.7 
(1.52 - 1.90, n-3) 

Residue 5.17 
(4.73 - 5.64, n-3) 
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Table 2-12. Free amino acid recovery in 
the aqueous alcohol fraction. 

AlIino Acid % a 

asp n.d. 
glu 103.0 
g10 93.9 
ser 110.0 
thr 98.4 
gly 104.0 
als 108.3 
baba 83.9 
aaba n.d. 
gabs 110.1 
pro 110.0 
arg 101.6 
val 103.5 
metleys n.d. 
He 118.4 
1.u 86.8 
trp 114.1 
phe 107.0 
om 100.7 
lyo 101.6 
his 103.1 

aValues represent the mean of three replicates. 
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Table 2-13. Recovery of aQino acid. from hydrolysis. 

Amino acid % a 

asp 87.6 
glu 158.5 
gln 10.1 
ser 5.0 
thr 25.7 
gly 92.6 
als 91.8 
baba 81.6 
aaba 88.9 
gaba 89.4 
pro 84.6 
arg 69.2 
val 102.0 
metleys 58.2 
11e 74.1 
leu 94.6 
trp 
phe 73.2 
om 103.5 
1ys 99.2 
his 95.7 

8Values represent the mean of three replicates . 
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No attempt was made to cor!:ect for these losses. Losses were assumed 

to be internally cOQs1Btent among different experiments. In the next 

section, recoveries of hydroly~~ed protein are c01lpared to those of other 

assay and extraction procedureu. 

Recovery of Protein 

Recoveries of protein using different asssy and e%traction procedures 

are shown in Table 2-14, e%prelised as a percent of total particulate 

carbon. For the purposes of this comparison, it was assumed that protein 

was 53% carbon by weight based on the average amino acid residue 

composition (Jukes et al., 197:5; Dol1ttle, 1981). Differences between 

recoveries of protein assayed by the Bradford method before and after 

extraction of free amino acids were slight. Direct chemical analysIs of 

hydrolyzed protein amino acids yielded a slightly lower recovery, 

probably due to destruction of some protein amino acids (see previous 

section) • 14 Recovery of C -lab.el in the hot trichloroacetic acid 

insoluble fraction of equilibrium labeled cells gave the highest recovery 

as might be expected since nonprotein carbon may be included in this 

material. 

Overall, there was good agreement between the different procedures. 

There was apparently little 10199 of protein during extraction of free 

amino acids and lipophilic material, and moat of the carbon in the hot 

trichloroacetic acid insoluble~ material was in protein. Recovery of 

hydrolyzed protein was good despite specific losses. 

In general J the recoveriel:1 of individual protein amino acids did not 

decline over an approximately 22 month storage period 1n 80% methanol at 

-6°C (Table 2-15). In fact, in some cases recoveries increased, 
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Table 2-14. Comparison of different methodologIes for measurement 
of protein in NaDnochlorls sp. 

Bradford Assay 
(Bia-Rad CooID8ssie Blue): 

before extractionS 
af;ter extractionb 

Sum of hydrolyzed 
protein amlno .acidsc 

Equil!bll'ium 14C 
residual car bond 

% Carbon in 
Protein 

21.4 
22.5 

18.9 

24.2 

SProtein extracted from whole cells with O.SN NaDH (2 x 10 minutes @ 
eOOc) and assayed using CooOlSssie Blue dye binding reagent. 

bproteln extracted and assayed 8S above from cell material previously 
extracted for alcohol soluble and I1pophylic fractions. 

CSum of hydrolyzed protein amino acida from cell material previously 
extracted for alcohol soluble Bnd I1pohyllc fractions; individual amino 
aelds were quantified by dansylatlon . 

dResidual hot trichloroacetic acid insoluble l4C from equilIbrium 
labeled cell material., 



Table 2- 15. Recovery of pr ot e In am I no aclds after storage In 
80% methanol at -6°C. 

Days of storage: 16 84 662 
Amino (0.5 V sec) 
AcId mean SE" n mean SE n .... n SE n 

.sp 0.98 0 .01 2 1. 32 0 . 08 3 1.18 0.12 3 
gIu 2. 04 0.11 2 2.51 0.17 3 2.92 0.50 3 
thr 0.47 0.06 2 1.22 0.06 3 1.03 0 . 23 3 
gly 5.74 0.01 2 5.79 0 . 38 3 5 .52 0.17 3 
.la 3. 89 0 . 20 2 5.15 0.51 3 4.92 0.22 3 
pro 2.15 0 . 01 2 2 . 35 0.06 3 2.33 0.08 3 , 

'" .rg 2.18 0.06 2 1.78 0.09 3 2.69 0.12 3 ~ , 
val 3.60 0.25 2 3.64 0.12 3 2. 91 0.05 3 
H e + 

leu 6.61 0.31 2 6.85 0.12 3 5.75 0.15 3 
1ys 4.54 0 . 30 2 3.53 0.30 3 4.64 0.20 3 
hIs 0.96 0 .07 2 0.65 0.03 3 1.04 0.02 3 

astandard error 
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probably reflecting an improvement in analytical technique. Independent 

observations support the view that the protein fraction 1s relatively 

stable during storage (see, for example. neze section). These 

observatioDs suggest that specific 1088es which may have occurred would 

not s1gnificantly affect interpretation of the results. 

Recovery of Other Subcellular Fractions 

Table 2-16 shows the results of a comparison of 14c associated with 

different subcellular fractions 8S a function of time of scorage at 

-20De. These values are compared to label distributions sssociated 

with material which had been stored in liquid H2 o For the latter. 

there was little variation with time, and so all values were pooled. The 

only fraction showing a cODsistent difference 1s the I1pophylic fraction, 

o 
which was low for samples stored at -20 C even ,after only 13 days 

storage. Lipid is known to be susceptible to lipase activity, even at 

this low temperature (Christie. 1973). It was not feasible to store all 

samples in liquid N
2

• Therefore. in order to minimize the possibility 

of enzymatic degradation, samples were initially fixed by placing in 80% 

squeous methanol in 20m! glass scintillation vials, and subsequently 

stored at _6°C. 

SALT POND PRODUCTION INCUBA7IONS 

S......,. 1982 

During summer of 1982 two experiments were conducted in which the 

14 light intensity dependence of C incorporation into subcellular 

fractions was determined in surface samples from Sal t Pond. Samples were 

obtained from a depth of one meter approximately 25 yards from shore and 
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Table 2-16. Stability of subcellular fractions with storage at -20oe 
relative to storage in liquid N2 a . 

Fraction 

Alcohol 
Soluble 

Llpobyl1c 

Hot Acid 
Soluble 

Residue 

Days Stored @ 
-20oe: 

13 120 164 Liquid N2 

1980 (149)b 2120 (99) 2220 (130) 1927 (118, n-7) 

3210 (149) 3050 (248) 3040 (20) 3651 (109, n-7) 

1840 (149) 1760 (99) 2130 (230) 1720 (549, n-8) 

4380 (149) 4910 (224) 4360 (90) 4269 (287, n-8) 

apractions stored In liquid N2 were relatively constant and values 
given here represent overall mean. 

bErrors in parentheses represent 95% confidence intervals. 
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incubated on shore in a series of syringe-like cylindrical incubation 

chambers provided by John Waterbury (Ftg. 2-3). The chambers were shaded 

by neutral density fiberglass screening and cooled by circulating 

Vineyard Sound seawater (approx. temp 19°C). Gentle rolling of a small 

teflon ball inside the chambers maintained adequate mixing_ In order to 

assess effects of nitrogen enrichment on primary production and algsl 

metabolic characteristics, NH4Cl was added to selected chambers to a 

concentration of lOOJ1M. Sampling methods .differed slightly from the 

laboratory procedures outlined previously. Samples (25al) were taken in 

a time course and filtered through uncombusted Whatman GF/F filters which 

had been cut to 13 mm diameter and housed in Mil11pore SXOo-13 syringe 

filter holders. Filters were rinsed with 5 ml filtered seswater. heat 

sealed in Nalgene polypropylene fllmware bags, and placed on dry ice 

o 
until return to the la~oratory where they were then stored at -20 C 

until analyB1s. 

Summer 1983 

During summer of 1963. all field production measurments were made in 

situ. Incubations conducted from 20 July 83 through 10 Aug 83 were 

conducted using a spring loaded sampler incubation device (Fig . 2-4). A 

prototype design is described by Taylor et al. (1983). For incubations 

conducted from 26 Aug 83 through 3 October 83, a dual chamber hydraulic 

sampling and subsampl1ng device was used (Fig. 2-5). All aspects of 

isotope addition and subsample collection were executed in ~ without 

vel' tical movement of the incubation chamber. "With the exception of some 

stainless steel components, metal surfaces of the device wel'e coated with 

teflon so as to minimize metal contamination. The devices were suspended 
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at the one meter depth from a wooden 2x4 beam lII.otmted on an alum.1nUll 

rowboat. Mixing during the incubation was accomplished by the natural 

wave action on the boat, and by periodic aanual agitation of the 

chamber . Time course sampling was accomplished by means of teflon tubing 

which extended to the surface. Samples were drawn into shaded :Wer-1ok. 

plastic syringes and contents were subsequently filtered. The filtration 

apparatus was shaded from direct sunlight. A vacuum was generated by a 

Nalgene MyUvac vacuUDl p.1l1p equipped with a pressure gauge. Pressures 

did not exceed lSOmm Hg. Sample fixation and storage was 8a described 

for the laboratory experiments . Water samples for chlorophyll ~. 

particulate elemental carbon and nitrogen, nutrients, and dissolved 

inorganic carbon were COllected into polypropylene bottles using a 

periBtalt1c pump with a silicon tube incremented in OwSm intervals. 

These were returned to the laboratory and stored at SoC unt1l they were 

processed (within two hours of collection). 

LIGHT INTENSITY 

Surface incident light intensity during field incubations was 

continuously monitored With a Biospherlcs 4pi quantum sensor interfaced 

with a calibrated chart recorder. Depth profiles of light intenSity were 

determined using a submersible Ii-Cor 2p1 quantum sensor. Intensity was 

measured at 0.5m intervals and extinction was eatimated by taking the 

mean over the m1:Ked layer of In(P/Po ) where Po 1s surface quantum 

flux and P • the quantum flux at depth z. z 
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Figure 2-3. Schemati(: of incubation By,stem used in Salt Pond 1982 

expelliments. A. Diagram of polycarbonate incubation chamber. 

Abbreviations: SV, st!!l1D.pllng valve; FP, fl11 port; TB J teflon ball (for 

mixing); P, pbton. 1'18too was pushed inward during sampling operation 

using a screw-crank dE!vlce. B. , Diagram of chambers 1n plexiglss 

incubation case. Chambers were attenuated to different light intensity 

using fiberglas screening. Arrows indicate direction of flow of surface 

temperature seawater. Abbreviations: L, latch. 
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Figure 2-4. Schematic of single chamber SID (sampler incubation 

device). Lower sequence shows principle of operation. Abbreviations: 

P, pistOD; PS, pressure spring; CV~ check valve; ip, isotope injection 

port; Sp, spring; cl. spring retainer clip; R, isotope reservoir. 
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Figure 2-5. Schematic of dual chamber hydraulically operated SID. 

Principle of operation 1s similar to design shown 1n Fig. 2-4, except 

that endcap (EC) with check valve (CV) remains stationary throughout 

sampling and incubation, while piston (p) is moved hydraulically for both 

In1tla1 sample introduction, and subsequent subaampling operation. Other 

symbols: T, teflon sampling tube; SP, spring; Ie, incubation chamber; 

PU, pump (only front pump shown). Pumps were controlled from surface 

(wires not shown). 
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CHAPTER 3. RELATIONSHIPS BETWEEN FIU!E AMINO ACID AND PROTEIN 

COMPOSITION AND INCORP0RA7ION OF INORGANIC 14C IN 

NH;-LIHITKD STEADY STATE CULTURES OF 

KARINE PHYTOPLANKTON 
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IN'IRODUCTIOII 

Relationships Between Cellular Chemical COI1poait1on and Nitrogen Limited 

Growth Rate 

The potential importance of nitrogen in limiting phytoplankton growth 

has long been recognized (e.g. Chu, 1943, in Conover, 1975). The supply 

of nitrogen is also known to substantially affect plant metabolism and 

cellular chemical composition. Changes in metabolism associated with 

nitrogen limitation affect the relative abundances of carbon associated 

with free and protein amino acids (Rhee, 1978, 1980; Demanche et a1., 

1979; Demanche, 1980; Dortch, 1982; Maske, 1982; Wheeler, 1983). Growth 

rate-dependent changes in the levels of free amino acids reflect changes 

in rate limiting steps of nitrogen assimilation and incorporation into 

macromolecules (Wheeler. 1983). Such growth rate-related changes in 

mechanisms of proceSsing intracellular nitrogen may be responsible for 

the transient + rapid NH4 uptake capabilities of laboratory and 

natural phytoplankton populations (McCarthy Bnd Goldman, 1979; Glibert 

and Goldman, 1981; Goldman and Glibert, 1982; Wheeler, 1983). 

The first step in sssimilation of inorganic nitrogen is the glutamine 

synthetase/glutamine ozoglutarate glutamate aminotransferase or GS/OOGAT 

enzyme couple (e.g. Mif1in and Lea, 1977; Miflin et al., 1980; Syrett, 

1981). A variety of studies have documented differential increases in 

+ intracellular free glutamine and other selected amino acids upon NH4 

enrichment of nitrogen deficient algal cultures (Syrett, 1953j Hattori, 

1958 in Syrett, 1981j Riesner et al., 1960j Turpin and Harrison, 1978). 

These responses are analogous to observed patterns of assimilation of 

14 inorganic C into intracellular free amino acids in response to 

+ NH4 enrichment 1n algae (e .g . Holm-Hansen et aL, 1959; Kanazawa et 
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al., 1970, 1972) and higher plants (Platt et ale 1977; Paul et al., 1978; 

Larsen et a1., 1981). With the, exception of the study by Turpin and 

Harrison (1978), the pre-enrichment physiological states and growth rates 

were not precisely defined in the investigations cited above . This 

precludes an evaluation of the relationship between growth rate and the 

steady state levels of individual free amino acids. In view of the 

observed responses to enrichment, it 1& likely that growth rate dependent 

changes in total free amino ac1.d pool size are accompanied by changes in 

the relative abtmdances of indjlvldual free &fIlino acids. This would 

reflect changes in rate limititLg steps inter&edlate between uptake of 

inorganic nitrogen, and nitrogEm assimilation into acromoleculeso 

DescriptioDs of such compositional changes may serve 8S an lndell: of the 

nitrogen status of phytoplankton populations. 

Goldman (1980) noted that C:N ratios were uniformly related to 

relative growth rate for many different algae. However . the presence of 

other microbes and non-living organic matter leads to an ambiguous 

relationship between algal pri[aary production and particulate organic 

matter composition (e.g . Beers et al., 1975; Banse, 1974. 1977; 

Wangersky, 1977). The abUity to probe compositional changes in free 

14 amino acids and protein uaing :lnorganic C as a tracer may perlli t 

selective characterization of the nitrogen status of natural algal 

populations, and perhaps) a relative indell: of growth rates. Such an 

approach would be free of problems relating to interference by nonalga1 

biomass) thereby providing an unbiased assay of the lIetabolis. and 

co.position of the active auto t rophic population. A prerequisite to 

14 
relating C distributioDs to relative abundances of carbon in free and 
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protein amino acids wl~l be to characterize the effects of nitrogen 

I1m1tatlon OIl the killet:Lca of ilotope incorporation. 

R.el4tlOD.ahipe of the DiJ.trlbution of Asa.1Ja1lated Inorganic 14C to 

Cellular Chea1cal COll~ll tim 

Radioisotopic carbon can be used to trace various levels of algal 

metabolism. 
14 

On the bas:ls of kinetic analyses of C distributions 

among specific biologiatl molecules in Chlarella, . Calvin and co-workers 

postulated a mechanism lEer the photosynthetic carbon reduction cycle 

(e.g. Bassham et 81., 1954), The rapid saturation characteristics of the 

photosynthetic carbon rt!duction cycle intermediates made it possible to 

equate steady state labHl distributions to the carbon pool sizes of 

functioning Intermed1atl~ reservoirs (Calvin and Has81nl, 1952). In this 

manner, it was possible to determine their responses to changes in growth 

conditions. It was 1atl~r recognized that some molecules from the 

photosynthetic carbon rElduction cycle were used directly in the 

biosynthesis of intraceJ~lular free and protein amino acids (Smith et a1., 

1961; Bassham and Kirk, 1964; Bassham et al., 1964). Studies with 

isolated chloroplasts h!;Lve since demonstrated the ability of chloroplasts 

to synthesize a variety of amino acids (e.g . Kirk and Leech, 1972; Leech 

and Murphy, 1976; Mills et al., 1980; Schulze-Seibert et al., 1984). 

Despite the close relat1.onsh1p, saturation of intracellular free aillino 

14 
acids with inorganic C was generally observed to be slower than that 

of the photosynthetic carbon reduction cycle intermediates, and may be 

14 incomplete even after a few hours of incubation with inorganic C 

(S~ith et al., 1961; Bassham and Kirk, 1964; Bassham et a1., 1964; 

Hellebust and Bidwell. 1964i Larsen et sl., 1981). Furthermore, 
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different amino acids have different isotope incorporation kineticB due 

to differences in the degree to which their biosynthesis 1s coupled to 

the metabolic. flu:!: of photosynthetic. carbon . As a result of the 

rela tively slow saturation characteristics. the specific activity of the 

, free amino acids may be algnlf1.cantly less than that of the dissolved 

inorganic carbon pool during th.e initial period of an incubation. The 

relationship between the amount: of label associated with the free amino 

acids and their carbon pool siz,es will be time dependent . It 1s likely 

that growth rate and physiological state will affect the saturation rates 

of free amino acids. Because growth rates were not precisely defined in 

previous investigations I it ha~1 not been possible to evaluate the effect 

of growth rate variations on free amino acid saturation rates. 

14 
Incorporation of C into protein amino acids does Dot necessarily 

reflect the incorporation characteristics of the free amino acids. 

Bassham et al. (1964) found that 14c incorporation into some protein 

amino acids of Chlorella rspidly became linear. despite the fact that 

corresponding free amino acid pools had not yet fully equilibrated. The 

interpretation was that protein amino acid precursor pools were 

metabolically segregated. and l~urning over faster than the total 

intracellular free amino acid l~ols. The concept of meta bolic 

segregation has been supported by the work of other researchers 

(Hellebust and Bidwell. 1964; Oaks and Bidwell, 1970; Wheeler and 

Stephens. 1977) . One explanation for the observed segregation is that 

t he actively turning over pool a represented the chloroplast pools. the 

synthesis of which were closely coupled to the photosynthetic carbon 
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reduction cycle. However, metabolic segregation may not necessarily 

require physical separation of pools by membranes (Miflln and Lea, 

1977). If rapidly saturating pools exist, and serve 89 the exclusive 

source of precursors for cellular protein synthesis, then carbon 

incorporation into protein amino acids should rapidly reflect net 

blosynthetic rates provided there is little or no turnover of protein in 

excess of Det synthesis. Furthermore, the proportion of total 14c 

uptake associated with protein would correspond to the proportion of 

cellular carbon in protein. 

Effects of Nitrogen Liaitatlon on Patterns of Inorganic 14C 

Incorporation into Cellular Material 

A number of investigators have described effects of nitrogen 

limitation or deficiency on inorganic carbon incorporation into algal 

cell material (Fogg, 1956; Morris et al., 1974; Konopka and Schnur, 

1981). In these studies. the labeled cell material was fractionated 

using sequential solvent extraction techniques. In general. increased 

14 nitrogen limitation led to increased proportions of incorporated C in 

storage materials such as carbohydrate or lipid. and decreased 

proportions associated with protein. This is consistent with independent 

observations of biochemical variations associated with nitrogen 

starvation (e.g. Syrett, 1953; Thomas and Krauss. 1955; Fogg, 1959; 

Handa, 1969; Myk1estad and Haug, 1972; Conover, 1975; Edge and Ricketts, 

1977; Hyk1estad. 1977; Hitchcock, 1981; Shifrin and Chisholm, 1981) aod 

nitrogen limitation (e.g. Thomas and Dodson, 1972; Caperen and Meyer, 

1972; Rhee, 1973. 1978, 1980; Harrison et al., 1976; Laws and Wong, 1978; 

Goldman and Peavey, 1979; Goldman. 1980; Laws and Bannister, 1980; 
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Konopka and Schnur, 1981; Dortch, 1982; Maaake, 1982; Wheeler et 41 . , 

1983). An exception was the ohservatioDS of Morris et a1. (1974) that 

14C incorporation into hot trichloroacetic acid insoluble .aterial 

(protein) was enhanced in nitrogen It-ited continuous cultures of 

Phaeodactylum tricornutum. 

Fractious of cellular material derived by solvent extraction 

techniques are operationally characterized. The lack of precise chemical 

definitions of the subcellular fractions makes their relationship to 

cellular metabolism somewhat ambiguous. Comparisons of different 

fractionation procedures by Hitchcock (1981) de.anstrated the potential 

for variations associated with the different methodologies. Changes In 

species composition can alao influence the chemical contents of 

subcellular fractions even When obtained by identical procedures. 

Hitchcock (1981) also noted a lack of correlation between the 

distribution of l4C among subcellular fractions after a 6 hour 

incubation and the amount of carbon estilD8ted by cheaica1 aasays of 

constituents . Al.though Konopka and Schnur (1981) did conduct biochl!!mica1 

analyses, the data presented were not adequate to make direct comparisons 

14 to inorganic C incorporation patterns and the influence of nitrogen 

status on this relationship. It 1s obvious that solvent extractions 

which are not further chemically characterized can at best be classified 

as operational. definitions of a "type" of cell Dl8terial. I have avoided 

this problem by isolating, quantifying, and radioassaying individual free 

and protein amino acids, so that my results can be interpreted on clearly 

defined chemical and physiological bases. 
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Another problem with current fractionation methods 1s the lack of 

proper consideration of potential containment artifacts and effects of 

incubation period on isotope distribution. Olive and MorrisOD (1967) and 

OlIve et ale (1969) employed endpoint incubations from sunrise to sunset, 

while Hitchcock (1978) incubated his samples for 24 hours. Morri. and 

Skea (1978), Smith and Morris (1980a,b), Morris et ale (1981), and Priscu 

and Goldman (1983) sampled In a time course over a light/dark cycle. 

Because of the problems associated with extended containment 

(Vollenweider and Nauwerck, 1961; Venrlck et al., 1977; Goldman et a1., 

1981&; Peterson, 1980; Ferguson et al., 1984), the degree to which the 

behaviour of samples fros long term incubations reflects the activity of 

the natural populations 1s questionable. This has led to use of shorter 

incubation periods. 

Barlow (1982), Barlow and Henry (1982), Konopka (1982), and Priscu 

and Goldman (1983) used endpoint incubations of approximately 4 hours. 

Li and Platt (1982) conducted endpoint incubations of 2 hour duration. 

14 
Li et ale (1980) compared distribution of C among subcellular 

fractions from 2 and 4 hour incubations of samples of natural populations 

of Oscillatoria. They found significant time dependent changes which 

were influenced by photosynthetic rate. 

Although short incubation periods minimize containment artifacts. 

they are more subject to the effects of isotopic disequilibrium. 

Hitchcock (1981) characterized the time dependence of isotopic 

distrIbution into different cell fractions of dinoflagellate cultures. 

His results demonstrated an initial accumulation of label in the low 

molecular weight pool, which subsequently diminishes as label is 

distributed into other cell fractions. He noted that up to four hours 
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were required to reach plateaus in distributions. Cube! and waterbury 

(1984) compared equilibrium distributions of isotopes with short term 

distributions in the cyanobacterium SynechOCOcCUB sp. and found that even 

after 6 hours, the short term distribution of isotopic carbon in the hot 

TeA insoluble material (protein) undereatlaated the equilibrium 

distribution by about 10%. 

These studies illustrated the importance of understanding the 

dynamics of 14C incorporation in order to relate it to cellular 

chemical compoaition. A major objective of this investigation vaa to 

characterize the effects of nitrogen limitation the steady state 

composition of free amino acida and protein, and their kinetics of 

inorganic 14c incorporation . 

As pointed out by Goldman and Gllbert (1983) J a direct relationship 

between growth and nitrogen uptake only occurs when a population ia in 

steady state balanced growth. Although steady state continuous cultures 

are not representative of the natural populations (Jannasch, 1974), they 

do provide a means for studying characteristics of populations of well 

defined physiological state where growth rate, dilution rate, and 

specific nutrient uptake rates (Vm) are equal. Initially, results from 

+ NH4-limited steady state populations will be considered, where 

growth rate and nitrogen uptake are coupled and precisely defined. 

Subsequently, I will describe the metabolic dynaaics associated with 

+ enrichment of NH4-l1mlted culturee with saturating levels of 

+ 
NH4• 
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Specifically, this study addressed the following questions: 

1) What 18 the effect of growth rate on steady state levels of 

intracellul·ar free aaino acids? 

2) What 1s the effect of growth rate on the time course of 

14 saturation of free amino acida with inorganic C? 

3) What 1s the relationship between nitrogen turnover of nitrogen 

transport mediators, and saturation rates with 14C? 

4) What 1s the relationship between the specific activities of free 

amino acids and newly assimilated protein? Does segregation of precursor 

14 pools result in rapid saturation such that the incorporation of C 

into protein reflects actual protein carbon production? 

14 5) To what extent does the distribution of C among free amino 

acids reflect their proportion of total cellular carbon? 

14 
5) How 1s the relationship of C distribution aDODg other 

cel1ular material influenced by growth rate? 

Important considerations in the + NH4 enrichaent studies were: 

1) What are the transient responses of both composition and isotope 

distribution to NO: enrichment + of an NH4 11m1ted steady state 

culture? 

2) + To what extent can aetabolic responses of NH4 enrichment be 

generalized among species? 

Host of the results involve studies conducted with the marine 

chlorophyte. Nannochloris sp. (clone GSB Nanno). This species was chosen 

because it CODDOn1y occurs in near shore environments, and 1s easUy 

cultured. It is a smail organi811 (approximately 2 micron diameter) J and 
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contains only one chloroplast. Ita relative aillp11clty raakes it an ideal. 

model organism for these studies. Subsequently, results of preliminary 

investigations on several other species will be diacu88ed. 

The potential impact of nitrogen supply on algal growth and cellular 

chemical composition has important i.plicatioDa for the abundance and 

composition of primary organic matter, aud its incorporatIon into the 

marine food web. This study provides infarlQ8tioD about relationships 

between carbon assimUation patterns and changes in cellular chemical 

composition aSBociated with nl1:rogen limitation. The inforraation will 

14 provide a foundation for using inorganic C to probe chemical 

composition and quantify blo8~lthetlc rates In natural autotrophic 

populations. Such an investigative approach wIll be usefu1 in 

characterizing the aetabo11sm of primary producers, and defining their 

role in the fluI and compositional dynamics of particulate organiC 

matter. 

1. DYNAIIl<Z OP »lEE AIIlIIO ACU AND PROTEIN COMPOSITION AND 

INOOll1'OR.UION OP INORGANIC 14C IN NHZ-LIMITED STEADY STATE 

CULrURES OP THl! IlARINE CHLOB.OF:IIYTE, lWINOCHLCJUS SP. 

METlIlDS 

All methods used in this section were described in Chapter 2. 

RESULTS AND DISClJSSION 

Cellular Cha.1c:al Cc:.poaltiOll ... a Pl.mctioo. of llel.atlve Growth Rate 

The relationship between r ,e1ative growth rate ""/111118x) of 

+ NH4-11m1ted cultures of Nannochlorls sp. and distributions of 
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cellular carbon and nitrogen among intracellular free allino acids (IPAA) 

and protein are shawn in Tables 3-1 and 3-2 respectively. Relative 

growth rate is defined 8S the dilution rate of the chemos tat (u, absolute 

growth rate) normalized to the maxillUll growth rate (JJmax - batch 

culture growth rate under the saae conditions of light and temperature 

(e.g. Goldman, 1980). Percentages of cellular carbon associated with the 

intracellular free amino acids (IFAA) decreased with relative growth rate 

8S shown in Table 3-1. Similarly, the percentage " of cellular carbon 

associated with protein decreased (Table 3-2). There was a decline in 

the percentage of cellular nitrogen associated with the free amino acids, 

but no significant change in the percentage of cellular nitrogen 

associated with protein as a function of relative growth rate (Table 3-2) 

8S has been previously reported (Maske, 1982). Maske (1982) observed 8 

decrease of from 8.0 - 2.5% of the cellular nitrogen associated with free 

amino acids in continuous cultures of the diatOlll, Skeletonema costatutl, 

+ with increasing NH4 li1l1tation. This was within the range reported 

in this study (Table 3-1). Maaske (1982) also reported a decrease in the 

proportion of cellular nitrogen associated with protein from 82 - 52% as 

growth rate increased, which was slightly higher than the range observed 

for Nannochloris sp. (Table 3-2). Rhee (1978) found 44% of the cellular 

nitrogen was associated with protein in nitrate limited continuous 

cultures of Scenedesmus sp., simliar to the value I observed for 

Nannochloris sp. 

Significant changes in the IFAA pool composition accompanied the 

growth rate-related decline in pool size (Table 3-3, Figure 3-1). 

Individual amino acids were identified by comparison of retention times 

with authentic standards. In general, the separation was adequate 80 8S 
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Table 3-1. Proportions of Total Cellular Carbon and Nitrogen in Free 
Amino Acids of Nannochloris sp. a8 a Function of Relative Growth Rate 

Relative 
Growth Ra tea % Carbon % Nitrogen 

1.00 (0.03ll b 6.8 (l . ll 12.0 (3.2) 

. 965 (0.098) 5.0 (1.5) 8.5 (3.3) 

.933 (0.031) 4.5 (0.90) 7.0 (1.7) 

.458 (0 .014) 2.7 (0 . 60) 5 . 8 (1.5) 

. 229 (0.016) 0. 31 (O.Oll 1.4 (0.34) 

8P/»max Where ~max = 1.44 (0.04) day-I. 

bvalues in parentheses represent 95% confidence intervals. 
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Table 3-2. Propor~ion8 of TOLal Cellular Carbon and Nitrogen in 
Protein of Nannochlorls sp. as 8 FUnction of Relative Growth Rate 

Relative 
Growth RateS % Carbon % Nitrogen 

1.00 (0.037)b 22 . 5 (3.7) 59 . 0 (12 .5) 

0. 965 (0.098) 21.9 (3.9) 42.8 (9.5) 

0.933 (0.031) 18 . 9 (4.9) 31.2 (21.0) 

0.458 (0.014) 16.8 (3 . 0) 36.8 (8 . 4) 

0.229 (0.016) 8.8 (2.0) 42.0 (7 . 3) 

a~/Umax where ~max • 1.44 (0.04) day-I , 

Dvslues In parentheses represent 95% confidence intervals. 
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Tlbi. J.l. ProporUOftI of th. lutracellulu' Pr .. Aalno kId C,lrboa Pool ..... ocUted 
with l1uilvldual AaiIlD Ac.ld • ••• 'unetlua of .",Lat1v, Gt'C*t:h R.au of Nlnnoehlorh .p. 

S lutraeellwr Pr .. AaJ.oo Acid Pool Carbon 
hLatlv" 

1.OOb O. 458b <:rovd!. bt.t 0 . 9&.5 0.933 0 . 229 

_luo 
Acidl AS' 1.7 (0.93)1: 1.2 <0.64) 1.05 (0.2!1) 2. 1 (1.8) 1. 3 n.6) 

'UI 9.2 (2.6) 9. 1 (J . 8) 9. 2 U.3) 18 . 7 (4.9) 53.4 (14.9) 

CLN 4.4 (1.6) 7.8 (J.l) 11.5 (3.U 1.5 (O.6l) 3.7 Cl . 6) -
SIll 3.3 (1.9) 0 • .52 ( 0.19) 0.38 (0.38) 2. 3 (l.ll 0.92 (0.69) 

"" 0 . 49 (0.29) 0 . 14 (0.14) 0.21 (0.04) 1.1 (l.0) 0.71 (0.31) 

CLT 0.74 (0.20) 0.24 (D.ll) 0.22 (o.oa) 0 . 72 (0 •• 4) 0.50 (0.22) 

AU 3.0 (1.') o.·u (0.29) 1,06 (0.82) 13. 7 (7.2) 8.3 (3.1) 

"'. 56.7 ( 22 . 1) 70.5 (30 .0) 75.6 U6.') 38.S (14 . 4) 21.' (8.6) 

VAL 1.6 (D •• 2) 0 • .58 (0.84) o.d. 2. 8 (1.6) 3.7 (1 .3) 

'", 7.8 (3.6) 6.0 (11.0) D.d. 1.8 (3 •• ) o.d. .... D.d. 0.72 (O.,5S) 0.77 {0.20} Z.O (l.,n 6.0 (1.7) ... • •• a.d . a.d . 6.6 (3.9) a.d. 

"'" n . d. 0.13 (0.06) a.d. a.d. a.d. 

LTS to.d . 0 .63 (0.34) a.d. 1.4 (0.8,5) a .d. 

MIS n . d. 1.4 (1.2) D.d. 0.82 (0.26) a.d. 

ORN 2.2 (l.8) 0.71 (0.32) n.d . n.d. n.d. 

·~/~. where ~. • 1.44 (0.04) day-I. 

brhe.e culture. ~r. not ... oic. 

Cy.lu.. io per.othe ••• r.pre •• at 9.5% confideoc. lnteryw. 
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Figure 3-1. Proportions of intracellular free 8111.1no acid carbon 

+ associated with individual amino acids of NH4-1imited steady state 

cultures of Nannochloris ap. at high (pip - 0.933) and low (pIp 
ux ux 

- 0.229) relative growth rates. 
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to make identification unambiguous. I was not able to resolve 

beta-glutamic and glutamic acid, however. Furthermore, proline, 

gamma-aminobutyric acid, and arginine all eluted closely, making 

distinctions difficult. In the remainder of the thesis, I designate 

derlv8tizable compounds of interest according to the elution 

characteristics of standards. However, these identifications have not 

been verified by an alternate separation procedure, or aore r1gorous 

procedures such as mass spectrometry. 

It has been suggested that the relative proportions of cellular 

nitrogen associated with free amino acids may be a means of indexing 

nitrogen status of the phytoplankton population (e.g. Rhee. 1978; Dortch, 

1982). My results suggest even more information may be revealed by 

characterizing the composition of individual intracellular free amino 

acids. Knowledge about variations in individual free amino acids as a 

function of nitrogen supply may also help in understanding the relative 

importance of rate limiting steps in the metabolic flux of nitrogen. 

Glutamate and alanine increased in proportion to IFAA pool carbon as 

relative growth rate decreased (Table 3-3). The proportion associated 

with proline decreased, and there was some indication of a decrease 1n 

glutamine, although proportions were variable. The decrease in the 

proportion of proline carbon In IFA! carbon 8S growth rate decreased 

suggests its production/utilization ratio decreased more than that of 

other IFAA's. The accuaulation of proline as a free amino acid in a 

microalga has not been observed to my knowledge. Wheeler and Stephens 

(1977) Doted the presence of a large storage pool of arginine in 

Platymonas sp. Arginine elutes close to proline, and I recognize the 

possibility that what I have identified as proline Is actually arginine. 
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On the basis of extensive comparisons of retention tbes to proline 

standards, I believe the compound was proline and shall continue to refer 

to it 8S such. In Nannochlorls, sp. J the proline pool Berves as a reserve 

nitrogen source during nitrogen. limitation (Table 3-3), levels of free 

proline 1n some higher plants axe sensitive to water stress (Stewart et 

81., 1977). Proline 1s a major' dissolved free amino acid associated wlth 

salt marsh grasses, thought to be an osmoregulator. In view of the range 

of halo tolerance by Nannochlor1.s sp., which can be inferred from 1ts 

broad distribution in COBS tal E!Dvironments, it'a possible that proline 

serves as an osmoregulator in tbls organism 88 well. 

The proportion of IFAA carbon associated with other free amino acids 

increased slightly or remained CODstant as relative growth rate 

decreased, an indication that their utilization was coupled to the 

deerease in nitrogen supply. ~i1te fact that glutamate concentration 

remained relatively high would suggest that transamination involved with 

the forlll8.t1on of other amino a,~ids was inhibited. Possibly, reduetions 

in supply of carbon skeletons lEor transamination occurred as a result of 

regulatory effects of nitrogen on the storage of carbon (e.g. Mohamed and 

Gnaman, 1979; Hipkln and Syrett, 1977). 

Nitrogen Specific Turnover Ratl!. of Ni trosn Transport Mediatora 

Obviously, in a nitrogen lllllted steady state culture, the ultimate 

rate limiting step in nitrogen assimilation and growth rate is the supply 

of nitrogen to the culture. ~~tabolically, the reaction which l1mits 

growth may vary 8a a result of changes in nitrogen supply. The relative 

importance of different metabo:lic steps in limiting the assi.m.ilative flux 
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of nitrogen was examined by comparing the specific flux of nitrosen 

through intracellular pools of nitrogen transport intermediates. Rates 

of nitrogen uptake were estimated baaed on the dilution 

ratea of the steady state cultures and measured particulate orga:nlc 

nitrogen concentrations according to the equation: 

wbere RN Is the net nitrogen uptake rate ~M N 
-1 

1 

(3-1) 

-1 hr >, D 18 

the dilution rate of the continuous culture (hr-I ). and No 18 the 

steady state particulate orgsnic nitrogen concentration ~H 1-1). 

Nitrogen specific turnover rates of nitrogen transport aedlators were 

determined by normalizing ~ to the concentrations of IFAA nitrogen, 

glutamine amide nitrogen (InItIal site of nitrogen assimilation "la 

glutaaine synthetase, GS), and glutamate nitrogen (obligatory 

intermediary transport pool via glutamine-osoglutarate glutamate 

aminotransferase, GOGAT). There were dramatic differences between high 

and low relative growth rates in turnover rates for glutamine amJ,de 

nitrogen and glutamate nitrogen (Table 3-4). Glutamine amide nitrogen 

had 8 much higher turnover rate at the low relative growth rate, while in 

contrast, glu~ate nitrogen specific turnover decreased with decreasing 

relative growth rate. At high relative growth rate. glutamine amide 

nitrogen, and glutamate nitrogen turn over at approximately the aame 

rate. This indicates that these rates are coupled under conditions of 

nitrogen saturation. The decline in levels ox glutamine relative to 

glutamate 88 relative growth rate decreases (Table 3-3) and the bigh 

specific turnover of glutaaine amide nitrogen at low relative growth rate 
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Table 3-4. Nitrogen Specific TUrnover Rates of Nitrogen Transport 
Mediators In RelationshIp to Growth Rate o.f NsnDocbloria sp. 

Relatives 
Gro\lth Rate 

0.933 (0.031)C 

0.229 (0.016) 

Nitrogen Specific Turnover Rates (hr-l)b 
Free Amino Acid Glutamine Glutamate 

NItrogen Amide Nitrogen Nitrogen 

0.74 (0.17) 7.8 (2.6) 9.8 (2. 8) 

1.00 (0.25) 30.2 (14) 2.1 (0.66) 

8p/~x where ~x - 1.44 (0.04) day-l, 

brota! nitrogen uptake rate normalized to transport pool nitrogen 
concentrations. 

CValuee in parentheses represent 951 confi dence intervale. 
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(Tabl.e 3-4) are an indication of a high utlbation/productlon ratio. 

This would be the csse if the glutamine 8yn£~eta8e (GS) reaction becomes 

increasingly rate I1m1ting wi th decreasing tl..1 crogen supply, and 1s in 

agreement with the conclusions of Wheeler Cl.983) based aD studies 

sssaying the activities of enzymes involved 1n nitrogen assimilation. 

GOGAT, which uses glutamine and alpha-ketogl.utarate 88 Bubstrates, 1s 

competitively inhibited by glutamate (H1flbn et a1., 1980). ThUB a 

decline in the glutamine/glutamate ratio wouad tend to reduce tbe rate of 

nitrogen fluz through the GOGAT reaction 8S well. The reduced flux of 

nitrogen ultimately contributed to the decline in proportions of other 

free amino acids, and the 8upresslon of grolirth. 

There were no Significant differences 1n. IFAA nitrogen specific 

turnover rates at high and low relative gro~~h rates (Table 3-4). 

Although turnover of glutamine aaide nitrogen increased with decreasing 

relative growth rate, its relative abundance, decreased, thereby 

diminishing its impact on total IFAA nitrogen turnover. In contrast, the 

turnover rate of glutamate nitrogen decreased and the proportion of IFAA 

nitrogen 1n glutamate increased. It is not possible to directly assess 

the nitrogen turnover rates for proline, glycine + alanine, and aspartate 

with my data. Apparently the decline in other free amino acids such 8S 

proline, which are probably turning over more slowly, compensated for the 

decreased glutamate nitrogen turnover rate. This resulted In little or 

no change in bulk free amino acid nitrogen t lurnover rates with growth 

rate. 
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Saturation With Inoraan1c l4e: Relative Specific Actlvltle. of 

Intracellular Free ~ Acids 

Tille c:ourse descriptions of specific activities of free amino acida 

were determined by both quantifying the concentration of the individual 

14 
free amino acids snd radloassaying their incorporation of C. The 

absolute specific activity of an amino acid Is given 8S: 

SAAA - C*(t)!CAA 

14 
where SAA Is the absolute specific activity, C*(t) Is the dpms of C 

in the amino acid pool at time t, and CAA Is the steady state carbon 

(3-2) 

pool concentration of the amino acid. In order to facilitate comparisons 

among different experiments, absolute specific activities were normalized 

to the specific activity of the dissolved inorganic carbon pool: 

SAnrc - c*tota1!Cnrc (3-3) 

14 
where C*total equals total C dpms in the dissolved inorgan1c carbon 

pool, and CD1C is the concentration of dissolved inorganic carbon (both 

of which are assumed to remain constant during the incubation). The 

relative specific activity, SAAA/S~IC' 1s equal to one when the 

specific activities of the free amino acid and dissolved organ1c carbon 

pools are equal. 

The time dependence of the relative specific activity of IFA! carbon 

is shown in Figure 3-2. Arrows indicate times when flow was 

interrupted. There was no apparent effect of variations in relative 

growth rate on total IFAA carbon saturation rate. Saturation remained 
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below 50% throughout the three hour incubation period for both high and 

low relative growth rates. The turnover rate of intracellular free amino 

acid nitrogen was also unaffected by changes in relative growth rate 

(Table 3-4). The constancy of saturation rates over varying conditiODs 

of nitrogen limitation means that sss1ailatlve flux of carbon and 

nitrogen through IFAA's is proportional to the total pool levels . That 

18, given relatively constant turnover rates, pool size provides an index 

of flux. Turnover rates for IFAA carbon, 8S derived from the time course 

variations 1n relative specific activity, were substantially lover than 

-1 
those for nitrogen (approximately 0.2 hr for carbon 8S opposed to 0 . 7 

-1 
- 1.0 hr for nitrogen) . This reflects the independence of carbon and 

nitrogen flux through the IFAA pool, and is consistent with the results 

of Bassham and Kirk (1964). who found that labelling rates of free amino 

15 + 
acids with N derived from NH, were higher than incorporation 

rates of inorganic l4C• 

Despite the apparent uniformity in total IFAA carbon saturation 

rates. saturation characteristics of individual free amino acids were 

differentially affected by changes in relative growth rate . Comparisons 

between time course variations 1n glutamate relative specific activities 

revealed a higher saturation rate associated with high relative growth 

rate (Figure 3-3). The extended time course in Figure 3-4 includes 

results from batch cultures and snother chemos tat experiment at an 

intermediate relative growth rate. Batch cultures would not be subject 

to nutrient depletion effects which may result from the interruption of 

media input in the continuous cultures (indicated by arrows in F1gs. 3-3 

and 3-4). Flow was Dot interrupted in the intermediate growth rate 

continuous culture. It 1s apparent that the batch and high relative 
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growth rate patterns were s1al:1ar and higher than the intermediate and 

low relative growth rate patterns. A similar trend vas observed in the 

growth rate dependence of glutamate nitrogen turnover (Table 3-4) . 

Again, the turnover of glutama 'te nitrogen W88 considerably higher than 

t ha t of carbon (c.f. Fig. 3-3 ,and Table 3-4). an illustration of the 

importance of glutamate as a mediator of intracellular nitrogen 

transport. 

Growth rate dependence of Iglutamlne carbon saturation rates wss leas 

clear (Fig. 3-5). Batch culture saturation rates were higher. while DO 

significant differences could be shown for high and low relative steady 

state growth rates. It may be that saturation of glutamine Is highly 

sensitive to n1trogen depletion as a result of cessation of nutrient 

s upply (time of which 1s indicated by the arrows in Figure 3-4). 

In contrast to the relatively slow saturation of glutamate, 

14 
glutamine, and IFAA carbon with inorganic C, the specific activities 

of glycine + alanine (Figure 3-6) and aspartate (Figure 3-7) rapidly 

approached unity at high relat:ive growth rate. This suggests their 

biosynthesis 1s closely coupled to the production of photosynthetically 

derived carbon skeletons. As in the case of glutamate, saturation of 

glycine + alanine was slower at low relative growth rate and may have 

been sensitive to the interruption of media inflow (indicated by 

arrows). Data were insufficient to make any such conclusions for 

aspartate. Valine saturation characteristics resembled glutaaate, 

displaying a higher saturation rate at the high relative growth rate 

(Figure 3-8). As tor glycine+a1anine, saturation at the low relative 

growth rate appeared to be sensitive to the interruption of media 

inflow. Proline displayed slcIW saturation kinetics at both high and low 
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Figure 3-2. Ti..e course of the relative specific activity of 

+ intracellular free amino acid carbon in batch and NH4-11111ted steady 

state cultures of Nannochlorls sp. Relative specific activity Is the 

specific activity of the amino acid normalized to that of the dissolved 

inorganic carbon pool; see text for further discussion. Symbols 

correspond to different relative growth rates (P/~ ): triangle, 1.00 max 

(batch culture); X, .965 (batch culture); square, .933; cross, .229. 

Errors represent propagated estimates of analytical error based on 95% 

confidence intervals. Media inflow was stopped at 0.33 hours for 

~/Pmax - 0.933, and at 1.0 hour for p/Pmax - 0.229 (indicated by 

arrows). 
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Figure 3-3. Time course of the relative specific activity of 

intracellular free glutamate at higb and low relative growth rate in 

+ NH4-1im1ted steady state cultures of Nannochlorls ap. Relative 

specific activity 1s the spec1fic activity of the amino acid normalized 

to that of the dissolved inorganic carbon pool; see text for further 

discussion . Symbols correspond to different relative growth rates 

-1 
square, 0.933; cross, 0.229 day • Errors represent 

propagated estimates of analytical error based on 95% confidence 

intervals. Media inflow was stopped at 0.33 hours for p/Pmax • 0.933, 

and at 1.0 hour for p/Pmax - 0.229 (indicated by arrows). 
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Figure 3-4. Extended time course of the relative specific activity of 

+ intracellular free glutall8te in batch and NH4 -limited steady state 

cultures of Nannochloris sp . Relative specif1c activity 1s the specific 

activity of the amino acid normalized to that of the dissolved inorganic 

carbon pool; see te%t for further discussion. Symbols correspond to 

different relative growth rates (P/~ ): triangle, 1.00 (batch .... 
culture); X. 0 . 965 (batch culture); equare, 0.933; diamonds, 0.458; 

cross, 0.229. Errors represent propagated estimates of analytical error 

based on 95% confidence intervala. Media inflow was atopped at 0 . 33 

hours for ~/~m8X - 0.933, and at 1.0 hour for p/Pmax - 0.229 

(indicated by arrows). 
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Figure 3-5 . Time course of the relative specific activity of 

intracellular free glutamine + in batch and NH
4

-1i1Dlted steady state 

cultures of Nannochlorls ap. Relative specific activity Is t he specific 

activity of the amino acid normalized to that of the dissolved inorganiC 

carbon pool; see text for further discussion. Symbols correspond to 

different relative growth rates Cu/.uma.x): triangle. 1.00 (batch 

culture); X, 0.965 (batch culture); square, 0.933; dis.onds, 0.458; 

crOBS, 0.229. Errors represent propagated estimates of analytical error 

based on 95% coofidence intervals. Media inflow was stopped at 0.33 

hours for p/Pmax - 0.933, and at 1.0 hour for p/~maz - 0.229 

(indicated by arrows) . 
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Figure 3-6 . rime course of the relative specific activity of 
. + 

intracellular free glycine + alanine 1n batch and NH
4
-11mlted steady 

state cultures of Nannochlorls ap. Relative specific activity is the 

specific activity of the amino acid normalized to that of the dissolved 

inorganic carbon pool; see text for further discussion. Symbols 

correspond to different relative growth rates (u/Amax): X, 0.965 

(batch culture); square, 0.933; cross, 0.229. Errors represent 

propagated estimates of analytical error based on 95% confidence 

intervals. Media inflow was stopped at 0.33 hours for p/Pmax - 0.933, 

and at 1.0 hour for JJ/Pmax - 0.229 (indicated by arrows). Curves drawn 

by eye. 
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Figure 3-7. Time course of the relative specific activity of 

+ intracellular free aspartate 1n batch and NH
4
-11t111ted steady state 

cultures of Nannochlorls sp. Relative specific activity 1s the specific 

activity of the amino acid normalized to that of the dissolved inorganic 

carbon pool; see text for further discussion. Symbols correspond to 

different relative growth rates (p/~maz): triangle, 1.00 (batch 

culture); X, 0.965. square, 0.933; diamonds, 0. 458; cross, 0.229. Errors 

represent propagated estimates of analytical error based on 95% 

confidence intervals. Curve drawn by eye. 
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Figure 3-8. Time course of the relative specific activity of 

+ intracellular free valine in batch and NH4-1imlted steady state 

cultures of Nannochloris sp. Relative specific activity Is the specific 

activity of the amino acid normalized to that of the dissolved inorganic 

carbon pool; see text for further discussion. Symbols correspond to 

different relative growth rates CP/Pmax): triangle, 1.00 (batch 

culture); X, 0.965 (batch culture); square, 0.933; dia.onds, 0. 458; 

cross, 0.229. Errors represent propagated estimates, of analytical error 

based on 95% confidence intervals. Media inflow was stopped at 0.33 

hours for ~/Pmax - 0.933, and at 1.0 hour for p/Pmax - 0.229 

(indicated by arrows). Curves drawn by eye. 
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relative growth rates (Figure 3-9). supporting the hypothesis of its 

function as a reserve nitrogen source or osmoregulator, 8S opposed to a 

central biosynthetic intermediate. 

A diagram of the blosynthetlc pathways of glutamate, glutamine. 

aspartate, alanine. glycine and serine Is shown 1n Figure 3-10. 

Glutamate SDd glutamine are products of the reductive amination of 

alpha-ketoglutarate, which Is a carbon skeleton derived from the 

tricarboxylic acid cycle. This may explain their relatively slow 

equilibration rates, which involve saturation of botb the large 

intracellular free glutamate and glutamine pools, 88 well 8S the 

respiratory intermediate. alpha-ketoglutarate. 

The biosynthesis of glycine and serine can be derived from 

3-phosphoglycerate produced by the RuDP carboxylase reaction of the 

Calvin cycle, and consequently would be ezpected to rapidly saturate. 

However their formation may also involve reactions of the 

photorespiratory product glycolate which are catalyzed by enzymes 

localized in the perozisomes and mitochondria (Keys et al., 1978 in 

Miflin et al., 1980). If the latter biosynthetic pathway is important, 

it may involve saturation of a larger carbon precursor pool. There 1s 

evidence from studies with Chlorella to suggest that the glycolate 

photorespiratory pathway is less favored under conditions where ammonia 

ia the Bole nitrogen source (Beudeker and Tabita, 1984). Alanine is 

derived from pyruvate, sod aspartate from o~loacetate. Both pyruvate 

and oxaloacetate are produced outside the chloroplast by enzymes of the 

glycolysis cycle. The fact that glycine + alanine and aspartate rapidly 

saturated at the high relative growth rate would require either that the 

entire cytosolic pools of their carbon skeletons equilibrated with 
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14 
inorganic C, or that production of their carbon skeletons was 

isolated from more slowly turning over po~18. Studies with spinach 

chloroplasts have indicated that pyruvate and oxaloacetate may be 

produced within the chloroplast (Schulze-Siebert et al., 1984) which 

could explain the rapid 88turat!o~ of aspartate and alanine at the high 

relative growth rate. 

Proline Is derived from glutamate. Its low saturation rate Is likely 

a consequence of its high Intrace1~ular pool concentration and the slow 

saturation of glutamate. Valine 1s derived from pyruvate. Its 

saturation characteristics are discussed further In Chapter 4. 

IFAA carbon and nitrogen turn9ver rates were relatively uniform over 

a wide range of nitrogen limited growth rates, despite the diverse 

responses of n1trogen and carbon turnover of individual amino acids to 

changes in relative growth rate. This is apparently a consequence of 

adjustments in relative abundances, as well as saturation rates. The 

fact that total IFAA carbon saturation waa unaffected by growth rate can 

be explained at least partially by the ~act that the proportion of the 

slowly turning over proline d~cl1ned 8S growth rat~ declined. Hence. 

although the turnover of othe~ amino acids such as glutamate, glycine + 

alanine, and valine were lower for the low relative growth rate, the 

decline in proline had a buffering effect on the saturation rate of total 

pool carbon. 

Obviously, IFAA carbon metabo~ism is highly sensitive to growth rate, 

and responses of individual free amino acids are diverse. Free amino 

acids are intermediates in the synthesis of protein. However, protein 

amino acid precursor pools may be segregated from the bulk intracellular 

free amino acid pools. In the next aection I discuss the extent to which 



-134-

Figure 3-9. Time course of the relative specific activity of 

+ intracellular free proline in batch and NH4-11mlted steady state 

cultures of Nannochlorls ap. Relative specific activity 1s the specific 

activity of the aaino acid normalized to that of the dissolved inorganic 

carbon pool; see text for further discussion. Symbols correspond to 

different relative growth rates (pIp ): triangle, 1.00 (batch max 

culture); X, 0.965; square, 0.933; diamonds. 0.458; cross, 0.229. Errors 

represent propagated estimates of analytical error based on 95% 

confidence intervals. 
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Figure 3-10. Simplified diagram showing the major pathways associated 

with the biosynthesis of glycine (GLY), serine (SER), glutamine (GLN), 

glutamate (GLU), alanine (ALA), and aspartate (ASP). After Miflin snd 

Lea (1977) aod Miflin et ale (1980). PGA - phosphoglycerate, PEp· 

phosphoenolpyruvate, PYR - pyruvate, OAA - oxaloacetate, TCA -

tricarboxylic acid cycle, KGA - alpha-ketoglutatarate, RuDP -

rlbuloae-l,S-dlphosphate, FDP - fructose-l.6-dlphosphate. G6P -

glucose-6-phosphate. Formation of glycine and serine from glycolate may 

involve participation of peroxlsomes Bnd mitochondria (not indicated, see 

Keys et al., 1976. in Hiflln et al., 1980). The proposed direct 

formation of phosphoenolpyruvate and pyruvate within the chloroplast 

(Schulze-Siebert et aI., 1984) 18 alBa not shown. 
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observed saturation characteristics of free aaino acids reflect that of 

newly assimilated protein amino acids. Such information 1s crucial in 

attempts to understand the relationship of isotopic labellin8 of protein 

to actual net protein synthesis, and the path of photosynthetically fixed 

carbon in the biosynthesis of protein amino acid precursors. 

Relationships Between Free and Protein _ino Acid Saturatlcm Rates 

The production of nascent protein amino "acids in a steady state 

continuous culture will be: 

dP/dt - DP o (3-4) 

where D 1s the dilution rate of the chellostat, and Po i. the steady 

state protein amino acid carbon concentration. dP/dt is also equal to 

the rate of dilution of protein carbon 8S a result of media inflow. Now 

let a source of radioactive substrate (e'8. inorganic 14C) be added at 

time zero. For short incubation times and low growth rates (Dt less than 

0.05). the dilution of nascent isotopically labeled protein can be 

ignored, and the chemostst can be effectively treated as a batch culture 

with growth rate D. In the cultures which will be considered, flow was 

interrupted during the incubation, at which point this assumption becomes 

even more valid. For further discussion, refer to Chapter 4. Given that 

the concentration of nascent protein, P (t), 1s zero at time zero, then 
n 

integration of equation 3-4 yields: 

(3-5) 



-139-

The specific activity of the nascent protein 1s: 

(p*(t)/p ) (l/(eDt - 1)) 
o 

(3-6) 

where P*(t) Is the amount of isotope incorporated into the protein amino 

acid at time t (c.f. Wheeler and Stephens, 1977). P*(t)!Po would be 

the specific activity of the total protein amino acid. As for the 

intracellular free amino acids, the specific activities were expressed a8 

a relative specific activity. by normalizing to the specific activity of 

the dissolved inorganic carbon pool, SAorc (equation 4-3) . A value of 

one indicates complete ssturatlpn with inorganic carbon. 

Glutamate Is one of the most abundant intracellular free amino acids, 

and Is also an important component of protein. It should be noted that 

protein "glutamate" includes both glutamate and bydrolyzed glutamine. 

However, in view of the similarity in the saturation characteristics of 

free glutamate and glutamine, and the fact that glutamine is present in 

lower abundance relative to glutamate in av~rage protein (mole % is 

approximately 5.5 for glutamate, and 3.~ fow glutamine, Jukes et al., 

1975; Dolittle, 1981), I feel it is reasonable to compare specific 

activities of protein glutamate a~d free glutamate. Comparisons between 

the relative specific activities of nascent protein glutamate and 

intracellular free glutamate indicated that they were generally similar 

at high relative growth rate with the exception of one transient point 

(Figure 3-11). this suggests that intracellular pools of glutamate were 

in equilibrium with the source of precursors to protein biosynthesis . At 

low relative growth rate, nascent protein gl~tamate had a higher specific 

activity than the intracellular free amino acid pool (Figure 3-12), a 
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Figure 3-11 . Time course of the relative specific activity of 

intracellular free glutamate and nascent protein glutamate in batch and 

+ NH4-limited steady state cultures of Nannochlorls sp. Relative 

specific activity 18 the specific activity of the amino acid normalized 

to that of the dissolved inorganic carbon poolj see text for further 

discussion. Symbols for intracellular free amino acids (~/~ma%): 

triangle, 1.00 (batch culture); X. 0.965; square, 0.933. Cross 

represents relative specific activity of nascent protein glutamate in 

culture growing at 0.933. Errors represent propagated estimates of 

analytical error based on 95% confidence intervals. 
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Figure 3-12. Ti.e course of the relative specific activity of 

intracellular free glutamate and nascent protein glutamate in ao 

NHt-limited steady state culture of Nannochlorls sp. at low relative 

growth rate (~/~ma% • 0.229). Relative specific activity 1s the 

specific activity of the aDdno acid normalized to that of the dissolved 

inorsanic carbon pool; Bee text for further discu8sion. Symbols: 

square, nascent protein glutamate specific activity; c r088. intracellular 

free glutamate specific activity. Errors represent propagated estimates 

of analytical error based on 95% confidence intervals. 
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possible indication that a semi-iaolated more rapidly turning over pool 

was preferentially used 8S the precursor source for protein synthesis. 

Despite this apparent preferential use of photosynthetically derived 

amino acid carbon, nascent specific activities of protein glutamate were 

stIll higher at high relative growth rate (Figure 3-13) . 

There was consistent agreement between protein and free amino acid 

specific activities of valine (Figure 3-14) and aspartate (Figure 3-15) 

at high relative growth rates. As for glutamate, nascent protein valine 

specific activity tended to exceed the free amino acid specific activity 

at the low relative growth rate (Figure 3-16). There was insufficient 

data to evaluate this relationship for aspartate at the low relative 

growth rate. For glycine + alanine, nascent protein a.tno acids appeared 

to rapidly saturate (Table 3-5). Again, at the low relative growth rate 

free amino acid activities were considerably below the specific 

activities of these nascent protein aRino acids (c.f. Figs. 3-6 and 

3-5). 

Likely explanations for discrepancies between the specific activities 

of the amino acids in the intracellular pool and the nascent protein 

include compartmentalization of free amino acid pools. A separate more 

rapidly saturating pool of free amino acid precursors for protein could 

result in differences between specific activities of intracellular free 

and nascent protein amino acids. The existence of multiple metabolic 

pools has been reported by a number of investigators (Smith et a1. , 1961; 

Bassham and Kirk, 1964; Oaks and Bidwell, 1970; Wheeler and Stephens. 

1977). 1 observed significant differences between the free and nascent 

protein specific activities only ,under conditions of nitrogen 

lilll1tation. This would would suggest that a8 nJ.trogen limitation 
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increased. an increased proportion 9£ ~roteln amino acid precursors were 

drawn from the rapidly saturating pool. Previous studies where 

compartmentalization has been demonstrated have generally not considered 

effects of variations in the phy8101og1~al state. Unlike glycine and 

alanine, nBscent protein glutamate and valine do not fully equilibrate. 

Therefore, these protein a~no acids cannot be derived exclusively from 

rapidly saturating precursor pools. The ~loBe relationship between free 

and protein amino acid specific activities of glutamate and valine at 

high relative growth rate suggestB ther Is some loterequl11bration of 

their different metabolic pools. 

Another possible e%plaoation for dl£f~rence8 between free and nascent 

protein aminO acid specific activities ia protein turnover (e.g. Huffaker 

and Peterson, 1974; Cuhel et al., 1984; Trevawas et al., 1972; Bidwell et 

al., 196 ; Bates, 1981). Turnover of protein could result in a 

significantly greater gross rate of p~oteln syntheSiS thaD the net rate 

which was estimated. If isotopic aS8im~atlon reflected this gross rate, 

which would be the case if respired protein was not immediately 

equilibrated with nascent protein, then this could lead to an 

overestimate of nascent protein specific activl~y by our methods. Such a 

discrepancy would be larger under conditions of greater proteiD turnover, 

such as might be expected under conditions of nitro8en depletion (e.g. 

TrevaWBS et al •• 1972). If turnover of p~otein was the predominant cauBe 

of the discrepancy between free and nascent protein specific activities 

at the low relative growth rate, then there was a fortuitous mixing of 

the isotopic inputs into glycine and alanine precursor pools such that 

enhancement due to turnover offset the low saturation rate of the 

intracellular free amino a~id pools. However, this seems unlikely. 
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Figure 3-13. Time course of relative specific activity of nascent 

protein glutamate at higb and low relative growth rate in 

+ 
NH

4
-limited steady state cultures of Nannochloris sp. Relative 

specific activity 1s the specific activity of the amino acid normalized 

to that of the dissolved inor8a~lc carbon pool; see text for further 

discussion. Symbols ~/Pmax): square, .933; cross, .229. Errors 

represent propagated estimates of analytical error based on 95% 

confidence intervals. 
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Figure 3-14. Time course of the relative 81~ciflc activity of 

intracellular free valine and nascent prote:ln valine in an 

+ NH4-11m1ted steady state culture of NannochJloris ap. at high 

relative growth rate (P/JJ - 0.933). Relntive specific activity 1s mu 

the specific activity of the amino acid norl~llzed to that of the 

dissolved inorganic carbon pool; see text for further discussion. 

Symbols: &quare, nascent protein valine 8~!clflc activity <connected by 

line)i croBs, intracellular free valine aped£1c activity. Errors 

represent propagated estimates of analytical error based on 95% 

confidence intervals. 
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Figure 3-15. Time course of the relative specific activity of 

intracellular free aspartate and nascent protein aspartate in an 

+ NH
4
-limited steady state cultures of Nannocblorls sp. at high 

relative growth rate ~/~max - 0.933). Relative specific activity 1s 

the specific activity of the amino acid normalized to that of the 

dissolved inorganic carbon pool; see text for further discussion. 

Symbols: square, nascent protein aspartate specific activity; cross, 

intracellular free aspartate specific activity . Errors represent 

propagated estimates of analytical error baaed on 95% confidence 

intervals. 
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. Figure 3-16. Time course of the relative specific activity of 

intracellular free valine and nascent protein valine in an 

+ NH
4

-l1mited steady state culture of Nannochloria sp. at low relative 

growth rate ~/Pmax - 0.229). Relative specific activity Is the 

specific activity of the amino acid normalized to that of the dissolved 

inorganic carbon pool; see text for further discussion. Symbols: 

square. nascent protein valine specific activity; crOBS, intracellular 

free valine specific activity. Errors represent propagated estimates of 

analytical error based on 95% confidence intervals. 
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Tabh J-S. Ilehthe Speclflc: AcUvltlea of NuceD t Proteill .wll1o Acid, 
111 NlllllochlorJl .p. 

Incubation _____ -" ••• ,"."'.1V~.'_'S" .. ,cl""'"l,'""'m'"l'l •• "U".".cb---___ _ 
Ti_ Mho · lLi + 
(hr) kid; GLY ALA LEU 

0 . 933 (O.031)t 0." 0.81 <O.19)d 0.94 (O.lO) 0.52 (o.n) 1.09 (0. ItS) 
0.75 0.99 (O.ll) 0.76 (0.16) 0. 57 (0.13) 1.21 (o •• g) 
lolJ 1.0.5 (0.13) 0.84 (0.17) 0.63 (0.14) 1.44 (0.58) 
1.67 1.04 (0.23) 0.99 (0.10) 0.59 (0 . 13) 1 .38 (0 . 55) 
3.0 1.07 (O.Z4) l.ll (0.23) 0 . 63 (0.14) 1.02 (O . 4!) 

0.229 (0.016) 0.25 1.20 (0.32) 1.4) (0.39) 0.32 (0.08) 0 . 39 (O.l7) 
0.'" 1.26 (0 . 32) 1.10 {D. IS) 0.64 (0.16) 0.68 (0.28) 
1 . 1 1.32 (0.33) l.OS (0 . 25) 1.06 (O.26) 1.37 ( 0.57) 
1.7 1.2l (0.31) 1.42 (0.34) 0.89 (0.22) nod. eo 
2.tl7 1 . 05 (0 . 26) 0.80 (0.19) 0.59 (0.16) 0.58 (0.24) 

·JJlp .... whIrl! P_z • 1.44 (O.o.) 41,-1, 

ba.lltive apec1fic.lctlvlty • d~l/-.lno leid elr~ norw.lized to I~eifle actIvity of tbe 
diliolved IDorpu.1e ~ubon pool. 

CCro'Irth rite error. (1n pareatbe ... ) repr ••• nt 95% cOIIfldence Intervel •• 

dSpeclfie activit, errore UD perentbe ... ) reprelomt pro" .. t,d •• U_tee of anelyUe&l error 
beaed OD 95% CODfldeace iotlrvale. 

&n.d • • IlO deta. 
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Analytical methods were DO lt adequate to resolve proline and arginine 

from hydrolyzed protein, 80 it is not possible to compare nascent protein 

specific activities directly t~o intracellular free proline specific 

activities. However, nascent protein arginine and proline specific 

activities were low as were those for free proline (Figure 3-17). which 

does not support the e%istence of a segregated proline precursor pool. 

The characteristics of nascent protein isoleucine + leucine and 

phenyalanine were also examined. Dlfferep.ces between high and low 

relative growth rate were not significant (Table 3-5). Intracellular 

free amino ac~d concentra tions were clpse to the limit of sensitivity for 

detection, 80 it was not possible to compare free amino acid specific 

activities with protein. 

Thus far, I have discussed the character1atics of saturation of the 

free and protein amino acids w'it;h inorganic c;arbon. In the case of a few 

amino a c ids (glYCine, alanine, aspartate, and valine), their saturation 

rate is rapid enough that thei,~ specific activity can be related directly 

t o that of the dissolved inorganic ~rbon poo~. However, this was only 

the case at the high relative growth rate . Nascent ~rotein glycine and 

alanine, appear to rapidly equilibrate, irrespective of growth rate. As 

will be demonstrated in Chapte~r 4, such rapid saturation kinetics make 

these amino acids ideal model compounds for tracing protein synthesis. 

For the remaining amino ac:ids, determining their absolute 

14 concentrations based on C in,corporation h difficult for short 

incubations. However, it is plo8sible to obtain qualitative descriptions 

of the free amino acid and prcltein 

examining the proportions of t:otal 

composition of the algal biomass by 

14 
C uptake associated with these 

biogenic materisls. This Infolrmation may be useful in providing an 

indication of the nitrogen st.!lLtUB of an algal population. 
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Figure 3-17. Time course of the relative specific activity of nascent 

+ protein proline + arginine 1n NH4-11m1ted steady state cultures of 

Nannochloris sp. at high and low relative growth rate. Relative specific 

activity 1s the specific activity of the amino acid normalized to that of 

the dissolved inorganic carbon pool; Bee text for further discussion . 

Symbols (~/~max): square, 0.933; cross, 0.229 . Errors represent 

propagated estimates of analytical error based on 95% confidence 

intervals. 
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Tille Course Distribution of I4e-Iabel A!m& Cellular Hater1a.ls and ita 

RelatiODahip to Cellular <2leaical COIIpoaltica. 

In Figure 3-18. the short term time course distributions of inorganic 

14C among different subcellular fractions from a batch culture are 

compared to equilibrium labeled d18trlb~tlon8 (i.e . distributions in a 

culture which had been grown for at least 4 generations in the presence 

14 
of inorganic C). The operationally defined fractions included 

alcohol soluble material (intracellular free amino acids and low 

molecular weight metabolites), ether soluble material (lipophilic 

material). hot trichloroacetic acid soluble material (carbohydrate and 

nucleic acids), and an insoluble proteinaceous residue. The dotted line 

enveloped by the two solid lines indicates the mean with 95% confidence 

limits for the eqUilibrium label distribution. 

Short term label distributions were initially very different from 

saturated label distributions. A majority of the label initially 

accumulates in the alcohol soluble material, and subsequently 

redistri9utes. This is an indication that the alcohol soluble material 

includes compounds which eqUilibrate more rapidly than other cell 

material. Discrepancies substantially diminished within the three hour 

incubation period, although significant differences persisted for the 

protein and alcohol soluble fractions. This is consistent with the 

observations of Cube! and Waterbury (1984), whose results indicated that 

14 short term inorganic C distributions underestimated equilibrium 

distributions in the protein fraction of the cyanobacterium, 

Synechoccocus sp. even after 6 hours. The equilibrium proportions of 

label associated with the protein residue agreed well with estimates of 
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the proportion of total cellular carbon in protein based on chemical 

14 
analyses (Table 3-2), suggesting that the equ1l1brl~ proportion of C 

in the residue reflected primarily protein carbon. 

Compa.ri801lB Between the Ca.poaltlon of Free Aaino Acid. and the 

Distribution of 14C 

In Figure 3-19, the time course distribution of 14C-label in the 

intracellular free amino acids is compared to other metabolites in the 

alcohol soluble material. As can be seen, the time dependent variation 

in distribution 1s due primarily to the labelling patterns of the 

intracellular free amino acids. A similar pattern of free amino acid 

incorporation was observed at both high and low relative growth rates 

(Figure 3-20). 

Although the specific activities of free amino acids were generally 

less than that of dissolved inorganic carbon, their proportion of total 

l4c uptake exceeded their proportion of total cellular carbon. This is 

because the free amino acid pools, or portions thereof, saturated more 

rapidly than other cell material such 8S protein. The tendency for 

14 
proportions of total C uptake associated with free amino acids to 

exceed their proportion of total cellular carbon was particularly evident 

during the initial period of incubation with isotope. The proportions of 

total 14C uptake assoelated with individual free amino acids are 

compared to proportions of cellular carbon for the high and low relative 

growth rates in Tables 3-6 and 3-7 respectively. Because free amino acid 

14 
carbon was a small proportion of total carbon, the incorporation of C 

into other cell material resulted in a decrease in the proportions of 

total l4C uptake in free amino acida dur~ng the incubation period. 
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Figure 3-18. Short term time course of distribution of incorporated 

14 
inorganic C relative to equilibrium label distributions among 

subcellular fractions in a batch culture of Nannochloris sp. Dotted line 

indicates mean of equilibrium labeled culture (4 generations) with 95% 

confidence limits designated by solid lines • 
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Figure 3-19. Time course of the distribution of incorporated inorganic 

14C in alcohol soluble material from batch cultures of Nannochlor1s 

sp • 
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Figure 3-20. Time COUrse of the distribution of incorporated inorganic 

14C in intracellular free + amino acids of NH4-1imited Bteady state 

cultures of Nannochlor1s ap. at high and low relative growth rate. 

Symbols UJ/~max): square, 0.933; cross, 0.229. 



-1 65-

o 
+ 

II .., 
.~ ~ 
() II < .. 
0 

;:I 
0 

I'l 
N ..d - ~ 

~ " a 
" -" f-.. 

foo 

+ ... 

___ 0 + + +-----0 - 0 

0 0 0 0 0 0 
I/) ~ M N ... 



Table 3-6. Distributions of Total Cellulsr Carbon and Total l4C Uptake 
Among Free Amino Acids in Nannocbloris sp. at High Relative Growth Ratea 

% 14C-Carbon 
Amino % Incubation 
Acid CeU Carbon Time (hrs): 0.1 0.25 1.0 1.0 

ASP 0.047 (0.010)b 4.6 2.8 1.2 1.2 
GLU 0.41 (0.085) 8.3 6.1 3 . 8 4.2 
GLN 0.51 (0 .14) 2.0 2.8 2.4 2.2 
TIIR 0. 009 (0.001) 0.89 0 .65 0.56 0.28 
sm 0.017 (0.017) 2.5 1.3 1.0 n .d. c 

GLY + 
AIA 0. 057 (0.036) 6. 8 3.0 0.94 1.0 

PRO 3.4 (0 . 58) 1.1 0.85 1.6 1.4 
VAL 0.074 (0 .023) 1.7 0.80 0.23 0 . 67 

Total 4.5 (0 . 9) 27.9 18.3 11.7 11.0 

a./Pmax ·· 0.933. 

by.lues in parentheses represent 95% confidence intervals. 

cn .d. - no data. 

3. 0 

0.28 
1.6 
1.0 , 
0 .10 ~ 

'" n.d. '" , 
0.29 
1.8 
0 . 21 

5.3 
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Table 3-7 . DistrIbutions of Cellular Carbon and Total 14C Uptake 
Among Free Amino Acids in ~annoch1or!s sp . at Low Relative Growt h RateS 

% He-Carbon 
Amino % Incubatlon 
Acid Cell Carbon Time (bra): 0.0 0.07 0.25 0.25 1.1 2.07 

ASP 0.004 (0 .005)b 3.1 1.0 0.40 0.48 0.28 0.29 
G10 0.~6 (0.05) 10.2 6.3 3.0 3.0 2.8 0.69 
GUI 0.01 (0 .005) NIle 0.26 0.08 0.11 0.14 n.d . d 
SER 0.003 (0 .003) NIl 1.1 0. 30 0.37 0.17 n.d 
THR 0.002 (0 .001) NIl n . d. 0.17 0. 10 0. 13 0.03 
GLY + 

ALA 0.03 (O .Oll 14.2 4.6 1.5 1. 6 0.54 0.27 
PRO 0.06 (0.03) NIl 0.38 0 . 08 0.07 0 . 27 0.18 
VAL 0. 01 (0 .004) NIl 0.76 0.22 0.26 0.09 0.04 

Total 0.31 (O.Oll 27.5 14.4 5.8 6.0 4.4 1.5 

a~/~x - 0.229. 

bvalues In parentheses represent 95% conxldence intervals . 

eND c not detectable. 

dn. d ... no data . 

2.87 

0.008 
0 . 64 , 

~ 

0.03 '" ~ n.d. , 
Dod. 

0.19 
0.09 
0.05 

1.0 
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14 
Their proportion of total C uptake approached the corresponding 

proportions of cellular carbon. An exception to this at the higb 

relative growth rate was proline. 14 Its proportion of C uptake 

underestimated Its proportion of cellular carbon and gradually increased 

rather than decreased. This Is consistent with its slow saturation rate 

and large relative abundance of the intracellular proline pool at higb 

relative growth rate (Table 3-3; Figure 3-1) . 

14 
Examination of the C distributions within the free amino acid 

pool revealed that most of the label was initially associated with 

glutamate, glycine + alanine, and aspartate (Tables 3-8 and 3-9). Other 

free amino acids which subsequently accounted for substantial proportions 

of label included glutam1n~, serine, proline and valine. Pathways for 

the biosynthesis of glutamate, glutamine, aspartate, alanine, glycine and 

serine are shown in Fig. 3-10. The initial accumulation of label in 

these amino acids is an indication of the close relationship between the 

photosynthetic carbon reduction cycle, and the prodUction of carbon 

skeletons for amino acid biosyntheSis (e.g. Miflin and Lea, 1976). 

14 
In Figure 3-21, distributions of C are compared to distributions 

of cellular carbon within the intracellular free amino acid pool. 

Although there were quantitative differences, particularly 1n the case of 

proline, the label distribution did provide a qualitative description of 

the growth rate dependence of free amino acid composition. Qualitative 

changes in the amounts of label associated with glutamate and glutamine 

tended to reflect their relative abundance. Even, in the case of 

14 proline. although the proportion of C consistently underestimated its 

proportion of carbon, qualitative relationships between high and low 

relative growth rates reflected the trends in actual abundance. Thus the 
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Table 3-6. Proportions of Intracellular Free AmiDO AcId Car boo and 
14C Associated With Individual Amino Acids of Nannochloria sp. 

at High Relative Growth RateS 

% 14C-labd 
Amino X Free Amino I ncubation 
AcId Acid Carbon Time (hrs) : 0.1 0.25 1.0 1.0 3.0 

ASP 1.05 (O .25)b 16.5 15.3 9.9 10.9 4.6 

GW 9.2 (2 . 3) 29.7 33.2 31.3 39.4 27.0 • 
~ 

'" GLN U.5 (3.6) 7. 3 14.9 19.8 20 .5 17 . 2 '" • 
SEll. 0.38 (0 .38) 8.8 7.0 8.8 n.d. C n.d . 

THR 0. 21 (0 .04) 3.2 3.5 4.6 2.6 1.6 

GLY + 
ALA 1.3 (0 . 9) 24.2 16.0 7.8 9.6 4.9 

PRO 75.6 (16 .5) 4.1 4.6 13.7 13.5 29.8 

VAL 1.6 (0 .5) 6 .0 4.3 1.9 6. 2 3.5 

'u/"max - 0.933. 

bvalues in parentheses r epresent 95% confidence intervals. 

cn . d. indicates nO data were obtained . 
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Table 3-9. Proportions of Intracellular Free Amino Acid Carbon and 
14C Associated With Individual Amino Acids of Nannochlorls sp. 

at Low Relative Growth Rate8 

% 14C-lsbel 
Amino % Free Amino Incubation 
Add Acid Carbon TilDe (hra): 0.0 0.07 0. 25 0.25 1.1 2.87 

ASP 1.3 (1.6)b 10 . 4 5.6 6.5 7.7 6.0 7.2 

GUJ 53. 4 (14 . 9) 34.3 34.3 SO.O 47.4 61.1 59.4 

GLN 3.7 (1.6) ND" 1.5 1.4 1.2 3.0 2.8 

Sat 0.92 (0 .69) n.d. 5.9 5.0 5.9 3.8 n.d. d 

TIIR 0 . 71 (0 .31) ND n.d. 2.9 1.6 2. 8 n.d. 

eLY + 
ALA 8.8 (3 .1) 48.0 25.3 25.2 25.6 11.6 17 .6 

PRO 21.4 (8 .6) n.d. 2.1 1.4 1.2 5;8 8.3 

VAl 3.7 (1.3) n.d. 4.1 3.5 4.2 2. 0 4.4 

'u/"max • 0.229. 

bValues in parentheses represent 95% confIdence intervals. 

eND g not detectable. 

do.d. c no data. 

, 
~ 
~ 
0 , 
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metabolism of inorganic 14C Is a useful probe of this sensitive level 

of cellular chemical composition. which Is a reflection of population 

nitrogen status. 

!i.e Course Distributions of 14c AmoDa Subcel1u1ar Fractions 8S a 

Function of Relative Growth Rate 

It is clear from the previous discussion that the extent to which the 

14 distribution of C reflects amino acid composition Is time dependent. 

and influenced by growth rate. In this sectioD. I discuss the time 

14 course distribution of C among other cell materials 8S it Is 

influenced by relative growth rate. In Figure 3-22. the time course 

label distributions for high (u/u - 0.933) and low (u/u -
max ""'" 

0.229) relative growth rates are compared. At low relative growth rate. 

a higher ·proportion of label is associated with the ether soluble 

nonpolar material, a substantial proportion of which probably consists of 

lipid. Futhermore, 8 consistently lower proportion of label was 

associated with the protein residue at low relative growth rate. This is 

in agreement with the trend in the proportion of total particulate carbon 

associated with protein based on chemical analyses (Table 3-2). 

Initially, a s~ightly higher proportion of label is associated with the 

hot trichloroacetic acid soluble material at the low relative growth 

rate, but this subsequently decreased. Finally, the proportion of label 

associated with the alcohol soluble low molecular weight material is 

consistently lower at low relative growth rate than at high relative 

growth rate. This is due to the labelling characteristics of the 

intracellular free amino acids (Figure 3-20). 
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Figure 3-21. Proportions of intracellular free amino acid carbon and 

14C associated with individual amino acids of NHZ-l1m1ted steady 

state cultures of Nannochlorls 8p. at high (u/uaax - 0.933) and low 

(~/p - 0.229) relative growth rates. max 
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Figure 3-22. Time course of the distribution of incorporated inorganic 

14C among subcellular fractions + 
in NH4-11m1ted steady state 

cultures of Nannochlorls ap. at high and low relative growt h rate. 

Symbols (p/~max): square, 0.933; cross, 0.229. 
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Figure 3-23. Distribut ion of total cellular carbon and total 14C 

uptake among intracellular free amino acids and protein in 

+ NH4-11m1ted steady state cultures of Nannochlor1s sp . at high 

(p/~max - 0. 933) and low ~/pmax - 0 . 229) relative growth rates • 
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14 The growth rate dependent differences in the distribution of C 

among free amino acids and protein reflected actual trends in chemical 

composltioo (Table 3-1 snd 3-2i Fig. 3-23), These data demonstrate the 

14 
utility of using the dynamics of C metabolism to probe actual 

compositional variations related to physiological state. 

A higher proportion of label aSBociated with ether soluble material 

at low relative growth rate was was an indication of greater emphasis on 

energy storage rather than growth related metabolism . This is consistent 

with the large number of investigations which have reported increased C:N 

ratios (e.g. Conover, 1975; Goldman and Peavey, 1979; Goldman et a1., 

1979; Goldman, 1980), and increased abundance of storage materials 

relative to nitrogen containing biogenic material. and increased 

carbohydrate to protein ratios (e.g. Fogg. 1959. Handa, 1969; Myk1estad 

and Haug, 1972; Edge and Ricketts. 1977; Hyk1estad. 1977; Rhee. 1978. 

1980; Morris, 1981). In addition. my reBults are consistent with studies 

involving regulatory characteristics of enzymes controlling tradeoffs 

between energy storage and production of precursors for growth and 

protein synthesis (e.g. Hipkin and Syrett. 1977; Mohamed and Gnaman. 

1979). Fogg (1956) similarly reported enhanced incorporation of 

14C_labe1 into nonpolar cellular material in nitrogen starved 

cultures. Konopka and Schnur (1981) reported enhanced assimilation of 

14c into hot trichloroacetic acid extractable material (polysaccharide 

and nucleic acid) in nitrogen limited cultures of the cyanobacterium. 

Herismopedia tenuissima. In contrast. Morris et al. (1974) presented 

evidence for enhanced protein incorporation in nitrogen limited cultures 

of Phaeodactylum tricornutum, which he attributed to conservation of 

protein synthesis as a result of nitrogen limitation. Konopka and Schnur 
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(1981) suggested that the results of Morris et al . may have been due to 

the fact that nitrate limited cultures were resuspended in fresh medium 

14 before incubating with inorganic C. This would have been equivalent 

to enriching the cultures with inorganic nitrogen. In the following 

sectiona, I examine the metabolic responses of 

culture to enrichment with 

II. EFFECTS OF NH4+ ENUQIMENT ON AllINO ACIJ) AJID· TOTAL CARBON 

MELIBOLISH IN AN NH4+-LIMITED STEADY STATE CULTIIIE OF IWINOCIIUJUS SP. 

In the preceding section, 1 presented results of experiments 

examining the relationship of amino acid Bod protein composition to 

14 + incorporation of inorganic C in steady state NH
4
-11mlted 

cultures. Because of the dynamic physicochemical environment in which 

they exist, natural phytoplankton populations are unlikely to be in a 

state of balanced growth. In this section, I discuss the relationship 

between free amino acid composition and incorporation of inorganic l4c 

+ by NH
4

-lim1ted cultures exposed to a saturating enrichment of 

+ 
NH4' The results illustrate the utility of using 14 

C for tracing 

cellular composition and metabolism in non-steady state conditions. As 

will be demoDstrated, intracellular free amino acid metabolism is more 

sensitive to increases in nitrogen supply than total l4c uptake, 

supporting the view that probing responses at this level of metabolism 

may be useful in diagnosing the nitrogen status of phytoplankton 

populations. 
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MErHODS 

Nannochlorls ap. was grown in continuous culture at a relative growth 

rate of .216 (.028) day-I. o The temperature was 24 c . 

concentration In the media was 250 micromolar snd all other nutrients 

were present at "bIZ" concentrations (without silicate snd nitrate, 

Guillard, 1975) In an artificial seawater base as described in chapter 

2. The culture vessel was a liter Erlenmeyer flssk, equipped with a 

butyl rubber stopper through which gla8s tubing was run for air spa~g1ngt 

sampling, media addition and effluent removal. Media was delivered 

through a latex rubber tube using a Harvard peristaltic pump. Efforts 

were made to maintain axenic conditions, however, they were not checked 

other than by microscopic inspection (lOOOX, oil immersion). Other 

culturing conditions were as described in chapter 2. 

After the culture cell counts had stabilized for 2 consecutive days 

(approximate cell density of 10 7 per ml), two lOamI &liquots were 

removed and placed in 250ml Erlenmeyer flasks under the same conditions 

14 of light and temperature. Inorganic C was added to both flasks and 

subsequently, to one of the flasks. NH4Cl was added to a concentration 

of 200 micromolar. Samples were filtered onto Whatman GF/F fllters J 

fumed with 6N HCl for 10 minutes, sealed in Nalgene filmware 

o polypropylene envelopes, and stored at -20 C until analysis. 2ml 

samples were also collected for determination of acid non-volatile 

14c • These samples were acidified in a 20m! glass scintillation vial 

to a concentration of O.316N H2S04s and left in a fume hood 

overnight. SubsequentlYJ 15 ml Aquasol was added , and they were 

radloassayed as described preViously. 
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Samples were fractionated according to the procedure described 

previously, within one week of the harvest. Radioactivity in the ether, 

hot trichloroacetic acid. and protein residue fractions was assayed 8S 

described in the general methods. The alcohol extract was stored at 

-20De until amino acida were quantified and radioassayed 8S previously 

described. 

All other methods are described in chapter 2. 

RESULTS AND DISCUSSION 

Increases in Intracellular Free _lno Acid. in Response to Nitrogen 

Fnricluaent 

Increasee in concentrations of selected free amino acida occurred 8S 

a result of the saturating (200 micromalar) + NH4 enrlcluaent. The 

most dramatic increase occurred in glutamine concentrations (Figure 

3-24). Glutamine increased to approximately 70% of the low molecular 

weight amino acid carbon after 1.0 hour of enrichment and remained at 

this level through 1.5 hours (Table 3-10). Glutamate continuously 

increased after an initial lag (Pigure 3-25), although its proportion of 

low molecular weight amino acid carbon declined after enrichment from 36% 

to roughly 6-9% (Table 3-10). Proline showed a shorter lag before 

increasing in concentration (Figure 3-26), and its proportion of free 

amino acid carbon declined aa did that of glutamate (Table 3-10). 

Aspartate displayed an initial time dependent increase in concentration, 

and subsequently stabilized (Figure 3-27). Its proportion of the total 

intracellular free amino acid carbon remained relatively constant 

throughout 1.5 hours (Table 3-10). Other intracellular aaino acids which 

increased in concentration over controls included glycine, alanine, and 
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Figure 3-24. Increase in intracellular free glutamine concentrations in 

response to NH4C1 enriChment (200 m!cromolar) of 

steady state culture of Nannochloris ~p. Dotted line represents mean of 

glutamine concentration in control culture. Solid lines indicate 95% 

confidence limits. " Errors represent propagated estimates of analytical 

error based on 95% confidence intervals. 
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Figure 3-25. Increase 1n intracellular free glutamate concentrations in 

response to NH4Cl enrichment (200 micromolar) of 

steady state culture of Nannochlorls sp. Dotted line represents mean of 

glutamate concentration In control culture. Solid lines indicate 95% 

confidence limits . Errors represent propagated estimates of analytical 

error based on 95% confidence intervals • 

.... 
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Figure 3-26. Increase in intracellular free proline concentrations in 

response to NH4Cl enrichment (200 micromalar) of 

steady state culture of Nannochlori& sp. Dotted line represents mean of 

proline concentration in control culture. Solid lines indicate 95% 

confidence limits. Errors represent propagated estimates of analytical 

error based on 95% confidence intervals • 

..... 
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Figure 3-27. Increase in intracellular free aspartate concentrations 1n 

response to NH4Cl enrichment (200 micromolar) of 

steady state cul ture of Nannochlorls sp. Dotted line represents lIIean of 

aspartate concentration in control culture . Solid lines indicate 95% 

confidence limits. Errors represent propagated estimates of analytical 

error based on 95% confidence intervals. 
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Table 3-10. Proportionl of thl Intrlcellut.r Fre. ~luo AcId Carbon Pool 
" .. otlated with lruHvldual MinO Acid, 10 Control and 

NI¢ Ellrlch.d eilirurel of Hl.tulocl\lorla Ip. 

% IOrtlCellullr Aaiuo Acid Carbon 
HH4+ Enriched 

/.aino Acid Control O.S hr 1.0 hr 1.3 fir 

loS' 2.2 (0.65)' 1 . 2 (O.36)b 1.4 (0.42) 1.3 (0.39) 

GLU 36.1 (U. 7) 9.3 (2.8) l.s (1.7) 6.4 (2.0) 

GLN (+sm) 7 . 5 ( 8.1) 68.8 elS . g) 76.3 (29.6) 74.9 (28.9) 

THR 0.86 (0.54 ) 0,35 (0.09) 0 . 12 (0.03) 0.03 (O.OI) 

GLY 0.94 (0 . 47) 1.02 (0.30) 0.55 {O.H} 0.36 (0 .11) 

AIA 4.4 (1.0) 3.5 (1.0) 1.6 (0.48) 0.88 (0.27) .- 7.5 (2.7) 1I.d.c 0.82 (0.44) 0.72 (0.39) ... 23.6 (14) 4.8 (1.9) 7 . S (3 . 1) 7.9 (3.2) ... 10.5 (l.S) 6.2 (2.8) •• d • 1.9 (0.89) 

VAL 1.8 (0.41) 1.0 (0.35) 0.66 (0.24) 0.12 (0.18) 

ILE 1.3 (0 . 56) 0. 12 (O.OIi) 0. 20 (o .n) 0.058 (0 . 031) 

WI 1 . 1 (O.99) 0.10 (0.03) 0 . 18 (0.05.5) 0 .0.58 (o.oun 

'''' 2.2 (1.1) 0.58 (0.26) 0 . 13 (0.06) 0.061 (0.028) 

US n.d. 2.'.12 U.S) 3.9 (Z.O) 3.6 (I.9) 

HlS 
.,. 

n.d. 0.532 (0.18) 0 . 49 (0. 17) 

OM a.d . n.d. 0 . 65 (0.2S) 0.60 (0.26) 

Total Free Aalno 
Aeld Carbon 
(.lcroara .. /llter)1 193 (36) 1190 ( 260) 1880 (450) 3000 (100) 

aErrora for control concentratlona (In pareutheaell) reprellent 95% confidence 
Inte.rvda. 

bEttora for enrIched concentratlona (in pateutheaea) rapteaent propagated 
eatl .. taa of analytIcal error ba.ed on 95% confidence lntarvala. 

Ca .d. - no .s.ta . 

,dND • not detectable. 
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Table 3-11. Compa~i8on8 of IRtnace1lular Free Amino Acid 
Concentrations In Contr ol and NHt Enriched Cul tures 

of ,Nannochloris Bp. 

Concentration (uM)a 
Amino AcId Control Enriched 

GLY 0.076 (0.035)b .0.461 (0.100) 

ALA 0.176 (0.023) 0 .847 (0 . 322) 

VAL 0 . 059 (0 . 007) 0.264 (O.U7) 

THR 0 . 0344 (0.021) 0.071 (0.080) 

BAllA 0 . 302 (0.091) 0.446 (0.301) 

ARC 0.281 (0.077) 0.670 (1.10) 

lLE 0 . 034 (0 . 014) 0.032 (0 . 044) 

LEU 0.028 (0 . 026) 0.029 (0.037) 

PIlE 0.040 (0.018) 0.034 (0 . 065) 

&Values represent the mean Qve,r s 2.5 hour incubatIon period. 

bValues in parent heses represe:nt 95% confidence intervals. 
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valine. Their mean cOUIC:entratlons over a 2 . 5 hour incubation period are 

compared in Table 3-11. The change in alanine was unique in that 1t was 

highest at 0.5 hours afoter enrichment. and declined asymptotically to a 

relatively constant value (Figure 3-28). No significant changes could be 

demonstrated for threon:Lne~ isoleucine, leucine, and phenylalanine (Table 

3-11) . All the intraceJUular free amino acids decline d 8S a proportion 

of total low molecular ueight free amino acid carbon eIcept for 

glutamine, aspartate. g)_yeine, lysine, and ornithine (Table 3-10). 

The distribution of IFAA carbon among individual free amino acide in 

the control culture (Table 3-10) resembled the steady state values for 

low relative growth ratE~ (c.f . Table 3-3) . The distribution of the IFAA 

carbon in the enriched c:u1ture (Table 3-10) was similar to the high 

steady state relative gl:owth rate distributions (c . f., Table 3-3) with the 

exception that glutamine was the dominant free amino acid in the enriched 

culture rather than proJ.ine as 1n the steady state case. 

The increases in intracellular free amino acid concentrations as a 

result of nitrogen enric~nt are a demonstration of an associated 

increase in the rate of assimilation of inorganic nitrogen. The 

accumulation of intrace.1.1ular free amino acids in + response to NH4 

enrichment is a general response of nitrogen depleted algal populations 

(Reisner et a1 . , 1960; I~rpin and Harrison. 1978; DeManche et al., 1979; 

DeManche, 1980; Syrett, 1981; Dortch, 1982; Wheeler, 1983; Wheeler et 

al., 1983 ) . The Increa&:e in the free amino acid pool concentration is 

likely an indication tha.t subsequent metabolic steps involving the it' 

utilization in biosynthesis of macromolecular material are rate 

limiting. However, the increases were not uniform among the different 

amino acids indicating intermediate rate limiting steps were also 

involved. 
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The dramatic accumulation of glu t amine as a result of enrichment 

(approximately 70% free amino acid carbon after 1.0 hour) accompanied by 

an initial lag in the increase in glutamate concentrations would suggest 

that bioaynthetic nitrogen flux became increasingly less limited by a 

step subsequent to the glutamine synthetase reaction. In 11ght of the 

observed differences in glutamine amide and glutamate nitrogen turnover 

rates for high and low relative steady state growth (Table 3-4). it is 

likely that 8S a r esult of the enrichment, glutamine amide nitrogen 

turnover probably decreased. while glutamate nitrogen turnover 

increased. Thus. even though glutamate levels did not increase in 

association with glutamine, flux of nitrogen increased through the 

GS/GOGAT system. 

Accumulation of glutamate and proline after an initial l ag indicated 

that ultimately their utilization was also limited by subsequent 

blosynthetlc steps. A decline in concentrations such as that observed 

for alanine would indicate a relative increase in the 

utilization/production ratio for that substrate. No significant changes 

could be demonstrated for threonine. isoleucine. leucine. and 

phenya1anine (Table 3-11). This is the result of e ither a lag in their 

pool size increases which extended beyond the incubation period, or 8 

tight coupling of production and utilization of these amino acids. 

These results are clear evidence for changes in mechanisms of 

processing intracellular nitrogen, which precede an acceleration of 

growth and protein synthesis. In the next section, I examine the 

relationship between these changes and patterns of incorporation of 

14 
inorganic C. 
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Figure 3-28. Increase In intracellular free alanine concentrations In 

+ response to NH4Cl enrl(~ment (200 micromolar) of an NH
4
-11mited 

steady state culture 01: Nannochlorls sp. Dotted line represents mean of 

alanine concentration to control culture. Solid lines indicate 95% 

confidence limits. Errors represent propagated estimates of analytical 

error based on 95% confidence intervals • 
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Figure 3-29. Time course of the relative specific activity of total 

intracellular free amino acid carbon in control and enriched 

+ NH4-11m1ted steady state cultures of Nannochlorls ap. Relative 

specific activity 1s the specific activity of the amino acid normalized 

to that of the dissolved inorganic carbon p~)lj see tezt for further 

discussion. Symbols: square, enriched; croos. control. Errors 

represent propagated estimates of analytical error based on 95% 

confidence intervals • 
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Saturation of Free _ina .kids with 14C in Control and EIlrlehed CUltures 

Saturation rates of total intracellular free amino acid carbon in the 

control and enriched cultures were similar throughout the first hour of 

incubation with isotope (Figure 3-29). The specific activity of the 

enriched culture increased alightly above the control by 1.5 houra. This 

indicated either enhanced turnover in the enriched culture, or a 

suppression of turnover in the control culture as a result of nitrogen 

depletion. 

+ NH4 enrichment effects on the saturation rates of selected 

IFAA's are shawn in Table 3-12. There were no significant differences 

between controls and enriched cultures in the saturation rates of 

glutamate carbon, despite the increased production of glutamine. Thi. 

increase presumably occurred via the 8lutamine synthetase reaction which 

uses glutamate 8S 8 substrate . That the source of glutamine was the 

glutamate pool was supported by the fact that the glutamine specific 

activity was similar to that of the glutamate pool in the enriched 

culture. This was also the case at the steady state low relative growth 

rate. The uniformity in glutamate saturation rates with and without 

enrichment indicates that the proportion of photosynthetically fixed 

carbon used in the production of alpha-ketoglutarate, the carbon skeleton 

of glutamate, was not significantly affected by enrichment (c.f. Fig. 

3-10). Nevertherless, the increase in the concentration of glutamine 

would necessitate enhanced carbon flux through glutamate. This might be 

a consequence of a very large metabolic pool providing carbon skeletons 

for glutamate synthesis. such as respiratory intermediates derived from 

the tricarboxyliC acid cycle whose labelling characteristics might change 

slowly despite an increased flux through glutamate . 
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Tabl. 3-12. I.el'tive Specific Activitl,. of l otr_cellular rre. Amioo Acid, 
10 COatrol aDd Enriched Cultura. of N.nnochlorJ •• p. 

lIv:ubati on Relative S2!cUic ktivitt' 
Ti_ (hr.) Control Ell.ril:hed 

••• 0 . 110 ( O.014)b D..d. c 
• . 5 0.238 (O.O~) 0.163 (O.O16) 
1 •• 0.328 (0.071) 0.329 (O,O13) 
1.5 0.342 (0.074) 0.270 (0.060) 
2.5 a.d. 0.34 8 (0 . 077) 

GW •• 5 D.d . 0.246 (0.078) 
1 •• 0.111 (O.O37) 0.252 (O.O82) 
1.5 0.082 (0.029) 0 .320 (0.102) 

ASP •• 5 G.d. 0.538 (O .U!) 
1 •• 0.814 (O .lS9) 0. 203 (0.046) 
1.5 0 . 596 (O.lS4) 0.249 ( O.OS4) 
2. 5 l1.d. 0.3.61 (0 .073) 

POD •• 5 0.144 (0.06') l1 .d • 
1.. 0.079 (O.02e) n.d. 

'" o.d. 0.366 (O. 12S) 
2.5 0.540 (0.186) 0.548 (0.188) 

' .. lltlve .peelfte .ctlvic, ~ dpal/ aaloo acId c.rbon Dor..llzed to apecl!le 
. ctlv1c1 of the dl •• 01ved loOtlanic carboQ pool. 

by,lue. in p.rftLth'H' r~pr .. ent pro .. aated .aU_t •• o f .n.al),tltal Itror 
ba •• d on 95~ confidence 11.tt •• 

Ca..d. - QO ~t • . 
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Enrichment apparently did not enhance the saturation rate of proline 

(Table 3-12). The time course of proline specific activity resembled 

that of glutamate, its precursor. Glutamine saturation was enhanced. In 

contrast, the time course specific activity change of aspartate decreased 

8S a result of enrichment, a possible indication that 1ts carbon skeleton 

(oxa!oacetate) was increasingly derived from unlabeled cell material such 

as lipid. The biosynthesis of ether soluble material was suppressed 8a a 

result of enrichment (see following section on effects of enrichment on 

carbon assimilation into subcellular fractions). It 1s possible that 

unlabeled lipid was used to increase the supply of carbon skeletons for 

protein syntheSis. 

As a result of the similarity in saturation rates, relative 

differences in amounts of l4c associated with free amino acids In 

control and enriched cultures will reflect real differences 1n 

concentrations. Patterns of isotope incorporation are compared in the 

next section. 

Effect8 of NH4+ Enrict.ent on Time Cour8e Di8tributions of 14C in 

Cellular Ka teria! 

Significant effects + " of NH4 enrichment on total inorganic C 

fixation rates could not be demonstrated given the resolution of the time 

course sampling scheme used (Figure 3-30). In contrast, dramatic 

differences were observed in patterns of isotope incorporation into 

different cell material. Comparisons of isotope derived carbon 

incorporation into subcellular fractions for control and enriched 

cultures are shown 1n Figure 3-31. Enrichment led to a dramatic increase 

in the incorporation of isotopic carbon Into the low molecular weight 
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metabolites. primarily at the expense of incorporation into the ether 

soluble fraction. There ~as initially no significant increase in protein 

incorporation and may have even been a slight depression relative to the 

control. However. after an initial lag, an increase in protein 

incorporation occurred. The lag coincided in approximate timing with the 

lags seen to precede the increases in glutamate concentrations (Figure 

3-26), stabilization of aspartate (Figure 3-27) and alanine (Figure 3-28) 

concentrations, and increase in the total IFFA carbon specific activity 

over controls (Figure 3-29) . The increase in incorporation associated 

with the law molecular weight metabolites was largely associated with an 

14 
increase in C 1n IFAA, particularly glutamine and glutamate (Table 

3-13). Other amioo acids whose incorporation contributed significantly 

included aspartate, glycine. alanine, proline, and valine. all of which 

also significantly increased in concentration over controls. Arginine 

and beta-aminobutyric acid (or a compound with similar elution 

characteristics) were also responsible for a small proportion of free 

14 
amino acid C incorporation. However, variab1l1ty in concentration 

determinations precluded the demonstration of any consistent relationship 

14 to changes in their proportions of total C uptake (c .f. Healey, 

1979). 

The accumulation of intracellular free amino acids under nitrogen 

replete conditions (DeManche et sl., 1979; DeManche, 1980; Dortch, 1982; 

Wheeler, 1983; Wheeler et a~., 1983) has led to the suggestion that 

protein synthesis ultimately limits the assimilation of nitrogen. This 

contention is supported by my data, in that the rate of labelling of the 

free amino acids increased within the first 0.5 hour of enrichment, While 

a subsequent increase in protein labelling rate over the control did not 
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Figure 3-30. 
14 

Time course of total inorganic C uptake by control and 

+ enriched NH4-1imited steady state cultures of Nannochlor1s sp. 

NH4Cl enrichment of 200 micromolar was added at zero time. CUlture 

o temperature was 24 c • 
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14 Figure 3-31. Time course of the incorporation of inorganic C into 

+ subcellular fractions in control and enriched NH
4
-11mited steady 

state cultures of Nannochlorls ap. growing at 24°C. Symbols: square, 

enrichedj cross , control . 
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Table 3-13. Distributions of Total l4C Uptake Among Intracellular 
Free Amino Acids in Control and Enriched Cultures of Nannochloris sp. 

% Total 14C Uptake 
Amino Incubation Control Enriched 
Acid Time (hrs): 0.0 0 . 5 1.0 1.5 0.5 1.0 

GLU 1.3 1.9 1.4 0.89 3 . 3 2.6 

GLN (+S>1<) n.d.Sa.d. 0.17 0.07 36 . 3 27.3 

ASP 0.12 n.d. 0.23 0.08 1.4 0.39 

GLY n. d. D.d. n.d. n.d. 1.5 0.29 

ALA n.d. 1.26 0 . 10 n .d. 2.3 n.d. 

PRO n . d . 1.2 0 .19 0.45 n.d . n.d. 

VAL n.d. n.d. 0.16 n . d. n.d. n .d. 

ARG n .d. n.d. 0.21 n.d . n.d. n.d. 

BABAb n .d. n.d. 0.13 n.d. o.d . 0.37 

Total 1.4 5.4 2.5 1.5 44 .8 30.7 

an.d . - 00 data . 

bbeta- aminobutyric acid or a coe1utant. 

1.5 

2. 4 

33 .8 

0.45 
, 

0 . 34 N 
0 

'" , 0.71 

4.1 

0.96 

1.3 

0 . 31 

44.4 
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occur until after 1.5 hours (Figure 3-31). Reasons for such 8 lag in 

metabolism may be that the necessary protein synthesizing machinery (e.g. 

ribosomal RNA) had to be constructed. and amino acid pool sizes bad to 

accumulate in order for nitrogen and carbon flUI into protein to 

increase. It may be that this 1s only an apparent suppression resulting 

from dilution of photosynthetically derived carbon skeletons caused by an 

increased utilization of unlabeled storage material. This might a180 

explain the relatively unaffected specific activity of free glutaaate. 

despite increased carbon flux, and the decrease in aspartate specific 

activity. 

Goldman and Dennett (1984 ) noted a slight suppression in 

+ 
photosynthesis after enrichment of NH4 limited continuous cultures 

of Nannochloris sp. with 16 micromolsr NH
4

Cl. I did not observe 

14 significant differences between total C uptake by control and 

enriched cultures (Figure 3-30). However, the effects referred to by 

Goldman and Dennett were of a duration and magnitude which would not be 

detectable a t the level of preciSion of my sampling. 

Although there were quantitative differences, the distribution of 

14 
C-label among IFAA's (Table 3-14) was a qualitative reflection of the 

actual carbon distribution (Table 3-10). The changes in patterns of 

14C incorporation as a result of enrichment were representative of 

changes in the actual coocentrations and relative abundance of the 

nitrogen transport mediators. The increase in specific activity of IFAA 

carbon in the enriched culture aver the control, coinciding with 

enhancement of protein incorporation, increasing glutamate concentration, 

and stabilization of aspartate and alanine concentrations, were 

indications of a major shift in metabolism towards accelerated growth. 



Table 3-140 14 Distributions of C WithIn the Intracellular 
Free Amlno Acld Pools of Control and Enriched 

Cultures of Nannochloris ap. 

% Total Intracellular Free Amino Acid l4C 
Amino Incubation Control Enriched 
Acid Time (hr.): 0.0 0.5 1.0 1.5 0.5 1.0 1.5 

CLU 91.6 36.0 56.8 59. 8 7.3 8.4 5.4 

GLN (+SElt) n odoanod o 6.9 5.0 81.0 89.0 76.1 

ASP 8.4 nodo 9.3 5 . 3 3.2 1.3 1.0 , 
~ 

CLY n.d 0 n.do nodo n.d. 3.3 0.92 0.77 
0 

'" , 

KLA n.do 3.4 0.63 n.d. 5.2 nodo 1.6 

PRO nodo 22.3 7.8 30.0 nod 0 nodo 9.2 

VAL nodo nod o 6.3 D. d. D.d. nodo 2.2 

ARG nod. n.d. 8.7 n.d . nod. nod. 3.0 

BADA nod o o.d. 5.2 n.d . nod. 1.2 0.69 

anod. =0 no data. 
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Attempts to probe the metabolism of natural communities which are 

intimately coupled to their physicochemical eDvironment must recognize 

the need for more precise time course sampling in order to understand the 

biochemical events associated with transient physiological states. 

III. PRf!LIMIlIARY OBSalVArIONS OF NN4+ ENlUCIIHENT EFFECTS ON CARBON 

METABOLISM IN 1110 OTHER SPECIES 

Thus far, I have discussed results with a single species, 

Nannochlorls sp. In the following section, I examine Interspec!es 

14 
variations in the characteristics of C incorporation in response to 

+ + NH4 enrichment of NH4-1imited cultures. The s pecies studied 

were Dunaliella tertlo1ecta (clone Dun) and Thalas8iosira weiss£log11 

(clone Actin). In addition, the influence of variations In temperature 

on responses were assessed. Responses at three different temperatures 

were compared in ~. tertiolec ta (24°C. experiment 1; 16°C. experiment 

2j 12°C. exper iment 3), and two temperatures in T. weissflogii (16°C. 

experment 2j 12 0e experiment 3). 

METHODS 

Response of Intracellular Free Aalno Acids of Dunaliella tertiolecta to 

ltJtrient Enrlclu1ent 

Enhanced production of IFAA's by~. tertlolecta 8S a result of 

enrichment was assessed using an early stationary phase batch culture of 

D. t ertiolecta which had been grown in "h/2" media minus nitrate and 

silicate (Cuil1ard and Ryther, 1962). Cell density was approximately 2.0 

6 
x 10 per mJ.. Replicate cultures of 10m! volume in 25 ml 100%16 am 

borosilicate test tubes were grown at 2Ioe in a 12:12 light/dark cycle 
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to early stationary phase in media described in ::he geneIal methodtl for 

stock cultures. Midway througb the photoperiod, 5 ml fresh "h/2" media 

was added to one of the cultures and they were allowed to incubate for an 

additional 3 hours. Amino acida were extracted by filtering samples 

(volumes corrected for the dilution 8S a result of enrichment) ooto a 

glass fiber ftlter, rinsing twice with 2ml artificial seawater, boiling 

the ftlters in deionized water for 1 min, and filtering the extract 

through a sterile 0.2 micron Millipore membrane filter. Cindy Lee 

analyzed the amino acids samples using fluorescence detection of 

o-phthaldlaldehyde derivatives separated by reverse phase (5 micron, 

octyldecssl1ane) high pressure liquid chromatography (Lindroth and 

Mopper, 1979). 

Effects of NH4+ Enrichment on T1IIe Course Distributions of I.e in 

Cellular Ma terial 

El::per1ment 1 

Dunaliella tertiolecta was cultured under the same conditions as 

described for Nannochloria ap. in the previous section with the following 

exceptions. Media composition consisted of 100 micromolar NH4Cl and 20 

micromolar NaH2P04• All other nutrients were at "f/2" levels 

(without silicate and nitrate) in the artificial seawater base described 

1n the General Methods section. The dilution rate was 0.380 (.030) 

-1 0 day and the temperature was 24 C. Aliquots were removed from the 

steady state culture as described in the previous Nannochloris sp. 

enrichment experiment and placed in 250ml Erlenmeyer flasks under similar 

14 conditions of light and temperature. Inorganic C was added to both 

flasks, and NH4Cl was added to a concentration of 200 micromolar in one 
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of the flasks . Samples were filtered on Whatman GF/F glass fiber ftlters 

at low vacuum (less than 200mm Hg). They were subsequently rinsed twice 

with 2ml artificial seawater, fumed for 10 minutes with 6N Hel, and 

sealed 10 Nalgene fl1mware polypropylene haggles. These were stored In 

liquid NZ until analysis. The subcellular fractionation procedure 

differed from that described in the general methods section In that 

filters were initially extracted 2 times with 1.5ml room temperature 10% 

trichloroacetic acid instead of the methanol extraction. The procedure 

was described in the chapter 2 (see Table 2-4). and was analogous to that 

described by Roherts et a1. (1963) as modified by Cuhel et al. (1981b). 

Experiment 2 

Joel Go ldman kindly provided culture facilities and technical 

assistance in the incubation and harvesting experiments 2 and 3. D. 

+ 
tertio1ecta and I. weissflogii were grown under NH4 limited steady 

state conditions using t he methods and apparatus described in Goldman 

(1977) with the exception that concentrations of NH4Cl and NaH 2P04 

in the media were 100 micromolar and 20 micromolar respectively. 

Cultures were grown at l60 C at a dilution rate of 0.512 da y-l for 

-1 
Dunaliella tertiolecta and 0.496 day for Thalassiosira weissflogii. 

Before addition of isotope, aliQuots were withdrawn from the steady state 

cultures and placed in incubation vessels under similar conditions of 

light and tempera ture. 
14 Both a1iQuots were l abeled with inorganic C 

_ and i ncubated for 50 minutes. After this period, one of the a11quots was 

enriched with NH4CI to 16 micromolar. 

Samples were filtered onto Whatman GF/F glass fiber filters, rinsed 

twice with 2m! artificial seawater, sealed in Nalgene filmware baggies, 
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and stored at -20oe until analysis . Samples were fractionated as 

described in experiment 1. 

Ezper1Jlent 3 

o Chemos tat cultures in this experiment were grown at 12 C. Dilution 

rates were 0.138 day-l for D. tertiolecta and 0.360 day-l for 

Thalsssiosira welssflogl1. Enrichment with NH4Cl was at zero time 

rather than 50 minutes. Culture, incubation. and fractionation 

procedures were otherwise i dentical to those 10. Experiment 2. 

IU!SULTS AND DISCUSSION 

Dunallella tertlo1ecta 

The pattern of increase in IFAA levels in an early stationary phase 

culture of D. tertlo1ecta (Table 3- 15) to some extent resembled those 

seen for Nannochlorls ap. after NH4Cl enrichment of a 

continuous culture (Table 3-11) . The increases were primarily associated 

with a few free amino acids. Most of the increase could be attributed to 

glutamate, beta-glutamate, glutamine , glycine + threonine, and alanine + 

gamma- aminobutyric acid. A number of other amino acids increased 

relative to control levels, particularly the basic amino ac i ds, ornithine 

and lysine. Proline was not Bssayable by the o-phthaldialdehyde method, 

and my separation did not distinguish beta-glutamate from glutamate . 

Hence, comparisons of these amino acids are not poss i ble. It is 

important t o recognize that the stationary phaae cultures had been grown 

in a rich media where there was no clear limiting fac t or. The incr ease 

in IFAA ' s upon replenishment of the media reflects a general response of 

a culture which is shifting out of stationary phase. 
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Tabl e 3-15. Intracellular Free Amino Acid Concen t rati ons 
in Con tro l and EnrIched Cultures of 

D. t erti olecta 

Amino Concentrati on (mIcroGrams Eer liter) 
Acid Contr ol Enrlched 

ASP 4.82 7.78 
GLU 7.28 18.8 
BGill 4.91 62 . 4 
SER 2.02 11.8 
GLN 0.0 24.4 
GLY+THR 7. 05 45.1 
ALA-K;ABA 2.49 24 .4 
BABA 2.83 3.62 
AABA 6.13 13.1 
MET 5.44 6.92 
VAL 6.26 10 . 9 
PHE 5.64 11.5 
lLE 6.94 12 . 8 
LEU 7.59 12.1 
ORN 0 . 0 12.5 
LYS 0.0 4.16 

TOTAL 69 . 4 282.5 
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+ Ne4 enrichment on patternB of carbon 

+ incorporation in an NH4 limited steady state culture of Dunallella 

tertiolecta resembled those reported for Nannochloris sp. in that there 

14 was little effect on total inorganic C fixation, while isotope 

incorporation into the low molecular weight metabolites was enhanced 

relative to controls (Figure 3-32). However, the increased incorporation 

was at the expense of incorporation into the hot trichloroacetic acid 

soluble material, rather than the ether soluble nonpolar material as in 

the case of Nannochlorls sp. In addition, enhancement of protein 

incorporation occurred immediately, without the lag which was observed 

for Nannochlor1s Spa (c.f. Figure 3-31). 

In experiment 2, + addition of NH4 after one hour resulted in an 

immediate change in incorporation patterns of ~. tertiolecta (Figure 

3-33) which were consistent with the responses discussed in Experiment 

1. Again, there were relatively minor effects on total rate (Figure 

3-34). Sharp increases in labelling of cold acid soluble low molecular 

weight metabolites occurred at the expense of the hot trichloroacetic 

acid material as reflected in the relative distribution of label. 

Similarly, protein incorporation was immediately enhanced by enrichment 

(Figure 3-33). 

The responses seen in experiment 3 were generally consistent with 

those of the other experiments, indicating the observed responses were 

largely temperature independent within the described range. D. 

tertiolecta again displayed large rapid increases in cold trichloroacetic 

acid soluble incorporation at the expense of incorporation into hot 

trichloroacetic acid (Figure 3-35), and protein residue incorporation was 

immediately enhanced. There was a slight reduction as a result of 
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NH4Cl addition in total uptake (Figure 3-36) which was not apparent at 

the higher temperatures. 

Thalasslosira we188flogil 

Observations of the response + of !. welssflogl1 to NH4 enrichment 

revealed intrinsic metabolic differences from the other species. There 

14 0 was a substantial reduction 1n totsl C uptake at 16 C (Experiment 

o 
2, Fig. 3-37) which was not apparent at 12 C (Experiment 3, Figure 

3-38). As mentioned by Goldman and Dennett (1984), NH) at higb levels 

can uncouple oxidative phosphorylation and be toxic. However, the levels 

of enrichment should not have been high enough to elicit such a 

response. Despite this result, enrichment appeared to have IllUch less 

14 
dramatic effects on the distribution of incorporated C (Fig. 3-39, 

expo 2; Fig. 3-40, expo 3) than observed for Nannochloris sp. and ~. 

tertiolecta • There was + apparently little effect of NH4 enrichment 

on the proportion of incorporated l4C associated with the cold 

trichloroacetic acid soluble material and, if anything, it resulted 1n a 

decreased proportion of label associated with the low molecular weight 

o 
pools at 12 C (Fig. 3-40, e%p. 3). Even before enrichment, a much 

14 larger proportion of total C-label was associated with low molecular 

weight metabolites in !. welssflogli than in the other species. There 

d1d appear to be some enhancement of protein incorporation, to some 

e%tent at the e%pense of the cold trichloroacetic acid and ether soluble 

fractions (Figure 3-39, experiment 2j Figure 3-40, e%periment 3). This 

increase was small compared to the responses seen in D. tertlolecta and 

Nannochlorls sp. Wheeler et al. (1983) found that !. welssflogii 

required a longer period to deplete an NHZ pulse from the medium , 
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Figure 3-32. 
14 Time course of the incorporation of inorganic C into 

subcellular fractions in control + and enriched NH
4

-11m1ted steady 

state cultures of Dunal1ella tertlo1ecta growing at 24°C. NH
4

Cl 

enrichment of 200 micromolar was added at zero time. Symbols: open 

circles, enriched; closed circles, control. 
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Figure 3-33. 
14 

Time course of the incorporation of inorganic C into 

subcellular fractions in control 
+ 

and enriched NH4-11mlted steady 

state cultures of Dunaliella tertiolecta growing at 16°C. Dotted lines 

indicate point during incubation when NH4Cl (16 micromolar) was added. 

Symbols: square, enriched; cross, control. 
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Figure 3-34. 
14 Time course of total inorganic C uptake by control and 

+ enriched NH
4
-11mlted st'2sdy state cultures of Dunaliella tertiolecta 

growing at 16°C. Dotted line indicates point during incubation when 

NH4Cl enrichment (16 m1'cromolar) was added. Symbols: aqu&rf!:, 

enriched; croBs, control. 

-
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Figure 3-35. Time course of the distribution of incorporated inorganic 

14C among Bubcellular fractions in control ttDd enriched 

NH~-11m1ted steady state cultures of Duna11E!l1a tertiolecta growing 

at 12°C. Symbols: square, enriched; crosB J• control. 
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Figure ~36. 
14 

Time cou:rse of total inorganic C uptake by control and 

+ enriched NH4-11mlted steady state cultures of Dunal1ella tertiolecta 

growing at 12°C. NH4Cl enrichment of 16 mlcromolar was added at zero 

time. Symbols: square, enriched; cross, control. 
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Figure ~37. 
14 Time course of total inorganic C uptake by control and 

+ enriched NH4-11m1ted steady state cultures of Thalasslos1ra 

weissflogl1 growing at 16°C. Dotted line indicates point during 

eDr~chment when NH4Cl enrichment (16 mlcromolar) was added. Symbols: 

square, enrichedj croBB, control • 
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Figure 3-38. 
14 Time course of total inorganic C uptake by control and 

+ enriched NH
4

-11m1ted steady state cultures of Thalasslo81ra 

o 
welssfloal1 growing at 12 C, NH4Cl enrichment of 16 micromolar was 

added at zero time. Symbols: square. enriched; crOBB. cootrol. 

-
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Figure 3-39. Time course of the distribution of incorporated inorganic 

14C among subcellular fractions 1n control and enriched 

NH!-limlted steady state cultures of Thalasslos1ra welssflogl1 

o growing at 16 C. Dotted lines indicate point during incubation when 

NH4Cl (16 mlcromolar) was added. Symbols: square. enriched; cross. 

control. 
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Figure 3-40. Time course of the distribution of incorporated inorganic 

14C among subcellular fractions 1n control and enriched 

NH:-llmited steady state cultures of Thalsssiosira welssflogl1 

o growing at 12 c. Symbols: square, enrichedj croes. control. 
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and intracellular n1trogen act:.umulated in the 
" 

, + 
orc.er NH

4
, .tFAA' 8 J and 

finally protein. It should be noted that the cultures used by Wheeler et 

81. were synchronous and growing in a light/dark cycle while my cultures 

were asynchronous growing in continuous light. As a result, some of the 

kinetics of the responSE! may have been masked in my experillents. 

However, the results of Wheeler et al. (1983) demonstrated that initial 

uptake rates and overall. depletion kinetics were very similar regardless 

of when the pulse was g.fl.ven in the light/dark cycle. Their demonstration 

of a slower rate of depj.eUon of internal nitrogen pools 1s consistent 

with my observations of a lack of dramatic change in carbon metabolism 8S 

a result of enrichment. The expected increase in IFAA's based on their 

observations was not reflected in an increase in cold trichloroacetic 

acid soluble ~ncorporaUon in my experiment. It is possible that 

+ NH4 was assimilated intel existing carbon skeletons. Another 

possibility is that the acid extraction included reserve polysaccharide, 

beta-l,3-glucan, which :t.s present in diatoms and is acid soluble 

(Hyklestad, 1~77). The fractionation procedure used in this experiment 

would not distinguish tt~ iB as carbohydrate. but rather include it as cold 

trichloroacetic acid sol.uble material. 

In contrast to the relatively slow nitrogen metaholiS1Jl, Goldman and 

Glibert (1982) found thalt + specific NH4 uptake was higher for !. 

weissflogii than ~. tert:iolecta over a wide range of nitrogen limited 

growth rates. The preliminary results from this study further emphasize 

the fact that metabolic responses to nitrogen limitation are highly 

species specific, as are~ patterns of carbon metabolism in general. Such 

differences may play a role in defining population structure in 

environments where nitrogen is a potential growth limiting substrate and 
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transient nitrogen uptake capabl1i.ties are important. More detailed 

comparisons of the behaviour of specific free amino acids (e.g. glutamate 

and glutamine) in different species may lead to the identification of 

metabolic responses which are not species specific, can be probed with 

14 inorganic C, and would therefore serve 8S useful indicators of 

metabolic status of natural autotrophic populations. 

CONCLUSIONS 

This study charac~erlzed effects of variations in the 

+ NH4-1imited steady state growth rate on compositional dynamics and 

14C incorporation of free snd protein amino acids in the marine 

chlorophyte, Nannochloris ap. It was found that by characterizing the 

differential behaviour of intracellular free amino acids, considerable 

information about metabolism could be obtained. Low glutamine/glutamate 

ratios were associated with low relative growth rate, consistent with the 

increased importance of the GS reaction in limiting inorganic nitrogen 

assimilation. 

The presence of proline as a large proportion of intracellular free 

amino acid pool of a microalga has not been previously reported to my 

knowledge. Decreases in cellular pools of free proline with increasing 

+ NH4 limitation indicated that proline served as a nitrogen storage 

reservoir. Proline is structurslly related to glutamate, and might also 

serve as a source of carbon skeletons during rapid assimilation of 

+ NH
4

• It may also playa role as an osmoregulator. Its slow 

saturation characteristics supported the view that it was not a central 

metabolic intermediate. 



-

-236-

For glycine + alanl1ne, aspartE..te, and valine 'It the high rela tive 

growth rate, saturation rates were rapid enough that specific activities 

could be assumed to be ,equivalent to that of the dissolved inorganic 

carbon pooL In genera:L, specific a ctivities of other free amino acids 

were less than the that of the dissolved inorganic carbon pool even after 

3 hours. Saturation rs"tes of individual free amino acids were generally 

lower at the low relat!'l/'e growth rate . However, the saturation rate of 

total IFAA carbon was e:Lmilar for the high and low relative growth 

rates . This was largely the result of a decline in the proportion of 

IFAA carbon in proline <it the low relative growth rate. Consequently. 

the abundance of IFAA carbon rela tive to cellular carbon provides a 

growth ~elated index of carbon flux through the IFAA pool (i.e. higher 

relative abundance - higher relative growth rate). Nitrogen turnover 

rates were generally hinher for the free amino acids than the saturation 

14 rates with inorganic G, a consequence of the independence of carbon 

and nitrogen flux through the free amino acid pool. Trends related to 

growth rate in the turnc)Ver rates of carbon and nitrogen were similar . 

The relationship be t ween saturation characteristics of intracellular 

free amino ac ids and Da licent protein amino acids was influenced by growth 

rate. At the low relat:lve growth r a te, the saturation rates of nascent 

protein glutamate, glycine + alanine , and valine were higher than 

corresponding f ree amin() ac id specific activities . This indi cated 

metabolic segregation of protein amino acid precursor pools, which was 

not apparent at the high relative growth rate. Nascent protein glyc ine 

and alanine appeared to have rapidly saturating precursors at both high 

and low relative growth rates, providing a foundation for further study 

of their utility in accurately estimating protein synthesis. This 

approach is eIRmined in Chapter 4. 
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Distributions of 1ncorpornted 14C incorporation among individual 

free amino acids and protein provided qualitative descriptions of 

relative abundances of cellular carbon. Such an approach may be useful 

for assessing the physiological state of the metabolically active algal 

populations, without detrital or non-autotrophic interference. 

14 Distributions of incorporated C also qualitatively reflected 

increases in free amino acid concentratioDs caused 

enrichment. The responses of the free amino acids were highly sensitive 

+ 14 to the increase in NH4 concentration, in contrast to total C 

uptake. Individual species differed in their + responses to NH4 

14 
enrichment with respect to the distribution of C among different cell 

materials. It may be that responses at the level of the free amino acids 

are less subject to interspecies variations. If so, evaluating patterns 

of isotope incorporation into the free amino acids in response to 

+ NH4 enrichment would be a useful means of diagnosing the nitrogen 

status of phytoplankton populations. 

A more complete characterization of the manner in which other 

environmental conditions (such as light, temperature), d1e! variations. 

and species composition influence metabolism may eventually permit direct 

and rapid assessment of the phYSiological state of natural autotrophic 

populations, and rates and composition of the primary organic matter 

being produced. Such information will lead to a better underst~nding of 

the role of marine phytoplankton in influencing the dynamics of 

particulate organic matter, and a general understanding of this primary 

level 1n trophodynamic processes. 
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CHAPTER 4. RELATIONSHIPS BETWEEN NET SYNTHESIS RATES OF 

PROTEIN AllINO ACIDS AND INCORPORATION OF 

INORGANIC 14 C IN MARINE PHYTOPLANKTON 
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INTRODUCTION 

The production of protein Is closely associated with the growth of 

all living organisms, snd it Is nutritionally essential to all 

heterotrophic organisms. Marine phytoplankton are the primary source of 

protein for the marine food chain. Accurate estimates of this primary 

input are required in order to understand marine ecosystem 

trophodynamics, and the role of phytoplankton In influencing the flux and 

compositional dynamics of particulate organic matter. Moreover, since 

the proportion of algal metabolism associated with protein synthesis 

varies in relationship with the growth rate of the population (e.g. 

Chapter 3), the ability to accurately trace autotrophic production of 

protein In relationship to total carbon fixation will be a useful tool 

for 8ssessing population physiological state. 

The l4C technique for measuring rates of photosynthetic carbon 

fixation (Steeman-Nielsen, 1952) provided a sensitive and specific 88say 

of phytoplankton activity in units which could be directly compared to 

biomass. Despite the controversy surrounding the methodology and 

interpretation of the results it provides, it remains one of the most 

powerful and widely applied methods for estimating photosynthetic 

activity. The ubiquitous nature of carbon in living biomass allows the 

14 use of C to trace various levels of metabolism. This is the basis 

underlying fractionation procedures which involve the isolation and 

radioasssy of operationally defined cellular material having general 

- characteristics which can be related to different types of metabolism. 

In chapter 3. I discussed methods for improving the utility of 

results obtained from fractionation procedures. These include: a) 

precise chemical definitions of cell material in order to clarify 
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relationships between observed isotope distributions and actual metabolic 

characteristics, and b) adequate descriptions of the kinetics of isotope 

distribution, and its relationship to chemical composition and 

blosynthetlc rates. The application of these methods towards the 

isotopiC tracing of protein synthesis are considered in this chapter. In 

addition, I have examined the potential impact of the interruption of 

steady state growth, such 8a might arise from sample confinement, on 

isotope incorporation into protein. 

BACKGROUND: 

Tracing Production of Particulate ProteiD Aaino Acid. 

The essential role which amino acids play 1n the growth of all living 

organisDls makes them an ideal class of biogenic compounds for 

investigating the relationship between the composition of primary organic 

matter produced by phytoplankton and the composition of total particulate 

organic material found in the environment. By tracing the production of 

14 this specific class of compounds with C, I eliminate the ambiguities 

associated with undefined subcellular fractions. The second problem 

associated with fractionations, that is the dependence of isotopic 

distribution with time, will be evaluated in the laboratory in several 

representative phytoplankton species. The intracellular free amino acid 

pool specific activity may not necessarily reflect the specific activity 

of the protein amino acid precursor pool (e.g . Oaks and Bidwell. 1970; 

Bassham et al ., 1964; Trewavas. 1972; Huffsker and Peterson, 1974; 

Wheeler and Stephens, 1977; chapter 3, this thesis). This results in an 

ambiguous relationship between isotope incorporation Into protein and net 
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protein synthesis. In chapte): 3. 1 noted that protein had the slm.'est 

isotope kinetics of the polymer fractions. Isotope kinetics were 

different for the individual p:rotein amino acids. and varied with the 

nitrogcu limited growth rate. GlYCine and alanine contained in nascent 

protein consistently displayed rapid saturation kinetics. My approach in 

this chapter was to compare predicted net production of individual 

protein amino acids 8S defined by continuous culture dilution (growth) 

14 rate with observed production as de termined by C incorporation. The 

results provide information about the isotope kinetics of various protein 

amino acid precursor pools, and identify those protein amino acids whose 

precursors rapidly attain the specific activity of the exogenous 

dissolved inorganic carbon pool. 

Li and Goldman (1981) compared carbon specific growth rates of 

several species with their continuous culture growth rates. In a number 

of instances, this rate did not agree with the growth rate defined by the 

culture dilution rate. OVeres timates were probably due to turnover in 

excess of net production. Unde r estimstes might have occurred as a result 

of nutrient depletion accompanying the interruption of steady state 

growth. Goldman et al. (198la) f ound that unenriched samples which had 

been removed from steady state cultures of some species exhibited time 

dependent decreases in carbon incorporation within a few hours. This 

demonstrates the importance of time course sampling for distinguishing 

patterns of isotope kinetics from perturbations in culture metabolism as 

a result of the interruption of steady state. 

L1 and Harrison (1982) suggested that isotope incorporation into 

protein may be less likely to overestimate net synthesis than total 

isotopic carbon incorporation. During the eastern Canadian arctic summer 
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(24 hour photoperiod), L1 and Harrison (1982) compared isotope 

incorporation patterns for samples from cODsecutive 2 hour incubations 

with those of 8 32 hour incubation. From their results, they suggested 

that the short incubations tended to reflect gross isotope incorporation 

snd &8 a result yielded higher estimates of incorporation than from 

samples taken 1n the latter portion of the extended incubation. The 

protein f raction seemed to show the least discrepancy between the long 

and consecutive short incubations. This might mean that protein 1s less 

subject to turnover 1n excess of net produc tion. However, such turnover 

does occur in higher plants and a lgae, and Is a function of physiological 

state (e.g. Trevaw88, 1972; Huffaker and Peterson, 1974; Bates, 1981; 

Cubel et al., 1984). I will present results which demonstrate that under 

certain conditions, protein turnover significantly affects isotope 

incorporation characteristics. 

RadloiBotopic Trac1ns of Microbial Activities 

Radioisotopic tracers other that l4C which can be associated with 

distinct types of cell material have been used to monitor microbial 

activities in natural systems. These include 3H-adenine (Karl, 1981, 

32 
Karl et aI., 1981a,b; Karl, 1979; Winn and Karl, 1984) and P0 4 

(Cubel et aI., 1983; Cube! and Waterbury, 1984) to assess nucleic acid 

biosynthesis, and 35S04 to trace the production of protein (Bates, 

1981; Cuhel et aI., 1981a,b,c,1982a,b,1983). Unlike inorganic 14C, 

these procedures do not provide an assay of metabolic activity specific 

to phytoplankton 8S bacterial activity will a180 be measured. 

35 Furthermore, sensitivity is limited in the case of ~04 as a result 

of dilution by the large ambient S04 levels, and in the case of 
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lu-adenlne by the fact that the method traces only the salvage uptake 

of adenine, a minor contribution to total nucleic acid biosynthesis. 

Addition of 
3 3L H-adenine and 1104 may perturb ensting uptake 

kinetics. 
14 In contrast, inorganic C can be added in truly tracer 

amounts to very high specific activities. This investigation provides 

14 
basic information required to optimize methods for C tracing of 

protein amino acid production by natural phytoplankton populations. 

* .. * .. 

A major emphasis of this study will be to assess the impact of 

changes in various environmental conditions on the kinetics of isotope 

incorporation into protein. In order that these results can be useful to 

other investigators, descriptions of biomass parameters 8S a function of 

growth rate are provided. In particular, I described the compositional 

relationship of protein to other ce11ular materials. Tbis information 

provides an index of the cultures' physiological states (e .g. Rhee, 1978; 

Goldman, 1980; Dortch, 1982; Maske, 1982). I initally described the 

compositional variations associated with steady state growth of 

Nannoch1oris sp. under two different light intensities and varying 

degrees of NH; limitation. Subsequently, intercomparisons were made 

of the chemical composition of three other species grown under 

+ NH
4
-l1m1ted steady state conditions at a single light intensity. 

The r esults provide a description of compositional differences, both 

within a single species as a result of environmentally induced cbanges in 

metabolism, and between species as a result of intrinsic metabolic 

differences. Such variations in metabolism influence observed kinetics 

of isotope incorporation. It is the main objective of this chapter to 

14 evaluate such variations in C kinetics, and determine the optimal 
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conditions for accurate and precise estimation of protein synthesis on 

the basis of isotopic c.!lrbon incorporation. In chapter 5, I demonstrate 

the use of this information to assess the metabolic characteristics of a 

natural phytoplankton plpulation, and the role of primary inputs of 

protein in influencing l~he compositional dynamics and flux of particulate 

organic matter. 

METHODS 

Compari8on of Protein Aneay Methodologiea 

Knowledge about the relationship of protein to other cellular 

materials 1a useful in lprovldlng an index of the growth and pbysiological 

state of the algal culture. Such information facilitates 

intercomparisons betweel1 results of other studies and the characteristics 

of protein synthesis and associated patterns of carbon incorporation 

which are presented her'~. In order to determine the extent to which 

results obtained by my Dlethod for protein analysis can be generalized to 

results of other studieu, I compared different methodologies for assaying 

protein. Results are shown in Table 4-1 

Nannochloris sp. adapted to • high light 

for log phase batch cultures of 

-2 intensity (17~70 pE. m • 

-1 s ), The two methods, the Bradford assay (Bradford, 1976) using the 

Coomaaaie brilliant blUE! dye reagent provided commerCially by Bio-Rad, 

and the analysis of indj.vidual protein amino acid residues, yield similar 

results. The estimate (If protein nitrogen was slightly lower for the 

residue method. Differe~ces between methods were within the limits of 

analytical error. A sH.ght underestimate would be expected since the 

amide groups of glutamin.e and asparagine are lost and tryptophan is 

destroyed during acid hydrolysis (DeJong et al., 1981). lowden (1954) 
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Table 4-1. Bulk Chemical Composi tion Parameters For HIgh LightS 
Batch Cultures of of Nannochlorls sp. 

X Total poe % Total PeN 
in Protein In Protein 

Bradford protein aseay:b 

23 .1 (6.2) 55 (15) 

Residue analysis of 
hydrolyzed proteln: c 

21.9 (3.9) 42.8 (9 . 5) 

ChI a 
Protein Carbon 

(Ug/ug)xlOO 

4.6 (1.0) 

5.7 (0.8) 

C:N 

6 .1 - 8 . 9 

6.6 

bErrors (In parentheses) represent 95% confidence intervals . 

Carbon 
ChI a 
(ug/;;g) 

95.7 (6.2) 

81 (12) 

CErrors (In parentheses) represent propagated estImates of analytical e rror based 
on 95% confidence intervals. 
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also pointed out that the basic amino acids arginine, lysine and 

histidine may be partially destroyed during hydrolysis in the presence of 

carbohydrate. Finally, I did not sssay tyrosine, cysteine, and 

methionine 80 they were not included in the results. 

All other methods were described In chapt er 2. 

RESULTS AND DISCUSSION 

Effects of Growth ConciJ.t1ona on CheaJ.cal COlipoalt1on of Nannochlor1a ap. 

The relationship of protein to other biomass parameters in high lIght 

+ adapted NH4-11mited steady state cultures of Nannochlorls ap. Is 

shown in Table 4-2. The compositional parameters are representative of 

the steady state culture conditions. As noted in chapter 3 (Table 3-2), 

the percentage of particulate organic carbon associated with protein 

decreases with decreasing growth rate. In conjunction, the chlorophyll 

~/prote1n carbon and C:N ratios increase. No significant change in the 

POC/chlorophyll ! ratio could be demonstrated. In NH~-l1mited 
-2 -1 cultures adapted to low light conditions (2B!.9 pE· m • s ), no 

significant decrease in the percentage of POC in protein was seen with 

decreasing growth rate (Table 4-3), nor was there a substantial change in 

the C:N ratio. The chlorophyll !/protein carbon ratio decreased with 

increasing nitrogen lillL.itation, in contrast to the increase seen under 

high light conditions . Thus, during growth under high light conditions, 

protein synthesis 1s more sensitive to nitrogen supply than chlorophyll! 

production, while under low light conditions, this relationship is 

reversed. The chlorophyll !/proteln carbon ratio was generally higher 

and the POC/chlorophyll ~ ratio lower under low light relative to high 

light conditions. Chan (1978) fOl.m.d a similar pattern of chlorophyll 
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Table 4- 2. Bulk Chemical CompositIon Parameters For High LIghtB 
NHl-l1Dl1ted Steady State Cultures of Nannochlorls sp. 

Relative Growth % Total poe % Total PON ChI a Carbon 
Rate b In ProteIne - -

In Protein Protein Carbon C:N Ch1a 
(Ug/ug)x100 (ugfi;g) 

0. 933 (0.031) 18.9 (4.9) 31. 2 (21.0) 4. 3 (1.1) 6.2 124 (42) 

0.458 (0.014) 16.8 (3.0) 36.8 (8.4) 5.1 (0 . 5) 7.4 117 (28) 

0 . 229 (0.016) 8. 8 (2 . 0) 42.0 (7 . 3) 6.8 (1.0) 17 . 1 166 (38) 

a17~70 IJE • m-2 • 8-1 , 

bcrowth rate normalized to maximum growth rate (1. 44 (0.04) day-I) under simUar 
conditions of l i ght and temperature. Growth rate errors (In parentheses) represent 95% 
confidence intervals. 

CErrors for all compositional parameters (in parentheses) represent propaga t ed 
estimates of analytical error based on 95% conf:Ldence Intervals. 



Table 4-3 . Bulk Chemical Composition Parameters For Low Lighta 
Batch and NHt-limited Steady State Cultures of Nannochloris sp. 

Relative Growth 
Rateb 

Batch: 

1.00 (0 .09) 

Steady State; 

0.864 (0 .092) 

0.723 (0.063) 

0.283 (0 .060) 

a2~9 uE m-2 s-l. 

% Total POC % Total PON 
in Proteinc in Protein 

Chl. 
Pro "teTii""' Carbon 

(ug/ug )xlOO 

n.d. 

9.8 (1.9) 

14.5 (2.8) 

14.0 (2 .6 ) 

n.d. n.d. 

51 (35) 16.5 (1 .8) 

36.5 (7.9) 15.0 (1.6) 

38.7 (8.6) 10.1 (1 .6) 

C:N 

7.5 

n.d. 

n.d. 

9.2 

Carbon 
Chl • 
(ug/ug) 

52.3 (9.4) 

n.d. 

n.d. 

70.4 (14.7) 

bCrowth rate normalized to maximum growth rate (0.58 (0 .05) day-l) under similar 
conditions of light and temperature. Growth rate errors (in parentheses) represent 95% 
confidence intervals. 

cErrors of all compositional parameters (in parentheses) represent propagated 
estimates of analytical error based on 95% confidence intervals. 

, 
~ .. 
'" , 
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~/proteln ratios in response to light intensity in a survey of selected 

diatoms and dinoflagellates. This indicates that chlorophyll production 

was enhanced relative to total biomass in low light adapted cultures, a 

commonly observed response of algae (e.g. Beale and Appleman, 1971; 

Beardall and Morris, 1976; Prezelin, 1976; Falkowski and Ovens, 1980; 

Perry et al., 1981; Richardson et al., 1983). The fact that the 

chlorophyll ~/proteln carbon ratio declined with decreasing growth rate 

under low light conditions indicates that nitrogen limitation suppressed 

the low light enhanced chlorophyll produc tion. Reduction in steady state 

chlorophyll a content with increasing nitrogen limitation has been 

reported by other investigators (Caperon and Meyer, 1972; Thomas and 

Dodson, 1972) . These results demonstrate that the regulation of 

chlorophyll synthesis in Nannochloris sp. is more sensitive to nitrogen 

supply under low light conditions. In contrast, the %POC in protein was 

lower at high relative growth rate under low light conditions, and did 

not decrease wth increasing nitrogen limitation. This suggests that the 

proportion of carbon metabolism associated with protein synthesis was 

l ess sensitive to increasing nitrogen limitation at the low light 

intensity (c.f . Cook, 1963). 

A possiblity which must be recognized is that an unknown substrate 

other + than NH4 was limiting. For example, increased demand for some 

trace substrate might accompany growth unde r low light intensities . 

Further proof that inorganic nitrogen was limiting is required. 

Interepecies Comparisons of Cbe.1ca1 CO_position 

Comparisons of compositional parameters among different species 

growing under high + light NH4-11m1ted steady state conditions reveal 
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differences (Table 4-4 and 4-5), but for the most part, these differences 

were within the range of environmentally indlllced variations seen for 

Nannochlorls sp. The biomass parameters rep>rted here strengthen earlier 

arguements by Parsons et 81. (1961) that the chemical composition of 

different species 1s remarkably similar. HOlrris (1981) pointed out that 

environmentally induced variations can be IDOlre important than species 

changes in determining particulate organic mlltter composition. In 

Chattonella (Ollsthodlscus) luteus J the perclmtage of PON in protein 

increased and the C:N ratio decreased with ulcreasing growth rate 8S has 

been reported for other algae (Rhee, 1978; ~)rtch, 1982). The growth 

rate range may have been inadequate to deteClt changes in the other 

parameters. 

BiolDass parameters expressed 00 a per aVj~rage cell basis are shown 

for high light (Table 4-6) and low light (Table 4-]) adapted continuous 

+ cultures of Nanoochloris sp. at NH
4
-l1mited I~teady state. Cellular 

levels of both nitrogen and protein decreased with decreasing growth rate 

under high light conditions. In low light adapted cultures (Table 4-7), 

no decrease in nitrogen per cell was associated with decreasing growth 

rate. Carbon per cell relZlained relatively constant for both the light 

saturated and light limited cultures, an indication that carbon was a 

relatively conservative cellular material. Chlorophyll! per cell was 

generally higher at low light. consistent wil:h the higher chlorophyll 

!./prote1n carbon and POC/chlorophyll !. ratiofl (c.f . Table 4-3). 

In contrast to the similarities BlOOng spE!c1es in their bulk chemical 

composition, cellular abundances of differenl: substances varied widely 

apparently in association with variations in cell size (e.g. Chan, 

1978). C. luteus, which was the species of largest cell size. had the 



Species 

Chaetoceroa sll1plex 

Chr~naa a811n. 

.17&~:.70 J.L£' .-2 .• -1. 

I 

Table 4-4. Bulk Chellical eompo8!t1on Para.etll'u For High Light
NHt- l1l1ited Steady State: Cultures of Sell!cud Harioe Algae 

Relative Growth :;: Total POC % Total PON ChI. 
!l.ateb in Prate inc in Pr otein Pr ot;iilCarboll 

(U8 /u&)xloo 

0.574 (0.064) 15.8 (3 . 0) 41.4 (9.3) 10.5 (1.3) 

0.804 (0.082 ) 20.0 (3 . 6) J4 (11) 9.5 U . 8) 

bSteady ata te growth rate nor.all~ed to maxl.ull under ai.l1ar condit i on. of l i ghe and temperature . 
r ate for ·£. simplex Wall 2 . 3 (0.23) day- I , Haxi -.!II growth r ate for £. ~ vas 0 . 52 (0.05) day-I. 
rate erron (I n pe.renthuea) represent 951 conndeoc:e lourv.h. 

carbon 
C:N Ciil3 

(u&/~&) 

10.3 60 . J (9.5) 

'.5 53 (12) 

Kn:lmu. Itowth 
All growth 

tErron of dl cOlllposlUonal patameten Un patl!'otheaes) r epresent propagated elltiutea of analyUca l error btlaed 
on 95% conUdence intervals. 

, 
~ 
~ 
~ , 
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Table 4-5. Bulk Chemical Composition Parameters For High Lighta 
Batch and Nat-limited Steady State Cultures of Chattonella luteus 

Relative Growth % Total POC % Total PON 
Rate b in Proteine in Protein 

Batch: 

1.00 (0.11) 16 .8 (4.0) 54 (15 ) 

Steady State : 

0.920 (0 .110) 55 .1 (5.6) 

Chl • 
Protein Carbon C:N 

(~.I ". )x100 

8.3 U.8) 10.8 

11 . 2 (1.4) 21.3 

0 . 540 (0.075) 

9.8 (2.3) 

15.9 (3.0) 85 . 0 (12.1) 6.7 (0.94) 17.7 

8176!,70 JIB . m-2 . a-I. 

Carbon 
ChI a 
(~g/;;g) 

72 (13) 

92 (22) 

94 (13) 

~rowth rate normalized to maximum growth rate (0.54 (0.06) day-I) under similar 
condit ions of lIght and temperature . Growt h rate errors (in parentheses) represent 95% 
confidence intervals . 

CEstimates for ~/~x a 1.00 and 0.540 derived from Bradford assay of protein. 
Estimates for p/~x - 0.920 derived from residue analysis of protein. Errors of all 
compositional parameters (in parentheses) represent propagated estimates of analytical 
e rror based on 95% confidence intervals . 

, 
~ 
~ 

~ , 
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Tabl e 4-6. Cellular Chemical Composition Parameters of 
IIlgh Light8 Batch and NHt"-llml t ed Steady St ate 

Cultures of Nannochlorls sp . 

Reia t1 ve Growth Carbon Nitrogen ChI a Protein Carbon 
Rate b per celIe per cell per cell per cell 

(pg) (fg) (fg) (pg) 

Batch: 

1.0 (0 .03) 4.2 (2 . 0) 550 (130) 50 (17) 0.74 (0 .08) 

Steady State : 

0. 933 (0.030) 3 . 0 (0 . 7) 500 (330) 24.0 (6.0) 0 . 57 (0.06) 

0.458 (0 . 014) 2.9 (0.8) 400 (130) 25.0 (3 . 0) 0.49 (0.08) 

0.229 (0 . 016) 3.6 (0.7) 210 (28) 22.0 (2 . 0) 0.32 (0.04) 

a176~:?O }lEo m-2 . 8-1 , 

bcrowtb rate normalized to maximum growth ra te (1.44 (0.04) day-I) under similar 
condItions of light and temperature . Growth rate errors (In parentheses) re present 95% 
confIdence intervals. 

CErr ors for all compositional parameters (in parentheses) represent propagated 
est imates of analytical error based on 95% confidence intervals . 

• 
~ 
~ 
co 
• 



l 'able 4-7. Cellular Chemical Composition Parameters of 
Low Lights Batch and NH4-l1mited Steady State 

Cultures of Nannochlorls sp. 

Relative Growth Carbon Nttrogen Chl • Protein Carbon 
Rateb per celic pE~r cell per cell per cell 

(1'8) (fg) (fg) (1'8) 

Batch: 

1 . 0 (0.08) 3.8 (0 .9)b 490 (120) 74 (15) n.d. 

Steadl State: 

0.864 (0.092) n.d. 3~W (180) 100 (16) 0. 64 (0.12) 

0.723 (0.063) n.d. 510 (150) 100 (23) 0.69 (0.17) 

0.283 (0.060) 5.0 (1.1) 5'iO (130) 71 (12) 0. 70 (0.12) 

a29+9 uE m-2 -1 • • 

bGrowtb rate normalized to maximum growtll rate (0.58 (0 . 05) day-l) under sia1lar 
conditions of light and temperature. Growth rate errors (in parentheses) represent 95% 
confidence intervals. 

cErrors of all compositional parameters (in parentheses) represent propagated 
estimates of analytical error based on 95% confidence .intervals . 

, 
N 
~ 
<-, 
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Table 4-8. Cellular Chellical Cocpoa!tion Para_ceta of 
Hl ,b Ll abt " NHt-liml tad Steady State Cul t ural of 

Selected Hart". Al .... 

Rel ative Gr owth 
beeb 

Cb. ttooalla ~ 

1.0 (0.11) 

Stead, Stat e : 

0.921 (O.UO) 
0.540 (0.075) 

Cbae t octto. simplu: 

0 . 574 (0 . 0610) 

0.804 (0 . 082) 

"17O:t.70 )IE. 1a-2 •• -1 , 

enbon 
per cellc 

Cps> 

IHttogen 
per cell 
(fa) 

610 (150)" 51000 (16000) 

311 (lOO) 
340 (100) 

10.9 (J.O) 

84 (2.5) 

IIj6QO (4200) 
19000 (.5200) 

1060 (720) 

13000 (5200) 

Chl " 
per eell 

(t,) 

8500 (1900) 

3400 (860) 
3800 (990) 

1 81 (42) 

1600 (470) 

Protf!'iu Car boll 
per cell 
(pa) 

100 (30) 

31 (8) 
55 (16) 

1.7 (.4) 

17 (4) 

"Steady atate growth care normalized t o aaadlNlll under aillUar conditions ot light lind 
t •• peratur e. Mad_ growth rate fOi c . luteu ..... 0.54 (0.06) day- 1 , 2.3 (0.23) <1&y- 1 
for f. aleph,.;, and 0 . 52 (0.05) d.y - Tot £ . •• 11na. Al l growt h nte e rron repre"ent 95% 
cooiidence interv.ll. 

cErron of .U cOlllpo.i t lonal parameten U n p.r enthesu) r epruent propaga t e d estlDates of 
ana l ytical error based on 95% confldeace intervala . 
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largest values for carbon, nitrogen, chlorophyll !!,J and protein on a per 

average cell basis (Table 4-8). Values for Chroomonas salina and 

Chaetoceros simplex wer,e intermediate between C. luteus and Nannochlorls 

sp. (cof. Tables 4-6 and 4-8). 

Kinetics of Isotope InCjJrporaUon: Agreeamt Between Predicted and 

Observed Carbon Incorpolt'ation Rates 

From the results prl~sented in chapter 3 and in the preceding sect.ion, 

it Is apparent that env:lronmental conditions influence cellular 

composition, a reflectil:m of their impact on metabolic processes. A 

prerequisite to est1mat:lng the rate of a specific biosynthetlc process, 

14 
in this case protein synthesis, using inorganic C as a tracer, is to 

evaluate the potential :1mpact of environmentally induced changes in 

metabolism on the lsoto:pe kinetics. I have compared predicted and 

observed carbon incorpOlration rates into total particulate organic carbon 

(POe), total particulat4! protein amino acids (PPAA), and individual 

14 
protein amino acids in l!lteady sta te cultures where the inorganic C 

was added directly to ele chemos tat vessel. Assuming complete and 

instaneous equllibratiml of precursors with the dissolved inorganic 14C 

and negligible ce11 de~lY (c.f. Goldman, 1977), the rate of isotope 

incorporation into protl!in (dP*/dt) in a steady state culture where 

influent flow is not interrupted will be the difference between the rate 

of protein synthesis and the dilution of labeled protein by inflowing 

media: 

dP*/dt • DP - DP*(t) 
o (4-1) 
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where D 1s the dilution rate of the chemostat, Po 1s the steady state 

protein carbon concentration, t 1s the incubation time, and P*(t) 1s the 

predicted quantity of isotope in protein. Equation (4-1) 1s a first 

order linear differential equation, with initial conditions P*(O) - O. 

Solving for P*(t): 

(4-2) 

For most of the experiments, it was not possible to maintain influent 

flaw throughout the incubation period. Under conditions where flow 1s 

interrupted, the predicted quantity of isotope in protein (~I(t» was: 

(4-3) 

The derivation of this equation 1s similar to that descr ibed by Roberts 

e t al. (1963). It assumes no deviations from the steady state 

blosynthetlc rates despite the interruption of flow , 80 that the 

chemostst 1s effectively viewed 8S a batch culture with growth rate D. 

As I will demonstrate, this assumption is not always appropriate. 

Under conditions where Dt is small (i.e . less than 0.05), ~(t) 

approximates P*'(t). The initial rate of slope of observed incorporation 

was estimated by linear regression Bnd compared to the predicted rate 

which was defined as: 

R - p*(L~t)/C.t 
P 

(4-4) 
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R' • p'''(At)/At 
p 

where A t was the period over which observed incorporation was 

regressed. 

As previously pointed out, these equations are based on the 

(4-5) 

assumption that precursors to protein synthesis are completely and 

14 Instaneously equilibrated with inorganic C. If equilibration 1s not 

complete, than the rates predicted by equations 4-4 and 4-5 will 

overestimate observed incorporation. In contrast, if protein turnover in 

excess of net synthesis 1s significant, then the observed incorporation 

rate may be greater than the predicted rate. Examples of these cases are 

discussed in subsequent sections. 

Predicted rates of poe production were obtained by substituting the 

steady state poe concentration for P 1n equations 4-1 through 4-5. 
o 

High Light Adapted Steady State Cultures of Nannochlor1a sp.: Isotope 

Kinetics at High and Low Relative Growth Rates 

POe and PPAA 

Comparisons of regressions of total inorganic l4c uptake with 

predicted poe production rates under high light conditions indicated 

excellent agreement at all growth rates (Figure 4-1). In contrast, 

incorporation of isotope into isolated PPAA was less than the predicted 

rate of carbon incorporat1on (Figure 4-2). Higher predicted carbon 

incorporat1on into protein than observed isotope incorporation rates can 
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be caused by both incomplete saturation of precursors with inorganic 

14 C 8S well as deviations from steady state in response to the 

interruption of steady state. In some cases, it i8 possible to 

distinguish these two sources of discrepancy by examining the time course 

patterns in incorporation . 

The time course of isotopic carbon incorporation into total PPAA 

during the first 1.5 hours for the high and low relative growth rates are 

shown in Figure 4-3 in relationship to the predicted incorporation. The 

point at which the influent flow was stopped during the incubation is 

designated by an arrow. The predicted rate exceeded the observed rate 

before flow was stopped in both the high and low relative growth rate 

cases. This tendency was not an artifact due to perturbations of steady 

state, since it was also observed during the initial stages of 8 separate 

che~oBtat experiment where flow was not stopped and steady state was 

maintained throughout a 66 hour incubation period (Figure 4-4). Further 

evidence for the slow saturation characteristics of protein precursors 

was revealed in short term isotopic carbon distributions of batch 

cultures where nutrient depletion would not be 8 problem. Isotope 

incorporation initially underestimated the actual proportions of carbon 

associated with the protein fraction (Figure 3-18). 

Nitrogen depletion effects did manifest themselves later in the 

+ NH
4
-1imited cultures where flow was stopped. Examining the time 

course for the entire 3 hour incubation periods for total PPAA 

incorporation at high and low relat:1ve growth rate. it is evident that 

the observed incorporation rate decreases with time particularly at the 

low relative growth rate (Fig. 4-5). However, for the initial period 

where flow was not stopped, observed incorporation was less than the 
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predicted rates. A similar discrepancy was seen for the ezperlment where 

flow was not stopped (Figure 4-6) . However, observed incorporation 

approached the predicted values 8S the incubation progressed. By 20 

hours (Fig. 4-7), differences between predicted and observed values were 

negligible. 

These results illustrate that the interruption of steady state can 

lead to the rapid onse t of time dependent decreases in protein carbon 

incorporation rates. Therefore, inspection of time course incorporation 

patterns Is necessary in order to distinguish non-steady state artifacts 

from kinetic phenomena 8a causes for discrepancies between observed and 

predicted carbon incorporation. As will be demonstrated, this 1s 

particularly important in understanding the characteristics of carbon 

incorporation into individual protein amino acids. 

Carbon Incorporation into Individual Protein .. ino Acids 

In Figure 4- 8, incorporation rates of selected protein amino acids 

are ahown in relationship tb the predicted rates for the high and low 

relative growth rates respectively. The biosynthetic pathways 

demonstrated in h1gher plants for these amino acids are diagrammed 1n 

Figure 4-9. Glycine and serine biosynthesis can be derived from 

3-phosphoglycerate produced by the RuDP carboxylase reaction of the 

Calvin cycle (Miflin and Lea, 1977). Under these conditions, their 

production would be closely coupled to the supply of photosynthetically 

f ixed carbon. This is consistent with the good agreement be tween 

predicted and observed incorporation rates of glycine (Figures 4-8 and 

4-10), and the observations in chapter 3 that nascent protein glycine was 

immediately saturated with the inorganic carbon pool. Alanine also shows 
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close agreement between predicted and observed incorporation rates 

(Figures 4-8 and 4-10), in agreement with the rapid saturation of nascent 

protein alanine (chapter 3, Table 3-5 ) . Alanine is a product of the 

reductive aminatlon of pyruvate. A proposed route for the incorporation 

14 of photosynthetically derived C into pyruvate 1s via the transport of 

triose phosphates from the chloroplast into the cytoaol (Heber, 1974; 

Leech and Murphy, 1976), Once there, the action of the glycolytic 

enzymes could convert these molecules to pyruvate, which can subsequently 

diffuse (Schulze-Siebert et al., 1984) back into the chloroplast where it 

may undergo transamination with glutamate (e.g . Leech and Murphy, 1976). 

However, the close agreement between the observed and predicted 

incorporation into alanine indicates that its pyruvate carbon skeleton 

rapidly equilibrates with the dissolved inorganic carbon pool. If the 

above transport scheme is correct, this would require that either the 

entire cytosolic pyruvate pool was saturated or t he source of pyruvate 

used for protein alanine biosynthesis was compartmentalized. The pool 

size of pyruvate was Dot measured in this study. The possibility that it 

wss small and in a rapid state of turnover cannot be ruled out. 

Recently, the presence of pathways for conversion of 

3-phosphoglycerate (3PGA) to pyruvate have been demonstrated to exist 

within spinach chloroplasts (Fig. 4-11, taken fra. Schultze-Seiber et 

al., 1984). Such a mechanism would provide for a more direct means of 

production of alanine from photosynthetically fixed carbon. Furthermore, 

as I pointed out in chapter 3, at the low relative growth rate there were 

differences between the bulk intracellular free glycine + alanine pool 

specific activity and that of the nascent protein glycine and alanine. 

Such a phenomenon could be explained by the presence of an isolated 
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Figure 4-1. 
14 

Comparisons of observed total C uptake rates with 

theoretical particulate organic carbon production rates in high light 

-2 -1 + (176 ,liE. m • 8 ) NH4 -limited steady state cultures of 

Nannochloris sp. 
14 

Observed total C uptake rates were determined by 

linear regression of the initial 1.5 hour time course of isotope 

incorporation. Errors represent propagated estimates of analytical error 

based on 95% confidence intervals. 
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Figure 4-2. Comparisons of observed particulate protein amino acid 

isotope incorporation rates with theoretical rates in high light (176 pE 

-2 -1 + m • B ) NH
4
-11mlted steady state cultures of NBnnochloris sp. 

Observed isotope incorporation rates were determined by linear regression 

of a 3 hour time course. Errors represent propagated estimates of 

analytical error based on 95% confidence intervals. 
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Figure 4-3. Observed and predicted 1.5 hour time courses of isotopic 

carbon incorporation into particulate prote:l~n amino acids where flow was 

interrupted during the incubation of high Ijlght (176 J.IE • m -2. 8-
1 ) 

NHt-limited steady state cultures of Nannochlorls sp. Upper solid 

line represents the predicted rate for the high relative ,growth rate 

culture (JJ/p. .. 0.933) and the dotted 11nl;~ the predicted rate for the max 

low relative growth rate culture (;lIp .. 0.229). Unes connecting max 

symbols drawn by eye. Arrows indicate points during the incubations when 

influent flow was stopped . Symbols: squarE!S, sum of carbon 

incorporation into individual protein amino acid residues at the high 

relative growth rate; triangles, incorporatJ,on into hot trichloroacetic 

acid insoluble at the high relative growth l:atej +, Bum of carbon 

incorporation into individual protein amino acid residues at the low 

relative growth ratej X, incorporation into hot trichloroacetic acid 

insoluble at the low relat1ve growth rate. 



-2 67 -

\ ... , ... 
0 \ 

\ 
\ N 

\ 
, ... 

\ 
d \ 0 - \ .. ... III <I ... \ 0 

'" \ ... 
0 

\ 
~ 

(.) 
f! .E \ CD =' , 

1:1 0 0 
0 0 I .<l 

~ 
.0 \ ... ., 
III S u \ ," 
~ \ eo E-< 

c.. \ 
0 

c.. ... \ + 
oS \ 0 
E-< \ ... , 

0 
\ 
\ 

1<11\ 
I 

\ 
N 

• 
\ 0 

I 
IX 

0 

0 0 0 0 0 0 C C C C C C C 
N ... C Ol CC r- eo II) ... .... N ... ... ... ... 

..9lJl/Uoq.1'80 .. w ..... Bo .. OIW 



-268-

Figure 4-4. Observed and predicted 1.0 hour time courses of isotope 

incorporation into particulate protein amino acids of a high light (176 

-2 -1 + 
)lE· m • 8 ) NH

4
-11m1ted steady state cultU're of Nsnnochlorls 

ap. (p/Pmax - 0.458). Flow was not interrupted during the incubation. 

Solid line represents the predicted rate. 
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Figure 4-5. Observed and predicted 3 hour time courses of isotope 

incorporation into particulate protein amino acids where flow was 

-2 -1 
interrupted during the incubation of high light (176 pE . m • 8 ) 

+ NH4-1imited steady state cultures of Nannochloris sp. Upper solid 

line represents the predicted rate for the high relative growth rate 

culture (~/~max - 0.933) and the dotted line the predicted rate for the 

low relative growth rate culture (~/~max • 0.229). Linea connecting 

symbols drawn by eye. Arrows indicate points during the incubations when 

influent flow was stopped. Symbols: squares, sum of carbon 

incorporation into individual protein amino acid residues at the high 

relative growth rate; triangles, incorporation into hot trichloroacetic 

acid insoluble at the high relative growth rate; +, sum of carbon 

incorporation into individual protein amino acid residues at the low 

relative growth ratej X, incorporation into hot trichloroacetic acid 

insoluble at the l ow relative growth rate. 



-

- 271 -

\ 

0 \ 
d \ + 
0 

.~ \ .. .. 
\ ... 

0 
Po \ ... 
0 
Co> 
d 
~ 

d 
0 

.&J .. .. 
u 

~ 
Il.. 
Il.. -!l 
0 
~ 

00000000000 
OaoOCr-COIO.MN-<O 
N -I 0-4 ..-j 0-4 .... .... -I -t .... -t 

\ 

\ 
\ x 

\ \ 
\ 

\ + 

\ 
\ 

\ 
\ 

<I \ 
\ 

OOOOO!:OOOO 
aoOCr-COlOvMN-< 

.I all I/tl 0 q .n. ::> " 1I1"9.1lJ 0.1::>,111 

~ 

III ... 
=' 0 

.<l N ~ 

Q) 

a -~ 

-< 



-272-

Figure 4-6. Observed and predicted 6 hour time courses of isotope 

incorporation into particulate protein amino acids of a high light (176 

-2 -1 + 
pE"m • 8 ) NH

4
-11.m1ted steady state culture of Nannochlorla 

sp. (PIp • 0.458). Flow was not interrupted during the incubation. max 

Solid line represents the predicted rate. 





-274-

Figure 4-7. Observed and predicted 66 hour time courses of isotope 

incorporation into particulate protein amino acids of a high light (176 

-2 -1 + 
pI. II • 8 ) NH4-1im1ted steady state culture of Nannochloris 

. 
• p. ~/~ - 0.458). Flow was not interrupted during the incubation. max 
Solid line represents the predicted rate. Area of overlap with Fig. 4-6 

indicated by dotted lines. 
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Figure 4-8. Theoretical and observed rates elf isotopic carbon 

incorporation into alanine (ALA), glycine (GLY), glutamate (GLU), and 

-2 -1 
aspartate (ASP) in protein of higb light (176 JJE • II • 8 ) 

+ NH4 -l1ll1ted steady state cultures of Nannoch1or18 ap. Results from 

high (pip - 0.933) and low (;J/p - 0.229) relative growth rate 
I18X max 

cultures are shown. Errors represent propagllted estimates of analytical 

error based on 95% confidence intervals. 
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Figure 4-9. Simplified diagram showing the major pathways associated 

with the biosynthesis of glycine (GLY), serine (SEX), glutamine (GLN). 

glutamate (GLU), alanine (ALA), and aspartate (ASP). After Miflin and 

Lea (1977) and Miflin et a1. (1980). PGA - phosphoglycerate, PEP -

phosphoenolpyruvate, PYR - pyruvate, OAA • oxaloacetate. TCA • 

tricarboxylic acid cycle, KGA - alpha-ketoglutatarate, RuDP -

rlbulose-l,5-dlphosphate, FOP - fructose-l,6-diphosphste; G6P • 

glucose-6-phosphate. Formation of glycine and serine from glycolate may 

involve participation of peroxlsomes and mitochondria (not indicated, see 

Keys et al., 1978, in Miflin et al., 1980). The proposed direct 

formation of phosphoenolpyruvate and pyruvate within the chloroplast 

(Schulze-Siebert et aI., 1984) is also not shown. 



Cytoplasm I Chloroplast 

I /FDP ........... 

I I~ F6P 

p1:~~~ales • I • PhaI;~~~s PENrOSE 1~ 
! I \"'DPH CYCLE J G6P 

ATP Pentose I Phosphales I 
3PGA-·-------;.---·3PGA "y \ ' 

I I I. "RUDP _\.-, C-A-RS-O-H'-YO-R-A-TE-'I 

t IC021· I • @§I' r'021 
2PGA ~f I 

~ {HCO; I ~ 
PEP Glycolale --@L5:> 

/' I ........... 
PYR OAA I @E§? '" 

~ - ~ - - - I @L8)"'-r'-::-::->-\...--' I ~~~~·~I _ 00. 

(

,.....--....c I N H; , Amino Acids 

I rCA \ I ~ PROTEIN 

I CYCLE I I I NADPH --~ I ' 
I ~KGA. I I • aKGA / I 

- - - - - - - - I I I 0~~ 
I PYR, 

I L-.©A~ ~S~ 

, 
N 
~ 

~ , 



-280-

Figure 4-10. Observed and predicted time courses of isotope 

incorporation into glycine. 

-2 
of high light (176 "E • m • 

cultures of Nannochloris 8p. 

alanine , glutamate. and aspartate in protein 

-1 + s ) NH4-11m1ted steady state 

Solid lines represent predicted rates for 

the high relative growth rate culture (0.933) and dotted lines the 

predicted rates for the low relative growth rate culture (0.229). Flow 

was stopped at 1 hour for ~/~ma% • 0.229 and 0.33 hours for ~/~max -

0.933 (indicated by arrows). Symbols: squares, carbon incorporation 

into the individual protein amino acid at the high relative growth rate; 

+. carbon incorporation into the individual protein amino acid at the low 

relative growth rate. 
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Figure 4-11. Diagram showing proposed routes for intrachloroplast 

production and utilization of PEP and pyruvate. From Schulze-Siebert et 

&1. (1984) . 
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rapidly turning over precursor pool (e.g. the chloroplast pool) which 

serves as the preferred source for protein synthesis. However, the 

observed rates of tntrachloroplast carbon flow into pyruvate observed by 

Schulze-Siebert et aI. were low, and addition of exogenous pyruvate to 

chloroplasts suspensions led to enhanced synthesis of alanine. lysine, 

and the branched chain amino acids (valine , isoleucine, and leucine). 

Thus further investigation 1s required in order to determine the relative 

importance of production of pyruvate directly from 3PGA within the 

chloroplast. 

Predicted and observed incorporation rates of glutamate snd aspartate 

agreed within analytical error at the high growth rate (Fig . 4-8). In 

the case of glutamate. this was at least partially due to the large 

regression error resulting from the low number of data points (4). At 

the lower growth rate, observed protein glutamate incorporation 

underestimated the predicted rate (Fig. 4-8). Ezaminfng the time course 

of incorporation for these protein amino acids (Fig. 4-10), it Is clear 

that they both initially underestimate their predicted incorporation 

rates. However, the rate of incorporation approaches the predicted slope 

during the incubation reflecting the gradual equilibration of their 

precursor pools. Referring to Fig. 4-9, the carbon skeleton for 

aspartate is ou.loacetate (OAA) and that of glutall8.te is 

alpha-ketoglutarate. Both are involved in the tricarboxylic acid cycle 

(e.g. Hiflin and Lea, 1977; Miflin et al., 1980; Schulze-Siebert et al., 

1984). The presence of chloroplast enzymes for their synthesis has not 

been demonstrated. The cytosol carbon skeletons are able to exchange 

with the chloroplast pools. Consequently, the nonlinear patterns of 

incorporation into glutamate and aspartate probably reflect the 
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saturation characteristics of the "respiratory" intermediates from which 

they are derived. There was some indication of nutrient depletion 

effects at the low growth rate. 

Phenyalanine Is synthesized from erythrose-4-phosphate, an 

intermediate of the photosynthetic carbon reduction cycle. and 

phosphoenolpyruvate (PEP) (Fig. 4-12). Agreement of its observed 

labelling rate with the predicted rate (Fig. 4-13) suggests its carbon 

14 skeleton precursors saturated rapidly with inorganic C. 

Erythrose-4-phoephate 1s derived from the photosynthetic carbon reduction 

cycle, and would be expected t.o rapidly saturate with inorganic 14c • 

PEP is the precursor to pyruvate and oxaloacetate (OAA). As previously 

mentioned. the 1ntrachloroplss,tic conversion of 3PGA to PEP and on to 

pyruvate has been demonstrated in spinach chloroplasts (Schulze-Siebert 

et a1., 1984). This could explain the rapid equilibration of protein 

phenylalanine (see also chapter 3, nascent protein specific activity of 

phenylalanine, Table 3-5). The fact that protein aspartate did not show 

as rapid equilibration as phen,ylalanine could be explained if the OM 

pool was large relative to thE: PEP pool, or if the OM. used to produce 

aspartate was derived from a separate more slowly saturating pool of 

PEP. 

Biosynthetic pathways demo,nstrated in higher plants for the amino 

acids threonine, valine, isole:ucine, leucine and lysine utilize aspartate 

and pyruvate as precursors (Fig. 4-14, taken from Miflin and Lea, 1977). 

The characteristics of carbon incorporation into these amino acids (Fig. 

4-15 and 4-16) were generally consistent with the blosynthetlc pathways 

Which have been described for higher plants. Protein threonine observed 

carbon incorporation agrees quite closely with the predicted rate at high 
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Figure 4-12 . Pathways associated with the biosynthesis of tryptophan. 

tyrosine, and phenylalanine. From Mifl1n and Lea (1977). 
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Figure 4-13. Observed and predicted time coursea of isotope 

-2 
incorporation into phenyalan1ne in protein of high light (176 ,.uE • m • 

-1 + 
s ) NH4-11m1ted steady state cultures of Nannochlorla sp. Solid 

line represents predicted rate for the high relative growth rate culture 

(~/~max - 0.933) and dotted line the predicted rate for the low 

relative growth rate culture C»./JJ - 0.229). Flow was stopped at 1 .... 
hour for ~/~max - 0.229 and 0.33 hours for ~/~max - 0. 933 (indicated 

by arrows). Symbols: squares, carbon incorporation into the protein 

phenyalanlne at the high relative growth rate; +. carbon incorporation 

into protein phenyalanlne at the low relative growth rate. 
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Figure 4- 14. Pathways associated with the biosynthesis of methionine. 

threonine, isoleucine , lysine, valine, and leucine. Prom Mi£lin and Lea 

(1977). 
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Figure 4-15. Theoretical and observed rates of isotopic carbon 

incorporation into isoleucine (ILE) + leucine (LEU), proline (PRO) + 

arginine (ARG). valine (VAL), phenyalanlne (PRE), lysine (LYS), and 

threonine (THR) In protein of high light (176 JlE . m - 2. a -1) 

NH;-l1m1ted steady state cultures of Nannochlorls sp. at high 

(P/~ - 0.933) and low ~/~ • 0.229) relative growth rates. _x ux 

Errors represent propagated estimates of analytical error based on 95% 

confidence intervals. 
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Figu~e 4-16. Observed and predicted time courses of isotope 

incorporation into threonine, valine, isoleucine + leucine, and lysine in 

-2 -1 + 
protein of high light (176 IlE· m • 8 ) NH4-1111l1ted steady 

state cultures of Nannochloris sp. Solid lines represent predicted rates 

for the high relative growth rate culture (~/Pmax - 0.933) and dotted 

lines the predicted rates for the low relative growth rate culture 

(pIp. - 0.229). Flow was stopped at 1 hour for pIp - 0.229 and max max 

0.33 hours for piPmax - 0.933 ( indicated by arrows), Symbols: 

squares, carbon incorporation into the individual protein ~lno acid at 

the high relative growth ratej +, carbon incorporation into the 

individual protein amino acid at the low relative growth rate. 
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relative growth rate, b\Jlt less sO at low relative growth rate which 1s 

consistent with the saturation characteristics of its precursor, 

aspartate (Figure 4-10). Although there was no clear evidence for 

depletion effec ts at thE~ high rel.ative growth rate, this did appear to be 

a factor at t.he loW' relEttive growtb rate. 

The observed incorporation into lysine at the high relative growth 

rate was difficult to eJI:plaln. Initially, the observed incorporation 

rate approached the predicted rate, but tben continuously decreased (Fig. 

4-16). This seems incOt:Lsistent with its presumed precursors aspartate 

and pyruvate, but may rE!flect a non-steady state response. Observed 

incorporation was conslEltently low at the low relative growth rate. 

Observed carbon incorporation into valine and isoleucine+leucine 

consistently underestim.!:lted the predicted incorporation. At the high 

relative growth rate, the observed rate increasingly approached the 

predicted slope. At tbE~ low relative growth rate, decreasing 

incorporation in the latter part of the incubatioo period indicated that 

there was a depletion e1:fect after the interruption of influent flow. As 

will be discussed in thE! next section, the biosynthetic characteristics 

of valine, and the analytical accessibility of both free and protein 

valine make it an ideal model amino acid for a more detailed kinetic 

analysiS which clearly distinguishes isotope equilibration effects from 

those due to nitrogen de~pletion. 

Elucidation of Nitrogen Depletion Effects Usina Valine 8S a Model 

Protein M1no .Acid 

Unlike some of the o.ther free amino acids such as aspartate and 

glYCine, free valine hael only one clearly defined sink, protein. The 



-297-

ability to quantify both free and protein valine concentrations provide a 

unique opportunity to examine the kinetics of isotope incorporation iota 

protein valine in aore detail. This e%ercise provides a means for 

distinguishing isotope equilibration effects from non-steady state 

nitrogen depletion responses. The following assumptions were made in 

calculating predicted incorporation into protein valine: 

1) assume that the intracellular free valine pool 1s not 

compartmentalized, and 

2) the flux of carbon through the intracellular valine pool 1s equal 

to the net protein valine synthesis rate. Furthermore, 

3) all carbon entering the free valine pool 1s 1n complete 

equilibrium with inorganic 14C• Finally, 

4) assume a steady atate (i.e . no net increase in biomass, this is a 

reasonable assumption given the short incubation period). Given these 

assumptions, let C be the dissolved inorganic carbon pool, F be the 

intracellular free valine carbon concentration, and P the protein valine 

carbon formed from F: 

k 
C ----)~ F --"--+) P 

where k 1s a produc tion rate constant (c.f. Roberts et al . , 1963). At 

time 0, the radioactive form of C (C*) is added to the medium. The 

quantity of isotope in the intracellular free valine pool can be 

described 8S: 

-kt 
F"(t) - F (1 -. ) o 

(4-6) 
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where F*(tJ - the amount of label in the pool at time t, and Fa - the 

initial free valine carbon concentration which 1s measured directly. The 

rate of isotope incorporation into protein valine (dP*/dt) will be: 

dP*/dt - kF*(t) (4-7) 

Integration yields the predicted quantity of isotope in protein valine at 

time t: 

P*(t) - kF (t + (e-kt/k) - (11k» 
o 

(4-8) 

The term kF 1a equal to the steady state rate of carbon flux into 
o 

protein valine . This can be approximated for short incubation times 88 

the product of the protein valine carbon concentration, P , and the 
o 

dilution rate of the chemos tat, D. both of which can be determined 

directly. Substituting: 

P*(t) - DP (t + (e-kt/k) - (11k» 
o 

where k - (DP IF ) in units of hours-I . Fig. 4-17 shows the 
o 0 

(4-9) 

relationship between the predicted incorporation and the observed value 

for protein valine carbon incorporation at high and low relative growth 

rates. There is excellent agreement initially, an indication that the 

assumptions were reasonable. Subsequently the observed values begin to 

fall below the predicted isotope incorporation, a likely nutrient 

depletion response. This is particularly evident at the low relative 

growth rate. 
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The fact that the kinetics of protein valine labelling can be 

described solely on the basis of the intracellular free valine pool 

concentration and the predicted rate of carbon flux into protein valine 

suggests that the specific activity of carbon entering the intracellular 

free valine pool, pyruvate, 1s similar to that of the dissolved inorganic 

carbon pool. This is also consistent with the rapid labelling of 

alanine, for which pyruvate is the carbon skeleton (Fig. 4-10). 

* * * * 
The results of the patterns of carbon incorporation under high light 

conditions have demonstrated that the majority of the discrepancy between 

observed and predicted carbon incorporation into protein is due to the 

incorporation characteristics of the branched chain amino acids valine. 

isoleucine. and leucine, as well as glutamate. and to some extent 

lysine. Initially. the kinetics of isotope distribution are the 

predominant cause of discrepancies. However. non-steady state effects 

are potentially important later in the incubation. Non- steady state 

effects were immediately evident at the low relative growth rate once the 

flow of media was stopped. 

In the next section, the kinetics of protein incorporation of 

photosynthetically fixed inorganic 
14 

C in low 11gh t adapted (28,:!:.9 .liE . 

-2 -1 + m • s ) NH4-limited cultures are described. As shall be 

demonstrated. incorporation patterns were substantially different in the 

situation where growth was limited by the energy supply as well as by the 

nutrient supply. 
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Figure 4-17. Comparisons of observed isotope incorporation into protein 

valine with that predicted on the assumption that all carbon flux through 

the free intracellular valine pool was associated with synthesis of 

protein valine. Curve represents results of model. 
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COliparisons of Carbon Incorporation and Net Protein Synthesis Rates in 

Nannochlor1a Bp. under Coabined COPditlons of NU4+-11a1taUon and Low 

Lisbt 

poe Predicted versus Observed Production 

As for the case of high light adapted cultures. predicted and 

observed poe production agreed within analytical error at the high 

relative growth rates (Fig. 4-18). There did appear to be a tendency for 

observed incorporation to exceed the predicted rate at the low relative 

growth rate. but the discrepancy was marginally significant. 

Total PPAA Carbon Predicted versus Observed Production 

Observed total PPAA carbon production was generally within analytical 

error of the predicted rates (Fig. 4-19). in contrast to the light 

saturated case (Fig. 4-2). Because of small sample sizes (n • 4). errors 

were large for the middle and low relative growth rates. Examination of 

the 'time course of carbon incorporation did reveal a tendency for 'the 

observed PPAA carbon incorporation to exceed the predicted value at the 

low relative growth rate (Fig. 4-20). Further evidence of observed 

carbon incorporation exceeding the predicted values was found by 

examining the individual protein amino acids. 

Individual Protein Amino Acid Observed versus Predicted Carbon 

Incorporation 

As for the light saturated case, different amino acids behaved 

differently in their characteristics of isotope incorporation and their 

relationship to predicted rates. At all growth rates, both alanine and 
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glycine observed rates exceeded the predic ted (Fig. 4-21). The 

differences were significant for both alanine and glycine at the middle 

growth rate (p/~max - 0.723). However, at the highest and lowest 

growth rate, only in the case of glycine was the difference significantly 

beyond the limits of analytical error. Examining the time course 

patterns of carbon incorporation into glycine and alanine, it can be seen 

that observed carbon incorporati.on consistently exceeds the predicted 

rate (Fig. 4-22). This is also the case for aspartate at the low 

relative growth rate. 11l.e regre~BsionB for alanine and aspartate at the 

low relative growth rate were Do,t significantly different from zero due 

to the small number of points (D.-4). Nevertheless, the observed data was 

consistently greater than the pr'edicted incorpora tion. Glutamate 

observed carbon incorporation wals low initially for all relative growth 

rates (Fig. 4-22), consistent w1.th patterns seen in the light saturated 

cultures (Fig. 4-10). However, during the latter portion of the 

incubation at the low relative growth rate, observed produc tion exceeded 

the predicted rate. 

The agreement between obsen'ed and predicted carbon incorporation 

rates was generally well within the limits of analytical error for the 

other a.trdno acids (Fig. 4-23). lrI'ith the exception of proline for which 

observed incorporation was conslstently below the predic ted rates as in 

the high light cultures. Data obtained during the latter periods of 

incubation for isoleucine, leucine. threonine, phenylalanine also tended 

to be above the predicted incorp~ratlon at the low relative growth rate, 

and even for the middle relative~ growth rate in the case of phenyalanlne 

and threonine (Fig. 4-24). Lysi,ne observed incorporation was variable at 

the high relative growth rate, snd was generally in agreement with 
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Figure 4-18. 14 
Observed total C uptake rates and theoretical organic 

-2 -1 
carbon production rates of low I1ght (28 J.1E . m s) 

+ NH4-11m1ted steady state cultures of Nannochlorls 8p. Observed 

14 
total C uptake rates were determined by linear regression of a 3 hour 

time course. Errors represent propagated estimates of analyt1cal error 

based on 95% confidence intervals. 
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Figure 4-19. Theoretical and observed rates of isotopic carbon 

incorporation into particulate protein amino acids (PPAA) of low light 

+ NH4-11m1ted steady state cultures of 

Nannochloris sp. Observed isotope incorporation rates were determined by 

linear regression of a 3 hour time course. Errors represent propagated 

e8timates of analytical error based on 95% confidence intervals. 
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Figure 4-20. Observed ;!Wd predicted time courses of isotope 

incorporation into partlculate protein amino acid a of low light (28 pE • 

-2 -1 + 
III • B ) NH4-11m1ted steady state cultures of Nannochloris ap. 

Solid line represents the predicted rate for the high relative growth 

rate culture (~/Pmax .. 0 . 864). The long dasbed line 1s the predicted 

rate for the middle relntive growth rate culture (J,J/J.1max .. 0.723), and 

the short dashed line, the predicted rate for the low relative growth 

rate culture (J,J/J.1Q8X .. 0 . 324), Flow was interrupted at zero time. 

Symbols: squares, sum of carbon incorporation into individual protein 

amino acid residues at the high relative growth rate; circles, sum of 

carbon incorporation into individual protein amino acid residues at the 

middle relative growth rate; +. sum of carbon incorporation into 

individual protein amino acid residues at the low relative growth rate. 
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Figure 4-21. Theoretical and observed rates of isotopic carbon 

incorporation into alanine (ALA), glycine (GLY)J glutamate (GLU). and 

-2 -1 
aspartate (ASP) 1n protein of low light ( 26 pE • m • 8 ) 

+ NH4-1im1ted steady state cultures of Nannochlorls sp. Observed 

isotope incorporation rates were determined by linear regression of a 3 

hour time course. Errors represent propagated estimates of analytical 

error based on 95% confidence intervals. , 
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Figure 4-22. Observed and predicted time courses of isotope 

incorporation into alanine, glycine, glutamate, Bnd aspartate in protein 

-2 -1 ~ 
of low light (28 pE • m • s ) NH4-1imlted steady state cultures 

of Nannochloris sp. Solid line represents the predicted rate for the 

high relative growth rate culture (p/Pmax - 0.864). The long dashed 

line Is the predicted rate for the middle relative growth rate culture 

(p/pmax - 0.723), Bnd the short dashed line, the predicted rate for the 

low relative growth rate culture (p/~max - 0.324), Flow was 

interrupted at zero time. Symbols: squares, sum of carbon incorporation 

into individual protein amino acid residues at the high relative growth 

rate; circles, sum of carbon incorporation into individual protein amino 

acid residues at the middle relative growth ratej +, sum of carbon 

incorporation into individual protein amino acid residues at the low 

relative growth rate. 
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Figure 4-23. Theoretical and observed rates of isotopic carbon 

incorporation into isoleucine (ILE) + leucine (LEU), proline (PRO), 

phenyalanine (PHE), lysine (LYS), and threonine (THR) in protein of low 

-2 -1 + 
light (28 pE • m • 8 ) NH

4
-11m1ted steady state cultures of 

Nannochloris ap. Observed isotope incorporation rates were determined by 

linear regression of 8 3 hour time course. Errors represent propagated 

estimates of analytical error based on 95% confidence intervals. 



" g .. 
~ • = ~ 
o 
~ 

~ 
o 
• e • " .. o 
" o 
ii 

-315-

ralaU ... ,rawth r .... _ 0 .6&4 . .-----~~~~~~~~~~------, ... 
••• 
••• ... 
• ... 

u 

••• ... 
0.' 
••• 
••• 
••• 
o-'-~..J<L 

ILI+UW , .. PH' TH. 

• T _____ ~r~.~1.~U~ .. ~~~~~~r~.~ .. ~:-~O~.~7~2:3~ ___ _. 

, .. 

relaU ... Il'owth rat. _ 0 .324 
.,-------.-------~---------------------. 

••• 
, 



-316-

Figure 4-24. Observed and predicted time courses of isotope 

incorporation into threonlne~ isoleucine + leucine. phenyalanine. and 

lysine 
-2 -1 + 

in protein of low light (28 ).IE • m • 8 ) NH4 -lim.! ted 

steady state cultures of Nannochloris sp. Solid line represents the 

predicted rate for the high relative growth rate culture (Jl/pmax -

0.864). The long dashed line. the predicted rate for the middle relative 

growth rate culture (~/~max - 0.723), and the short dashed line, the 

predicted rate for the low relative growth rate culture (p/~ -max 

0.324). Flow was interrupted at zero time. Symbols: squares, Bum of 

carbon incorporation into individual protein amino acid residues at the 

high relative growth rate; circles. sum of carbon incorporation into 

individual protein amino acid residues at the middle relative growth 

rate; +. sum of carbon incorporation into individual protein amino acid 

residues at the low relative growth rate. 
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predicted incorporation at the low and middle growth rates. 

Protein TUrnover 

The substantial discrepancies between predicted carbon incorporation 

and the observed isotope incorporation rate 1s in marked contrast to the 

results observed for the high light adapted cultures. The tendency for 

isotope incorporation to exceed the predicted rate was particularly 

evident in the case of the amino acids which e%hi"bited rapid saturation 

kinetics under high light conditions (alanine, glycine, threonine, and 

phenylalanine). The discrepancy was most pronounced at tbe low relative 

growth rate . 

The simplest explanation for these results would be that the gross 

rate of protein synthesis significantly exceeds the net protein synthesis 

rate. That is, the total flu. of amino acids into protein eIceeds the 

net increase in protein amino acids. Turnover of protein in excess of 

net synthesis has been recognized 8S 8 common phenomenon in higher plants 

(Huffaker and Peterson, 1974). However, due to limitations in 

methodology, little is known about the factors which regulate the 

breakdown of protein. One of the factors which makes the determination 

of protein degradation rates difficult is the potential 

compartmentalization of the precursor amino acid pools from the total 

intracellular free amino acid pool. The intracellular isolation of the 

precursor pools means that their specific activities may be quite 

different from the total intracellular free amino acid pool. Results 

from chapter 3 demonstrated that compartmentalization was a factor in the 

isotope kinetics in ~ochloris sp., and its relative importance varied 

in response to relative ,growth rate. 
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TrewaV8S (1972) solved the precursor pool problem by isolating and 

determining the specific activity of me t hionine bound to transfer RNA, 

which 1& unambiguously the immediate precursor source for incorporation 

of methionine into protein. He found that degradation was enhanced when 

cultures were grown a t low levels of HgS040 

Although it 1s not possible to estimate t he true degradation rate of 

protein from the results I've presented, it is possible to derive a 

minimum value for protein degradation necessary to explain the 

overestimates of predic ted incorporation rates by the observed carbon 

incorporation. This 1s a minimum estimate because protein precursor 

specific activities may be leas than t hat of the dissolved inorganic 

carbon. However, from results obtained with the high light cultures. we 

know that precursor pools of glycine and alanine tend to equilibrate 

rapidly. Consequently, in basing my estimates of carbon incorporation on 

the charac teristics of these two amino acids, it should be reasooable to 

assume that the precursor pool specific activity was equal to that of the 

inorganic carbon. Another reasOD this approach yields is only a minimum 

estimate is that degraded unlabeled protein may be reutilized in protein 

synthesis. thereby further diluting the precursor pool . Similarly, 

degradation of labeled protein would lead to a reduction in the 

incorpora tion rate and an underestimate of the total amino acid flux into 

protein. However, this latter constraint should not be substantial for 

the short incubation periods used here. 

The calculation of protein turnover is based 00 the following 

equation adapted from Trewavas (1972): 

(4-10) 
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where dP/dt - the net protein synthesis rate, Po - the steady state 

carbon concentration of the protein amino acid , and ks and kd are the 

synthesis and degradation rate constants respectively. dP/dt can be 

approximated for short incubation times as the product of P and the 
o 

dilution rate of the chemostat. D. The term kSPOI the total carbon 

flux through the protein amino acid. can be estimated from the rate of 

isotope incorporation (this assumes complete saturation of precursors 

14 
with inorganic C). Substituting Into equation 4-10 and solving for 

k - (k P - DP )/p 
d S 0 0 0 

This can be further simplified as follows: 

kd - (k P )/p - D 
.00 

Estimates for ks and kd are shown in Table 4-9 for the three 

experiments conducted under low light conditions . The results 

(4-11) 

(4-12) 

demonstrate the importance of protein degradation relative to total 

protein synthesis. The degradation constants are relatively unaffected 

by changes in the relative growth rate. It appears then that the 

increased discrepancy between observed and predicted carbon incorporation 

rates with decreasing relative growth rate is a consequence of the 

decline in the synthesis rate, as opposed to an increase in the 

degradation rate. The impact of protein turnover on incorporation 

patterns 1s substantial. At the low relative growth rate, the 

degradation rate cOQstant was more than half the synthesis rate 
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constant. These results, in conjunction with observations of the 

characteristics of high light cultures, indicate that turnover becomes 

important under light limited situatioDS. 

Results with high light cultures did not indicate important turnover 

of protein in e%Ce88 of net synthesiS, 88 can be concluded from the close 

agreement between observed snd predicted incorporation rates of glycine 

and alanine. The magnitude of protein turnover seen here was 

sufficiently large 80 as to hS've been apparent in the high light cultures 

1f it was occuring. It may be concluded that either increased light 

intensity inhibited protein tu:rnover. or that evidence for turnover was 

obscured at the higher light. l :ntensity for one or more of the reasons 

given previously. II and Goldman (1981) noted that for some species. the 

14 
observed incorporation of inorganic C overestimated the predicted POC 

production rate. However. my results with ~nnochloTi8 sp. do not appear 

to represent an overall increase in the turnover of carbon biomass. 

Although there did appear to be an increasing trend in the degradation 

rate constant for total carbon, it was not significantly different from 

zero for any of the experiments (Table 4-9). This suggests that the 

turnover rate of protein exceeded that of the remaining carbon biomass. 

The turnover of protein provides a way of altering the general 

protein constituents and enzymatic complement of the cell (Huffaker and 

Peterson, 1974). It is an important source of amino acids for protein 

synthesis when nutrients sre limiting. Turnover of existing protein may 

be less energetically demanding than ~ ~ synthesis which could 

uplain why this process was enhanced under low light conditions in 

Nannochloris sp. 



Re l ative 

Tabl e 4- 9 . Turnover Rate Constants for Llght a and 
Nat- Limited Steady State Cultures of Nannochloris sp . 

GlyclneC Alanine poe 
Growth Rate b ks kd k. kd k. kd 

(day- 1) 

0.864 0.82 (0.26) 0 . 31 (0.26) 0.70 (0 . 23) 0.19 ( . 23) 0.43 (0.11) - 0 . 07 

0 . 723 0.74 (0.24) 0.34 (0.24) 0.72 (0.19) 0.29 (0 .19) 0.38 (0 .10) -0.05 

0.324 0 . 50 (0.15) 0.34 (0.16) 0.43 (0.48) 0.26 (0 . 48) 0.22 (0.05) 0.05 

a28!9 AlE • 111-2 • -1 • • 

hcrowth rate normalized to maxi mum growth rate (0 . 58 (0 . 05) day-I) under s i milar conditions 
of light and temperature . 

cErrors of all rate constants ( i n parentheses) represent propagated estimates of analytical 
error based on 95% confidence intervals. 

(0.11) 

(0 .10) 

(0.06) 

, 
w 
N 
N , 
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Horris et al. (1974) investigated the incorporation patterns of 

Phaeodactylum tricornutum under light ltmited conditioDS. They found 

that the ratio of carbon incorporation into the bot trichloroacetic acid 

insoluble fraction relative to total incorporation was higher under low 

light conditions. Konopka and Schnur (1980) also observed a relative 

increase in isotope incorporation into protein at lower light 

intensities. My results illustrate that protein turnover may have been a 

factor in their experiments, perhaps indicating that the patterns they 

observed were not entirely due to a relative increase in net protein 

synthesis, but rather, an increase in the importance of protein turnover 

in relationship to net protein synthesis. 

Another consideration is the extent to which turnover of protein 

rather than net synthesis is responsible for observed night incorporation 

of isotope into hot trichloroacetic acid insoluble material of 

phytoplsnkton populations (e.g_ Smith snd Morris. 1980a.b; Morris and 

Skea. 1978; Morris et al •• 1981; Cuhel et al., 1984). Cubel et al. 

(1984) observed Significant increases in equilibrium 14C and 355 

labeled protein during the dark period In laboratory cultures of 

Dunallella tertiolecta grown on a light/dark cycle. They concluded that 

night synthesis of protein was significant. On the basis of laboratory 

observations that exchange of 35S04 with protein sulfur in stationary 

phase cultures was substantially less than that of inorganic l4C• they 

d ha b i of 35504 argue t t sort term incorporat OD more closely reflected 

net synthesis under conditions where protein turnover was significant. 

However, their results did not exclude the possibility of exchange of 

35S04 in the absence of Det protein synthesis. 
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Compari.sODs of ObserTed and Pred1.cted Carbon Incorporation in Other 

Species of Marine Algae 

Observed and Predicted Carbon Incorporation Into Particulate Organic 

Carbon 

Observed and predicted POC production rates agreed well for all 

species examined under high light conditions, and moderate to high 

relative growth rates (Fig. 4-25). One exception to this was Chroolllonas 

salina, in which observed incorporation exceeded the predicted rate. 

This indicates that the total flux of carbon exceeded the net synthesis 

rate of carbon biomass in this species under the specified growth 

conditions . The values of the degradation rate constants (k - 0.674 • 
-1 -1 

(0.111) day , kd - 0.264 (0.111) day ) show that degradation or 

respiratory breakdown accounts for a substantial proportion of total 

carbon fixation 10 thia species. 

PPAA Observed versus Predicted Carbon Incorporation 

Observed PPAA carbon incorporation rates were, in all cases, below 

the predicted carbon incorporation rates (Fig . 4-26). In some cases the 

discrepancy was more than a factor of 6. There are two possible causes 

for such discrepancies. As pointed out for Nannochloris ap., the 

kinetics of saturation of protein precursors may result in the 

incorporation of amino acids of specific activity lower than that of the 

exogenous inorganic carbon pool. A second explanation for low observed 

ratea of ieotope incorporation relative to predicted rates wae that 

interrupting the steady state growth conditions may have led to nonlinear 

decreases in the protein carbon incorporation rate. In the experiments 
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conducted with Chattone11a luteus, Chroomonas salina, and Chaetocer08 

simplex, influent flow was interrupted at time zero (i.e. the time of 

isotope addition). For Nannochlorla sp., flow was interrupted after .33 

hours beyond isotope addition, so that these experiments are comparable. 

Time courses of PPAA observed carbon incorporation revealed a pronounced 

time dependent decrease in the incorporation rate for 'cultures of~. 

simplex (Fig_ 4-27). Such a decrease 1s strong evidence for the 

manifestation of non-steady state responses. Although the observed 

slopes of incorporation for the other species were below that predicted, 

non-linearity was less apparent. As will be demonstrated, different 

amino acids respond differently to the interruption of steady state. 

Observed versus Predieted Carbon Incorporation into Individual Protein 

Aaino Acids 

Chattone11a luteua 

Observed carbon ineorporation rates into individual protein amino 

acids 10 f. luteus are compared to the predicted rates 10 Fig. 4-28. 

They resembled those for Nannochlorls ap . in that the observed and 

predicted carbon incorporation rates into protein glycine and alanine 

agreed well. Agreement was also good for protein serine. The time 

course incorporation patterns for these protein amino acids indieates 

rapid saturation of their precursor pools (Figure 4-29). For glutamate 

and aspartate. the observed rates were below the predicted rates (Fig . 

4-28) . However~ the time course of carbon ineorporation revealed that 

the observed slope of incorporation approached the predicted rate by 3 

hours (Fig . 4-29). 
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Figure 4-25 . Observed total 14c uptake rates and theoretical 

particulate organic carbon production rates of high light (176 J.1E • m -2. 

-1 + 
s ) NH

4
-11m1ted steady state cultures of four species of marine 

phytoplankton. Nanna - Nannochlorls sp. (pip , 0 . 933); Olisth -max 

Chattonella luteu8 (0.921), ehaet - Chaetocer08 simplex (0.574); Chroom • 

Chroomon&s salina (0.804). Observed total 14C uptake rates were 

determined by linear regression of a 3 hour time course. Errors 

represent propagated estimates of analytical error based on 95% 

confidence intervals. 
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Figure 4-26. Theoretical and observed rates of isotopic carbon 

incorporation into particulate protein amino acids of high light (176 pE· 

-2 -1 + 
m • 8 ) NH4-11m1ted steady state cultures of four species of 

marine phytoplankton. Nanno - Nannochloris sp. (IJ/p.max' 0.933); Ollath 

• Chattonella luteus (0.921), Chaet - Chaetoceros simplex (0.574); Chroom 

"" Otroomonas salina (0.804). Observed isotope incorporation rateli were 

determined by linear regression of a 3 hour time course. Errors 

represent propagated estimates of analytical error based on 95% 

confidence intervals. 
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Figure 4-27. Observed and predicted time courses of isotopic carbon 

incorporation into particulate protein amino acids of high light (176 pEe 

-2 -1 + m • 8 ) NH
4

-11m1ted steady state cultures of Chattonella 

luteus (pIp , 0.921), Chroomonas salina (0.804), and Chaetoceros max 

simplex (0.574). Flow was stopped at zero time. Solid line represents 

the predicted rate. 
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Figure 4-28. Theoretical and observed rates of isotopic carbon 

incorporation into alanine (ALA), glycine (GLY), glutamate (GLU), 

aspartate (ASP), and serine (SEX) In protein of high light (176 pE' 

-2 -1 + m • B ) NH
4
-11mited steady state cultures of Chattonella 

luteus (pIp , 0.921), Chroomonas salIna (0.804), and Chaetocer08 
max 

simplex (0.574). Observed isotope incorporation rates were determined by 

linear regression of a 3 hour time course. Errors represent propagated 

estimates of analytical error based on 95% confidence intervals. 
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Figure 4-29. Observed and predicted time courses of observed isotope 

incorporation into glycine, alanine, glutamate and aspartate in protein 

-2 -1 + of a high light (176 IlE • m • 8 ) NH
4
-11mited steady state 

cultures of Chattonella luteus (J.1/,umax· 0.921). Flow was stopped at 

zero time. Solid line represents the predicted rate. 
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For the remaining protein amino acids, the observed incorporation 

substantially underestimated the predicted rate (Fig. 4-30). This was 

also the case for Nannochlorls sp. at tbe low relative growth rate. 

Threonine was low, a consequence of the saturation characteristics of its 

likely precursor , aspartate. However, both in the case of threonine and 

the other protein amino acids, there was evidence for Don-steady state 

responsea. The observed incorporation into phenylalanine, 

isoleucine+leuclne, val1ne+arginlne, lysine, and proline exhibited time 

dependent decreases in rates (Fig. 4-31), This indicates that the supply 

of newly fixed inorganic carbon to the production of the precursors to 

these protein amino acids was suppressed. presumably 88 a result of the 

interruption of influent flow into the chemos tat . The fact that observed 

incorporation into alanine and glycine continues to reflect their 

predicted net synthesis rates. and that observed slopes of incorporation 

into glutamate and aspartate continuously approach their predicted carbon 

incorporation rates (Fig. 4-29) is an indication that protein synthesis 

continued despite the reduction In flux of photosynthetically fixed 

inorganic carbon. This suggests a selective regulation of the metabolic 

flux of photosynthetically fixed carbon into specific amino acids in 

+ response to the reduced NH4 supply. 

C. luteus is a large celled algae. It is possible that continued 

synthesis of the other amino acids became more important at an 

intracellular locatiOn other than the photosynthetic site. A reduced 

+ supply of NH4 could lead to a reduction in the supply of 

photosynthetically derived carbon skeletons for amino acid biosynthesis 

8S has been demonstrated in higher plants (e . g. Platt et al., 1977; Paul 

e t a1., 1978; Mohamed and Gusman, 1979). Such a regulatory effect might 
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result in aD increased utilization of unlabeled PEP aDd pyruvate from the 

cytosol. PEP 1s a substrate in the biosynthesis of threonine J 

isoleucine. and lysine, and pyruvate in the biosynthesis of leucine and 

valine. So an unlabeled supply of pyruvate to the chloroplast could 

generate the decline in the observed label incorporation rates . However, 

pyruvate 1s alao the carbon skeleton of alanine . Thus this argument 1s 

inconsistent with the rapid labelling characteristics of alanine. PEP 1s 

a Bubstrate in the biosynthesis of phenyalanine . However, oDe would 

expect the inputs of unlabeled PEP to be reflected 8S decreased labelling 

rate of aspartate which was not observed . These results suggest that 

synthesis of threonine, valine + arginine, isoleucine + leucine, lysine, 

phenylalanine, and proline was metabolically segregated from glycine. 

alanine. glutamate, BDd aspartate. 

The high initial rates of incorporation suggest that early in the 

incubation period. a greater proportion of photosynthetically derived 

carbon supplies the production of these protein amino acids. If indeed 

protein synthesis continues at a relatively constant rate as suggested by 

the incorporation characteristics of glycine and alanine, then the 

simplest explanation for the rapid i nitial rate of label incorporation 

followed by a time dependent decr ease in the rate of isotope 

incorporation into the other amino acids is that their precursors must be 

supplied with carbon from a source other than the chloroplast . 

Chr~ •• 1ina 

The labelling characteristics of individual protein amino acids of f . 

salin8 vere similar in many respects to the observations of the other 

species. supporting the view that basic blosynthetic pathways associated 
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Figure 4-30. Theoretical and observed rates of isotopic carbon 

incorporation into isoleucine (lLE) + leucine (LEU), valine (VAL) + 

arginine (ARG), proline (PRO), phenyalanine (PHE), lysine (LYS). and 

threonine (THR) in protein of high l1,ght (176}lE' m -2. 8-
1 ) 

+ NH
4

-11m1ted steady state cultures of Chattonella luteu8 ~/~ I 
max 

0.921), ChroOmon8s salina (0.804). and Chaetocer08 simplex (0.574). 

Observed isotope incorporation rates were determined by linear regression 

of a 3 hour time course. Errors represent propagated estimates of 

analytical error based on 95% confidence intervals. 
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Figure 4-31. Observed and predicted time COU1C'sea of isotope 

incorporation into threonine, valine + argln11t1.e. isoleucine + leucine, 

lysine, phenyalanlne, and proline in protein of high light (176 »E' 

-2 -1 + 
• • 8 ) NH4-11m1ted steady state cultures 01 Chattonella 

luteus (~/p • 0.921). Flow was stopped at zero time . Solid line ... 
represents the predicted rate. 
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with algal protein metabolism are similar among different taxonomic 

groups. Alanine and glycine again show good agreement between observed 

and predicted carbon incorporation rates (Fig. 4-28 and Flg ~ 4-32) . The 

observed isotope incorporation Into glycine did slightly exceed the 

predicted rate, similar to the situation observed for low light cultures 

of Nannochloris ap. This was also the case for serine, whose synthesis 

1s closely linked to that of glycine by way of the photoresplratory 

cycle. However, regression analysis did not reveal differences outside 

the limits of analytical error (Fig. 4-28). 

the observed incorporation rate Into protein glutamate continuoualy 

increased during the incubation (Fig. 4-32). This pattern resembled that 

seen for Nannochloris ap. and f. luteus, and could be explained by the 

presence of a relatively large alowly saturating precursor pool. 

Aspartate incorporation was variable, but tended to be less than the 

predicted rate (Fig. 4-32). 

Incorporation into other amino acids slso substantially 

underestimated the predicted rate. as was seen for C. luteus (Fig . 

4-30) . Threonine observed incorporation was substantially below the 

predicted value but tended to increase (Fig. 4-33). Time courses of 

incorporation into valine + arginine. isoleucine + leucine. lysine, snd 

phenylalanine resembled the patterns observed for C. luteus in that they 

displayed an initial rapid rate of incorporation of labelling followed by 

a lower relatively steady rate . However. unlike f . luteus, incorporation 

rates of phenylalanine and isoleucine + leucine d1d not approach zero 

(c.t. Figs. 4-31 and 4-33). Both appear to display an initial rapid rate 

of incorporation of label followed by a lower relatively steady rate. It 

Is unlikely that these represent linear rates of incorporation, since the 
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resulting intercept would be far in excess of the blank. This nonlinear 

decrease in carbon incorporation again suggests a decreased flux of 

photosynthetically derived carbon into the carbon skeletons of these 

amino scids. The observed incorporation into proline reflected the 

labelling characteristics of glutamate. the precursor to proline. 

Chaetocer08 simplex 

C. simplex was particularly sensitive to the ~nterruptlon of steady 

state . All observed rates underestimated the predicted incorporation 

rates (Figs. 4-28 and 4-34). even In the case of glycine and alanine 

where predicted rates were underestimated by more than a factor of 2. 

Underestimates were even more dramatic for threonine. isoleucine + 

leucine, phenylalanine, lysine , and proline (Figs . 4-32 and 4-35). For 

glycine, alanine, phenyalanine, threonine, and isoleucine + leucine the 

observed incorporation continuously decreased from an intitia11y higher 

rate. In the case of glycine and alanine, this initial rate was close to 

the predicted rate. Non-linear decreases were less evident for 

glutamate, proline, and aspartate, despite the fact that observed 

incorporation rates were less than predicted rates. This was likely due 

to a compensating effect of the saturation of precursor pools, which 

would counter the depletion induced decrease. 

Protein metabolism of f. simplex appears to be extremely sensitive to 

the interruption of steady state. This was not a generalized metabolic 

response since non-steady state decreases were not observed in total 

14 C uptake rate (c.f. Goldman et al., 1981b). This illustrates how 

considerably more information about population metabolism can be obtained 

through the tracing of specific biosynthetic processes. It appears that 
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Figure 4-32. Observed and predicted time courses of isotope 

incorporation into g1yclne~ 

of high light (176)1E . m -2. 

alanine. glutamate and aspartate in protein 

-1 + s ) NH
4

-11mited steady state 

cultures of Chroomonas salina (p/Pmax • 0.804). Flow was stopped at 

zero time. Solid line represents the predicted rate. 
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Figure 4-33 . Observed and predicted time courses of isotope 

incorporation into threonine, valine + arginine, isoleucine + leucine, 

lysine, phenyalanlne. and proline in protein of high light (176~' 

-2 -1 + m • 8 ) NH
4

-11m1ted steady state cultures of Chroomonse salina 

(~/p - 0.804). Flow was stopped at zero time. Solid line 
,",x 

represents the predicted rate. 
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Figure 4-34. Observed and predicted time courses of isotope 

incorporation into glycine , 

- 2 
of high light (176 "E· m • 

alanine, glutamate and aspartate in protein 

-1 + 
8 ) NH4-1i.lted steady state 

cultures of Chaetocer08 simplex (p1)lrJJlu • • 0 . 574) . Flow was stopped at 

zero time . Sol1d line represents the predicted rate. 
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Figure 4-35. Observed and predicted time courses of isotope 

incorporation into threonine. valine + arginine, isoleucine + leucine, 

lysine, phenyalanlne , and proline in protein of high light (176 pE • 

-2 -1 + 
m • 8 ) NH

4
-11mited steady state cultures of Chaetoceros 

simplex (~/~ • 0.574). Flow was stopped at zero time . Solid line - .... 
r epresents the predicted rate . 
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under nitrogen limited conditions, f . simplex 1s unable to accumulate an 

internal supply of nitrogen sufficient to maintain growth for an extended 

period. C. simplex had the highest growth rate of all the species 

examined in this study. It may be that this higher rate of metabolism 

led to a more rapid manifestation of non-steady state responses. 

CONCLUSIONS 

This investigation has contributed to existing information about two 

potentially important sources of variation in the protein content of 

primary organic matter being introduced into the marine environment. 

These include 1) environmental conditions affecting metabolism within a 

single organism, snd 2) intrinsic metabolic differences among species. 

The results demonstrate that environmentally induced variations within a 

single species may encompass the range of differences beeween species 

growing under similar conditions. For the species examined in this study 

grawn under similar conditions) protein is a relatively constant 

proportion of total carbon. This is consistent with the original 

conclusions of ParsonS e t al. (1961), who surveyed the chemical 

composition of a variety of marine algae and found them to be quite 

similar. As Morris (1981) Doted) it appears that environmental factors 

are more important than variations in species composition in influencing 

the relative abundance of protein in the primary organic matter. This 

conclusion is supported by the variety of studies which have illustrated 

the Bubstant'ial variations in algal protein relative to other cell 

material 1n response to changing growth conditions (e.g. Cook, 1963; 

Handa) 1969; Myklestad and Raug, 1972; Darley et al., 1976; Rhee) 1978. 

Hitchcock, 1980; Dortch, 1982). 
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The main objective of this investigation was to evaluate the 

characteristics of isotopic incorporation into protein 1n order to 

optimize me thods for quantifY~Dg the production of particulate protein 

amino acids by autotrophs. The variations 1n composition referred to 

above reflect variations 1n the metabolism. Such metabolic changes also 

influence the isotope kinetics, and must be recognized as potentially 

important factors affecting relationship of isotope incorporation into 

protein and Det protein synthe,sia. The environmental condition which had 

the most dramatic effect on the isotope kinetics in Nannochloris sp. was 

light intensity . Precursors 8.aturated much more rapidly under low light 

conditions, and as demonstrated in Table 4-9, the low synthesis rates 

associated with low light iote:naity and low relative growth rate make the 

impact of protein degradation on total isotope incorporation 

significant. Consequently, attempts to estimate protein synthesis uaing 

isotope incorporation under dark or low light and low nutrient 

cond1t1ons~ must recognize that some of the observed isotope 

incorporation may be the result of turnover. rather than net protein 

synthesis. 

In addition to the charact,eristics of precursor saturation~ the 

effects of nutrient deplet10n Im.ust be recognized, and incorporation must 

be evaluated in a time course 1n order to know the appropriate time 

scales over which to determine protein synthesis rates (Goldman et al.~ 

1981). + Results with high llgh"t NH4-11mited cultures of Nannochloris 

sp. indicated that nutrient depletion effects were a function of the 

nutrient prehistory, being marie substantial in more nutrient limited 

cultures. This may reflect th,e presence of variable internal pools of 

nitrogen which can be utilized after the exogenous nitrogen supply 1s 
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interrupted. Such pools may be present in higber levels ~n the less 

nutrient limited cultures. This is certainly true for the intracellular 

free amino acida (chapter 3, Table 3-1). However, time dependent 

reductions in the IFAA pools were Dot found to be associated with the 

observed decrease of carbon incorporation into protein (Table 4-10) • . I 

+ 
did not measure the intracellular NH4 pool. It may be that this 

pool was more important 1n regulating the flux of photosynthetic carbon 

into protein amino acids. This would be consistent with the observations 

+ of regulatory effects of NH4 on photosynthetic enzymes in 8 higher 

plant (Mohamed and Gnamao, 1979). The potential impact of nutrient 

depletion may be substantial, and yet not necessarily reflected in an 

obviously nonlinear pattern of incorporation into total PPAA carbon due 

to the mixed kinetics of the different individual amino acids. Efforts 

14 have been made to measure protein synthesis based on C incorporation 

in nitrogen l1m1ted popu1atioDs (Ditullio and LeW8~ 1983; Laws et &1 •• 

1985). Of course, the environment of a chemostat is very different from 

a natural systeD which contains more than just phytoplankton. However, 

it is important to recognize that long incubation periods without 

detailed tiae course descriptions of carbon incorporation may yield rates 

which underestimate the actual protein synthesis rate. 

The other species also showed evidence for nutrient depletion 

effects. In the case of C. simplex, there was marked nonlinearity in 

incorporation patterns even in the amino acids which were least sensitive 

to this effect (i.e. glycine and alanine). The comparisons between the 

different species did illustrate, however, fundamental similarities In 

the basic pathways associated with the supply of photosynthetically fixed 

carbon to protein production. Precursors to glycine and alanine 
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Table 4-10. Intracellular Free Amino Acid 
Carbon Concentrations in High Light8 

NH!-limited Steady State Cultures of Nannoch l or !s ap . 

Incuba tion Time 
(hr. ) 

0.005 
0.07 
0 . 25 
1. 1 
2 . 1 
2.9 

0.1 
0.25 
1.0 
1.0 
3.0 

8176.:t70 J.lE . m- 2 • &-1, 

Relative Growth 
Ra t eb 

0.229 

0.933 

lJo'AA Hlcrogrsms 
Carbon per Liter 

116 
UO 
138 
150 
100 
127 

450 
455 
450 
611 
355 

bCrawth rate normalized to maximum growth rate (1.44 (0.04) day-l) 
under s imilar conditions of light and temperature. 
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consistently saturated rapidly, so that agreement between predicted and 

observed carbon incorporation was good . Although the observed 

incorporation into protein glycine and alanine tended to be less than the 

predicted rate in f. simplex, the initial incorporation rates did 

approximate the predicted rates before the onset of depletion effect8. 

The characteristics of protein glycine and alanine carbon 

incorporation make them ideal model protein amino acids for tracing 

protein synthesis 1n mixed autotrophic populations. Their relative 

abundance in protein was found to be highl y consistent, irrespective of 

growth conditions or species (Table 4-11). The proportions I found were 

similar to those found by other investigators (Table 4-12). My estimates 

did tend to exceed the relative abundances determined by sequencing 

protein. This is likely 8 consequence of the preferential recovery of 

glycine and alanine from hydrolysiS leading to an apparent increase in 

their relative abundance (see Methods, Table 2-4; see also Roberts et 

&1., 1963). Despite the discrepancy, the studies do suggest that glycine 

and alanine are a highly consistent proportion of protein from a wide 

range of organi8lls. An optimal approach towards estimating protein 

synthesis will be to characterize the synthesis rates of glycine and 

alanine, and use their known average abundance in protein to determine 

the total protein synthesis rate. In Table 4-13, I extrapolated glycine 

and alanine incorporation rates to total protein carbon incorporation 

based on their relative abundance in average protein. These estimates 

are compared to observed and predicted carbon incorporation rates. 

Observed rates were consistently the lowest, 8 consequence of slow 

kinetics of labelling of other amino aCids, and non-steady state 

decreases in protein synthesis. Predicted rates were below the 
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Table 4-11 . Relati ve Abundance of Glyci ne and Alanine In Pr ot e i n 
of Di fferent Algal Sources 

Source 

Nannochlor i s sp . : 

High Ugh t : b 
~/"max • 0 . 933 

0 . 229 

Low l.J.ght: c 

~/"max - 0.864 
0 . 324 

Chaetoceros simplex 

Chroomonss salina 

Chattonella l uteuB 

Hol e Xa 

Alanine Gl ycine 

12. 5 (3.2) 13.8 (3 . ll 
12.4 0.0) 14.5 (3.4) 

11.2 (2.4) 14.8 (3 . 4) 
13. 9 (3 . 6) 11 .8 (2 . 7) 

8. 4 (1. 8) 12.4 (2.8) 

12.2 (2 . 6) 12.9 (2 . 9) 

12.3 (2 . 6) 13. 0 (2.9) 

SErrors ( I n parentheses) repr esent propagated es timates of anal ytical 
error based on 95% confi dence i nt erval s . 

b176:t70 IJE . m-2 • a-I, 

c2Bj;.9 p.E . m-2 . - 1, 
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Table Ii·n. ielative Abuuuuce of Glycine tad Alaninl In Protein 

SE!!IENCED PRO'IElN I 

Juke. et u. (1915) 

DooUttle (1981): 
'om 
Atl .. 

ACID HYDB.OLYSIS: 

CoweJ and CorDer (1963) 
Skdll!to~ 
u'apmded particulate 

De.ent (1970) 
Slr, ••• o Sea (aurf.ce) 
Buzn~ &.y 

Sieun and Hal'll (1978) 
(.II.pcended particulate) 

KlIlh and Yanadl (1978) 
(Iuapended particulate) 

Alanine 

8 . 7 

7.' 8.' 

•• s 
7.0 
7.' 
10.4 

••• 

Kole % 

8." ( 6.7-11. 4) 

.5.8-6.5 
8 .8 

10.0 

'.0 

Glrcina 

7.' 

7.' 
8.8 

7.' 
•• s 
7.1 
7.' 

11.6 
16.6 (12.5-21.7) 

7.8-10.0 
12.1 

13 . 4 

15.4 



Table 4-13 . Comparison of Observed, Predicted and Extrapolated 
Protein Carbon Incorporation Rates 

Relative 
Growth Rate b 

0 .933 

0 . 229 

Protein Carbon IncOr70rat1on Ratesa 
(micrograms carbon liter/hour) 

Extrapol at ed 
Observed Predict ed Gly Ala Combined 

Hean 

85 (34) 111 (12) 

37 (5) 

203 (44) 148 (30) 165 (24) 

18 (11) 72 (18) 56 (15) 62 (11) 

aErrors (in parentheses) represent propagat ed estimates of analytical error 
based on 95% conf i dence intervals. 

bcrowth rate normalized to maximum growth rate (1.44 (0.04) day-I) under 
similar conditions of light and temperature. 
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extrapolated rates. ThilS: is expected since the predicted rate 18 based 

on the protein carbon wh.:1.ch is recovered from hydrolysis. Some of the 

aaino acids are destroyed:, while alanine and glycine are preferentially 

recovered . 

Because glycine and alanine are preferentially recovered, and 

generally show good agreement between predicted and observed 

incorporation rates, they· are ideal model protein amino acids for tracing 

the primary production of' particulate protein. In the next chapter, I 

describe a study where th.iB approach was used to estimate the proportion 

of primary production associated with protein production 1n a natural 

phytoplankton community and compare this to the protein content of 

particulate organic matter. 
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CHAPTER 5. PRIMARY PRODUCTION OF PARTICUlATE ORGANIC CARBON 

AND PARTlCUUTE PROTEIN AMINO ACIDS IN SALT POND, MA: 

THE RELATIONSHIP TO THE COMPOSITION OF 

PARTICUlATE ORGANIC MATTER 
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INtRODUCTION 

Particulate organic matter (POM) In euphotic systems Is a complex 

matrix of chemical substances which originate largely 8S a result of 

biological activity. Photoautotrophs account for the bulk of POM 

production in euphotic systems of the world's oceans. The production and 

metabolism of biogenic compounds by photoautotrophs will depend on 

environmentally induced snd intrinsic metabolic characteristics of the 

species making up the phytoplankton population (e .g Morris , 1981). 

However, the relatioDship of the chemical composition of POH to the 

biochemical composition of living algal biomass may be obscured by the 

presence and activities of other organisms and detrituB (e.g . Zeltzchel, 

1970i Banse, 1974, 1977; Beers et a1., 1975; Eppley e t a1., 1977; Rarlow~ 

1982&) . Hence, the abundance and composition of POH cannot be 

ezclusive1y attributed to the activities of primary producers . 

The composition of POH is a function of the rates of production of 

individual organic components, and their rates of removal from POM 

(Figure 5-1). The inputs of POM to euphotic systems consist of gross 

primary production by photoautotrophs, chemosynthetic production, 

secondary production at the expense of dissolved organic matter, and 

allocthonou& sources such as aeolian transport, resuspension, groundwater 

intrusion, runoff and advection and diffusion from other water masses. 

Processes which remove POM include autotrophic and heterotrophic 

respiration , autolysis, excretion and exudation, macroheterotrophic 

grs2ing and assiDdlation, sedimentation, and advection Bnd diffusion. 

The unique chemical characteristics of individual biogenic molecules make 

them differentially susceptible to heterotrophic degradation and 

transformation (e.g. Wakeham et al., 1980; Lee et sl., 1983. Gagoslan et 
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Figure 5- 1 . Processes involved 1n production and removal of organic 

matter 1n aquat1c environments. 
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sl., 1982; Karl, 1982). As a result, chemically distinct types of 

particulate orgsnic matter will, under some circumstances, bave different 

turnover rates in euphotic systems. Precise descriptions of the dynamic 

relationship between distinct components making up pOM will provide 

insight as to the kinds of processes which control POM composition and 

concentration, 8S well ss the characteristics of organisms which mediate 

these processes (e.g . Lee snd Cronin, 1984). Information about time 

dependent concentration changes Is not by itself adequate to describe the 

dynamics of individual materials, since it reveals nothing about the 

actual rate of flux In a system where there are inputs ss well 8S outputs 

throughout the water column. Through assessment of differen~ial changes 

in the production and concentrations of individual biogenic materials, it 

is possible to distinguish the impact of primary production from the 

effect.s of secondary transformations on organic matter composition and 

concentration. 

Previous investigations have compared the relationship of csrbon and 

nitrogen assimilation by natural phytoplankton populations to the 

relative abundance of particulate organic carbon and particulate organic 

nitrogen (e.g. Eppley et al., 1977; Slavyk et al.) 1978; Eppley et al.) 

1979; Sharp et al., 1980; Harrison et a1., 1983). Although positively 

correlated. C:N assimilation rstios were generally quantitatively 

different from the partiCUlate ratios. Both larger and smaller 

assimilation ratios were observed. and the range was much larger than for 

particulate ratios. Some of the discrepancies may be attributable to the 

fact that carbon and nitrogen uptake may be uncoupled. and consequently 

not reflect the algal elemental composition (Collos and Slawyk. 1979; 

Goldman et a1., 19818). 
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Because of the nutritional importance of particulate protein, factors 

which control ita relative abundance in particulate organic matter 

ultimately influence the flux of organic matter to higher trophic 

levels. In Chapter 4, I described the optimal approach to estimating the 

production of particulate amino acids on the basis of radioisotopic 

carbon incorporation. The ability to measure both concentrations and 

primary production of particulate protein amino acids (PPAA) 1n 

conjunction with particulate organic carbon (POe) make it possible to 

determine whether the relative abundance of poe and PPAA reflects the 

metabolism of the active autotrophic population. 

To date, there has DOt been an investigation which has independentlY 

estimated primary production of POC and PPAA, and compared these 

measurements to the relative abundance of poe and PPAA in the particulate 

organic matter. A major objective of this study was to estimate ratea of 

POe and PPAA primary production in natural populations growing under 

various environmental conditions . This provided an indication of the 

proportion of photosynthetic metabolism associated with protein 

synthesis. The relative magnitude of these primary inputs was compared 

to the relative abundance of POe and PPAA in order to determine the 

extent to which POM composition reflects population metabolism (Figure 

5-2). 

The study wss conducted in a small marine pond, Salt Pond (Kim and 

Emery, 1971). The semi-enclosed nature of the pond increased the 

probability that processes occurring within the pond ecosystem were 

primarily responsible for POM composition and abundance. Under 

conditions where POM compostioD did not reflect the biosynthetic 

activities of the phot08utotrophic population, I BOUght to determine 
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Figure 5-2 Simplified diagram illustrating the influence of pri.ary 

inputs and net removal of organic matter on particulate organic matter 

compos! tion. 
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whether such di8crepanc1e~8 were the result of differential changes in 

rates at which POC and PP'AA are introduced by primary production, or a 

consequence of differenti.sl removal of poe and PPAA by secondary 

transformational processes. Net rates of 'removal of poe and PPAA from 

the mixed layer were e.at1.mate.d by quantifying differences between 

estimated production and observed changes in concentration. 

RESULTS AND DISCUSSION 

Coapo81tlonal BYnamic8 of Particulate Organic Matter in a Well Mixed 

aJphotic System 

The following assumptions regarding Salt Pond are implicit in 

subsequent discussion of field observations: 

1) Salt Pond has a shallow well mixed euphotic layer, so that POM 1s 

generally homogeneously d.latrlbuted throughout a mixed euphotic layer. 

This assumption states that POM compositioD at ODe meter, where sampling 

took place, reflects com:plos1tion throughout the mixed layer. This 

assumption is supported by several observations. On the days where 

incubations were conducte,d J chlorophyll .!. concentrations were uniform 

throughout the upper 1.0 - 1.5 meters (Figure 5-3). The mixed layer 

depth extended to between. 1.0 and 3.0 meters, as indicated by a distinct 

pyncnocline in this depth range (Figure 5-4). Langmuir circulation is 

commonly observed in Salt Pond as evidenced by distinct slicks 

(convergence zones) interspersed between turbulent areas (divergence 

zones). Dispers10n of dy·e added at the surface was rapid during such a 

period. 
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2) Non-~ situ inputs of particulate organic carbon (POC) (e.g. mlxtog 

from other water masses (Vineyard Sound)~ run-off snd ground water 

intrusion. bottom resuspenslon. and atmospheric sources) are negligible 

for the upper mixed layer of Salt Pond. This assumption states that the 

bulk of organic matter in the euphotic layer 1s produced by organisms 

residing there, and 1s supported by the semi-enclosed nature of Salt 

Pond. However, the potential for allochthonous inputs of organic matter 

must be recognized, particularly in view of the presence of a large bird 

population and the observed accumulation of eelgrass (ZOstera marina) 

along the leeward shore. 

Surface salinities in Salt Pond were of the order of 10 0/00 lower 

than Vineyard Sound, the adjoining water mass. This indicated 

substantial freshwater inputs, and the potential for exogenous inputs of 

DOC, which through utilization by microheterotrophs might ultimately 

influence POM composition. In order to assess the importance of non-in 

situ inputs of DOC, concentrations of DOC were determined in ground water 

1 meter below ground at a site adjacent to the pond where inputs were 

most likely to be significant. These concentrations were compared to 

rain water and surface Salt Pond water in Table 5-1 along with 

corresponding dates of sampling. Although ground water and rain water 

concentrations were of the same order of magnitude, Salt Pond surface 

water had the highest concentration. If the transformation of exogenous 

DOC into POC was significant relative to total primary production, then a 

decrease in the surface water DOC concentrations relative to exogenous 

sources would be expected. This was apparently not the csse. 
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Figure 5-3. Depth profiles of chlorophyl1 ~ on days during which 

incubations were conducted in Salt Pond. Symbols: square, chlorophyll 

~; cross. total pigments (phaeopigments + chlorophyll ~). A, 20 July 83; 

B, 5 Aug 83; C. 10 Aug 83; D 26 Aug 83; E. 1 Sept 83; F. 3 Oct 83. 
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Figure 5-4. Depth profiles of specific gravity during study period in 

Salt Pond . 
o Sigmat • [(density of seawater at t C/density of pure 

o water at 4 C)-l]lOOO, after Cox et a1. (1970) . 19 July 83 and 26 July 

83 data were prOVided courtesy of Brian Howes and Stuart Wakeham. 
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Table 5-1. Diasolved Org~nIc Carbon ConcentratIons (DOC) From 
Ground Water, Rain Water. and Salt Pond Surface Water 

DOC 
(mg carbon/lIter) 

Date 
Source/ 
Locstion mean standard n 

error 

25 Sept 84 Ground Wstet: (lm)S 3.52 0 .05 2 

25 Sept 84 Surface Runoff b 2.00 

4 Sept 84 Rainwater 1. 70 
12 Sept 84 .. 1. 70 

Salt Pond 
24 Aug 84 Surface (1m) 6.38 0.08 2 
27 Aug 84 •• 5.30 0.05 2 
13 Sept 84 6.59 0.29 2 
20 Sept 84 5.17 0 .08 2 

aTaken from site one meter below the ground adjacent to pond where 
ground water intrusion was lIkely to be significant. 

boraken from drainage ditch flowing into pond. 

• w 
~ 

~ • 
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3) Heterotrophic transformational processes differentially affect the 

chemically distinct constituents of POM over time. resulting in selective 

changes in composition. This assumption 18 amply supported by 

observations of depth dependent transformations in the composition of POM 

(Wakeha. et al., 1980; Lee et al., 1983; Cagoaten et al., 1982), 

selective assimilation of biochemical components in the food source 

(Scott, 1980), and release of fecal material depleted in nitrogen (Small 

et al •• 1983). Processes such ss advection and diffusion, sedimentation, 

and grazing by macroheterotrophs mayor may not be selective witb respect 

to chemical composition. The ahove ideas provide a basis for determining 

which processes are controlling POM flux In the mixed layer. 

Given the above assumptions, it is possible to define a paM mass 

balance at the sampl1ng site. The changes in the concentration Ci of a 

given component of POH at this pOint can be expressed as a difference 

between in ~ rates of production and removal: 

(5-1) 

The term dCi/dt i8 the rate of change in concentration of a given 

component. The terms on the right hand side of the equation are grouped 

into production (p) terms and removal (R) terms. Production terms 

include autotrophic or primary production (PI)' secondary production 

through microheterotrophy (PZ)' chemosynthetic production (Pc)' and 

allochthonous inputs through advection or diffusion (PaId). Removal 

terms include losses due to respiratory degradation (R ), losses due to 
r 
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conversion to DOC (Rnoc )' losses by physical processes such as 

sedimentation (Rs) or advectlve or diffusive losses (RaId)' and 

finally, macrobeterotrophic grazing (Rg ). Microheterotrophs would be 

included in filtered samples, and were considered part of the POM. 

In this study, measurements were made of poe and PPAA production and 

concentration. Thus dCi/dt and Pl are known for POC and PPAA. The 

other production and removal terms can be combined into a composite rate 

term. ~I which represents the rate of net outward fluz of POM from the 

sampling point. thus: 

dC/dt - PI - ~ 

where: 

~ - PI - dC/dt 

- (Rr + ROOC + Rs + Ra / d + Rg> - (P2 + PaId + Pc) (5-2) 

This relationship will be used as a guideline for the discussion of 

results comparing concentrations and production characteristics of poe 

and PPAA. 

Incubation Procedures 

Production rates were determined using ~~ incubation techniques 

(sampler incubation device, SIDj Taylor et al •• 1983) at the 1 meter 

depth. All estimates were derived from relatively short term (2-4 hours) 

time course sampling methods. In situ incubations were conducted on six 

separate days throughout the two and one-half month sampling period (20 
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July - 3 October 83). The use of ~ ~ incubation methods was an 

essential aspect of this investigation since the main focus was to 

examine the relatioDship of fluzee of chemically distinct organic 

substances which may be differentially susceptible to sampling artifacts 

(e.g. Chapter 4). The fact that incubations were initiated and sampled 

~~ minimizes the potential problem that production characteristics 

might be a result of artifacts due to ssmpling methodology • 

.An additional and fundamental consideration 0'£ any study exalDinlng 

the distribution of radioisotopic carbon among different organic 

Bubstances 18 the degree to which this distribution 1s a function of the 

time of incubation, ~etber it be the result of isotopic kinetics within 

the photoautotrophs, or containment effects which would cause deviations 

from the actual ~~ rates as a result of physiological changes. I 

have attempted to minimize the latter artifact by keeping incubations 

relatively short (2-3 hours) and conducting time course sampling so that 

the onset of containment effects would be signaled by characteristic 

deviations from linearity (Taylor et al., 1983; Goldman et sl., 1981aj 

see also Chapter 4). Furthermore, assessments of PPAA production will 

include estimates based on isotope incorporation characteristics of 

protein glycine and alanine, which have been shown to have rapid 

precursor saturation and relatively close agreement between theoretical 

and isotopically derived production rates for several algal species 

(Chapter 4). 

A further consideration is the effect of transformation of labeled 

primary organic matter by m.1crozooplanktou grazers included in the 

incubation vessel (e.g . Smith et al., 1984). For the short incubation 

periods used in this study, this should not have 8 significant i.pact on 
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incorporation characteristics unless the grazing rate was considerably in 

excess of the algal growth rate . Under these conditions, 8 significant 

decrease in algal standing biomass would have lead to a non-linear 

decrease 1n carbon incorporation rates. For the majority of incubatioDs 

14 conducted, short term uptake of C -inorganic carbon was effectively 

linear (e.g. Figure 5-5). and cODsequently should have been a reflection 

of the steady state ~ ~ incorporation rates. 

In Table 5-2. results show little or no discrepancies between total 

fixed carbon (acid non-volatile) and particulate carbon (retained on GF/F 

filter) for incubations throughout the summer. This rules out the 

possibility that significant accw.ulatlon of labeled DOC was occurring 

either 8S a result of algal eXcretion or exudation, or as a result of 

"sloppy feeding ". Significant DOC production could atill have occurred 

if it was derived from an unlabeled source (c.f. Hague et sl., 1980), or 

was taken up as rapidly as it was produced (e.g. Ammerman et al . , 1984; 

Hagstrom et 81., 1984) . However, it 1s likely that linear incorporation 

of label into individual materials for relatively short incubation times 

was primarily a reflection of algal metabolism. 

Pr1Dery Production of Particulate OrganiC Carbon 

Rates of POC primary production are shown for the study period along 

with concentrations of chlorophyll .!. and poe (Figure 5-6). In the first 

three experim~nt8 (20 July 83 - 10 August 83), 2 or more replicate 

incubations were made 1n order to assess the analytical variation in poe 

production rate determinations. In Table 5-3, the coefficient of 

variation in production rates for the replicates 1s compared to that for 

the overall mean for that period (mean · 47 micrograms carbon/liter/hour, 
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95% conf. into - 11, n - 7). ~l'he proportion of variability associated 

with replicate measurements W81i 33.5%, while that associated with between 

day variation was 66 . 5%. Diff'~rence8 between replicate incubations were 

not significant, while between day differences were (ANOVA, P less than 

0.05). 

During the latter portion 1)£ the summer, consecutive morning and 

midday incubations were conduclted. Coefficients of variation were 

slightly higher than for the r.~p11cate incubations, although there was no 

consistent trend in the differ.:mces between the morning and midday 

incubations (Table 5-4). 

Between day differences during the period from 20 July to 3 October 

83 could not be explained by cI:>rrelatioDs of either assimilation numbers 

(i.e. micrograms carbon fixed J[)er microgram chlorophyll !. per hour) or 

total POC production (m1cro8rru~s carbon fixed per liter per hour) with 

either temperature or phosp:tstl! concentration (Table 5-5). However. 

there was a significant poB1thr e correlation between POC production and 

total inorganic nitrogen concel:ltrations. As will be discussed, nitrogen 

may be an important factor influenCing the population metabolism and POM 

compositional dynamics. 

Intearated POC Productic:a Eat11l&tea 

In comparing POC producti~l (PI) to observed changes in POC 

concentration (dC/dt). mean prllducUon rates were used. Daily production 

of POe was estimated by eItrap,olating the mean production rate for the 

whole summer over an 11 hour plb.otoperiod. This corresponded to the 

period when sunlight was at or greater than 40% or more of maximum 

(Figure 5-7). This represents 90% or more of the integrated light energy 
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Figure 5-5. Representative incubation (5 Aug 83) showing POC production 

in conjunction with surface light regime. 
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Figure 5-6. poe production during sampling period shown In relationship 

to dynamics of chlorophyll ~ and particulate POC. Solid line represents 

the overall mean for the summer (dotted lines indicate 95% confidence 

limits). Units for chlorophyll ~ are multiplied by ten to brin8 them up 

to scale. 
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Figure 5-7. Diel light regime from 1982 during the same time of year as 

the period of study in Salt Pond. The interval of daylight over which 

midday production rates were extrapolated 18 indicated by the dotted 

lines. Data provided courtesy of Dr. Pat GIlbert. 
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l 'able 5-2. Comparison of Inorganic 14C Fixation 8S Determined by 
Acidification/Sparging and Pl1~ra~lon 

Incubation Production , 
Date Period Rate n Method 

(hours) (~gC·l-l·hr-l) 

20 July 63 1.6 36 (10)a 14 fIlt:.ration • w 
1.7 J6 (6) 10 sell ~ 

~ 

• 
5 Aug 83 2.6 55 (13) 6 fHtratloD 

2.6 55 (6) 23 aei~ 

10 Aug 63 2.6 45 (6) 4 fIltration 
2.5 43 (6) 14 a.el~ 

1 Sept 63 3.2 21 (2) 12 fHtration 
1.96 24 (2) 16 ac1~ 

3 Oct 63 2.6 67 (12) 12 
I filtration 

2.7 69 (9) 16 acid 

8Errors in parentheses represent 95% confidence In~erva18. 
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Table 5-3. Coefficients of Variation for Replicate Production Estimates 

Hean 
Date Production Rate 

("gC·1-1.hr-1 ) 

20 July 83 39 

5 Aug 83 63 

10 Aug 83 41 

Overall Mean 47 

n 

2 

2 

3 

7 

Coefficient 
of Variation 

( %) 

19 

9 

10 

23 



Table 5-4. Particulate Organic Carbon Production Rates for Consecutive 
Incubat i ons 1n Salt Pond, Summer 1963 

Coefficient 
Date Time of Day Productiona Mean of Variation 

26 Aug 83 0930 - 1250 25 (12) 
1130 - 1415 34 (12) 29 23 

1 Sept 83 0900 - 1200 47 (6) 
1050 - 1400 21 (2) 34 54 • w 

'" 3 Oct 83 0815 - 1050 59 (6) 0 
• 

1010 - 1230 87 (11) 73 27 

aUg carbon fixed/llter/hour. Errors represent 95% confidence intervals. 
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Table 5-5. Product-Moment Correlation Coefficients for the 
Relationships Between Selected F~vlronmental Parameters 

and Assimilation Number and Production Rate 

Asslmllatlon numberS Productionb 
Parameter r n r n 

P04 -0.644 9 -0 . 283 9 

Temperature 0 . 228 9 -0.366 9 

Dissolved 
Inorganic N 0. 269 9 0.728c 9 

aUg carbon fixed/ug chl~/hour 

bJlg carbon fIxed/liter/hour 

CSlgnlflcant at the P ~ 0.05 level. 
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during the photoperiod. :r assumed that diel fluctuations in production 

around the midday rate w1.:Ll not be significantly greater than between-day 

variation in ratea J and hl!llce adequately described by the error 

associated with the overaLl production mean for the summer. However, 1n 

view of observations of 81~b8tantial diel variations 1n photosynthetic 

ability of natural phytoplankton populations (lorenzen, 1963; Harding et 

a!. I 19828 ,b) the potentilu for such variations must be recognized. In 

general, these studies indicated that maximal photosynthetic ability 

occurred before or Dear the middle of the light period. Extrapolation of 

midday rates in this study may have resulted in a slight overestimate of 

production. However J my IJbservatlons showed that midday rates were 

neither consistently highl~r or lower than morning rates (Table 5-4, 

Figure 5-6). 

In Figure 5-6, the oVIeral1 mean for the summer (46 micrograms 

carbon/liter/hour, 95% cQlfidence interval· 11, n • 13) is compared to 

the individual determinat:lons of midday production at one meter. 

Although it provided an ulPper estimate of production during the bloom, 

this mean rate was still llot adequate to explain poe increases associated 

with the bloom peak, indieat1ng a transient increase in primary 

production in excess of ml!asured rates during that period. This will be 

discussed further in a 1alter section. 

An additional considelration in estimating production is the validity 

of extrapolating rates mensured at one meter throughout the mixed layer. 

I assumed that the mean p]~oduct1on rate represents a light saturated 

photosynthetic rate t and 1that this rate is uniform throughout the mixed 

layer. Simulated ~ ~ photosynthesls-irradiance experiments during 

summer of 1982 revealed that the production was generally saturated at or 
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above 30% surface incident light (Figure 5-8, Table 5-6). Surface 

incident light regimes were comparable for the 1982 and 1983 incubations 

(not shown). For the period from 20 July to 10 August 83, extinction 

coefficients determined for the water column indicated that one meter 1n 

!.!.E!. light intensities were between 20 - 40% 10 (Figure 5-9, Table 

5-7). Based on the 1982 field observations and published values of 

photosynthesls-1rrad1ance relations for pure cultures (Falkowski Bnd 

Owens. 1980), I argue that at the light intena1Ues observed. the 

potential reduction in production rates at one meter due to light 

limitation was within the limits of analytical variation. Light 

limitation was certainly a factor lower in the mixed layer. 

Light limitation may have also been important later in the summer. 

The correlation between the natural logarithm of the assimilation number 

for all incubations conducted in summer 1983 and quantum flux 

2 (microeinsteins per m per hour. integrated over the incubation period 

and corrected for extinction by the water column) was s ignificant at the 

99% level (correlation coefficient - 0.828. n - 9). This i& probably 

indicative of light limitation of production rates during the bloom 

period when extinction was high (Table 5-7) and incident solar radiation 

was relatively low (Table 5-8). 

Particulate Protein Aaino Acid Production 

PPAA production rates based on observed incorporation into total 

PPAA. as well as incorporation in hot trichloroacetic acid insoluble 

material, and protein glycine and alanine for the period from 20 July to 

3 October 83 are shown in Table 5-9. I also included rates of total PPAA 
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Figure 5-8. Time course of carbon fixation by surface samples from Salt 

Pond incubated during midday under natural sunlight attenuated to 

different intensities. Upper panel 1s an experiment conducted on 9 

September 1982, and lower panel 1s an experiment conducted on 17 August 

1982. Symbols: squares, 80% incident lightj circles, 30%; triangles, 

10%; X, 1%. 
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Figure 5-9. Proportion of surface light reaching 1 meter during study 

period in Salt Pond • 
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Table 5-6, Simulated In Situ ProductIon Rates for Salt Pond, 1982 

80 

30 

10 

1 

Production Ratea 
17 Aug 82 9 Sept 82 

204 (19) 

157 · (300) 

90 (30) 

n.d. 

44 (4) 

43 (13) 

19 (4) 

7 (2) 

aUg carbon/liter/hour. Errors represent 95% confidence Intervals. 
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Table 5-7. Light Extinction 1n the Mixed Layer of Salt Pond, 
Summer 1983 

%10 at 
Date Extinction CoefficientS 1 meter 

20 July 83 -1.18 (O.19)b 23 - 37 

5 Aug 83 -1.24 (0.28) 23 - 37 

10 Aug 83 -1.36 (.18) 21 - 31 

26 Aug 83 -1.89 (. 38) 10 - 22 

1 Sept 83 -2.66 (.34) 5 - 10 

3 Oct 83 -1.22 (0.06) 28 - Jl 

8Extinctlon coefficient e 1n (12/10) x (l/z) where 1 z /1 0 is the 
proportion of incident lIght reaching depth z in meters. 

bErrors represent 95% confidence intervals. 
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Table 5-8. Surface Incident and Atmosphere Corrected 
Solar Radiation: 10 Aug - 1 Sept 83, Salt Ponda 

Surface Incident Atmosphere Corrected 

(A) (10 3 watt-hour8):~) 

10 Aug 83 7.1 10 . 3 
11 2.1 10.2 
12 1.2 10.2 
13 2 . 6 10.1 
14 5 . 0 10 .1 
15 4.3 10.0 
16 6.9 10.0 
17 6.6 9.9 
16 0.6 9.9 
19 5.2 9 .6 
20 6.0 9.6 
21 7.1 9.7 
22 5.4 9 . 6 
23 6.6 9 . 6 
24 6 . 7 9.5 
25 6.5 9 . 5 
26 5.9 9 . 4 
27 5.3 9.4 
28 3.7 9.3 
29 1.6 9.2 
30 1.6 9.2 
31 1.6 9.1 
1 Sept 63 5.5 9 .1 

8nats provided courtesy of Dr . Richard Payne. 

AlB 

0.7 
0.2 
0. 1 
0.3 
0.5 
0 .4 
0.7 
0 . 7 
0.1 
. 5 
.6 
0.7 
0.6 
0.7 
0.7 
.7 
0.6 
0.6 
0.4 
0.2 
0.2 
0. 2 
0.6 



Table 5-9. Particulate Protein Amino Acid Production Rates 

Production RateS 
Total TCA EItrapolated 

Dat. PPM Insoluble glycine alanine hydrolyzed sequenced 

20 July 83 3. 3 (2.3) 2.9 (0.6) 0.26 (0.18) 0.26 (0.19) 3 . 9 (2.0) 5.8 0.1) 

5 Aug 83 3.1 (2.2) 5.5 0.1) 0.25 (0.15) 0 . 52 (0.48) 4.8 (2 .5) 7 . 7 (4.1) 
, 

10 Aug 83 3.3 (1.6) 3.6 (1.6) 0 . 31 (0.14) 0.28 (0.18) 4.6 (1.8) 6 . 8 (2.8) 
... 
0 
~ , 

26 Aug 83 2.8 (2.4) 4.4 (2 . 1) 0.16 (0.2]) 0.18 (0 . 34) 2.6 (3 . 3) 3.9 (5.1) 

1 Sept 83 
Horning 6.0 ( 0.9) 6 .4 (2 . ]) 0 . 68 (0.10) 0 . 78 (0.13) 1l . 3 0.5) 16.8 (2.9) 
Midday 3.1 (1. 2) 3.9 (l.2) 0.24 (0.09) 0.20 (0.31) 4 . 2 (1.6) 6.5 (2.]) 

3 Oct 83 7.4 (2.7) 7.6 (2.8) 0.38 (0.09) 0.52 (0.13) 6.9 (1.3) 10.6 (2.3) 

Midday Means: 
20 July - 10 Aug 3.2 (1 . 1) 0.27 (0.0]) 0.35 (0 . 13) 

20 July - 1 Sept 3.1 (0 .8) 0.23 (0.05) 0.27 (0 . 09) 

&us carbon/liter / hour. Errors reprelent 95% confidence intervals. 
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production extrapolated from the incorporation characteristics of protein 

glycine and alanine. Extrapolated rates were determined by two ~ethods: 

a) from the average proportions of glycine and alanine in protein 

recovered by my method, and b) from average proportions of glycine and 

alanine reported for sequenced proteins (Jukes et al., 1975; Dolltt!e, 

1981), These proportions are compared to those observed for Salt Pond 

protein in Table 5-10. The proportions from hydrolyzed protein were 

quite similar for laboratory and field experiments, while those from 

sequenced proteins were lower. consistent with observations discussed in 

Chapter 4 regarding the preferential recovery of glycine and alanine 

residues from hydrolysis. Comparisons of extrapolated rates to observed 

incorporation into total PPAA (Table 5-9) indicated the extrapolated 

rates were generally higher, consistent with observations of rapid 

saturation of glycine and alanine precursor pools (Chapters 3 and 4). 

However. for a given incubation. rates generally agreed within analytical 

error. An exception to this occurred for the morning incubation on 1 

September 83. where extrapolated rates were consistently higher than both 

the observed incorporation into total PPAA, and the incorporation into 

hot acid insoluble material. Rates of incorporation into the hot 

trichloroacetic acid insoluble fraction consistently agreed with the 

incorporation rates into total PPAA, suggesting that protein is the 

predominant substance responsible for incorporation into the hot acid 

insoluble fraction. However, this relationship cannot be generalized to 

all systems, particularly in populations containing significant 

proportions of dinoflagellates (Hitchcock, 1981). Dinoflagellates were 

not a major species in the populations in this study. 
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Tabl e 5-10. Proporti on of Glycine and Alanine Carbon in 
Protein Recovered from Hydrolysis 

Source 

Salt Pond : 

20 July 83 

5 Aug 83 

10 Aug 83 

1 Sept 83 

3 Oc t 83 

Mean from laboratory 
experiments! 

Mean based on sequenced 
protein:-

aJukes et al . , 1975; Dol1ttle, 1981 

% Protein Carbon 
Glycl~n~e~~~~~~~A1· anlDe 

6. 4 7 . 2 

6.8 9.4 

6.3 6.8 

6.0 7 . 6 

5.7 8 . 4 

5.6 (0 . 4) 7.4 (1.0) 

3.4 (0.7) 5.1 (0.8) 
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In general, all rates were remarkably uniform from day to day, which 

suggested a relative stable rate of population 8rowth over a wide range 

of environmental c01lditiOt:LB. Consistency in production rates was assumed 

and mean protein producti(m rates were used to estimate £1u% of PPAA 

through the mixed layer. The observed total PPAA incorporation rates 

(Table 5-9) were used 8S ~m estimate of total PPAA production, and 

regarded as a conservatiVE! minimum estimate of the actual net protein 

synthesis rate. Calculadons were alao made individually for glycine and 

alanine for comparative purposes. Fbr flux calculations, midday 

production rates were pool.ed and the lIIean rate used (Table 5-9). The 

rates were assumed to rep::esent an integrated rate of production over the 

mixed layer as for POC pr()duction. Daily production estilD8tes were made 

by assuming an 11 hour phc)toperiod. 'I'he 95% confidence intervals were 

propagated througbout all calculations. 

Relationship Between Prodtlction and Concentration 

Total PPAA concentraUon 1s illustrated in Figure 5-10 along with 

chlorophyll!. and POC con<:entrations. During the latter portion of 

August, increases in conCE!Dtrations occurred which were associa ted with a 

bloom of Olisthodlscus !!J~' Projected ccncentration changes of POC 

and PPAA based on mean production rates were compared to observed 

cOQcentrations (Figure 5-l~). It is obvious that production generally 

exceeded observed changes in concentrations, which was evidence for 

substantial net removal oj: organic matter from the mixed layer. One 

exception to this occurred for poe during the interval between 26 - 30 

Aug 83 immediately before the blocm. During this interval, projected POC 

concentrations were subst~mtially lower than observed concentrations. 
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The estimated minimum poe production rate necessary to account for the 

increase in poe during this interval given an 11 bour photoperiod was 229 

micrograms carbon per liter per hour. This rate exceeded the mean rate 

by a factor of 4. 

The otherwise relatively high projected concentrations suggest 

substantial losses of particulate organic matter were occurring. The 

observed rates of change in concentration (dC/dt) and the estimated daily 

production rates (PI) appear in Table 5-11. Differences are expressed 

as a daily net removal rate (~) . In order to facilitate comparisons 

between PPAA and poe, the net daily removal rates were expressed 8S 

percentages of the mean concentrations of POC and PPAA for the 

corresponding period. If net 1088 occurred preferentially from PPAA 

carbon, this would result in a discrepancy between the ratio of PPAA 

production/POC production and the PPAA carbon concentration/POC 

concentration ratio. In the remainder of the discussion, the 

characteristics of POC compositional dynamics for the periods before and 

during the bloom are compared. 

Preblooll Comparisons of POC and PPM Dynamics 

In Figure 5-12, the PPAA carbon production/POC production ratios are 

compared to the PPAA/POC concentration ratios. Before 1 September 83, 

the PPAA/POC production ratios were similar to the concentration ratios. 

This was also the case for glycine. Net daily removal rates of PPAA, 

glycine, and alanine were virtually the same as those of POC, in the 

range of approximately 10 - 15% per day. These observations suggest that 

during the period before the bloom, the composition of bulk POM reflected 

that being produced by the primary pbotoautotrophs, and that substantial 
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Figure 5- 10. Particulate organic carbon (POC), chlorophyll ~J and 

particluate protein amino acid (PPAA) concentrations in the Salt Pond 

mixed layer during the study period. Arrows indicate days during which 

production incubations were conducted. 
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Pigure 5-11. Comparison ()f observed concentrations of particulate 

organic carbon (POC) and I~rtlculate protein amino acids (PPAA) to the 

projected concentrations based on mean production rates. 
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Figure 5-12. Comparison of production and concentration ratios of 

particulate protein amino acida (PPAA) Bud protein glycine relative to 

particulate organic carbon (POe) , Percentages represent either the 

proportion of total poe in PPAA carbon, or the proportion of total 

observed 14C uptake (POe production) associated with incorporation into 

PPAA. Errors represent propagated estimates of analytical error based on 

95% confidence intervals. 
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'Table 5-11. Productlou IDd Net Re~oY.l of POe .od PPAA' 

D&te. Hated_l dC/dt PI RN (P). - dC/dt) " (UI earbon/liter/day) (day-l) 

20 July -
5 AUI "'" 100 (40) S20 (120) 420 (160) 16 (5) 

ToW 
PPM 1.2 (3.6) lS (14) 33 (14) 11 (4) 

Glyclne 0.14 (0.36) 2.9 (0. 9) 2.8 (1.0) 14 (4) 
AlanIne. 0.52 (0 . 78) 3.9 (1.6 ) 3.4 (1.7) 14 (6) 

S-lOAu, "'" -70 (l..50) S20 (120) 590 (210) 17 (5) 
ToW 

PPM 11 (14) 35 (l4) 25 (20) 7 (4) 
Clyc1ne 0.4 (1 . 3) 3,0 (1.0) 2. 6 U.6) 12 (5) 
~.lne - 1.0 (2 . 4) 3. 8 (1.6) 4.8 (2.8) 18 (8) 

10-26 ....... "'" 1.50 (62) 300 (ISO) JSO (170) 8 ( 3) 
Total 

PPM 3 . 0 (4.4) 34 (11) 32 (12) 8 (3) 
Glycine 0 . 12 (0.50) 2.6 (0 . 7) 2. 4 (0.7) 12 (3) 
Ah.nlne -0. 06 (l.l) 3.0 ( 1.1) 3 . 0 (l.5) 12 (6) 

26 1.11& -
1 Sept poe 670 (140) .500 (ISO) -150 07D} -0.5 (2,6) 

Total 
PPM 8 (12) 34 (11) 26 (16) 6 (3) 

Glycine 0.4 (1.4) 3.2 (0.7) 2 . 8 (0.9) 11 (3) 
Aunine 2.0 (3 .0) • 3.0 (1.2) 1.1 (J.O) 

'dC/de b thl! cUngl! in concentration divided by the nil_bel' of daya i n t he period 
Indicated. PI 1. the daily· production rate ba.ed OD s1dd~y production e.ti~ te. ~ltlpIled 
by an 11 hour photoperiod. See text for further dhcll .. Ion. Errora represent prop&p:ated 
,atl .. tea of .nalytic.l error baaed on 95% confidence Intervala. 

~epreaenta fl.", ex-pre. aed '11 • percentag' of the IlIesn coru::entration for the corre.pendlng 
tJ. .... period. 
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amotmta of POM were being removed fro. the euphotic BYBte. of Salt Pond 

by processes which did not differentiate between PPAA and POC. 

Referring to equation (2), non-selective removal processes could 

include sedimentation (R ), non-selective grazing (R ), and advection 
8 g 

and diffusion (Ra / d ). The possibility that POM was being removed by 

sedimentation out of the euphotic mixed layer was considered by 

determining the relationship between the rem.1nera11zation of organic 

matter below the m1xed layer and POM lost from the layer. These 

calculations, baaed on integrated changes in dissolved inorganic carboD 

snd POC concentrations are given in Table 5-12. Clearly, this a 

complicated system, and the assumption that changes in the concentra.tions 

of CO2 are due solely to rem1nera11zatlon 1s subject to dispute. Many 

other factors influence this concentration including sdvective or 

diffusive exhange, reassimilation by chemosynthesis or sulfur 

photosynthesiS. and reminera1izatiou of allochthonous inputs of organic 

matter such as eelgrass or groundwater inttusion. Nevertheless, the 

results indicated that CO2 production, which could not be accounted for 

by in ~ changes in POC, exceeded the loss rate of organic matter from 

the mixed layer. This indicates that degradation rates below 3 meters 

are adequate to account for the losses estimated from the euphotic layer 

if such losses are entirely due to sedimentation. Therefore. 

sedimentation may have been a significant source of removal. 

Non-selective grazing (Rg> 1s another route of removal which would 

not differentiate between POC and PPAA. For example, macrozooplankton, 

which would be excluded from POM by our sampling methods (202 u mesh), 

might graze and subsequently assimilate, respire, and excrete or release 

resulting waste products. Such waste products may be either dissolved 

~ ____ .---/' 



Table 5-12. Changes in Dissolved Inorganic and Partl culate Organic Carbon In 
Relationship to the Net Removal of PartIculate Organic Carbon 

From the H1xed Layer in Salt Pond, Summer 1983 

Rate of Change 
Below j meters Estllll8ted Net POC Removal 

Dates poe From Mixed Layer 
(moles csrbon/m2/day)S 

C02 

18 July -
24 Aug 0 . 116 (0 .009) - 0 .004 (0.003) 0 . 055 (0 . 013) 

24 Aug -
1 Sept - 0.001 (0.040) 0.005 (0 . 007) 0.018 (0.022) 

SErrors In parentheses Indicate propagated estilll8tes of analytIcal error based on 95% 
confidence lImits . 

" .. 
~ .. , 
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organic or inorganic material. or particulate fecal aatter. However, If 

the release of fecal material Is significant, this could introduce 

particulate material into the POM of significantly altered composition 

(Small et al., 1983), which 1s not necessarily consistent with my 

observations. Alternatively, If the characteristicB of fecal .. tter 18 

8uch that it rapidly sinks, production of fecal matter might be a meana 

of accelerating sedimentation of POM out of the mixed layer. !his 

material would likely not be included in the incubation vessel. 

Microzoop!aokton would be included in both the incubation vessel and 

filtered Bubsaaples. FUrthermore, grazing by microzooplankton may reault 

in particle production (Stoecker, 1984). The presence and activities of 

the microzooplankton population did Dot lead to a measurable diacrepancy 

between POM composition and primary organic utter produced by the algal 

population during the prebloom period (Fig. 5-12) . Additional 

information ia required about the composition, abundance, and activities 

of the microheterotrophs, and the fate of the organic matter OD which 

they feed, in order to assess their importance in the compoaitional 

dynamics of POM in the mixed layer. 

Advective lossee (Raid) may have occurred via the outlet channel 

connecting to Vineyard Sound. Estimates of exchange through the channel 

indicated it may have been 8S much as 5% day-l of the total volume of 

-1 
Salt Pond, and 11% day of the mixed layer volume. Further 

information about the hydrodynamics of the pond and actual organic matter 

transport through the channel is required in order to quantitate such 

losses. 
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Contributions of paM not due to ~ ~ autotrophic activity could 

occur from advection and diffusion (PaId)' chemotrophlc production 

(Pc)' ~!!!!! secondary production (P2)' and adsorption of DOH to 

POM. If processes which re8ult in input of POM other than primary 

production are not negligible relative to primary production during the 

prebloom period, then either they were introducing material of similar 

composition with respect to PPAA and POCo or were coupled to efficient 

removal 80 that accumulation of non-primary POM 1"8 negligible . Dark 

14 
uptake of inorganic C was generally low relative to total primary 

production (Table 5-13), which would indicate that chemosynthetic 

production (Pc) was small relative to autotrophic production. 

Secondary production (P2) could ~ontribute non-primary organic matter . 

The potential importance of such production is currently the subject of 

considerable diapute (e.g. Sorokin, 1981; Wl111aas, 1981). Cuhel (1981) 

reported ranges In protein/poe composition of two bacterial species 

depending on nutritional state, which span the ranges for POM reported 

here. Hence it is possible bacteria could be introducing POM of similar 

composition to that produced by photoautotrophs. On the other hand, some 

loss of organic matter would occur due to bacterial respiration (Rr ). 

Other components of Rr include microzooplankton respiration and 

autotrophic respiration. Such activities would be expected to 

selectively enrich the PPM content of POM according to reports of 

several investigators that protein is relatively less susceptible to 

respiratory degradation than other cell material (e.g. Van L1ere et al., 

1979; Handa, 1969; Lorenzen snd Xaushlk, 1976; Darley et a1 •• 1976; 

Hitchcock, 1980; Scott, 1980; Fukami et al., 1985). My observations for 

the prebloom period are not consistent with the hypothesis that these 
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Table 5-13. Dark Uptake Rates of Inorganic 14C: 
Salt Pood, Summer 1983 

Date Uptake RateS 

20 July H3 10 (11) 

5 Aug 1.4 (0.4) 

10 Aug -0.6 (1.4) 

26 Aug -0.3 (2.8) 

1 Sept 0.7 (1.2) 

3 Oct -13 0) 

aUg carbon/liter/hour. Errors represent 95% confidence intervals . 
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selective processes are the predominant routes of removal of POM from the 

euphotic zone. 

Advectlve inputs (Pa / d ) would include those from Vineyard Sound 

through the channel, and other 80urcea within the pond. Chlorophyll 

concentrations were generally higher in Salt Pond than in Vineyard Sound 

(data not shown). It seems likely that ~~ production would have 

been more important in influencing the composition of POM in the pond 

mixed layer. In view of the dynamic mixing regime of Salt Pond, it seems 

likely that advectlve and diffusive inputs and outputs of POM within the 

pond were occurring. If this 1s the case) then the composition of 

incoming material must have been similar to that of the POM produced in 

~ at the sampling site during the pre-bloom period. This would 

suggest that primary organic matter of relatively similar composition is 

being produced throughout the mixed layer (i.e. no significant vertical 

or horizontal gradients in poe production relative to PPAA production). 

The results indicate that within the limits of analytical precision~ 

the protein composition of primary produced organic matter was similar to 

the existing POH composition. FUrthermore, estimated rates of primary 

production were more than adequate to account for observed POH 

concentration increases . This 1s consistent with the view that algal 

biosynthetic activity was the predominant factor influencing the protein 

content of PDH, and ultimately, controlled its flux to higher trophic 

levels during the period preceding the bloom. 
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POe ad PPM llyDaJd.c:.o _iDa BlO(lll 

During the decline of the blooa, the PPAA/POC production ratio was 

significantly higher than the PPM/POC concentration ratio (Figure 

5-12). Glycine showed a similar trend. This pattern was observed for 

both the morning and midday incubatl00a (Table 5-14). although for the 

morning incubation the difference between production ratios and 

concentration ratios were significantly outside the limit of analytical 

error only in the case of glycine and alanine for the morning 

incubation. This was primarily because PPAA/POC cOE;lcentration ratios 

were significantly higher than for the midday incubation. In view of the 

sbort interval between the initiation of the incubations (2 hours), it 1s 

difficult to envision that a real change in POH composition of the 

magnitude indicated actually occurred. PPAA concentration ratio. were 

based on estimates from samples taken directly from the incubation 

chamber. In contrast, poe concentrations were esti1ll8ted fro. samples 

taken i ndependently . This leads to speculation that observed 

compositional differences between incubations may have been due to 

spatial and/or temporal heterogeneity in the distribution of organic 

matter. However, as previously mentioned, the depth profile. of 

chlorophyll ~ concentrations did indicate a relatively uniform 

distribution arotmd the one meter depth where sampling and incubations 

were conducted (Fig. 5-3). Therefore, it is also possible that the 

difference was related to population metabolism. Deapite the 

differences , both incubations did show a tendency for the production 

ratios to exceed the concentration ratios . In the next section, I will 

discuss how changes in environmental conditions may have generated 

metabolic responses leading to the observed discrepancies. 



Table 5-14. Comparisons of MornIng and H!dday Production and 
ComposItIon Ratios, Salt Pond, 1 Sept 83 

% % 
TilDe of Day Material Total POC Production Total FOC 

0900 - 1200 total PPM 12 . 6 (2.5)· 9 . 1 (1. 8) 
GlycIne 1.4 (0.3) 0.54 (0 .13) 
Alanine 1.6 (0 . 3) 0.71 (0.16) 

1050 - 1400 total PPAA 14.6 (5.8) 4 . 7 (0.9) 
GlycIne 1. 2 (0.4) 0.28 (0 . 07) 
Alanine 0 . 9 (l.5) 0.36 (0.07) 

aErrors in parentheses represent 95% confidence intervals. 

, 
~ 
N 
0 , 
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Production Character1etlc8 and Population Metaboliam 

During the bloom, significant changes in physical parameters occurred 

which may have resulted In changes 1n population metaboliB~. Inorganic 

nitrogen concentrations + (particularly NH4) were higb immediately 

before the bloom, and subsequently decreased rapidly (Figure 5-13). 

light intensities at the one meter depth also decreased during the bloom 

(Figure 5-9, Table 5-7). As previously discussed, significant 

correlations were observed for the relatioDships between total poe 

production rate versus inorganic nitrogen concentrations (Table 5-5), and 

assimilation number versus quantum flux at One meter (correlation 

coefficient· 0.828, P less than 0.05). These observations indicate that 

light limitation, nitrogen limitatioD, or both led to the bloom decline. 

Additional evidence in support of light limitation of the bloom 

population was the pronounced decrease in the POC/chlorophyll ~ ratios 

(Figure 5-14). 

In Chapter 4, it was noted that under conditions of light and 

nitrogen limitation, protein turnover could account for a significant 

portion of total protein label incorporation in Nannochloris sp., leading 

to an overestimate of net protein synthesis. Such a phenomenon could 

explain the observed discrepancies between the high proportions of 

primary production associated with PPAA, as compared to the PPAA/POC 

concentration ratios. This would mean the discrepancy was due to a 

kinetic artifact of isotope incorporation. rather than a real difference 

between the biosynthetic patterns of the population and the composition 

of POH. This view is supported by the fact that discrepancies were 

larger in the case of glycine and alanine (Table 5-14) than for total 

protein, an observation simUar to that seen for light and nitrogen 
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Figure 5-13. Orthophosphate, ammonium, nitrate, and nitrite 

concentrations at the one meter sampling depth in relationship to 

particulate organic carbon (POC) and chlorophyll ~ concentrations during 

the period of study in Salt Pond. 
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Figure 5-14. Particulate organic carbon to chlorophyll ~ ratios during 

the study period in Salt Pond. 
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limited cultures of Nannochlorls ap. Obviously, the metabolic 

characteristics of OllsthodisCU8 magnus may be different from 

Nannochlorls ap. In addition. metabolic and compositional 

characteristics of populations growing under diel light cycles are likely 

to be different from laboratory continuous cultures. 

Variations between day and night metabolism were considered 8S a 

possible explanation for the fact that the midday PPAA/POC production 

ratio was higher than the midday PPAA/POC concentration ratio (Figure 

5-12. Table 5-14). This would require either night production of total 

particulate carbon at a higher relative rate than particulate amino 

acids, or preferential catabolism or respiratory degradation of protein 

relative to other cell material. Neither of these possibilities is 

consistent with previous observations of preferential conservation of 

protein at the expense of storage material dur ing the dark period in 

synchronous laboratory cultures grown in light/dark cycles (Handa, 1969j 

Darley et al., 1976; Lorenzen and Ka ushik, 1976j VanLiere et al., 1979; 

Hitchcock, 1980). However. day/night variations in protein metabolism of 

Olisthodiscus species has not been investigated, 80 generalizations 

should be considered tenative. 

In view of the low capacity of Ollsthodlscus luteus for nitrogen 

uptake (X approslmately 2 micromolar, Tomas, 1979). it is reasonable • 
to assume that the bloom population was nitrogen limited. Although 

nutrient concentrations during the bloom were below the saturation uptake 

determined for Q. 1uteus (Figure 5-13), it 1s likely that they could have 

been utilized by other algae. The pattern of biosynthesis during the 

decline of the bloom may have reflected the metabolic activity of other 

species in the mixed algal population. Changes in patterns of 
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incorporation of labelled carbon into subcellular material provided 

additional evidence that changes in population physiological state 

occurred during the bloom (Figure 5-15). One interpretation of these 

observations Is t hat as a result of the accumulation of senescent 

biomass, the bulk composition of POM did not reflect the metabolism of aD 

active sIgal population which was distinct from the declining bloom 

population. This would result in a real input of PPAA in excess of its 

proportion in POCo In the following section, 1 propose s everal 

mechanisms which could lead to enhanced removal of protein and the 

resulting discrepancy between production and composition . 

Het Removal of PPM. Relative to poe During the Bloom 

The calculations of net removal shown in Table 5-11 indicate more 

rapid removal of PPAA relative to FOC during the bloom. Referring to 

equation (2), selective grazing (R ) of protein enriched organic matter 
g 

would be a potential mechanism for enhanced PPAA removal. Investigations 

with another Olisthod1cus species, Olisthodiscus luteus, have found it to 

be relatively unpalatable to zooplankton (Verity and Stoecker, 1982; 

Tomas and Deason, 1981). Thus it 1s likely that algae able to utilize 

existing nitrogen concentrations would be selectively grazed (R ). 
g 

Furthermore , grazers may preferentially assimilate protein (Scott, 1980), 

and release fecal material depleted in ni trogen (Small et al., 1983). 

Such activities would suppress the influence of the active autotrophs on 

POM composition, despite their potential importance as a source of 

protein for higher trophic levels. 

Different181 susceptibilities of POC and PPAA to decomposition and 

transformation into noc (RnoC) could also lead to selective removal of 
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F18ure 5-15. 
14 Proportion of total C incorporation associated with 

subcellular fractions of natural phytoplankton populations during the 

8tudy period in Salt Pond. Open bars, hot trichloroacetic acid insoluble 

(lncludins protein); thinly hatched, hot trichloroacetic acid soluble 

(polyaacharride and nucleic acid); densely hatched. lipopbylici solid 

bara, alcohol soluble. 
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protein. As the bloom neared its peak, the bloom species population 

likely became increasingly senescent. Hence. both autolytic activities 

and decomposition of organic matter would have become relatively more 

important in affecting pOM composition (c .f. Jassby snd Goldman, 1974). 

Lee and Cronin (1984) reported that depth dependent 108ses of particulate 

amino acids from suspended particulate matter were ~n~anced in more 

productive aress. Significant extracellular proteolytic action on 

soluble proteins haa been demonstrated (Hollibaugh and Azam, 1983; 

Somville and Bl11en, 1983) and could also serve 8S a mechanism for the 

accelerated breakdown of protein in inactive algal biomass. Release of 

DOC accompanying blooms haa been observed previously, including the 

release of amino acids (Ittekot, 1982). From results of decomposition 

studies (e.g. Harrison, 1980), phosphorus is known to be one of the most 

rapidly reminerslized elements. 
3-P0
4 

concentrations varied directly 

with POC and chlorophyll !. (Figure 5-13), and the observed increase may 

have reflected accelerated decomposition of I)"('g.a rlic matter. Further 

evidence in support of enhanced decomposition was provided by the work of 

Lee and Hicke (mans. 8ub.). They determined that production of 

putreSCine, a polyamine indicative of protein degradation, was 

accelerated during the bloom period. 

Although it is likely that significant chemotrophic production (p ) 
c 

can be ruled out on the basis that dark uptake was not important rela tive 

to total productivity (Table 5-12). secondary production (P
2

) could 

introduce POM relatively low in PPM/POCo This will be a function of the 

physiological state of the bacterial population 8S well as the 

composition of their growth substrate. Fukami et al. (1985) found that 

decomposing a18a1 material was initially enriched in protein due to 
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colonization by bacteria. However, the extent to which th1a type of 

laboratory study can be generalized to natural systems Is questionable . 

As previously JDent!oned, because of the potential. for spatial and 

temporal heterogeneity in sampling, advection or diffusion could bave 

selectively influenced the PPAA/POC ratio. Therefore, for future 

investigations, 1 r ecommend that direct comparisoDs of materiala within 

the incubation chamber be made. 

Physical removal (Rp) such as sedimentation could a1ao be selective 

with respect to PPAA/POC content If more rapidly aedlmenting particles 

were enriched in protein. Lee and Hicke (mans. 8ub.) observed an 

increase in the concentration of putrescine snd ornithine with depth, 

which would be consistent with decomposition of sink1ng phytoplankton 

prote1n. However, diffusive fltD: from the sediment or decomposition of 

allocthonous organic matter such as eel grass could also contribute to 

the levels of these compounds. 

The fact that the bloom consisted of a large-celled flagellated 

organism (Olisthodiscus m8snus) may have lead to a proportionate decrease 

in sedimentation rates . CO2 production below three meters, (as 

determined by changes in concentrstion) apparent ly decreased during the 

bloom (Table 5-13) , but such circumstantial evidence cannot be used to 

infer changes in actual fluz from the mixed layer. It is possible that 

the characteristics of Olisthodiscus ID4gnUS l ed to an incressed residence 

time of senescent biomass in the mized layer, thereby masking the impact 

of the biosynthetic activities of other algae on POM composition. 
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CONCLUSIONS 

This study 1s a first attempt to determine the importance of primary 

inputB of poe and PPAA in c1ontroll1ng their relative abtmdances 1n the 

POM, and to assess the degrlee to which the relative abundances of these 

biochemicals were ind1catlv.e of the metabolic state of the phytoplankton 

population. In addition, plt'oduction of PPAA and FOe was compared to 

observed changes in their concentrations, in order to estimate and 

compare net removal rates mld evaluate the potential impact of 

autotrophic inputs on POM cllmpoe1t1on. 

During the period beforlO! the bloom, the composition of bulk POM 

suggested production by the photoautotrophs. Primary inputs were 

significant relative to obsl!rved concentrations, consistent with the view 

that algal bl08yntheUc act:lvlty was an important factor controlling the 

composition of particulate c)rganic matter. Production exceeded observed 

changes in concentration of POC and PPAA. indica tina that substantial 

amounts of POM were being rC!DIOved from the euphotic system of Salt Pond 

by processes which did not differentiate between PPAA and POC. 

Non-selective removal proceoses which could have been responsible for 

these observations included sedimentation. non-selective grazing, and 

advection and diffusion. 

During the bloom period I' the proportion of total POC production 

associated with particulate protein amino acid production was 

significantly higher than the PPAA/POC ratio in the particulate organic 

]Mtter. In view of low inol:ganic nitrogen concentrations and low light 

intensities, 1t was suggestE!d that the decline of the Olistbodlscus 

magnus bloom may have resulted from both light and nitrogen limitation. 

The fact that the PPAA/POC J:1roduction ratio was higher than the PPM/POC 
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concentration ratio could be explained by turnover of protein 1n excess 

of net synthesis. Other mechanisMs were proposed 8S possible 

explanations of the discrepancy including selective grazing and enhanced 

decomposition of accumulated senescent biomass, which would have 

suppressed the influence of the active photoautotrophs on POH 

composition. 

Discrepancies between primary production and POM composition were 

observed only in a situation of unusually high particulate organic matter 

concentrations and only during a single ssmpling period. In general, 

within the limits of analytical precision, the composition of particulate 

organic matter reflected the blosynthetic activities of the algal 

population. These results are consistent with the view that. during the 

period of study, algal biosynthetic activity was the predominant factor 

controlling the relative abundance of protein in the particulate organic 

matter, and the corresponding flux of protein to higher trophic levels in 

the mixed layer of Salt Pond. 

A major limitation in interpreting these results was the need for 

greater precision and higher frequency in sampling. Nevertheless, this 

study illustrates an approach which can lead to an increased 

underatanding of the compositional dynamics of individusl biogenic 

compounds, and the characteristics of organisms which control them. It 

is my opinion that through careful assessments of the behaviour of 

compounds which are markers of biochemical activities, it will be 

possible to advance our understanding of the role of microbial metabolism 

in trophodynamic and biogeochemical activity in aquatic ecosystems. 
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BIOGRAPHY 

I was born in Newton, Kansas on the 20th of December, 1955e Newton 
is a town In the heart of the Midwest, about 8S far from any large body 
of water 8S you can get while still being in the United States. I began 
Illy gradual migration towards aquatic environllents in 1959 when my family 
moved to Marshfield, Wisconsin, where my father, an M.D. in Internal 
Medicine, joined the Marshfield Clinic . Although MarshfIeld 1& not 
exactly coastal, it was much closer to the Great Lakes snd other bodies 
of water than Kansas . The beauty of northern Wisconsin and Michigan 
lakes Is unique and wonderfu1. My first glimpse of an ocean was In 1965 
when .y family vIe ted Atlantic City (then a pretty resort city) on our 
way to the New York world's fair . I do not remember specifically bow I 
felt about a career choice at that point, but I do know it waa the 
beginning of a lasting love for the ocean. 

Around the seventh and eight grades, after some vascillation between 
the choices of being an M.D. or an oceanographer, 1 decided to make 
oceanography my career. My father supported my choice, and helped me 
research educational opportunities in the field. It was at this point 
that 1 began to realize being an oceanographer entailed more than just 
learning how to scuba dive. FOrtunately, I had an excellent chemistry 
teacher in high school, T. K., Who made the subject an enjoyable 
challenge rather than an unpleasant requirement. 

r I118jored in chemistry during my freshman and sophomore years at the 
University of Wisconsin in Madison. After a semester doing undergraduate 
research on the synthesis of cis, trans-d!cyclopropenes, I realized a 
need for more biological flavor in my studies. Oceanography, it seemed, 
was the ideal vehicle for combining both biological and chemical 
reaearch. I made the decision to transfer to the University of Oregon in 
Eugene in hopes that ita relative proximity to the ocean lIight provide 
more opportunity for I118rine related studies. 

The summer of 1976 I118rked a major transition in my life . My father's 
death led to second thoughts about leaving my family and friends for the 
West Coast. Yet their support of my deCision, and my father's earlier 
encouragement helped lie through this difficult period. Once at the 
Unlveraity of Oregon. I knew I had made the right decision. A slUllller at 
the Oregon Institute of Marine Biology strengthened my desire to study 
oceanography. A course in invertebrate zoology qualified me for a job 
with Beak Consultants of Portland, OR. conducting a brief survey of 
intertidal cOlIIIDunity gradients for Mobil Oil in Puget Sotmd. During the 
following term at the U. of 0., I continued research along these lines 
working under Greg Daly, a graduate student studying tidal gradient 
effects on competition among rocky intertidal invertebrates. 

Although I enjoyed these experiences, I felt they lacked the balance 
between biology and chemistry I was seeking . I took advantage of U. of 
O.'s extensive biochemistry curriCulum, and became involved in a project 
with Dr. Robert Terwilliger using spectropolarimetric techniques to 
compare structures of polychaete hemoglobins. The summer of 1978, I 
returned to Marshfield to work for Dr. Mary Treuhaft at the Marshfield 
Medical FO'lmdation on a project involving the imanmochem1cal 
characterization of thermophilic actinomycetes. I gained experience in 
microbiological techniques which later paid off during my thesis 
research. 
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Returning to the U. of 0., I continued my undergraduate research 
using spectropolarlmetry to study temperature dependent premelting 
phenomena 1n calf thymus DNA. My varied interests resulted 1n my 
graduating with a B.A. 1n biology and chemistry 1n december of 1978. For 
the next few months, I waited for word on my applications to graduate 
programs 1n oceanography and paid the billa by working for my friend and 
advisor, Dr. William Bradshaw, studying the developmental physiology of 
larval mosquitos. 

I was lucky enough to be accepted by the KITPWHOI Joint Program, snd 
traversed the country to the East Coast. The unique nature of the 
program fosters independence and allowed me to choose thesis research 
which drew on my past experiences, and introduced me to new and 
challenging ones . 


