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Phytoplankton use a large variety of nitrogen compounds and are extremely well adapted
to fluctuating environmental conditions by a high capacity to change their chemical
composition.

My

Degradation and turnover of nitrogen within phytoplankton is essential for many processes
including normal cell maintenance, acclimations to changes light, salinity, and nutrients,
and cell defence against pathogens. The pathways by which N degradation is accomplished
are very poorly understood, but based on work in higher plant species, protein degradation
is likely to be of central importance.

" 1. Introduction ﬁ

After carbon, nitrogen is the second most important nutrient in phytoplankton. Relative to
higher plants, nitrogen is also more important in unicellular algac because they lack
structural material (essentially carbon). For example, the C/N composition ratio of higher
plants ranges from 18 to 120 (by atoms) while that of phytoplankton ranges from 5 to 20.
In the marine environment and in contrast to freshwater, nitrogen is also generally
considered to be the element limiting phytoplankton growth.

The very high surface/volume ratio of those organisms also makes them prone to large

exchanges of material with the external medium. e
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Phytoplankton is responsible for around 70 % of global nitrogen assimilation on earth

(Table 1) and is therefore of major importance in transforming incoming solar energy into
biomass.

Table 1: Estimates of global primary assimilation of N by photolithotrophs and the N
species involved
The information given below is based on laboratory studies of phytoplankton under
controlled cultures conditions, with the caveat that only about 10% of the species living in
nature are able to grow under laboratory conditions.

2. Availability and use of different forms of nitrogen ﬁ

A wide variety of N compounds of different oxidation states are available and used by
phytoplankton: nitrate, nitrite, ammonium, molecular nitrogen, organic nitrogen such as
urea, amino acids, peptides, proteins. Because of the very dilute nature of the medium in
which they live, phytoplankton have developed extremely efficient ways of acquiring
nutrients from the surrounding environment. Such acquisition by microalgae can take place
through diffusion, active transport or a combination of both processes. Although
encompassing the activities of several enzymes such as permeases, reductases and
dehydrogenases, uptake is generally modeled according to simple enzyme kinetics
(Michaelis-Menten). The rectangular hyperbola model is characterized by two parameters:
the maximum uptake velocity (Vmax) and the half-saturation constant (Ks).

Vmax depends on the incubation duration, with generally high values for short incubation
times and lower values with longer incubation times for compounds such as ammonium
whose assimilation requires constitutive enzymes. One can distinguish between an
"externally controlled" Vmax, depending on the substrate concentration in the medium, and
an "internally controlled” Vmax, which is due to feedback by products of assimilation. For
compounds such as nitrate whose assimilation involves inducible enzymes such as nitrate
reductase, Vmax increases with incubation time following a period of deprivation for
example.

Ks, the so-called half-saturation "constant", is not really a constant as it can be modified by
the nutrient regime: for example, N starvation will decrease its value on time scales of
hours to days.

When subjected to alternating light-dark cycles, phytoplankton exhibits variations in
uptake, with higher values during the first half of the light period, and lower values in the
dark.

2.1 Nitrate : e gn e et tmece Beeloal

One of the main N sources for the phytoplankton, and one of the most extensively studied,
its concentration ranges between undetectable and 50 pmoIN.1"! in oceanic waters, and up
to 500 umoIN.I'! in coastal waters. Saturation kinetics are observed in the range of 0 to
about 10 pmolIN.I'!, with Ks values ranging from 0.1 to 10 pmoIN.I'l. At higher
concentrations (up to 100 to 300 umoIN 1'1), biphasic or multiphasic uptake systems are
then involved, with Ks values up to 80 pmoIN.I"'. This compound can be toxic at
concentrations above 1000 pmolN.l'l.
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compound can be toxic at concentrations as low as 23 umolN.1™" for some dinoilager o,

[n contrast. some green algae can tolerate levels up to 1000 umolN.17

2.4 Molecular N2

This compound is the most abundant torm of N but it is used only by a particular class ot
phyvtoplankton called cyanobacteria. Among these. only cells with heterocysts can tix N in

presence of oxygen. Otherwise. N fixation is a strictly anaerobic process. N5 reduction o
ammonium is carried out by the enzyme nitrogenase. This process requires a large amount
ot ¢cnergy (4 times more ATP than C fixation for example). Dinitrogen gas enters the cotis
by passive diffusion. Because of its high concentration in seawater (700-1100 umolIN.17" .
there is apparently no active uptake system for this compound.

2.5 Dissolved organic N (DON)

Under this loosely detined term are grouped a huge number of ditferent molecules (urea.
free and combined amino acids. peptides. and proteins).

2.5.1 Urea

This compound contains 2 N atoms and is a good nitrogen source tor many species of
phyvtoplankton. Its concentration ranges from undetectable to 1 umolN.IH in oceanic waters
and up to 25 pmolN.l'1 in coastal waters. Saturation kinetics are observed i toe oo 1250

o
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fevel can be as low as 100 pmolN.l'l for dinotlagellates and as high o~ 7 0 27 o0

coastal diatoms.
2.5.2 Amino acids

Lo s~ ol ree torms (DEFAA) are usually inovery small conee s
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peptides and proteins: renresennt i somenwhat larger pereeniage ©0=20 o0 Rs o Siseived
free forms arc in the range 0.4-130 umol N7 In some species, thicre are two transport
systems. differing in Ks by factors of between 4 and 20.

2.5.3 Humic substances

These are large organic compounds with complex structures adsorbing DFAA. DCAA and
other N-containing macromolecules. They can contribute up to 30% of DON concentration
and represent up to 40% of N uscd by some specics of phytoplankton. probably by direct
uptake or by pinocytosis.

2.5.4 Purines

Adenine and guanine can be used as sole N sources by several species of phytoplankton:
their degradation producis (xanthine. hypoxanthine, and uric acid) can be used as well.
Microalgae sometimes require a long adaptation period (days to weeks) before being able
to use those compounds.

2.5.5 Vitamins

Although present in very low concentrations in natural waters (less than 0.01pmol N.l").
one or more of those compounds (vitamin By, . thiamin. biotin) are essential for

phyvtoplankton growth depending on the specics considered.
2.6 Particulate nitrogen (PN)

I'his class of compounds ranges from 0.1 to 0.4 umoIN.I"! in oceanic waters and up to

900 umoIN.I ! in coastal waters. and is mainly made up of proteins (more than 70%). PN
< be ingested by some members of phytoplankton and thus serve as a N source for
Zrowth. Phagotrophy is induced in some dinotlagellates by nutrient limitation. This change
2 nutrition mode can result in cell size increases up to 60%.

2. Assimilation pathways ﬁr

1

“rate. the most oxidised N compound is reduced to nitrite by the enzyme nitrate
cductase (Ks between 22 and 31000 umolN.l'l). Nitrite is then reduced to ammonium by
o enzyvme nitrite reductase (Ks between 24 and 4000 ptmolN.l']). For ammonium, several
nonways exist. At high substrate concentrations. ammonium assimilation occurs by
coduciive amination of alpha-ketoglutarate by the enzyme glutamate dehydrogenase (GDI L
N~ between 13-40000 umoIN.I™Y). At low concentrations, glutamine synthetase (GS. Ks
~etween 27-1000 pmolN.l'l‘) and glutamate syvnthase (GOGAT) are involved. GS catalyzes
oo reaction of glutamate with ammonium. forming glutamine. GOGAT then catalyses the
wanster of the amido group of ¢lutamine to alpha-ketoglutarate. forming 2 molecules of
Ztutamate. While one of these molecules is reeveled back by GS. the other is at the base of

the formation of amino acids by transamination of the amino nitrogen of glutamate to
various alpha-keto acids (see Figure 1)
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ooto Do oo the o pathwaay's of nitrogen assimilation in phytoplankton (ot

. - Teeoene sde the eelll the molecule s split. the N moiety (NHL Nt
oo ccdaand ey assiiluted and the € motety (CO,) sometimes being relcased

ediunl and sometimes being used as a C source. Amino acids are oy
coead doedhia, or processed by cell surface enzymes (amino acid oxidases) und the

s oa ~eme assimilated. The carbon may be expelled. respired or incorporsicc

Soooas ossentad amino acids. pyrimidines and purines are produced trom ananieror.
e Towecwenss Ao acids can also be produced by protein degradation by extrace: e

Do teases osection Yy and N reeveling within the cells (section 8).

4. Accumulation and storage ﬁr
4.1 Inorganic compounds
N\ canaccumulate inside the cells at several stages of the assimilation process. In the case

nrates with maxtmum  values up to 30% of cell N. This can lead to luvin o
concentration differences between the inside and the outside of the cell.

[he second compound along the metabolic pathway is nitrite. and is generally not found o
accumulate to any great extent (less than 1% ot cell N), probably because it ditfuses readil
through the cell membrane to the external medium.

The extent of ammonium accumulation is similar to that of nitrate and amino acids i1 both
N-sulticient and N-starved cells (Figure 2).

Figure 2: Percentage of N found in difterent forms within N-suiticion: ond Novam o
phytoplankton cells. Bars represent mean values; error bars show the uprer oo e

values. The lower range (equivalent to the mean minus the crror pur v 0 <

The importance of these pools will depend on the species. its nUIivigt S, wid w0 & 5
ot duv. They also represent transient accumulation pools mostly oo o0 .
hetween uptake and reduction processes. or between two steps vl redoci. o

Phe issing Noin Figure 2 could be lipid N. proline or »soeic 0 o L L
CN I Leation.

4.2 Orzanic compounds



Proteins: represented mainly by onsyvmos weses saps e G e -
those by Rubisco. the most abundant ¢y mic in te woric which s rospensi™ o for carmen
fixation in autotrophs. It can be stored in an inactive "ervsialline” form in some NECURN

Phycobiliproteins can be used as an \ store in cvanobacteria.

Peptides: very diverse group with numerous functions. Among those. the following may be
noted.

Glutathione: tri-peptide (gamma-glutamylcysteinglycine) responsible for intracellular
detoxification of metals; precursor for phytochelatins.

Phytochelatins: small sulthydril-containing peptides. with heavy metal-binding properties.

Amino acids: besides the usual 20 amino acids. there are more complex forms. which have
specialized functions. For example. mycosporine like amino acids are UV absorbing
compounds which are accumulated and also excreted in the medium. Others. such as B-
dimethylsulphoniopropionate. glycine betaine and homarine. are used in osmoregulation.

Urca: transient accumulation ratios up to 3000 have been observed for cells with large
vacuoles.

Vitamins: used as growth cofactors; some species require some vitamins and others
produce them.

Vitamin B, (14 N atoms): cofactor in reactions with intramolecular shifts of C or H and in

group transfer reactions

Thiamin (3 N atoms): cofactor in decarboxylation of alpha keto acids.

Biotin (2 N atoms): cofactor in carboxylation and transcarboxylation reactions.
'oxic products

Saxitoxin (7 N atoms): one of the most toxic non-protein substance known: produced by
dinoflagellates. it represents a N storage form when excess N is present in the growth
medium. This compound is a sodium channel blocker and is responsible for Paralytic
~hellfish Poisoning (PSP)

Domoic acid (1 N atom) is responsible for Amnesic Shellfish Poisoning (ASP)

Curt of the molecule is similar to glutamate. which acts as a neurotransmitter.

2. Nutrient classification and preferences @'

Newovs, regenerated production: this conceptual framework was proposed for a two layer
ceean and distinguishes mainly two N sources: nitrate and ammonium. Nitrate. coming
from deeper layers of the occan and supplied to the euphotic zone by either advection or
Jittusion fuels new production (NP, In contrast. ammonium. produced in the euphotic
sone by zooplankton excretion or mincralization of organic matter by bacteria fuels
ceencrated production (RP). To be compicte. trea has to be added to RP and molecular N



o NP,

voen s avatlable under several forms. phytoplankton will cither ase one 0
Jcpcml g on the experimental conditions. It may also use one izt AMOUNERIN
whers Porexample. Jarge phytoplankton such as diatoms generally \mm Apreiio e
wrates while smaller forms such as flagellates use ammonium preferentiay

Theomost extensively studied interaction is that between nitrate and ammoniun o
spiabe Tevel Two distinet processes can be identified: preference and inhibition. w0«
welative importance depends on environmental conditions and species.

I cierence can be assessed by comparing Vmax values for each N source separatel . O

Sort ume scales (minutes to hours), Vmax for ammonium Uenuall) exceeds (up W e
13:*.*@\) Vimax for nitrate. On longer time scales. the difference is smaller. due o 1o
2uducible nature of the nitrate uptake system (see section 2). Ks for ammonium uptiane .o
«~eeenerally lower than Ks for nitrate uptake.

I'rom an energy point of view. ammonium uptake requires less reducing power than nitraie
ol ( lable 2). and this can explain the increased preference for this N compound wi o
\: n lL\ cls. At high light. nitrate can be used as an electron sink to prevent photoinhiviz
fenage to photosystem 1. so this could be a reason for nitrate preference under ceriain

L'Ul‘dlllon,\.

Table 2: The cnergetics of CO, and N assimilation

Inhibition of nitrate uptake by ammonium is a complex phenomenon. depending on species
and environmental conditions. This interaction ranges from no effect to complete inhibition
ol nitrate uptake by ammonium. The ammonium concentration threshold ranges from .1

0 90 pmolN.l'l. Increasing the concentration of nitrate sometimes mitigates such
inhibition. indicating competitive inhibition. Low light or darkness may also favor this
phenomenon. In some cases. nitrate can inhibit ammonium uptake, and small amounts of
ammonium can stimulate nitrate uptake.

6. Plasticity in cell composition ﬁr

Under the influence of changing environmental conditions. phytoplankion has a
remarkable capacity to adapt its chemical composition. For example, under N\ ~tnvation.,
they will continue to photosynthesize and divide, therefore reducing their N\ content,

Depending on the number of cell divisions following N exhaustion trom the nedio, this
N content can decrease by a factor of three to tfour. All compounds will decreace wnacs
such conditions. except DNA (Figure 2). The main N storage roson o~ 0
chiorophyll-protein complex and the enzyme Rubisco. which can revvesent o e 3000 0
solubie proteins. A net decrease in cellular protein may also be induced v b hr=ovie
o el

\lthouveh accounting for less than 1% of cell N. chlorophy 1l o < frmem = el -

taevesting molecule. Tts cellular content can decrease by a fuctor a5 -~ F -

s ~apply and by a factor of ten during N starvation.



7. Overflow mechanisms: excretion and release processes ﬁr

The accumulation of internal pools of N compounds will lead to their release in the
cxternal medium along a concentration gradient. Of all the nitrogen compounds studied.
nitrite appears to be the one most prone to being released during nitrate assimilation.
Release rates in a wide variety of species ranged from zero to 100% of nitrate uptake. This
is due to the nitrite reductase being a limiting step in the assimilation of nitrate. Factors
nfluencing such a process include light intensity. temperature, growth rate, nitrate
concentration, and the N deficiency of the cells. Following release. nitrite is generally
taken back up by the cells once the nitrate is exhausted. This occurs under low PAR and is
thought to be due to the light requirement of nitrite reduction.

Ammonium has been found to be released from cells upon increases in irradiance. This can
represent up to 80% ot nitrate uptake by diatoms.

DON: release as a pereentage of gross N uptake ranges from 0 to 76 %. the higher values
X o fom o o o

being exhibited by the cyanobacteria. Most of this material is not well characterized, but

probably consists of amino acids. peptides and proteins. Apart from passive diffusion

processes, there can be occasional considerable losses of cellular material due to

protoplasm lysis during cell cycle events such as spermatogenesis induced by recovery

from N starvation or by silicate limitation in diatoms.

8. Recyeling of nitrogen within the cell ﬂr

from Figure 1. it can be seen that ammonium is central to N assimilation. It is also central
1 N\ recycling in phytoplankton. While most of this aspect is dealt with in section 9. we
will briefly mention the process of photorespiration here as it appears to be important in
wrms of N flux inside the cell. From the point of view of nitrogen, photorespiration is the
production of ammonium from the transformation of glycine into serine, a pathway
~volved in protein turnover. This {lux may be ten times greater than that through primary
N assimilation (compare Table 1 and 3). This ammonium is refixed by glutamine
- thetase 1into glutamate.

liable 31 Estimates of NH / NI, reassimilation related to the photorespiratory carbon

oxidation cycle and to phenylpropanoid synthesis

9. Degradation

9.1 Requirements for and roles of degradation

\irogen-containing compounds within phytoplankton cells must be degraded and turned
wer as part of normal cellular maintenance. The situation is best characterised for proteins.
cach of which have schedules of synthesis and degradation regulated by a range of
cnvironmental factors. For example. Rubisco is generally turned over in a period of days.
while NR is turned over on a scale of hours. In contrast. the D1 protein of the Photosystem
IT reaction centre turns over on a scale of minutes. To some extent. the rates of turnover
provide the means for cells to acclimate to changing condition.

In addition. however. degradation can be activated in response to environmental and life



histony factors. Examples of such factors include:

@ Acclimation to changes in irradiance. Increased irradicoice oo wos
d&:mdat ion of pigments (e.g. chl @ or phycobiliproteinsi. ind dc_’::‘:;;.'.;\-;i .
orem complexes associated with ptgments. Decreased rradiaree oo ros
u;\Jdatmn o' photosynthesis-related enzymes such as I\uh\w. Pader s -
optimual irradiance. degradation may also be used to shut down photosvns o«
avoid cellular damage: one important step in such an “emergency ™ ~iraiess s

deerade the D1 protein ot Photosystem 1.

b) Acclimation to changes in salinity. For some species. concentrations of \-
containing compatible osmolites such as glycyl-betaine must be adjusicd .-
conditions change. Degradation provides one means to remove them.

¢) Acclimation to changes in nitrogen sources. As discussed above. cells have the
ability to alter use of N-sources depending on availability. Many species of
phytoplankton degrade the nitrate uptake system. and the enzymes NR and NiR. usod
for nitrate acquisition, when 010\)\111& on ammonium. When alternative N-sources are
available. many N,-fixing species will degrade the nitrogen fixing enzvmes and

sometimes the special structures (e.g. heterocysts) required to fix nitrogen.

d) Degradation to release stored nitrogen during periods of extraordinar
requirement (e.g. acclimations which require protein synthesis), or during periods ol
N-starvation. Clearly. cells could derive benefit from degrading compounds that arc
not currently being used in order to support synthesis of N-containing compounds
that are immediate required.

¢) Degradation of N-containing compounds for energy in periods of darkness.
Proteins and other N-containing macromolecules could provide sources of enerey i
respiratory pathways. Degradation of amino acids that could enter such pathway ~ is
therefore nccessary.

{) Acquisition of nitrogen in periods of heterotrophic growth or to supplement \-
requirements during photosynthetic growth. As previously mentioned. o laroe
portion of dissolved organic material in marinc ecosystems is in the form of
macromolecules such as dissolved proteins and peptides. Little is known about the
precise pathways of acquisition. but given the cell’s poor ability to transport such
compounds, some degree of degradation is probably required (for example
extracellular proteases or amino acid oxidases).

¢) Removing damaged or mis-synthesised N-containing compounds (e.g. proteins
and nucleic acids). During periods of stress. such as nutrient limitation. exposure 1o
clevated UV radiation or exposure to toxic compounds. macromolecules in cells may
become damaged and the machinery involved in synthesis of proteins and nucleic
acids becomes prone to errors. For example, cross-linkages can be formed in DN A
strands. which can interfere with transcription and replication. In terms of proteins.
mis-folding. loss of structure and oxidative damage are all found. Repair of such
damage required degradation of the damaged or mis-synthesised compounds.

2i Morphological rcorganisations such as creating resting  sidgos, sdociaeised
~waetures like heterocysts, and reproductive ph;i,\u. \am aREE ;\l.:r;»\:. SRR
citterent life history stages that are morphologically distine. 1 R .



special cysts that act as resting stages. while many other species form specialised
reproductive cells. for example. Degradation of N-containing compounds in existing
cell structures is required every bit as much as synthesis of new ones.

f) Cell defence. Degradation of N-compounds may play key roles in defence against
parasites and pathogens. This is discussed in more detail below (sce 9.4).

g) Creation and removal of intra- and inter-cellular signals. Cells produce a range of
intra- and extracellular compounds (e.g. signaling peptides, and toxic compounds).
the functions of which are still poorly understood. Some of these compounds are the
result of degradation of larger N-containing compounds within the cells. thus
requiring degradation. Alternatively, removal of such signals requires their
degradation.

h) Degradation as a part of cell death phenomena. Processes of cell death within
phytoplankton are only beginning to be examined. This is perhaps the ultimate
degradation process for a phytoplankton cell and is discussed below (see 9.4).

9.2 How is degradation accomplished?

Virtually nothing is known about the degradation of most nitrogen-containing compounds
in phytoplankton. Even in the case of those that are better understood. the understanding is
phenomenological rather than mechanistic. Much of the information in this section is
drawn from what is known for higher plant systems. How applicable this may be is not yet
clear.

Degradation is accomplished by enzymes within the cell. Regulation of such enzymes is
necessarily strict: cells could not last long if this were not the case. There are three main
methods of accomplishing this regulation:

a) Compartmentalise the enzymes within the cell and base control on the selective
transport of N-containing compounds into the compartment. From what we
understand at present. the vacuoles of phytoplankton cells may be the important
compartment for degradation: in this respect. they are comparable to the lysosomes
of animal cells. Vacuoles tend to have a lower pH that the cytoplasm, and have a
wide range of proteases that exhibit optimal activity at lower pH.

by Target compounds for degradation by selectively labelling them. This would
allow the enzymes to sclectively recognise and degrade only the desired compounds.
\n example of such a mechanism is the ubiquitin-labelling of proteins.

¢) Regulate the enzymes themselves through activation/inactivation mechanisms or
energy dependent pathways. This ensures that the enzymes remain inactive until
required (i.e. in the form of an inactive zymogen, or inactivated through a
mechanism such as phosphorylation). or simply cannot act until a source of energy is
supplied (e.g. activation of some enzymes using associated ATP hydrolysing
acuivity). Examples include the digestive enzymes of some facultative heterotrophic
species, and the ATP-depended proteases found in chloroplasts.

[n terms of the enzymes themselves. almost evervthing that is known about degradation
mvolves proteins. There is virtually nothing known about. for example, the nucleases that
could degrade RNA and DNA. or about the degradation of the complex molecules like



toxins and  phytochelatins. Some details are available for chlorophyllases oo os
mvolved in the deeradation ot chlorophyll ¢) from marine diatoms. The activiny 00 s0
enzames is potentially quite high (indeed. they can pose a threat to quantitative oot
of chlorophyvll. a common procedure in oceanographic research) and they man ™o
compurtmentally regulated. because degradation proceeds very rapidly wher colis oo
homogenised.

Fieure 3: Major proteases and protein degradation pathways within phytoplankton cclls.

Proteases activities have been examined in relatively few phytoplankton species. howener
bacterial. animal and higher plant proteases all share fundamental characteristics. so
extrapolation from these svstems is probably warranted. Proteases are traditionally divided
into tour classes. based on the key amino acid found in the active site of the enzyme: serine
proteases. cysteine proteases. aspartic proteases and metalloproteases. These divisions are
based on inhibition by specific inhibitors (e.g. phenylmethanesulfonyl fluoride specitically
inhibits serine proteases). activation of the enzyme by thiol groups (e.g. the cyvsicine
proteases). different pH optima (aspartic proteases are active in acid pH ranges). or the
requirement for metal ions (metalloproteases often require zinc). More recently a number
of enzymes have been characterised that defy such a classification systems because thev
exhibit mixed characteristics and even multiple activities. Protease activities arc also
classified by the nature of the cleavage that is catalysed. Proteases that recognise particular
amino acids sequences within a protein and cleave it internally are termed endoprotcascs.
or proteinases. In contrast, other proteases cleave from the end of proteins. either the end
with a free amino group (termed aminopeptidases) or the end with a free carboxylic acid
(termed carboxypeptidases).

Based on data from higher plants. vacuoles are likely to contain a wide varicty of proteases
active at low pH. In phytoplankton cells that have been examined to date. however, the
majority of activity seems to be concentrated in the higher ranges of pH. from 7 10 9. in
contrast. there are relatively tew proteases characterised from the cytosol ot celis in
cukaryotic cells a large (600-900 kDa). multi-subunit protease with multiple activitics. the
proteasome, is found. Many details of proteasomes remain unclear. but this protease
complex appears to be involved in what is termed the ubiquitin-dependent protcolytic
pathway. Ubiquitin is a highly-conserved 76-amino-acid peptide that can be covalentiy
coupled to target proteins. Such labelling can be used to target a protein for degradation.
thought the mechanism of selection is still not well understood. Proteins labelled with
multiple ubiquitin molecules (poly-ubiquitinated proteins) are rapidly degraded by the
proteasome. In contrast with many other proteases. the products of the reaction catalysed
by the proteases tend to be free amino acids rather than smaller peptides. There is evidence
that the majority of protein turnover within higher plant cells may occur via the
ubiquitin/proteasome pathway.

Within prokaroytes and organelles of eukaryotic cells that have evolutionary roots in the
prokarvotic domain. ubiquitin and proteasomes are not found. Indeed. relatively little is
known about how protein turnover is accomplished in these species or in organelles such as
he chloroplast and the mitochondrion. One system found in bacterial cells 1s termed the
I protease. This protease is ATP-dependent. and evidence has been tound for a related



system in the chloroplasts of higher plants.

Extracellular of cell-surface-related proteases have also been identified. These have tended
to be in the aminopeptidase and carboxypeptidase classes. 1t is hypothesised that these
enzymes may have roles in cell defence or in nutrient acquisition. but this has not been
established. It would seem rather inefficient in a dilute system such as seawater to produce
and release proteases into solution.

9.3 Variation in degradation

Little has been established regarding N-turnover and rates of degradation in marine
phytoplankton. As discussed in section 9.1. these rates are critical for many processes
within cells, and the lack on intformation on degradation rates and their variations is thus a
serious gap. In addition to the implication for rcgulation of individual protein and
requirements for nitrogen. it is worth noting that rates of growth depend not only on
acquisition of N, but also on rates of N recycling and loss. Traditionally. experiments have
focussed only on rates of nutrient uptake: much remains to be done.

9.4 Pathogenesis and Cell Death

Iwo exceptional cases of N-degradation in phytoplankton deserve special attention
because of their implications. There is growing appreciation that mortality in
phytoplankton species can be cause by a variety of organisms, principally bacteria and
viruses. Moreover, there is speculation that some forms of mortality may involve the active
purticipation of the phytoplankton’s own degradatory capabilities. These phenomena have
been variously classified as «lysisy, and in the latter case. terms like «autocatalysed
mortality» or «natural mortality» have been used. By analogy with processes described in
multicellular organisms, terms like «cell  suicide», «programmed cell death» and
~proptosisy have been used.

in the case of pathogenesis. there are many potential roles for N-degradation. Many toxic
N-containing compounds may exist and the ability to detoxify them by degradation is a
possibility that has received little attention. Bacterial attachment to phytoplankton cells is a
potentially important step in mortality. and the adhesive mechanisms seem to involve N-
containing compounds as well. Cell surface-active proteases may therefore play a role here.
fn the case of viral infection. protein and nucleic acid degradation may be important
Jv.once mechanisms. Viruses essentially hijack the phytoplankton cell’s protein machinery
4id turn it over to production of viral nucleic acids and proteins. Infected cells might
werelore have significant advantages if they possessed mechanisms to degrade foreign
proteins and nucleic acids. In more extreme cases, inducing their own death might be a
aseful strategy. Consider the casce of a phytoplankton cell in a clonal bloom. If infection
with a virus occurred. the cell is at risk of producing more viruses which would infect the
popalation. If the cell activated a “suicide” mechanism. the virus would be stopped. Such a
mechanism is not necessarily altruistic because the organisms saved would be genetically
tdentical to the dying cell.

Based on our understanding of cell death in multicellular organisms, a division can be
made between necrosis and apoptosis. Necrosis is characterised by swelling of cells, and a
general breakdown of cellular structures in a disorganised manner. It is generally though to
result from external injury to the cell. Apoptosis, in contrast, is much more ordered.
Nucleic acid and proteins arc systematically degraded as specific proteases and nucleases
are synthesised and activated. Some organelles like the nucleus are targeted. while others



tke the chloroplast are initially spared. Cells condense. shrink and lvse with "¢
~omaining after the process is complete. Apoptotic cell death often results from exev.o
~tacell death programme. often in response to a relatively minor external stimulus.

Tnoat least one species of marine phytoplankton, there is evidence for apoptotic cell aeatn.
~ased on morphology and biochemical evidence. In addition to gross morpholosic
changes 1o cells, systematie degradation of nucleic acids and activation of a ¢luss !
mroteases called caspases have been observed. Caspases (Cysteinly ASPartate-speciic
rroteinASES) are at the heart of a cell death pathway that is highly conser o
evolutionarily. The precise triggers, characteristics and incidence of cell death in marine
rhytoplankton is currently unknown.

10. From uptake to growth: time-lag phenomena ﬂr

['he accumulation of nitrogen in intracellular pools at several stages of the assimilation
process introduces time lags between nutrient uptake and cell division, which represents
the integration of several processes. These lags will depend in part on the species invol ed.
Ivwo main strategies emerge at the genus level. One is the "growth" response. exhibited by
genera which do not accumulate internal pools of inorganic nitrogen. whose uptake and
crowth are closely coupled. and which therefore process nutrients very rapidly into ceils,
The other is the "storage" response. found in genera which accumulate large pools of
morganic nitrogen. present extensive uncoupling between uptake and growth. and cxhibits
lags in ccell division of up to 24 hours following nutrient resupply. The latter response tvpe
presents an ecological advantage when the nutrient pulsing {requency is lower than the cell
division rate: the first response type providing a competitive advantage at high frequency
pulses.

11. Relationships with carbon metabolism ﬂr

From the chemical composition of phytoplankton (FFigure 2) it can be expected that  jot ¢f
the nitrogen will be dedicated to the formation of proteins. and more specially ribuose
biphosphate carboxylase. Carbon and nitrogen assimilation processes both compeie ‘or

energy which is necessary to form biomass.

At the amino acid step (Table 2), N assimilation requires C skeletons in the torm ot
ketoacids. which are intermediates of respiratory metabolism.

FFor N-limited cells in the light. an addition of inorganic N will lead to a reduction in net
carbon fixation on time scales of minutes to hours depending on the magnitude ot the
nutrient pulse. This initial reduction can be due to several reasons: reduction in gross
carbon fixation, increases in respiration, or increase in organic carbon release. This
reduction will then be followed by a stimulation of C. which is due to a general
improvement in the nutritional state of the cells.

For N-limited cells in the dark. an inorganic N addition will lead to a stimulation ot C
fixation. This effect is related to the oxidation state of the N compound added. ammonium
lcading to the strongest stimulation. This is called anaplerotic C fixation that is linked 1o
warine actd syathests.

Future directions:



A knowledge of time and space scales of variability in nutrient concentrations in the oceans
and in Ks should point out directions for laboratory studies of uptake processes. Gisen te
bewildering diversity of this class of organisms (in terms of size only . cell diameters range
from 1 (0 2000 um). estimates of nitrogen utilization by phytoplankton should be improved
by taking into account interspecific variability. Non invasive techniques for measuring
relcase of compounds by delicate organisms would be most welcome.

We need to characterise the major protease systems within phytoplankton and discover
how they are related to the systems we understand in bacteria, animals and higher plants.
Because phytoplankton are so taxonomically diverse, there is likely to be substantial
variation. Pathways of lysis and cell death in phytoplankton are very poorly characterised:
we need to examine the phenomena in a range of different species and determine what
importance it has in cell physiology and ecology of phytoplankton species.

o
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Glossary, Abbreviation and Symbols ﬁr

Advection: movement of water masses

\naerobic: living in absence of free oxygen

Anaplerotic: replenishing reactions

Apoptosis: a process of cell death involving ordered degradation and often associated with
cell death programmes

ATP: adenosine triphosphate. energy rich molecule

Euphotic zone: upper layer of the oceans where light penetrates

C: carbon

Caspases: Cysteinly ASPartate-specific proteinASES that are involved in apoptotis

Chl a: chlorophyll a. the key photosynthetic pigment in phytoplankton

Chlorophyllases: chlorophyll-degrading enzymes

Clp protease: an ATP-dependent protease found in prokaryotes that serves a similar
uncton to ubiquitin in cukaryotes: the organelles of eukaryotic cells may possess
analogous proteases

D1:a core protein in the reaction centre of Photosystem I1

Endopeptidases: proteascs that cleave in the middle of proteins

E.xopeptidases: proteases that cleave from the terminal ends of proteins

Glycyl-betaine: a peptide used as a compatible solute for osmoregulation in algae
GOGAT: glutamine-oxoglutaratc aminotransferasc

Half-saturation constant: value of substrate concentration at which the uptake rate is half
the maximum uptake rate

Heterocyst: a spectalized cell in the tilaments of cyanobacteria where N fixation occurs

N: nitrogen

Necrosis: a process of cell death involving a disorganized disintegration and usually
associated with cell injury

Nitrogen fixation: reduction of N\ gas to an inorganic form. which can be assimilated: this



abiliy 1s limited o prokaryotes

NP new production. based mainly on nitrate

\R- nitrate reductase: the enzyvime involved in reducing nitrate to nitrite and a kev ~ten -
vreae assimilation

OG: oxoglutarate

Phagotrophy: ingestion of particles

Photoautotrophs (or photolithotrophs): light-dependent self-feeders; organisms sing
Jdehtas sole energy source and inorganic nutrients for biomass synthesis
Phycobiliproteins : the key photosynthetic accessory pigments in red algae and
cvanobacteria

Phytoplankton: photoautotrophs that are frec-floating in the water; unicellular algac which
can sometimes form chains

Pinocytosis: ingestion of surrounding fluid by cell

Proteases: generic term for protein degrading enzymes

Proteasome: a large protease found in eukaryotic cells. which has multiple protease
activities and participates in degradation of proteins that have been ubiquitin-labeled

RP: regenerated production, based mainly on ammonium

Rubisco: Ribulose biphosphate carboxylase

T: tera (10'2)
UBQ: ubiquitin- a small, highly conserved protein that is covalently attached to protcins
that have been targeted for degradation: found in eukaryotic cells
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