Vol. 62: 61-72, 1990

MARINE ECOLOGY PROGRESS SERIES
Mar. Ecol. Prog. Ser. |

Richard B. Rivkin

Horn Point Environmental Laboratories, University of Maryland, Cambridge, Maryland 21613, USA

Photoadaptation in marine phytoplankton:
variations in ribulose 1,5-bisphosphate activity

Published April 5

ABSTRACT: The rates of photosynthesis and the activity of ribulose 1,5-bisphosphate carboxylase
{RuBPCase) were concurrently measured for phytoplankton in laboratory cultures and isolated from
natural populations. Both photosynthetic capacity (Pmax) and RuBPCase activity were greater tor
phytoplankton adapted to high than low irradiances. Using single-species radioisotope techniques, the
irradiance-dependent rates of photosynthesis and the RuBPCase activity of Ditylum brightwellii and
Ceratium lineatum, 2 common coastal phytoplankton, were measured at a Chesapeake Bay, USA,
plume front. The photosynthetic characteristics and RuBPCase were clearly dependent on the photic
regime. The species-specific Pmax and RuBPCase activity was similar for phytoplankton isolated
throughout the water column on the well-mixed, oceanic side of the front and within the surface mixed-
layer on the stratified, estuarine side of the front. In contrast, these photosynthetic parameters were
significantly lower for the same species isolated from below the pycnocline upstream of the frontal
interface. Changes in RuBPCase correlated (p = 0.01) with those in Pmax; for light-limited and
-saturated phytoplankton in culture and from natural populations, the relationship was linear and
significant. The coordinate pairs of Pmax and RuBPCase from all the laboratory and field, i.e. all stations
and depths, experiments were fit to the linear regression {n = 84) RuBPCase = —1.686(* 7.675) + 0.677
Pmax(* 0.043); r* = 0.872. Variations in Pmax are commonly used to describe the photoadaptations of
phytoplankton from different photic regimes. The results of this study suggest that the temporal and
spatial variations in RuBPCase may be a useful photoadaptive parameter for phytoplankton in nature.

INTRODUCTION

Ribulose 1,5-bisphosphate carboxylase (RuBPCase;
E.C. 4.1.1.39) is ubiquitous in autotrophic organisms; it
comprises 20 to 40 % of total plant protein and is the
most abundant enzyme in nature. RuBPCase catalyzes
the reduction of CO, during the Calvin cycle. Thus, its
activity and concentration governs the maximum rate
of light-dependent inorganic carbon assimilation. The
factors which regulate this enzyme would influence the
rates of carbon uptake and ultimately growth. The
genetics, structure and regulation of RuBPCase has
been studied extensively in higher plants (e.qg. Lorimer
1981, Yoeh et al. 1981, Miziorko & Lorimer 1983,
Akazawa et al. 1984, Kobza & Seemann 1988), but not
in microalgae (Estep et al. 1978, Appleby et al. 1980,
Hobson et al. 1985, Plumley et al. 1986, Newman &
Cattolico 1987). Despite the obvious biochemical and
physiological importance of RuBPCase, there have
been surprisingly few systematic studies on the rela-
tionships between RuBPCase, or the fB-carboxylating
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enzymes, phosphoenolpyruvate carboxylase (PEP-
Case; E.C. 4.1.1.31) and phosphoenolpyruvate carb-
oxykinase (PEPCKase; E.C. 4.1.1.49), and the more
commonly measured photosynthetic or growth charac-
teristics of microalgae (Hellebust & Terborgh 1967,
Holdsworth & Colbeck 1976, Beardall & Morris 1978,
Glover & Morris 1979, Smith et al. 1985). In this study,
the relationship between photosynthesis and RuBP-
Case was examined for several marine phytoplankton
from laboratory cultures and from natural populations.

Previous laboratory studies suggest that the rate of
light-saturated photosynthesis, i.e. Pmax, and the
activity of RuBPCase can co-vary and that both may be
influenced by temperature, irradiance, photoperiod
and ambient nutrient concentrations (Beardall & Morris
1978, Harris 1978, Senger & Fleischhacker 1978, Morris
1981, Li & Morris 1982, Hobson et al. 1985, Descolas-
Gros & Billy 1987, Mortain-Bertrand et al. 1987, Guy et
al. 1989 and others). However, within natural phyto-
plankton populations Pmax and RuBPCase are not usu-
ally correlated (Glover & Morris 1979, Smith et al. 1983,
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Li et al. 1984, Smith & Platt 1985, Mortain-Bertrand et
al. 1987). The absence of a significant relationship may
reflect incorporation of **CO, by metabolic pathways
other than the Calvin cycle (Glover et al. 1975, Beardall
et al. 1976, Holdsworth & Bruck 1977, Mukerji et al.
1978, Mortain-Bertrand et al. 1987, Mortain-Bertrand
1988 and references cited therein). Alternatively, since
a phytoplankton community contains many species,
each with potentially distinct rates and patterns of
photosynthesis, distinct kinetics of photoadaptation to
the ambient light, nutrient or temperature regimes and
distinct ratios of carboxylating enzymes, the response
of the intact community may obscure significant phy-
siological relationships of the individual component
species. In this study, single species techniques were
used to examine the relationship between photosyn-
thesis and RuBPCase for net-phytoplankton from
natural populations.

The rates of phytoplankton production and growth in
the ocean are influenced by the turbulent motion
within the surface mixed layer (Harris 1980, Lewis et al.
1984b). Rates of vertical mixing have been estimated
by concurrently measuring the vertical distribution of
several irradiance-dependent photosynthetic charac-
teristics, i.e. photosynthesis-irradiance curve parame-
ters, fluorescence yield etc., for phytoplankton within
the mixed layer (Falkowski 1983, Lewis et al. 1984a,
Cullen & Lewis 1988). Evaluating the consequences of
vertical mixing on the rates of photoadaptation requires
the precise measurement of the rates of change of the
photoadaptive parameters and an understanding of
how phytoplankton integrate their variable photic
environment. One of the objectives of this paper was
to determine whether RuBPCase activity is a useful
photoadaptive parameter for phytoplankton in nature.
This was done by (1) concurrently measuring the RuBP-
Case activity and irradiance-dependent rates of carbon
uptake for cultures of phytoplankton adapted to growth-
limiting and saturating irradiances; (2) developing the
protocol to routinely measure the activity of RuBPCase
in individual species of net-plankton isolated from
natural phytoplankton populations; and (3) measuring
the photosynthesis-irradiance (P-I) relationship and
the RuBPCase activity for individual phytoplankton
species isolated from distinct photic regimes. The field
work was carried out at a Chesapeake Bay plume front.
Frontal regions are often characterized by elevated
planktonic biomass and production (Pingree et al.
1975). The same phytoplankton species frequently
occur on the well-mixed and stratified sides of a front
(Holligan et al. 1984), therefore a range of photoadap-
tations may be found over relatively small spatial
scales. Using high resolution single-species radio-
isotope techniques (Rivkin & Seliger 1981, Rivkin &
Voytek 1985, 1986, Rivkin & Lessard 1986), a signifi-

cant (p = 0.01) linear relationship between RuBPCase
and photosynthetic capacity was found for phytoplank-
ton in laboratory cultures and natural populations.
These results suggest that temporal and spatial varia-
tions in RuBPCase may be useful to describe the photo-
adaptations of phytoplankton in nature.

METHODS

Culture. Unialgal cultures of Skeletonema costatum
(Clone SC-1), Ditylum brightwellii (Clone L-1332),
Duanliella tertiolecta (Clone DUN) and Protogonyaulax
tamarensis (Clone 429) were grown in one-half
strength 'F' (F/2)-enriched 30%. salinity seawater
(Guillard & Ryther 1962) at 15 = 1°C with a 12h
L:12h D photoperiod of fluorescent illumination. For
the diatoms S. costatum and D. brightwellii, the sea-
water medium was supplemented with 75 uM silicon.
Batch cultures were inoculated to a low initial cell
density and irradiances were adjusted by covering
culture flasks with neutral density filters. Cultures were
preconditioned to their incubation conditions for at
least 1 wk prior to experiments. Routine cell counts
were done with a haemocytometer (S. costatum and D.
tertiolecta) or Palmer-Maloney (D. brightwellii and P.
tamarensis) counting chamber. Cell division rates
(doublings d~!) were calculated from the least squares
fit of the relationship between the logarithm of the cell
abundance and time in days.

The photosynthetic characteristics, chlorophyll a
(Chl a), and activity of RuBPCase were determined for
exponentially growing phytoplankton adapted to sev-
eral growth limiting and saturating irradiances. One of
the objectives of these experiments was to develop the
protocol to routinely measure the RuBPCase of indi-
vidual species of phytoplankton isolated from natural
assemblages. Thus, the RuBPCase activity was com-
pared for the same species of phytoplankton collected
and assayed by the traditional method of filtering large
numbers of cells from suspension with that of isolating
cells individually (Rivkin & Seliger 1981, Rivkin 1985).

Analytical procedures. Chl a was assayed (n = 3 or
4) fluorometrically by filtering the cell suspension (in
the laboratory) or particulate material (in the field) onto
Whatman GF/F glass fiber filters as previously
described (Rivkin et al. 1982). The fluorometer was
calibrated with pure Chl a.

The P-I relationship was determined for algae grown
at several growth-rate-limiting and saturating irradian-
ces. Triplicate subsamples inoculated with NaH"“COj,
to a final activity of ca 0.1 uCi ml~! were incubated at 9
irradiances (2 to 400 uE m~2s™!) for ca 1 h. Experiments
were terminated by filtering cells onto 25 mm diameter
Whatman GF/F filters. The P-I curves were fit to a
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hyperbolic tangent equation (Jassby & Platt 1976) and
the parameters of maximum photosynthetic capacity
(Pmax) and slope of the light limited region of the P-I
curve (o} were determined as previously described
(Rivkin & Putt 1987).

RuBPCase activity was measured by a modification
of the assay described by Glover & Morris (1979).
Filters, or cells isolated by micromanipulation, were
placed into 7 ml glass liquid scintillation vials with
0.3ml of 1% Triton 100X and immediately frozen
(—20°C) until RuBPCase was assayed. The vials were
thawed at 15°C, i.e. the growth temperature, and
1.0 ml of the assay mixture containing 70 mmol Tris-
HCI (pH 8.0), 15 mmol reduced glutathione, 40 mmol
NaHCOj3; and 25 mmol MgCl, was added. RuBPCase
was activated (Jensen & Sicher 1978) by incubating the
filters or cells in the assay mixture for 15 to 20 min and
the reaction was initiated by adding 100 pl of 13 mmol
ribulose 1,5-bisphosphate (RuBP, sodium salt) and
100 ul of H¥CO3 (2 to 2.5 uCi; 50 to 55 mCi mmol™}).
Replicate vials (n = 3 for filtered samples and n = 5 for
isolated cells), 2 reagent blanks (without RuBP) and a
zero time blank were assayed for RuBPCase activity.
After incubating for 1 to 1.5 h at 15°C, the reaction was
terminated by adding 2 ml of acidified methanol (1:10
acetic acid:methanol} and evaporating to dryness at
45°C. To ensure that all the H*CO3 was converted to
14C0O,, the residue was extracted a second time in 2 ml
of the acidified methanol. This second extraction was
required since the net incorporation of '*C into the acid
stable fraction by isolated cells was typically low
(=200dpm). The dried residue was rehydrated in
0.3 ml deionized water prior to !“C counting. This assay
measures the RuBPCase activity, not enzyme concen-
tration (Hobson et al. 1985, Plumley et al. 1986) thus,
changes in enzyme activity may reflect changes in in
vivo enzyme activation or de novo enzyme synthesis.

Field studies. The irradiance-dependent rates of
photosynthesis and the RuBPCase activity of individual
species of phytoplankton in the southern Chesapeake
Bay and adjacent coastal waters were measured during
cruise Corsair 4 aboard the RV 'Cape Hatteras' in
March 1984. The horizontal and vertical water density
structure was determined using an Interoceans con-
ductivity-temperature probe. During transects sea-
water was pumped from a depth of 1 m; salinity and
temperature were continuously recorded and Chla
was measured at ca 1 km intervals.

During experiments, downwelling irradiances
(photosynthetically active radiation; PAR 400 to
700 nm) were measured with a quantum photometer
(Li-Cor Model LI-185) equipped with a submarine
cosine sensor (Model LI-192). Water samples for verti-
cal profiles and experiments were collected between
10:00 and 12:00 h. Chl a was analyzed as described

above. Phytoplankton were collected at discrete depths
with 51 Niskin bottles or by towing a double closing
0.5 m diameter, 20 um aperture plankton net. Within
0.5 h of collection, plankton samples were subdivided:
one subsample was used to determine the species-
specific P-I relationship for representative net-plank-
ton. Aliquots were inoculated with 0.8 to 1.0 uCi ml™!
NaH'COj5 (final activity) and incubated for 1 to 2 h in
flowing seawater (5.5 to 6.5°C) at a range of irradiances
(10 to 850 uE m~? s~!). Experiments were terminated,
samples were processed and cells isolated as previ-
ously described (Rivkin & Seliger 1981, Rivkin et al.
1982, Rivkin 1985). Using these techniques, ca 1000
algal cells h™! can be sorted. For each species, 8 to 10
replicate vials with 3 to 30 cells vial™! were typically
isolated. Phytoplankton were isolated from the second
subsample and their species-specific RuBPCase activ-
ity was determined. For each species, 7 replicate (n = 5
plus 2 reagent blanks) vials with 25 to 35 cells vial™*
were isolated: the RuBPCase assay was identical to that
described above except that the samples were incu-
bated for 1 h at ambient seawater temperatures.

Radiation counting. Radioactivity was counted using
a Packard Tri-Carb (Model 460 C) liquid scintillation
spectrometer with Biofluor as the scintillant. All counts
were corrected for quench by the external standards
method and for background radiation.

RESULTS
Laboratory experiments

The growth-rate-limiting and saturating irradiances
(Table 1) were selected based upon cell division-
irradiance curves previously determined for each alga
(Rivkin unpubl.). The Pmax and RuBPCase activity,
and the cell division rate was higher and Chl a cell™!
was lower for phytoplankton adapted to high than low
irradiances (Table 1). During exponential growth the
activity of RuBPCase was ca 60 to 70 % of the measured
Pmax (Tables 1 & 2). There were significant (p = 0.01)
and linear relationships between Pmax and RuBPCase
activity for each of the species studied (Table 2). When
the coordinate pairs of Pmax and RuBPCase for the 4
species, representing 3 taxonomic classes, were com-
bined the relationship between Pmax and RuBPCase
activity (Eqn 1) was linear and significant (p = 0.01):

RuBPCase = 0.930(* 3.728) + 0.611 Pmax(* 0.163);
r’ = 0.918. (1)

The values in parentheses are the 95% confidence
intervals (n = 36). The regression coefficients for 4
species of phytoplankton in culture were not signifi-
cantly (p = 0.05) different from one another (Table 2) or
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Table 1. Comparison of max1mum photosynthetic capacity (Pmax; pg C cell™* h™!), ri

ribulose 1,5- b1sphosphate carboxylase activity

(RuBPCase; pg C cell™' h™!), chlorophyll a (Chl a; pg cell™!) and cell d1v1510n rate (doublings d™') of 4 species of phytoplankton

adapted to growth-rate-saturating and limiting irradiances (BE m

*s71). Values in parentheses are standard deviations; n = 3 for

Pmax, RuBPCase and division rate; n = 4 for Chl a

Growth irradiance Pmax RuBPCase Chl a Division rate

Skeletonema costatum

1502 1.23 (0.12) 0.86 (0.18) 0.27 (0.03) 0.92 (0.11)
40° 0.65 (0.07) 0.43 (0.17) 0.45 (0.04) 0.41 (0.06)
15° 0.45 (0.02) 0.29 (0.10) 0.61 (0.09) 0.12 (0.02)

Ditylum brightwellii

220% 215 (18) 124 (22) 23 (3.4) 0.82 (0.11)
100° 102 (9.3) 58 (11) 54 (4.1) 0.41 (0.09)
45° 47 (4.3) 28 (2.0) 66 (6.1) 0.22 (0.06)

Dunaliella tertiolecta

230 1.95 (0.23) 0.91 (0.20) 0.41 (0.07) 0.74 (0.11)
85° 0.83 (0.09} 0.44 (0.09) 0.73 (0.12} 0.41 {0.03}
20° 0.32 (0.06) 0.16 (0.04) 1.21 (0.38) 0.20 (0.07)

Protogonyaulax tamarensis

260° 155 (13) 106 (14) 11 (1.3) 0.57 (0.06)
75P 92 (11) 63 (10) 6 (3.1) 0.41 (0.06)
35° 44 (5.5) 30 (6.0) 42 (3.8) 0.21 (0.02)

% Growth-rate-saturating irradiance

® Growth-rate-limiting irradiance

from that in Eqn 1. Furthermore, the ordinal intercepts
were not significantly (p = 0.05) different from zero
(Table 2, Eqn1).

There was no significant difference (p = 0.05; Stu-
dent’s t-test) in the Pmax, RuBPCase-activity or the
RuBPCase: Pmax ratio for phytoplankton filtered from
suspension compared with those individually isolated
{Table 3). Hence, this assay procedure could be used to
measure the activity of RuBPCase for individual
species of phytoplankton from natural assemblages.
The minimum detection limit of the single species '*C-
incorporation technique is a net counting rate of 1 to
2 dpm or about ca 0.5 to 1 pg C at 30 %o salinity (Rivkin

& Seliger 1981, Rivkin 1985). The lower limits of the
technique are governed by the volume specific C
activity, e.g. 1.0 uCi ml™}, ‘blank’ background radia-
tion, e.g. 2 to 4 dpm, and scintillation counting time,
e.g. 30 min sample~". Since the RuBPCase activity was
60 to 70% of Pmax, the assay procedure used here
could detect enzyme activities of 1 to 2 pg C within an
individual cell. The sensitivity could be significantly
increased by using >2.0 uCi '*C ml™! or isolating
several cells vial™'. For example, during these experi-
ments 25 cells were usually isolated into each vial,
hence, the detection limit for RuBPCase activity was ca
0.04 pg C cell™!

Table 2. Summary of regression statistics for the linear relations between maximum photosynthetic capacity (Pmax} and ribulose

1,5-hisphosphate carboxylase (RuBPCase) activity for the 4 phytoplankton species grown at growth-rate-saturating and -limiting

irradiances in laboratory culture and for the 2 species isolated from natural populations at the mouth of the Chesapeake Bay.
Values in parentheses are 95 % confidence intervals; n: no. paired measurements of Pmax and RuBPCase

Species Intercept Regression coefficient r? n
Laboratory cultures

Skeletonema costatum —0.046 (0.071) 0.632 (0.115) 0.996 9
Ditylum brightwellii 2.09 (3.51) 0.616 (0.028) 0.979 9
Dunaliella tertiolecta 0.034 (0.083) 0.554 (0.196) 0.919 9
Protogonyaulax tamarensis 0.707 (0.541) 0.627 (0.076) 0.955 9
Field populations

Ditylum brightwellii —-2.62 (8.31) 0.711 (0.151) 0.943 24
Ceratiuvm lineatum -3.54 (6.54) 0.763 (0.243) 0.679 24
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Table 3. Comparison of cell-specific photosynthetic capacity (Pmax; pg C cell™ h
Y calculated from filter-retained (Retained) activity and by isolating cells (Isolated). Growth

activity (RuBPCase; pg C cell h™
irradiance in uE m~?

s~! Values in parentheses are standard deviations; n =
cells; ND: not determined

65

') and ribulose 1,5-bisphosphate carboxylase

3 for filter-retained samples and 8 to 10 for isolated

RuBPCase
Retained Isolated
124 (22) 118 (28)
58 (11) 2 (9.0)
28 (2.0) 31 (4.1)
0.91 (0.20) 1.10 (0.22)
0.44 (0.09) 0.35 (0.05)
0.16 (0.04) ND
106 (14) 101 (21)
63 (10) 51 (8.5)
30 (6.0) 36 (3.1)

Growth irradiance Pmax
Retained Isolated
Ditylum brightwellii
220° 215 (18) 201 (10)
100° 102 (9.3) 98 (11)
45b 47 (4.3) 8(9.1)
Dunaliella tertiolecta
230? 1.95 (0.23) 1.84 (0.31)
85P 0.83 (0.09) 0.92 (0.11)
20° 0.32 {0.06) ND
Protogonyaulax tamarensis
260° 155 (13) 151 (18)
75° 92 (11) 86 (9.7)
35b 44 (5.5) 39 (4.6)
@ Growth-rate-saturating irradiance
 Growth-rate-limiting irradiance

Field studies

The surface Chl a concentrations and Sigma-t (o-t)
were determined during a ca 90 km transect from north
of the mouth of the York River, seaward past the
Chesapeake Light (Fig. 1, upper). The transect crossed
the plume between Cape Charles and Cape Henry at
the mouth of the Bay. At the frontal interface, the
surface salinity and (o-t) increased from 23.82 to
28.21 %0 and 18.73 to 22.28 %o, respectively, and Chl a
decreased from 11.4 to 1.5 ug 17" (Fig. 1). At Stns A and
B (Table 4} on the oceanic side of the front, the water
column was well mixed to the bottom (Fig. 1A, B): the
stratification parameter, Ac-t/AZ (where Ac-t was the
density difference between the surface and the bottom
of depth Z m), was 0.047 to 0.098 (Table 4) and the Chl a

concentrations were low and uniform throughout the
water column (Fig. 1A, B). In contrast, at Stns C and D
on the estuarine side of the front, the water column was
stratified: the Aog-t/AZ (Table 4) and Chl a (Fig. 1) was
greater at Stns C and D than at Stns A and B. At Stns C
and D, the Chl a was higher above than below the
pycnocline (Fig. 1C, D).

The species-specific photosynthetic characteristics
and RuBPCase activities of 2 common species of coastal
phytoplankton, Ditylum brightwellii and Ceratium
lineatum, were measured at Stns A to D. Samples were
collected near the surface and bottom at Stns A and B
and within the surface mixed layer and below the
pycnocline at Stns C and D (Fig. 1A to D). The average
irradiance for the mixed layer (I ) at all stations was 11
to 18 % of incident (Table 4). At Stns C and D, the

Table 4. Physical and hydrographic parameters at the 4 stations where the physiological characteristics of the phytoplankton were

measured. Iy, : Average irradiance for the mixed layer (Iy = Io[(1—e *™5/(kpm)]) expressed as percent of incident. I is the

incident irradiance. Ipyc: Irradiance at the pycnocline expressed as percent of incident. NP: no pycnocline present. Stratification
parameter: Ac-t/AZ

Parameter
A

Position 36° 53.45' N

75°41.90° W
Mixed layer (m) 17
Attenuation coefficient (m™?) 0.51
I (%) 11
Ipye (%) NP
Stratification parameter 0.047

Station
B C D
36° 56.35' N 37°10.00' N 37°21.45' N
75° 58.35' W 76° 09.32" W 76° 04.90' W
15 6 7
0.51 0.94 0.94
13 18 15
NP <0.1 <0.1
0.098 0.314 0.398
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Fig. 1. Upper: Synoptic transect of surface o-t (—) and chlorophyll a (e) across a Chesapeake Bay plume-front during late March

1984. Positions of Stns A to D (reading from right to left) are noted by their respective letters. The location of the frontal interface is

indicated; and the upstream, i.e. the estuarine side of the front, and downstream, i.e. oceanic side of the front, directions were

arbitrarily designated as negative and positive distances, respectively. Lower: Vertical profiles of o-t (—) and chlorophyll a (e) at
Stns A and B on the oceanic side and Stns C and D on the estuarine side of the Chesapeake Bay plume-front

average irradiance at the 6 to 7 m pycnocline (Ipyc) was
< 0.1 % of incident insolation (Table 4).

The photosynthetic characteristics of the diatom
Ditylum brightwellii collected throughout the water
column at Stns A and B, and from the surface mixed
layer at Stns C and D (Fig. 2) were similar: Pmax and «
were ca 18010 200 pg C cell ™' h™! and 0.59 to 0.69 pg C
cell”' h~! (uE m~2 s~ respectively. Photosynthesis
saturated (Isat) at ca 300 uE m™? s~! and photoinhibi-
tion of photosynthesis was not observed (Fig. 2A to D).
When D. brightwellii was isolated from below the
pycnocline (9 to 10 m) at Stns C and D (Fig 2C, D), the
Pmax and [sat were 2 to 4 times lower and « was 60 %
greater [0.98t0 1.03 pgCcell "' h™' (WEm~2s7 %) 1] than
when collected at Stns A and B or in surface waters of
Stns C and D. The spatial and depth-dependent pat-
terns of RuBPCase activity were similar to those of
Pmax. Carboxylase activity for D. brightwellii collected
throughout the water column at Stns A and B and in the

surface waters of Stns C and D was 100 to 140 pg C
cell™! h™!, compared to 30 to 60 pg C cell™* h™! when
collected from below the pycnocline at Stns C and D
(Fig. 2a to d).

The depth-dependent patterns of photosynthesis and
RuBPCase activity of the dinoflagellate Ceratium
lineatum (Fig. 3) were qualitatively similar to those of
Ditylum brightwellii (Fig. 2). When C. lineatum was
collected from Stns A and B or the surface mixed layer at
Stns C and D, Pmax and « were ca 85 to 90 pg C cell™!
h™! and 0.26 to 0.34 pg C cell™* h™! (LE m™% s™ 47},
respectively. Photosynthesis saturated at ca 200 to 250
uE m~? s7! and photoinhibition of photosynthesis was
not observed (Fig. 3A to D). However, when C. lineatum
was isolated from below the pycnocline at Stns C and D
(Fig. 2C, D), Pmax and Isat declined to ca 60 pg C cell™!
h™'and80to 100 uEm™2s7!, respectively; «increased to
0.73t00.76 pg Ccell 'h™ ! (REm™?s ')~ T and C uptake

was photoinhibited above ca 300 uE m~% s™!. The
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activity (right panels, a to d) of isolates from near the surface (open symbols or bars) or the bottom (filled symbols or bars) at Stns A

(A and a) and B (B and b) on the oceanic side, and Stns C (C and ¢) and D (D and d} on the estuarine sides of the front. Units for
Pmax and RuBPCase are pg C cell™* h™!; error bars represent standard deviation of mean

patterns of RuBPCase activity and Pmax were similar
(Fig. 3a to d). RuBPCase activity for C. lineatum col-
lected at Stns A and B and in the surface waters of Stns C
and D were 40 to 60 pg C cell™' h™?!, compared to 25 to
30pg C cell™! h™! when collected from below the
pycnocline at Stns C and D (Fig. 3a to d).

The relationships between Pmax and RuBPCase
activity were significant (p = 0.01) and linear for Dity-
lum brightwellii and Ceratium lineatum (Table 2).
When the coordinate pairs of Pmax and RuBPCase for
the 2 species collected at all stations and depths were
combined, the relationship (Eqn 2) between Pmax and
RuBPCase was linear and significant (p = 0.01):

RuBPCase = —8.249(* 16.288) + 0.743 - Pmax (*+ 0.136);
2 = 0.906. (2)

The values in parentheses are the 95% confidence
intervals (n = 48). The regression coefficients for the
individual species (Table 2) and for the combined data
were not significantly (p = 0.05) different and the ordinal
intercept did not differ significantly (p = 0.05) from zero.

DISCUSSION

RuBPCase catalyzes the carboxylation of 1 molecule
of RuBP to 2 of 3-phosphoglycerate (PG). Since the
maximum rate of inorganic C reduction is set by con-
centration and activity of this enzyme, the relationship
between photosynthesis and RuBPCase activity should
be linear when photosynthesis is light-saturated
(Bjorkman 1981). However, there is no physiological
basis to expect a relationship between C uptake and
RuBPCase when photosynthesis is irradiance-limited.
In this study, the relationship between Pmax and
RuBPCase was linear and significant (Eqns1 and 2).
For example, all the coordinate pairs of Pmax and
RuBPCase from the laboratory and field experiments
(Fig. 4) were fit to a single linear regression (Eqn 3).

RuBPCase = —1.686(+ 7.875) + 0.677 Pmax (+ 0.043);
r2 = 0.872. (3)

The values in parentheses are the 95% confidence
intervals (n = 84). Since RuBPCase was highly corre-
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Fig. 3. Ceratium lineatum. Photosynthesis-irradiance relationship (left panels, A to D) and ribulose 1,5-bisphosphate carboxylase

activity (right panels, a to d) of isolates from near the surface (open symbols or bars) or the bottom (filled symbols or bars) at Stns A

(A and a) and B (B and b) on the oceanic side, and Stns C (C and ¢) and D (D and d) on the estuarine sides of the front. Units for
Pmax and RuBPCase are pg C cell™! h™!; error bars represent standard deviation of mean

lated with Pmax, but not with photosynthetic perform-
ance, i.e. the rate of photosynthesis at the growth or
ambient irradiances, the activity of this enzyme cannot
be used to estimate the in situ rate of C uptake by
phytoplankton (also see Glover & Morris 1979).

Few studies have concurrently measured Pmax and
RuBPCase activities. In those which have, significant
linear relationships between Pmax and RuBPCase
were reported for terrestrial plants (r? = 0.92; Bjorkman
1981), for a spring phytoplankton bloom in Bedford
Basin, Nova Scotia (r?> = 0.82; Smith et al. 1983) and for
exponentially growing phytoplankton cultures (r? =
0.62; Glover & Morris 1979). However, significant rela-
tionships were not observed for stationary phase
cultures, a phytoplankton population in the Gulf of
Maine, and Synechococcus spp. from the Northwest
Atlantic Ocean (Glover & Morris 1979, Prezelin et al.
1987). The temporal and spatial variability in the rela-
tionship between Pmax and RuBPCase activity
reported in previous studies of natural populations
may, in part, reflect the species-specific differences in

the physiological characteristics of co-occurring phyto-
plankton. Such differences could obscure significant
physiological trends. However, the relationships
among physiological characteristics of phytoplankton
from natural populations can be detected by measuring
the rates of C uptake (Rivkin & Seliger 1981, Rivkin &
Putt 1987), polymer synthesis (Rivkin 1985) and cell
division (Rivkin & Voytek 1986} or the activity of carb-
oxylating enzymes for individual species.

The mean RuBPCase:Pmax ratios during these
laboratory and field experiments were 0.61 (range 0.47
to 0.70) and 0.74 (range 0.52 to 0.81), respectively In
previous studies, the RuBPCase : Pmax ratios were 0.14
to 0.75 for cultures and natural populations (Beardall &
Morris 1978, Glover & Morris 1979, Rivkin et al. 1982,
Rivkin & Lessard 1986, Mortain-Bertrand et al. 1987,
Prezelin et al. 1987): ratios of near 1 have occasionally
been reported (Holdsworth & Colebrook 1976, Hobson
et al. 1985). The reasons for the large variation in ratios
are unclear and may retlect non-optimal assay condi-
tions, incomplete activation of the enzyme, inhibitors in
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Fig. 4. Linear relationship between paired meas-
urements of photosynthetic capacity (Pmax; pg C
cell™' h™!) and ribulose 1,5-bisphosphate car-
boxylase (RuBPCase; pg C cell™* h™!} activity for
phytoplankton cultured at growth-limiting and
saturating irradiances and for phytoplankton iso-
lated from high and low irradiances environments
at the mouth of the Chesapeake Bay. Laboratory
cultures: Skeletonema costatum (e), Ditylum
brightwellii (~), Dunaliella tertiolecta (A) and
Protogonyaulax tamarensis (Q). Isolated from
natural populations: Ditylum brightwellii (v) and
Ceratium lineatum (0). Inset shows expanded

Pmax

the assay mixture or the assimilation of *C by path-
ways other than the Calvin cycle (Jensen & Sicher
1978, Glover & Morris 1979, Morris 1981). Although C
incorporation by the PB-carboxylating enzymes PEP-
Case or PEPCKase may at times be significant (Mukerji
& Morris 1976, Mukerji et al. 1978, Glover & Morris
1979, Smith et al. 1983, Prezelin et al. 1987), their
activities are typically low (<10 %) relative to RuBP-
Case (Li & Morris 1982, Li et al. 1984, Descolas-Gros &
Fontugne 1985, Smith et al. 1985, Mortain-Bertrand
1988). In this study, PEPCase and PEPCKase were not
measured. However, the linear relationship between
RuBPCase and photosynthetic capacity and the rela-
tively high RuBPCase: Pmax ratio suggest the activity
of the P-carboxylating enzymes was either low or a
constant proportion of Pmax.

Field studies were carried out in late March at a
Chesapeake Bay plume front (Boicourt et al. 1987).
The density structure across the plume varies with
river flow, tidal phase and the angle of the transect
across the front (Garvine & Monk 1974, Boicourt &
Hacker 1976, Boicourt et al. 1987, Boicourt pers.
comm.). Although the lateral dimensions of the plume
were not determined, the density structure presented
in the upper panel of Fig.1 probably represents an
oblique transect (Boicourt pers. comm.). Phytoplank-
ton entrained at the frontal interface in the inflow of
higher salinity seawater from the continental shelf
would be transported upstream beneath a strong
pycnocline in the reverse Ekman flow (Boicourt &
Hacker 1976, Tyler & Seliger 1978, 1981, Boicourt
1982). These phytoplankton are thus advected from a
region of relatively high irradiances on the unstratified
side of the front at Stns A and B, i.e. [y = 12 %, to low
irradiances below the pycnocline on the stratified side
of the front at Stns C and D, 1.e. Ipyc <0.1%. Phyto-
plankton collected upstream of the frontal interface
would be at low irradiances for increasing lengths of

250 scalés of Pmax and RuBPCase activity for S. costa-

tum and D. tertiolecta. Each point is mean of 3 to 4
replicate samples

time the greater the distance upstream. Consequently,
they should exhibit characteristics of increased shade
adaptations compared with the same species in the
surface mixed layer or at the mouth of the
Chesapeake Bay. For example, the light-saturated
rates of photosynthesis are usually higher and « cell™!
is usually lower for phytoplankton which are collected
at high irradiances in the surface mixed layer than
when collected from low light environments (Harris
1978, Falkowski 1980, 1983, Rivkin et al. 1982,
Richardson et al. 1983, Rivkin & Voytek 1985, Harding
& Coats 1988 and others).

In this study, the photosynthetic characteristics and
RuBPCase activity of Ditylum brightwellii and
Ceratium lineatum were clearly related to the photic
regime. The photosynthetic parameters and carboxyl-
ase activities of these 2 species collected throughout
the water column at Stns A and B and near the surface
at Stns C and D were similar. Although the diffuse
attenuation coefficient was significantly lower on the
oceanic than estuarine side of the front (Table 4), the
mixed layer was ca 2 to 3 times deeper at Stns A and B
than at C and D, thus the average mixed layer
irradiance was similar at all stations (Table 4). In con-
trast, the irradiance at the pycnocline at Stns C and D
was < 0.1 % of incident. At Stns C and D, the density
stratification prevented the phytoplankton collected
below the pycnocline (at 9 to 10 m) from mixing into the
comparatively well-illuminated surface waters. As a
result, the Pmax and RuBPCase activity of D. bright-
wellii and C. lineatum from collected from below the
pycnocline at the stratified stations were smaller and o
was larger than for the same species collected either
from the surface mixed layer, or throughout the water
column at the unstratified stations. The decrease in
photosynthetic capacity and carboxylase activity and
increase in « reflects photoadaptation to the low light
environment below the pycnocline. A similar pattern of
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photoadaptation was observed for the dinoflagellate
Prorocentrum mariae-lebouriae during its vernal sub-
pycnocline transport from the southern to the northern
Chesapeake Bay (Tyler & Seliger 1678, 1981, Harding
1988, Harding & Coats 1988).

The rates of vertical mixing within the euphotic
zone can be estimated by concurrently measuring the
vertical distribution and kinetics of adaptation of sev-
eral different photoadaptive parameters (Falkowski
1983, Lewis et al. 19844, Cullen & Lewis 1988). Deter-
mining photosynthetic capacity or « requires measur-
ing the rates of photosynthesis during incubations at a
range of irradiances and choosing the appropriate
equation for calculating the P-1 curve parameters.
Enclosing samples, even during brief incubations, may
induce experimental artifacts. Hence, the photo-
synthetic parameters calculated during these incuba-
tions may not accurately represent the characteristics
of the phytoplankton in situ. This study showed that
changes in Pmax correlated with those of RuBPCase
activity and the relationship between RuBPCase activ-
ity and Pmax for light limited and saturated phyto-
plankton in laboratory cultures and for individual
species of net-plankton isolated from a variety of pho-
tic regimes was linear and significant (Eqns 1 to 3).
Therefore, cell-specific RuBPCase measured for phy-
toplankton collected at discrete depths may be a use-
ful photoadaptive parameter and could be used to
evaluate photoadaptations without the need for
detailed P-I curves. The kinetics of adaptation of phy-
toplankton to a new photic regime and the interaction
of photoadaptive processes of net phytoplankton with
the rates of vertical mixing are currently being
examined using cell-specific assays.
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