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Photophysiological acclimation of Phaeocystis antarctica Karsten under light limitation
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Abstract

Primary production models and pigment algorithms for remote optical systems including satellites, moorings, or
drifters depend on an improved understanding of the relationship between spectral light absorption, pigments, and
photosynthesis for species of phytoplankton that are widespread and numerically abundant. Cultures of colonial
Phaeocystis antarctica, a prymnesiophyte that can dominate the phytoplankton community in the Southern Ocean,
were grown under blue light at seven different levels ranging from 14 to 542 umol quanta m-2 s~ at 4°C under
nutrient-replete conditions. Chlorophyll-specific absorption (&);,) at 436 nm increased linearly from 0.03 to 0.11 m?
mg chlorophyll a-* with increasing light intensities. This variability is attributed to pigment packaging effects and
pigmentation. The 2.5-fold range in the values of &, (676 nm) demonstrates significant pigment packaging effects
due to the intracellular pigment content, single cell diameter within the colony, and thylakoid stacking. Quantum
yield for growth (¢,) varied 30-fold, ranging from 0.003 to 0.09 mol carbon fixed (mol quanta absorbed)~*. Under
low light conditions, the relatively high ¢, and high &% (1) may enable Phaeocystis to accumulate a seed popul ation
to initiate blooms at the beginning of spring when light levels are low, mixed layers are deep, and sea ice is still
significant. These aspects of its photophysiology may contribute to the ecological success of Phaeocystis in polar

regions.

The genus Phaeocystis is a numerically and functionally
important component in polar biogeochemical cycles. Me-
soscale blooms of Phaeocystis appear to be frequent and
widespread in polar and subpolar seas (Weisse et al. 1994;
Stoecker et al. 1996), and single cells can be numerically
important during austral winter (Moisan unpubl. data).
Phaeocystis blooms in coastal and ice edge regions are at
times substantial enough to deplete macronutrientsin surface
waters (Smith et al. 1991; van Boeckel et al. 1992). In ad-
dition to its ecologica importance, dimethylsulfide produc-
tion by Phaeocystis may be a significant contributor to the
sulfur cycle (Liss et al. 1994). Dimethylsulfide can be rap-
idly oxidized to sulfate aerosols in the atmosphere, which
can serve as cloud condensation nuclei that may change
cloud abedo (Charlson et al. 1987).

Phaeocystis exhibits a heteromorphic life history, which
alternates between free-living flagellated zoospores and age-
latinous aggregation of nonmotile paimelloid cells arranged
in a spherical colony (Rousseau et al. 1994). Alternating life
cycle phases between 3-um single cells and millimeter-size
colonies allow Phaeocystis to serve as a food source to a
wide size range of predators (Rousseau et al. 1994; Weisse
et a. 1994). A significant portion of the primary production
may be directed toward bacteria at the end of a bloom by
release of dissolved organic carbon through excretion and
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cell lysis, which may be more important than particul ate car-
bon transfer through predation (van Boeckel et al. 1992).
Alternatively, Phaeocystis blooms can sink to the ocean’s
interior or sediments at the termination of the bloom (Wass-
man et a. 1990). Thus Phaeocystis, when abundant, may
affect carbon transfer in the polar food web and biogeo-
chemical cycle.

Oceanographers have approached the goal of estimating
primary production through remote sensing by the use of
semianalytical and simple regression models that compare
phytoplankton pigments with primary production (Balch et
al. 1989; Behrenfeld and Falkowski 1997). Many contem-
porary models (Kiefer and Mitchell 1983; Sakshaug et al.
1989; Cullen 1990) utilize the chlorophyll-specific absorp-
tion coefficient (1) and quantum yield for growth ¢, as
photophysiological parameters in models of net primary pro-
duction,

700nm

P.« = Chla f
350nm

Symbols are defined in Table 1.

To better parameterize a model for primary production in
polar regions and understand the underlying physiological
mechanisms that control the variables within the models, the
absorption characteristics and photophysiology must be es-
timated for species that are widespread and capable of dom-
inating blooms. The key photophysiological parameters in
primary production models, &;,(A) and ¢(A), have been char-
acterized in the laboratory for relatively few and mostly tem-
perate phytoplankton species. Previous studies have shown
that cell size, thylakoid stacking, quantity, and type of pig-
ment per cell vary with growth conditions, including tem-
perature, light, and nutrients (Cleveland and Perry 1987,
Nelson and Prézelin 1990; Sosik and Mitchell 1991, 1995).
Results of these studies demonstrate that variations in cel-
lular properties and acclimation of the photosynthetic ap-
paratus lead to variability in g5,(A) and ¢,(A).
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Table 1. Symbols used throughout the text.

PSI Photosystem |

PSII Photosystem 11

P oo Net primary production

A Wavelength (nm)

Chl Chlorophyll

Focvu In vivo DCMU-enhanced fluorescence (relative units)

o Specific growth rate (d-%)

C Particulate carbon (ug 1-%)

N Particulate nitrogen (ug |7%)

E, (V) Spectral quantum scalar irradiance (wmol quanta m-2
s

E' (A) Relative spectral quantum irradiance

PAR Photosynthetically available radiation defined as
J2%90m E (A)dA (umol quanta m=2 s71)

C Concentration of pigment i (mg m-3)

a (A) Weight-specific absorption spectrum of pigment i (m?
mg-?)

a,, (A) Absorption by phytoplankton (m-1)

A Absorption by cellular material (m-1)

as, (A) Chlorophyll-specific absorption of phytoplankton (m?
mg Chl a%)

ar (A) Chlorophyll-specific absorption due to photosynthetic
pigments (m? mg Chl a%)

ar (A) Chlorophyll-specific absorption due to photoprotective
pigments (m? mg Chl a%)

a., (A) Chlorophyll-specific absorption of cellular material
(m2 mg Chl a?%)

b, Quantum yield for growth (mol C fixed [mol quanta
absorbed] %)

b, Maximal quantum yield (mol C fixed [mol quanta ab-
sorbed] %)

Do Maximal quantum yield at a steady state irradiance
(mol C fixed [mole quanta absorbed] 1)

o Absorption cross section of PSII (m? [mol photosyn-
thetic unit] 1)

T Turnover time of the photosynthetic electron transport
system (h)

a Photosynthetic efficiency (mg C [mg Chl a]-* h~!
[smol quanta m=2 s71-%)

E.. Saturation irradiance for growth (uwmol quanta m-2
s

Q. Absorption efficiency, dimensionless

* Pigment packaging parameter, dimensionless

o' Optical thickness along the particle diameter, dimen-
sionless

d Diameter of single cell within colony (m)

Because light is one of the main factors limiting phyto-
plankton growth and the onset of blooms in polar regions,
cultures of colonial Phaeocystis antarctica Karsten were
grown under nutrient-replete conditions at irradiances rang-
ing from limiting to photoinhibiting for photosynthesis. We
present here photophysiological characteristics that may con-
tribute to the ecological success of Phaeocystis during spring
blooms in polar waters and model parameterizations to pre-
dict gj5,(A) and ¢, based on irradiance.

Materials and methods

Cultures of Phaeocystis antarctica (CCMP 1374) were
grown semicontinuously for five to eight generations in f/2
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Fig. 1. Comparison between the relative spectral quantum ir-
radiance used in the culture incubator and California coastal waters
at 0 and 25 m. Spectra are normalized to 1.0 at their respective
peaks. Symbols represent discrete points where irradiance was es-
timated.

medium (Guillard and Ryther 1962) at 4°C. Bubbled cultures
were diluted with medium to ensure they were nutrient re-
plete and “optically thin.” Cultures were grown under con-
tinuous blue light ranging from 14 to 542 umol quanta m—2
st Four 500-W tungsten halogen lamps were transmitted
through a blue theatre gel (Roscolux 720), spectrally neutral
perforated nickel screens (Stork Veco), a water-filled aquar-
ium, and a 1:1 glycol :water temperature-controlled mix-
ture. The spectrum attained with this system was similar to
that of ocean surface waters (Fig. 1). The oceanic spectral
irradiance is dependent on depth, particles, colored dissolved
organic matter, and sea ice cover.

Irradiance was determined with a PAR scalar irradiance
meter (Biospherical Instruments QSL-100) inside culture
vessels filled with distilled water. The relative spectral irra-
diance was measured with a MER2040 (Biospherical Instru-
ments) at 13 discrete wavelengths. These spectral data were
transformed from relative energy to relative quantum flux,
linearly interpolated at 1-nm intervals, and used to spectrally
scale PAR, alowing an estimate of scalar spectral quantum
irradiance,

PAR-E'()) -

f E'(A) dA
350nm

Chlorophyll-specific absorption coefficient—In vivo
whole cell absorption spectra (n = 4) were determined at 1-
nm intervals with an integrating sphere accessory in a dual
beam spectrophotometer (Perkin Elmer Lambda 6 UV/Vis).
Fresh f/2 medium was used as a reference and as a blank.
The chlorophyll-specific absorption coefficient was estimat-
ed by dividing log, absorption, a,,(A), by the corresponding
fluorometric chlorophyll a (Chl a) value:

gn(A) = a,(4) [Chl a] ©)

EO(A) =
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Sample preparation of a,—Cells were unpackaged by a
modification of the technique developed by Johnsen et al.
(1994). Cells were disrupted three times with a French press
at 1.37 X 108 Pa, and the dlurry was centrifuged at 10,000
X g. Absorption spectra of the supernatant (n = 2) were
measured in an integrating sphere (Perkin Elmer Lambda 6)
and processed as described above for aj,(A). A volume of
100 wl was added to 90% acetone, and Chl a was estimated
fluorometrically. Chlorophyllase activity was assumed to be
minimal, as has been documented for Phaeocystis (Jeffrey
and Hallegraeff 1987).

Fluorescence excitation spectra—Spectra (n = 3) were
obtained at ambient growth temperatures with a spectroflu-
orometer (Spex Fluoromax) at 1-nm resolution with the
emission monochromator set at 730 nm (Neori et al. 1988)
with a 20-nm emission band width. The chemical, 3-(3,4-
dichlorophenyl)-1,1 dimethyl urea (DCMU) was added to
cultures to remove photochemical quenching of variable
fluorescence; therefore, we refer to this variable as Fyy,(A).
Spectra were run in sample-to-reference mode and corrected
for the excitation quantum flux using 2,7-bis-(diethylamino)
phenazoxonium perchlorate (Kopf and Heinz 1984). To es-
timate the chlorophyll-specific absorption by photosyntheti-
cally active pigments (g, Sosik and Mitchell 1995),
Focuu(A) was scaled to &;,(676 nm) at the red peak:

FDCMU(A)a:;h (676 nm)
Focuy (676 nm)

(A = (4)

Soecific growth rate, cell size, and cell concentrations—
Specific growth rate (u) was estimated by a linear regression
of log.-transformed daily determinations of in vivo fluores-
cence intensity (n = 2) measured with a fluorometer (Turner
Model 10). Individua cell size (n = 25) was determined at
a magnification of 1,000X on samples preserved with a final
concentration of 2% glutaraldehyde (Fryxell and Kendrick
1983), which dissolved the colonial matrix of Phaeocystis.
Cell concentrations were estimated in Palmer Maloney
chambers at a magnification of 400X.

Particulate carbon and nitrogen content—Samples (n =
3) were filtered onto precombusted filters, stored at —20°C,
and run on a carbon analyzer (Perkin Elmer). Acetanilide
was used as an externa standard.

High-performance liquid chromatography and spectral
reconstruction of a,,(A)—Samples (n = 2) were concentrat-
ed onto Whatman GF/F filters and extracted in cold 100%
acetone by grinding with a teflon-tip grinding rod. Cleared
samples were combined with 20% (v/v) high-performance
liquid chromatography (HPL C)-grade water and analyzed on
an HPL C system (Shimadzu LC10-AD) (Wright et a. 1991).
Pigment concentrations were based on absorption at 440 nm
(Dynamax Model UV-1). Integrated HPLC peak area was
quantified with external standards. Canthaxanthin was used
as an internal standard.

Reconstructed values of a,,(A) were estimated as the prod-
uct of the corrected in vivo weight-specific absorption co-

efficient of the major pigments, g (A), given by Bidigare et
a. (1990) and their volume-based HPL C concentrations (C)):

() = > a()OC. (5)

Fluorometric estimates of Chl a—Chl a concentrations (n
= 3) were estimated fluorometrically (Yentsch and Menzel
1963). We normalized a,, to fluorometric Chl a estimates
because of the limited culture volumes. To be consistent,
fluorometric Chl a estimates were used for al other nor-
malizations relating to cellular characteristics. HPLC and
fluorometric values for Chl a differed from 5% to 20% of
each other.

Transmission electron microscopy—Cells were fixed on
ice with a 2% glutaraldehyde and 1.3% osmium tetroxide
solution for 30 min and rinsed in distilled water. Cells were
dehydrated through a series of ethanol : water washes (25:
75, 50:50, 75:25, 95:5), three washes of 100% ethanol,
and three washes of 100% acetone. Cells were stained with
uranyl acetate and lead citrate. Chloroplasts (n = 30) were
examined with a Philips 410 transmission electron micro-
scope at 14,500X or 17,000X magnification. Thylakoid
stacks were quantified on negatives by counting them along
a transect normal to thylakoids in the middle of the chlo-
roplast (Berner et al. 1989). This technique assumes a sym-
metry in the distribution of the thylakoids across and within
the plastid.

Quantum yield for growth—Quantum yield for growth
was based on the carbon-specific growth rate, the whole cell
in vivo spectral absorption, and the spectral irradiance in
each treatment (Sosik and Mitchell 1991, 1995).

Results and discussion

Variability in a%,(A) due to light limitation—The in vivo
whole cell absorption properties of Phaeocystis varied in re-
sponse to the growth irradiance. Chlorophyll-specific ab-
sorption, &;(A), increased with light intensity (Fig. 2A).
Chlorophyll-specific absorption at the blue peak, &, (436
nm), increased linearly with light intensity from 0.031 to
0.107 m? mg Chl a* (Table 2, Fig. 2B). At the red peak,
&, (676 nm) varied from 0.012 to 0.030 m? mg Chl a™*.
Values of &;, (490 nm) ranged from 0.020 to 0.068 m? mg
Chl a~*. An ultraviolet-B peak due to mycosporine-like ami-
no acids was also observed for each treatment, with higher
values at high light (data not shown). The ratio of a,, (436
nm) to g,, (676 nm) varied from 1.8 to 3.7 but did not show
aconsistent trend with light (Table 2). Our values of g}, (676
nm) agree well with other reports for Chl a—c-containing
eukaryotic phytoplankton (Nelson and Prézelin 1990; Sak-
shaug et al. 1991; Johnsen et al. 1994). Our observations are
within the range of absorption observed during a Phaeocystis
bloom; Cota et al. (1994) found that g}, averaged 0.056 =
0.07 m2 mg Chl a=* and 0.023 = 0.011 m? mg Chl a*in
the blue and red peaks, respectively.

Pigment package effects in Phaeocystis—Because changes
in g;,(A) at the red peak are minimally dependent on changes
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Fig. 2. (A) In vivo chlorophyll-specific absorption for Phaeo-
cystis grown between 14 and 542 wmol quantam-2 st at 4°C under
nutrient-replete conditions. (B) Linear relationship of &, (436 and
676 nm) to light intensity. n = 4 = SE.

in accessory pigments, the approximate 2.5-fold change in
a4, (676 nm) is attributed to pigment package effects. The
effects of pigment packaging were assessed by comparing
a;, (676 nm) to an unpackaged suspension, a5, (676 nm),
prepared with a French press, which mechanically disrupts
cells without decoupling pigment—protein complexes (John-
sen et al. 1994). Under low light (14 wmol quanta m=2 s7%),
Phaeocystis demonstrated a significant pigment packaging
effect; values of at, (676 nm) were 0.023 = 0.0009 m? mg
Chl a™*, and g}, (676 nm) values were reduced by about half,
0.01 = 0.001 m? mg Chl a=* (Fig. 3A). In contrast, Phaeo-
cystis cells demonstrated less of a pigment packaging effect
at the higher light intensities (259 wmol quanta m—2 s%);
values of a*, (676 nm) were 0.029 += 0.003 m? mg Chl a4,
and values of &, (676 nm) were 0.020 + 0.0005 m? mg Chl
at (Fig. 3B).

At both irradiances, g, was greater than &, in the region
between 550 and 650 nm, where pigment packaging effects
are expected to be minimal because of weak absorption
(Kirk 1994). This finding may be a residua artifact due to
incomplete removal of small (<0.1 um) French-press mi-
celles. Scattering errors in absorption will be minimal at the
red peak where pigment packaging effects were assessed be-
cause small particles scatter inefficiently at the longer wave-
lengths.

To assess the cellular characteristics responsible for pig-
ment packaging effects, cellular properties such as Chl a per
volume, cell size, and thylakoid stacking were examined.
Specific growth rates ranged from 0.04 to 0.34 d* (Table
2). The C: N ratios showed no trend with light intensity; they
were similar to those found by Cota et al. (1994) during a
nutrient-replete oceanic bloom and were lower than those
found by Wassman et al. (1990) during a nutrient-limited
bloom. Chl a per cell was low at the higher light intensities
and increased as Phaeocystis acclimated to lower light (Ta-
ble 2, Fig. 4A). Cellular Chl a values in this study are in
the range reported for Phaeocystis by Baumann et al. (1994,
0.10-1.68 pg Chl a per cell). The diameter of individua
Phaeocystis cells ranged from 3.4 = 0.67 umto 5.1 = 0.95

Table 2. Growth, cell, and photosynthetic characteristics of Phaeocystis grown under seven irradiances at 4°C under nutrient-replete

conditions. Average coefficient of variation is given for estimates.

Irradiance (umol quanta m=2 s1)

14 37 84 151 259 400 542

w(d—n* 0.04 0.12 0.19 0.24 0.25 0.34 0.29
C:N ratio (w:w)t NAF 5.94 6.28 6.12 6.22 5.66 6.13
pg Chl a cell -t 0.39 0.45 0.41 0.36 0.36 0.27 0.19
Diameter (um)* 3.7 35 3.4 3.6 3.8 4.2 51
a, (436 nm)§ 0.031 0.033 0.036 0.051 0.054 0.082 0.107
ay, (676 nm) 0.014 0.017 0.012 0.018 0.020 0.030 0.029
ak, (490 nm) 0.020 0.022 0.021 0.031 0.035 0.053 0.068
ay, (436:676 nm) 2.1 1.8 3.3 25 2.5 2.8 3.7
ay, (436 nm)§ NA NA 0.03 0.04 0.04 0.06 0.05

3 NA 0.09 0.09 0.03 0.007 0.006 0.002

Eo NA 0.109 0.127 0.050 0.018 0.021 0.012
* Coefficient of variation (CV) = 7%.

T CV = 10%.
FNA = est. not available.
§CV = 5%.
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Fig. 3. Comparison between unpackaged chlorophyll-specific
absorption, &%,()), and whole cell chlorophyll-specific absorption,
a(A), for Phaeocystis grown at 14 (A) and 259 (B) umol quanta
m-—2s

m (Table 2, Fig. 4B). Both the decrease in cell size and the
increase in Chl a per cell a lower light contributed to a
stronger increase in Chl a per cellular volume (Fig. 4A,B).
Under low-light acclimation, the increased pigment per
cell increases the cellular absorption cross-section, which
leads to pigment packaging and results in less efficient ab-
sorption per mass of pigment. By reducing cell diameter at
low light in response to increased cellular pigment, Phaeo-
cystis minimizes pigment packaging effects. These results
can be interpreted on the basis of Mie theory as applied to
phytoplankton (Morel and Bricaud 1986), which assumes
that the cells are spherical and pigments are homogeneously
distributed. There are deviations from Mie theory in non-
spherical cells (Kirk 1976). The Morel and Bricaud (1986)
theory predicts the absorption efficiency (Q,) and the pig-
ment packaging parameter (Q¥) as a function of the dimen-
sionless parameter (p'):
p' = and, (6)
where d is the diameter of a single cell (m) and a_, is the

unpackaged absorption coefficient of the cellular material
(m~1) as estimated from a French press preparation (Johnsen

CellularChl a
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9,1
1

£
!
A

Diameter (um)

e
]

2 T T T T +

0 100 200 300 400 5%)01 600
Light Intensity (umol quanta m™s )

amd

Fig. 4. Cell characteristics. (A) Mean = SE pg Chl a cell *
(circles) and pg Chl a (um3)~t X 10 (squares). (B) Mean = SE
single cell diameter. (C) In vivo absorption efficiency (Q,) and the
theoretical packaging parameter (QX) at the red (open) and blue
(solid) absorption peaks as a function of p’ for Phaeocystis grown
at 14 and 259 pmol quanta m=2 s~*. Solid and dashed lines are the
theoretical functions and were calculated with Egs. 7 and 8. The
value of a,, was determined by the method of Johnsen et al. (1994).
Cell diameter was determined by microscopy.



252 Moisan and Mitchell

Fig. 5. Transmission electron micrographs of Phaeocystis single cells grown under 259 (A) and 14 (B) umol quanta m==2 st P =

pyrenoids.

et al. 1994). The theory predicts that Q, increases nonlinearly
as p’ increases and approaches an asymptote as p’ increases,
as given by the following equation:

2exp — p'(A) [exp — p'(A) — 1] @
p'(A) p'(A)?

The pigment packaging parameter, Q* is related to Q, as

given by the following equation,

Qi = 52, ®

Figure 4C shows the results of this study and the theoretical
curves of Q, and Q. By decreasing its diameter while pig-
ment per volume increases at low light (Fig. 4A,B), Phaeo-
cystis minimizes the pigment packaging effects ordinarily
associated with low-light acclimation (Mitchell and Kiefer
1988). The energetic investment of having greater cellular
pigment per cell in order to increase absorption at low light
is made more efficient because of the decreased cell size,
which minimizes the package effect (Morel and Bricaud
1986). Still, at the lowest light intensities, &, at 676 nm was
2.5 times lower than it was at high light, which indicates
strong pigment package effects. Even stronger package ef-
fects occur in the vicinity of the blue peak, which has more
absorption than the red peak.

Although Mie theory provides a useful framework for un-
derstanding cellular optical properties, real cells do not con-
form to the Mie assumption of internally homogenous

Q) =1+

spheres. Actual subcellular absorption is accomplished in the
chloroplast. Therefore, the variability of thylakoid stacking
within the two parietal chloroplasts of Phaeocystis was ex-
amined. Berner et al. (1989) estimated that thylakoid stack-
ing can contribute to about 40% of the change in the pigment
packaging effect and to 20% of the overall change in a},(A).
To evauate the effects of light intensity on thylakoid stack-
ing, cultures were grown at a limiting (14 wmol quanta m-2
s 1) and a saturating irradiance (259 umol quanta m-2 s%).
At high light, 3.6 = 1.0 thylakoid stacks per chloroplast
were observed, and the pyrenoid was a significant portion
of the chloroplast volume (Fig. 5A). In contrast, Phaeocystis
grown under low light conditions had an average of 6.5 =
1.6 thylakoid stacks per chloroplast, and the pyrenoid did
not take up a significant portion of the chloroplast volume
(Fig. 5B). We did not resolve the number of thylakoids per
stack, but ultrastructural studies of prymnesiophytes have
demonstrated that there are three thylakoids per stack (Gibbs
1970). Although the pyrenoid has low absorption in the vis-
ible portion of the spectrum, it may contribute to some scat-
tering effects within the chloroplast that could enhance ab-
sorption by pigment—protein complexes through path length
amplification, which could in theory account for part of the
increase in &;,(A) at high light.

Pigmentation in Phaeocystis—In addition to assessing the
contribution of pigment packaging effects to the variability
in a%,(A), we also examined cellular pigmentation, which ul-
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Table 3. Pigmentation (pg cell %) of Phaeocystis grown at 4°C under nutrient-replete conditions. Photosynthetic pigments (PS) include
chlorophyll (Chl), 19'-hexanoyloxyfucoxanthin (19'-hex), and fucoxanthin (Fuco). Photo-protective pigments (PP) include diadinoxanthin
(DD), B-carotene, and diatoxanthin (DT). HPLC and fluorometric (fluor) Chl a values are compared.

Light
intensity . .
wmol Chi a Total Fract;rc])gnto Ev\fotwal) Pig-
quanta Chl pigment :
m-2s? Fluor HPLC (¢, +¢c) Chig 19'-hex Fuco B-carotene DD + DT per cell PS PP
14 0.39 0.37 0.12 0.031 0.23 0.0028 0.0012 0.006 0.76 0.99 0.01
37 0.46 0.44 0.14 0.036 0.28 0.0138 0.0011 0.007 0.92 0.99 0.01
84 041 0.49 0.12 0.032 0.13 0.0050 0.0049 0.035 0.82 0.95 0.05
151 0.36 0.33 0.09 0.022 0.12 0.0039 0.0038 0.033 0.61 0.94 0.06
259 0.36 0.37 0.11 0.027 0.14 0.0034 0.0041 0.029 0.69 0.95 0.05
400 0.27 0.29 0.06 0.019 0.09 0.0120 0.0046 0.035 0.50 0.92 0.08
542 0.19 0.15 0.02 0.007 0.04 0.0023 0.0043 0.057 0.28 0.78 0.22

timately affects the magnitude and spectral shape of &j;,(A).
The predominant pigments found in this study are in agree-
ment with previous findings for Chl ¢, prymnesiophytes with
the exception that 19’-butanoyloxyfucoxanthin was not ob-
served. Our cellular pigment values were slightly lower than
those found by Vaulot et al. (1994) but are within the range
found by Buma et al. (1991) for a variety of Phaeocystis
culture strains.

Total pigment per cell was inversely related to light in-
tensity and ranged from 0.28 to 0.92 pg cell -* (Table 3). Chl
a was the dominant light-harvesting pigment followed by
19'-hexanoyloxyfucoxanthin, Chl (¢, + ¢, + ¢;), and fuco-
xanthin; these pigments together comprised 99% of the total
weight of cellular pigment at low light and accounted for
approximately 78% at the higher light intensity (w:w; Table
3, Fig. 6A). At the higher light intensities, the amount of
diadinoxanthin and photoprotective pigments, such as g-car-
otene and diatoxanthin, per cell increased in relative impor-
tance, ranging from 1% to 22% of the total pigment weight
(Table 3, Fig. 6A), with higher values at high light.

Contribution of pigmentation to a%,(A)—The contribution
of each pigment to the magnitude of &;,(A) is equal to the
product of the volume-based HPL C concentration and the in
Vvivo pigment-specific absorption coefficient. In vivo absorp-
tion coefficients of unpackaged individual pigments are not
well characterized for microalgae and higher plants. Instead,
we used in vitro absorption coefficients (Bidigare et al. 1990)
to reconstruct a,,(A). This technique does not take into ac-
count pigment packaging effects and has unresolved issues
regarding spectral shape and molar in vivo absorption co-
efficients. Despite these problems, the method allowed us to
assess the relative importance of pigmentation to a,,(A) or
ak(A) at low light (Fig. 6B) and high light (Fig. 6C).

At the red peak, Chl a isthe only pigment that contributes
significantly to &, (676 nm). Between 400 nm and 500 nm,
different pigments dominate at different wavelengths. Cel-
lular Chl a contributed most to the variability of a,, (436
nm) at all of the light intensities, mainly because of its high
cellular concentration even though it has a relatively low
weight-specific absorption coefficient at 436 nm (Bidigare et
al. 1990). The relative importance of pigments to a,, (436

nm) was followed by Chl (c, + ¢, + ¢;) and 19'-hexano-
yloxyfucoxanthin. Fucoxanthin contributed very little to the
magnitude of a,, (436 nm). At g&;, (490 nm), 19'-hexano-
yloxyfucoxanthin made up the largest fraction (w: w) of pig-
ments that absorb at this wavelength and contributed to the
variability in a,,(A) at 14 and 37 wmol quanta m=2 s**. The
increased concentration of 19'-hexanoyloxyfucoxanthin is
most notable in the increase in the ratio of a,, (490 nm) to
a,, (436 nm) at the low light intensities (Fig. 2A). At light
intensities above 37 umol quanta m-2 s, the pool of dia
dinoxanthin and diatoxanthin contributed more to the vari-
ability, and the contribution of 19'-hexanoyloxyfucoxanthin
to g,, (490 nm) was less significant as compared with the
lower light treatment. The pigment reconstruction method-
ology suggests that the relative contribution of pigments in
Phaeocystis varies with irradiance and affects the overall
shape of a%,(A). However, the pigment reconstruction method
does not provide a satisfactory quantitative estimate of true
in vivo absorption (Sosik and Mitchell 1991; Fig. 6B,C).

Estimation of photosynthetically active absorption—Haxo
and Blinks (1950) originally normalized the photosynthetic
action spectrum to an absorption spectrum to assess relative
activity of pigments. Relative excitation spectra with emis-
sion monitored in the near infrared (730 nm) have been
shown to exhibit spectral features similar to oxygen evolu-
tion action spectra (Neori et al. 1988). These observations
have served as the basis for normalizing a fluorescence ex-
citation spectrum to an absorption spectrum at the red peak
as a proxy for photosynthetically active absorption, symbol-
ized here as g following Sosik and Mitchell (1995). The
basis for this proxy resides in the ability of photosynthetic
pigments to donate excitation energy to Chl a, which fluo-
resces at physiological temperatures, whereas photoprotec-
tive carotenoids either do not donate the absorbed energy or
actually remove excitation energy from the pigment bed via
thermal dissipation mechanisms (Owens 1991).

To estimate the amount of absorption that is photosyn-
thetically active, af; is set to equal g}, at the red peak because
the action spectrum of Chl a fluorescence is assumed to be
similar to the action spectrum for photosynthesis. We are not
concerned with transfer efficiency to PSII but only whether



254 Moisan and Mitchell

1.2
© Chl a+ Chl ¢123 + 19'hex + fuco A
N (DD + DT + B-carotene) X10
— %
0.8 - 3
=11]
& 0
sy
g
4
g :
= o
L
0-0 1] T T T T

0 100 200 300 400 500 600
Light Intensity (nmol quanta m” s'l)

04

Reconst. ay, B

in vivo ay,

0.2 -

1/m

0.0 -
400 450 500 550 600 650 700
Wavelength (nm)
10
in vive a,, C

Reconst. ay,

400 450 500 550 600 650 700
Wavelength (nm)

Fig. 6. (A) Amount of light-harvesting and photoprotective pig-
ment per cell. Reconstructed a,,(A) (Bidigare et a. 1990), in vivo
a,,(A), and contribution of major pigments (labeled) to the recon-
structed a,,(A) of cultures acclimated to 37 (B) and 259 (C) umol
quanta m~—2 s—1. B-Carotene and fucoxanthin are minor contributors
to a,,(A). Diadinoxanthin (DD) + diatoxanthin (DT) are major con-
tributors to a,,(A) only during conditions of high light. For (B) and
(C), units are arbitrary.

the relative fluorescence spectrum has the same shape as the
true g} Because this study is based on cultures grown under
constant environmental conditions, we assume that balanced
growth exists because cultures were grown for a sufficient
period to balance excitation energy. A variety of mechanisms
to balance excitation energy have been described for algae
(reviewed by Falkowski and Raven 1997).

Our estimate of photosynthetic absorption by Phaeocystis
(Fig. 7TA—E) generally meets the basic criterion that a(A) =
a5, (A). Values for a5 (436 nm) ranged from 0.03 to 0.06 m?
mg Chl a-* and showed less variability than &%,(A) (Table 2,
Fig. 7A—E). The equation,

0 f " a,(A) da — f " a.(A) da

a)p _J/350nm 350nm

q)h( )\) - menm (9)
a,(\) da

50nm

represents the fraction of absorbed energy dissipated by pho-
toprotective pigments relative to total light absorbed by the
cells. Figure 7F shows that the fraction of absorption due to
photoprotective pigments is correlated with the ratio of
HPLC-determined photoprotective pigments to total pig-
ments.

Quantum yield for growth—Quantum yield for growth,
¢, defined as the molar ratio of carbon fixed for growth to
the quanta absorbed, is a fundamental biophysical variable
and is a critical parameter in bio-optical models of net pho-
tosynthesis (Eq. 1; Sosik 1996). Model estimates of photo-
synthesis for natural phytoplankton populations are highly
sensitive to variability in quantum yield (Sosik 1996). Using
our complete data set, and rearranging Eqg. 1, quantum yield
for growth was estimated as,

b — M
chi:c J &, (VE,(A) dA

50nm

(10)

For our study, ¢, ranged from 0.003 to 0.09 mol C (mol
quanta absorbed)~* with a nonlinear dependence on irradi-
ance (Fig. 8A). These values are in the range previously
reported for Phaeocystis-dominated blooms (SooHoo et al.
1987; Cota et al. 1994; Carder et al. 1995).

It is likely that our observations of decreased quantum
yields at high irradiances were partly due to increases in
photoprotective pigments that do not transfer energy to the
photosynthetic reaction centers and therefore lower quantum
yield. This concept is supported by the observation of in-
creased concentrations of photoprotective pigments with in-
creased irradiance (Table 3, Fig. 6A) and the dependence of
a,,(A)/a,(A) on the photoprotective pigment concentrations
(Fig. 7F). Also, nonphotochemical quenching may contribute
to decreases in quantum yield in nature because Phaeocystis
exhibits xanthophyll cycling between diadinoxanthin and
diatoxanthin in response to abrupt irradiance changes (Mois-
an et a. 1998). It is also likely that the photoinhibiting light
intensities led to an uncoupling of electron transport and
carbon fixation (Bidigare et al. 1989).
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Modeling quantum yield for growth—The quantum yield
for photosynthesis has previously been modeled as a product
of the maximal quantum yield for photosynthesis, ¢,,, and a
Poisson probability function that an open photosynthetic unit
will be hit (Mauzerall 1978; Dubinsky et al. 1986). Sakshaug
et al. (1989) adopted this concept to model the quantum
yield for growth as

1 -—exp e
¢/1 - d)m O"TEO N

Sakshaug et al. (1989) used a constant ¢,, and a constant,
composite o to represent the product of o, the absorption
cross section of PSlI, and 7, the turnover time of the pho-
tosynthetic electron transport system. It has been shown on
a mathematical basisthat or = E¢* (Cullen 1990; Falkowski
and Raven 1997). We did not determine short-term P-E re-
lationships, but our data do allow us to define the irradiance
at which our Phaeocystis cultures are saturated for growth,
which we refer to as E, .. We normalized Phaeocystis growth
rates from this study and from the literature to the maximum

11

rate observed in each study to remove nutrient and temper-
ature effects. Relative growth rates (w/ .. were plotted
against irradiance to determine E,, (Fig. 8B). Using our
study alone, the estimated E,, is 130 umol quanta m=2 s7¢,
and the overall composite of six separate studies provides a
value of 110 mol quantam-2 s~*. One might also expect that
the E,, of Phaeocystis is temperature dependent, but this
hypothesis needs further work.

We further propose that the ¢,, used must be allowed to
reflect redlistic variability in the realized ¢,, for a given set
of environmental conditions. For example ¢,,, which is de-
termined from absorption and the initial slope of short-term
P-E or flash yield experiments, has a different maximal
quantum yield at a given light, nutrient, and temperature
condition that is not necessarily the theoretical maximum of
0.125 mol C per mol quanta absorbed (Falkowski and Raven
1997). These ideal conditions are for achieving the maximal
quantum yield, which is not necessarily (and generaly is
not) the ideal for maximal growth or maximal photosynthe-
sisin agiven environment. Thus, accurate modeling of quan-
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Fig. 8. (A) Light dependence of ¢, (mol C [mol quanta ab-
sorbed] %) for P. antarctica (squares) using Eq. 10. Our modeled
¢, relationship with light (Eq. 12, solid line) is calculated with E,,
and ¢, shown in (B) and (C). This model is compared with the
model predictions of Kiefer and Mitchell (1983) where K, = 120
pmol quanta m-2 st and the Sakshaug et al. (1989) application of
Eg. 11 with a constant o7 of 1.1 m? h (mol photosynthetic unit)—*.
The ¢, value is 0.10 mol C (mol quanta absorbed)-* for the Kiefer
and Mitchell and the Sakshaug et al. models. The Carder et al.

tum yields may be more easily attained if one utilizes an
environmentally dependent maximal quantum yield, partic-
ularly if this can be predicted from knowledge of environ-
mental conditions. For our light-limitation experiment, we
define this term as ¢, . Our expression for the light depen-
dence of ¢, is given by

B l — exp*EO/Eku
d),u, - ¢mE0 EO/EkM

By introducing estimates of ¢,, E,, (110 umol quanta m-2
s %; Fig. 8B), and E, into Eq. 12, we solved for the apparent
¢, for our cultures whose growth rates were limited by
irradiance. Estimated values of ¢, increased exponentially
with decreasing irradiance (Table 2, Fig. 8C) and can be
described by the following empirically-derived equation,

e, = 0.1231€70004E 2 = 0,83 (13)

where E, is scalar irradiance (wmol quanta m=2 s—%). Using
E,, = 110 umol quanta m 2 s * and the ¢, predicted by
Eqg. 13, we modeled the light dependence of ¢, using Eq.
12. The modeled ¢, values were close to the experimental
¢, values at all irradiances (Fig. 8A).

Our model parameterization for ¢,, when compared with
a model with a hyperbolic function or one that assumes a
constant o7 and ¢, (Sakshaug et al. 1989; Carder et al.
1995), improved our ability to fit the rapid decrease of ¢,
with E, (Fig. 8A). Our ¢, vaues ranged from 0.012 to
0.11 mol C (mol quanta absorbed) -1, in the range of values
from previous temperate field studies for maximal quantum
yield based on P-E curves and redlistic estimates of light
absorption (Cleveland et al. 1989; Babin et a. 1996; Sosik
1996). For a Phaeocystis bloom, Carder et al. (1995) re-
ported ¢,, values for photosynthesis that ranged from 0.047
to 0.091 mol C (mol quanta absorbed)-!, and Cota et al.
(1994) reported an average ¢, of 0.1 = 0.05 mol C (mol
quanta absorbed)~*. An initial attempt to model the data in
Fig. 8A using Eq. 11 by setting ¢,, as a constant and allow-
ing E, to vary with E, resulted in unrealistic increases in E,
at low irradiances that were inconsistent with prior reports
for the light dependence of P-E relationships. In contrast,
holding E,, constant, a reasonable approach based on our
observations (Fig. 8B), and allowing ¢, to vary with ir-
radiance provides realistic variability of ¢, with highest
values at low irradiances, which is consistent with prior lit-
erature.

(12)

Photobiology of Phaeocystis: Implications for its ecolo-
gy—Phaeocystis exhibited a wide range in its ability to har-
vest light and convert that energy into growth, as shown by
the 30-fold range of ¢, in this study. Observations of high
as,(A) and high ¢, have been observed in nature and have
resulted in high values of chlorophyll-specific photosynthetic
efficiency, chlorophyll-specific assimilation rates, and pri-

—

(1995) model is based on data from a Phaeocystis bloom in the
North Atlantic. (B) The relationship between relative growth rates
of Phaeocystis and irradiance. (C) Predicted ¢, (EQ. 13) with light
for our study.
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mary productivity during periods of low surface irradiance
due to clouds and deep mixed layers (40-60 m) (Smith et
a. 1991; Cota et a. 1994). In polar regions, large solar ze-
nith angles, persistent cloud cover, and frequent storms often
result in deep mixed layers with low average irradiances
(Mitchell 1992). Under these circumstances, a competitive
advantage may be gained by maintaining moderate growth
rates at low light rather than higher growth rates under more
optimal conditions. This hypothesis is corroborated by the
observation of early spring blooms of Phaeocystis under sea
ice (Pamisano et al. 1987; SooHoo et al. 1987; Smith 1996).
Phaeocystis is also able to tolerate high irradiances and can
acclimate to abrupt irradiance changes by xanthophyll cy-
cling, which may in part optimize photosynthesis in fluctu-
ating light environments (Moisan et al. 1998). In addition,
it appears that Phaeocystis minimizes pigment packaging ef-
fects by decreasing the path length of incident light (i.e., cell
diameter) while increasing the amount of pigment per cell
under low-light acclimation. In addition, the colonial form
of Phaeocystis offers a size refuge from small grazers with-
out creating the inefficiency of pigment packaging observed
in larger diatoms (Riegger and Robinson 1997). The pho-
tophysiological characteristics described here suggest that
“bottom up” controls contribute in part to the ability of
Phaeocystis to dominate blooms at times in polar regions.
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