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ABSTRACT: It is expected that climate change will expand the open oligotrophic oceans by
enhanced thermal stratification. Because temperature defines the geographic distribution of pico-
phytoplankton in open-ocean ecosystems and regulates photophysiological responses, it is impor-
tant to understand how temperature affects picophytoplankton growth and photophysiology. Two
prokaryotic and 2 eukaryotic picophytoplankton strains were acclimated to 3 different tempera-
tures, ranging from 16 to 24°C. Temperature-dependent growth and photophysiology were
assessed by measurements of specific growth rates, cell size, pigment composition, absorption and
electron transport rates. Growth of Prochlorococcus marinus (eMEDA4), Prochlorococcus sp.
(eMIT9313), Ostreococcus sp. (clade B) and Pelagomonas calceolata was positively related to tem-
perature, especially in the prokaryotic strains. Changes in photophysiology included increased
light harvesting, increased electron transport and reduced photoinhibition at elevated tempera-
tures. However, the changes related to light harvesting and electron transport could not fully
explain the observed difference in growth. This suggests that other processes, such as Calvin
cycle activity, are likely to limit growth at sub-optimal temperatures in these picophytoplankton
strains. The overall changes in photophysiology during temperature acclimation will possibly
allow photosynthesis at higher irradiance intensities, but the genetically defined low temperature
tolerances and photosynthetic characteristics of the different ecotypes will likely be more impor-
tant in determining picophytoplankton (depth) distribution and community composition.
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INTRODUCTION

Research related to climate change has largely
focused on polar systems and organisms, although
changes in other oceanic systems can also be expec-
ted. In temperate to warm-temperate oceanic regions,
a rise in seawater temperature by 1.5 to 4.5°C over
the next century (Houghton et al. 1995) will lead to
changes in water column stratification. The sub-
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sequent modifications in mixed layer dynamics will
decrease nutrient availability and increase levels of
photosynthetic active radiation (PAR) and ultraviolet
radiation in surface layers of the open oceans (Beh-
renfeld et al. 2006, Doney 2006). Elevated tempera-
tures, as well as the indirect changes in the irradiance
climate, can have pronounced effects on phytoplank-
ton productivity and community structure (Schmittner
2005, Behrenfeld et al. 2006, Litchman et al. 2006).
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The phytoplankton community of open oligo-
trophic oceans is dominated by Prochlorococcus spp.,
Synechococcus spp., and eukaryotic nano- and pico-
phytoplankton (Olson et al. 1990, Li 1994, DuRand et
al. 2001). The geographic distribution of these phyto-
plankton species is highly related to temperature. For
example, the abundance of Prochlorococcus spp. is
highest in warm waters with temperatures above
17°C (Partensky et al. 1999, Johnson et al. 2006).
Similar trends are found for Synechococcus spp.,
with a strong positive relationship between Synecho-
coccus spp. abundance and temperatures above
14°C (Agawin et al. 1998, Li 1998, Moisan et al.
2010), and for Ostreococcus spp., with a temperature
range from 11 to 26°C (Demir-Hilton et al. 2011). The
geographic ranges of picophytoplankton are thought
to be species and ecotype specific, determined by
genetically defined low temperature tolerances
(Moore et al. 1995, Johnson et al. 2006, Zinser et al.
2007). In addition to the effect of temperature on the
distribution of picophytoplankton, general trends in
community production and biomass are also evident.
Typically, the biomass and primary production of
picophytoplankton and the contribution of pico-
phytoplankton to the total phytoplankton production
increase with temperature (Agawin et al. 2000, Feng
et al. 2009, Morén et al. 2010).

Even though temperature is an important factor in
picophytoplankton ecology, only a few studies have
focused on the effects of temperature on growth and
photophysiology of this specific phytoplankton size
class (Moore et al. 1995, Fu et al. 2007, Zinser et al.
2007). Especially little information is available on the
eukaryotic picophytoplankton. Like other phyto-
plankton, picophytoplankton show a traditional tem-
perature-dependent growth curve (Eppley 1972,
Moore et al. 1995, Zinser et al. 2007). The initial pho-
tochemical reactions are independent of tempera-
ture, but many associated aspects of photosynthesis,
such as enzymatic activities, membrane fluidity and
electron transport, are reduced at sub-optimal tem-
peratures (Oquist 1983, Raven & Geider 1988). These
changes are accompanied by changes in the light-
harvesting complex. Typically, phytoplankton accli-
mated to low temperatures show a photophysiology
comparable to that of high-light-acclimated phyto-
plankton, with low levels of cellular chlorophyll a
(chl a) (Geider 1987, Maxwell et al. 1994, Stramski et
al. 2002). This was also found for the prokaryotic
picophytoplankton species Prochlorococcus marinus
(eMED4) and Synechococcus sp. (WH7803) (Fu et
al. 2007). In eukaryotic nanophytoplankton, other
changes in the light-harvesting complex involved in

low temperature acclimation are a reduction in
photosystem II (PSII) reaction center size and abun-
dance (Davison 1991, Wilson & Huner 2000) and an
increase in photoprotective pigments relative to
light-harvesting pigments (Wilson & Huner 2000,
Helbling et al. 2011). As temperature increases, the
constraints on photosynthesis gradually decrease
with increased chl a synthesis and enhanced light
capture (Falkowski & Raven 1997, Stramski et al.
2002). Beyond the optimal temperature, the demand
in ATP and carbohydrates exceeds that of new pro-
duction, and growth and photosynthesis decrease
abruptly (Raven & Geider 1988, Davison 1991).

In the present study, temperature-dependent pro-
cesses in oceanic picophytoplankton were studied to
improve the knowledge on the direct and indirect
effects of a rise in seawater temperature on pico-
phytoplankton performance in open-ocean eco-
systems. Therefore, 2 prokaryotic and 2 eukaryotic
picophytoplankton strains were acclimated to 3 dif-
ferent temperatures. Growth and photophysiology
were assessed by analysis of specific growth rates,
cell size, pigment composition, absorption and elec-
tron transport rates. The results are related to the
possible effect of elevated temperature on picophyto-
plankton photophysiology and species distribution.
In addition, the use of fluorescence analysis in the
assessment of picophytoplankton photophysiology is
discussed.

MATERIALS AND METHODS
Culture conditions

Cultures were obtained from the Roscoff Culture
Collection (RCC) and the Provasoli-Guillard National
Center for Marine Algae and Microbiota (NCMA).
The strains were all isolated from oligotrophic re-
gions and are representative for low- and high-light-
adapted species in open-ocean ecosystems. Ostreo-
coccus sp. strain RCC410 (ecotype clade B or OII) and
Pelagomonas calceolata strain RCC879 were cult-
ured in K medium based on natural oceanic seawater
(35 PSU) as described by Keller et al. (1987). Final
nutrient concentrations in K medium were 50 ptM
NH,, 882 ptM NOj and 10 pM POy. Prochlorococcus
marinus strain CCMP2389 (ecotype MED4) and Pro-
chlorococcus sp. strain RCC407 (ecotype MIT9313)
were cultured in an adjusted version of the K
medium, with a 10 times diluted concentration of
trace metals minus copper (K/10-Cu; see Chisholm
1992). Final nutrient concentrations in K/10-Cu
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medium were 50 pM NH, and 10 pM PO,. Cultures
were maintained in 100 ml glass Erlenmeyer flasks at
9 pmol photons m~2 s=! (Prochlorococcus sp. and P,
calceolata) and 68 pmol photons m~2 s~ (P. marinus
and Ostreococcus sp.) at a diurnal cycle of 12 h:12 h
light:dark at 20°C.

Experimental design

Cultures of Prochlorococcus marinus, Prochloro-
coccus sp., Ostreococcus sp. and Pelagomonas cal-
ceolata were transferred to 500 ml glass Erlenmeyer
flasks and incubated in triplicate at 16, 20 and 24°C.
Experiments were carried out in a temperature-con-
trolled U-shaped lamp setup as described by Van de
Poll et al. (2007). The temperature in the setup was
maintained at 16, 20 and 24°C by a thermostat (RK 8
KS, edition 2000, Lauda Dr. R. Wobser & Co.) and de-
viated by less than +£0.5°C. During the experiments,
50 pmol photons m~2 s™! PAR (Biolux and Skywhite
lamps, Osram) was provided as a square wave func-
tion with a 12 h:12 h light:dark cycle (monitored with
a QSL-100, Biospherical Instruments). Prior to the ex-
periments, the strains were kept in the exponential
growth phase and were acclimated to the experimen-
tal irradiance and temperature conditions for at least
3 wk. Growth and maximum quantum yield of PSII
were followed daily starting directly after the begin-
ning of the incubation. In the mid-exponential growth
phase, the photophysiology of the cultures was as-
sessed by analysis of pigments, absorption spectra
and electron transport rates. Cell densities during
these measurements ranged from 6 x 10° cells ml™! in
P. marinus and Prochlorococcus sp. to 17 x 10° cells
ml™' in Ostreococcus sp. and 2 x 10° cells ml™! in P.
calceolata. Culturing of Prochlorococcus sp. RCC407
(eMIT9313) at 16°C and 50 pmol photons m~2 s~ was
attempted several times, but this condition exceeded
the limit for growth of this individual strain. No addi-
tional measurements were performed for Prochloro-
coccus sp. under these conditions.

Growth measurements

Samples (1 ml) for cell counts were obtained daily
during the exponential growth phase. Cell concen-
trations were determined on a Coulter Epics MXL
flow cytometer (Beckman Coulter). Growth rates
(w; d71) of the exponential growth phase were calcu-
lated by linear regression of natural log-transformed
cell numbers for all replicates (=4 data points per

replicate). The temperature quotient (Qo) for growth
was calculated as (uTz/uTl)“)/ (T2=T), where T; and T,
are 16 and 24°C, respectively. In addition, cell sizes
were estimated by calibration of the forward scatter
of the flow cytometer (Flow cytometry size calibration
Kit F-13838, Molecular Probes).

Pigment composition

Samples (25 to 30 ml) for pigment analysis were
collected during the exponential growth phase for
each replicate culture. Samples were filtered onto
25 mm GF/F filters (Whatman), snap frozen in liquid
nitrogen and stored at —80°C until further analysis.
Pigments were quantified using high performance
liquid chromatography (HPLC) as described by
Hooker et al. (2009). In short, filters were freeze-
dried for 48 h and pigments were extracted in 3 ml
90 % acetone (v/v, 48 h, 4°C). Detection of pigments
was carried out using an HPLC (Waters 2695 separa-
tion module, 996 photodiode array detector) equip-
ped with a Zorbax Eclipse XDB-Cg 3.5 pm column
(Agilent Technologies). Peaks were identified by re-
tention time and diode array spectroscopy. Pigments
were quantified using standards (DHI LAB products)
of chl ay, chl a,, chl b, chl ¢,, chl ¢3, 19-butanoyloxy-
fucoxanthin, 19-hexanoyloxyfucoxanthin, fucoxan-
thin, neoxanthin, prasinoxanthin, lutein, diadinoxan-
thin, diatoxanthin, antheraxanthin, violaxanthin,
zeaxanthin, o-carotene and B-carotene. From here
on, chl a will refer to chl a, in Prochlorococcus mari-
nus and Prochlorococcus sp. and to chl a; in Ostreo-
coccus sp. and Pelagomonas calceolata.

Absorption spectra

Samples for phytoplankton pigment absorption
spectra were taken during the exponential growth
phase for each replicate culture. Pigment absorption
spectra were determined on a Varian Cary 3E UV-Vis
spectrophotometer, equipped with an integrating
sphere. Spectral values of the absorption coefficient
were recorded every 1 nm between 350 and 800 nm.
For analysis, 25 to 30 ml culture was filtered onto
25 mm GF/F filters (Whatman) and the transmission
and reflection of the total particulate matter was de-
termined according to Tassan & Ferrari (1995). The
filter was then extracted in sodium hypochlorite (1 %
chlorine) to remove phytoplankton pigments and
measured again to obtain the absorption of non-
pigmented material (detritus). Phytoplankton absorp-
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tion was calculated (j was set to 2) and normalized to
chl a concentrations to obtain the specific absorption
coefficient by phytoplankton a*;,(A) (m* mg™" chl a).
The spectrally weighted mean specific absorption
coefficient a* (m? mg~! chl a) was calculated by:
400
(St ED)

700
= 400 (1)

EE(X)

700
where E(MA) is the irradiance used in the incubator
during the electron transport rate measurements.
The blue:red ratio was calculated by dividing the
maximum a*;(A) between 350 and 600 nm by the
maximum a*,(A) between 650 and 700 nm.

a‘

PSII fluorescence

PSII fluorescence analyses were performed on a
WATER-PAM chlorophyll fluorometer (Waltz) equip-
ped with a WATER-FT flow-through emitter-detector
unit (blue LED) and analyzed using WinControl soft-
ware (version 2.08, Waltz) according to Maxwell &
Johnson (2000; and references therein). For daily
analysis, the maximum quantum yield of PSII (F,/F,,)
was measured for each replicate culture. In addi-
tion, the electron transport rate (ETR) was recorded
for cultures of Prochlorococcus marinus, Prochloro-
coccus sp., Ostreococcus sp. and Pelagomonas cal-
ceolata growing in exponential growth phase at 16
(except Prochlorococcus sp.), 20 and 24°C.

Maximum quantum yield of PSII. For daily analy-
sis, 5 to 15 ml culture samples were dark-adapted for
at least 20 min at 16, 20 or 24°C. For measurements,
the measuring light (frequency 3) was turned on and
the minimal fluorescence F, was recorded. During a
saturating light flash (0.6 s, +1100 umol photons m™2
s71), the maximum fluorescence in the dark-adapted
state, F,°, was then recorded. F,/F,, was calculated
as (F° — Fy)/Fy°.

Electron transport rates. ETR was determined by
exposing separate culture samples of 3.8 ml to 10
different irradiance levels ranging from 19.9 to
630.9 pmol photons m™2 s7! (250 W MHN-TD lamp,
Philips) in a temperature-controlled incubator. After
20 min of exposure, the quantum yield of PSII (®pgy)
was determined by measuring the steady-state fluo-
rescence prior to the saturating light flash, F;, and the
maximum fluorescence in the light, F,,'". ®pgy was cal-
culated as (F,,'-F,)/F,'. The absolute ETR (aETR; mol
e~ ng~! chl a h™!) for each irradiance level was calcu-
lated by:

aETR = Opgy - E-a*-0.5 (2)

where E (umol photons m2 s71) is the irradiance level
of the incubator, a* (m? mg~! chl a) is the spectrally
weighted mean specific absorption coefficient and
0.5 is a factor accounting for the partitioning of
energy between photosystem I (PSI) and PSII. aETR
versus irradiance curves were fitted to the empirical
model described by Platt et al. (1980) using LABFit
software (version 7.2.45, Wilton and Cleide P. Silva)
to estimate the maximum aETR (ETR,.y), the initial
aETR (ogtr), the photoacclimation index (Ex) and
photoinhibition (Bgrg). If no photoinhibition was pre-
sent, the aETR versus irradiance curves were fitted to
the model of Webb et al. (1974) to estimate ETR .y,
agrr and Ex. The Qo for ETR,,,x was calculated as
(ETRmax,T‘Z/ETRmax,Tl)10/(n_n)~

Statistical analysis

Differences between the 3 temperature conditions
and differences between species were statistically
tested by ANOVA using STATISTICA software (ver-
sion 8.0 and 10.0, StatSoft). Before analysis, data
were tested for normality and homogeneity of vari-
ances. Differences were considered significant when
p <0.05.

RESULTS
Growth

Temperature had a positive effect on the growth
rates of the 4 oceanic picophytoplankton strains
(Fig. 1). Growth rates increased significantly with
increasing temperature in the prokaryotic species
Prochlorococcus marinus (from pgc = 0.23 + 0.02
d! to Pyec = 0.63 = 0.05 d7Y) and Prochlorococcus
sp. (from pygec = 0.17 £ 0.02 d~! to posec = 0.30 = 0.02
dl; p < 0.005). No growth was observed in
Prochlorococcus sp. at 16°C, incubated at an irradi-
ance intensity of 50 pmol photons m™2 s™'. Several
attempts showed that this Prochlorococcus strain
was able to grow at 16°C, but only at lower irradi-
ance intensities (25 pmol photons m™2 s7!, u = 0.12 +
0.03 d7Y). An increasing trend in growth rate with
temperature was also found in the eukaryotic spe-
cies. In Ostreococcus sp., the lowest growth rate
was found at the lowest temperature (Wg.c = 0.69 =
0.01 d7%; p < 0.0005), but cultures grown at 20 and
24°C showed similar growth rates (u = 1.09 + 0.03
and 1.05 = 0.05 d7!, respectively). The highest
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Fig. 1. Mean (+SD, n = 3) growth Prochlorococcus Pelagomonas
rates (W) for (a) Prochlorococcus 10 marinus Prochlorococcus sp.  Ostreococcus sp. calceolata
marinus eMED4, (b) Prochlorococ- a b c ) d

cus sp. eMIT9313, (c) Ostreococcus 10

sp. clade B and (d) Pelagomonas <~ 0.8 * *

calceolata at 16, 20 and 24°C. No ';c/ 0.6 —— ] .
growth was observed for Prochlo- =. * e
rococcus sp. at 16°C and 50 pmol 0.4 [ . _;_ I
photons m™ s™'. Asterisks indicate 0.2 |—‘—|

significant effects (p < 0.05) of tem- 0.0 |_‘_|

perature on the growth rate within 16 20 24 16 20 24 16 20 24 16 20 24

each species

growth rates in Pelagomonas calceolata were found
at 24°C (u = 0.47 + 0.02 d7!) (p < 0.0005), but no dif-
ference was found between the growth rates at 16
and 20°C (u = 0.28 + 0.01 and 0.30 + 0.03 47!,
respectively). Overall, Ostreococcus sp. showed the
highest growth rates, followed by P. marinus, P. cal-
ceolata and Prochlorococcus sp., respectively (p <
0.005). Qqo values for growth were 3.59 for P. mari-
nus, 4.41 for Prochlorococcus sp., 1.69 for Ostreo-
coccus sp. and 1.96 for P. calceolata.

Temperature affected the cell size of the picophy-
toplankton, but this effect was small and not uni-
form among the different strains (Table 1). In
Prochlorococcus marinus and Ostreococcus sp., cell
size decreased with increasing temperature by
-1.4% (p < 0.05, not significant between 20 and
24°C) and -5.6% (p < 0.05, not significant between
16 and 20°C), respectively. In contrast, in Prochloro-
coccus sp. and Pelagomonas calceolata, cell size
increased with increasing temperature by +1.6%
(p < 0.05) and +10.1% (p < 0.05, not significant for
20°C), respectively. Overall, P. calceolata had the
largest cell size, followed by the eukaryotic species
Ostreococcus sp. and the prokaryotic species Pro-
chlorococcus sp. and P. marinus, respectively (p <
0.05). No significant relationship was found between
temperature-induced changes in cell size and cel-
lular chl a concentration, total cellular pigment
concentration (data not shown) or the spectrally
weighted mean specific absorption coefficient.

Table 1. Mean (+SD, n = 3) cell size (diameter in pm) of Prochlorococcus mari-
nus eMED4, Prochlorococcus sp. eMIT9313, Ostreococcus sp. clade B and
Pelagomonas calceolata grown at 16, 20 and 24°C. Different superscript letters
indicate significant effects of the temperature treatment within each species
(p < 0.05). n/a: data not available, growth was not observed under the used
conditions and no additional measurements were performed

Temperature (°C)

Pigment composition

Changes in the pigment composition with temper-
ature were most evident in the prokaryotic species.
In Prochlorococcus marinus and Prochlorococcus sp.,
the pigments chl a, and b, zeaxanthin and o-carotene
were identified. The effect of temperature on the
pigmentation was similar in both Prochlorococcus
strains, although differences in Prochlorococcus sp.
were not significant. The light-harvesting pigments,
here indicated by the cellular chl a levels and the
chl b/a ratio, increased (by 3 to 29 %) with increasing
temperature (p < 0.05 for P. marinus, not significant
between 20 and 24°C; Fig. 2a,b,d,e). The photopro-
tective pigmentation decreased with increasing tem-
perature (p < 0.001 for P. marinus; Fig. 2¢,f). This was
especially evident in P. marinus, in which the zeaxan-
thin to chl a ratio decreased by 33 %.

In the eukaryotic species, the effects of temperature
on pigmentation were evident, but the observed dif-
ferences were often not significantly different. In Os-
treococcus sp., the pigments chl a and b, prasino-
xanthin, neoxanthin, violaxanthin, antheraxanthin,
zeaxanthin, lutein and B-carotene were identified. All
cellular light-harvesting pigment concentrations,
including chl a (26 %; Fig. 29g), increased with tem-
perature in Ostreococcus sp., but the ratios per chl a
generally remained unaffected (Fig. 2h). The xantho-
phyll cycle pigment to chl a ratio (Fig. 2i) and the de-
epoxidation of the xanthophyll pigment cycle (18 to
32%, data not shown) showed a de-
creasing trend with increasing temper-
ature. The other eukaryotic species,
Pelagomonas calceolata, contained the
pigments chl a, ¢; and c3, 19-butanoyl-
oxyfucoxanthin, 19-hexanoyloxyfuco-
xanthin, fucoxanthin, diadinoxanthin,

Prochlorococcus Prochlorococcus Ostreococcus  Pelagomonas diatoxanthin and f-carotene. The cel-

marinus sp. sp. calceolata lular concentrations of these pigments

N . . increased with increasing tempera-

16°C  0.767 = 0.001% n/a 1.033 £ 0.005 2.294 + 0.047 tures (chl a by 23%; Fig. 2j), except
20°C  0.759 £ 0.002° 0.848 £ 0.006° 1.035+0.032° 2.471 +0.017 .

24°C 0.756+0.004"  0.862 +0.002° 0.975+0.011% 2.553+0.144! | [0 19-hexanoyloxyfucoxanthin and B-

carotene. The main light-harvesting
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Fig. 2. Overview of the main light-harvesting and photoprotective pigments. Mean (+SD, n = 3) cellular chl a concentrations

and the ratios of the main accessory and photoprotective pigments per chl a are given for (a-c) Prochlorococcus marinus

eMED4, (d—f) Prochlorococcus sp. eMIT9313, (g—i) Ostreococcus sp. clade B and (j—1) Pelagomonas calceolata grown at 16, 20

and 24°C. For P. calceolata, the accessory pigment ratios for chl ¢, and c; are indicated by open circles and the pigment ratios

for 19-butanoyloxyfucoxanthin by filled circles. 19-but: 19-butanoyloxyfucoxanthin; Dd: diadinoxanthin; Dt: diatoxanthin;

VAZ: violaxanthin, antheraxanthin and zeaxanthin; Zea: zeaxanthin. Note that the scales of the pigment concentrations and
ratios are different between the panels

pigments, chl c¢,, chl ¢; and 19-butanoyloxyfucoxan-
thin, increased with increasing temperature per chl a
(p < 0.05, not significant between 20 and 24°C;
Fig. 2k). An increasing trend with increasing temper-
ature was also found for the xanthophyll cycle pig-
ment pool (16 %, not significant; Fig. 21) and the de-
epoxidation state of the xanthophyll pigment cycle
(22 to 24 %, data not shown).

The pigment compositions of the different phyto-
plankton species were considerably different, and

are therefore difficult to compare. However, it was
clear that the prokaryotic species contained the high-
est levels of photoprotective pigments relative to
chl a (p < 0.005; Fig. 2, note the differences in scale).

Absorption spectra

No significant effect of temperature was found on
the spectrally weighted mean specific absorption
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Table 2. Mean (+SD, n = 3) spectrally weighted mean specific absorption coefficient a* (m? mg™! chl a) and the blue:red ratio of

the absorption spectra of Prochlorococcus marinus eMED4, Prochlorococcus sp. eMIT9313, Ostreococcus sp. clade B and

Pelagomonas calceolata grown at 16, 20 and 24°C. Different superscripted letters indicate significant effects of the tempera-

ture treatment within each species (p < 0.05). n/a: data not available, growth was not observed under the used conditions
and no additional measurements were performed

Prochlorococcus marinus

Prochlorococcus sp.

Ostreococcus sp. Pelagomonas calceolata

*

a

16°C 0.015+1.38 x 1073 n/a

20°C 0.013 +1.68 x 1073 0.033 +0.31 x 1073

24°C 0.013 +0.75 x 1073 0.033 +5.52 x 1073
Blue:red

16°C 2.49 + 0.39 n/a

20°C 2.41 +0.06 3.60 £0.18

24°C 2.40 + 0.05 3.59+0.24

0.017 + 0.87 x 1073
0.018 +0.94 x 1073
0.019 + 1.61 x 1073

0.019 + 2.35 x 1073
0.018 + 1.86 x 1073
0.017 + 0.74 x 1073

2.03 +£0.09 2.17 £0.13°
1.93 £ 0.03 1.92 + 0.05%
1.88 £ 0.01 2.11+£0.06

coefficient (@*) (Table 2). When the
different strains were compared,
Prochlorococcus sp. had the highest
a* (p <0.001), whereas Prochlorococ-
cus marinus had the lowest a* (p <
0.05, except at 16°C). No significant

Table 3. Mean (+SD, n = 3) maximum quantum yield of photosystem II (F,/F,)
of Prochlorococcus marinus eMED4, Prochlorococcus sp. eMIT9313, Ostreo-
coccus sp. clade B and Pelagomonas calceolata during exponential growth at
16, 20 and 24°C. Different superscript letters indicate significant effects of the
temperature treatment within each species (p < 0.05). n/a: data not available,
growth was not observed under the used conditions and no additional mea-

surements were performed

differences in absorption were found

between the 2 eukaryotic species Os- Prochlorococcus Prochlorococcus — Ostreococcus — Pelagomonas

treococcus sp. and Pelagomonas cal- marinus Sp. Sp. calceolata
1 nd 1 Is of @a* of th ka-

ceolata, and levels of a* of the euka 16°C  0.599 + 0.015° n/a 0.559 + 0.003%4  0.527 + 0.009

ryotic strains were in between those 20°C  0.626 +0.010°  0.520 £0.012>  0.607 + 0.010°  0.524 + 0.002

of P. marinus and Prochlorococcus sp. 24°C  0.622 + 0.009 0.559 + 0.003"  0.597 + 0.005¢  0.523 + 0.003

The blue:red ratio remained similar
(Prochlorococcus sp.) or decreased
somewhat with increasing temperature (other
strains), but differences were not significant (except
for Pelagomonas calceolata between 16 and 20°C,
p < 0.05; Table 2). Overall, Prochlorococcus sp. had
the highest blue:red ratios (p < 0.001). Prochlorococ-
cus marinus, Ostreococcus sp. and P. calceolata
showed similar ratios at 16°C, whereas the blue:red
ratio was significantly higher in P. marinus at higher
temperatures (p < 0.005). The blue:red ratio did not
differ between the 2 eukaryotic species Ostreococcus
sp. and P. calceolata.

Maximum quantum yield of PSII

In general, an increase in temperature had a posi-
tive, but small (4 to 8%), effect on the maximum
quantum vyield of PSII (F,/F,) (Table 3). In Prochloro-
coccus marinus, F,/F,, increased from 16 to 20°C (p <
0.05), but no other significant differences were ob-
served. In the other prokaryotic strain, Prochlorococ-
cus sp., F,/F, increased with increasing temperature
(p < 0.005). Similar to the results on growth rates,
F,/F, in Ostreococcus sp. was significantly lower at

16°C compared with 20 and 24°C (p < 0.005), but sim-
ilar between 20 and 24°C. In contrast, F,/F,, of the
other eukaryotic species, Pelagomonas calceolata,
was not affected by temperature. Overall, P. marinus
showed the highest F,/F,, values, followed by Ostre-
ococcus sp., Prochlorococcus sp., and P. calceolata,
respectively (p < 0.05, not significant at 20°C).

Electron transport rate

Comparable to the growth rates, the absolute elec-
tron transport rates were positively affected by tem-
perature in all strains (Fig. 3). The maximum electron
transport rate (ETR,,) increased with increasing
temperature in Prochlorococcus sp. and Ostreo-
coccus sp. (p < 0.05; Fig. 3a). This trend in ETR .«
with temperature was also shown for Prochloro-
coccus marinus and Pelagomonas calceolata, but dif-
ferences between the temperatures were small and
not significant in these strains. Q;, values for ETR .«
were 1.10 for P. marinus, 2.35 for Prochlorococcus sp.,
1.62 for Ostreococcus sp. and 1.19 for P. calceolata.
The initial electron transport rate (ogtr) increased
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Fig. 3. Characteristics of electron transport. Means (+SD, * ¥
n = 3) of (a) the maximum electron transport rate (ETR.x), \h a _:E
(b) the initial electron transport rate (ogrgr), (¢) the photo- "_C 1.5¢ *
acclimation index (Ex) and (D) photoinhibition (Bgrr) are © * *
given for Prochlorococcus marinus eMED4, Prochlorococcus X<
sp. eMIT9313, Ostreococcus sp. clade B and Pelagomonas Q:EO 1.0t s —1[
calceolata grown at 16, 20 and 24°C. Asterisks indicate E g
significant effects (p < 0.05) of temperature on the character- ' T
istics of electron transport within each species 5 0.5r
£
significantly at 16°C compared with 20 and 24°C in P 0.0 b
P. marinus (p < 0.005), but remained similar at higher ‘Tm A
temperatures (Fig. 3b). In Prochlorococcus sp., =9 0.010k
Ostreococcus sp. and P. calceolata, ogrr was not % E ' .
affected by temperature. The photoacclimation index 35
|
(Ex) increased with increasing temperature in P. mar- o E 0.005t Ed
inus (p < 0.05, not significant between 20 and 24°C), g a '
Prochlorococcus sp. (p < 0.005) and Ostreococcus e g
sp. (p < 0.05, not significant between 16 and 20°C), 553,- 0.000
indicating that these strains were acclimated to = ' C *
higher irradiance intensities at elevated temperatures 5 300
(Fig. 3c). In P. calceolata, Ex was not affected by IE
temperature. Photoinhibition (Bgrr) showed a decrea- o @
sing trend with increasing temperature in P. marinus w % 200
(Fig. 3d). In Prochlorococcus sp., photoinhibition 5 % *
increased significantly at higher temperatures (p < re) 100}
0.05). No photoinhibition was observed in Ostreo- g_
coccus sp., although the aETR versus irradiance ~ = 0 —
curves showed significantly lower electron transport cT d . 16°C
rates at high irradiance intensities at 16°C compared Tm b 31 20°C
with 20 and 24°C (p < 0.05). In P. calceolata, photo- g ‘?‘E 0.004 [C124°C
inhibition remained largely unaffected by changes > o .
in temperature. ,1 5
The electron transport rates were markedly differ- ° 2 0.002f
ent between the species (Figs. 3 & 4). Prochlorococ- 8 e
cus sp. and Ostreococcus sp. showed the highest Eg
ETR,.x, followed by Prochlorococcus marinus and == 0.000 S Q P
Pelagomonas calceolata (p < 0.05) (Figs. 3a & 4). The o> S R Ao
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Fig. 4. Mean (+SD, n = 3) absolute electron transport rate (aETR) versus irradiance curves for (a) Prochlorococcus marinus
eMED4, (b) Prochlorococcus sp. eMIT9313, (c) Ostreococcus sp. clade B and (d) Pelagomonas calceolata grown at 24°C
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marinus, Ostreococcus sp. and P. calceolata (Figs. 3b
& 4). Ostreococcus sp. was acclimated to the highest
irradiance intensities (p < 0.05, not significantly dif-
ferent from P. marinus at 20°C). Procholorococcus
marinus also showed a high Ex. Compared with P.
marinus and Ostreococcus sp., Prochlorococcus sp.
and P. calceolata were acclimated to significantly
lower irradiance intensities (Figs. 3¢ & 4). Indicated
by the acclimation to relative low irradiance intensi-
ties, Prochlorococcus sp. and P. calceolata showed
the highest photoinhibition (p < 0.05; Figs. 3d & 4).
P. marinus showed intermediate to low levels of
photoinhibition, whereas Ostreococcus sp. showed
no photoinhibition.

DISCUSSION

Itis expected that climate change will mediate a rise
in seawater temperature, thereby expanding the open
oligotrophic oceans (Behrenfeld et al. 2006, Polovina
et al. 2008). The changes in the onset and break-up of
stratification and the mixed layer depth will alter nu-
trient availability and the intensity, spectral composi-
tion and dynamics of phytoplankton irradiance expo-
sure (Behrenfeld et al. 2006, Doney 2006). Because
temperature plays an important role in the geographic
distribution of picophytoplankton in open-ocean eco-
systems (Johnson et al. 2006, Moisan et al. 2010,
Demir-Hilton et al. 2011) and might influence photo-
physiology (Geider 1987, Davison 1991), it is important
to understand how changes in temperature affect
picophytoplankton performance.

Temperature dependency of growth in relation
to geographic distribution

The studied picophytoplankton strains showed a
different temperature dependency of growth, which
is in accordance with their geographical distribution.
Growth was positively affected by increasing tem-
peratures in the prokaryotic species, with growth
rates of Prochlorococcus marinus and Prochloro-
coccus sp. similar to those found in earlier studies
(Moore et al. 1995, Johnson et al. 2006, Zinser et al.
2007). An optimal temperature for growth was not
detected for P. marinus and Prochlorococcus sp. dur-
ing the present study, but earlier studies with these
strains showed that the optimal temperature for
growth is 24°C for P. marinus and 28°C for Prochloro-
coccus sp. (Moore et al. 1995, Johnson et al. 2006,
Zinser et al. 2007). The cold tolerance of Prochloro-

coccus sp. is ~16°C (present study, Zinser et al. 2007),
although this specific low-light-adapted strain of Pro-
chlorococcus spp. (eMIT9313) is detected at lower
temperatures in the Atlantic Ocean (Zinser et al.
2007). It has been suggested that the occurrence of
eMIT9313 in waters below the minimum tempera-
ture for sustained growth could be explained by the
occurrence of genetic variants within the ecotype or
by the detection of dying cells that are recently
exposed to low temperatures (Zinser et al. 2007).
However, the present study showed that growth of
Prochlorococcus sp. is possible at 16°C, but at lower
irradiance intensities (25 vs. 50 pmol photons m™2 s71).
This suggests that temperature has a strong effect on
the photoacclimation potential of Prochlorococcus sp.
and would possibly explain the observed distribution
of this strain in cold, relatively deep (i.e. low irradi-
ance intensities) waters.

For the eukaryotic picophytoplankton species Ost-
reococcus sp. and Pelagomonas calceolata, the tem-
perature dependency of growth has not been studied
before. In general, growth rates of Ostreococcus sp.
are similar to those found in earlier studies (Rod-
riguez et al. 2005, Kulk et al. 2011). In the present
study, the optimal growth temperature of Ostreo-
coccus sp. was found between 20 and 24°C. This
is consistent with the observation that this ecotype
of Ostreococcus sp. (clade B or OII) is detected in
oceanic waters with a mean temperature of 22 + 3°C,
but remains undetected at higher temperatures
around 26 + 3°C (Demir-Hilton et al. 2011). Thus, it
seems that Ostreococcus sp. is a more temperate spe-
cies compared with P. marinus and Prochlorococcus
sp. The growth rates of P. calceolata are somewhat
lower compared with another strain of P. calceolata
(Dimier et al. 2009). This difference in growth rate is
most likely strain specific, as other cell characteris-
tics, such as 19-butanoyloxyfucoxanthin concentra-
tion, are also considerably different between the
2 strains of P. calceolata (present study, Dimier et
al. 2009). No optimal temperature for growth was
observed in this study for P. calceolata, suggesting
that the temperature optimum is above 24°C. This
is in accordance with the geographic origin of this
strain and other P. calceolata strains in the Pacific
Ocean (Le Gall et al. 2008), with sea surface temper-
atures reaching up to 26°C. It is likely that the opti-
mal temperature for growth of P. calceolata is some-
where between 24 and 26°C, as small changes above
the optimal temperature would have a negative
effect on survival because of the rapid decrease of
growth and photosynthesis above this temperature
(Eppley 1972, Li 1985, Davison 1991).
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Generally, phytoplankton growth doubles with
every 10°C before reaching the optimal temperature,
representing a Qy of ~2 (Eppley 1972, Raven & Gei-
der 1988). Although there are reservations on the use
of Qo (Ahlgren 1987, Berges et al. 2002), it is a useful
parameter in the comparison of the effect of temper-
ature between different phytoplankton species. The
Q1o values for growth were considerably different
between the 4 picophytoplankton strains used in the
present study. The prokaryotic species showed al-
most double the values found for the eukaryotic spe-
cies, suggesting that the 2 Prochlorococcus strains
benefit more from an increase in temperature below
the optimal temperature for growth than Ostreo-
coccus sp. and Pelagomonas calceolata.

Eifect of temperature on
picophytoplankton photophysiology

The overall photophysiology and the photoaccli-
mation potential of Prochlorococcus marinus, Pro-
chlorococcus sp., Ostreococcus sp. and Pelagomonas
calceolata are primarily defined by the genetic differ-
ences of the specific ecotypes (Moore et al. 1998,
Rodriguez et al. 2005). The strains used in the present
study represent low- and high-light-adapted eco-
types of the picophytoplankton community. Based on
the comparison of light-dependent growth, pigmen-
tation and absorption properties, Prochlorococcus sp.
and P. calceolata are typified as low-light-adapted
(present study, Moore et al. 1998), whereas P. mari-
nus and Ostreococcus sp. are adapted to higher irra-
diance intensities (Moore et al. 1995, Demir-Hilton et
al. 2011, Kulk et al. 2011). In response to elevated
temperatures, the 4 picophytoplankton strains ex-
tended their light-harvesting capacity by an increase
in cellular chl a concentrations. In P. marinus, Pro-
chlorococcus sp. and Ostreococcus sp. this was ac-
companied by a decrease in photoprotective pig-
mentation. These changes in the light-harvesting
complex associated with temperature acclimation are
comparable to those found for other phytoplankton
species (Geider 1987, Davison 1991), such as Chlo-
rella vulgaris (Wilson & Huner 2000) and Thalas-
siosira pseudonana (Stramski et al. 2002). The in-
crease in cellular chl a concentrations is typically
associated with a decrease in light absorption due
to changes in pigment packaging (Geider 1987,
Stramski et al. 2002, Hancke et al. 2008). However,
the effect of temperature on the absorption proper-
ties of P. marinus, Prochlorococcus sp., Ostreococcus
sp. and P. calceolata was small. It is possible that the

changes in light absorption are restricted by the rela-
tively small effect of pigment packaging in pico-
phytoplankton compared with larger phytoplankton
species (Bricaud et al. 1999).

The increase in electron transport at higher tem-
peratures corresponds well to the increase in light
harvesting in Prochlorococcus marinus, Prochloro-
coccus sp., Ostreococcus sp. and Pelagomonas cal-
ceolata. Although the idea that electron transport is
sensitive to changes in temperature (caused by
changes in membrane fluidity) (Geider 1987, Davi-
son 1991) was confirmed, the increase in electron
transport could not fully explain the increase in
growth at high temperatures (Qqo of 1.10-2.35 vs.
1.69-4.41). This suggests that processes other than
electron transport, such as Calvin cycle activity or
DNA replication (Geider 198%7), are likely to limit
growth at sub-optimal temperatures in these pico-
phytoplankton strains. The electron transport charac-
teristics showed enhanced photoacclimation to higher
irradiance intensities at elevated temperatures for P.
marinus, Prochlorococcus sp., Ostreococcus sp. and
P. calceolata. This was also evident from the increase
in the maximum quantum yield of PSII, which related
well to earlier observations (Fu et al. 2004, Six et al.
2008, Dimier et al. 2009). The enhanced photoaccli-
mation was accompanied by a reduced photoinhibi-
tion in P. marinus, Ostreococcus sp. and P. calceolata,
suggesting that picophytoplankton are less suscepti-
ble to the negative effects of high irradiance intensi-
ties at higher temperatures. This has also been found
in larger phytoplankton species, such as the diatoms
Chaetoceros gracilis, Thalassiosira pseudonana, and
T. weissflogii (Sobrino & Neale 2007, Halac et al.
2010, Helbling et al. 2011). Reduced levels of photo-
inhibition may be associated with enhanced enzy-
matic conversions of the xanthophyll pigment cycle
(Demmig-Adams & Adams 1992), enhanced D1
repair (Bouchard et al. 2006) and the potential en-
hancement of Rubisco activity (Helbling et al. 2011).
Further study is neccessary to confirm whether these
processes are also involved in temperature acclima-
tion in P. marinus, Prochlorococcus sp., Ostreococcus
sp. and P. calceolata.

The overall photophysiology of Prochlorococcus
marinus, Prochlorococcus sp., Ostreococcus sp. and
Pelagomonas calceolata moved towards the use of
higher irradiance intensities to support the enhanced
growth rates at higher temperatures. These changes
in photophysiology during temperature acclimation
will possibly broaden the (depth) distribution of these
species via the positive effect of temperature on the
response to high irradiance intensities. However, the
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genetically defined photosynthetic characteristics of
the different ecotypes (i.e. low or high light adapta-
tion) will be more pronounced on picophytoplankton
distribution and community composition.

Use of PSII fluorescence analysis

Although PSII fluorescence analysis is a readily
available technique in both laboratory and field stud-
ies, it should be interpreted with care for assessing
differences between species. The relationship be-
tween different phytoplankton strains based on growth
or measurements of productivity by a *C incorpora-
tion technique (present study, Kulk et al. 2011) is dif-
ferent from the relationship based on electron trans-
port, especially in Prochlorococcus sp. The comparison
of electron transport rates between species is highly
influenced by photosystem stoichiometry. In the cal-
culation of the absolute electron transport rates, it is
assumed that the distribution of absorbed light be-
tween PSI and PSII is equal, i.e. a PSI:PSII of 1. As-
suming that Prochlorococcus sp. (eMIT9313) has a
PSI:PSII of around 2 (Bibby et al. 2003) and Ostreo-
coccus sp. has a ratio of 0.39 (Cardol et al. 2008), the
electron transport rates reported here might be over-
estimated by 50 % in Prochlorococcus sp. and under-
estimated by 44 % in Ostreococcus sp. This would af-
fect the maximum and initial rate of electron transport
considerably, but not the photoacclimation index.
When the effect of temperature within a specific spe-
cies is considered, photosystem stoichiometry might
be less important. Although it is known that tempera-
ture can affect PSII reaction center size and abun-
dance (Davison 1991, Wilson & Huner 2000), the rela-
tive amounts of PSI and PSII seems insensitive to
changes in temperature (Wilson & Huner 2000). In
addition to photosystem stoichiometry, the absorption
by non-photosynthetic pigments might overestimate
electron transport (Bidigare et al. 1990, Suggett et al.
2003), especially in Prochlorococcus spp. because of the
high levels of zeaxanthin. Moreover, the presence of
alternative electron pathways can overestimate linear
electron transport (for a review, see Cardol et al. 2011).
In both prokaryotic and eukaryotic oceanic phyto-
plankton, the PTOX-based water to water cycle is an
important alternative electron pathway that limits the
electron flow downstream of PSII (Bailey et al. 2008,
Cardol et al. 2008, Mackey et al. 2008). This may have
a considerable effect on the estimation of productivity
or growth from electron transport rates, but it is un-
known to what extent the comparison of electron trans-
port rates between different species is influenced.

CONCLUSIONS

The differences in the optimal temperatures for
growth of Prochlorococcus marinus, Prochlorococcus
sp., Ostreococcus sp. and Pelagomonas calceolata
related well to the geographic distribution of these
picophytoplankton strains. Although temperature
and irradiance are important factors in picophyto-
plankton community composition and distribution in
oligotrophic oceans (Johnson et al. 2006, Zinser et al.
2007, Demir-Hilton et al. 2011), these factors are dif-
ficult to distinguish in field studies. Here, it was
shown that both prokaryotic and eukaryotic picophy-
toplankton may benefit from the altered photophysi-
ology at elevated temperatures, with a higher light-
harvesting capacity and reduced photoinhibition. It
is likely that these changes in photophysiology may
alter the depth distribution of the picophytoplankton
to some extent, but photophysiology remains highly
influenced by the specific photoadaptation of differ-
ent ecotypes. In addition to temperature and irradi-
ance, nutrient availability may play a significant role
in the (photo)physiology and distribution of oceanic
phytoplankton (Agawin et al. 2000, Behrenfeld et al.
2006, Zinser et al. 2007). It is therefore necessary to
assess the effects of nutrient availability on pico-
phytoplankton performance for further interpretation
of the expected changes associated with climate
change on picophytoplankton distribution and com-
munity composition in open-ocean ecosystems.
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