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Abstract

Several foraminifers found in warm and low-nutrient ocean surface water have photosynthetic algae as endosymbionts
(photosymbiosis). To understand the trophic interactions, we studied Globigerinoides sacculifer, a spinose planktic foraminifer
that has a dinoflagellate endosymbiont. We controlled two nutritional factors, feeding and inorganic nutrients in the seawater. The
growth of the host and the symbionts and the photophysiological parameters were monitored under four experimental conditions.
The results demonstrated that the holobionts primarily relied on phagotrophy for growth. The foraminifers grew considerably,
and the chlorophyll a content per foraminifer, which is an indicator of the symbiont population, increased in the fed groups, but
not in the unfed groups. The nutrient-rich seawater used for some of the cultures made no difference in either the growth or
photophysiology of the holobionts. These observations indicated that the symbionts mainly utilized metabolites from the hosts
for photosynthesis rather than inorganic nutrients in the seawater. Additionally, we observed that the symbionts in the starved
hosts maintained their photosynthetic capability for at least 12 days, and that the hosts maintained at least some symbionts until
gametogenesis was achieved. This suggests that the hosts have to retain the symbionts as an energy source for reproduction. The
symbionts may also play an indispensable role in the metabolic activities of the hosts including waste transport or essential
compound synthesis. Overall, our results revealed a novel mode of photosymbiosis in planktic foraminifers which contrasts with
that found in benthic photosymbiotic foraminifers and corals.
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1 Introduction

1998). It allows for greater flexibility regarding resource acqui-
sition as dissolved inorganic nutrients are obtained by the algal
symbionts, and organic particulate foods are made available
through feeding by the host (Fig. 1). This pattern is commonly
observed in various marine organisms such as hermatypic corals,
sea anemones, foraminifers, and radiolarians, especially those

Algal photosymbiosis is a form of mixotrophy (hybrid mode of
nutrition with both phagotrophy and phototrophy) (Stoecker
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inhabiting oligotrophic environments (e.g. Muscatine 1971;
Anderson et al. 1983; Muscatine et al. 1984; Lee 1998; Caron
2000). Recently, metagenomic studies and in situ estimations of
marine plankton biomass have shown that photosymbiotic pro-
tists play an important role in food webs and biogeochemical
cycles in oligotrophic part of oceans (de Vargas et al. 2015;
Biard et al. 2016). However, despite this, photosymbiosis in
plankton are poorly understood at the organismal level, com-
pared with that in benthic organisms. This is partly because of
difficulties in culturing such minute free-floating plankton.
Planktic foraminifers are protistan zooplankton that prey on
other plankton including copepods, ciliates, and microalgae
(Anderson et al. 1979; Spindler et al. 1984; Hemleben et al.
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1989). To date, approximately ten species of planktic foramin-
ifers have been recognized to be photosymbiotic with eukary-
otic algae (Gastrich 1987; Hemleben et al. 1989). Furthermore,
a cyanobacterial symbiosis was recently reported for one spe-
cies, Globigerina bulloides (type 11d) (Bird et al. 2017). Studies
on planktic foraminifers have shown that photosymbiotic spe-
cies are characteristic of tropical to subtropical surface-water
masses, which are usually nutrient-limited (Murray 1897; Bé
1977). This suggests that photosymbiosis is a successful eco-
logical strategy for planktic foraminifers that live in oligotro-
phic water as photosynthates by the symbionts could serve as
an important nutritional source for the host (e.g. Caron 2000;
Yellowlees et al. 2008).

Interaction between hosts and symbionts has been investi-
gated thoroughly in reef-dwelling benthic organisms, such as
hermatypic corals and larger benthic foraminifers. In nutrient-
limited reef environments, since the host controls the nutrient
supply to the symbionts, photosynthates produced by the sym-
bionts primarily comprise carbohydrates and lipids
(Muscatine 1967). These compounds can support their respi-
ration, but not the synthesis of proteins or nucleic acids, re-
quired for growth and reproduction. Therefore, the symbiont
population is regulated to an almost constant density, when the
host corals are in a healthy condition (Falkowski et al. 1993;
Dubinsky and Jokiel 1994). The dissolved inorganic nutrients
in seawater affect the physiology of such host-symbiont sys-
tems (Lee et al. 1991; Yellowlees et al. 2008; Tanaka et al.
2014; Rosset et al. 2015). When nutrients are abundant in the
seawater, it promotes the proliferation of the symbionts. Under
these conditions, the reef-dwelling larger benthic foraminifer,
Heterostegina depressa, that is symbiotic with diatoms is re-
ported to be capable of normal growth without external food
sources (Rottger and Berger 1972). This implies that the
photosynthates from the symbionts nourish their host.
However, excess nutrients can cause the collapse of
the photosymbiosis as the symbionts utilize the photo-
synthates for their own growth and reduce the supply to
their hosts, which lose the control of the symbiont pop-
ulation (Falkowski et al. 1993; Lee 1998). In these ben-
thic taxa, inorganic nutrients outside the membrane of
the host appear to be available to the symbionts.

@ Springer

Studies on photosynthesis in symbiont-bearing planktic
foraminifers have examined oxygen generation, carbon fixa-
tion, chlorophyll levels, and photophysiology (e.g. Jergensen
etal. 1985; Spero and Parker 1985; Rink et al. 1998; Lombard
et al. 2009; Fujiki et al. 2014; Takagi et al. 2016). An early
experimental study showed that the rates of oxygen generation
through photosynthesis in symbionts of Globigerinoides
sacculifer greatly exceeded the holobiont respiration rates
(Jorgensen et al. 1985). Based on the oxygen budget, potential
photosynthetic rates theoretically account for the entire carbon
requirement of the host foraminifer for its metabolism and
growth (Jergensen et al. 1985; Lombard et al. 2009).
However, another study on G. sacculifer with numerous
photosynthesizing symbionts, showed that it was unable to
grow without phagotrophy, and died prematurely (B¢ et al.
1981; Caron et al. 1981). These findings indicated that photo-
synthates produced by the symbionts were insufficient for
sustaining the growth of the host. Furthermore, it is pointed
out that the diffusion-limited supply of nitrogen and phospho-
rus to symbionts within the cytoplasm of planktic foraminifers
was not sufficient to support optimal photosynthetic rates in
the symbiont (Jergensen et al. 1985; Spero et al. 1991; Zeebe
et al. 1999). As a result, feeding by foraminifers was required
(Jorgensen et al. 1985; Uhle et al. 1999). However, none of the
studies have examined the effect of elevated nutrient concen-
tration in seawater on photosymbiotic planktic foraminifers.

When there is a sufficient supply of inorganic nitrogen and
phosphorus, photosynthates of the symbionts may facilitate the
growth of the host foraminifers without a food supply.
Alternatively, based on what is known about inorganic nutrients
and benthic organisms, the photosymbiotic system may collapse
following an explosion in the symbiont population. To examine
this, one approach is to investigate photosymbiotic relationships
using active chlorophyll fluorometry. Chlorophyll fluorescence
can serve as a proxy for various evaluations of photosynthesis,
specifically photosystem II (PSII) chemistry. The results can be
used as an indicator of the health of the photosymbiotic systems
(e.g. Roth 2014). For example, the parameter F./F,, (maximum
quantum yield of PSII chemistry) has been widely used as a
diagnostic tool to analyze nutrient stress in phytoplankton
(Kolber et al. 1988; Geider et al. 1993). Generally, high F,/F;,
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values indicate good conditions for the phototrophs, although
the robustness of the measure depends on the growth condition
of algae, and whether it is unbalanced or balanced growth
(Parkhill et al. 2001). If the latter, F\/F;,, may be almost inde-
pendent of nutrient limitation; thus interpretations should be
made carefully (Parkhill et al. 2001; Suggett et al. 2009).
Other photophysiological parameters like the functional absorp-
tion cross-section of PSII (opsy) and time constant of initial
electron acceptor Qa re-oxidization (Tga) are helpful in
assessing the effect of nutritional conditions on the
photophysiological system of holobionts. opgy represents the
efficiency of energy transfer from antenna pigments to PSII
reaction centers (RCII). The composition of accessory
photopigments and amount of pigments relative to RCII can
affect the opgy value (Kolber et al. 1988). Toa represents the
minimum turnover time for electron transport, and is governed
by the rate of the downstream electron transport. It is also affect-
ed by the ratio of RCII to carbon fixation capacity, which can be
changed as a photoacclimation response (Sukenik et al. 1987;
Moore et al. 2006). Active chlorophyll fluorometry can thus
provide an understanding of the photochemical activity of PSII
over time in a noninvasive manner and assess the physiological
state of the symbionts, and thereby, the host foraminifers.

The organism used in the present study was Globigerinoides
sacculifer. This is a spinose planktic foraminifer that has a di-
noflagellate-endosymbiont. This species spreads out its numer-
ous symbionts along the spines during the light period, forming
a concentric spherical halo surrounding the test (Anderson and
B¢ 1976). 1t is one of the best-studied planktic foraminifers in
laboratory culture for investigating growth, calcification, lon-
gevity, feeding, and photosymbiosis (Bé et al. 1981, 1982,
1983; Caron et al. 1981). Moreover, based on the ribosomal
DNA regions SSU and ITS-1, G. sacculifer is revealed to com-
prise only a single genotype (André et al. 2013), ensuring that
our study was free from potential variations caused by genetic
differences at cryptic species level. Globigerinoides sacculifer
harbors only one symbiont species, Pelagodinium béii (Spero
1987; Shaked and de Vargas 2006; Siano et al. 2010). This alga
is known to comprise four genetic subgroups, based on the LSU
and ITS-2 regions of ribosomal DNA (Shaked and de Vargas
2006). Other dinoflagellate-bearing planktic foraminifers,
Globigerinoides conglobatus, Globigerinoides ruber, and
Orbulina universa, as well as radiolarians Acanthochiasma
spp. are reported to be in symbiosis with this algal species
(Gast and Caron 2001; Shaked and de Vargas 2006; Decelle
et al. 2012). Pelagodinium is a sister group to the genus
Symbiodinium, the well-known symbionts of corals and benthic
foraminifers (Shaked and de Vargas 2006).

The aim of the present study was to evaluate the effect of
nutritional condition on the Globigerinoides sacculifer
photosymbiotic consortium, with particular reference to the
growth of both the host and symbionts, as well as their
photophysiology. It was anticipated that our study on planktic

foraminifers would provide new perspectives on photosymbiosis
in plankton, which are important in pelagic ecosystems.

2 Materials and methods
2.1 Foraminifer samples

The sampling and nutrient-controlled culture experiment were
conducted at Sesoko Station, Tropical Biosphere Research
Center, University of the Ryukyus in Japan, over the same
period as the work by Takagi et al. (2016). Specimens were
collected from the East China Sea offshore of Sesoko Island,
Okinawa, Japan (26°37.3'N, 127°52.3'E, 60-m deep) on
November 29th, 2013. A plankton net (63-pum mesh, 45-cm
aperture) was towed in the near-surface water (<15 m). The
surface-water temperature, salinity, and chlorophyll a (Chl a)
concentration in the sampling site were 23.7 °C, 34.6, and
0.3 ug L', respectively. In the laboratory, live G. sacculifer
were sorted and isolated using Pasteur pipettes under a dis-
secting microscope.

2.2 Experimental setup and culture protocols

To examine the effect of abundant inorganic nutrients and
particulate food, four experimental groups were established—
(a) group SWT; fed every other day and cultured in low-
nutrient seawater, (b) group SW; unfed, cultured in low-
nutrient seawater, (c) group NPf; fed every other day, cultured
in high-nutrient seawater, and (d) group NP; unfed, cultured in
high-nutrient seawater (Table 1). Artemia salina nauplii were
used for feeding. A feeding rate of one Artemia nauplius in
two days was used in this study and is in the range for carniv-
orous planktic foraminifers (daily feeding, Spindler et al.
1984; one feeding event in 3.3 days, Caron and Bé 1984).
Specimens fed at this feeding rate have been shown to grow
well in laboratory cultures (B¢ et al. 1981; Spero and Lea
1993; Lombard et al. 2009). The phosphorus content (total
organic phosphorus + orthophosphate) of an Artemia nauplius
is reported to be approximately 14-27 ng Artemia ' (= 0.45—
0.87 nmol Artemia ") (Wijgerde et al. 2011). Therefore, as-
suming that 100% of phosphorus in a single Artemia individ-
ual is remineralized and supplied to the symbionts, phospho-
rus flux was calculated as 0.018 nmol h™' on average (=
0.87 nmol Artemia ' 48 h™").

The nutrient concentration for the high-nutrient seawater
groups was set to supply phosphorus at an amount comparable
with that of remineralized phosphorus from an Artemia indi-
vidual as calculated above. In a diffusion-limited environ-
ment, the diffusion flux of nutrients in the layer surrounding
a foraminifer called the symbiont halo is given by

Nutrient flux = 4ntDRS
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Table 1 Culture conditions for

the four experimental groups. The Experimental Culture medium Feeding Artemia
organism fed was Artemia salina group
nauplius (see text for detail) Seawater treatment NO; + PO,
NO, (umol L™
(umol L™
SWf 0.22 pum-filtration 0.2 0.07 1 every 2 days
SW 0.22 pum-filtration 0.2 0.07 Unfed
NPf 0.22 pum-filtration, nutrients added 16 1 1 every 2 days
NP 0.22 pum-filtration, nutrients added 16 1 Unfed

where D is the molecular diffusion coefficient for the nutrient,
R is the radius of the hypothetical sphere of photosynthesis,
and S is the nutrient concentration in the culture medium
(Jorgensen et al. 1985). Herein, we considered D as
2.69 mm? h™' (molecular diffusion coefficient for HPO,* at
27 °C, Boudreau 1997), R as 0.5 mm for specimens with a test
size of ca. 400 pum (assuming symbiont halo width to be
300 um, Jorgensen et al. 1985; Uhle et al. 1999). To achieve
a phosphorus flux of 0.018 nmol h™', concentration S was
calculated as 1.06 pmol L™'. Based on this estimation, the
phosphorus concentration in the seawater for the high-
nutrient groups was set as 1 umol L™'. The nitrogen concen-
tration was set as 16 umol L™! which is supposed as sufficient
to achieve a balanced growth of the symbionts at the above
mentioned phosphorus concentration (N:P = 16:1). The nitro-
gen and phosphorus concentrations were adjusted by adding
sodium nitrate (NaNO;3) and sodium dihydrogen phosphate
(NaH,PO42H,0) to 0.22 um-filtered seawater collected at
the sampling site. The concentrations of nitrogen (NO;3 +
NO,) and phosphorus (PO,) in the originally collected seawa-
ter were 0.23 and 0.07 pumol L', respectively (Table 1). The
filtered seawater served as the culture medium for the low-
nutrient groups. The conditions for the SWf group simulated
those in the natural environment of foraminifers. Some on this
group were reported by Takagi et al. (2016).

The experiment was initiated with 18 G. sacculifer speci-
mens in each experimental group. Considering the short lon-
gevity of planktic foraminifers (ca. one lunar month,
Hemleben et al. 1989), the age in days of individuals at the
beginning of the experiment could be an important factor in
culture experiments. In addition, time since the last feeding
and the time since the last chamber formation could affect the
growth profiles. It is ideal if cloned individuals with a fixed
period of acclimation to the culture conditions can be used.
This is the usual strategy for experiments on benthic foramin-
ifers and corals (e.g. Hikami et al. 2011; Hayashi et al. 2013).
Unfortunately, cloned individuals are not available for
planktic foraminifers. Furthermore, foraminifers grow rapidly
and controling conditions prior to the experiment is not prac-
tical. Thus experiments in this study involve some uncer-
tainties. The specimens used were screened based on
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measured initial conditions, i.e., test size, Chl a content, and
photophysiological parameters. At the beginning of the exper-
iments, these parameters applied to every group and there
were no statistical differences (Table 2), indicating that each
experimental group, from this aspect was identical.

The specimens were maintained in culture dishes (Nunclon
6-well Multidishes, Nunc International) filled with the respec-
tive culture media. Each individual was placed in a single well
(17 mL). The culture dishes were maintained in a water bath at
27+0.5 °C. Almost all of the seawater in each well was re-
placed daily with a new aliquot to maintain the characteristics
of the seawater as constant as possible. Irradiance (photosyn-
thetically active radiation, wavelength of 400-700 nm) was
controlled at 200+ 30 pmol photons m > s ' (cf. Jergensen
etal. 1985; Rink et al. 1998) using metal halide lamps (Funnel
2, Kamihata Fish Industries Ltd.) set above the water bath to
achieve saturation of photosynthesis. The irradiance was de-
termined using a quantum sensor (LI-190SA, Li-Cor). A 14/
10 h light/dark cycle was used in this study. Fast repetition rate
(FRR) fluorometric measurements (see below) were conduct-
ed for each specimen during the culture period. After the mea-
surement, each specimen was photomicrographed, and the test
size was measured using a dissecting microscope with a cali-
brated eyepiece. Each experiment was conducted for 14 days.

2.3 FRR fluorometric measurement for holobionts

The protocol of the FRR fluorometric measurement followed
in this study was described in detail by Fujiki et al. (2014) and
Takagi et al. (2016). The fluorometric measurements were
performed during daytime. A FRR fluorometer (Diving
Flash, Kimoto Electric Co., Ltd.; for the details of the
instrument, see Fujiki et al. 2008) was used to assess the
photophysiological conditions and Chl @ content of the sym-
biotic algae within the foraminifers.

The fluorescence induction curve of PSII was obtained
from FRR fluorometry. The fluorescence induction curve
was numerically fitted by using the procedure described by
Kolber et al. (1998), and PSII parameters were calculated. The
parameters analyzed in this study were minimum fluorescence
(Fp), maximum fluorescence (F,,), variable fluorescence (F,),
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Table 2  Initial conditions for each group and the results of a one-way
analysis of variance (one-way ANOVA) for each parameter. The initial
conditions did not differ among the groups. The mean and error (10) of
each of 18 specimens in each group are shown. Chl a; chlorophyll a, F,/

F,; maximum quantum yield of photosystem II chemistry, opgy; func-
tional absorption cross-section of photosystem II, Tga; time constant of
initial electron acceptor Q4 re-oxidization, F; statistical index (F-value)
with degree of freedom in subscripts, p; p-value

Test size (um) Chla (ng foraminifer ') F/Fy opgir (X 10720 quantafl) Toa (1)
SWf 382+129 44+£35 0.485+0.021 666+ 68 416+59
SwW 371+£121 33+29 0.485+0.025 609+73 461 +87
NPf 411+112 47+46 0.492+0.018 648 £76 421+79
NP 432+123 33+£36 0.484+0.031 612+86 444 + 68
One-way ANOVA Fi70=224 Fy70=022 F170=0.02 Fr70=227 F170=0.30

p=0.13 p=0.64 p=0.88 p=0.13 p=0.59

potential photochemical efficiency (F,/F,,), functional ab-
sorption cross-section of PSII (opsy), and time constant
of initial electron acceptor Q4 re-oxidization (Tga). The
Chl a content in an individual foraminifer could be
estimated from its F,, value based on the linear relation-
ship between them (Fujiki et al. 2014). In this study, we
calculated the Chl a content in each foraminifer speci-
men with the linear function previously established
(Takagi et al. 2016).

2.4 FRR fluorometric measurement on free-living
symbionts in culture

To compare the photophysiology of the symbiotic dinoflagellate
species Pelagodinium béii in its host with algae that are free-
living under nutrient-replete conditions, cultures of P. béii were
evaluated by the FRR fluorometry. The P béii culture (NIES-
4008, GenBank accession number LC333575) was originally
isolated from the host foraminifer G. sacculifer collected in the
Northwestern Pacific Ocean during a sampling cruise (R/V Mirai
operated by the Japan Agency for Marine-Earth Science and
Technology; cruise No. MR13-04). It was isolated onboard,
and has been maintained at the Microbial Culture Collection at
the National Institute for Environmental Studies (NIES, Tsukuba,
Japan). The culture was maintained at 21 °C in white fluorescent
light (170 pmol photons m > s~ ") with a 12/12 h light/dark cycle
in nutrient-replete medium (ESM medium, 25 mL). The medium
contained 120 mg of NaNOs, 5 mg of K,HPO,, 0.001 mg of
vitamin Bj,, 0.001 mg of biotin, 0.1 mg of thiamin-
HC1,0.259 mg of Fe-EDTA, 0.332 mg of Mn-EDTA, 1 g of
Tris (hydroxymethyl) aminomethane, 25 mL of soil extracts,
and 975 mL of seawater in one liter (Okaichi et al. 1982). Two
sequential generations of the culture were utilized: one in the
exponential growth phase (7 days after subculture), and the other
in the saturation phase (10 days after subculture). The growth
profiles of the cultures were monitored daily by assessing the
relative intensity of chlorophyll fluorescence using a fluorometer
(FluorPen FP100, Photon Systems Instruments Ltd.).
Photophysiological parameters were obtained using the same

FRR fluorometric equipment as that used for the holobiont
measurements.

2.5 Data analysis

Nonlinear mixed models were employed in this study within a
Bayesian modelling framework using Markov chain Monte
Carlo (MCMC) simulation to understand the photophysiological
response through time for each group. Individual ID was used as
a random factor in the models. The models were examined by
means of the Bayesian modelling package rstanarm (Stan
Development Team 2016) in R (R version 3.3.1, R Core Team
2016). Each model was run with four chains for 1000 warm-up
and 1000 sampling steps. For all parameters in the models, the
convergence measure R was <1.005 (R less than 1.1 indicates
adequate convergence, Gelman et al. 2003). The posterior pre-
dictive distribution and its 95% interval were estimated from the
established model for each parameter.

To compare the photophysiological difference among the
experimental groups, the difference (A) in each parameter of
the predictive MCMC samples between two groups was sim-
ulated. The effect of feeding was assessed by comparing the
photophysiological parameters between SWf and SW (Agwr
_sw), and between NPf and NP (Anpr—np). As such, the
differences between NPf and SWf (Anps—swr), and NP and
SW (Anp - sw) were simulated to assess the effect of inorgan-
ic nutrients. The 95% predictive interval of the posterior dis-
tribution was used to evaluate the significance of the effect. In
this study, when the 95% posterior predictive interval of a
difference (A) contained 0, it implied that the difference be-
tween the two groups was not significant at 95% probability.

3 Results
3.1 Growth of foraminifers

There was a clear difference between the growth profiles of
the fed and unfed groups (Figs. 2 and 3). The final mean test
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a SWf

D
Day 3 Day 5 Day 6

The shedding of chamber(s) was often observed in the unfed specimens in
groups SW and NP (b, d). Scale bars represent 200 pm

Fig. 2 Time-series light micrographs of selected specimens during the
experiment. a Group SWT, specimen sacl8, b Group SW, specimen
sac25, ¢ Group NPf, specimen sac68, and d Group NP, specimen sac69.

size was larger in the fed groups (SWT, 688 um; NPf, 621 um)
than that in the unfed groups (SW, 353 um; NP, 415 pum). In
the fed groups, new chambers were formed once in 3—4 days
in most cases (Fig. 4), forming tests in normal trochospire
(Fig. 2). The maximum number of chambers formed for a
given individual was three. The majority of the grown speci-
mens formed a sac-like ultimate chamber. Test size increased
by +306 um (SWf) and +210 pm (NPf) in group means. In
contrast, growth in the unfed groups was significantly sup-
pressed. Chamber formation, if any, was only observed by
day 5 (e.g. sac70 in SW, Fig. 4 bl), and it was not observed
from day 6 to the end of the experiment. At most, only one
chamber per individual was formed. Some specimens in the
unfed groups shed their original or newly precipitated cham-
ber(s) (Fig. 2¢, d), which was not observed in the fed groups.
This resulted in the test sizes being smaller at the end of the
experiment than at the initial stages.

The findings on reproduction are summarized in Fig. 3.
The numbers of specimens that released gametes were 11
(SW1), 3 (SW), 13 (NPf), and 5 (NP). Since total mortality
including death of matured hosts (after gamete release and
subsequent natural death) was low in the unfed groups, the
number of specimens alive on the final day of the experiment
was higher in the unfed groups (SW, 13; NP, 11) than in the
fed groups (SWHT, 5; NPf, 1). In the fed groups, the specimens
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with initial test sizes greater than 400 pum reached reproduc-
tive maturation so soon that time-series data could not be
collected. Therefore, subsequently we used the data from
specimens with an initial test size smaller than 400 um. This
enabled us to analyze the longitudinal trend of the Chl a con-
tent and photophysiological parameters.

3.2 Chlorophyll a content

Overall, the Chl a content per foraminifer increased in the fed
groups (Fig. 4). The maximum Chl @ content reached 281 ng
foraminifer ' in SWf (sac52, day 10, 554 um) and 260 ng
foraminifer ' in NPf (sac68, day 14, 893 um). These values
were more than 5 times higher than those determined initially
for the specimens. Both the intra-specimen fluctuation and
inter-specimen variability of Chl a content were larger in
SWf than those in NPf. In contrast, the specimens in
the unfed groups showed an overall decrease or no
change in Chl a content, except over the first few days
of the experiment (Fig. 4 b2, d2). The maximum Chl a
contents were 79 ng foraminifer ' in SW (sac59, day 4,
357 um) and 48 ng foraminifer ' in NP (sac67, day 4,
268 pm), and both were recorded at an early stage in
the culture experiment.
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3.3 Photophysiological states

Although the longitudinal trajectory of the photophysiological
parameters (F/F, Opsyi, and Tga) varied substantially with the
individual, even in the same experimental group, the statistical
model identified an overall trend for each group (Fig. 5). In the
fed groups SWf and NPf, the median of the Bayesian posterior
predictive distribution of the F/F,, values decreased slightly
through the culture period, and that of the opgy; values increased
slightly in contrast (Fig. Sal—a2, c1—2). The predictive median
of the T4 values decreased in the first ca. 6 days, but remained
constant thereafter (Fig. 5a3, ¢3). On the other hand, in the unfed
groups SW and NP, the predictive median of the F/F,, and opgyy
values showed no clear trend, while that of the T values in-
creased (Fig. Sb1-b3, d1-d3).

The predictive median varied in the range of 0.45-0.52 for
F,/F,,, and 549-729 x 10~2° quantafl for opgp. The predictive
median for Toa was in a range of 421-622 ps in the unfed
groups, although in the fed groups, it had more constrained
values within 334452 ps. The minimum and the maximum
values of the predictive median in the longitudinal profile did
not deviate from the lower and upper ends of the 95% predic-
tive interval, respectively, for the F,/F,, and opg in all groups
(Fig. 5 al—dl1, a2—d2). For the predictive median for Tg in the

fed groups, the maximum values observed on day 1 exceeded
the upper end of the 95% interval after day 6 in SWt and after
day 9 in NPf (Fig. 5 a3, ¢3). It can be concluded that T, in the
fed groups alone decreased significantly during the
experiment.

Comparing the fed and unfed groups under each nutritional
condition, the difference in F,/F,, was not significant except
for days 9—12 in the low-nutrient groups (SWf and SW)
(Fig. 6 al, bl). The F,/F,, tended to be lower in the fed
groups. Aopgy increased greatly as the day went on
(Fig. 6a2, b2), whereas AT, decreased markedly (Fig. 6a3,
b3). The differences in opg); and T caused by feeding were
profound under the low-nutrient condition. In contrast, the
differences due to inorganic nutrient concentration were most-
ly insignificant throughout the period (Fig. 6¢1—c3, d1-d3).
Under starving condition alone, Toa showed a relatively large
difference between the high- and low-nutrient groups (Fig. 6
d3), the values being low in the high-nutrient group NP.

3.4 Photophysiological states of free-living
Pelagodinium béii in culture

The photophysiological parameters of the dinoflagellate
(Pelagodinium béii) when free-living in nutrient-replete media

@ Springer



32 Takagi H. et al.
1000 —T 5 T T ——T 1000
al swi b1 sw c1 NPf .. dInNP
800 | sosc ooy 1 st 1 {1 800
E TopfEiete E
= : 4 o o 1 1 00000000 | ] =
g 600 R AP 600 g
b * /A g 8 oo °3¢3 2
(0] - + + L . (]
S T FLAS L R L Ped giid 0 0e
L Laragi—ig | ! S 2
200 | 18- B8R0 E B} ! 1 200
o
) L L L L L L L L L L L L L L L L L L L L L L L L L 4 L
2 4 6 8 101214 2 4 6 8 101214 2 4 6 8 101214 2 4 6 8 10 12 14
Days in culture
16 —— T —— ——T —T 1 300
a2 swi i b2 sw €2 NPf Jf d2ne
14 . . 3
12 f ? 8 + + i - 1 K3}
[e) <] e © R4 B E
ol AN 3 i « 4 . ] | 200 £
IS 0 g 0F° 8 o 8 g <} % [ g
o8 f LIS ¥ Josie o ¥ ] s
o e [} <
6 [ o 8 : o o 6 ° o OA, 4 paps 8 8 ®/ o © - B ] 100 g’
[ ° ° [ ] 8 § [ \(-U/
4 [ o s g A o T = T 30 5 ] =
2 !oaﬁo S o D-EDD °88 ¢ A: (-C-)
y o o ¥ g 8 m g0 (=" "g © T N Aa ]
E‘ S e Em"gagmﬂ‘ opg Yoo o ‘$§§%§§§§ ka1 ]
2 4 6 8 101214 2 4 6 8 101214 2 4 6 8 101214 2 4 6 8 10 12 14
Days in culture
e sacl7 o sacl8 o sacl5 o sac25 ¢ sac22 ¢ sac34 A sac20 A sacl37
e sac31 °o sac32 B sac27 5 sac30 ¢ sac43 ¢ sac44 A sac38 A sac40
°o sac33 e sac39 o sac35 = sac49 ©  sac48 ¢ sac58 A sac4l A sacb54
o sac42 o sac51 o sac50 8 sac57 ¢ sac60 ¢ sac68 A sac64 A sac66
e sacb2 o sac61 = sac59 o sac63 ¢ sac71 ¢ sac72 A sac67 A sac69
°o sac62 o sac65 o sac70

Fig.4 Longitudinal changes in the test size (al to d1) and the F;,, value (Chl a content) (a2 to d2). a Group SWT, b Group SW, ¢ Group NPf, and d Group
NP. The decrease in test size indicates that the specimen shed their chamber(s) spontancously

were comparable with those of the symbionts within the host
(Table 3). The nutrient-replete culture yielded an F,/F,, value
of ca. 0.5, opgy value of ca. 600 x 1072° quanta_l, and Toa
value of ca. 500 ps, all of which were within the observed
ranges of those in the host. There appeared to be no differ-
ences in photophysiological parameters between the two stud-
ied growth phases of P, béii in culture.

4 Discussion
4.1 Effect of feeding

The growth patterns and the Chl a content of the holobionts
were clearly influenced by the feeding regime. Larger final
test size, more chambers, and a higher ratio of gametogenesis
were attained in the fed groups, demonstrating that foramini-
fers require prey to grow and achieve reproductive maturation
(Fig. 3). In contrast, in the unfed groups, most of the speci-
mens did not grow. These growth results were in agreement
with previous findings by B¢ et al. (1981). They examined
G. sacculifer under several feeding regimes and demonstrated
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the necessity of food for foraminifer growth. In our study, we
also showed that an increase in Chl a content was evident in
the growing, fed foraminifers, whereas there was no change in
the non-growing, unfed foraminifers. The dynamics of the Chl
a content in the holobionts, reflecting the growth of the sym-
bionts, were depicted quantitatively. Some specimens in the
unfed groups which formed new chamber(s) until day 5, were
probably fueled via the digestion of prey remnants that the
foraminifers had fed on in their natural environment before
collection. Since freshly collected planktic foraminifers usu-
ally have food remains in their cytoplasm (Anderson and Bé
1976; Anderson et al. 1979), being nourished for several days
by these substances is plausible. Interestingly, the increase in
Chl a content, reflecting an increase in the number of symbi-
onts, continued until day 5, followed by decrease thereafter
(Fig. 4). Metabolic waste from the hosts was likely to have
kept the symbionts in a vigorous state during the earlier period
of the experiment (until day 5 in this study). It possibly repre-
sents the duration time for the exhaustion of stored energy
used by foraminifers for growth.

The cytoplasm reduction observed in the unfed groups
could be a consequence of host starvation. The starving
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F/Fn ; Maximum quantum yield of PSII chemistry (indicator of potential efficiency of PSII photochemical reactions)

opsi ; Functional absorption cross-section of PSII (indicator of efficiency of energy transfer from antenna pigments to RCII)

Taa ; Time constant of Qa re-oxidization (prameter characterizing the initial process of electron transport from PSlI to PSI)

Fig.5 Longitudinal changes in the photophysiological parameters. (al to
dl) Fy/Fy, (a2 to d2) opgy, and (a3 to d3) Toa. a Group SWE, b Group
SW, ¢ Group NPf, and d Group NP. Bold lines represent the medians, and
shaded areas represent the 95% intervals of the Bayesian posterior

foraminifers may have digested their own cellular compo-
nents. In the non-growing, starving host foraminifers, it is
assumed that symbiont population density became reduced
because of digestion of the symbionts or a shortage of metab-
olite supplied by the host. As a result of cytoplasm reduction,
the test was observed to become progressively empty from the
last-formed chamber (Fig. 2). We assumed that the spontane-
ous loss of the emptied chamber(s) may be a response to avoid
sinking. The tests are made of CaCOs, and therefore, the den-
sity of empty G. sacculifer tests is ca. 2.7 g cm . Indeed, the
weight of a chamber added to the pre-formed test of
G. sacculifer has been reported to account for half of its total
test weight (Takagi et al. 2015). Therefore, retaining the
heavy, yet empty chamber would facilitate sinking. In the

predictive distribution. PSII; photosystem II, RCII; reaction center of
photosystem II. Please see the legend of Fig. 4 for the description of the
symbols

natural environment, sinking results in a decrease in the
amount of light received and less opportunity of capturing
prey in the water column. This would be disadvantageous
for photosymbiotic foraminifers. In summary, the observed
phenomena and behavior of the unfed specimens appeared
to be a positive response for survival.

There were clear contrasts in the photophysiological pa-
rameters between the fed and unfed groups (Fig. 6).
Relatively low F,/F,, and high opg;; were observed in the
fed groups (Fig. 6al—a2, b1-b2). Generally, this combination
can be interpreted as a limitation of nutrient supply under an
unbalanced growth condition (Kolber et al. 1988; Suggett
et al. 2009). A decrease in F,/F,, corresponding to a nutrient
limitation, indicates a reduction in the proportion of functional
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Fig. 6 Differences in photophysiological parameters due to experimental
treatments. (al to d1) difference in F,/F,, (a2 to d2) difference in opgyy,
(a3 to d3) difference in Toa. a Groups SWT versus SW, b Groups NPf
versus NP, ¢ Groups NPf versus SWf, d Groups NP versus SW. Bold

reaction centers of PSII. When the functional and the damaged
reaction centers share a common light-harvesting antenna, it is
accompanied by a relative increase in the functional cross-
section of PSII (opsy) as a consequence (Falkowski and
Kolber 1995; Suggett et al. 2004). In this respect, the fed
groups showing a slight decrease in F,/F,, with high opgy
may have suffered a slight decrease in nutrient supply. This
can be explained by considering the experimental condition
and their growth profiles. The feeding regime of one Artemia
every two days was not altered throughout the culture period

Table 3  Values of photophysiological parameters for free-living sym-
bionts. The error (10) represents the analytical error of repeated measure-
ments for each sample (n =50). Note that the samples of different sub-
cultures at different growth phases. (1) and (2) are 7 days and 10 days

2 4 6 8 101214 2 4 6 8 10 12 14
Days in culture

black lines represent the medians of the differences and the shaded areas
represent and the 95% intervals of the Bayesian posterior predictive
distribution. When the shaded area contained 0 (red line), the difference
between two groups was statistically insignificant at that point

(constant input of organic nutrition), even though the host size
and the number of symbionts increased significantly with
time, so that there was a growing demand for nutrients. This
would cause a decrease in the quantity of available nutrients
per algal cell. The AF,/F,, and Aopgy decreased and in-
creased, respectively, with the growth of the foraminifers
(Fig. 6 al—a2, b1-b2). Such correspondence between the de-
crease in F,/F,, and the increase in opgy With an increase in
Chl a content per foraminifer, was similar to that observed in
the cultured planktic foraminifer Globigerinella siphonifera

after each subculture, respectively. F,/Fy,; maximum quantum yield of
photosystem II chemistry, opgyy; functional absorption cross-section of
photosystem II, Tqa; time constant of initial electron acceptor Q4 re-
oxidization

Fy/Fy opsiy (X 1072 quantafl) Toa (Us) Growth phase
Pelagodinium béii (1) 0.500 £ 0.010 608 + 20 515+ 74 Exponential phase
Pelagodinium béii (2) 0.486 £ 0.012 586 +22 473 £76 Stationary phase
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Type II (Fujiki et al. 2014). Furthermore, the Toa did not
increase in the fed groups (Fig. 5a3, c3), indicating that a
decrease in nutrient quantity, if any, did not damage succes-
sive electron transport for carbon fixation.

The eclevated F.,/F,, and lowered opgy values observed in
the unfed groups may indicate that the symbionts benefited
from a better nutrient condition. However, it is unlikely that
the symbionts of starving hosts, especially in the group SW
with no apparent external nutrient source, would be able to
photosynthesize under a better nutrient condition than in the
fed groups. The observed cell-volume decrease itself indicates
that the host was starving and not in a healthy condition. We
also considered another possible scenario for the elevated F,/
F,, and the decreased opgy values in the symbionts of starving
hosts. While the Tos was significantly higher in the unfed
groups, it was noteworthy that the values remained within
the usual range (~600 ps, Kolber and Falkowski 1993). A
high Toa represents slow electron transport from the primary
electron acceptor of PSII (Q,) to its downstream. In a situation
of reduced electron transport capacity, light absorption should
become excessive, consequently generating harmful hydrogen
peroxide (Gorbunov et al. 2001; Smith et al. 2005), unless the
size of the light-harvesting antenna is altered. A reduction in
antenna size (opsy; downregulation) should occur for optimiz-
ing the light-harvesting system to balance energy in general
(e.g. Norman et al. 1998). This would account for the ob-
served low opgy; values accompanied by high T4 in the unfed
groups. As such, if opg;; downregulation occurred in a manner
independent of the number of functional reaction centers of
PSII, it could theoretically cause an elevation in F,/F,,, owing
to the reverse mechanism for low F,/F,, and high opgy
(Falkowski and Kolber 1995) observed in the fed groups.
This second possibility of antenna size reduction might be a
more plausible explanation for the unfed groups.
Simultaneously, for the fed groups, apart from the first as-
sumption regarding the decrease in nutrient quantity in the
cytoplasm, the high opgyy and low F,/F),, can also be achieved
by changing antenna size. Since there were sufficient sub-
stances to synthesize accessory photopigments for the symbi-
onts in the fed groups, the antenna system might have devel-
oped better, which could have caused opgy elevation. Again, if
the number of the reaction centers was unchanged, or its in-
crease was smaller than that of the antenna photopigments, a
decrease in F,/F,, can occur. Considering in a comprehensive
manner, the change in antenna size appears to explain the
response of both the fed and unfed groups consistently, al-
though we require further research.

One notable aspect was that the photophysiological param-
eters of the nutrient-replete cultures of free-living P. béii were
comparable with the parameters of those in the host. It sug-
gested that the PSII of the symbionts in the foraminifers was
not damaged severely, regardless of the seriously depleted
nutritional conditions in this study. One of our most important

findings was that unfed, starving holobionts remained photo-
synthetically competent for at least two weeks. However, the
active fluorometry-based assessment of the net fitness of the
holobionts requires further verification by analyzing isolated
symbiotic algal cultures under various conditions. Once this is
accomplished, active fluorometry will become a highly robust
tool for understanding host-symbiont interactions.

4.2 Apparent ineffectiveness of inorganic nutrients

We observed that the elevated nutrient concentration did not
cause any significant difference in the growth of the foramin-
ifers or symbionts (Fig. 4), and did not affect the
photophysiological parameters (Fig. 6). These findings dem-
onstrated that the symbionts in the host did not benefit from
the inorganic nutrients in seawater even under the high-
nutrient condition, regardless of the predation history of their
host. It is well-known that the other photosymbiotic organ-
isms, such as benthic foraminifers and corals respond to ele-
vated nutrient levels positively or negatively (Lee et al. 1991;
Hallock 2001; Tanaka et al. 2014; Rosset et al. 2015).
Therefore, our results were differed from the expected re-
sponse based on current knowledge of photosymbiotic
consortia.

Our studies on the unfed holobionts indicated that their
metabolism was fine, however, their growth was limited.
The fact that even the symbionts in the SW group could main-
tain their photophysiology indicated that metabolic waste was
supplied to the symbionts via the basal metabolism of the host.
Although it led to the destruction of the cytoplasm of the host
to a certain extent, it was not fatal for at least 12 days. We
assumed that this minimal nutrient supply was sufficient for
the symbionts to maintain their photosynthetic fitness, and
that this was responsible for the ineffectiveness of additional
inorganic nutrients on the photophysiology. An alternate pos-
sibility that cannot be excluded, is a mutualistic association
with diazotrophic bacteria. However, no prokaryotic symbio-
sis is known for this taxon but if nitrogen-fixing organisms
were present in the cytoplasm of the host, they could mediate
photosynthesis by providing a nitrogen supply (Lema et al.
2012).

The simplest explanation to account for the non-growing
nature of the holobionts in group NP, was that they were
incapable of incorporating inorganic nutrients outside their
membranes. However, this appears unrealistic. Symbionts
within the host are enveloped by a membrane of the host
within the cytoplasm. A transport system should therefore
exist, for exchange of materials, at the membrane separating
host cytoplasm from that of the symbionts (the symbiosome
membrane). The symbiosome is formed via endocytosis of a
symbiont cell; therefore, its membrane is identical to that sep-
arating the host from the surrounding seawater. Thus, it is
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reasonable to consider the function of the two membranes to
be the same.

The other possibility is that the holobionts in the NP group
could incorporate and utilize the nutrients in seawater but their
growth was limited by unknown factors. This might involve
another nutrient such as iron that is widely known to limit
phytoplankton growth (e.g. Kolber et al. 1994). However, lack
of growth might be due to a strict control exerted by the host
foraminifers that regulates the number of symbionts. We know
that planktic foraminifers completely control the deployment
or withdrawal of their symbionts in response to the light con-
dition (B¢ et al. 1977). It would therefore not be surprising if
the hosts regulate the growth of the symbionts as well so that
the hosts allow the symbionts to live well enough to photo-
synthesize, but do not allow them to grow. Such control is
observed in photosymbiotic relationships of corals
(Falkowski et al. 1993). However, the difference is that corals
do respond to elevated inorganic nutrient levels unlike
planktic foraminifers. If the limitation of symbiont growth is
induced by the host, it implies that planktic foraminifer hosts
can exercise stricter control on their symbionts than coral
hosts perhaps by regulating accessibility to nutrients in seawa-
ter. From a different viewpoint, it can also be considered as a
mechanism for protecting the symbionts from the changing
environmental conditions, thus, establishing a highly stable
photosymbiosis.

4.3 Other possibilities and implication for a function
of photosymbiosis

The results of this study indicated that the contribution of the
symbiont photosynthates to the nutrition of the host was sig-
nificantly smaller than that of the Artemia-derived catabolites.
In fact, there was no direct evidence for the contribution of
photosynthates to the host. The symbionts within the starving
host did not appear to utilize the inorganic nutrients present in
seawater, unlike the well-known photosymbiotic relationship
of corals and that of benthic foraminifers. However, if the
external dissolved nitrogen is in the form of ammonium ion,
and not nitrate, the results may be different. Uhle et al. (1999)
proposed that nitrogen is efficiently recycled within the
photosymbiotic systems via a recycled NH, " pool, suggesting
the importance of ammonium over the other forms of nitro-
gen. Whether the symbionts can proliferate using ammonium
ions present in seawater is a subject for further research. We
concluded that the advantage of photosymbiosis to planktic
foraminifers, at least to G. sacculifer, is not daily nutrition,
implying that there must be another function(s).

One straightforward explanation is that symbionts are use-
ful as suppliers of “emergency food”. In this study, most of the
starving hosts could survive for 12 days while retaining pho-
tosynthetic fitness. Thus, in spite of the consumption of their
own cellular components, a feature of the starving specimens,
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photosynthesis may provide adequate nutrition to the host for
its survival and nutrients recycled effectively between the two
partners. Future studies using various light conditions and
starvation should provide the answer to this question. The
other possibility is that the symbionts are essential for the host
reproduction. At the end of their life cycle, the rapid digestion
or lysis of a large number of symbionts by the matured host
was reported (Bé et al. 1983; Takagi et al. 2016). It is sug-
gested that symbionts are a source of energy for reproduction
(Bé et al. 1983). Alternatively, hosts may rely on their symbi-
onts for metabolite processing such as the elimination of host
metabolites such as ammonia. This may occur via active uti-
lization through symbiont photosynthesis. Thus, symbionts
could contribute by reducing the cost to the host of ammonia
transport to the outside of the cell. Generally, in closely-related
symbiotic consortia, in which there is a great dependence of
the host for certain functions, its partner may lose their
own related metabolic pathways (e.g. Shinzato et al.
2011). If the host foraminifers have become dependent
enough on their symbionts for some of these life pro-
cesses, such as metabolite elimination, and synthesis of
essential amino acids or vitamins, the hosts must not
lose their symbionts. These metabolic relationships have
not previously been considered as an important function
of the photosymbiosis in planktic foraminifers and
would be an interesting target for future research. This
would help us to understand the obligate interaction
between planktic foraminifers and their symbionts.

Acknowledgments We thank A. Matsuoka for his help with the sampling
and for the useful discussion, M. Enoki for nutrient analyses, M. Kawachi
for symbionts isolation, Y. Mino and T. Yuasa for their support and advice
on the experiment, and H. Saito for the constructive discussion. We thank
the staff of the Sesoko Station, Tropical Biosphere Research Center,
University of the Ryukyus, for enabling the use of their laboratory
facilities.

Furthermore, we are grateful to the editor and two anonymous re-
viewers for their constructive comments, which helped us in improving
the manuscript. This study was supported by Grants-in-Aid for Scientific
Research from the Japan Society for the Promotion of Science (grant
numbers 25740014, 13 J05477, and 16H06738).

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

Anderson OR, Bé AWH (1976) A cytochemical fine structure study of
phagotrophy in a planktonic foraminifer Hastigerina pelagica
(d'Orbigny). Biol Bull 151(3):437-449. https://doi.org/10.2307/
1540498


https://doi.org/10.2307/1540498
https://doi.org/10.2307/1540498

Effect of nutritional condition on photosymbiotic consortium of cultured Globigerinoides sacculifer... 37

Anderson OR, Spindler M, B¢ AWH, Hemleben C (1979) Trophic activ-
ity of planktonic foraminifera. Journal of Marine Biological
Association of the UK 59(03):791-799. https://doi.org/10.1017/
S002531540004577X

Anderson OR, Swanberg NR, Bennett P (1983) Assimilation of
symbiont-derived photosynthates in some solitary and colonial radi-
olaria. Mar Biol 77(3):265-269. https://doi.org/10.1007/
BF00395815

André A, Weiner A, Quillévéré F, Aurahs R, Morard R, Douady CJ, de
Garidel-Thoron T, Escarguel G, de Vargas C, Kucera M (2013) The
cryptic and the apparent reversed: lack of genetic differentiation
within the morphologically diverse plexus of the planktonic fora-
minifer Globigerinoides sacculifer. Paleobiology 39(01):21-39.
https://doi.org/10.1666/0094-8373-39.1.21

Bé AWH (1977) An ecological, zoogeographic and taxonomic review of
recent planktonic foraminifera. In: Ramsay ATS (ed) oceanic
Micropaleontology vol 1, Academic Press, pp 1-100

Bé AWH, Hemleben C, Anderson OR, Spindler M, Hacunda J,
Tuntivate-Choy S (1977) Laboratory and field observations of living
planktonic foraminifera. Micropaleontol 23(2):155-179. https://doi.
org/10.2307/1485330

Bé AWH, Caron DA, Anderson OR (1981) Effects of feeding frequency
on life processes of the planktonic foraminifer Globigerinoides
sacculifer in laboratory culture. Journal of Marine Biological
Association of the UK 61(01):257-277. https://doi.org/10.1017/
S002531540004604X

Bé AWH, Spero HJ, Anderson OR (1982) Effects of symbiont elimina-
tion and reinfection on the life processes of the planktonic foramin-
ifer Globigerinoides sacculifer. Mar Biol 70(1):73-86. https:/doi.
org/10.1007/BF00397298

Bé AWH, Anderson OR, Faber WW Jr, Caron DA (1983) Sequence of
morphological and cytoplasmic changes during gametogenesis in
the planktonic foraminifer Globigerinoides sacculifer (Brady).
Micropaleontol 29(3):310-325. https://doi.org/10.2307/1485737

Biard T, Stemmann L, Picheral M, Mayot N, Vandromme P, Hauss H,
Gorsky G, Guidi L, Kiko R, Not F (2016) In situ imaging reveals the
biomass of giant protists in the global ocean. Nature 532(7600):504—
507. https://doi.org/10.1038/nature 17652

Bird C, Darling KF, Russel DA, Davis CV, Fehrenbacher J, Free A,
Wyman M, Ngwenya BT (2017) Cyanobacterial endobionts within
a major marine planktonic calcifier (Globigerina bulloides, forami-
nifera) revealed by 16S rRNA metabarcoding. Biogeosciences
14(4):901-920. https://doi.org/10.5194/bg-14-901-2017

Boudreau BP (1997) Diagenetic models and their implementation.
Springer, Berlin. https://doi.org/10.1007/978-3-642-60421-8

Caron DA (2000) Symbiosis and mixotrophy among pelagic microorgan-
isms. In: Kirchman DL (ed) Microbial ecology of the oceans. Wiley-
Liss, New York, pp 495-523

Caron DA, Bé AWH (1984) Predicted and observed feeding rates of the
spinose planktonic foraminifer Globigerinoides sacculifer. Bull Mar
Sci 35:1-10

Caron DA, Bé AWH, Anderson RO (1981) Effects of variations in light
intensity on life processes of the planktonic foraminifer
Globigerinoides sacculifer in laboratory culture. Journal of Marine
Biological Association of the UK 62:435-451

Decelle J, Siano R, Probert I, Poirier C, Not F (2012) Multiple microalgal
partners in symbiosis with the acantharian Acanthochiasma sp.
(Radiolaria). Symbiosis 58(1-3):233-244. https://doi.org/10.1007/
s13199-012-0195-x

Dubinsky Z, Jokiel PL (1994) Ratio of energy and nutrient fluxes regu-
lates symbiosis between zooxanthellae and corals. Pac Sci 48:313—
324

Falkowski PG, Kolber ZS (1995) Variations in chlorophyll fluorescence
yields in phytoplankton in the worlds oceans. Australian J Plant
Physiol 22:341-355

Falkowski PG, Dubinsky Z, Muscatine L, McCloskey L (1993)
Population control in symbiotic corals: ammonium ions and organic
materials maintain the density of zooxanthellae. Bioscience 43(9):
606-611. https://doi.org/10.2307/1312147

Fujiki T, Hosaka T, Kimoto H, Ishimaru T, Saino T (2008) In situ obser-
vation of phytoplankton productivity by an underwater profiling
buoy system: use of fast repetition rate fluorometry. Mar Ecol Prog
Ser 353:81-88. https://doi.org/10.3354/meps07151

Fujiki T, Takagi H, Kimoto K, Kurasawa A, Yuasa T, Mino Y (2014)
Assessment of algal photosynthesis in planktic foraminifers by fast
repetition rate fluorometry. J Plankton Res 36(6):1403—1407. https://
doi.org/10.1093/plankt/fbu083

Gast RJ, Caron DA (2001) Photosymbiotic associations in planktonic
foraminifera and Radiolaria. Hydrobiologia 461(1/3):1-7. https://
doi.org/10.1023/A:1012710909023

Gastrich MD (1987) Ultrastructure of a new intracellular symbi-
otic alga found within planktonic foraminifera. J Phycol 23:
623-632

Geider RJ, Greene RM, Kolber Z, Maclntyre HL, Falkowski PG
(1993) Fluorescence assessment of the maxi- mum quantum
efficiency of photosynthesis in the western North Atlantic.
Deep Sea Res 1 40(6):1205-1224. https://doi.org/10.1016/
0967-0637(93)90134-O

Gelman A, Carlin JB, Stern HS, Rubin DB (2003) Bayesian Data
Analysis, 2nd edn. Chapman and Hall/CRC, New York

Gorbunov MY, Kolber ZS, Lesser MP, Falkowski PG (2001)
Photosynthesis and photoprotection in symbiotic corals.
Limnol Oceanogr 46(1):75-85. https://doi.org/10.4319/lo.
2001.46.1.0075

Hallock P (2001) Coral reefs, carbonate sediments, nutrients, and global
change. In: Stanley GD Jr. (ed) The history and sedimentology of
ancient reef systems, Springer, pp 387427, DOI: https://doi.org/10.
1007/978-1-4615-1219-6_11

Hayashi E, Suzuki A, Nakamura T, Iwase A, Ishimura T, Iguchi
A, Sakai K, Okai T, Inoue M, Araoka D, Murayama S,
Kawahata H (2013) Growth-rate influences on coral climate
proxies tested by a multiple colony culture experiment. Earth
plan Sci Lett 362:198-206

Hemleben C, Spindler M, Anderson OR (1989) Modern planktonic fora-
minifera. Springer-Verlag, New York. https://doi.org/10.1007/978-
1-4612-3544-6

Hikami M, Ushie H, Irie T, Fujita K, Kuroyanagi A, Sakai K, Nojiri Y,
Suzuki A, Kawahata H (2011) Contrasting calcification responses to
ocean acidification between two reef foraminifers harboring differ-
ent algal symbionts. Geophys Res Lett 38(19):L19601. https://doi.
org/10.1029/2011GL048501

Jorgensen BB, Erez J, Revsbech NP, Cohen Y (1985) Symbiotic photo-
synthesis in a planktonic foraminiferan Globigerinoides sacculifer
(Brady), studied with microelectrodes. Limnol Oceanogr 30(6):
1253-1267. https://doi.org/10.4319/10.1985.30.6.1253

Kolber ZS, Falkowski PG (1993) Use of active fluorescence to estimate
phytoplankton photosynthesis in situ. Limnol Oceanogr 38(8):
1646-1665. https://doi.org/10.4319/10.1993.38.8.1646

Kolber ZS, Zehr J, Falkowski PG (1988) Effects of growth irradiance and
nitrogen limitation on photosynthetic energy conversion in photo-
system II. Plant Physiol 88:72-79

Kolber ZS, Barber RT, Coale KH, Fitzwater SE, Greene RM, Johnson
KS, Lindley IS, Falkowski PG (1994) Iron limitation of phytoplank-
ton photosynthesis in the equatorial Pacific Ocean. Nature
371(6493):145-149. https://doi.org/10.1038/371145a0

Kolber ZS, Prasil O, Falkowski PG (1998) Measurements of variable
chlorophyll fluorescence using fast repetition rate techniques: defin-
ing methodology and experimental protocols. Biochim Biophys
Acta 1367(1-3):88-106. https://doi.org/10.1016/S0005-2728(98)
00135-2

@ Springer


https://doi.org/10.1017/S002531540004577X
https://doi.org/10.1017/S002531540004577X
https://doi.org/10.1007/BF00395815
https://doi.org/10.1007/BF00395815
https://doi.org/10.1666/0094-8373-39.1.21
https://doi.org/10.2307/1485330
https://doi.org/10.2307/1485330
https://doi.org/10.1017/S002531540004604X
https://doi.org/10.1017/S002531540004604X
https://doi.org/10.1007/BF00397298
https://doi.org/10.1007/BF00397298
https://doi.org/10.2307/1485737
https://doi.org/10.1038/nature17652
https://doi.org/10.5194/bg-14-901-2017
https://doi.org/10.1007/978-3-642-60421-8
https://doi.org/10.1007/s13199-012-0195-x
https://doi.org/10.1007/s13199-012-0195-x
https://doi.org/10.2307/1312147
https://doi.org/10.3354/meps07151
https://doi.org/10.1093/plankt/fbu083
https://doi.org/10.1093/plankt/fbu083
https://doi.org/10.1023/A:1012710909023
https://doi.org/10.1023/A:1012710909023
https://doi.org/10.1016/0967-0637(93)90134-O
https://doi.org/10.1016/0967-0637(93)90134-O
https://doi.org/10.4319/lo.2001.46.1.0075
https://doi.org/10.4319/lo.2001.46.1.0075
https://doi.org/10.1007/978-1-4615-1219-6_11
https://doi.org/10.1007/978-1-4615-1219-6_11
https://doi.org/10.1007/978-1-4612-3544-6
https://doi.org/10.1007/978-1-4612-3544-6
https://doi.org/10.1029/2011GL048501
https://doi.org/10.1029/2011GL048501
https://doi.org/10.4319/lo.1985.30.6.1253
https://doi.org/10.4319/lo.1993.38.8.1646
https://doi.org/10.1038/371145a0
https://doi.org/10.1016/S0005-2728(98)00135-2
https://doi.org/10.1016/S0005-2728(98)00135-2

38

Takagi H. et al.

Lee JJ (1998) “Living sands”- larger foraminifera and their endosymbi-
otic algae. Symbiosis 25:71-100

Lee JJ, Sang K, ter Kuile B, Strauss E, Lee PJ, Faber WW Jr (1991)
Nutritional and related experiments on laboratory maintenance of
three species of symbiont-bearing foraminifera. Mar Biol 109(3):
417-425. https://doi.org/10.1007/BF01313507

Lema KA, Willis BL, Bourne DG (2012) Corals form characteristic as-
sociations with symbiotic nitrogen-fixing bacteria. Appl Environ
Microbiol 78(9):3136-3144. https://doi.org/10.1128/ AEM.07800-
11

Lombard F, Erez J, Michel E, Labeyrie L (2009) Temperature effect on
respiration and photosynthesis of the symbiont-bearing planktonic
foraminifera Globigerinoides ruber, Orbulina universa, and
Globigerinella siphonifera. Limnol Oceanogr 54(1):210-218.
https://doi.org/10.4319/10.2009.54.1.0210

Moore CM, Suggett DJ, Hickman AE, Kim Y-N, Tweedle JF, Sharples J,
Geider RJ, Holligan PM (2006) Phytoplankton photoacclimation
and photoadaptation in response to environmental gradients in a
shelf sea. Limnol Oceanogr 51(2):936-949. https://doi.org/10.
4319/10.2006.51.2.0936

Murray J (1897) On the distribution of the pelagic foraminifera at the
surface and on the floor of the ocean. Nat Sci 11:17-27

Muscatine L (1967) Glycerol excretion by symbiotic algae from corals
and Tridaona, and its control by the host. Science 156(3774):516—
519. https://doi.org/10.1126/science.156.3774.516

Muscatine L (1971) Experiments on green algae coexistent with zooxan-
thellae in sea anemones. Pac Sci 25:13-21

Muscatine L, Falkowski P, Porter J, Dubinsky Z (1984) Fate of
photosynthetically-fixed carbon in light and shade adapted colonies
of the symbiotic coral Stylophora pistillata. Proc R Soc Lond Ser B
222:181-202

Norman PAH, Gunnar O, Fathy S (1998) Energy balance and acclimation
to light and cold. Trends Plant Sci 3:224-230

Okaichi T, Nishio S, Imatomi Y (1982) Collection and mass culture. In:
The Japanese Society of Fisheries Science (eds) Toxic phytoplank-
ton-occurrence, mode of action and toxins, Kouseisya-kouseikaku,
Tokyo, pp22-34 (in Japanese)

Parkhill J-P, Maillet G, Cullen JJ (2001) Fluorescence-based maximal
quantum yield for PSII as a diagnostic of nutrient stress. J Phycol
37(4):517-529. https://doi.org/10.1046/j.1529-8817.2001.
037004517.x

R Core Team (2016) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria
https://www.R-project.org/

Rink S, Kiihl M, Bijma J, Spero HJ (1998) Microsensor studies of pho-
tosynthesis and respiration in the symbiotic foraminifer Orbulina
universa. Mar Biol 131(4):583-595. https://doi.org/10.1007/
5002270050350

Rosset S, D’Angelo C, Wiedenmann J (2015) Ultrastructural biomarkers
in symbiotic algae reflect the availability of dissolved inorganic
nutrients and particulate food to the reef coral holobiont. Front
Mar Sci 2:26. https://doi.org/10.3389/fmars.2015.00103

Roth MS (2014) The engine of the reef: photobiology of the coral-algal
symbiosis. Front Microbiol 5:422. https://doi.org/10.3389/fmicb.
2014.00422

Rottger R, Berger WH (1972) Benthic foraminifera: morphology and
growth in clone cultures of Heterostegina depressa. Mar Biol
15(1):89-94. https://doi.org/10.1007/BF00347440

Shaked Y, de Vargas C (2006) Pelagic photosymbiosis: IDNA assessment
of diversity and evolution of dinoflagellate symbionts and plankton-
ic foraminiferal hosts. Mar Ecol Prog Ser 325:59-71. https://doi.org/
10.3354/meps325059

Shinzato C, Shoguchi E, Kawashima T, Hamada M, Hisata K, Tanaka M,
Fujie M, Fujiwara M, Koyanagi R, Ikuta T, Fujiyama A, Miler DJ,
Satoh N (2011) Using the Acropora digitifera genome to understand

@ Springer

coral responses to environmental change. Nature 476(7360):320—
323. https://doi.org/10.1038/nature 10249

Siano R, Montresor M, Probert I, Not F, de Vargas C (2010)
Pelagodinium gen. Nov and P. béii comb. nov., a dinoflagellate
symbiont of planktonic foraminifera. Protist 161(3):385-399.
https://doi.org/10.1016/j.protis.2010.01.002

Smith DJ, Suggett DJ, Baker NR (2005) Is photoinhibition of zooxan-
thellae photosynthesis the primary cause of thermal bleaching in
corals? Glob Chang Biol 11(1):1-11. https://doi.org/10.1111/j.
1529-8817.2003.00895.x

Spero HJ (1987) Symbiosis in the planktonic foraminifer, Orbulina
universa, and the isolation of its symbiotic dinoflagellate
Gymnodinium béii sp. nov. J Phycol 23:307-317. https://doi.org/
10.1111/7.1529-8817.1987.tb04139.x

Spero HJ, Lea DW (1993) Intraspecific stable isotope variability in the
planktic foraminifera Globigerinoides sacculifer: results from labo-
ratory experiments. Mar Micropaleontol 22(3):221-234. https://doi.
org/10.1016/0377-8398(93)90045-Y

Spero HJ, Parker SL (1985) Photosynthesis in the symbiotic planktonic
foraminifer Orbulina universa, and its potential contribution to oce-
anic primary productivity. J Foram Res 15(4):273-281. https://doi.
org/10.2113/gsjfr.15.4.273

Spero HJ, Lerche I, Williams DF (1991) Opening the carbon isotope
“vital effect” black box 2, quantitative model for interpreting fora-
miniferal carbon isotope data. Paleoceanography 6(6):639-655.
https://doi.org/10.1029/91PA02022

Spindler M, Hemleben C, Salomons JB, Smit LP (1984) Feeding behav-
ior of some planktonic foraminifers in laboratory cultures. J Foram
Res 4:237-249

Stan Development Team (2016) rstanarm: Bayesian applied regression
modeling via Stan. R package version 2.13.1. http://mc-stan.org/

Stoecker DK (1998) Conceptual models of mixotrophy in planktonic
protists and some ecological and evolutionary implications. Eur J
Protistol 34(3):281-290. https://doi.org/10.1016/S0932-4739(98)
80055-2

Suggett DJ, MacIntyre HL, Geider RJ (2004) Evaluation of biophysical
and optical determinations of light absorption by photosystem II in
phytoplankton. Limnol Oceanogr Methods 2(10):316-332. https:/
doi.org/10.4319/1om.2004.2.316

Suggett DJ, Moore CM, Hickman AE, Geider RJ (2009) Interpretation of
fast repetition rate (FRR) fluorescence: signatures of phytoplankton
community structure versus physiological state. Mar Ecol Prog Ser
376:1-19. https://doi.org/10.3354/meps07830

Sukenik A, Bennett J, Falkowski PG (1987) Light-saturated photosyn-
thesis-limitation by electron transport or carbon fixation? Biochim
Biophys Acta 891(3):205-215. https://doi.org/10.1016/0005-
2728(87)90216-7

Takagi H, Moriya K, Ishimura T, Suzuki A, Kawahata H, Hirano H
(2015) Exploring photosymbiotic ecology of planktic foraminifers
from chamber-by-chamber isotopic history of individual foramini-
fers. Paleobiology 41(01):108—121. https://doi.org/10.1017/pab.
2014.7

Takagi H, Kimoto K, Fujiki T, Kurasawa A, Moriya K, Hirano H (2016)
Ontogenetic dynamics of photosymbiosis in cultured planktic fora-
minifers revealed by fast repetition rate fluorometry. Mar
Micropaleontol 122:44-52. https://doi.org/10.1016/j.marmicro.
2015.10.003

Tanaka Y, Iguchi A, Nishida K, Inoue M, Nakamura T, Suzuki A,
Sakai K (2014) Nutrient availability affects the response of
juvenile corals and the endosymbionts to ocean acidification.
Limnol Oceanogr 59(5):1468—1476. https://doi.org/10.4319/lo.
2014.59.5.1468

Uhle ME, Macko SA, Spero HJ, Lea DW, Ruddiman WF, Engel MH
(1999) The fate of nitrogen in the Orbulina Universa Foraminifera—
symbiont system determined by nitrogen isotope analyses of shell-


https://doi.org/10.1007/BF01313507
https://doi.org/10.1128/AEM.07800-11
https://doi.org/10.1128/AEM.07800-11
https://doi.org/10.4319/lo.2009.54.1.0210
https://doi.org/10.4319/lo.2006.51.2.0936
https://doi.org/10.4319/lo.2006.51.2.0936
https://doi.org/10.1126/science.156.3774.516
https://doi.org/10.1046/j.1529-8817.2001.037004517.x
https://doi.org/10.1046/j.1529-8817.2001.037004517.x
https://www.r-project.org/
https://doi.org/10.1007/s002270050350
https://doi.org/10.1007/s002270050350
https://doi.org/10.3389/fmars.2015.00103
https://doi.org/10.3389/fmicb.2014.00422
https://doi.org/10.3389/fmicb.2014.00422
https://doi.org/10.1007/BF00347440
https://doi.org/10.3354/meps325059
https://doi.org/10.3354/meps325059
https://doi.org/10.1038/nature10249
https://doi.org/10.1016/j.protis.2010.01.002
https://doi.org/10.1111/j.1529-8817.2003.00895.x
https://doi.org/10.1111/j.1529-8817.2003.00895.x
https://doi.org/10.1111/j.1529-8817.1987.tb04139.x
https://doi.org/10.1111/j.1529-8817.1987.tb04139.x
https://doi.org/10.1016/0377-8398(93)90045-Y
https://doi.org/10.1016/0377-8398(93)90045-Y
https://doi.org/10.2113/gsjfr.15.4.273
https://doi.org/10.2113/gsjfr.15.4.273
https://doi.org/10.1029/91PA02022
http://mc-stan.org/
https://doi.org/10.1016/S0932-4739(98)80055-2
https://doi.org/10.1016/S0932-4739(98)80055-2
https://doi.org/10.4319/lom.2004.2.316
https://doi.org/10.4319/lom.2004.2.316
https://doi.org/10.3354/meps07830
https://doi.org/10.1016/0005-2728(87)90216-7
https://doi.org/10.1016/0005-2728(87)90216-7
https://doi.org/10.1017/pab.2014.7
https://doi.org/10.1017/pab.2014.7
https://doi.org/10.1016/j.marmicro.2015.10.003
https://doi.org/10.1016/j.marmicro.2015.10.003
https://doi.org/10.4319/lo.2014.59.5.1468
https://doi.org/10.4319/lo.2014.59.5.1468

Effect of nutritional condition on photosymbiotic consortium of cultured Globigerinoides sacculifer... 39

bound organic matter. Limnol Oceanogr 44(8):1968-1977. https://
doi.org/10.4319/10.1999.44.8.1968

de Vargas C, Audic S, Henry N, Decelle J, Mahe F, Logares R, Lara E,
Berney C, le Bescot N, Probert I, Carmichael M, Poulain J, Romac
S, Colin S, Aury JM, Bittner L, Chaffron S, Dunthorn M, Engelen S,
Flegontova O, Guidi L, Horak A, Jaillon O, Lima-Mendez G, Luke
J, Malviya S, Morard R, Mulot M, Scalco E, Siano R, Vincent F,
Zingone A, Dimier C, Picheral M, Searson S, Kandels-Lewis S, Tara
Oceans Coordinators, Acinas SG, Bork P, Bowler C, Gorsky G,
Grimsley N, Hingamp P, Iudicone D, Not F, Ogata H, Pesant S,
Raes J, Sieracki ME, Speich S, Stemmann L, Sunagawa S,
Weissenbach J, Wincker P, Karsenti E, Boss E, Follows M, Karp-
Boss L, Krzic U, Reynaud EG, Sardet C, Sullivan MB, Velayoudon

D (2015) Eukaryotic plankton diversity in the sunlit ocean. Science
348(6237):1261605. https://doi.org/10.1126/science.1261605
Wijgerde T, Diantari R, Lewaru MW, Verreth JAJ, Osinga R (2011)
Extracoelenteric zooplankton feeding is a key mechanism of nutrient
acquisition for the scleractinian coral Galaxea fascicularis. J Exper
Biol 241:3351-3357

Yellowlees D, Rees TAV, Leggat W (2008) Metabolic interactions be-
tween algal symbionts and invertebrate hosts. Plant Cell Environ
31(5):679-694. https://doi.org/10.1111/1.1365-3040.2008.01802.x

Zeebe RE, Bijma J, Wolf-Gladrow DA (1999) A diffusion-reaction model
of carbon isotope fractionation in foraminifera. Mar Chem 64(3):
199-227. https://doi.org/10.1016/S0304-4203(98)00075-9

@ Springer


https://doi.org/10.4319/lo.1999.44.8.1968
https://doi.org/10.4319/lo.1999.44.8.1968
https://doi.org/10.1126/science.1261605
https://doi.org/10.1111/j.1365-3040.2008.01802.x
https://doi.org/10.1016/S0304-4203(98)00075-9

	Effect of nutritional condition on photosymbiotic consortium of cultured Globigerinoides sacculifer (Rhizaria, Foraminifera)
	Abstract
	Introduction
	Materials and methods
	Foraminifer samples
	Experimental setup and culture protocols
	FRR fluorometric measurement for holobionts
	FRR fluorometric measurement on free-living symbionts in culture
	Data analysis

	Results
	Growth of foraminifers
	Chlorophyll a content
	Photophysiological states
	Photophysiological states of free-living Pelagodinium béii in culture

	Discussion
	Effect of feeding
	Apparent ineffectiveness of inorganic nutrients
	Other possibilities and implication for a function of photosymbiosis

	References


