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Response to Howard Spero (Reviewer#1)

We are very grateful to the reviewer Dr. Howard Sperdi®positiveand valuable comments on our manuscript.
The issues raed by the reviewer are taken into consideration and in the following paragraphs, we present our reply
to each of them.

Haruka Takagi
(on behalf of all ceauthors)

Line 140 — please add to this sentence that ‘non functional’ chlorophyll could come from phytoplankton in
the guts of zooplankton prey. This caveat eliminates the potential that a reader of your paper concludes
that your data indicates that all foraminifera species ingest phytoplankton prey directly which is not the
case for species such as sacculifer, ruber and Orbulina.

Reply 1-1: Thank you for the suggestiovwe will add the sentence as suggest¥d.agree that it will avoid readers

to misunderstand the trophic activity of foraménd.

Line 145 — The chl content of a dinoflagellate symbiont cell is » than that in a pelagophyte or
chrysophyte symbiont from thermocline dwellers. How do you determine symbiont 'density’, which |
interpret to mean number of symbionts, from Chl a content? Certainly a single dinoflagellate cell has »
chl a than a very small chrysophyte cell. Hence there is little connection between chl and symbiont
‘density’.

Reply 1-2: Thank you for the commerit this partwe used the wor@®densityfdr expressingper unit massO
which we admit that it is not a good wordimg.order b state it preciselyye will change OAs an indicator of
symbiont density of an individual, EO td @normalize bythe size of a individual, EO.

Line 200 — please provide a conversion for the fluorescence units you use - 10-20 m2 quanta-1 to the
more generally used units - iA, mol photons m2 s-1

Reply 1-3: The unit foropsyis often@? quantal®A = 10'° m). SinceA is not an Slunit, we ugd@Qnstead. We
will add@?2 quantaiOnext to&102° m? quantalQin the definition table in Figure. 3



I am having trouble understanding the relationship between oPSII and photosynthetic saturation. For the
readers, would it be possible to explain this light absorption efficiency term in a way that one can
interpret it relative to the light field in the ocean. | observe that the results seem to be inverted relative to
photosynthetic light saturation — a concept that many researchers understand. This should be explained
better in the discussion (line 345). In this regard, on line 352 you note that this parameter indicates a
higher acclimation potential to a low-light environment. How does this relate to Ik in a P/l curve for
symbiont photosynthesis? Note that Jorgensen et al (1985), Spero and Parker (1985) and Rink et al.
(2005; 1998) show P/I curves that could easily be related to the photosynthetic efficiency term here.
Such a link would go a long way to relate previous research on symbiont photosynthesis with the new
data you present here and in your other papers.

Reply 1-4: We appreciate your comment. We agree thiatpoint is important when comparing our results to the
previous studies.

Saturating irradiancey, is defined as the point where #wdrapolated initial slopéx) of the photosynthedis
irradiance curvéP-l curve)crosseghe saturation level of photosynthetic ré@eay), thuslk = Pmada. a takes into
account that the light absorbed by the algal cell is proportional to the functional absorptiesectioss6es)) of

the photosystem I(the effective area that a molecule presents to an incoming photon and that is proportional to the
probability of absorption) and to the number of photosynthetic w)ita € n * opsi (Falkowski and Raven, 199
Therefore theoretically, I« is inversely proportional tepsi. In general, lowlight acclimated algae shows ldw

low Pmax, @and higha (thus highops))). Jorgensen et a{1985) Spero and Park¢t985) and Rink et al(1998) all
showed that th& of dinoflagellate bearing specieswashigh, which is consistent to the lowes) of dinoflagellate
bearing specieim our resultsAlthoughlk or « of pelagophyteébearing species has not beeported so fathe high
opsi Of pelagophytebearerdndicates low-light acclimated photophysiology (Babin et al., 1996; Bouman et al.,
2018).We will add ths discussion irtherevised version.

Line 190 — Does your O. universa data use pre-sphere O. universa or just spherical O. universa? Are the
size measurements for Orbulina on the inner trochospiral test or the diameter of the sphere? If the latter,
then the measurements are not that valuable as the sphere is seldom filled with cytoplasm in a plankton

tow. Please indicate this in the text and tables.

Reply 1-5: The measure®rbulina universaspecimensmallerthan 40Qum wereall trochospired (presphere
stage).The restwwerespherical adult, and we measuredrtephere diameter since the inner trochospirediest
not always visible depending on ttiecknesstansparency of the sphee have confirmed that when the
spherical adult specimens alone were used for the regression analysis, it alsoastigniéidant positive
correlation between Clalcontent and th spherical diameter (p << 0.01, R = 0.419,45:63 + 2.51x, N = 69As
you mentioned, and as is shown in Spero and Parker (1B85ymbiont content should bettercorrelated with



juvenile trochospired test size thaith sphericadiameterof O. universaHowever,it may be the case for other
species as well; e.qg., the final sac chambé&.afacculiferis seldom filled with cytoplasm, and the symbiont
content may havahigher correlationvith testsize withouta final chamber. In our study, we consistently used the
maximum diameter of the tessthe Gest siz€&whatever the growth stage ¥/ewill explain it in the textFigure 6,
and Table S1in addition,in Table S1, the juvenile specimens®funiversawill be marked with *.

Line 235. Please mention/discuss the results from Fehrenbacher et al (2018) that support a microhabitat
for non-spinose species on organic aggregates. Marine snow is the primary organic particulate that
transports phytoplankton cells from the surface to deep ocean. G. scitula and crassiformis may obtain
chlorophyll from such material. Alternatively, many of the zooplankton prey of these foraminifera could
participate in the nightly diurnal migration of the deep scattering layer where the zooplankton could feed
on surface phytoplankton at night and migrate back to depth during the day where the forams could
capture/ingest them.

Reply 1-6: Thank you for thénsightfulcommentWe agree that their lifestyle (athing to organic aggregates) is
one of the factorthey incorporate nefunctional chlorophyllWe will include the possibility of marine snow
grazing of nomspinose species citing Fehrenbacher et al. (2018). As we replied inIRegdiaytoplankton in the
gut of zooplankton prey is also an important gh#t indirectly incorporatenonfunctional chlorophyll. We will
include this possibility as well

Line 248 — contact Barbel Hoenisch at LDEO. She has unpublished observations on Sphaeroidinella
dehiscens from Puerto Rico culture experiments that supports your observations on the 7 dehiscens you
observed. She collected dozens of specimens using scuba and had them in culture until gametogenesis
when they put on a cortex. All looked like sacculifer and contained dinoflagellate symbionts. You could
ask for details and permission to provide Barbel's ‘unpublished data’ for the observations you describe.

Reply 1-7: We appreciate your suggestiand are happy to know that her observation supports ldaveever,
sinceinformal reference such as personal communicati&irould be avoideih this journa) wewould like to
refrain from including such unpublished data.

Line 248 — are you 100% certain that the G. tenella and G. rubescens you claim to have collected have
dinoflagellate symbionts and were not early/juvenile ruber or sacculifer? The latter look very different
than the adult stages when the shells are only 100 um in size.



Reply 1-8: SinceG. ruberpink is absent in the Pacific, foraminifera with pink pigmentatiolfected from the
Pacificwere100%G. rubescensTheyhad dinoflagellatdike symbiontsFor specimens collected from the
Atlantic, we identified thenmbased on thkey taxonomicfeatures such as four globular chambers in the last whorl
high archedumbilical apertureand lack of supplementary apertureaddition to the typical pingigmentation and
small test sizel.ikewise,G. tenellawasidentifiedbased orits key featuredour globular chambers in the last
whorl, high arched umbilical aperture, single small supplementary aperture, and small thkistiné the
specimens we afyzed were larger than 100 um, araoh be distinguished frosmallG. ruber(s.s.) orG.
sacculiferbased on the above featurdée recognizethatconfirmatian of their molecular taxaomic position
shouldbe needed and this should the next step

Line 253 — add that the relationship observed by Spero and Parker was a logarithmic relationship. Again
— is the relationship in Figure 6 for Orbulina comparing sphere diameter or trochospiral shell length? You
may be able to compare your chl data with the regression in Spero and Parker to generate a true chl vs
symbiont density relationship for the dinoflagellate symbionts in other species.

Reply 1-9: Wewill add the statement dfelogarithmic relatbnship between test size and symbiont densityvé\s
have explained ithe abovgReply 1-5), we used the maximum test diameter regardless of the growth stage of
foraminifera; i.e., trochospiral diameter for prespher@aliniversaand sphere diameter fephericalO. universa
Using the relationshipf Spero and Parker (1985), wanshow the Chh vs symbiont densitySince thdinear
regressiorof Spero and Parker (198&asperformed orhalf-log scalel crossplot (test size isn linear scaleand
symbbnt number is in log scglevhereasours is doubldog scalel (both test size and Chlare in log scale)the
relationbetween Chh vs symbiont densitis expressed amnexponential functiofin doublelog scalg(Fig. A). In
this relationship, the Cla content per symbiont cell varies significantly.
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Figure A. Relationship between Chlcontent and symbiont density derived from test-€lhka
relationship (this study) and test sisgmbiont density relationship (Spero and Parker, 1985).



Alternatively, when we usa certainChl a content of symbionte.g.,1-5 pg celi* (cf. Fitt et al, 2000, for
Symbiodiniunmin coralg, we can show a test siZehl a content relationship dizred from Spero and Parker (1985)
andcancompardt to ours(Fig. B). We will include the figureand a short discussion abouhithe supplementary
material.
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Figure B. Relationship tweertest size an€hl a content Red line; relationship in dinoflagellate
bearing group (regression line for macroperforate spinose group with dinoflagellate in Figure 9).
Gray area; relationship @rbulina universaderived from Spero and Parker (198S)ng a range of
Chlacontent per symbiont cell (cf. Fitt et al., 2000).

Section 4.2. This section discusses chlorophyll content in terms of host size, photosynthetic
characteristics relative to chamber morphology or spinose vs non-spinose species. It is the opinion of
this reviewer that this section fails to discuss the two most important parameters — differences in
symbiont type (dinoflagellates have » more chl a per symbiont cell than does chrysophyte/pelagophyte
symbionts) and depth habitat (the ambient light regime as a function of water depth controls light
availability for the symbionts. Self-shading due to internal vs external symbiont distribution has little to no
effect on available light as the shells are virtually transparent to light penetration given their thickness
and the size of the foraminifera. Rather, the internal/external location difference will have an effect on
nutrient availability or DIC supply for photosynthesis. Unlike the smaller symbionts in the deeper
dwellers, the dinoflagellate symbionts in the mixed layer species would quickly exhaust their DIC supply
if they were inside the foram test during the day rather than on the spines where DIC availability is only
diffusion limited. This section should be modified accordingly.

Reply 1-10: Thank you for thénsightful commentand discussiarin the second paragraph, we disedthe
higher Chla content inthe spinose group thathe non-spinose group froramorphological perspectivé €.,
possessioof spines). In fact, wehink the difference cannot Is#mply relatedto the symbiont type becaute



spinose group includesgverakypes of symbiontédinoflagellatefor globigerinoidids pelagophytdor G.
siphoniferaType II, and prymnesiophyt®r G. siphoniferal'ype l). Moreover pelagophytesymbiontis possessed

in the non-spinose groups well(N. dutertre). As shown inFig. 10,spinosegroupwith dinoflagellate symbiont
(red)andspinosegroupwith nondinoflagellate symbiontorange)are similarly distributed, anobth show higher

Chla content than the nespinose groupdt indicates that the symbiont type is not ghienary factor to make the
difference We believe that the symbiont typmuld affect the relationshipp some extenbutconsidering our
data,the effect is not apparenin terms of the effect of depth (light environment relating to dejttis) hardto
discussherebecausepecimens collected from various depth 100m) are mingledn the test size&Chl a

relationship As we will comment in the followingeply (Reply +11), statistical modeling such as GLMM or
GAMM will be suitable approaches to reV¢lae effect ofdepthor symbiont taxonomyin this section, we will not
includea detaildiscussion on taxonomy or depth because of the above reason, but will ntenpossibility of

their effect

We totally agree that the presence of spines and syrshilistribution on them have to do with nutrient availability
and DIC supplyso we will include this point in the textlikewise, it is our opinion théhis doesaffectthe
illumination on each celés well We believe that the spherical distributioiisymbionts on spines does affdwt
exposure to lighthence affect photosynthesiss you pointed out, test wall characteristics such as macroperforate
or microperforate may make little difference to the light penetration when they are sequestdedtiensisiVe

will delete ths point, but leave the effect of spi@n illumination as it is.

Line 375 — do you see any differences in photophysiology when comparing specimens from oligotrophic
environments with a deep mixed layer and clear water (deep light penetration) vs locations with a
shallower chlorophyll maximum? This basic difference in light field in the water could explain some of the
photophysiological differences between species and locations.

Reply1-11: Overall, stations in the Atlantic (M140 stations) were more productivethiose in théPacific
subtropical gyre (KHL7-4 stations). When we compare the d#tthese two cruiseshe former tended to show
higherF./Fm and lowerops). However this tendency was not necessarily truedthispeciesthus we hesitate to
discusghis possibilityin the text In our opinion, factors deterniilg photophysiology is various, and we need
further detailed analysis to relate the obtaingd déphotophysiology and contliag factors such as light
penetrationnutrient, symbiont taxonomy, etcBVe believe that usinstatistical models such as GLMM or
GAMM to see the relationship between photophysiologyeandronmental factorts the future step tdoetter
understanithg on photosymbiosis.

Besides,n order to discuss more detail on interspecific photophysiological differences, comparison of the
photophysiological parameters for specimens cultured under controlled condition, or the eomyfilatividual
data collected from the similar environmental conditimuld be useful




Figure 11 is very interesting, but is not discussed at all in the text of the manuscript. Nevertheless, |
would like to point out that the spectrum of endosymbiosis concept drawn up in this figure does not take
into consideration that the foraminifera lose their symbionts every generation and must reestablish the
symbiosis every new generation. Also, | have been culturing planktic foraminifera for over 40 years and
have never observed a sacculifer, Orbulina or G. ruber without symbionts. LeKieffre et al (2018) shows
an amazingly tight inter relationship between symbionts and host foraminifera in Orbulina. The
dinoflagellate bearing foraminifera species are incapable of surviving without their symbionts — The
horizontal arrow that you have drawn in Fig. 11 does not reflect this ‘all or nothing’ symbiotic association
which must be as necessary as zooxanthellate in reef building hermatypic corals.

Reply1-12: Thank you for theomment andaluableinformation based on yoyears of observatiomn the figure,

we used the word Oacquired phototrogby@raminifera,which we intended teshowthat the symbiotic

relationship must be acquireateverynewgenerationTo make it clearerye will explain it both in the text anthe
caption ofFigure 11with sayingOsexually reproduced new generation must acquire symbiontshéom
environmentO.

In fact,in theconceptuhdiagram of photosymbiosigie wanted to draw a line dividing GattnothingO (scalled
obligate) relationship and flexible (®alled facultative) relationships shown inLeKieffre et al. (2018)the
relationship betwee®rbulinaand its symbionts nai be strong and their trophic interactahouldbe called
Oobligate@®lowever, wehave no informationmsuch interactiorior the other specietn our methodwe cannot

go into sucldetailedinteractionalrelationship Since our knowledge of foraminif@rphotosymbiosis is based on a
set of snapshot information of algal possession at a certain time of their lifecycle, whether the observed phenomena
is truly essential for survival cannot be concluded. Therefdthjs moment, we thoughtiginapproprate to
categorizethe foraminiferal photosymbiosis into the criteriaadfligate or facultativeThat is why we simply

mapped them based on the statistical result alonetliied?CA resuls).

In the revised versigwe will adda discussion about the ppectives of the necessity of symbiosis citing the result
of LeKieffre et al. (2018) and other related studies. We believe future works will reveal the interrelationship
between the host and symbiofus the other specieand will make the diagram moedaborateand sophisticated
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Response to Ralf Schiebel (Reviewer#2)

We would like to thanlor. Raf Schiebel for reviewing our manuscript and for providing his constructive

commentsand corections A point-by-point response to the comments is included below.

Haruka Takagi
(on behalf of all ceauthors)

Line 21: The author have possibly not observed "symbiont growth®, and rewording to “symbiont

abundance” may be more correct.

Reply 2-1: Wewill correct itas suggested.

Line 29: Following the paper of Jakob et al. (2017), planktic foraminifer shells may be composed of
vaterite and other calcium carbonate species, and “calcareous” may be the correct term.

Reply 2-2: Wewill correct itas suggested.

Line 46: Globigerina bulloides has certainly not been reported photosymbiotic. Please delete from the
list.

Reply 2-3: In arecent studyy Bird et al. (20%), Globigerina bulloidegype Ild has been reported to possess
cyanobacteriadymbionts. Although tir finding contradictgo the old observational results of this spesieswing
thatG. bulloidesis symbiontbarren(Hemleben and Spindler, 1983astrich, 198, werespeatdtheir results and
listedG. bulloidesHowever,the cyanobacterial symbiosisaa exceptional case among planktdoi@aminiferg
so we change the rsienceonly for eukaryotic algal symbiosis. The change of the text wisldi@E.., twelve have
so far been reported to be photosymbiotic with eukaryotic algae (E., E, E, E.). O and déletailloidesfrom
the listin Line 46. For Table 2 including thefoxmation of inferred cyanobacterial symbiosisfbulloides we

will leave it as is

Line 48: Change hirsta to hirsuta

Reply 2-4: Thank you forpointing it out Wewill correctit to irsutaO.



Line 50: Change “in all previous studies” to “in some previous studies”.

Reply 2-5: Wewill change itas suggested.

Line 150: Change “in his study” to “in her study”.

Reply 2-6: We appreciate the correction. We will correct it.

Lines 182-183: Please delete the sentence "Therefore, although genetic information and detailed
microscopic evidence are needed in the future, we categorize them here as dinoflagellate-bearing
species.” Second guess does not improve the quality of a scientific, and there is no need to do so in this
place.

Reply 2-7: Thank you for the advice. We will delete tsentence.

Line 201: Please replace by “ocPSII was relatively clearly low in dinoflagellate-bearing species. . .”

Reply 2-8: Wewill replace OclearlyO to OrelativelyO.

Line 203: Chapter “3.4 Principal component analysis and clustering” would need a brief introduction.
Please first write what you tested, i.e. objects and variables, and then present data. In general, this
paragraph needs to be better explained and better organized for easy understanding.

Reply 2-9: In the method section (2.4 Statistical analysis), we explained the pofd@S& andits variables.
However, as you suggestedisibetter tobriefly mention it again at the beginning@hapter 3.4 foeasier
understanithg. We will revise the chapr accordinglyln addition, since the variables we used for the analyasss
not listed altogetherdtio of symbiotic individualsk/Fm value, and Ché/biomassare in Table lwhereas
correlation cefficient of test sizeChl a relationshipis in Figue 6, we will include the last one in Table 1 as well.

In the Discussion and Conclusions chapters, the writing style deteriorates, and some rewording would be
necessary. | would recommend using the present tense throughout, since it makes a nicer reading.



Reply 2-10: Following your advice, wwill usethe present tense for Discussion and Conclusioagteb. Thetext
will be carefullycheckedagainand will bereworded/rewrtienfor nicer readingWe would like to express our
appreciatiorfor your careful reading ardetailedcorrectionsn these chapters

Lines 230-231: “Based on the result of the PCA and cluster analyses, 30 foraminiferal species were
characterized and categorized into four groups (Fig. 9).” This not correct; Statistics cannot create new
results, but confirm results. Please rewrite the sentence accordingly.

Reply 2-11: Thank you for your advice. Waill rewrite the sentece as The cluster analysissing photosymbiotic
variablesshowed that 30 species fall into four groups, B84 extracted features relevanttt@ clustesstructure.O

Lines 241-242: Please rephrase to “Though our study did not identify their genotype, we revealed that
this species never possessed symbionts even when collected from shallower water depth (< 100m).”

Reply 2-12: We will rephrase the sentence as suggested.

Line 242: “A recent study. . .”

Reply 2-13: We will correct it as suggested.

Line 248: “Five species were newly confirmed as symbiotic in this study;...”

Reply 2-14: We will correct it as suggested.

Line 249: “All species in the Cluster 1 and 2 including...”. Since we are not primarily interested in
Clusters by different groups of foraminifera, you may name these groups for a better understanding. “All
species in the macroperforate spinose group with dinoflagellate symbionts, and the macroperforate
spinose foraminifers with non-dinoflagellate symbionts...” reads much better, because it contains
important information. Please change all of the following text accordingly.

Reply 2-15: We agree that usirusternames describing their features womidke itmuch easier to understand.
However,such morphological grouggpan multiple clusters; e.g., macroperforate sgrgpecies belong to either
Cluster 1, 2, 3 or 4ConverselyCluster 2 includes all major morphological/ecological groups (macroperforate
spinose group with dinoflagellates, macroperforate spinose group wittimaftagellates, macroperforate rnon
spinosegroup and microperforate groupyhereforejt is noteasyto name the clustgrand we would like tteave



the cluster namess they are, except for some parts that can be rephrased as suggested (e.g., ngp26igs
in the Cluster 1EQ to@ congbbatus G. sacculiferandO. universaCluster 1)EQ.

Line 253: delete “itself”

Reply 2-16: We will delete it as suggested.

Line 254: replace “directly clarified” by “determined”

Reply 2-17: We will correct it as suggested.

Line 255: replace “growth” by “size”

Reply 2-18: In this sentence, we would like ¢éxplainthat the positiveorrelation in test siz€hl a content
relationship is an indication of the increase of symbiont nuriiterefore, we think Ogrowth® cannot be replaced
by Osize®. We would like to leawmchanged.

Line 256: replace “should be a specific diagnostic of” by “may indicate”

Reply 2-19: We will correct it as suggested.

Line 257: replace “perform” by “support”

Reply 2-20: We will correct it asuggested.

Line 258-259: delete “It may imply more phototrophic nature of these species.”, since this is second
guess

Reply 2-21: Wewill delete the sentenes suggested.

Line 264: please say which species sometimes found without symbionts



Reply 2-22: We will add thespecies name in the parenthesis; QIEgpecies except f@. dehiscenandG.
conglobatusncludes specimens whose chldngp is nonfunctional,Fig. 5)0.

Line 267: “We speculate that these small specimens were. . .”

Reply 2-23: We will correct it as suggested.

Line 268: “...symbiont-barren individuals in this group was small.”

Reply 2-24: We will correct it as suggested.

Line 273: “...on phototrophy that can quantitatively represent photosymbiosis.”

Reply 2-25: We will correct it as suggested.

Line 277-278: “. . .the examined species were not able to increase their biomass as the host grew.” How
do you know? This is possibly second guess, and should be deleted from the manuscript. Please delete
also the following argumentation “If these are the case, possession of symbionts...".

Reply 2-26: We will delete these sentences as suggested.

Line 293-294: “However, caution should be paid for the narrow size range of T. humilis (97-168 um)
(Fig. 6).“ This is possibly also the case for T. humilis smaller than 97 microns.

Reply 2-27: In this sentence, weanted to make a notice that the specimesesl for the regression analysis were
all very small compared to the other species, which may cause the low correlation between test siz# and Chl
content inT. humilis To make this point clear, we will rephrase the sentence as follows, OHoweven, stauiid

be paid for the narrow size rangeTofhumiliswe analyzed, which may cause the low correlation.O.

Line 304: delete “utter”

Reply 2-28: We will correct it as suggested.



Line 304: "Each foraminiferal species...“ | doubt that this is the case for each species; please see your
Fig. 11.

Reply 2-29: Thank you for pointing it oufor norsymbiotic species, it is true that the spediess not fall into
OinbetweenO heterotroph and phototroph, but 100% heterotuephill correctthe sentencasCach
foraminiferal specigthat possesssymbionts can be locatedEEO.

Line 314-316: The significant positive correlation between test size and Chl a content (Figs. 6 and 10)
shows the increasing number of symbionts with host size, and a quantitative relationship in the host and
symbionts based on their scaling exponent (Table 2).

Reply 2-31:We will correct the sentence as suggested.

Line 317: “If the test shape is less spherical,. . .”

Reply 232:We will correct it as suggested.

Line 318: . . . (the increase in cytoplasm. . .

Reply 233: We will correct it as suggested.

Line 321-323: “. . .increased in nearly proportional to the host’s test volume. This kind of size scaling
across different species of planktonic foraminifera suggests a robust relationship between the host and
symbionts.”

Reply 234: We will correcthe sentencess suggested.

Line 326: “. . .almost five times more Chl a than the microperforate non-spinose group, and 10 times
more than the...”

Reply 235: We will correct the sentence as suggested.

Line 329: “. . .spines may facilitate...”



Reply 235: We will correcit as suggested.

Line 330: “efficient illumination...”

Reply 236:We will correct it as suggested.

Lines 333-334: “Moreover, clear clusters correspond to each morphogroup macroperforate spinose,

macroperforate non-spinose, and microperforate non-spinose.

Reply 237: We will correct it as suggested.

Lines 334-335: delete: “It is also an interesting feature firstly revealed in this study.”

Reply 238: We will delete it as suggested.

Lines 339-340: “If such microenvironmental conditions surrounding the intracellular symbionts are
measurable or numerically modeled, our understanding of the differences and the controlling factor of
symbiont density would be improved.”

Reply 239: We will correct it as suggested.

Line 342: “When species are grouped according to symbiont type, dinoflagellate...”

Reply 240: We will correct it as suggested.

Line 344: “parameters are significantly*
Reply 2-41: We will correct it as suggested.

Line 366: “. . .nutrients in ambient seawater. . .’

Reply 242: We will correct it as suggested.



Line 370: “. . .established in G. ruber (pink). In fact, the. . .”

Reply 243: We will correct it as suggested.

Line 379: “The present study extends our understanding. . .”

Reply 244: We will corret it as suggested.

Line 381: “Nineteen species, showed...”

Reply 245: We will correct it as suggested.

Lines 383-384: “Finally, we propose a new framework of photosymbiosis in planktonic foraminifera as a
continuous spectrum of photosymbiosis.”

Reply 246: We will correct it as suggested.

Lines 390-393: “Interestingly, photophysiology may be basically determined by the type of symbiont,
regardless of the phylogenetic position of the host and its test morphology. Physiological parameters, in
particular oPSlIl, seem to correspond to the overall depth habitat of the host foraminifera.”

Reply 247: We will correct it as suggested.

Table 1: pachyderma”, barren?

Reply 248:In the description oN. pachydermin Hemleben et al. (19891}, is written thatGBymbionts have not
been obsrved.OHoweverwe do not know the referencerthis information We will leave thecell of
Microscopybasedalgal typ® as it isife., ONot reportedO), and wilbke a remarkhat OAbsence of symbionts
inferredO with a reference of Hemleben et 889).

Fig. 1, line 574: “tropical eastern Atlantic”

Reply 249: We will change it as suggested.



Fig. 2: very nice!

Reply 250: Thank you!

Figures 9, 10, and 11: for didactical reasons, always give the same color for the same group

Reply 251: As suggested, &vwill change the symbol color in Figure thlthesame color as in Figu& However,
in terms of Figure 10, the groups are defined based on the morphological and known symbionbgtbap
clusters in Figure .9rherefore, to avoid confusion.eamseda new set of colorsach ofwhich daesnotcorrespond
to thatin Figure 9 In addition, we mention in the caption in Figure 10 that Grtiepsdo not correspond to the

clustersin Figure 90.

Fig. 11 in the figure: “Acquired”

Reply 252: We will correct it.



Response to Martina Prazeres

Wewould like to thank DrMartina Prazerefor her contribution on the discussion from the viewpoint of benthic
foraminiferal symbiosisA point-by-point response to the comments is included below.

Haruka Takagi
(on behalf of all ceauthors)

Ln 56-57: Is kleptoplasty a possibility?

Reply 3-1: In planktonic foraminifera, kleptoplasty has never been repdespite its years of studin this study,
we investigatedhefunctionalty of chlorophyllbutdid not identifythealgalsymbions. At this point.the

possibility of functional kleptoplasty is leftlowever we aresuspicious about liecausenost of the species whose
symbionts has not been identified to species levebhee been observed under TEM andplaeisiblesymbionts
reported wasit leastilgae(seeTable 1),not chloroplasts.

Ln 249-250: Is this based on the chlorophyll functionality or have the symbionts been identified? Please,
clarify.

Reply 3-2: It is solely based on the chlorophyll functionality. We change the sentence as follows; OE five species
were newly confirmed as symbiotic based on the functionality of chloroghydiehiscen£, E, E.O.

Ln 257-258: Could it be the other way around? They require more pigment because photosynthesis is
not that efficient?

Reply 3-3: Probably we should deletthe wordOeffectiveO whighakesthe confision. In this sentence, we
intended to mention that the more chlorophyll they have, the more photosynthesis they can peeform.
effectiveness of photosynthesisaisother storyif fact, the F\/Fr, value is the parameter of the effectiveness, and
the valie of these species are high).

Ln 270-272: Unless physiological studies have been conducted confirming the nature of the algal-host
relationship, they might in fact all be ‘facultative’.

Reply 3-4: We totally agreeThat is why we do not want to use the word OfacultativeO or Oobitgae®also
check the comment froRReviewer #1 and our reply to it (Replyl2).



Ln 276-278: If the host can acquire food, then increasing the algal biomass might not be necessary.

Reply 35: That is trueBut it is also the case for species with positive correlation in tesCéikarelationship.
Planktonic foraminifera actively acquire foeden if they ve symbiontsThey cannot rely solely on their
symbiontsThe extent of their dependence on symbionts is still unknown, which is an interesting subject in the
future. In any case, this sentence will be deleted in the revised manuscript as suggestenhey R2v

Ln 280-281: Yes, but it can also mean that what authors are calling ‘obligated’ symbiont-bearing species
are actually mixotrophics (as in most cases), which are obligate symbionts but also acquire energy
through feeding.

Reply 3-6: As explained in Reply-8, dl planktonic foraminifera species are basically heterotrophic, and for
symbiotic species, they can be called mixotrophic. We think this point should be clartfiedanlier parof the
text. We will change hefirst sentencef Introductionto GPlanktonic foraminifera are unicellular heterotrophic
marine zooplankton with calcite tests.O.

Ln 281-284: Please, clarify how this can be true. In benthic forams, there is no sure thing as 'certain
algae’, as host species are very conserved when it comes to choosing an algal partner (please see
Prazeres & Renema 2019, Biological Reviews). Also, symbiosis is a very fine tuned relationship.

Reply 37: In thispart we mentionedhe possibility of Oretentioof photosynthesisapable alga@ This is a
hypothess to explain the@bsence dfest sizeChl a correlation forspecies irCluster3. We will state more clearly
that it is a hypdtesis In addition, we will tone down this paa$ suggested by Reviewer. #2

Ln 288: | am not sure that's how symbiosis work, at least not in benthic forams. Please, clarify this

assertion.

Reply 3-8: This sentence will be deleted as it is a second guess derived from the above hypothesis.

Ln 289-290: This is actually not a good reference, given that it not symbiosis at all, just kleptoplasty,
which actually contradicts what authors are saying.

Reply 39: We are sorry for making confusetfe citedthem forthe reference af way of maintainingsymbioss
(incorporationof algal cells nonpermanentetention, andeplenishment Sincea similar thing is reported for



kleptoplastywe herecited themWe will replacethe referenceight afterthe wordCekleptoplastsGn the
sentencewhich will make it more straightforwatd read

Ln 293: The types of symbioses mentioned here need to be defined early on. Whats the difference
between: facultative’ and ‘transient’? Are they being used interchangeably?

Reply 310: The termgobligateO and OfacultativeO are defined in Introduction (Li84&swigh a short historical
review of these terms used in previous studies. In contrast, the terms we newly uskisfseation OpersistentO
and Otransient&re chosen to illustrate the mode of symbiogi&cated from our result¥Ve think Oobligate
symbiosisO anda@ultative symbiosis@retechnical termincluding the meaningf the dependency of the
symbiotic relationship. Therefore, OfacultativeO and Otransient@irsiszchangeabla our text.

Ln 304-305: | would be very careful stating that planktonic forams are phototrophics, as they are more
likely to be mixotrophic to some degree.

Reply 311: Thank you for the comment. It is true that they are mixotroftie.word Qacquired ghtrophy(ere

is interchangeable to Omixotropl8ifice the former was used in the paper we referred to show the concept of
photosymbiosis (Stoecker et al., 2009, preferred to us®acquired phototrophy®addition, since the
photosymbiosisn plankbnic foraminiferashould be establishedevery new generation, Oacquired® seems to be
suitable tadescribe its naturgpleasesee Reply 412 as well).In the sentece, we will change in the parenthesis as
OE (higher extent of acquired phototrophy/mixotrophy) EO.

Ln 338-340: This can also indicate mixotrophy, or a less dependency on the algal symbionts. It seems to
me that the authors are assuming that all energy is coming from the symbiosis with algae, which might
not be the case. Nowhere in the text that authors mention mixotrophy (except when talking about benthic
forams). If this is not the case, the authors need to add citations with compeling evidence that planktonic
forams that host dinoflagellates are only photoautotrophs.

Reply 3-12: Thank you for pointing it out. We never assume ghamktonic foraminiferaolely releson
phototrophy We admit thathe referencefor mixotrophy in Introduction (Line j6nere insufficient. Wevill add
Stoecker (1998) and Caron (2000) since they discuss and review the mixotrophy in marine plankton including
planktonic foraminifera.

Ln 351-352: Please, re-write. A sentence should never finish in a preposition. It is fine in spoken English
but not in written English.



Reply 313: We will change the last part of this sentence as OEregardless of the phylogentitiao pbsiie hostO.

Ln 360-362: In the case of planktonic forams, the symbiont selects the host? Please, clarify.

Reply 314:In contrast to benthic species, hegmbiont association gar reportel for planktonicds oneto-one
relationshipalone It seems that thelyavestrong symbiont specificitfdowever, the selection process of symbionts

is still unknown We do not know whether the host attracts symbionts or the symbionts attract hosthatizets

the acquisition of symbionts tontrolled by a chance; i.e., individuals that could not acquire its pantearly life

stagewill die.

In this part, we tried to interpret the hostOs habitat depth relating to the light preference ofitmessginice the

host must acquire specific symbionts, we assume that the light requirement of the symbiont may regulate the hostOs
depth. We think the term OcontrolO may be confusing, hence we change this serfetieesysdiont

acclimation potentiainay be one of the factors restricting the habitat depth of the host speciesO.

Ln 381-382: Since the authors mentioned kleptoplasty in benthic foraminifera, and later on suggested for
planktonic forams, just having active chlorophyll is not convincing, it is indicative.

Reply 3-15: Sorry for making confusedVe did not suggest kleptoplasty in planktonic foraminifera, but suggest the
algal retaining behavior we presume is similar to what is repfotddeptogasty in benthic species. We will
rewrite theearlierpart(Line 289290) as explained in Reply®to avoida misinterpretation.

Figure 11: Typo. Please amend from 'Aquired’ to "Acquired’.

Reply 3-16: We will correct it.

References:
Caron, D. A.: Symbiosis and mixotrophy among pelagic microorganismdidrobial Ecology of the Oceans,
edited by: Kirchman, D. L., Wileyiss, Inc., New York, 498623, 2000.

Stoecker, D. K.Conceptual models of mixotrophy in planktonic protists and some ecological and evolutionary
implications, European Journal of Protistology, 34,E28D, 1998.



A list of changes in the manuscript

(Line numbers are for the manuscript with track changes attached below)

1. L21: Replacement of OgrowthO to OabundanceO (requested by RS)
2. L29: Addition of OheterotrophicO (according to the comment by MP)
3. L29: Replacement of OcalciteO to OcalcareousOt@eduyeRS)

4. L45P47: The words Owith eukaryotic algaeO are added to constrain the type of photosymbionts, and accordingly,
GGlobigerina bulloide® is deleted and the number of species changed from thirteen to twelve. (requested by
RS)

5. L51: Replacemerdf OallQvith OsomeO (requested by RS)

6. L55: Deletion ofdoraminiferalOthatis umecessary in this context

7. L77: Addition of (planktonicto makethe meaning okentence clear

8. L79: Addition of references Stoecké&r998) and Caron (200024 a response to the corantby MP)

9. L110B113: Addtion of the explanidon of O. universaest measurement (requested by HJS)

10. L136: Replacement afandOwith GrOto makethe meaning ofsentence clear

11. L145: Addition ofthe possibility of phytoplankton in the goftzooplankton prey (requested by HJS)
12. L15@151: Rewordingthe purposeof the Chla/biomass calculatiora§ a response to the caomentby HJS
13. L153: Repacement othisOwith herO(requested by RS)

14. L164 Addition of Table 10to make he readers easier to find thealat

15. L186187: Deletion of the sentencEhereforé dinoflagellatebearing speci€Xrequested by RS)

16. L205:Replacement oizlearlyOwith QelativelyO(requested by RS)

17. L21FP15: Additionof the sentencexplaining the variables for PCA and clustering (requested by RS)
18. L221: Replacment ofQeveale®dwith Gonfirmed)(requested by 8

19. Discussion and ConclusioPPast tasebasicallychanged t@resent tase(requested by RS)

20. L237AR39: Rewording of theshort explanation of the results of P@Ad clustering (requested by RS)

21. L24FEP51: Addition of a supporting observation ie previous stug to explain the possession ofrRo
functional chlorophyll in deeper dwelling n@pinose species (requested by HJS)

22. L254 Replacement dithey wer®with QvherO(requested by RS)
23. L254: Replaament ofOrheOwith QAO(requested by RS)
24. L260: Deletiorof GDn theother hangd(requested by RS)

25. L260:Replacement dfin this studpwith (hased a the functionality of chlopphyllOto méke the meaning of
the sentence clear@s a response to the camantby MP)



26.L265E266: The wadsOn logarthmic scal®were addeds suggesteandFigure S4(Figure B inthe rely
commentwasincluded inthe supplementary materiatscompareour resultso Spero and Parker (1985)
(requested by HJS)

27.1.266: Replacement dilirectly clarifieddwith Qletermined(requestedby RS)
28. L269: Replacement @hould be a specifidiagnostic obwith Onay indicat®(requested by RS)
29. L27Q Addition of species name in the Clustefrdguested by RS)

30.L271: Replacement ofperformOwith GupporO(requested by R$)nd dettion ofGeffectived(as a response to
the conmentby MP)

31. L272: Deletion of the senten@ may indicatéE specie(requested by RS)

32.L.277ER78 Addition of the species nze in the parenthesis (requested by RS)

33. L281: Replacement ditheyOwith Qhese smallecimen®(requested by RS)

34.1.288: Replacemendf Qepresent &strengti©ofOwith Qquantitatively represed{requested by RS
35. L289:Addition of the species nanad the Cluster 3 (requested by RS)

36. L2EP%5: Deletion of the senteacContrary td as the host gre@and rephrasingf the subsequensentence
to make the point clear@requested by RS)

37. L29@297: Deleion of the sentencérherefore, the lack d algal preyD(requested by RS)

38. L298: Replacement @peailatedwith hypahesizé(as a response to the caentby MP)

39. L29&800: Rephrasing the sentencaelézrasespeculatins (as a response to the corantby RS andvP)
40. L302: Deletion of the senten@ these are the caSeconten®(requestedy RS)

41. L304805: Deletion of the senten€Ehey cold serve ak is longO(as a response to the comntby MP)
42. L.3098B06: Rephrasing the sentence toidwonfusion(as a response to the cowentby MP)

43. 1.308: Addition of Qo test the hgothesi€X(as a response to the com@ntby MP)

44, L312B813: Additian of the explanatioon the size off. humilisandthe possible effect on regression analysis
(as a response to the comment by RS)

45, L.321: Addition ofOmixotrophyO(as a response to the comantby MP)

46. L322 Deletion ofQuttetO(requested by R$)ndaddition of Qhat posesses symbior§as a response the
commentoy RS)

47. 1L323: Addition of (fa cetain extent ofnixotrophy, Fig. 11(to make the concemtf acquired phototrophy
clearer(as aresponseo the commast by RS andviP)

48. L325: Deletion ofin species which harbactive chloropyllOwhich is umecessary in this context

49. L326E834: Addition ofthe discussion on Figure 11 in terms of the necessity of photossisfiequested by
HJS)

50. L336: Addition of the family mae (requested bRS)



51. L342843 Rephrasing the sententtemake itmore simplgrequested by RS)

52. L345: Replacement diflatterOwith Qess sphericérequested by RS)

53.L347: Replacement afyrowth rate obwith Oncrease in th®(requested by RS)

54. L.350E851: Deletion ofdncreased®and QheoryOfrom the sentence (requested by RS)

55.1L.353: The wordsOrrespective of their symbiont tyPsvere addedo indicatethatthetype of symbiotsis not
the majorfactor toexplainthe higherChl a contentin spnose speies (as a response to the comment by HJS)

56. L354856: Replacementf thighelOwith Gnored(requested by RS)
57. L359: Replacement @Eouldbe seen as a characthaOwith GnayO(requested by RS)
58. L36Q Replacement diightingOwith GlluminationO(requested by RS)

59. L361864: Addtion of the dscussion b the advantage afutrientand DICavailability of spinose spaes
(requested by HJS)

60. L366: Rephrasing the dence to make more simple (requested by RS)
61. L367: Deletion of the senten@is alsE this studp(requestedpRS)

62. L36&EB70 Addition of theexplanation o possiltbe factos causng the difference in test sizéhl a content
relationship among different morphogroups, with a persgeon deptHight and nutient (requested by HJS)

63. L371E874: Ddetion of the discussionmtest architecture and lighénetratior(requested by HJS)

64. L379E877: The original sentenosas revisedaccording tahe newly addedliscussion

65. L376: Replacement @iheoreticalldwith humerically (requested by RS)

66. L379: Replacement @based on thewith GaccordingoOand deléon of Qhey posse€y)requested biRS)
67.L381: Replacement of were @lvith GareQ(requested by RS

68. L389: Deletion ofbelongs t@®(requested by MP)

69. L39@EB9: Photophysological parametes previously reportecb@rameters based on Burve) ancbur FRRF
based parameters are compaifde relation ofx andopsi wasexphlined (requested by HJS)

70. L408: Replacement @Eontrollingdwith OconstrainngO(as a response to the commentMP)
71. LA17: Deletion ofthoweve®(requested by RS)

72. L4240127: A sentence for future directitmbeteer urderstandactors affecting photophysiologuse of
statistical modelinpwasadded (as aresponséo the comment bydJS)

73. L429: Replacement @ivas aimed to exteith Gextend€)(requested by RS)
74. L431: Deletion ofin contrastO(requested p RS)

75.L439: Deletion ofdmplying a strengt®(requested by RS)

76. L44@®142: Rephraed the sentence taake it more simple (requesd by RS)

77. L443: Replacement @especiallpwith On particulaO(requested by RS)



78. L447P452: Author contributio®is induded.
79. L461163 Acknowledgenentto HJS, RSand MRis includedfor their contributiorto the manuscript
80. ReferencesAddition of references resulting frometfthangsin the manuscript.

81. Table 1Addition of correlation cefficiert of test sizeChl a relationshipthat isone of the variabkeused for
PCA and clusterin¢as a response to the commbntRS)

82. Figure 1: Replacement Ghortheaster@with Qropical easterd(requested by RS)
83. Figure 6Note for est sizemeasurernt forO. unversais added (requested by HJS)

84. Figure D: New colos are appliedo avoidconfusion to the color code wh@ clustering (Figure 9requested
by RS)

85. Figure 11The same @lors are used as in Figurgreqlested by RS)n the captionthe necessity ofcquiring
symbonts from the environment fanew generatinis explained (reqasted by HIS)Iypo of Acquiredis
correctedrequested by RS and MP). Thend/@nixotrophyOis addechext to theGacquiredohototropyO(as a
regponse to the comment by MP).

86. Figure S4: This is a new figure comparing tast sizeChl a contentrelationship fom this study anthe one
derived from Spero and Parker (1985)

87. Talte S1: Juvenile prsphericalO. universaspecimensremarked with *.
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Characterizing photosymbiosis in modern planktonic foraminifera

Haruka Takagi', Katsunori Kimoto®, Tetsuichi Fujiki®, Hiroaki Saito', Christiane Schmidt*, Michal
Kucera?*, Kazuyoshi Moriya®

! Atmosphere and Ocean Research Institute, The University of Tokyo, Japan
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Correspondence to: Haruka Takagi (htakagi@aori.u-tokyo.ac.jp, harurah-t@fuji.waseda.jp)

Abstract. Photosymbiosis has played a key role in the diversification of foraminifera and their carbonate production through
geologic history. However, identification of photosymbiosis in extinct taxa remains challenging and even among the extant
species the occurrence and functional relevance of photosymbiosis remains poorly constrained. Here, we investigate
photosymbiosis in living planktonic foraminifera by measuring active chlorophyll fluorescence with fast repetition rate
fluorometry. This method provides unequivocal evidence for the presence of photosynthetic capacity in individual foraminifera
and it allows us to characterize multiple features of symbiont photosynthesis including chlorophyll a (Chl a) content, potential
photosynthetic activity (Fv/Fm), and light absorption efficiency (opsu). To obtain robust evidence for the occurrence and
importance of photosymbiosis in modern planktonic foraminifera, we conducted measurements on 1266 individuals from 30
species of the families Globigerinidae, Hastigerinidae, Globorotaliidae, and Candeinidae. Among the studied species, 19 were
recognized as symbiotic and 11 as non-symbiotic. Of these, six species were newly confirmed as symbiotic and five as non-
symbiotic. Photosymbiotic species have been identified in all families except the Hastigerinidae. A significant positive
correlation between test size and Chl a content, found in 16 species, is interpreted as symbiont grewth-abundance scaled to the
growth of the host, consistent with persistent possession of symbionts through the lifetime of the foraminifera. The remaining
three symbiont-bearing species did not show such a relationship, and their Fv/Fm values were comparatively low, indicating
that their symbionts do not grow once acquired from the environment. The objectively quantified photosymbiotic
characteristics have been used to design a metric of photosymbiosis, which allows the studied species to be classified along a
gradient of photosynthetic activity, providing a framework for future ecological and physiological investigations of planktonic

foraminifera.

1 Introduction

Planktonic foraminifera are unicellular heterotrophic marine zooplankton with ealeite—calcareous tests. Since they are
geographically widespread and abundant, and can be preserved in seafloor sediments as microfossils, foraminifera are one of

the most important archives of surface ocean conditions in the past. They have been used to investigate pelagic marine
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biodiversity dynamics from middle Mesozoic to the present (Bolli et al., 1985; Norris, 1991; BouBagkeet al., 1997,

Hull, 2017; Yasuhara et al., 2017). Recent studies of macroevolutionary dynami@skbbnicforaminiferaemphasiedthe
importance of species ecology including photosymbiosis (endosymbiosis with autotrophic algae) as a key player determinin
temporal and spatial patternsspiecies diversity (Ezard et al., 20F&nton et al., 2036However, identifying photosymbiosis

in extinct species is difficult and requires indirect evidence such aslsppendent stable isotopic trendsg(, Pearson et al.,

1993; Norris, 1995 These indirect methods must be benchmarked by observations from living foraminifera, where the
presence ofygnbionts can be determined directly.knowledge on therevalence, divesity, and phylogenetic positicof
photosymbiosiss alsorequiredto elucidatescological and evolutionary strateg@sthe involved clades and to characterize

key features dioraminiferal test geochemistry liké*C and! !B (e.g., Spero and DeNiro, 1987; HSnisch et al., 2003; Henehan

et al., 2013; Ezard et al., 2015).

Photosymbiosis imodernplanktonicforaminiferahas been empirically identified based on microscopic whtens of
intracellular algae (Lee et al., 1965; Anderson and BZ, 1976; Gastrich, 1987), and molecular confirmation of algal DNA
extracted from a single foraminifecell (Gast and Caron, 1996; Gast et al., 2000; Shaked and de VargaBizd@é al,

2017, 2018 As a resultanongthe ~50 species afhodernplanktonicforaminiferg thirteentwelve have sdar beenreported
to be photosymbiotievith eukaryotic alga€Orbulina universa Globigerinoides sacculiferGlobigerinoides conglobatus
Globigerinoides ruberGlobigerinella siphoniferaTurborotalita humilis Glebigerina-bulleidesNeogloboquadrina dutertrei

Pulleniatina obliquiloculataGloborotalia inflatg Globorotalia menardiiCandeina nitidaandGlobigerinita glutinatg, and

six to be symbionbarren Hastigerina pelagicaGlobigerina bulloidesGloborotalia truncatulinoidesGloborotalia hirsita,
Neogloboquadria incompé, and Neogloboquadringpachyderma (Table 1) The remaining-30 specieshave not been
systematicallyexaminedfor the presence of symbionts a strict sensen al-somepreviousstudieson a photosymbiotic
association, the authocsuld not differentiate whether the intracellular algssyidentified were symbionts or just captured
preys to be digested. Althghobservations of features likaitosis (celtdivision) ofthe intracellulatalgal cellsare strong
evidence that these were alive within the foraminjfdrapresence of intracellular algae alone does not guarantee that they
act aphotsymbiontsMany feraminiferalspeciesngestphytoplankton prey (Anderson et al., 1979), which makes it difficult
to differentiate symbionts or pregspecially by DNA analysisSincemany speciesf planktonic foraminifera do not survive
well in culture,it is hardto conductbehavioral or physiologica@xperimengto confirm their symbiosisTheseimitations have
hinderedthe progress of studies of photosymbidsiggeting various species jpfanktonicforaminifera

One sdution to identifyfunctionalphotesymbiosiss to detect physiological signature of photosynthesis within the cell.
This has been dortey measurements ofkygenproductionwith microelectrods (J¢,rgensen et al., 1985; Rink et al., 1998;
Lombard et al., 2009)r adetermination ophotosynthetic arbon fixationby measurementsf “C-tracer (Spero and Parker,
1985; Gastrich and Bartha, 1988hese studies were limited to establiskgahbiotic speciethat aresasy to cultureg(g.,O.
universa G. sacculifer and G. siphoniferd. For the other sgcies especially nofspinosespecies (e.g.N. dutertrej P.
obliquiloculata and G. glutinatd, the physiologicalcharacteristicof their photosymbiosihave never beedescribed

Therefore pur knowledgef modern photosymbiosis has bexclusivelyobtained froma small number adpinosesymbiotic
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species. A powerful alternative to directly and unambiguously determine the presence of active photosynthesis in the
foraminifera is given by measurement of fluorescence induced by light capture in the photosystem II of the algal chlorophyll.
These methods have been used in benthic symbiont-bearing foraminifera (e.g., Uthicke, 2006; Schmidt et al., 2011; Ziegler
and Uthicke, 2011) and recently successfully adapted for application on single specimens of living planktonic foraminifera
(Fujiki et al., 2014; Takagi et al., 2016, 2018). An active chlorophyll fluorometry performs non-destructive and non-invasive
measurements of algal physiology based on real-time variable fluorescence profiles (Kolber and Falkowski, 1993), allowing
us to quantify chlorophyll a content of a specimen, the health of its symbionts and their light-level adaptation (Fujiki et al.,
2014; Takagi et al., 2018). The measurements can be performed almost immediately after collection, with minimal
manipulations, thus minimizing damage to the foraminifera and circumventing culturing stress-induced artifacts. This
approach can make a breakthrough in the study of photosymbiosis, not just because of its versatility but its potential to provide
key quantitative attributes of the photosymbiosis.

Symbiotic relationships in planktonic foraminifera have been previously categorized as either obligate or facultative
(Hemleben et al., 1989). Obligate photosymbiosis is essential for the host, making it functionally mixotrophic, an adaptive
strategy to live in oligotrophic and well-lit parts of the ocean (Hallock, 1981; Stoecker, 1998; Caron. 2000; Lee, 2006). In

facultative symbiosis, the foraminifera is not dependent upon it for survival and as a result, symbiotic algae in facultative
symbiosis will be only found in some specimens of the host species. Facultative associations generally do not involve extensive
metabolic adaptation of the host and can thus enhance the flexibility of nutritional sources with minimal energetic investment
(Stoecker et al., 2009). In planktonic foraminifera, species always found with intact intracellular algae has been regarded as
obligate symbiotic species, whereas species sometimes found with but sometimes without them has been termed as facultative
symbiotic species (Hemleben et al., 1989). However, most of our knowledge of foraminiferal photosymbiosis is based on
indirect evidence, insufficient to categorize planktonic foraminiferal photosymbiosis as either obligate or facultative. Rather,
the persistence and functional relevance of the symbiotic relationship through a foraminiferal lifetime should be determined
anew, using direct measurements, allowing us to correctly understand the function of each specific photosymbiotic relationship.

Here, we present the results of active chlorophyll fluorometry of 30 species of modern planktonic foraminifera obtained
from 1266 individuals. The main purpose of this study is (1) to provide information on the biomass of symbionts (indicated
by chlorophyll a content), (2) to qualify the functionality/fitness of symbionts (indicated by photophysiology), (3) to
characterize the photosymbiotic features, and (4) to propose a new framework to characterize the photosynthetic activity of

modern planktonic foraminifera.

2 Material and Methods
2.1 Sampling and identification of morphological species

Planktonic foraminifera were collected in central and western Pacific Ocean and north-eastern Atlantic Ocean (Fig. 1). We

have sampled across much of the northern hemisphere tropical-subtropical gradient in both Pacific and Atlantic, to get the
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endemic species and to replicate for the others. Samples from the Pacific Ocean were taken onboard during RV Mirai cruises
MR13-04 and MR14-02, RV Kaiyo cruise KY14-09, RV Shinsei-maru cruise KS-16-9, and RV Hakuho-maru cruises KH-16-
7 and KH-17-4 (Fig. 1a). The samples were collected either by vertical stratified towing (closing ring net or VMPS with 100-
pm mesh) or by pumped seawater (sampling depth, ca. 5 m). The pumped seawater was continuously opened to a 100-pm-
mesh net settled within a water tank to collect specimens as gently as possible. Some specimens were additionally collected
from Tsugaru Strait, Sagami Bay, and off Sesoko Island by surface towing and vertical towing with a 100-um-mesh net to
increase the taxonomic range of our analysis. Samples from the Atlantic were taken onboard during RV Meteor cruise M140
(Fig. 1b). A multi-closing net system (Multi-Plankton-Sampler) with 100-um mesh was used for stratified sampling of the
water column. Samples from pumped seawater (sampling depth, ca. 8 m) were also collected in the same way as to the Pacific
sampling.

Collected specimens were isolated immediately after collection with either brush or Pasteur pipets into Petri-dishes filled
with 0.22-pum-filtered or 0.45-um-filtered seawater, and rinsed several times. Specimens were identified to morphospecies

level under a stereoscopic microscope, and the maximum test length (test size) were measured. We consistently measured the

maximum test length whatever the growth stage is, hence for O. universawe measured a trochospiraled diameter for pre-

spherical juveniles and a sphere diameter for adult specimens. We identified 30 morphospecies from four families

(Globigerinidae, Hastigerinidae, Globorotaliidae, and Candeinidae) (Fig. 2). Sphaeroidinella dehiscensgas identified only
after it thickened its test during the adult stage under culture, though the data we used here is from the very first measurement
after collection before the identification. We differentiated G. ruber white variety and pink variety based on the pigmentation
in earlier whorls of the tests. Globigerindla siphoniferawas divided into two morphotypes (Type I and Type II) based on the
criteria described in Faber et al. (1988) and Huber et al. (1997). From among the isolated individuals, viable specimens were
selected for analysis with the following criteria; (1) penultimate chamber was filled with cytoplasm and (2) the specimen was
sticky when touched with a brush or the rhizopods were observed under a microscope. Screening for the presence of
photosymbiosis was conducted on as many species and specimens as possible, regardless of locality and sampling depth.
Photophysiological measurements were carried out only on specimens collected from the upper 100 m of the water column
(corresponding approximately to the photic zone). The specimens were kept individually in a well of a culture dish filled with
filtered seawater until the measurement. The duration between the collection and the measurement was no longer than 12 hrs.

During this time, most spinose species recovered their spines.

2.2 Fast repetition rate fluorometry measurementsand photophysiological parameters

Fast repetition rate (FRR) fluorometry, a kind of active fluorometry, can obtain photophysiological information of host-algal
symbiotic consortia using various parameters of photosystem II (PSII) (Fig. 3). FRR fluorescence transients were measured
either using an FRR fluorometer DF-03 or DF-14 (Kimoto Electric Co., Ltd.) (Table S1). FRR fluorometers generate a series
2

of blue flashlets of an excitation light intensity of 30 mmol quanta m with a wavelength of 470 nm with a 25 nm-bandwidth

(DF-03) or a wavelength of 450 nm with a 10 nm-bandwidth (DF-14). Saturation protocols were consisting of 50 flashlets of
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2 us duration at 4 ps intervals (DF-03) or 100 flashlets of 1 pus duration at 2 ps intervals (DF-14). A fluorescence induction
curve based on the biophysical model of Kolber et al. (1998) was numerically fitted to transients of chlorophyll fluorescence
to derive PSII parameters. The parameters include minimum fluorescence (Fb), maximum fluorescence (Fm), variable
fluorescence [Fyv (=Fm — Fo)], maximum photochemical efficiency indicating photosynthetic activity (Fv/Fm), and functional
absorption cross-section of PSII indicating light absorption efficiency (opsn) (Fig. 3). Before measurements, specimens were
confirmed that no visible contamination of algae or particles were present at the test surface and-or spines under a stereoscopic
microscope. After 10-minutes dark adaptation, a specimen was transferred into a quartz glass cuvette with filtered seawater

for the measurement.

2.3 Assessment of symbiont possession and parameters characterizing photosymbiosis

When chlorophyll fluorescence (F) was detected from an individual foraminifera, the status of chlorophyll was categorized
based on the detection of variable fluorescence (Fv). Fv represents fluorescence transients during the saturation process of the
reaction centers of PSII. It is detected only when the PSII captures photons and passes the product further through the chain of
photosynthetic reactions; i.e., when actively photosynthesizing organisms are present in the specimen. When Fy was not

detected but F value was significantly higher than the background level of the fluorometer, chlorophyll was regarded to be

present but non-functional, signifying remnants of phytoplankton prey, or possibly phytoplankton in the gut of zooplankton
prey. If no F was detected, the specimen had no chlorophyll (Figs. 3 and 4).

When functional chlorophyll was detected in a specimen, then the maximum fluorescence (Fm) value was used to estimate
chlorophyll a (Chl @) content of the specimen based on a linear relationship between Fm and Chl a (cf. Fujiki et al., 2014;
Takagi et al., 2016). Calibration line was established for each FRR fluorometer. A relationship between the Chl a content, an
indicator of symbiont biomass, and the foraminiferal test size was then analyzed. To normalize withby the size of an

individual As-an-indicator-of symbiont-density-of an-individual; Chl a content per protein biomass (Chl a/biomass) was also

calculated. The protein biomass was estimated based on species-specific relationships with test size (exponential equation)

proposed by Movellan (2013). For species whose test size-biomass relationship was not presented in his-her study, the protein
biomass was estimated based on the relationship established by morphologically similar species (Table S2). As indicators of
photosynthetic vitality and light absorption efficiency of symbionts, photophysiological parameters Fv/Fm and cpsu were used,

respectively.

2.4 Statistical analysis

To compare the differences in the parameters (Chl a/biomass, Fv/Fm, and cpsu) among species, statistical tests for comparison
of differences in medians (Kruskal-Wallis test and post-hoc Steel-Dwass test for multiple comparison) were conducted. Species
with less than 20 specimens were not tested due to small sample size. Principal component analysis (PCA) was performed to
characterize photosymbiotic features of the studied species, based on the four diagnostic variables of photosymbiosis obtained

in this study; (1) ratio of symbiont-bearing individuals, (2) correlation coefficient between test size and Chl a content, (3) Chl
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a content relative to the protein biomass (Chl a/biomass), and (4) Fv/Fm value. Species medians were used for the variables
Chl a/biomass and Fv/Fn as representative values (Table 1). In terms of the correlation coefficient of test size-Chl a relationship,
negative values were considered as zero. K-means clustering was also performed to categorize photosymbiosis and to visualize

the results of the PCA. All the statistical analyses were performed using R (R version 3.3.1, R Core Team, 2016).

3 Results
3.1 Possession of symbionts

The results of the measurements on all 1266 specimens are shown in Table S1, including sampling locality, date, and the
measured parameters. The incidence of each type of chlorophyll (functional, non-functional, and no chlorophyll) is
summarized in Figure 5. Chlorophyll fluorescence, either functional or non-functional, was detected in 27 out of 30 species.
The species G. adamsi, N. incompta, and N. pachyderma never showed any evidence for the presence of chlorophyll.
Specimens of G. scitula, G. crassaformis, G. truncatulinoides, H. pelagica, H. digitata, G. bulloides, T. quinqueloba, and T.
[fleisheri never possessed functional chlorophyll, although many of them contained non-functional chlorophyll. Nineteen
species contained functional chlorophyll, and can be considered symbiont-bearing: O. universa, S. dehiscens, G. sacculifer, G.
conglobatus, G. ruber (white), G. ruber (pink), G. rubescens, G. tenella, G. calida, G. siphonifera Type 1, G. siphonifera Type
I, T. humilis, P. obliquiloculata, N. dutertrei, G. inflata, G. menardii, C. nitida, G. glutinata and G. uvula. Among these
species, the percentage of symbiont-bearing individuals varied from 100 % (S. dehiscens and G. conglobatus) to 58 % (G.
calida). Although the examined specimens included individuals collected at all depths, the percentages of non-functional or
no-chlorophyll individuals were similar when removing the specimens collected below 100 m (Fig. S1). The incidence of
symbiotic individuals was not significantly different between Pacific and Atlantic (p >> 0.05, Fisher's exact test for species
with more than 15 individuals in each basin, see Fig. S2). Moreover, the ontogenetic (size) trend in possession of symbionts
was not apparent (Fig. 6).

Globoturborotalita rubescens and G. tenella have never been reported to possess symbionts, but we observed ovoid reddish
brown symbionts along with their spines just as they are usually seen in O. universa, G. ruber, G. conglobatus, and G.

sacculifer (Fig. S3).

i ies—The remaining symbiont-bearing species that have never been reported
before were G. calida and G. uvula. Symbionts of these species are treated here as uncharacterized. As a precaution, the
convincing symbiont-bearing species whose symbionts have not yet been identified by DNA analysis are treated as

uncharacterized as well, 7. humilis, P. obliquiloculata, G. inflata, G. menardii, C. nitida, and G. glutinata (Table 1).

3.2 Test size-Chl a content relationship, and Chl a/protein biomass

Out of the 19 species which had functional chlorophyll (symbiont-bearing species), 16 species showed a statistically significant

positive correlation between test size and Chl a content (p < 0.05, Fig. 6), with Chl a content being a power function of test
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size. The powers (scaling exponents) of the fitted functions varied from 1.33 (G. fenella) to 3.71 (G. calida) (Table 2). For the
remaining three species, 7. humilis, P. obliquiloculata, and G. inflata, their test size-Chl a relationships showed no significant
correlation (Fig. 6).

The ratio of Chl a to protein biomass per individual showed clear differences among species (Fig. 7). Globigerinoides
conglobatus, G. sacculifer, and O. universa showed significantly higher Chl a/biomass values (species median values were
4.8, 4.8, and 4.6 ng ng' !, respectively), and P. obliquiloculata showed the lowest (median value 0.1 ng pg'"). Spinose species

tended to show higher Chl a/biomass values than non-spinose species.

3.3 Photophysiological state

Overall, Fv/Fm values tended to be high in dinoflagellate-bearing species (species median values 0.46—0.53) (Fig. 8a)
Amongst all 19 symbiont-bearing species, Fv/Fm value was highest in S. dehiscens (0.53), and lowest in G. inflata (0.33).
Species to species comparison showed that P. obliquiloculata alone showed significantly lower F\v/Fm values (p << 0.01).

On the other hand, " psu was relatively low in dinoflagellate-bearing species (median values 374-606 #10'2° m?
quanta'!) and high in pelagophyte-bearing species (median values 618-749 #10'2° m? quanta'') (Fig. 8b). The highest and
lowest "psu in median were recorded in N. dutertrei (749 #10'?° m? quanta'') and C. nitida (347 #10'*° m? quanta''),
respectively. Based on the statistical testing of the species to species difference in medians, N. dutertrei and G. siphonifera
Type II (pelagophyte-bearing) showed no difference (p = 0.79), and associated with the highest " psn. Globigerinoides ruber

(pink) alone showed significantly lower "psu than the other dinoflagellate-bearing species (p << 0.01), and the value was

comparable to that of C. nitida (p = 1.0).

3.4 Principal component analysisand clustering

To characterize photosymbiotic features, all studied species were tested for PCA with the four diagnostic variables of

photosymbiosis; (1) ratio of symbiont-bearing individuals, (2) correlation coefficient between test size and Chl a content, (3)

Chl @ content relative to the protein biomass (Chl a/biomass), and (4) Fv/F value (Table 1). The first principal component

(PC1) alone accounted for 84.2 % of the total variance, and the second principal component (PC2) for 10.2 % (Fig. 9). In the
PC1 score, the loading coefficient was positive for all variables related to photosymbiosis used in the analysis (0.96 for the
ratio of symbiont-bearing individuals, 0.91 for the positive correlation coefficient of test size-Chl a content relationship, 0.96
for the Fv/Fm median value, and 0.82 for the Chl a content relative to protein biomass). Considering the high contribution to
explaining the total variance, and the positive loading for the four variables, the PC1 score well represented photosymbiotic
characteristics among foraminiferal species. In fact, the cluster analysis revealed-confirmed that four clusters of species were
separated along the PC1 score. The lowest PC1 score (! 2.2) was recorded by non-symbiotic species (Cluster 4). The
distribution of species along the PC1 score was relatively wide for the Cluster 2 and 3 (0.7-2.2, ! 0.6-0.2, respectively),
whereas almost the same for the Cluster 1 with the highest score (2.3-2.5). The Cluster 1 and 2 consisted of the species with

significant positive correlations between test size and Chl a content. The Cluster 1 was separated from Cluster 2 primarily due
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to their distinctly high PC2 score. The PC2 was characterized by Chl a content per protein biomass (Chl a/biomass) which
exclusively had positive loading (0.57). Three species in the Cluster 1, G. conglobatus, G. sacculifer, and O. universa, were
revealed to have significantly high Chl a/biomass as represented in Figure 7. The Cluster 2 consisted of 13 species which
showed the widest distribution along with both PC1 and PC2 axes. Among the Cluster 2, the non-spinose species tended to
show lower PC1 and PC2 scores compared to the spinose species. The Cluster 3 consisted of three species, 7. humilis, P.
obliquiloculata, and G. inflata. They were the species that possessed symbionts in most cases but without significant positive
correlation in the test size-Chl a relationship. Overall, the clusters and the PC1 score depicted a clear tendency of

photosymbiosis related features of the species.

4 Discussion
4.1 Characteristics and a new framework oplanktonic foraminiferal photosymbiosis

The cluster analysis using photosymbiotic variables shows that 30 species fall into four groups, and features relevant to the

cluster structure are extracted by PCA B

charaeterized-and-eategorized-into-fourgroups (Fig. 9). The Cluster 4 is a group of non-symbiotic species. Of the 11 species

in this group, six species were tested on their photosymbiosis for the first time, and revealed to be non-symbiotic: G. adamsi,

T. quinqueloba, H. digitata, G. scitula, G. crassaformis, and T. fleisheri. An interesting feature of this group wwas-is that many
species possessed non-functional chlorophyll (Fig. 5). For example, all the-specimens in G. scitula and G. crassaformis had
have a certain amount of chlorophyll inside, but it was-is always non-functional and likely derived from prey. The occurrence
of fresh (fluorescent) chlorophyll in these species was-is surprising, considering that most of these specimens were collected
from a water depth below 300 m (Table S1) where the chlorophyll concentration is low. They might incorporate sinking
aggregates of phytoplankton remains as food (e.g., Anderson et al., 1979; Spindler et al., 1984), and chlorophyll or chloroplast

itself might have remained undigested, resulting in non-functionality of chlorophyll. [t is even reported that non-spinose deeper

dwelling foraminifera are often found attached or embedded within marine snow and organic particulates (Fehrenbacher et al.,

2018). We frequently observed a similar behavior/situation during the isolation of collected specimens. Such probable

microhabitat mainly consisting of phytoplankton debris would facilitate to incorporate such materials as food, resulting in

possession of non-functional chlorophyll. Hastigerina pelagica are known to show vertical depth segregation among the

genotype (Weiner et al., 2012). It has been speculated that such segregation might be related to their possession of symbionts
(e.g., Huber et al., 1997; Seears et al., 2012). Though our study did not identify their genotype, we revealed that this species
never possessed symbionts even they-werewhen collected from shallower water depth (< 100 m). Fhe-A recent study showed
that G. bulloides type 1ld possessed cyanobacterial symbionts (Bird et al., 2017). By using our fluorescence technique,
chlorophyll fluorescence of cyanobacteria should also be detectable although the most effective wavelength of the fluorescence

is slightly different. In fact, two specimens of this species showed possession of chlorophyll, yet they were-are non-functional



(Table S1).This might indicate that posssion of cyanobacterial symbiontey bea genotypedependent, or regional or
seasonal specific phenomenon.
260 On-the-other-handFive speciesare werenewly confirmed as symbiotibased on the functionality of chloroplistthis
study, S. dehiscenss. rubescensG. tenella G. calidg andG. uvula All-species-in-theCluster 1 and Ihcluding the above
five specieshowal relatively high rates of possession of symbionts, and exclusively showed significant positive carelation

between the test sizadChl a content(Figs. 6 and10). It was previously revealed th@t sacculiferandG. siphoniferal’ype
Il showed positive correlatigrbetween test size and Chlcontent(Takagi et al., 2016). SimilarlyQ. universahas been
265 demonstrated to hawepositive relationship between test size asyinbiontnumberin logarithmic scaldtsel-(Spero and

Parker, 198, Fig. S9. The capability of cell divisions of symbionts cannotdaeetly-clarifiedleterminedrom our active

fluorescencébased studybutthe significantpositive correlation can ba strong indicatiorfor the growth of the symbiont
populationinside the hodibraminifera Hence, in addition to théigh percentage of symbiodtearing individuals in a species,
suchstrong positive correlatioshould-bea-specificdiagrestic-anay indicatea persistentelationship of photymbiosis

270 through their lifetimeMoreover G. conglobatusG. sacculiferand O. universaspeeies—n-théCluster 1 shouldhavethe
potential toperfermsupporimoreeffectivephotosynthesis due the higher content of Ché per protein biomass (Fig). #
mey-mph-rrere—phetetrephie-nature-ei-thesespecics

The Qusterl and 2included well-studied symbiotic species like. universaG. ruber, G. sacculifer andG. siphonifera

previouslyreported to be ibligatédsymbiosis (Hemleben et al., 1988)nongstdacultativedsymbiotic speciesferred
|275 in previous studiesN. dutertrej G. menardij C. nitidaandG. glutinatawerearerevealed to havéhe persistensymbiotic

relationshis based on our test siZehl a correlation analysisin this study, not only séar called OfacultativeO symbiotic

conglobatusncludes specimensith nortfunctional chlorophyllFig. 5). It was repeatedly observed ti@tsacculifeandG.

‘ speciesput alsomost of the speciewere sometimedound without symbionts éll species excefdbr S. dehiscenand G.

siphoniferadigesttheir symbiontsgprior to gametogenesi®(g.,BZetal., 1983; Faber et al., 1988; Takagi et al., 20I6iis,

280 symbiontbarren individualscould be presentn the adult stage.However, the size of such symbicibiarren specimens

recognized in this studyasnot necesarily large (Fig.6). We speculate théteythese small specimevgere inanunhealthy

‘ condiion andgoingto die. In any case, the percentagesyhbiontbarren individualsn this groupwas smallWe think the
presence of symbioiiitarren specimens inspiontbearing species, unless it is dominant, is not criticeescribeéhe nature
of photesymbiosis(i.e., conventional categorization of obligate or facultative symbioBia)her the presence of such

285 symbiontbarren individuals in these groups has led to the confusion in earlier works who placed some of these species intt
the categoryJacutativeD Nevertheless,he ratio of symbionbearing individualsmay overall reflect the ecological
differenceamongspecies likehepersistence of symbiosisthedependence on phototropthat canjuantitatively represent

photosymbiosirepresent-GrengtiOof-photosymbiosis

The Cluster 3(P. obliquiloculata G. inflata andT. humilig hadhasintermediate features between persistent symbiosis

290 (Cluster 1 and 2and norsymbiosis(Cluster 4) Specieslo possess symbionts and can be called symisipéiciesbut the

significant correlation iest sizeChl a relationship whiclwasis common in the Cluster 1 andaasis absen{Figs.5 and6).
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said that larger sized host does not necessarily require more algae, or the algae could not persistently reside in their host to

increase their biomass, in other words, the symbiosis is transient. Pulleniatina obliquiloculata and G. inflata are non-spinose

species whose eatmg habits are reported to be primarily herbivorous (Anderson et al., 1979; Spindler et al., 1984). Fherefore;

i 7—We speeulate
hypothesize that alHndividuals-thatare-capable-to-hostsymbientsthey can be temporarily symbiotic astongasthe-foraminifera
ineorporates-a-certainalgal speeies—Wwhen-a foraminifera maintains the-certain algae for some time keeping them undigested
and keeping their photosynthetic capability to provide photosynthates;-the-algae-can-serve-assymbionts. Regardless of the role

of the algae, i.e., symbionts or preys, when the algae are all digested, the foraminifera becomes temporarily chlorophyll-barren.

at- If the

symbionts do not increase inside the host, the Chl a content of a specimen is regulated by the incorporation frequency/rate of
algal cells and their residence time inside the host (i.e., a balance between incorporation and digestion). They-eceuld-potentially
serve-as-symbiontsif the residenee-timeistong—This behavior is similar to what is known efthe-behavieroffor the benthic
species with kleptoplasts (e.g., Bernhard and Bowser, 1999; Pillet et al., 2011); these are actively harvested and are functional,
but wear off with time and have to be replenished (e.g., Bernhard and Bowser, 1999; Pillet et al., 2011). A Ddigestion

experiments for these species, therefore, is an interesting subject in the future to test the hypothesis, and the FRR fluorometry

can also serve such culturing studies. Together with P. obliquiloculata and G. inflata, T. humilis which was previously inferred
as “obligate” symbiotic species (Hemleben et al., 1989) falls into the Cluster 3 representing such transient symbiosis. However,
caution should be paid for the narrow size range of 7. Aumilis we analyzed, which might cause the low correlation in test size-
Chl a relationshipfo7F—468+u) (Fig. 6). In addition, the specimens we-analyzed-were mostly with 13—15 chambers, probably

in their adult stage. In this respect, since a sufficient size range of specimens with a variety of ontogenetic stages were not

covered, it is difficult to strongly conclude that symbiosis in 7. humilis is not persistent. CenstderingtThe Fv/Fm value of this
species (0.51 in median);t iswas clearly higher compared to the other two species in the Cluster 3; P. obliquiloculata and G.
inflata (0.36 for P. obliquiloculata and-G—inflateand 0.33_for G. inflatasrespeetively). Besides, the possession of symbionts
of this species was-is 89 %, and higher than the other two as well (66 % for P. obliquiloculata and 69 % for G. inflata). We,
therefore, interpret that 7. Aumilis has established more persistent symbiosis compared to P. obliquiloculata and G. inflata.
Here, considering the above characterization of photosymbiosis, we propose a new framework of planktonic foraminiferal
photosymbiosis (Fig. 11). As suggested in Stoecker et al. (2009), we think photosymbiosis can be regarded as a spectrum from
absolute non-symbiosis (heterotrophy) to more robust symbiosis (higher extent of acquired phototrophy/mixotrophy) which

ends with a permanent plastid endosymbiosis seen in utter-autotrophs. Each foraminiferal species that possesses symbionts can

be located somewhere in-between phototrophy and heterotrophy (a certain extent of mixotrophy, Fig. 11). Since the PC1 score

well represents the photosymbiotic characteristics, it is suitable as a quantitative indicator of the level of photosymbiosis-in

speetes-which-harboraetive-chlorophyll. Therefore, we aligned the species along with the PC1 score scale in the conceptual
10
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diagram (Fig. 1). In this diagram, welonotconside the necessity of photosymbiosis: i.e., whether the relationshgséntial

for the host survival sinoge cannogo intoa detailed interactional relationship from our methddecent study using*3C

pulsechase experimemif O. universa and subsequme subcellulamicroimagingand elemental analysisvealedhe fate of

assimilateccarbon by the symbiont&eKieffre et al, 2018. Theyshowed a line of evidena# substance transfémom the

symbionts to the host and theaight interreldionship Considering thir results forO. universa, it is speculated thaf.

conglobatus andG. sacculifer with higher PC1 score thah universa should have a similar eventighterinteractia in their

symbiotic systemlf the similar experirant can be conducted for speaigth low PC1 scoreespecially forG. inflata andP.

obligquiloculata whose mde of symbiosis is expected to be stimmey different the information of the internal phenomena

can be addedvhich will provideusan irsight of the necessity ghhotosymbiosis

An important point here is that this spectrum alieslus togain anoverviewof the relative strength of photosymbiosis

among specieandacross various families planktonicforaminiferaGlobigerinidae, Globorotaliida@nd Candeinidadhe

relative ordination may bemended by further explorationtinme future, but we believe our thorough investigatisutecan
shed light on the specispecificdifference inthenature of photosymbiosis planktonic foraminiferaThis would be aolid
basis to help us to think about evolutionary aspects of photosymii®sie in the earth system history, and possible effect

on test geochemistry.

4.2 Size scaling ofChl a content in symbioticforaminifera

The sgnificant positive correlation between test size @htla content(Figs.6 and10) shows the increasing numbershet
just-shewing-the—grewing—hature—symbiontswith host size, and-sbut-alse-has-information-on—a—kind glantitative

relationship m the host and symbionts based on their scaling exponent @albtetheory, thesize scalingexponentof 3

means that thdependent variablacreasegroportionaly to thevolumedevelopmentf the test shape iBattedess spherical

as is the case @f. menardii, the exponent should be smakerdapproaching 2Alternatively, when the test volume does not
reflect the cytoplasm volume (thecrease igrowth-rate—ofthe cytoplasm is less than that of the test volume) like adult
sphercal specimens a. universa, the scaling exponent resultgatativelysmallvalues The fact thagll 16 species shoees
scalingexponentn the range of 20 3 (95 %confidence intervaloverlapwith this range Table2) indicates that th€hl a
content,indirectly reflectingthe symbiontbiomassincreased in nearly proportional to the hog€tsolumeincreasedThis
kind of sizescalingtheeryacross different species pianktonicforaminiferasuggest a robust relationship between thest

and symbionts

The othemotablepoint in thetest sizeChl a relationship is that the spinose speciesspective of their sgbiont type,

commonlyhadhashigher-coenterstofmore Chl a compared to the nespinose specig$ig. 10). For example, when the test
sizewasis ca. 300 umthemacroperforate spinose grobpdhasalmost five timesighermore Chl a thanthemicroperforate
non-spinose group, and 10 timeigthermorethanthemacroperforate nespinose grouprlhe lightdark rhythm of symbiont
deployment along the spinesscommonlyobservedn Globigerinoides, Orbulina andGlobigerinella speciesfnderson and
BZ 1976; BZ et al1977; Hemleben and Spindldi983 Takagi et al., 2076 Considering tis phenomenorthe presence of
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spines eould-beseenas-acharacterthatmay facilitates symbiosis or at least allows the harboring of a larger symbiont population.
For example, efficient Highting-illumination for each symbiont cell and maximizing total photosynthetic rates can be achieved

due to the spherical distribution of symbionts along the radiating spines. The distribution would also enhance their availability

of nutrients or dissolved inorganic carbon for photosynthesis which should be quickly exhausted when symbionts are

sequestered inside the test. These photosynthetic advantages derived from spine possession may Fhis-may-contribute to the

higher Chl a content in the spinose species. It may also be involved with their feswerhigher Chl a/biomass ebserved-innon-
spinese-speetes(Fig. 7).
Moreover, the-distribution-ofthe-plets—inFisure 10-showed-three-clear clusters corresponding to each morphogroups:;

macroperforate spinose, macroperforate non-spinose, and microperforate non-spinose (Fig. 10).Hisalso-aninterestingfeature
Hirsthyrevealedin-thisstady- In addition to the possession of spines, the overall ecology such as depth habitat and the type of

prey differ among the groups. Therefore, the light availability as a function of depth and the internal nutrient supply from the

host to the symbionts (i.e., preys of the host) can differ among the groups, which would affect the distribution of the plots.

expected-to-affect the-efficiency-of photosynthesis—It may also be involved with lower Chl a/biomass observed in non-spinose
species. If such environmental/microenvironmental conditions surrounding the intracelular-symbionts are measurable or
theeretieallynumerically- modeled, #-wil-erhanee-our understanding of the differences and the controlling factor of symbiont
densttyabundance would be improved.

4.3 Photophysiology and host-symbiont partnerships

When species are grouped based-en-theaccording to symbiont type-they-pessess, dinoflagellate (O. universa, G. sacculifer, G.
conglobatus, S. dehiscens, G. ruber, G, tenella, and G. rubescens);: or pelagophyte (G. siphonifera Type Il and N. dutertrei)
(Table 1), photophysiological parameters were-aHare significantly different between these groups. Chl a/biomass and Fv/Fin
values were-are higher for dinoflagellate-bearing species (p << 0.01 and p = 0.012, respectively, Figs. 7 and 8a), and opsu
values were-are higher for pelagophyte-bearing species (p << 0.01, Fig. 8b). As far as the species whose symbionts are known
are compared, it seems that the symbiont photophysiology was-is overall related to the type of symbiont rather than the host
size or the host morphological groups. In fact, we previously published experimental results on photophysiology of cultured
G. sacculifer (dinoflagellate-bearing) and G. siphonifera Type 11 (pelagophyte-bearing), and reported lower F\/Fm and higher
opsi in G. siphonifera Type 1l than in G. sacculifer (Takagi et al., 2016). In this study, what we observed was-is the same
tendency of photophysiology corresponding to the type of symbionts-they-have, regardless of the phylogenetic position the
host-belongs-te.

Previous studies revealed high-light adapted photophysiology of dinoflagellate symbionts in O. universa and G. sacculifer

(Jorgensen et al., 1985; Spero and Parker, 1985; Rink et al., 1998) based on the parameters in photosynthesis-irradiance (P-I)
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curvesThey reportedigh saturationrradianceglk = 386umol photon nt s, Spero and Parket985), andho photoinhibition

at as high as4000 umol photon nt s* (J;rgensen et al., 1985By definition, a saturation irradiancélx) is inversely

proportional tathe extrapolatednitial slope {) in aP-1 curve.Since the slopé takes into account that the light absorbed by

the algal cells proportional to the functional absorption crssstion of PSll!(psi), Ik should benverselyrelatedto ! psi

(Falkowski and Raver2007).Therefore, the higl reported ér dinoflagellate symbionts consistenwith the low! psii in

our resultsAlthoughlx or | of pelagophytebearing species has not been reported, the lhighfor pelagophytebearing

speciesyice versaindicatedow-light acclimated photophysiologhhe-highet-rsiHndicatesahigher-acelimation-petential to
atowight-envirenmentThis observation is consistent with the living depth of the involved spétigsneral, dinoflagellate
bearing species lik&. ruberandG. sacculiferprefer shallower habitat, and pelagophlyearing species liki. dutertreiand

G. siphoniferal'ype Il prefer relatively deeper wat@ebotim et a].2017). Moreover, wnenG. siphoniferal'ype | and Type
Il werearecompared, the Typkehaving haptophyte symbiontshowsed significantly lower ! psi than the Type I[Fig. 8b).
The previous report on the difference in pigment content of these typeisnglised deeper habitat i. siphoniferalype Il
(Bijma et al., 1998 The! psi difference revealenh this study spportstheirargumentsMoreover, even in the time before the
type difference of this species was recognizédsiphoniferawas often reported to have bimodal vertical distribution
(Tolderlund and B 1971) It possibly reflectedhe difference of thdight preference of their associating symbiofitise
current knowledge ohpsi in foraminiferais still limited, but the observed consistenoytheir known depth preferences
indicates that the symbiontaimation potential may be one of tfaetors eontroliingconstraininghe habitaselectiorof the
hostspecies

The dnoflagellatebearing specie$;. ruber(pink) showsed high Fv/Fm with relatively small variationand interestingly,
it wasis significantly higher than that @. ruber(white) (Fig.8a). In general Fv/Fm valuesvary depending on the nutrient
availability (Kolber et al., 1988; Parkhill et al., 2001); i.e., the high#fm may be achiew&by the higher nutrient supply
the synbionts A recent study showed that the inorganic nutrient$iérambientseawater do not affethe Fv/Fm of G.
sacculifer suggesting that it is the internal supply of nutrifntsen the host to symbionthat can influence on the/Fm
(Takagi et al.2018. In this context,tican be assumed that among the species having the same syjteomitgherv/Fm
possiblyreflectsthe higher level ofiostsymbiontinteraction If it is the caseamong the species used for the statistical analysis,
it can besaid thatthe strongestsymbiotic relationship has been establishedsinruber (pink); In fact hewever-the
interspecific comparison may not be suitable becawesgtherenvironmental factorahich might affect the physiology of the
hostsymbiontconsortiasuch as seawater temperatwainity, light intensity, and prey abundancererearenot considered
in this study Globigerinoides rube(pink) was collected only from the Atlantic cruiseéhereass. ruber(white) was collected
from variousoceanic realm§Table S1)It may also be involved witrelatively constraineé/Fm valuesin G. ruber(pink)
and contrastingly largeariability in G. ruber (white). In order to discuss more detail orterspecific photophysiological
differences, omparson of thephotophysiologicalparameterdor specimensultured under controlled conditigror the

compilation of individual data collected froansimilar environmental condition is needéiksices, since various potential

factars areaffecting thephotophysiology€.9, host taxonomy, symbiont taxonomy, lighttnent, etc), statistical modeling
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approaches such as generalized lirehlitive mixed modelswould be usefulio elucidatewhich factor is importait to

determine the photophysiology

5 Conclusionand future perspectives

The presenstudywas-aimed-textenextendsour understandingf photosymbiosis immodernplanktonicforaminifera A
430 thorough investigationf 30 foraminiferalspeciesvas performed usingRR fluorometry Elevenspecieshowsed no signal
of photosynthesis, angdereare confirmed to be nogymbiotic. Nineteenspeciesin-contrastshowsed the functionality of
photosynthesis which is convincing evidence of photosymbiosis. Of these specfesnd significant positiveorrelatiors
in test sizeChl a content relationship in 16 species, whighre-are regarded tasshow persistensymbiotic relationshis.
Especially, dinoflagellatbearingG. sacculifer, G. conglobatus, andO. universa haehave higher Chl a density, probably
435 reflectingthe higher potential of photosynthesiShe rest othreespeciesT. humilis, P. obliquiloculata, andG. inflata showed
no significant size scaling relationship in @Gtdontent Moreover their Fu/Fm valuesandthe symbionpossession rategere
arecomparativellow. Based ora PCA using thdour features relatingo photosymbiosiswe ranked 30 specieslong with
an integrated scal¢éhe PClscorescale). Finally, w@ropose a new framework of photosyrigsis inplanktonicforaminifera
as a continuous spectrumphying-a-strengthof photosymbiosisin the context of nutrition, thisoncept represesia varying
440 degree of mixotrophyhich is commonly seeim marine planktonic organisnf{Stoecker et al., 20). Besidefterestingly
aninteresting-findingn-this-studywas-that- thehotophysiologywasmay bebasically determined by the type of the symbiont
they-haveregardless of the phylogenetic position of the bosbr itsthel test morphologyFhe-hysiologicalparametes,
in particulaespecialyorsi, seenedto correspond to the overall depth habitat of the fowatninifera It might imply that the

habitat of the hogbraminiferais partly governed by theymbionttype.However, vhat ismissng in our studys thetaxonomy
445 of the symbionts Combining the information of FRR fluorometry, DNA, as well as microscopic evidenctheir

ultrastructurewill provide a more comprehensive understandihghmtosymbiosis in planktonic foraminifera.
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Table 1. Summary of species symbiotic ecolog@pindler and Hemleben (198GYaylor (1982);*Hemleben and Spindler

(1983);*Gastrich (1987)3Faber et al. (1989fHemleben et al. (1989)Gast and Caron (1998)uber et al. (1997PShaked

and de Vargas (2006¥Gast et al. (2000} Fujiki et al. (2014)?Bird et al. (2017)#3Schiebel and Hemleben (201 7Bird

et al. (2018). *Based on microscopic observatiofng/ing specimens in this study. Comparison with the other dinoflagellate
615 bearing species revealed almost identical featfrthe symbionts (e.g., cell size, shape, color, see F&g)re

Previous studies This study Remarks
Test size
Obligate/  Ratioof __ OM¢ lesi("  Chla
Species Algal type facultative , symbiotic = — FuJdFm 10%®m? /biomass Cluster
S ation o
none individuals correlation quantd) (ngug?)
coefficient R
Microscopybased Molecularbased
Orbulina universa
Pelagodinium
. 4 béii ) Positive
Dinoflagellaté (Dinoflagellate] Obligaté 0.95 0.664 0.50 448 465 1
9
Sphaeroidinella dehiscens
Presence of
Not Positive dinoflagellate
Not reported Not reported reported 1.00 0927 0.53 606 2.36 2 symbionts
inferred?®
Globigerinoides sacculifer
. 4 Pelagodinium béii ) Positive
Dinoflagellaté (Dinoflagellate]® Obligaté 0.96 0.682 0.51 453 4.78 1
Globigerinoides conglobatus
. 4 Pelagodinium béii ) Positive
Dinoflagellaté (Dinoflagellate] Obligaté 1.00 0.680 0.50 449 4.80 1
Globigerinoides ruber
Q e
S £ o098 PS’Z'S‘;‘S 049 469 3.09 2
Dinoflagellaté Pelagodinium béii Obligaté '
(Dinoflagellate}: ~ Positive
c
£ 0.91 0875 0.52 374 2.28 2
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Not Positive Probably
Not reported Not reported 0.79 0.46 388 1.13 2 dinoflagellate
reported 0.773 bearina*
earing
Globoturborotalita tenella
. Probably
Not reported Not reported Not 0.77 Positive 0.51 421 2.12 2 dinoflagellate
reported 0.840 S .
bearing
Globigerinella calida
Not Positive
| Not reported Not reported reported 0.58 0607 0.44 492 1.33 2

Globigerinella siphonifera
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Globorotalia menardii

Prymnesiophyte?/
bBarren® /
chrysophyte*

Globorotalia scitula
Not reported
Globorotalia crassaformis
Not reported
Globorotalia truncatulinoides
Barren!=#
Candeina nitida
Chrysophyte*

Globigerinita glutinata

Barren® /
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Globigerinita uvula
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Positive
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0.50

0.49

0.50
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0.71
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620

Table 2. Scaling exponents (slopes in Figs. 6 and 10) for relationships between test size and Chl a content. Reduced major
axis regression was used to estimate the scaling exponents after logarithmic transformation of the two variables. CI; confidence
625 interval. When the correlation was not significant, the values are not shown. N; the number of specimens used for the analysis.

Scaling exponent

Species / morphogroup N
Best estimate 2.5% CI 97.5% CI

Orbulina universa 75 1.90 1.60 2.26
Sphaeroidinella dehiscens 7 291 1.92 4.43
Globigerinoides sacculifer 94 3.10 2.66 3.60
Globigerinoides conglobatus 18 1.83 1.25 2.68
Globigerinoides rube(white) 49 2.36 1.90 2.93
Globigerinoides rube(pink) 40 2.62 2.24 3.07
Globoturborotalita rubescens 15 1.59 1.09 2.30
Globoturborotalita tenella 10 1.33 0.87 2.04
Globigerinella calida 11 3.71 2.10 6.56
Globigerinella siphoniferd’ype I 61 3.57 2.85 4.47
Globigerinella siphoniferd’ype 11 53 2.89 2.28 3.66
Turborotalita humilis 17 - - -
Neogloboquadrina dutertrei 91 3.16 2.79 3.59
Pulleniatina obliquiloculata 45 - - -
Globorotalia inflata 9 - - -
Globorotalia menardii 144 1.84 1.63 2.08
Candeina nitida 32 3.20 2.37 431
Globigerinita glutinata 69 243 1.97 2.99
Globigerinita uvula 11 2.66 1.71 4.12
Macroperforate spinose with dinoflagellate 308 2.52 2.37 2.67
Macroperforate spinose with non-dinoflagellate 125 3.06 2.64 3.55
Macroperforate non-spinose 235 2.17 1.95 241
Microperforate non-spinose 112 2.61 2.30 2.95
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Figure 1. Maps showing the cruise tracks (lines) and the sampling points (circles). (a) Central and western Pacific area, and
(b) nertheastern-tropical eastern Atlantic area. For detail sampling information, see Table S1. Annual sea surface temperature
(SST) data was from World Ocean Atlas 2013 (Locarnini et al., 2013).
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650

Figure 2. Photomicrographs akepresentative indiduals forspecies analyzed. (Qrbulina universa(2) Sphaeroidinella
dehiscens (3) Globigerinoides sacculifer (4) Globigerinoides conglobatus(5) Globigerinoides ruber(white), (6)
Globigerinoides rube(pink), (7)Globoturborotalita rubescen$8) Globoturborotalita tenella(9) Globigerinella calida (10)
655 Globigerinella siphoniferalype |, (11)Globigerinella siphoniferarype Il, (12) Globigerinella adamsi(13) Globigerina
bulloides (14) Turborotalita quinqueloba(15) Turborotalita humilis (16) Hastigerinapelagica, (17) Hastigerinelladigtata,
(18) Neogloboquadrinancompta (19) Neogloboquadringachyderma(20) Nealoboquadrinadutertrej (21) Pulleniatina
obliquiloculata (22) Globorotalia inflata, (23) Globorotalia menardii, (24) Globorotalia scitula (25) Globorotalia
crassaformis(26)Globorotaliatruncatulinoides(27)Candeinanitida, (28)Globigerinitaglutinata (29)Globigerinitauvula,
660 (30) Tenuitellafleisheri Scale bars are 2Qn.
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Figure 3. Schematic diagram of fluorescence induction curves by fast repetition rate fluorometry and their interpretation. (a)
Profile of a symbiotic individual. (b) Profile of a non-functional chlorophyll-bearing individual. (c) Profile of a non-
symbiotic individual. Photosystem II parameters used in this study are also listed. All parameters are obtained in dark-
adapted states.
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+ Species identification
|  Test size measurement

l

Active fluorometry
using FRR fluorometer

Detection of
Chl fluorescence

no

~ Detection of
variable fluorescence

\Z

Functional Chl

Non- functlonal Chl No ChI
(ESnlolel e ElIe) M |\ (Chl being digested) J{ (symbiont-barren)

- Symbiont possession rate

+ Chl a content estimation from F,
+ Assessment of photophysiology (F./F.., Ops:)

- FJF,

+ Test size-Chl a content relationship
- Chl a/ protein biomass
690
Figure 4. Workflow of this study and four indices used to characterize photosymbiosis. Firstly, individual specimens were
identified to morphospecies level, measured for the test size, and analyzed with active fluorometry to check the functionality
of chlorophyll. Based on the fluorescence results, intracellular chlorophyll types (status) were categorized into three groups;
functional chlorophyll, non-functional chlorophyll, and no chlorophyll. When chlorophyll was functional, the content of Chl
695 a per individual and the photophysiological parameters were analyzed. Finally, four indices in bold (symbiont possession rate,
test size-Chl a relationship, Chl a/biomass, and Fv/F'm) were derived and used for characterization of photosymbiosis (see text
for detail).
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- Functional chlorophyll m Non-functional chlorophyll ] No chlorophyll
(symbiont-bearing) (Chl being digested) (symbiont-barren)

0 20 40 60 80 100 (%)
‘ ‘ ‘ ‘ O. universa (N = 77/7/0)
S. dehiscens (N = 7/0/0)
G. sacculifer (N = 104/4/0)
G. conglobatus (N = 20/0/0)
G. ruber (white) (N =49/0/1)
G. ruber (pink) (N =40/3/1)
G. rubescens (N = 22/6/0)
G. tenella (N = 10/3/0) GLOBIGERINIDAE
) (macroperforate spinose)
G. calida (N =11/8/0)
G. siphonifera Type | (N =62/15/0)
G. siphonifera Type Il (N = 54/3/0)
1 G. adamsi (N =0/0/1)
[ 1 G. bulloides (N = 0/2/9)
[ 1 T. quinqueloba (N =0/1/6)
I | 7. humilis (N =17/0/2) J
\ { H. pelagica (N=0/15/21) 7} HASTIGERINIDAE
\ {1 H. digitata (N = 0/1/5) ) (monolamellar spinose)
1 N. incompta (N =0/0/8) D
1 N. pachyderma (N = 0/0/6)
N. dutertrei (N = 91/2/4)
P. obliquiloculata (N = 45/4/19)
G. inflata (N = 9/2/2) GLOBOROTALIIDAE
G. menardii (N = 154/19/5) (macroperforate non-spinose)
1 G. scitula (N = 0/59/0)
1 G. crassaformis (N =0/15/0)
1 G. truncatulinoides (N = 0/27/33)
1 C. nitida (N = 37/5/0) 7
1 G. glutinata (N=7217/117) CANDEINIDAE
1 G. uwla (N=11/1/2) (microperforate non-spinose)
F [ T fleisheri (N = 0/12/1)
705
Figure 5. Summary of categorization of intracellular chlorophyll. The functionality of chlorophyll indicates the presence of
symbionts. Numbers of specimens for three categories are represented in parentheses (functional chlorophyll / non-functional
chlorophyll / no chlorophyll). The percentage of functional chlorophyll are essentially the same as the symbiont possession
rate used as a variable to characterize photosymbiosis (see text for detail).
710

29



100 f O. universa 100 | S. dehiscens 100 f G. sacculifer 100 ¥ G. conglobatus
50 | y=-3.90 +1.90 x 50 | y=-6.99 +2.91x 50 f y=-6.90 +3.10x 50 b y=-3.75 +1.83x
T 20| R=0664 T 20| R=0.927 T 20| R=0682 T 20| R=0.680
L 2 =0.003 L =0.000 2 =0.002
£ 10 £ 10 P £ 10 p £ 10 P
% 5 E 5 % 5 E 5
g 2 g g 2 g
> =) > )
£ 1 £ 1 £ 1 £ 1
© ] © Kﬂ
£ 05 = 05 £ 05 = 05
8 [} & o
0.2 0.2 0.2 0.2
0.1 N=75 0.1 N=7 0.1 N =94 0.1 N=18
NC QOP® © NC N |
100 200 500 1000 100 200 500 1000 100 200 500 1000 100 200 500 1000
Test size (um) Test size (um) Test size (um) Test size (um)
100 F G. ruber (white) 100 f G. ruber (pink) 100 f G. rubescens 100 | G. tenella
50 f y=-521 +236x 50 | y=-593 +2.62x 50 f y=-361+159x 50 | y=-2.83 +1.33x
T 20 T 20} R=0875 T 20} R=0773 T 20} R=0840
L 2 =0.000 L =0.001 2 =0.002
£ 10 £ 10 P £ 10 p £ 10 P
E 5 E 5 E 5 g 5
2 2 2 2 2 2 2 2
> =) o =)
£ 1 £ 1 £ 1 £ 1
© (ﬂ © (ﬂ
£ 05 = 05 £ 05 = 05
& [} & o
0.2 0.2 0.2 0.2
0.1 N =49 0.1 N =40 0.1 N =15 0.1 N =10
NC A NC A A NCIQ . 000 © NC ® O ®
100 200 500 1000 100 200 500 1000 100 200 500 1000 100 200 500 1000
Test size (um) Test size (um) Test size (um) Test size (um)
100  G. calida 100 | G. siphonifera Type | 100  G. siphonifera Type Il =] 100 f T. humilis
50 f y=-889 +3.71x 50 | y=-8.35+3.53x 50 | y=-6.53 +2.89x & 50 | y=7.21-3.65 x
T 20| R=0607 T 20} R=0504 T 20} R=0531 = T 20} rR=-0.023
2 2 =0.000 2 2 =0.931
£ 10 £ 0P £ 10 £ 10 P
E 5 g 5 E 5 g 5
2 2 2 2 2 2 2 2
g 1 g 1 " g 1 g 1
k1 1 1 1 L]
= 05 = 05 = 05 = 05
o o o o ° %@
0.2 0.2 0.2 02 @GS
01 N=11 01 N=61 01 N=53 01 e N=17
NC 00 @ 0g in] NC 7} OO Ommoo NC OO @ NC Y 9
100 200 500 1000 100 200 500 1000 100 200 500 1000 100 200 500 1000
Test size (um) Test size (um) Test size (um) Test size (um)
100 E N. dutertrei 100 f P. obliquiloculata 100 f G. inflata 100 f G. menardii
50 F y=-7.92 +3.16 x 50 | y=12.50 -5.03 x 50 | y=-20.89 +8.24 x 50 | y=-4.82 +1.84x
'T: 20 f R=0.799 f: 20 f R=-0.135 'T: 20 f: 20 | R=0.685
2 2 =0.378 2 2 =0.000
£ 10 s 10p P s 10 s 10p P
g ° g ° o g ° g °
2 2 2 2 o 2 2 2 2
o =) o =)
£ 1 £ 1 © £ 1 % £ 1
© © © v ©
= 05 = 05 o & o = 05 v v = 05
[} o Q§5> @® [} 4 (§)
0.2 0.2 o ° 0.2 v 0.2
01 N=91 01 o fﬁo N=45 01 g N=9 01 o o N=144
NC el OO OO NC o sserees) NC kv, 4 NC o) OO OO O O
100 200 500 1000 100 200 500 1000 100 200 500 1000 100 200 500 1000
Test size (um) Test size (um) Test size (um) Test size (um)
100 f C. nitida 100  G. glutinata 100 £ G. uvula
50 | y=-7.69 +3.20 x 50 | y=-579 +2.43x 50 F y=-6.27 +2.66 x
T 20} R=0583 T 20} R=0512 T 20} R=0.799
2 2 =0.000 2
£ 10 £ 10p P 10
L L2 L
> 2 > =y 2 v
£ 1 =4 £ 1 v
© < ©
= 05 = = 05 .
8] o 3]
0.2 0.2 v
01 N=32 N =69 01 N=11
NC ko3 NC Y vy
100 200 500 1000 500 1000 100 200 500 1000
Test size (um) Test size (um) Test size (um)

715 Figure 6. Relationshig between test size aihl a contentfor each specied.ines represent reduced major axis regression
(y; log(Chla), x; log(test size)). Specimens with ctdorophyllandnonfunctionalchlorophyll(NC) are plotted at thieottom
of each paneb show their test size information (thegsa are not used for the regression analyRisPearsonOs correlation
coefficient; p, pvalue; N, number of specimens with functiooclorophyli(i.e., with symbionts)For O. univesa, specimens
smaller thard00um are prespherical trochospired test diameter, and those larger thgm#8€e sphere diameter (see Table
720 S1).
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Figure 7. Ratios of Chl a content (ng foraminifer™) to protein biomass (ug foraminifer?) of 19 symbiont-bearing species.
Dots represent individual data sampled from the upper 100 m water depth. Box plots represent first and third quartiles as
hinges, and midlines as medians with notch representing 95 % confidence interval of the medians. Means are also

735 represented with open diamonds. Whiskers are extended up to 1.5 times interquartile ranges from the end of each box to the
furthest datum within that distance. Violin plots show the distributions as Kernel density estimation. Numbers at either end
of the panel are the sample size for each species. Species with more than 20 specimens were used for statistical testing
(Kruskal-Wallis test for comparison of differences in medians, and post-hoc Steel-Dwass test for multiple comparison, p <
0.05). Species with the same letter were not significantly different. Color symbols represent the difference of symbiotic algae

740 (see Table 1). Note that the data are represented on a logarithmic scale.
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Figure 8. Photophysiological parameters of 19 symbiont-bearing species. (a) Fv/Fm, and (b) opsi. Dots represent individual
data sampled from the upper 100 m water depth. Box plots represent first and third quartiles as hinges, and midlines as medians
with notch representing 95 % confidence interval of the medians. Means are also represented with open diamonds. Whiskers
are extended up to 1.5 times interquartile ranges from the end of each box to the furthest datum within that distance. Violin
plots show the distributions as Kernel density estimation. Numbers at either end of the panels are the sample size for each
species. Species with more than 20 specimens were used for statistical testing (Kruskal-Wallis test for comparison of
differences in medians, and post-hoc Steel-Dwass test for multiple comparison, p < 0.05). Species sharing the same letter were
not significantly different. Color symbols represent the difference of symbiotic algae (see Table 1).
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Figure 9. Results of cluster analysis and principal component analysis. (a) Cluster dendrogram obtained using Ward’s method.
(b) Biplot of principal component analysis. The colors of the symbols correspond to the four clusters. Vectors indicate the
direction and strength of each variable to the overall distribution. The first axis explains 84.2 % of the variation, and the second
axis 10.2 %. Chl a/biomass; Chl a content per protein biomass estimated from test size of individuals, Size-Chl cor.; correlation
coefficient of test size-Chl a content relationship as an indicator of the persistence of symbionts, Ratio of symb.; ratio of

symbiotic individuals, Fv/Fn; median F\v/Fn value.
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Figure 10. Relationships between test size and Chl a content for four groups. The 16 species with significant test size-Chl a
correlation were used. Lines represent reduced major axis regression (y; log(Chl a), x; log(test size)). R, Pearson’s correlation
coefficient; p, p-value; N, number of specimens with functional chlorophyll (with symbionts). Note that the groups do not
correspond to the clusters in Figure 9.

34



785

790
|
. G. conglobatus
Planktonic % G. sacculifer
foraminifera O. universa
@ S. dehiscens )
=X G. ruber (pink) Spinose
G. ruber (white)
) G. tenella
G. ada}mS| [ ] G. siphonifera Type Il
G. bulloides @ G. siphonifera Type |
T. quinqueloba @ G. rubescens
H. pelagica @ G. calida
H. digitata @ ® T. humilis
i: Intensity of photosymbiosis
N. incompta . N. dutertrei
N. pachyderma @ C. nitida
G.scitula @ G. menardii
G. crassaformis @ GGg']IllJJ\t/ilrJlI:ta
G. truncaTt-qu?slﬁgﬁ : ® G inflata Non-spinose
©® P. obliguiloculata
| Heterotrophy | | Various extent of acquired phototrophy / mixotrophy

Autotrophic
protists

Permanent
endosymbiosis

Phototrophy

795 Figure 11. A conceptualdiagram of thespectrum ofplanktonicforaminiferal photosymbiosialong the trophic gradient
betweerpermanent endosymbiogisght) resulting inpermanently integrated plastid (not foundpianktonicforaminifera)
and heterotrophy (leftj-oraminiferal pecies arerdinatedon the basis of theRPC1lscae of the principal component analysis
conductedn this study(Fig. 9). The symbolcolors correspond tahose inFigure 9. Foraminiferal photosymbiosis has been
acquired regardless of their morphological features (i.@ps@ or norspinose, macroperforate or microperforatE)ease

800 note that in planktonic foraminiferaexually reproduced new generation must acquire symbionts from the environment
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