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Introduction

Understandingprocesses driving variability in phytoplankton productivity among cohabijting Fig. 5.Examples oRaman shift peagosition TN B
populations is fundamental to explaining the "paradox of the plankton" and to predicting (cnt!) response to cell acquisition 8#C in the 1515
overall ecosystem responses to episodic, seasonal and-sum@al environmental fedia= 0-32treatment. {Each boxandwhisker . freas=032DI7C |
perturbations. In complex plankton communities, however, current oceanographic tools are includes 25 randomly selected cells. Circles, bars and | A ~ ] A  cyanobacteria
rarely capable of addressing germameestions, suclas: JVEE = Ene| 28 LM L, Bneizs st 1908 e
A Are dominant taxa necessarily the fastest growing taxa of the moment? percentiles espectively.; F'g o X . < N,
A Does relaxed toglown control (predation & viral lysis) explainmerical 4 PO I ' e
dominance of specific taxaithin natural communities? Wavenumberf all 3 diagnostic peaks reghift § —
A How does resource availability (light, N, P, Si, Eg sBape growth responses of specific as cells become isotopically heavier through time g ] 5 - ] . _ o _ .
taxawithin natural communities? and approach minimum values fs,approaches S sl e ‘ Fig. 9'(A) B”Qh”'e'd Imageot interrogated cells an¢B) comparison of rneagured and
A Is variability in singleell growth rates necessarily greater between taxa than within f.q4iiN 5-6 generationsWavenumbers oéll 3 e R L E e e _- predictedf,, In constructed assemblageBarallel cultures of tastgrowing diatom
individual taxa? peaks imegative control¢naturall3C 15 == : ThaIaSS|03|r@seuc!onane(>pop:0.48 _d’l) and a slowgrowing cyanobacterlurrSynechocogcus
A How variable are intraopulation singlecell growth rates among different phytoplankton abundances )areonstant through time. (dotted | Nee o . ) ; SP. Ppop =0.16 &) in labeled /2 media {;,eqi, = 0.49 were subsampled through exponential
taxa (€.g., rare vsommon species)? lines represent theoretical predictions based dn oo &‘éﬁ%__%; & growth. Solid line represents linear regres.s.lon of all observations (N = 253 cells) including
Toaddress such questions, we developbd method described below tmeasure growth population growthrate). e TR O] natural®C abundance control&f,f 1 Qi MSCRR) = 0.005 + GOD2f, (fluor), r* =
rates of individual photoautotrophic cells by combinfBigblelsotopeProbing (SIP)and T T T T 0.92 N |
SingleCell Resonand@aman(SCRRyicrospectrometry, fully described Fayloret al. (2017); days A Measuredfy, valuescomputed from SCRfRak positions gn > appear equivalento
doi 10.3389/fmicb.2017.01449 and accessible here predictedf  values computedrom a, . .4, and /m,, measuredoy in vivofluorescence,

within the uncertainty of all measurements.
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Fig. 10Singlecellgrowth rates £12)
derived from SCRRR. > compared to
dailypopulation growth rates/3,, ins:G %)
from in vivofluorescencdime courses for
cultures incubated ifh_.4,= 0.32(A) and
0.43(B).

intensity

Asproof-of-concept, weperformed SlIPexperiments on isogenultures of the
cyanobacteriumSynechococcugp.,grown with varying levels oféGbicarbonate.
A Apriori, fractional3Glabeling of cellgf..,) isknown to be gredictable function of, ..,

Isotopic fractionationa), ancestral fractional isotopic signature of the medjg @nd - QS 5 o Shaded boxes represent 25 singkll growth rates
generations completedh] as illustrated irFig.1. %/J\M/ | 1 = (m) and open boxes represedaily population

A Timecourse sampling demonstratezmpirically that populatiomgrowth rates were N,>Nyp>n, e / g growth rates (o inst) &ty tandty,,. Horizontal
unaffected by fractional®Glabeling of medidf,cq.) (Fig. 2) vevenumeer e broken line 1S meamg,, over exponentiaigrowth

phase (618 d).

BlandAltmanplot (C)compares results
obtained from twoindependent
measurements of growth. (broken
horizontal lines =95% Q.1

A Only 17 of 392 observations fell outsigle
the 95% C.I.

A On averagem_ returned a 0.3% higher

A ForSCRRnalysis, populations were subsampled every generationHig. 3, preserved
with 2% formaldehyde, captured on GTTP membranes, and cells on membrane wedges
were freezetransferred onto mirroffinished stainless steel slid@sig. 3) {Note: FISH
probes can be hybridized against cells on replicate membrane wedges for phylogenetic
Identification prior to freezdransfer(Huang et al. 2007EnvironMicrobiol 9,1878}.

A Target cells on dry slides were identified by epifluorescence or bfigdtillumination
(Figs. 4A, 4B)n confocalRaman microspectrometer stageig. 3D)and locations
recorded by mouse clickSCRRpectra were automatically acquired from all targets in a

Fig. 6. (ADnedimensional diatomic harmonic oscillator model illustrating how atomasses
of isotopologuedictate vibrationalfrequency.(B) SCRRpectra fromSynechococcusp.
grown in 1 or 96% BIC analyzed through time.
lllustrates contributions of threesotopologuedo triplet curve form as cells become
13Genriched A =natural*3C abundanceB:f.,=0.50, Cf..,=0.88.

Hsc = Hpop,inst

field (2 sec per cell) (e.drig. 4Qusing 514 nm lasaxxcitation,then slide was advanced tq _ 1520-5 - A result than/g,, inst
next field. Three major resonance Raman peaks produced by carotenoids were analyzed for Fig. 7. SCRResults from all SIF e ] L | A Variations inz,and m,, .qare
wavenumber (cm) shifts that indicate degree of cellular isotopic labeling(Fig 4C). samples generated in time . f 0.1 0.2 0.3 0.4 statistically indcistingufgil\n;ble.
course experiments in Fig 2). g g (Mg * Hoopinst) / 2
Eachpoint is mearf 1SDfor 25 cells Rk R :
Cell labeling described asllu» s> 57 (p ( P9 p ( po )D Y ey R | | | EE Fig. 11 Estimatedminimum relative 25 | | ozs
¢ _ 130/(12C 413 — 2 ' ' ' ' B uncertainties(zs /n, filled circles, heavy line) 2o | | I
n=0 meda = C/(°C +°C) £ 1198 ; and correspondingumber of cell generations | N E
ad 4 4 4 A A A lllustrates thatSCRReak w1150 : (n, open circles, thin line) as a functionfof ;.. £ B
01 0.1 22 10.32 043 0.5 " o - : ° 1ol | 010 E
n=1 g ' ' b & | positions (3’ ), for g ; : assuminga=0.976+ 0.003,b, =-30.34+0.18 | v E
- ' | | ' ] carotenoids vary predictably > 4°1 ) cmt, by=1157.04£ 0.05 cmt, f, = 0.0110t 05 | ] 005
j\ "7 afu=715e"2 Z 0q : C ] <Av>=1157.0-30.3f,, ] l !
£ | P=09 4 > ] across a broad range in g ]se =018 0.0002 ands o= 0.34 cnt. 3 J) SRR [ S )
n=2 S 1 N=102 ] © 1140 71 2 _ o7 . (GO 00 01 02 03 04 05 06 07 08 09 1.0
= N N cellular'3C contentf(,). > 1 | | | . "
N 2, 1 0-32d ] A Limitof detection (LODY o ! ! ' ! — | | | S
n=3 5 : 3% changes ify, with |, C As a practlca_tompromls_e pe_tyveemneasurement performa}nce:osts, andncubationartifacts
E. Grave =] ] current method.Evenat _ ' such as varylnghotoperlod|C|t|esan_d _pH, Weadvoca_lte 24 hln_cubatlo_ns and, .4, values
Predicted labeling if all - _ lowesttegia Teen CaN be 1600 - ) between 0.3 and 0.5, where the minimum theoretical relativeertainty (CVior the
available DIC %C 537 ] measured within 0.4 ; optimumn value (1.5) is betwee0.11 and0.066.
. . o . . 24P, o o o . . ] generations. | v = 10044181 1,
Fig. 1.Usmg g.rowth kineticg predictf,,through time i o (LOD= 3SD/slope} e | E5000 )
(fractionation factora = 0.976) days . , | . .
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Fig. 2.Population growth curves @ynechococcus o (°C_2C_ +PC ) A SIPRamanrFISH sensitively detects stable isotopic assimilation in specific microbial cells
Sp. cultured in varying proportions 81 el eell el cel is one of the few tool$o directly link function wittphylogeny

| | | bicarbonate(f .4, and measured byn vivo
B. After SIP Incubation, prepare filter wedges g, ragcence. Total DIC was equivalent in all
by standard FISprotocols (optional)on

GTTP membranes treatments. (& - SCRR samples withdrawn)

A Analysiof wavenumber shiftspn, > in Raman scattered photons enables quantitative
determination of degree of biomass labelirig,f), avirtual singlecellmass spectrometer.

A Singlecell specific growth ratesy,) computedfrom f.,, match Hyopdetermined
fluorometricallyfrom entire populations

A However,SCRRnablesexamination of intraand interspecific variability igrowth,
microbialprocessing o€arbon, and othebiogeochemicallymportant elements.

A Total propagated analytical err¢€V) igypically less tha2%
A Samplepreparation requirements are relaxed, i.e., live, dried, preserfreden, and probe

A. SIRexperiment w/Synechococcum serum
bottleswith CQ traps.

C. Place droplet of sterilMilliQ water ontomirror-finished stainless steslide and
press wedgeample side down odroplet.

Al cold block hybridizedcells can all be interrogated under ordinary lab conditions
A SIPRamarrevealed that singleell growthrates within a given isogenynechococcusp.
Alcold block populationcould vary by-27%(CVj around the mean at any particular time point.
D.Places.s slide and filter or80°C chilled >

A Similar celto-cell variability has been reported for cultures@ifilorellaand
Chlamydomonawithin mineral oitencapsulated droplets of media in a microfluidic device
(CV = 2:85%)(Dewan et al., 201 Biotechnol Bioeng. 1092987 Damodararet al.,2014;PLoS ONE
10:e011898yand inchemostatcultures of bacteridCV = 1%1%) using StRano-SIMYKopfet

< al., 2015; EnvirarMicrobiol 17,2542)

A The few lab studies available all demonstrdtat even within isogenic populations
subjected to uniform environmental conditions, a range of growth phenotypes emerge

a o e/ sl gl % ol Therefore, the range of growth phenotypes and variability of their responses to

Q Q . | heterogeneous seascapes in nature can scarcely be assessed with existing infarmatign

aluminum blockOnce frozenpeel membrane
awayleaving most cells frozew slide. Return slide
to RT and air dry. Let the interrogation commence

(Taylor et al., 2014x.doi.org/10.17504/protocols.io.gdgbyviv = = L

Fig. 3.Samplepreparation forSIPRamanFISH
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0.20 | & cells added N = 102 cells

—= Raman detected — PR s

1% D¥C 96% D¥C

2.2 generations 1%13GDay 5 . — T
96%13CGDay 5 g e & p = 1.00; ANOVA
3 0.10 - :
| 96%1CDay 6 _5 We are keenly interested in forging new collaborations with groups

Synechococcusp. with 013 A.Synechococcusp. grown ] ] ] ) ] o

generation time of 2.3 d grown in 96%~CDay 8 separately in 0.01, 0.11, 0.22,0.32, oo 10l I P [ 10 | P | P11 1] ' StUdylﬂg or plannlng to StUdy: (l) parsing of prOdUCUVlty among

1 and 96% DBiC. Aliquots . 013 0.43, and 0.54feq;,) for 3.8 0 10 20 0 4 50 n : .

cohabiting phytoplankton populationgii) bottomup and topdown

time. . - .

Fig. 8.(A) Constructed assemblage 8f/nechococcisp. populations with distindt, factors controlllng_ prOdUC_'[IVI'[y, (i) plgnkton r.esp_onses to
Fig. 4.SingleCellResonance Ramd8CRRypectral detection of3C labeling.(B) StackedSCRR spectra from ceils13. (O Brightfield image of cellg1-13 heterogeneous microenvironments, (IV) appllcatlon of ag%]ﬂ;ed
acquisition through timeSCRRpectra of carotenoids were targeted for Raman interrogation in a single field superimposed {gith )v_vavenumber models to planktonic systems, @gzotrophy (vi) C and N flow amonc
obtainedbefore growth was detectabley in vivofluorescencen EO|OF)C0ddeSH(D) Fgequen%wg OCCUWGVECE Ocl; C;'és added from edgl) population (open planktonic functional groups
dilute cultures. ars) and those detected by SCRR (shaded.bars -
A Frequency distributions of populations added and detecte@BRRre statistically
pp—— indistinguishable (p = 1.00; ANOVA). Intrigued? Contact Gordon (gordon.taylor@stonybrook.edu)
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