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Abstract

Cell size is broadly applied as a convenient parameterization of ecosystem models and is widely applicable to
constrain the activities of organisms spanning large size ranges. However, the size structure of the majority of
the marine picoplankton assemblage is narrow and beneath the lower size limit of the empirical allometric rela-
tionships established so far (typically >1 ym). We applied a fine-resolution (0.05 ym increments) size fraction-
ation method to estimate the size dependence of metabolic activities of picoplankton populations in the
0.10-1.00 ym size interval within the surface North Pacific Subtropical Gyre microbial assemblage. Group-
specific carbon retained on each filter was quantified by flow cytometric conversion of light scatter to cellular
carbon quotas. Median carbon quotas were 25.7, 22.6, and 5.9 fg C cell™! for populations of the picocyanobac-
terium Prochlorococcus, high-scatter heterotrophs, and low-scatter heterotrophs, respectively. Carbon-specific
rates of primary production as a function of cell size, using the '*C method, and phosphate transport, using **P
radiotracers, resulted in negative power scalings (b) within populations of Prochlorococcus and heterotrophs of
b=-1.3 and b = —1.1, respectively. These findings are in contrast to the positive empirical power scaling com-
prising the broader and larger prokaryote category (b = 0.7) and point to within-population variability in cell

physiology and metabolism for these important microbial groups.

The empirical scaling of maximal metabolic rates (Y,
mol [mol C]™' h™) to cell size (M), in the form Y = aM?, has
been carefully studied for nearly two centuries (Sarrus and
Rameaux 1839; Robiquet and Tillaye, circa 1839, in Kleiber
1932). When organisms spanning more than 20 orders of
magnitude in body size are compared, a mass-specific scaling
exponent (b) of —0.25 accurately predicts metabolic rates. This
allometric scaling “law” has been explained by the fractal
nature of vascular transport abridging surface area-dependent
(proportional to b = —-0.33) and volume-dependent (propor-
tional to an isometric b = 0) rates (West et al. 1997). More
recently, other scaling exponents which delineate heterotro-
phic prokaryotes (b = 0.72 £ 0.07), protists (b = —0.03 £+ 0.05),
and metazoans (b = —0.24 + 0.08) have been resolved, citing
genome size, endosymbiotic surface area, and vascular trans-
port as constraints (DeLong et al. 2010). Similar superlinear
(b > 0) mass-specific metabolic rates have been reported
within the photoautotrophic prokaryotes (Marafion et al.
2007; Huete-Ortega et al. 2012; Garcia et al. 2015), although
the range of estimates is broad (b = —0.08 to b = 0.67). Allome-
tric scalings are a linchpin of the metabolic theory of ecology
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(MTE; Brown et al. 2004a) and are leveraged for the estimation
of maximum intrinsic growth rates and substrate transport
rates (Aksnes and Egge 1991; Litchman et al. 2007; Finkel
et al. 2010; Edwards et al. 2012), assimilation numbers (Finkel
2001), and elemental stoichiometry (Finkel et al. 2010;
Marafion et al. 2013) in “trait-based” ocean ecosystem models
(Follows and Dutkiewicz 2011). These parameterizations help
to reduce the dimensionality of ecosystem models. An exten-
sive review of allometric relationships for marine phytoplank-
ton is found elsewhere (Marafion 2015).

As Brown et al. of the original MTE paper (Brown et al.
2004a) responded to a very active forum on the topic of meta-
bolic rates (Brown et al. 2004b), “When body mass differs by
only two- or threefold, or temperature varies by only a degree
or two, other factors can assume equal or greater importance.”
At Station ALOHA, the site of the Hawai’'i Ocean Time-series
program, that is representative of the North Pacific Subtropical
Gyre, microbial particle size distributions within the range
0.2-1.0 pm comprise most of the biomass and photosynthesis
(Rii et al. 2016), and sea surface temperatures vary seasonally
by only ~3°C. Accordingly, it should be established if these
“other factors,” namely metabolic strategies, physiological
adaptations, cell cycle stage, and community interactions, are
instead the dominant constraints and controls of metabolic
rates.
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In the surface layer at Station ALOHA, the majority of cells
in the <1.0 um size interval belong to the cyanobacterial genus
Prochlorococcus and the heterotrophic alphaproteobacterial
orders Pelagibacterales (SAR11 clade) and Rhodobacterales
(Roseobacter clade; Ottesen et al. 2014). We asked if allometric
relationships can be used to predict within-population meta-
bolic rates for Prochlorococcus and small heterotrophs and
whether these relationships are consistent with previous reports
of the broader prokaryote size interval. To calculate carbon-
specific metabolic rates as a function of body size, we incubated
whole microbial communities with specific radio-labeled sub-
strates and then size fractionated cells at 0.05 ym intervals
sequentially from 1.00 to 0.10 ym. We also conducted flow
cytometric analysis of the sequence of filtrates to infer cellular
carbon spectra of the filtered size classes, based on forward-
angle light scatter (FSC). Our results indicate a negative power
law relating carbon-specific rates of primary production and
phosphate uptake to body size within populations, in contrast
to a positive power law found between prokaryotic species ana-
lyzed over a broader size scale (summarized in Marafion 2015).

Methods

Study site and sample collection

Field experiments were conducted on two expeditions in
May 2015 at Station ALOHA (22°45'N, 158°00'W). Water sam-
ples were collected from 15 m using a rosette of PVC Bullister
bottles mounted on a frame equipped with dual conductivity
sensors, dual temperature sensors, pressure sensotrs, an oxygen
sensor, transmissometer, and fluorometer (SBE 911plus, Sea-
Bird Electronics). Supporting data from a similar experiment
conducted at the same site in September 2013 are included as
a supplement to this article (Supporting Information Fig. S1).

Filtration using custom membranes

A series of 47 mm diameter polycarbonate membrane filters
spanning the pore size range 0.10-1.00 ym at 0.05 pm intervals
were custom fabricated (Sterlitech) to finely size fractionate par-
ticles. 500 ml samples were sequentially filtered by gentle vac-
uum (<70 mbar differential) using a pair of self-contained filter
holders and receivers. The collected filtrate was filtered with the
next smaller pore size filter using a separate filter holder, and
this process was repeated until all fractions were collected. To
validate manufacturer-stated pore sizes, filter surfaces (shiny
side) were imaged by scanning electron microscopy (SEM;
Hitachi S-4800 field emission SEM) fitted with a silicon drift
detector (Oxford INCA X-Act energy dispersive spectroscope;
Oxford). Images were analyzed by automated detection of pore
edges and measuring diameter of at least 20 pores per filter
using embedded scale bars (Fiji; Schindelin et al. 2012).

H'CO; -assimilation measurements
Rates of inorganic carbon assimilation were measured by
the H'CO; tracer method according to standard protocols
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(Letelier et al. 1996). 500 ml of seawater was collected in tripli-
cate, inoculated with 100 xCi H'*COj; and incubated for 12 h
beginning prior to sunrise and terminated after sunset.
Deckboard acrylic incubators, shaded to approximately the
blue light attenuation at 15 m, were flushed with surface sea-
water to maintain in situ temperatures. Incubations were ter-
minated by sequential filtration (described above). A 100 uL
sample was collected from each incubation and added to a
20 mL scintillation vial containing 0.5 mL p-phenethylamine
(Sigma-Aldrich #407267), a CO, trap to measure total activity
for estimation of specific radioactivity (**C [mol C]™"). Filters
were placed in 20 mL scintillation vials, acidified with 1 mL
2 mol L™! hydrochloric acid, and allowed to vent for 24 h
prior to liquid scintillation counting. The assimilation of
'4C-bicarbonate over 12-h incubations approximates a rate
between net and gross primary production (Marra 2002; Pei
and Laws 2013), referred to herein as *C-assimilation.

33P-PO;~ uptake measurements
Phosphate assimilation rates were measured using the

radioisotope tracer >*PO3~ (Bjérkman and Karl 2003). 500 ml
of seawater was collected in triplicate and inoculated with

2.5 uCiL™! carrier-free 33PO3~, which was approximately
0.002% the mass of the ambient soluble reactive phosphorus.
Incubations were conducted for 4.5 h as described above, from
0900-1330 h local time. Incubations were terminated by cold
chase (0.6 ymol POi‘ L~! final concentration) prior to sequen-
tial filtration and processed similarly to '*C-assimilation
filters.

Prochlorococcus culture H'#COj3 assimilation experiment

Prochlorococcus strain MIT9301 was acclimated for several gen-
erations to growth in PRO99 medium (Moore et al. 2007) at
24°C in a 14 h light : 10 h dark cycle reaching a maximum irra-
diance of 20 ymol quanta m~ s~! blue light. 1 ml aliquots of
culture suspension were inoculated with 10 xCi H'*CO3 for 1 h
and terminated by 0.5% paraformaldehyde fixation in the
dark at 4°C for 30 min. Fixed samples were diluted to 100 mL
0.2 ym filtered seawater prior to sequential filtration. Filters
were processed identically to the above description for natural
assemblages. '*C assimilation over this shorter incubation
interval more closely approximates gross primary production
(Pei and Laws 2013) and therefore cannot be compared
directly to 12 h '*C-assimilation field measurements.

Flow cytometry

Samples for flow cytometry were collected from whole sea-
water samples (prior to filtration) and from all filtrate frac-
tions. 1 ml samples were fixed with paraformaldehyde (0.2 ym
syringe filtered; 0.5% final concentration) in the dark at 4°C
for 30 min prior to flash freezing in liquid nitrogen and stored
at —80°C. Samples were analyzed using a jet-in-air InFlux Cell
Sorter (BD Biosciences) equipped with a small particle detector
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(100X magnification objective in the FSC path) and 200 mW
457 and 488 nm lasers (Coherent) aligned through the same
pinhole. Sample pressures were always maintained within
1 psi above the sheath pressure to minimize core width and
instability. Analog pulse height signals from 530/20, 580/30,
and 692/40 nm bandpass filters were log amplified from photo-
multiplier tube detectors (Hamamatsu), and data were collected
in listmode files wusing the acquisition software Spigot
(BD Biosciences). Prochlorococcus, Synechococcus, high-scatter
(HS) heterotrophs, and low-scatter (LS) heterotrophs were quan-
tified and discriminated based on their autofluorescence and
light scattering properties (Casey et al. 2013), as well as their
fluorescence of the nucleic acid stain SYBR Green I
(Invitrogen; Marie et al. 1997). Synechococcus was discrimi-
nated from Prochlorococcus by its yellow-green fluorescence
and larger scattering amplitudes. Polystyrene calibration parti-
cles (0.53 ym) impregnated with Nile Red dye (Spherotech)
were used for optical and fluidic alignment and as an internal
light scatter standard. Approximately 300 xL of unstained and
SYBR Green I-stained samples were separately acquired to
ensure that a sufficient number of events were recorded. Con-
centrations were determined by weighing the sample before
and after acquisition, taking into account the hold-up volume
of the sample tube.

Determination of carbon quotas

A method for quantifying population-specific carbon retained
on each filter using sequential filtration was developed. The
method converts FSC signals to cellular carbon content using a
previously determined calibration curve (Casey et al. 2013) for
the InFlux Cell Sorter. FSC data of gated populations and inter-
nal standard particles were used to generate normalized FSC
histograms. To minimize spurious events at the distribution
extremes (which can be important for large, rare particles), distri-
butions were smoothed using a normal kernel function with bin
widths scaled to the coefficient of variation of the internal stan-
dard particles, and the number of bins set equal to the number
of FSC channels. After applying the carbon-FSC calibration, the
carbon transformed scale was then used to generate cellular car-
bon spectra for each filtrate sample using the sequential filtration
method. The carbon spectrum of each filtrate was then subtracted
from the next largest filtrate spectrum, and the residual spectrum
was integrated to calculate total particulate carbon caught on each
filter. A repository of the data files, code, and documentation
are available as a MATLAB distribution (Supporting Informa-
tion File S1).

Results

Filtration

SEM imaging was used to quantify the distribution of pore
sizes of a representative filter from each batch of each pore size
filter used in this study. Filter pore sizes were within + 2-16%
of manufacturer specifications in the 0.10-0.35 ym interval
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Fig. 1. Comparison of manufacturer-stated pore sizes (median diameter)
and SEM-calibrated pore sizes. Data are median values for each filter, and
error bars represent one standard deviation of the mean. Also shown are
the line of unity (1 : 1; solid line), least squares regression (dashed line),
and the 5% and 95% confidence intervals (gray shaded region).

and £+ 3-7% in the 0.40-1.00 ym interval. Model I least
squares regression of median pore sizes as a function of
manufacturer-specified pore sizes was not significantly differ-
ent from unity (p = 0.81; Fig. 1), and no residuals trend was
apparent. Due to the manufacturing process (Karl 2007), pores
are arranged in a random spatial distribution, resulting in a
density-dependent occurrence of overlap. This artifact could,
presumably, allow for the passage of particles larger than the
singlet pore diameter. From the total number of pores imaged
(n = 21,933), image analysis of electron micrographs revealed
a 2-8% frequency of overlap as doublets and <1% as triplets.
The sequential filtration technique was, nonetheless, effective
at capturing particles larger than the singlet diameter. How-
ever, analysis of the FSC distribution of particles caught on
each filter revealed a right skewness (1.2 £+ 0.6), instead indi-
cating that particles smaller than the singlet diameter were
more frequently captured, likely a result of impaction or pore
loading.

By comparing the sum of differences for each population
to their initial concentrations in each sample, we found cell
losses within each sample to be <0.01% and <0.1% for Pro-
chlorococcus and heterotrophs, respectively. This nearly quanti-
tative recovery indicates no appreciable loss of cells due to
lysis or adhesion to the filtration vessel using the sequential
filtration technique.

Isolation of picoplankton populations

Prochlorococcus could not be discretely separated by filtra-
tion from the total heterotroph population (Fig. 2). Of the
total 2.2 x 10° cells mL™", a majority (80% + 3%) of Prochloro-
coccus cells could be detected within the 0.35-0.65 ym inter-
val, overlapping both the LS heterotroph interval from 0.25 to
0.45 ym (3.1 x 10° cells mL™") and the HS heterotroph interval
from 0.45 to 0.60 ym (1.1 x 10° cells mL™"). The remaining
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Fig. 2. Histograms of cell carbon quotas retained on each filter, as an average of three replicates. Columns of histograms correspond to Prochlorococcus
MIT9301 (left column), Station ALOHA Prochlorococcus (middle column) and heterotrophs (right column).

20% of Prochlorococcus cells and 30% of heterotrophs were cap-
tured by larger filter fractions, although the skewness of their
respective FSC distributions indicated that they were caught by
impaction or pore clogging. The bimodal size spectra of Pro-
chlorococcus and heterotrophs are a striking feature, with peaks
at 0.55 and 0.40 ym in both populations corresponding to a
1.8-2.6 fold change in cell volume. A more pronounced bimodal
size spectrum was observed for Prochlorococcus on a separate
cruise from the same depth but in September 2013 (Supporting
Information Fig. S1). Synechococcus was present at low concen-
trations (479 + 77 cells mL™") and was largely excluded from
the sequential filtration interval (70% of cells were larger than
1.00 um), although a few cells could be detected as low
as 0.45 pym.

Size spectrum of picoplankton carbon

Cellular carbon content comprised the range 4-125 fg C
cell™ over the 0.10-1.00 um pore size interval. The resulting car-
bon density of cells in this range was 240 fg C um™, similar to
previously reported values which range from 190 to 470 fg C
um™ with a median value of 228 fg C yum~ based on 12 studies
(references compiled in Casey et al. [2013]). Cell carbon quotas
were log-normally distributed and centered about the median
values 25.8, 22.6, and 5.9 fg C cell™! for Prochlorococcus, HS het-
erotrophs, and LS heterotrophs, respectively (Table 1). Exponen-
tially growing Prochlorococcus MIT9301 cells, harvested at
midday, were markedly larger (0.65-0.80 ym) than the natural
population, with an average carbon quota of 57 fg C cell™!
(Fig. 3). The sum of carbon retained on filters, as calculated by

Table 1. Summary statistics of cell carbon quotas for natural populations of Prochlorococcus, LS heterotrophs, and HS heterotrophs.
Concentrations are reported as 10° cells mL™'; all other values are reported as fg C cell™'. All values were computed as the mean

+ standard deviation of three unfiltered seawater samples.

Prochlorococcus LS heterotrophs HS heterotrophs
Concentration (10° cells mL™") 2.2+ 0.11 4.4 +0.25 1.3 +0.28
Variance (fg C cell™") 234.6 £ 19.1 16.5 +£ 0.2 193.6 £ 4.5
Mean (fg C cell™") 277 +£1.2 6.7 £ 0.0 26.6 +0.2
Median (fg C cell™") 25.8 £ 1.1 5.9+ 0.0 226 +£0.5
Standard deviation (fg C cell™ 12.5 + 0.6 4.0 + 0.0 13.9 +£0.2
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Fig. 3. Cell count-normalized carbon spectrum of Prochlorococcus
MIT9301 retained on each filter within the interval comprising 91% of
the initial population. Vertical bars represent expected carbon quota of
cells with equivalent spherical diameter matching the respective pore size.
Note the proportion of each distribution with carbon quotas lower than
the pore-size-derived carbon quota.

the histogram subtraction method, recovered 107% + 8% of the
initial picoplankton carbon. The discrepancy in summed frac-
tions from the interval total is due to the necessary smoothing
function applied to FSC distributions (Supporting Information
File S1). Prochlorococcus contributed 68% + 2% (8.9 + 0.2 ug C L")
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while heterotrophs and Synechococcus contributed the remainder
(23% £+ 1% and 8% + 0%, respectively) of the total picoplank-
ton carbon (13.2 + 0.3 ug C L™%). The sum of picoplankton
carbon in the measured interval (0.10-1.00 ym) represented
41% =+ 2% of particulate carbon as determined by elemental
analysis (Hebel and Karl 2001; http://hahana.soest.hawaii.
edu/hot/hot-dogs/).

Size spectrum of picoplankton metabolic rates
4C-assimilation varied by roughly an order of magnitude
over the Prochlorococcus size interval (0.35-0.65 ym), with
maxima coinciding with cell number and carbon retained on
the 0.55 and 0.40 um filters (Fig. 4 and Supporting Informa-
tion Fig. S1). Radioactivity was detectable at low levels in the
0.15-0.35 ym interval (4.95 +0.21 nmol L™! h™%; 11% of
total '*C-assimilation), where few (<0.1%) or no Prochlorococ-
cus cells could be detected. By scaling 33PO;" assimilation in
the same interval to an average of C : P ratios of proteobacter-
ial representatives (77 mol C : 1 mol P; Zimmerman et al.
2014), we can account for 3.17 + 0.07 nmol L™! h~! of the *C
uptake, likely an indication of heterotrophic uptake of recently
fixed photosynthate, chemolithoautotrophy, or anapleurotic
carbon fixation. Low levels of '*C-assimilation at larger size
intervals (0.70-0.95 ym; 20% of total) were due to low
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fraction are excluded.

concentrations of small Synechococcus cells as well as Prochloro-
coccus cells caught on larger pore size filters. '*C-assimilation in
the 0.10-1.00 um interval represented 76% + 3% of the total
community '*C-assimilation (>0.2 ym).

33pO3~ assimilation also varied by roughly an order of magni-
tude over the heterotroph and Prochlorococcus size interval
(0.20-0.65 pm), with maxima coinciding with the LS heterotroph
cell number maximum at 0.40 ym and the HS heterotroph and
Prochlorococcus cell number maximum at 0.55 pm (Fig. 5). LS het-
erotrophs contributed more than half (51% + 5%) of the total
33P0}~ assimilation within the <1.00 ym fraction, whereas the
Prochlorococcus and HS heterotroph populations collectively
contributed only 25% =+ 3%. 33PO3~ assimilation within the
0.10-1.00 pym interval represented 86% + 11% of the total

community 33PO3~ assimilation (>0.2 ym).

Allometric relationships

Prochlorococcus carbon-specific '*C-assimilation rates (mol C
L' h™' [molCL™'™") and picoplankton carbon-specific
33pO3~ assimilation rates (mol P L™ h™! [mol C L™']7") varied
as a power law function of pore size converted to cell volume
(V' = aM?, where M is the cellular carbon content); the calculated

exponent b was —1.3 + 0.4 (p = 2¢”’) and —1.1 + 0.4 (p = 1e™°),
respectively (Fig. 6). We excluded the smallest fractions
(<0.35 um) from the '*C-assimilation calculation as only 2% of
the Prochlorococcus biomass was captured. By weighting Prochloro-
coccus carbon-specific '*C-assimilation rates to the Prochlorococcus
carbon size spectrum, the mean population growth rate was
0.58 + 0.15 d™!, similar to maximal growth rates of high-light
adapted ecotypes in culture (0.63 + 0.06 d™; Moore et al. 1995).
The calculated b for Prochlorococcus MIT9301 carbon specific
H'*CO;~ '*C-assimilation rates was —2.2 (p = 0.04; Fig. 6), and
the growth rate estimated from the same method was 0.31 d™".

Discussion

Size fractionation can be an effective tool for probing the
variability of physiology and metabolism within natural food
web components (Sheldon et al. 1972; Azam and Hodson
1977; Karl 2007) and, at the resolution utilized in this study,
within picoplankton populations. Whatever the mechanism,
be it flow impaction or pore clogging, it should be recognized
that particles smaller than the filter pore size are retained.
Depending on the application, this fraction may significantly
bias size fractionation results. Accounting for this effect, we
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coupled size fractionation of radioisotope incubations to flow
cytometric determinations of cellular carbon and observed
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significant variability in metabolic rates within natural pico-
plankton populations.

The sequential filtration method employed in this study
quantitatively recovered cells within the 0.10-1.00 ym frac-
tion and resolved cellular carbon content and metabolic rates
at 0.05 pym intervals. Using this method, we observed bimodal
size distributions in Prochlorococcus, which were not apparent
in flow cytograms; however, it is likely that traditional flow
cytometers do not sufficiently discriminate anisotropic scat-
terers in this size range to resolve peaks which are separated
by only 0.15 pm. For Prochlorococcus, this distribution may
either be due to the cell cycle stage distribution (this interval
corresponds to a 1.8- to 2.6-fold fold change in cell volume) or
due to physiological differences between strains. The latter has
been observed at Station ALOHA, especially near the deep
chlorophyll maximum depth (Campbell and Vaulot 1993) or
following a deepening of the mixed layer, which transiently
mixes the low-light adapted and high-light adapted Prochloro-
coccus populations (Thompson et al. 2018); however, these
bimodal distributions are more prominent in flow cytograms
rather than the subtle differences we observed.

The relationships between carbon-specific primary produc-
tivity or phosphate assimilation rates and cell size differed in
our study from those predicted by the broader prokaryote
allometric relationship (e.g., Garcia et al., 2015). In natural
Prochlorococcus populations, heterotrophic populations, and a
Prochlorococcus isolate MIT9301, the exponents were all nega-
tive (b = -1.3, b= -1.1, and b = —2.2, respectively) rather than
positive (b =0.72; DeLong et al. 2010), suggesting that the
within-population allometric relationship is independent of the
allometric relationships observed between populations. In both
natural populations and a laboratory isolate, the observed scal-
ing factor indicates that the smallest cells are disproportionately
active. In the case of Prochlorococcus, which is phase locked to
the solar cycle for initiation of cell division (Vaulot et al. 1995;
Liu et al. 1997), it is possible that larger cells are arrested in cell
cycle stage. Remnants of the previous day’s cycle, perhaps these
cells, require very little additional resources to satisfy the
remaining carbon and energy quota and are simply awaiting
the signaling cascade to initiate genome replication and divi-
sion. We offer the hypothesis that metabolic rates slow as cells
approach the threshold for division. Although such a synchro-
nicity has not yet been reported for heterotrophic picoplank-
ton, diel rhythms in proteobacterial gene expression are
widespread (Ottesen et al. 2014; Aylward et al. 2015) and, like

Fig. 6. Allometric relationships. Prochlorococcus carbon-specific '*C-assimilation
(A), Prochlorococcus and  heterotrophic carbon-specific *PO3~ assimilation
rates (B), and Prochlorococcus MIT3901 carbon-specific '“C-assimilation
(€) plotted as a function of equivalent spherical cell volume (based on
pore size). Mean values and replicate data are plotted, and error bars rep-
resent 1 SD. Nonlinear least squares fit of the power law regression (Y =
aMP®) and the corresponding mean b value are also shown.
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the photoautotrophs they depend on, replication may be
entrained to the light cycle.

The empirical allometric power law is a useful approxima-
tion of ecosystem function when the size distribution of organ-
isms spans several orders of magnitude. However, the universal
b = -0.25 is apparent only when organisms spanning many
orders of magnitude in body size are grouped and has been
challenged by closer inspection of b between microbial taxa
(reviewed in Marafion 2015). At the smallest scales (<1 gm), the
size dependence of microbial metabolism had not until recently
(Garcia et al. 2015) been investigated in natural marine bacter-
ioplankton populations and thus the lower extent of the size
range which applies to the prokaryotes. Our results do not
refute previously reported allometric relationships within the
prokaryotes; however, we demonstrate that within the size
spectrum of the smallest prokaryotes exists a structuring of
metabolic rates that do not scale with broader cell size com-
parisons. The genetic, regulatory, metabolic, and physiologi-
cal mechanisms that underlie our observations, and which
provide the basis for our interpretation that Prochlorococcus
metabolism slows as cells approach division, should be fur-
ther investigated.
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