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ABSTRACT 

The growth of marine microbial communities drives biogeochemical cycling of carbon and other elements, 

yet the growth rates of individual species within complex ocean ecosystems remain poorly understood. In 

particular, the coexistence of a large diversity of copiotrophic bacteria, which are capable of fast growth 

but typically remain at low abundance, has been interpreted as a feast or famine existence. Here we show 5 

that contrary to the notion of infrequent growth, Vibrio bacteria exhibited consistent growth rates in coastal 

ocean samples, despite representing only a small fraction of the total community. These observations were 

enabled by a suspended microchannel resonator (SMR), which we adapted to function as a single-cell 

chemostat. By maintaining a continuous supply of native seawater around each trapped cell, we prevented 

nutrient depletion and used the SMR’s high mass precision to resolve growth rates that are otherwise 10 

undetectable. Vibrio species displayed significantly larger cell mass and faster growth than other community 

members across samples collected at different temporal intervals from days to years. Surprisingly, their 

growth was consistently limited by carbon, contrary to the expectation that heterotrophic bacteria in the 

euphotic zone would be limited by nitrogen and phosphorus due to competition with algae. The correlation 

between cell mass and growth rate of Vibrionaceae in seawater followed established growth laws derived 15 

from laboratory conditions, suggesting that growth physiology observed in pure cultures is applicable to 

wild bacterial populations. Overall, our findings suggest that rare species may play a disproportionately 

large role in the marine carbon cycle, with rapid biomass turnover driven by a combination of high growth 

rates balanced by intense predation. 

 20 

INTRODUCTION 

Microbes in the oceans employ different strategies to adapt to the prevailing conditions of dissolved nutrient 

scarcity, which are punctuated by nutrient hotspots of varying spatial and temporal dynamics. Oligotrophs 

—bacteria adapted to compete under extremely low nutrient conditions—dominate the global oceans in 

terms of absolute cell number, but their cells are small and metabolic activity is low, enabling them to eke 25 

out a living under severe nutrient limitation (1). In contrast, copiotrophs—bacteria that have the potential 

of rapid growth in nutrient-rich conditions—make up much of the genomic diversity in microbial 

communities and are thought to engage in feast-and-famine cycles, persisting in a starved state until 

encountering a short-lived nutrient pulse that fuels rapid growth (1–3). Because copiotrophs are typically 

rare in samples, it is often assumed that starvation is their predominant state. For example, species within 30 

the genus Vibrio are capable of some of the highest growth rates observed in pure cultures but are typically 

present at relative abundances of less than 1% of the total community (4). Recent studies have, however, 

shown that some copiotrophic taxa can contribute disproportionately to overall community respiration (5) 

and that growth can co-occur with little net change in abundance, presumably due to being offset by 

predation (6). While these results suggest a more important contribution of copiotrophs, it remains unknown 35 

if the observed activities represent “jackpot” events—where nutrient hotspots were sampled—or if rare 

copiotrophs can sustain high growth rates consistently and thereby contribute disproportionately to 

biogeochemical cycling due to their biomass turnover over longer time periods.  

A major obstacle to understanding how specific bacterial populations contribute to biogeochemical cycles 

is the difficulty of directly measuring their growth in natural environments. Most current approaches rely 40 

on indirect proxies of biomass synthesis or metabolic activity. For example, community-wide estimates 

based on the incorporation of nucleotides or amino acids into biomass suggest that average bacterial 

division rates in the ocean range from 0.1 – 1 day⁻¹ (2). Although recent studies have provided a more 

differentiated picture with increased taxonomic resolution achieved using advanced fluorescence in situ 
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hybridization (FISH) labeling (6), combined single cell respiration and genomics (5), or amplicon 45 

sequencing-derived techniques (7, 8), these methods still face key limitations. Specifically, these 

approaches are biased towards more abundant groups and often need to average over broad taxonomic 

groups due to difficulties in sampling sufficient individuals or observing statistically significant changes in 

populations persisting at lower abundances. Similarly, dilution cultures that have been used to measure 

growth in seawater can only assess relatively abundant species and it is difficult to know potential 50 

limitations in nutrients that can arise when cell numbers start to increase. In light of these limitations, we 

reasoned that a promising path forward is to adapt a single cell technology—capable of directly measuring 

biomass accumulation—to the complexities of environmental samples. Biomass accumulation provides the 

most direct and interpretable measurement of microbial growth and it can be readily incorporated into 

biogeochemical models. We propose that copiotrophic bacteria, whose ecological roles remain poorly 55 

understood due to their typically low abundances, offer an ideal test case for applying such a single-cell 

approach. 

In this study, we carry out the most direct measurement of growth by tracking mass increases of individual 

cells in their native seawater and identify the nutrients that limit this growth. To achieve this, we adapted 

the suspended microchannel resonator (SMR) (9–11), a microfluidic mass sensor capable of exceptionally 60 

precise single-cell mass measurements, for continuous monitoring of individual cells supplied with 

unamended, filtered seawater. By engineering the SMR system to maintain a constant flow of seawater 

around each trapped cell, we created a chemostat-like microenvironment that prevents nutrient depletion 

and reflects the ambient dissolved nutrient conditions at the time of sampling. This setup enables us to 

resolve mass accumulation and growth rates that are too subtle to detect with existing approaches, 65 

particularly in nutrient-poor environments. Because the filtered seawater lacks particles and other 

organisms, observed growth depends solely on the availability of dissolved organic and inorganic 

compounds. This platform thus allows for real-time, high-resolution tracking of bacterial growth under 

ecologically relevant conditions and independent of confounding factors that influence population-level 

growth such as viral or protozoan predation. 70 

We began by measuring the growth rates of individual copiotrophic species in unamended seawater, both 

collected from the same coastal location. We found that two Vibrio species consistently exhibit faster growth 

rates than most other species. We then focused on Vibrio cyclitrophicus 1G07 as a model organism, as it 

represents a recently speciated, exclusively free-living lineage that does not attach to particles (12, 13), 

making it particularly suitable for assessing growth based solely on dissolved nutrient uptake. We observed 75 

that this organism consistently grows at similar rates in seawater samples from different days and years and 

its variation in growth rate is correlated to single cell mass. We also found that the distribution of single-

cell masses in situ can predict growth rates under natural conditions. Overall, our results challenge the 

prevailing “feast-and-famine” paradigm for copiotrophic bacteria. 

 80 
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Fig. 1. Suspended microchannel resonator (SMR) measures single-cell growth rate by continuous mass 

measurements. (A) SMR, comprising a vibrating cantilever with an internal microfluidic channel, can trap a single 

bacterium, by passing it through the cantilever repeatedly over a set time window while fresh nutrients are provided 

from the fresh medium vials. During the cell trapping, resonant frequency shifts of the SMR, caused by each 85 
traversal of the trapped cell, are captured in real time and converted to cellular buoyant mass. Once the current 

trapping measurement is completed, the system flushes the cell to the waste vial and searches for another cell from 

the cell vial within minutes. (B) Fast and slow modes that differ in trapping time (5 min vs 30 min). Fast mode is 

exemplified by Vibrio cyclitrophicus 1G07 in Marine Broth 2216, and slow mode by Vibrio cyclitrophicus 1G07 

in filtered seawater. In both modes, continuous mass measurements are converted to an estimate of mass 90 
accumulation rate (MAR) and specific growth rate (µ). The measurements yield error levels of mass: 0.4 fg, MAR: 

8 fg∙h-1 (fast mode) or 0.2 fg∙h-1 (slow mode), and specific growth rate µ: 0.01 h-1 = 0.24 day-1 (fast mode) and 0.05 

day-1 (slow mode). (C) Representative single-cell growth curves of bacteria V. cyclitrophicus 1G07 in Marine Broth 

2216. Each line represents 5-min trapping of a bacterium. (D) Mass and growth rate distributions of V. 

cyclitrophicus in different laboratory culture conditions, compared to population-mean growth rate measured by 95 
OD600 (mean ± standard deviation of replicate experiments). The conditions include phosphate buffered saline 

(PBS) as a negative control, artificial seawater (ASW) with succinate, lactate, or glucose as carbon source, and 

Marine Broth 2216 (MB2216). 

RESULTS 

Direct measurement of single-cell mass accumulation using SMR. The SMR is a vibrating micro-100 

cantilever containing an internal fluidic channel; when a cell passes through, its buoyant mass causes a 

measurable shift in the cantilever’s resonant frequency (Fig. 1A). By repeatedly flowing a single cell back 

and forth through the cantilever, we can track its mass over time and directly quantify growth. Buoyant 

mass—defined by the product of cell volume and the density difference between the cell and surrounding 

fluid—is a well-established proxy for dry mass, and can be converted to dry mass by a scaling factor 105 

(multiply by approximately 3) (14–16). For simplicity, we refer to buoyant mass as mass throughout. 

Growth rate is derived by first calculating the mass accumulation rate (the slope of mass vs. time) and then 

normalizing it by the cell’s mass to obtain the specific growth rate (Fig. 1B). The precision increases with 

trapping time, which we systematically characterized (fig. S1 and supplementary text). For example, the 
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mass accumulation of Vibrio cyclitrophicus 1G07 growing in nutrient-rich Marine Broth 2216 can be 110 

resolved with just 5 minutes of trapping (Fig. 1C). Importantly, we found that 30-minute trapping enables 

accurate growth measurements even for bacteria with doubling times on the order of weeks. We therefore 

used 5-minute trapping for fast-growing cells in culture media and 30-minute trapping for slow-growing 

cells in native seawater. 

We validated the performance of our SMR platform by comparing it to standard laboratory growth measures 115 

and evaluating potential biases. Growth rate estimates of V. cyclitrophicus 1G07 in different laboratory 

media growing at population-level rates from 0.3 to 1.5 h-1 were comparable between the SMR and OD600 

measurements (R2 = 0.98, Fig. 1D). Unlike bulk measurements, however, the SMR also provides paired 

mass and growth rate at the single-cell level, revealing additional insights. For example, we observed 

substantial heterogeneity in both cell mass and growth rate even in homogeneous media, with coefficients 120 

of variation averaging 24% and 19%, respectively. While population-average cell mass strongly correlated 

with growth rate across nutrient conditions (R2 = 0.97), there was no detectable correlation between single-

cell mass and growth rate within individual populations (R2 < 0.05 in all cases; Fig. 1D). We further 

confirmed that the SMR’s continuous medium supply supports sustained growth, mimicking key features 

of a miniaturized chemostat (fig. S2), and that the system introduces minimal bias from 30-minute trapping 125 

or from chemical contamination (fig. S3, S4 and supplementary text). Together, these results demonstrate 

that the SMR can accurately and robustly measure bacterial growth rates at single-cell resolution. 

 
Fig. 2. Growth rate and mass in coastal seawater are nutrient limited, but the response to additional nutrient 

availability differs across bacterial species. (A) Single-cell growth curves after bacteria were spiked into filtered 130 
seawater, reaching steady-state growth after an acclimation period, exemplified by Vibrio cyclitrophicus 1G07 in 

a coastal seawater sample on June 10, 2022. Each line indicates a 30-minute growth trajectory of individual 

bacteria. (B) Growth rate and mass distributions of different marine bacterial species in the seawater sample. All 

bacterial species were isolated from the same coastal location where the seawater sample was collected, and the 

class-level taxonomy was annotated as Gamma (Gammaproteobacteria), Alpha (Alphaproteobacteria) and Flavo 135 
(Flavobacteriia). The red vertical lines depict the median of the distributions and black vertical dotted line depicts 

zero growth rate for reference. (C) Growth rate and mass of different bacterial species in response to nutrient 
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amendment of carbon (C = 20 µM glucose), nitrogen (N = 40 µM NH
4
Cl), phosphorus (P = 5 µM Na

2
HPO

4
) or 

chemically complex, nutrient-rich medium (“Nutrient-rich”). Each dot refers to a single cell datapoint and black 

lines refer to the median of the population. 140 

Growth and nutrient limitation patterns of bacterial species in coastal seawater. To resolve the growth 

behaviors of diverse bacteria in their native environment, we spiked in individual species isolated from a 

coastal site (Nahant, MA, US East Coast) into filter-sterilized seawater collected from the same site in June 

2022 and measured their growth in the SMR. Before the spike-in, these pre-grown bacteria were washed 

and diluted into the filtered seawater to avoid carryover of nutrients, as validated by our negative control 145 

experiments (fig. S4 and supplementary text). After the spike-in, the bacteria acclimated to the seawater 

in the first several hours and then reached a steady state, where individual bacteria gained mass, and the 

population maintained stable mass and growth rate profiles consistent with the chemostat-like capability of 

the SMR (Fig. 2A and fig. S5). Steady-state mass and growth measurements under these conditions served 

as the basis for all subsequent analyses. All experiments in filtered seawater were conducted at 22°C, a 150 

temperature we validated as having minimal impact on growth relative to in situ seawater temperatures (fig. 

S6). 

We show significant variations in cell mass and growth across diverse bacterial species that were isolated 

from the same site and represent major phylogenetic groups in the ocean (including Alphaproteobacteria, 

Gammaproteobacteria and Flavobacteriia (17)). We found that several species (two Vibrio species and one 155 

Celeribacter species) grew at substantial population-average rates of 2.39–4.82 day-1, whereas the growth 

rates of the other species were indistinguishable from zero or negative, the latter possibly due to 

maintenance energy expenditure or death. The data thus suggest heterogenous growth and resource 

requirements across species (Fig. 2B and table S1, S2).  

Although it is generally expected that in the euphotic zone bacteria should be nitrogen or phosphorus limited 160 

due to competition with algae (18, 19), our results show that all species were either limited by organic 

carbon or some trace nutrients. We supplemented the same seawater sample with carbon (glucose), nitrogen 

(ammonium) or phosphorus (phosphate) at the maximum observed concentrations from public oceanic 

datasets (Hawaii Ocean Time-series (20, 21), European seas (22, 23), and Nahant Time-series (24)), or with 

chemically complex, rich nutrient mixture. Growth rates of all species significantly increased to 5.92–15.19 165 

day-1 (p≤0.005) in response to either glucose or complex media but never in response to nitrogen or 

phosphorus (Fig. 2C and table S1). In the conditions of growth rate elevated by nutrient amendment, the 

cell mass also increased for all species (p≤0.002) except Alteromonas macleodii. In particular, both Vibrio 

cyclitrophicus and V. splendidus showed 3-fold growth rate increase and 2-fold cell mass increase in glucose 

amended seawater, but remained unchanged in N- and P-amended seawater or even decreased growth rate 170 

in one set of conditions. However, some species were not stimulated by glucose, N or P, but their growth 

increased when a mixture of nutrients was spiked, regardless of whether they exhibited growth in 

unamended seawater. This suggests that they required nutrient sources present in the complex mixture such 

as trace nutrients or organic carbon other than glucose. 
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 175 

Fig. 3. Vibrio cyclitrophicus exhibits consistent growth over months and years, even in conditions of low 

abundance. (A) Relative abundance of bacterial species V. cyclitrophicus (black dots and line) and family 

Vibrionaceae (gray shaded area) in the 93-day seawater samples collected in 2010. (B) Growth rate and mass of 

V. cyclitrophicus in ten representative unamended seawater samples in 2010 and 2022. The data for June 10 2022 

has been shown in Fig. 2 and are repeated here. Five seawater samples were chosen and highlighted in gray for 180 
additional measurements in response to nutrient amendment shown in (C). (C) Growth rate and mass of V. 

cyclitrophicus in selected seawater samples with or without nutrient amendment of carbon (C = 20 µM glucose), 

nitrogen (N = 40 µM NH
4
Cl) or phosphorus (P = 5 µM Na

2
HPO

4
). Each dot refers to a single cell datapoint and 

black lines refer to the median of the population. 

Consistent growth and carbon limitation of Vibrio cyclitrophicus over months and years. Because the 185 

relatively rapid growth of Vibrio in unamended seawater could be a result of an episodic growth spurt as 

expected under the feast-or-famine paradigm, we asked whether the growth and nutrient limitation patterns 

changed over longer time scales. Using V. cyclitrophicus 1G07 as a model, we measured single-cell growth 

rates in 10 seawater samples from 2010 and 2022 to ensure coverage of different conditions as they might 

occur over days to seasons and years (Fig. 3A).  190 

We found that V. cyclitrophicus grew in all unamended filtered seawater samples over these extended 

periods at approximately similar rates. The population-average growth rate mostly varied between 2 and 3 

day-1 and the population-average cell mass varied around 50 fg (Fig. 3B and table S1, S3). The carbon 

amendments across seawater samples consistently increased the growth rate to 7.67–12.35 day-1 (p≤0.003 

for each day) and the cell mass to 70.6–120.3 fg (p≤0.03 for each day, Fig. 3C and table S1). On the 195 

contrary, the nitrogen and phosphorus amendments did not increase the growth rate or cell mass (p=0.05–

0.97) and even decreased the growth rate or mass in some seawater samples. Importantly, because our time 

series includes near consecutive days without major decrease in growth rates and with the consistent pattern 

in carbon limitation, these observations suggest that carbon supply and consumption for these organisms 
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are roughly balanced at this coastal site and that no major changes in growth physiology should occur from 200 

day to day. 

To better understand which carbon sources support the growth of V. cyclitrophicus in filtered seawater, we 

measured the concentrations of 18 monosaccharides across three representative seawater samples (table 

S4). After 48 hours of incubation with V. cyclitrophicus, the concentrations of glucose and galactose 

decreased by 70% ± 9% and 35% ± 12% (n = 3), respectively, indicating selective uptake of these sugars 205 

(fig. S7A). To test whether glucose and galactose specifically limit growth, we supplemented a seawater 

sample with a mixture of seven monosaccharides, including these two. We again observed consumption of 

glucose and galactose, while concentrations of the other sugars remained largely unchanged—except for 

mannose, which unexpectedly increased (fig. S7B, C and table S4). This increase may result from 

oxidation of mannitol to mannose, which is not distinguishable using our current method. Together, these 210 

metabolomic data support the conclusion that the consistent growth of V. cyclitrophicus in seawater is fueled, 

at least in part, by the uptake of glucose and galactose. 

Then we examined whether relative abundance was indicative of growth as generally believed in 

copiotrophs. We found that there was no obvious correlation between growth and relative abundance of V. 

cyclitrophicus in the samples from 2010, which have been fully metagenomically sequenced (24). For 215 

example, the fastest (~5 day-1) and slowest growth (~1 day-1) occurred on day 221 (Aug 9) and on day 292 

(Oct 19) when the relative abundance of V. cyclitrophicus and Vibrionaceae family remained constantly 

low around 0.02% and 0.1% of the community. On the other hand, the growth rate was stable at 2–3 day-1 

when both V. cyclitrophicus and the family experienced expansions around day 239 (Aug 27) reaching 0.5% 

and 3% of the community, respectively (Fig. 3A, B). Such decoupling of growth and relative abundance 220 

suggests that the dynamics of individual species are either masked by shifts of other species, or that top-

down environmental forces, such as predation, regulate abundance. Overall, the results suggest that V. 

cyclitrophicus showed consistent rates in seawater despite their rarity in the community, contrary to the 

expectation of long-term starvation, and persistent carbon-limitation of their growth rates. 

 225 

 

Fig. 4. A nutrient growth law governs the average mass and growth rate of Vibrionaceae growing in 

laboratory media and in seawater. (A) The average mass and growth rate of 11 Vibrionaceae strains representing 

5 species and grown in 9 different media (blue triangles, n = 38 independent strain/media combinations) has a 

slope that is statistically indistinguishable from Vibrio cyclitrophicus grown in seawater from 10 different days 230 
with or without nutrient amendment (orange circles, n = 25 independent day/amendment combinations). 95% 

confidence intervals reported in parentheses overlap when separate regression models for seawater and culture 

media (each with a single covariate of growth rate). When a multiple regression model is fit for a combined 
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seawater and culture media dataset (with sample-type and its interaction with growth rate included as covariates) 

there is no evidence for either term being significant (sample-type: p = 0.349; interaction: p = 0.583). (B) The in 235 
situ mass of wild Vibrionaceae cells sorted from complex seawater communities (red square, n = 3 replicate 

seawater samples, 1175 total cells) corresponds to the nutrient growth law (black line, regression of all seawater 

and laboratory media data points in panel (A). The cell mass and growth rates of two Vibrionaceae isolates grown 

in paired filtered seawater from the same sample in the SMR (orange dots) are included for reference and are used 

to approximate plausible limits for the in situ growth rate estimate. Starved V. cyclitrophicus cell mass is included 240 
(open black circle, n = 3 replicate cultures) and mapped to the nutrient growth law at zero growth rate for reference 

(filled black circle). All error bars on data points represent 1 standard deviation above and below the average mass. 

Nutrient growth law links in situ cell mass to growth. We observed that the average mass of Vibrio cells 

increased in samples which supported faster growth rates across native and nutrient amended seawater. 

Such a relationship has been observed in controlled laboratory cultures for several model organisms and is 245 

commonly referred to as the nutrient growth law, which states that the mass of cells exponentially increases 

with growth rate (25–29). However, it is currently not clear if the slope of this relationship changes at slow 

growth rates (28). We therefore first sought to test whether Vibrio cells grown in native and amended 

seawater follow the same mass accumulation trends as those grown in richer laboratory media, and whether 

the growth law can be used to predict in situ growth rates based on mass distributions of cells sorted directly 250 

from seawater samples.  

To establish a nutrient growth law generalizable for the broader Vibrionaceae, we selected 11 unique 

seawater isolates representing 5 Vibrio species grown in 9 different laboratory media (Fig. 4A and table 

S5). Treating each filtered seawater sample like an independent growth medium, we observed that the 

average mass and growth rate of V. cyclitrophicus growing in unamended or amended seawater follows a 255 

growth law with a slope that is not significantly different from the growth law measured only in laboratory 

culture media (Fig. 4A). The supplementation of seawater with carbon lead to cell sizes and growth rates 

that nearly perfectly follow the trend seen in laboratory media and are substantially faster than the slowest 

growth rates achieved in laboratory media. From these results we conclude that a single nutrient growth 

law applies across all growth rates observed in seawater and in the laboratory.  260 

To test whether wild Vibrionaceae populations reflect the masses and growth rates of cultivated cells in 

filtered seawater, we collected seawater from the same coastal site in 2023 and prepared two types of 

samples: filtered seawater (0.2 µm) for growth assays, and fixed cells from the 0.2–1 µm biomass fraction 

for direct analysis. We used fluorescence in situ hybridization (FISH) to label Vibrionaceae cells, followed 

by fluorescence-activated cell sorting (FACS) to isolate them from the broader bacterial community (fig. 265 

S8). Sorting accuracy was verified by amplicon sequencing (fig. S9) and sample fixation with ethanol 

resulted in an estimated 18% mass loss (fig. S10 and supplementary text). The corrected median mass of 

sorted wild Vibrionaceae cells was 62.1 fg which was substantially higher than that of a starved, non-

growing Vibrio control subjected to the same fixation, labeling, and sorting protocol (48.5 fg). This 

measured cell mass for wild Vibrionaceae cells corresponds to an inferred growth rate of 4.39 day-1 based 270 

on the growth law equation, aligning closely with growth rates (4.64 & 6.12 day-1) observed in two Vibrio 

species cultured in the paired filtered seawater in the SMR (Fig. 4B). Although bacterial populations in the 

wild experience a more heterogeneous environment than filtered seawater, experiencing small scale nutrient 

patches, competition, and predation, our results nonetheless suggest that the growth rates measured in 

filtered seawater approximate the actual growth of planktonic Vibrionaceae in the wild. 275 

DISCUSSION  

The SMR has enabled precise, direct measurements of bacterial growth rate at the single-cell level in native 

seawater, revealing physiological dynamics that are difficult or impossible to access with existing methods. 
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We observed that copiotrophic taxa, such as Vibrio, consistently sustain growth rates equal to or even faster 

than the global coastal community average and commonly studied oligotrophs like the SAR11 clade (fig. 280 

S11). For these fast-growing bacteria to remain at low relative abundance, they must be subject to strong 

top-down regulatory pressures such as predation, potentially due to traits that make them more “edible” or 

energetically favorable targets (30). The coexistence of rapid growth and low abundance suggests that 

Vibrio and perhaps other copiotrophs have a disproportionate influence on ecosystem function, particularly 

in carbon cycling, by rapidly turning over biomass even when numerically rare. These insights not only 285 

challenge assumptions about the ecological roles of rare taxa but also offer a path toward refining ecosystem 

models by integrating microbial identity, physiology, and ecological impact. 

The bacterial growth law has been proposed to describe the relationship between cell mass and growth rate 

under balanced, steady-state growth (25, 31). It is often assumed that physiology in natural environments 

is far from steady state, because microbial growth is shaped by fluctuating conditions and resource 290 

limitations. Despite this common assumption, Vibrio populations grew at similar rates across near-

consecutive days and followed a nutrient growth law indistinguishable from that observed in laboratory 

media. This suggests that, at least in this coastal system, the balance between nutrient supply and 

consumption for planktonic cells may be more stable than previously appreciated. Consequently, 

physiological principles derived from controlled experiments—including cell mass as a proxy for growth 295 

rate—may hold predictive value in the wild. Moreover, our measurements of wild Vibrionaceae mass (Fig. 

4B) were performed using a commercially available SMR platform, suggesting that similar approaches 

could be adopted more broadly. When combined with molecular data, such mass-based physiological 

measurements may provide a more complete and scalable understanding of microbial life and activity in 

natural ecosystems. 300 

 

MATERIALS AND METHODS 

SMR setup, operation and measurement resolution 

The suspended microchannel resonator (SMR) consists of a vibrating micro-cantilever with an embedded 

fluidic channel that enables flow-through mass measurements of single bacterial cells. The fabrication and 305 

setup of the SMR followed previously established protocols (9, 32). In this study, we used two types of 

SMR systems: a commercially available platform (LifeScale, Affinity Biosensors) and a custom-built setup 

designed for single-cell growth measurements (10) . The LifeScale performs high-throughput buoyant mass 

measurements by automatically drawing samples from a well plate and passing them through the SMR 

sensor, enabling flow-through analysis of thousands of cells per minute. In contrast, the lab-built system 310 

enables repeated measurements of individual cells. Using computer-controlled pressure, the same cell is 

alternately pushed back and forth through the cantilever, allowing sub-100 millisecond mass measurements 

interspersed with 2–10 second holding periods. Each cell is “trapped” in this manner for 5–30 minutes 

before being flushed and replaced. Continuous perfusion of fresh medium from both ends of the cantilever 

maintains a stable nutrient environment throughout the trapping period. Each experiment lasted up to 24 315 

hours and typically included 20–100 cells. From these measurements, we calculated cell mass (average 

mass over the trapping period), mass accumulation rate (slope of mass vs. time), and specific growth rate 

(mass-normalized accumulation rate). Additional details on resolution, validation, and control experiments 

are provided in the supplementary text. 

Seawater sampling 320 

All coastal seawater samples were collected at Canoe Beach, Nahant, MA, USA (Lat: 42° 25′ 10.6″ N, Lon: 

70° 54′ 24.2″ W). The 2010 sampling was detailed in a previous report (24), and the 2022 & 2023 sampling 
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followed similar approaches with three replicates spatially separated along the bay. For 2010 sampling, 4 L 

of seawater were filtered through a 0.2 µm Sterivex filter membranes. The membranes were stored at -20°C 

until nucleic acids were extracted using a bead beating approach for further analysis. For 2010, 2022, and 325 

2023 sampling, additional seawater was filtered to remove all microorganisms (0.7 µm GF/F for 2010, 0.2 

µm polycarbonate for 2022, and 0.2 µm polyethersulfone for 2023) and the filtered seawater was stored at 

-80 °C prior to use in SMR growth experiments. In 2023, 1L of seawater biomass was sequentially 

fractionated, first through a 63 µm plankton net and then using vacuum filtration through 47 mm 

polycarbonate filter membranes of decreasing pore size (5 µm, 1 µm, and 0.2 µm, Whatman Nuclepore). 330 

Filter membranes containing fractionated biomass were flash frozen on dry ice and stored at -80°C. In 2010 

& 2023 sampling, air and water temperatures were measured by a thermometer at the time of sampling, 

whereas seawater temperature in 2022 was obtained from long-term datasets of NOAA Station 44013, 

located 16 nautical miles east of Boston, MA and representing the regional conditions. Bacterial isolates 

were collected at the same site, minimally passaged, and kept at -80 °C. Details for bacterial isolation were 335 

previously reported (33, 34). 

Laboratory culture media 

To achieve growth rates between 1.6 h-1 and 0.05 h-1, 9 types of media were employed: Marine broth 2216 

(MB2216), artificial seawater (ASW) + 10 mM glucose + amino acids (EZ) + nucleotides (ACGU), ASW 

+ 10 mM glucose + EZ, ASW + 10 mM glucose, ASW + 20 mM L-lactate + EZ, ASW + 20 mM L-lactate, 340 

ASW + 20 mM L-succinate, ASW + 40 mM L-alanine, and ASW + 20 mM L-glutamate. MB2216 (Difco, 

1x) was dissolved in ultra-pure water and autoclaved in a standard autoclaving cycle at 121 °C for 15 

minutes. Autoclaved MB2216 medium was sterile filtered using a 0.1 µm filtration system (Sartorius 

Minisart Filter Unit, Millipore® Stericup® Quick Release Vacuum Filtration System). All ASW media were 

prepared from HEPES buffered artificial seawater base to which nitrogen (9.3 mM ammonium chloride), 345 

phosphorus (0.28 mM Di-sodium hydrogen phosphate), vitamins, trace elements and a varying carbon 

source were added to modulate growth rate. D-Glucose, L-Lactate, L-Succinate, L-Alanine, L-Glutamate 

(pH 8) were prepared as 1M, filter sterilized stock solutions (0.1 µm) and each diluted into the ASW 

medium to a specific concentration as stated above. To achieve growth rates in the intermediate to fast 

regime, commercially available solutions of 1x amino acids (EZ, Teknova, Holister, CA, USA) or 1x 350 

nucleotides (ACGU, Teknova, Holister, CA, USA) was supplied to the ASW medium. The ASW base was 

prepared in ultra-pure water and contains molar concentrations of the following anhydrous and hydrous 

salts: 410 mM NaCl, 280 mM Na2SO4, 9 mM KCl, 0.84 mM KBr, 0.4 mM H3BO3, 4.7 × 10-2 mM NaF, 10 

mM MgCl2∙6H2O, 10 mM CaCl2∙2H2O, 9 × 10-2 mM SrCl2∙6H2O, 24 mM NaHCO3 and 54 mM HEPES. 

The pH of the ASW base was adjusted to 8.1 (± 0.05) with 5 M sodium hydroxide and sterilized by 355 

autoclaving followed by filtration through a 0.22 µm membrane (Sartoclear Dynamics® Lab V 1000 mL 

Kit, 0.22 µm pore Size) to remove precipitates. 

The vitamin and trace element solution were prepared as a 1000 X stock solution and contained 50 mg /L 

4-aminobenzoic acid, 100 mg/L pyridoxine-HCl, 50 mg/L Thiamine- HCl, 50 mg/L Riboflavin, 50 mg/L 

Nicotinic acid, 50 mg/L di-Ca pantothenate, 50 mg/L Lipoic acid, 50 mg/L Nicotinamide Acid, 50 mg/L 360 

Vitamin B12, 20 mg/L Biotin, 20 mg/L Folic acid and 4 g/L FeCl3 dissolved in 6.5 mL 32% HCl, 2 g/L 

EDTA, 70 mg/L ZnCl2, 100 mg/L MnCl2∙4H2O, 120 mg/L CoCl2∙6H2O, 120 mg/L CoCl2∙6H2O, 15 mg/L 

CuCl2∙2H2O, 25 mg/L NiCl2∙6H2O and 25 mg/L Na2MoO4∙2H2O respectively.  Both vitamin and trace 

element stock solutions were stored in dark, light tight containers at 4° C or -20 °C.  

To improve stability of the ASW with respect to precipitation the HEPES salt was replaced by a 1M HEPES 365 

pH 8.0 sterile stock solution (Thermo Fischer Scientific) and autoclaving was omitted for some experiments. 

To ensure minimal background particle load, all experiments were performed in freshly prepared 0.1 µm 
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PES filtered ASW media no older than 24 h. Particles below the limit of detection was removed on the 

LifeScale, but more particles could be formed spontaneously in the medium over the time span of the 

experimental procedures up to ~ 105 ml-1. Controls were always measured to verify background particles 370 

were less than 1% of measured cells. 

Batch growth experiments using Vibrionaceae isolates in laboratory culture media 

To achieve the greatest reproducibility, all growth experiments of Vibrionaceae strains were performed at 

steady-state growth, determined by stable, exponential growth in OD600 and our previous 

recommendations for achieving steady-state mass in pure culture (16). Vibrionaceae strains (see table S5 375 

for the strain list) were recovered from a freezer stock into MB2216 (Difco) and grown to stationary phase, 

after which they were diluted at least 10,000-fold into fresh laboratory culture medium of interest, through 

multiple 10-fold or 100-fold serial dilutions into the same fresh medium in sterilized glass tubes and 

incubated at 200 rpm and 25 °C. OD600 was monitored (Genesys 40, Thermo Scientific) and recorded 

approximately from 0.005 to 0.15. The cultures were sampled and fixed in steady state growth between 380 

OD600 0.05 and 0.15 for 1 h on ice with 4 % formaldehyde (Carl Roth, Lot no. 40334295). Fixed cells 

were stored in the native medium with the fixative at 4 °C until further use. 

All cell mass measurements were performed in 1x PBS in ultra-pure water, prepared from 10x PBS stock 

solution (Fisher Scientific, Austria) and filtered across a 0.1 µm PES syringe filter membrane (Sartorius, 

Minisart Filter Unit). For each sample an aliquot of fixed cells was centrifuged at >16 000 g for 10 minutes, 385 

washed, and resuspended in 1x PBS. The samples along with controls of filtered medium were transferred 

to a 96-well plate (Deepwell Plate, Eppendorf) and analyzed on the LifeScale system for 5 minutes per 

sample. 

Fluorescence in situ hybridization, fluorescence activated cell sorting, and mass measurement of wild 

Vibrionaceae 390 

Fluorescence in situ hybridization (FISH) and fluorescence activated cell sorting (FACS) were used to label 

and purify cells from wild Vibrionaceae populations for mass measurement, but these techniques could also 

impact the cell mass. In order to quantify the impact of FISH and FACS on cell mass, V. cyclitrophicus 

1G07 was starved in 1x PBS for 20 hours. Since we knew their living mass, it provided a useful comparison 

for wild cells with unknown growth rates. The sampling and processing procedures used for fractionated 395 

biomass were applied to starved V. cyclitrophicus 1G07 samples. 3 replicates of starved V. cyclitrophicus 

1G07 at 1x106-1x107 cells per ml were analyzed on the LifeScale (live sample) and concurrently filtered 

onto 47 mm polycarbonate 0.2 µm pore size filter membranes (Whatman Nuclepore), flash frozen on dry 

ice, and stored at -80 °C. Both starved V. cyclitrophicus 1G07 and fractionated seawater biomass samples 

(ranging from 0.2 µm - 1 µm due to previous filtration through 1 µm filter) on 0.2 µm polycarbonate filters 400 

were fixed with Ethanol. Filters were thawed and 1 mL molecular grade absolute ethanol pipetted directly 

to filter sitting on a vacuum filtration frit for 15 minutes. Vacuum was applied to remove ethanol and dried 

filters were cut using a sterile razor blade into technical replicate filter sections and stored at -80 °C.  

FISH was performed on both starved cells and fractionated seawater biomass using a standard protocol for 

filtered samples (35) with some noted modifications. Filter pieces were thawed and placed on glass 405 

microscope slides using sterile forceps, then 30 µL of hybridization buffer containing FISH probes was 

applied directly on filter (either control mix or experimental mix), with probes each at 0.166 µM final 

concentration. Hybridization buffer contained 30 % formamide, as well as 0.1 g/mL dextran sulfate and 1 % 

blocking reagent to minimize probe binding to the filter.  The sample was then incubated for 90 minutes at 

46 °C inside a sealed conical tube with a paper towel wetted with excess hybridization buffer to control 410 

humidity during hybridization. After hybridization, filters were transferred into pre-warmed wash buffer at 

48 °C using sterile forceps and incubated for 15 minutes. Washed filters were then briefly dipped in ice-
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cold ultrapure water for 3 seconds, then transferred into 1 mL  of 150 mM NaCl + 0.05 % Tween80 

resuspension buffer in low-bind microcentrifuge tubes previously shown to perform well for resuspending 

marine bacteria from filters (36). Tubes containing filters in resuspension buffer were incubated for 30 415 

minutes at 37 °C, then vortexed horizontally at room temperature for 15 minutes at maximum speed, and 

filters removed from the resuspended cell solution, dried and stored in microcentrifuge tubes at -20 °C. 

Control probe mix contained two nonsense probes that should not bind any cells: NonEub338-1 (37) 

terminally linked to 2 fluorescein fluorophores per oligonucleotide and NonEub338-1 (37) terminally 

linked to 2 cyanine-5 fluorophores. Experimental probe mix contained two probes that should bind either 420 

bacterial cells or Vibrionaceae cells: Eub338-1 (38) (targeting most bacteria) linked to 4 fluorescein 

fluorophores per oligonucleotide and GV (39) (targeting Vibrionaceae) terminally linked to 2 cyanine-5 

fluorophores. All probes purchased from biomers.net GmbH (Germany). The FISH probe sequences are: 

GV  AGG CCA CAA CCT CCA AGT AG 

Eub338-1 GCT GCC TCC CGT AGG AGT  425 

NonEub338-1 ACT CCT ACG GGA GGC AGC 

The mass of resuspended cells was measured on the LifeScale (presorting sample) and then cells were 

analyzed with FACS (BD FACS Melody) to sort putative Bacteria and Vibrionaceae populations based on 

two fluorescent phenotypes with experimental probes (Bacteria: fluorescein positive & cyanine-5 negative; 

Vibrionaceae: Fluorescein positive & cyanine-5 positive) or to putative false positive and true negative 430 

populations based on two fluorescent phenotypes with control probes (true negative: Fluorescein negative 

& cyanine-5 negative; false positive: fluorescein positive & cyanine-5 positive). Samples of V. 

cyclitrophicus 1G07 in pure culture that were either FISH stained or unstained were used to establish 

threshold settings on the fluorescein channel. These pure culture samples were also used to establish gates 

for sorting subpopulations using first the fluorescein vs. forward scatter plot & then the cyanine-5 vs. 435 

forward scatter plot to distinguish cells with a fluorescence signal (positive) from those without a 

fluorescence signal (negative). For seawater & pure culture samples labeled with either experimental probes 

or control probes, cells which were fluorescein positive were then further gated on cyanine-5 and sorted 

into cyanine-5 positive (experimental probes: Vibrionaceae; control probes: false positive) or cyanine-5 

negative populations (experimental probes: Bacteria). For seawater and pure culture samples labeled with 440 

control probes, cells which were fluorescein negative were further gated into a cyanine-5 negative 

population (control probes: true negative). Gates and thresholds were adjusted so some signal was always 

detected for unstained samples or cell-free resuspension buffer in the fluorescein negative & cyanine-5 

negative gates. Sorting fluid controls were collected by running a sample of cell-free resuspension buffer 

through the FACS machine and sorting the double negative gate to capture any unlabeled cells in either the 445 

sheath fluid or tubing that could potentially contaminate our sorted samples.  

Sorted cells from all putative populations and controls were then split into three aliquots for either: 1) DNA 

extraction and sequencing, 2) imaging under 100x magnification on a Leica DM4B fluorescence 

microscope with Leica Thunder post-acquistion image processing, or 3) mass measurement on the 

LifeScale SMR (sorted sample). Sequencing and imaging were used to verify the cell sorting strategy 450 

worked as intended. DNA extraction of sorted cells, sorted controls, and presort samples was performed 

using the QIAamp DNA mini kit (Qiagen) following the manufacturer’s protocol with the exception of an 

additional enzymatic lysis step performed prior to the prescribed protocol. For this step, pelleted cells were 

resuspended in 180 µL of enzymatic lysis buffer (20mM Tris-chloride pH 8.0, 2mM Sodium EDTA, 1.2 % 

Triton X-100, 20 mg/ml lysozyme) and incubated for 30 minutes at 37 °C. DNA extraction of FISH stained 455 

filters (containing remnant biomass after cell resuspension) was performed using the DNeasy PowerSoil 

Pro kit. Extraction controls were performed with all reagents and kits, but excluding any input DNA. 

Sequencing was performed by the Joint Microbiome Facility of the University of Vienna and the Medical 
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University of Vienna (project ID JMF-2505-03) using primers 341F/785R (40) and a unique dual-barcoding 

two-step PCR approach as described previously (41). Amplicon pools were sequenced on an Illumina 460 

MiSeq (2x 300bp). Raw data processing was performed as described previously 

(https://pubmed.ncbi.nlm.nih.gov/34093488/). Briefly, demultiplexing was performed with the python 

package demultiplex (Laros JFJ, github.com/jfjlaros/demultiplex) allowing one mismatch for barcodes and 

two mismatches for linkers and primers. Amplicon sequence variants (ASVs) were inferred using the 

DADA2 R package v1.42 (https://www.ncbi.nlm.nih.gov/pubmed/27214047) applying the recommended 465 

workflow (https://f1000research.com/articles/5-1492). FASTQ reads 1 and 2 were trimmed at 230 nt with 

allowed expected errors of 2. ASV sequences were subsequently classified using DADA2 and the SILVA 

database SSU Ref NR 99 release 138.2 (https://zenodo.org/records/14169026). The 16S rRNA gene 

amplicon sequencing data has been deposited at the Sequence Read Archive under the BioProject accession 

PRJNA1291099. 470 

Growth experiments using bacterial isolates in filtered seawater 

Bacterial isolates were inoculated from freezer stock into ASW + 20 mM glucose. The cultures were shaken 

at 250 rpm and kept at room temperature (consistently 22 °C) unless specified otherwise. The cell density 

was continuously monitored by an OD600 photometer (MicrobeMeter, Humane Technologies). Once the 

cultures remained in stationary phase (OD of ~1.0) for more than 2 hours, an aliquot was taken, washed 475 

twice in filtered seawater, and diluted 1:1,000 into filtered seawater either unamended or amended with 

additional nutrient to test for growth limitation. Amended seawater was supplemented with carbon (20 µM 

glucose), nitrogen (40 µM NH4Cl), phosphorus (5 µM Na2HPO4), or a chemically complex nutrient mixture 

(0.01x Marine Broth 2216 or artificial seawater + 10 mM glucose). 

For growth measurement by SMR, the diluted culture in filtered seawater was immediately loaded into one 480 

vial of the SMR system and filtered seawater from the same sample and treatment was loaded into the other 

vials, allowing for measurements of cell mass and growth rate under continuous seawater supply. For 

characterizing monosaccharides in seawater, the diluted culture in filtered seawater was kept in a culture 

tube shaken at 250 rpm and aliquots were taken at 0, 0.5, 2, 4, 8, 12, 24, and 48 hours. As a negative control, 

aliquots were also taken from the same filtered seawater without any cells at 0, 2, 12, 24, and 48 hours. 485 

Each aliquot was centrifugated at 13,000 g for 5 minutes and the supernatant was taken and stored at -80 °C 

for further LC-MS analysis. The tested seawater were natural samples collected on Jun-10-2022, Aug-24-

2010, and Oct-19-2010. One additional sample was prepared by supplementing the Jun-10-2022 seawater 

sample with fucose, galactose, glucosamine, glucose, mannose, rhamnose, xylose (10 nM each). 

Abundance of Vibrio cyclitrophicus and Vibrionaceae in time series metagenomes 490 

The DNA of unfractionated samples was cleaned and size-selected using SPRI beads (AgenCourt® 

AMPure® XP, Beckman Coulter), libraries were prepared using a modified Nextera Flex kit and sequenced 

by the BioMicroCenter (MIT, Cambridge, MA) using an Illumina NovaSeq S1flowcell (2x150bp reads). A 

subset of these samples (days 222, 246, 252, 257, 259, 263, and 267) did not yield sufficient sequencing 

depth and were re-sequenced in 2022 at the Joint Microbiome Facility (University of Vienna, Vienna, 495 

Austria). Libraries of samples were prepared using the NEBNext® Ultra™ II FS DNA Library Prep kit 

(New England Biolabs) and sequenced on an Illumina NovaSeq SP flow cell (2x150 bp reads). 

To determine the relative abundance of different taxonomic units in the metagenomes, the reads were 

processed as follows: (i) phiX sequences were removed with Bowtie2 (v. 2.3.4.2) (42) and quality trimmed 

with TrimGalore (v.0.5.0) (https://github.com/FelixKrueger/TrimGalore) with the parameters “-e 0.05 --500 

clip_R1 1 --clip_R2 1 --three_prime_clip_R1 1 --three_prime_clip_R2 1 --length 70 --stringency 1  --paired 

--max_n 1 --phred33”; (ii) error correction was done with Tadpole (v. 38.18, BBTools package 

https://jgi.doe.gov/data-and-tools/software-tools/bbtools/); (iii) reads were filtered using Kraken2 (v.2.1.3) 
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(43) classification to retain only bacterial and archaeal sequences. In short, the Kraken database was built 

with reference libraries of archaea and bacteria, Kraken2 was run and reads were filtered with 505 

extract_kraken_reads.py (KrakenTools, https://github.com/jenniferlu717/KrakenTools); iv) Mapping to 

genomes was performed with bbmap (v.39.06) (BBTools package) with the parameters “fast=t minid=0.95 

idfilter=0.98” and results sorted with samtools (44).  

The relative abundances of V. cyclitrophicus were determined by competitively mapping metagenome reads 

from each day to all isolates identified as V. cyclitrophicus from the Nahant time series (table S7) and the 510 

RefSeq genome of V. cyclitrophicus (GCF_005144905.1). Mapped reads were then summed, and relative 

abundance calculated. Similarly, to determine the relative abundance of Vibrionaceae, the metagenome 

reads were competitively mapped to all available RefSeq genomes of the Vibrionaceae (218, NCBI, Nov. 

2023) and summed. Plots were done with RStudio. 

Liquid chromatography-mass spectrometry (LC-MS) analysis of dissolved monosaccharides  515 

Following a previously published protocol (45), the supernatant aliquots collected from bacterial culture in 

filtered seawater (25 µL) were derivatized with 75 µL of 0.1 M 1-phenyl-3-methyl-5-pyrazolone (PMP) in 

2:1 methanol:ddH2O with 0.4 % ammonium hydroxide for 100 minutes at 70 °C.  For quantification, we 

derivatized a serial dilution of a standard mix containing Galacturonic acid, D-Glucuronic acid, Mannuronic 

Acid, Guluronic Acid, Xylose, Arabinose, D-Glucosamine, Fucose, Glucose, Galactose, Mannose, N-520 

Acetyl-D-glucosamine, N-Acetyl-D-galactosamine, N-Acetyl-D-mannosamine, Ribose, Rhamnose and D-

galactosamine. Additionally, each sample and standard were spiked with an internal standard of 10 µM 
13C6-Glucose, 13C6-Galactose and 13C6-Mannose (mass 186.11 Da).  After derivatization, samples were 

neutralized with HCl followed by chloroform extraction to remove underivatized PMP as described 

previously (46).  525 

Following Xu et al. (46), PMP-derivatives were measured on a SCIEX qTRAP5500 and an Agilent 1290 

Infinity II LC system with a Waters CORTECS UPLC C18 Column, 90 Å, 1.6 µm, 2.1 mm X 50 mm 

reversed phase column with guard column. The mobile phase consisted of buffer A (10 mM NH4Formate 

in ddH2O, 0.1 % formic acid) and buffer B (100 % acetonitrile, 0.1 % formic acid). PMP-derivatives were 

separated with an initial isocratic flow of 15 % Buffer B for 2 minutes, followed by a gradient from 15 % 530 

to 20 % Buffer B over 5 minutes at a constant flow rate of 0.5 mL/min and a column temperature of 50 °C. 

The ESI source settings were 625 °C, with curtain gas set to 30 (arbitrary units), collision gas to medium, 

ion spray voltage 5500 (arbitrary units), temperature to 625 °C, Ion source Gas 1 &2 to 90 (arbitrary units). 

PMP-derivatives were measured by multiple reaction monitoring (MRM) in positive mode with previously 

optimized transitions and collision energies (46). Different PMP-derivatives were identified by their mass 535 

and retention in comparison to known standards. Technical variation in sample processing were normalized 

by the amount of internal standard in each sample. Peak areas of the 175 Da fragment were used for 

quantification using an external standard ranging from 100 pM to 10 µM. 

Statistical analysis for bacterial response to nutrient supplementation in filtered seawater 

For a given filtered seawater sample with or without nutrient supplementation, multiple replicate 540 

experiments were done with single-cell masses and growth rates in each. Rather than ignoring replicate 

experiments by pooling single cell data across them, statistical significance was assessed by a linear mixed 

model that considers independent replicate experiments, as previously reported (47, 48). This approach 

involved pairwise comparisons between two groups of data, each including all replicate experiments, to 

discern differences attributable to both random and fixed effects. The actual biological effect between the 545 

two groups (e.g. nutrient amendment) was considered as fixed effects, and the replicate-to-replicate 

variation caused by systematic and stochastic fluctuation was considered as random effects. To determine 

statistical significance, two models were considered: a model as described above and a null model without 
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the fixed effects. Maximum likelihood was calculated for the two models, 𝐿𝑚𝑜𝑑𝑒𝑙 and 𝐿𝑛𝑢𝑙𝑙. The likelihood 

ratio denotes the degree to which the fitting of the model improves when incorporating a fixed effect, 550 

relative to the null model that does not consider it. By applying Wilks' theorem, which states that the 

distribution of −2 log(𝐿𝑛𝑢𝑙𝑙 𝐿𝑚𝑜𝑑𝑒𝑙⁄ ) approaches a χ2 distribution, corresponding p-values were derived.  

Statistical analysis for the nutrient growth law and cell sorting validation  

The nutrient growth law analysis was performed on seawater and culture media datasets. In culture media, 

there were 11 Vibrionaceae strains representing 5 species and grown in 9 different media (n = 38 555 

independent strain/media combinations). For each of these 38 unique data points, multiple biological 

replicate cultures were performed and in each replicate the population growth rate and median mass of cells 

in the culture was determined. We then calculated the mean of the replicate population growth rate estimates 

and the mean of the replicate median mass estimates to yield the 38 independent strain/media combinations. 

Similarly for the seawater dataset (n = 25 independent day/amendment seawater sample combinations), 560 

multiple biological replicate cultivation experiments were performed in the SMR and in each replicate the 

mean growth rate of all cells and the median buoyant mass of cells was determined. We then calculated the 

mean of all replicate mean growth rate estimates and the mean of the replicate median mass estimates to 

yield the 25 independent day/amendment seawater sample combinations. First, the culture media and 

seawater datasets were analyzed separately by fitting an OLS regression model with log10-transformed 565 

mean of median mass as the response variable and mean of mean growth rate as the explanatory variable 

using the R statistical software package. Second, a combined dataset of both culture media and seawater 

was analyzed with log10-transformed mean of median mass as the response variable and with sample-type 

(seawater or culture-media), growth rate, and the interaction between growth rate and sample-type included 

as explanatory variables in an OLS multiple-regression model using the R statistical software package. The 570 

growth rate term and intercept were statistically significant (p < 2x10-16) while the sample-type and 

interaction term were not statistically significant (p = 0.349 and p = 0.582, respectively). Since the sample-

type and interaction term estimates were not statistically significant, we fit an OLS regression model to the 

combined dataset with log10-transformed mean of median mass as the response variable and mean of mean 

growth rate as the only explanatory variable using the R statistical software package. This combined dataset 575 

regression without sample-type or the interaction term is plotted in panel 4B as a black line with gray 

confidence band representing the 95% confidence interval of the regression. We also performed all of the 

above analyses with ranged major axis regression, which can account for residual error in both variables 

whereas OLS regression only considers residual variation in the response variable, but the results did not 

substantially differ from OLS regression. Since none of our conclusions would change by using this more 580 

complicated statistical procedure, we do not report them here and include only the OLS results for simplicity.  

To assess the mass loss of FACS sorted cells, the mass distributions of 3 replicate V. cyclitrophicus 1G07 

starved cultures were measured while living (live treatment) and after being fixed, FISH stained, and FACS 

sorted (sorted treatment). The median mass of each replicate was determined and then an analysis of 

variance was performed using median mass as the response variable and the treatment (live or sorted) was 585 

the explanatory variable in the R statistical software. The difference in mass between the two treatments (in 

femtograms and as a percent of mass lost from living cells) and statistical significance of this analysis are 

reported. We then compared the mass of wild Vibrionaceae cells after sorting to the mass of starved V. 

cyclitrophicus 1G07 cells after sorting using an analysis of variance with median mass as the response 

variable and the treatment (wild or starved) was the explanatory variable in the R statistical software. 590 
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Fig. S1. Resolution of SMR mass and growth rate measurement. (A) Continuous buoyant mass 

measurements by trapping of polystyrene microbeads with the diameter of 1.1, 1.3, and 1.6 µm. (B) Mass 

accumulation rate distribution of 1.3 µm microbeads trapped for different time periods. (C) Noise level of 

mass accumulation rate and growth rate in relation to different trapping times. The noise of mass 745 

accumulation rate was experimentally obtained from (B) (blue dots) and simulated as the standard error of 

slope derived from linear regression—a function of mass error in (A) and trapping time (blue lines). The 

mass accumulation rate on the left axis was converted to the growth rate on the right axis assuming a 

buoyant mass of 100 fg.  
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Fig. S2. SMR mimics a miniaturized chemostat and maintains steady-state mass and growth rate 

profiles in typical laboratory media. The physiologically stable, chemostat-like environment of SMR 

trapping system was comparatively illustrated by Vibrio cyclitrophicus growing in Marine Broth 2216 under 

three experimental settings. (Left) Cell-free fresh medium is continuously provided to the bacteria, 755 

removing any effects of nutrient depletion on growth. (Middle) All vials of the SMR device contain cells 

without fresh medium input over time, mimicking a batch culture. (Right) A separate batch culture in a cell 

culture tube with real-time OD600 measurements. The growth in the two batch cultures (middle and right) 

slowed down after 2 h and dropped to almost zero after 6 h, due to onset of nutrient depletion in batch 

culture. On the contrary, the growth rate and cell mass in the chemostat (left) were maintained at the 760 

maximum for a prolonged period. The dots in the left and middle panels refer to single-cell measurements. 

The lines in the left and middle panels refer to the moving averages of the corresponding dots, and the 

shades refer to the standard deviation of the moving averaging. 
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 765 

Fig. S3. Single-cell growth trajectories of Vibrio cyclitrophicus in Marine Broth 2216 and filtered 

seawater. Each trajectory was longer than the set trapping time of 5 min (fast mode) or 30 min (slow mode) 

to evaluate trapping time-dependent variation in results. For each trajectory, instantaneous growth rates 

were calculated from bins with the width of 5 or 30 min, and the coefficient of variation (C.V.) of growth 

rate was calculated. The growth rate C.V. of all trajectories from the two conditions was averaged, 770 

respectively. 
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Fig. S4. Negative and positive controls of Vibrio growth in the SMR system. (A) Parallel comparison 

between negative and positive controls. Vibrio cyclitrophicus bacteria were pre-grown into stationary phase 775 

and separately transferred to Dulbecco's Phosphate-Buffered Saline (DPBS), nitrogen-amended DPBS 

(DPBS+N), and nitrogen and carbon-amended DPBS (DPBS+C+N). Carbon was added as 10 mM glucose 

and nitrogen was added as 10 mM NH4Cl. (B) Nutrients in filtered seawater could be fully consumed in the 

batch culture mode. Vibrio cyclitrophicus bacteria were pre-grown into stationary phase and transferred to 

unamended filtered seawater. In addition to running the SMR in the chemostat mode where cells were 780 

loaded into one vial, the measurement was repeated in the batch culture mode with cells in all vials to reveal 

the full consumption of nutrients in the seawater. (C) Sequential comparison between negative and positive 

controls. Vibrio cyclitrophicus bacteria were pre-grown into stationary phase and transferred to Phosphate-

Buffered Saline (PBS) as a negative control, followed by transfer to Marine Broth 2216 as a positive control. 
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Fig. S5. Time-lapse growth rate and buoyant mass of Vibrio cyclitrophicus reaching steady states in 

seawater. Each dot refers to a single-cell measurement and those from the same condition (with replicates 

combined) are connected in a line. The acclimation period (first 1–3 hours) is removed from each 

condition. 790 
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Fig. S6. Growth rate of Vibrio cyclitrophicus is not significantly altered when measured at room 

temperature versus in situ temperatures. (A) Seawater in situ temperatures vary across seawater samples, 795 

some of which are close to the room temperature (22°C) at which the SMR experiments were done. (B) 

Growth rate distribution of V. cyclitrophicus in the seawater sample collected on June 10, 2022, measured 

at three different temperatures. 
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Fig. S7. Metabolite uptake of Vibrio cyclitrophicus in filtered seawater. (A) Glucose and galactose 

concentrations normalized by the initial, unspent concentration (calculated as the average concentration of 

the corresponding negative control) and averaged across three filtered seawater samples. (B) Glucose and 

galactose concentrations over time in the supernatant of V. cyclitrophicus cultures in a seawater sample 

collected on June 10, 2022, either unamended or amended with a mixture of monosaccharides (fucose, 805 

galactose, glucosamine, glucose, mannose, rhamnose, xylose; 10nM each). (C) The initial, unspent 

concentrations of glucose and galactose in four seawater conditions. 
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Fig. S8. FISH labeling and FACS sorting of environmental samples. (A) Cells were dual-labeled with 810 

two probe mixes (experimental or control) each containing two FISH probes attached to different 

fluorophores (Fluorescein or Cy5), then sorted based on these two fluorescence phenotypes. In experimental 

probe mix, double positive sorted cells are Sorted Vibrio, while Fluorescein positive and Cy5 negative 

sorted cells are Sorted Bacteria. In control probe mix, double positive sorted cells are False Positive, while 

double negative sorted cells are True Negative. (B) Imaging of sorted cells demonstrates FISH labeling and 815 

FACS sorting of seawater samples. Sorted Vibrio cells and Sorted Bacteria cells were imaged with 

fluorescence microscopy on 0.2µm PC membrane, with representative images from a field of view from 

replicate 3 shown. DAPI was used to stain nucleic acids in addition to the FISH probes. All DAPI stained 

cells showed expected fluorescence phenotypes for each sorted population (3 cells in Sorted Vibrio, 5 cells 

in Sorted Bacteria).  820 
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Fig. S9. Validation of FISH-labeled cell sorting and subsequent mass measurements. (A) 16S rRNA 

amplicon sequencing validates successful FISH labeling and FACS sorting of seawater samples. All sorted 

cell populations, filter samples, and control samples were sequenced and are presented with 825 

decontamination (removing ASV sequences found in control samples from all other samples) or without 

decontamination. All seawater samples have 3 replicates (plotted left to right 1-3) collected from different 

spatial locations within our sampling site, while controls of sorting fluid has two replicates from separate 

days of sorting and two DNA extraction kits were used to extract different samples. Decontamination had 

minimal impact on seawater samples, but led to a higher relative abundance of Vibrionaceae sequences in 830 

sorted Vibrio populations. (B) Vibrionaceae sequences were enriched with or without decontamination. 

Notably, the Vibrionaceae in decontaminated sequences showed an increase in average relative abundance 

from 0.8% of the Presort community to 75.3% of the Sorted Vibrio sample. (C) Mass distributions for 
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individual replicates of Sorted Vibrio populations show consistent medians across all replicates, but fewer 

cells collected from replicate 2. The median mass of all combined replicates, or for only replicates 1 & 3 835 

do not differ substantially. 
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Fig. S10. Mass alteration of starved Vibrio cyclitrophicus cells due to fixation procedures. The average 

cell mass (A) (n = 3 replicate cultures each) and cell mass distributions (B) (N= 6925, 6802, 9296 cells in 840 

live populations; N = 450, 393, 366 cells in sorted populations) of V. cyclitrophicus cultures starved for 20 

hours in PBS. Live cells have significantly larger mass than sorted cells (8.72 fg mass difference or 17.96% 

mass loss, p = 0.0135) after experiencing all sample processing steps (filtration, freezing, FISH, & FACS). 
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Fig. S11. Growth comparison of Vibrio in this study and literature results of whole bacterial 

community and SAR11 clade in global coastal environments. For both literature and results from this 

study, each dot refers to a measurement of whole community or certain taxa from either global coastal 

samples or our Nahant time-series samples, and each bar refers to the averages. The complete references 850 

for the literature results are listed in table S6. 
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