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ABSTRACT Standard methods for calculating microbial growth rates (m) through the
use of proxies, such as in situ fluorescence, cell cycle, or cell counts, are critical for deter-
mining the magnitude of the role bacteria play in marine carbon (C) and nitrogen (N)
cycles. Taxon-specific growth rates in mixed assemblages would be useful for attributing
biogeochemical processes to individual species and understanding niche differentiation
among related clades, such as found in Synechococcus and Prochlorococcus. We tested
three novel DNA sequencing-based methods (iRep, bPTR, and GRiD) for evaluating the
growth of light-synchronized Synechococcus cultures under different light intensities and
temperatures. In vivo fluorescence and cell cycle analysis were used to obtain standard
estimates of growth rate for comparison with those of the sequence-based methods
(SBM). None of the SBM values were correlated with growth rates calculated by stand-
ard techniques despite the fact that all three SBM were correlated with the percentage
of cells in S phase (DNA replication) over the diel cycle. Inaccuracy in determining the
time of maximum DNA replication is unlikely to account entirely for the absence of a
relationship between SBM and growth rate, but the fact that most microbes in the surface
ocean exhibit some degree of diel cyclicity is a caution for application of these methods.
SBM correlate with DNA replication but cannot be interpreted quantitatively in terms of
growth rate.

IMPORTANCE Small but abundant, cyanobacterial strains such as the photosynthetic
Synechococcus spp. are important because they contribute significantly to primary
productivity in the ocean. These bacteria generate oxygen and provide biologically
available carbon, which is essential for organisms at higher trophic levels. The small
size and diversity of natural microbial assemblages mean that taxon-specific activities
(e.g., growth rate) are difficult to obtain in the field. It has been suggested that
sequence-based methods (SBM) may be able to solve this problem. We find, how-
ever, that SBM can detect DNA replication and are correlated with phases of the cell
cycle but cannot be interpreted in terms of absolute growth rate for Synechococcus
cultures growing under a day-night cycle, like that experienced in the ocean.

KEYWORDS Synechococcus, iRep, bPTR, GRiD, sequence-based method, metagenomic
growth rate estimator, cell cycle, growth rate

Small in size but abundant in number, picocyanobacteria, including the ubiquitous
unicellular Synechococcus spp., are responsible for up to 25% of primary productiv-

ity in the ocean (1). These picocyanobacteria also produce oxygen and contribute fixed
carbon to the microbial loop and to higher trophic-level organisms. Quantification of
Synechococcus growth rate in situ is valuable for understanding its contribution to
ocean productivity and as prey for micro-grazers and its response to changing sea cli-
mate (2). Quantifying the contributions of individual taxa to total productivity is critical
for understanding the contribution of different species or clades to photosynthesis or
trophic transfer and the environmental conditions that determine niche differentiation
and the differential growth of closely related clades.
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Methods used to measure the growth rate of pure cultures in the lab, such as mea-
surement of the rate of change of in vivo fluorescence or cell number, can also be
employed to estimate Synechococcus growth rates in the field using the high resolu-
tion and specificity that is possible with flow cytometry (3). These methods require ei-
ther incubations or resampling of the same water parcel over time, however, which
can be very problematic (4). Time series observations with in situ flow cytometry have
revolutionized the resolution of sampling for cell number and size in order to deter-
mine in situ growth rates for Synechococcus (5).

Incubation methods, such as the dilution grazing technique (6) or using isotopes to
trace carbon or nitrogen uptake, can be made somewhat taxon specific by using size frac-
tionation or analysis of diagnostic photosynthetic pigments (7). None of these approaches
are truly species specific because closely related species can share similar pigments and
flow cytometric fluorescence signatures. In addition, all incubation methods are susceptible
to artifacts of enclosure and perturbation of nutrient fluxes, etc. Thus, for many reasons, it
is not presently possible to determine species- or clade-specific activities (e.g., growth rate,
nutrient uptake, etc.) in natural microbial populations.

Quantification of DNA replication and the cell cycle has the potential to provide a
taxon-specific estimate of growth rate because information about both replication rate
and species identification are contained within the same molecule, the chromosomal
DNA. Using cell cycle analysis from flow cytometry, growth rate estimates were obtained
for Prochlorococcus in the Arabian Sea by resampling the same parcel of water over the
course of a day or more (4, 8). The method failed for Synechococcus due to difficulties with
determining the maxima for S and G2 phases and ship movement, and inaccurate sam-
pling depths resulted in inconsistent sampling of the same microbial populations. Sosik et
al. (5) used a submersible flow cytometer to determine species-specific growth rate in the
ocean and to limit the errors caused by advection of water masses. Combining the power
of automated submersible flow cytometry with a matrix model made it possible to esti-
mate daily division rates at the population level (2).

Direct measurement of DNA replication rates estimated from coverage of the chro-
mosomal DNA sequence was introduced by Korem et al. (9) to calculate the growth
rate of microbes in infant human guts using metagenomic sequencing. This first of the
sequence-based growth rate methods (SBM) was called PTR (peak-to-trough ratio) and
uses the ratio of read coverage at the origin of replication (ori) to read coverage at the
terminus (ter) of replication in the circular bacterial genome to calculate growth rate.
Brown et al. (10) expanded upon this technique by creating two indices, the Brown
peak-to-trough ratio (bPTR) and index of replication (iRep), and were able to measure
growth rates for approximately 50 different microbes in the human gut, many of which
comprised less than one percent of the entire microbial community. For validation of
the new method, absolute cell counts of different microbes were estimated using
droplet digital PCR and compared to SBM values (10). The bPTR method calculates rep-
lication rates using complete genome sequences as opposed to iRep, which uses draft
genomes. Furthermore, bPTR can also determine the origin and terminus sequences
using GC skew instead of average read coverage at origin and terminus in a draft ge-
nome. Cumulative GC skew generally increases with distance from the origin, so gene
order on the genome can be assigned independently of the actual sequence. These
methods take advantage of the facts that bacteria possess circular chromosomes that
replicate bi-directionally from the origin and that %GC generally decreases between
the origin and terminus.

The growth rate index (GRiD) of Emiola and Oh (11) can estimate growth rate from
genomes and metagenomic assembled genomes (MAGs) with extremely low coverage
(0.2�), compared to the requirement of 5� coverage for bPTR and iRep. GRiD assumes that
the origin and terminus can be identified by proximity to marker genes (dnaA near the origin
and dif near the terminus) in complete genomes, which means that the gene order on the
chromosome can influence the outcome. Unlike the other two SBM, GRiD generates a “species
heterogeneity metric,” which provides an estimate of variance in GRiD values resulting from
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the presence of closely related species. This metric may be essential for distinguishing
between two ecologically important and highly related clades of Synechococcus in the natural
environment.

SBM have the potential to quantify DNA replication at the clade level using complex
metagenomic sequences, thus providing a clade-specific instantaneous growth rate esti-
mate without incubation. The goal of the present study was to evaluate the SBM for
growth rate determination in Synechococcus cultures that were synchronized to the diel
light cycle as a preliminary to applying the methods in natural seawater assemblages. Two
strains with published genomes were used in the experiments reported here, so there
should be no uncertainty about the location of the origin and terminus, and it should be
easy to obtain sufficient high-quality DNA and to sequence deeply enough for high cover-
age of the genome.

To test the SBM on Synechococcus cultures, the growth rates of two strains were deter-
mined using in vivo fluorescence and cell cycle analysis. Growth rate was controlled by
temperature and light in order to investigate the relationship between growth rates deter-
mined by established methods and genome-based techniques. We hypothesized that SBM
values should increase linearly with specific growth rate (m) as measured by standard tools
in synchronized Synechococcus cultures. Secondly, due to the circadian nature of cell repli-
cation, we hypothesized that SBM values should vary over the diel period and should be
maximal in S phase, when DNA is being actively replicated. We did not attempt the SBM
assays on asynchronous cultures because Synechococcus is always subject to some degree
of diel cycle in nature, and if SBM is to be useful under environmental conditions, it must
be applicable to light-synchronized cells.

RESULTS
Estimation of Synechococcus growth rates controlled by temperature or light.

In order to obtain a range of growth rates, Synechococcus was grown at four temperatures
under constant light and under four light levels at constant temperature. Cultures grew
exponentially over the 4-day experiments (Fig. S1) and exhibited the typical “stair-step” pat-
tern of growth during the light-dark cycle (Fig. S2). Growth rates as estimated from in vivo
fluorescence (m_fl) and cell cycle analysis (m_cc) indicated optimal growth at 22–24°C for
both strains (Fig. 1 left and middle panels), which is consistent with the temperatures of their
environmental origin (12). Multiple experiments at 22°C produced a wide range of growth
rates for both strains, such that no distinct growth rate maximum was clearly discernible.
The optimum range for both strains was exceeded at 27°C. Growth rate estimates from
m_cc generally surpassedm_fl.

FIG 1 Temperature (°C)-controlled growth rate for strain WH7803 and strain WH8020 and light-controlled growth rate (light
intensity in mmol photons m22 s21) for strain 8020. (2) denotes two identical growth rate values from replicate incubations for
both experiments 40 (mmol photons m22 s21). Red triangles, m_cc (d21) determined from cell cycle analysis; black circles, m_fl
(d21) determined from in vivo fluorescence.
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Growth rate control by light was evaluated only for strain 8020 at the growth temperature
of 24°C. In this experiment, m_fl exceeded m_cc only at a light intensity of 40 mmol photons
m22 s21 (Fig. 1 right panel). With the exception of this high value form_fl at 40mmol photons
m22 s21, both measures of growth rate increased with increasing light intensity. Note that in
the right panel of Fig. 1, the replicates at 40 mmol photons m22 s21 were identical, i.e., each
symbol actually represents two indistinguishable data points. Thus, both methods to estimate
growth rate appear valid but we have no explanation for the discrepancy between methods.
The range of growth rates obtained from a temperature range of 5°C was very similar to that
resulting from a range of light intensities between 10 and 60mmol photons m22 s21.

Although m_cc and m_fl showed similar patterns in response to both light and tem-
perature, the two estimates were not strongly correlated for strain 8020 and the relationship is
mainly due to the greater range ofm_cc obtained in the light-controlled experiments (Fig. S4).
The data set is limited because it was not possible to obtain robust m_cc from the slowest
growing cultures.

Diel cycle effects in synchronized Synechococcus. The synchronization of cell divi-
sion to the diel cycle resulted in consistent and predictable timing of cell cycle features.
Although the fraction of cells undergoing cell division varied among light levels (as expected
from differences in growth rate), maximum DNA replication (maximum %S phase) occurred
consistently at about 5 h after dawn (Fig. 2). Minimum %S (minimum percentage of cells in S
phase) was usually observed at dawn and at the last time point assayed, 1 h before night.

The dynamic range of %S over the diel cycle (the difference between minimum and
maximum %S) varies with light intensity, and thus with growth rate (Fig. S5). There is a
significant (P = 0.012) correlation between maximum %S and m_cc for all the WH8020
experiments (both temperature- and light-controlled) for which cell cycle data were
available (Fig. 3). The relationship between maximum %S and m_fl was not significant for
the WH8020 experiments and maximum %S was not significantly correlated with either
m_cc andm_fl for WH7803 alone or for the combined data set of both strains together.

The optimized DNA extraction protocol and sequencing yielded high quality DNA
and metagenomic sequence data. SBM scripts generated graphical outputs from the
sequence data that identified the origin and terminus of the circular chromosome to
calculate the SBM values (Fig. S6). Because all the SBM depend on quantifying DNA
replication in cell populations, we hypothesized that synchronization of the cell cycle
to the light cycle would lead to a strong dependence of all SBM on timing of the cell

FIG 2 Variation in %S over the light period of the diel cycle in strain WH8020 grown under four light
intensities on a 12:12 h light-dark cycle at 24°C. Light intensity is identified by color, and the two
replicates at each intensity are indicated by shape.
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cycle. Indeed, all three SBM varied with the diel cycle and were correlated with %S,
with maxima in all SBM occurring at around 5 h after dawn (Fig. 4, Fig. S7).

All three SBM were correlated with %S for light- and temperature-controlled experiments
combined for strain WH8020 (Fig. 5), and iRep and bPTR were correlated with %S for both
strains in the temperature-controlled experiments (Fig. S8) when samples throughout the
diel cycle are considered. Despite some variability in the relationships between SBM and %S,
these results validate the expected relationship between cell cycle (represented by %S) and
SBM. Except for GRiD vs %S in the temperature-controlled experiments at 40mmol photons
m22 s21 (Fig. S8), the relationships are significant but the low R-squared value (Table S1)
implies that the cell cycle does not explain all the variability in the SBM. The source of vari-
ability in the correlations is more likely due to the %S measurement than the SBM because
of the difficulty in precisely timing the sampling of maximum DNA replication.

Relationship between SBM and cell cycle. The variation in the dynamic ranges of
maximum %S (Fig. S5) and in the absolute maximum %S values observed at different
growth rates (Fig. 4) yielded a significant correlation between maximum %S and m_cc
(P = 0.012) but not between maximum %S and m_fl (P = 0.141) (Fig. 3), based on the
time points at which maximum %S occurred.

The variation in maximum %S should be captured in the sequencing coverage data
upon which the SBM are based. Only iRep was significantly correlated with maximum
%S (P = 0.023) for WH8020 (Fig. 6). None of the SBM were significantly correlated with
maximum %S for the combined data set for both strains (Fig. 6).

FIG 3 Relationship between measured maximum proportion of cells in S phase and the standard
growth estimates for WH8020 only. The blue line and shaded area are linear regressions showing
95% confidence intervals. (See supplemental Table S1 for statistics on regressions.)

FIG 4 Variation in %S and bPTR, one of the SBM methods, with time of day for the light-controlled
experiment with strain WH8020, for time points at which SBM values were measured. Light intensity
is identified by color, and the two replicates at each intensity are indicated by shape.
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Relationships between SBM and standard estimates of growth rate based on in
vivo fluorescence and cell cycle. The relationships between SBM and m_fl and m_cc
were evaluated for temperature- and light-controlled experiments both separately and to-
gether. Due to the lack ofm_cc data from some of the temperature-controlled experiments,
the comparisons between SBM andm_fl are more robust, but neitherm_fl norm_cc is corre-
lated with any of the SBM (Fig. 7 and Fig. S9). The only pattern is that all three SBM are rela-
tively invariant at lowerm_fl. At higherm_fl, the SBM are all more variable: the highest values
of an SBM occur at higher growth rates, but the entire range of SBM values occurs at me-
dium to high growth rates. This variability in SBM under apparently invariant conditions is
clear when SBM are plotted against temperature or light intensity (Fig. S10). All three SBM
show greatest variability and range under optimal conditions.

FIG 5 Relationship between individual SBM and the percentage of cells in S phase over the diel cycle for
strain WH8020 at four light levels and three temperatures. The blue line is the linear regression for the statistics
(supplemental Table S2), and the shaded area represents the 95% confidence interval around the line.
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Thus, the last relationship—the hypothesis that SBM should be correlated with standard
measures of growth rate—does not hold, and SBM are poor predictors of growth rates as
estimated by eitherm_fl orm_cc.

Relationships among SBM. The three SBM were highly correlated with each other,
especially for the temperature-controlled experiments, and the slopes varied slightly
between the two strains (Fig. 8). The correlations were independent of temperature;

FIG 6 Top: Relationships between SBM and max %S values for 8020 light-controlled experiments. Bottom:
Relationships between SBM and max %S values for 7803 temperature- and 8020 temperature- and light-
controlled experiments. (See supplemental Table S3 for statistics on regressions.)

FIG 7 Relationships between bPTR and growth rates estimated by standard measures. A, B: bPTR vs m_fl or
m_cc for temperature-controlled experiments. C, D: bPTR vs m_fl or m_cc for light-controlled experiments.
WH8020 only. E, F: bPTR vs m_fl or m_cc for temperature- and light-controlled experiments.
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i.e., all three growth temperatures fell on the same line. The tight correlations among
the different SBM values suggest that they are all measuring the same thing and pro-
vide robustness to their absolute values. Nonetheless, the fact that none of them show
significant correlations with standard measures of growth rates m_fl or m_cc (Fig. 7)
makes the interpretation or ecological significance of an SBM, beyond its correlation
with the proportion of cells replicating their DNA, unclear.

DISCUSSION

Could SBM values be a useful proxy for instantaneous growth rate in marine unicel-
lular cyanobacteria such as Synechococcus? Here we evaluate each step in the investi-
gation of the potential for SBM as indexes of instantaneous growth rate in synchronous
Synechococcus cultures: 1) validation of growth rate dependence on the fundamental
environmental factors, light and temperature, using the standard growth rate esti-
mates, m_fl and m_cc; 2) evaluation of the effect of the diel cycle on growth rate and
cell cycle indicators (related to %S); 3) relationship between cell cycle and SBM; and 4)
relationships between the SBM and standard growth rate estimates.

(i) Standard growth rate estimates. Both Synechococcus strains responded to vary-
ing either temperature or light by modulating their growth rate. Both m_fl and m_cc were
reproducible between replicate cultures, but m_cc values generally exceeded m_fl in the
temperature-controlled experiments. The variability in m_fl for the temperature-controlled
experiments for both strains at 22°C is unexplained (Fig. 1). The 22°C data represent two
different sets of replicated experiments on different days and cannot be explained by
small variability in light due to location in the incubator (n = 12, F = 2.69, P value = 0.12).
Similarly, the disparity between the two growth rate estimates, m_fl and m_cc, at 40 mmol
photons m22 s21 in the light-controlled experiment for strain 8020 is unexplained but sup-
ported by excellent replication of the individual estimates. A total range of growth rates
from,0.2 to.0.6 per day with an optimum at 22–24°C and 40–60mmol photons m22 s21 is
consistent with the ecological origin and previous characterization of these strains (12). The
light optimum for the growth rate of strain WH8020 is reported to be around 40 photons m22

s21 (13). Therefore, we conclude that the standard estimates of growth rate reported here rep-
resent an adequate data set for comparison with the recently proposed SBM.

(ii) Diel cycle effects. Because the cultures were synchronized to the diel cycle, it was
necessary to sample at the same time every day in order to remove the diel pattern in fluo-
rescence (Fig. S2) to obtain a reproducible measure of m_fl. Previous characterizations of

FIG 8 Correlations between the three SBM for each strain from the temperature-controlled experiments.
P values for all lines are � 0.001. (See supplemental Table S4 for statistics on regressions.)
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the cell cycle in Synechococcus had shown that synchronization to the light cycle resulted
in predictable patterns in DNA replication for several strains of Synechococcus in both field
samples and pure culture experiments with light-dark cycles of 12:12 and 14:10 h (14). The
timing of division for WH7803 reported by the studies cited by Jacquet et al. (14) varied
from midday to just after the beginning of the dark period. In the original report on
WH7803 synchronized to a 14:10 h light-dark cycle, Waterbury et al. (15) observed a highly
reproducible peak in percent dividing cells (determined by epifluorescence microscopy) after
10 h in the light. DNA replication has been completed prior to division, which is consistent
with a maximum %S earlier in the day. Both light- and temperature-controlled experiments
reported here detected a strong diel signal in DNA replication, best represented by the maxi-
mum%S, which occurred 5–6 h after dawn (Fig. S3). The pattern of %S over the diel cycle was
fundamentally the same for all growth rates in the light-controlled experiment, and the
dynamic range of %S (i.e., the difference between minimum and maximum %S) was least at
the lowest light and greatest at the highest light level treatment (Fig. S5). The positive correla-
tion betweenm_cc and maximum%S was significant for WH8020 (Fig. 3) but probably some-
what weakened by uncertainty over the timing and magnitude of maximum %S; our discrete
hourly sampling could not precisely detect the exact timing of peak DNA replication.

(iii) Relationship between SBM and cell cycle. The diel pattern in %S represents
the pattern in the timing of DNA replication and therefore dictates that the SBM should also
vary with time of day. All three SBM were correlated with %S in samples collected over the
diel cycle (Fig. 5). Thus, we conclude that the SBM reflect some measure of DNA replication
at the population level, which would imply that the SBM should be related to growth rate.

One attraction of the SBM is that they should provide an instantaneous estimate of
growth rate. Given the variation in DNA replication (%S) over the diel cycle, the only
time that SBM are likely to capture the growth rate accurately is at the time of maxi-
mum DNA replication or maximum %S of the synchronized cells. Only iRep was signifi-
cantly correlated with maximum %S and only when WH8020 was analyzed alone (Fig.
6). The fact that including WH7803 in the analysis weakens the relationship between
the SBM and maximum %S is further evidence for the importance of timing. The
WH7803 cultures were sampled with less frequency than the WH8020 cultures and
were thus less likely to have captured the time of maximum %S accurately.

Alternatively, the dynamic range of population %S might be quantitatively related
to growth rate, but determining that would require multiple times points, thus erasing
the advantage of instantaneous growth rate estimation.

The three SBM applied here rely on slightly different calculations, but all depend on the
bidirectional pattern of replication of the circular bacterial chromosome. iRep is most corre-
lated with %S, perhaps because of the reference genome advantage, but this is both good
and bad news. If a perfect reference genome is required for the analysis, then use in field
samples is very limited due to the plethora of highly similar but nonidentical sister clades
of common microbes such as Synechococcus, Prochlorococcus, and SAR11.

GRiD is advantageous for complex samples when using an assembled genome from
a natural assemblage having lower depth of sequence coverage. After mapping the reads to
a given genome sequence, the GRiD algorithm orders the contigs from high to low coverage
and then splits the contigs into two temporary files, with one of the files re-sorted from low
to high coverage. These sorted, reordered contigs are then concatenated and coverage
across each nucleotide is derived. After filtering for outliers, a smoothing curve is then fitted
by a redescending M estimator with Tukey’s bi-weight function. The original, physical order
of the genes may be lost in the process. iRep also reorders the coverage windows using a
linear fitting method on log2 coverage values. Only bPTR uses the full gene order informa-
tion of the genome (and adds a visual verification of the genome location of ori and ter
based on the transition in cumulative GC bias).

These differences among the SBM algorithms may be responsible for their slightly
different relationships with %S, m_cc and m_fl. The fact that they all correlate strongly
with each other (Fig. 8) but not with growth rate suggests a fundamental gap in trans-
lating the genome replication process into a growth rate metric.
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(iv) Relationships between the SBM and standard growth rate estimates. Given
the breakdown in the relationship between DNA replication and SBM, it is thus not sur-
prising that the SBM also did not correlate with the standard measures of growth rate,
m_cc and m_fl. According to the model of bidirectional replication of a circular chromo-
some (16), an SBM value of 1.0 signifies no DNA replication. An SBM value of 1.5 would
mean that half of genomes were being actively replicated. The range in absolute val-
ues of the SBM was small (factor of ;2) compared to the absolute range in growth
rate estimated from m_fl (factor of ;4.3). The range for m_cc was small (1.8), but that is
explained by the fact that we were not able to obtain cell cycle data for all cultures
growing at the lowest rates (,0.3 d21 at 20°C or 27°C or 10 mmol photons m22 s21),
whereas SBM values were obtained for most of the samples covering the whole range of
growth rates. None of the SBM values showed a clear relationship with either temperature
or light, although all of them exhibited the greatest range at the temperature (24°C) and
light (40 mmol photons m22 s21) expected to be optimal for these two strains (Fig. S9).
Note, however, that many more samples were collected under these optimal conditions
than on either side of the optima, so we cannot conclude that a similar range might not
have occurred with more measurements under all growth conditions.

Based on work with freshwater Synechococcus strains S. elongatus 7942 and Synechoscystis
6803, Watanabe (17) generalized that asynchronous DNA replication, in which multiple copies
of the chromosome in the same cell do not initiate replication at the same time, is a common
feature of polyploid Synechococcus. WH7803 is polyploid (18–20), with an average of ;4
genomes per cell, while as far as we know, WH8020 is monoploid. As was also observed for
WH8020, the diel maximum %S in our WH7803 cultures does not support the occurrence of
asynchronous DNA replication. Higher growth rates might still be manifest in higher average
ori to ter coverage, and that signal should vary with growth rate but not with time of day. For
six experiments with WH7803, in which flow cytometry data were collected at three times dur-
ing the light period, there was a clear variation in %S with time of day (Fig. S11). Maximum %
S occurred at 6–8 h after dawn, which is very similar to the timing of maximum %S observed
for WH8020, for which higher resolution sampling was performed. This pattern suggests that
even though WH7803 is polyploid (which we did observe in the flow cytometry analysis; only
the most abundant S and G2 cell populations with the lowest DNA content were used in
m_cc calculations), it was entrained into synchronous DNA replication. Binder and Chisholm
(19) documented multiple peaks in DNA replication associated with different cohorts of cells
in one culture, which are at different stages in the cell cycle at different times. Nevertheless, a
clear diel pattern occurred in the timing of cell division and the maximum %S for the domi-
nant cohort. It appears that at least for WH7803, polyploidy does not imply asynchronous
DNA replication under light-dark cycling.

Watanabe (17) also observed that polyploid Synechococcus clades tended to have
lower GC skew than monoploid clades, which could make it difficult to identify ori and ter
locations in applications in which those locations are detected on the basis of GC skew.
WH7803, however, has a relatively high GC skew, comparable with that of monoploid
clades WH8101 and WH8103 (17) and its sister clade, WH7805 (21). Thus, polyploidy does
not appear to be an issue in the application of SBM to determination of growth rate in
WH7803, nor a source of differential results between WH7803 and WH8020.

Applications of SBM in the environment. Despite its inability to measure growth
rate, SBM is informative about DNA replication and might be informative about viability or
even potential growth rate, based on the strong relationship between the SBM and percent-
age of cells in S phase. While it is much easier and faster to evaluate %S from shipboard
flow cytometry than to determine SBM values from sequencing, an SBM has the advantage
that it may be clade specific. Flow cytometry on field samples cannot reliably detect different
populations of closely related clades, but clade level resolution should be possible for SBM.

Prior to next generation sequencing, attempts to exploit patterns in DNA replication to
estimate growth rate in both laboratory and environmental settings employed cell cycle
analysis based on flow cytometry. Cell division by Synechococcus in a variety of marine envi-
ronments appears to be synchronized to the diel cycle and occurs between 6 and 15 h after
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dawn, predominantly within 3 h either side of sundown (14). The timing of the cell cycle in
Synechococcus is much more variable than in natural populations of Prochlorococcus (22),
which could make it difficult to capture the most informative sample for analysis of SBM val-
ues from natural samples. Flow cytometric analysis could be used to screen samples prior to
application of the SBM.

A strong diel pattern in cell division imposes constraints on sampling for the practi-
cal determination of the SBM, so it might be supposed that heterotrophic microbes,
which are not directly linked to the diel cycle through a direct dependence on photo-
synthesis, might be easier targets for SBM. Perhaps not surprisingly, however, many
surface water microbes exhibit diel periodicity in gene expression (e.g., see references
23 and 24). This gene expression activity probably results from the dependence of het-
erotrophs on the production of fresh organic matter by autotrophs, perhaps mediated
by grazing. This linkage likely means that the cell division of heterotrophs in surface
waters is synchronized to some degree with the light cycle. It might be possible to dis-
entangle diel cycle linkages between clades of different trophic levels using multiple
temporal sampling points and applying an SBM. Deeper populations might be uncoupled
from the light cycle, but their growth rates are probably lower due to a lower supply/pro-
duction rate and/or quality of organic food source, requiring high sensitivity for detection of
growth rate. Digging further into the sequence data, we uncovered three heterotrophic bins
in the WH8020 samples and one heterotrophic bin in the WH7803 samples. These numbers
of heterotrophic reads present in each sample varied from 0.6% to 23.6% of the total reads.
We calculated iRep values for reads mapped to heterotrophic bins to see if any pattern
existed between these values and the Synechococcus iRep values. Although the majority of
the heterotrophic iRep values were higher than those from Synechococcus, there was no dis-
cernible pattern between the two; furthermore, there was no pattern between heterotrophic
iRep values and time of day. This lack of informative patterns in the heterotrophic draft
genomes most likely stems from the fact that the DNA samples were all collected in the
mid-afternoon when heterotrophic organisms are expected to be active, in response to ac-
tivity by their photoautotrophic counterparts (24).

Long et al. (25) compared SBM values to an independent measure of growth rate
determined from relative abundances of metagenome assembled genomes (MAGs) of
mostly heterotrophic microbes in long incubations of natural marine assemblages in
the dark. They found that SBM were correlated with growth only for the fastest grow-
ing strain in the assemblage and that all other strains (24 total) showed no relationship,
or even negative correlations, with the independently measured growth rate. The incu-
bations of Long et al. (25) were several days long in the dark, so the complicating factor
of the diel cycle might have been removed, or at least reduced, in their analysis. On
the other hand, since surface populations are normally linked to the diel cycle, long
incubations in the dark cannot be representative of in situ growth rates and activities.

The most prevalent use of SBM in environmental applications appears to be attempts to
determine whether microbial populations are alive or dead, and to obtain a relative measure
of growth rate, rather than attempting to interpret the results in terms of absolute rates.
Schulze-Makuch et al. (26) used iRep to argue that microbes represented by metagenomic
bins from transiently wetted Atacama desert sites were replicating (iRep .1), thus arguing
for endemic communities in this extremely dry environment, rather than relict cells delivered
by atmospheric transport. High quality metagenome assembled genomes (MAGs) from rice
paddies, representing novel nitrite oxidizing bacteria that contained sulfur cycling genes,
were estimated to be actively dividing based on iRep values . 1 (27). Zhao et al. (28) con-
cluded that 32% of the anammox bacterial population represented by a MAG recovered
from 80,000-year-old subsea sediments were actively replicating in situ. In these studies and
others, (e.g., references 29 to 31), iRep values between 1 and 2 are most commonly reported.
The Synechococcus cultures investigated in the present study had iRep values between 1
and 2, representing much less range than detected in the independently measured growth
rates. Long et al. (25), however, detected iRep values between 2 and 5 for MAGs whose

Sequence-Based Growth Rate Methods for Synechococcus Applied and Environmental Microbiology

January 2022 Volume 88 Issue 1 e01743-21 aem.asm.org 11

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/a
em

 o
n 

12
 Ja

nu
ar

y 
20

22
 b

y 
12

8.
11

2.
21

.1
59

.

https://aem.asm.org


growth rates were independently determined to be between zero and four per day, and the
fastest growing clade had among the lowest measured iRep (and other SBM) values.

Given the lack of correlation between SBM values and independently determined
growth rates both for cultures and natural assemblages, it seems unrealistic to assign
quantitative significance to absolute SBM values. There is also little basis for robustly
concluding that an index of replication (computed by any of the SBM) . 1 actually
implies active replication. It is also difficult to evaluate most of the reported SBM values
because it is impossible to obtain any estimate of the error or reproducibility associ-
ated with one off measurements from a metagenome. The variability in our SBM data
from actively growing Synechococcus cultures under highly controlled conditions sug-
gests caution in quantitative interpretation of SBM data obtained from single samples.

In contrast, changes in SBM values with time or between samples and stations for
the same strains or MAGs within a population context might be informative. It might
be possible to detect differences in SBM related to DNA replication based on the rela-
tionship with percent S shown in this study, but ground truthing and replication would
be needed for robust interpretation.

Conclusions. Growth rates of two Synechococcus strains varied in response to light
and temperature and were reproducibly estimated by standard growth estimates that
rely on in vivo fluorescence and flow cytometry measurements of cellular DNA replication.
Percentages of cells in S phase varied over the diel cycle and were correlated with the SBM
in paired samples, but that relationship did not translate into the ability to estimate growth
rate from a single SBM sample collected at the time of maximum %S, where we expected
the strongest and most consistent SBM signal. The lack of correlation between the SBM and
growth rate may be due to this dependence of the SBM on %S and the failure to sample
precisely at the time of maximum %S. Alternatively, even a synchronized cell population
may contain enough variability in timing of maximum %S that the relatively small range of
SBM values obtained here was not able to differentiate within the distribution of %S among
cultures growing under slightly different conditions. We conclude that the SBM is not a
robust predictor of growth rate for cells that are synchronized to the diel cycle, despite the
4-fold range of growth rates presented in this study (0.15–0.65 d21). Since most microbial
populations in the surface ocean are synchronized to the diel cycle to some extent, either
directly via the light driven circadian rhythm or indirectly based on chemical signals from
photosynthetic microbes (24), this finding makes it very unlikely that the SBM value can be
interpreted as a growth rate in meaningful ecological ways for most marine microbes.
Deeper dwelling populations may be uncoupled from the diel cycle but probably grow
much more slowly, thus presenting a challenge in detecting the very small range of SBM val-
ues likely to be encountered.

SBM values did nonetheless vary significantly over the diel cycle and did correlate
with cell replication, so there might yet be a way to isolate a useful signal from SBM
values applied to bacterial populations with a diel cell cycle synchronization. The great-
est range in SBM values occurred at growth rates associated with optimal conditions,
meaning the highest SBM values occurred near the highest growth rates, so it might
be valid to associate high SBM values with high growth rates and non-zero DNA repli-
cation rates. The lowest SBM values are also detected at the same growth rates, how-
ever, so it is clear that factors other than growth rate must be in play.

MATERIALS ANDMETHODS
Strains and stock culture maintenance. Synechococcus strains WH7803 and WH8020 were obtained

from the Woods Hole Culture Collection and maintained at 24° C in sterile 125 ml Erlenmeyer flasks con-
taining 50 ml of SN medium (32). Stock cultures were grown in a Percival incubator under a 12:12 h
light-dark cycle at a light level of approximately 45mmol photons m22 s21.

Prior to conducting a new experiment, 50 ml stock cultures were acclimated to a particular temperature or
light condition for a minimum of 3 days and then inoculated into larger volumes (360–370 ml) of SN medium.
Two hundred milliliters of this culture were used to inoculate two replicate 2.8 L Fernbach flasks (total volume
1.5 L) for each Synechococcus strain, which were incubated with shaking at 40mmol photons m22 s21.

Temperature-controlled growth rate experiments. Four growth temperatures (20°, 22°, 24°, and
26.5° C) were selected based on the isolation temperatures and thermal amplitudes found in Pittera
et al. (12): 26.5° C (6 5° C to 6.9° C) for WH7803 and 17.5° C (6 7° C to 8.9° C) for WH8020. Growth
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was monitored by in vivo fluorescence over 4 days. Samples were taken at dawn and 6 h post-dawn
on the first, third, and fourth days of the experiment targeting the exponential growth phase. More
frequent samples were collected on the second day of the experiment at 1–2 h intervals from dawn
to 8 h post-dawn for in vivo fluorescence and cell cycle analysis (1 ml each) and at dawn, 5—6 h, and
10 h after dawn for DNA extraction (;250 ml).

Light level-controlled experiments. Synechococcus WH8020 cultures were used for the light-con-
trolled growth rate experiments. To control the amount of irradiance reaching the cultures, mesh cover-
ings or lab bench paper was used to shade the flasks. Cultures were prepared in 2.8 L Fernbach flasks as
for the temperature-controlled experiments and incubated in replicate at each of four different light lev-
els: 10, 20, 40, and 60 mmol photons m22 at 24° C (selected based on results from reference 13 showing
optimal growth at 40 mmol photons m22). Light level in the culturing medium was monitored every
other day using a light meter (Walz ULM-500 universal light meter and data logger) at the height of the
flasks.

A total of 31 samples were collected for in vivo fluorescence and cell cycle analysis over a period of
3–4 days or approximately 2–3 cell generations. Samples were taken at dawn and 6 h post-dawn on the
first, third, and fourth day of the experiment and at dawn and every hour between 4 and 11 h post-
dawn on the second day of the experiment. Aliquots of the cultures were filtered for subsequent DNA
extraction at dawn, 5—6 h, and 10 h post-dawn.

Determination of cell cycle timing in cultures. The light-control experiment was used to character-
ize the timing of the cell cycle in synchronized cultures during early exponential growth using the sam-
ples for in situ fluorescence, cell cycle analyses, and DNA collected over the 12-h light period of the sec-
ond day.

Growth rate determination. Two standard methods were used to quantify growth rates: in situ fluo-
rescence (m_fl) and cell cycle analysis (m_cc). Chlorophyll fluorescence was measured in vivo using a
Turner Designs fluorometer using the chlorophyll a in vivo module and 1.5 ml cuvettes containing ali-
quots of Synechococcus cultures over the course of 4 days during the temperature- and light-controlled
experiments above. The specific growth rate (m_fl, per day [d21]) was calculated using the expression:
lnðf2=f1Þ
t2 2 t1

, where fluorescence values (f1 and f2) were measured at time t. R-squared values for the growth
curves of fluorescence vs time averaged . 0.95, implying a 95% confidence interval of 6 10% or less
around the estimated m_fl. Flow cytometry was used for cell cycle analysis using the BD Accuri C6 Flow
Cytometer. Cells were fixed using a final concentration of 2.5% vol/vol glutaraldehyde, flash frozen with
liquid nitrogen, and stored at280°C until analysis. Cell aliquots (500mL, diluted as necessary to optimize event
detection) were stained using 12mL of 1:100 Sybr green I and 15mL of 1 M sodium citrate, following an RNase
A treatment (33). The flow cytometry settings for cell cycle analysis were set to a core size of 5 mm, at a flow
rate of 10 mL/min, and run for the collection of at least 80,000 events. Forward angle light scatter (FALS) and
fluorescence of chlorophyll or phycobilin pigments were used to differentiate Synechococcus cells from other/
heterotrophic bacteria in the cultures and to reproducibly create gates to constrain the two different
Synechococcus strains. The relative DNA content of the Synechococcus cells was detected using the fluorescent
signal of the Sybr green-stained cells after exclusion of cell doublets. For cell cycle analysis, the SL CL S0 model
in the FCS Express RUO version 7 software was used to determine percentages of cells in each cell cycle phase
(G1, S, and G2). Growth rate (m_cc, d21) was calculated using the following expression:

m ¼ 1
tS1tG2Mð Þn

Xn

j¼1

ln 11fs tjð Þ1fG2M tjð Þ� �

where fs and fG2M are the fraction of cells in S or G2 phase, respectively; tj is the time of obtaining the jth

sample; n is the number of samples; and (ts1 tG2M) is the time at which maximum fs and fG2M were meas-
ured (3). The accuracy of the m_cc calculation depends on the frequency of sampling; the accuracy of
estimating (ts1 tG2M) cannot exceed 1/2 the frequency of the sampling interval. For cells synchronized to
the diel cycle, it was important to sample at the same time in the cell cycle every day and to include the
time when the greatest number of Synechococcus cells were in S phase (maximum %S). Due to equidis-
tant timing requirements of the growth rate equation from cell cycle (3), sample time points were
selected relative to the number of hours before or after dawn (0900).

DNA extraction. Culture aliquots (225—250 ml) were collected by vacuum filtration onto 0.4 mm
pore size 47 mm Nuclepore Track-etch Membrane filters on the second day of each experiment. The fil-
ter was folded, placed in a cryotube, flash-frozen with liquid nitrogen, and stored at 280°C until extrac-
tion. The filter paper was thawed on ice and cut into 4–5 small pieces. Cells were lysed by bead-beating
in a 2-ml cryotube using zircon beads twice for 30 s each. DNA extractions were performed using the
CTAB method (34), which involves the use of lysozyme, proteinase K, and phenol-chloroform-isoamyl alco-
hol. The protocol for DNA extraction was optimized to achieve higher genomic yield by proportionally
increasing the quantity of each reagent by 10 to 15% over the original recommended amount. DNA
extracts were treated with RNase, heated at 40°–45° C to dissolve the DNA, and quantified using the
NanoDrop 2000 UV-Vis spectrophotometer.

Calculation of SBM growth rate proxies. DNA extracts were sequenced using next generation
Illumina sequencing at Princeton University’s Genomics Core Facility. Libraries for genomic sequences were
created using the Apollo 324 Robot, and HiSeq sequencing generated short 150 nucleotide reads. The sequen-
ces were quality controlled in the Galaxy v.19.09 workflow system using the standard quality reports from
FastQC v.0.11.9 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), the adapter sequences trimmed
using Trim Galore! v.0.6.5 (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) (with the follow-
ing settings: trim low-quality ends, 0; overlap with adapter sequence, 3; maximum error rate, 0.1; discard reads
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with a length shorter than 50 nucleotides), and the resulting trimmed sequences were quality filtered using
the “Filter FASTQ reads by quality score and length” (Galaxy version 1.1.1) tool (90% of bases in sequences with
a quality cutoff value of at least 30). The trimmed and quality-filtered sequences were screened again using
FastQC v.0.11.9, as above. After quality control the sequences were mapped to the published Synechococcus
genome for each strain (WH7803, https://www.ncbi.nlm.nih.gov/assembly/GCF_000063505.1/; WH8020, https://
www.ncbi.nlm.nih.gov/assembly/GCF_001040845.1) using Bowtie2 (35) with default parameters.

The bPTR and iRep scripts (10) identified and generated a visual representation of the origin and ter-
minus sequences based on depth of sequence coverage of the genomic reads on the Synechococcus
strain’s genome sequence. GRiD method v1.3 (source of the script, https://github.com/ohlab/GRiD) was
also applied to the complete genomes (11).

Data availability. Sequences used for the SBM calculations are found at https://www.ncbi.nlm.nih
.gov, accession number PRJNA795964.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.6 MB.
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