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Abstract

lag-phase and the saturation point of growth.

Background: Precise quantitative growth measurements and detection of small growth changes in high-
throughput manner is essential for fundamental studies of bacterial cell. However, an inherent tradeoff for
measurement quality in high-throughput methods sacrifices some measurement quality. A key challenge has been
how to enhance measurement quality without sacrificing throughput.

Results: We developed a new high-throughput measurement system, termed Colony-live. Here we show that
Colony-live provides accurate measurement of three growth values (lag time of growth (LTG), maximum growth
rate (MGR), and saturation point growth (SPG)) by visualizing colony growth over time. By using a new
normalization method for colony growth, Colony-live gives more precise and accurate growth values than the
conventional method. We demonstrated the utility of Colony-live by measuring growth values for the entire Keio
collection of Escherichia coli single-gene knockout mutants. By using Colony-live, we were able to identify subtle
growth defects of single-gene knockout mutants that were undetectable by the conventional method quantified
by fixed time-point camera imaging. Further, Colony-live can reveal genes that influence the length of the

Conclusions: Measurement quality is critical to achieving the resolution required to identify unique phenotypes
among a diverse range of phenotypes. Sharing high-quality genome-wide datasets should benefit many researchers
who are interested in specific gene functions or the architecture of cellular systems. Our Colony-live system provides
a new powerful tool to accelerate accumulation of knowledge of microbial growth phenotypes.

Keywords: Growth kinetics, Phenotype screening, High-throughput, Single-gene knockout, Keio collection, Lag time
of growth (LTG), Maximum growth rate (MGR), Saturation point growth (SPG)

Background

High-throughput growth measurements with single-
gene knockout (SKO) collections have enabled genome-
wide studies to illuminate cellular systems, such as
comprehensive genetic interactions [1-4] and chemical-
genetic interactions [5]. However, an inherent tradeoff
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between throughput and measurement quality means
that high-throughput methods sacrifice some measure-
ment quality. Measurement quality can be assessed by
small variations in different experiments, reproducibility
independent of plate differences or colony position on
the plate, and the amount of information generated.
These are critical to achieving the resolution required to
identify unique phenotypes among a diverse range of
phenotypes. A key challenge is how to enhance meas-
urement quality without sacrificing throughput.
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We considered two critical problems of a current high-
throughput growth measurement method. The first prob-
lem is the neighbor effect. To date arrayed-colonies have
been used for high-throughput growth quantification be-
cause experiment throughput is dramatically increased by
manipulating high-density arrayed colonies (1536 colonies/
plate) using robotic technology [6]. Since this method can
provide cost-effective growth measurement, high-density
arrays have been widely used in phenotype screening
studies of genome-wide mutant library [1-5]. Despite the
throughput advantage, growth inhibition by neighboring
colonies (the neighbor effect) arises due to insufficient
separation between the arrayed colonies. Although the
neighbor effect is likely associated with two general factors:
competition for nutrients and cell-cell communication
(quorum sensing), the specific cause is usually unknown.
The magnitude of the neighbor effect varies widely for
colony position and between plates. Thus, the neighbor ef-
fect interferes with growth quantification. A normalization
of systematic biases generated by the neighbor effect
has been successful for improved measurement accur-
acy and precision [7]. However, this normalization
procedure was designed for the conventional colony
quantification method. We therefore developed a new
normalization method that is suitable for high-
throughput systems which differs markedly from the
conventional method [7].

The second problem is the lack of information about
growth kinetics. The conventional method measures col-
ony area at a specified time point [8], so that growth
kinetics of the colony is completely overlooked. Growth
kinetics provides rich information, and enables detailed
classification by addressing three distinct growth charac-
teristics: lag time, growth rate, and growth yield [9].
Such classification can be used to elucidate functions ac-
tive at certain growth phases, natural trait variation
[10,11], rare phenotypic variants [12], and growth strat-
egies [13]. While several methods are currently available
for measuring growth kinetics of colonies [12-15], these
methods are generally not useful in high-throughput
measurement because they do not consider the neighbor
effect described above.

Here, we developed a high-throughput measurement
system, termed Colony-live, which provides growth kin-
etics information with a new normalization method
against the neighbor effect. To demonstrate the utility
of the Colony-live system, we measured growth kinetics
of the entire Keio collection of Escherichia coli K-12
SKO mutants [16,17]. Colony-live successfully detected
slow-growth phenotypes of mutants that were undetect-
able by the conventional method. In addition, growth
kinetics information elucidated genes that are physiolo-
gically important in the early growth phase and for effi-
cient growth. Taken together, our new method provides
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additional insights into reliable physiological study at a
genome-wide level.

Results

Development of the colony-live system

We developed the Colony-live system by combining
commercially available devices and in-house software.
We confirmed the sufficient quantitative performance of
a commercial scanner based on the comparison to
ODgoo values measured by Microplate Reader (see
Additional file 1: Figure S1). For parallel growth meas-
urement, we installed 12 scanners in an incubator
(Figure 1A). Four standard size rectangle plates can be
scanned by each scanner (Figure 1B). Thus, the max-
imum capacity is 48 plates, which can provide colony
growth curves for more than seventy thousand colonies
simultaneously. To monitor colony growth kinetics, col-
ony growth was captured by periodic scans every 30 min
over a 20 h incubation period (see Additional file 2:
Movie). Scanning was performed with transmitted light
to enable quantification of colony mass in the center re-
gion (Figure 1C, mass*), which we show below provided
a novel quantification metric. Time series data were fit-
ted to the Gompertz population growth model [9], and
three growth characteristic value were calculated: LTG
(lag time of growth), MGR (maximum growth rate), and
SPG (saturation point of growth; Figure 1D). All data in-
cluding experimental information, measurement time,
and analytical values were stored in MySQL database for
secure and efficient data management.

Normalization to reduce colony neighbor effects
Emergence of the neighbor effect was confirmed by the
observation that growth differences were very clear be-
tween colonies surrounded by eight neighbors (Figure
2A, crowded) and those surrounded by five neighbors
(Figure 2A, uncrowded). Such growth differences became
evident after about 2.5 h of incubation (Figure 2B). At
2.5 h, the average colony diameter size was 17 pixels,
which is the maximum colony size at which growth differ-
ences were not observed. To minimize the neighbor effect,
we measured colony mass of the center region within a
diameter of 17 pixels (mass*). The growth difference be-
tween crowded and uncrowded colonies was dramatically
decreased (Figure 2B, mass*), indicating that the neighbor
effect is reduced if mass* is used as a growth quantifica-
tion value.

To evaluate the effect of introducing mass* on colony
growth measurements, we assessed both the variation
between experiments and reproducibility independent of
colony position and plate differences. We calculated the
variation among growth measurements for colonies of
the same mutants at different positions on the plate.
The MGR from 1536 wild-type colonies within a plate
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Figure 1 An overview of the Colony-live system. (A) Scanners in incubator. (B) Each scanned image contains four plates in which 1536
colonies were grown. (C) Example of image analysis. (Upper) Raw and analyzed images of a growing colony at 9 different incubation time points
(2.5-h intervals; from 0 h to 20 h). Colony growth was quantified by integrating the mass of the whole (mass) or the center (mass*) region of a
colony. Colors represent pixel absorbance values. (Lower) A cross section view of a growing colony at 9 time points corresponding to the upper
images. The mass* region is indicated. (D) Example of growth analysis. Time-dependent mass* values (dots) of a growing colony were regressed
to the Gompertz model (black line) and summarized into lag time of growth (LTG), maximum growth rate (MGR), and saturation point of growth
(SPG). This example is an ackA mutant showing longer LTG for better display of LTG.
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exhibited smaller variation in growth values when using
mass* (measured using 5 independently prepared plates
of wild-type colonies; p < 0.01, t test; Figure 2C), suggest-
ing an improvement of the measurement. For a more
realistic evaluation, we examined the variation between
multiple growth measurements of shuffled SKO collection
plates in which mutants were located at different positions
for each measurement. This was done by preparing 4 plates
from the Keio collection in which mutants were arrayed at
different positions. The intra-class correlation coefficient
(ICC) value was used as a variation metric for multiple
measurements [18]. The MGR in the case of mass* yielded
a higher ICC value (p < 0.01, t test; Figure 2D, shuffle array)
than the conventional method (CONV) and MGR-mass,
suggesting more reliable measurement. Next, we examined
reproducibility as the variation among seven repeats of the
growth measurements using standard SKO collection plates
(7 independent measurements; see Additional file 3: Table
S1). The MGR obtained using mass* exhibited a higher
ICC value than when using the conventional method (p <
0.01, t test; Figure 2D, same array), suggesting better repro-
ducibility. Taken together, these results show that the mass*
quantification gives improved measurements.

Comparison of colony-live with the conventional method
To demonstrate the performance of the Colony-live sys-
tem, we compared screening results for growth defects

in E. coli SKO mutants using both the CONV [7] and
the Colony-live system. We confirmed that most SKO
mutants in the Keio collection did not exhibit severe
growth defects, as reported previously for a yeast SKO
collection [10]. Statistical selection for growth-defective
SKO mutants with a strict threshold (p <0.01, FDR <
0.01) resulted in a similar number of SKO mutants for
both methods: 185 mutants for CONV and 196 for
Colony-live (Figure 3A; also see Additional file 4: Docu-
ment). About 40% of the SKO mutants were commonly
selected, and most of these represent deletions of genes
that encode proteins involved in the aerobic respiration
and sulfur relay pathways of E. coli. These SKO mutants
are known to show severe growth defects (~1.5- to 2-
fold longer doubling time [19-21]), and therefore both
measurement methods can identify severe growth-
defective SKO mutants in genome-wide screens.

Next, we examined which mutants were differentially
selected between the CONV and Colony-live methods.
The mnmE and mnmG mutants were only selected in
Colony-live; these SKO mutants are known to show mild
growth defects (~1.2-fold longer doubling time) as previ-
ously reported [22]. In addition, mutants in all the cyst-
eine biosynthesis pathway genes were selected only by
Colony-live (Figure 3B), and the mild growth defects of
these mutants were confirmed by further experiments
using established accurate growth measurement method
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Figure 2 Improvement of measurement by reducing the neighbor effect. (A) Position of crowded (row = 11-21 x column = 18-31) and
uncrowded (row =1, 32 x column =1, 48 without corner) colonies. (B) Growth of colonies in two positions was monitored to assess the
neighbor effect. The average (line) and SD (gray area) of wild-type colony growth in the two positions are shown. Colony growth was quantified
by integrating the mass of the whole (mass) or the center (mass*) region of each colony. (C) Growth values were determined by the conventional
method (CONV; white bar) and Colony-live (MGR; gray bars), and the MGR values were calculated based on the mass (MGR-mass) and mass*
(MGR-mass*) values. The coefficient of variation (CV) of growth values for 1536 wild-type colonies within a plate was determined using 5
independently prepared plates. (D) Intra-class correlation (ICC) of multiple growth measurements for the Keio mutant collection was evaluated in
two experimental designs: the colony array format of the Keio collection was the same (Same array, 7 independent experiments for entire set of
Keio collection) or randomly shuffled (Shuffle array, randomly 4 plates) for each measurement. Error bars represent 95% confidence intervals.

with low-density arrayed colonies ([15]; Additional file 1:
Figure S8). Therefore, Colony-live can detect mild
growth defects that are undetectable by the conventional
method. However, the dnaK mutant, for example, was
selected in CONV but not in Colony-live. Since defect-
ive growth of the dnaK mutant has been reported previ-
ously [23], it appears that Colony-live overlooks some
growth-defective mutants. Aberrant colony morpholo-
gies have also been observed for membrane-related
mutants (tatA, tatB, tatC, secB, rfaE) and functional
unknown mutants (ycbK, yfbN; see Additional file 5:
Table S2). We attempted to quantify the aberrant
morphology for Dnak, as an example (see Additional
file 1: Figure S2). Because we have not yet developed a
general system for quantitating aberrant morphology, we
have relied on visual inspection for examining aberrant
morphology phenotypes. To improve Colony-live, we be-
lieve that quantification of colony morphology is also re-
quired and such work is now underway.

Further classification of SKO mutants by growth kinetics

To demonstrate the utility of the growth kinetics infor-
mation obtained by Colony-live, we further categorized
the slow MGR mutants based on their LTG and SPG
values obtained using Colony-live. However, it has been
reported that LTG and SPG values depend on its MGR

values [24,25], so it was necessary to apply a correction
to compare equally among mutants showing different
MGR values. To correct these values, the relationships
of MGR-LTG and MGR-SPG were estimated by regres-
sion analysis using a previously reported theoretical for-
mula ([24,25]; see Additional file 1: Figure S3), and the
MGR dependency was subtracted using the regression
parameters. After correction, we selected growth defect
mutants showing significantly longer LTG or lower SPG
by statistical selection with the strict threshold (p < 0.01,
FDR <0.01). Slow MGR mutants were thus classified
into two distinct groups: 50 mutants belonged to the
long LTG group, and 68 mutants belonged to the low
SPG group. Five mutants (cpxR, cydD, iscS, tolR, and
rimM mutants) belonged to both groups (Figure 4; also
see Additional file 4: Document). We performed further
validation of nine mutants of each of long LTG and low
SPG by liquid culture. Two mutants (rpe, rnt) in the
long LTG group and all nine mutants (ubiG, ubiH, lpd,
atpC, cysE, ubiE, folB, sucA, sucB) in low SPG group
were confirmed. The fusE mutant in the long LTG
group, which behaved inconsistently in broth cultures,
was confirmed by spotting broth suspension on an agar
plate (Additional file 1: Figure S8). Differences may re-
sult from distinct environmental condition between
growth on an agar surface and in liquid medium.
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Figure 3 Comparison of the Colony-live system with the conventional method. SKO mutants in the Keio collection showing growth defects
were statistically identified. Growth values were determined by either the conventional method (CONV) or MGR-mass* value of Colony-live
system. (A) Observed growth defects of SKO mutants in each subset were confirmed by referring to cited literature or through additional
experiments. (B) SKO mutants displaying significantly slow growth (yellow) that are disrupted in the cysteine biosynthesis pathway are shown.
Genes with an asterisk (such as CysK*) indicate SKO mutants showing normal MGR but low SPG (see Figure 4). Metabolic reaction (solid lines),
functional unit (boxes), and inner membrane (grey boxes) are shown. OAS: O-acetylserine.
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Figure 4 Classification of MGR-defective mutants by LTG and
SPG based on growth kinetics. SKO mutants showing growth
defects in terms of long LTG and low SPG were identified
statistically. The intersection of slow MGR and long LTG (blue), slow
MGR and low SPG (red), and all of long LTG, slow MGR and low SPG
(green) are colored. All of gene lists are listed in Additional file 4.

We also examined gene functions commonly found in
the long LTG group or the low SPG group to determine
physiologically important functions for early growth and ef-
ficient growth, respectively. About 80% of genes in both
groups were mapped onto a global functional map based
on the knowledge from databases EcoCyc [26] and KEGG
[27] (Figure 5). Many genes in the long LTG group were
commonly involved in ribosome formation and tRNA
modification. On the other hand, most genes in the low
SPG group were commonly involved in aerobic respiration
(such as NADH dehydrogenase I, cytochrome bo terminal
oxidase, ATP synthase) and the oxidative stress response
system. Thus, both the long LTG group and the low SPG
group were linked to different specific physiological func-
tions in E. coli.

To illustrate the validity of these results, we evaluated
whether mutants impaired for aerobic respiration display
lower SPG values. Since the SPG value is the saturation
point of cell growth, this value represents the growth yield.
Growth yield is known to decrease if genes involved in the
aerobic respiration pathway are disrupted. For example,
when genes encoding ATP synthase are disrupted, E. coli
cells resort to less-efficient substrate-level phosphorylation
pathways to produce ATP, which reduces growth efficiency
[28]. In our screen, almost all genes related to the predom-
inant pathway of aerobic respiration were successfully se-
lected as SPG deficient. Moreover, genes in less-efficient
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respiration pathways [29], which encode NADH dehydro-
genase II (Ndh) and cytochrome bd-II terminal oxidase
(AppB and AppC), were not selected (Figure 5). This result
provides further support for the Colony-live system as a
valid tool for acquiring growth kinetics in phenotype
classification.

The importance of cysteine revealed by the colony-live
system

The Colony-live system identified new mild growth defects
of SKO mutants in the cysteine biosynthesis pathway,

which were undetectable by the conventional method.
These mild growth defects were unexpected because the
availability of cysteine should have been sufficient for two
reasons: the experiment was performed on LB agar plates,
which supplies most amino acids including cysteine [30],
and there are two alternative pathways to synthesize
cysteine, which may compensate for each other if either
pathway is disrupted (Figure 3B). Most SKO mutants in the
cysteine biosynthesis pathway exhibited slow MGR and low
SPG in our screen, and the slow MGR and low SPG were
confirmed by the further experimentation (data not shown).
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The slower MGR and lower SPG are a consequence of
insufficient supply of cysteine (probably resulting from
air oxidation of cysteine to insoluble cystine) because
supplementation with substrates related to cysteine
synthesis overcame the SPG defect (see Additional
file 1: Figure S5). Therefore, sufficient bioavailability of
cysteine is required for normal growth of E. coli.

Discussion

In this study, we developed a high-throughput growth
measurement system, Colony-live, in order to strike a bet-
ter balance between throughput and measurement quality.
The Colony-live system is designed to provide three growth
characteristic values based on growth kinetics (Figure 1),
information which is absent in the conventional method.
Our system increases the ability to identify unique pheno-
types among the wide range of phenotypes in genome-wide
studies. Such detailed examination of phenotype alterations
allows a deeper understanding of the effects of gene knock-
out on a cellular system.

To measure growth kinetics accurately and precisely,
we focused on reducing the neighbor effect, which can
cause reduced measurement quality. We took a new ap-
proach to this issue: we referred to the colony growth
model as a basis for reducing the neighbor effect. Ac-
cording to the model [31] and experimental observa-
tions[32], cells in peripheral regions of a colony replicate
faster than cells in the central region. Since the periph-
eral region becomes closer to neighboring colonies as
the colony size increases, the neighbor effect will be
more marked in this region as the colony size increases.
To minimize the neighbor effect, we derived quantifica-
tion values of colony mass of the center region (mass*),
thereby excluding growth of the peripheral region of
large colonies. As expected, the neighbor effect de-
creased when we took mass* as a quantification value,
and the measurement accuracy and precision also suc-
cessfully improved (Figure 2).

The utility of the Colony-live system was tested by
genome-wide screening experiments with the Keio col-
lection, in which we found two practical advantages of
the Colony-live system over the conventional method.
First, owing to the improvement of measurement ac-
curacy and precision, the Colony-live system detected
mild growth defect phenotypes, which were undetectable
by the conventional method (Figure 3). Under the con-
ditions examined in this study, we found that growth
measurement at 20 h incubation time for an average
diameter of 17 pixels produced the most accurate
growth measurements for Colony-live. For growth under
other conditions or other cells, both the incubation
time and average diameter for evaluation would need to
be determined empirically. Second, owing to the mea-
surement of growth kinetics, the Colony-live system
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classified two distinct growth alterations, the long LTG
group and the low SPG group (Figure 4). Importantly,
the functions of knockout genes in each group differed
(Figure 5).

The long lag time group (LTG) was linked to two
aspects of protein synthesis, the sulfur relay pathway
for tRNA modification [21] and ribosome maturation
(Figure 5). Why did these mutants display a prolonged lag
time? tRNA modification is thought to be functionally
important for translational efficiency and fidelity [33],
e.g., ribosome maturation. These mutants may prolong
the turnaround time of new protein synthesis. The biosyn-
thesis of a large number of new proteins is required dur-
ing early growth because the global expression profile
changes dramatically during the transition from stationary
phase to exponential growth phase [34]. Accordingly, the
time required for early growth, lag time, was prolonged in
these mutants. Since we found other gene classes in the
long LTG group, which have functions unrelated to pro-
tein synthesis, it is likely that there are multiple mecha-
nisms that can prolong lag time.

The less efficient group (SPG) was linked to aerobic
respiration (Figure 5). Interestingly, we found that
mutations that disrupt the cysteine biosynthetic path-
way also results in a low SPG (see Additional file 1:
Figure S5). Our interpretation is that an insufficient
supply of cysteine can decrease the activity of the respir-
ation pathway. Physiological connection between cyst-
eine and respiration is that cysteine has defense activity
against oxidative stress [35], which is mainly generated
by aerobic respiration [36]. In addition, cysteine is re-
quired to form Fe-S clusters; essential cofactors of
NADH dehydrogenase I, a central enzyme in the re-
spiratory chain. Indeed, ongoing genetic interaction
studies within our laboratory using double knockout
mutants of E. coli, strongly support a functional connec-
tion between the cysteine biosynthetic pathway and res-
piration (unpublished data).

The current Colony-live system has several issues that we
need to take into consideration. The first is that morpho-
logical abnormalities of the colonies are overlooked. Colony
morphology is sometimes changed by SKO mutation, as
exemplified by the dnaK mutant (see Additional file 1:
Figure S2) whose growth defect was missed by the Colony-
live system (Figure 3A). Although Colony-live system
detected severe and mild growth defects successfully
(Figure 3), development of an analysis method to quantify
the morphological abnormality of a colony should further
enhance the measurement quality. The second issue is the
growth effect of light exposure by periodic scanning. All
colonies were exposed to strong light for about a second
during every scan. Since E. coli cells have the potential to
sense visible light [37,38] or heat generated, the strong light
of the scanner may affect the growth of E. coli. We
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confirmed that the light does not affect growth of indi-
vidual SKO mutants during scanning (see Additional file
1: Figure S6). However, light and scanner heat have the
potential to affect colony growth under specific condi-
tions of interest and should be considered. The
optimization of parameters, such as incubation time,
diameter of the center region, etc., may be required for
growth measurements under other conditions or for
other species.

Conclusions

The Colony-live system provides high-quality growth
for genome-wide experiments and enables a deeper un-
derstanding of the effects of gene knockouts on cellular
systems. Sharing high-quality genome-wide datasets
(such as those generated by the Colony-live system)
should benefit many researchers who are interested in
specific gene functions or the architecture of cellular
systems. Our growth data will be publicly available
at GenoBase (http://ecoli.naist.jp/GB8). Therefore, the
Colony-live system provides a powerful tool to acceler-
ate knowledge accumulation for microbial cells.

Methods

Strains and media

All experiments were done using a validated Keio collec-
tion for all SKO mutants [16,17] and the wild-type
E. coli K-12 BW25113 carrying kanamycin-resistant
pXX563 (mini-F plasmid, single copy number; unpub-
lished). All SKO mutants were stored in a total of twelve
384-well microtiter plates at —80°C. Cells were grown in
Luria-Bertani (LB) medium with 30 pg/ml of kanamycin
(Wako, Osaka, Japan). Agar plates were prepared by
adding 1.5% agar (Mitsui Sugar, Tokyo, Japan) to LB
medium and autoclaving, and 50 ml of the medium was
then poured onto a Singer PlusPlate (Singer Instru-
ments, Somerset, United Kingdom). Before use, the agar
plate was dried in a laminar flow cabinet for 10-30 min.

Growth measurement

For the SKO screening experiment, stock plates com-
prising all the SKO mutants in 384-well-format (24 col-
umns and 16 rows) were thawed at room temperature
for about 1 h before use. The liquid cells on the thawed
plates were spotted onto fresh LB agar plates with 384-
long pins. For the wild-type experiment, E. coli K-12
BW25113 was inoculated into 2 ml LB and grown for
20 h at 37°C with shaking. The liquid culture was spot-
ted onto fresh LB agar plates with 384-long pins. After
overnight incubation at 37°C, the grown colonies were
arrayed from 384-format to 1536-format plates (48
columns and 32 rows) with 384-short pins. These ino-
culations were performed using a Singer RoToR HDA
machine with designated pins (Singer Instruments).
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After inoculation, colony growth at 37°C was monitored
using the Colony-live system. The Colony-live system
produced three growth characteristic values (LTG,
MGR, and SPQG) and also the growth value of the con-
ventional method.

Colony-live system
The Colony-live system consists of a large incubator
(Chromato chamber M-600FN, TAITEC, Osaka, Japan)
installed with 12 scanners (GT-X970, Seiko Epson
Corp., Nagano, Japan) and two Debian Linux computers
(Figure 1A). The scanning program was VueScan ver-
sion 8.6.66 for Linux and scanning operation was con-
trolled by our automation program. The image and
growth analyses described below were performed with
our analysis program, which were written in Python 2.7
and integrated to a MySQL5 database. All program
codes and detailed information is available at: http://
ecoli.naist.jp/Lab/joomla/index.php/en/achievements.
Image analysis of the Colony-live system was per-
formed with OpenCV library [39]. Our image analysis
strategy was based on a previous report [15]. The image
lighting gradient was corrected according to the re-
ported method [40], and then the image was binarized
with Otsu’s thresholding method [41] to determine the
positions of arrayed colonies [15]. The colony region
was extracted by filtering with the threshold value,
which was set to 10-fold greater than standard deviation
of background intensities from the mean of background
intensities. The colony area was deduced by counting
the pixel number within the colony region. Colony mass
(m) was calculated by integrating the pixel absorbance
of all pixels in the colony region:

)

where a is the total number of pixels in the colony re-
gion (equal to the colony area), /; is the light intensity of
the i-th pixel, and I,4,, is the mean of light intensities in
the surrounding agar region. This formula yields the best
quantification performance according to our evaluation
(see Additional file 1: Figure S1). Colony mass of the
center region (mass*) was calculated by integrating the
pixel absorbance of the center region over a diameter of
17 pixels (~1.0 mm) (Figure 1C).

Growth analysis of the Colony-live system was per-
formed with R (http://www.r-project.org) and rpy2 pack-
age. After the image analysis, colony growth values less
than 1 were set to 1, which is the lower limit quantifica-
tion value. Colony growth values at all incubation times
were normalized by the minimum growth value, and
then the first 25 valid growth values exceeding 1 were
regressed to the Gompertz growth model to summarize
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as a three-parameter (a, b, c¢) formula, which is
expressed as:

G(t) = aexp(-bc)

This regression was performed with the “nls” function
in R, and was successful for most growth data unless the
colony showed either no growth or extremely poor
growth. Using the three parameters, we calculated three
growth characters: lag time of growth (LTG), maximum
growth rate (MGR), and saturation point of growth
(SPG). The formulas for each growth character were de-
rived as reported [9].

In(1/b) +1 _ aln(c)
In(c) MGR = e

LTG = SPG =a

All growth values were normalized using the re-
ported method [7] in the following order: plate-plate
normalization, row/column normalization, spatial normal-
ization. Two normalization processes (neighbor effect and
batch normalization) were omitted as there was no signifi-
cant effect on our data.

Conventional method

The conventional method defines colony growth as col-
ony area after a specified incubation time [6]. In this
study the incubation time was fixed at 20 h. The quan-
tities of grown colony areas were determined by the
image analysis of the Colony-live system, and these
values were normalized using the reported method [7]
as described above.

Correction of LTG and SPG values

To correct LTG and SPG values, the relationships of
MGR-LTG and MGR-SPG were estimated. The relation-
ship of MGR-LTG comes from a theoretical study about
population lag [24]. When the inoculum amount is high,
in accordance with our experimental condition, mea-
sured growth lag value (1) depends on growth rate (u)
and the mean of individual growth lag (7) as follows:

A= In(1+ut)/u

The relationship of MGR-SPG comes from studies
about maintenance energy [25,42]. Measured growth
yield (Y) depends on growth rate (¢), maintenance coef-
ficient (m), and theoretical growth yield (Yg) as follows:

o)

Using these formulas, we performed robust regression
analysis with the least trimmed squares (LTS) method
because many outliers existed in the plot. The LTS
method was performed using the “ltgReg” function in
the robust base package [43] in R. After the regression,
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MGR-dependent LTG and SPG values were estimated
(see Additional file 1: Figure S3) and were then sub-
tracted from the original values for the correction.

Statistical analysis

Statistical analysis was performed using R. The intra-
class correlation coefficient (ICC) was calculated by
one-way ANOVA using the “icc” function in the irr
package [44] in R. For the genome-wide data, we used
the ranking-based non-parametric test [45] because this
method is robust against outliers, which occur in the
genome-wide dataset due to human error factors. This
test was performed using the “rp” function in the Rank-
Prod package [46] in R.

Additional files

Additional file 1: Figure S1. Quantitative performance of a commercial
scanner. Figure S2. Colony morphology of a dnak mutant. Figure S3.
Regression analysis for the MGR-LTG and MGR-SPG relationships. Figure S4.
Correlation between relative nutrient levels and growth yield. Figure S5.
Restoration of the cysN mutant SPG defect by supplementation with T mM
substrates related to cysteine biosynthesis. Figure S6. Effect of light from
periodic scanning. Figure S7. Validation of growth measurement by liquid
culture method. Figure S8. Growth measurement with spotting method.
Figure S9. Growth comparison between the conventional method and
Colony-live.

Additional file 2: Movie. An example of the growth measurement
result.

Additional file 3: Table S1. Growth values (n=7) of all £ coli SKO
mutants.

Additional file 4: Document. Genes of E. coli SKO mutants showing
growth defect with statistical significance.

Additional file 5: Table S2. Gene list detected only by CONV or
Colony-live.

Abbreviations

LTG: Lag time of growth; MGR: Maximum growth rate; SPG: Saturation point
of growth; CONV: Conventional method; SKO: Single-gene knockout;

FDR: False-discovery rate; ICC: Intra-class correlation coefficient.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

RT and HM conceived the study. RT developed the method and performed
the experiments. RT, TN, and HM interpreted the data. TT assisted with the
discussion on the growth analysis. AM analyzed further evaluation tests. YT
and AM prepared download site for programs, raw and processed data, and
additional evaluation results. RT, TN, BLW, and HM prepared the figures and
wrote the manuscript. All authors read and approved the final manuscript.

Acknowledgements

We thank Steven Bowden, Jonathan Monk, and lan Smith for critical reading
and preparation of the manuscript. We also thank Han Lin, Hsuan-Cheng
Huang, Hisao Moriya, Yasushi Maki, Yumi Nakai, and Yuta Otsuka for their
useful comments and technical support. This work was partially supported
by Grant-in-Aid for Scientific Research (A), Innovation Areas “Biosynthetic
machinery” from the Ministry of Education, Culture, Sports, Science and
Technology of Japan, and the Exploratory Research for Advanced
Technology (ERATO). B. L. W. is supported by NSF award 106394 in the US.A.


http://www.biomedcentral.com/content/supplementary/1471-2180-14-171-S1.pdf
http://www.biomedcentral.com/content/supplementary/1471-2180-14-171-S2.mp4
http://www.biomedcentral.com/content/supplementary/1471-2180-14-171-S3.csv
http://www.biomedcentral.com/content/supplementary/1471-2180-14-171-S4.docx
http://www.biomedcentral.com/content/supplementary/1471-2180-14-171-S5.csv

Takeuchi et al. BMC Microbiology 2014, 14:171
http://www.biomedcentral.com/1471-2180/14/171

Author details

'Graduate School of Biological Sciences, Nara Institute of Science and
Technology, Ikoma, Nara, Japan. “Bioinformatics Center, Institute for Chemical
Research, Kyoto University, Uji, Kyoto, Japan. *Graduate School of Agricultural
Science, Kobe University, Nada, Kobe, Japan. “Department of Biological
Sciences, Purdue University, West Lafayette, Indiana 47907, USA.

Received: 20 January 2014 Accepted: 6 June 2014
Published: 26 June 2014

References

1. Babu M, Diaz-Mejia JJ, Vlasblom J, Gagarinova A, Phanse S, Graham C, Yousif
F, Ding H, Xiong X, Nazarians-Armavil A, Alamgir M, Ali M, Pogoutse O, Pe'er
A, Armold R, Michaut M, Parkinson J, Golshani A, Whitfield C, Wodak SJ,
Moreno-Hagelsieb G, Greenblatt JF, Emili A: Genetic interaction maps in
Escherichia coli reveal functional crosstalk among cell envelope biogenesis
pathways. PLoS Genet 2011, 7(11):e1002377.

2. Butland G, Babu M, Diaz-Mejia JJ, Bohdana F, Phanse S, Gold B, Yang W, Li J,
Gagarinova AG, Pogoutse O, Mori H, Wanner BL, Lo H, Wasniewski J,
Christopolous C, Ali M, Venn P, Safavi-Naini A, Sourour N, Caron S, Choi JY,
Laigle L, Nazarians-Armavil A, Deshpande A, Joe S, Datsenko KA, Yamamoto N,
Andrews BJ, Boone C, Ding H, et al: eSGA: E. coli synthetic genetic array
analysis. Nat Methods 2008, 5(9):789-795.

3. Costanzo M, Baryshnikova A, Bellay J, Kim Y, Spear ED, Sevier CS, Ding H,
Koh JL, Toufighi K, Mostafavi S, Prinz J, St Onge RP, VanderSluis B,
Makhnevych T, Vizeacoumar FJ, Alizadeh S, Bahr S, Brost RL, Chen Y, Cokol
M, Deshpande R, Li Z, Lin ZY, Liang W, Marback M, Paw J, San Luis BJ,
Shuterigi E, Tong AH, van Dyk N, et al: The genetic landscape of a cell.
Science 2010, 327(5964):425-431.

4. Typas A, Nichols RJ, Siegele DA, Shales M, Collins SR, Lim B, Braberg H,
Yamamoto N, Takeuchi R, Wanner BL, Mori H, Weissman JS, Krogan NJ,
Gross CA: High-throughput, quantitative analyses of genetic interactions
in E. coli. Nat Methods 2008, 5(9):781-787.

5. Nichols RJ, Sen S, Choo YJ, Beltrao P, Zietek M, Chaba R, Lee S, Kazmierczak KM,
Lee KJ, Wong A, Shales M, Lovett S, Winkler ME, Krogan NJ, Typas A, Gross CA:
Phenotypic landscape of a bacterial cell. Cell 2011, 144(1):143-156.

6. Blomberg A: Measuring growth rate in high-throughput growth
phenotyping. Curr Opin Biotechnol 2011, 22(1):94-102.

7. Baryshnikova A, Costanzo M, Kim Y, Ding H, Koh J, Toufighi K, Youn JY, Ou J,
San Luis BJ, Bandyopadhyay S, Hibbs M, Hess D, Gingras AC, Bader GD,
Troyanskaya OG, Brown GW, Andrews B, Boone C, Myers CL: Quantitative
analysis of fitness and genetic interactions in yeast on a genome scale.
Nat Methods 2010, 7(12):1017-1024.

8. Tong AH, Evangelista M, Parsons AB, Xu H, Bader GD, Page N, Robinson M,
Raghibizadeh S, Hogue CW, Bussey H, Andrews B, Tyers M, Boone C:
Systematic genetic analysis with ordered arrays of yeast deletion
mutants. Science 2001, 294(5550):2364-2368.

9. Zwietering MH, Jongenburger |, Rombouts FM, van 't Riet K: Modeling of
the bacterial growth curve. Appl Environ Microbiol 1990, 56(6):1875-1881.

10.  Warringer J, Ericson E, Fernandez L, Nerman O, Blomberg A: High-
resolution yeast phenomics resolves different physiological features in
the saline response. Proc Natl Acad Sci U S A 2003, 100(26):15724-15729.

11. Warringer J, Zorgo E, Cubillos FA, Zia A, Gjuvsland A, Simpson JT, Forsmark
A, Durbin R, Omholt SW, Louis EJ, Liti G, Moses A, Blomberg A: Trait
variation in yeast is defined by population history. PLoS Genet 2011,
7(6):1002111.

12. Levin-Reisman I, Gefen O, Fridman O, Ronin |, Shwa D, Sheftel H, Balaban
NQ: Automated imaging with ScanLag reveals previously undetectable
bacterial growth phenotypes. Nat Methods 2010, 7(9):737-739.

13. Emebjerg M, Kishony R: Distinct growth strategies of soil bacteria as
revealed by large-scale colony tracking. Appl Environ Microbiol 2012,
78(5):1345-1352.

14.  Addinall SG, Holstein EM, Lawless C, Yu M, Chapman K, Banks AP, Ngo HP,
Maringele L, Taschuk M, Young A, Ciesiolka A, Lister AL, Wipat A, Wilkinson
DJ, Lydall D: Quantitative fitness analysis shows that NMD proteins and
many other protein complexes suppress or enhance distinct telomere
cap defects. PLoS Genet 2011, 7(4):1001362.

15. Shah NA, Laws RJ, Wardman B, Zhao LP, Hartman JL: Accurate, precise
modeling of cell proliferation kinetics from time-lapse imaging and
automated image analysis of agar yeast culture arrays. BMC Syst Biol 2007, 1:3.

20.

21.

22.

23.

24

25.

26.

27.

28.

29.

30.

32.

33.

34,

35.

36.

37.

38.

6.

Page 10 of 11

Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, Datsenko KA,
Tomita M, Wanner BL, Mori H: Construction of Escherichia coli K-12
in-frame, single-gene knockout mutants: the Keio collection. Mo/ Syst Biol
2006, 2:2006-0008.

Yamamoto N, Nakahigashi K, Nakamichi T, Yoshino M, Takai Y, Touda Y,
Furubayashi A, Kinjyo S, Dose H, Hasegawa M, Datsenko KA, Nakayashiki T,
Tomita M, Wanner BL, Mori H: Update on the Keio collection of
Escherichia coli single-gene deletion mutants. Mol Syst Biol 2009, 5:335.
Pellis L, Franssen-van Hal NL, Burema J, Keijer J: The intraclass correlation
coefficient applied for evaluation of data correction, labeling methods,
and rectal biopsy sampling in DNA microarray experiments.

Physiol Genomics 2003, 16(1):99-106.

Erhardt H, Steimle S, Muders V, Pohl T, Walter J, Friedrich T: Disruption of
individual nuo-genes leads to the formation of partially assembled
NADH:ubiquinone oxidoreductase (complex 1) in Escherichia coli.
Biochim Biophys Acta 2012, 1817(6):863-871.

Gulmezian M, Hyman KR, Marbois BN, Clarke CF, Javor GT: The role of
UbiX in Escherichia coli coenzyme Q biosynthesis. Arch Biochem
Biophys 2007, 467(2):144-153.

lkeuchi Y, Shigi N, Kato J, Nishimura A, Suzuki T: Mechanistic insights
into sulfur relay by multiple sulfur mediators involved in thiouridine
biosynthesis at tRNA wobble positions. Mol Cell 2006, 21(1):97-108.
Yim L, Moukadiri |, Bjork GR, Armengod ME: Further insights into the tRNA
modification process controlled by proteins MnmE and GidA of
Escherichia coli. Nucleic Acids Res 2006, 34(20):5892-5905.

Paek KH, Walker GC: Escherichia coli dnaK null mutants are inviable at
high temperature. J Bacteriol 1987, 169(1):283-290.

Baranyi J: Comparison of Stochastic and Deterministic Concepts of
Bacterial Lag. J Theor Biol 1998, 192(3):403-408.

Pirt SJ: The maintenance energy of bacteria in growing cultures. Proc R
Soc Lond B Biol Sci 1965, 163(991):224-231.

Keseler IM, Mackie A, Peralta-Gil M, Santos-Zavaleta A, Gama-Castro S,
Bonavides-Martinez C, Fulcher C, Huerta AM, Kothari A, Krummenacker
M, Latendresse M, Muniz-Rascado L, Ong Q, Paley S, Schroder |, Shearer
AG, Subhraveti P, Travers M, Weerasinghe D, Weiss V, Collado-Vides J,
Gunsalus RP, Paulsen |, Karp PD: EcoCyc: fusing model organism
databases with systems biology. Nucleic Acids Res 2013,

41(Database issue):D605-D612.

Kanehisa M, Goto S: KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res 2000, 28(1):27-30.

Jensen PR, Michelsen O: Carbon and energy metabolism of atp mutants
of Escherichia coli. J Bacteriol 1992, 174(23):7635-7641.

Bekker M, de Vries S, Ter Beek A, Hellingwerf KJ, de Mattos MJ: Respiration of
Escherichia coli can be fully uncoupled via the nonelectrogenic terminal
cytochrome bd-Il oxidase. J Bacteriol 2009, 191(17):5510-5517.

Sezonov G, Joseleau-Petit D, D'Ari R: Escherichia coli physiology in Luria-
Bertani broth. J Bacteriol 2007, 189(23):8746-8749.

Pirt SJ: A kinetic study of the mode of growth of surface colonies of
bacteria and fungi. J Gen Microbiol 1967, 47(2):181-197.

McKay AL, Peters AC, Hann AC: The growth of Salmonella typhimurium
on irradiated, raw, skinless chicken breast. Int J Food Microbiol 1997,
37(2-3):121-129.

Agris PF, Vendeix FA, Graham WD: tRNA's wobble decoding of the
genome: 40 years of modification. J Mol Biol 2007, 366(1):1-13.

Selinger DW, Cheung KJ, Mei R, Johansson EM, Richmond CS, Blattner FR,
Lockhart DJ, Church GM: RNA expression analysis using a 30 base pair
resolution Escherichia coli genome array. Nat Biotechnol 2000,
18(12):1262-1268.

Ohtsu |, Wiriyathanawudhiwong N, Morigasaki S, Nakatani T, Kadokura H,
Takagi H: The L-cysteine/L-cystine shuttle system provides reducing
equivalents to the periplasm in Escherichia coli. J Biol Chem 2010,
285(23):17479-17487.

Imlay JA: Cellular defenses against superoxide and hydrogen peroxide.
Annu Rev Biochem 2008, 77:755-776.

Nakahigashi K, Miyamoto K, Nishimura K, Inokuchi H: Isolation and
characterization of a light-sensitive mutant of Escherichia coli K-12
with a mutation in a gene that is required for the biosynthesis of
ubiquinone. J Bacteriol 1992, 174(22):7352-7359.

Tschowri N, Busse S, Hengge R: The BLUF-EAL protein YcgF acts as a
direct anti-repressor in a blue-light response of Escherichia coli.

Genes Dev 2009, 23(4):522-534.



Takeuchi et al. BMC Microbiology 2014, 14:171
http://www.biomedcentral.com/1471-2180/14/171

39.
40.

41.

42.

43.

44,

45,

46.

Bradski G: The OpenCV Library. Dr Dobb J Softw Tools 2000, 25(11):122-125.
Lawless C, Wilkinson DJ, Young A, Addinall SG, Lydall DA: Colonyzer:
automated quantification of micro-organism growth characteristics
on solid agar. BMC Bioinformatics 2010, 11:287.

Liao P, Chen T, Chung P: A fast algorithm for multilevel thresholding.

J Inform Sci Eng 2001, 17:713-727.

Russell JB, Cook GM: Energetics of bacterial growth: balance of anabolic
and catabolic reactions. Microbiol Rev 1995, 59(1):48-62.

Todorov V, Filzmoser P: An object-oriented framework for robust muilti-
variate analysis. J Stat Softw 2009, 32(3):1-47.

Gamer M, Lemon J, Fellows |, Sing P: irr: Various coefficients of interrater
reliability and agreement (Version 0.83). Available from http://CRANR-
projectorg/package=irr 2010.

Breitling R, Armengaud P, Amtmann A, Herzyk P: Rank products: a simple,
yet powerful, new method to detect differentially regulated genes in
replicated microarray experiments. FEBS Lett 2004, 573(1-3):83-92.

Hong F, Breitling R, McEntee CW, Wittner BS, Nemhauser JL, Chory J:
RankProd: a bioconductor package for detecting differentially expressed
genes in meta-analysis. Bioinformatics 2006, 22(22):2825-2827.

doi:10.1186/1471-2180-14-171

Cite this article as: Takeuchi et al.: Colony-live —a high-throughput
method for measuring microbial colony growth kinetics— reveals
diverse growth effects of gene knockouts in Escherichia coli. BMIC
Microbiology 2014 14:171.

Page 11 of 11

Submit your next manuscript to BioMed Central
and take full advantage of:

* Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central



http://cranr-projectorg/package=irr
http://cranr-projectorg/package=irr

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Development of the colony-live system
	Normalization to reduce colony neighbor effects
	Comparison of colony-live with the conventional method
	Further classification of SKO mutants by growth kinetics
	The importance of cysteine revealed by the colony-live system

	Discussion
	Conclusions
	Methods
	Strains and media
	Growth measurement
	Colony-live system
	Conventional method
	Correction of LTG and SPG values
	Statistical analysis

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

