








CMOS camera. A 1% agarose pad with 0.9% NaCl was used
to immobilize the cells. After cell immobilization, images were
acquired within 5 min at room temperature (RT).

A customized MATLAB (MathWorks)-based image-processing
package, MicrobeTracker (25), was used to contour the cells and
calculate the cell size parameters, including the mean cell width,
maximal cell width, cell length, cell area, and cell volume accord-
ing to the phase-contrast microscopic photographs. One pixel on
the picture equals 0.065µm, which was validated by a graticule.

OD per Cell Measurement. To characterize the OD per cell,
after the OD measurement, 200µL of the cell suspension was
immediately diluted 10 times with precooled cell count buffer
(0.9% NaCl with 0.12% formaldehyde) and kept in an ice-water
bath until cell count.

Bacterial cell counting was performed with a flow cytome-
ter (Beckman; Cyto-FLEX). Samples were diluted as necessary
with the straining buffer (cell count buffer supplemented with
1 mg·mL−1 DAPI) before the flow cytometer analysis. The flow
rate and running time were 60µL ·min−1 and 100 s, respectively.
The DAPI-stained particles were deemed the bacterial cells. The
OD 600 per cell was then calculated by dividing the value of OD600
by the corresponding cell number.

Quantitative Real-Time RT-PCR. One milliliter of the experimental
culture (OD 600∼ 0.3) was immediately mixed with RNA Bacte-
ria Protect Reagent (Qiagen). Total bacterial RNA was extracted
using the RNeasy mini kit (Qiagen) according to the manufac-
turer’s protocol. The RNA yield and purity were estimated using
a NanoDrop 2000c spectrophotometer (Thermo Scientific). The
absence of the genomic DNA contamination was confirmed by
PCR. About 600 ng RNA was reverse transcribed, using a Prime-
Script RT reagent kit with gDNA Eraser (Takara) according
to the manufacturer’s protocol. Reactions without reverse tran-
scriptase were conducted as controls for the following qPCR
reactions. The cDNA samples were further diluted 1:25 with
PCR grade water and stored at−20 ◦C until use. SYBR Pre-
mix Ex Taq (Tli RNaseH plus) (Takara) was used for qPCR
amplification of the amplified cDNA. Each reaction consisted of
5 µL diluted cDNA sample, 200 nM forward and reverse qPCR
primers, 10 µL SYBR Premix Ex Taq, and up to 20 µL with
PCR grade water. Each reaction was performed in triplicate. The
qPCR reactions were performed using a LightCycler 480 System
(Roche) with the following program: 30 s at 95◦C and 40 cycles
of denaturation (5 s at 95◦C), annealing, and elongation (30 s
at 60 ◦C). Data were acquired at the end of the elongation step.
A melting curve was run at the end of the 40 cycles to test for
the presence of a unique PCR. To calculate the PCR efficiency,
standard curves were made for each gene of target by using seri-
ally diluted cDNA samples as the templates. The 16S rRNA was
used as the reference gene to normalize the expression level.
For each RNA preparation, at least three independent real-time
PCR measurements were performed.

Effective Stiffness Measurement. The immobilized mreB-titrated
cells were used for the effective stiffness measurement. Cells
were harvested at OD600 ∼ 0.3, centrifuged, and washed for
twice with PBS. To immobilize the cells for AFM measurement,
the Petri dish was precoated with poly-L-lysine (PLL) (Sigma).
The cell suspension was added into the precoated Petri dish
and kept at RT for 30 min to immobilize the cells, and then
the suspension was removed by careful pipetting. The Petri dish
was washed twice with PBS to remove the unbound cells. PBS

was then added into the Petri dish for AFM measurements in
liquid. AFM measurements were conducted by using Nanowiz-
ard II (JPK Instrument). The force–distance and force–time
curves were acquired by using a commercial AFM tip with a
spring constant∼0.03 N·m−1 (MLCT, Tip D; Bruker). The
spring constant of the specific tip was determined by thermonoise
methods. Three locations along the vertical axis of a single bac-
terial cell were selected for data acquisition. The data were
processed on the manufacturer’s software; the data were used
to fit with the Hertz model to calculate the effective stiffness of
the cells.

Scanning Electron Microscopy. Cells were collected by centrifuga-
tion, washed three times with precooled PBS buffer, and then
treated with precooled 2% (wt/vol) glutaraldehyde and kept at
4 ◦C for 2 h to fix the cells. Fixed cells were collected by centrifu-
gation, washed three times with precooled PBS buffer, and then
treated with a gradient ethanol for dehydration. Dehydrated cells
were resuspended with tertiary butyl alcohol and kept at RT for
30 min; this step was repeated two more times to allow fully
replacing the ethanol. A drop of the cell suspension was spread
on foil paper and kept at RT to air dry. The samples were then
analyzed on a Nova NanoSEM 450 at 5,000×magnification.

Cellular oriC Characterization. The cellular oriC number was char-
acterized by run-out experiments (41). Briefly, exponentially
growing cells (OD600 ∼ 0.2) were treated with 300µg·mL−1

rifampicin and 30 µg·mL−1 cephalexin for three to four gener-
ations. The cells were harvested by centrifugation, washed twice
with TE buffer (20 mM Tris ·HCl, PH 8.0, 130 mM NaCl, 1 mM
EDTA), and fixed in 70% (vol/vol) ethanol at 4 ◦C overnight.
Fixed cells were washed twice with Tris-buffered saline (TBS)
(20 mM Tris·HCl, pH 8.0, 130 mM NaCl) and resuspended
and diluted as necessary with the staining buffer (TBS with 10
ng·mL−1 DAPI).

Flow cytometry analysis was performed using a Cyto-FLEX
(Beckman) equipped with a 405-nm laser, and the intensity of
DAPI signaling was gathered at FL-3 (PB450 channel). The aver-
aged cellularoriC number was calculated based on the distribu-
tion of the DAPI signaling of the run-out sample.

Characterization of the C and D Periods by qPCR. To characterize
the C and D periods with a higher accuracy, instead of charac-
terizing the ratio of oriC/terC (21), we quantified the copy num-
ber of the 16 different genetic loci (Nm) and fitted the logNm

2 ∗ τ
with m’ (defined as the reference, e.g., theoriC locus equals 0
and terC locus equals 1) as a straight line, with the slope of the
line equaling C and the intercept of the y axis equalingC + D.
Briefly, the cells were harvested at OD600∼ 0.2, and the cellular
DNA was extracted by using the genomic DNA purification kit
(Tiangen) according to the manufacturer’s protocol. The rela-
tive abundances of different chromosome loci were quantified by
qPCR, using hydrolysis probes methods (primer sequences are
available in Table S2).

To confirm the C period measured by qPCR, a DNA incre-
ment method was applied as described in ref. 42. Chlorampheni-
col (200 µg·mL−1) was used to inhibit initiation of new rounds
of replication, cells were collected by filtration, and the DNA
amount was measured by using the diphenylamine colorimetric
method. The measured DNA amount after inhibiting the repli-
cation initiation was analyzed as described in ref. 28 to get theC
period.
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Fig. S1. The cell volume measured based on the phase-contrast microscope photographs correlates well with OD600/109 cells. The circle, triangle, and square
indicate mreB-titratable, ftsZ-titratable, and WT strains, respectively. Different colors denote growth media: Red is RDM + glucose, and blue is RDM + glycerol.
Error bars represent the SEM from three independent experiments.

Fig. S2. Decreased mreB expression level results in increased cell width without affecting the volume doubling rate and cell length in various growth media.
(A–D) The relative mreB mRNA level, volume doubling rate, mean cell width, and cell length of the mreB-titratable strain were characterized in RDM + glucose
(A), RDM + glycerol (B), M9 + glucose + CAA (C), and M9 + glycerol + CAA (D), respectively. Error bars represent the SEM from three independent experiments.
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Fig. S3. The cell width is maintained by the cell wall stiffness. (A) Representative SEM photographs of the mreB-titratable and WT strains. (B) The cell width
is negatively related with the effective cellular stiffness. Error bars represent the SEM from three independent experiments.

Fig. S4. The growth law does not apply for cell length or cell width. The average cell length (A) and average cell width (B) were not proportional to the
scaling factor. The black line shows the best fit with intercept forced to zero. The coefficients of determination of the fits are −0.62 and −1.09, respectively.
A negative coefficient of determination implies that the mean is a better predictor than the fit. The circle, triangle, and square indicate mreB-titratable,
ftsZ-titratable, and WT strains, respectively. Different colors denote growth media: Red is RDM + glucose, and blue is RDM + glycerol. The SEMs of three
replicates were smaller than the size of the symbols.

Fig. S5. Cell length changes in mreB-titratable strains are small but consistent with the predictions by the growth law. Circles plot the same data as Fig. 4C
for mreB-titratable strains. Different colors denote growth media: Red is RDM + glucose, and blue is RDM + glycerol. Black symbols plot predictions of the
growth law given cell width and the D period. Error bars represent 10% propagated errors estimated from uncertainties in cell width, the C and D periods,
the doubling time τ , and the proportionality constant ∆.
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Table S1. Strains and plasmids used in this study

Strains or plasmids Genotype or description Source

Strains
CL-M A WT E. coli K12 strain AMB 1655 Antonin Danchin, AMAbiotics
ZH1 mreB<> aph, bla:Ptet-tetR-mreB at attB site This study
ZH2 bla:Ptet-tetR at attB site This study
ZH16 ftsZ<> aph, bla:Ptet-tetR-ftsZ at attB site This study
ZH21 ∆motA ZH1, this study

Plasmids
pSim5 Cmr, pSC101 ori, λRed (2)
plkml Ampr, loxp-Kanr-loxp This study
pMD19-T0-Amp-T1-Ptet-tetR Ampr, pUC ori, bla:Ptet-tetR This study
pMD19-T0-Amp-T1-Ptet-tetR-mreB Ampr, pUC ori, bla:Ptet-tetR-mreB This study
pMD19-T0-Amp-T1-Ptet-tetR-ftsZ Ampr, pUC ori, bla:Ptet-tetR-ftsZ This study

Table S2. Oligonucleotides used in this study

Name Sequence Use

P102 ctgactcgagtccctatcagtgatagagattg Amplify Ptet-tetR
P103 ctgaggatccgagctcctgcagttaagacccactttcacatttaag Amplify Ptet-tetR
P114 ctgagagctcggattttcttttccgcc Amplify mreB
P115 ctgaggatccttactcttcgctgaacaggtc Amplify mreB
P177 gtcactgcagaaagaggagaaatactagatgtttgaaccaatg-

gaacttacc Amplify ftsZ
P178 cagtggatccttaatcagcttgcttacgcag Amplify ftsZ
P85 Gcctcgattactgcgatgtt Confirmation
P145 Gccttcttattcggccttga Confirmation
PR29 ttaaaggtattaaaaacaactttttgtctttttaccttcccgtttc-

gctccaggaaacagctatgaccatg Recombineering at attB site
PR30 cacaggttgctccgggctatgaaatagaaaaatgaatccgtt-

gaagcctgtgtaaaacgacggccagt Recombineering at attB site
PR31 gtcgctgctgcgtgtggttggtaaagtaagcggattttc-

ttttccgcccctcgacaaagaggagaaatactagatg Recombineering at mreB site
PR32 tcgtatcagaccaggcagggtaaacagacacttcccctgcctgc-

atccgatcagaagaactcgtcaagaagg Recombineering at mreB site
PR66 ccgacgatgattacggcctcaggcgacaggcacaaatcggag-

agaaactatgattgaacaagatggattgca Recombineering at ftsZ site
PR67 gcgggccagtttagcacaaagagcctcgaaacccaaattccag-

tcaattctcagaagaactcgtcaagaagg Recombineering at ftsZ site
P16 Gctacaatggcgcatacaaa RT-qPCR primer for 16S rRNA
P17 Ttcatggagtcgagttgcag RT-qPCR primer for 16S rRNA
P6 Aatgaaatcctcgaagcact RT-qPCR primer for mreB
P7 Ccattaacaaacggtcaagg RT-qPCR primer for mreB
P8 Cttctcttgacccggatatg RT-qPCR primer for ftsZ
P9 Cattcacgactttagcaacc RT-qPCR primer for ftsZ
L oriC-F Gagaatatggcgtaccagca qPCR primer to quantify C and D
L oriC-R Aagacgcaggtatttcgctt qPCR primer to quantify C and D
L oriC-probe Caacctgacttcggtccgcg qPCR primer to quantify C and D
L +0.1-F Gttcgtagtcagcgatatc qPCR primer to quantify C and D
L +0.1-R Tcacccaaccgaaattac qPCR primer to quantify C and D
L +0.1-probe Aacaggcgttcacttccacca qPCR primer to quantify C and D
L −0.1-F Ttcccacttactgttctc qPCR primer to quantify C and D
L −0.1-R Tgcagctttcgataatattc qPCR primer to quantify C and D
L −0.1-probe Cgcagaacaatctcgctcagg qPCR primer to quantify C and D
L +0.2-F Tggtcagttccaatagtag qPCR primer to quantify C and D
L +0.2-R Tgaggatctgcttaataaac qPCR primer to quantify C and D
L +0.2-probe Attcatcaggccgacggtca qPCR primer to quantify C and D
L −0.2-F Gcctccaccattaataaac qPCR primer to quantify C and D
L −0.2-R Acgcatattccagatgaa qPCR primer to quantify C and D
L −0.2-probe Tgctgcttctctgtgccgat qPCR primer to quantify C and D
L +0.3-F Gttgcaaataatccacctg qPCR primer to quantify C and D
L +0.3-R Gcgaatgtcatcaacaac qPCR primer to quantify C and D
L +0.3-probe Atcaccagcaaacgcagttcc qPCR primer to quantify C and D
L −0.3-F Cggtattatcgttgtttca qPCR primer to quantify C and D
L −0.3-R Ccctttatatatttactgtatttcc qPCR primer to quantify C and D
L −0.3-probe caaggaagataacaataccgccgac qPCR primer to quantify C and D
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Table S2. Cont.
Name Sequence Use

L −0.4-F Cgcataaaatgtaattctctc qPCR primer to quantify C and D
L −0.4-R Gcaacgatttaatttattatttcc qPCR primer to quantify C and D
L −0.4-probe ccacatacaatcgccgttaccac qPCR primer to quantify C and D
L +0.5-F Taccgtttacctgtatcg qPCR primer to quantify C and D
L +0.5-R Tggtcatatcctttccag qPCR primer to quantify C and D
L +0.5-probe ctaatgtaacaggttcgccgtcac qPCR primer to quantify C and D
L −0.5-F Gatcgtcaagtactcaag qPCR primer to quantify C and D
L −0.5-R Ggacatcgttcagaattc qPCR primer to quantify C and D
L −0.5-probe cctctgtgacgatggagtacctac qPCR primer to quantify C and D
L +0.6-F Ccgtcatgatcatctgata qPCR primer to quantify C and D
L +0.6-R Tgtcgagttgcttgataa qPCR primer to quantify C and D
L +0.6-probe Aggacgttccatccttgcgt qPCR primer to quantify C and D
L −0.6-F ccttctgtatatagatatgctaaa qPCR primer to quantify C and D
L −0.6-R Cctgtccttaactgtatga qPCR primer to quantify C and D
L −0.6-probe ccttacttccgcatattctctgagc qPCR primer to quantify C and D
L −0.7-F Tacgcataaagccaacta qPCR primer to quantify C and D
L −0.7-R Cgatgtgatggaagagaa qPCR primer to quantify C and D
L −0.7-probe Tgccgacgccatacagtgac qPCR primer to quantify C and D
L +0.8-F Gcacttataacatcacga qPCR primer to quantify C and D
L +0.8-R Gaacggaatgtcagaatg qPCR primer to quantify C and D
L +0.8-probe ccaatggttactcactggttcagg qPCR primer to quantify C and D
L −0.8-F Ctcagacacagctttcta qPCR primer to quantify C and D
L −0.8-R Tccgcatggttatttaac qPCR primer to quantify C and D
L −0.8-probe agcaccactaatgatcctgagca qPCR primer to quantify C and D
L terC-F Tcctcgctgtttgtcatctt qPCR primer to quantify C and D
L terC-R Ggtcttgctcgaatccctt qPCR primer to quantify C and D
L terC-probe Catcagcacccacgcagcaa qPCR primer to quantify C and D

Zheng et al. www.pnas.org/cgi/content/short/1617932114 6 of 6

http://www.pnas.org/cgi/content/short/1617932114



