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a b s t r a c t

Life cell imaging of bacterial cells over long times is very challenging because of the small dimensions
and the need for a liquid environment assuring cell viability. In order to obtain space- and time-resolved
information about protein dynamics, high resolution time-lapse fluorescence images (TLFI) of single bac-
terial cells were recorded in a poly(dimethylsiloxane) (PDMS) microfluidic chip. A new gradient coating
technique was applied to ensure cell loading. As a proof-of-concept, we monitored the evenly distributed
cytoplasmic protein GcrA as well as the asymmetric localization of the DivK protein in cells of S. meliloti
over at least two division cycles. Localization of DivK was characterized by dividing each bacterial cell
into 4 sections with dimensions closely above the optical limit of resolution. This approach of generating
spatio-temporal resolved information of protein dynamics in single bacterial cells is applicable to many
problems.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Life cell imaging allows for observations of processes within
single cells while they are happening [Stephens and Allan, 2003].
Especially the application of GFP led to great insights into gene
expression and protein dynamics. Furthermore, GFP and other
autofluorescent proteins serve as reporter proteins visualizing
complex protein networks paving the way for systems biology.

There are two important aspects that recently were considered
more carefully when discussing single-cell data. Firstly, protein
dynamics within single cells is a highly organized process in time
and space (reviewed in Thanbichler and Shapiro, 2008). For exam-
ple, in bacterial cells proteins can asymmetrically localize during
cell cycle, e.g. at one pole only. With traditional techniques as real-
time PCR, mass spectrometry or flow cytometry, these localizations
are not experimentally accessible and such techniques give only
static information lacking the temporal dimension.
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Secondly, in bulk measurements individual cellular responses
are lost as for example temporal variations or cell-to-cell variabil-
ity. Stochastic nature of gene expression is a central scheme and
underlines the importance of studying large ensembles of single
cells [Cai et al., 2006; Newman et al., 2006].

Whenever performing life cell imaging, special emphasis should
be put on “cells’ health on microscope stage” [Stephens and Allan,
2003]. The environment should be as physiological and constant as
possible, especially for long-term observations. This includes con-
trol of humidity, temperature, gas exchange, and nutrition. As every
observation may lead to photo damage, the total amount of added
energy should be kept as low as possible.

Additionally, there are some very practical problems: for long-
term imaging the cells should be viably immobilized and prevented
from dehydration. The standard approach is a sealed pad of agarose
that hinders gas exchange and access to the sample.

As a fast-evolving technology, microfluidics allows the process-
ing and manipulation of small amounts of liquids (10−9 to 10−18 L)
using channels with typical dimensions of 10–100 �m [Whitesides,
2006]. Microfluidic cell culture platforms combine the advantages
of miniaturization and real-time microscopy allowing culture con-
ditions that are more physiological [Gomez-Sjöberg et al., 2007].
Cells can be studied at single and multi-cellular levels with sin-
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gle cell resolution and local control of the fluidic environment.
The confinement of cells in the chip avoids stacking of cells on
top of each other, typically occurring after multiple cell divisions.
Therefore, the cells can be identified individually over much longer
times compared to traditional time-lapse microscopy without spa-
tial confinement of the cells [Longo and Hasty, 2006]. The possibility
for automation promises higher reproducibility, high throughput,
more robust systems and the accessibility of faster timescales often
limited by the experimenter [El-Ali et al., 2006; Breslauer et al.,
2006].

First commercial microfluidic systems are available for life cell
imaging, e.g. from Ibidi (plastic gas exchange partially through bot-
tom) or Cellasic (glass bottom; gas permeable PDMS membrane
on top). These systems deliver hybrid glass-plastic devices for cell
culturing, immobilization and observation. But an adaption of the
geometry and the surface chemistry is most often necessary.

With soft lithography new layouts can be created quickly
which brings microfluidics to biology focused labs. Microfluidic
chip devices are typically fabricated from poly(dimethylsiloxane)
(PDMS) involving a process, which requires no cleanroom—once
the master replica is fabricated [Xia and Whitesides, 1998]. Addi-
tionally, PDMS is compatible with most biological assays; it is
transparent, chemically inert and gas permeable. PDMS surfaces
can be functionalized with almost the same procedures as glass
[Xia and Whitesides, 1998; Merkel et al., 2000].

The literature on applications of microfluidics to cell culture and
cell handling is very diverse. An overview of so called micro total
analysis system (�TAS) is given by a series of reviews with a spe-
cial section about cell culture and cell handling [Auroux et al., 2002;
Reyes et al., 2002; Vilkner et al., 2004; Dittrich et al., 2006; West et
al., 2008]. Microfluidics-based systems biology and cells on chips
were recently reviewed [Breslauer et al., 2006; El-Ali et al., 2006] as
well as the state of the art concerning the dynamics of single-cell
gene expression and appropriate microfluidic techniques [Longo
and Hasty, 2006]. Therefore, we only highlight a few examples
from the recent literature with direct implications for this study.
Gomez-Sjöberg et al. (2007) demonstrated the first fully automated
microfluidic cell culture system and applied it to human stem cells.
Up to 4 weeks of cell culture were realized with liver cells [Kane et
al., 2006]. Sigal et al. (2006) observed protein localizations in human
cells and established the in silico synchronization of cell division.
Survival after antibiotic treatment of a fraction of persistent bac-
terial cells and their re-growth was investigated in microfluidic
devices [Balaban et al., 2004]. Differentiation of muscle cells was
observed on a PDMS chip over time spans of 2 weeks [Tourovskaia
et al., 2005]. Cookson et al. (2005) observed large numbers of sin-
gle S. cerevisiae cells over many cellular generations in a PDMS
device and Megerle et al. (2008) used the commercially available �-
slides from Ibidi to study the arabinose system of Escherichia coli.
Also PDMS microfluidic devices were used to study gene expres-
sion in yeast cells [Ryley and Pereira-Smith, 2006; Charvin et al.,
2008].

Microfluidics devices are particularly well suited to study
cell cycle processes. Regulation of bacterial cell cycle progres-
sion is a fundamental process that is hardly experimentally
accessible, mainly because of the small dimensions of the cells.
Despite the simplicity of a bacterial cell, studies of the asym-
metrical dividing alpha-proteobacterium Caulobacter crescentus
reveal parallels to the highly organized eukaryotic cell cycle
in terms of involvement of DNA methylation, regulated prote-
olysis and phosphorelays (reviewed in Goley et al., 2009). In
C. crescentus, cell cycle progression is based on a transcrip-
tional cascade of the three master regulators DnaA, GcrA, and
CtrA, cycling out of phase, and driving the expression of cell
cycle-regulated genes [Laub et al., 2002; Holtzendorff et al.,
2004; Hottes et al., 2005]. A fourth main player, the CcrM

methyltransferase, closes the cell cycle circuit [Collier et al.,
2007].

DnaA is an ATPase that binds to the chromosome replication ori-
gin and initiates replication by unwinding the DNA, enabling the
replication complex to start. DnaA also activates the transcription
of GcrA, which directly controls the expression of DNA polymerase
III holoenzyme, DNA helicase and primase, and about 50 other cell
cycle related genes (reviewed in Marinus and Casadesus, 2009).
GcrA then activates CtrA, a response regulator driving the expres-
sion of about 95 genes, among them genes essential for cell division
as well as genes required for polar morphogenesis. At the transcrip-
tional level, CtrA blocks the expression of GcrA, while upregulating
its own transcription by induction of a second promoter, resulting
in an out of phase oscillation of GcrA and CtrA protein levels. In C.
crescentus, CtrA-P also silences the origin of replication, thus per-
mitting initiation of DNA replication only once per cell cycle. CtrA is
only active when phosphorylated by the CckA-dependent phospho-
relay cascade, which is negatively controlled by the essential single
domain response regulator DivK [Biondi et al., 2006; Paul et al.,
2008]. The transcription of divK is induced by CtrA itself, resulting
in autoregulation of CtrA.

In this study we investigated the dynamics and localization of
GcrA and DivK in Sinorhizobium meliloti, a soil bacterium capa-
ble of forming a nitrogen-fixing symbiosis with compatible plants
of the genera Medicago, Melilotus and Trigonella. In the free-living
state, S. meliloti cells share the asymmetric cell division with other
alpha-proteobacteria [Hallez et al., 2004]. In this study, we present
a straightforward disposable microfluidic device fabricated from
PDMS and a gradient coating technique that simplifies cell loading
and provides different densities of cells.

2. Material and methods

2.1. Construction of DivK and GcrA fusions to fluorescent proteins

The gcrA and divK coding regions lacking the native stop codon
were amplified by PCR using the primer pairs divK upstream
(ATATTTGAATTCCGCTCTACGCTGCTGAGTC TC/ATATTTTCTAGAGG
CCAGAATGGCCGGCATCGCCCAGATATGTTTT) and gcrA upstream
(ATATTTGAATTCACAAAACCAAGGTTTGCAGGC/ATATTTTCTAG AGG
CCAGAATGGCCGCGCATGCGCCGGCGCTCGGC) (Restriction sites
in the primer sequences are underlined.) and cloned into vector
pK19MobSacB [Schäfer et al., 1994] restricted by EcoRI and XbaI.
The downstream primers inserted XbaI and SfiI restriction sites
downstream of the coding regions.

Downstream regions of divK and gcrA were amplified
using the primer pairs divK downstream (ATATTTTCTAGA
GATCGATATGACTGCGCGCAT/ATATTTAAGC TTCCAGTCGAAGCCTC
TCCGCAA) and gcrA downstream (ATATTTTCTAGAAGG CCC-
CTTTTTTTTTGCCAT/ATATTTAAGCTTTGTTCCGGGAACTGCTGACCT).
The resulting fragments were inserted into the XbaI and HindIII
sites of the pK19MobSacB derivates carrying the coding regions.

Universal fluorescent protein gene cassettes were con-
structed by amplification of the eGFP and mCherry coding regions
[Shaner et al., 2004, Clontech] using the primer pair fp-primer
(ATATTTGAATTCGGCCATTCTGGCCTGATGGTGAGCAAGGGCGAGGA
G/ATATTTGGTACCTTACTTGTACAGCTCGTCCAT). The resulting
fragments were cloned into the EcoRI and KpnI sites of pUC18,
inserting a SfiI site upstream of the coding regions. Coding regions
of tetracycline (tet) or gentamicin (aacC1) resistance genes were
amplified using the primer pairs tetA-primer (ATATTTGGTACC
CCTCCTTCGTCGGTGTCGTCG/ATATT TTCTAGACTCATACCGGCTACG
GGAGAC) or aacC1-primer (ATATTTGGTACCG GCCGAGGTCTTCCGA
TCTCC/ATATTTTCTAGAGGGAAGCCGATCTCGGCTTGA) and cloned
into the KpnI and XbaI sites of pUC18.
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Fig. 1. Constructs of 3′-translational fluorescent fusions integrated into the genome by homologous recombination. (A) gcrA-eGFP followed by a tetracycline resistance gene.
(B) divK-eGFP followed by a tetracycline resistance gene.

Fig. 2. IR image of the microfluidic chip on the x–y-stage at room temperature
(25 ◦C): The white rectangle indicates the chip, which displays the same tempera-
ture as the room with exceptions at the reservoirs. There, water evaporates cooling
the surface of the liquid drop.

Combination of both fragment types resulted in eGFP-tet or
mCherry-aacC1 cassettes that were inserted into the SfiI and XbaI
sites of pK19MobSacB derivates carrying coding and downstream
regions of divK or gcrA generating 3′-translational fusions of divK
or gcrA to the eGFP or mCherry fluorescent protein genes followed
by the antibiotic resistance gene and the downstream fragment
(Fig. 1).

These constructs were transferred by E. coli S17-1 mediated
conjugation [Simon, 1984] to S. meliloti and integrated into the
chromosome by homologous recombination replacing the native

genes. The resulting strains carried divK-eGFP-tet, gcrA-eGFP-tet,
or gcrA-mCherry-aacC1 fusions as single copies at the native loci in
the chromosome.

2.2. Time-lapse life cell imaging

All chemicals and reagents were obtained from Sigma–Aldrich
(Germany). The microfluidic chips were fabricated by soft litho-
graphy [Xia and Whitesides, 1998]. Briefly (see also references
Regtmeier et al., 2007; Greif et al., 2008), the masterwafer was
lithographically patterned with the photoresist SU8-5 (Micro Resist
Technology, Germany) and processed as indicated by the manu-
facturer. Poly(dimethylsiloxane) was obtained from Dow Corning,
USA. Polymer and linker were mixed 10:1 and poured over the
masterwafer. The polymer was cured at 85 ◦C for 4 h, peeled off
the wafer and cut with a scalpel. Reservoir holes (3 mm diame-
ter) were punched and the PDMS slabs were consecutively cleaned
in acetone, ethanol and water in an ultrasonic bath (Elma T 490
DH, Germany). The same cleaning procedure was applied to the
glass cover slips (Menzel, Germany). After drying with nitro-
gen (Linde, Germany), the glass slides and the PDMS slabs were
exposed to oxygen plasma for 30 s (home-built plasma chamber;
50 kV, 500 kHz Tesla coil with an electrode distance of 6.1 cm and
10−1 mbar) and assembled shortly after plasma treatment. The
chip reservoirs were enlarged by putting small pieces of PDMS
also with holes on top of the reservoirs resulting in ∼30 �L vol-
ume per reservoir. After at least 1 h the chips were filled with
a polyethylenimine (PEI, Mn ∼ 60,000, Mw 750,000) coating in
MilliQ-H2O (Millipore, USA) (concentration 0.1%). Therefore, one
reservoir of the linear channel (length: 1 cm, height: 3 �m, width:
450 �m) was filled with 14 �L MilliQ-H2O and then the other
reservoir was filled with 15 �L PEI coating. After 5 min the PEI coat-
ing solution was removed, the reservoirs and the channels were
washed with MilliQ-H2O and afterwards filled with Vincent min-
imal medium (VMM, 1 mM MgSO4, 18.7 mM NH4Cl, 10 mM Na2
succinate, 456 �M CaCl2, 35 �M FeCl3, 4 �M biotin, 48.5 �M H3BO3,
10 �M MnSO4, 1 �M ZnSO4, 0.5 �M CuSO4, 0.27 �M CoCl2, 0.5 �M
NaMoO4) [Vincent, 1970] for the measurements (see Sections 3
and 4).

The S. meliloti cells were grown at 28 ◦C in liquid cultures with
Vincent minimal medium overnight to an approximate O.D.580 of
∼0.6−0.8.

Before loading, the cells were washed with VMM and then
loaded onto the chip by hydrodynamic pressure from the reser-

Fig. 3. Time-lapse brightfield (top row) and fluorescence (bottom row) images of S. meliloti bacterial cells carrying the fusion protein GcrA-EGFP (RT = 27.6 ± 0.4 ◦C). The cell
divides twice during the time of observation. An oscillation of the fluorescence intensity can be observed.
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Fig. 4. Temporal protein dynamics of GcrA-eGFP (n = 4 complete cell cycles
observed) and DivK-eGFP (former pole region only (section 1); see also Fig. 7) (n = 2
complete cell cycles observed; including images before and after the completed
cycle, an average of 4 images per data point were used); normalized fluorescence
intensity over an ensemble of in silico synchronized S. meliloti cells. Time zero corre-
sponds to the first images after cell division. All intensities were normalized to one
for time zero for better comparability.

voir that was initially filled with MilliQ-H2O during the coating
procedure. Depending on the PEI concentration, the cells were elec-
trostatically bound to the surface within the microchannel before
observation.

Brightfield and fluorescence microscopy were performed on
an inverted microscope (Axiovert 200 Zeiss Germany) equipped
with a motorized stage (Ludl) a mercury arc lamp (HBO 100 Zeiss)
in addition to the microscope incident light, a 100× oil immer-
sion objective (Plan Neofluar, NA 1.3, Zeiss, Germany), a sensitive
CCD camera (Imager 3LS; LaVision, Germany; identical with Sensi-
cam from PCO) and the corresponding grabber card for acquiring
images from the camera. A grey filter (transmittance 30%) in the
excitation light beam and two different fluorescence filter sets (Fs
44, Fs 20, Zeiss, Germany) were used for observation of eGFP and
mCherry fusion proteins. DaVis 6.2 was used for image acquisition
with exposure times of 500 ms for the DivK-eGFP fusion constructs
and 250 ms for the GcrA-eGFP and full resolution of the CCD chip
(1280 × 1024 pixels). In order to minimize optical drift, the labora-
tory was heated to 28 ◦C for at least one night before observation.
The temperature of the microfluidic chip was checked with an IR
camera (ThermaCAM E320, FLIR Systems).

A brightfield and a fluorescence image of the growing cells were
taken about every 30 min, keeping the light exposure times as
short as possible. Every hour the level of filling of the reservoirs
was checked and filled up if necessary with MilliQ-H2O water to
keep the salt concentration and thus the osmotic pressure nearly
constant.

ImageJ (1.41o) was used for image postprocessing and data anal-
ysis. Every cell dividing at least two times was analysed based on
the fluorescence intensity of the expressed fusion protein. For GcrA,
the mean fluorescence intensity over the whole cell was deter-
mined. The same was done for DivK, but additionally every cell was
divided into 4 equidistant sections (see Fig. 7) and the intensity of
the brightest pixel in each section was recorded.

Cell synchronization was performed a posteriori [Sigal et al.,
2006]. Because only cells dividing twice were analysed, at least one

full cell cycle was observed. The time point of the first division (first
image after cell division) was taken as time zero and the observed
fluorescence intensities were averaged for several cells. For GcrA,
the fluorescence intensity was normalized to one for time zero. For
DivK, the observed intensity of the brightest pixel in each section
was normalized by the mean intensity of the whole cell. This repre-
sentation allows discrimination whether there is a locally confined
increase in fluorescence intensity or an increase that extends over
the full cell.

2.3. Scanning electron microscopy

For scanning electron microscopy glass slides (Menzel, Ger-
many) were cleaned in an ultrasonic bath (Elma T 490DH),
consecutively in acetone, ethanol and in MilliQ-H2O for 20 s each
and afterwards dried with nitrogen. Cells from 1 mL bacterial
overnight cultures in VMM medium were centrifuged (5 min at
1500 rpm, Eppendorf centrifuge S417C) and washed twice with PBS
(phosphate buffered saline, Fluka). Finally, the pellet was resus-
pended in 500 �L PBS buffer. Washing was followed by fixation
of the cells in 1.5% paraformaldehyde and 1.5% glutaraldehyde in
PBS for 1 h at room temperature (RT). Afterwards the cells were
washed again and resuspended in MilliQ-H2O. For dehydration the
water in the sample was slowly exchanged over at least 48 h against
ethanol. Then after centrifugation (5 min at 1500 rpm) the ethanol
was wasted and the pellet resuspended in 500 �L isopropanol.
For drying, 10 �L and 20 �L of each sample were dropped onto
8 mm × 8 mm glass slides and dried in an isopropanol saturated
atmosphere over at least 48 h at RT. For imaging the bacterial sam-
ples, gold-layers of 12 nm thickness were applied by sputtering
(BAL TEC MED 020 coating system) before they were transferred
into the scanning electron microscope (JEOL JSM-880).

3. Results

3.1. Conditions for cell growth on the microfludic chip device

Cell viability is one crucial aspect when performing long-term
life cell imaging. The optimal growth temperature of S. meliloti is in
the range of 28–30 ◦C. Therefore, we first validated with an infrared
(IR) camera that the microfluidic chip had the intended tempera-
ture on the microscope stage. Comparison of the temperature of
the microfluidic chip determined from IR images with room tem-
perature revealed a very good agreement, thus room temperature
sufficiently characterized the chip temperature. An example of such
an IR image is shown in Fig. 2. S. meliloti cells divided about every
three hours on the chip, which is comparable to the generation
time during the exponential growth phase in regular liquid cul-
tures [Adt et al., 2000]. This confirms optimal cell viability and a
regular division time on the chip.

3.2. Time-lapse studies of GcrA and DivK protein dynamics and
localization in S. meliloti

For a proof-of-concept, GcrA and DivK of S. meliloti were cho-
sen because they have close homologues implicated in regulating
the cell cycle in C. crescentus, a well studied model organism for
this process [Holtzendorff et al., 2004; Sommer and Newton, 1991].
The wild-type gene was replaced by a C-terminal fusion of eGFP to
either GcrA or DivK, or of mCherry to GcrA (see Fig. 1). Replacement
of the wild-type copy resulted in a single copy of the gcrA-eGFP,
gcrA-mCherry, or divK-eGFP constructs at the native locus in the
genome and in expression of these fusion constructs driven by the
native promoters. In C. crescentus GcrA was shown to be an impor-
tant master regulator of cell cycle progression [Holtzendorff et al.,
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Fig. 5. Temporal protein dynamics of GcrA-eGFP over one complete cell cycle in single cells. Time zero corresponds to the first image after cell division; intensity was
normalized to one for time zero (error bars = standard deviation of the fluorescence intensity). The plots shown in (A and B) as well as those in (C and D) belong to daughter
cells originated from the same mother cells.

2004] implying that the S. meliloti orthologue has a similar func-
tion in the control of the cell cycle. Overexpression of divK in S.
meliloti resulted in inhibition of the cell division [Lam et al., 2003]
demonstrating that the strength and time pattern of divK expres-
sion is critical. Replacement of the wild-type copy of gcrA or divK
by the fluorescent fusion construct resulted in viable strains which
did not differ from the wild-type in terms of morphology and gen-
eration time. Growth of cells carrying the fusion constructs was
comparable to that of the wild-type strain. In our setup, the dou-
bling time of S. meliloti was about 200 min. This indicates that the
fusion constructs were functional.

When interpreting acquired images, the signal to noise ratio
(S/N) is critical especially for low fluorescence intensity. As the

fluorescence signal of the observed proteins oscillate in time, a min-
imum and a maximum value of the S/N ratio were calculated. The
best S/N for the GcrA-eGFP construct was 27.8, the worst 9.6; for the
DivK-eGFP mutant 36.8 and 22.1 were determined, respectively.
Hence, a clear distinction between fluorescence signal and back-
ground is achieved even when the fluorescence intensity is low (a
S/N of 3 is commonly assumed to be sufficient).

Time-lapse brightfield and fluorescence images (TLFI) were
recorded over a time span of about 6 h of bacteria expressing the
fusion proteins. GcrA-GFP was expressed in a cell cycle dependent
oscillation pattern. A typical set of TLFI images of GcrA-eGFP is
shown in Fig. 3. A single bacterial cell divided twice during the time
of observation. The visual impression of the TLFI images suggests

Fig. 6. Time-lapse brightfield (top row) and fluorescence (bottom row) images of cells carrying the fusion protein DivK-EGFP (RT = 28.2 ± 0.3 ◦C). The cell divides twice during
the time of observation. For example, asymmetric localizations of DivK can be clearly observed at 23 and 290 min in the former pole regions of the bacteria.
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an oscillation in the overall fluorescence intensity, corresponding to
oscillation of protein concentration. This was quantified as shown
in Fig. 4 (blue triangles). About 50 min after cell division, the flu-
orescence intensity reaches the minimum, about 0.7-fold of the
intensity at time 0. GcrA then accumulates to a maximum of 1.4-fold
at 100 min, and starts to decay slowly about 50 min later. In order
to allow a more detailed interpretation of Fig. 4 and to address cell-
to-cell variability, the fluorescence intensity is plotted for single
cells in Fig. 5. Here the curves shown in (A) and (B) as well as those
shown in (C) and (D) belong to daughter cells originated from the
same mother cells.

Generally, locations of proteins within the cell (especially within
small bacteria) and their temporal dynamics are hard to detect with
traditional techniques. Therefore, TLFI images of the fusion protein
DivK-eGFP were taken. One time series is shown in Fig. 6. Bright
spots were observed at a pole region at some time points during
the cell cycle. For a more detailed analysis, every cell was sectioned
into 4 regions (see Fig. 7). Herein, region 1 corresponds to the former
pole region and section 4 to the new pole region.

In Fig. 8A and B the development of the fluorescent inten-
sity over time is depicted for each section of individual daughter
cells descenting from the same mother cell. Right after cytokinesis
DivK was distributed in an asymmetrical fashion in the daughter
cells. This difference in morphology of the two types of daugh-
ter cells is exemplified in Fig. 8. Fluorescence intensities of the
smaller and larger daughter cells denote variances in DivK localiza-
tion. The larger daughter cell harboured DivK localized at the pole
opposite to the former site of cell division. Here, as cell growth pro-
gressed, DivK was released from the pole, and evenly distributed.
Just before cell division, DivK accumulated again at the same pole.
In the smaller daughter cell, DivK was uniformly distributed over
almost the entire cell cycle, but localized and increased at its old
pole rapidly just before cell division. At this time, the mean flu-
orescence intensity at the old pole revealed a 2-fold increase of
protein content. Interestingly, in Fig. 6 the smaller cell divided faster
than the larger cell, which is unusual for S. meliloti [Lam et al.,
2003]. After the second cell division, the two resulting daughter
cells showed a similar asymmetric distribution of DivK, with local-
ization in the larger cell, but evenly dispersed DivK in the smaller
cell.

In Fig. 8C and D the observed fluorescence intensity for a dou-
ble fusion construct is depicted. This strain carried simultaneously
the fusion proteins DivK-eGFP and GcrA-mCherry, in which only
the eGFP was excited and observed with the corresponding fil-
ter set. Obviously, the time of the cell cycle was about doubled.
Possible reasons could be that the two fusion proteins might func-
tion slightly worse, e.g. due to minor changes in protein folding,
as compared to the wild-type proteins and that the accumulation
of changes led to the prolonged cell division time. However, the
basic functionality is maintained, as the qualitative spatio-temporal
dynamics are preserved in comparison to Fig. 8A and B, showing
the behaviour of cells carrying only a single fusion protein. Fur-
thermore, no morphological differences were observed between
wild-type cells, cells carrying only a single fusion construct, or both
constructs.

In Fig. 4, the spatio-temporal dynamics of DivK and GcrA are
summarized. Because of the asymmetric localization of DivK, only
the former pole region is shown (see also Fig. 8).

4. Discussion

4.1. Microfluidic chips in cell biology

The microfluidic chip proved beneficial as a defined and con-
trollable liquid environment that assures cell viability. The height

Fig. 7. Scanning electron image of S. meliloti with sections used for data analysis.
The observed wild-type cell has a width of about 0.4 �m and a length of about 2 �m.
The protrusions on the cell surface are not caused by sample preparation but can
also be found less pronounced on living S. meliloti cell envelopes imaged with AFM
in the liquid phase [Greif et al., 2010].

of the device was chosen such that cell stacking was avoided.
It further reduced the fluorescence background as only a small
volume of the culture medium contributes to the fluorescence sig-
nal. The cell viability was not interfered by the small volume of
medium as the division times demonstrate. This can be attributed
to the biocompatibility and gas permeability of the used elas-
tomer assuring a sufficient oxygen supply. The gas permeability
was determined to be 245 × 10−10 cm3(STP) cm/cm2 s cm Hg [Singh
et al., 1998]. The applied gradient coating technique further under-
lines the advantages of miniaturization. It allows for a distinct flow
control and therefore a spatially controlled application of the sur-
face coating. This makes a region dependent density of adhered
cells possible. Cell density is critical especially for long observa-
tion times, as the individual cells must remain distinguishable
despite cell multiplication. At the same time enough cells in the
field of view are necessary to allow a substantiated data analy-
sis.

4.2. Technical interpretation of obtained spatio-temporal
information

As depicted in the SEM image in Fig. 7, the typical cell width is
only about 400 nm and a length of about 1.5–3 �m. The Rayleigh cri-
terion limits the resolution of classical optical microscopy to about
half the wavelength. Using light emission at about 530 nm, the
smallest theoretically distinguishable features have to be 200 nm
apart with a numerical aperture of 1.3 of the objective [Hecht
and Zajac, 2003]. This stresses the difficulty but also the theoreti-
cal feasibility of space resolved (classical) fluorescence microscopy
of single bacterial cells. The number of cell sections was chosen
accordingly, thus they have a minimum length of about 300 nm
(directly after cell division increasing to about 800 nm shortly
before cell division). Nevertheless, an oversampling was used, i.e.
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Fig. 8. Asymmetric spatial and temporal dynamics of DivK-eGFP over one cell cycle in single cells originating from same mother cells for the four regions indicated in Fig. 7.
Time zero corresponds to the first image after cell division (error bars = standard deviation of the fluorescence intensity). Smaller (A) and larger (B) daughter cell of DivK-eGFP
single translational fusion. Smaller (C) and larger (D) daughter cell of DivK-eGFP, GcrA-mCherry double fusion, only DivK-eGFP observed.

one pixel on the CCD camera corresponded to 67 nm, easing image
analysis while the physical limit of resolution is still valid.

The large S/N ratios stated in the results section suggest that the
error bars observed in Fig. 4 are not due to a lack of S/N ratio. More
likely, the large error bars can be attributed to the heterogeneity of
single cells [Cai et al., 2006; Newman et al., 2006], which may be
due to different levels of expressed proteins, e.g. caused by differ-
ent uptake of nutrients resulting in deviations in cell growth and
variation in gene expression. When studying alpha-proteobacteria,
the most prominent factor of heterogeneity is their asymmetrical
division, as denoted in Fig. 8. Complete characterization of pro-
tein localizations would require discrimination of the two types
of daughter cells with sufficient replicates. An additional reason for
the observed heterogeneity might be induced photo damage. Every
time the cells are imaged, they are exposed to light (475 nm) and the
eGFP is excited. In order to minimize potential damage, exposure
times and light intensity were optimised prior image acquisition
and kept constant but as short and low as possible. However, no
difference was observed in division times on the chip compared to
conventional cell culture providing no evidence for photo damage.

4.3. Biological interpretation and comparison to C. crescentus

In this study we investigated dynamics and localization of GcrA
and DivK involved in cell cycle control of S. meliloti. Both proteins

have been previously analysed in detail in C. crescentus, a model
organism for bacterial cell cycle studies [Holtzendorff et al., 2006;
Jacobs et al., 2001].

Alpha-proteobacteria divide asymmetrically, producing two
genetic identical daughter cells of distinct morphology. In C.
crescentus, the bigger stalked cell can immediately enter the
prokaryotic S phase and reinitiate chromosome replication and
cytokinesis, whereas the smaller swarmer cell stays in the G1 phase
for about 30 min prior to differentiation into a stalked cell. This
asymmetric regulation is mediated by the spatial and temporal
localization of phosphorylated DivK [Paul et al., 2008]. In swarmer
cells, DivK is dispersed and inactivated by its phosphatase PleC.
Here, CtrA is phosphorylated and active, blocking the origin of repli-
cation. In stalked cells, DivK is localized and activated at the pole
by its membrane associated histidine kinase DivJ. DivK-P inacti-
vates CtrA by blocking the CckA phosphorelay, and initiation of DNA
replication begins.

The S. meliloti DivK homologue has previously been described
by [Lam et al., 2003]. smDivK complemented a C. crescentus DivK
mutant, demonstrating that the S. meliloti DivK is functional in this
organism. Our time-lapse analyses of GFP-tagged DivK support the
results of [Lam et al., 2003], showing a localization pattern different
from the behaviour of DivK in C. crescentus. In both daughter cells
the intensity is increasing at only one pole at the end of the cell
cycle, in contrast to the bipolar localization in C. crescentus. DivK
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is active only in its phosphorylated form, and phosphorylation is
coupled with the location at a pole [Lam et al., 2003]. In C. cres-
centus, active DivK-P promotes clearing of CtrA at the old cell pole
[McAdams and Shapiro, 2003]. This degradation of CtrA is required
for replication initiation and contributes to only one round of repli-
cation per cell cycle [Collier et al., 2007]. In S. meliloti, chromosome
replication also happens only once per cell cycle. The unipolar local-
ization of smDivK at the old pole suggests differences in the CtrA
phosphorelay cascade. These differences in polar morphology, but
shared asymmetrical division between these two species suggest a
conserved main mechanism in control of the cell cycle [McAdams
et al., 2004] in alpha-proteobacteria, with adjustments to different
conditions of live.

TLFI of S. meliloti cells carrying translational eGFP fusions to the
main cell cycle regulator GcrA showed oscillation of protein content
over the course of the cell cycle. Since S. meliloti cells were not syn-
chronized, in silico synchronization [Sigal et al., 2006] of single cell
fluorescent intensity was performed. The acquisition of cell cycle
dependent protein expression data using GFP-tagged proteins dif-
fers from traditional methods, e.g. western blots of a synchronized
culture. Factors to debate when interpreting this data may include
fluorescent protein activation, half-life, or degradation time vary-
ing from the protein of interest. Our data suggests a profile of the
S. meliloti GcrA ortholog similar to that of the C. crescentus GcrA.
Comparing the S. meliloti GcrA-eGFP profile to the GcrA protein con-
tent of synchronized C. crescentus, de novo accumulation of smGcrA
seems to start later in the cell cycle. Second, a notable difference is
the presence of smGcrA at the beginning of the cell cycle in both
types of daughter cells, decreasing in the first 40 min. In C. crescen-
tus swarmer cells, active CtrA blocks DNA replication and represses
transcription of GcrA [Collier et al., 2006]. smGcrA being present
in S. meliloti small daughter cells may suggest slightly different
functions of the conserved main cell cycle regulators GcrA and CtrA.

5. Conclusions

A PDMS microfluidic chip was used for time-lapse fluorescence
imaging (TLFI) of single bacterial cells. It assures cell viability and
allows for the spatially controlled application of a surface coating.
With this approach cells could viably be immobilized with tailored
densities. The design of the device avoids cell stacking and therefore
allows for cell tracking over many hours. Despite the small size of
the bacterial cells, time and space resolved protein dynamics could
be observed for two proteins involved in cell cycle regulation in
single bacterial cells of S. meliloti. The localization pattern charac-
terization of proteins was achieved by dividing the cell into four
sections. The spatial extension of each section was just above the
limit of (classical) optical microscopy. The obtained information
revealed new insights into the dynamics of proteins related to cell
cycle control of S. meliloti and interesting analogies to C. crescentus.
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