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Figure. 9. Plots of the concentrations of Min proteins: (a) MinD  and  (b)  MinE. The plots are focused 

at the left end grid (·), and the right end grid (x) as functions of time in seconds for J = 0.0 m/s to J = 
0.3 m/s. The vertical scales denote numbers of protein copies in the system. The horizontal scale spans 40 

time for 500 s. 
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Abstract:

The effect of exposure of ultaviolet-A (UVA) radiation was studied on the 
pathogenic spirochetes Leptospira interrogans serovar Canicola for different time 
durations. The changes in cell growth and viability due to the UVA exposure were 
determined by using conventional microscopic agglutination test (MAT), dark-field 
microscopy and spectrophotometry measurements. Changes in antigens and protein 
expression in the cells were detected by sodium dodecylsulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and immunoblot. The decrease in cell growth and 
viability were found to be exposure period or dose dependent.   The growth decreased 
sharply with very high rate for the first 24 h of exposure, then the growth reached the 
minimum within about 1d exposure period and level-off for the further treatment until 
7d exposure period. Immunoblot revealed the presence of 21 kDa antigenic protein in 
the unexposed cells, which disappeared after exposure to UVA of 24 h. SDS-PAGE 
analysis indicated the presence of the 76 kDa protein band in the cells exposed to 
UVA for 2 h to 24h. For more than 2h to 24h exposure to UVA decreased this protein, 
but the proteins of molecular mass between 56 kDa and 70 kDa appeared. This work 
is the first step toward the understanding of the effects of UVA on leptospira bacteria. 
With further investigations especially about mechanisms of how UVA interact with 
leptospira, it will eventually lead to development of new strategies to control or 
prevent leptospira in the environment.

Keywords: Ultraviolet-A, Leptospirosis, Leptospira interrogans serovar Canicola, 
Immunoblotting, SDS-PAGE 
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Leptospirosis, a zoonotic disease caused by the pathogenic spirochetes, 
belonging to the family Leptospiraceae, genus Leptospira has become a public health 
problem throughout the world. More than 250 serovars of this bacterium have been 
reported, based on microscopic agglutination test (MAT). The problem is more severe 
in humid tropical and subtropical countries such as Thailand1, Nicaragua2 and India3,
than the countries having a temperate climate. The incidence of disease ranges from 
approx 10-100 per 100,000 to 0.1-1 per 100,000 per year in humid tropics and 
temperate climates
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4. The disease is transmitted via indirect contact with contaminated 
water and soil5 or direct exposure to infected animals and their products6,7, mainly 
urine. Both wild and domestic animals, such as rodents, heifers, and canines are the 
natural hosts.

Typically, Leptospira are aerobic and motile spirochetes with helical or spiral 
structure and a unique (among the spirochetes) hook at both ends (Fig. 1). They are 
about 0.1-0.2 �m wide and 6-20 �m long and having helical amplitude of approx 0.1-
0.15 �m and wave length about 0.5 �m8,9. Their ultra-structure comprises a double 
cytoplasmic membrane, in close contact with a peptidoglycan layer and an outer 
membrane10. The composition of lipopolysaccharide (LPS) of their outer membrane is 
similar to other gram-negative bacteria11, but has a lower endotoxic activity12.
Optimal conditions for the growth of this organism is well documented8,13. The most 
suitable conditions for their survival outside the host are a moist environment with a 
neutral pH and a temperature range between 20-32°C. 

Leptospira are highly susceptible to adverse environments such as dry 
atmosphere, chemicals (chlorine or iodine in detergents), unfavorable pH (>8.0 or 
<6.5), magnetic fields14, and high temperatures (above 40°C). High-energy ultraviolet 
irradiation (UVC) is effective in destroying the leptospira and other 
microorganisms15,16. Earlier, effects of UVA have been studied on eukaryotic cells, 
animal tissues, prokaryotic cells such as E. coli17 as well as other bacilli or coci 
bacteria18. However, results in other bacteria may not be able to be used to explain the 
case of spirochetes, due to differences in their morphological characteristics, motility, 
and virulence-related structure. In addition, there are also differences at genomic and 
proteinomic levels. For instance, Leptospira has two circular chromosomes, in 
contrast to linear chromosomes and chromatids in Berrela. Also, unusual features are 
found in their ribosomal gene organizations. In Leptospira, within the genomic 
decoding, enormous diversity has been found in the genetic organization of different 
serovars. Thus, spirochetes could be considered a unique group in microbial world.  

In the present study, the effects of UVA stress on the growth and activity of L. 
interrogans serovar Canicola have been studied. Cell growth and viability have been 
determined by conventional microscopic agglutination test (MAT), dark-field 
microscopy, and spectrophotometry. Changes in antigens and protein expression in 
the cells have been determined by SDS-PAGE and immunoblot. The work is aimed to 
gain the better understanding of the response of leptospira under the stress of UVA 
irradiation, in order to develop effective strategies to limit their survival in natural 
environment by introducing UVA light source or adapting the risk area to be more 
exposed to sunlight. With this regard, various water treatment technologies including 
direct photolysis and bacterial inactivation by inherently produced free radical by 
UVA could be improved greatly and economically. 
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Materials and Methods
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Strain and culture conditions of leptospira  
Pathogenic Leptospira interrogans serovar Canicola were obtained from the 

National Leptospirosis Reference Center, National Institute of Health (NIH), Thailand 
and grown in the Ellinghausen and McCullough liquid medium as modified by 
Johnson and Harris (EMJH)8,19 at about 27°C. The samples were sub-cultured on a 
weekly interval. Each of 3 ml bacterial culture in 1.5 cm diameter glass tube had an 
initial optical density (OD) at 400 nm of about 0.10, as measured by a UV-VIS 
spectrophotometer. This was equivalent to 1+ level as graded using a dark-field 
microscope which in turn indicated a cell concentration of ~108 cells/ml. 

UVA irradiation source 
The UVA radiation was generated by a 20 W T12 fluorescent lamp, Backlight 

(Sylvania Co.). The lamp produced a continuous emission spectrum (320-400 nm) and 
a peak at 365 nm, measured by HR2000CG-UV-NIR high-resolution composite-
grating Spectrometer (Ocean Optics, Inc.). The UVB and UVC radiations were 
absorbed by the glass tube. The experimental leptospira samples were exposed to 
UVA radiation of intensity of about 1.3 mW/cm2, as measured by a 1830-C optical 
power meter with detector and calibration module model 818-UV/CM (Newport 
Corporation.).

Irradiation procedure 
 Separate leptospira samples were exposed to UVA at a distance 20 cm from 
the source of radiation for 0, 5, 15, 30, 45, 60, 120, 180 and 360 min on day 1, and for 
several more days (1 to 7 days). After exposure, all cultured samples were maintained 
for a further 7 days. On 7th day post-treatment, all the samples were taken for 
measurements of their viability and growth using a dark-field microscope (Axiloab 
Pol 2, Carl Zeizz Co.) mounted with a CCD camera. Micrographs were taken using 
the AxioVision AC 4.1 software. Semi-quantitative techniques based on microscopic 
agglutination test (MAT), turbidity-based method, UV-VIS spectrometer were also 
employed. Protein or antigenic changes were determined by using SDS-PAGE. 
Experiments were repeated at three times under the same conditions with separated 
occasions.

Growth and cell survival  
The techniques mentioned above were used to monitor the bacterial growth 

and survival. 

Qualitative analysis by dark-field microscopy 
The growth and survival of treated leptospira were determined by looking at 

cell density, mobility20 and morphology. Since due to their very thin size and poor 
uptake of conventional dyes, leptospira could not be observed by ordinary light 
microscope, dark-field microscopy (DFM) was used4. In DFM, an oblique light beam 
was cast on to the leptospira (lying on a microscope slide) using a special condenser, 
when the central illuminating light beam was interrupted. The leptospira could then be 
seen as silvery threads in a dark background. To assess the effect of UVA on the 
growth and survival, samples were diluted 10-fold on 7th day post-treatment and were 
observed with a dark-field microscope.
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Semi-quantitative analysis by microscopic agglutination test (MAT)  
 MAT is a standard serological technique used in the diagnosis of 
leptospirosis4. It is used in combination with the enzyme-linked immunosorbent assay 
(ELISA). It is a reference test and is used to detect the presence of the antibodies and 
determine their titer. It can also be used to determine relative growth of bacteria 
colony. The method is simple and consists of mixing the test serum with a culture of 
leptospira and then evaluating degree of agglutination using a dark-field microscope.  
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The reference-specific antiserum against L. interogans serovar Canicola was 
required for the test. Leptospira samples were mixed with 2-fold dilutions of 
antiserum (1:100, 1:200, 1:400, 1:800, 1:1600, 1:3200, 1:6400) and incubated for 2 h 
at room temperature. The agglutination reactions were then observed under a 200x 
dark-field microscope and scored as follows: 4+, 3+, 2+, 1+ = 100%, 75%, 50%, 25% 
absence of free leptospira from the field, respectively.  

Quantitative analysis by UV-VIS spectroscopy  
An UV-VIS spectrometer (V-530 UV/VIS spectrometer, Jasco Internationl 

Co., Ltd.) was used to quantify the amount of Leptospira present by light absorption 
measurement in the UV-VIS spectrum8,21,22. These were done on exposed leptospira 
cells (for different exposure times) taken on the 7th day of their cultivation. Solutions 
of the leptospira cells were placed into cuvettes made with quartz SUPRASIL (200-
2500 nm) with light path 10 mm (type no. 100.600-QG, Hellma Co.). A single beam 
spectrometer operating in the range of 200-800 nm was used. The OD or absorbency 
at 400 nm was taken21. All samples were obtained with already used EMJH liquid 
medium as the blank.  

Scanning electron microscopy (SEM) 
Samples were washed three times with normal saline (0.9% NaCl) at 10,000 × 

g for 10 min and dropped on poly-L-lysine-coated cover glass slide for 1 h. Samples 
were prefixed directly with 2.5% glutaraldehyde for 2 h at room temperature and then 
washed three times with 0.01 M phosphate buffer (pH 7.3) for 10 min. All samples 
were post-fixed with 0.1% osmium tetroxide. After fixation, samples were dehydrated 
with increasing concentrations of ethanol, critical point-dried (HPC-2 critical point 
dryer, Hitachi), and coated with platinum-palladium ion sputter (E102 ion sputter, 
Hitachi) for 2 min. The micrographs were taken with accelerating voltage of 15 kV 
SEM (S2500, Hitachi) on the negative film. 

SDS-PAGE and immunoblot 
Whole cell solublization 

Leptospiral cultures were centrifuged at 10, 000 × g for 10 min and the pellets 
were washed three times in normal saline (0.9% NaCl) and then solublized in SDS-
PAGE sample buffer composed of 0.35 M Tris.Cl (pH 6.8), 10% SDS, 30% glycerol, 
9.3% dithiothreitol (DTT) and 0.175 mM bromophenol blue23.

Gel electrophoresis and immunoblot 
For one-dimensional SDS-PAGE, other samples were solubilized in SDS-

PAGE sample buffer. The samples were heated at 100oC for 10 min23. The 3 μl of 
each sample was loaded on to 12% polyacrylamide gels24 and electrophoresed at 200 
voltages for 55 min. The molecular mass protein standards (Amersham) used were: 
rabbit muscle phosphorylase B (97 kDa), bovine serum albumin (66 kDa), hen egg-
white ovalbumin (45 kDa), bovine carbonic anhydrase (31 kDa), soybean trypsin 
inhibitor (20 kDa), and hen egg-white lysozyme (14 kDa). After electrophoresis, gel 
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was separated into two parts. One part was stained with Coomasie brilliant blue 
(0.025% Coomassie R-250, 40% methanol, 7% acetic acid) for 1 h and then destained 
with destaining solution I (40% methanol, 7% acetic acid) for 1 h and fixed with 
destaining solution II (5% methanol, 7% acetic acid). The other part was blotted on to 
a polyvinylidene difluoride (PVDF) membrane at 1.6 mA/cm2 for 70 min. After 
transfer, membranes was incubated with 0.1%(w/v) Ponceau S in 5% (v/v) acetic acid 
(Merck) and washed with 2% skimmed milk and 0.2% tween20 (Sigma, USA) in 
phosphate buffer saline (PBS).
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For immunological detection, the membrane was incubated with primary 
antibody (rabbit reference antiserum specific to L. interrogans serovar Canicola) at 
1:1,000 dilutions in 2% skimmed milk and 0.2% tween20 in PBS for 1 h, and washed 
three times for 10 min each in 2% skim milk and 0.2 % tween20 in PBS. Thereafter, 
the membrane was transferred to a solution of secondary antibody [polyclonal goat 
anti rabbit immunoglobulin HPR (DakoCytomation P0448)] at 1: 2,000 in 2% 
skimmed milk and 0.2% tween20 in PBS, incubated for 1 h, and then washed three 
times for 5 min each in PBS. Color was developed with a solution of 1.25 mg of 
diaminobenzidine (DAB) and 5 μl of 35% H2O2 in 10 ml of PBS. The membrane was 
then rinsed in several changes of PBS to stop the reaction, air-dried and photographed.
Results
UVA effects on growth and survival of L. interrogans

The growth curve of L. interrogans serovar Canicola is given as a plot of the 
number of leptospira (proportional to the measured OD values) present at a particular 
time. This growth could be well-fitted to a Gompertz function25 ( )
with parameters a = 0.43 ± 0.02, k = 0.75 ± 0.13, and t

)(exp cttkaey ����
c = 0.62 ± 0.15. The OD value, 

which was proportional to cell number density increased exponentially to 400% (OD 
= 0.40) of initial value after 3 days of cultivation and then approached a steady state 
(OD of about 0.45 times of its initial value) until the day 7 (last day of observation) as 
seen in figure 2. This figure 2 shows the Gompertz-like growth, which might be due 
to the food limitation and increased cell toxicity, due to over-crowding of population. 
The presence of intermediate region in Gompertz curve indicated that in nature, 
bacterial life alternates between growth and stationary phases, primarily due to the 
fluctuations in nutrient availability.

To see the effects of UVA irradiation exposure on L. interrogans serovar
Canicola, all samples (control and treated) were cultivated for the same length of time 
(7 days). To gain a visual impression of what was occurring, the growth of the 
leptospira samples exposed to UVA radiation for 0, 30, and 360 min and for 1 to 5 
days was monitored using a dark-field microscope. Fig. 3a shows the dark-field 
images of samples cultivated for 7 days. The images clearly showed a decrease in the 
number of bacteria present, as the exposure duration increased. The mobility of cells 
appeared to decrease as the exposure time increased. Some untypical morphology was 
observed after a 1-day exposure. We used an atomic force microscopy (AFM), 
operating in the tapping mode to obtain images of the control cell and that exposed to 
the UVA for 1-day. Fig. 3b shows that the spiral period had become longer. The SEM 
micrograph also exhibited the same trend as observed in Fig. 3c. However, the 
mechanism by which the leptospira morphology changes, is still unknown.   
 The OD of the leptospira exposed to the UVA for various time durations is 
shown in Fig. 4. Results showed a decrease of OD, as the exposure time increased up 
to 1 day and after 1-day exposure, OD did not change significantly. Theses results 
were consistent with those obtained with conventional MAT measurements (Table 1). 
The agglutination reactivities of bacteria exhibited a relative decrease with increase in 
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exposure time. The changes in the agglutination reactivities became very small after 
an exposure to UVA of more than 1 day. Fig. 5 shows the dark-field micrographs of 
agglutination of leptospira after reacting with the specific antiserum (at dilution 
1:100). It showed small changes in the agglutinating size and in the features of the 
exposed samples (Fig. 5B) from those of control cell (Fig. 5A). A change in 
agglutination pattern was observed only after the samples were exposed to the UVA 
radiation for at least 1 day.
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The change in the formation pattern could possibly be due to the low 
leptospira concentration or denaturing effect of the antigen-antibody reaction. 
Therefore, we compared agglutination reactivities of low concentration of unexposed 
leptospira sample and sample exposed for 1-day that had produced the same OD and 
found two patterns more or less qualitatively similar (data not shown). Thus, it was 
concluded that the changes in agglutination reactivities and reactivity patterns were 
due to the use of low concentrations of cells. 

Finally, to test the hypothesis that results for the effects of UVA irradiation up 
to 24 h (112.3 J/cm2) may mainly cause temporarily injured or dead cells due to the 
UVA treatment. We then perform the post treatment effect or long-term effect study.  
To do so, we re-subcultured the unexposed and exposed samples and monitored their 
growth in the dark. After 7 days of culture, the samples exposed to UVA for 24 h or 
more did not normally grow i.e., the pre-exposed cells were more or less dead (data 
not shown). Otherwise, these cells would re-grow if they were just temporary injured 
or inactive.  Whereas the cells exposed for lesser than 24h could grow but their 
growth is not as good as control one. These results may be implied that after the 
treatments, cells were injured when exposed less than 24 h and become more injured 
and/or killed after 24 h or more UVA exposure.

UVA effects on protein and antigenic components 
 SDS-PAGE and immunoblot test were used to investigate UVA-induced 
antigenic denaturation. Electroseparated protein components were visualized on the 
gel by Coomasie blue staining or transferred to PVDF membrane and immunostained 
with reference antiserum, specific to Canicola. The results of immunoblot of the 
unexposed (control) sample and UVA-exposed samples at 2, 6 and 24 h are shown in 
Fig. 6. Sample exposed to 24 h (lane 4) showed the absence of antigen with molecular 
mass of about 21 kDa, whereas this band was observed in control (lane 1), 2 h (lane 2) 
and 6 h (lane 3) exposed samples.  
 Fig. 7 shows SDS-PAGE analysis of the proteins in leptospira cells exposed to 
UVA radiation for 2, 6 and 24 h. Compared to control (lane 4), 24 h exposure (lane 3) 
a 76 kDa protein band appeared. The 76 kDa band which appeared after a 2 h-
exposure begins to disappear as longer radiation times are used (compare lane 1 with 
lanes 2 and 3). Proteins having molecular masses between 56 kDa and 70 kDa also 
appeared in lanes 2 and 3, possibly due to the degradation of 76 kDa protein, induced 
after 2 h of exposure to UVA. 

Discussion
For the results of less than 24h UVA exposure, they demonstrated that UVA 

could temporally cause the cell damages or injures as a consequence of inhibiting the 
growth of leptospira. Hence, it allows the growth recovery and subsequently re-
growth of bacteria after UVA is removed. This thought was confirmed by the results 
of post-treatment or long-term effects study.  In contrast, when the exposure time was 
longer (from 24 h up-to 7d), the permanent inactivation or bactericidal effect was 
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consistently observed as once again can be confirmed by post-treatment studies. 
Therefore, these findings indicate the UVA effects are dose-dependent.  Regarding to 
this information, our experimental set-up design may correspond to the daily doses in 
the real world environment as follows.  The UVA doses used here are consistent with 
those used in ref. 26. There, Maneewan and co-workers26 measured the average daily 
intensity of solar radiation in Thailand to be about 17.5 MJ m

5

10

15

20

25

30

35

40

45

50

-2 day-1 or 20.3 mW/cm2.
However, the UVA only accounts for about 5% of solar intensity or is equivalent to 
1.03 mW/cm2.  Hence in terms of doses used it may be reasonable to say that our 
experimental design is practical. However, there are other factors that may play roles 
in these effects such as the depth of the water reservoir, the flow and the aeration rate 
of water, etc. Therefore, more works need to be done to make connection between our 
findings and the possible future implementation of the leptospirosis control. 

Considering change in morphology of UVA exposed leptospira comparing 
with unexposed leptospira, the unusual thinner in size and less spiral in shape were 
remarkably observed.  The possible explanations may concerns the structure of the 
leptospira affected by UVA irradiation. This was very pronounced for the treatment of 
24 h exposure (Fig. 3b and c). It is known that Axial filament is the skeleton of the 
spiral structure27,28.  Hence, it is reasonable to say that the changes in the morphology 
due to UVA exposure might involve this structure. Specifically, the axial filament is 
responsible for the locomotion of leptospira2,8,29, the damage to it thus could cause the 
leptospira to become less active and less mobile (observed under dark field OM 
observation). Previously, Silva and co-workers20 reported about the loss of helical 
shape due to damage of axial filament. They demonstrated that the abnormal of spiral 
shape of leptospira could be subjected to pressure. Moreover, they also suggested that 
the leptospira could become less mobile as a result of morphological changes. These 
findings appeared to support our results.

Now, we turn into the UVA effects on leptospira at molecular level. It is 
known that UVA radiations induce cellular and molecular changes such as damage to 
DNA, proteins and lipids in human and bacterial cells30-32. They can induce the 
formation of reactive oxygen species (ROS) in the cells33-35, which may cause 
photooxidation of membrane-bound content and damage the cell membrane and 
DNA36,37. This may result in the lowering of growth and associated denaturation of 
morphology. As spirochetes including Leptospira interrogans have shown differences 
in cell membrane and axial filament from other bacteria, further studies on UVA 
exposure on are required to gain insight into mechanisms of this specific system. 

One of the interesting observations in SDS-PAGE analysis was the appearance 
or induction of the 76 kDa protein (not found in control or unexposed cells) in L. 
interrogens serovar Canicola, after exposure to the UVA radiation for 2 h. Nally and 
co-workers38, reported that L. interrogans serovar Pomona could respond to the 
external stress by synthesizing the proteins or other cellular constituents, necessary for 
its survival in a changed environment including temperature and pH. These findings 
may suggest that L. interrogans could response to the perturbed stress including UVA 
stimuli by such as expressing proteins. Guerreiro and co-workers studied on the 
leptospiral proteins recognized during the humoral immune response to leptospirosis 
in humans focusing on L. interrogans serovar Copenhageni39. They reported that two 
major antigens p62 and p76 identified as chaperones GroEL and DnaK respectively, 
were found in these bacteria in the 2-D immonoblot of the proteins, when probed with 
pooled convalescent-phase sera from leptospirosis patients. The p76 protein (band 
under 82 kDa) is a bacterial heat-shock protein and is upregulated by elevated 
temperatures. It was identified as the target of the humoral response during natural 
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infection and plays an important role in the repair, folding and assembly of proteins 
following heat stress40. L. interrogans serovar Hardjo could also rapidly synthesize 
the p62 and p76 proteins, as a consequence of a sudden increase in the temperature41.

From our results, SDS-PAGE analysis showed the intensity of the 76 kDa 
band of 2 h exposed cells was very noticeable when compared with those of 6 h or 
longer exposed samples. To understand these results, it may be useful to relate these 
with the growth. From the growth curves, it was seen that compared with 2 h or 
longer exposed samples, those for 2h exposed group has much greater number of 
leptospira including those were active and alive. Those active leptospira are the ones 
that believed to be able to express the stress-response proteins. Concerning our 
electrophoresis results, this interesting phenomenon may suggest that only active cells 
express 76 kDa proteins for responding to the environment stress. Hence, it was why 
the 76 kDa proteins appearance became fader as the exposure times (6h or higher) 
were longer. From, these findings, it might suggest that if we want to treat or get rid 
of leptospira, the dose to be used must be large enough. Otherwise, leptospira may 
just temporarily inactive or somehow induce the defense mechanism or response to 
the treatment.   
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Another interesting finding was the disappearance of 21 kDa protein band in 
the immunoblot of L. interrogans of 24 h exposed cells to the UVA radiation. This 
result may indicate denaturation of this antigenic component at a high dosage of 
UVA. Previously, Cullen and coworkers42,43  studied L. interrogans serovar Lai and 
reported that a 21 kDa protein (lipL21) was found to be the second major constituent 
of the outer membrane proteome. It was also found later that LipL21 is expressed 
during infection and conserved in the pathogenic Leptospira species, whereas it was 
not be detected in nonpathogenic Leptospira biflexa44.  Therefore, these evidences 
seems indicated that the degradation of 21 kDa band due to UVA  might reduce 
virulence of Leptospira interrogans which are pathogenic leptospira. However, to be 
able to draw any conclusion about the present study in terms of the correlation 
between 21 kDa band for UVA exposed sample and leptospira virulence, more works 
are needed to be done. 

The above statements may support the fact that why leptospirosis mainly occur 
in the rainy season.  Because of the water-borne bacterial nature of leptospira and 
possibly the lesser UVA radiation exposure period during the rainy season, these may 
result in the optimal condition for the growth of leptospira. Of course, water and 
tropical climate like environmental condition certainly are the major factors of the 
growth and spreading of these leptospira, UVA from sun light could more or less 
contribute to the spread of leptospirosis. However it also should be mentioned that 
based on this study, one may take advantage of UVA radiation as a bactericidal or 
bacteriostatic factor to further development of new strategies to control leptospira in 
the environment. For example, one could adapt or set the landscape of household as 
well as the environments where are susceptible or very high risk areas to be more 
exposed to UVA radiation. Or combination of UVA radiation and other photocatalytic 
materials like titanium dioxide (TiO2) may be other alternatives45,46.
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Table 1—MAT reactivity of leptospiral samples after UVA exposure for various time 
intervals 5

10

15

20

Dilution of reference antiserum tested 
No. Exposure time  

1:100 1:200 1:400 1:800 1:1600 1:3200 1:6400
1 0 min 4+ 4+ 3+ 2+ 1+ 1+ -

2 5 min 3+ 3+ 2+ 2+ 1+ - -

3 15 min 3+ 3+ 2+ 2+ 1+ - -

4 30 min 3+ 3+ 2+ 1+ 1+ - -

5 60 min 3+ 3+ 2+ 2+ 1+ -

6 120 min 3+ 3+ 2+ 2+ 1+ -

7 360 min 2+ 2+ 2+ 1+ -

8 1 day 2+ 1+ 1+ -

9 2 days 2+ 1+ -

10 3 days 2+ 1+ -

11 4 days 2+ 1+ -

12 5 days 2+ 1+ -

13 6 days 2+ 1+ -

14 7 days 2+ 1+ -

4+, 3+, 2+, 1+ = variable degree of agglutination reactivity 
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Figure Captions. 
Fig. 1—Side view schematic representation of the structure of Leptospira
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Fig. 2—The growth curve of L. interrogans serovar Canicola. Relationship between 
Optical density (OD) values (at wavelength 400 nm) versus days of bacterial 
cultivation, 1, 2 ,3 ,4 ,5 ,6, and 7 days with EMJH liquid medium as a blank can be 
well fitted Gompertz function. 

Fig. 3 a —Dark field micrographs of L. interrogans serovar Canicola exposed to UVA 
for different durations, 0 min, 30 min, 1 h, 6 h, 1 day, and 5 days. [Images were taken 
at the 7th day of each experimental culture sample (diluted 1:10) with magnification 
400x. Bars: 50 �m]

Fig. 3 b: AFM micrographs of spiral shape using atomic force microscope (Seiko 
Instrument Inc., Japan) in dynamic mode with micro cantilever type: SI-DF20 K-
A102001604, f = 135kHz, spring constant 13 N/m (Seiko Instrument Inc., Japan). 
Scan area size was 2 x 2 μm2. Control sample unexposed to UVA; the leptospira had 
an approximate wavelength of 0.5 μm (A), compared with 24 h UVA-exposed 
leptospira (B) with some cells having longer period than others.

Fig. 3 c: SEM micrographs of spiral shape taken using scanning electron microscope 
(Hitachi, Japan) with 15 kV [Magnification 6000x. Control sample unexposed to 
UVA; the leptospira had a consistent wavelength (A) compared with 24 h UVA-
exposed leptospira (B) with some cells having longer period than others]

Fig. 4—Dependence of the optical density (OD400 nm) of leptospira on exposure times 
[Exposure times (A) 0, 5, 15, 30, 45, 60, 120,180, 360, and 1440 min; and  (B) 0, 1, 2, 
3, 4, 5, 6, and 7 days. All samples were measured at 7th day of cultivation and the 
experiment was repeated at 3 times]  

Fig. 5—Dark field micrographs of agglutinated bacterial cells [The images were after 
reacting agglutinated bacterial cells with homologous antiserum (anti-canicola). (A) 
Micrograph showing complete agglutination of control or unexposed sample; and (B) 
Micrograph shows incomplete agglutination of 1-day exposure sample at 1:100 
dilution, with magnification of 200x] 

Fig. 6—Immunoblot of L. interrogans serovar Canicola antigen [Antigens were 
extracted from the cells on the 7th day of cultivation (Lane 1, control without UVA 
exposure); lanes 2-4, samples exposed to UVA for 2, 6 and 24 h respectively. The 21 
kDa band disappeared after 24 h of exposure] 

Fig. 7—SDS-PAGE analysis of the protein expression in leptospira [The gels were 
stained by Coommasie brilliant blue staining in presence of UVA for 2 h (lane 1), 6 h 
(lane 2), 24 h (lane 3), control sample (lane 4) and a standard molecular mass marker 
(lane 5). All samples exposed to the UVA radiation expressed the 76 kDa band 
significantly] 
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Figure Captions. 

Fig. 1 Side-view schematic representation of the structure of Leptospira5

10

15

20

25

30

35

40

45

Fig. 2 The growth curve of L. interrogans serovar Canicola. Relationship between 
Optical density (OD) values (at wavelength 400 nm) versus days of bacterial 
cultivation, 1, 2 ,3 ,4 ,5 ,6, and 7 days with EMJH liquid medium as a blank can be 
well fitted Gompertz function. 
Fig. 3 Dark field micrographs of L. interrogans serovar Canicola.  3(a): Dark field 
micrographs of L. interrogans serovar Canicola exposed to UVA for different 
durations, 0 min, 30 min, 1 h, 6 h, 1 day, and 5 days [Images were taken at the 7th day 
of each experimental culture sample (diluted 1:10) with magnification 400x. Bars: 50 
�m]
Fig. 3(b): AFM micrographs of spiral shape using atomic force microscope (Seiko 
instrument inc. Japan) in dynamic mode with micro cantilever type: SI-DF20 K-
A102001604, f = 135kHz, spring constant 13 N/m (Seiko instrument inc. Japan). Scan 
area size was 2 x 2 μm2. Control sample unexposed to UVA; the leptospira had an 
approximate wavelength of 0.5 μm (A) compared with 24 h UVA-exposed leptospira 
(B) with some cells having longer period than others.
Fig. 3(c): SEM micrographs of spiral shape taken using scanning electron microscope 
(Hitachi, Japan) with 15 kV [Magnification is 6000x. Control sample unexposed to 
UVA; the leptospira had a consistent wavelength (A) compared with 24 h UVA-
exposed leptospira (B) with some cells having longer period than others]

Fig. 4 Dependence of the optical density (OD400 nm) on exposure times.  (A) 
Relationship between optical density (OD400 nm) of leptospira and various exposure 
times (0, 5, 15, 30, 45, 60, 120,180, 360, and 1440 min).  (B) Relationship between 
optical density (OD400 nm) of leptospira and various exposure times (0, 1, 2, 3, 4, 5, 6, 
and 7 days.  All samples were measured at 7th day of cultivation, and the experiment 
was repeated at three times.  
Fig. 5 Dark field micrographs of agglutinated bacterial cells  The images are the 
dark field micrographs of agglutinated bacterial cells after reacting with homologous 
antiserum (anti-canicola). (A) Micrograph shows complete agglutination of control or 
unexposed sample. (B) Micrograph shows incomplete agglutination of 1day exposure 
sample at 1:100 dilution with magnification of 200x. 
Fig. 6 Immunoblot of L. interrogans serovar Canicola antigen.  The antigens are 
extracted from the cells on the 7th day of cultivation (Lane 1, control without UVA 
exposure); lanes 2-4, samples exposed to UVA for 2, 6 and 24 h respectively. The 21 
kDa band disappears after 24 h of exposure. 
Fig. 7 SDS-PAGE analysis of the protein expression in leptospira.  The gels were 
stained by Coomasie brilliant blue staining in presence of UVA for 2 h (lane 1), 6 h 
(lane 2), 24 h (lane 3), control sample (lane 4) and a standard molecular mass marker 
(lane 5). All samples which were exposed to the UVA radiation were found to have 
expressed the 76-kDa band significantly. 

Table 1 MAT reactivity of leptospiral samples after UVA exposure at variable 
time.
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Table 1 MAT reactivity of leptospiral samples after UVA exposure at variable time. 

Dilution of reference antiserum tested 

Exposure time  

1:100 1:200 1:400 1:800 1:1600 1:3200

No.

1:6400

1 0 minutes 4+ 4+ 3+ 2+ 1+ 1+ -

2 5  minutes 3+ 3+ 2+ 2+ 1+ - -

3 15  minutes 3+ 3+ 2+ 2+ 1+ - -

4 30 minutes 3+ 3+ 2+ 1+ 1+ - -

5 60 minutes 3+ 3+ 2+ 2+ 1+ -

6 120 minutes 3+ 3+ 2+ 2+ 1+ -

7 360 minutes 2+ 2+ 2+ 1+ -

8 1 day 2+ 1+ 1+ -

9 2 days 2+ 1+ -

10 3 days 2+ 1+ -

11 4 days 2+ 1+ -

12 5 days 2+ 1+ -

13 6 days 2+ 1+ -

14 7 days 2+ 1+ -

5

4+, 3+, 2+, 1+ = variable degree of agglutination reactivity 



                                                                                                                            S1-page 1
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Abstract
 

The dynamics of MinD protein has been recognized to play an important role in 
accurate positioning of the septum during cell division.  In this work, the single particle 
tracking (SPT), was applied to quantitatively characterize the behavior of green protein 
fluorescence labeled MinD (GFP:MinD) in an Escherichia coli system, focusing on the 
position and motion of the maximum in the spatial distribution of MinD proteins.. The 
SPT data monitored from the dividing E. coli cells, 4.98�0.75 �m in length, has 
demonstrated a fast oscillation of the MinD protein between the two poles with average 
period of seconds. The results on the oscillating trajectory and velocity 
showed a trapping or localized behavior of MinD around the polar zone and the flight 
switching was observed at the pole-to-pole leading edge. From our analysis, we clearly 
found the dynamics to occur in two major instances, trapping events displayed in polar 
zones with average localization velocity of 0.2914�0.0584�m/s, and flight events 
displayed during pole switching with the average switching velocity of 2.95�0.31�m/s. 
The agreements between our findings and those from previous studies are discussed. 
These results have demonstrated the benefits of applying SPT to investigate the 
oscillation of targeted protein in both qualitative and quantitative aspects.  

55.863.54 �

 
 
Keywords: Single Particle Tracking, E. coli, Cell division, Min proteins, MinD, protein 
oscillation 
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1. Introduction 
 

In Escherichia coli and other rod-shaped bacteria, cell division depends on the 
precise placement of a division septum at the middle of the cell, a process initiated by the 
assembly of an equatorial ring (Z-ring) of the tubulin-like FtsZ GTPase on the 
cytoplasmic membrane (1, 2). The Z-ring assembly is spatially restricted to midcell by 
nucleoid occlusion (3, 4) and by the dynamics of Min system (5, 6). The nucleoid-free 
zones provide possible placement of Z-ring with three regions, two polar zones and a 
midcell zone, while the Min system prevents Z-ring assembly at the polar zone. The Min 
system consists of the MinC, MinD, and MinE   expressed from the  minB operon (5) 
which restricts separation to the desired  potential division site at the midcell through the 
oscillatory cycle from pole to pole (reviewed in (7)). In vivo, MinC co-localizes and co-
oscillates with MinD (8, 9) which act together as a negative regulator of Z-ring assembly, 
and oscillatory dynamics depends on MinE (8-10).  MinCD complex prevents the correct 
interaction of FtsA with the FtsZ ring in vivo (11), and MinC has been shown to inhibit 
FtsZ polymerization in vitro (8).  
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With regards to Min protein dynamics both in vitro and in silico, considerable 

number of experiments have been done. Computationally, several studies have been 
carried out with different reaction-diffusion models to explain these oscillations (12-17). 
It has also recently emerged that MinD forms helical filaments in living cells (18); and 
recent mathematical models (19, 21) have attempted to include this feature. The model by 
Drew et al. (19) includes polymer growth from nucleation sites at the ends of the cell. 
Both of these models use continuous partial differential equations. The model by Pavin et 
al. (21) differs in that it is a three-dimensional stochastic model, but it does not yield the 
observed large scale helical filaments. Incorporating stochastic feature introduced into 
Min modeling is nevertheless likely to be important for systems of this type (15, 21-24). 
Although almost all previous findings were able to provide both of great interest 
qualitative and quantitative predictions, only qualitative ones were verified. It was mainly 
because of the lack of quantitative experimental data. Therefore, more quantitative 
approach is considerably in need.  

Experimentally, most works have focused on assembly and dynamics especially 
related to the spatial-temporal pattern formation and periods of MinCDE system. An 
excellent review is given by Lutkenhaus (25). In terms of technique based approaches, 
the majority of the works have used the fluorescent proteins with selectively labeled 
single proteins together with  the  high-resolution fluorescence imaging that is made 
possible by the new generation of bright-field and confocal microscopes (6, 8, 10, 18, 26-
28). Of particular interest is the work by de Boer and co workers who studied the 
localization of MinD by monitoring membrane-associated protein of MinD in fixed E. 
coli cells. With the immunoelectron microscopy, anti-MinD antiserum and colloidal gold-
labeled second antibody were used to reveal MinD associated with the cytoplasmic 
membrane (29).  However, most, if not all, results are merely qualitatively good. The 
precise GFP-MinD or GFP-MinE data in terms of positions, velocity, trajectory, and so 
on, could be more improved. In fact, these data are still very rare, mainly because reliable 
position tracking, data processing and analysis software are still not very well known 
among the researchers in this particular field. To alternatively precisely track the 
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positions in time-series of the region of interest (ROI) of  Min proteins (provided by 
GFP-Min protein signals), the following conditions must be met; 1) the image capturing 
CCD must be fast enough, 2) the stages or samples must be stable enough to prevent the 
frame-shift at small length scale, 3) the noise or thermal fluctuation is not very large, and 
4) the fluorescent signal consistently lasts long enough to retain reasonable data. 
Otherwise, the interpretation could easily be wrong or not reproducible. Though the 
subject of this Min protein dynamics is timely, more improved quantitative techniques 
are still in need. Indeed, based on above four mentioned criterion conditions, most current 
experimental works published so far on the Min system seem to satisfy these criteria.    
Here, SPT technique for quantitative study of the spatial-temporal pattern and the 
dynamics of MinD is one of our main focuses besides the MinD dynamics itself.  
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 SPT is a computer-enhanced video microscopy that has been developed to 
measure not only the movement of single small molecules or particles, but also the 
trajectory of the molecule ensembles (30, 31). Mostly, it is used to track the motion of 
proteins or lipids on the cell surface, individual molecules or small clusters with a typical 
spatial resolution of tens of nanometers and a typical time resolution of tens of 
milliseconds. SPT have been used mostly in data analysis in order to classify the modes 
of motion (e.g. normal diffusion, anomalous diffusion, confined motion etc.) and to find 
the distribution of quantities characterizing the motion. As mentioned earlier, the data 
from SPT measurements generally constitute an important key for characterization of cell 
membrane. Hence, it is not only a probe of membrane microstructure, but can also 
contribute significantly to the study of reaction kinetics within the cell membrane. The 
SPT technique has been used in a large field of biophysical research such as in plasma 
and nuclear membrane studies (30), nuclear trafficking of viral genes (32), chromosome 
dynamics (33), and bacterial actins motion (34).  

 
Motivated by the above mentioned considerations, this work has been devoted to 

the adaptation of this new technique for the quantitative study of Min protein dynamics. 
To the best of our knowledge, this is the first time ever that the SPT technique has been 
applied to this particular MinD dynamics problem. The focus is on the dynamics and 
localization of MinD protein pole-to-pole oscillations. As shall be seen later, our results 
not only will demonstrate how to apply SPT to MinD system, but also will confirm all 
previous qualitative results and could be used to provide, for example, characteristic 
timescale, reaction rate, diffusion coefficient, and so on.   Hence, with regards to Min 
protein dynamics, not only the qualitative information can be obtained with this SPT 
technique, but much more direct quantitative information may be obtained as well. This 
allows us to more precisely and specifically answer the crucial questions associated with 
these phenomena. For example, how do particle ensembles move on the cell surface? 
How are the proteins   assembled?   Therefore, our results can potentially bridge the gap 
between the in silico and in vitro or in vivo experiments. 
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2. Materials and Methods 
Bacterial strain and growth conditions 
 

 E. coli RC1/pFX9 [�min/Plac-gfp::�minD �minE] was kindly provided by Yu-
Ling Shih (Department of Microbiology, University of Connecticut Health Health 
Center) (18). For examination of MinD labeled with green fluorescent proteins (GFP), a 
starter of RC1/pFx9 cells was grown in LB medium, 50 �g /ml ampilcillin, 25% of 
glucose at 37 �C and 250 rpm shaking  overnight. Then 1% of the overnight culture was 
taken to grow in the new medium until the OD
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600nm is approximately 0.4. The 
centrifugation was performed at 3,000 rpm for 15 minutes to collect the cells. Cells were 
then re-suspended in the same medium containing 0.1mM isopropyl-�-D-
thiogalactopyranoside (IPTG) for protein induction.  The cell culture was diluted with 
media before use. 
 
Image acquisition 
 

For fluorescence image sequences, the Zeiss Axioskop2 of fluorescence 
microscopy and A-plan, 	100, 1.25 oil lenses were used with an InVivo software support 
in exposure times of 900 ms. A charge-coupled device (CCD) camera (CCD 
RevolutionTM QEI Camera Monochrome) was attached to the video port of microscope to 
acquire images and movies in 1 frame/second. In our experimental preparation, the 5-7 �l 
of sample was dropped in a glass slide coated with 5 �l of Poly-L-lysine (0.1%) then 
covered by a cover slip at room temperature (25�C) before examination. 
 
Image processing and SPT 
 

The Single Particle Tracking (SPT) technique (30, 31) is used to follow the region 
of interest (ROI) which gives of the highest GFP:MinD concentration signal. This highest 
intensity is the representation of MinD ensemble in the cell. The data obtained from SPT 
measurements are supported by SpotTracker Java plugin of public domain ImageJ 
software (35). The SpotTracker is a robust and fast computational procedure to track 
fluorescent particles attached to the molecule of interest in time-lapse microscopy. The 
tracking process was performed in three steps as follows.  

Firstly, the E. coli cell length in the raw fluorescence image sequence was rotated 
along to the major axis (x-axis) as shown in Fig.1 (A-C). The goal of rotating the E. coli 
cell along to major axis is to make it simple and aligned for image analysis since the 
protein behavior is due to the MinD oscillations from pole to pole along the cell length. 

Secondly, since the acquired image sequences, as shown in Fig.1 (A-C), are full 
of noise resulting from  the thermal fluctuation and the fading of  fluorescence signals 
(typically  about  4-5 minutes after the beginning), subsequently at this stage  the final 
image sequence is noisy. The corresponding intensity plot after reducing the noise is 
shown in Fig.1 (A�-C�). Realizing that this effect could reduce the accuracy of 
GFP:MinD ensemble positions collected from SpotTracker or lead to misinterpretation of 
the GFP:MinD phenomenon,  the noisy images obtained must be further processed using 
a Gaussian filter with 2- pixel radius in order to reduce the effect of noise.  It should be 
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noted that if the pixel radius is too large, the positions of ROI are not accurate. Next, the 
low noise and signals were enhanced by using the rescaling option of SpotTracker plug-
in. One may feel somewhat of concern about the filters used. To us, this would be 
interesting research to improve the quality of the filtering procedure.    As a consequence 
of the image enhancement process, the enhanced image, seen in Fig.1 (A�-C�), shows a 
better GFP signal than the raw fluorescence images in Fig.1 (A-C). The associated 
intensity signal is also shown in Fig.1 (A��-C��).  As clearly seen, the consequence of the 
noise reduction is to make the region of high intensity more apparent.  
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Thirdly, the tracking procedure of ROI was performed using once again the 

SpotTracker plugin. With this tracking, it finally provides us with the time series data of 
the position of ROI of GFP:MinD system in text file ((x,y) coordinates) as shown in   
Fig.1 (D-D��). In this figure, the Red Cross sign indicates the ensemble positions at 
highest intensity signal. Finally, the positions of ensemble were analyzed by MATLAB 
software to calculate the physical quantities including velocity, period, and probability 
distribution. In fact, other dynamic quantities such as could also be calculated via this 
method. More details of this tracking in time algorithm can be found in (33).  
  
3. Results and Discussions 

 
Here we have applied SPT technique to experimentally and quantitatively 

investigate the pole-to-pole dynamics of the assembly dynamics of MinD proteins. With 
the combination of the SPT technique and image processing, we were able to demonstrate 
redistribution pattern of GFP:MinD (as mirror reflection of MinD proteins). Having 
focused on this dynamic behavior of MinD protein molecules, their moving positions are 
traced by the high intensity region as shown in Fig.1 (A''-C'') and Fig.1 (A'''-C''').  The 
SPT measurement provides the x and y coordinates of the center of ROI (for the 
visualization of ROI centers as shown in Fig.1 (D-D'''')). The sequence of positions (x,y) 
at successive times can be used to determine the trajectory of GFP:MinD in x and y 
components as shown in Fig.2 (B) and (C), respectively.  

 
Having analyzed the high intensity regions in each frame of image sequences with 

enhanced filter shown on the right hand side of Fig.2 (A), the results reveal the pole-to-
pole oscillatory dynamics pattern between the polar zones. So far, at least it is 
qualitatively consistent with the previous findings with both experimental (8, 10, 18, 26-
29, 36) and theoretical (12-16) methods.  More importantly, using the extracted (x,y) 
allows us to precisely  locate the positions of  the MinD at a given time(see Fig.2(D)), 
portraying  its trajectory.  

 
From the obtained tracking positions, we can see that the assemblies of GFP-

MinD molecules are mostly concentrated near the cytoplasmic membrane giving a 
horseshoe-like pattern. These results are well consistent with the previous reports of de 
Boer and co workers (29) that showed the localization of MinD in fixed E. coli cells. 
They employed anti-MinD antiserum and colloidal gold-labeled second antibody to study 
membrane-associated protein of MinD by using the immunoelectron microscopy to 
demonstrate that MinD is associated with the cytoplasmic membrane. In addition, our 
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results are in good agreement with those of fluorescent microscopy (10, 27, 28), which 
indicate that MinD localizes at the cytoplasmic membrane in the peripheral pattern.  
 

Thanks to the quantitative data via SPT and consideration of the trajectory, we 
can precisely measure the average period of GFP:MinD ensemble that begins at the polar 
zone location and reverting to the same location (the trajectory cycle in Fig.2(B) and 
Fig.3(A) ,or 3 peaks of velocity time evolution in Fig.3(B)). The measured period is 
54.63�8.55 seconds, averaging over 19 individual cells, with E. coli cell length of 
4.98�0.75 �m. Remarkably, our measured periods agree with those in previous reports 
(8, 10, 18, 26, 36) as shown in Table 1. However, it should be emphasized that either 
qualitative or semi-quantitative method were used to obtain all previous results. It is thus 
important to emphasize that having been able to obtain the quantitative data is one of the 
new distinct reward as a result of the SPT technique.  
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Owing to the quantitative data via SPT technique, the sequence of positions over 

each time interval reveals the trajectory and the velocities of proteins. Moreover, the 
ensemble GFP:MinD positions at all observable time allow us to analyze the assembly 
and pattern formation in the localization and distribution dynamics.  These issues will be 
discussed in detail in the context of cluster dynamics and localization as follows. 

 
 
Dynamics of GFP:MinD 
 

The results from SPT technique provide us with information on position 
alterations and time sequences that can be used to analyze the GFP:MinD motion in two 
characteristics. (i) The trajectory reflects the positional behavior of cluster proteins as 
depicted in Fig.3 (A) and (A'). (ii) The velocity time evolution features movement 
behavior of cluster proteins as in Fig.3 (B) and (B'). Both results can indeed bring about 
the same information about the phenomenological characteristics of cluster protein 
motion. Typically, the characteristics of GFP:MinD protein dynamics can be classified 
according to the space and time scale of dynamic events into two types: trapping event 
and flight event. The trapping event mostly occurs at the polar zones, while the flight 
event takes place in between the trapping events in the space between the polar zones.   

 
For the trapping events, It is quite evident from the data that the ensemble 

GFP:MinD trajectory positions change very little (
  10%) during  this state as evidently 
shown in Fig.3 (A) and (A�). Likewise, the velocities during those time intervals change 
very little during the time interval between peak to peak, as shown in Fig.3 (B) and (B�).  
This protein dynamic information implies that the MinD positions typically take 
relatively long time at the polar zones (~ 27 second).  While the flight event takes 
considerably much lesser times (~2-4 second). Therefore, the high concentrations of 
GFP:MinD are mostly found in the polar regions (see Fig.2(B)). We have learned from 
those previous studies that the dynamics of trapping events at polar zones are believed to 
correspond to the polar zone growth by the formation of MinD polymerization at 
cytoplasmic membrane (37, 38). It is also possible that MinD may interact with itself or 
other Min proteins or cytoplasmic components in a complicated manner not yet well 

40 

45 
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understood. One reaction diffusion model by Huang et al.(16) has proposed that this 
behavior is due to "cycling" of MinD in the polar zone whereby molecules repeatedly 
unbind and then quickly rebind. 

 
For the flight event dynamics, as previously mentioned, the typical characteristics 

of the flight event are that the positions of the proteins quickly change from pole to 
opposite pole during a specific time interval.  This dynamic behavior is clearly evidenced 
by the switching velocity, which corresponds to the peaks of each time interval 
mentioned earlier, as shown in Fig.3 (B) and (B�). Comparatively, the velocity associated 
with flight event is much higher than the velocity at the polar zone (~ 10 folds). During 
this state, as briefly mentioned in the introduction, when MinE in E-ring activates the 
ATPase activity of MinD:ATP molecules to undergo hydrolysis, it results in  the release 
of  the MinD:ADP, MinC, and MinE products from the membrane to the cytoplasm (7, 
37-39). The MinE thus immediately sweeps MinD out of the midcell allowing Z-ring to 
form. The Z-ring assembly is spatially restricted to midcell by nucleoid occlusion (3, 4) 
and by the MinCDE system (5, 6). The first mechanism ensures that Z-rings form only in 
cellular space devoid of nucleoid mass, while the Min system prevents Z-ring assembly at 
the cell poles. This process is repeated when the MinD:ADP is converted to MinD:ATP 
in cytoplasm and continually diffuse to the opposite pole which gives rise the flight 
events and switching velocity.  
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GFP:MinD Localization 
 

We have analyzed ensemble GFP:MinD localization through the histogram plots 
shown in Fig.4(A-C) and position scattering plots shown in Fig.4(A�-C�). The data were 
collected during a 600 second time interval. Along the x-axis (or along the poles), it is 
clearly seen that MinD proteins mostly distribute and localize in the vicinity of the poles. 
This is spatially depicted by a two dimensional scattering plot. On the contrary, the 
region near the midcell has a lower concentration of MinD as previously reported (8-10, 
26). To our knowledge, this is the first time that the time-averaged concentration of MinD 
(or division inhibitor), is experimentally and quantitatively revealed to be lowest at mid-
cell as qualitatively known before. Accordingly, with this SPT technique, we are 
provided with the quantitative data of how local densities of MinD are distributed. This 
information would be of great value in predicting the specific site of localization and may 
be the reactions of MinD. Concerning the observed spatial inhomogeniety of MinD from 
previous findings (15, 21-24), it was theorized that it is due to the helical movement 
during the Min protein polymerization. Therefore, when we perform a vertical section of 
E.coli, many SPT spots would be seen mostly on the top and at the bottom with 
somewhat constant intervals (data not shown). This phenomenon is expected to be clearly 
seen when used the real time three dimensional image capturing and reconstructing 
techniques like confocal microscopy. Once again, on comparing these results with those 
from computational ones, good qualitative agreement was found  
 
 Fig.5 shows the distribution of ensemble GFP:MinD positions along the major 
axis. Blue dots represent the ensemble position data. From the least-square fitting 
procedure, the result of fitting gives a the symmetrical curve seen in this figure where the 
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red line  represents the Gaussian function 
22 /)(2

0 2/
wxx ce

w
Ayy ����
�

 with 2R  = 

0.93135. The middle position of distribution is equal to 2.29412 �m for cell 
length m�5~  which is calculated from minxxx cmiddle �� ; 08606.054412.2 ��cx m�  
and 25.0min �x m�  determined from the minimum point of MinD distribution position 
via GDF fitting and histogram, respectively. This graph quantitatively presents, for the 
first time ever, the distribution of MinD, though it was previously qualitatively reported 
(8-10, 26) that MinD proteins concentration is lowest at the midcell. Moreover, 
mathematical modeling and simulation results(12-19, 21) could also be validated and 
confirmed using our experimental results. It is surprising, however, that no report has 
shown the precise space-time plot and associated trajectories. It may be important to 
point out that the Gaussian function fitting may imply that the MinD dynamics is 
mediated by the concentration-gradient driven force of MinD or more precisely MinCDE 
system. It is possible that this graph may be used for determining where the midcell zone 
domain is or where the polar zone domain is. If so, it must be done with care and relevant 
biological considerations should be taken into account.   
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To summarize, with SPT technique we quantitatively found two major dynamic 

events, namely trapping events occurring in polar zones with average localization 
velocity of 0.2914�0.0584�m/s and flight events occurring during pole switching with 
the average switching velocity of 2.95�0.31�m/s. The summary of the quantitative 
findings of localization and delocalization by using SPT is given in Table 2. 
 

 
4. Concluding Remarks 
 

The goal of this report was to propose the application of SPT to study MinD 
dynamics. In other words, it is to use computer-aided image analysis of fluorescence 
microscopy data. From our experimental results, acquisition of ensemble MinD position 
can be used to characterize and analyze the dynamic pattern formation, assembly, and 
localization. To our knowledge, this is the first time that it has been possible to observe, 
both qualitatively and quantitatively, the MinD dynamics. All results were qualitatively 
found to agree with previous experimental and theoretical results. Moreover, more 
precise quantitative information regarding MinD dynamics have also been obtained 
including specific positions, paths or trajectories, spatial distribution, pole-to-pole 
switching and localization, as well as periods. For example, our measured oscillation 
period is 54.63�8.55 seconds, which is a standard value of MinD period of oscillation for 
bacteria of this size and strain. It is reasonable to say that with SPT technique, the 
measurements performed are more accurate than by, say eye-observed measurement in 
2D-image sequences. However, the accuracy of this SPT technique may be subject to 
environmental factors. A recent study shows that the period of MinD is dependent on the 
temperature in that the oscillation period rapidly decreases in proportion to increasing 
temperature (40).  
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An interesting characteristic of the time evolution dynamics is the trapping event that 
occurs between polar zones, a behavior that is still not well understood. With further 
improved SPT technique, especially applications in 3D, the information to be gained may 
reflect some mechanisms such as an obstruction of MinD by other mobile or immobile 
molecules or by other Min proteins, binding and obstruction by cellular components and 
so on. In terms of MinD localization, analyzing the ensemble positions using SPT 
technique, patterns of localization and distribution along the cell length were not only 
very well confirmed, but other quantitative information related to MinD ensemble 
positions were revealed as well.  
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It should be noted that SPT is for tracking the maximum of the distribution of 

particle ensemble, but not for single molecule. Here, they are likely tracking a constantly 
reorganizing accumulation of MinD proteins. Therefore, their velocity measurements are 
not actually single particle velocities either, and so are hard to compare with any 
microscopic quantities such as diffusion rates, etc. 

 
For future application, we will use the same technique to investigate other Min 

protein types such as MinE or others. In addition, some important properties of the Min 
proteins such as the transport properties, energy landscape, fluctuation effects, root-
mean-square distance dynamics, polymerization patterns, and so on are very interesting 
to be investigated. The data analysis of the distributions of periods and lengths of cells,  
to know how these quantities correlate, e.g. does period increase as length increases is on 
going process. Lastly, we believe that the SPT technique will be widely applied to the 
Min protein systems in the very near future like being used in other biological systems.  
Moreover, with improvement of the SPT technique, data acquisition and data analysis, 
this technique could become very well-accepted. The 3D, true to life results are of course 
what we strive for. Furthermore, by the combined use of SPT and the well known 
technique of fluorescent labeling or dyeing, it could be a considerably promising 
alternative over the other types of labeling, including the nanoparticle labeling approach.   
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Table 1. 
Oscillation cycle period(s) corresponding to each bacterial strain. 
Table 2.  
The physical properties of the ensemble GFP:MinD dynamics. 

 
 
 

 
 
Tables 

 
Strain/Plasmid Genotype Oscillation Cycle 

Period(s) 
Reference 

PB103(�DR122) wt(Plac::gfp-minDE) ~34 Raskin et al. (1999a) 
PB103/pDR122 
 

wt/Plac::gfp-minDE ~38 
 

Raskin et al. (1999a) 
Hale et al. (2001) 

PB114(�DR122)  
 

�minCDE(Plac::gfp-
minDE) 

~40 Raskin et al. (1999a) 

HL1/pDB213 �minDE/Plac::gfp-
minD, minE-bfp 

~55 Hale et al. (2001) 

pWM1255  
 

Ptrc::gfp–minDEc, 
minEEc

~37 Ramirez-Arcos et al. 
(2002) 

HL1/pFX40 
 

�minDE_Plac-
yfp::minD 
minE 
 

~60 Shih et al. (2003) 

                                                        
                                                                 Table 1: 

 
 20 
 

Properties Mean Values S.D. 
Oscillation Period (s) 54.84 8.55 
Switching Velocity 

( sm /� ) 
2.95 0.31 

Localization Velocity 
( sm /� ) 

0.2914 0.0584 

Localization Time (s) 27.4194 4.9666 
 

                                                                 Table 2: 
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Figure legend 
 
Figure 1. 
 
Image processing and SpotTracking results for RC1 E. coli cell [min/Plac-gfp::minD minE 
]. (A,B,C) shows raw fluorescence images at times 24s, 34s, and 44s. (A',B',C') shows 
intensity plot of fluorescence images corresponding to (A,B,C). (A'',B'',C'') shows  
fluorescence images of (A,B,C) after filtering with Gaussian blur and rescaling. (A''', 
B''', C''') shows intensity plot of images (A'', B'', C''). (D, D', D'', D''', D��) shows 
fluorescence images after tracking with SpotTracker at times 24s, 44s, 64s, 84s, and 104s. 
The positions of ROI are indicated by red cross sign. (E) shows a DIC image (gray), cell 
length
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Figure 2. 
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25 

The ensemble GFP:MinD oscillations from pole to pole at times 8s-279s with period of 
the approximately 45 seconds of period (A) The 2D image sequence of pole-to-pole 
MinD oscillations at each successive time for the rescaled and enhanced signal shown on 
the left and the right columns, respectively. Each fluorescence image represents the 
ensemble of GFP:MinD signal locating at   polar zones. The time(s) labeled on the left 
side of column is the first time of GFP:MinD assembles after switching to new pole. (B) 
The results of SPT show the GFP signal time evolution trajectory of MinD oscillations on 
x(t). The red line represents the ensemble of GFP:MinD trajectory. (C) Spot projection 
on y(t) of GFP signal time evolution trajectory of MinD oscillations.  (D) Time evolution 
plot of the position on x axis (blue line) and y axis (green line). 
 
Figure 3. 
 
The comparison of the time evolution dynamics between distance and velocity of E. coli 
cell for 600 seconds. (A) shows time evolution plot of the R ( 22 )()( yxR ���� ) and 
(A') shows subplot of R for the  time interval 30-60 seconds. The distance-time evolution 
shows the oscillatory dynamics from pole to pole. (B) and (B') show the velocity-time 
evolution throughout the time interval, and during a subinterval in time, respectively. The 
velocity-time evolution shows the switching velocity for each peak in (B) and 
localization velocity between peak to peak. 
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Figure 4. 
 
The histogram and position scattering of GFP:MinD localization during 600 second time 
interval. (A), (B) and (C) are histograms that represent the localized frequency of 
GFP:MinD along x, y and R, respectively. (A'), (B') and (C') show the position scattering 
plotsof x-y, y-x and R-x , respectively. 
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Figure 5. 
 
The distribution of ensemble GFP:MinD positions along the major axis. Blue dots 
represent the ensemble position data. The red line represents the fitted Gaussian function 

fitting 
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 with 2R  = 0.93135. The middle position of 

distribution is equal to 2.29412 �m which is calculated from 
;minxxx cmiddle �� 08606.054412.2 ��cx m�  and 25.0min �x m�  determined from the 

minimum point of MinD distribution position via GDF fitting and histogram, 
respectively. 10 
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