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Swimming Motion of Flagellated Bacteria Under Low Shear Flow Conditions
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Abstract : The measurement and prediction of bacterial transport of bacteria in aquatic systems is of fundamental importance to
a variety of fields such as groundwater bioremediation ascending urinary tract infection. The motility of pathogenic bacteria is, how-
ever, often missing when considering pathogen translocation prediction. Previously, it was reported that flagellated E. coli can
translate upstream under low shear flow conditions. The upstream swimming of flagellated microorganisms depends on hydrodynamic
interaction between cell body and surrounding fluid flow. In this study, we used a breathable microfluidic device to image swimm-
ing E. coli at a glass surface under low shear flow condition. The tendency of upstream swimming motion was expressed in terms
of ‘A’ value in parabolic equation (y=Ax"+Bx+C). It was observed that high shear flow rate increased the ‘A’ value as the
shear force acting on bacterium increased. Shorter bacterium turned more tightly into the flow as they swim faster and experience
less drag force. The result obtained in this study might be relevant in studying the fate and transport of bacterium under low shear
flow environment such as irrigation pipe, water distribution system, and urethral catheter.
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Fig. 1. Schematic diagram of microfluidic device,
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Table 1. Parameters used in mobility matrix for bacterial velo-
city calculation

parameter value
w (fluid density) 0.001002 Ns/m?
a(radius of £ colibody) 5um
h (distance from surface to £, coli cell) 30 nm

¢ (local drag coefficient) 047

L (length of flagella) 75um
£ (slenderness) 0.6283
o (rotation rate of flagella) 150 Hz
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Table 2, Basic properties of £ coli K12 used in this study

number of

length tracks (n)

aspect ratio | swimming speed

Measured

+ + +
value 252+127 um| 2,09+£056 | 12.3£4.9 um/s 142

frame number 15; particle ID 127

Fig. 2. Circular trajectory of £ coli K12 at quiescent condition,
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Fig. 3. Comparison of observed and calculated trajectory of £
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£

2 E coli®] IANATN 55 BA oA x(Fig. 4) E
wolA Woju4s slauAe] Frksithe A & 4 9l
[e3]

AX

x2EA FHo A4S Boh gdA vlashy] $iste] HA|
o] By = AX’ +Bx+ C)2 H33}o] o

49| mofol 7 2 FFE v x| = 22189
Al ‘A’ FEE v E gkt Fig. 5o A9t o] 5
ZANA A Zho] T BEE o] Qe AL E coli

o] B FHLHE e 2ol 7] Zpo], Ad i $JA| 2ol
S

ok

34

Ofgt Mete] Fazof o8| E. coli7} W= 3F2(drag force)ol
2ol 7b ¢17] wjolth!) mE 92 oA jRE] F|
Aol 2k A FZ Ze ZEAY FHE 8= Ae=
Uebsth ®3F f&ol Ao A 3o WA= A}
dasts ZAoR2 yetyet, ole f&o] 22 A=
E. coli®] 7ol 93 AAl §A9 353 thE YFoe
2 Y = 9lon, B ¥ A A= 559 Ut
Sk o 8 AL Sebd = vk AL Yujgith &
P T e E R4S & A, AA BHoA 35 Wkt
H ko 2 o] 55l= E coli®] £x= 29.6+3.7 pm/sec
2 Uetgteon, ol &5A4do] & A7t Boh G AR=E
o5&

Population (%)

Fig. 5. The ‘A" value distributions under different flow rates for
E coli K12 (data shown for ‘A" ( 7.0, n = 721, 955,
638, and 402).

3.3.E. colie] 37|7t 23 H &0l 0|x|= F&

<3
At Zol BE {4 R E. coli®] A77} STV
5 A 4 B A= Aaste A2 YEth gukE o
2 AL (R ER, prolate spheroid)] ¢JA}7} W FE L )
<o Aoz vepd 4= okt

™
[72]
o
g
8
g
2
i)
il
>
)
o
12
]
e
T
32
£
I
Q

1 a
Fp= 67rua{1 - ga(l - ?)}U

AN wi A0 A, ak AR} Y, b AR} 2
ol, viz Ae] Lmolc,

YE E coli7t TU3 SEAL /x| Qe 7S,
377} 2 E. coli7} B} 22 3HE vtk = Aotk

1.6
1.4 1 mm 1.80 pl/min
12 - . 1.40 pl/min

s 1.00 pL/min
s 0.60 pL/min

'A' average
o
o]

1.0-1.5 1.0-20 2.0-25 25-3.0 3.0-3.5 3.54.0

Aspect ratio

Fig. 6. Average ‘A’ value as a function of cell aspect ratio under
different flow.

| Joumal of KSEE | Vol.33, No.3 | March, 2011



KBRS LRV aE G
S=0| ofst CHEKRO| HE EA

spol EEAI0 AAE 124 ok A4
A7) dEolth 7]Eo EdolAE S50l
E. coli®] A7)7} 271842 4 2] sHuAol
o]é Sty oz E_}\]_U]— 2~ o]o%gtﬂ’g) o]

el
ﬂ.l{tl
r_\..
L .
=
74,
O
g M
3

o°ﬂ —Wl
5P°4 o =g = Aok

Ao 77k AXE 18
. coli®] Z3$-ol= HHo
B,

4) E?& %‘—%‘HW 2 E. coli®] Z$-ol= fAo o3 &
o] Z7tsto] v ket 2EAS Ay FAlo 9
& Iy o]Fslyich

£ AnAme 25 aAes B
2

©
off

ol
el
?;9.

o]
-
M
offl
i
Hi
N
=
i
S

S A5 e S

A B nAES olF S HAlsheY VE AR
g 4 US Aotk
AP A}

o] = 20099 A (ASE s ) dom o
STAFAEE] A S wol 3 E A U[NRF-2009-352-
D00176].

KSEE
St

—

Berg, H. C. and Brown, D. A,
coli analysed by Three-dimensional Tracking,” Nature, 239
(5374), 500~504(1972).

2. Macnab, R. M., “Bacterial flagella rotating in bundles - study
74(1), 221~

“Chemotaxis in Escherichia

in helica geometry,” Proc. Natl. Acad. Sci.,

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

225(1977).

Torre, J. G. and Bloomfield, V. A.,
of swimming of flagellated microorganisms,”
20(1), 49~67(1977).

Johnson, R. E. and Brokaw, C. J.,
mics - comparison between resistive-force theory and slender-
body theory,” Biophys. J., 25(1), 113~127(1979).

Goto, T., Nakata, K., Baba, K., Nishimura, M. and Maga-
riyama, Y., “A fluid-dynamic interpretation of the asymme-

“Hydrodynamic theory
Biophys. J.,

“Flagellar hydrodyna-

tric motion of singly flagellated bacteria swimming close to
a boundary,” Biophys. J., 89(6), 3771~3779(2005).

Lawrence, J. R. and Caldwell, D. E.,
stream populations within the hydrodynamic boundary layers

“Behavior of bacterial

of surface microenvironments,” Microb. Ecol., 14(1), 15~27
(1987).

Hill, J., Kalkanci, O., McMurry, J. L. and Koser, H., “Hy-
drodynamic Surface Interactions Enable Escherichia coli to
Seek Efficient Routes to Swim Upstream,” Physical Review
Letters, 98(6), 68~101(2007).

Lauga, E., DiLuzio, W. R., Whitesides, G. M. and Stone,
H. A., “Swimming in Circles: Motion of Bacteria near Solid
Boundaries,” Biophys. J., 90(2), 400~412(2006).

Feng, Z. G. and Michaelides, E. E.,
tions and resuspension in simple shear flow,” J. Hydraul.
Eng.-ASCE, 129(12), 985~994(2003).

Chattopadhyay, S., Moldovan, R., Yeung, C. and Wu, X. L.,
“Swimming efficiency of bacterium Escherichia coli,”
Natl. Acad. Sci., 103(37), 13712~13717(2006).
Happel, J. and Brenner, H.,

“Fluid-particle interac-

Proc.

“Low Reynolds number hydro-
dynamics: with special applications to particulate media,”
Kluwer Academic Publisher(1991).

Magariyama, Y., Sugiyama, S., Muramoto, K., Kawagishi, I
Imae, Y. and Kudo, S.,
terial flagellar rotation rate and swimming speed,” Biophys.
J., 69(5), 2154~2162(1995).

Darnton, N. C., Turner, L., Rojevsky, S., and Berg, H. C.,
“On torque and tumbling in swimming Escherichia coli,” J.
Bacteriol., 189(5), 1756~1764(2007).

White, F. M., “Viscous Fluid Flow,” McGraw-Hill Inc(1974).
Mitchell, J. G., Pearson, L., Dillon, S. and Kantalis, K.,
“Natural assemblages of marine-bacteria exhibiting high-speed

“Simultaneous measurement of bac-

motility and large accelerations,”
61(12), 4436~4440(1995).
Maeda, K., Imae, Y., Shioi, J. I. and Oosawa, F., “Effect of
temperature on motility and chemotaxis of Escherichia coli,”
J. Bacteriol., 127(3), 1039~1046(1976).

Berg, H. C. and Turner, L., “Chemotaxis of bacteira in glass-
capillary arrays,” Biophys. J., 58(4), 919~930(1990).
Frymier, P. D., Ford, R. M., Berg, H. C. and Cummings, P.
T., “Three-dimensional tracking of motile bacteria near a
92(13), 6195~

Appl. Environ. Microbiol.,

solid planar surface,” Proc. Natl. Acad. Sci.,
6199(1995).

Li, G. L., Tam, L. K. and Tang, J. X., “Amplified effect of
Brownian motion in bacterial near-surface swimming,”
Proc. Natl. Acad. Sci., 105(47), 18355~18359(2008).

Chstatd 38te| x| | 333 H[35 | 2011 3

195




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


