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We describe a system for high-temperature investigations of bacterial motility using a
digital holographic microscope completely submerged in heated water. Temperatures
above 90◦C could be achieved, with a constant 5◦C offset between the sample
temperature and the surrounding water bath. Using this system, we observed active
motility in Bacillus subtilis up to 66◦C. As temperatures rose, most cells became
immobilized on the surface, but a fraction of cells remained highly motile at distances
of >100 µm above the surface. Suspended non-motile cells showed Brownian motion
that scaled consistently with temperature and viscosity. A novel open-source automated
tracking package was used to obtain 2D tracks of motile cells and quantify motility
parameters, showing that swimming speed increased with temperature until ∼40◦C,
then plateaued. These findings are consistent with the observed heterogeneity of
B. subtilis populations, and represent the highest reported temperature for swimming
in this species. This technique is a simple, low-cost method for quantifying motility at
high temperatures and could be useful for investigation of many different cell types,
including thermophilic archaea.

Keywords: Bacillus subtilis, bacterial motility, temperature effects, heat shock, holographic microscopy,
thermophile, tracking

INTRODUCTION

The effects of elevated temperatures on bacterial motility have not been fully explored. There
are both physical and physiological effects of temperature on flagellar swimming at low Reynolds
number. Both viscosity and temperature contribute to the Stokes-Einstein equation for the diffusion
coefficient, D

D =
kBT

6πηr
(1)

where kB is Boltzmann’s constant, T is the absolute temperature, η is the dynamic viscosity of the
medium, and r is the radius of the diffusing particle. Water shows a dramatic decrease in dynamic
viscosity with temperature, described by the equation

η (T) = AeB/(T−C), (2)
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where A = 2.414 × 10−5 Pa•s, B = 247.8 K, and C = 140 K. This
results in values ranging from 1.002 mPa s at 20◦C to 0.315 mPa
s at 90◦C. As a result, there is a significant change in the rate of
Brownian motion of cells at elevated temperatures: as a simple
example, 0.30 µm2/s at 33◦C for a 1 µm diameter cell, and 0.86
µm2/s for the same cell at 91◦C.

The effects of viscosity on active swimming are less clear. The
drag force is proportional to η and thus it would be expected
that swimming speeds would increase with decreased viscosity,
but instead a surprising decrease in bacterial swimming speeds
with decreased viscosity is seen in polymer solutions. Several
papers have suggested that this is due to microstructure of the
polymer (Magariyama and Kudo, 2002; Zottl and Yeomans,
2019). In ordinary aqueous solution, a roughly linear increase
in swimming speed with temperatures up to 50◦C has been
reported for Escherichia coli (Maeda et al., 1976) and for multiple
other strains representing polar, bipolar, and peritrichous
flagellar arrangements (Schneider and Doetsch, 1977). One study
reported a linear increase in E. coli swimming speed with
temperature up to 40◦C in medium supplemented with L-serine;
in the absence of supplementation, speeds increased only up to
30◦C and decreased thereafter (Demir and Salman, 2012). This
linear relationship is related to increased flagellar rotation rates
at high temperatures as well as altered viscosities both inside and
outside the cell and has been modeled semi-empirically using
a large number of available motility datasets. Speed is generally
assumed to be directly proportional to flagellar rotation rate;
though this is not true in all datasets, a positive correlation is
always present (Humphries, 2013).

As a simple model, the force on a swimming cell may be
approximated as the sum of the flagellar force F and the velocity-
dependent drag force Dv,

F = ma = F − Dv, (3)

where D is the drag coefficient given in Eq. (1). Although models
predict a viscosity dependence, recent studies have found that F is
independent of viscosity (Armstrong et al., 2020). This equation
of motion yields a terminal velocity of

v∞ =
F
D
∝

F
η

, (4)

where the terminal velocity should be observed during a long run
once the cell is no longer accelerating. The time-averaged velocity
over a long run should thus approximate v∞.

None of these models take into account the upper limits
of possible motility of different strains resulting from protein
denaturation or general organism stress. Microorganisms
show complex heat shock responses, and the expression and
maintenance of flagella can be affected by genes related to heat
stress. Motility is a complex phenotype under tight regulation
in all microorganisms that express it. Bacillus subtilis is a model
organism for which regulation of motility genes (Mukherjee and
Kearns, 2014) and heat shock responses (Schumann, 2003) have
been well studied. There is a strict dependence upon FlgN for
motility in this species (Cairns et al., 2014). Flagellar synthesis
is affected by a number of the genes involved in the heat shock

response. As temperature increases, proteins denature, and
protein degradation systems clear the damaged proteins. The
ClpCP complex in Bacillus subtilis degrades stress-damaged
proteins as well as taking part in regulatory degradation. It also
influences motility by both direct and indirect mechanisms. The
absence of Clp proteases results in defective motility, likely due to
accumulation of Spx, which suppresses flagellar gene expression.
Cells under stress do not necessarily lose motility immediately
via this mechanism, since existing flagella are not affected, rather
the production of new flagella (Moliere et al., 2016).

The heat shock responses of B. subtilis allow it to grow
to at least 53◦C (Warth, 1978). Much has been written about
the mechanisms of thermotolerance in this species. The sigma
factor σB provides non-specific stress resistance, which includes
thermotolerance. Its activation induces the expression of ∼200
target genes (Hecker et al., 1996; Nannapaneni et al., 2012;
Young et al., 2013). Cells do not need to be exposed to heat
stress in order to gain thermotolerance via this mechanism. In
addition, there are specific heat-shock responses that turn on
under conditions of mild heat stress, leading to protection from
otherwise lethal temperatures. At least three classes of genes are
heat-shock inducible.

Because of the complexity of both the heat shock response and
regulation of motility genes, it is difficult to predict the effects
of high temperature on swimming motility. Most studies focus
on growth rather than persistence of swimming. The persistence
of the motility phenotype under conditions of heat stress has
been little explored, largely due to technical difficulties of imaging
and image analysis as temperatures rise. One study reported that
convection currents made tracking difficult above 40◦C (Riekeles
et al., 2021). In addition, most heated stages can only achieve
temperatures of 55–60◦C. We hypothesized here that some
fraction of B. subtilis cells would be capable of active motility
at temperatures above the maximum growth temperature, with
significant variations consistent with the highly heterogeneous
responses of this species to stress (Kearns and Losick, 2005; Lopez
et al., 2009; Syvertsson et al., 2021).

A few studies have reported microscopic imaging systems
able to reach temperatures up to the boiling point of water,
but none fit our precise goals. A 1995 study of Thermotoga
maritima used a capillary between two Peltier elements (Gluch
et al., 1995). A more recent study reported an environmental
chamber for microbial imaging that allows for pressure and
temperature control (Nishiyama and Arai, 2017). For studying
hyperthermophilic archaea, a “Sulfoscope” with a heated cap and
stage was recently described where temperatures of 75◦C were
stably maintained; temperatures up to 90◦C were achieved but
led to significant evaporation (Pulschen et al., 2020). This design
is appropriate for fluorescence microscopy and is especially
valuable for imaging immobilized cells, a technique which was
described in detail in the study using a semi-soft Gelrite pad.
Air objectives were used. Another recent study attained higher
resolution using oil-immersion objectives heated to 65◦C, with
the entire chamber heated to 75◦C. Imaging was by differential
interference contrast (DIC) (Charles-Orszag et al., 2021).

While high resolution is sometimes desirable, our goal
was to create a simple, inexpensive system for imaging at

Frontiers in Microbiology | www.frontiersin.org 2 April 2022 | Volume 13 | Article 836808

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-836808 April 15, 2022 Time: 9:5 # 3

Dubay et al. Bacterial Motility at High Temperature

high temperatures with a particular focus on tracking of
microorganisms in a large volume of view. Thus, the goal was
to maximize the depth of field with sufficient resolution to
distinguish individual cells, but not subcellular structure. We
use a custom holographic microscope entirely submerged in a
heated water bath in order to examine motility at temperatures
between 28 and 85◦C, with capability of temperatures up to at
least 95◦C. The materials for the heated bath are inexpensive
(<$200 USD in 2022) and a complete parts list is included for
both the microscope and bath, with a total cost of <$7000 USD
for the complete system. Because the system was designed for
field use and no compound objective lenses are used, there are
minimal effects of temperature on the instrument, even up to
the boiling point.

With this system, cultures of B. subtilis were either heated
slowly over a period of 4 h or exposed rapidly by submersion into
a pre-heated bath. Individual cells were tracked, and velocities,
accelerations, turn frequency, and correlation functions were all
quantified using a custom open-source autonomous program.
The program successfully controlled for thermal currents,
classifying tracks into “motile” vs. “non-motile” based upon a
defined algorithm. All active tracks were manually confirmed
to correspond to cells. Active swimming was observed up to
66◦C in some fraction of the cells; increasing numbers of
immobile cells collected on the sample chamber surface as
temperatures increased. Cells up to 90◦C remained normal in
morphology, without signs of sporulation. Dead cells showed
little movement until temperatures >60◦C, at which point
convection currents became appreciable; however, these were
readily distinguished from active motility by inspection as well
as automated tracking tools. These techniques will be of interest
to anyone exploring bacterial behavior at temperatures up to the
boiling point of water.

MATERIALS AND METHODS

Microscope and Temperature Control
The microscope used in this study was a common-path
off-axis digital holographic microscope (DHM) as described
previously (Wallace et al., 2015) (U.S. Patent US20160131882A1)
(Figure 1A). Briefly, a single-mode laser (520 nm, Thorlabs,
Newton, NJ) was collimated and passed through separate
reference and sample channels held in a single plane to prevent
mis-alignment. The objective lenses were simple achromats
(numerical aperture 0.31, part number 47–689-INK, Edmund
Optics, Barrington, NJ), yielding an effective magnification of
∼20x and XY spatial resolution of ∼1.0 µm. Since focusing is
performed numerically with DHM, the sample stage was fixed in
position with the in-focus plane Z = 0 at approximately the center
of the sample chamber. The camera was a Prosilica 2460GT
(Allied Vision, purchased from Edmund Optics) monochrome
camera with a 5 MPixel, 3.45 µm pixel pitch format and 15
frames/s maximum frame rate, with acquisition windowed to
2,048 × 2,048 px. A higher frame rate (23.7 fps) can be achieved
by substituting the newer Prosilica 2560GT without further
modification of the system. Both recommended cameras use

global shutter detector readout; rolling shutter readout cameras
are not recommended unless careful consideration is taken in
avoiding distortion of fringes during readout.

To control the temperature of the sample chamber, the
entire microscope was placed into a stainless steel cooking
pot (36 quart, Bayou Classic, sold through amazon.com) and
protected by a 5-gallon, 4 mil thickness plastic bag (Ziploc
brand or autoclave bag). The laser was kept out of the bath
and coupled to the microscope through its single-mode fiber
output. The camera was kept above the water level of the bath
by the microscope tube. The pot was filled with water to a
level above the top of the sample chamber, and the temperature
of the water was gradually increased at a constant rate of
4.3◦C/min using a sous vide circulator (Monoprice Model#:
121594, 800 W, 4 gallon capacity) (Figures 1B,C). The water
temperature indicated on the circulator was confirmed using
a laboratory thermometer (Fisherbrand). In order to raise the
temperature above ∼80◦C, it was necessary to insulate the pot
with metallized bubble wrap (Figure 1C). A thermocouple (Gain
Express K-Type, sold through amazon.com) was taped both
above and below the chamber, in direct contact with the chamber,
in an independent set of experiments to determine how the
sample temperature corresponded to the water temperature; a
nearly constant offset of 5◦C was seen between the chamber
and the water temperature, and this correction was applied to
all reported chamber temperatures (Figure 1D). Supplementary
Figures 1, 2 show the steps involved in setup, and Supplementary
Datasheet 1 provides a parts list for the entire instrument with
purchasing links. The costliest elements are the laser and camera.

Preliminary thermal testing of elements was performed by
submerging individual parts of the setup into water in Ziploc
bags and heating the water using the sous vide controller to its
maximum temperature (just below boiling). In the case of the
objective lens holder, because of its small size and low cost, it
was placed into boiling water on the stovetop both with and
without the lenses installed. The upper temperature limit of the
microscope is set by the plastic used in the 3D-printed lens holder
and the bonding of the sample chamber; substitutions of these
components with higher temperature materials would enable
higher temperature investigations. None of the components was
tested above 100◦C in this study.

Samples and Chambers
Bacillus subtilis type strain (ATCC 6051) was obtained from the
American Type Culture Collection, Manassas, VA. Stocks were
maintained at −80◦C and periodically streaked onto lysogeny
broth (LB, Thermo Fisher Scientific, Pittsburgh, PA)-agar plates.
16–24 h before each experiment, single colonies were picked
from plates, seeded into liquid LB, and incubated at 30◦C
with shaking to mid-log phase (OD ∼0.6 as measured on a
Clariostar plate reader). After incubation, samples were diluted
1:1,000–1:100 into motility medium (10 mM phosphate buffer
pH 7.4, 10 mM NaCl, 0.1 mM EDTA) and moved to custom
sample chambers at 20 ± 2◦C. To control for any possible
non-biological motion at high temperatures, an additional set
of experiments was performed using heat-killed B. subtilis cells
at the same concentration. The cells were exposed to boiling
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FI G U R E 1 | T e m p er at ur e- c o ntr oll e d mi cr o s c o p e s et u p. ( A) S c h e m ati c of off- a xi s D H M u s e d i n t h e s e e x p eri m e nt s. ( B) T h e mi cr o s c o p e w a s pr ot e ct e d b y a

h e a v y- d ut y pl a sti c b a g a n d s u b m er g e d i n h e at e d w at er t o c o ntr ol t h e s a m pl e t e m p er at ur e. ( C) P h ot o gr a p h of t h e c o m pl et e s et u p s h o wi n g t h e i n s ul ati n g m at eri al s

n e c e s s ar y t o att ai n t h e hi g h e st t e m p er at ur e s. T h e mi cr o s c o p e i s s u b m er g e d i nt o t h e p ot wit h t h e s a m pl e c h a m b er l o c at e d s e v er al c m b el o w t h e w at er s urf a c e. T h e

i n s ul ati o n s h o w n i s r e q uir e d f or a c hi e vi n g w at er a n d s a m pl e t e m p er at ur e s a b o v e ∼ 7 0 ◦ C. ( D) C orr e s p o n d e n c e b et w e e n t h e s o u s vi d e m e a s ur e d w at er t e m p er at ur e

( v eri fi e d wit h a l a b or at or y t h er m o m et er) a n d t h er m o c o u pl e m e a s ur e m e nt s of t h e s a m pl e c h a m b er at t o p a n d b ott o m, al o n g wit h t h e a v er a g e b et w e e n t o p a n d

b ott o m. T h e sl o p e of t h e t e m p er at ur e c h a n g e w a s c o n si st e nt b et w e e n t h e b at h a n d t h e c h a m b er, wit h a n e arl y c o n st a nt off s et of 5 ◦ C. T h e li n e s ar e li n e ar fit s wit h

sl o p e s i n di c at e d.

w at er f or 3 0 mi n, t h e n p ell et e d a n d w as h e d t wi c e wit h m otilit y
m e di u m b ef or e i m a gi n g.

T h e s a m pl e c h a m b ers ( pr o d u ct of Ali n e, R a n c h o D o mi n g u e z,
C A) ar e c o m p os e d of t w o c h a n n els, o n e f or t h e s a m pl e a n d o n e
as a r ef er e n c e c h a n n el w hi c h is fill e d wit h 0. 9 % s ali n e s ol uti o n
or st eril e gr o wt h m e di u m ( Fi g u r e 2 ). T h es e ar e c o m p os e d of

t w o l a y ers of o pti c al q u alit y gl ass wit h a mi d dl e a cr yli c l a y er
f or mi n g t h e c h a n n els. H o m e m a d e c h a m b ers usi n g mi cr os c o p e
sli d es, c o v ersli ps, a n d a d h esi v e m at eri al s u c h as sili c o n e or T e fl o n
m a y als o b e us e d; f or d et ail e d i nstr u cti o ns (s e e S u p pl e m e nt a r y
Fi g u r es 3 – 5 ). T h e d e pt h of t h e c h a m b er is 1. 0 m m, w hi c h all o ws
f or m otilit y f ar a w a y fr o m t h e s urf a c es i n or d er t o eli mi n at e
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FI G U R E 2 | S a m pl e c h a m b er arr a n g e m e nt. ( A) S c h e m ati c of t h e 1 m m d e e p c h a m b er, s h o wi n g t h e s a m pl e ( S) a n d r ef er e n c e ( R) c h a n n el s t h at p er mit t h e off- a xi s

D H M g e o m etr y. T h e v ol u m e of vi e w of e a c h s n a p s h ot i s 3 6 5 µ m × 3 6 5 µ m × 1 m m i n x, y, a n d z. ( B) T h e c h a m b er s w er e l o a d e d u si n g a 1 m L s yri n g e a n d pl a c e d

o nt o t h e mi cr o s c o p e st a g e at a fi x e d f o c u s b ef or e i m m er si o n.

s urf a c e i n fl u e n c es o n m otilit y (Li et al., 2 0 0 8 ;Gi a c c h e et al., 2 0 1 0 ;
Li et al., 2 0 1 1 ). T h e s a m pl e w as pl a c e d i nt o t h e mi cr os c o p e
b ef or e i m m ersi o n a n d l eft t hr o u g h o ut t h e d ur ati o n of t h e h e ati n g.
R e pli c at e e x p eri m e nts ( 2 – 4) w er e p erf or m e d o n di ff er e nt d a ys
wit h i n d e p e n d e nt B. s u btilis c ult ur es i n or d er t o c o n fir m t h e
r e pr o d u ci bilit y of t h e r es ults. C ell d e nsit y i n t h e c h a m b ers v ari e d
fr o m ∼ 1 0 5 t o 1 06 c ells/ m L.

A c q ui siti o n a n d R e c o n str u cti o n of
H ol o gr a m s
D at a w er e a c q uir e d usi n g a c ust o m, o p e n-s o ur c e s oft w ar e
p a c k a g e, D H M x. 1 R e c or di n gs w er e b et w e e n 3 0 a n d 6 0 s l o n g,
wit h a m a xi m u m fr a m e r at e of 1 5 fr a m es p er s e c o n d (f ps).
R e c or di n gs w er e o bt ai n e d e v er y ∼ 5 ◦ C u ntil r e a c hi n g a m a xi m u m
s a m pl e t e m p er at ur e of 8 4 ◦ C. A d diti o n al t ests w er e p erf or m e d
w hi c h s u bj e ct e d t h e b a ct eri a t o r a pi d i n cr e as es i n t e m p er at ur e.
S a m pl es w er e l o a d e d i nt o c h a m b ers at 2 0 ◦ C a n d s u b m er g e d
i nt o pr e- h e at e d w at er at v ar yi n g t e m p er at ur es. F or t h es e “ h e at
s h o c k” e x p eri m e nts, r e c or di n gs w er e o bt ai n e d i m m e di at el y aft er
s u b m ersi o n as w ell as 2 a n d 1 0 mi n aft er w ar d. T h e 1 0 mi n
d at as ets w er e c h os e n f or a n al ysis.

T h e h ol o gr a ms f or e a c h r e c or di n g w er e eit h er m e di a n
s u btr a ct e d ( as w e d es cri b e d pr e vi o usl y B e dr ossi a n et al., 2 0 2 0 )
or fr a m e-t o-fr a m e s u btr a ct e d t h e n r e c o nstr u ct e d i n a m plit u d e
usi n g Fiji (I m a g eJ) ( R RI D: S C R _ 0 0 2 2 8 5) ( S c hi n d eli n et al., 2 0 1 2 ).
R e c o nstr u cti o ns w er e p erf or m e d usi n g t h e a n g ul ar s p e ctr u m
m et h o d ( M a n n et al., 2 0 0 5 ) i m pl e m e nt e d i n a c ust o m pl u g-i n
d es cri b e d i n d et ail els e w h er e ( C o h o e et al., 2 0 1 9 ) a n d a v ail a bl e
fr o m o ur u p d at e sit e.2 T h e c h oi c e of fr a m e-t o-fr a m e s u btr a cti o n
w as n e c ess ar y at t e m p er at ur es > 5 0 ◦ C i n or d er t o eli mi n at e
n ois e d u e t o n o n-st ati o n ar y c ells o n t h e c h a m b er s urf a c e. T h e
z t hi c k n ess c h os e n f or r e c o nstr u cti o n r a n g e d fr o m 4 0 0 t o 8 0 0
µ m a n d v ari e d s o m e w h at a m o n g d at as ets d e p e n di n g u p o n t h e
l o c ati o n of a cti v e c ells. T h e r es ulti n g st a c ks w er e m a xi m u m
pr oj e ct e d i n Z usi n g Fiji t o cr e at e a 2 D ti m e s eri es of all of t h e
c ells of i nt er est.

1 htt ps:// git h u b. c o m/ d h m- or g/ d h m _s uit e
2 htt ps:// git h u b. c o m/s u d g y/

Hi g h R e s ol uti o n Li g ht a n d Fl u or e s c e n c e
Mi cr o s c o p y
I n or d er t o c ar ef ull y e v al u at e c ell m or p h ol o g y a n d p ossi bl e
pr es e n c e of s p or es, c ells w er e e x a mi n e d o n a n Ol y m p us I X-
7 1 i n v ert e d mi cr os c o p e wit h a 1 0 0 x, N A = 1. 4 oil i m m ersi o n
o bj e cti v e usi n g eit h er bri g ht fi el d ill u mi n ati o n or fl u or es c e n c e
ill u mi n ati o n wit h a H g l a m p a n d a 4 5 0/ 5 0 n m e x cit ati o n filt er
a n d 5 2 0 n m l o n g p ass ( C hr o m a T e c h n ol o g y, B ell o ws F alls, V T).

Fr a cti o n M otil e
N o n- m otil e c ells w er e di ffi c ult t o c o u nt fr o m i m a g es, es p e ci all y
at hi g h er t e m p er at ur es as c ells b e g a n t o cl ust er, s o t h e fr a cti o n
of m otil e c ells w as esti m at e d as t h e n u m b er of m otil e c ells p er
v ol u m e of vi e w a v er a g e d o v er t h e l e n gt h of t h e r e c or di n g, di vi d e d
b y t h e t ot al c ell c o n c e ntr ati o n ( as m e as ur e d b y ori gi n al O D
di vi d e d b y dil uti o n f a ct or; t h e r el ati o ns hi p b et w e e n O D a n d
c ell c o n c e ntr ati o n w as est a blis h e d usi n g a h e m o c yt o m et er). T h e
i nst a nt a n e o us v ol u m e of vi e w is 0. 3 6 5 × 0. 3 6 5 × 1 m m 3 , or
0. 1 3 µ L, c orr es p o n di n g t o ∼ 1 0 0 c ells/fr a m e at 1 0 6 c ells/ m L. T h e
n u m b er of m otil e c ells p er fr a m e w as c al c ul at e d usi n g fr a m e-
t o-fr a m e s u btr a ct e d pr oj e cti o ns s o t h at n o n- m otil e c ells di d n ot
i nt erf er e wit h t h e a n al ysis. Fiji A n al y z e P arti cl es3 w as us e d t o
c o u nt t h e n u m b er of c ells p er fr a m e.

Tr a c ki n g a n d St ati sti c s
B a ct eri a w er e tr a c k e d usi n g a c ust o m s oft w ar e p a c k a g e,
H ol o gr a p hi c E x a mi n ati o n f or Lif e-li k e M otilit y ( H E L M), 4 w hi c h
w as d e v el o p e d t o a ut o n o m o usl y d et e ct, tr a c k, a n d c h ar a ct eri z e
m otil e c ells. H E L M i d e nti fi es pi x el c h a n g es i n s e q u e nti al D H M
i m a g es, tr a c ks cl ust ers of c h a n g e as p arti cl e m o v e m e nt, a n d
cl assi fi es p arti cl es as m otil e or n o n- m otil e b as e d o n t h eir
m o v e m e nt p att er ns. T h e pi x el c h a n g es ar e c o m p ut e d b y si m pl e
b a c k gr o u n d s u btr a cti o n of t h e m e di a n vi d e o i m a g e. Cl ust ers
of pi x el c h a n g es ar e i d e nti fi e d usi n g D B S C A N. Tr a c ks ar e
t h e n g e n er at e d usi n g t h e Li n e ar Assi g n m e nt Pr o bl e m ( L A P)
tr a c k er m et h o d (J a q a m a n et al., 2 0 0 8). Wit h t h e s p ati ot e m p or al

3 htt ps://i m a g ej. n et/i m a gi n g/ p arti cl e- a n al ysis
4 htt ps:// git h u b. c o m/J P L M LI A/ O W L S- A ut o n o m y
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p oi nts, H E L M c o m p ut es a p pr o xi m at el y t w o d o z e n m etri cs t h at
f or m a f e at ur e v e ct or f or e a c h tr a c k. T h es e i n cl u d e f e at ur es
li k e m e a n s p e e d, m e a n t ur n a n gl e, t ot al tr a c k dis pl a c e m e nt,
et c. A r a n d o m f or est cl assi fi er ( Br ei m a n, 2 0 0 1 ) is t h e n us e d
t o cl assif y e a c h tr a c k as m otil e or n o n- m otil e. T h e cl assi fi er
w as tr ai n e d usi n g m a n u all y l a b el e d tr a c ks fr o m b ot h pr e p ar e d
l a b or at or y a n d fi el d- a c q uir e d o c e a n w at er s a m pl es, b ot h wit h
a n d wit h o ut fl ui d fl o w i n t h e s a m pl e c h a m b er. H E L M c a n b e
us e d o n r a w, u nr e c o nstr u ct e d h ol o gr a ms or o n 2 D pr oj e cti o ns of
r e c o nstr u ct e d h ol o gr a ms. A n al ysis pr es e nt e d h er e w as p erf or m e d
o n pr oj e cti o ns of r e c o nstr u ct e d h ol o gr a ms as d es cri b e d i n s e cti o n
“ M otilit y A n al ysis. ”

H E L M als o g e n er at es m ulti pl e c o nt e xt u al pr o d u cts t o s u p p ort
ass ess m e nt of a D H M r e c or di n g. O n e of t h es e, t h e M oti o n
Hist or y I m a g e ( M HI), s u m m ari z es a f ull vi d e o i n o n e i m a g e b y
c ol or m a p pi n g e a c h pi x el t o t h e ti m e i n d e x of l ar g est i nt e nsit y
c h a n g e. T h e M HI i m a g e all o ws a r a pi d u n d erst a n di n g of h o w
m a n y p arti cl es w er e pr es e nt i n t h e r e c or di n g as w ell as t h e
pr es e n c e a n d c h ar a ct eristi cs of p ot e nti al m otil e or g a nis ms.

Di ff usi o n c o e ffi ci e nts w er e m e as ur e d usi n g N a n o Tr a c kJ
(W a g n er et al., 2 0 1 4 ). A vi d e o of at l e ast 3 0 s c o nt ai ni n g at l e ast 1 0
tr a c k a bl e p arti cl es w as a n al y z e d usi n g t h e M a xi m a a n d G a ussi a n
Fit c e nt er esti m at or a n d t h e c o v ari a n c e di ff usi o n c o e ffi ci e nt
esti m at or. P ar a m et ers us e d w er e: mi ni m u m esti m at e d p arti cl e
si z e, 2 0 pi x els; mi ni m u m n u m b er of st e ps p er tr a c k, 5; pi x el si z e,
1 7 8 n m; a n d fr a m e r at e 1 5 fr a m es/s.

St atisti c al a n al ysis of H E L M o ut p uts a n d gr a p hi n g w er e
p erf or m e d usi n g Pris m 9 ( Gr a p h P a d S oft w ar e, S a n Di e g o,
C A). St atisti c al r el e v a n c e w as esti m at e d usi n g t h e A N O V A
p a c k a g e i n Pris m aft er e ns uri n g t h at distri b uti o ns w er e G a ussi a n.

T h e c orr el ati o n m atri x w as c o m p ut e d usi n g t h e M ulti v ari a bl e
A n al ysis p a c k a g e i n Pris m.

R E S U L T S

Mi cr o s c o p e F u n cti o n a n d M ai nt e n a n c e
at Hi g h T e m p er at ur e s
W e t est e d all el e m e nts of t h e s yst e m f or t h eir a bilit y t o wit hst a n d
t e m p er at ur es u p t o 1 0 0◦ C. T h e D H M o pti cs ar e r o b ust, as
t h e y c o nt ai n n o c o m p o u n d o bj e cti v es, a d h esi v es, or ot h er h e at-
s e nsiti v e el e m e nts. T h e 3 D pri nt e d l e ns h ol d er a n d o bj e cti v es
wit hst o o d b oili n g u p t o 3 0 mi n. T h e m ost s e nsiti v e el e m e nt
of t h e s et u p w as t h e fi b er o pti c c a bl e. U n d er pr eli mi n ar y t ests,
t h e c a bl e h o usi n g d e gr a d e d, all o wi n g li g ht t o es c a p e, w h e n t h e
c a bl e w as h e at e d t o 9 0 ◦ C. T his c o ul d b e pr e v e nt e d b y s hi el di n g
t h e c a bl e fr o m t h e h e at usi n g a n al u mi n u m mi ni- b o x as s h o w n
i n S u p pl e m e nt a r y Fi g u r e 1 . O n o c c asi o n, c o n d e ns ati o n w o ul d
f or m o n t h e s a m pl e c h a m b er, o bj e cti v e l e ns, or c olli m ati n g l e ns.
T his c o ul d b e r e m o v e d b y wi pi n g wit h l e ns p a p er. Aft er m ulti pl e
r o u n ds of e x p eri m e nts or if i m a g e q u alit y a p p e ar e d p o or, all of
t h e l e ns es w er e r e m o v e d a n d cl e a n e d wit h 1 0 0 % is o pr o p a n ol. It
w as als o i m p ort a nt t o k e e p t h e c a m er a o utsi d e of t h e h ot ar e a t o
pr e v e nt c o n d e ns ati o n o n t h e wi n d o w.

M or p h ol o g y a n d Br o w ni a n M oti o n
T h er e w as n o si g ni fi c a nt di ff er e n c e i n si z e or o v er all m or p h ol o g y
of m otil e c ells as t h e t e m p er at ur e i n cr e as e d ( Fi g u r es 3 , 4 A ).
N o n- m otil e c ells s h o w e d i n cr e as e d r at es of Br o w ni a n m oti o n
c o nsist e nt wit h s c ali n g of di ff usi o n r at es wit h t e m p er at ur e ( k B T )

FI G U R E 3 | G e n er al a p p e ar a n c e a n d si z e of B. s u btili s at n or m al a n d el e v at e d t e m p er at ur e s. S h o w n ar e p h a s e c o ntr a st (t o p r o w) a n d a ut o fl u or e s c e n c e ( b ott o m

r o w); s c al e b ar = 5 µ m. ( A) 3 0 ◦ C. ( B) 6 0 ◦ C. ( C) 9 0 ◦ C.
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FI G U R E 4 | C ell si z e s a n d diff u si o n c o ef fi ci e nt s wit h t e m p er at ur e. ( A) C ell ar e a a s e sti m at e d b y mi cr o s c o p y, s h o w n a s m e a n ± st a n d ar d d e vi ati o n. T h e diff er e n c e s i n

t h e m e a n s fr o m o n e t e m p er at ur e t o t h e n e xt w a s n ot si g ni fi c a nt. ( B) M e a s ur e d diff u si o n c o ef fi ci e nt s at 3 t e m p er at ur e s ( bl a c k d ot s), wit h m e a s ur e d st a n d ar d

d e vi ati o n s, c o m p ar e d wit h pr e di ct e d v al u e s a c c or di n g t o E q. ( 1) f or p arti cl e r a dii of 2. 0, 2. 5, a n d 3. 0 µ m.

FI G U R E 5 | D at a r e c o n str u cti o n a n d pr o c e s si n g f or tr a c ki n g. ( A) A p orti o n of t h e fi el d of vi e w of a m e di a n- s u btr a ct e d h ol o gr a m fr o m t h e 3 4 ◦ C d at a s et. T h e i n s et

s h o w s p art of t h e i m a g e m a g ni fi e d 4 x t o s h o w t h e fri n g e s. ( B) A m plit u d e r e c o n str u cti o n of t h e s a m e fi el d of vi e w i n ( A) at + 5 0 µ m. ( C) M a xi m u m Z pr oj e cti o n of t h e

s a m e fi el d of vi e w, r e pr e s e nti n g r e c o n str u cti o n s fr o m − 2 0 0 t o + 2 0 0 µ m i n st e p s of 1 0 µ m.

a n d d y n a mi c vis c osit y of w at er ( η ). T h e St o k es- Ei nst ei n r el ati o n
( E q. 1) g a v e a n e x c ell e nt fit t o t h e m e as ur e d d at a f or p arti cl e
r a di us r = 2. 1 µ m ( Fi g u r e 4 B ). T his w as c o nsist e nt wit h t h e si z es
m e as ur e d b y dir e ct i m a gi n g, wit h a l ar g e a m o u nt of v ari a bilit y
s e e n i n b ot h m e as ur e d si z e a n d di ff usi o n c o e ffi ci e nt d u e t o
t h e pr es e n c e of el o n g at e d a n d cl ust er e d c ells. F or t e m p er at ur es
hi g h er t h a n 4 4 ◦ C, Br o w ni a n m oti o n w as i m p ossi bl e t o e v al u at e
b e c a us e of eit h er t h er m al c urr e nts or l ar g e n u m b ers of c ells
i m m o bili z e d o n t h e gl ass s urf a c e.

M otilit y A n al y si s
M otilit y a n al ysis w as p erf or m e d o n r e c o nstr u cti o ns a n d
pr oj e cti o ns of h ol o gr a ms. A n e x a m pl e h ol o gr a m is s h o w n i n
Fi g u r e 5 A , a n d a si n gl e- pl a n e a m plit u d e r e c o nstr u cti o n i n
Fi g u r e 5 B . Si n gl e pl a n e r e c o nstr u cti o ns pr o vi d e d q u alit ati v e

i nsi g ht i nt o c ell m or p h ol o gi es, s p e e ds, a n d fr a cti o n of m otil e
c ells; h o w e v er, t h eir si g n al t o n ois e r ati o w as i ns u ffi ci e nt f or
a ut o m at e d tr a c ki n g. M a xi m u m pr oj e cti o ns t hr o u g h 4 0 – 8 0 Z
pl a n es, r e pr es e nti n g 4 0 0 – 8 0 0 µ m s a m pl e d e pt h ( Fi g u r e 5 C ),
p er mitt e d a ut o m at e d tr a c ki n g t o cr e at e 2 D tr aj e ct ori es. M oti o n
hist or y i m a g es ( M HIs, as d es cri b e d i n “ M at eri als a n d M et h o ds”)
w er e us e d t o i d e ntif y tr a c ks of m otil e or g a nis ms fr o m t h es e
pr oj e cti o ns (s e e S u p pl e m e nt a r y Vi d e o 1 ). Fi g u r e 6 s h o ws
ti m e- c o d e d M HIs f or t e m p er at ur es fr o m 2 8 t o 8 4◦ C f or a
s el e ct e d s et of e x p eri m e nts. T h e s p a ci n g b et w e e n p oi nts o n e a c h
tr a c k gi v es a r o u g h esti m at e of c ell s p e e d. W h er e t h er m al drift
w as si g ni fi c a nt, m otil e c ells c o ul d b e i d e nti fi e d b y t h eir p at hs
of tr a v el a g ai nst t h e drift c urr e nt. O nl y c ells m o vi n g c o u nt er
t o t h e t h er m al drift w er e s el e ct e d f or tr a c ki n g, as t h e y cl e arl y
r e pr es e nt e d a cti v e m otilit y.
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FI G U R E 6 | M HI a n al y si s s h o w s c h a n g e s i n m otilit y p att er n s wit h i n cr e a si n g t e m p er at ur e a n d a s si st s i n i d e ntif yi n g m otil e tr a c k s. T h e tr a c k s ar e ti m e- c o d e d, wit h t h e

ti m e i n d e x i n di c ati n g fr a m e n u m b er ( 1 5 fr a m e s/ s). T h e s c al e b ar a p pli e s t o all p a n el s. ( A – F) F ull fi el d of vi e w of all i d e nti fi e d tr a c k s i n s el e ct e d d at a s et s. ( A) 2 8 ◦ C,

s h o wi n g a di stri b uti o n of m otil e a n d n o n- m otil e c ell s a n d di sti n ct s wi m mi n g p att er n s. ( B) 3 4 ◦ C, s h o wi n g i n cr e a s e d m otilit y a n d s p e e d. ( C) 4 4 ◦ C, s h o wi n g n e arl y all

c ell s m otil e at hi g h s p e e d. ( D) 6 1 ◦ C, s h o wi n g a r e d u cti o n i n t h e n u m b er of m otil e c ell s, b ut s o m e s wi m mi n g at hi g h s p e e d. ( E) 6 6 ◦ C, s h o wi n g a l ar g e a m o u nt of

t h er m al drift wit h a f e w m otil e c ell s. ( F) 8 4 ◦ C, wit h all m oti o n d u e t o t h er m al drift. ( G – J) S el e ct e d e x a m pl e s of s wi m mi n g t y p e s i d e nti fi e d i n t h e tr a c k s. M a g e nt a

i n di c at e s tr a c k s i d e nti fi e d a s m otil e b y t h e s oft w ar e; tr a c k s i n c y a n w er e i d e nti fi e d a s n o n- m otil e. ( G) H eli c al s wi m mi n g. ( H) L o n g str ai g ht r u n s. (I) Cir cli n g or

s pi n ni n g. ( J) R u n a n d t u m bl e.
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T A B L E 1 | M otilit y p ar a m et er s.

T e m p er at ur e ( ◦ C)  Fr a cti o n of

c ell s

m otil e ± S D

T ot al # tr a c k s

a n al y z e d

( # r e pli c at e s)

# f a st r u n s/

t u m bl e s/ h eli c e s/

cir cl e s

M e a n ± S D s p e e d

(µ m/ s) (r a n g e)

M e a n ± S D

a c c el er ati o n

(µ m/ s 2 )

M e a n ± S D

di s pl a c e m e nt

(µ m/ s) (r a n g e)

2 8 2 0 ± 1 3 6 ( 2) 1 0/ 8/ 1 0/ 8 1 6 ± 7 ( 3 – 3 2) 1 5 0 ± 7 0 5 ± 4 ( 0. 2 – 1 6)

3 4 2 4 ± 2 6 6 ( 2) 2 4/ 2 6/ 8/ 8 2 3 ± 6 ( 1 2 – 4 2)* 2 0 0 ± 6 0* 9 ± 5 ( 0. 7 – 2 1)

4 4 6 1 ± 2* 5 7 ( 2) 1 8/ 3 0/ 5/ 4 2 4 ± 7 ( 8 – 4 5)* 2 1 0 ± 9 0* 1 0 ± 6 ( 0. 1 – 2 5)*

6 1 6 ± 2* 1 6 ( 2) 1 0/ 5/ 1/ 0 2 4 ± 7 µ m/ s ( 1 4 – 3 8)* 2 3 0 ± 9 0* 1 0 ± 7 ( 1. 3 – 2 7)

6 6 < 1* 3 5 ( 2) 1 8/ 1 3/ 2/ 0 2 3 ± 6 ( 1 2 – 4 1)* 2 2 0 ± 7 0* 8 ± 5 ( 1. 3 – 2 6)

5 1 h e at s h o c k N ot d o n e 2 1 ( 1) 2/ 2/ 1 0/ 7 2 8 ± 6 ( 1 5 – 4 7)* 2 5 0 ± 1 1 0* 1 0 ± 7 ( 2 – 2 4)

6 0 h e at s h o c k N ot d o n e 2 4 ( 1) 2/ 1 2/ 8/ 2 2 2 ± 6 ( 1 3 – 3 7)* 1 6 0 ± 7 0 8 ± 5 ( 1. 1 – 1 8)

“ R e pli c at e s” r e pr e s e nt i n d e p e n d e nt e x p eri m e nt s d o n e o n diff er e nt d a y s wit h fr e s h c ult ur e s of B. s u btili s. Tr a c k s w er e c h ar a ct eri z e d a c c or di n g t o Fi g ur e 6 b y vi s u al

i n s p e cti o n a n d c orr el ati o n wit h p ar a m et er s a s i n Fi g ur e 7 . S D, st a n d ar d d e vi ati o n. (*), si g ni fi c a ntl y diff er e nt fr o m v al u e at 2 8◦ C ( p < 0. 0 1).

T h e fr a cti o n of m otil e c ells (s e e Ta bl e 1 f or st atisti cs) i n cr e as e d
fr o m ∼ 2 0 % at 2 8 ◦ C ( Fi g u r e 6 A a n d S u p pl e m e nt a r y Vi d e o 2 ) t o
2 5 % at 3 4 ◦ C ( Fi g u r e 6 B a n d S u p pl e m e nt a r y Vi d e o 3 ) t o > 6 0 %
4 4 ◦ C ( Fi g u r e 6 C a n d S u p pl e m e nt a r y Vi d e o 4 ). H o w e v er, at 6 1
a n d 6 6 ◦ C, t h e fr a cti o n of m otil e c ells w as gr e atl y r e d u c e d, t o < 6 %
a n d < 1 %, r es p e cti v el y. M otil e tr a c ks c o ul d still b e i d e nti fi e d
i n si n gl e- pl a n e r e c o nstr u cti o ns (S u p pl e m e nt a r y Vi d e o 5 ) a n d
i n M HI a n al ysis pr oj e cti o ns t hr o u g h Z (Fi g u r es 6 D, E a n d
S u p pl e m e nt a r y Vi d e o 6 ). At 8 4◦ C, o nl y t h er m al c urr e nts a n d
drift w er e o bs er v e d, wit h n o a cti v e c o u nt er- c urr e nt m otilit y;
t h e fr a cti o n of m otil e c ells w as d e e m e d 0 % (Fi g u r e 6 F a n d
S u p pl e m e nt a r y Vi d e o 7 ). Q u alit ati v e a n al ysis of t h es e tr a c ks o n
a c ell- b y- c ell b asis r e v e al e d t h at t h er e w er e 4 b asi c tr a c k t y p es:
( 1) h eli c al tr a c ks (Fi g u r e 6 G ); ( 2) l o n g str ai g ht r u ns (Fi g u r e 6 H );
( 3) cir c ul ar tr a c ks (s pi n ni n g) (Fi g u r e 6I ); a n d ( 4) r u ns wit h
t u m bl es a n d dir e cti o n al c h a n g es, w hi c h c o ul d f e at ur e eit h er
str ai g ht or h eli c al s wi m mi n g or s o m e c o m bi n ati o n of b ot h; a n y
tr a c k wit h disti n ct dir e cti o n al c h a n g es w as cl assi fi e d as r u n a n d
t u m bl e (Fi g u r e 6J ).

H e at- kill e d c ells s h o w e d n o a cti v e m otilit y, a n d t h e
M HI i m a g es c orr es p o n di n gl y s h o w e d f e w f e at ur es at t h e
l o w er t e m p er at ur es (S u p pl e m e nt a r y Fi g u r e 6 ). A m plit u d e
r e c o nstr u cti o ns of t h e h ol o gr a ms r e v e al e d c ells u n d er g oi n g
sli g ht drift a n d Br o w ni a n m oti o n (S u p pl e m e nt a r y Vi d e o 8
s h o ws 2 8 ◦ C). At t e m p er at ur es of 6 0 ◦ C a n d hi g h er, s u bst a nti al
t h er m al drift a n d c o n v e cti o n b e c a m e a p p ar e nt. At t h e hi g h est
t e m p er at ur es, m ulti pl e drift pl a n es c o ul d b e o bs er v e d, b ut
i n all c as es m oti o n w as cl e arl y d u e t o b ul k fl o w wit h o ut a n y
e vi d e n c e of r u n a n d t u m bl e e v e nts ( S u p pl e m e nt a r y Fi g u r e 6
a n d S u p pl e m e nt a r y Vi d e o 9 s h o ws 8 4 ◦ C). H E L M’s cl assi fi c ati o n
al g orit h m w as 1 0 0 % s u c c essf ul at cl assif yi n g tr a c ks as n o n-
m otil e at t e m p er at ur es < 5 0 ◦ C, a n d > 9 5 % s u c c essf ul at hi g h er
t e m p er at ur es (S u p pl e m e nt a r y Vi d e o 1 0 s h o ws cl assi fi c ati o n of
tr a c ks at 8 4◦ C). T his cl assi fi c ati o n is n ot b as e d u p o n a n y o n e
p ar a m et er, a n d c orr el ati n g its r es ults wit h p h ysi c al p ar a m et ers
will b e t h e s u bj e ct of a f ut ur e st u d y. Vis u al i ns p e cti o n is al w a ys
r e q uir e d t o c orr el at e tr a c ks wit h c ells a n d t o p er c ei v e p att er ns
s u g g esti n g a cti v e m otilit y.

Q u a ntit ati v e a n al ysis of tr a c ks w as p erf or m e d b y usi n g t h e
a ut o m at e d tr a c k er c o m bi n e d wit h t h e M HI t o i d e ntif y tr a c ks
t h at r e pr es e nt e d v ali d c ell tr aj e ct ori es. Tr a c ks t h at w er e n ot
f oll o wi n g or g a nis ms or w hi c h w er e f e w er t h a n 1 5 fr a m es l o n g

w er e e x cl u d e d fr o m a n al ysis. Ta bl e 1 gi v es cl assi fi c ati o n of t h e
a n al y z e d m otil e tr a c ks f or s el e ct e d d at as ets. P ar a m et ers e xtr a ct e d
fr o m t h es e tr a c ks ar e s h o w n i n Ta bl e 1 a n d Fi g u r e 7 . D at a
fr o m i n d e p e n d e nt e x p eri m e nts w er e c o nsist e nt, s o f ull tr a c ki n g
w as p erf or m e d usi n g s el e ct e d tr a c ks fr o m p o ols of r e pli c at es
(s e e S u p pl e m e nt a r y Fi g u r e 7 f or c o m p aris o ns of r e pli c at e
e x p eri m e nts). Pl ott e d i n Fi g u r e 7 ar e s el e ct e d p ar a m et ers
w h er e si g ni fi c a nt di ff er e n c es w er e s e e n a m o n g t h e di ff er e nt
t e m p er at ur es or w h er e p ar a m et ers assist e d i n cl assif yi n g tr a c ks.
T h e f ull d at as ets ar e a v ail a bl e i n S u p pl e m e nt a r y D at as h e ets 2 – 7 .

T h e m e a n s p e e d w as d e fi n e d f or e a c h tr aj e ct or y as

v =
1

N

N

i = i

||−→x i − −→x i− 1 ||

t
, ( 5)

w h er e N is all of t h e p oi nts i n t h e i d e nti fi e d tr aj e ct or y a n d t
is t h e ( c o nst a nt) fr a m e r at e. T h er e w as a si g ni fi c a nt i n cr e as e
i n m e a n s p e e d b et w e e n 2 8◦ C a n d all of t h e ot h er el e v at e d
t e m p er at ur es. T h er e w as a st atisti c all y si g ni fi c a nt di ff er e n c e
(p < 0. 0 0 1) f or c o m p aris o n b et w e e n 2 8 ◦ C a n d t h e ot h er
t e m p er at ur es, a n d n ot si g ni fi c a nt b et w e e n a n y ot h er p airs. T h e
f ast est s p e e ds w er e s e e n i n t h e 5 1◦ C h e at s h o c k s a m pl e ( p < 0. 0 0 1
f or c o m p aris o n wit h 2 8, 3 5, a n d 6 0◦ C h e at s h o c k). T h e v al u es f or
t h e 6 0◦ C h e at s h o c k w er e c o m p ar a bl e t o t h os e at all ot h er el e v at e d
t e m p er at ur es (si g ni fi c a ntl y di ff er e nt fr o m 2 8 t o 5 1◦ C h e at s h o c k,
all ot h ers n o n-si g ni fi c a nt). Val u es ar e gi v e n i n Ta bl e 1 a n d m e a ns
wit h st a n d ar d err ors of t h e m e a n ar e pl ott e d i n Fi g u r e 7 A f or
b ot h li v e a n d kill e d c ells; distri b uti o ns w er e G a ussi a n at e a c h
t e m p er at ur e. T h e s p e e ds of t h e kill e d c ells w er e si g ni fi c a ntl y l ess
t h a n t h os e of t h e li v e c ells, e v e n w h e n drift w as si g ni fi c a nt. T h er e
w as n o si g ni fi c a nt di ff er e n c e i n m a xi m u m tr aj e ct or y s p e e d s e e n
b et w e e n a n y p airs of d at a s ets of li v e c ells ( n ot s h o w n; m e a ns
8 0 – 1 0 0 µ m/s f or m a xi m u m i nst a nt a n e o us s p e e ds).

T h e m e a n s p e e d ti m es vis c osit y, w hi c h s h o ul d gi v e a n
a p pr o xi m at e m e as ur e of fl a g ell ar f or c e as gi v e n i n E q. ( 4),
d e cr e as e d ess e nti all y li n e arl y at hi g h er t e m p er at ur es. T his is
c o nsist e nt wit h d e n at ur ati o n of t h e pr ot ei ns as t h e t e m p er at ur es
ris e, r e pr es e nti n g a t y pi c al o pti m u m p erf or m a n c e c ur v e wit h t h e
o pti m al t e m p er at ur e n e ar 3 1 0 K ( 3 7 ◦ C) ( Fi g u r e 7 B ). B e c a us e
h e at d e n at ur ati o n is a ti m e- d e p e n d e nt pr o c ess i n v ol vi n g m ulti pl e
p ar a m et ers ( P et ers o n et al., 2 0 0 7 ), a d diti o n al ti m e p oi nts at e a c h
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FI G U R E 7 | S el e ct e d m otilit y p ar a m et er s. D e fi niti o n s of t h e p ar a m et er s, v al u e s a n d st ati sti c al si g ni fi c a n c e ar e gi v e n i n t h e t e xt. Err or b ar s s h o w n ar e

m e a n ± st a n d ar d err or of t h e m e a n u nl e s s n ot e d. N u m b er s of a n al y z e d tr a c k s a n d t h eir cl a s si fi c ati o n s ar e gi v e n i n T a bl e 1 . W h e n err or b ar s d o n ot a p p e ar, t h e y ar e

s m all er t h a n t h e s y m b ol s. ( A) M e a n s p e e d. ( B) M e a n s p e e d ti m e s vi s c o sit y of w at er at t h at t e m p er at ur e. T h e li n e s ar e li n e ar fit s t o t e m p er at ur e s a b o v e or b el o w 3 1 0

K. ( C) T ot al di s pl a c e m e nt n or m ali z e d t o tr a c k l e n gt h a n d a v er a g e s p e e d < v > . ( D) Hi st o gr a m of s el e ct e d v al u e s of D/ < v > T, s h o wi n g cl a s si fi c ati o n i nt o l o n g r u n s v s.

r u n- a n d-t u m bl e tr a c e s. ( E) Si n u o sit y ( n o err or b ar s gi v e n a s t h e di stri b uti o n s w er e n ot G a u s si a n a n d t h e m e a n v al u e h a d littl e si g ni fi c a n c e). T h e s e v al u e s ar e pl ott e d

o n a L o g _ 2 s c al e f or e a s e of vi s u ali z ati o n of t h e r a n g e s i n v ol v e d. Cir c ul ar tr a c k s w er e i d e nti fi e d a s t h o s e wit h si n u o sit y > 2 0. ( F) C orr el ati o n m atri x of t h e m e a s ur e d

p ar a m et er s.

t e m p er at ur e w o ul d b e n e e d e d t o e xtr a ct m e a ni n gf ul p h ysi c al
p ar a m et ers fr o m t his t e m p er at ur e d e p e n d e n c e.

As disti n g uis h e d fr o m m e a n s p e e d, dis pl a c e m e nt (µ m/s)
l o o ks at t h e w h ol e tr aj e ct or y r at h er t h a n e a c h fr a m e, a n d is

t h e n or m of t h e t ot al X Y p at h, D = ( x ) 2 + ( y ) 2 . F or

a str ai g ht tr a c k, dis pl a c e m e nt will e q u al m e a n s p e e d < v >
m ulti pli e d b y t ot al ti m e T of t h e tr a c k lif eti m e; f or a cir c ul ar tr a c k,

dis pl a c e m e nt will b e cl os e t o 0 r e g ar dl ess of m e a n s p e e d. Di vi di n g

t h e dis pl a c e m e nt b y < v > T gi v es a di m e nsi o nl ess n u m b er t h at

c a n b e us e d t o cl assif y tr a c ks. Fi g u r e 7 C s h o ws t h e a v er a g e
D/ < v > T vs. t e m p er at ur e, a n d ( Fi g u r e 7 D ) s h o ws a hist o gr a m
of dis pl a c e m e nts f or s el e ct e d m e as ur e d tr a c ks at m ulti pl e
t e m p er at ur es; v al u es of D/< v > T ≥ 0. 5 5 i n di c at e d l o n g r u ns.

Si n u osit y is a m e as ur e of m o v e m e nt i n e ffi ci e n c y d e fi n e d as
e n d-t o- e n d dis pl a c e m e nt o v er t ot al p at h l e n gt h i n µ m. F or a
str ai g ht p at h, si n u osit y will e q u al 1. F or a s er p e nti n e or cir c ul ar
m o v e m e nt p att er n, si n u osit y will b e 1. Val u es of > 2 0 w er e

o nl y s e e n at l o w er t e m p er at ur es ( Fi g u r e 7 E ). T h e c ell- b y- c ell
cl assi fi c ati o ns i n Ta bl e 1 a gr e e d wit h t his a n al ysis, as cir c ul ar
tr a c ks w er e n ot f o u n d i n t h e el e v at e d t e m p er at ur es.

A c c el er ati o n ( µ m/s 2 ) is m e as ur e d as i nt er-fr a m e di ff er e n c es i n
v el o cit y:

a =
1

N

N

i = i

||−→v i − −→v i− 1 ||

t
, ( 6)

a n d c o ul d b e us e d al o n g wit h m e a n s p e e d t o cl assif y tr a c ks. L o n g,
s m o ot h r u ns s h o w e d l o w v al u es of a c c el er ati o n, w hil e tr a c ks wit h
m ulti pl e t u m bl e e v e nts s h o w e d hi g h v al u es. Si mil arl y, t h e st e p
a n gl e m e as ur es h o w m u c h a p arti cl e t ur ns at e a c h ti m e p oi nt.
It gi v es t h e a n gl e t h at a p arti cl e d e vi at e d fr o m a str ai g ht p at h
p er i nt er-fr a m e i nt er v al (i n r a di a ns). P assi v el y drifti n g p arti cl es
s h o ul d n ot v er y m u c h i n t h eir dir e cti o n fr o m fr a m e t o fr a m e,
w hil e hi g hl y m otil e p arti cl es t h at s w er v e a n d t ur n r e g ul arl y will
s h o w l ar g e c h a n g es i n st e p a n gl e. Fi g u r e 7 F s h o ws a c orr el ati o n
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FI G U R E 8 | C oll e cti o n s of n o n- m otil e c ell s o n t h e c h a m b er s urf a c e at 6 6 ◦ C. ( A) Still i m a g e; t h e cir cl e i n di c at e s a cl u st er of c ell s. ( B) S c h e m ati c of s urf a c e cl u st er e d

c ell s wit h r el ati v e p o siti o n s of s el e ct e d m otil e tr a c k s. ( C) C orr e s p o n di n g i m a g e of t h e sli d e s urf a c e wit h t h e kill e d c ell d at a s et at 6 6 ◦ C.

m atri x of t h e m e as ur e d p ar a m et ers, s h o wi n g t h at D/ < v > T
s h o w e d a n e g ati v e c orr el ati o n wit h n e arl y all m e as ur e d v al u es.

A ut o c o r r el ati o ns of s p e e d, v el o cit y, a n d t ur n a n gl e at 1 a n d 2
s di d n ot v ar y si g ni fi c a ntl y a m o n g d at as ets ( n ot s h o w n; a v ail a bl e
i n S u p pl e m e nt a r y D at as h e ets 2 – 7 ).

S urf a c e Cl u st eri n g
At hi g h er t e m p er at ur es ( 6 0 ◦ C a n d a b o v e), c ells w er e s e e n t o b e
s wi m mi n g a b o v e l ar g e p at c h es of s urf a c e- a d h er e nt b a ct eri a. T h e
Z pr oj e cti o ns c o ul d n ot d et er mi n e h o w f ar t h e hi g hl y m otil e c ells
w er e fr o m t h e p at c h es, or w h et h er t h e y w er e i nt er a cti n g. T h us, it
w as n e c ess ar y t o us e f ull Z pl a n e r e c o nstr u cti o ns t o i d e ntif y t h e
r el ati v e p ositi o n of m otil e c ells vs. c oll e cti o ns of n o n- m otil e c ells
at t h e c h a m b er b ott o m. It w as s e e n t h at t h e hi g hl y m otil e c ells
w er e m o vi n g at f o c al pl a n es t e ns t o h u n dr e ds of mi cr o ns a w a y
fr o m t h e c h a m b er b ott o m (Fi g u r es 8 A, B a n d S u p pl e m e nt a r y
Vi d e o 1 1 ). W hil e s o m e a cti v e m otilit y w as s e e n n e ar t h e cl ust er e d
c ells at t h e s urf a c e, it w as si g ni fi c a ntl y sl o w er as e x p e ct e d n e ar a
s urf a c e (Li et al., 2 0 0 8, 2 0 1 1 ). Si mil ar gr o u ps of c ells w er e n ot s e e n
wit h t h e kill e d s a m pl e ( Fi g u r e 8 C ).

DI S C U S SI O N

T h e n o v el i m m ersi o n s yst e m r e p ort e d i n t his p a p er all o ws
f or r e c or di n gs of b a ct eri al m otilit y u p t o n e arl y t h e b oili n g
p oi nt of w at er. T h e c ust o m s oft w ar e p a c k a g e t h at w e r e p ort
f or t h e first ti m e h er e ai ds i n tr a c ki n g of m otil e or g a nis ms as
w ell as i d e nti fi c ati o n of n o n- m otil e tr a c ks r es ulti n g fr o m drift.
Disti n g uis hi n g drift fr o m m otilit y w as str ai g htf or w ar d b y vis u al
i ns p e cti o n, as a cti v e m otilit y c o ul d o c c ur p er p e n di c ul ar t o t h e
t h er m al drift. H o w e v er, t h e a ut o m at e d al g orit h m di d g e n er at e
a l ar g e n u m b er of f als e p ositi v e tr a c ks, s o m a n u al v ali d ati o n
w as ess e nti al t o a c c ur at el y i d e ntif y m otil e or g a nis ms. T h e M HI
i m a g es w er e us e d t o h el p i d e ntif y tr a c ks t h at c orr es p o n d e d t o
or g a nis ms. Alt h o u g h h u m a n i nt er v e nti o n is n e e d e d, t his m et h o d
is si g ni fi c a ntl y e asi er t h a n m a n u al tr a c ki n g. As H E L M w as
d esi g n e d f or us e o n s p a c e cr aft, H E L M c a n pr o c ess a s a m pl e i n
s e v er al mi n ut es o n a n or di n ar y l a pt o p c o m p ut er, a n d m a n u al
c o n fir m ati o n of m otil e tr a c ks m a y b e p erf or m e d i n l ess t h a n a n
h o ur. It is i m p ort a nt t o n ot e t h at t h e c urr e nt i m pl e m e nt ati o n of

t h e s oft w ar e ass u m es ( a n d c h e c ks f or) a c o nst a nt fr a m e r at e, s o
it is n e c ess ar y t o e ns ur e t h at t h e a c q uisiti o n c a m er a a n d s oft w ar e
d o n ot dr o p fr a m es. F ut ur e v ersi o ns of t h e s oft w ar e will e n a bl e
i n p ut of a ti m est a m ps fil e t o a c c o m m o d at e v ar yi n g fr a m e r at es.
A n a p pr o a c h t o e xtr a cti n g tr a c ks dir e ctl y fr o m t h e M HI tr a c es is
als o i n d e v el o p m e nt.

F or t his w or k, tr a c ki n g w as o nl y p erf or m e d o n 2 D pr oj e cti o ns
of t h e 3 D tr a c ks. T h e err ors i ntr o d u c e d i n v el o citi es a n d t ur n
a n gl es b y t his a p pr o xi m ati o n h a v e b e e n r e p ort e d ( Ta ut e et al.,
2 0 1 5 ). Gi v e n t h at t h e a xi al r es ol uti o n of t h e i nstr u m e nt is > 2 µ m,
w e d e ci d e d t h at i n t his a n al ysis, t h e a d diti o n al c o m p ut ati o n al a n d
ti m e c ost of 3 D tr a c ki n g d o es n ot c o ntri b ut e si g ni fi c a ntl y t o t h e
a n al ysis of v el o citi es, as w e h a v e s h o w n i n a pr e vi o us a n al ysis
(A cr es a n d N a d e a u, 2 0 2 1 ). I n 2 D, h eli c es a p p e ar as s pir als, wit h all
of t h e p ar a m et ers of t h e h eli x r e a dil y e xtr a ct a bl e fr o m t h e 3 D d at a
(G ur ari e et al., 2 0 1 1 ). F or or g a nis ms or i nstr u m e nts t h at s h o w
hi g h er c o ntr ast, H E L M c o ul d als o b e us e d o n i n di vi d u al Z pl a n es.
H o w e v er, wit h o ur c urr e nt i m pl e m e nt ati o n, t h e si g n al t o n ois e of
B. s u btilis is t o o l o w f or tr a c ki n g o n a si n gl e pl a n e, s o pr oj e cti o ns
o v er m ulti pl e pl a n es w er e us e d. Si n c e m ost lit er at ur e d at a is
b as e d u p o n 2 D tr a c ks, t his als o all o ws f or e asi er c o m p aris o n
of o ur m e as ur e d s p e e ds wit h t h os e f o u n d i n ot h er st u di es. T h e
s p e e ds w e o bs er v e d, 1 5 – 2 5 µ m/s, ar e c o nsist e nt wit h t h e r e c e nt
r e p orts (T ur n er et al., 2 0 1 6 ). H o w e v er, l ar g e v ari ati o ns fr o m
st u d y t o st u d y h a v e m a d e g e n er al c o n cl usi o ns a b o ut p ar a m et ers
as si m pl e as m e a n v el o cit y f or a gi v e n str ai n l ar g el y i m p ossi bl e.
A n e w d at a b as e, n a m e d B O S O- Mi cr o ( R o dri g u es et al., 2 0 2 1 ), is
ai mi n g t o i n cr e as e st a n d ar di z ati o n of m otilit y e x p eri m e nts a n d
p ar a m et ers. S u c h d at a b as es will b e i m p ort a nt f or s u m m ari zi n g
t h e l ar g e a m o u nts of d at a b ei n g g e n er at e d i n t h e r a pi dl y e m er gi n g
fi el d of b a ct eri al tr a c ki n g.

Usi n g t his s yst e m a n d a p pr o a c h, w e f o u n d t h at B. s u btilis

w as c a p a bl e of a cti v e m otilit y u p t o 6 6 ◦ C u n d er c o n diti o ns of

c o nst a nt h e ati n g o v er a ti m e c o urs e of 4 h. C ell si z e a n d s h a p e

di d n ot si g ni fi c a ntl y c h a n g e wit h t e m p er at ur e. T h e c h a n g es i n

s p e e d wit h t e m p er at ur e w er e c o nsist e nt wit h pr e vi o us st u di es u p

t o 5 0◦ C ( S c h n ei d er a n d D o ets c h, 1 9 7 7 ), wit h d at a u n a v ail a bl e

p ast t h at p oi nt. W e o bs er v e d a cti v e m otilit y t o 6 6 ◦ C, b ut wit h

a mi n orit y of c ells b ei n g m otil e at t e m p er at ur es a b o v e ∼ 4 5 ◦ C.
T h e m aj orit y of c ells w er e f o u n d cl ust er e d o n t h e l o w er s urf a c e
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of the chamber at high temperatures. This is consistent with
cell population heterogeneity in this species (Kearns and Losick,
2005; Lopez et al., 2009; Syvertsson et al., 2021). In addition, some
of the cells in this recording showed a change in the observed
motility type, most commonly a change from run-and-tumble
to long runs. These parameters were indicated by turn angles,
total displacement, and sinuosity in our analysis. Tracks with
high sinuosity, indicating circling, were seen only at the lower
temperatures. Long runs could be readily identified from total
displacement divided by average velocity and time length of
the track. The observed effect may result from the highly non-
linear viscosity of water at high temperatures, but additional
experiments are necessary to attempt to deconvolve viscosity
and temperature.

After 66◦C, movement in the field was due to thermal drift
alone. The thermocouples used to confirm the temperature of
the chamber showed a slight difference between the top and
bottom glass of the chamber, which could have led to increased
thermal currents, most notably at temperatures past the limit
for autonomous motion. This drift was clearly distinguishable
from active motility on the MHI traces, but attention to correct
classification of tracks as motile or non-motile was essential
during analysis. The algorithm performed well with the killed
samples, identifying nearly all of the tracks as non-motile despite
drift, although it did yield a small number of false positives at
the highest temperature (84◦C). The random forest classifier used
to classify tracks as motile or non-motile relies upon numerous
parameters, no single one of which is sufficient to classify a
track as motile or non-motile. Further analysis will correlate
physical parameters with motility; this may require analysis
beyond the use of means and standard deviations across an
entire track, but close attention to instantaneous parameters.
This analysis will also aid in classifying motile tracks with
regard to run length and tumble frequency. Custom training of
the classification software may be necessary for datasets with
substantially different flow profiles.

The MHI traces are a unique feature of HELM, which was
designed with spaceflight missions in mind, where the detection
of possible signs of life with the least possible processing power is
required. The MHI allows visualization of tracks in low signal-
to-noise recordings where objects cannot easily be identified
by tracking algorithms. These traces may be used as a guide
for selection of complete motile tracks identified by HELM.
However, compared to other software packages such TrackMate,
HELM’s particle identification and tracking is less interactive.
When the algorithms do not perform well, the MHI may be
used as a guide to finding tracks manually or using other
particle detection algorithms in other packages. When HELM’s
detection and tracking works well, tracks are exported in.json
files which may be imported into other packages for stitching or
further analysis.

Reconstruction at individual Z planes at higher temperatures
showed rapidly swimming cells tens to hundreds of µm above
the surface, with large numbers of cells on the surface, some
of which exhibited active motility. The presence of active
motility in mesophilic organisms at temperatures beyond those
at which they can grow is somewhat of a surprising result.
Direct visualization of the motion of individual cells in this

work makes this result unambiguous. The use of killed control
cells eliminated any possibility that the motion was due to
complex thermal currents, and the disappearance of any signs
of active motility above 66◦C further indicates that the “live”
cells became inactive at this point. When reduced viscosity at
these temperatures was considered, there was a temperature-
dependent reduction in flagellar force. This is likely due to protein
denaturation, and longer incubation times at these elevated
temperatures may eventually lead to complete loss of motility.
More detailed experiments with controlled incubation times at
specific temperatures may provide useful models of thermal
stability of motility-related proteins (Daniel and Danson, 2010).
This paper represents the first step toward evaluating the upper
limits of temperature on mesophile motility.

The authors hope that this simple setup will encourage
others to reproduce these experiments and examine other strains
of bacteria and archaea. In contrast to bacteria, especially
test strains such as E. coli and B. subtilis, hyperthemophilic
archaea have not been frequently imaged. The setup we
report here should facilitate studies of thermophilic organisms,
including those such as Pyrococcus furiosus which require
temperatures near the boiling point of water for optimal motility
(Herzog and Wirth, 2012).

The detailed parts list, combined with the open-source
software, should be sufficient to enable duplication of the system
by anyone who wishes to perform these experiments. The only
custom parts are a 3D printed stage and objective lens holder
(plastic) and a custom machined stage (aluminum) to allow
for easy changing of sample chambers without requiring stage
realignment. CAD drawings of these can be provided on request,
and users are encouraged to tailor designs to their own specific
applications. It is important to ensure that these elements are
made from materials that can withstand high temperatures;
any materials chosen should ideally be tested beforehand by
submerging them into hot water at the desired temperatures
before use on the microscope.
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