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Observation of super-Poisson statistics of bacteriglPhotobacterium phosphoreujrbioluminescence
during the early stage of cell proliferation
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We studied the process of the analysis of photon statistics for extraction of physiological information from
chemiluminescence accompanying biological phenomena implicated in metabolic processes. A super-Poisson
behavior in the early stages of cell proliferation of marine luminescent bacteria was observed by characteriza-
tion of Fano factor of detected photoelectron time series. It is suspected that there is clustering of photon
emission at the elementary luminescence process generated by the activation of luminescent enzymes.
[S1063-651%98)07902-1
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[. INTRODUCTION analysis of photon statistics or photon correlations are effec-
tive and these techniques have been utilized to characterize
Characterizing the quantum stochastic properties of athe light scattering process or photon emission from chemi-
optical radiation field provides information concerning theluminescencg5]. We studied the methodology for the analy-
elementary process that comprises the excitation and photdiis of photon statistics of ultraweak light spontaneously emit-
emission processes. From the semiclassical aspect, an opti¢@f from chemically excited states within a biological
radiation field is characterized as a chaotic field accompanysystem, based on the measurement of a time series of photo-
ing a Gaussian intensity fluctuation and a coherent field witf/€ctron pulses. o
a deterministic intensity. However, if radiators do not behave . 1€ marine luminous bacteria is one of the well-known

in a statistically independent manner, an intensity fluctuatiorgir?l;z]Z‘ﬁ;;;r;{ig{gg?;‘:‘;z giic?g:iisr?i%?o?:;shwizmishbgsed
is expected to show distinct properties compared to the cha- . . o
P brop P uantum yield(total ~10%) of light emission[6,7]. For ex-

otic field. Likewise the quantum theory of radiation fields q . Lo . .
describes nonclassical light, such as quadrature pha ample, in the case dfibrio fischeri a self-generated autoin-

S . .. R
squeezed states or photon-number squeezed §8tesith cFucer[S] activates the transcription of the luminesceflo)

h reristi ¢ antibuni f bhotoelect i genes, which encode proteins for autoinducer synthesis and
characteristics of antibunting of photoelectron events or SUbﬁght emission; thus light intensity depends on the population
Poisson statistics of the number of photoelectri&is

density of cells[7]. It is also known thatPhotobacterium

- On the olther hand, the Iigh} emi_ssion system U”de”yin%hosphoreunstrain IFO138969], which was used in our
living organisms is known as bioluminescence and ultrawealgyperiments, is associated with the induction of inductive

photon emission, referred to as biophoton emisdiBA].  |yciferase. However, the physiological roll of luminescence
These phenomena are incorporated into the metabolic prgras not been clarified.
cesses of life, and their properties reflect intensity fluctua- |n this paper we show the characteristics of photon statis-
tions originating from the interplay among elementary bio-tics in the early stages of cell proliferation of luminous bac-
chemical reactions under physiological conditions. Ateria under synchronous culturing.
biological system is understood as a highly integrated orga-
nization from a subcellular molecular level up to a macro-
scopic level, illustrated as the hierarchy structure. It was be-
lieved that complex regulation circuitry and interactions over We developed a measurement and analytical technique
the hierarchy emerge as macroscopic spatial, temporal, dor the ultraweak photon emission field under a nonstation-
functional structures, expressed as self-organizing or selfary transitional process. Measurements were performed with
regulating. Hence, photon emission properties that are dehe single photoelectron counting technique, using a photo-
rived from biochemical excitation processes will carry infor- multiplier tube(PMT) based on a continuous and sequential
mation regarding feedback or Markovian reaction processesieasurement of the time intervals between two successive
that consist of elementary reactions. For that purpose, thphotoelectron puls€sl0,11). We calculated the Fano factor
[F,(T); variance over mean of the number of photoelectrons
observed within observation timg|] as an indicator for pho-
*Electronic address: kob@seitai.yamagata-rit.go.jp ton counting statistics, which quantifies the deviation from

Il. EXPERIMENTAL PROCEDURES
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Poisson statistics as a function of observation timeFor
data processing, corrections are necessary for correlative
components intrinsically accompanying the PMT dark pulses
that are caused by cosmic-ray-induced photoelectron clusters
[12] and microdischarges occurring in the PMI3]. Be-
cause the afterpulse effects initiated by the incident photons
are negligible under our conditions, we found that the pho-
toelectron pulse events originating from incident light and
the correlative components of dark pulses are statistically
independent. Consequently, the Fano factor of incident light
is deduced by subtracting the variance of the dark compo-
nent, which had previously been measured, from that of the
observed data.

The time course of intensity variation during cell prolif-
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eration can be expressed as an exponential function. The Time (s)
variance of the exponentially transient process is calculated 1.02
from the following equations by using the intensity function | (b)
of time, I (t) =a expt), under the condition of observation - ]
time T<1/b, wherea andb are constants. When the number 8 1 g1
of photoelectrons and dark events from the PMT in ttlie 8 ]
time period with observation tim& are represented by "6 ]
ny(t;,T) andny(t;,T), respectively, and their averages per &€ 4 1 e --"Tﬂmmmﬂﬂmﬁﬂﬁﬂm
unit time are indicated ag¢(t) andu4, and average of total IE ] Y] u Jﬂl‘mlﬂ 1111
events asu(t), they are ] i

ps(t)=(ng(t,T))/ T=ae", (1) 0.99 +——r 17—

it , 0x10° 1x107® 2x102 3x10°8 4x10°8 5x103
pa=(na)/T, @ Observation time (s)
HO)= st F g, ®) FIG. 1. (a) A result of the time course of photon emission in-

en5|ty determined from a LED driven by a computer-controlled
current generator to exhibit the exponential increase in intensity
with time. The equation in the inset is an exponential function ob-

where( ) denotes an ensemble average. And we defined the
variance of photocounts through total measurement time

T, represented aSAn2>, as tained from a least-squares curve fitting and the square of the cor-
1 T relation coefficient (2). (b) Fano factor vs observation time char-
(An2>= = f N[n(t,T)—,u(t)T]zdt. (4) acteristics of LED photon emission intensities showran Error
bars represent standard deviations of 10 experimental sets of data

under the same condition.

From the independence of evefig., the incident light and
dark componenjs (An?) is expressed, using variances Fano factor accuracy of 100.003 through observation
(An2) and(An?), as times of 0.1-5 ms as shown in Fig. 1.

(An?)=(AnZ)+(Anj). (5 Ill. RESULTS

Consequently, the Fano factor of the optical field is derlved Figure 2a) shows the result of intensity analysis in the
time course of bacterial photon emission from the lag phase

by to the proliferating log phase under liquid culturifitg,15.
(An?)— (Ang) (An?)— <An§> A single cell was isolated by diluting a cell suspension. After
F(T)= = . () preparing 10 sample@n 2 ml quartz vial$ that resulted in
= J " (DT dt a (ebT™N—1) diluting the cell density to 0.2 cells/2 ml, we selected one
s Tnb sample that was expected to contain a single cell by measur-

ing the emission intensities. The intensity of a single cell in
To verify the performance of our experimental system andhe early lag phase is estimated to be approximately
use it as a reference for the measurement of bacterial biolt8.5x 10° photons/s, which accounted for the total efficiency
minescence, we analyzed the statistical nature of light emisaf detection. After a gradual decrease in emission intensity
sion from a light-emitting diodéLED) (model TLRH 180P; and prolonged lag phase-6 h), an exponential increase in
Toshiba, Japan, with 50 dB optical attenuafdhst was con-  photon emissior{log phas¢ was observed. We analyzed 3
trolled by a standard current generator and a microcomputgarts of cell growth periods shown as |, I, and Ill in Fig.
to generateus=a exppt), where a=74.2 counts/s and 2(a). To obtain adequate numbers for statistical accuracy in
=7.9x10 % s 1. The LED source operated under theseour analysis, we established the total number of photoelec-
conditions was found to exhibit a Poisson distribution with atron pulses to be 1:210°. In the first period, the number of
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FIG. 2. (a) A typical result of measuring the time course of photon emission intensiBhofobacterium phosphoreulifO 13896 from
the lag phase to proliferating log phase under synchronous cult@bingc) Time course of emission intensity corresponding to time regions
I and Il in (a), respectively. Solid lines are fitted curve using the equation inserted)in(d)—(f) Fano factor vs observation time
characteristics for periods |, Il, and Ill it®), and a comparison with that of a LE@otted ling driven to exhibit the same emitted intensity
function as thé®hotobacterium phosphoreushown in(b), (c). Error bars represent standard deviations of 10 experimental sets of LED data.

cells was roughly estimated to be 5-50. However, the lighPoisson behavior, which changes to Poisson statistics ac-
intensity per cell mass has been reported to increase linearording to the increase in the number of c¢fégs. 2e) and

at a rate of 1.5 times per generation time; and this is ex2(f)]. Averaged data obtained from three independent mea-
plained as continuous activation or induction of the lu-surements in the intensity range of?4a0® counts/s corre-
ciferase system during cell growffi6]. In our study there- sponding to Fig. @l) are displayed in Fig. 3.

fore, the real number of cells should also be slightly lower

than the est|mat_ed n_umbe_rs. As shown in Figp) 2the time V. DISCUSSION
course data of light intensity matched the exponential func-
tion sufficiently with a correlation coefficient ofr? Super-Poisson statistics for the photon counting distribu-

=0.988 82. Calculated Fano factors versus observation timton are interpreted by the clustering of excitation and emis-
at defined regions are shown in Figgd2-2(f), where they sion processelsl7], where the optical field is composed of a
are compared with the Fano factors that were obtained frorsequence of independent flashes initiated by Poisson random
the LED with similar exponential time courses of bacterialtime events. Observation time characteristics of the Fano fac-
light emission. The results indicate that during the primarytor imply photon correlation properties. The Fano factor is
stage of cell proliferation, the photon statistics show superdescribed by the following equation, using the degree of
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1.0075 ~ In view of the relationship between excitation events and
) ; T T ;‘J emission events, photon emission can be represgnteq as a
1 005_3 T il $ {{ 1 2 single emission accompanying random deletion, which is de-
e ] 1 1 termined by the efficiencyz) of excitation and emission
° 1_0025_3 + AT = T procesg18]. Then the Fano factor of emission eveRtgT)
S 3 T ﬂ'ﬂ mﬂmwﬂﬂ —h ‘HI ﬂﬂ is expressed by using that of excitation eveRigT) under
g 1 'TTWH T the condition that the characteristic time of the excitation
© ﬁ'ﬁm Im I ‘ H (7o) is restricted ag> 7.
L 0.9975 LML
] - 7] Fo—1=7n(F,—1). (17
0.995 ++———— T The total efficiency of photon detection, in view of the quan-
0x10° 1x10° 2x10"® 3x10° 4x10" 5x1078 tum yield of the light emission£10%), is approximately
Observation time (s) 0.15%. Hence the multiplication factor of an excitation event

is deduced to be 2.0.

FIG. 3. Fano factor vs observation time characteristics of early Although biological mechanisms to interpret our results
stage emissiofficorresponding to the region of | in Fig(al] with are not known at present, the origin of the photon emission
the proliferating log phase d?hotobacterium phosphoreuffilled clustering process seems to be associated with regulation
circles obtained from three independent measurements in comparimechanisms within the reaction circuitry related to produc-
son with a LED(open circleg and the theoretical curve fitted by tion and activation of luminescent enzyméhiciferase
the analysis. This fitted function is shown in E¢8)—(10). and/or aldehyde-synthesis enzymashich is characterized

o by inducible luciferase syntheses. Specifically, it is deduced
freedom parameteM, M,,, My, and multiplication factor  that abrupt generations of excited intermediators that are de-
of & [17], rived by the luciferase synthesis in the early stage of induc-

(n) 1 1 tion (enzymatic activity is not sufficieptis implicated with

=14+~ = the clustering.
F(T)=1+ M +{a) Mp+Mm (7)

. . ) L V. CONCLUSION
with the assumption that each flash event is a realization of a

time-decaying chaotic optical field. When the spectrum is We demonstrate that the statistics governing endogenous
assumed to be Lorentzian, the experimental result can peiological processes could in principle be accessed through
theoretically analyzed, using E¢7) with the following pa-  the statistical nature of emitted photon fields so that physi-

rameterd 17, ological information on biological self-regulation eventually
manifesting as biological order or disorder may be derived.
262 Meanwhile statistical analysis has potential usefulness not

M= e 2012p9—1 (=TI, ® only for bioluminescence, but also for the general photon

emission phenomena of living organisrttsiophoton emis-
2B sion) generated from ordinary biological metabolic system
Mfm (B=Tlmy), (9 [3,4,19, and quantum statistical nature of biological photon
fields could provide a novel expression of the function of
20 organisms.
M= 10
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