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ABSTRACT

The intrinsic green autofluorescence of an Escherichia coli culture has long been overlooked and
empirically corrected in green fluorescent protein (GFP) reporter experiments. We show here, by
using complementary methods of fluorescence analysis and HPLC, that this autofluorescence,
principally arise from the secreted flavins in the external media. The cells secrete roughly 10 times
more than what they keep inside. We show next that the secreted flavin fluorescence can be used as a
complementary method in measuring the cell concentration particularly when the classical method,
based on optical density measure, starts to fail. We also demonstrate that the same external flavins
limit the dynamical range of GFP quantification and can lead to a false interpretation of lower global
dynamic range of expression than what really happens. In the end we evaluate different
autofluorescence correction methods to extract the real GFP signal.



INTRODUCTION

Fluorescent proteins are an excellent tool for monitoring internal activity in living cells and in the
last decade they have been highly diversified and extensively used [1]. For bacteria, fluorescent
proteins have been used either in single cell microscopy [2], [3] or in a more extended use in
microplate culture monitoring [4], [5], [6]. The former method easily yields quantitative information
for a large range of conditions, genes, promoters etc.

To monitor the average dynamic response of a bacterium to an external stimulus, two pieces of
information are required: i) the total reporter activity of the population as a function of time, e.g. the
total fluorescence of a suspension when a fluorescent protein reporter is used, and ii) the number of
cells in the suspension during this time. The first of these requires that the fluorescence of other
molecules emitting in the same spectral range as the reporter ones is either negligible or can be
robustly evaluated. The second is generally acquired by monitoring the turbidity of the liquid
suspension of bacteria and it is based on a bijective relationship between the measured optical
density (OD) and the cell density. However this is not always the case: for the same microplate OD
measurement, the number of colony forming units (CFU) can change as a function of either
physiological (e.g. bacterial type, shape and the nutritional state of the cell) or experimental factors
(e.g. cell biofilm formation at the bottom of the microplates). Thus for a dynamical study, the
meaning of the OD in terms of CFU will change while the bacterial population gradually goes, for
example, from exponential growth to stationary phase [7].

Beside fluorescent proteins, the intrinsic fluorescence of the cells (generally called auto-
fluorescence) has also been used, especially in bacteria to monitor aerobic growth in microplates [8].
The main molecular species which could emit in a non-photosynthetic bacterium devoid of
exogenous reporters are aromatic amino acids such as tryptophan, tyrosine, phenylalanine with
maximum of fluorescence in the ultraviolet, or some co-factors like nicotinamide adenine
dinucleotide, NAD or NADH (in blue) and flavins (in green).

In this paper we inquire into a previously unused piece of information: the green auto-fluorescence
of a standard bacterial culture in minimal medium. We focus here on Escherichia coli BW25113, a
specific K-12 strain commonly used in several systems biology programs [9]. We call it “green”
autofluorescence because we use the same combination of excitation/emission filters as for the Green
Fluorescent Protein (GFP) reporters (470/525nm). The paper is organized as follows: we first
characterize the origin, the dynamics and the distribution (intracellular versus extracellular) of the

intrinsic fluorophores. In the second part we establish an empirical method that combines the OD and



auto-fluorescence measurement to obtain an extended range of estimated CFU along the growth
curve in the microplate. In the third part we measure the effect of the auto-fluorescence background
on the quantitative evaluation of a promoter activity and its dynamic range. And in the last part we
compare different existent methods of autofluorescence correction to obtain the real GFP reporter

signal.

METHODS

Bacterial culture and microplate monitoring.

Escherichia coli BW25113 were inoculated from frozen stock in Sml minimal media M9 with 0.2%
glucose, at an approximate initial concentration of 5-10° cell/ml. Depending on the experiment, after
16-20 hours of vigorous shaking (200rpm) at 37°C in the dark, the main culture was started by
diluting the preculture in fresh M9 with 0.2% glucose previously preheated to 37°C. The dilutions
ranged between 20 to 3000 times, depending on the experiment. The experiment continued either in
the incubator, in a 250 ml flask shaken vigorously at 37°C or in the 96 well plate reader. From time
to time samples were collected for direct plating in the 96 well plate or for supernatant extraction.
The supernatant was then partly plated for fluorescence measurement and partly frozen for HPLC
analysis. After plating in 200ul/well, in a pre-warmed 96 well plate, the optical density at 600 nm
(OD) and GFP-like fluorescence were acquired every 8-12 minutes, with the microplate continuously
shaken in between, for a 10-24 hour experiment. The microplates used were black with transparent
bottom and lid (Thermo scientific Nunc 165305) and the evaporation over a 24 hour experiment was
less than 20pl. The microplate reader used was a Tecan Infinite 200MPro. The sequence of the
reading protocol was as follows: first 2 minutes linear shaking with 3 mm amplitude and 452.1 rpm
frequency, followed by 10 sec pause before OD reading (at 600 nm, 9 nm bandwidth, 25 flashes);
then 2 minutes orbital shaking with 3mm amplitude and 218.3 rpm frequency, 10 seconds wait
before fluorescence reading. This was done with a gain of 107, excitation wavelength 470 nm and
bandwidth 9 nm and detection 525nm (20nm bandwidth), with 25 flashes and 40us integration time,
Ops lag time and Ous settle time. For the double wavelength fluorescence reading, another 4 minutes
sequence was added to the cycle as follows: 2 min orbital shaking as previous, then 10 seconds wait
and the second fluorescence reading with the same number of flashes, lag time and settle time. The
585nm fluorescence had the same excitation and gain but a different detection wavelength 585nm
(20nm bandwidth). The red fluorescence reading had been done with a gain of 130, excitation
wavelength 575 nm (9nm bandwidth) and detection 650nm (20nm bandwidth). The manual OD

control at 600nm was made ordinarily with a bench Eppendorf Biophotometer and consolidated with



a Jasco V650 spectrometer. Each manual measurement at OD nominally> 0.3cm™ was previously
diluted to avoid non linearity. Supernatant and riboflavin spectra were compared in situ with the
same microplate reader (excitation 446nm and emission 480-850nm) and verified with a Horiba
Fluoromax-4 spectrofluorometer.

Strains

We used 3 strains in this work: one is the wild type BW25113. The two other strains are the same
BW25113 harboring the chloramphenicol resistant pZA31 plasmid, with the inducible promoter Ptet,

controlling a fluorescent protein expression respectively, Ptet . gfpmut2 and Ptet : mcherry.
HPLC Fluorescence.

Detection of riboflavin derivatives was performed by HPLC using an HP1200 series (Agilent
technologies, Massy, France) equipped with quaternary pump, auto sampler, oven and fluorescent
detector. Separation was performed on a C18 reversed phase (upstiphere C18, 5u, 250 x 4.6 mm i.d.)
(Interchim, Montlugon, France) using a linear gradient starting with 100% of ammonium formate 5
mM and reaching 30% CH3CN in 30min. The column was maintained at 28°C and the flow rate was
set at 1 mL/min. Detection was provided by the fluorescent detector set up at 450 nm for excitation
and 525 nm for emission. Quantification of riboflavin, FAD and FMN was performed by external

calibration (see Supplementary Information).

Microscopy

We use a motorized inverted microscope (Zeiss Axiovert 200M) with a phase contrast objective lens
(Zeiss PlanNeofluar, Ph3 100x/1.3), placed in a thermostated box at 37°C. Fluorescence illumination
was provided by an mercury lamp (Osram, 1xHBO 103X/2) and visualization was performed with
narrow bandpass excitation and emission filters (Chroma, #49002 ET-GFP and Chroma, #49005
TR/DsRED ET). The light source exposure time was externally controlled by mechanical shutters
(Uniblitz-VS35). Images were acquired with a 16-bit grays level CCD camera cooled to-80°C (Roper
Scientific, Princeton Instruments PHOTOMAX 512) controlled by Winview software (Princeton

Instruments).

Data and image analysis

Raw individual well data are first grouped by replica (6 to 20) of one type of experimental condition.
Each cluster formed in this way is averaged to extract the mean and its standard error (s.e.m.). The
average of a cluster of wells filled only with the medium was used for the background. Microplate

measured absorbance, corrected for background, was then converted to optical density (measured in
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em™) by multiplying by 3.4. Image analysis was performed with custom software that allowed to
segment cell using the phase contrast image, then to go into the fluorescence files and extract
information such as: the total fluorescence/cell and the density of fluorescence per cell defined as the
fluorescence/cell/number of pixels detected in the segmented phase contrast image. The number of
cells used to obtain an average density of fluorescence is 200-1500, depending on the experiment and

sample. Origin (OriginLab) software was used to analyze, merge and plot the data.

Colony forming unit (CFU) counting

Colony forming unit (CFU) counting was performed by collecting 10 pl samples, at different times,
from the reference culture in Iml of M9 media without glucose. Depending of the estimated initial
concentration of cells, this was followed immediately by one or 2 serial dilutions with vigorous
vortexing in between. The last dilution was done in DM25 supplemented with 1% Tween. The cells
were then plated on DM25 agarose plates supplemented with 1% arabinose by a laboratory
engineered bacterial plater. We used 15cm diameter plates for improved counting precision going up
to 5000 cells/plate. For that a semi-automatic colony counting program was used, in which the red
staining of the colony by the arabinose was an important factor in the counting efficiency. Tests were
made over all the whole 9 growth curve to ensure that the present counting method does not change
the counting result, compared to hand plating on LB plates without the presence of Tween in the

preliminary dilution media.

RESULTS

Auto-fluorescence, a “history” effect

We monitored the optical density and the autofluorescence of wild type Escherichia coli BW25113
diluted from a preculture in minimal media (see Methods). Figure 1 shows the OD and the
autofluorescence for the same wild type culture in 7 identical wells. Here the preculture was strongly
diluted, to an initial OD &= 0.001 ¢m™. Both curves show an exponential growth with quite similar
doubling time of 60 min (orange continuous line). For OD > 0.5 cm™ the optical density growth
slows and begins to saturate while the autofluorescence continues the exponential increase
approximately for another 3 hours. Then, both OD and autofluorescence have a sharp break of slope
and this is where the stationary phase starts. In this regime, the well-to-well repeatability of

autofluorescence is always better than that of OD.
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Figure 1: Optical density (left axis, brown colored lines) and green autofluorescence (right axis, and
blue-green lines) measured for 7 identical wells as a function of time (in hours measured from
dilution). The curves are presented raw, with only the background extracted. The mean of these
values with standard error of the mean (s.e.m.) as error bars are superimposed. Both Y axes are
logarithmic and cover the same relative range (have the same ratio between the maximum/minimum
values). The orange continuous line depicts an exponential growth with a 60 min doubling time.

In Figure 2 we show a set of 7 independent experiments with different preculture conditions and
initial dilution of the culture (for details see Table S1, Supplementary Information). To be able to
compare experiments with a different initial cell concentration we time shift each experiment
representation to arrive simultaneously at an OD of 0.05 ¢m™ at + = 0 (Figure 2a). From one
experiment to another, during the late exponential growth and stationary phase plateau, the average
values of replica wells for the OD and autofluorescence are quite reproducible. For the OD, this
reproducibility works also at early growth stages, in agreement with the well-known idea that once
the lag phase of a culture is completed the culture grows identically provided the external conditions
are the same. This is not the case for the initial time dependence of the average autofluorescence.
Here, the effects of the preculture “history” and initial dilution last longer (up to 3 hours) and this
could be a problem for low activity green fluorescent reporters interpretation.

However, if the time derivative of the autofluorescence is used instead of its absolute value, the
experiment to experiment reproducibility is restored. The time derivative grows exponentially with
the same slope as the OD, with the advantage of extending the exponential dynamic range by
approximately 3 hours, up to the beginning of the stationary phase (supposedly at ¢ & 7hr, Figure 2b
and Insert).
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Figure 2: Autofluorescence is dependent of the preculture conditions and initial dilution of the
culture. a) Average OD (red curves) and b) average autofluorescence (cyan curves) for a set of 7
different experiments where either the initial dilution or the preculture conditions are changed
(Table S1). Green and blue stars represent independent manual measurements of OD with a
spectrometer for 2 experiments. Insert: the time derivatives of respectively OD (left axis, red curves,
. 1ol : . Ty -l
expressed in cm™ -hr”) and fluorescence (right axis, cyan curves expressed in hr”) for the same
experiments. Orange lines depict an exponential growth with a 60 min doubling time. Error bars are
s.e.m.

Supernatant versus internal autofluorescence

We next inquired into the origin of the green autofluorescence and its distribution comparing
extracellular versus intracellular. During the exponential growth and early stationary phase of a
100ml flask culture, we collected 4ml samples at 4-8 different time points (depending on the
experiment, see Methods). At each time point, a part of that sample was passed through a 0.2um
filter to extract the supernatant. Each time-point sample (culture and supernatant) was sequentially
added to 6-10 replica wells in the same 96 well plate, in their respective empty locations. The
autofluorescence and OD of the microplate were continuously monitored. The superposition of
average autofluorescence curves, for the various time-point derived cultures shows that growth in the

flask culture and in the 96 well plate proceed in the same way (Figure 3a).
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Figure 3: Supernatant versus internal autofluorescence a) Autofluorescence of a culture (cyan
curves) and its supernatant (red curves) extracted at different time points from a flask culture, then
plated and monitored. Data are averages of 4-8 replicas and error bars are the s.e.m. The exact time
point where the culture and its supernatant were collected and plated are indicated by black arrows.
The orange line gives an exponential growth with a doubling time of 60min. b) The ratio of the
bacterial fluorescence and the supernatant versus the OD of the culture measured in 4 independent
experiments, similar to that shown in a) (solid symbols) and 2 others (open symbols) measured by
dilution to a constant OD (see main text). The OD is represented in a log scale. c¢) The ratio of the
rate of production of the supernatant fluorescence and that of the internal fluorescence. Same
experiments and representation as in b).

The supernatant fluorescence is stable in time and is not bleached by repetitive readings or
biochemical degradation. For each new sample added to the plate, we obtain at the corresponding
time point (arrows in Figure 3a) a comparison between the total and the supernatant
autofluorescence. To our surprise, the supernatant and the total autofluorescence are almost equal
and, paradoxically, for the last 2 time points, they have a larger value: with increasing bacterial
density, light scattering becomes important and consequently, the excitation and the detection of the
emitted fluorescence are affected too. As the supernatant is free of scattering particles (bacteria), its
fluorescence is not affected by scattering.

Light scattering correction can be made [10], [11] but in a well determined and generally simple
optical configuration. However as the geometry of the emission and detection light path inside our

microplate reader is not simple and not known in detail, we repeated the same experiments in a



slightly different configuration: the samples from the culture flask were first diluted to a lower cell
density, then plated (see Supplementary information, Figure S1). By taking into account the dilution,
we reconstructed the autofluorescence curve F(#) of the culture corrected for scattering (see
Supplementary information, Figure S1). Note that this correction extends the range of analysis to the
early stationary phase and only slightly affects the results in the exponential growth regime.

Figure 3b, gives the ratio between the bacterial autofluorescence Fyae; and the supernatant F,p, with

F,_. =F—F, . The X axis of the figure is the OD, the common parameter describing the variation

bact sup *

of the ratio of intracellular to extracellular fluorescence in 6 independent experiments. The bacterial
green autofluorescence is at most 10% of that of the supernatant throughout the exponential growth
phase (i.e. OD < 0.5 em™). Close to the stationary phase, the relative preponderance of the internal

autofluorescence increases slightly to 25%, before decreasing later in the stationary phase.

Origin of supernatant green autofluorescence.

We next analyzed the origin of this supernatant autofluorescence by fluorescence HPLC. We
identified flavins (FMN, FAD and riboflavin) as responsible for more than 80% of the fluorescence
at wavelength 525nm (Figure 4a, Supplementary Informations Fig.S2). The riboflavin molar
concentration was confirmed by Mass Spectrometry (Supplementary information). Note that with
HPLC we mainly identified free flavin molecules. However, a large part of the remaining 20% of
fluorescent molecules may be attributed to other flavin derivatives. Indeed, the shapes of the
fluorescent spectra for the supernatant and riboflavin normalized by their 525nm maximum are
indistinguishable (Figure 4b). This also confirms the hypothesis of a large predominance of flavin
compounds in the supernatant fluorescence. The largest molar concentration in the supernatant is
FMN, followed by riboflavin and FAD with about half that concentration (Figure 4c). The molar
concentrations in the supernatant are approximately a linear function of OD. For example the lines in
Figure 4c exhibit the following linear dependence: cpyy = 92nM - cm, ¢, = 47nM - cm and

Crap = 36nM - cm.
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Figure 4: Flavins at the origin of supernatant green autofluorescence a) The proportion of the
identified flavins in the supernatant with respect to the total fluorescence of the HPLC run. The
supernatant was collected at 4 different time points, and the corresponding optical density (OD) of
the bacterial culture at that time is the X axis. b) Normalized fluorescence spectra of the same 4 time
point supernatants (different green shade curves) compared to that of riboflavin (pink curve),
excitation 450nm. c) Molar concentration of specific flavins identified in the supernatant of the same
4 time points as a function of OD : flavin mononucleotide — FMN cyan circles, FAD — Flavin adenin
dinucleotide, brown squares, R — riboflavin, pink triangles. Gray circles are the corresponding
measurements of riboflavin concentration by mass spectrometry. Both X and Y axes are logarithmic.
The continuous straight lines have a slope 1 and display a linear dependence on the OD.

Quantitative description of autofluorescence dynamics

As previously noted the autofluorescence F'(¢) is the sum of two components, both of which are time
dependent: the internal Fj.(?) and the supernatant Fy,,(z) autofluorescence. The internal
autofluorescence is proportional to the total volume of bacterial cells V(¥): F, ., (¢t)= f-V(¢) with f
the internal density of autofluorescence per unit of volume. In the exponential regime, the total

volume of cells grows as V(t) =V, -exp(kt), where k is the growth rate experimentally determined
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From a dynamical point of view, the supernatant autofluorescence, Fyu(2), has 2 contributions:

F,@)=F,, +F.(). The first F,

Supg

is what has already accumulated in the supernatant before

upg 2
starting the experiment and depends on the “history of the culture” (like the preculture conditions

and folds of the initial culture dilution). F,  can only decrease as a function of time with a

upg
degradation rate ppain. The second contribution Fy.(?) depends on what the cells secrete from the

time where the measurement starts. Its time variation is a balance between the production and

b (1)
dt

degradation: =BV (O) =¥ prayin " Free () » where f is the flavin secretion rate.

The measurements presented in Figure 2a show a supernatant fluorescence that is impressively
stable, with a degradation rate pgavin S 0.01hr" , much smaller than other dynamical parameters such

as the growth rate k = 0.7 i7" This allows us to neglect the flavins degradation term y Jtavin” Foup () 5

which means the flavins fluorescence will continuously accumulate in the supernatant with

negligible degradation. It means also that the “historical” component £, ~remains constant all along

A, (1)
dt

the exponential growth regime. One can therefore write: =~ -V (t). Once the exponential

growth regime starts, one can expect that internal parameters, such as the internal density of

fluorescence f, the rate of flavin secretion /S or the growth rate of the culture 4, are constant in time.

deact (t)
dt

With these assumptions = fk-V(¢t) and the time derivative of the total autofluorescence

F (1)

will be proportional to the total volume of the cells: = ( fk+ ﬂ)~ V(t). This is why the time

derivative of the fluorescence grows exponentially, like the time derivative of OD (Figure 2b insert).
Furthermore, the time derivative is independent of the preculture history or dilution, as the term that

carries this information, F,_ , is eliminated in the derivative.

sup, ?

The total value of autofluorescence, F(t)=F, +(f+pB/k)-V(t), at the beginning is indeed

upo

strongly dependent on £, (as shown in Figure 1b). As time passes, the influence of F,,, ~will be

upg
overcome by the second term which contains the exponential increase of both the bacterial and
supernatant autofluorescence. In the end, the total autofluorescence will also be proportional to the

total volume of cells.

Secretion rate versus internal growth of autofluorescence.
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From experimental data we can measure directly the ratio of the extracellular to the intracellular rate

of fluorescence production (see Figure3c):

1 dF

k dt

! -1
t; F(tz) _F;up(ti)

Tk

This can be evaluated only at the time point #; where Fy,, is measured independently of /. One finds

I

that, a wild type bacterial cell in exponential growth secretes roughly 10 times more flavin molecules
per unit of time, than it keeps inside. This value is consistent with the ratio Fiu/Fp = 10% found
during the early exponential growth. Moreover, this ratio is also the same for the early stationary

phase.

Autofluorescence time derivative and bacterial concentration CFU/ml

In a complementary experiment, we monitored for different inoculation levels, the concentration of
bacterial cells (counted as colony forming units), the autofluorescence and OD (Methods). Figure 5
shows a linear relationship between the time derivative of autofluorescence dF/dt and the bacterial
cell concentration, over the whole range of the exponential growth. Compared to the OD, the validity
of this linear relation is extended by approximately 3 hours. In the exponential phase this linearity is
quite obvious: the rate of flavin secretion and internal growth rates are constant. Consequently the
flavin fluorescence (internal or external) grows linearly with the number of cells. In late exponential
phase and close to stationary phase, the culture detected autofluorescence increases faster than the
microplate measured OD. One possibility is that in this regime both secretion and internal
autofluorescence growth rate are increasing temporarily to compensate the scattering losses.

The green autofluorescence can therefore be used to obtain an in situ evaluation of the CFU count
independently of the OD. However, for bacterial cell concentrations lower than ~ 10°CFUiml the
time derivative of autofluorescence is quite noisy. Therefore if both OD and autofluorescence can be
monitored, the 2 measurements can be combined to overcome the non-linearity effects of OD
measurement in late exponential growth phase: for OD < 0.5¢m™ we take the usual linear relation
between CFU and OD, CFU(t) = ¢;-OD(#) and for OD > 0.5cm™, we will take CFU(t) = c,-dF/dt
with ¢ =2c, AE . The last term ar represents the time derivative of the

0OD=0.5 t OD=0.5

autofluorescence measure at the OD = 0.5¢m™. Note that this method can be used either in bacterial
population lacking any reporter or in reporter gene experiments for which the reporter doesn’t emit

in green like flavins.
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Figure 5: The time derivative of the autofluorescence is proportional to the CFU count CFU per ml
(left axis), OD and time derivative of the autofluorescence (right axis) for 3 experiments started at
different initial bacterial concentration: 10° cell/ml (black and gray), 5-10° cell/ml (red and orange)
and 5-10° cell/ml (light and dark green). Circles are the CFU/ml from samples taken from either
flask culture (black, red and dark green) or microplate wells (gray, orange and light green). Black,
red and dark green triangles are the time derivative of the autofluorescence and the gray, orange
and light green squares are their corresponding OD. All Y axes are logarithmic and cover the same
relative range. Error bars are s.e.m.

Autofluorescence effect on green fluorescent reporter evaluation

The flavin fluorescence investigated so far can have serious consequences for data interpretation
where the GFP reporter gene is used to monitor dynamical parameters: the GFP and the flavin
fluorescence are both collected, without distinction, by the same set of GFP specific filters. We
performed here a typical induction experiment to highlight the amplitude of this problem.

We used a well-known inducible reporter system Ptet : gfpmut2 carried on a pZA plasmid. All
strains have not only the same growth characteristics but also the same preculture “history”.
Moreover, as a control experiment we used an identical strain but with a red fluorescent reporter
protein mCherry, Ptet . mcherry. The cultures were induced very early in the exponential growth
phase, monitored continuously in a microplate reader and also sampled for microscopy in early
stationary phase (=18-22 hours after induction, depending on the specific sample). The amplitude of
the fluorescence induction as a function of the inducer concentration was then measured.

For different inducer concentration (in ng/ml from 200, 100, 50, 20, 10 down to 0), Figure 6 shows

the time change of the raw average green fluorescence per well for the GFP reporter strain (Figure
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6a) and red fluorescence for mCherry strain (Figure 6b). Note that the curves were slightly time
shifted to have a synchronized growth (see Supplementary Informations, Figure S3).

By changing the inducer concentration (anhydrotetracycline -aTc) the average density of
fluorescence per bacterium measured by fluorescence microscopy, in either red or green, varied by
almost 2 orders of magnitude (stars) in Figure 6 a,b. This happens also for the average
fluorescence/well measured in microplate for the red fluorescence reporter as the plateau reached
after induction varies also over the same order of magnitude (Figure 6b). However, the GFP reporter
strain in microplate showed a much weaker dependence of the inducer of about 3 times (Figure 6a).
The reason of this discrepancy is the autofluorescence. The wild type fluorescence in the red spectral
range is negligible compared to the lowest value of non-induced fluorescence. This is to be expected,
as it is known that in this spectral range (excitation 575nm/detection 650nm) the media as well as the
bacterial internal autofluorescence are negligible. For the green fluorescence, this is of course
different since the flavin fluorescence is stronger than the GFP fluorescence when non-induced. And
in a well, where the supernatant fluorescence of flavins adds to the internal bacterial cell
autofluorescence, the background is much larger than the non-induced strain. This strong background
limits the detectable range of GFP fluorescence variations, in a similar manner as trying to catch a

firefly flickering in too bright a room.

Correction of green fluorescence curves in a GFP reporter experiment

An important step is therefore the correction of the fluorescence curves to extract the real GFP
fluorescence. The green autofluorescence background has been over the years a concern in
quantitative reporter gene studies and scientists have implemented different methods to circumvent
this problem. One idea [6], [12] is to synchronize the growth of the strain of interest with that exempt

(t,aTC) :F; [(taaTc)_Fwt(t)’

ota

of reporter and then extract the corresponding background: F,

eporter
with Fu(t,alc) the total reporter fluorescence/well at a time ¢ and inducer concentration a7c and
F..«(t) the autofluorescence of the wild type culture at the same time.

A more recent method [13] discriminates the flavin autofluorescence from the GFP directly on the
strain of interest by using the spectral differences between the two fluorophores. Although this
method has been proposed in yeast studies, we tested it on our E.coli strain BW25113. The basis of
this method is to excite the fluorescence at a given wavelength (in our case 470nm) and measure its
emission at two different wavelengths (here 525nm and 585nm). As the flavin and GFP quantum
yields are different between the 2 detection wavelengths, this enables us to separate the two different

contributions. For a wild type strain a ratio of autofluorescence at 585nm to that at 525nm can be
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defined: 7, = fi5/ f5s. To be able to discriminate between the two emissions, this ratio should be

independent of the growth stage of the wild type culture, which indeed is the case (Figure 6¢). We

approximate 7, = 0.418 which is valid for an OD interval of 0.lcm™ to 3cm™. The value of
r, =0.415+0.02 is also obtained from the ratio of the fluorescence spectra of the riboflavin

standard, integrated respectively between 576-594nm and 516-534nm. These intervals correspond to
the 20nm bandwidth of the detection monochromator inside the microplate reader, around the
detection wavelengths 525nm and 585nm.

To obtain the signal of interest g, i.e. the GFP reporter only, for any given strain the following

relationship can be applied:

_ VoS sas = fsss
& =,

with f5,5 and f5s5 respectively the detected total fluorescence at 525nm and 585nm. The value of r, =
0.118 is the ratio of our GFPmut2 emission at 585nm to that at 525nm, with their respective 20nm
bandwidth [14].

Figure 6d shows the GFP fluorescence (g) obtained using this method while Figure 6e shows the
GFP fluorescence obtained by first growth synchronization of curves, then wild type
autofluorescence extraction from the total fluorescence curves. Note that we have been able to
compare the two methods safely, as the preculture history effect was made negligible by strong
dilution of the culture. It can be observed that at high level of induction both methods are valid and
almost indistinguishable. At a lower level of induction, the comparison with mCherry reporter strain
and also the average level of fluorescence/cell measured by single cell microscopy shows that the
spectroscopic method performs a better correction of the autofluorescence.

For samples with slightly different growth speeds, or levels of flavin secretion the spectroscopic
method is superior to background autofluorescence extraction. This comes of course from the
knowledge of flavin as the autofluorescence source and an independent complementary measurement
at a different wavelength, which allows uncorrelating flavin and GFP fluorescence. However in
wider context, for different bacterial strains or complex culture media, when the flavin might not be
the main source of autofluorescence, without a detailed knowledge of the autofluorescence sources,
the empirical method of the background subtraction, even with its flaws, becomes again the only

available method.
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Figure 6: Effect of green autofluorescence on reporter experiments. An alc inducible reporter strain
measured either by microtiter reader as a function of time (squares) or by single cell microscopy
(stars) at a given time point. a) Raw green fluorescence of a GFP and b) raw red fluorescence of a
mCherry reporter strain measured for different levels of inductor concentration 200ng/ml, 100ng/ml,
50ng/ml, 20ng/ml, 10ng/ml, Ong/ml and the wild type strain, respectively, black, red, green, blue,
cyan, magenta and dark yellow squares (see legend). The corresponding average density of
fluorescence per cell is represented by the equivalent colored stars plotted at the equivalent time
point where the measure has been made. Note that XY axes are linked to represent the same time
window and fluorescence range of variation. c) Ratio of the wild type autofluorescence detected at
585nm over the one detected at 525nm as a function of the optical density of the culture. The value
underlined in red is the one we used r, = 0.418. Corrected GFP fluorescence deduced using the
spectroscopic method (d) and background subtraction method (e) for microtiter reader experiments.
The colored stars represent the average density of fluorescence/cell with the value of wild type
autofluorescence extracted. Same color code as in a). f) Comparison at a given time point (18 hours
for the microtiter measurements) between different fluorescences as a function of the induction level.
The average green fluorescence/well (green squares), average red fluorescence/well (dark red
squares) are corrected for the autofluorescence and normalized by their respective value at the
highest inducer level (200ng/ml). The density of fluorescence/cell (measured by single cell
microscopy) is represented by the green and red stars, respectively for the green and red fluorescent
reporters at the same values and time. All values were normalized by the value at the highest inducer
level. The two shades of green (dark and light), for single cell and microtiter measurements
represent replica experiments for the GFP reporter. The blue square dots represent the same
measures as the dark green squares but uncorrelated from the flavin fluorescence by the
spectroscopic method. Error bars are s.e.m.
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DISCUSSION

Flavin fluorescence has been studied over the last 65 years [15]. Their contribution to eukaryotic
cellular autofluorescence started long ago to be addressed [16] and different methods to separate
their fluorescence from exogenous GFP reporters are currently explored [17], [13]. In prokaryotes
the focus has been mainly on internal flavin driven autofluorescence, for example for bacterial cell
counting with microfluidic diagnostic devices [18] or for autofluorescence quantification with
dedicated flow-cytometers [19].

Here we have identified flavins as the preponderant emitters of green autofluorescence in the
supernatant of a culture of wild-type E.coli strain BW25113, a strain used in many system biology
programs [9]. By using different complementary methods, in-vivo autofluorescence and OD
measurements, CFU counting and HPLC analysis of supernatant, we show that for this specific
strain, the rates of flavin secretion are much higher than the internal growth rate. We monitored this
phenomenon for different growth stages (early and late exponential growth, beginning of stationary
phase). Our results are in agreement with previous studies [20], [21] which has also shown that
E.coli and Pseudomonas fluorescens constitutively synthesize riboflavin, most of which indeed
appears be secreted. The external concentrations of flavins that accumulate in the media have been
evaluated in other studies [21], [22] in different strains and/or growth conditions. Our results show a
similar extracellular flavin concentration (see Supplementary information).

Flavins are essential components of cellular biochemistry in all prokaryotic and eukaryotic cells.
Riboflavin (vitamin B;) is the precursor of FMN and FAD and is produced by all plants and most
micro-organisms. Animals and some rare prokaryotic and eukaryotic micro-organisms cannot
synthesize riboflavin and need to obtain it from their diet [23]. Escherichia coli is among the
riboflavin producer organisms that cannot import exogenous flavins [24]. Although the genetic and
synthesis pathways of riboflavin are now well known, the secretion mechanism is not yet well
explored.

Escherichia coli, like many other bacteria and microorganisms, produces and exports flavins at rates
that can be as large as 10 times their own growth rate, as in the present report. The purpose of flavin
export to the media is yet unknown. An early suggestion [20] (1962) was that the cells do not know
how to do better: the control mechanisms are too weak to prevent flavin of being produced. A more
recent hypothesis is that it participates in the mobilization of practically insoluble Fe’™ by its
reduction to Fe’” form [25]. Finally, one can also speculate that the excess of flavin production and
secretion plays a role in the interaction with higher organisms, as gut microbiota emerges as a factor

with a strong impact on host metabolism [26].
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Flavin export, regardless of its purpose, is a hindrance to dynamical gene reporter studies and its
influence on the data interpretation has to be taken into account. By comparing the fluorescence level
of an inducible strain carrying either a GFP reporter or a red fluorescent reporter mCherry we have
shown that the green autofluorescence indeed complicate the interpretation of reporter experiment
data. Figure 6f summarizes this by taking for each induction curve the value at ¢t = /8hrs (early
stationary phase) and plotting it as a function of the induction level. One can see that microscopy
measurements (red and green stars), as well red fluorescence microtiter measurements (brown
squares) are not affected by the background extraction, all showing the same variation with the level
of induction over roughly 2 orders of magnitude. The green fluorescence microtiter experiments are
strongly affected and dependent on how the autofluorescence is uncorrelated from the GFP signal.
The background extraction methods appears here as limiting the apparent dynamic range to only one
decade (green squares), while the spectroscopic method (blue squares) restores the expected signal.

Having solved the uncorrelation of GFP from the flavin fluorescence however doesn’t completely
solve all the problems. Too large a dynamic range cannot be followed in a 96 well plate because the
supernatant fluorescence (even uncorrelated from that of the GFP) will mask and give unreliable
values at low GFP fluorescence. The best methods to avoid this hindrance are either to use a different
reporter, such as mCherry, that emits far from flavins, or else to resort to single cell studies where the

sensibility threshold is 10 times lower [27].

CONCLUSIONS

Green autofluorescence has always been a hindrance for scientists monitoring GFP like activity in a
culture. In this paper we inquired into the precise origin of this autofluorescence and showed that this
is due mainly to secreted flavins. The secretion rate largely surpasses the internal rate of flavin
building during the exponential growth regime as well as during the early stationary phase. This
strong secretion appears to be a double edged sword. We show on one hand that it can be directly
used to follow the CFU count in a well, by taking the time derivative of the green fluorescence of the
strain exempt of external reporter. On the other hand, we also show that the same external flavins
limit the dynamical range of green reporter quantification and suggest that great care should be taken
with the autofluorescence background correction methods.
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Supplementary Information

Details of different preculture conditions and culture initial dilutions

Expel:;:nent ;r:‘c:l(::rs(; Precc;JII)ture Dilution Initial OD Twn(;s)hﬁt

1 16.50 3.08 3125 1.00E-03 -5.61
2 18.75 2.51 250 0.01 -2.19
3 17.00 4.29 86 0.055 0.27
4 frozen - - 1.20E-04 -9.02
5% 16.50 1.15 23 0.06 0.36
6* 17.92 2.5 50 0.06 0.5

7 15.33 1.2 24 0.05 0

Table S1 shows the preculture duration (in hours), the final OD of the preculture before dilution, the
dilution factor and the measured or estimated (depending on the experiment) initial OD of the
monitored culture. The time scale of each individual experiment was time-shifted to yield an OD of
0.05cm™ at the same time in order to compare them easily. The direct amount in hours of the time-
shift for each experiment is listed in the last column. Starred experiments are those where we
accompanied the OD monitoring by manually sampling and measuring the OD with an independent
Spectrometer.

Scattering correction for the autofluorescence at high OD

As explained in the main text, we performed 2 kinds of experiments. In the first, standard procedure,
a culture of wild-type cells was monitored for OD and green fluorescence while growing in a 96 well
plate. The second type of experiments was done to measure the green autofluorescence in the
absence of scattering effects: while a culture of bacteria was growing in a flask in the incubator we
successively sampled at different time points, measured the sample OD, diluted it to an OD close to
0.1cm™, verified the OD after dilution then plated and measured the sample fluorescence and OD in
the 96 well plate reader. We chose an OD of 0.1cm™, which is sufficiently low to have negligible
scattering effect on fluorescence, but higher than the instrumental limit of confidence. Figure Sla
shows a comparison between two standard experiments started at different initial cell concentrations.
The experiments that started at higher cell concentration were carried out in parallel with 7
measurements of fluorescence after dilution to OD = 0.1cm™ as previously explained. After the OD
and fluorescence measurements of these samples, the values obtained were multiplied by the dilution
factor and thereby corrected for the scattering and non-linear effects. These values were used to
obtain an empirical correction law for the fluorescence: F' = Fiw€Xp/OD;.w/8], where subscript raw

indicates the uncorrected measurement. Note that this correction, while useful for extracting a



meaningful value of autofluorescence at high cell concentration, is valid only for this particular
experimental set up. It can also be seen that the same correction is indistinguishable for low cell
concentrations. With this correction in Figure S1b, the anomalous tendency of having a total
fluorescence lower that the supernatant fluorescence at high cell concentration is accounted for. The
final result is that over all the growth curve, from low to high cell concentration, the (corrected) total

fluorescence value (blue circles) is only slightly higher than the extracted supernatant (green

triangles).
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Figure S1. a) Comparison of two experiments in the microplate reader: experiment A starts at OD =
0.05cm™ (orange and gray filled circles) and experiment B at an OD 12 times larger (red and black
filled circles). Left scale fluorescence/well (gray and black filled circles) and right OD orange and
respectively red filled circles. For clarity, the time scale of the second experiment is shifted by 236
minutes to compare the growth curves of the experiments. In parallel with experiment B we have also
made seven measurements after dilution to OD = 0.1cm™. The OD and fluorescence corrected for
the scattering are plotted respectively in open red squares and black circles. b) At some points of
experiment A, the raw total fluorescence (gray solid squares), the supernatant fluorescence (green
open triangles) was measured. The corrected total fluorescence (blue open circles) and the measured
corrected fluorescence in experiment B (open black circles) are superimposed for comparison.



HPLC fluorescence
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Figure S2: Left panel. The HPLC fluorescence area of all peaks detected in the chromatograms of a
supernatant collected at different times from the beginning of the culture (X axis). Black, red, green
and blue filled circles are the flavins identified in the external standards. Open gray circles are the
sum of the fluorescence areas of all unidentified 12 peaks that are individually growing as a function
of culture time (their elution times are in minutes: 3.93, 4.40, 4.94, 5.28, 5.78, 7.24, 7.95, 11.25,
11.35, 12.25, 13.14, 14.07, 14.46, 15.35, 17.06, 17.67, 23.64). Open gray squares are the sum of all
unidentified peaks that are constant as a function of time of the culture (their elution times are in
minutes: 3.447, 10.557, 15.169, 19.074, 21.89). b) the area of HPLC fluorescence peaks of 100nM
solution of riboflavin (green filled circles), FAD (black filled circles) and FMN (red filled circles) as
a function of elution time. The highest peak of FAD appears at 16.63 min, of FMN at 18.25 and
riboflavin at 20.4 min. As one can see the standards are not pure, each of them containing other
flavins. Note that there is a peak that elutes in the FMN and riboflavin standards at 21.4 minutes. It
appears to be a flavin, although we did not identify it precisely. This peak also elutes in the
supernatant samples (left panel, blue filled circles) and we considered it as a flavin in the total flavin
fluorescence count. The ratio of the sum of all HPLC fluorescence area of identified flavins to the
sum of all time-growing peaks of HPLC fluorescence is given in Figure4a).

HPLC-Mass Spectrometry

Detection of riboflavin was also performed by HPLC coupled through electrospray ionization to
tandem mass spectrometry, using an Accela HPLC system and a Quantum Ultra mass spectrometer
(ThermoFisher scientific). Separation was performed on a C18 reversed phase (uptisphere C18, 5
pm, 15 x 2.1 mm i.d.) using a linear gradient starting with 100% ammonium formate 2mM and
reaching 30% of CH3CN at 30 min). The column was maintained at 28°C and the flow rate was set
at 0.2 ml/min. Riboflavin, which elutes at 14.8 min under these conditions, was detected by the triple

quadruple mass spectrometer in the MRM mode using transitions 377.4 — 243.3 and 377.4 — 172.2



(in the positive ionization mode) and was quantified by external calibration using Excalibur

Software.

Flavins/gram of protein estimation

Flavin concentration is usually given in the literature in molar concentration/gram of protein. To
convert from our measurements, expressed in molar concentration/optical density (in mol - cm), the
total protein concentration/OD (g - ¢m) must be estimated. The protein weight of 10° bacterial cells
having a doubling rate of 60 min, as it is in our case, is approximately = 156ug [28] and expressed

as mass/ml at a given OD = lcm™

is 173pg/ml-cm [7]. The extracellular flavin concentrations
written as a function of cellular protein mass is therefore Cpyn = 92nM - cm = 0.53umoles/g of
protein, Cipo = 470M - cm = 0.27umoles/g of protein and Cgap = 36nM - cm = 0.21umoles/g of

protein. These values are in agreement with what has been found elsewhere [21].

Growth synchronization in aTc induction experiments
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Figure S3: a, b) The synchronized OD curves of different induction levels in microtiter experiments

corresponding respectively to the experiment shown in Figure 6 a), b). The color code is : 200ng/ml,

100ng/ml, 50ng/ml, 20ng/ml, 10ng/ml, Ong/ml and the wild type strain, respectively, black, red,
green, blue, cyan, magenta and dark yellow squares (see legend).
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