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Abstract

Plate readers are commonly used to measure cell growth and fluorescence, yet the utility and reproducibility of plate reader data is lim-
ited by the fact that it is typically reported in arbitrary or relative units. We have previously established a robust serial dilution protocol
for calibration of plate reader measurements of absorbance to estimated bacterial cell count and for green fluorescence from proteins
expressed in bacterial cells to molecules of equivalent fluorescein. We now extend these protocols to calibration of red fluorescence
to the sulforhodamine-101 fluorescent dye and blue fluorescence to Cascade Blue. Evaluating calibration efficacy via an interlabora-
tory study, we find that these calibrants do indeed provide comparable precision to the prior calibrants and that they enable effective

cross-laboratory comparison of measurements of red and blue fluorescence from proteins expressed in bacterial cells.
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1. Introduction

Plate readers are one of the most commonly used instruments
for collecting data from cell cultures. Absorbance (optical density)
is commonly used for estimating the concentration of cells in a
liquid suspension, typically at a wavelength of 600 nm (OD600).
Likewise, expression of fluorescent reporters is commonly used
for quantifying gene expression levels and fluorescent dyes for
quantifying a wide range of other biological properties. With plate
readers, such measurements can be collected from large numbers
of samples simultaneously with minimal disruption, low cost and
a high degree of automation.

Unfortunately, both the utility and reproducibility of plate
reader data have generally been limited by the fact that the mea-
surement units are not directly linked to the biological properties

that are being quantified. Absorbance values depend not just
on the density of cells but also on the length of the light path
through the sample, the arrangement of cells within that sam-
ple and the geometry of the plate reader optics. Fluorescence
measurements even less reproducible, as they are typically col-
lected as relative fluorescent units, with values dependent upon
instrument components and settings including excitation light
intensity, emission light collection using photomultiplier devices
and bandpass windows, optical configuration and other machine
settings.

Many studies have attempted to make fluorescence measure-
ments more reproducible via normalization to a biological sample
that has been cultured in parallel with the experimental samples
(e.g. (9,12, 13)). Such normalization approaches produce markedly
less precise measurements than normalization to an independent
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calibrant (5), likely due to the ill-defined potential variability of
the biological samples used for normalization. Recent work, how-
ever, has identified low-cost calibrants that can be used to produce
precise estimates of bacterial cell-count from 600 nm absorbance
and of molecules equivalent of fluorescein (MEFL) from green
fluorescence (3-5).

We now extend these protocols to calibration of red and blue
fluorescence, specifically using the dyes sulforhodamine-101 as
a calibrant for red fluorescence and Cascade Blue as a cali-
brant for blue fluorescence. We evaluated the efficacy of the
extended protocol for calibration of red and blue fluorescence via
an interlaboratory study, finding that these calibrants do indeed
provide comparable precision and that they enable effective cross-
laboratory comparison of measurements of red and blue cellular
fluorescence.

2. Methods: criteria for data selection

Data from each participating laboratory were included in the anal-
ysis only if they met a set of minimal data quality criteria for
calibrant measurements, specifically that values are non-negative
and generally decrease with increasing dilution. Of the nine par-
ticipating laboratories, eight passed quality control, while one was
excluded due to insufficient calibrant data.

Culturing data was excluded if the measurements were
implausibly high, indicating a likely issue with instrument set-
tings, protocol execution or data handling. In particular, we set
a threshold for exclusion of culture data if the highest value of
the media blank was more than the highest non-saturated value
for OD600 or more than 10% of the highest non-saturated value
for fluorescence. No data sets had such range issues for OD600,
while for fluorescence one dataset was excluded for both red and
green fluorescence and three different datasets were excluded for
blue fluorescence.

Individual cell samples without sufficient growth were also
removed from analysis, i.e. any individual sample with less than
an estimated 5x10° cells after 6 h of growth, a value well-
separated from both the high (‘growing’) or lower (‘not growing’)
clusters found in the data. Likewise, the analysis omitted any
replicate set with a mean cell count that was either less than
5 x 10°¢ cells or less than the media blank mean plus 2 standard
deviations, and any replicate set with only a single replicate. All
told, of the 146 replicate sets from the eight labs passing quality
control, 20 were excluded for failure to grow. Constructs in the
pOpen_v4 backbone had a higher failure rate (16 of 40 replicate
sets) than the pOpen_v3 backbone (4 of 106 replicate sets).

3. Methods: unit scaling factor computation

Unit scaling factors are computed using the same methods as pre-
sented in (4), substituting alternative reference values as appropri-
ate.

The scaling factor, S, for relating molecules of fluorescent cal-
ibrant (or number of silica particles) to arbitrary fluorescent (or
absorbance) units is computed as one parameter of a fit to a
model of the dilution series measurement that includes a term
for systematic pipetting error.

If we ignore pipetting error, then the model for serial dilution
has an initial population of calibrant p, that is diluted n times
by a factor of « at each dilution. So, the expected population of
calibrant for the ith dilution level is:

pi=po(l—a)a’™ 1

In the case of the specific protocols used here, a=0.5; and
po=3x108 for silica particles, p,=1.204 x 10’ molecules for
sulforhodamine-101, and p, = 6.02 x 101® molecules for fluorescein
and Cascade Blue.

The model that includes systematic pipetting error modifies
the intended dilution factor a with the addition of an unknown
bias 3, such that the expected biased population b; for the ith
dilution level is:

b =py(1—a—pB)(a+p)! 2

We then simultaneously determine g and the scaling factor, S,
using a least-squares fit of the data to the form:

log(b;) =1og(S - (1(0;) — u(B))) 3)

where 1(0;) is the mean of the observed values for the i™* dilu-
tion level and u(B) is the mean observed value for the blanks; and
where we use only data over the longest sequence of dilution lev-
els for which u(0;_1)/1.5 > p(O;) > u(B) + 20(B), where o(B) is the
standard deviation of the blanks. Note that results are not partic-
ularly sensitive to the tolerance constant of 1.5 (used also in (4)
and (3)), as the absolute maximum pipetting error 8 found for any
sequence is just over 10%. Note also that a potential alternative
model substitutive instrument non-linearity for pipetting bias can
be found in (6).

The OD600 and fluorescence a.u. data from Escherichia coli sam-
ples are converted into calibrated units by subtracting the mean
blank media values for OD600 and fluorescence a.u., then multi-
plying by the corresponding scaling factors for the corresponding
fluorescent calibrant and OD600.

We note that in (8), it was found that the overlap between red
fluorescent proteins and OD600 can cause overestimates of cell
population that lead to fluorescence per cell underestimates of
up to 10%. This bias will be present in the data presented here,
due to the use of OD600, but the effect magnitude is small
compared to total observed variation and should in any case be
consistent across laboratories.

4. Methods: statistics and reproducibility

As reproducibility is the main subject of this study, see the Results
section above forits full presentation. In addition to the discussion
of statistical analyses in the Results section, we note the following
details of statistical analyses:

e Coefficient of variation is computed per its definition, as the
ratio of the standard deviation to the mean.

e Fluorescence values are analyzed in terms of geometric mean
and geometric standard deviation, rather than the more typ-
ical arithmetic statistics, due to the typical log-normal distri-
bution of gene expression (2).

Data analysis was performed with Matlab.

5. Extension of serial dilution protocol to
new colors

The serial dilution calibration protocol we use was first developed
for calibrating GFP measurements using a fluorescein calibrant (5),
then adapted for calibrating cell count measurements to a silica
particle calibrant (4). In both cases, the concept is simple: begin-
ning with a stock of calibrant at a defined concentration, execute

€202 YoJe|\ /Z UO Jasn BIOUS|e/\ 8p BOIUD8N|0d 1elsSIaAIun AQ 8€20599/0 1 02esA/L///a1onie/oIquAs/woo dnoolwapese//:sdny woll papeojumod



a 2-fold serial dilution series to produce a range of known con-
centrations. A conversion factor can then be computed by fitting
the observed readings against the expected concentrations in the
dilution, and further tuned by accounting for pipetting error as
well.

The starting concentration and length of the dilution series are
chosen to cover the full anticipated measurement range of a typ-
ical fluorescence plate reader, from above the highest expected
biological value to near-zero in the background diluent. Likewise,
excitation and emission wavelengths are chosen based on the
spectrum of the calibrant and target class of fluorescent protein,
preferably matching a common flow cytometry channel where
possible. With the protocol established in (4), fluorescein was used
with 10 umol/l as the starting concentration and diluted 10 times
with PBS as the diluent. Then, fluorescence was measured with
excitation at 488 nm (or closest applicable bandpass) and an emis-
sion filter of 530 nm/30 nm (i.e. 2 30 nm bandpass filter centered
at 530 nm, spanning the range of 515 to 545 nm). Silica particles
are used with 3 x 10° microspheres per ml as the starting concen-
tration and are diluted 10 times with water as the diluent. Then
absorbance was measured at 600 nm.

The fluorescein and silica particle calibrants were selected
using the following criteria:

e Good spectral match for biological measurement target:
Spectral match does not need to be perfect, but if it is not a
good approximation, then calibration cannot apply.

e Readily soluble in PBS or water: Materials that require other
solvents, such as DMSO, increase handling difficulty.

e Widely available at low cost: The materials cost for fluo-
rescein and silica particles is well under $1 US per protocol
execution.

o Stable for room temperature shipping: Using materials that
do not require a cold-chain also increases accessibility, as well
as allowing preparation of low-cost kits.

e Matches a flow cytometry calibrant: Equivalence between
flow cytometry and plate reader data have been demonstrated
in (4) and (3). Thus, while flow cytometry was not used in this
study, choosing fluorescent calibrants that match an estab-
lished flow cytometry calibrant can enhance value by enabling
data fusion between the two modalities.

To extend these protocols to new calibrants for red fluores-
cence and blue fluorescence, we needed to identify dyes that met
as many of these criteria as possible.

For red fluorescence, we first considered Nile Red and PE-Texas
Red, which are good spectral matches for many red fluores-
cent proteins and which, like fluorescein, match well-established
flow cytometry channels in SpheroTech flow cytometry calibra-
tion beads (11). Unfortunately, Nile Red proved difficult to dissolve
and PE-Texas Red was too expensive for our requirements. Given
these drawbacks, we shifted to sulforhodamine 101, which is
similar both in molecular structure and spectral properties to PE-
Texas Red, but which could be obtained at a much lower expense.
Unfortunately, however, this does not match a current flow cytom-
etry calibrant. From preliminary experimentation with sulforho-
damine 101, we selected 2 pmol/l as the starting concentration
and dilution 10 times with a PBS diluent. Measurement was set for
excitation at 561 nm with an emission filter of 610 nm/20 nm, a
common flow cytometry red fluorescence measurement channel.

For blue fluorescence, we first considered Pacific Blue and
Coumarin 30, which are good spectral matches for many blue and
cyan fluorescence protein and which also match well-established
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flow cytometry channels. Here we found much the same challenge
as with red fluorescence: Coumarin 30 was difficult to dissolve and
Pacific Blue was too expensive, as well as presenting some stabil-
ity problems. Given these drawbacks, we shifted to Cascade Blue,
which could be obtained at a reasonable expense and is soluble in
water. From preliminary experimentation with Cascade Blue, we
selected 10 ymol/l as the starting concentration and dilution 10
times with a water diluent. Measurement was set for excitation at
405 nm with an emission filter of 450 nm/50 nm, a common flow
cytometry blue fluorescence measurement channel.

To facilitate the preparation of the reference solutions across
labs we have determined the extinction coefficients of the
calibrants, finding for fluorescein E,q;=68.029M™'cm™; Cas-
cade Blue E399=28.902M~'cm™; and sulforhodamine 101 Eygo=
98.856 M~' cm™! (Supplementary 4 - Measurement of Extinction
Coefficients). Protocols users can therefore determine the concen-
tration of their reference solutions from a simple spectrophoto-
metric measurement without requiring more painstaking analyt-
ical techniques.

6. Experiment design

To test our selections for red and blue calibrants, we organized
an interlaboratory study. The protocol for this study was closely
based on that used in (4) for dilution series calibration and cell
culturing (omitting only the alternative cell count protocols that
were tested in that study). Briefly, each laboratory was provided
with two 96-well plates containing a set of plasmid constructs
(see below). Laboratories were instructed to transform each con-
struct into E. coli DH5-alpha cells and select two of the resulting
colonies for each construct. Each colony was grown in liquid
culture overnight, then diluted and grown (in duplicate) for an
additional 6 h. Absorbance (OD600) and fluorescence were then
measured for each culture in a plate reader, i.e.,, each condition
should have a replicate set containing a total of four replicates.

Laboratories were also instructed to prepare and measure a
dilution series for each calibrant as described above. To accom-
modate the two additional calibrants, we modified the dilution
series calibration protocol from (4) to reduce each calibrant from
four replicates to two replicates, i.e., each condition should have a
replicate set containing two replicates. This reduction allows cal-
ibration with the same total amount of effort and resources, at
a tradeoff of a relatively small increase in risk given the level of
reliability and precision found for the serial dilution protocol in
the prior study. The complete protocol as provided to participating
laboratories is provided in Supplementary 1-Protocol.

To maximize comparability with prior experiments, five of the
same constitutive GFP constructs were used as in (4): the positive
GFP control for the study (120270, which is constitutive expres-
sion of GFP with promoter J23151) along with constitutive GFP
expressed with a strong promoter (j23100), medium promoters
(J23106, J23116) and a weak promoter (J23117). Due to constraints
in fabrication versus the experimental timeline, however, we
needed to switch to a different plasmid backbone, for which we
selected the FreeGenes (https://stanford.freegenes.org/) pOpen_v3
backbone, which uses the same origin of replication as the iGEM
PSB1C3 used in the prior study. Likewise, fabrication constraints
dictated the use of a new negative control containing no sequence
for expressing any fluorescent protein.

In addition to GFP, we needed to have red and blue fluorescent
proteins, all to be expressed constitutively for simplicity. Here,
we used FPbase (10) to select proteins that were strong, stable,
with spectral properties that overlapped reasonably well with the
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selected calibrants, and, where possible, without active patent
restrictions. For this purpose, we selected the well-established
mRFP1 and mcCherry for red. For blue calibration, we consid-
ered both blue and cyan proteins: EBFP, mTagBFP2, and mmil-
CFP for blue, and ECFP, mCerulean3, and meffCFP for cyan.
Specifically, for sequences for GFP, mRFP1 and mCherry we used
iGEM registry parts with many previous reports of success in
E. coli (respectively BBa_E0040, BBa_E1010 and BBa_J06504); for
the other fluorescent proteins we used amino acid sequences
from FPbase codon-optimized for E. coli using the IDT codon
optimization tool (https://www.idtdna.com/CodonOpt). We then
included these eight fluorescent proteins, plus GFP, in constitu-
tive constructs driven either by the strong J23101 or medium
J23106, in a pOpen_v3 backbone. These constructs, plus the neg-
ative control and five other constitutive GFP constructs, made a
total of 24 genetic constructs to be evaluated in the culturing
protocol.

Unfortunately, issues encountered during the design and fab-
rication process led to two deviations from this experimental
design. First, the J23106 promoter was fabricated with two base-
pairs switched (except for the J23106 GFP combination, which was
produced in two forms, one correct and one with the switched
base-pairs); we designate this accidental alternate promoter pNew
in our presentation of results below. Second, many of the strong
promoter strains failed to properly fabricate in the pOpen_v3
backbone and had to be switched into the alternative pOpen_v4
backbone, which is designed to be an easier cloning target with
a lower copy count. These latter strains were also not able to
be delivered until after some participating laboratories had com-
pleted data collection, and thus were only tested in approximately
half of the participating laboratories. Given time constraints
and the fact that the primary focus of the study was the cali-
brants and not the cells, however, a decision was made to pro-
ceed: strains that fail to express a fluorescent protein should
still produce equivalent autofluorescence and background fluo-
rescence readings in every lab, and thus there is value in com-
paring measurements from cells that do not significantly express
a fluorescent protein, as well as from those that do. Genetic
construct designs, including the pOpen_v3 and pOpen_v4 back-
bones, and the construct plate information that was provided
to participating laboratories are provided in Supplementary 2-
Designs.

7. Results

Nine participating laboratories collected data following the exper-
iment design given above, of which eight passed a calibrant qual-
ity control assessment ensuring that values were non-negative
and decrease with dilution. Similarly, quality control for cell cul-
ture data excluded channels with an implausibly high fluores-
cent background and individual cell samples without significant
growth. Additional detail on criteria for data selection is provided
in section 2.

We first analyzed the data collected from calibrants, then used
the unit conversions from this analysis in order to analyze cell
culture data. To be effective, the dilution series needs to provide a
predictable sequence of values across a large linear range of mea-
surement. Not all measurement values are linear, however: at the
high end measurements can become compressed or overflow due
to sensor saturation, while at the low end the measurements can
become indistinguishable from background noise. Figure 1 shows
the number of dilutions in the linear range identified for each dilu-
tion series (section 3). In general, the linear range is wide, ranging
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calibrants is able to produce dilution sequences with an exponential
decrease in value across a similarly large range of measurement as for
fluorescein and silica particles. Each box summarizes data from the
eight labs passing quality control criteria: plus indicates geometric
mean, center line indicates median, top and bottom edges indicate 25th
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from a mean of 7.1 steps (140-fold range) for silica particles to
a mean of 9.3 steps (660-fold) for fluorescein. The new sulforho-
damine and Cascade Blue calibrants exhibit similar linear ranges
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Figure 3. Geometric mean for calibrant replicate sets (two replicates each), normalized to dilution level, shows tightly clustered exponential decrease

for most calibrants in most labs.

to the established calibrants, with a mean of 7.8 steps (220-fold)
and 8.9 steps (430-fold), respectively. In only three cases did the
identified linear range include less than five dilution levels, two
apparently due to instrument settings resulting in a high back-
ground and one apparently due to inconsistency in pipetting (as
indicated by mean ratios between dilution levels ranging from 1.12
t0 3.25).

Figure 2 shows the coefficients of variation for the individual
replicates sets for each calibrant at each dilution level in the linear
range in each lab, which offer one view of the precision with which
an individual can construct the dilution series. These are quite
low, ranging from a geometric mean of 0.019 for silica particles
to a geometric mean of 0.046 for sulforhodamine 101, meaning
that in general one can reasonably require replicates to be within
a few percent of one another. Again, there is no notable difference
between the precision offered by the established calibrants versus
the new red and blue calibrants.

The actual unit conversion between measurements and cal-
ibrated values is computed by fitting the linear-range measure-
ments against a dilution model incorporating a term for system-
atic pipetting error, as presented in (4) and reviewed in section 3.
Figure 3 shows that the calibrant curves take the expected form,
with the mean values of each pair of replicates forming gener-
ally smooth exponential curves across the identified linear range.
Figure 4(a) shows that there do not appear to be any systematic
pipetting issues associated with either of the new calibrants. All
four calibrants have a mean absolute pipetting error less than
2%, and the distributions show no notable difference between
the established calibrants versus the new red and blue calibrants.
Likewise, the residuals shown in Figure 4(b) indicate that the
empirical data also matches well to the model for all four cali-
brants. All together, this analysis of the four calibrants indicates
that sulforhodamine 101 and Cascade Blue can be used to con-
struct serial dilutions as robust and precise as those constructed
with silica particles or fluorescein.

We now turn to using these calibrant curves to compare mea-
surements across laboratories. Figure 5(a) shows the results for
the calibrated cell count for each strain at each laboratory that
was able to successfully culture it (section 2). Unfortunately, due
to the problems in construct fabrication noted above, the nine
pOpen_v4 constructs, comprising most of the strong promoter
strains, were only able to be tested in five laboratories. These con-
structs also encountered growth problems for unknown reasons:
only 24 replicate sets successfully cultured and passed quality
control for these nine strains, and one strain (pOpen_v4 J23101
EBFP) did not have a single successful replicate set. Note that we
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Figure 4. Model fitting for sulforhodamine 101 and Cascade Blue finds no
notable difference in either the pipetting error observed (a) or the fit
quality of the resulting model, shown from the plot of the residual
between the fitted response and the experimental data (b). In each box,
plus indicates geometric mean, center line indicates median, top and
bottom edges indicate 25th and 75th percentiles, and whiskers extend
from 9-91%.
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geometric mean, center line indicates median, top and bottom edges indicate 25th and 75th percentiles, and whiskers extend from 9-91%. The value
for each replicate set is computed as the geometric mean over 2—4 replicates, depending on exclusions, with per-set exclusion information found in

Supplementary 3-Data Digests.

still include all of the strains, including failed strains, both here
and in the analysis of fluorescence below, because the calibra-
tion that is the primary focus of the study helped us to assess
that failure and to compare the measured values with biological
expectations.

Amongst strains with at least two labs producing successful
replicate sets, the geometric mean of geometric standard devi-
ations in estimated cell count is 1.92-fold (note that (4) did not
evaluate consistency of cell count, only its derivative value of
fluorescence per cell). There is also a relatively large amount of
strain-to-strain variation in cell growth within some individual
labs (Figure 5(b)), with the geometric mean of geometric standards
deviations in estimates within a lab being 1.48-fold. This indicates
that a significant portion of the variation for each strain can be
attributed to variation in culturing, as opposed to variation in cal-
ibration. For example, the visibly lower cell count values for the
pOpen_v4 J23101 mTagBFP2 construct come from Lab 2 and Lab
7, which have the highest degree of variation amongst all of the
laboratories. Differences in agitation and aeration may play a sig-
nificant role in such variation, and would be an appropriate topic
for future study.

Figure 6 shows the calibrated fluorescence per cell for each
strain with at least two valid replicate sets for all three fluores-
cent colors, in units of Molecules of Equivalent Sulforhodamine
101 (MESR), MEFL, and Molecules of Equivalent Cascade Blue
(MECB). Note the increased data drop-outs due to range issues
with fluorescence measurements (section 2): in one dataset, cali-
bration and culturing were apparently collected with inconsistent
instrument settings for the red and green fluorescence, and three
other datasets had their blue fluorescence data excluded due to
high media background. Unfortunately, the confluence of these
issues and the construct fabrication issues means that fewer
than expected of the constructs show significant fluorescence:
the accidentally constructed pNew promoter does not appear
to function, and not all J23101 strains have two valid replicate
sets.

In subsequent discussion, we will consider significant differ-
ence to be two standard deviations of separation from the non-
fluorescent control: specifically, for condition X, the ratio of geo-
metric mean X over geometric mean non-fluorescent greater than
twice the geometric mean of the standard deviations of X and the
non-fluorescent control. Due to challenges with high background
and small numbers of data points, very few conditions meet this
test for significance. We thus do not emphasize significance of dis-
tinction from background, since we do not believe this is a strong
conclusion to be taken away from this study, i.e., any protein that
meets the significance test is likely good to use, but proteins that
do not meet the significance test may not be disqualified.

For the five strong constitutive GFP strains, four are mea-
sured as expressing green fluorescence with a mean above that
of the mean for non-fluorescent cells, though due to the high
background only pOpen_v4 J23100 GFP meets our test for signif-
icance. The observed values for pOpen_v3 J23106 GFP, pOpen_v3
J23116 GFP, pOpen_v4 J23100 GFP and pOpen_v4 J23101 GFP are
within error of those established in (4), while pOpen_v3J23151 GFP
(i.e. 120270) is not distinguishable from the higher-than-expected
background. The pOpen_v3 J23117 GFP construct is not distin-
guishable from background (as expected given its established
value of approximately 10> MEFL/cell in (4) and (3)), as are all
non-GFP constructs.

For red fluorescent proteins, both of the pOpen_v4 J23101
strains have strong protein expression at an MESR/cell level quite
similar to the pOpen_v4 ]J23101 GFP MEFL/cell level: 0.91 x 106
MESR for mRFP1, 0.70 x 106 MESR for mCherry and 2.21 x 10 MEFL
for GFP. The high standard deviation of J23101 mCherry, however,
means that only J23101 mRFP1 meets our test for significance.
While MESR and MEFL cannot be directly compared without addi-
tional analysis of spectra or dual constructs, the similarity of these
numbers is nonetheless encouraging, since the calibrants were
chosen with the intention of making as close a spectral match
as feasible. All non-RFP constructs are not distinguishable from
background, as expected.
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Figure 6. Fluorescence per cell for each strain with at least two valid replicate sets; blank columns indicate strains without sufficient valid sets: (a)
four of the six constitutive GFP strains express green fluorescence above background, (c) J23101 mRFP1 and J23101 mCherry strains show strong red
fluorescence, (e) J23101 ECFP and J23101 mTagBFP2 strains appear to express blue fluorescence above background, while several other strains are
ambiguous. Bars show mean and +1 standard deviation for each calibrant; dots show values for individual replicate sets; blank columns indicate
strains with <2 valid. Fluorescence per cell for each laboratory for all non-fluorescent and pNew strains with at least two valid replicate sets is shown
for (b) green, (d) red and (e) blue fluorescence. In each box, plus indicates geometric mean, center line indicates median, top and bottom edges indicate
25th and 75th percentiles, and whiskers extend from 9-91%. Blank columns indicate laboratories without sufficient valid sets. The value for each
replicate set is computed as the geometric mean over 2—4 replicates, depending on exclusions, with per-set exclusion information found in
Supplementary 3-Data Digests.

For blue and cyan fluorescent proteins, the pOpen_v4 J23101  mTagBFP2 means that only ECFP meets our significance test),
strains for mTagBFP2 and ECFP have measured means well  while those for meffCFP and mCerulean3 are weaker but still pos-
above background (though the higher standard deviation of  sibly above background. The pOpen_v4 J23101 mmilCFP strain is
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not distinguishable from background, however, and the pOpen_v4
J23101 EBFP strain did not grow well in any participating lab-
oratory. Several of the pOpen_v4 strains with other fluorescent
proteins also appear to be potentially distinguishable from back-
ground, which should not be the case: the means of pOpen_v4
J23100 GFP, pOpen_v4 J23101 GFP, pOpen_v4 J23101 mRFP1 and
pOpen_v4 J23101 mCherry are noticeably higher from those of
other non-blue constructs, which is of potential concern even the
actual data in the study does not meet our threshold for signif-
icance. Looking at raw data (Supplementary 3-Data Digests) it
appears this may be an artifact of the high background in this
channel for those particular data sets. Both this high background
fluorescence and the expression levels measured for high blue
fluorescent protein expression also bring into question the rela-
tionship between molecules of Cascade Blue and blue fluorescent
proteins. The extinction coefficient for Cascade Blue is notably
lower than that for the other fluorescent calibrants (Supplemen-
tary 4-Measurement of Extinction Coefficients), which hints that
the actual ratio of dye molecules to protein molecules may be
significantly higher in this range than for red and green.

Finally, we can evaluate how well the calibrants allow compar-
ison of fluorescence measurements between different labs. Across
all strains with at least two valid replicate sets (section 2), the
geometric mean of geometric standards deviations is 2.37-fold
for red fluorescence, 2.44-fold for green fluorescence, and 2.27-
fold for blue fluorescence. As with cell growth, there is also a
relatively large amount of strain-to-strain variation in the fluo-
rescence measured from the cells without a functional promoter
(non-fluorescent control and nine pNew strains) within some
individual labs (Figure 6(b), 6(d), 6(f)). The geometric mean of
geometric standards deviations in estimates within a labs being
1.34-fold for green, 1.40-fold for red and 1.27-fold for blue. Over-
all, this is a smaller portion of variation than with cell growth,
but still significant. Moreover, the fact that some labs have much
lower variation than others and that all labs have similar degrees
of variation across colors. As with cell growth, this too suggests
that a significant portion of the variation for each strain can be
attributed to variation in culturing, as opposed to variation in
calibration.

Although the level of variation between data sets is not quite
as good as in (4), a slight reduction in precision is consistent with
the fact that (4) also filtered data based on expected control val-
ues, while in this study we do not attempt such filtering because
there are few datasets and no pre-established values to compare
against for red or blue fluorescence. More importantly for the
present study, however, the distributions show no notable differ-
ence between the established calibrants versus the new red and
blue calibrants.

8. Discussion

We have extended the prior serial dilution protocols for calibra-
tion of plate reader measurements of green fluorescence and cell
count to be applicable to red and blue fluorescence, using cal-
ibrants sulforhodamine 101 and Cascade Blue, respectively. By
means of an interlaboratory study, we have shown that these new
calibrants appear to provide a similar level of robustness and pre-
cision in constructing serial dilutions. We have also shown that
these dilutions can be used to compare fluorescence measure-
ments between laboratories, a key requirement for reproducible
red and blue fluorescence measurements.

There are some important limitations of the current study,
however. Notably, the MECB/cell values for blue fluorescence
are much higher than expected, even given the difference in
extinction coefficient, and suggests that there is need to better
understand the relationship between Cascade Blue and blue flu-
orescent proteins (e.g. via purification of fluorescent protein as
proposed in (7)). The challenges with background level also sug-
gest ways that the protocol might be improved in the future,
notably by adding a procedure for adjusting the fluorescence
range to be measured by the plate reader and by switching from
LB to some other culture medium with lower background levels
of fluorescence. The protocol might also be improved by tak-
ing into account specific properties of the microplates and the
potential for well-to-well variation in the operation of a plate
reader, per (1) That said, we believe that it is at least clear that
the serial dilution calibration protocol can be effectively applied
for other fluorescent colors, even if additional study and adjust-
ment of the protocol and interpretation may provide further
improvements.

We note also that some may be reluctant to introduce cal-
ibration protocols, due to the fact that adding these protocols
does add some complexity and with it the potential for errors in
collection or interpretation of calibration data. We would argue,
however, that such potential costs are more than offset by the
opportunity to identify issues in the biological side of a protocol,
which are common, often costly, and much more difficult to debug
without the aid of reference points enabled by calibration. Anoma-
lies discovered via calibration can also be used as a decision
point for initiating more in-depth and costly debugging proce-
dures, such as sequence verification (which was not part of this
study).

Given this success, a useful future activity would be to
extend the serial dilution calibration protocol to additional cali-
brants for other classes of fluorescent molecules (e.g. far-red/IR
or larger separation between excitation and emission). Simi-
larly, the protocol could be extended to other classes of cells
grown in suspension, such as yeast, mammalian cells, plant
protoplasts, by matching these larger cell types with appro-
priately sized silica particles. In both cases, the mechanisms
involved are no different than the current cases, and thus the
extension is anticipated to involve no more than a straight-
forward change in the selected calibrant. Calibration of lumi-
nescence would be desirable as well, but will be more complex
due to the mechanisms for producing luminescence. The meth-
ods should also be extensible beyond 96-well plates to other
high-throughput labware, such as 384-well plates or microflu-
idic systems. Finally, a more detailed computation of the rela-
tionship between spectra may allow a mapping from equivalent
calibrant molecules to an estimate of the actual molecules of
interest.

Supplementary Data
Supplementary data are available at SYNBIO Online.

Material availability

All constructs used in this manuscript can be obtained under the
unilateral OpenMTA from https://stanford.freegenes.org/.
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