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Abstract: Laser-scanning microscopy allows rapid acquisition of
multi-channel data, paving the way for high-throughputghhcontent
analysis of large numbers of images. An inherent problensofgumultiple
fluorescent dyes is overlapping emission spectra, whiadhtees channel
cross-talk and reduces the ability to extract quantitativeasurements.
Traditional unmixing methods rely on measuring channeksitalk and
using fixed acquisition parameters, but these requirenagataot suited to
high-throughput processing. Here we present a simple attormethod
to correct for channel cross-talk in multi-channel imagesing image
data only. The method is independent of the acquisitionrpatars but
requires some spatial separation between different dyé&seinmage. We
evaluate the method by comparing the cross-talk levels timages to
those measured directly from a standard fluorescent slide.riiethod is
then applied to a high-throughput analysis pipeline thaasnees nuclear
volumes and relative expression of gene products from ttieensional,
multi-channel fluorescence images of whblesophila embryos. Analysis
of images before unmixing revealed an aberrant spatiaé@ion between
measured nuclear volumes and the gene expression pattéra Bhorter
wavelength channel. Applying the unmixing algorithm bef@erforming
these analyses removed this correlation.
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OCIS codes: (180.2520) Fluorescence microscopy; (100.2000) Digitahge processing;
(100.2960) Image analysis.
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1. Introduction

The advent of fast laser-scanning fluorescence microsdpysalarge, three-dimensional im-
ages to be acquired in rapid succession. These data set®aiding unparalleled information
about spatiotemporal macromolecular dynamics within wefas, cells, tissues and animals.
They are also leading to the creation of multidisciplindfgis in data management, visualiza-
tion and quantitative image analysis so that biologicalgvant information can be extracted
and analyzed efficiently.

Many applications require multi-channel imaging to alloatalfor several different fluores-
cent dyesto be compared in the same context. Despite itsapiglecation, multi-channel imag-
ing using traditional organic dyes suffers from the inh¢oblem of overlapping emission
spectra, leading to light from more than one dye being ctdbby each acquisition channel
when the dyes are simultaneously excited (Fig. 1). Thisceftecalledcross-talk. To compu-
tationally reduce cross-talk, varioghannel unmixing methods have been reported. The tra-
ditional unmixing scheme [1, 2] relies on the cross-talkelsvbeing measured [1, 3] for a
particular set of acquisition parameters, which are thex digr all subsequent imaging. More
recently, spectral imaging [4, 5, 6], which records the éuflission spectrum per pixel, has been
used to remove cross-talk. Other unmixing techniques hiseebeeen proposed which require
knowledge of the object shape [7] or the use of principal congmt analysis [8]. However,
neither the traditional nor these other techniques aredtit high-throughputimaging. For the
traditional method, the cross-talk needs to be measures ahen the sample or acquisition
parameters are changed. For spectral imaging, measugrgglssion spectra substantially in-
creases the acquisition time and the image size. Methodsrimga priori knowledge of the
object shape are not robust, and principal component @rdigis been shown to be unsuitable
for channel unmixing [5].

Here we report an automated, fast method of channel unmikatgemoves cross-talk from
multichannel images using only the image data. The methed dot require prior measure-
ments of cross-talk levels or emission spectra and is inubg® of the relative gains between
acquisition channels. It does require some spatial seéparaétween different dyes in the im-
age, but this separation is present in most applicationsm@thod also assumes that the cross-
talk is unidirectional, where emission from the shorter @lemgth dye is recorded in the longer
wavelength channel. This, however, is a reasonable asgamifthe emission peaks of the dyes
are far enough apart, because emission spectra of traaliboganic dyes are usually asymmet-
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Fig. 1. Overlapping emission spectra of three fluoresceas dyhe shaded areas indicate
the wavelength intervals that are acquired in each chaNimé& how the channel recording
the Sytox Green signal also records the tail of the Coumagimag but the Sytox signal is
minimal within the Coumarin acquisition window. In the sawey, the Sytox signal bleeds
through to the Cy3 channel, but not the other way around.

ric, having long red-shifted tails (Fig. 1). The method gsyforms well in the presence of
autofluorescence, even though it does not remove autofltenwes from the image.

We first demonstrate the utility of our method using imagdkected from a standard fluo-
rescent microscopy slide. Single photon excitation wasl uafich allowed a comparison of
our method with the traditional method. We then apply the method to a high-throughput
analysis pipeline that quantifies gene expression and ro@ygh at cellular resolution from
images of wholéDrosophila blastoderm embryos [9, 10]. The pipeline consists of adtijis
of three-dimensional, multi-channel fluorescence imade&ghole embryos using two-photon
excitation; automated segmentation of nuclei within theogm and quantification of gene
product in and around each nucleus. Using these images,awetbat our automated channel
unmixing method removed an aberrant spatial correlatidwdsen measured nuclear volumes
and the fluorescence intensity of the expression pattetreishiorter wavelength channel.

2. Results

2.1. Computed versus measured cross-talk values

To evaluate our automated unmixing algorithm, we imagedietatof view from a commercial
test slide and compared the results of our algorithm to thttined with the traditional cross-
talk measurement method. The test slide was chosen bec¢alissved us to demonstrate the
ability of our method in cases where the different dyes havesiderable spatial overlap. The
field of view was imaged with three different acquisition figarations to record themeasured
green image (Fig. 2(a)), themeasured red image (Fig. 2(b)), themeasured green-to-red cross-
talk (Fig. 2(c)), and themeasured pure red image (Fig. 2(d)). We then used our algorithm to
derive theestimated green-to-red cross-talk (Fig. 2(e)), and thestimated pure (unmixed) red
image (Fig. 2(f)). Since the red dye excitation had no influencetmngreen channel (data not
shown), we used the measured green image as if it wenegagired pure green image.

These two estimates were computed from the joint histogratheomeasured red versus
measured green images (Fig. 3(a)), using the theory destciibthe Methods. This skewed
histogram shows the data along the green channel axis tafbeddiowards the red axis which
indicated a significant amount of cross-talk from the greleanoel into the red, but not from
the red into the green. To determine the cross-talk levelatgorithm calculates the slope of
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Fig. 2. Comparison of the automated unmixing method withntleasured cross-talk using
a standard test slide of bovine pulmonary artery endothegiés. (a) Themeasured green
image (F-actin, BODIPY) and (b) theneasured red image (microtubules, Texas Red) were
recorded using simultaneous excitation at 488 nm and 543 hmgain and offset of each
channel were independently set to fill the 12 bit dynamic easfghe images. (¢) The image
of the measured cross-talk from the green to the red channel was then recorded in the red
channel using only green dye excitation at 488 nm, and usiegame gain and offset as
that for the measured red image. (d) Theasured pure red image was recorded in the red
channel using only red dye excitation at 543 nm, again ugiegsame detector settings.
(e) Theestimated cross-talk image and (f) theestimated pure red image calculated from the
measured green and measured red images shown in (a) anchébhal in (a) is 5Qum.
The same, small gamma change has been performed on all incegielsance the contrast
in the dark areas and thus make the cross-talk better visible
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Fig. 3. Joint histograms are used to estimate cross-ta##tde{a) Red-green joint histogram
before and (b) after unmixing with the proposed algorithrhe rosses are the points
detected by the algorithm on each horizontal line throughhibtogram. The dashed line is
the fit through these points. The offset alongxkexis (red channel) of this fitted line was a
result of the autofluorescence, which had a different streimgthe two channels, and was
ignored. The continuous line, going through the origin,fishe same slope as this fitted
line, and corresponds to the vertical axis in the correctstgram (b). (c) Joint histogram
of the measured green image versus the green-to-red el&sstotice that the red channel
axis offset is less than in (a). This is because the 488 nm éxsites less autofluorescence
than the 543 nm laser. (d) Red-green joint histogram usie@tine red image, which shows
the expected shape for the histogram plotted in (b). (e} histogram of the measured red
image versus the measured pure red image, using only pixélgreen intensity of 2000
or more. The cross-talk shifts the plot off the diagonal talsahe right. (f) Histogram as in
(e) but using the estimated pure (unmixed) red image raltzar the measured red image.
The algorithm was able to shift the plot back towards the aliady The white dots in (e)
and (f) are the center of mass of the pixel data.
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the best fit line (Fig. 3(a), dashed line) through maxima ehitstogram along lines of constant
green channelintensity (Fig. 3(a), crosses). The sloga®fihe (0324 0.03) gives the fraction
of the green channel that had bled through to the red chahinek-axis (red channel) offset of
this line was a result of the autofluorescence and was igndtezlpure red image (Fig. 2(e))
and the estimated cross-talk image (Fig. 2(f)) were themplsicalculated from this value. The
joint histogram of the measured green channel versus timeaget! pure red channel (Fig. 3(b))
shows the skew has been corrected when cross-talk has reenae.

Next we determined the cross-talk level using the tradé@iemmixing method, by calculat-
ing the linear least squares slope of the histogram of theuaned green image versus the meas-
ured cross-talk image (Fig. 3(c)). The result3@8+ 0.001) was consistent with the cross-talk
level estimated by our algorithm. This was confirmed by thetjbistogram of the measured
green image versus the measured pure red image (Fig. 3{d)similarity of this histogram
to that of Fig. 3(b), indicates our automated method is acéffe as the traditional unmixing
method in reducing cross-talk. Finally we plotted the jdirgtograms of the measured pure
red image versus the measured red image (Fig. 3(e)) and tagsunmegl pure red image versus
the estimated (unmixed) pure red image (Fig. 3(f)). Foréhaistograms only pixels with a
large green channel component 2000) are shown, since these are most affected by cross-
talk. Notice that the considerable offset from the diagandlig. 3(e), due to cross-talk, was
fully corrected once the cross-talk has been removed (FiY. Bividing the horizontal offset
of the dot to the diagonal in Fig. 3(f) (7809) into the average green intensity for these pixels
(2423+ 8) yielded another estimate of the cross-talk leve323+ 0.004) which was consistent
with the values computed by our method and the traditionat@grch.

2.2.  Automated channel unmixing removes aberrant correlation between measured nuclear
volumes and gene expression intensity

To demonstrate the utility of the unmixing algorithm, we g@et results of its application to
a high-throughput image analysis project (http://BDTHNRJov). Figure 4(a) shows an optical
section through the middle of Brosophila embryo at stage 5. Total DNA was labeled with
Sytox Green (green), the mRNA product for géughi tarazu (ftz) was labeled with Coumarin
(blue), and the mRNA product faven-skipped (eve) was labeled with Cy3 (red). Figure 4(b)-
(d) show the blue, green and red channels, respectivelyegidrtion of the embryo in Fig. 4(a)
indicated by the white box. Unmixing the three channelsltedun the unmixed green and red
images (Fig. 4(e),(f)). The effect of the unmixing is regdilsible, and the degree of cross-
talk is apparent from the skew of the corresponding jointdgisams (Fig. 4(g),(h)), each of
which show cross-talk from the shorter wavelength charm#ié longer wavelength channel.
Figure 4(i),(j) show the joint histograms after unmixing.

Analysis performed without channel unmixing revealed diapeorrelation between the nu-
clear volumes, measured from the green channel, and thessipn pattern imaged in the
blue channel. The correlation was clearly aberrant andylikaused by cross-talk. To test
this hypothesis, two cohorts of images were selected hawiithgr ftz or eve expression in
the blue channel. Both these gene expression patternsstafiseven stripes as illustrated
by Fig. 5(a),(b). Figure 5(c) shows a plot of the averagetikedevels of gene expression,
as a function of embryo egg length, ftiz (purple line, 24 embryos) anele (yellow line,
33 embryos), measured from lateral strips along both sifleach embryo. In Fig. 5(d),(e),
the average nuclear volumes are plotted, for the same llateif@s, before and after channel
unmixing, respectively. Clearly, the anomalous correlatf measured nuclear volumes with
expression pattern in Fig. 5(d) has been removed by channgking, as shown by Fig. 5(e).
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Fig. 4. Application of the method to a high-throughput imagelysis pipeline. (a) An op-
tical slice through the middle of a 3D confocal image of atffiyiembryo, stained for DNA
with Sytox Green, foftzmRNA with Coumarin (blue) and faave mMRNA with Cy3 (red).
The white rectangle indicates the region of interest used@p(f). (b) Region of interest
from the blue channel, (c) the green channel and (d) the redneid as measured. (e) The
image from the green and (f) red channel after unmixing usiregproposed algorithm.
(g) Joint histogram of the blue channel versus the greenngiagh) Joint histogram of the
green channel versus the red channel. (g) and (f) show tikspaétected by the algorithm
(crosses) and the linear fit through these pointgghed line). (i) Joint histogram of the blue
channel versus the green channel after automatic unmig)ripint histogram of the green
channel and the red channel after automatic unmixing. Casgraof (b) with (e) and (c)
with (f) shows how images in the green and red channels areoirag after unmixing.
The bar in (b) is 2Qum. The same, small gamma change has been performed on {b)-(f)
enhance the contrast in the dark areas and thus make thetallobgtter visible.
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Fig. 5. Channel unmixing removes the effect of cross-talit excreases the accuracy of
analysis results. (a) A maximum intensity projection alding optical axis from a single
two-photon fluorescence image of an embryo staineeM@with Coumarin. DNA is shown
in green. (b) An image of an embryo stained farwith Coumarin. (c) Plot of averaged
eve (yellow line) andftz (purple line) mMRNA expression levels along the anterior/posterior
axis on the embryo. (d) Measured nuclear volumes when edleeor ftz is stained for
in the Coumarin channel. (e) Measured nuclear volumes flensame images after fully
automatic channel unmixing using the algorithm present@.hPlots in (c)-(e) are the
averages of the data from a cohort of embryos. The vertiddddines in these plots, at
the location of maximum eve intensity, indicate the cotiefabetween expression level
and measured volumes. (d) and (e) also show the corresgp88% confidence limits.
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3. Discussion

For high-throughput, quantitative, image-based analgsisting cross-talk reduction methods
are not applicable. Here, we have presented an algorithinesgtianates the cross-talk level be-
tween two channels, assuming unidirectional cross-tatkéen different dyes that have some
spatial separation in the image. Both these assumptiongractical as we have shown from
joint histograms between image channels. Our method dsrs&ew in the histogram, caused
by cross-talk, by detecting image pixels which have recdatdy the shorter wavelength dye.
Only a small fraction of the total image pixels are requiredhis, and thus most multi-channel
images will fulfill both assumptions. The only case wheremethod is unable to unmix chan-
nels is when there are no pixels that have recorded the shvamtelength dye only. This con-
dition exists when there is complete spatial overlap betvike signals in both channels, and
while this is unlikely, our method simply detects this cdmati from the histogram, reports it,
and does not attempt to unmix the images. For some studiels,asicolocalization, images
are recorded to detect specific overlapping events. Whil@lgwrithm does not attempt to de-
tect colocalized pixels, and as long as the channel ovesla@itial, the unmixing algorithm
is completely compatible with images recorded for colazlon studies. The algorithm also
is sensitive to, but does not remove, autofluorescence,saablé to correctly unmix the two
channels even in its presence. All of these properties ntakelgorithm robust enough for
unsupervised use. Although the algorithm was developedifatirectional cross-talk, if cross-
talk in the other direction cannot be ignored, it can stilldstimated simply by applying our
algorithm to both axes. Unmixing bi-directional crosskted¢quires solving a system of linear
equations rather than performing a simple subtraction.

The algorithm has been used successfully in a fully autothatelysis pipeline that has
measured gene expression and morphology in thousands ¢¢ ®hasophila blastoderm em-
bryos [9, 10]. Results of this application demonstrated thannel unmixing is not only im-
portant for the direct quantification of dye signals but dtaohigher order analyses which, in
this case, uses measured dye signals to quantify morploaldgatures.

4, Methods

4.1. Thelinear mixing model

Our automated unmixing methods assumes both the fluoresgésid and the detector oper-
ation are in their linear domains and the fluorescent dyehénsample have not been satu-
rated [1]. These conditions are achieved in many systemgdyyeply setting laser intensity,
detector gain, and detector integration time. The methsd assumes that photobleaching is
negligible. For three dyes with concentratioiysthe measured light intensi in three cor-
responding detector channels [1] is given by

S = afi+ciafa+cziazfa+ 01
S=ciparfi+ axfa+czazfa+0
S =C13a1 f1+ C2,382 fo+ azfa+ 0o

In these equations the parameta{sepresent sample and imaging dependent parameters such
as the excitation and emission spectra of the dye, the gometiiciency of the detector, the
laser wavelength and intensity, and optical filter bandsphsiracteristics. The parameteis,

are the channel mixing constants, apdare the autofluorescence components in each channel.
The pure “unmixed” fluorescence signa®,= anf,, are then obtained by solving this set of
linear equations witlg, = 0. The autofluorescence componegisare ignored to make the
system of equations determined. Because we assume utimi@cross-talk frons; into S,
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and from$ into S, many of the constants, m can be ignored. This leaves onty, and

C23 as a significant contribution to cross-talk. Under this agstion, S, = S;. The second
channel contains some cross-talk from the first channektwtén be directly subtracted after
appropriate weightingS, = S, — ¢, »S]. This unmixed signal can then again be used to correct
the third channelS; = S — ¢, 3S,.

4.2. Cross-talk determination using the joint histogram

To measure the cross-talk levil, we used the two-dimensional joint histogram which shows
the intensity distribution of all image pixels between twoaige channels. Consider the two
channels with signal§; andS;, which collect fluorescence from dyes 1 and 2. Dye 1 is the
shorter wavelength dye, its emission is primarily recorthe8;. The emission from dye 2 is
primarily recorded ir§. In the joint histogram o0§; versusS,, each image pixel is accumulated
into bins according to its intensity in the two channels [Ife joint histogram gives insight
into the correlation betweeh andS,, including the amount of colocalization between the two
dyes [12] and the channel cross-talk [13].

In the absence of cross-talk, all image pixels that regikterescence from one dye only will
accumulate along either of the two axis of the joint histogr&pecifically, we caltluster 1
the pixels without contribution from dye 2, which lie aloretS, (vertical) axis. Pixels that
register fluorescence in both channels will be distributedughout the histogram, away from
the axes. However, in the presence of cross-talk, pixelsréuaster fluorescence from dye 1
will also record a fractiorey » of that fluorescence level i%. S will therefore have a linear
dependence 08, which is particularly apparent for the pixels in clusterThis cross-talk
causes cluster 1 to be linearly skewed away from$hexis of the joint histogram with a
gradient of ¥c; » [13, 14]. Thus, one can measure the cross-talk level by miegshe gradient
of the best fit line through this cluster. The cross-talk for the third channel can be determined
in the same manner from a joint histogram3fversusSs, whereS, is the unmixed version of
$. Note that this method will only work if cluster 1 can be deégel and thus there must exist
a small fraction of image pixels which contain dye 1 but nae &y

4.3. Thealgorithm

To estimate the cross-talk level ; the algorithm first generates the joint histograiits;, S),
for the two channel§; andS,. In our implementation we have divided each axis into 108 bin
and removed any artifacts produced by the binning by cotinglthe histogram with a two
dimensional Gaussian of = 1 bin. The signa$; from the shorter wavelength channel, which
bleeds through to the longer wavelength channel, is on thieakaxis ). Next, the algorithm
locates the first local maximumy(y) for each lineHy(x) = {H(x,y)|y}, which are horizontal
lines in the joint histogram. Each of these lit§gX) is the histogram o%; intensities for pixels
with a fixed valuey in S;. The locations of these local maxima form a set of poigts(y))
which represent cluster 1. A linear least squares fit to thtioEpoints yields an offset and a
slope. The slope is the inverse of the cross-talk leyglfor S into S,. The offset is caused by
additional fluorescent components such as autofluorescandean be ignored.

Some simple tests have been implemented to ensure robsistrtee algorithm and to catch
input images of poor quality. Firstly, to ensure accurateeination of the maximéy, m(y)),
we require there to be at least 100 pixels in the histogramgaéach lineHy(x) from which
a maximum is determined. This test simply ensures the peceseha minimum amount of
data to accurately determine the maximum. Second, becagziseenooking for cluster 1, the
set of pixels that lies closest to tlyeaxis, we require that the number of pixels on each line

Hy(x) to the left of the maximumm(y) is less than the number to the rigrg;“:%) Hy(x) <
z;“:m(y) Hy(x). Thirdly, because the fractional cross-talk is independépixel intensity, the
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detected pointgy, m(y)) must lie along a straight line. To ensure this we require #hd¢ast

8 maxima survive the first two conditions and that they predaudinear correlation coefficient
that exceeds.@. Note, these three tests are lenient and are defined siongdyah aberrantinput
image data. Certainly, more stringent tests could be dévtsensure the unmixing algorithm
worked correctly in specific cases. However, this was urssang for the data presented in this
work, which were of sufficient quality to easily pass thesstgeand in most cases produced
correlation coefficients well above®

44. Test dlide

To evaluate the unmixing algorithm we used a standard fleergslide (FluoCells #2 Molec-
ular Probes, Carlsbad, California) of bovine pulmonargmgrendothelial cells stained with
Texas Red phalloidin, which binds F-actin (red dye), anéalfd-tubulin antibody conjugated
to a BODIPY labeled antibody, which binds microtubules égrelye). The slide was imaged
on Zeiss 510 confocal microscope (Carl Zeiss Microlmagdimg, Thornwood, NY) with a 63x
oil immersion objective (1.4 NA). Single photon excitatiwas used at 488 nm and 543 nm to
excite the green and red dyes respectively. The fluoresanesion was collected by inde-
pendent photomultiplier detectors at wavelengths bet@8mm and 560 nm (green channel)
and wavelengths greater than 560 nm (red channel).

4.5. Embryo image acquisition and analysis

Whole Drosophila embryos were imaged, for the BerkelByosophila Transcription Network
Project [9, 10], on a Zeiss 510 laser scanning confocal reempe (Carl Zeiss Microlmaging,
Inc., Thornwood, NY) using a Plan-Apochromat 20x, 0.75 nrioa aperture objective lens.
Two selected mMRNA gene products were hybridized with prabveslabeled with Coumarin
and Cy3 (Perkin-Elmer, Wellesley, MA), respectively, andlear DNA was stained with Sytox
Green (Molecular Probes, Carlsbad, CA). The three dyes exrited simultaneously using
two-photon excitation at 750 nm, provided by a Chameleorattist laser (Coherent, Inc.,
Santa Clara, CA). Images of up to 1024 by 1024 by 140 pixelgewegorded by three indepen-
dent channels (blue, green and red, as shown in Fig. 1). Tagamwere processed in a fully
automated image analysis pipeline [9]. For each embrys,fdlgeline produced a table with
the location and extent of all the nuclei, measured from teeigchannel, and the relative gene
expression per nucleus, measured from the blue and red elsann

For the analysis results shown in Fig. 4, a single image wasd,usken from an embryo
which had mRNA for the genfushi tarazu (ftz) labeled with Coumarin, and mRNA faven
skipped (eve) labeled with Cy3.

For the analysis results shown in Fig. 5, where we were igtedein the cross-talk from
the blue channel to the green channel, two cohorts of emionggés were used. One cohort
contained images of 24 embryos which HedmRNA expression labeled with Coumarin. The
other cohort contained images of 33 embryos that G@ImRNA expression labeled with
Coumarin. In both cohorts, embryos were from a tight (20 rahtemporal window during
the 14th mitotic interphase, right before gastrulationerehmembrane invagination along the
ventral surface was between 50% and 100% [9]. The cohorte selected from embryos
which had their dorsal/ventral axis at (90 22.5°) to the optical axis of the microscope. This
presented the sides of the embryo perpendicular to theabpixis, so that the image analysis
was most accurate in these regions [9]. The gene expresstbnuwclear volumes were then
extracted from the table produced by the image analysidipgadwo strips running along the
anterior/posterior (a/p) axis of the embryo were seled&ah strip was centered on one of the
embryo’s lateral midlines and covered one-sixth of itsatef The measured nuclear volumes
and gene expression levels within each strip were then Hmedaand projected onto the a/p
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axis. The volume normalization was such that the averagkeausize within the strip was 1.
The expression level normalization was such that the maxirand minimum levels were 1
and 0, respectively.
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