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ABSTRACT

Correlation of quantities of transcriptional activators and repressors with the mRNA output of target
genes is a central issue for modeling gene regulation. In multicellular organisms, both spatial and temporal
differences in gene expression must be taken into account; this can be achieved by use of in situ hybrid-
ization followed by confocal laser scanning microscopy (CLSM). Here we present a method to correlate the
protein levels of the short-range repressor Giant with lacZ mRNA produced by reporter genes using
images of Drosophila blastoderm embryos taken by CLSM. The image stacks from CLSM are processed
using a semiautomatic algorithm to produce correlations between the repressor levels and lacZ mRNA
reporter genes. We show that signals derived from CLSM are proportional to actual mRNA levels. Our
analysis reveals that a suggested parabolic form of the background fluorescence in confocal images of early
Drosophila embryos is evident most prominently in flattened specimens, with intact embryos exhibiting
a more linear background. The data extraction described in this paper is primarily conceived for analysis
of synthetic reporter genes that are designed to decipher cis-regulatory grammar, but the techniques are

generalizable for quantitative analysis of other engineered or endogenous genes in embryos.

INTRODUCTION

COMPLEX PATTERNS OF GENE EXPRESSION underlie the de-
velopment of multicellular organisms, and capturing
the spatial and temporal information of gene expression
is critical for modeling gene regulatory networks. Micro-
arrays or qPCR reactions can provide quantitative infor-
mation, but these methods usually lack spatial information.
On the other hand, fluorescent in situ hybridizations pro-
vide spatial information about gene expression and have the
possibility of providing quantitative information as well.
Recent studies have relied on such in situ techniques to
quantitate the levels of nuclear proteins in the Drosophila
embryo for the purposes of modeling.'?

Because of its extensively researched genetic network, the
Drosophila embryo provides one of the best-characterized
systems for modeling transcriptional regulation. Transcrip-

tion factors encoded by the maternal, gap, and pair rule
genes form a regulatory network, whose interactions have
been carefully described in molecular studies.> A compre-
hensive mathematical description of this system still eludes
us; however, in recent years several studies have modeled
parts of this system.'**> In most cases, confocal images
of early Drosophila embryos were used to provide data on
levels of transcription factors in the nucleus. One study re-
ported a straightforward approach in which levels of regu-
latory proteins in the nucleus were related to protein levels
of downstream targets, while other studies have focused on
quantitative descriptions of mRNA levels in the embryo.®™®
A later study took a further step in correlating nuclear
transcription factor levels to mRNA levels of a target gene
but did not fully explore parameters and methods required
for this analysis.4 Here, we report such a method that cor-
relates the level of transcription factor to level of reporter
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gene mRNA, as a basis for mathematical modeling of gene
regulatory elements.

Key to quantitative assessment of gene expression levels
is information about the proportionality of signal read out
to the actual levels of mRNA and protein. This relationship
has been insufficiently tested; therefore, we examine this
issue using gene dosage studies and independent mRNA
measurements. Background (in this case, nonspecific fluo-
rescence) is another central issue in many biological data
analyses. A simple approach is to apply uniform background
subtraction from the data. It has previously been noted that
the background for fluorescently stained Drosophila em-
bryos can be represented as a paraboloid function.” Our
study suggests that fluorescence background from undis-
torted embryos is not very paraboloidal, but as samples are
flattened, a paraboloidal background becomes more evident.

This methodology appears to provide the correct basis
for quantitative modeling approaches that utilize empiri-
cally established gene regulatory surfaces to facilitate pa-
rameter fitting. Such quantitative approaches will provide
the tools to discover important regulatory information in
genomic data sets, as well as lay a foundation for design of
engineered transcriptional elements.

MATERIALS AND METHODS

Immunofluorescent in situ hybridization

Embryos were collected and fixed as previously de-
scribed.'® Immunofluorescent in situ hybridization was done
essentially as previously described with some modifica-
tions.®!" All washes were done in 1.0 mL. Fixed embryos
stored at —20°C in methanol were briefly washed six times
with 100% ethanol and then with xylene for 1 h. About 50 pL.
of embryos was transferred into individual microfuge tubes
and washed four times with methanol-phosphate buffer
0.1%-Tween80 ([PBT; 1.37 M NaCl, 43 mM Na,HPO,, and
14 mM NaH,POy,], 1:1, v/v ratio) and then with PBT four
times, each for 3 min with continuous rocking. Embryos
were washed in PBT with hybridization solution (50%
formamide, 5x SSC [3 M NaCl and 0.3 M Na-citrate],
100 pg/mL sonicated salmon sperm DNA, 50 pg/mL hepa-
rin, and 0.1% Tween80 [1:1, v/v ratio]) for 10 min, and then
briefly in 100% hybridization solution for 2 min. New hy-
bridization solution was added, and the tubes were placed for
1 hin a water bath at 55°C. Antisense RNA probes of digU-
labeled lacZ were heated in 50 L hybridization solution at
80°C for 3min and directly placed on ice for 1 min; then
prehybridization solution was completely removed, the probe
in 50 pL. of hybridization solution was added to each tube,
and tubes were incubated at 55°C for 18-20h. After incu-
bation, 1 mL of 55°C hybridization solution was added to
each tube; all tubes were rocked at room temperature for
1 min, hybridization solution was changed, and tubes were
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incubated for another 1h at 55°C, followed by four washes
with hybridization solution for 15 min each at 55°C and with
hybridization solution and PBT (1:1, v/v ratio) two times at
room temperature for 15 min. Five more washes were done
with PBT for 10 min with rocking at room temperature. The
embryos were washed with a blocking solution 1.0% casein
in maleic acid buffer (Western Blocking Reagent; Roche,
Indianapolis, IN) with PBT (1:1, v/v ratio). About 0.5 mL
PBT and blocking solution (1:1, v/v) containing primary
antibodies (2.2 uL of 1:250 dilution of mouse anti-DigU;
Roche) and 0.75 pLL of 1:800 dilution of rabbit anti-Giant
(antibodies are a gift from Reinitz Lablz) was added, and the
tubes were rocked at 4°C overnight. Tubes were washed four
times each with PBT for 15 min at room temperature. About
0.4mL of PBT and 0.5% casein blocking reagent (1:1)
containing 8.0 pL of secondary antibodies—goat anti-mouse
conjugated to Alexa 555 for detection of lacZ mRNA and
chicken anti-rabbit conjugated to Alexa 488 for detection of
the Giant protein (Molecular Probes, Eugene, OR) pre-
absorbed against fixed yw embryos—were added to each vial,
and the tubes were covered with aluminum foil to protect
them from light and incubated overnight at 4°C. Embryos
were then washed with PBT four times at room tempera-
ture for 5 min with rocking, and washed in glycerol +PBT
(7:3, v/v ratio) for 2 h until the embryos settled to the bot-
tom of the tubes. The embryos were then resuspended in
0.4 mL glycerol +PBT (9:1 ratio) and 0.2 mL of Permafluor
Mountant Medium 434990 (Thermo Electron Corporation,
Pittsburgh, PA), mounted labeled slides, and covered with
large rectangular Corning cover slips (No. 1.5; 24 x50 mm).
The slides were protected from light and stored flat at room
temperature until they were imaged.

Sequences for reporter genes

The reporter constructs analyzed here are synthetic; Twist
and Dorsal activator binding sites were previously charac-
terized in lacZ reporter genes in the embryo.' High-affinity
Giant binding sites derived from the Kruppel promoter were
previously characterized."* The 25 bp neutral spacer used
lacks high-affinity sites to blastoderm transcriptional regu-
latory proteins. Two reporters are tested here, both con-
taining a core of two Twist sites 5" of two Dorsal sites. A pair
of Giant motifs is located either 31 or 131 bp 5 of the ac-
tivators. Binding sites are capitalized, Giant sites are itali-
cized, Twist sites are bold, and Dorsal sites are underlined.

2¢t.25.2T2D:

5'—gaattcTATGACGCAA GAatgcgactcgTATGACGCAAG
Aggatctggttagtaagctgtaaactgga tccCATATGttgagCATAT
GtctagaGGGATTTTCCCAaatcgaGGGAAAACCCAAccg
cgg-3'

2gt.125.2T2D

5'—gaattcTATGACGCAAGAatgcgactcgTATGACGCAAG
Aggatctggttagtaagctgtaaactg gatctggttagtaagctgtaaactggate
tggttagtaagctgtaaactggatctggttagtaagctgtaaactggatctggt tag
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taagctgtaaactggatccCATATGttgagCATATGtctagaGGG
ATTTTCCCAaatcgaGGGAAAACCCAAccgegg-3'.

Confocal laser scanning microscopy

An inverted confocal laser scanning microscopy (CLSM)
Olympus Fluoview FV1000 (Olympus, Center Valley, PA)
was used for capturing the confocal fluorescent images. For
each scan of mounted embryos, the same microscope set-
tings were employed to all images to simplify comparison
of results. The argon laser (488 nm) was set at 5.0% and
helium—neon laser (543 nm) was set at 25%. Emitted fluo-
rescence from Alexa 488 and 555 was detected through a
dichroic 405/488/543 and a BP505-525 filter for the green
channel and a BP560-620 filter for the red channel. The
pinhole was set to 105 pum (1.0 Airy unit), and the PMT
detector, gain, and offset were 680, 1.0%, and 6% for both
green and red channels. The PMT detector was adjusted in
cases where the embryos showed saturation of signal in-
tensities. Embryos were imaged at a scan speed of 6.51 s/
scan, line filter equal 2 line Kalman filter, and 1.73-um-thick
Z-sections for a total of 21-30 slices. CLSM image data were
stored as two separate stacks and projections of images for
each channel. The section dimensions were 333 um in length
and width, and 1.73 pm in depth. Fluorescence pixels were
recorded as 12-bit images and stored as TIFF files.

Determining proportionality of fluorescence intensity

To test whether immunofluorescent signals were pro-
portional to the actual levels of protein or mRNA, we
varied gene dosage of lacZ reporter or the Giant repressor,
assuming that heterozygotes express at half the level of
homozygotes. Male transgenic flies homozygous for a lacZ
reporter gene regulated by the Giant repressor and Twist
and Dorsal activators were crossed with virgin yellow
white females to produce heterozygous embryos carrying a
single copy of the lacZ gene. Homozygous lacZ reporter
embryos were also collected. Two to 4h old homozygous
and heterozygous embryos were dechorionated, fixed, and
analyzed for lacZ expression using immunofluorescent
in situ hybridization. For RTqQPCR mRNA analysis, de-
chorionated embryos were frozen in liquid nitrogen and
stored at —80°C until needed. For extraction of total RNA,
frozen embryos were dipped briefly in liquid nitrogen and
macerated with a pestle in 500 pL of TriaZol reagent from
Invitrogen (Carlsbad, CA) in a 1.5 mL microfuge tube. The
extraction and subsequent DNase (Roche) treatment were
performed according to the manufacturer’s directions. To
test for the presence of any DNA contamination, standard
PCR was performed using primers specific for lacZ gene.
RNA was spectrophotometrically quantified, and equiva-
lent amounts of RNA from each sample were used for the
reverse transcriptase reaction using the Superscript III en-
zyme. The RTqPCR-specific primer set for lacZ (F: 5'-
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CTGGGATCTGCCATTGTCAGA,; R: 5-TGGTGTGGGC
CATAATTCAATT) was designed using Primer Express
Software (ABI 7500 Prism). RTqPCR normalization and
analysis were done as described previously.'>'® Primer
sets of actin (F: 5-CGCGGTTACTCTTTCACCA; R: 5'-
GCCATCTCCTGCTCAAAGTC) and 28S rRNA (F: 5'-
GATGCCGCGCTAGTTACAT; R: 5-GCTGCTCAACCA
CTTACAACACQC) were used for normalization.

For analysis of Giant protein levels, a gr*/ stock was
obtained from the Bloomington Stock Center.'” gr*'/ virgins
were out crossed with wild-type male flies to obtain male
hemizygous grX’/ mutant embryos, gr*’/ and heterozygous
female embryos, and wild-type female embryos.

Image processing prior to lacZ mRNA and Giant
repressor measurement

In this study, Image J software (http://rsbwebnih.gov/ij/)
and MATLAB software (2007a, The Mathworks, Natick,
MA) were used. Image J software was used to extract the
fluorescent intensity levels of lacZ and Giant from each
confocal fluorescent image. Software implementing the al-
gorithms described below was written in MATLAB and is
available upon request. Approximately 18-21 nonoverlap-
ping 1.73-um-deep optical sections were taken from each
embryo, providing a 1024x1024 pixel 12-bit image re-
presenting the top half of the embryo. The slices were pro-
jected by taking maximum intensity for each pixel along the
z-axis, and the images were converted to 8-bit images. For
flatter embryos analyzed in a previous study, the average of
two adjacent sections was used, but with our more three-
dimensional imaging, this approach is not valid because for
most sections a portion of the central part of the embryo
containing only yolk is included.®

To position images in a uniform horizontal manner, masks
were used to rotate the images as described in Janssens et al.®
A mask is created for the projected images by using the
threshold value that is taken from outside of the embryo. The
convex hull of the embryo boundary is taken, the inside of
the convex hull is set to 255, and the outside is set to 0. The
rotated images were checked to compare the alignments of
the two rotated channels. Images were flipped upside-down
or left-right to align uniformly on the anterior—posterior and
dorsal-ventral axes. To remove extraneous portions of the
image outside the embryo, the rotated images were cropped
to a minimal canvas size. The images were not changed to a
uniform size in order to avoid interpolation of the data,
which might have varying effects for different embryos.
Subsequent to these steps, perimeter pixels of the embryo
were found using the mask.

In the next step, embryo boundaries, lacZ mRNA data,
and Giant repressor protein data were used to decide where
to set boxes that are approximately the size of an average
cell. The embryos are at this point incompletely cellular-
ized, but separate nuclei are clearly discernible. Positioning
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FIG. 1. Parabolic and non-
parabolic background forms.
Representative parabolic (A)
and flat (B) backgrounds. Data
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bryos. In general, we observed
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parabolic background for flatter Ventral-Dorsal
embryos. Embryo cross-
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and classified as flattened 5 1
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ity in curvature was noted, but g 3 g 0.6
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hibit higher curvature overall. € , 3T 0.4
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aging embryos without the re- 0 0 .

Flattened Round Flattened Round

porter gene were utilized.

of the boxes is explained in “Methods for data collection”
section. The Giant protein and lacZ mRNA levels were
averaged inside those boxes and plotted in two-dimensional
(2D) space.

Comparison of imaging to data from other databases

A variety of methods have been applied to obtain spatially
resolved mRNA and protein information from Drosophila
embryos. Our CLSM images of Giant were obtained using
antibody staining and one-photon imaging, but embryos
were not flattened as in a previous study.' Alternatively,
mRNA quantitation from nondeformed embryos has been
acquired by two-photon imaging.® We compared qualitative
features of our Giant images with these data sets to see if
general trends were consistent. As an example, we observed
in some of the images lower apparent levels of Giant protein
in the ventral and dorsal regions of the embryo. Giant images
were accessed from two other databases: the Berkeley
Drosophila Transcription Network Project (BDTNP) and

the Database of Segmentation Gene Expression in Droso-
phila (FlyEx). mRNA levels in actual embryos from the
BDTNP and protein levels from an average virtual embryo
image from the FlyEx were used.®'® Overall relative dif-
ferences in intensities between anterior and posterior levels
of Giant protein and mRNA were observed in all three data
sets, as well as the relative lower levels of Giant in ven-
tral regions of the anterior stripe (data not shown). Despite
differences in imaging, these methods appear to capture the
same essential features of this gene’s expression.

RESULTS

Background

A critical issue in quantitative measurement of gene
expression is background subtraction. In a previous study, it
was noted that the background coming from nonspecific
binding of a variety of primary and secondary antibodies to
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FIG. 2. Proportionality of signal
to mRNA levels. The average
relative amounts of lacZ mRNA
in heterozygous and homozygous
transgenic embryos were mea-
sured by RTqPCR analysis (A)

Heterozygote Homozygote

Heterozygote

and by immunofluorescent in situ
hybridization and CLSM (B).
Quantitation of mRNA levels by

Homozygote

RTgPCR is representative of two biological assays; error bars indicate standard deviation from five technical replicates. Fluorescent

imaging of 39 embryos were quantitated in (B).

Drosophila embryos can be approximated by a paraboloid.”
In that study, embryos were flattened (by the weight of a
coverslip and using reduced amounts of mounting solution)
so that a significant fraction of nuclei of the embryo could be
captured in two 2 um sections. In our system, we do not
distort the embryo; thus, we tested whether this parabolic
background relationship still applied. By assessing fluores-
cence in two different channels in embryos lacking a lacZ
reporter gene, as well as in portions of embryos devoid of
Giant protein (45-55% egg length), we found that the back-
ground often did not show a paraboloid shape (Fig. 1A, B).
One evident difference between our methods and those de-
scribed in Myasnikova ez al.’ is the degree of flatness of the
embryos. We imaged embryos of successively flatter pro-
portions and analyzed background levels as a function of
flatness (Fig. 1C-F). Embryo flatness was judged by the
number of 1.73 um slices required to reach the center of the
embryo. Embryos that were flattened by a weighted cover-
slip had radial thicknesses ranging from 14 to 23 pm, while
rounder embryos had thicknesses of 24-33 pm. This level of
flattening is not as pronounced as that described in Myas-
nikova et al.,’ where almost the entire upper half of the
embryo can be scanned in two 2 pum slices, but a clear trend
emerged. The background has a distinct tendency to be
more paraboloidal with flatter embryos, perhaps because
unique light scattering properties of flat embryo sections
contribute to a nonlinear background. Correlation between
flatness of the embryos and curvature of the background
intensity is measured by Pearson’s correlation coefficients.
For lacZ images, the Pearson’s correlation coefficients be-
tween flatness of the embryo and curvature of the background
curve are —0.5 (p =0.006) (ventral-dorsal) and —0.6 (p <
0.001) (anterior—posterior). When this relationship is mea-
sured as the correlation between embryo flatness and the
natural log of the curvature, the correlation coefficients
are —0.6 (p < 0.001) (ventral-dorsal) and —0.7 (p < 0.001)
(anterior—posterior). The relationship between flatness of the
embryo and curvature of the background curve can be ex-
plained better with nonlinear functions. The main point here

is that parabolic background cannot be assumed without
taking the geometry of embryo into account. We also noted
that for some embryos, inhomogeneously distributed back-
ground was evident in both channels (488 and 555nm),
suggesting that specific structural features of embryos can
affect background (data not shown).

Fluorescent quantitation of mRNA and protein

Quantitative measurements of transcription factor levels
and mRNA inputs are essential for modeling gene regula-
tion, yet surprisingly few studies relying on CLSM have
independently tested whether the signals thus obtained
exhibit strongly nonlinear effects. A quantitative study of
Drosophila mRNA levels made a single correlation between
knirps mRNA and Knirps protein obtained by CLSM as a
test for proportionality, while other studies have quantitated
levels of green fluorescent protein as a proxy for transcript
levels per cell.*'* We concluded that more rigorous inde-
pendent measurements are essential for testing the validity
of our quantitation. In the first case of mRNA detection, we
varied the gene dose of a lacZ reporter expressed in ventral
regions of the embryo and compared levels of mRNA by
RTgPCR and CLSM. The RTqPCR results showed that the
relative amount of lacZ mRNA was 1.0 in heterozygotes
compared to 1.92 in homozygotes (Fig. 2A). In comparison,
fluorescent intensities for lacZ heterozygous compared to
homozygous embryos were 1 to 1.85 (Fig. 2B). This result
suggests that both methods are responding to estimated
twofold differences in mRNA in a similar manner, and that
the fluorescent intensities do provide a reasonable proxy for
actual mRNA levels.

Regarding protein measurement, previous studies have
analyzed relative expression levels of a number of regula-
tory proteins in the Drosophila embryo by CLSM, but to
our knowledge the proportionality of these measurements
to actual protein has not been assessed." We tested the
measurement of protein by comparing the values of Giant

expression in embryos derived from an outcross of gr*’’
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heterozygotes to a wild-type strain (Fig. 3). gt is located
on chromosome 1; thus, male hemizygotes carrying the
mutant allele would be expected to express the lowest levels
of the protein, and female heterozygotes would have inter-
mediate levels. The allele used, th] ! , has been reported to
express low levels of protein, and consistent with this ob-
servation, no mid-blastoderm embryos entirely lacked Giant
expression.

Embryos were stage matched to allow direct comparison
of protein levels. Embryos with apparently normal intensity
of Giant signal were observed alongside of age-matched
embryos with very low Giant levels (Fig. 3A, B); those
differences are not likely to be merely a function of overall
staining efficiency because background levels were fairly
constant and such large differences are not usually seen
when imaging wild-type embryos. When background sub-
tracted, normalized levels of Giant were plotted for a set of
22 images, a roughly 10-fold range of signal intensities were
observed (Fig. 3C). The values did not fall into three obvi-
ously discrete clusters, corresponding to hemizygous null,
heterozygous, and wild-type backgrounds, but were rather
continuously distributed with some degree of over repre-
sentation at higher and lower values. This effect may be due
to nonlinearity of the fluorescent readout, which would
produce some compression at one end of the spectrum,
variability in detection or even expression of Giant from
embryo to embryo, or some combination of these effects.
We can conclude that this method does permit an apparent
dynamic detection range of at least 10-fold sufficient to
capture the total dynamic variation reported for Giant in the
blastoderm embryo, but clearly a more detailed comparison
of signal proportionality is warranted." In light of our nRNA
results, it appears that fluorescent detection can be an ap-
propriate proxy for in situ levels of biomolecules, but the
proportionality of read out must be established for each set
of reagents.

Methods for data collection

To understand the functional relationship between tran-
scriptional activator and repressor levels and mRNA out-
put, we need to create gene regulatory maps that describe
the quantitative relationship between these elements.”’ We
created a series of lacZ reporter genes regulated by the Giant
transcriptional repressor and the Dorsal and Twist activa-
tors. These reporter genes are active in ventral regions of the

FIG. 3. Proportionality of signal to Giant protein levels. Embryos
with apparently normal intensity of Giant (A) and low intensity of
Giant (B) were observed for age-matched embryos. Normalized
levels of 22 background-subtracted Giant images were plotted, and
a roughly 10-fold range of signal intensities were observed (C).
Overlapping data points were separated into two columns for
clarity for the anterior and posterior stripe.

Normalized fluorescent intensities ¢
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FIG. 4. Sampling of integrated
mRNA and Giant data. lacZ re-
porter constructs were introduced
into Drosophila by germline
transformation and mRNA de-
tected by fluorescent imaging.
Dorsal and Twist activators drive
lacZ gene expression in ventral
regions (A). When regulated by
Giant, gaps in this pattern are
evident (B). A sampling mesh is
imposed upon the background-
subtracted image, and values for

Giant and lacZ are collected (C, D). The mesh size here is exaggerated for clarity. Sampling proceeds from anterior region of anterior

stripe to posterior region of posterior stripe.

embryo, and expression is interrupted in areas where Giant
is expressed, depending on the arrangement of the binding
sites (Fig. 4A, B). We directly measure levels of the Giant
repressor protein as an input value. The spatially and tem-
porally varying levels of this protein provide in each embryo
an entire set of values relevant to a gene regulatory map.
Activator levels can be similarly measured, and in the case
of Dorsal and Twist, these activators vary along the dorsal to
ventral axis.”> We focus on gene modules that test varying
features of repressor binding sites, while holding Dorsal and
Twist sites constant. Dynamic and spatially heterogeneous
protein levels of transcriptional regulators make it impera-
tive that we compare lacZ levels with corresponding levels
of regulatory factors in nearby nuclei from which the mRNA
originates.

Background. Background intensity for the Giant channel
is calculated by averaging the data from the middle (50-60%
egg length) of the embryo along the ventral-dorsal axis. In
cases where the curve shows linear behavior, the average of
this middle stripe can be subtracted from the whole embryo,
and if it shows parabolic behavior, then the background
can be calculated and subtracted as previously described.’
Background intensity for the lacZ channel can be calculated
similarly by using the dorsal parts of the embryo, where no
lacZ is present.

Binning. A pixel by pixel comparison between Giant,
found in the nucleus, and the /acZ mRNA channel is not
applicable because the mRNA accumulates in the spa-
tially separated cytoplasm. In addition, we observe that lacZ
mRNA accumulates in a punctuate pattern (a function of the
specific reporter, as other mRNAs show a smoother, non-
nuclear pattern; data not shown). This problem can be solved
by measuring the approximate size of a cell in confocal
images and covering the region of interest by boxes of the

size of an average cell size. A 10x 10 pixel box is the average
cell size for our images.

Relevant areas of data collection. We then collect a series
of data points representing the lacZ gene output in regions
with similar levels of activators but varying levels of Giant
protein. When not regulated by Giant, the lacZ expression
pattern is almost constant from approximately 20-80% egg
length (anterior—posterior) in the ventral part of the embryo
(Fig. 4A). When Giant is effective at repressing the lacZ
reporter, gaps in this pattern are seen in anterior and poste-
rior regions (Fig. 4B). It has been reported that Twist mRNA
levels are not uniform from anterior to posterior,?' but this
variation does not seem to be reflected in the output of our
reporters, which are activated by Twist and Dorsal in a
fairly uniform pattern in the mid-blastoderm stage. For this
reason, in the regions that are exactly parallel to the ventral
boundary, we assume that the combined activator effect is
not changing for our synthetic enhancer constructs. We
therefore measure correlated lacZ and Giant levels in slices
that track along the ventral aspect of the embryo (Fig. 4C, D).
Curved slices, 10 pixels in width, are taken from ventral part
of the embryo along anterior to posterior, following the
boundary of the embryo. Each slice is divided into 10x 10
pixel boxes along anterior to posterior to derive mean values
for lacZ and Giant.

To accommodate images of embryos that are rotated
around the anterior—posterior axis to different degrees,
exposing more or less of the ventral surface where Dorsal/
Twist are active, we vary the number of slices applied to
each embryo so that our lacZ mRNA and Giant measure-
ments reflect areas with nearly constant activator levels. To
determine the number of slices used, we measure lacZ
levels in central regions (50—-60% egg length) that are not
subject to Giant regulation and extend slices from ventral to
dorsal until activator levels are determined to be limiting.
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FIG. 5. Gene regulatory repre-
sentations from Giant-regulated
lacZ reporter gene. To generate
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gene regulatory plots, data de-
rived from slices (lacZ mRNA
channel [A] and Giant protein
channel [B]) are plotted in a 2D

lacZ

space. Only two slices are shown
for clarity. The plots numbered

1-6 show how robust lacZ levels
present in ventral portions of the
embryo are repressed in regions

containing peak Giant levels
such as in plot 1-4. In more
dorsally located regions (plot 5—
6), limiting levels of activators

lacZ

lacZ

reduce lacZ expression regard-
less of Giant levels. The overlaid
lines, obtained by fitting the data
with a rational function, show the
trend of the relation between

levels of Giant and lacZ.

lacZ

lacZ

This is accomplished by measuring lacZ expression in the
50-60% egg length portion of the embryo and averaging
along the anterior—posterior axis, producing a plot that
describes how lacZ is changing from ventral to dorsal. This
data has a peak value at the ventral side of the embryo and
decreases from ventral to dorsal. The slices start from the
peak level of lacZ expression and end at 50% of the
maximal lacZ expression.

Because the ventral lacZ expression is also affected by
vector-mediated activation in anterior regions, as well as
Torso-mediated regulation of Dorsal®* in the poles, our sli-
ces start from a position of half of the maximal Giant in-
tensity on the anterior side of the major anterior stripe, to
half of the maximal Giant intensity of the posterior side of
the posterior Giant stripe. The selected region still includes
most of the region of Giant expression and removes portions
of the data subject to extraneous influences (Fig. 4C, D).

Normalization and regulatory plots. The quantitation
described above focuses on the lacZ levels as a function of
the Giant concentration (Fig. 5). The Giant data is normal-

ized by dividing the 2—4 h old embryo time interval studied
here into eight segments as described in Jaeger et al." The
average levels of the protein in each interval are used to
normalize the Giant signals. In this way, comparisons of
lacZ expression to relative Giant levels in a given embryo
can be combined with data from other embryos into larger
data sets. Because Dorsal and Twist activator proteins
are relatively constant, each embryo can be normalized by
dividing by its maximum intensity value. These normal-
ized expression levels of Giant protein and lacZ mRNA are
used to plot expression surfaces, showing the repressor
signal and activator signal versus output (Fig. 5). For the
visualization shown here, the data is presented as 2D plots,
in which each box represents one slice from the ventral re-
gion of the embryo. As expected, with increasing Giant
levels or decreasing activator levels, the lacZ signal is re-
duced. The resulting plot represents 2D slices of a gene
regulatory surface that is unique to the specific regulatory
region of interest.

Previous studies have demonstrated that the Giant protein
can repress transgenes regulated by Dorsal and Twist, but
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the characterization of this relationship has never gone be-
yond a qualitative nature.'® To characterize the quality of
the data obtained from this system and assess its utility for
quantitative modeling, we measured the correlation between
[Gt] and In ([lacZ]) using the Pearson’s correlation coeffi-
cient. For the 2gt.25.2T2D construct showing regulation by
Giant, correlation coefficients for slice 1 to slice 6 are —0.74,
—0.78, —0.82, —0.85, —0.65, and —0.67. The p-values for
these correlation levels are all less than 0.0001, indicating
statistical significance.

DISCUSSION

We describe a method to correlate the transcription factors
and mRNA output for gene modeling purposes. We show
that the levels of lacZ mRNA and potentially the transcrip-
tional repressor protein Giant are proportional to fluorescent
intensities, a critical basis for quantitative modeling. Our
analysis also reveals that a suggested parabolic form of the
background fluorescence in confocal images of early Dro-
sophila embryos is evident most prominently in flattened
specimens, with intact embryos exhibiting a more linear
background. After appropriate background subtraction and
normalization, these data are amenable to representation of
gene regulatory surfaces that permit creation and valida-
tion of quantitative models of gene expression. In this way,
we have constructed the foundations for modeling a cis-
regulatory grammar that applies to an important set of
transcriptional regulators in the Drosophila blastoderm
embryo. More generally, the image and data analysis tech-
niques described in this paper can be generalized to under-
stand the quantitative function of endogenous genes or
gene networks in the Drosophila embryo or other well-
characterized systems. Such an approach may also prove
useful for engineered transcriptional regulatory elements
employed for targeted expression of genes in therapeutic
settings.
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