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Abstract

Transcriptional regulation of gene expression is fundamental to most cellular processes, including

determination of cellular fates. Quantitative studies of transcription in cultured cells have led to

significant advances in identifying mechanisms underlying transcriptional control. Recent

progress allowed implementation of these same quantitative methods in multicellular organisms to

ask how transcriptional regulation unfolds both in vivo and at the single molecule level in the

context of embryonic development. Here we review some of these advances in early Drosophila

development, which bring the embryo on par with its single-celled counterparts. In particular, we

discuss progress in methods to measure mRNA and protein distributions in fixed and living

embryos, and we highlight some initial applications that lead to fundamental new insights about

molecular transcription processes. We end with an outlook on how to further exploit the unique

advantages that come with investigating transcriptional control in the developmental context of the

embryo.
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1) Transcription in the early embryo

All biological systems require the appropriately timed expression of gene products in

amounts sufficient to carry out cellular activities [1]. Nowhere is this maxim better

illustrated than in the patterning of the early Drosophila embryo. In this system, maternally

supplied patterning cues direct the establishment of distinct gene expression programs with
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exquisite precision and reproducibility. During the first three hours following egg

fertilization, cells receive patterning inputs in the form of transcription factors whose nuclear

concentration differs by less than 10% between cells at a given position along the anterior-

posterior (AP) axis. This leads to the establishment of spatial identities along the long axis

of the egg that are reproducible from embryo to embryo to within less than the linear

dimension of a single cell, i.e. less than 1% egg length [2–8]. These features of early fly

embryogenesis have provided researchers with unprecedented opportunities for assessing

general properties of transcriptional regulation of gene expression (Box 1). Many central

concepts of metazoan transcription, such as enhancer modularity, the combinatorial

activities of transcription factors (both cooperative and competitive in nature), long range

interactions of enhancers with promoters, and the phenomenon of polymerase pausing, have

emerged from over three decades of research in Drosophila embryos [9–11]. These studies

have led to first generation quantitative measurements exploring the interplay between

maternal signals and zygotically expressed patterning factors generates diverse gene

expression patterns [12, 13].

Gene expression patterns, cell fate determination, and morphogenesis events unfold in a

characteristic and extremely reproducible manner across all wild-type embryos. The process

of development, or the “experiment”, takes place without the intervention of the

experimenter. By merely observing the underlying molecular processes, the experimenter

can discern how embryo-wide patterns of gene expression emerge from discrete molecular

events, such as the association and dissociation of transcription factors with promoter and

enhancer elements of individual gene loci–effectively using the embryo as a laboratory.

Subsequently, it becomes straightforward to construct mathematical models from these

observations, and thereafter test their predictions using genetic methods to alter transcription

factor activity and transgenesis to test the effects of modified DNA regulatory elements.

These approaches are greatly aided by several advantages of early embryos. First,

developmental reproducibility under a given set of environmental conditions is well

documented at both the molecular and morphologic levels [14, 15]. Spatially, extremely low

variability in gene expression between embryos results in the unique specification of the

fates of individual rows of cells along the anterior-posterior axis [2, 3]. Temporally,

observations of the formation of morphological features [16] indicate that morphogenetic

events occur with differences between embryos of no more than one to two minutes [3].

Because early patterning events are driven by maternally supplied factors, this

reproducibility suggests that every individual instance of the experiment, i.e. each embryo,

possesses very similar starting conditions. For example, mRNA and protein amounts of the

maternally supplied transcription factor Bicoid (Bcd) are highly reproducible between

embryos [2, 17]. Thus, available evidence suggests that embryos themselves represent

nearly identical iterations of the same set of processes (Figure 1A,B).

Second, the newly fertilized embryo undergoes 13 rounds of rapid mitosis without

cytokinesis, resulting in a hexagonal 2D array of syncytial nuclei, nearly all of which are

found just beneath the egg cortex inhabiting a shared cytoplasm. The positioning of the

nuclear layer facilitates imaging by minimizing specimen thickness in a geometrically

simple arrangement. The shared cytoplasm simplifies inter-nuclear communication and
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minimizes variability between nuclei in the numbers of vital molecules such as RNA

polymerases or transcription factors (Figure 1C). Therefore the extent of so-called

“extrinsic” or environment-driven variability that is typically observed in bacterial cultures

[18, 19] is greatly reduced, unmasking “intrinsic” or process-specific events that determine

the magnitude and variability of expression dynamics.

Third, this array of about 6000 nuclei is synchronized by the mitotic cycle, all of which

simultaneously undertake gene expression decisions (Figure 1D). Each nucleus acts as an

independent unit responding to the natural gradients of patterning activity, wherein the

position of a nucleus in the embryo correlates with the amount (or concentration) of input

activity that the nucleus observes. Thus, transcriptional responses can be observed

simultaneously across a physiologically relevant range of signaling input levels. This

minimizes potential challenges encountered in cultured cells to ensure synchronization, and

in which probing the effects of different input conditions requires multiple experiments

(Figure 1E). Thus, the design features of early embryos present unique advantages over cells

prepared in culture.

Despite these advantages of the developing Drosophila embryo, it has proven challenging to

assess transcriptional events with the quantitative rigor achieved in organisms grown in

laboratory culture. For cultured organisms, recently developed technologies allow the

visualization of absolute numbers of biomolecules in living cells on a cell-by-cell basis [20,

21]. The measurement of gene expression in absolute units has generated exciting new

insights into the regulatory mechanisms that produce mRNA and protein molecules [22, 23],

and enabled the formulation and testing of thermodynamic and stochastic quantitative

models of gene expression [24–28]. Among the more striking findings has been that, at least

for cells grown in culture, gene expression is exceedingly variable: genetically identical cells

almost always possess large differences in their absolute mRNA and protein content [29–

33], in stark contrast to observations from fly embryos [2, 3, 34]. Many questions thus arise

regarding how embryos achieve precise gene expression. In particular, are the observations

from cultured cells relevant to understanding patterning in a multicellular organism? Or, do

embryos employ specialized mechanisms to ensure precision? We currently have a very

limited grasp of how the magnitude of gene expression, i.e. the rate of transcription of target

genes, is controlled by maternal patterning inputs and/or interactions between zygotic gene

products at a given position in the embryo. Moreover, we possess limited understanding

regarding the underlying mechanisms that result in highly variable stochastic gene

expression [35]. In general, to resolve any of these problems–be it in single cells or in whole

embryos–we need to know how discrete transcription factor binding events at specific DNA

elements lead to the control of RNA polymerase II (Pol II) activity.

Recent advances now endow the study of Drosophila embryos with the same quantitative

rigor achieved in studies of cultured cells. Combined with an array of genetic and molecular

tools, fly embryos are set to lead to profound new molecular insights regarding

transcriptional regulation. Here, we highlight some of the advantages of examining gene

expression in Drosophila and briefly review some recent examples of quantitative studies in

the early embryo, with particular emphasis on the patterning along the anterior-posterior

axis. Our goal is to transmit the current excitement for investigating metazoan transcription
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with new quantitative approaches, bringing real opportunities for novel mechanistic insights

into the fundamental processes governing transcription across phyla.

2) Quantitative methods to measure transcription in the embryo

Studies of fly patterning over the past few decades have revealed how maternally supplied

patterning gradients subdivide the anterior-posterior axis of the early embryo into broad

territories of zygotic gene expression [36], and how these events are necessary to generate

the familiar iterated pattern of segmented gene expression stripes observed during the third

hour following fertilization [37] (Box 1). We now possess an essentially complete list of the

critical maternal inputs, the vital zygotically expressed factors that ensure correct spatial

modulation of transcription, and we know how zygotic gene products regulate each other’s

expression [12, 38]. Yet many questions remain unaddressed. Broadly speaking, we would

like to relate the discrete transcription factor binding events at promoters and enhancers to

the dynamics of Pol II activity, how these dynamics give rise to mRNA and protein

expression rates and variability, and how the resulting gene products interact at DNA

elements and refine transcriptional behavior to ultimately give rise to the precise placement

of gene expression boundaries.

Advancing our understanding of complex systems such as the fruit fly segmentation network

requires direct quantitative access to the spatiotemporal evolution of network components.

Ideally, we would like to measure at all times and all locations in the embryo the production

rates of any mRNA and protein of interest (Figure 2A). For each molecular species, two

complementary methods exist: one based on snapshots of fixed embryos, the other based on

live imaging. In the first method, proteins or mRNA molecules are labeled in chemically

fixed embryos to provide a very accurate snapshot of the intact system. Although it requires

halting the developmental process, this approach has the advantage that it can be readily

applied to any genetic background as long as labeling reagents are available. The second

method allows the direct observation of dynamics by labeling with genetically encoded

fluorescent reporters. In these cases embryos can be observed in real time as development

unfolds. However, much care must be taken to determine whether such labeling alters the

characteristics of the molecules in question and of the developmental process in general,

which might be perturbed by the addition of synthetic reporters. Here we outline

applications of both fixed and live measurement techniques of proteins and mRNA

molecules (Figure 2B):

i. Relative protein level measurements in fixed tissue

Immunohistochemistry has been used historically to discern protein localization and relative

levels of expression [39]. Many regulatory relationships between early expressed genes have

been inferred by antibody labeling of zygotically expressed transcription factors and

subsequent testing by use of mutants [40, 41] [42]. Such studies have found that activating

cues are provided by maternal inputs [43–47], and that the majority of zygotically expressed

transcription factors inhibit transcription, mutually repressing each other, thus establishing

expression boundaries that define broad pattern territories [48–51]. More recently, much

effort has been put toward assembling a full time course of spatial protein expression

profiles by preparing embryos at varying ages and carefully quantifying expression levels [3,
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52, 53]. These methods rely on a strong ability to estimate embryo ages from fixed tissue,

which can be done with varying accuracy. Prior to the 14th interphase, the mitotic cycles

allow staging of embryos with an accuracy of 2 to 4 minutes [54, 55]. During the third hour

of development, when most of the gene expression dynamics of the segmentation network

occurs, membranes are deposited from the surface and invaginate, thus dividing the nuclei in

the syncytium and giving rise to individual cells. The timing of membrane deposition

provides a timer that correlates precisely with age and allows for staging accuracy of 1 to 2

minutes [3, 16]. However, analysis of fixed tissue data can only indirectly assess dynamics,

and absolute protein levels are accessible only in combination with biochemistry on bulk

samples and are thus associated with excessive measurement error. Overall, relative protein

concentration measurements have led to insights into pattern formation, but direct access to

gene expression rates has been limited.

ii. Live protein concentration measurements with fluorescent fusion proteins

The advent of green fluorescent protein (GFP) and the creation of fluorescent protein fusions

have granted us direct access to transcription factor dynamics using live microscopy. The

technique has worked exceedingly well for examining many aspects of gene expression

dynamics in the fly. For example in early embryos, fluorescent tags to maternally provided

gene products have revealed the dynamics of mitotic divisions through fusions to histones

[56], intricate cell mechanics during gastrulation [57], and cell membrane formation through

protein traps [58]. Dynamics of the maternal transcription factors Bcd and Dorsal have led to

a number of important quantitative insights regarding their activities [2, 59–63]. For Bcd in

particular, it is notable that the gradient of nuclear localization is quite similar between

nuclear cycles despite the geometric increase in nuclear number [60]. Indeed, various

functional protein fusions to Bcd have allowed the measurements of absolute protein

concentrations, production rates, diffusion constants and degradation times [2, 64–67], all of

which are attuned to the requirements of the system. In combination with the antibody-based

observations mentioned above, these studies have determined that Bcd and its downstream

targets exhibit very similar degrees of precision [2, 3]. These findings have led to a model in

which tightly controlled transcriptional inputs are processed by a highly reliable, precise set

of processes to result in the correct degree of gene expression precision with low variability

(see the section “From transcription to patterns” below).

But also beyond the early embryo, during larval development, fusions of fluorescent

proteins to the secreted factors Decapentaplegic (Dpp) and Wingless (Wg) have allowed the

estimation of biophysical parameters that give rise to the observed gradients in the wing

imaginal disc, the larval precursor of the adult wing [68]. These studies have demonstrated,

for example, the scaling of the Dpp gradient with tissue size [69], although for both Dpp and

Wg, many questions remain regarding the mechanism(s) underlying gradient formation [70].

Indeed, for Wg, a gradient arising from extracellular protein transport is dispensable [71].

Dpp and Wg dynamics using fluorescent protein fusions will no doubt prove invaluable to

addressing how the graded distributions of these factors contribute to patterning and growth.

Whereas the study of maternally supplied molecular activities has benefitted greatly from

fluorescent fusions, the study of early zygotic gene expression using fluorescent tags
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remains challenging. Ideally, one would like to observe the interactions of transcription

factors with DNA, requiring single molecule measurements that are just becoming possible

in single cells [72]. Significant technological improvements will be necessary to increase the

sensitivity of these imaging techniques for use in embryos. Another challenge is the fact that

the dynamics of gene expression occur at time scales comparable to the time required for

newly synthesized reporter proteins to mature and acquire fluorescence [73]. The time lag

between fluorescent protein translation and the moment when it actually becomes

fluorescent complicates the interpretation of dynamic observations, as revealed by

differences between live and fixed measurements [3, 8, 67, 74, 75]. Moreover, an engineered

fusion protein should ideally possess wild-type functionality when expressed at or near the

levels of the endogenous protein, a requirement that is not always easy to assess. For many

of these requirements new advances at the level of the chemistry of fluorescent protein

engineering will be necessary, and it will take another round of interdisciplinary interactions

to solve the challenge of a new generation of fluorescent proteins.

iii. Fixed tissue mRNA counting

Because patterns emerge from the modulation of transcription in space and time, full

understanding of the segmentation network can only be achieved through examining

transcriptional activity directly. Historically, the use of in situ hybridization has been

instrumental in determining the spatial positions of gene expression domains [76, 77] and in

the analysis of artificial reporter constructs in which critical DNA elements are altered or

missing [78–81]. Such studies have determined, for example, how striped patterns of pair-

rule genes emerge from combinatorial regulation by transcription factors [82] and the

combined activity of multiple enhancer elements [83]. Overall, such studies have revealed

many qualitative insights about the spatial modulation of gene expression levels, but these

have been limited in part by non-linearities introduced by the prevalent use of enzymatic

amplification to label mRNA molecules.

Recent advances have enabled the visualization of individual transcripts through the use of

nucleic acid probes complementary to a gene of interest, termed single molecule

fluorescence in situ hybridization (smFISH). These probes are either covalently linked to a

fluorophore [34] or contain an epitope that is subsequently recognized by labeling with

fluorescently tagged antibody [5, 84]. The resulting signal-to-noise ratio is substantially

higher than observed for previous approaches that rely on enzymatic reactions to produce

either fluorescence or solid precipitate. Such high contrast allows for the resolution of

individual mRNA molecules, which has now been demonstrated in a variety of contexts [33,

85–88]. This method permits simultaneous visualization of transcript levels of multiple

genes. Studies employing FISH have shown that the transcripts of several early expressed

genes accumulate at very similar rates with high precision in the syncytial embryo

(discussed below [34]), whereas at late times, following the formation of cells in the

embryo, transcript content can vary substantially between cells [5].

In many cases, studies employing FISH focus on measuring cytoplasmic mRNA

distributions in order to infer the microscopic mechanisms behind transcriptional regulation

[5, 84]. Cytoplasmic RNA counts necessarily result from many processes: the production of
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mRNAs in the nucleus, the processing of pre-mRNAs to produce mature transcripts, export

to the cytoplasm, and transcript degradation. Thus, mRNA counts do not provide the most

direct access to the processes that direct Pol II holoenzyme assembly and entry into

productive elongation. Nevertheless, FISH allows assessment of the process of

transcriptional initiation through the careful examination of fluorescence intensities at sites

of nascent transcript formation inside nuclei [89, 90]. Such foci have traditionally been used

to determine whether a given nucleus is engaged in transcription [89, 91–93]. However,

these foci can provide additional information: their fluorescence intensities are a measure of

the amount of nascent mRNA, and therefore an estimate of the number of bound Pol II

complexes, present at a transcription site at the moment of embryo fixation [34]. Thus, it

becomes possible to use fluorescent intensities to gauge either relative transcriptional

activity [94], or to determine activity in absolute units by normalizing transcription site

intensities to the mean intensity of labeled cytoplasmic transcripts [34].

iv. Live mRNA measurements and polymerase counting

While the single molecule precision of smFISH can provide indirect insights about the

temporal evolution of transcriptional decisions, the observations of transcript production in

real time is now commonplace in the context of single cells [95–98]. Such dynamical

measurements are achieved with the use of an mRNA tagging system in which a reporter

transgene is tagged with multiple repeats of a stem loop sequence recognized by a cognate

binding protein fused to GFP. One example is the MS2 bacteriophage stem loop and the

MS2 coat protein (MCP) tagged with GFP [99, 100]. This system has been implemented to

study maternal mRNA transport in fly oocytes [101] and has recently been applied to the

study of transcription [102, 103]. In this context, the MCP-GFP fusion is provided

maternally, so that all GFP molecules are fluorescent prior to fertilization. As a result, once

Pol II transcribes the stem loops, the nascent mRNA becomes fluorescently tagged. Thus,

unlike the dynamics of fluorescent reporters of zygotic gene activity, mRNA dynamics can

be accessed on time scales that are limited only by the diffusion and binding of MCP-GFP to

its target mRNA. In embryos, the detection threshold of this method is around a few hundred

fluorescent proteins [2, 102], unlike in cultured cells where single molecule detection is

commonplace [104]. However, live fluorescence signals in embryos can be converted to

absolute units of transcribing Pol II molecules and numbers of produced mRNA molecules

by calibrating MS2 signals and smFISH measurements [102], thereby producing dynamic

descriptions of gene expression in absolute terms.

3) From transcription to patterns

The tools described in the previous section allow for the quantitative study of transcriptional

regulation in a multicellular organism and its role in the formation of patterns and

subsequent specification of biological structures. Already, these tools have provided key

new insights into developmental decision-making that challenge the picture of

transcriptional regulation stemming from classic studies performed in cell culture.
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i. Transcription noise vs. developmental precision

The inherent variability in transcription processes is a widely appreciated phenomenon. In

particular, a multitude of experiments performed in single cells have shown that variability

in transcriptional output –calculated as the ratio of the standard deviation over the mean

number of mRNAs of a given gene per cell– can be as high as 500% [33, 86, 105], leading

to a view that transcription is not precisely controlled. If transcriptional activity is inherently

variable, how then are precise developmental outcomes achieved? Recent work has found

that the instantaneous transcriptional activity in the early fly embryo can vary up to 50%

despite the fact that the resulting cytoplasmic mRNA and protein distributions vary by less

than 10% [34]. In the fly embryo this high transcriptional variability is buffered by the

syncytial cytoplasm: in the absence of membranes, variable mRNA production in an

individual nucleus is averaged both in space and time between neighbors. Compared to the

mRNAs of cultured cells, the lifetime of which may be on the order of hours [106],

transcripts of the early embryo are relatively short lived, especially during the highly

dynamic 14th interphase [76, 107]. However, prior to this time point the mRNA lifetime is

sufficiently long (on the order of an hour) to permit rapid accumulation [28]. By sharing

long-lived transcripts, the embryo reduces the variability in the cytoplasmic distribution of

both mRNA and protein molecules [34] (Figure 3A). Straightforward spatial averaging thus

reduces the requirement for more complicated feedback mechanisms that are usually

proposed to ensure precision. As spatial averaging tends to smoothen patterns, additional

regulatory interactions may be required to ensure “sharp” borders [93, 108]. Furthermore,

spatial averaging can only occur in the absence of membranes, thus begging the question of

how transcriptional variability is buffered during later developmental stages. In order to

reveal the mechanisms of variability buffering in later stages, staining and imaging protocols

will have to be adapted to access the more complex 3D structures that form after embryo

gastrulation. It is tempting to speculate that the precision in mRNA counts at later times

would be aided by rapid transcript production: compared to cultured cells where transcripts

may be produced at only 1 mRNA per hour [109], fly embryos engage in extremely rapid

transcription with up to ~5 mRNAs per minute [28]. If mRNAs are relatively stable and

allowed to accumulate, high production rates reduce fluctuations in potentially variable

processes, such as Pol II binding and progression, by integrating production over time, thus

allowing each cell in a given collection a greater chance of achieving the mean level of gene

expression and minimizing variability.

ii. Variability in transcription and the two-state model

Over the last few years the use of variability (or “noise”) in gene expression as a lens

through which to view the in vivo molecular mechanisms of transcription has gained traction

[27, 110]. As discussed in Box 2, the simplest model of transcription states that the

distribution of Pol II molecules on a given gene will be given by Poisson statistics, with

variance equal to the mean. However, experiments performed both in single-celled and

multicellular organisms have yielded values for the variance that are usually several times

higher than the mean, arguing against a simple model of gene expression and suggesting the

presence of additional rate-limiting step(s).
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One simple mechanism to invoke this increased variance is that of a promoter that can

switch between an ON and an OFF state (Box 2). This model predicts that mRNA molecules

are produced in “bursts,” increasing the variability in the mRNA output, which is consistent

with observations made for single-cell organisms [96]. In this model, repressor molecules

can switch the promoter to the OFF state, and the action of activators increases the

probability of finding the promoter in the ON state. Further, a saturating concentration of

activator effectively fixes the promoter in the ON state. This reverts expression to the simple

case of a promoter producing mRNA at a constant rate with Poissonian fluctuations.

This simple prediction has been tested and falsified in the context of the early embryo: even

at saturating concentrations of activating factor(s), where gene expression output is

maximal, the observed variance of several early expressed genes is more than two times

higher than the mean [34]. This argues for the presence of further “switching” steps, even

for fully activated genes, that both limit the maximum achievable magnitude of gene

expression and constrain the degree of attainable precision. The molecular identity of these

mechanisms is unclear, but it could be related to nucleosome remodeling, changes in

chromatin state, Pol II promoter proximal pausing or stochastic processes of enhancer-

promoter looping [111–114] (Figure 3B). Recent theoretical work demonstrates that some

molecular mechanisms can reduce variability instead of increase it [23]. As a result, even

variability consistent with a Poisson mechanism can result from the interplay between noise-

increasing and noise-decreasing mechanisms. Though more theoretical and experimental

work is required, this example demonstrates that the embryo is now poised to reveal

fundamental mechanisms behind transcriptional regulation with a degree of quantitative

rigor previously reserved for its single-celled counterparts.

iii. Dynamic strategies for pattern formation

Most of our knowledge of transcriptional decisions in development stems from examining

fixed tissue. Extracting dynamic parameters from such snapshots depends on the adoption of

a specific model. The model of promoter ON/OFF switching put forth above has been

explicitly tested in some cases in single cells [35, 96, 105, 115, 116], but not yet in the

context of the development of a multicellular organism. Recent work based on fixed tissue

has also suggested that promoters enriched for paused Pol II can turn on in a more

synchronous fashion than those promoters that do not exhibit Pol II pausing [91, 114].

Additionally, using similar techniques the existence of “memory” has been proposed in the

regulation of transcription throughout the developmental cascade in the early embryo [92].

All these claims are of a dynamical nature and can be best tested by accessing transcriptional

dynamics in a living embryo.

The genetically encoded MS2 system in combination with live imaging, as described above,

should provide such access to the dynamics of developmental decisions. For example, this

method has shown that the final structure of gene expression patterns arises from multiple

independent transcriptional decisions [102, 103]. A given gene locus of a hunchback

reporter first determines whether to enter the ON or OFF state in a random manner, biased

by the local concentration of activator. The ON/OFF decision is subsequently maintained

throughout interphase, so that an inactive locus remains inactive continuously. Loci that
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enter the ON state modulate their rate of transcription initiation by, once again, reading out

the local concentration of the activator. Thus, the resulting pattern of gene expression

emerges from the combination of decisions of whether to express a gene and, if so, at what

level of activity (Figure 3C). Such a finding cannot be derived from fixed analysis alone

since only living embryos reveal whether and how often switching occurs between active

and inactive states.

The molecular origin of the random decision to turn a gene locus ON or OFF remains

elusive. Interestingly, in previous nuclear cycles all loci of this hunchback reporter are active

(or in the ON state), indicating that this random decision is only made in the third hour of

development. This temporal change in the behavior of nuclear activity suggests the presence

of a new regulatory landscape as a result of, for example, the action of newly expressed

zygotic repressors or change in local chromatin modification [117–120]. A new set of

mutant screens for the involved molecular players will be necessary and these efforts will

present the opportunity to shed light on the role of chromatin conformation in transcriptional

regulation in single cells, a process that had been previously mostly assessed in bulk

experiments [26, 121, 122]

4) From Genome to Form

By taking advantage of the methods described above, the examples we have presented make

it clear that fly embryos present new opportunities for investigating metazoan transcription.

As such we are undoubtedly at the brink of a new set of mechanistic insights into the

processes that ensure the presence of the necessary amount of gene product at the correct

place and time in the developing embryo and beyond. The study of transcription in an intact

developing organism opens new possibilities that simply cannot be addressed in unicellular

systems. For example, one striking aspect of development is the generation of diverse

morphologies from a limited number of network components and signaling systems [38,

123, 124]. Can any aspect of form be predicted by the linear string of nucleotides [125]?

This question can now be addressed quantitatively by asking how expression rates change

and expression boundaries shift as a function of sequence alterations to enhancer and

promoter elements. This effort becomes all the more tractable given recent technological

developments such as BAC transgenesis [126] and CRISPR-mediated genome modification

[127] that allow such alterations to be made at endogenous loci. In addition, the insertion of

stem-loop sequences into endogenous genes for live imaging bypasses the need to construct

reporter transgenes, minimizing position effects that are often observed in transgenesis

experiments [128]. Such experiments will quantitatively address, for example, the role of

“shadow” enhancers (secondary enhancers that work together with a primary enhancer,

which typically has been discovered first) functioning as redundant systems that ensure

correct gene expression patterns [129–131].

Additionally, the last few years have resulted in an accumulated body of evidence for the

role of nucleosome positioning, chromatin conformation, and modifications in modulating

transcriptional activity in a plethora of developmental contexts [10, 132–135]. Current

technology, however, has only allowed for the observation of these processes in bulk, often

leading to the loss of the spatiotemporal information behind them. The ability to access
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transcriptional decisions in space and time with high precision in the context of the embryo

laboratory provides the exciting prospect of the development of new technologies aimed at

visualizing enhancer-promoter looping [136] and its coupling to DNA accessibility and

chromatin interactions [137] in real time [138].

Finally, an exciting possibility is that of simultaneously labeling multiple network

components to assess regulatory relationships and correlations in expression dynamics. For

example, a live mRNA labeling system based on the PP7 bacteriophage can be combined

with MS2 to observe the simultaneous expression of two genes using different colored coat

protein fusions [139]. Prior observations of co-expressed gene products have relied on fixed

material [3, 34]. Data from such experiments have given rise to models of cross-regulatory

relationships between pairs of genes expressed in spatially overlapping domains. Such

models generally propose that reproducible positioning of expression boundaries emerges

largely from interactions across expression borders [7, 63, 140–144]. These models thus

provide predictions (either qualitative or quantitative) about how expression rates will

change as zygotic gene products accumulate at different locations in the embryo. The ability

to monitor transcription in real time will provide the first rigorous quantitative test of these

models. Because expression patterns emerge from numerous interactions of many activators

and repressors at gene loci, experiments of this type will at long last allow researchers to

ascertain the contribution of such interactions to boundary formation. By combining the

above methods to measure expression rates with genetic manipulations of transcription

factor activity, it will now become possible to determine how each activating or repressing

factor contributes to expression rates, and thus to the dynamics of pattern formation, for any

target gene of interest.

These are early days for the quantitative study of transcription in the context of

developmental programs. A revolution in our understanding of the microscopic processes

leading to cellular decision-making has been spearheaded by studies in cultured cells over

the last 15 years. The novel experimental methods to quantify and manipulate transcription

in embryos combined with theoretical models aimed at predicting regulatory behavior have

the potential of furthering this revolution and bringing it to the forefront of metazoan

evolution.
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Glossary

Zygotic genes Genes whose expression occurs in the embryo (i.e. the zygote), not

during oogenesis in the female
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Oogenesis Process of egg formation in the female (lasts 2–3 days in

Drosophila melanogaster)

Segmentation Process of generating body segments

Syncytium Cell with many nuclei that are not separated by cell membranes

Maternal
gradients

Protein concentration gradients in the embryo that are set up by the

female during oogenesis

Gene expression Act of generating gene products, such as mRNA and protein; often

stands for the amount of mRNA or protein present in a particular

cell

Gap genes Class of genes that orchestrate anterior-posterior patterning in the

early Drosophila embryo (see Box 1); typical expression pattern

has 2–3 broad domains during nuclear cycle 14

Pair-rule genes Class of genes that orchestrate anterior-posterior patterning in the

early Drosophila embryo (see Box 1); typical expression pattern is

7 stripes during mid-nuclear cycle 14

Expression noise Stochastic fluctuations in mRNA or protein expression levels;

typically reported as a coefficient of variation, i.e. the ratio between

standard deviation and mean expression level

Gene regulatory
network

Gene products that can regulate the activity of other genes; genes

are nodes and interactions between genes are links of the network

Intrinsic noise Gene-intrinsic fluctuations in gene expression levels, attributed to

the stochastic nature of the biochemical processes in transcription

such as Pol II binding to the DNA

Extrinsic noise Gene-independent fluctuations in gene expression levels, attributed

to environmental fluctuations such as the number of available Pol II

molecules per nucleus

smFISH Single molecule fluorescence in situ hybridization is an mRNA

labeling technique that uses fluorescently-tagged complementary

DNA probes that bind mRNA molecules in fixed tissue. These

DNA probes can be bound to a fluorophore for direct detection or

to a molecule that is then detected using antibodies

MS2-system RNA stem loops that are bound by complementary coat proteins

Antibody staining Technique to label proteins in fixed tissue with fluorescently tagged

antibodies

Transcription
factors

Proteins that bind to promoters and enhancers to control gene

expression

Enhancers Regulatory DNA regions that control the expression of nearby

genes
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Polymerase (Pol)
II

Molecular complex that binds promoters on the DNA and

transcribes DNA into mRNA.
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Highlights

- Early Drosophila embryos possess many features advantageous to studying

transcription

- New methods to measure gene expression developed in cultured organisms

now allow quantification in early fly embryos

- Protein and mRNA expression, transcription rates, and RNA polymerase

dynamics can be measured in terms of absolute molecular numbers

- Recent studies reveal features of transcriptional regulation specific to the fly

and universal between organisms
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Box 1: Segmentation by transcription

During the first three hours of its development, the 500µm long Drosophila embryo

transitions from a single cell to a differentiated multicellular structure with a single layer

of ~6000 regularly arranged cells just below its surface. These cells express differential

combinations and amounts of gene products specifying cell types, thus laying out a

spatial blueprint for the structures in the future adult organism. This blueprint originates

during the construction of the egg, when localization processes place symmetry breaking

gene products at the poles along the axes of the egg. The signaling cascades that initiate

patterning are triggered upon fertilization at time zero, establishing maternal activity

gradients that spread along the anterior-posterior (AP) axis. One such maternal factor is

Bicoid, a transcription factor required to determine anterior fates. Maternal gradients are

established during the first 1–2 hours following fertilization, when nuclei undergo 13

rounds of mitotic division without cytokinesis. The absence of membranes between

nuclei permits the free diffusion of molecules within the embryonic syncytium. Bicoid

and other maternal factors activate the zygotic patterning genes in specific spatial

domains, generating the aforementioned blueprint. The extended 14th interphase takes

place during the third hour of development, when zygotic gene products accumulate to

high levels and membranes are deposited between nuclei forming individual cells. The

patterning genes compose a hierarchical transcription network with three layers (Figure

I): maternal genes, such as Bicoid (green); gap genes, whose expression domains

demarcate large territories spanning many cell diameters (Hunchback, red); and pairrule

genes that form an iterative pattern of 7 stripes (Even-skipped, blue), presaging the

formation of the larval body segments. Three maternal AP patterning systems regulate

the expression of >12 gap genes whose combined activity regulates 7 pair-rule genes.

These genes encode a network of transcription factors, the interactions of which

determine the positions of gene expression boundaries.

Figure I: Hierarchy of patterning genes in the early Drosophila embryo. The

maternal factor Bicoid activates hunchback and various other gap genes in broad domains

which all work together to regulate the activity of pair-rule genes such as even-skipped.
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Box 2: Variability as a window into molecular mechanisms

A straightforward model of transcription, the Poisson promoter, proposes that Pol II

initiates transcription at a constant rate (Figure I). This rate is then modulated by the

relative abundance of activators and repressors [145]. Because of the inherent

stochasticity of biochemical reactions, a constant rate of transcriptional initiation leads to

a Poisson distribution of transcribing Pol II molecules along the gene, with variance

equal to the mean number of Pol II molecules. A variance higher than the mean number

of actively transcribing Pol II molecules indicates the presence of extra regulatory steps

along the transcriptional cascade. The simplest model consistent with increased variance

consists of a promoter that switches between transcriptionally permissive (“ON”) and

restrictive (“OFF”) states, a two-state promoter (Figure I). When switching occurs more

slowly than the rate of transcriptional initiation, mRNA molecules are produced in

“bursts,” increasing the variability in Pol II loading. Cartoons such as shown in Figure

2A, where all Pol II molecules are uniformly loaded on the DNA, represent a special

case. Pol II molecules have a physical footprint such that there is a minimum spacing

between contiguous molecules on a gene. When the rate at which Pol II can attempt

initiation is higher than the time required for the previously loaded Pol II to traverse the

length of its footprint, the rate of Pol II clearance from the promoter becomes limiting.

As a result of this “traffic jam” of Pol II molecules, the variance in Pol II loading will be

smaller than its mean, resulting in a sub-Poissonian distribution [146] i.e. a deterministic

promoter (Figure I). Finally, it is important to note that the simple reaction schemes

discussed here represent only a small subset of all possible mechanisms of transcription

initiation. More complex regulatory behavior, such as the regulation of transcriptional

elongation [147], can lead to an increase or decrease of the variance with respect to the

mean [23, 146]. As a result, making claims about regulatory mechanisms from the

magnitude of the variance with respect to the mean are generally insufficient. Uncovering

the intricacies of transcriptional cascades in vivo requires experimentation wherein

regulatory parameters are varied systematically and their effect on the variance is

measured [110].

Figure I. Variability of Pol II gene loading and molecular mechanisms of
transcriptional initiation. Different mechanisms of promoter clearance by Pol II and

transcriptional initiation lead to qualitatively different distributions of Pol II molecules

along the gene.In the Poisson promoter Pol II molecules escape the promoter at a

constant rate. In the two-state promoter the promoter switches between an ON and and

OFF state. Only when the promoter is in the ON state do Pol II molecules initiate

transcription. In the deterministic promoter the rate of Pol II loading is higher than the

time it takes for the previous Pol II to escape the promoter leading to a chain of closely

spaced Pol II molecules along the gene.
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Figure 1. Cells in different contexts: culture vs. embryo
(A) Cells in culture require careful preparation to assure reproducibility across experiments.

Female flies naturally prepare embryos in a high-throughput and reproducible manner. (B)

Culturing allows examination of gene regulatory network behavior across a range of

conditions in a synthetic environment. As such, it is not a priori evident which part of

observed cell-to-cell variability (which can range between 50% and 500%) is due to sample

preparation versus inherent fluctuations in the system. Studies of embryos reveal the degree

of natural variability in gene expression that is tolerated by an intact system. As a system,
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the embryo is designed to generate a specific gene expression pattern within tight temporal

and spatial constraints. This tight control results in levels of gene expression that can be

reproducible within 10% and boundary positions with a 1% egg length reproducibility. (C)

The absence of membranes between nuclei in the early embryo allows for the mixing of

regulatory factors by diffusion. (D) Synchrony of the cell cycle is hardwired in the early fly

developmental program. (E) Titrating input concentrations of transcription factors in cell

culture requires the implementation of synthetic inducible circuits in multiple experiments.

By contrast, transcription factor gradients in the early embryo span the natural range of

patterning dynamics required for proper development.
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Figure 2. Visualizing the central dogma in the embryo
(A) Developmental decisions can be assessed at multiple stages of the central dogma: from

nascent mRNA transcript formation (and thus the number of active RNA polymerases

loaded on the promoter), to cytoplasmic mRNA and protein distributions. (B) Methods to

measure mRNA and protein distributions during development in fixed and living embryos

(see text).
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Figure 3. Signatures for the transcriptional basis of pattern formation in the fly embryo
(A) The variability in the instantaneous amount of mRNA being produced at sites of nascent

transcript formation is as high as 50%. However, the mRNA molecules produced in different

nuclei are averaged in the common cytoplasm of the syncytium, effectively reducing

variability in the distribution of cytoplasmic mRNA molecules to 10%. (B) The variability

in mRNA production observed in nuclei in (A) suggests a mechanism of transcription where

the promoter switches between an ON and an OFF state. The molecular nature of this

mechanism could be associated with enhancer-promoter looping or transient changes in
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chromatin accessibility, for example. (C) Live mRNA production monitoring reveals that

patterns are formed by two serial steps of transcriptional regulation in single cells. First, a

locus of a given gene makes a random binary decision whether to turn ON or not, with the

local concentration of activator biasing this decision. Loci that are OFF will remain so for

the whole interphase.By contrast, loci that turn ON will produce mRNA at a rate that in

modulated by the local concentration of activator in an analog fashion. It is the combination

of these two regulatory strategies that leads to macroscopic patterns of expression

throughout the embryo.
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