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ABSTRACT Many species show a diverse range of sizes; for example, domestic dogs have large variation in body mass. Yet,
the internal structure of the organism remains similar, i.e., the system scales to organism size. Drosophila melanogaster has
been a powerful model system for exploring scaling mechanisms. In the early embryo, gene expression boundaries scale
very precisely to embryo length. Later in development, the adult wings grow with remarkable symmetry and scale well with an-
imal size. Yet, our knowledge of whether internal organs initially scale to embryo size remains largely unknown. Here, we utilize
artificially small Drosophila embryos to explore how three critical internal organs—the heart, hindgut, and ventral nerve cord
(VNC)—adapt to changes in embryo morphology. We find that the heart scales precisely with embryo length. Intriguingly, reduc-
tion in cardiac cell length, rather than number, appears to be important in controlling heart length. The hindgut, which is the first
chiral organ to form, displays scaling with embryo size under large-scale changes in the artificially smaller embryos but shows
few hallmarks of scaling within wild-type size variation. Finally, the VNC only displays weak scaling behavior; even large changes
in embryo geometry result in only small shifts in VNC length. This suggests that the VNC may have an intrinsic minimal length
that is largely independent of embryo length. Overall, our work shows that internal organs can adapt to embryo size changes in
Drosophila, but the extent to which they scale varies significantly between organs.
SIGNIFICANCE How do organs adjust position and size (i.e., scale) to changes in organism size? This question has
received significant research focus over the past 100 years, but it is still poorly understood how (if they even do) internal
organs scale during embryo development. Here, using quantitative approaches and genetically induced smaller embryos,
we show that three organs within the developing Drosophila embryo display distinct scaling properties. The heart adjusts
its size to scale with embryo length by altering the cardioblast morphology. However, the ventral nerve cord appears to
have a minimal absolute size. Our results show that organ scaling can occur early in development, but the effects of such
scaling can be highly organ specific.
INTRODUCTION

Organism scaling (allometry), including in humans, is an
important developmental process (1). A striking example
is the large variation because of selective breeding in do-
mestic dog size, from �2–3 kg to �70 kg; yet they are
genetically very similar (2). The extent to which an organ
grows is regulated by the body size of the individual. Under-
standing the processes that drive organism scaling has been
a longstanding challenge in developmental biology (3,4). In
recent years, the study of external organs such as the insect
wing (5–7) and beetle horns (8) has provided novel insights
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into the relationship between organ and organism size and
the associated physiological properties (9).

What are the mechanisms controlling organ size? In the
case of winged organisms, they require extremely precise
regulation of the wing size, including left-right symmetry,
to ensure optimal flying (10). Such regulation could be
driven by both genetic and mechanical processes within
the organ (11,12). In Manduca sexta, wing size is tightly
regulated by the adult body size. This regulation is achieved
through altering the cell number in the wing disk (5). Me-
chanical processes can act through direct limitation on tis-
sue growth or by inducing mechanosensitive pathways
(13–17). The timing of signal interpretation and external
hormonal inputs can also direct organ scaling (6,18–20),
and neighboring organs can regulate organogenesis
(21). Theoretical approaches have also been important in
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Organ scaling in the Drosophila embryo
deciphering the possible processes driving precise scaling
(22).

Arguably, the best quantified system for studying scaling
in development is gene expression boundary specification
along the anterior-posterior (AP) axis in the early
Drosophila embryo (23). Such boundaries scale precisely
with embryo length (EL), with an error of less than one
cell diameter. These boundaries are downstream of the
morphogen gradient Bicoid and other maternal inputs
(24,25). The scaling of the boundaries is robust to natural
variations in both Bicoid levels and embryo size, but the
scaling does break down under larger changes in either Bi-
coid or embryo size (26,27).

Later in Drosophila development, there has been exten-
sive research into how larval organs grow and adapt to envi-
ronmental stresses (28–30). These organs form first in the
embryo and are derived from the precisely scaled patterns
laid down in the early embryo (31). During the larval and
pupal stages, most of these organs undergo substantial re-
configuration (30), including large-scale removal of the
initial embryonic cells. So, whether these initial embryonic
organs need to scale and adjust to changes in embryo size is
an open question. Dissecting organ scaling is complicated
by the diverse range of organ formation processes and mor-
phologies. For example, in Drosophila, muscle growth oc-
curs through myoblast fusion and elongation (32), the
hindgut grows by chiral reorientation of cells (33), the
ventral nerve cord (VNC) undergoes large-scale elongation
followed by condensation (34,35), and the heart forms from
a fixed number of cells (31,36).

Here, taking advantage of the imaging accessibility of the
Drosophila embryo and a mutant that produces smaller (yet
still viable) embryos, we provide quantitative measures of
the formation and scaling of three internal organs: the heart,
hindgut, and VNC. These three organs have distinct charac-
teristics that make them particularly pertinent for exploring
scaling. The Drosophila heart is a linear tube orientated
along the embryo AP axis with fixed cell number (31,36).
The regulatory gene network determining heart specifica-
tion is highly conserved between species—along with the
initial heart morphology—and so insights into scaling of
the early heart may have relevance in higher organisms
(37). The hindgut is the first chiral organ to emerge during
Drosophila development, taking on a distinct curved
morphology (38,39). Typically, scaling studies have focused
on tissues with simple morphologies whose shape can effec-
tively be described by a single parameter (10). The hindgut
offers an opportunity to test whether chiral tissues scale and,
if so, whether they scale equally along different axes. The
VNC is a unique organ that spans across the entire embryo
length before condensing by means of apoptosis and long-
range coordinated mechanical interactions (40,41). As the
VNC shrinks, rather than grows, to its final size within the
embryo, its mechanisms of size control are likely distinct
from well-studied systems such as the Drosophila wing
disk (12). Intriguingly, here we show that these three organs
each display distinct scaling characteristics, suggesting that
embryonic internal organs are highly variable in how they
respond to changes in organism size.
MATERIALS AND METHODS

Generation of artificially smaller embryos

In wild-type (control) embryos, the natural variation is �10% in embryo

length (Fig. 1, A and B) and 13% in embryo width (Fig. 1, A and C).

This small variability makes studying scaling within the embryo chal-

lenging. To get around this problem, we utilized TrafficJam-Gal4>UAS-

fat2-RNAi (henceforth referred to as TjGal4>fat2RNAi)-expressing flies

(27,42), which lay shorter embryos along the AP axis, although they have

larger width (Fig. 1, A–C). Embryos labeled as TjGal4>fat2RNAi are laid

by females of the genotype TjGal4>fat2RNAi. Importantly, these eggs

are viable and typically result in healthy larvae (Video S1). This manipula-

tion provided 30% variation in the EL and 20% variation in the embryo

width (EW). The control embryos have a length distribution of 473–572

mm and width distribution of 150–195 mm. In TjGal4>fat2RNAi animals,

the eggs laid on the first day after setting up the cage typically consisted

of eggs close in size to wild-type. Here, we have taken TjGal4>fat2RNAi

embryos ranging from 362 to 465 mm. In Fig. 5, in which we used

TjGal4>fat2RNAi embryos of 470 and 490 mm length (laid soon after

cage setup) to serve as an internal control, embryo length is correlated

with embryo width in the TjGal4>fat2RNAi embryos, but not in control

(Fig. 1 D). Comparing the embryo length with the aspect ratio (length/

width), we see a clear correlation in controls and TjGal4>fat2RNAi em-

bryos (Fig. 1 E). As reported previously (27), this corresponds to the

TjGal4>fat2RNAi embryos only having a small decrease in total volume

compared with wild-type embryos.
Fly stocks

We used the following fly lines in this work: TjGal4 (43), UAS-fat2RNAi

(VDRC27114 and BDSC40888), Hand::GFP and Hand-Gal4 (44), UAS-

moe::GFP (45), elavGal4>UAS-GFP (BDSC5146), BynGal4>UAS-

myr::GFP (46), Byn::mtdTomato (from Kenji Matsuno), Histone::RFP

(BDSC 23650), Myo31DFL152, and BynGal4>UAS-myr::GFP (46). In the

heart experiments, our control line was Hand::GFP. In the VNC experi-

ments, our control line was elavGal4>UAS-GFP. In the hindgut experi-

ments, our control line was Byn::mtdTomato. We confirmed that

Byn>Gal4-UAS>myr::GFP UAS-fat2-RNAi showed similar behavior to

our control embryos for the hindgut.
Imaging protocols and microscope

We used NikonA1R (Tokyo, Japan) and Zeiss LSM 700 (Oberkochen, Ger-

many) confocal microscopes for time-lapse imaging. We picked the desired

stage embryos from the apple agar plate and dechorionated them using

bleach. Embryos were then washed in phosphate-buffered saline and

mounted on the coverslip dish in the desired orientation (dorsally for heart

and hindgut and laterally for VNC). Time-lapse imaging was performed on

a confocal microscope with time interval of 5–10 min. Recordings were

taken at room temperature, typically 21–23�C. All data are collected

from live videos except Video S5, which is immunostained for GFP and

DE-Cad following standard immunostaining protocols. Chick anti-GFP

(1:10,000; Abcam, Cambridge, UK) and rat-DCAD2 (1:300; Develop-

mental Studies Hybridoma Bank, University of Iowa, Iowa City, IA) pri-

mary antibodies were used to label the GFP-expressing cells and DE-Cad

expression, respectively. The primary antibodies were detected with Alex-

aFluor-labeled secondary antibodies (1:400; Invitrogen, Carlsbad, CA).
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FIGURE 1 Quantification of embryo morphology in control and TjGal4>fat2RNAi embryos. (A) Brightfield images of stage 14 wild-type (control) and

TjGal4>fat2RNAi embryos on same scale. (B) Distribution of embryo length in control and TjGal4>fat2RNAi embryos. (C) Distribution of embryo width in

control and TjGal4>fat2RNAi embryos. (D) Correlation of embryo length with embryo width in control and TjGal4>fat2RNAi embryos. (E) Correlation of

aspect ratio with embryo length. For (B), n ¼ 67 (control) and n ¼ 77 (TjGal4>fat2RNAi); for (C)–(E), n ¼ 51 (control) and n ¼ 35 (TjGal4>fat2RNAi).

Scale bars in (A), 50 mm. Shaded regions represent 95% confidence interval on the linear fitting and r2-values given in the legend, color coded by control

(magenta), TjGal4>fat2RNAi (cyan), and all data (black). To see this figure in color, go online.
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Image analysis details

Embryo length and width were measured in ImageJ (National Institutes of

Health, Bethesda, MD) manually as shown in Fig. 1 A.

Heart quantification

At stage 14, we measured the two rows of cardioblasts once they clearly

move inward from a dorsal view. For each embryo, we measured both

rows of cardioblasts and averaged the values for each embryo (Fig. 2, A–

C). For each embryo, we measured the distance between the anteriormost

and posteriormost ends of both rows and averaged these values. We used

this value to measure the heart arching at stage 14. At stage 16, we

measured the size of the heart immediately after both rows of cardioblasts

met at the dorsal midline.

VNC quantification

VNC length measurements were done by drawing a segmented line along

the VNC in ImageJ at two developmental time points (Fig. 4, A and B):

the onset of stage 15 (we used the gut morphology to identify this specific

landmark) and during stage 17, just before clear tracheal filling.

Hindgut quantification

Hindgut measurements (Fig. 6, A and B) were done at the developmental

time point when the hindgut reached its maximal distance along AP axis

before twisting (during stage 14). Distances along the AP axis were

measured from the anus in the posterior manually on ImageJ. Curvature

was measured by fitting a circle to the region highlighted in Fig. 6 B.

Because the hindgut anterior end is not perfectly circular in its morphology,

we fitted the circle to the highlighted dark blue region in Fig. 6 B. For each

data set, all embryos within the cohort were quantified before any statistical

analysis to reduce potential for bias. Only embryos that displayed clear ev-

idence of sickness were excluded from the analysis.
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Statistical analysis

All statistical analysis was performed in GraphPad (GraphPad Software,

San Diego, CA) except for the bootstrapping analysis (Fig. 4 E). For calcu-

lating the p-value between measured means, we usedWelch’s test (unpaired

t-test with Welch’s correction). To test whether observed scaling relation-

ships showed statistically significant differences from no correlation (null

hypothesis was that there would be a zero gradient in the linear fit), we

used GraphPad’s built-in regression-slope test. We further provide r2-values

on all linear fittings in the figure panels. In all linear regression analyses, we

show the 95% confidence interval (shaded regions in figure panels). In

Fig. 4 E, error on the VNC embryo-to-embryo variability was calculated

through bootstrapping using the MATLAB (The MathWorks, Natick,

MA) function bootstrp. 100 random samples were generated for each

condition.
RESULTS

The Drosophila heart scales with embryo length

TheDrosophila heart is a tubular structure with no change in
cell number during its formation (48). The two rows of cells
(52 cells each) migrate from the two lateral sides of embryo
(at developmental stage 14) toward the dorsal midline
(Video S2). They match precisely at the dorsal midline in
developmental stage 16 to form the dorsal vessel (49,50).
In stage 14, the two rows of cells arrange in arched struc-
tures (Fig. 2 A). In stage 16, the heart has a simple linear
structure (Fig. 2 B). From imaging embryos expressing
heart-specific markers (Materials and methods), we can
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quantify the heart shape during morphogenesis in differently
sized embryos (Fig. 2 C).

At stage 14, we see that the future heart in
TjGal4>fat2RNAi embryos is shorter in total length
(HL14 ¼ 209 5 9 mm) than control embryos (HL14 ¼ 235
5 14 mm) (Fig. 2, D and E). Further, the heart is more
arched in TjGal4>fat2RNAi embryos compared with stage
14 control embryos (Fig. 2 D(ii)). At stage 14 in control em-
bryos, the length of the future heart sections scales with the
embryo length (p < 10�3), but not with the embryo width
(p ¼ 0.33) (Fig. 2, D and E). In the TjGal4>fat2RNAi em-
bryos at stage 14, there is not significant scaling of heart
length with the embryo size (p ¼ 0.11 and 0.32 for embryo
length and width, respectively). We define the heart arching
as Hl14/HL14; a straight heart would have an arch of 1, with
the value of Hl14/HL14 decreasing for more curved hearts.
There is a weak scaling between the heart arch extent in
stage 14 and embryo length within each data set (p ¼ 0.04
for control embryos, Fig. 2 E(ii)), but when combining the
data sets, we see a clear trend for increasingly arched hearts
at stage 14 in shorter, wider embryos (Fig. 2 E(ii)).

At stage 16, control and TjGal4>fat2RNAi embryos show
clear scaling with embryo length (p < 10�3 for both condi-
tions, Fig. 2 F). The correlation between embryo and heart
length is substantially increased compared with stage 14
embryos. This suggests that the heart length adjusts to em-
bryo size during its formation. This strong scaling is remark-
able for two reasons: 1) the heart is constructed of a fixed
cell number, and 2) the scaling becomes more apparent later
in embryonic development. Given the linear nature of the
heart orientated along the AP axis, unsurprisingly, we do
not see scaling of heart size with embryo width (Fig. 2 G).
The embryonic Drosophila heart scales by
reducing cell length along the AP axis

Given the clear scaling of the stage 16 heart with embryo
length, we asked what morphological changes occur to
ensure such scaling? Two possibilities are that the cardio-
blasts change morphology or that the number of heart cells
is reduced. To count the number of cardioblasts, we used
Hand::GFP, which marks the nuclei of the cardioblasts
and surrounding pericardial cells, which are readily distin-
guished by position (Fig. 3 A). We counted the number of
heart cells in control and TjGal4>fat2RNAi embryos. We
found that the number of cardioblasts on each side of the
embryo remained constant, with 52 per embryo, even in
very short embryos (Fig. 3 B), showing that heart scaling
is independent of cell number.

To test whether the cell size along the AP axis was altered,
we imaged cardioblast morphology usingHand-Gal4>UAS-
Moe::GFP, which marked the cell boundaries (Fig. 3 C).
We observed a clear decrease in the cell length along the
AP axis, with 5.0 5 0.7 mm (control) and 3.6 5 0.7 mm
(TjGal4>fat2RNAi), p < 10�3 (Fig. 3, C and D).
The heart is composed of a repeating pattern of four Tin-
man-positive and two Seven-up (Svp)-positive cardioblasts
(47). The Svp-positive cardioblasts form ostia and are
generally narrower than the Tinman-positive cells. In
Fig. 3 C, we highlight the Svp-positive cardioblasts (red
brackets). Within the same spatial region, there are two
sets of Svp-positive cardioblasts in the control embryo
compared with three sets in the TjGal4>fat2RNAi embryos.
Overall, we see that by stage 16, the heart scales with em-
bryo length and this is mediated by a change in heart cell
morphology, not cell number.
The VNC weakly adjusts to embryo size changes

The VNC, a part of the Drosophila central nervous system,
is first specified ventrally during germband elongation
(stage 8 onward). By stage 11, the developing VNC along
with the germ band extends to the dorsal side. Then, from
stage 12 onward it retracts along with the germband. By
stage 17, it has reduced in size to 60% of the embryo length
(31,35) and resides near the ventral surface (Fig. 4 A; Video
S3). During the condensation process, a significant number
of cells die through apoptosis (40,51). We measured VNC
length at stage 15 and late stage 17 (Materials and methods)
in control and TjGal4>fat2RNAi embryos and compared it
to the embryo length. At stage 15, the total VNC length
VL15 (Fig. 4 B) was 4425 13 and 4035 16 mm for control
and TjGal4>fat2RNAi embryos, respectively (for control
(n ¼ 16) and TjGal4>fat2RNAi (n ¼ 34), p < 10�3, differ-
ence in means). The total VNC length in TjGal4>fat2RNAi
embryos was around 10% shorter than in control (p < 10�3,
difference in means). In stage 17, the total VNC length in
TjGal4>fat2RNAi embryos was also around 10% shorter
than control conditions (267 5 23 and 235 5 14 mm for
control (n ¼ 16) and TjGal4>fat2RNAi (n ¼ 23), p <
10�3, difference in means).

The total VNC length correlated with embryo length at
stage 15 in both control and TjGal4>fat2RNAi embryos
(Fig. 4 C(i)). Interestingly, the linear length of the VNC
along the AP axis (VAP15) scaled more strongly with embryo
length in the TjGal4>fat2RNAi embryos (Fig. 4 C(ii)).
However, by stage 17 this correlation was largely lost in
both control and TjGal4>fat2RNAi embryos (Fig. 4 D).
In particular, despite the large changes in embryo
geometry (embryo length between 347 and 465 mm) in
TjGal4>fat2RNAi embryos, we saw no clear correlation be-
tween the VNC total length and the embryo length (Fig. 4
D(i)). As with stage 15, there is slightly stronger scaling
with embryo length when we analyze the linear length of
the VNC along the AP axis (Fig. 4D(ii)). When we compare
the mean total VNC length in control and TjGal4>fat2RNAi
embryos in stage 17, we do see a small change in length, but
this is less than 10% of the mean VNC length (compared
with�30% shortening in embryo length). These results sug-
gest that during the final stages of VNC condensation
Biophysical Journal 120, 4264–4276, October 5, 2021 4267



FIGURE 2 Scaling of the Drosophila embryonic

heart. (A) Two contralateral opposite rows of heart

cells at stage 14 in control and TjGal4>fat2RNAi

embryos marked by Hand::GFP (Materials and

methods). (B) Stage 16 heart cells align close to

each other to form the heart tube (47). (C) Schematic

showing different measurements used in analysis:

HL(14) and HL(16) are the total length of heart at

stages 14 and 16, respectively, and Hl14 is the linear

distance between the anterior and posterior end of

the row of cells at stage 14. (D) Correlation with em-

bryo length at stage 14 of average total heart length,

HL(14) (i), and arch extent, Hl(14)/HL(14) (ii). (E) Cor-

relation with embryo width at stage 14 of average

heart length at stage 14 (i), and arch extent (ii). (F

and G) Correlation of heart length at stage 16,

HL(16), with embryo length (F) and width (G) for

control embryos (n ¼ 20) and for TjGal4>fat2RNAi

embryos (n ¼ 17). Shaded regions represent 95%

confidence interval on the linear fitting and r2-values

given in the legend, color coded by control

(magenta), TjGal4>fat2RNAi (cyan), and all data

(black). All scale bars represent 50 mm. To see this

figure in color, go online.
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(stages 16 and 17), the VNC length only weakly adapts to
the surrounding embryonic environment.

This behavior motivated us to explore the variability in
VNC length during development. Looking at the variation
in VNC length in control conditions (n ¼ 16 embryos),
we saw that the VNC length is highly robust between em-
bryos, even though the embryos have variable length
(478–536 mm) (Fig. 4 E). The relative error in the VNC
length was less than 4% in control embryos. The vari-
ability was larger in TjGal4>fat2RNAi embryos but still
less than 10% variation. We also found the absolute error
in the total VNC length (normalized by average VNC
length). The VNC length variation between embryos
was 3 and 4% for control and TjGal4>fat2RNAi embryos,
respectively, in stage 15 and 9 and 6% for control and
TjGal4>fat2RNAi embryos, respectively, in stage 17.
The embryo-to-embryo variability in VNC length was
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less than 10% of its typical length in both control and
TjGal4>fat2RNAi embryos, regardless of embryo length.
This is remarkably small variation for an organ that un-
dergoes such large-scale morphological changes. These
results suggest that the final total VNC length may
have a preferred intrinsic length and perhaps even a min-
imal size requirement (>220 mm in stage 17), although
further work is required to test these ideas. A prediction
stemming from these observations is that in very short
embryos, the VNC may deform, as there could be insuf-
ficient space for it to occupy the ventral surface. In one
TjGal4>fat2RNAi embryo (which displayed muscle
twitching but did not hatch), we indeed observed buck-
ling (Fig. 4 F). However, this buckling was not just in
the VNC, so it is not possible to conclude clearly whether
the VNC induced buckling or whether it was deforming
because of other size pressures.



FIGURE 3 Scaling of the embryonic heart occurs through cell shape

changes. (A) Heart cells (cardioblasts) with their nuclei labeled with

Hand::GFP. (i) and (ii) correspond to zoomed in regions denoted by the

red and blue boxes on left, respectively; cardioblasts are marked with yel-

low dots. (B) Cardioblast number against embryo length for control and

TjGal4>fat2RNAi embryos, n ¼ 17 (control), n ¼ 15 (TjGal4>fat2RNAi).

(C) Hand-Gal4>moe::GFP marking the cell boundary in the developing

heart for control (left) and TjGal4>fat2RNAi (right) embryos. Red brackets

highlight Svp-positive cells, which are narrower in the AP axis than Tin-

man-positive cardioblasts. The boxed regions are the same absolute size.

(D) Mean cardioblast length in AP axis in control and TjGal4>fat2RNAi

embryos (****p < 10�3). Box represents 25–75% percentiles, and error

bars are standard deviation. Lines in (B) represent a linear fitting with r2-

values given in the legend, color coded by control (magenta) and

TjGal4>fat2RNAi (cyan). Scale bars in (A), 50 mm, and scale bars in (C),

20 mm. To see this figure in color, go online.

Organ scaling in the Drosophila embryo
Although the overall size of the VNC did not change sub-
stantially in shorter embryos, we next asked whether there
were changes in the local structure of the VNC. We looked
at the ladder-like structure of the VNC and the emanating
fascicles from the midline at the completion of head involu-
tion (Fig. 5 A). The fascicles originate at regular intervals
regardless of embryo size, with no apparent difference in
their morphology (Fig. 5 A). Intercommissure distance
(the distance between the ladder-like structures of the
VNC) does appear to slightly decrease in shorter embryos
(Fig. 5 B), consistent with Fig. 4, but there are no stark
changes in small embryos. Therefore, the internal structure
of the VNC appears to be morphologically similar in em-
bryos of different lengths.
Scaling in the Drosophila hindgut, an asymmetric
organ

The Drosophila hindgut is an asymmetric organ that grows
largely by cell shape change (52) and not proliferation after
stage 10 (53). To explore scaling of the Drosophila hindgut,
we chose to examine the shape of the gut in stage 14. At this
point, the hindgut forms a characteristic inverse ‘‘question-
mark’’ shape (Fig. 6 A; Video S4). Given the chiral nature of
the hindgut, we measured the organ curvature as well as its
length and width in both control and TjGal4>fat2RNAi em-
bryos (Fig. 6 B).

Measuring the total hindgut length (HgL) and its linear
extent along the AP axis (HgH), we saw a clear decrease
in the mean value for both HgL and HgH between wild-
type (HgL 249 5 7 mm and HgH 210 5 6 mm) and
TjGal4>fat2RNAi (HgL 209 5 11 mm and HgH 166 5 13
mm) embryos (p < 10�3 for difference in means for both
HgL and HgH). Looking at the correlation of HgL and HgH
with embryo length (Fig. 6 C(i and ii)), we saw only very
weak scaling in the control embryos (p ¼ 0.02 for HgL
and 0.12 for HgH), but stronger scaling in the
TjGal4>fat2RNAi embryos (p ¼ 0.03 for HgL and 0.001
for HgH). We also looked at how the hindgut width and cur-
vature altered with embryo length. We observed distinct dif-
ferences in hindgut width and curvature between control
(width ¼ 70 5 3 mm and curvature ¼ 0.034 5 0.002
mm�1) and TjGal4>fat2RNAi (width ¼ 78 5 7 mm and
curvature ¼ 0.029 5 0.002 mm�1) embryos. The hindgut
width inversely scaled with embryo length in the
TjGal4>fat2RNAi embryos (Fig. 6 C(iii), p ¼ 0.70 and
0.002 for control and TjGal4>fat2RNAi embryos, respec-
tively). This is likely related to the TjGal4>fat2RNAi em-
bryos displaying an inverse relationship between embryo
length and width (Fig. 1). Although the curvature decreased
in TjGal4>fat2RNAi embryos, it did not show a clear
scaling with embryo length (Fig. 6 C(iv)).

We saw similar behavior when looking at the geometric
properties of the hindgut in comparison with embryo width
(Fig. 6 D). In control embryos, there was negligible adjust-
ment of hindgut morphology to changes in embryo width.
However, in the TjGal4>fat2RNAi embryos, we saw more
clear evidence for scaling (p < 10�3) of HgH and HgW.
This is possibly a consequence of the larger-scale morpho-
logical differences in the size of the eggshell in these em-
bryos; both length (reduced) and width (increased) change
Biophysical Journal 120, 4264–4276, October 5, 2021 4269



FIGURE 4 Scaling of the embryonic VNC. (A) Stage 15 and 17 control and TjGal4>fat2RNAi embryos (central nervous system (CNS) labeled in green by

elavGal4>UAS-GFP). Red and yellow dotted regions mark the VNC and brain, respectively. (B) Schematic showing the measurement method for the VNC

length analysis; VL is the length from the neck region of CNS to the posterior end of CNS, VAP is the length of VNC along the AP axis, EL is the embryo length

on the AP axis, and numbers (15/17) in the subscript denote stage. (C and D) Correlation between total VNC length (i) and VNC length along AP axis (ii) with

embryo length at stage 15 (C) and stage 17 (D). (E) Embryo-embryo variation in VNC length/embryo length at stages 15 (n ¼ 16 and 34, respectively) and 17

(n¼ 16 and 23, respectively) for control and TjGal4>fat2RNAi embryos. Error bars found by bootstrapping (Materials and methods). (F) Example of buckling

occurring in the VNC in a TjGal4>fat2RNAi embryo. All scale bars represent 100 mm. Shaded regions represent 95% confidence interval on the linear fitting and

r2-values given in the legend, color coded by control (magenta), TjGal4>fat2RNAi (cyan), and all data (black). To see this figure in color, go online.
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considerably (Fig. 1), although total egg volume only
decreased slightly. Overall, these results suggest that within
wild-type variation in embryo size, the hindgut does not
adjust significantly to embryo size variation. However,
in the more stressed conditions provided by the
TjGal4>fat2RNAi embryos, the hindgut can adjust to the
changing physical environment. In particular, the increased
width of TjGal4>fat2RNAi embryos appears to alter the
shape of the hindgut; the width of the hindgut scales with
embryo width in TjGal4>fat2RNAi embryos, but the curva-
ture does not adjust linearly with embryo length or width.

To examine how the mechanical properties of the hindgut
affect its ability to shape and whether this affects scaling, we
analyzed Myo1D�/� embryos. Myo1D is a noncanonical
myosin that plays a role in chirality formation, with such
embryos often displaying an inverted hindgut (Fig. 7 A;
(33)). Because of genetic limitations, we could not explore
4270 Biophysical Journal 120, 4264–4276, October 5, 2021
the effects of loss of Myo1D in TjGal4>fat2RNAi embryos.
Instead, we focused on Myo1D�/� embryos which were
wild-type-sized with 10-12% variation in embryo length
and width respectively. The overall dimensions of the hind-
gut remain similar in Myo1D�/� embryos compared with
control embryos despite the hindgut inversion. However,
there was a much larger variation in hindgut morphology
inMyo1D�/� embryos (as shown by the spread of 95% con-
fidence intervals shown in Fig. 7, B and C). Note that we
only analyzedMyo1D�/� embryos that showed a clear hind-
gut inversion. Furthermore, the curvature of the hindgut ap-
pears more sensitive to changes in embryo morphology
(Fig. 7 B(iv)). Myo1D�/� embryos show slightly decreased
curvature compared with control embryos (control ¼ 0.034
5 0.002, Myo1D¼ 0.0325 0.003, p< 10�2, Fig. 7 C(iv)).
As with our control embryos, the Myo1D�/� embryos
showed no clear hallmarks of scaling with embryo length



FIGURE 5 Analysis of VNC structure in embryos of different length. (A)

Differently sized TjGal4>fat2RNAi embryos expressing Fas2GFP showing

the VNC and emanating fascicles. There is no apparent difference in the

ladder-like structure among differently sized embryos. Inset in (A) shows

the intercommisural distance labeled by the red dotted lines, denoted as

ICL. Scale bars, 100 mm. (B) Intercommissure length in the trunk region

of the embryo for embryos of different lengths (for the shortest embryo,

five measurements and four each for the two longer embryos; note that

some data points are overlapping). To see this figure in color, go online.
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or width. We conclude that disruption of Myo1D results in
more than simply inverting the hindgut shape; there is
much larger embryo-to-embryo variability between em-
bryos, and the morphology of the hindgut is not simply an
inversion of the ‘‘question-mark’’ geometry.
DISCUSSION

Most previous work that has quantified scaling at a cellular
level has focused on external organs, such as the wing
(10,12,54). Here, we have provided a dissection of scaling
in three essential internal organs during Drosophila embryo
development and shown that they display distinct scaling
characteristics. The heart scales strongly with embryo
length in stage 16 (Fig. 2). The hindgut shows weaker
scaling but does display some adaptation to changes in em-
bryo size, particularly in TjGal4>fat2RNAi embryos
(Fig. 6). Finally, the VNC length only weakly adjusts in
size between embryos of significantly different morphology
(Fig. 4). These results stand in stark contrast to the precision
of gene networks early in the embryo (55,56), in which gene
expression boundaries are closely scaled to embryo length.
Our findings suggest that these gene boundaries are not
translated into precisely scaled embryonic organs in general.

Our main observation is that the robustness of organ
adjustment to changes in embryo size are quite distinct.
Robustness in development is a longstanding problem given
that many of the underlying processes are plastic in nature
(57). For example, under starvation, growth of the ovaries
is delayed in the Drosophila larvae (58), whereas the brain
continues to develop similarly to healthy conditions for a
substantially longer period (59–61). The VNC is con-
structed of a highly stereotypic repetition of specific neurons
and connections (34,62). Larvae from TjGal4>fat2RNAi
embryos quickly reach similar absolute size and
morphology to larvae from control embryos. This is likely
due to the total volume of the hatching larvae not being
substantially different, as the volume of the egg in
TjGal4>fat2RNAi embryos is only decreased slightly
compared with control embryos (27). Therefore, the VNC
may be sensitive to embryo volume, rather than specific
size changes in one axis. This is plausible given the large
size of the VNC before condensation. Overall, our results
suggest that organs in the embryo adapt to specific changes
in embryo size through organ-specific mechanisms.

Unlike most Drosophila organs, the embryonic heart is
largely maintained throughout the fly life cycle (48). There-
fore, there may be advantages to ensuring the heart is
correctly sized from an early stage of development, as the
organ is not substantially remodeled during either larval or
pupal stages, limiting mechanisms that can adjust its size.
We found that in heart scaling, the heart maintains cell num-
ber but changes cell size in smaller embryos. A range of
organs regulate their size through modulating cell prolifera-
tion (5) or death (63,64). Instead, the heart cells appear to be
mechanically malleable, enabling adjustment of size to fit
within the constraining embryo environment. The mechani-
cal structure of the heart cells has been analyzed by electron
microscopy (65), although which mechanical processes are
driving the dynamic morphological changes during heart
formation remains unknown. The heart cells that form ostia
(Svp-positive cardioblasts) are narrower than other heart
cells. It has recently been shown that cell adhesion mole-
cules Fas3 and Ten-m are precisely regulated between
different heart cells, with disruption of Fas3 leading to
changes in heart cell shape (49). It will be interesting in
future work to explore whether the mechanical forces medi-
ated by heterogenous expression of adhesion molecules play
Biophysical Journal 120, 4264–4276, October 5, 2021 4271



FIGURE 6 Hindgut scaling at stage 14. (A)

Representative images of control (left) and

TjGal4>fat2RNAi (right) embryos expressing Byn-

Gal4>UAS-myr::GFP. Scale bars, 50 mm. (B) Sche-

matic of measures used to quantify hindgut

morphology. Inset shows how curvature was

measured; we used the blue-shaded region to find

the curvature, as the anterior end of the hindgut

was not exactly circular. (C and D) Scaling of hind-

gut height HgH (i), total length HgL (ii), maximal

width HgW (iii), and curvature (1/r) (iv) with embryo

length (C) and width (D) in control (magenta) and

TjGal4>fat2RNAi (cyan) conditions. Shaded re-

gions represent 95% confidence interval on the

linear fitting and r2-values given in the legend, color

coded by control (magenta), TjGal4>fat2RNAi

(cyan), and all data (black) (n ¼ 31 for control and

n ¼ 18 for TjGal4>fat2RNAi). To see this figure

in color, go online.
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an important role in determining the scaling properties of
the heart.

The hindgut showed an intermediate response to changes
in embryo size. In the hindgut, we see that the control em-
bryos showed few characteristics of scaling, but in the
(wider) TjGal4>fat2RNAi embryos, there is clear scaling
behavior (Fig. 6, C and D). The surrounding organs may
play an important role in restricting hindgut morphology.
The midgut is positioned more anteriorly and may act to
push against the hindgut as it extends. Further, the VNC
lies beneath the hindgut, providing a barrier toward the
ventral surface. Effectively, the surrounding organs may
be acting to limit the available space for the hindgut, and
such limitations may also explain the observed shape
changes in hindgut morphology between control and
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TjGal4>fat2RNAi embryos. In particular, the wider
TjGal4>fat2RNAi embryos may facilitate the hindgut to
extend further in its width. In adult flies, the gut size varies
between males and females (66). In future work, using our
quantitative approach, we can explore whether these differ-
ences are apparent during embryogenesis. It will also be
interesting to perturb the size of a specific organ and then
explore how other organs adjust in size. Finally, we note
that our analysis thus far has focused on the two-dimen-
sional projected hindgut morphology in the AP lateral plane.
However, the gut also extends in the dorsal-ventral (DV)
axis (Fig. 7 D; Video S5). It is possible that the hindgut ex-
tends to differing degrees in the DVaxis depending on con-
straints—for example, from neighboring organs. However,
it is currently challenging to dissect the three-dimensional



FIGURE 7 Hindgut scaling upon mechanical

perturbation. (A) Representative images of the hind-

gut in control and Myo1D�/� embryos, expressing

Byn-GFP>UAS-myr::GFP. Note the inverted hind-

gut compared with control. (B and C) Scaling of

hindgut height HgH (i), total length HgL (ii),

maximal width HgW (iii) and curvature (1/r) (iv)

with embryo length (B) and width (C) in control

(magenta) and mutant (purple) conditions. (D)

Three-dimensional segmentation of the hindgut in

stage 14 (see also Video S5). Shaded regions repre-

sent 95% confidence interval on the linear fitting and

r2-values given in the legend, color coded by control

(magenta), Myo1D�/� (purple), and all data (black)

(n¼ 31 for control and n¼ 14 forMyo1D�/�). Scale
bars, 50 mm. To see this figure in color, go online.
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gut morphology at cellular resolution in time-lapse videos,
and so we do not consider this further here.

It is interesting to compare these results with other organ-
isms. Dorsal-ventral scaling in the early Xenopus embryo is
regulated by embryo-size-dependent degradation (67). By
comparing different Xenopus species, evidence has also
been found for transcriptional regulation of size (68). The
formation of the skull depends on neural crest cell migra-
tion. By varying where and when neural crest cells migrate
to specific regions of the developing skull, the resulting size
of the skull can vary substantially between avian species
(69). In mouse development, the formation of the proamni-
otic cavity depends on the size of the embryo (70). In hu-
mans, there have been extensive studies of size regulation
of organ growth during childhood (71). The heart scales pre-
cisely with body mass during childhood (71). In contrast, the
brain does not scale with body size, with rapid early growth
followed by much slower change in mass. In humans, how
the embryo regulates organ size during embryonic develop-
ment remains largely unknown. There appears to be a large
range of mechanisms to ensure precise scaling in different
organisms. Our results further suggest that even within the
developing embryo, the extent of organ scaling is potentially
quite varied. Our study has focused on the embryonic stage
of fly development, partly because of imaging accessibility
for live, cellular-resolution imaging. Internal organ scaling
may be differently regulated during larval and pupal stages,
particularly given the large-scale remodeling processes that
occur for the hindgut and VNC. Indeed, an interesting hy-
pothesis is that the larval remodeling of organs may be
able to correct for scaling errors from organ formation in
the embryo.
Biophysical Journal 120, 4264–4276, October 5, 2021 4273
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Recent work has demonstrated that VNC condensation
can be well described as a viscoelastic process, which gener-
ates oscillations in tissue length during condensation because
of differences in the timescales over which the different me-
chanical interactions occur (41). Our work here shows that
the VNC appears to only weakly scale with embryo length
but does display evidence of a minimal viable size. Under-
standing how viscoelastic processes in active tissues regulate
and respond to changes in tissue size remains an open prob-
lem in biophysics. Size regulation can depend on both me-
chanical and biochemical components working together
(72). It will be interesting to explore whether gene expression
profiles—which are tightly regulated within the heart and
VNC in particular—show changes in response to external
stresses, for example, in smaller embryos.

Of course, scaling is more than just a response to spatial
constraints. For example, the timing of ecdysone release in
the Drosophila larvae plays an important role in organ size
control (6). The timing of other signals such as insulin (6),
prothoracicotropic hormone (73), and Dilp8 (74) are essen-
tial in regulating final adult body size. In the early
Drosophila embryo, an earlier study from our lab has shown
that optogenetically perturbing the timing of Bicoid
signaling can lead to changes in morphological events,
such as cephalic furrow formation (75). In our videos
here, we do not see clear differences in the developmental
trajectories in the timing of organ formation in embryos of
different size. However, there may be more subtle effects
that play a role in determining organ size.

Finally, we highlight that organ size can also be influ-
enced by signals from neighboring organs (76,77). Hormon-
al controls have been well studied in the growth of
Drosophila organs (6,78), particularly during the larval
and pupal stages of development (79–81). The expression
pattern of various hormones has also been characterized
during embryonic development (82,83). It will be inter-
esting to explore whether the spatial and temporal pattern
of hormone action within the embryo is affected by embryo
size.

Understanding how organs scale and adapt to size
changes remains a major challenge during development.
This work suggests that we need new biophysical models
to explain how internal organs acquire specific morphol-
ogies, particularly when they are not simply growing to a
final size.
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