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A B S T R A C T

Branching morphogenesis helps increase the efficiency of gas and liquid transport in many animal organs. Studies
in several model organisms have highlighted the molecular and cellular complexity behind branching morpho-
genesis. To understand this complexity, computational models have been developed with the goal of identifying
the “major rules” that globally explain the branching patterns. These models also guide further experimental
exploration of the biological processes that execute and maintain these rules. In this paper we introduce the
tracheal gills of mayfly (Ephemeroptera) larvae as a model system to study the generation of branched respiratory
patterns. First, we describe the gills of the mayfly Cloeon dipterum, and quantitatively characterize the geometry of
its branching trachea. We next extend this characterization to those of related species to generate the morpho-
space of branching patterns. Then, we show how an algorithm based on the “space colonization” concept (SCA)
can generate this branching morphospace via growth towards a hypothetical attractor molecule (M). SCA differs
from other branch-generating algorithms in that the geometry generated depends to a great extent on its
perception of the “external” space available for branching, uses few rules and, importantly, can be easily trans-
lated into a realistic “biological patterning algorithm”. We identified a gene in the C. dipterum genome (Cd-bnl)
that is orthologous to the fibroblast growth factor branchless (bnl), which stimulates growth and branching of
embryonic trachea in Drosophila. In C. dipterum, this gene is expressed in the gill margins and areas of finer
tracheolar branching from thicker trachea. Thus, Cd-bnl may perform the function of M in our model. Finally, we
discuss this general mechanism in the context of other branching pattern-generating algorithms.
1. Introduction

Branching patterns are pervasive in nature and essential to the effi-
cient distribution of liquids and gasses in biological systems. Within
animals, branching tubular systems are found in organs as diverse as
lungs, kidneys, blood vessels, mammary glands and insect trachea, where
they increase the functional surface area for gas or liquid exchange. In
general, the branching patterns found in these organs show complex, self-
asfer@upo.es (F. Casares).

9 January 2020; Accepted 4 Feb

.

similar tri-dimensional geometries (Varner and Nelson, 2017). When
studied at the molecular and cellular detail, the mechanisms generating
the respiratory trees in mouse or in Drosophila seem exceedingly complex
(Metzger et al., 2008). For example, in the Drosophila embryo Ghabrial
and co-workers found in a genetic screen over 200 patterning/morpho-
genetic genes, beyond house-keeping genes, that were necessary for
shaping and developing the arborization of the tracheal system (Ghabrial
et al., 2011). To understand this complexity, models aimed at achieving a
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systems-level understanding have been developed. The goal of these
models is to identify the minimal set of processes that are capable of
generating and maintaining the branching pattern. This global under-
standing, rather than an understanding of the individual parts, may be
then used to focus further research on the mechanisms of those essential
processes, aiding in posing the relevant experimental questions. In
addition, the branching morphogenesis of an organ may vary depending
on environmental conditions, or between homologous organs in related
species (e.g. mouse and human). Therefore, these models should also
help explain in the most parsimonious manner how the phenotypic
plasticity of a branching pattern and its evolutionary variation (i.e. the
pattern’s morphospace) may arise.

Models of animal branching morphogenesis fall into three major
categories (reviewed in (Varner and Nelson, 2017; Iber and Menshykau,
2013)). The realization of the self-similar or fractal nature of these
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patterns (Mandelbrot, 1983; Glenny, 2011) led to the development of
geometric models using recursive algorithms to quantitatively reproduce
the general geometry of the lung’s arborization and its interspecific
variation (Nelson andManchester, 1988; Nelson et al., 1990; Kitaoka and
Suki, 1997). However, for these types of models it is often difficult to link
the recursive rules of the patterning-generating algorithm to the bio-
logical causes. To address this limitation, a second class of models, of
reaction-diffusion type, has been developed that link local geometry and
gene regulatory networks. Therefore, in these models, molecular details
are included that allow for the investigation of the initiation of the
branching process, such as bronchial budding and elongation (Kondo and
Miura, 2010; Menshykau et al., 2014) and the branching pattern of the
kidney ducts (Menshykau et al., 2019). A third class is that of models that
investigate the role of mechanical forces as agents in the branching
process and, in general, have a focus on the biomechanical properties of
Fig. 1. The tracheal gills of the mayfly Cloeon
dipterum and the development of their arbori-
zation. (A) The aquatic nymph bears gills on its
first seven abdominal segments. The white ellipse
marks one of them. Scale bar is 1 mm. (B) Micro-
scopic images of abdominal gills 1, 5 and 7. Except
for the pair on abdominal segment 7, gills are bi-
lamellate. The scale bar in (B) is 500 μm. (C)
DAPI stained gill IV of a 5 day old nymph. No signs
of trachea are visible yet. (D) Bright field micro-
graph of a 13 day old nymph gill III where the
trachea (arrows) have invaded the epithelial pa-
renchyma of the posterior lamella (p) through its
base. The anterior lamella (a) is already visible
stemming from the base of the posterior one. (E) In
later stages, small tracheoles (arrowheads) branch
out from thicker, older trachea (asterisks). (F–G)
Gills VII (from different individuals) at 34 (F) and
38 (G) days post-hatching. Scale bars are 100 μm.
The branching pattern scales with growth (note
that the length/width of the gill approximately
doubles from F to G and includes further elabora-
tions, mostly distally).
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the tube structures as emerging from cell- and tissue-level properties (see,
for example (Kim et al., 2013),). It is clear that elements of all three
modeling approaches are critical to developing a robust understanding of
branching morphogenesis and should be combined when possible. For
example, a recent geometry-based model, that also incorporates molec-
ular information on relevant intercellular signaling processes, has been
used to explain the global morphology of the branched ducts of the
mammary gland (Hannezo et al., 2017).

Still it is not clear yet whether the mechanisms identified by these
models are universal –e.g. whether they can explain the branching pat-
terns of both ductal systems, which are specialized in liquid transport,
and those of the respiratory arborizations of lungs or insect trachea that
transport gases– or to what extent they are able to generate the devel-
opmental plasticity and the evolutionary diversity of these patterns. In
this paper, we capitalize on the branching patterns of trachea in the
mayfly gill to investigate the global mechanism that drive their genera-
tion and morphological evolution.

2. Results

2.1. The branching pattern and morphology of the tracheal gills of Cloeon
and other mayflies

The aquatic nymphs of the Baetid mayfly Cloeon dipterum bear res-
piratory gills on abdominal segments I to VII. These gills are movable, flat
epithelial bilayers (Fig. 1) traversed by ramifying trachea (Craig, 1990;
Riek, 1973). In their structure and function, they are similar to a small
bi-dimensional lung, with gas being exchanged between the thin distal
trachea (secondary trachea) and the surrounding water through the
epithelium as gas is exchanged between the alveoli and the blood
through the capillary endothelium. Gills on segments I to VI are
bi-lamellate, while those on segment VII are uni-lamellate (and the only
non-movable gill pair) (Fig. 1B). Cloeon gills are oval shaped and
generally considered to be of the ancestral type (Riek, 1973; Kukalo-
va-Peck, 1985) (Fig. 1B). Gills start developing on the second nymphal
stage and soon thereafter trachea invade the pad and start branching
(Fig. 1C,D). The onset of gill development coincides with some other
developmental processes, such as the growth of the medial cercus and the
wing pads. Globally, trachea diameter thins as the tubes get close to the
periphery of the gill (distal portion). Also, and as development proceeds,
new thin tracheae branch out from thicker, more internal (proximal)
segments (Fig. 1E). Therefore, tube thickness can be considered a
correlate of branching time –with thinner tubes having branched more
recently. Tracheal branching is asymmetric and trachea do not anasto-
mose. As the gills grow, their pattern scales (Fig. 1F,G). Although left and
right gills from the same abdominal segment are similar to each other,
they are not identical, indicating that the specific branching pattern is not
totally deterministic (not shown). Globally, mayflies show a large vari-
ation in overall gill number, morphology and branching pattern (Riek,
1973): the shape of the gills (fibrillose, bifurcate, spine-like, opercu-
late...) is recognized as being of phylogenetic importance. Besides
respiration, gills can have additional functions such as osmoregulation,
substrate attachment forming a sucking disc (in Rhithrogena) or me-
chanical protection (opercula in Caenidae, Leptohyphidae, Coryphoridae
and others). Gills can be secondarily very reduced or even completely
absent (Murphyella). Fig. S1 shows a sample of gills from several related
mayfly species that show a variety of branching patterns. One expecta-
tion from a biologically relevant patterning system is that it should be
capable of generating this natural morphospace of branching patterns by
small modifications in its parameters.

2.2. The space colonization algorithm (SCA) generates branching patterns
similar to those of biological gills

Since we still lack even a basic molecular understanding of gill
development in mayflies, the approximation used in this work to
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understand the generation of this branching patterns has been macro-
scopic: trying to identify a simple algorithm that generates patterns
similar to those of natural gills and, at the same time, which could be
translated into the smallest possible set of biological mechanisms. The
superficial resemblance of this pattern to a branching tree or root system
set us to search for tree-generating algorithms. Most algorithms gener-
ating branched patterns are based on “recursive branching”: a series of
rules that specify branching frequency, angles and relative branch length.
These are all “internal” rules. However, Runions and colleagues, aiming
at computer-drawing realistic tree- and shrub-like structures, used an
alternative concept: “space colonization” (Runions et al., 2005, 2007).
The fundamental difference with other branching-generating algorithms
is that the geometry generated depends to a great extent on its perception
of the “external” space available for growth. In brief, the space coloni-
zation algorithm works as follows (Fig. 2): The space to be colonized by
the branching structure is filled with attractive points (M); A branch will
grow at a speed (CREC) towards M if it is within a certain distance fromM
(MAX: radius of influence) (or towards the mean position of several Ms
when the branch is within the reach of these Ms). The points are then
removed as the branch reaches closer to these points (within a “killing”
radius, KILL). The starting point of the branching structure is a single
node in the space filled with M attracting points (“root”), and the
structure finishes when all these attracting points have been eliminated.
Therefore, “available space” is perceived as remaining attracting points.
We have implemented a 2D SCA algorithm in which the shape of the
space to be colonized can be set to an ellipse, as a first approximation to
the gill shape, or to any other (polygonal) shape. In addition, branching
proceeds within a growing space. Although in its original form M points
are placed at specific locations to determine final tree shape, in our
implementation Ms are distributed randomly at a user-controlled density
and, in addition, the position of each M can be affected by a stochastic
motion (random walk, at speed vel, making it a dynamic space coloniza-
tion algorithm, or dSCA). (Fig. 2A; see also Methods for the algorithm’s
pseudo-code and Supplementary Material for detailed descriptions).
Fig. 2B-B’’ shows three time points in the development of a “synthetic
gill” generated by this SCA implementation. Branching proceeds out-
wards, asymmetrically, and without crossings, recapitulating the pattern
of a “natural” gill. In what follows, we develop a series of metrics to
compare, first, between natural and synthetic gills, to then study how
some major parameters affect their geometry.

2.3. Geometric characterization of gill branching patterns

In order to characterize the branching geometry of gills, we pro-
ceeded in three steps. First, we developed a pipeline for image segmen-
tation (see Materials and Methods and Supplementary Material) that
resulted in skeletonized images where every branch has a pixel width and
branching nodes and branch tips are located in the image (Fig. S2A).
Second, we developed a battery of metrics to quantify the differences we
are able to detect visually between branching patterns across species
(Materials andMethods). Each of these metrics defines some aspect of the
pattern and was developed when a previous metric was unable to
discriminate between two patterns. For example, we started by defining
“branch density” (branching pixels relative to total pixels (i.e. gill sur-
face)) as a metric able to differentiate some patterns. However, it is easy
to imagine two different patterns with identical branch density
(Fig. S2B). Then, a new one metric, “Branch tips” (tips to surface ratio), is
now able to differentiate them (Fig. S2B). Following this logic, we
developed a series of 8 metrics that characterize the branching geometry
(see Materials and Methods for full description), including its fractal
dimension. However, in a given dataset it may be that some of these
metrics are partly redundant (i.e. there is correlation between them). In
this case, the comparison of two or more gill sets can be done using
Principal Component Analysis (PCA), so that the variability between sets
leads to the selection of a specific linear combination of metrics that is
used to compare the patterns.



Fig. 2. An algorithm based on Space Coloniza-
tion generates realistic gill branching patterns.
The space colonization algorithm (SCA; A-A’’): (A)
A segment (blue) that falls within the radius of
influence of an attracting point “M” grows in this
direction. When the segment is close enough to the
point, the point is eliminated. The process con-
tinues (A0) as long as there are more attracting
points within reach. “MAX” is the radius of influ-
ence of M (i.e. the distance at which the segment
can detect M), “KILL” is the radius of “killing” (or
erasure) of M and “crec” is the increase in length of
the branch per iteration. (A’’) The SCA algorithm,
with a seed located in the center of a space filled
with M points (red), generates a branching pattern
(blue). (B–B’’) Three time-points along the devel-
opment of a SCA-generated “synthetic” gill. M
points in red. The younger the branches, the lighter
the blue color. (C) A “natural” Cloeon VII gill is
shown for comparison.
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The two principal components explain a large fraction of the vari-
ability (Fig. S2C and Supplementary Materials) and were renamed as
“richness” (x) and “irregularity” (y) (Fig. 3). “Richness” reflects the
density of different elements (nodes, tips and density mainly) while “ir-
regularity” reflects the degree of heterogeneous branch lengths and un-
equal distribution of nodes of the pattern. Fig. 3 represents the
distribution of natural gills according to these two principal components.
In this morphospace the richer sampling is of Cloeon dipterum, Baetis
(Rhodobaetis) tenerifensis and Siphlonurus quebecensis, for which we
analyzed all abdominal gills (A1 to A7) from one individual per species,
including the small lamellae (A1-A6 in Cloeon and A1 and A2 in Siphlo-
nurus) (Fig. S3), but it also includes gills from other species (see phylo-
genetic tree in Fig. S1). The metrics can vary one order of magnitude
between different patterns. For example, the density of tips per gill
(“branch.tips”) is one of the metrics that contributes the most to the
“richness” component and ranges from 5 � 10�3 to 2 � 10�4 between
Alainites and Siphlonurus, this latter the species with the “richest” patterns
in our sample. Within the second component, “irregularity”, “average
number of ancestors” measures how the nodes distribute along a branch
and ranges from 0,18 in Alainites to 1,86 in Neocleon. Globally, this
quantitative analysis allows the discrimination of different branching
patterns and describes the gill morphospace of our sample of species.
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2.4. Exploration of SCA-generated branching patterns

In order to explore the range of branching patterns generated by the
SCA algorithm, we simulated synthetic gills varying one of these pa-
rameters at a time. As availability of M is key, as it defines “unoccupied
space”, we first studied the effects of varying M concentrations. As ex-
pected, the total branch length saturates as [M] increases. More inter-
esting is the fact that, at intermediate concentration the pattern varies
quickly, from sparse and undulated (that we have not observed in nature,
as in all species examined trachea grow straight) to patterns resembling
natural gills (Fig. 4A). Therefore, within a range of M, relatively small
variations in M can result in qualitatively different patterns. Another
parameter is gill morphology. However, when synthetic gills differing
only in their ellipticity (i.e. with all dSCA parameters remaining equal)
were generated, the resulting branching patterns are qualitatively similar
(Fig. 4B). Finally, we explored varying the two radii, MAX (detection of
M) and KILL (the radius of killing of M). While MAX above 40 generate
similar realistic patterns without much qualitative change (Fig. 4C),
decreasing KILL increases the richness of the arborization (Fig. 4D).

In order to statistically assess the discrimination power of our PCA
analysis, we took the 3 species with the largest sample size (Cloeon, Baetis
and Siphlonurus) and compared them through different methods (see



Fig. 3. Natural morphospace of the gill branching patterns. Distribution of the species according to the two principal component analysis. A sample skeletonized
image for each species, color-coded, is included. Gills of different species fall in different regions of this morphospace.
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Materials and Methods for details). First, we performed an unrestricted
multinomial regressionmodel to testwhether thevaluesof the twofirst PCA
components of each gill pattern (alone or in combination) were able to
predict the species this pattern belonged to. The model using the combi-
nation of Comp.1 andComp.2was a perfect classifier of species, with 100%
of success in predictions (see Table S1). When each PCA component was
tested alone, even the Comp.1 is enough for a perfect discrimination among
these groups, while Comp.2 predicted the species correctly with a 72.5% of
success. Therefore both components are sensitive enough for species-
specific gill pattern discrimination. Finally, just working with Comp.1, an
ANOVA analysis was performed to confirm Comp.1means are significantly
different between the 3 groups (p-value~0) and significant too in pairwise
comparisons (Adjusted p-value~0). Therefore, the morphospace described
by our PCA analysis is capable of discriminating the different species-
specific patterns in a statistically significant manner.
2.5. The range of SCA-generated patterns covers the natural morphospace

To have a clearer idea of the impact each parameter had on the
pattern, and to compare synthetic and natural gills, we quantified and
represented their metrics within the two-components morphospace
(Fig. 5). We found that variations in the SCA parameters generated pat-
terns that cover the whole range of branching patterns in the species we
have surveyed, from simple and irregular (such as some found in Baetis
tenerifensis) to more complex and ramified (like those of Siphlonurus
quebecencis). An especially sensitive parameter is KILL, the distance at
which a growing branch erases the attracting M: reducing the KILL radius
results simultaneously in richer and more irregular patterns. Therefore, a
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space colonization algorithm reproduces quantitatively the geometry of
the whole morphospace of natural gills we have analyzed. The full set of
images (natural gills and SCA generated patterns) and extracted datasets
are provided as Supplementary Material. Software (segmentation mac-
ros, raw metrics generating algorithm and spatial colonization algo-
rithm) is available through GitHub (see Supplementary Materials).
2.6. Cloeon FGF is expressed in uncolonized areas of the gill

The FGF ligand branchless (bnl) is known to stimulate the growth and
branching of embryonic trachea and the thoracic air sac primordium in
Drosophila (Metzger and Krasnow, 1999; Sato and Kornberg, 2002).
Therefore, bnl could be, in principle, a good candidate for M. However, in
both instances bnl is produced at specific sites to direct tracheogenesis,
while our model does not require M transcription to be actively
patterned. Instead, the pattern arises from the repressing action of
growing trachea. Therefore, our model predicts M to be transcribed along
the margin of the gill (where most of the finer trachea are growing into)
and in the inter-trachea regions with lowest branching density. To test
this prediction, we identified the bnl orthologue in Cloeon dipterum’s
genome (Almudi et al., 2019a, 2019b) (Fig. s4 and Table S2) with which
we generated an anti-sense probe. In situ hybridization revealed that
indeed Cd-bnl is expressed most strongly along the margin, where the tips
of trachea are growing, and around the fine tracheoles branching from
thicker tubes, in the gill internal regions (Fig. 6). Indeed, this pattern is
compatible with the pattern expected for M in the SCA algorithm (see
Fig. 2B’’), which should be present in regions not yet colonized (or in the
process of being colonized) by trachea.



Fig. 4. Effects of M and global shape on gill branching pattern. (A) Effect of increasing M concentration (M/pixels) on total trachea length. Parameters (40,11,2,1)
(MAX, KILL, CREC, vel), constant shape (semiaxis (a,b)¼ (200,230). Red dots, simulations. Some graphic outputs (“synthetic” gills) are shown. (B) Effects of varying
ellipticity (short semiaxis/long semiaxis of B1 ¼ 128/230 and of B2 ¼ 228/230) using (MAX, KILL, CREC, vel)¼ (40, 11, 2, 1), as in (A). (C) Variation of MAX. (D)
Variation of KILL.
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3. Discussion

In what follows we will try to translate our implementation of the SCA
algorithm into plausible biological processes. Although our model is not
molecularly specific, we will draw hypotheses on potential molecular
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mechanisms from the model and from prior research. Finally, we will
compare the space colonization model with previous models explaining
tubular branching patterns to highlight the most important differences.

The space colonization algorithm is based on very simple rules:
attracting molecules, M, direct the growth/branching of trachea which,



Fig. 5. Variations in parameters and their ef-
fects on branching geometry. Plot of the PCA
analysis including natural gill patterns (grey circles,
data in Fig. 3) and simulated patterns varying the
main SCA parameters. Skeletonized images shown
are variations in KILL (top row, from left to right:
40,20,2,1; 40,12,2,1; 40,5,2,1; 40,2,2,1; blue sym-
bols) and variations in CREC (left, column, top to
bottom: 40,5,1,1; 40,5,2,1; 40,5,4,1; 40,5,8,1; or-
ange symbols). Other simulations include varia-
tions of shape (ellipticity, exc, green), MAX
(30,5,2,1; 40,5,2,1; 80,5,2,1; 100,5,2,1; 200,5,2,1;
250,5,2,1; pink symbols) and M (as in Fig. 4). The
circle symbols are Baetis (light green) and Siphlo-
nurus (dark green) gills.

Fig. 6. Expression pattern of Cloeon bnl in gills. (A) White field image of a
gill hybridized with an anti-sense bnl/FGF probe. The signal is stronger along
the margin, where the distal tips of the growing trachea are located. In addition,
signal is detected at, or around, the finer tracheoles in the inner region of the
gill. (A0) DAPI staining of the same gill to visualize cell nuclei. (*) indicates
lateral gill regions still covered by cuticle. The cuticle precludes staining. “P”
and “D” mark “proximal” and “distal”, respectively. (See Fig. S4 and Supple-
mentary Materials and Methods for further details on Cloeon dipterum bnl
sequence identification).
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when reaching closer, eliminate these attracting Ms. This algorithm re-
sults in a directional growth of the pattern and yet it does not require
external sources of positional information, such as signaling centers or
gradients: M would be distributed uniformly and the arborization will
grow from its root -the entry point of the trachea into the gill. “[M]”
denotes an effective concentration, not the actual concentration of the
molecular attractant. For example, higher M might reflect an increase in
the affinity for M in tracheal cells. We obtain realistic patterns forMAX �
40 px -with minimal effects on the pattern with values above 4o px. Since
our Cloeon images are calibrated, with 1 px¼ 1,69 μm, themodel predicts
an M’s range of action (MAX) � 70 μm for the molecule that incarnated
M.

When trachea approaching M reach a KILL distance, M is erased.
Molecularly this would be equivalent to a repression of M production or
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the reception/degradation of M by the arriving tube, acting as a sink. In
Drosophila embryos, tracheal cells have been shown to explore their
surroundings by means of thin cellular extensions called filopodia
(Ribeiro et al., 2002). Similar extensions could be used by mayfly trachea
to survey the gill and detect M to either produce a local inhibitor of M
expression or to remove it from the media via receptor binding -or both.
The length of Drosophila tracheal filopodia, as observed in vivo, can reach
up to 20 μm ((Ribeiro et al., 2002), see also (Okenve-Ramos and Lli-
margas, 2014)). Our model yields realistic branching patterns for values
of KILL between 2-12 px (with larger values giving rise to fewer lateral
ramification; Figs. 4 and 5). Using the 1 px ¼ 1,69 μm equivalence, KILL
values of 2–12 px are then equivalent to 3–20 μm, which are well within
the range of Drosophila filopodia lengths observed in vivo.

The role played by FGF ligands in the growth and branching of
Drosophila tracheae and bronchial buds in lungs makes this family of li-
gands good candidates to incarnate M. As was mentioned above, while in
Drosophila bnl is produced at localized sites, our model does not require
active patterning of its expression. Indeed, the pattern of bnl transcription
we detect in developing gills is the one expected to result from wide-
spread transcription and local repression by growing trachea. Interest-
ingly, even though initial work suggested that localized FGF10 production
in the lung mesenchyme was necessary for normal branching (Metzger
and Krasnow, 1999), later research showed this localization not to be
required, as uniform FGF10 also supported normal bronchial patterning
(Volckaert et al., 2013; Nogawa and Ito, 1995). Therefore, active
patterning of bnl/FGF transcription might not be an absolute need for the
generation of a branching pattern.

Recently Hannezo, Scheele and co-workers put forward a powerful
model for branching morphogenesis, based on Branching and Annihi-
lating Random Walks (BARWs), to explain the branching morphogenesis
of the ductal systems of the mammary gland and the kidney (Hannezo
et al., 2017). In the Hannezo-Scheele model, branching geometry arises
through stochastic branching at the tip of the tubes (as opposed to more
proximal regions which cannot branch) plus random exploration of space
through tip elongation. The density of branching is controlled by inhi-
bition, with tips turning irreversibly inactive in the proximity of other
branches. Molecularly, elongation and branching are stimulated by
FGF10, and tip cell activity (responsible for duct elongation and
branching) is inhibited by TGF-β ligands produced by ducts in the vicinity
of a tip. Our model, based on space colonization, differs in several as-
pects: exploration of space is systematic, rather than stochastic, with
tracheal cells scanning a mean distance around them. In this sense,
elongation and branching is “directed” towards unoccupied space. In our
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model there is no need to define a tip cell as opposed to a trunk/stalk cell
type: All points along the trachea are equally competent in elongation
and branching. This allows trachea to keep colonizing the new M-pro-
ducing space that arises as the gill grows, which results in a constant
scaling of a self-similar pattern. Then, and in contrast to the
Hannezo-Scheele model, elongation and branching do not occur as a
default state, but only if there is available M (i.e. “space”). In this sense,
the SCA model does not require a “tip-inhibition rule”, as elongation/-
branching halts once space has been occupied. Therefore, the SCA model
is able to generate tracheal branching patterns with a minimum of pa-
rameters and rules.

One important feature of our model is that it can easily generate the
morphospace of natural branching patterns. Among the parameters that
seem to influence the pattern the most are CREC and KILL. CREC reflects
the speed of tracheal elongation (per iteration). KILL represents the range
at which the tracheal cells are able to repress/consume M. Both param-
eters thus reflect rates of cellular activity that may be easily modulated
biologically. For example, variations in CREC might reflect the speed of
tracheal elongation relative to gill growth. And KILL might be modulated
by the length of the exploring filopodia. In addition to the branching
pattern, gills vary largely in their overall shape, from very elongated (e.g.
Baetis), through rounder (e.g. Cloeon) to very asymmetric (e.g. Siphlo-
nurus). Overall shape does not seem to affect the geometry of the
branching pattern and we suggest that gill shape may be controlled
independently of the branching mechanism, likely through the regula-
tion of growth rates and of the polarity of cell division.

In summary, a model based on space colonization is capable of
explaining the generation of a whole morphospace of mayfly respiratory
gills with a minimum of rules and parameters. Our model predicts that
the attracting M does not need to be spatially localized and that, above a
certain threshold, the precise regulation of its concentration is not crit-
ical. Instead, cellular parameters, such as elongation rates and efficiency
of repressing/capturing or degrading the attractant by the trachea are
much more important. Although our model is not molecularly specific,
the similarities between the tracheal system in the insect model
Drosophila and other branching patterns in vertebrates (Metzger et al.,
2008; Metzger and Krasnow, 1999; Sato and Kornberg, 2002; Spurlin and
Nelson, 2017; Ochoa-Espinosa and Affolter, 2012; Davies, 2002) (Almudi
et al., 2019a, 2019b; Ribeiro et al., 2002; Okenve-Ramos and Llimargas,
2014; Volckaert et al., 2013)￼, make FGF a good candidate for M, a
chemoattractant directing the elongation/branching of the trachea. The
expression pattern of Cloeon bnl is compatible with this model. Exploring
this mechanism in other branching structures may help in gaining a
global understanding of their generation and of the changes necessary for
the morphological variation of these branching structures.

4. Materials and methods

Cloeon dipterum culture. A continuous culture of Cloeon dipterum is
maintained in the Casares laboratory (CABD) (as described in (Almudi
et al., 2019a; Sweeney et al., 2018)). Cloeon nymphs were fixed 20 min at
room temperature in 4% formaldehyde (in phosphate buffer saline, pH 7,
2 (PBS)). After rinsing 3X in PBS, dissected Cloeon gills were mounted in
glycerol 80% (in PBS) and imaged under a Leica DM5000 B microscope
equipped with a Leica DFC 490 digital camera. Images were acquired as
512 � 512 pixel images in “tiff” format.

Siphlonurus quebecensis was reared in the laboratory using tech-
niques similar to those described in (Sweeney et al., 2018). Fresh exuviae
from the final nymphal instar were recovered immediately following
emergence of the subimago. At this molt, tracheae within the gill are shed
and remain air-filled. Gills were removed individually and placed in a
temporary slide mount in water, then photographed with a Canon T1i
camera body mounted on a Nikon Labophot-2 microscope using a 4x
objective and a 2.5x projection eyepiece.

Gills of additional taxa (Figs. 3 and S1) were removed from specimens
housed in the collection of the Museum of Zoology, Lausanne. Gills were
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mounted on slides in Euparal medium and photographed using an
Olympus BX51 stereoscopic microscope with an Olympus SC50digital
camera.

Image segmentation. Digital images were processed with ImageJ2
(Rueden et al., 2017). Briefly, the images are oriented, so that the gill root
(tracheal entry point) is placed at the bottom of the image; then, the
image is segmented using the “Trainable Weka Segmentation” ImageJ
plug-in (Arganda-Carreras et al., 2017). Then the resulting image is
manually corrected and skeletonized. Next, the perimeter of the gill is
extracted using the “Polygon” tool and combined with the skeletonized
image (i.e. branching pattern). We have programed a series of Macros
tools for ImageJ to facilitate the segmentation process (see Supplemen-
tary Methods for a more detailed description of these Macros). The
number of gills analyzed were: Cloeon dipterum: 24 (from a single indi-
vidual, comprising large and small lamellae); Siphlonurus quebecensis: 9
(from a single individual); Baetis tenerifensis: 7; Alainites muticus: 2; Neo-
cloeon sp.: 2; Demoulinia assimilis: 2; Dicentroptilum merina: 2; Nesoptiloides
electroptera: 2.

In situ hybridization on Cloeon gills. First, nymphs were fixed with
Formaldehyde 4% in PBS (overnight, 4 �C) and then rinsed (3 � 100 PBT
(PBS, 0,3%TritonX-100)). To allow for reagents penetration, the cuticle
of the gill is removed with forceps under a stereomicroscope (usually the
cuticle on the posterior side), and then the gill is dehydrated in an
ethanol series (30% 50% 70% (in PBT), 96% and 100%) and the tissue is
stored at�20 �C. The following steps are as in (Almudi et al., 2019a), but
noting that the proteinase K treatment is 2’ long. The samples were
counterstained with the nuclear stain DAPI.

Branching metrics. We computed the following metrics:
Branch density: Total accumulated pixels in a gill (RT), relative to its

area (or surface, S)

Branch density¼RT
S

Tip density: total number of tips (P) of a gill relative to its surface.

Tip density¼P
S

Node density: total number of nodes (or branching points; NT) rela-
tive to gill’s surface

Node density¼NT
S

Average number of ancestors: Average of nodes between each tip and
the root of the branching pattern, relative to the gill’s surface square root

Average ancestors¼
Pn

i
Ni

nffiffiffi
S

p

where:

i: is the i-th tip,
n: is the total number of tips,
Ni: is the accumulated number of nodes up to reaching the i-th tip,
S: is the gill’s surface.

Asymmetry in branch length: To calculate it, first we measure the
length between each node and the closest tip and generate a distribution
in which the number of points equals the number of tips. Once the dis-
tribution has been defined, the Fisher’s asymmetry index is calculated,
according to the formula:

As¼
Pn

i¼1ðxi � xÞ3
ns3

where:



A. Ruiz-Sobrino et al. Developmental Biology 462 (2020) 50–59
i: is the i-th tip,
n: is the total number of tips,
xi: is the branch length ending at tip i,
s: standard deviation of the length distribution.

This is an asymmetry index of third degree which gives higher weight
to extreme values and thus allows determining if the branch length is not
uniform. It is non-dimensional and therefore does not need to be made
relative to the gill’s surface.

Correlation among ancestors and length: defined as the linear corre-
lation coefficient between branch length (as defined above) and number
of ancestors of each branch,

CorrelationXN ¼CovXN
SXSN

where:

N: is the accumulated number of nodes up to reaching a tip,
X: is the branch length ending at this tip,
S: standard deviation of the distribution of X or N,
CovXN: covariance between X and N.

Fractal dimension: The fractal dimension (D) provides a statistical
index of complexity by comparing how the detail in a pattern changes
with the scale at which it is measured. It is also a measure of the space-
filling capacity of a pattern. To estimate D we have followed the Box-
counting method (Napolitano et al., 2012). We consider our branching
pattern as a fractal structure embedded in a 2-dimensional gill. The
box-counting method basically consists in partitioning the space with a
2-dimensional fixed-grid of square boxes of equal size r. The number N(r)
of nonempty boxes of size r needed to cover the fractal structure depends
on r:

NðrÞ�r�D

As our images are 512 � 512 pixels, we reduce scale on the basis of
r ¼ 1

2n from 1/2 to 1/512. The box counting algorithm hence counts the
number N(r) for different values of r and plot the log of N(r) versus the
log of the actual box size r. The value of the box-counting dimension D is
estimated as the Richardson’s plot best fitting curve slope:

�D ¼ lim
r→0

log NðrÞ
log r

Principal component analysis (PCA). We have performed a PCA
using princomp() function from the stats library in R software. It follows
the Spectral decomposition method which examines the covariances/cor-
relations between variables to estimate the linear combination of them
that get to explain the maximum of variance for each consecutive
component.

First, we included all our 7 previously described metrics to produce
the natural morphospace PCA, but the “Correlation among ancestors and
length” metric turned out to have too much relevance in the PCA.
Consequently, we analyzed this variable further. We found that the
intragroup (species) variance was very high, meaning that this metric is
very sensitive to small changes in the branch length distribution across
the gill, that could happen randomly, and could lead to a non useful
rearrangement of data in the PCA, so we finally decided to remove it from
the PCA.

Statistical analysis was developed in R software. Multinomial
regression was implemented through multinom function, nnet library
(Venables and Ripley, 2002), with all defaults settings. Pairwise com-
parisons were performed with TukeyHSD function from agricolae library
(de Mendiburu, 2019).

dSCA pseudo-code. Description of the dSCA algorithm implemented
in this work.
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//MAX - > maximum radius of influence of M.
//KILL - > maximum reach of a branch.
//CREC - > growth in length of each segment per iteration.
//vel - > velocity of Ms in their random motion.
//coordinates of attractors (M) and of seed branch.

The full set of images (natural gills and SCA generated patterns) and
extracted datasets are provided as Supplementary Material. Software
(segmentation macros, raw metrics generating algorithm and spatial
colonization algorithm) is available through GitHub (https://githu
b.com/Carlosmarbla/Spatial-Colonization-Algorithm, and see Supple-
mentary Materials).
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