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Abstract

When you think of fish, what comes to mind? Maybe you think of pet goldfish, movie characters
like Dory or Nemo, or trout in a local river. One of the things that all of these fish have in common
is patterns in their skin. Nemo sports black and white stripes in his orange skin, and trout have spots.
Even goldfish have a pattern — it’s just plain gold (and kinda boring). Why do some fish have stripes,
others have spots, and others have plain patterns? It turns out that this is a tricky question, so scientists
need tools from several subjects to answer it. In this paper, we use biology, math, and computer coding
to help figure out how fish get different skin patterns.
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What are fish patterns made of?
Many types of animals have skin patterns. Zebras have stripes and leopards have spots, but fish display
all sorts of patterns. When you look at Figure 1, what patterns do you see? There are fish with stripes,
spots, mazes, and plain patterns [2]. Which pattern is your favorite? Zebrafish (Figure 1g) are good for
doing experiments with, so a lot of scientists like zebrafish best [3, 6]. As you might guess from the word
“zebra” in their name, zebrafish usually have stripes.

When we look at zebrafish from far away, we see black and yellow stripes. If we put a zebrafish under a
microscope, however, we can see that its patterns are made up of tiny dots, or pigment cells. Pigment cells
come in different sizes and colors. Some cells are big and black (biologists call them “melanophores”).
Other cells are small and yellow (their fancy name is “xanthophores”). There are more colors of pigment
cells out there, and even humans have pigment cells in their skin.
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skin  with  additional  color  patterns;  many cavefish  are unpigmented.  (a–c): Astyanax mexicanus (Mexican
form  (Pachón) (b), oca2  mutant  (c). Gasterosteus aculeatus (Three-spined stickleback)  male displaying

by  sexual selection  (d). (e), (f): horizontal  stripes  and  vertical  bars  are frequent  motifs  in fish patterning:
tetrazona (f), fish commonly  found  in the  pet  trade.  African  cichlids  from  Lake Victoria  (g–j)  and  Lake

Haplochromis  sauvagei (h), Haplochromis  latifasciatus (i), Haplochromis  serranus (j), Maylandia zebra 

courtesy:  N. Rohner (a,b), J.  Kowalko  (c), C. Kratochwil  (g–l).
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Color patterns in fish.
Fish often show a silvery skin with additional color patterns; many cavefish 

form (a), unpigmented cave form (Pachón) (b), oca2 mutant (c). Gasterosteus
pigmentation that evolved by sexual selection (d). (e), (f): horizontal stripes 

marginatus (e), Puntigrus tetrazona (f), fish commonly found in the pet trade.
Pundamilia nyererei (g), Haplochromis sauvagei (h), Haplochromis latifasciatus
cyanorhabdos (l). Images courtesy: N. Rohner (a,b), J. Kowalko (c), C. Kratochwil
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Black and yellow
pigment cells!

SSL; and J++, juvenile++/16 mm SSL] according to Parichy et al. (Parichy Chimeric animals were generated by transplantation of blastula cells into

embryos of the same stage essentially as described by Kane and Kishimoto

(Kane and Kishimoto, 2002). The number of transplanted cells was

estimated to be in the range of 30-50. Animals were raised to adulthood and Adult fish were briefly anaesthetised with 0.004% MS-222 (Sigma) and

imaged with Canon D5MarkUU/MACVW 100 (Xigs 1, 3). Xish fiYed in 4%

paraformaldehyde/0.0Z% glutaraldehyde (Sigma) (Xig. 2) were

photographed under a Leica M[1 stereomicroscope. Metamorphic fish were

anaesthetised, embedded in low melting point agarose with 4.5 mg/ml \

epinephrine (Sigma) for melanosome contraction, and photographed under

a Leica M205 XA stereomicroscope with a Leica DCX300 X] camera using

the software LAS ̂4.1 to allow multifocus images. An illumination was

chosen to display iridophores optimally while Yanthophore visibility is poor.

Un _ebrafish, melanophores are restricted to the stripes whereas
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What are zebrafish
stripes made of?

melanophores in 1D and 1V in pfe mutants (Fig. 3A; Fig. 8C)
indicates that iridophores alone can cause the aggregation of
melanophores in their immediate environment. The mutual
exclusion of stripe and interstripe suggests a short-range repulsion

Dense S-iridophores and xanthophores exhibit mutual attraction.
This is seen in wild type, with xanthophores being embedded in the
sheet of S-iridophores from the beginning of stripe formation. The

mutual attraction is most prominently apparent in the nac
phenotype, in which xanthophores strictly colocalise with dense S-
iridophores. We also observe that in cho mutants xanthophores
follow the distribution of iridophores. Xanthophores, however, do
not require iridophores for spreading, as seen in the free distribution
in shd mutants, filling the space between melanophores.
Xanthophores might exert a positive signal sustaining melanophores
at a distance, as melanophore number is reduced in adult and to a

fin ray. SP, squamation onset posterior; J+, juvenile+. Scale bars: 250! µm.

Fig.!9. The choker phenotype.
(A,B) Adult individuals, displaying
parallel stripes with arbitrary
orientation. chokeradults can reach
normal sizes and are fertile. 
(C-E) Metamorphic development. In
the absence of the horizontal
myoseptum, melanophores appear
before iridophores and xanthophores,
evenly dispersed over the flank (C).
Iridophores and xanthophores emerge
in patches interspersed with
melanophores (D), but then aggregate
into stripe-like arrangements, and
separate from melanophore regions (E).
The aorta is visible as dark horizontal
shade in C. Scale bars: 250! µm.

Figure 1: Fish have all sorts of different skin patterns, and here are some examples. Their patterns
are made of pigment cells. (Images from [2, 3, 5, 6] and Wikimedia Commons; see end of document for
sources.)

Cells follow rules to create stripes
Okay, so fish patterns contain pigment cells. But what’s really cool is that these cells actually have the job
of making the stripes [8]! In this movie1 [8] of a fish growing, do you see the black cells moving around?
There are small yellow cells there too, but they are harder to see. You can think of each pigment cell in
zebrafish skin like it’s a person moving in a group. You can move around in the room, and cells can move
around in the skin, too.

Black and yellow cells move and act in specific ways (or follow rules) to create patterns. Yellow cells
following black cells is one of these rules. It’s almost like they are playing tag, you’re it! You can see a

1Watch a fish pattern form here: https://www.pnas.org/content/104/12/4790/tab-figures-data.
Once you click the website, scroll down to “Supporting Information” and then click “SI Movie 1.”
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SSL; and J++, juvenile++/16 mm SSL] according to Parichy et al. (Parichy
et al., 2009).

Cell transplantation
Chimeric animals were generated by transplantation of blastula cells into
embryos of the same stage essentially as described by Kane and Kishimoto
(Kane and Kishimoto, 2002). The number of transplanted cells was
estimated to be in the range of 30-50. Animals were raised to adulthood and
analysed for donor-derived chromatophores.

Image acquisition and analysis
Adult fish were briefly anaesthetised with 0.004% MS-222 (Sigma) and
imaged with Canon D5MarkII/MACRO 100 (Figs 1, 3). Fish fixed in 4%
paraformaldehyde/0.08% glutaraldehyde (Sigma) (Fig. 2) were
photographed under a Leica MZ1 stereomicroscope. Metamorphic fish were
anaesthetised, embedded in low melting point agarose with 4.5 mg/ml ±
epinephrine (Sigma) for melanosome contraction, and photographed under
a Leica M205 FA stereomicroscope with a Leica DCF300 FX camera using
the software LAS V4.1 to allow multifocus images. An illumination was
chosen to display iridophores optimally while xanthophore visibility is poor.
Photographs were processed in Adobe Photoshop.

RESULTS
Melanophore stripe formation is affected in the
iridophore mutants rse and shd
In zebrafish, melanophores are restricted to the stripes whereas
iridophores and xanthophores are present in both stripes and
interstripes (Fig. 1A; Fig. 2A). Two types of iridophores can be
distinguished in the trunk. Superficial S-iridophores form a dense
zone in the interstripe (‘dense S-iridophores’) and spread as a thin
net-like layer (‘blue S-iridophores’) over the melanophores of the
stripe. Xanthophores are located on top of S-iridophores. L-
iridophores form a homogeneous silvery sheet below melanophores
(Hirata et al., 2003). The colour of the iridophores may appear
silvery, golden, brownish or blue, depending on the illumination
(Fig. 1A; Fig. 2).
Mutations in the genes rse and shd result in similar recessive

adult phenotypes of varying strengths, displaying (1) a reduction
(rse) or absence (shd) of S-iridophores, (2) a reduced number of
melanophores and (3) fewer stripes (Fig. 1B-D). With increasing
loss of iridophores, the stripes dissolve into a series of spots. The
central stripes 1D and 1V, adjacent to the first interstripe X0, remain
most prominent, whereas the stripes added later are more strongly
reduced. The interstripe regions become wider as S-iridophores are
lost from the interstripes. In the weak rse allele (Fig. 1B) a thin ridge
of S-iridophores is present in X0, and the adjacent stripes are fairly
well preserved. By contrast, in the absence of dense S-iridophores
(Fig. 1C,D; Fig. 2B,C) the melanophores are reduced and broken up
into spots. Xanthophores cover the regions between melanophores
(Fig. 2B!,C!). In strong mutants (shd), neither S- nor L-iridophores
develop in the dermal trunk, both 2D and 2V stripes are strongly
reduced or absent (Fig. 2C) and the horizontal alignment of 1V spots
may be lost (Fig. 2C, grey arrows).
Iridophores are also reduced in other regions of the body: shd

mutants show a strong reduction of iridophores in the eye, whereas
in rse mutants this phenotype is more subtle (Fig. 1C,D). The
operculum and gut are sparingly covered by iridophores, rendering
the gills, the intestine and the melanophore-covered blood vessels
along the myosepta visible through the skin (Fig. 1B-E; Fig. 2B,C).
Along the dorsal aspect of the fish, the numbers of iridophores and
melanophores are reduced, and the melanophores appear less
aggregated (supplementary material Fig. S1). The iridophores in the
anal and tail fins are reduced but the striped pattern of the fins is
not affected (Fig. 1B-F).

The double mutant rse;shd (Fig. 1F) does not show a significant
increase in the strength of the phenotype when compared with the
strongest single mutant, i.e. a mutation in rse does not enhance the
mutant effect of shd. This indicates that in both mutants the same
cell type(s) are primarily affected.

Mutants lacking xanthophores and melanophores
display abnormal iridophore distribution
To elucidate the dependencies between iridophores, xanthophores
and melanophores, we analysed the adult phenotypes of pfe and nac
mutants, as well as those of the double mutants nac;pfe, shd;pfe and
shd;nac.

No xanthophores
In pfemutants (Fig. 3A,A!), melanophore stripes are broken up into
spots, separated by dense S-iridophore regions extending into the
stripes. Melanophores also appear ectopically as single cells within
the interstripes. Adult pfe mutant fish show an increase in S-
iridophores and a reduction of melanophore number although stripes
appear to be of normal width, at least in anterior regions where the
striped organisation is better preserved (Fig. 3A).

2999RESEARCH ARTICLEIridophores and stripe formation

Fig. 2. Details of adult phenotypes in iridophore mutants. 
Images of the anterior trunk of fixed animals photographed under white
light. L-iridophores (black arrows) and dense S-iridophores (white arrows)
reflect maximally at different angles of light and therefore shine up in
different anteroposterior regions. Insets in A-C demarcate the magnified
views in A!-C! that were taken under UV light to avoid reflections from
iridophores and to highlight xanthophores. Under this illumination, L-
iridophores are visible as bundles of greyish vertically oriented fibres
(black arrows). (A,A!) Wild-type fish. (B,B!) rse mutant fish. An illumination
was chosen to avoid reflection of L-iridophores, whereas S-iridophores are
visible (white arrow). L-iridophores, which are largely restricted to
melanophore regions in wild type (A,A!, black arrows), expand into
interstripe regions in rse mutants (B,B!). The light appearance in stripe 1D
in B! is due to the absence of L-iridophores. (C,C!) shd mutant fish.
Ventrally, some of the melanophore patches (grey arrows) appear to be
located between 1V and 2V. The light area in X0 in C! is probably due to
reflective properties of musculature.

yellow cell

black cell

Cells in fish skin Cells in a simulation

Most cells have!
4 sides:

1
2

3
4

Our rule:  1 side different, the rest the same!  !
!

For each cell, color 1 side different from it !
and the rest the same color as it.!

Examples:

These cells follow our rule. These cells do not.

Mathematical model

Thinking about fish patterns with biology and math

!

Figure 2: Cells follow rules to create patterns. To simulate patterns with a mathematical model on a
computer, think of fish skin as a checkerboard [1]. Then pick a rule for what color of cell goes in each
square. Our rule is “One side different, the rest the same.” If you put your finger on a cell in the center
(indicated by the pink square), one of its neighbors (indicated by green squares) should have a different
color than it, and the rest should be the same color as it.

black cell leading the way and a yellow cell following it in this movie2 [9]. Crazy!

How do scientists study fish patterns?
While some of the rules for how cells behave in zebrafish are already known (like yellow cells following
black cells [9]), many rules are a mystery. Scientists are working hard to discover the rules now. Cells are
tiny, and it’s tough to see them and catch them interacting with each other in the fish skin. Zebrafish also
take a long time to grow (a few months) [6], so biologists have to be patient with their experiments.

2Watch yellow cells following black cells here: https://www.youtube.com/watch?v=0wECUnwgN8A
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This is where math and computer coding enter the picture. Math is all about patterns, rules, and puzzles,
and it can be combined with biology to help figure out how cells behave [1, 7]. Mathematicians and biol-
ogists use different tools to study the same problems. Bringing their ideas together makes the mystery of
how zebrafish get their stripes easier to solve.

While biologists study fish by looking into microscopes and doing experiments, applied mathematicians
write down rules for how cells might behave [1, 7]. These rules and equations are called a mathematical
model — they are a way of describing something in a mathematical way. It is important to remember
that models are a good guess, but they could be wrong. To test their rules, mathematicians use computer
coding to simulate fish patterns. This is like growing fish on a computer! One good thing about this is that
simulating fish patterns only takes a few minutes, not a few months. (But we wouldn’t recommend trying
to eat a simulated fish for dinner! :-)

Building a mathematical model of zebrafish stripes
Now we are ready to build a mathematical model of zebrafish patterns! Our first step is to describe fish
skin as a checkerboard (like in Figure 2). Each square in our checkerboard can either be empty (white),
have a yellow cell, or have a black cell.

To simulate fish patterns, we need to tell the black and yellow cells where to appear in the checkerboard.
In other words, we need to describe their rules of behavior. Biologists know that black cells mostly like to
be near other black cells, and yellow cells like to have mostly yellow cells around them. We use this fact
to build our mathematical model.

In Figure 2, each cell in the checkerboard has 4 sides (unless the cell is at a corner or an edge). Our rule is
“One side different, the rest the same.” This means that if you put your finger on a yellow cell, one of the
cells that it touches should be black (different) and the other cells should be yellow (the same). You can
see some examples of cells that follow this rule and cells that don’t in Figure 2. To get some practice with
this rule, try filling in the worksheet in Table 1 (answers are at the bottom of the table).

Our model has only one rule, and the truth is that we are simplifying all the ways that cells actually behave
in zebrafish. But that’s okay! When mathematicians make models, they start with simple rules and then
build more realistic ones. Simple models help scientists learn, and our model is a first step. If you’d like
to see more realistic models that mathematicians are working on now, check out the scientific study [7].

Our puzzle: Simulating zebrafish stripes
What pattern does the rule “One side different, the rest the same” create? You can try this out and build a
fish pattern using Figure 3. If you print Figure 3 and cut out the black and yellow cells, follow these steps:

• Step 1: Zebrafish have one yellow stripe when they are young, so start by putting 2 strips of yellow
cells at the top of your fish checkerboard.

• Step 2: Fill out the rest of the checkerboard by following the rule “One side different, the rest the
same.”
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Fill the!
    spot

Circle the option that follows the rule:!
1 side different, the rest the same

(a) (b) (c) not enough info!
to decide

Problem!
number!

1

3

2
(a) (b) (c) not enough info!

to decide

(a) (b) (c) not enough info!
to decide

4
(a) (b) (c) not enough info!

to decide

not enough info!
to decide

8

7

6

5

9

10

(a) (b) (c) not enough info!
to decide

(a) (b) (c) not enough info!
to decide

(a) (b) (c) not enough info!
to decide

(a) (b) (c) not enough info!
to decide

(a) (b) (c)

(a) (b) (c) not enough info!
to decide

Table 1: Determine the option that follows the mathematical model in Figure 2. Point your finger at
the pink square and then use it and its green neighbors to choose the color of the X-marked square. In
problem 6, the pink square only has 3 neighbors because it is at the checkerboard boundary. Answers: 1b,
2b, 3a, 4c, 5c (one of the focus cell’s neighbors must be yellow, but it could be its right or bottom side),
6a (this cell is at the edge of the checkerboard and only has 3 sides, so we have enough information now),
7b, 8b, 9b, 10b.

Start by filling out the squares at the top of the checkerboard and slowly move your finger down the fish
from left to right. What pattern forms?

By following the steps in Figure 3, you are doing the same steps by hand that a computer would do to
simulate a fish pattern. We’ve used computer coding to create fish patterns — check out our website3 to
simulate a fish yourself!

3Simulate a fish pattern here: https://simulatingzebrafish.gitlab.io/zebrafish-outreach/
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Figure 3: Use this image to create a fish pattern by combining biology and math. Fill the checkerboard on
the fish by following Steps 1 and 2. After you finish, print this page again. It’s your turn to be the applied
mathematician now — make up your own rules to discover other patterns that you can create! How would
you change Step 2 to make a goldfish? You can also see how math is combined with computer coding to
simulate different patterns at this website.

Why is studying fish patterns important, anyway?
Fish patterns might be nice to look at, but why do biologists and mathematicians study them? That’s a
really good question, and the answer has to do with mutant patterns, medicine, and humans.
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Turns out that zebrafish only usually have stripes (hence the “zebra” part of their name). As you know,
stripes form because cells follow specific rules. But what happens if cells don’t follow their normal rules?
This can happen if a fish has a mutation in its genes [3,4]. In Figure 1, image (g) is not the only picture of
a zebrafish. Believe it or not, images (c) and (d) are also zebrafish, but they are mutants!

Mutant zebrafish have different patterns because their cells follow different rules. A fish’s genes specify
these rules, so mutant genes lead to mutant rules and mutant patterns. Humans can also have mutations in
their genes, and this can cause disease.

Zebrafish and humans look very different, but they actually have a lot of similar genes. And that’s why
studying zebrafish is important. If we can figure out what rules cells follow to create normal and mutant
patterns in fish, we might be able to better understand normal and unhealthy behavior of cells in humans
down the line too.

Now you get to be the applied mathematician!
Scientists are working hard to discover the ways that black and yellow cells behave in normal zebrafish,
and to figure out how these cells change their behavior in mutant fish [3, 4]. For mathematicians who
study zebrafish, their job is to think of a fish pattern (like stripes) and then find the rules that can create
that pattern [1, 7]. This is a puzzle.

How would you change the rule “One side different, the rest the same” to create a plain yellow fish? What
rules and starting points create diagonal stripes? Try out your own rules by printing Figure 3 out again.
By working on these questions, you are taking on the role of mathematician yourself! What fish patterns
can you create with math?
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