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SUMMARY

Uncovering the number of stem cells necessary for organ growth has been chal-
lenging invertebrate systems.Here,wedevelopedamathematicalmodel character-
izing stem cells in the fish gill, an organ displaying non-exhaustive growth. We
employaMarkovmodel, stochastically simulatedviaanadaptedGillespiealgorithm,
and further improved through probability theory. The stochastic algorithm pro-
duces a simulated dataset for comparison with experimental clonal data by inspect-
ing quantifiable properties. The analytical approach skips the step of artificial data
generation and goes directly to the quantification, being more abstract and effi-
cient.We report that a reduced number of stem cells actively contribute to growing
and maintaining the gills. The model also highlights a functional heterogeneity
among the stem cells involved, where activation and quiescence phases determine
their relativegrowth contribution.Overall, ourworkpresentsamethod for inferring
the number and properties of stem cells required in a lifelong growing system.

INTRODUCTION

Stem cells are essential during organ growth in all higher vertebrates. Once the organisms reach maturation

and acquire a definitive body size, their adult stem cells (aSCs) are responsible for maintaining homeostasis,

i.e., they continue to proliferate with the goal of replacing the cells lost regularly. Unlike mammals and other

higher vertebrates, fish increase their body size throughout their entire life. Accordingly, fish organsmust adapt

to this permanent growth, by either increasing in size as happens with gills (Stolper et al., 2019) and retina (Cen-

tanin et al., 2014; Tsingos et al., 2019), or in numbers as is the case with neuromasts - mechano-sensory organs

sensing thewater flow (GhysenandDambly-Chaudière, 2007;Dambly-Chaudière et al., 2003;Wadaet al., 2013;

Seleit et al., 2017). Fish aSCs carry the task of organ remodeling, and they are not only able tomaintain homeo-

stasis, but also to drive growth. In this work, we focus on the respiratory organ of fish - the gill or the branchia,

recently introduced as a suitable model for studying aSCs and organ development (Stolper et al., 2019). The

model organism under study is the Japanese rice fish (Oryzias latipes), colloquially known as medaka, which

is convenient because of its rapid development (Figure 1B) and isogenic genome (Wittbrodt et al., 2002).

Two different stem cell populations have been reported (Stolper et al., 2019) to drive growth andmaintain ho-

meostasis, with the growth stem cells being restricted to the growing edge of the organs.

Each gill is composed of four pairs of branchial arches, which in turn comprise a sequence of filaments, each

of which is built frommultiple stacked lamellae (Leguen, 2018) (see Figure 1A). Branchial arches grow along

two orthogonal axes: longitudinally by elongating their filaments and transversally by adding new ones

(Figure 1C). Both these actions are performed by stem cells located at the growing edges of the respective

domains: growth stem cells at the periphery of branchial arches (br-archSCs) generate new filaments, which

contain growth stem cells at the tip (filamSCs), driving their elongation by adding new lamellae. Homeo-

static stem cells are present along the mid-axis of filaments, at the base of each lamella, and are respon-

sible for replenishing the cell population supporting the tissue. Development of branchial arches presents

a hierarchical setting: A br-archSC divides so that its daughter cell creates the new filament, where it be-

comes a filamSC that drives its elongation from the tip by leaving a trail of homeostatic stem cells along

the way, which have the role of maintaining the lamellae (Figure 1D).

We have recently shown (Stolper et al., 2019) that the growth br-archSCs include four different fate

restricted stem cells which are recruited together into a newly forming filament, giving rise to four different
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Figure 1. Biological background of medaka gills

(A) Structure of a gill: entire gill (left) contains four pairs of branchial arches (middle), each of which is composed of a

sequence of filaments (right). Our study focuses on half-arches (distal and proximal).

(B) Development of medaka fish.

(C) The gills grow along two axes, by elongating filaments and by adding new ones. New filaments are generated by stem

cells residing in niches at the basal extremities of branchial arches, whereas their elongation is driven by stem cells at the

tip of each filament.

(D) Simplified scheme for the postembryonic growth of branchial arches: when a stem cell A in the niche divides (left), its

progeny A0 generates a new filament (middle) and drives its elongation from the tip (right). This process continues

throughout the fish’s life.

(E) Four different cell lineages have been reported (Stolper et al., 2019) which, when labeled, give rise to four different

filamental patterns. These patterns are recorded in the dataset arrays as entries 1-4 (see Results and Figure 2A).
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patterns when labeled (Figure 1E). This means that the different stem cell types coordinate their activity and

division to generate a new filament. Such a concept opensmany questions and avenues to explore: How do

the stem cells coordinate their behavior to work as an ensemble? How do the fate restricted cells get re-

cruited to the new filament and regulate their division so that they maintain the ratio of different cell types

within the filament? A first step in approaching such questions is to get an estimation for the number of br-

archSCs of each fate, which are at the base of the hierarchy, being essential for setting in motion the organ

development mechanism.
2 iScience 25, 103819, February 18, 2022
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Accordingly, this work develops mathematical tools for counting the stem cells choosing each fate, respon-

sible for generating filaments. Defining the number of stem cells involved in a lifelong process has proven

difficult in most systems, mainly because of the lack of specific markers. Stem cell counting has been

possible in intestinal crypts by the existence of a specific marker (Snippert et al., 2010) and it has been in-

ferred in the hematopoiesis system by using genetic tricks that allow a combinatorial label (Pei et al., 2017;

Busch et al., 2015; Sun et al., 2014) or by modeling the hematopoietic system as a modified Moran process

with Wright-Fisher drift and by using an approximate Bayesian computation framework for parameter esti-

mation (Lee-Six et al., 2018). In medaka fish gills, stem cell specific markers are not available. Therefore, in

the absence of specific markers, lineage tracing experiments are performed with a ubiquitous permanent

labeling, and data are only available at one time point because the fish needs to be euthanized. The essen-

tial property of fish gills, which facilitates our analysis despite data restrictions, is their modular structure.

Therefore, as the permanent label is inherited by progeny upon division, the experimental images resulting

from lineage tracing experiments can provide a history of br-archSCs divisions.
RESULTS

Stochastic model suggests that gill stem cells are not homogeneous in their division behavior

In our previous paper (Stolper et al., 2019), we have studied the nature of the filament-generating cells, by

investigating two different hypotheses to determine their self-renewal capacity. Are these stem cells (SCs),

capable of creating multiple filaments, or are these cells a group of progenitors, each of which is capable of

producing exactly one filament? We tested each of the two hypotheses, based on clonal data acquired us-

ing lineage tracing tools (Gaudi toolkit) described by Centanin et al. (2014) and recording the labeling sta-

tus of each filament along a branchial arch. The experimental procedure permanently labels a small number

of cells at embryonic stages with a nuclear-tagged Green Fluorescent Protein (GFP). Briefly, the GaudiRSG

medaka line expresses a Red Fluorescent Protein (RFP) ubiquitously, and this RFP prevents the expression

of a nuclear GFP (nGFP). Upon induction with Tamoxifen or after a heat shock, the RFP is removed from the

genome allowing nGFP expression. Because this constitutes a modification in the genome of the cell, the

same modification will be found in all its progeny, which will be recognised by the nGFP expression.

In the gill system, if a br-archSC is labeledwith nGFP, then the filaments originating from it will be green aswell.

In addition, along the same lines, filaments coming from an unlabeled cell will not be green. Accordingly, each

branchial arch is describedby an array of binary values corresponding to labeled (1) and unlabeled (0) filaments

(Figure 2A and supplemental Table S1). Because the focus is on postembryonic filaments, for each branchial

arch, we selected the eight most peripheral filaments from each half of the arch (from now on referred to as

‘‘mini-arches’’) and rearranged them so that in the resulting table the first column consists of the oldest filament

of the mini-arch, i.e., the eighth filament counted from the br-archSCs niche (Figure 2A and Tables S2 and S3).

The choice of selecting only eight filaments is based on the fact that only branchial arches with more than 25

filaments are considered, and taking into account that normally there exist five to eight embryonic filaments

in the middle of the arch, which were generated before induction of genetic recombination. As presented in

our previouspaper (Stolper et al., 2019), there are at least four different fate-restrictedbr-archSCs in theperiph-

eral niche (Figure 1E). These give rise to different patterns of nGFP that are easily distinguishable in the

filaments and will be hereafter referred to as Patterns 1-4. Therefore, our dataset consists of arrays containing

values in the set {0, 1, 2, 3, 4} corresponding to unlabeled filaments or the four different possible patterns,

respectively, or combinations of patterns recorded by values of the form ab; abc; or abcd with a;b; c;d ˛
f1; 2; 3; 4g. Combinations of more than two patterns are not found in our experimental data - observing such

cases is very difficult with the use of a single-color label, because certain patterns (e.g., Patterns 3 or 4) can

be easily hidden undermore prominent patterns (Patterns 1 or 2). Therefore, the only combinations of patterns

observed in our data are ab ˛f12; 13; 23; 34g. A quantification of the occurrence of simple andmixed patterns

can be seen in supplemental Figure S1. Each pattern is analyzed separately, so the original data are remodeled

into four datasets, one for each pattern, with binary values (Figure 2A and Tables S2 and S3).

For the comparison between models and data, the notion of switches was introduced, defined as the tran-

sition from a labeled to an unlabeled filament, i.e., binary transitions (1-to-0 or 0-to-1). Accordingly, for each

mini-arch we counted the switches and the labeled filaments, and recorded them as a pair of the form ðs; f Þ
with s ˛f0; 1;.; 7g switches and f˛f0; 1;.; 8g labeled filaments (Figures 2A and 2B). For a mini-arch of

eight filaments, out of the total number of 839 associations ðs; f Þ only 33 are possible (for example, for

s= 0 the only options are f˛f0; 8g, whereas for s= 7 one must have f = 4) - supplemental table S4. The fre-

quency of observing each such pair ðs; f Þ in the data can be computed and is shown in Figure 2C.
iScience 25, 103819, February 18, 2022 3
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Figure 2. Approach and results of the homogeneous model

(A) Toy mini-arches used to describe how the data is prepared for the analysis. For each mini-arch, the distribution of

patterns is recorded as 1-4 (first row of each table), whereas mixed patterns are recorded as ab; abc; or abcd with

a;b; c;d ˛f1; 2; 3; 4g (Figure S1 and Table S1). For each pattern, the configuration is rewritten such that each mini-arch is

described by an array of binary entries (bottom four rows of the tables, showing the distribution for each pattern P1-P4).

Finally, for each such array, the number of switches s (1-to-0 and 0-to-1 transitions) and that of labeled filaments f is

determined, and recorded as a pair.

(B) Example of 10 mini-arches extracted from the experimental data, adjusted for studying Pattern 1. For each mini-arch

the pair ðs; f Þ of switches and labeled filaments are recorded and shown in the last column. Focusing on two mini-arches,

the switches are indicated and the labeled filaments are counted, the number of which corresponds to a blue tone on the

color bar shown, which will be used in the following plots.

(C) Plot of the 8-filament long mini-arches in the entire dataset, for Pattern 1. The plot shows the frequency of observing a

certain pair ðs; f Þ of switches and labeled filaments (y axis), according to the number of switches (s) observed on the x axis,

and the number of labeled filaments (f) represented by the color code. One can notice that most mini-arches are

composed of filaments carrying the same label/pattern (0 switches), and out of these, most are fully unlabeled. This ratio

between entirely labeled and entirely unlabeled mini-arches is regulated by the experimental labeling efficiency, which is

approximated from the data. For pattern 1, the labeling efficiency is mathematically estimated to be 15.53% (i.e., cells

have a probability 0.1553 of being labeled) - see STARMethods for the description of the approximation method and CIs.

(D) Comparison between various simulated scenarios. The two extreme scenarios described previously (Stolper et al., 2019),

the stem cell model (left) and the progenitor model (right), are plotted as the data in C, for comparison. The stem cell model,

even though extreme, provides a much better fit to the data from C, than the progenitor model does. The central plots show

results of simulations for scenarios in which 2 (middle-left) and 3 (middle-right) stem cells reside in the niche, for Pattern 1. Here

a homogeneous divisionbehavior is assumed, i.e., stemcells are randomly chosen for division and filament generation, with all

having the same probability of being selected. In such a homogeneous setting, the more stem cells are introduced into the

system, the worse the fit to the data becomes, and the progression can be followed from left to right.
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Wehave recently shown (Stolper et al., 2019) that a stem cell model considering all filaments in themini-arch to

be generated by one single stem cell provides a better fit to the data than a progenitor model in which each

filament is created by a different progenitor cell (Figure 2D, far left and far right, reconsiders the two scenarios,

for 8-filament longmini-arches, for Pattern1). Becauseweoftenobserveswitches in thebranchial arches, conse-

quently more than one stem cell are contributing filaments to the branchial arch. In addition, interesting is the
4 iScience 25, 103819, February 18, 2022
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often occurrenceof long stretches of consecutive filaments carrying the same label, indicating that ifmore than

one stem cell contributes filaments, they are not homogeneous in their division behavior. This insight is sup-

ported by the comparison of the experimental data obtained from clonal analysis to the two modeled cases

where two and three functionally homogeneous stem cells contribute filaments to the branchial arch (middle

plots in Figure 2D). The simulations are performed by first selecting the number of labeled stem cells, L �
Binomialðn;probLabÞ, where n is the total number of stem cells in the niche (in the two cases considered in Fig-

ure 2Dmiddle, n= 2 or n = 3) and probLab is the experimental labeling efficiency approximated from the data

(e.g., probLab= 0:1553 for Pattern 1) via a combinatorial approach (see STAR Methods). Next, a weighted

random choice selects whether a labeled or an unlabeled stem cell will divide, at each time step, with weights

given by the number of labeled and unlabeled br-archSCs, for each of the eight filaments in the arch. The la-

beling efficiency is different for each pattern and represents an average over the whole dataset. The approxi-

mationmethod only considers the oldest filament in eachmini-arch, as it provides an indication of the first cell

which divided postembryonically. The labeling efficiency can differ significantly across the stem cell types,

because of the experimental method of labeling and the current state of the cells of interest at the time of in-

duction. The heat-shock stimulus is applied by addingwater at a specific temperature, whichmeans that not all

cells in thebodywill receive the samechange in temperature (DT ), dependingon their positionwithin theniche.

In addition, in the case of Tamoxifen-induced combination, the drug is delivered by the circulatory system and

cells located closer to blood vessels would be more exposed to the inducing agent. For example, Pattern 1 is

observed by the labeling of pavement or respiratory cells, which occupymore than 90% of the filament surface

and are found in the epithelium of filaments and lamellae (Laurent, 1984; Laurent and Dunel, 1980; Leguen,

2018; Olson, 2002). At the other extreme, Pattern 4 is observed as elongated nuclei located inside the filament

tissue between the epithelium and the skeletalmember, along the efferent edge, which are thought to be neu-

roepithelial cells (Laurent, 1984; Laurent and Dunel, 1980). Such variability in population size and location

among the stem cell types may lead to large differences in the labeling efficiency for the four patterns.

Following this initial study, we concluded that the filament-generating cells are indeed stem cells (br-archSCs),

but simply having a small number of functionally homogeneous br-archSCs contributing filaments to the bran-

chial arches is not sufficient for explaining the data.
A Markov approach shows that fish gills originate from a small number of functionally

heterogeneous stem cells

As opposed to a homogeneous scenario in which br-archSCs (both labeled and unlabeled) divide randomly

giving rise to an uncorrelated succession of labels, the often occurrence of stretches of consecutive iden-

tically-labeled filaments observed in the data and the previously tested cases (of two and three homoge-

neous SCs - Figure 2D, middle) suggest successive generations (divisions) of the same br-archSC. This het-

erogeneity idea for the gill system is derived and quantified from the data via the mathematical study, as a

purely experimental approach could not assess such a behavior. The heterogeneous scenario means that

not all br-archSCs in the niche have equal probabilities of being selected for division at a specific time step,

and corresponds to the concept of stem cell activation and quiescence phases, in which when a stem cell

divides, it becomes activated and divides multiple times before another SC takes over. The heterogeneity

is incorporated in the model through the ‘‘probability of division’’ parameter p, representing the probabil-

ity that the stem cell which has just dividedwill be the next one to divide again. If this probability p = 1, then

all filaments in the mini-arch will carry the label of the first stem cell which divided, whereas a probability of

division p= 0:5 corresponds to the most homogeneous scenario with intermingled labeled and unlabeled

filaments with comparable incidence. This correlation between the cell which has just divided and the one

about to divide, for p>0:5, will be referred to as a ‘‘heterogeneous division behavior’’ or a ‘‘functional het-

erogeneity’’. As previously mentioned, this behavior is suggested by the occurrence of long stretches of

consecutive filaments with the same label, but quantifying this heterogeneity parameter in practice, exper-

imentally, is not possible, thus leading to the need for mathematical modeling.

Accordingly, because of the assumption of single-step memory of the system that takes into account which

cell divided last, the heterogeneity scenario can be modeled by a Markov process on the generated fila-

ments (Figures 3A and 3B). If a labeled filament was generated in the previous time step, we expect a higher

probability that the next filament produced will also be labeled. The transitions within the two-stateMarkov

Chain, between a labeled and an unlabeled filament, are described by the conditional probabilities shown

in matrix P (1), from Box 1. These conditional probabilities depend on the number of labeled (L) and unla-

beled (U) stem cells in the niche, on the total number n= L+U of stem cells, and on the probability of di-

vision p (see STAR Methods for derivation). The model assumptions are summarized in Box 1.
iScience 25, 103819, February 18, 2022 5
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Figure 3. Approach for the heterogeneous model

(A) Schematic of the model, according to the assumptions in Box 1. In the initial time step, a stem cell (green and white

circles) is randomly chosen for division. The probability of this cell to divide again is p, and if p>0:5 more consecutive

divisions of the same cell take place, filling the mini-arches with filaments (green and white oval shapes). At a later point, a

new cell may be selected, with a probability 1� p, and the probability of this cell to divide again is changed to p. This

process continues until eight filaments are generated.

(B) Two-state Markov Chain diagram, describing the transitions between filaments of labels 1 and 0 within the mini-arch,

via the probabilities p11;.;p22. These probabilities are computed in (1).

(C) Flowchart of the stochastic algorithm presented in the main text and explained in Box 2. The green and white circles

represent labeled and unlabeled cells, whereas the green and white oblong shapes are labeled and unlabeled filaments,

respectively.
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To simulate the previously deduced heterogeneity hypothesis, a stochastic algorithm was developed,

which generates a dataset of in silico mini-arches, to compare to those from the experimental data. The

two are compared by inspecting the frequencies of observing each of the pairs ðs; f Þ of switches and

labeled filaments. In accordance with the assumptions presented in Box 1 and based on the conditional
6 iScience 25, 103819, February 18, 2022



Box 1. Model assumptions

The model presented below is based on the following assumptions:

> One labeled stem cell (1) in the peripheral niche produces a labeled filament, whereas one unlabeled stem cell (0)

gives rise to an unlabeled filament.

> The number of labeled stem cells in the niche, L, depends on the labeling efficiency probLab and on the total num-

ber of stem cells in the niche n: L � Binomialðn;probLabÞ, and the number of unlabeled stem cells is U = n� L.

> The cell which has just divided will divide again in the next time step with probability p, where the time steps corre-

spond to division events and have random durations.

The probabilities for the transitions from one filament to another, with varying labeling status, for nR2 and p˛½0:5;1Þ,
are found in the matrix P, with entries pij corresponding to having a filament of label j following a filament of label i in

the mini-arch, with i; j ˛f1; 2g, 1-labeled and 2-unlabeled.

P =

0
BB@

p +
�
1� p

� L� 1

n� 1

�
1� p

� U

n� 1
�
1� p

� L

n� 1
p +

�
1� p

�U � 1

n� 1

1
CCA (Equation 1)
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probabilities in (Equation 1), the algorithm shown in the flowchart from Figure 3C and outlined in Box 2 was

implemented.

The algorithm fills an initially empty array with eight binary entries, corresponding to the filaments in a mini-

arch, by taking into account the previously added value. A large dataset of simulated mini-arches is pro-

duced. The algorithm is repeated inside a parameter estimation loop, so it is run multiple times with

different starting guesses for an array of values of parameters n˛f1;.; 10g;p˛½0:5; 1Þ for which the objec-

tive function (2) is computed to be minimized. The objective function is a mean of square errors (MSE) be-

tween the frequencies in the experimental and simulated data, of observing a pair ðs; f Þ˛P, with P=

fð0; 0Þ; ð0; 8Þ;.; ð7; 4Þg the set of 33 possible pairs (see STAR Methods and Table S4 for details). Finally,

the best parameters n and p are obtained, which provide the most accurate fit between the simulation re-

sults and the data, performed by minimizing the objective function. For this purpose, the Mathematica

routine NMinimize was used, employing the Nelder-Mead and Differential Evolution methods.

Furthermore, an analytical approach can be developed, to skip the step of in silico data generation, such

that instead of computing the approximate frequencies of observing a pair ðs; f Þ in the respective simulated

data, exact probabilities of each such event can be directly calculated. By using the entries of the proba-

bility transition matrix (1) together with the initial distribution l = ðl1;l2Þ =
�

L
n;

U
n

�
, the analytical probabil-

ities of observing a certain pair ðs; f Þ of switches and labeled filaments in themodel, for each parameter pair

ðn;pÞ, are computed as a sum of probabilities of possible Markov Chain trajectories producing the required

number of switches and labeled filaments. For example, the probabilities of producing an entirely
Table 1. Summary of parameter notations

Parameter Domain Description

L N Number of labeled stem cells in the niche

U N Number of unlabeled stem cells in the niche

n = L+ U N Total number of stem cells in the niche

probLab ð0; 1Þ Labeling efficiency

p ½0:5;1Þ Probability of division

s f0; 1;.;7g Number of switches within a 8-filament long

mini-arch

f f0; 1;.;8g Number of labeled filaments within a mini-arch

iScience 25, 103819, February 18, 2022 7



Box 2. A stochastic algorithm for heterogeneous stem cell division

1. The algorithm starts by approximating the labeling efficiency based on the data, as explained by Stolper et al.

(2019) and in STAR Methods.

2. With this value at hand, the main part consisting of the stochastic simulations begins, which is visualized through

the big green rectangle in the flowchart.

(a) For eachmini-arch to be simulated, the program chooses random parameters n and p based on which themini-

arch will be filled with filaments, i.e., the 8-cell-long array will be filled with binary values.

(b) Out of the total number n of stem cells of a particular fate, the number of labeled ones,

L � Binomialðn;probLabÞ and the remaining unlabeled cells U = n� L. Then the in silico mini-arch genera-

tion begins.

i. One starts with an empty array representing the mini-arch before any filament has been generated.

ii. The first stem cell to divide and generate a filament is selected by a weighted random choice of whether to

add a 1 or a 0 to the empty array, with weights given by probabilities of choosing a labeled cell Ln, or an

unlabeled cell Un, respectively.

iii. After the first entry in the array has been added, the following ones depend on the previously inserted

value. The previous dividing stem cell will divide again with probability p, so the labeling status of the

new filament depends on that of the previous filament via the conditional probabilities (1).

iv. The procedure stops when the array is filled with eight entries representing one virtual mini-arch.

(c). Items (i)-(iv) are repeated multiple times to generate a large table of simulated mini-arches for each pair ðn;pÞ
of parameters.

3. Once the simulated dataset is obtained, the pair ðs; f Þ is computed for each virtual mini-arch, as it was previously

done for the experimental data.

4. Subsequently, the frequency of observing the pair ðs; f Þ is calculated.
5. These frequencies together with those from experimental data are used to construct a mean-squared-error objec-

tive function

F =
1

33

X33
i = 1

ðfDi � fSiÞ2; (Equation 2)

where fDi and fSi are the frequencies in the data and the simulation results of observing pair i ˛P, with

P= fð0; 0Þ; ð0; 8Þ;.; ð7; 4Þg the set of the 33 possible pairs ðs; f Þ (Table S4). The objective function is used

within the parameter estimation, to find the best parameters n and p.
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unlabeled mini-arch (with 0 switches and 0 labeled filaments) and an entirely alternating mini-arch (with

seven switches and four labeled filaments) read:

Pðs = 0; f = 0Þ = Pð00000000Þ=PðX1 = 0;X2 = 0;.;X8 = 0Þ= l2$p
7
22 and

4 3 3 4
Pðs = 7; f = 4Þ = Pð10101010Þ+Pð01010101Þ= l1$p12$p21 + l2$p12$p21

Similarly, this method can be employed for each of the 33 possible pairs ðs; f Þ to obtain a list of probabilities

with entries corresponding to each pair, depending on the number of stem cells in the niche n, the

probability of division p and the labeling efficiency probLab. As in the previous numerical method, an

MSE-objective function is minimized to obtain the best parameter set. In the analytical approach, the fre-

quencies fSi in (Equation 2) (Box 2) are replaced by the exact probabilities of observing a pair ðs; f Þ˛ P,

which can be computed as summarized above.

In order to obtain an initial general overview on the parameters’ influence on the data, the MSE-objective

function (scaled by 106) is plotted against the parameter p˛½0:5; 1� for various values n ˛f1;.; 10g (Fig-

ure 4A). These plots suggest that few stem cells are sufficient to generate filaments in the branchial arches,

as long as their probability of division is high, indicating a highly heterogeneous division behavior that cor-

responds to activation and quiescence phases. The plots also show that provided the probability of division
8 iScience 25, 103819, February 18, 2022
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Figure 4. Results of the heterogeneous model

(A) Parametric line plots showing the MSE-objective function (scaled by 106) with respect to the probability of division p for multiple values n ˛ f1;.; 10g
(individual curves, see legend). The smaller the objective function, the better the fit to the data. Hence the curve with the smallest minimum indicates the best

parameter values. Plots correspond to patterns 1 to 4, from left to right.

(B) Comparisons between frequencies and probabilities of observing a pair ðs; f Þ in experimental data (D) and model results (M), respectively, for each of the

four patterns (1 to 4 from left to right). The x-axis represents the number of switches and the color code corresponds to the number of labeled filaments (from

light blue - zero to dark blue - eight). Parameters were estimated by minimizing the objective function computed according to the analytical probabilities,

and can be read in the titles of each plot.

(C) Residual plots for comparing the frequencies of pairs ðs; f Þ observed in the data with those predicted by the model, for each pattern (1-4), for assessing

the goodness of fit. Each point represents the residual value (fSi � fDi ) plotted against the model predictions (fSi ), for each pair ðs;f Þ˛P, with correspondingly

displayed labels.
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p is high, a greater number of stem cells n also fit the data equally well, but we are interested in the min-

imum number of br-archSCs needed for the organ growth, as the rest of the cells would simply not be

selected for division within the experiment time span. In other words, more stem cells may reside in the

niche, but only few of them are actively involved in filament generation, whereas the rest are dormant,

to conserve energy and protect themselves from possible mutations or metabolic damage. In the case

of pattern 4, there is a higher variability in the values for n, in the sense that multiple n values give the

same MSE-minimum for similar p (Table S5 shows values of the objective function for various combinations

of n ˛f2;.; 20g and p ˛½0:9;0:95�). We attribute this effect to practical non-identifiability arising from the

experimental bias and labeling efficiency approximation - see Discussion. In pattern 2, the probability of

division p is smaller than in the other patterns, suggesting that the activation phases of SCs of fate 2 are

shorter. Subsequently, the parameters n and p are estimated by minimizing the respective objective func-

tions, as discussed before (Box 2).

Both methods provide agreeing results, with similar parameter values, as expected. Figure 4B presents plots

based on parameters estimated with the analytical approach, showing a good fit between the model and

data, and suggesting that only few stem cells for each pattern are actively participating in organ growth,

with high probabilities of division. Some differences can be observed, for example, in the ratio between fully

labeled and fully unlabeled mini-arches (dark and light blue in the 0-switches bar), which is influenced by the

labeling efficiency, as previously mentioned. This minor mismatch comes from the approximation of the label-

ing efficiency from the data. Even though the method is based on realistic assumptions, in some cases it does

not provide a close enough value to the true one, because the dataset is not sufficiently large for this task (N=

470mini-arches). If a larger dataset were available (N= 104 mini-arches), amuchbetter approximation could be

obtained. Wilson score CIs (Wilson, 1927) for the labeling efficiency are provided in STARMethods. Neverthe-

less, the bars for data (D) and model (M) have equal heights in most cases. Because the main defining charac-

teristicof thebiological systemconveyed in thedata is theoccurrenceof long stretchesof filaments carrying the

same label (pattern), a good fit aims at first capturing this aspect (i.e., the cases of s= 0 switches), as opposed to

givingmoreweight to the substantially fewer casesof nonzero switches. In addition, the frequency of observing

scenarios with nonzero switches ss0 (for the moment ignoring the colors indicating the number of labeled fil-

aments f) is also well recapitulated by the model. Concerning the more balanced distribution of occurrences

with different values for the number of labeled filaments f for a certain number of switches ss0 predicted by

the mathematical model (i.e., colors within a bar), this is to be expected based on our model assumptions,

and this symmetry does notmanifest in the experimental data simply because of the dimension of the dataset.

Were such an unbalanced distribution of scenarios with different f values for the same s to persist in a much

larger dataset, it would suggest that an extra level of heterogeneity existed among the stem cells. Figure 4C

presents plots of the residuals (fSi � fDi ) against the frequencies predicted by themodel (fSi ), for each pattern,

for assessing the goodness of fit. In addition, Figures S2–S5 show the stacked plots (as in 4B) and residual plots

(as in 4C) for the optimal, the homogeneous, and two further ‘‘bad’’ scenarios, for comparison; the value of the

objective function is also displayed for each case. The results presented in Figure 4 thus indicate that few but

highly heterogeneous stem cells are enough to contribute filaments to themedaka gills during the entire post-

embryonic and adult life.
DISCUSSION

This study has presented two alternative methods for determining the numbers and functional heteroge-

neities among stem cells during postembryonic gill growth: a numerical approach via stochastic simula-

tions, which generates a large dataset of simulated mini-arches for comparison to experimental data,

and a more abstract analytical approach, which skips the step of in silico data generation, is exact and

less time-consuming. The twomethods are based on the same assumptions and provide equivalent results.

These methods contributed to the discovery of novel insights into the behavior of the stem cells respon-

sible for building, growing, and maintaining the respiratory organ of fish: (i) few branchial arch stem cells

are participating in the postembryonic and adult organ growth and, more importantly, (ii) these stem cells

are functionally heterogeneous in their division behavior, in the sense that they follow phases of activation

and quiescence, such that once a stem cell has divided to generate a filament, it becomes active and di-

vides multiple times thus creating more clonal filaments, before becoming quiescent and allowing another

stem cell of the same type to take over the task of filament generation.

This activation/quiescence behavior is valid for all four fate-restricted stem cells, corresponding to the four

possible patterns observed in filaments. In all cases, although more variability is observed in the values for
10 iScience 25, 103819, February 18, 2022
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the number of SCs n, essential for the biological system is that the heterogeneity parameter p describing the

probability of division is very high. Stem cells of Pattern 2 have a smaller probability of division, relative to the

others,which suggests that their activationphasesare shorter, and this comes togetherwith ahigher numberof

SCs of the second type, which participate in organ growth. In Pattern 4more variability is observed (Figure 4A),

which is causedby the low labeling efficiency in the case of the fourth stemcell type. This low labeling efficiency

may also be a consequence of the fact that Pattern 4 is difficult to spot whenmixed patterns are present, being

hidden beneath other more prominent patterns (e.g., Pattern 2). A suitable method to overcome this issue

would be to label the different types of cells (patterns) with different colors, but such method is currently not

available with the required cellular-resolution for the gill system.

The results of this study improve our understanding of the coordination between the filament-generating

stem cells, which get recruited as an ensemble to a newly forming filament. The aspect of how this co-

ordination is accomplished remains an open question, but our studies have shown that approximately

equal numbers of the fate-restricted stem cells are responsible for organ growth, which supports the

mechanism of maintaining the ratio of cell types within a filament, guaranteeing its proper development.

The heterogeneous division behavior of stem cells that we now describe in the fish gill has been previ-

ously reported in other systems. For example, Bogdan et al. (2014) have studied the proliferative hetero-

geneity in muscle cells of mice and rats and in human mesenchymal stem cells and reported that stem

cells growth rates possess multifractal characteristics. Alternating activation and quiescence phases

have also been recently suggested in neurogenesis (Harris et al., 2021; Kalamakis et al., 2019; Urbán

et al., 2016; Ziebell et al., 2018; Basak et al., 2018), where it is speculated that proliferating stem cells re-

turn to quiescence into a pool of temporary quiescent cells, which is separate from the main dormant

stem cells. This behavior can be thought of as a defense mechanism against the possible steps which

can fail during division, taking into account the small number of stem cells which carry the responsibility

of filament generation, and thus, organ growth. Considering that more stem cells for the optimal prob-

ability of division do not improve nor make the fit worse, we expect that in addition to the respective

optimal number of stem cells found by our model to drive the organ growth, more stem cells of each

particular fate reside in the niche. However, according to our model and experimental data, the majority

of the ‘‘extra’’ stem cells should be dormant, only becoming active when one of the main stem cells fails

and dies.
Limitations of the study

This work considers the study of stem cell numbers and functional heterogeneities in gill stem cells. As stem

cell specific markers are not available in the gill system, lineage tracing experiments are performed with a

permanent, ubiquitous label that is inherited by progeny. This may result in errors when recording the dis-

tribution of filamental patterns, as certain patternsmay be hidden under others and thus overlooked. These

possible errors may also result in an underestimation of the labeling efficiency for certain patterns.
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Decorde, K., Gompel, N., and Ghysen, A. (2003).
The lateral line of zebrafish: a model system for
the analysis of morphogenesis and neural
development in vertebrates. Biol. Cell 95,
579–587. https://doi.org/10.1016/j.biolcel.2003.
10.005.

Ghysen, A., and Dambly-Chaudière, C. (2007).
The lateral line microcosmos. Genes Dev. 21,
12 iScience 25, 103819, February 18, 2022
2118–2130. https://doi.org/10.1101/gad.
1568407.

Harris, L., Rigo, P., Stiehl, T., Gaber, Z.B., Austin,
S.H., del MarMasdeu, M., Edwards, A., Urbán, N.,
Marciniak-Czochra, A., and Guillemot, F. (2021).
Coordinated changes in cellular behavior ensure
the lifelong maintenance of the hippocampal
stem cell population. Cell Stem Cell. https://doi.
org/10.1016/j.stem.2021.01.003.

Iwamatsu, T. (2004). Stages of normal
development in the medaka oryzias latipes.
Mech. Dev. 121, 605–618. https://doi.org/10.
1016/j.mod.2004.03.012.

Kalamakis, G., Brüne, D., Ravichandran, S., Bolz,
J., Fan, W., Ziebell, F., Stiehl, T., Catalá-Martinez,
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Deposited data

Filamental pattern distribution (clonal data) This paper https://doi.org/10.5281/zenodo.5847028

Experimental models: Organisms/strains

Wild type Oryzias latipes, Cab

Transgenic Oryzias latipes, Gaudı́Ubiq.iCre Centanin et al. (2014)

Transgenic Oryzias latipes, Gaudı́Hsp70.A Centanin et al. (2014)

Transgenic Oryzias latipes, Gaudı́RSG Centanin et al. (2014)

Software and algorithms

Fiji https://fiji.sc/

Mathematica 12.0 Wolfram Research

Original code This paper https://doi.org/10.5281/zenodo.5847028;

https://github.com/dpdanciu/Gill-

SCnumbers-heterogeneities
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Further information can be provided by the lead contact, Anna Marciniak-Czochra (anna.marciniak@iwr.

uni-heidelberg.de).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d The clonal data used in this study is deposited at Zenodo and is publicly available as of the date of pub-

lication. DOIs are listed in the key resources table.

d The code generated during this study is deposited at Zenodo and is publicly available as of the date of

publication. DOIs are listed in the key resources table. Alternatively, it can be directly accessed on Gi-

tHub at https://github.com/dpdanciu/Gill-SCnumbers-heterogeneities

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal husbandry and ethics

All experimental animals were under the supervision of the animal welfare officer at the Heidelberg Uni-

versity. The fish stocks of Oryzias latipes (medaka) were maintained according to local animal welfare

laws (Tierschutzgesetz x11, Abs. 1, Nr.1) and the European Union animal welfare guidelines. Fish were

maintained and raised in a constant recirculation system at 28�C cycling between 14 hours of light
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and 10 hours of darkness (Tierschutzgesetz x11, Abs. 1, Nr.1, Haltungserlaubnis AZ35-9185.64 and AZ35-

9185.64/BH KIT). Fish lines being used in this study include wild-type medaka (Cab, medaka Southern

population strain) and transgenic fish of the Gaudı́ living toolkit (Centanin et al., 2014): Gaudı́ Ubiq.iCre,

expressing a tamoxifen inducible Cre-recombinase, Gaudı́ HSP70.A, expressing a heat-shock inducible

CRE-recombinase and Gaudı́ RSG, containing a genetic cassette that switches from a ubiquitous expres-

sion of a red fluorescent protein (RFP) to a nuclear green signal (nGFP) upon recombination. This study

has analyzed both male and female embryos staged according to Iwamatsu (2004), heat-shocked at

stages 20, 24, 29, 32, 34 or 37, or induced via tamoxifen treatment at stage 36 (see Method details - Gen-

eration of clones), and then raised until adulthood, when they were imaged. Sex specific differences were

not investigated in this study.
METHOD DETAILS

Generation of clones

Clonal data was generated via lineage tracing analysis. Genetic recombination in double transgenic fish

(Gaudı́ HSP70.A, Gaudı́ RSG) was induced via heat-shock. Male and female embryos were staged according

to Iwamatsu (2004) and heat-shocked at stages 20, 24, 29 32, 34 or 37 using embryo rearing medium

(ERM) at 42�C and transferred to 37�C for 1 to 3 hours and raised until adulthood. Sex specific differences

were not investigated in this study.

Genetic recombination was induced via tamoxifen treatment in Gaudı́ Ubiq.iCreGaudı́ RSG double transgenic

fish at stage 36. Embryos were kept in ERM containing tamoxifen (T5648 Sigma, 5mMfinal concentration) for

3 hours, rinsed multiple times with fresh ERM to ensure removal of residual tamoxifen, and placed in a tank

until they reach adulthood. Fish that resulted in a high recombination efficiency (i.e. entire branchial arch

labelled) were not used in the analysis.
Staining protocol and imaging

All fish were euthanised using a 2mg/ml Tricaine solution (Sigma-Aldrich, A5040-25G), fixed in 4% PFA/

PTW at 4�C overnight and the entire gills were micro-dissected to continue with the staining protocol.

To permeabilise the tissue, gills were kept in acetone at �2�C for 10 minutes. After blocking with goat

serum for 1 hour at room temperature, GFP staining (Rabbit a-GFP, Invitrogen, 1:750) was performed over-

night at 4�C. The secondary antibody (Alexa 488 a-Rabbit, Invitrogen, 1:500) was incubated together with

DAPI (final concentration: 5mg/ml) for 2 hours at room temperature. Gills were separated into single bran-

chial arches and mounted in glycerol 50% between cover slides (Stolper et al., 2019). Whole gills were

imaged using an Olympus MVX10 microscope connected to a Leica DFC500. On confocal resolution, bran-

chial arches were imaged using Leica TCS SP8 and SP5 II microscopes. Image analysis and stitching was

performed in Fiji.
Experimental data adjustment

The experimental data consisted of a table with rows of unequal lengths, each of which represented one

branchial arch. Each such array contained values describing the labelling status and respective pattern or

combination of patterns, for each filament in the arch. An unlabelled filament was recorded as an

element i = 0, a filament presenting one pattern was denoted by i ˛f1; 2; 3; 4g, while a filament present-

ing mixed patterns was presented as a multiple digit number, with digits recording the patterns present,

e.g. for a combination of two patterns within one filament the options are i = ab, with

a;b ˛f1; 2; 3; 4g; a<b (Table S1, excerpt from experimental data). A total of N= 340 branchial arches

were quantified. From these, only the branchial arches/arrays of length R25 were considered, resulting

in a total of N= 235 rows. Subsequently, four separate data sets were created, one for each pattern, by

only considering the filaments presenting that specific pattern as labelled (1), and the other cases as un-

labelled (e.g. in the adjusted data for Pattern 1, the filaments with patterns 2, 3 and 4, together with the

unlabelled filaments are recorded as 0) - see Table S2, data excerpt adjusted for each pattern. For all

patterns, from each branchial arch, the 8 peripheral filaments from each side were selected, i.e. the first

8 and last 8 entries of each array. All such mini-arches were arranged so that they start with the oldest

filament, i.e. the mini-arrays containing the first 8 entries from the original array were flipped. The final

four data sets used for the model, one for each pattern, each consisted of a 832N= 83470 matrix (Table

S3, final adjusted excerpt).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Labelling efficiency estimation

The labelling efficiency was estimated for the entire experimental data set by employing a combinatorial

approach. The labelling efficiency would indicate how many stem cells are labelled out of a large pool of

SCs. To keep inmind is the fact that a labelled filament is produced by a labelled stem cell, so if one looks at

the oldest post-embryonic filament, one finds the label of the first SC which divided in that specific bran-

chial arch (on each side). We look at the oldest filament because, in this way, we avoid the influence of the

heterogeneity parameter. Accordingly, by counting the number of labelled first filaments (i.e. oldest) out of

the total number of branchial arches, we obtain an approximation of the average labelling efficiency across

the entire data set. We thus obtain the following formula, where nL is the number of mini-arches which start

with a labelled filament, i.e. the number of arrays that start with a non-zero (1) entry; andN is the total num-

ber of rows in the adjusted data set.

probLab =
Number of labelled first filaments

Number of branchial arches
=
nL

N
(Equation 3)

Accordingly, for each pattern the labelling efficiency probLab reads as in the table below, with respective

95% binomial proportion confidence intervals computed with the Wilson score (Wilson, 1927).
Pattern Pattern 1 Pattern 2 Pattern 3 Pattern 4

probLab 0.1553 0.0638 0.0426 0.0149

Wilson CI ½0:1254;0:1908� ½0:0451;0:0897� ½0:0277;0:0648� ½0:0072;0:0304�
Transition probabilities computation

First, note that we choosep˛½0:5; 1Þbased on our previous heterogeneity hypothesis. A probability of division

of p= 0:5 corresponds to an entirely functionally homogeneous system, in which the probability of the previ-

ously diving cell to divide again is equal to that of another random cell of the same type to take over. A prob-

ability of division p>0:5 corresponds to our hypothesis of a functionally heterogeneous system with activation

andquiescencephases. In addition,p<1, sincep= 1wouldbeequivalent to a casewhere the entiremini-arch is

created by one stem cell, case which we proved infeasible (Figure 2D and (Stolper et al., 2019)).

For computing the transition probabilities of the Markov process, recall the formula for conditional

probabilities

PðAXBÞ = PðAjBÞPðBÞ
Suppose i is the cell which has just divided and j the cell about to divide. Further, denote by cL the event of

choosing a labelled cell, and by cU the event of selecting an unlabelled cell. A transition L/L i.e. a labelled

filament followed by another labelled one, corresponds to a case where either the previously diving cell i

was labelled and it divides again (j = i), or if another labelled cell is selected (jsi, with i; j labelled). All tran-

sition probabilities can be similarly considered and recorded in the transition probability matrix P with en-

tries (4) for nR2, recalling that p=Pðj = iÞ irrespective of the labelling status. For n = 1, the matrix P = I2 the

identity matrix, but this case is not expected (Figure 2D and (Stolper et al., 2019)).

Entries of the transition probability matrix P; for nR2 :

p11 : =Pðj labelledji labelledÞ=Pðj = iÞ+PðjsiÞPðcLÞ=p +
�
1� p

� L� 1

n� 1

p12 : =Pðj unlabelledji labelledÞ=PðjsiÞPðcUÞ= �
1� p

� U

n� 1

p21 : =Pðj labelledji unlabelledÞ=PðjsiÞPðcLÞ= �
1� p

� L

n� 1

p22 : =Pðj unlabelledji unlabelledÞ=Pðj = iÞ+PðjsiÞPðcUÞ=p +
�
1� p

�U � 1

n� 1

(Equation 4)

Objective function definition. The objective function describes a measure of the ‘‘distance’’ between

the model and the experimental data. In this discrete system, the data are quantified based on the ðs; f Þ
16 iScience 25, 103819, February 18, 2022
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pairs, so the objective function compares the frequencies of observing such a pair, in the data and in the

model. There exist 33 possible pairs describing a mini-arch since, out of the total 839 pair combinations,

most are infeasible due to configuration dependency constraints. For example, there exists no mini-arch

corresponding to a pair ðs; f Þ= ð1; 8Þ because in an entirely labelled mini-arch (f = 8) no switches exits

(s = 0). The set P of all possible pairs was obtained by implementing a short piece of code investigating

each mini-arch configuration (256 configurations) - see Table S4 for all possible configurations and details.

The objective function is thus constructed as the mean squared error:

F =
1

33

X33
i = 1

ðfDi � fSiÞ2; (Equation 5)

where fDi and fSi are the frequencies observed in the data and those predicted by the simulations of

observing pair i ˛P, with P= fð0; 0Þ; ð0; 8Þ;.; ð7; 4Þg the set of the 33 possible pairs ðs; f Þ.
iScience 25, 103819, February 18, 2022 17


	ISCI103819_proof_v25i2.pdf
	Identifying stem cell numbers and functional heterogeneities during postembryonic organ growth
	Introduction
	Results
	Stochastic model suggests that gill stem cells are not homogeneous in their division behavior
	A Markov approach shows that fish gills originate from a small number of functionally heterogeneous stem cells

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Animal husbandry and ethics

	Method details
	Generation of clones
	Staining protocol and imaging
	Experimental data adjustment

	Quantification and statistical analysis
	Labelling efficiency estimation
	Transition probabilities computation
	Objective function definition






