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Abstract

The Anabaena genus is a model organism of filamentous cyanobacteria whose vegetative

cells can differentiate under nitrogen-limited conditions into a type of cell called heterocyst.

These heterocysts lose the possibility to divide and are necessary for the colony because

they can fix and share environmental nitrogen. In order to distribute the nitrogen efficiently,

heterocysts are arranged to form a quasi-regular pattern whose features are maintained as

the filament grows. Recent efforts have allowed advances in the understanding of the inter-

actions and genetic mechanisms underlying this dynamic pattern. However, the main role of

the patA and hetF genes are yet to be clarified; in particular, the patAmutant forms hetero-

cysts almost exclusively in the terminal cells of the filament. In this work, we investigate the

function of these genes and provide a theoretical model that explains how they interact

within the broader genetic network, reproducing their knock-out phenotypes in several

genetic backgrounds, including a nearly uniform concentration of HetR along the filament

for the patAmutant. Our results suggest a role of hetF and patA in a post-transcriptional

modification of HetR which is essential for its regulatory function. In addition, the existence

of molecular leakage out of the filament in its boundary cells is enough to explain the prefer-

ential appearance of terminal heterocysts, without any need for a distinct regulatory

pathway.

Author summary

Understanding multicellular pattern formation is key for the study of both natural and

synthetic developmental processes. Arguably one of the simplest model systems for this is

the filamentous cyanobacterium Anabaena, that in conditions of nitrogen deprivation

undergoes a dynamical differentiation process that differentiates roughly one in every ten

cells into nitrogen-fixing heterocysts, in a quasi-regular pattern that is maintained as the

filament keeps growing. One of the most characteristic mutations affecting this process

forms heterocysts mostly constrained to the terminal cells of the filament. We have used
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experimental observations to propose a mathematical model of heterocyst differentiation

able to reproduce this striking phenotype. The model extends our understanding of the

regulations in this pattern-forming system and makes several predictions on molecular

interactions. Importantly, a key aspect is the boundary condition at the filament’s ends:

inhibitors of differentiation should be able to leak out of the filament, or otherwise the ter-

minal cells would not differentiate. This highlights, in a very clear example, the impor-

tance of considering physical constraints in developmental processes.

Introduction

The biology of cyanobacteria has been the subject of intensive work during the last decades. A

great number of studies have focused on a specific type of cyanobacteria that forms colonies

consisting of one-dimensional filaments, the strain PCC 7120 of the genus Anabaena, to such
an extent that this has become a model organism in the field [1–3]. Under nitrogen-rich condi-

tions, these filaments are composed only of vegetative cells carrying photosynthesis. However,

as a response to different environmental stresses, vegetative cells can differentiate into special-

ized cell types that can fix atmospheric nitrogen. These individual conversions allow the sur-

vival of the colony and represent a paradigmatic example of a prokaryotic life form with

differentiated cell types. Furthermore, bacteria and archaea are the only organisms capable of

fixing atmospheric nitrogen, which makes them crucial for the viability of all living beings on

Earth. The process used during nitrogen fixation in cyanobacteria is catalyzed by nitrogenase,

and this enzyme is easily degraded by oxygen. In order to avoid this degradation, some cyano-

bacteria have developed a mechanism to protect nitrogenase from the oxygen produced by

vegetative cells. This mechanism is the specialization of some cells into a form denominated

heterocysts which accumulates nitrogenase and does not carry out photosynthesis. When

external nitrogen sources are scarce, heterocysts appear in a quasi-regular pattern, with inter-

vals of roughly ten vegetative cells between heterocysts. Fixed nitrogen produced by the hetero-

cysts reaches the vegetative cells and sustains their growth. Reciprocally, nutrients produced

by photosynthesis in vegetative cells are also shared to maintain the production of nitrogenous

compounds in heterocysts, which require high energy consumption [1, 4]. Upon differentia-

tion, heterocysts lose the possibility to undergo cell division, but vegetative cells continue

dividing, producing filament growth and increasing the distance between consecutive hetero-

cysts. Due to this, new heterocysts differentiate in the middle of the intervals between previ-

ously existing heterocysts in order to not diminish the supply of nitrogen to distant vegetative

cells. In this way, the dynamic process of differentiation allows the overall pattern of heterocyst

location to conserve its properties over time.

There are a large number of processes involved in the regulation of heterocyst pattern for-

mation and its maintenance. In addition to nitrogen levels and other environmental aspects,

many genes and transcription factors play a role [5]. It has been shown that, when nitrogen

stress is perceived, the transcription regulator ntcA is important to trigger heterocyst differen-

tiation [6, 7], by directly or indirectly controlling the expression of several genes including

hetR [8]. The expressions of ntcA and hetR are mutually dependent, although the latter seems

to be sufficient for heterocyst development [9]. Thus, positive auto-regulation of hetR is

required for differentiation and is particularly significant in developing heterocysts [10, 11].

hetR expression is the main positive regulatory factor in heterocyst development [9, 10] and

this gene is epistatic to the others involved in heterocyst differentiation [12].
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The gene patS is a negative regulator of hetR, suppressing differentiation when overex-

pressed and inducing multiple contiguous heterocysts, the so-called Mch phenotype, when

deleted [13, 14]. The expression of patS produces a short peptide PatS, predicted to be formed

by 13 or 17 amino acids, which contains a carboxyl-terminal that prevents DNA binding activ-

ity of HetR [15, 16] and inhibits differentiation when added to culture medium [13]. The

expression of patS in small groups of cells was shown to diminish the levels of HetR in adjacent

cells [17], suggesting that a PatS-dependent signal can be trafficked along the filament [18].

Recent studies have also proven a redundancy in the inhibitory signal of patS through the gene
patX [19, 20]. Despite acting in an analogous way to patS, patX seems to play a secondary role

complementing the main signal produced by patS. As shown in [20], the ΔpatX single mutant

does not present an altered phenotype while the ΔpatXΔpatS double mutant displays a much

higher percentage of heterocysts than the ΔpatS single mutant.

Although lack of patS expression initially produces a pattern with groups of contiguous het-

erocysts and short intervals of vegetative cells between those clusters, this pattern tends to

recover the characteristics of a wild type-like pattern later on [14]. This suggests the presence

of additional patterning signals operating long after nitrogen deprivation. The most relevant

player that leads to this late inhibitory effect is the hetN gene, expressed only in heterocysts.

Similarly to patS, the product codified by hetN also contains an ERGSGR sequence of aminoa-

cids (Glutamate-Arginine-Glycine-Serine-Glycine-Arginine), raising the possibility that an

ERGSGR-containing peptide derived from the full protein goes from cell to cell [21, 22]. How-

ever, in contrast to the patSmutant phenotype, the hetNmutant phenotype has a heterocyst

pattern similar to the wild type at the initial stages of nitrogen depletion and a multiple contig-

uous heterocyst phenotype after 48 hours [23]. This indicates that hetN expression is activated

later than that of patS. Additional proof of the inhibitory function of patS and hetN is that,

when both genes are suppressed, almost all cells eventually differentiate, causing lethal levels of

heterocysts [24].

Experimental results, such as the previously described and more recent ones with transcrip-

tional information [25], have allowed advancing in the understanding of the mechanisms and

interactions between hetR, patS, and hetN that give rise to the appearance and maintenance of

heterocyst patterns. However, in addition to these, other transcription factors such as patA
and hetF have been shown to play an important role at the early steps of differentiation, regu-

lating the transcriptional activity of hetR [26, 27]. All this complex network of interactions,

where other heterocyst-related genes, such as hetC, hetP, hetL, patN, and hetZ, also play a role,
has made the complete understanding of heterocyst differentiation a challenge during the last

two decades.

In this work, we investigate the function of patA and hetF together with their interactions
with the main genes responsible for heterocyst pattern formation. In the next section we

review the main experimental results regarding these genes. Based on these findings we pro-

pose a theory combining genetic, metabolic, and morphological aspects. The proposed mathe-

matical model reproduces the diverse experimental phenotypes and explains the main

function of both patA and hetF in the gene-regulatory network of heterocyst differentiation.

Experimental evidence about patA and hetF
This two genes seem to have a clear role in pattern formation given the heterocyst distribution

on the filament is heavily distorted in their deletion mutants. A patAmutation suppresses het-

erocyst differentiation primarily in the intercalary cells, in most cases forming only a pair of

heterocysts at both ends of the filament. The fact that patA seems to be required for the differ-

entiation of intercalary heterocysts but not for terminal heterocysts have made some authors

PLOS COMPUTATIONAL BIOLOGY Terminal heterocyst differentiation in the Anabaena patAmutant

PLOSComputational Biology | https://doi.org/10.1371/journal.pcbi.1010359 August 15, 2022 3 / 26

https://doi.org/10.1371/journal.pcbi.1010359


think that a different differentiation process in which patA is not involved could occur

depending on cell position [12]. Surprisingly, even though rare intercalary heterocysts are

formed in strains lacking the patA gene, high levels of HetR (higher than in the wild type) are

measured 18 hours after removing combined nitrogen [26, 28]. Regarding the connection

between patA and the master regulator in heterocyst differentiation, hetR, multiple

contiguous heterocysts appear when hetR is overexpressed [29]. However, this differentiation

is mostly suppressed in the patAmutant, for which the same patA phenotype with only termi-

nal heterocysts is obtained even under nitrogen starvation. At the same time, in [30] it was

observed that the patA transcription is greatly reduced in strains for which the expression of

hetR is blocked. Therefore, the activation of patA expression seems to be directly upregulated

by HetR.

More insights into the functional relationship between patA and other genes involved in

heterocyst differentiation are presented in [12]. This work studies the connections between

patA and hetR, patS, and hetN, analyzing the single, double, and triple mutant phenotypes. For

the patAmutant background with hetN inactivated, they obtain a phenotype indistinguishable

from the patAmutant with single terminal heterocysts at 24 hours post-induction. However,

an increasing number of contiguous heterocysts are formed mostly at the ends of the filament

after that time. In the case of the ΔpatA ΔpatS double mutant, its phenotype is identical to the

ΔpatS single mutant during short times after induction. This seems to imply that a functional

patS gene is required to obtain a patA phenotype. However, after 48 hours the average distance

between heterocysts for the ΔpatAΔpatS double mutant is larger than in the ΔpatS single
mutant and the wild type.

Based on the previous results, it is suggested that PatA might reduce the efficiency of the

inhibitory function of both PatS and HetN. This effect could be achieved in two general ways.

The first one would be that PatA interacts with PatS and HetN to reduce its inhibitory poten-

tial through a post-transcriptional modification that could be forced degradation, a conforma-

tion change, or sequestration. On the other hand, PatA could also interact with HetR to

protect it by reducing its sensitivity to inhibition. Nevertheless, given that the ΔpatAΔpatS and
the ΔpatAΔpatSΔhetNmutants do not present the same phenotype of the ΔpatS and the Δpat-
SΔhetNmutants, PatA must have another effect besides the protection of HetR to the inhibi-

tion through PatS and HetN. The ΔpatA-like phenotype obtained for an isolated allele of hetR
made the authors in [12] suggest that patAmight also promote differentiation independently

from its effects on patS and hetN.
A study by Risser and Callahan [26] shows that the deletion of hetF in Anabaena sp. PCC

7120 produces enlarged vegetative cells (with a morphology similar to patA overexpression)

that do not differentiate into heterocysts even after several days on nitrogen starvation. When

hetF is overexpressed, vegetative cells become significantly smaller than those in the wild type,

and multiple contiguous heterocysts (the Mch phenotype) is induced 24h after nitrogen step-

down.

Their deletion mutants (and the double mutant) present similar high levels of HetR. How-

ever, the addition of an ectopic functional HetF reverts the phenotype of all these mutants to

the wild type. Furthermore, the regulatory effect of those genes on hetR seems to be post-tran-

scriptional. Both patA and hetR are necessary for the aberrant cell morphology of the ΔhetF
mutant and the addition of extra copies of hetF can functionally bypass the deletion of patA
without requiring a direct interaction of PatA with hetF. Finally hetR self-regulation and patS
upregulation through HetR depend on hetF. These results lead the authors of [26] to suggest
the existence of an activation process of HetR controlled by hetF which induces the hetR regu-

latory function.
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Materials andmethods

Mathematical model

A number of works have presented mathematical models of heterocyst differentiation [31–44].

Here we have used the interactions explained below in the Gene regulatory network section

and depicted in Fig 1 to formulate our model schematically presented in Fig 2. Based on these

interactions we formulated a set of differential equations for the evolution of the species

involved in heterocyst differentiation. Assuming that protein interactions are much faster than

the production of those proteins, equilibrium states were considered for the reactions with a

shorter timescale. Applying these simplifications we get a more manageable mathematical

model to describe the temporal evolution of the concentration of the main protein monomers.

Thus, the temporal evolution equation for the main species are

dRj

dt
¼ bR þ gðRj;Aj; Ij;GiÞrR � aRRjð1þ 2mRjÞ ð1Þ

dAj

dt
¼ gðRj;Aj; Ij;GiÞrA � aAAj

ð2Þ

dSj
dt

¼ ð1 � dHc;jÞgðRj;Aj; Ij;GiÞrS � 2cSSj � aSSj ð3Þ

dNj

dt
¼ dHc;jrN � 2cNNj � aNNj

ð4Þ

Fig 1. Gene regulatory network of heterocyst differentiation. The main elements involved and their interactions for heterocyst

differentiation are depicted schematically together with other relevant genes (light red rectangles) not included in our model.

Rectangles, circles, and polyhedric forms represent genes, inactive proteins, and active products, respectively. AHetR stands for

the active form of HetR. The ellipse represents differentiation into a heterocyst. Arrows with solid lines represent interactions

between elements. Arrows with dashed-dotted lines represent post-transcriptional changes. The dashed line represents a

simplified interaction of nitrogen sensing through ntcA. References justifying these interactions are incorporated. Regular and
bold formatted references indicate phenotypically inferred and observed molecular interactions, respectively.

https://doi.org/10.1371/journal.pcbi.1010359.g001
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dIj
dt

¼ cSðSj� 1 þ Sjþ1Þ þ cNðNj� 1 þ Njþ1Þ þ dIðIj� 1 � 2Ij þ Ijþ1Þ � aIIj ð5Þ

dGj

dt
¼ dHc;jrG þ dGðGj� 1 � 2Gj þ Gjþ1Þ � aGGj

ð6Þ

gðRj;Aj; Ij;GiÞ ¼
FRR2

j 1þ
Aj
tA

� �

1þ FRR2
j 1þ

Aj
tA

� �
þ

I2j
K2
d
þ

Gj
KG

; ð7Þ

where the subindex j indicates that the variable refers to the cell number j in the filament

(being then j − 1 and j + 1 its neighboring cells) and t denotes time. The concentration of the

protein monomers are represented by Rj, Aj, Sj, and Nj, which stand for the concentration of

HetR, PatA, the addition of both PatS and PatX, and HetN, respectively, in the cell j. We con-

sider the same functional mobile form of the inhibitor for all the inhibitory genes considered:

patS, hetN and patX. This inhibitor is the hexapeptide ERGSGR [22], represented by Ij in our

model. We consider that the hexapeptide is produced as a modification of PatS, HetN or PatX

at the cell membrane, with characteristic rates for each protein. The product of the modifica-

tion is exported to the neighbor cell. Finally, Gj represents the concentration of fixed nitrogen

in cell j. The factor δHc,j specifies whether the cell is vegetative or a heterocyst: its value is 1 if
cell j is a heterocyst, 0 if it is vegetative. This value is used as a switch for the production of

both HetN and fixed nitrogen which are only produced in heterocysts and the production of

PatS which is only produced in heterocysts.

Assuming that HetF is produced at a constant basal rate and degraded linearly, we have

simplified the model considering an equilibrium concentration of HetF (Feq) following

dFj

dt
¼ bF � aFFj ¼ 0;

Fig 2. Mechanistic model. The vegetative cells are represented with a soft green background while the heterocyst has a soft yellow background and a

thicker cell wall. Genes are represented in rectangles and proteic elements with circles. The dimers are represented with two attached circles and can be

inactivated (in green), activated (in brown), and activated and inhibited (in brown with two attached purple inhibitors). Solid lines represent

production (with only one simple arrowhead), transformations (with a simple arrowhead in both ends), and interactions (with a double arrowhead).

Dashed lines represent inter-cellular traffic and dashed-doted lines represent a transformation when exported to a neighboring cell.

https://doi.org/10.1371/journal.pcbi.1010359.g002
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from where we get a constant concentration of HetF at any cell: Feq = βF/αF. Given the experi-

mental observation that vegetative cells in hetFmutants have morphological phenotypes, it is

probable that hetF has an additional role in cell morphology regulation. However, since we are

focused on studying heterocyst differentiation, regulation of both HetR and HetF in hetero-

cysts is irrelevant for our purposes and is not considered in the model.

For simplicity, we have considered basal production only for HetR monomers and HetF

proteins with rates βR and βF respectively. The maximum regulated production rates are repre-

sented by ρR, ρA, ρS, ρN, and ρG, for HetR, PatA, both PatS and PatX, HetN, and fixed nitrogen,

respectively. The linear degradation and dilution rates are αR, αF, αA, αS, αN, αI, and αG, since

dilution and degradation act in the same direction, these constants combine the effects of

these two mechanisms. The active transport rates or diffusion between adjacent cells are cS, cN,
dI, and dG. We assume the border cells at the filament’s ends leak both the inhibitor and the

fixed nitrogen to the exterior at a lower rate than the communication between neighboring

cells. Since molecular trafficking between neighboring cells may depend on elements sitting on

both cell membranes, something not possible in the border cells, we have reasoned that it

might be possible that leakage to the exterior is less efficient than intercellular trafficking. To

allow for this possibility, we have modeled this multiplying the rates dI, dG for molecular traf-

ficking between the exterior and the first and last cells of the filament by a factor dborder. The
exact value of this factor does not have a qualitative effect on the model but can affect the num-

ber of terminal heterocysts in some conditions. The resulting equations for I and G in the first

and last cells of the filament are:

dI1
dt

¼ cSS2 þ cNN2 � dborderdII1 þ dIðI2 � I1Þ � aII1 ð8Þ

dG1

dt
¼ dHc;1rG � dborderdGG1 þ dGðG2 � G1Þ � aGG1

ð9Þ

dIN
dt

¼ cSSN� 1 þ cNNN� 1 � dborderdIIN þ dIðIN� 1 � INÞ � aIIN ð10Þ

dGN

dt
¼ dHc;NrG � dborderdGGN þ dGðGN� 1 � GNÞ � aGGN : ð11Þ

The μ parameter refers to the nonlinear degradation of HetR mediated through its dimer-

ization and could be further expressed as a function of the rates of binding (kb) and unbinding
(ku) of monomers to form dimers and the degradation rates for both monomers (αR) and

dimers (αd) of HetR as

m ¼
kb
aR

1 �
ku

ku þ ad

� �

:

We can simplify the system assuming that the promoter regulation through HetR is equiva-

lent for hetR, patA and patS. This regulation is modeled using the factor gðRj;Aj; Ij;GiÞ. Eq 7 rep-

resents the equilibrium state of the processes of dimerization, activation, and inhibition of

HetR. To obtain this expression we have considered the following equilibrium constants: KR

for the dimerization of HetR, KF for the activation of the HetR dimers by HetF, τA for the acti-
vation mediated through PatA, and Kd and KG for the inhibition through the hexapeptide and

the fixed nitrogen respectively. Assuming an equilibrium concentration of HetF, the
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expression for this regulatory term is reduced to

gðRj;Aj; Ij;GiÞ ¼

Feq
KF

R2j
KR

1þ
Aj
tA

� �

1þ
Feq
KF

R2j
KR

1þ
Aj
tA

� �
þ

I2j
K2
d
þ

Gj
KG

;

where we have defined

FR �
Feq

KFK2
R

in order to obtain the simplified version in Eq 7. Our results are robust to the details of this

function: for instance, assuming regulation by HetR tetramers by substituting R2
j by R

4
j allows

for a similar fit to experimental data. Also, allowing details like affinities or exponents to be dif-

ferent for the different species regulated by HetR would only increase the number of free

parameters of the model, so for simplicity and to reduce the risk of overfitting we have made

the choice of using the same function in all cases.

Model implementation

We have implemented a code in an object-oriented platform to model both the biochemical

interactions which give rise to heterocyst differentiation and filament growth. Each cell of the

filament has its own variables representing the cellular size and concentration of considered

species. The dynamical equations for the concentrations of ERGSGR inhibitor and fixed nitro-

gen in each cell are coupled with its adjacent neighbors. The resulting set of equations that

controls the filament evolution is the noisy extension of the deterministic system Eqs 1–7. This

system of equations has been expanded to the Langevin dynamics in the Itô interpretation

[45]. This expansion adds an stochastic term of the form ox
i ðtÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Px
i þ jDx

i j
p

for each cell i and
species x, where Px

i and D
x
i are the sum of production (synthesis) terms and the sum of degra-

dation terms respectively and ox
i ðtÞ is an uncorrelated Gaussian white noise [46]. This noise

has zero mean and variance hox
i ðtÞo

x
j ðt

0Þi ¼ OFdijdðt � t0Þ and models the intrinsic fluctua-

tions in the genetic dynamics.

To differentiate into a heterocyst, a vegetative cell has to accumulate up a certain level of

HetR. This has been implemented with an integration of the value of HetR concentration over

time for each vegetative cell, once the value of Rj is above a threshold, T
j
R.

This threshold is cell-specific, being drawn from a Gaussian distribution with mean TR and
variance T2

ROF. If at any point the value of Rj drops below Tj
R, the integral is reset to zero. Oth-

erwise, if the integral ever reaches a valueMj
R, also a cell-specific Gaussian distributed parame-

ter with meanMR and varianceM2
ROF, the vegetative cell differentiates into a heterocyst.

Given the integrative nature of this process, we have set a minimum time Tmin necessary to

avoid unrealistic sudden differentiation due to spikes in HetR production and properly reflect

the extensive biological changes required to obtain a mature functional heterocyst. For sim-

plicity, we have also used OF to parametrize variability of TR andMR, to avoid defining too

many noise-related parameters.

Vegetative cell growth was modeled by a stochastic differential equation for each cell:

dLi

dt
¼ l 1þ oL

i ðtÞ
� �

; ð12Þ

where Λi is the size of cell i, λ is a constant growth rate, and oL
i ðtÞ is an uncorrelated Gaussian

white noise with zero mean and variance hoL
i ðtÞo

L
j ðt

0Þi ¼ OLdijdðt � t0Þ, which models the
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intrinsic fluctuations in the growth process. Starting from an initial size, each cell evolves fol-

lowing Eq 12 up to a maximum sizeMi
L
, which is a noisy value drawn for each cell from a

Gaussian distribution of meanMΛ and varianceM2
L
OL. We have used OΛ to parametrize this

variance for simplicity, again to avoid having too many parameters describing noisy

magnitudes.

When this sizeMi
L
is reached, the vegetative cell divides, producing two new vegetative cells

with one-half of its current size and identical protein concentrations. Heterocysts follow the

same growth, but once they have reached their maximum size,Mi
L
, they do not divide and

stop growing.

The effect of the noise amplitude can be observed in S1 Fig. For low noise in cellular growth

OΛ, oscillations appear in the time evolution of the mean number of vegetative cells between

heterocysts; this effect is due to the effect of nearly synchronized cell divisions, and was dis-

cussed with detail in [42]. As this noise increases, the system loses synchronization between

cells and therefore both the mean vegetative interval and the percentage of heterocysts are

more stabilized to roughly the mean value that one observes in the less noisy regimes.

The genetic regulatory noise OF affects the heterocyst pattern more than the noise in cell

growth. This is because a certain genetic noise is required for the pattern formation. Therefore

reducing the noise does not seem to affect the long term stability of the pattern but it delays its

inception to much later on. Alternatively increasing the noise does not modify the early pat-

tern but it produces considerably more heterocysts which reduces the overall length of the

intervals. Finally if one increases the two noises by the same rate one observes that the growth

noise OΛ effect dominates for the low overall noise regime while the regulatory noise OF effect

is the dominant one.

The code to simulate the model is available at: https://github.com/PauCasanova/

AnabaenaPLOS.

Parameter estimation

The parameter values employed in simulation results shown in this work can be found in S1

Table. In order to obtain the parameter values that best fit the experimental data, a custom

simulated annealing algorithm [47] was employed parameters above the double line in S1

Table, employing as initial values for the optimization those in the model of [42] when an

equivalent parameter exists. The last six parameters (Kd, λ,MΛ, TR,MR, Tmin) where manually

set. The value of the affinity of ERGSGR to HetR, represented by Kd, was taken from [15].

Additionally, we choose both the mean maximum cell size toMΛ = 4 μm and the cellular

growth rate to μ = 0.08μm � h−1 in agreement with filament growth data [48]. Finally, the values

of TR,MR and Tmin are fixed beforehand in order to obtain a commitment time of around

8–9h [1]. The selection of TR would be dependent on the typical concentration of HetR on a

vegetative cell that is differentiating into a heterocyst. However, given that this experimental

information is not available, we set a value taken directly from [42], and adjust the rest of the

parameters around it. If one changes this value and runs again the optimization algorithm one

obtains a new set of parameters, for which always the concentration of HetR for the patA
mutant is uniformly maintained under the threshold, but close enough to allow stochastic for-

mation of heterocysts due to fluctuations. Once the value of TR is set,MR is the equivalent of

maintaining the HetR concentration TR over 12h, which is the maximum commitment time

reported, and Tmin is set to 5h to ensure that the concentration is at least this time over TR and
therefore eliminates the excessive relevance that sudden bursts could have on an integrative

decision process, given the extensive morphological changes that the differentiation to hetero-

cysts requires.
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We have used a a custom simulated annealing algorithm that selected a set of data that min-

imizes the following energy function:

E �
X

O

½w1 � DKSðhistExp; histSimÞ
2
þ w2 � ððmExp � mSimÞ

2
þ ðpExp � pSimÞ

2
Þ�þ

þ
X

N

½w3 � DKSðhistExp; histSimÞ
2
þ w4 � pSim� þ dWT;NoHcð

�½HetR�WT
Sim � TRÞ

2

ð13Þ

where ΔKS(histExp, histSim) is the Kolmogorov-Smirnov distance [49] between the experimental

and simulation histograms,m is the mean distance between heterocysts and p is the mean per-

centage of heterocysts. These quantities are compared between experiments and simulations.

The comparison with [50] is done in the summatory with O which are the datasets of the wild

type, ΔpatS and ΔhetN for 24h, 48h and 72h. While the comparison with [12] is done in the

summatory N which are the datasets of the ΔpatA and ΔpatAΔhetN for 24h, 48h, 72h and 96h.

The inclusion of both the means and the distributions of vegetative length intervals allows the

algorithm to set the noise in order to imitate the variance of the experimental data. Finally,

δWT,NoHc is a factor that is 0 except if the wild type does not present heterocysts where 1. Given

that all the other energy terms suppose heterocyst formation we included a term that compares

the HetR concentration for the wild type with the threshold value TR in order to drive the sys-

tem towards a set of parameters compatible with heterocyst formation. The set of parameters

presented in this paper has been obtained using the weights (w1, w2, w3, w4) = (1000, 10, 500,

1), which after some tests produced the best results.

To simulate loss-of-function conditions we have considered the production rates equal to

zero, except for of the patS loss-of-function, where we have reduced the production rate of

patS by 90%. The remaining 10% represents the redundant effect still present through the

expression of patX [19, 20].

Sensitivity analysis

To assess the robustness of our results, we have performed a sensitivity analysis following the

approach in [42]. We calculate the sensitivity of the model to a given parameter X by evaluat-

ing the observable Y at two points, the wild type value X0 and the perturbation X = X0 + ΔX.
Using the resulting change in the observable, ΔY, we calculate the sensitivity SYX of the observ-
able to the parameter as:

SYX ¼
DY=Y
DX=X

: ð14Þ

In S2 Fig we show the sensitivity of the mean distance between contiguous heterocysts to

changes of 10% in the parameters. The results are qualitatively similar to our previous work

[42], however, we find that the extension of the model has made it even more robust to varia-

tions in individual parameters. The largest sensitivity is found when modifying HetR produc-

tion and degradation, followed by inhibitor degradation, the strength of the inhibition, and

PatS production. For all other parameters, the relative changes in mean interval length are

much smaller than the relative change in the parameter.

Boundary condition mechanism for the patA phenotype

A simple physical analogy of the importance of the boundary condition to understand the

patA phenotype can be made using the following continuous reaction-diffusion model defined
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on a filament of length L where the position is denoted by the coordinate x 2 [0, L]:

@rðx; tÞ
@t

¼ br þ f ðr; sÞrr � arr ð15Þ

@sðx; tÞ
@t

¼ f ðr; sÞrs � assþ d
@
2s

@x2
; ð16Þ

where r is the concentration of a non-diffusing activator (HetR), s the concentration of a dif-

fusible inhibitor, βr a basal production for the activator (βr> 0), f(r, s) a smooth regulatory

function, monotonically increasing in r and decreasing in s, and the other symbols are parame-

ters. These equations need to be supplemented with boundary conditions for s. If the inhibitor
cannot diffuse across the filament’s boundaries, the condition is:

@s
@x

�
�
�
�
x¼0;L

¼ 0: ð17Þ

With this condition, we assume that the system is such that a parameter regime exists

where there is a stable homogeneous solution. However, if leakage of the inhibitor through the

boundaries is possible, the relevant boundary condition is:

sjx¼0;L ¼ 0: ð18Þ

With this condition and under the same parameter regime, there would be a gradient of

inhibitor decreasing from the center to the boundaries of the filament, which in turn would

produce a profile of activator with maxima in the boundaries, making them the favored loca-

tion for heterocyst differentiation. This simple analogy explains the physical mechanism

behind the boundary-induced pattern observed in the patAmutant and agrees qualitatively

with the with the observation in the discrete model.

Statistics

In order to compare the results obtained from our numerical simulations with the experimen-

tal data from [12, 50] we have replicated the statistical analysis of these works. In both cases, all

the data is aggregated for each experiment and then the averages and standard deviation are

calculated between the experimental replicates. Thus, a certain amount of filaments have been

aggregated in batches and then averaged to obtain the standard deviation. On the experimental

side, in [50], for each strain, 300 cells, or 100 intervals, were counted in three or four indepen-

dent experiments. In [12], the number of contiguous heterocysts at the ends of 50 filaments is

averaged in three experiments. Alternatively, our data was obtained from 15 batches of 10 sim-

ulations for filaments with an initial size of 30 cells (consistent with experiments in [51])

which grow to have around 50, 100, 200 cells at 24h, 48h, and 72h respectively. Therefore, we

present a bigger data sample than the one considered in [50] and of the same order of magni-

tude as the one in [12].

Results and discussion

Gene regulatory network

Using the information presented in the Introduction we propose a regulatory network,

depicted in Fig 1, that includes the main genes involved in heterocyst differentiation. This

genetic network modifies and expands a previous minimal model for the interaction of hetR,
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patS, and hetN [42]. Fig 1 is very rich in information, and a complete discussion is beyond the

scope of this work: for instance, we will make no further mention of references [52–65].

This proposal includes the novel gene patX. This gene has recently been described as a

redundant gene for the inhibitory mechanism of patS [19, 20]. It has been also shown that,

while its deletion in the wild type background does not alter considerably the phenotype, the

double mutant ΔpatS patX is lethal with an almost complete Mch phenotype [19, 20]. To take

this into account in a simple way, we consider that the variable in our model for PatS repre-

sents the combined effects of PatS and PatX. The knock-out of patS will be modeled reducing

90% the value of the production rate for this variable; the remaining 10% represents the redun-

dant effect of patX expression.

We consider the same functional mobile form of the inhibitor for all the inhibitory genes

considered: patS, hetN and patX. This inhibitor is the hexapeptide ERGSGR [22]. We consider

that the hexapeptide is produced as a modification of PatS, HetN or PatX at the cell membrane,

with characteristic rates for each protein. The product of the modification is exported to the

neighbor cell. This hexapeptide has shown to have a higher affinity with HetR than the penta-

peptide originally proposed [15].

An important novel inclusion in the model we propose here is the requirement of a post-

transcriptional transformation of HetR to act as a genetic regulator. This active form of HetR,

which we term AHetR, is probably obtained through a phosphorylation process [66–68] and

only the active fraction of HetR would contribute to heterocyst differentiation. This could

explain the apparent paradox of a higher concentration of HetR with less heterocyst formation

in both ΔhetF and ΔpatA. The high concentration of HetR in these mutants would be

explained through a higher turnover rate for the activated HetR protein [66]. A possible active

form of HetR has been recently suggested in [69], where the authors present evidence for phos-

phorylation of HetR as crucial for its activity in Nostoc sp. PCC 7120. This phosphorylation is

shown to require the presence of the Pkn22 kinase but no more information regarding the reg-

ulation of this phosphorylation is provided. Here we hypothesize that this would be the role of

the genetic pathway controlled by hetF which has already been presented as a protease [26]

and therefore can be expected to have a role in post-transcriptional modifications. Thus, we

assign to hetF the role of activator of HetR with the mediation of PatA through a post-tran-

scriptional interaction that would change HetR into its enzymatic form. This hypothesis is

inferred by observing changes in the phenotypes of several mutant backgrounds and has been

considered in Fig 1. However, the nature of this interaction cannot be confirmed, since the

observed phenotype could also be explained through indirect interactions mediated by HetF.

To complete the mechanistic model, one must take into account that different genes are

expressed in heterocysts or vegetative cells as depicted in Fig 2. Despite the fact that it has also

been observed in a tetramer configuration [67], there is still no experimental evidence that

HetR binds DNA as a tetramer. Therefore, it will be assumed that it binds to the DNA only as

a dimer [70, 71]. Nevertheless, we have checked that this alteration does not change the quali-

tative system behavior and the same dynamics can be recovered assuming tetrameric binding

with an alternative set of parameter values.

As shown in Fig 2, while hetF is produced only constitutively at a low-level [72], patA only

has a regulated expression that depends on the active form of the dimeric transcription factor

AHetR, which also activates its own expression. At the protein level: the HetR dimer needs to

be activated by HetF (whose enzymatic activity can be enhanced by PatA) to become AHetR.

PatS becomes an inhibitor of the transcription factor by protein transformation during cell to

cell transport. The inhibitor thus produced is a small molecule that can move along the fila-

ment. hetN is expressed basally in heterocysts and becomes an inhibitor of the transcription

factor, similar to the PatS product, by protein transformation during cell to cell transport. The
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fixed nitrogen products produced by the heterocyst can also move to act as an inhibitor of

AHetR.

Using the regulatory logic in Fig 2 we have built a mathematical model of gene regulation

on a growing filament of cells, as detailed in Materials and Methods.

Study of the wild type and the ΔpatS and ΔhetNmutants

The statistical distribution of vegetative cell intervals between heterocysts may differ from one

experiment to another, as one can notice comparing the results from different authors [12–14,

18, 24, 28, 50, 73, 74]. For consistency, to compare our results with the experimental data for

the wild type and both the ΔpatS and the ΔhetNmutants, we consider the relative frequency of

vegetative intervals of a given length presented in [50], which is the most recent dataset avail-

able and one of the most comprehensive. Despite this we also show in S3 Fig a systematic com-

parison of the Kolmogorov-Smirnov distance between the distribution of the vegetative

interval distribution that our model produces and the ones observed in [14, 50, 74] (which are

the experimental datasets considered in [42] and in this same paper).

As presented in the Materials and methods section, in order to simplify the description we

have modeled both genes patX, patS using a single variable. Thus, a complete loss of function

of this variable represents the experimental ΔpatXΔpatSmutant. This double mutant induces

considerably more heterocysts than the single ΔpatSmutant, S4 Fig, as observed experimen-

tally [20] (see S1 Movie). We have also simulated the ΔpatXmutant (see S2 Movie), where the

production rate is only 10% of the combined PatS+PatX variable. The phenotype observed (S4

and S5 Figs) is still compatible with the wild type data, as reported in [20], with both slightly

shorter vegetative intervals and a higher percentage of heterocysts. In Fig 3 we observe the

agreement between the simulations and the experimental data from [50] for wild type and

patS and hetNmutants.

For the wild type, it is well known that roughly one of every ten cells differentiates with a

slight increase of this interval length with time (see S3 Movie). In the ΔhetNmutant, the initial

pattern is similar to the wild type, except for the contiguous heterocysts appearing at a sequen-

tial pace (see S4 Movie). The ΔpatSmutant shows a cluster of heterocysts, which appear simul-

taneously at short times (see S5 Movie). For longer times, the pattern of heterocysts is more

Fig 3. Mean number of vegetative cells between heterocysts and total percentage of heterocysts in the filament. Symbols represent experimental

values from [50] and lines are simulation results with their standard deviation as a shadowed area.

https://doi.org/10.1371/journal.pcbi.1010359.g003
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similar to the wild type, but with a higher incidence of contiguous heterocysts, in agreement

with the experimental results reported in [14] with a larger statistical sample. This typical phe-

notype observations are also shown in S6 Fig, where one can observe that both ΔpatS and
ΔhetN present multiple clusters of heterocysts. While the distribution for ΔpatS remains the

same through 24 to 72h, the amount of clusters longer than 3 heterocysts increases with time

for the ΔhetNmutant.

The comparison of the distributions of the number of vegetative cells between heterocysts

in the experiment of Ref. [50] and the simulated filaments are shown in Fig 4. The agreement

between model and experimental data is very good as one can also observe in S3 Fig, where it

is shown that the differences between simulation data and experimental data are of the same

order that temporal differences of the same mutant and considerably smaller than the differ-

ences between the wild type and both ΔpatS and ΔhetN. Additionally, a closer inspection even

reveals that the model produces histograms more similar to the ones presented in [14] than

Ref. [50]. A small deviation appears for the early phenotype of the ΔpatSmutant, especially at

24h. The simulations ΔpatS of present less contiguous heterocysts and shorter intervals than

Fig 4. Comparison at different times after nitrogen deprivation (as indicated) between experimental [50] and simulated histograms of the

number of vegetative cells between heterocysts for wild type (top row), ΔhetN (middle row), ΔpatS (bottom row). Bars are means of interval

lengths, errors are standard deviations. For details of calculations see the Statistics section.

https://doi.org/10.1371/journal.pcbi.1010359.g004

PLOS COMPUTATIONAL BIOLOGY Terminal heterocyst differentiation in the Anabaena patAmutant

PLOSComputational Biology | https://doi.org/10.1371/journal.pcbi.1010359 August 15, 2022 14 / 26

https://doi.org/10.1371/journal.pcbi.1010359.g004
https://doi.org/10.1371/journal.pcbi.1010359


both the experimental data (Fig 4) and the ΔhetNmutant simulation (S6 Fig) at this time. This

difference could be due to the effect of not considering a protoheterocyst phase. Without this

phase, the differentiation of adjacent cells is strongly reduced because, once a cell differenti-

ates, it immediately starts producing both HetN and nitrogen products, which inhibit differen-

tiation. Thus, an artificial surplus of one and two cell intervals is observed in the first round of

differentiation. After the first round of division, this causes the peaks of two and four cell inter-

vals observed at 24h, Fig 4 and S5 Movie.

The low amount of contiguous heterocysts observed in wild type simulations in comparison

with experimental data [50] can be explained using the same argument. A protoheterocyst

phase would ease the stochastic formation of multiple simultaneous heterocysts in all genetic

backgrounds. On top of that, it is worth noting that these contiguous heterocysts are seldom

described in the literature. Their appearance on the wild type can be explained by stochastic

fluctuations of the genetic expression that get fixed through the irreversible process that is the

differentiation into a heterocyst. In any case, the model also allows for the formation of these

contiguous heterocysts, albeit in a much smaller proportion.

These results also improve the phenotypes obtained in the minimal model from [42]. In

that model, the ΔhetNmutant showed both smaller clusters of heterocysts and shorter intervals

between them. Additionally, this previous model could not produce any contiguous hetero-

cysts in the wild type.

Loss of heterogeneity in the HetR concentration profile in a ΔpatAmutant

background

The simulations for the ΔpatA single mutant show a similar behavior to experimental results

[12, 26, 29, 30, 75], with heterocysts forming mostly on the filament ends despite higher global

HetR concentration in the filament (approximately 24% higher in our simulations, Fig 5) in

ΔpatA than in the wild type.

The absence of internal heterocysts is caused by the loss of a distinct HetR concentration

profile, Fig 6 and S6 Movie. The absence of PatA in the system slows the conversion to active

HetR to a minimum level and therefore also the regulatory effect of HetR over both itself and

patS. This produces a homogenization of the production of PatS and also of the inhibitory hex-

apeptide along the filament. Then, in the absence of a pronounced inhibitory gradient, the lev-

els of HetR increase uniformly to levels close to the threshold for differentiation (Fig 6). In this

conditions, the selection of the few internal cells that will differentiate is exclusively due to sto-

chastic fluctuations on the protein production of both HetF and PatS. On the other hand, the

model assumes a certain passive diffusion of both the inhibitory hexapeptide and fixed nitro-

gen through the filament ends, which causes a local reduction of the inhibitory signals, allow-

ing the differentiation of the boundary cells. If one does not allow the diffusion through the

border cells heterocysts do not form in the filament ends as HetR does not accumulate enough

on those cells, Fig 6. A simple analogy to a continuous reaction-diffusion system (see Materials

and methods) explains how the properties of molecular trafficking at the filament ends,

boundary conditions in the mathematical language, can lead to different profiles of heterocyst

differentiation.

The results of the simulation for the ΔpatAΔhetN double mutant also show a phenotypic

agreement with observations [12]. The filaments present multiple terminal heterocysts with

only the occasional internal heterocyst (S7 Movie). Additionally, the model predicts a higher

HetR concentration (approximately 27% higher in our simulations, Fig 5) in ΔpatAΔhetN than

in the wild type, equivalent to the one observed in ΔpatA. Here the border effect of the inhibi-

tor diffusion through the ends of the filament gets propagated to multiple cells because the
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ΔpatAΔhetN double mutant, besides the homogenization of the HetR concentration, does not

present the inhibitory gradient around existent heterocysts produced by hetN.
In Fig 7 we present the temporal evolution of the amount of terminal heterocyst for both

ΔpatA and ΔpatAΔhetNmutants. These results are in agreement with experimental data [12]

Fig 6. Three simulations showing HetR profiles in filaments of wild type, ΔpatA, and ΔpatA with no inhibitor leakage from the terminal

cells (dbroder = 0).HetR concentration is represented by the brightness of green and the heterocysts present an additional white cell wall. For the

wild type one can observe cells with high levels of HetR, candidates to differentiate into heterocysts, between existing heterocysts.

https://doi.org/10.1371/journal.pcbi.1010359.g006

Fig 5. Time evolution of HetR concentration on vegetative cells for all mutants considered, normalized by the

maximumwild type concentration.

https://doi.org/10.1371/journal.pcbi.1010359.g005
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as shown in Fig 7 and S7 Fig, where we present the distribution of the number of terminal het-

erocysts for the ΔpatAΔhetNmutant. The model seems to have a small delay in the formation

of heterocysts (also present in the ΔpatAmutant), but except for early times the model shows a

good agreement with the experimental data. This delay could be related to the mechanism of

commitment to the differentiation of a given cell. In our model, this decision is exclusively

linked to a sustained high concentration of HetR and not to the expression of a supplementary

gene (hetP and/or hetZ) as recent publications [76–81] seem to indicate. Hence, incorporating

a gene-controlled differentiation commitment would surely improve these results, because

then self-regulation of that gene could amplify the differentiation signal.

Finally, we studied the ΔpatAΔpatS double mutant, of which to our knowledge there are

only phenotypical observations [12]. Its phenotype is described as similar to the single ΔpatS
mutant phenotype, but with longer distances between heterocysts. The simulated filament (S8

Movie) fits this behavior, S4 and S8 Figs. One can notice that the ΔpatAΔpatSmutant presents

a higher amount of contiguous heterocysts but with a smaller frequency and larger intervals of

vegetative cells between heterocysts. Additionally, the simulated filament does not present an

increase in HetR concentration typical to other patAmutants. This also confirms that the full

ΔpatA phenotype, which shows almost no internal heterocysts and a high concentration of

HetR, requires a functional patS gene [12].
As we discussed previously, the increase of the HetR concentration is produced due to the

homogenization of the PatS production along the filament, which produces a state where all

the cells have a homogeneous HetR concentration lower than the decision threshold. There-

fore if patS is not functional this effect would not be observed and the weak activation of HetR

due to the absence of PatA precludes the formation of as many clusters of heterocysts as one

observes in the ΔpatSmutant.

One can observe this in Fig 5, where the HetR concentration for this mutant does not

behave like the ΔpatA single mutant or the ΔpatAΔhetN double mutant, with high constant

values of HetR. It behaves similarly to the simple patSmutant, with a slightly higher concentra-

tion than that mutant after the first outburst of HetR that marks the first differentiation round

[72]. On the other hand, the concentration is higher in the ΔpatS single mutant during the first

round of differentiation. This inversion is due to the faster production of HetR with a func-

tional patA. Therefore, the decision to differentiate is reached in a shorter time than in the

ΔpatAΔpatSmutant. Hence, on a homogeneous initial condition (the first round of

Fig 7. Temporal evolution of the number of heterocysts in the ΔpatA and ΔpatAΔhetNmutants. Symbols represent

experimental values from [12] and lines are simulation results with their standard deviation as a shadowed area.

https://doi.org/10.1371/journal.pcbi.1010359.g007
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differentiation), the concentration would be higher in the ΔpatSmutant because all cells start

producing HetR at a much faster rate. But starting from heterogeneous initial conditions (all

the following differentiation rounds), the concentration would be higher in the double mutant.

Due to the slower commitment, more cells (closer to the heterocysts) start producing HetR

before being shut down by the newly formed heterocysts. This effect can also be observed by

comparing S5 and S8 Movies.

Complete loss of HetR regulatory function in the ΔhetFmutant

background

If HetF is necessary to produce the active form of HetR, in its absence HetR should lose its reg-

ulatory function. This prediction is in agreement with experimental observations in Nostoc
punctiforme [72], which presents a similar transcriptional induction pattern of hetR than Ana-
baena sp. PCC 7120. There, the induction of hetR is dependent on the presence of an intact

copy of ntcA. Moreover, the induction of hetR is still present in the ΔhetF background but with
an altered induction pattern that eliminates the 0 to 6h burst.

Our simulated ΔhetF successfully eliminates the initial burst of HetR production observed

in all other mutants, Fig 5. The absence of this burst in ΔhetF implies that it is exclusively pro-

duced by the positive self-regulation of hetR [26, 72]. Due to this, the introduction of an addi-

tional hetR promoter activated as a response to nitrogen deprivation would improve the

agreement between our model and experiments by increasing only the overall HetR concentra-

tion in our simulations (especially on the ΔhetF and ΔpatA simple and multiple mutants) with-

out altering much of the dynamics.

Conclusion

The formation and maintenance of heterocyst patterns is a paradigmatic example in which

many processes, such as complex gene regulatory networks, interactions at different time

scales, molecular trafficking, and cell growth, act together to give rise to a multicellular pattern.

All these aspects form an intriguing puzzle for which a complete understanding is still elusive.

A practical way to expand our knowledge about this problem is to investigate what are the

functions of some of its pieces. Thus, increasing the complexity of a previous minimal model,

we have been able to gain insight into the functions of the players involved. We have focused

on the patA gene, and based on experimental phenotypical evidence, we have formulated a

mathematical model that includes the interactions of this gene with the key genes responsible

for heterocyst pattern formation. Our model shows that considering PatA as a collaborator of

the activation process of HetR directed by hetF is capable of explaining all the phenotypes of
the genes considered in our genetic network. This agreement suggests that there is some inter-

action, direct or indirect, between hetF and patA that has not been reported experimentally.

This consideration, together with the existence of an active form of HetR, is also enough to

account for the paradoxical changes in HetR concentration in the patAmutant, that seemed to

question the central role of hetR in heterocyst differentiation.

New experiments are required to confirm the validity of the interactions proposed. In par-

ticular, experimental information regarding protein translation [25, 82] could be useful in

order to have more detailed information regarding the effects of a given gene on the regulatory

network. The roles of many other actors are still to be elucidated and could be included in the

core processes to obtain a more extensive mathematical description. For example, recent work

[83] presents evidence that hetL, a gene previously shown to alter PatS mediated inhibition of

heterocyst differentiation [84], interacts with HetR without inhibiting its DNA-binding activ-

ity in Nostoc sp. PCC 7120. This interaction protects HetR from the inhibitory effects of the
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Pat-derived hexapeptide and seems to be essential for the proper function of HetR as a genetic

regulator. That would be the role that we have assigned to hetF based on the phenotypic evi-

dence on Anabaena sp. PCC 7120.

Finally, our work shows that it is possible to reproduce the patAmutant phenotype without

considering a differentiation mechanism depending on a cell’s position on the filament. The

model also expands the characterization presented in [12] by directly linking the increase of the

HetR concentration in all the cells with the absence of internal heterocysts in both ΔpatA and

ΔpatAΔhetNmutants. This is obtained by a slowing of the hetR transcription which produces a

homogenization of HetR concentration through the filament. Then it is easy to see why this

phenotype is not present in the ΔpatAΔpatSmutant where this reduction on the transcription

rate is completely compensated by the absence of the early inhibitor PatA. The intriguing differ-

entiation of only terminal heterocysts appears as a consequence of the boundary conditions of

the system: leakage of inhibitors out of the filament through the terminal cells. Hence, despite

the apparent simplicity of Anabaena compared to other developmental systems, it is already

clear that genetic and metabolic interactions result in patterns shaped by physical constraints.

Supporting information

S1 Table. Parameter values used for the wild type simulations. The abbreviation DL is used

for dimensionless variables.

(PDF)

S1 Fig. Effect of noise on the mean interval of vegetative cells between heterocyst for wild

type parameters. Symbols represent experimental values from [50] and lines are simulation

results with their standard deviation as a shadowed area.

(TIF)

S2 Fig. Sensitivity of the mean distance between heterocysts after 72h with respect to 10%

changes in the indicated parameters. Changes are with respect to the wild type values in S1

Table.

(TIF)

S3 Fig. Kolmogorov–Smirnov distance between histograms of vegetative intervals length

obtained with our model and the experimental datasets from [14], [50] and [74]. The X

axis presents the common variables between the histograms and the legend the variable that

we are comparing. In the first subplot we compare the histograms of a given condition at a

given time from two different datasets to evaluate the agreement of our model with the avail-

able experimental data. In the second, we obtain the histogram K-S distance between condi-

tions from the same dataset at a given time. And finally in the third subplot we present the

temporal change of a given condition for all the datasets considered.

(TIF)

S4 Fig. Mean number of vegetative cells between heterocysts and total percentage of het-

erocysts in the filament for different conditions, as indicated. Symbols represent experi-

mental values from [50] and lines are simulation results with their standard deviation as a

shadowed area.

(TIF)

S5 Fig. Comparison at different times after nitrogen deprivation (as indicated) between

simulated histograms of the number of vegetative cells between heterocysts for wild type

and ΔpatX, as indicated. Bars are means of interval lengths, errors are standard deviations.

(TIF)
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S6 Fig. Histogram of the number of clusters of a given size observed at 24h, 48h and 72h.

Bars are the mean number of clusters of each size at each time, error bars are standard devia-

tion.

(TIF)

S7 Fig. Comparison at different times after nitrogen deprivation (as indicated) between

simulated histograms of the number of vegetative cells between heterocysts for wild type,

ΔpatS and ΔpatAΔpatS, as indicated. Bars are means of interval lengths, errors are standard

deviations.

(TIF)

S8 Fig. Comparison at different times after nitrogen deprivation (as indicated) between

experimental [12] and simulated histograms of the number of heterocysts in the filaments

ends for the ΔpatAΔhetN double mutant. Bars are means of the number of birder heterocysts,

errors are standard deviations.

(TIF)

S1 Movie. Temporal evolution of gene expression in a filament for theΔpatSΔpatXmutant.

Time counts hours after nitrogen deprivation. Heterocyst cells have a thicker white membrane.

The intensity of the green, purple and cyan colors show the level of HetR, ERGSGR inhibitor,

and fixed-nitrogen products concentrations, respectively. When a filament is too long to fit in

the width of the movie, it is continued in a row below. The last cell on the right of a row is a

neighbor of the first cell on the left of the row immediately below.

(GIF)

S2 Movie. Temporal evolution of gene expression in a filament for the ΔpatXmutant.

Time counts hours after nitrogen deprivation. Heterocyst cells have a thicker white membrane.

The intensity of the green, purple and cyan colors show the level of HetR, ERGSGR inhibitor,

and fixed-nitrogen products concentrations, respectively. When a filament is too long to fit in

the width of the movie, it is continued in a row below. The last cell on the right of a row is a

neighbor of the first cell on the left of the row immediately below.

(GIF)

S3 Movie. Temporal evolution of gene expression in a filament for the wild type. Time

counts hours after nitrogen deprivation. Heterocyst cells have a thicker white membrane. The

intensity of the green, purple and cyan colors show the level of HetR, ERGSGR inhibitor, and

fixed-nitrogen products concentrations, respectively. When a filament is too long to fit in the

width of the movie, it is continued in a row below. The last cell on the right of a row is a neigh-

bor of the first cell on the left of the row immediately below.

(GIF)

S4 Movie. Temporal evolution of gene expression in a filament for the ΔhetNmutant.

Time counts hours after nitrogen deprivation. Heterocyst cells have a thicker white membrane.

The intensity of the green, purple and cyan colors show the level of HetR, ERGSGR inhibitor,

and fixed-nitrogen products concentrations, respectively. When a filament is too long to fit in

the width of the movie, it is continued in a row below. The last cell on the right of a row is a

neighbor of the first cell on the left of the row immediately below.

(GIF)

S5 Movie. Temporal evolution of gene expression in a filament for the ΔpatSmutant. Time

counts hours after nitrogen deprivation. Heterocyst cells have a thicker white membrane. The

intensity of the green, purple and cyan colors show the level of HetR, ERGSGR inhibitor, and
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fixed-nitrogen products concentrations, respectively. When a filament is too long to fit in the

width of the movie, it is continued in a row below. The last cell on the right of a row is a neigh-

bor of the first cell on the left of the row immediately below.

(GIF)

S6 Movie. Temporal evolution of gene expression in a filament for the ΔpatAmutant.

Time counts hours after nitrogen deprivation. Heterocyst cells have a thicker white membrane.

The intensity of the green, purple and cyan colors show the level of HetR, ERGSGR inhibitor,

and fixed-nitrogen products concentrations, respectively. When a filament is too long to fit in

the width of the movie, it is continued in a row below. The last cell on the right of a row is a

neighbor of the first cell on the left of the row immediately below.

(GIF)

S7 Movie. Temporal evolution of gene expression in a filament for the ΔpatAΔhetN
mutant. Time counts hours after nitrogen deprivation. Heterocyst cells have a thicker white

membrane. The intensity of the green, purple and cyan colors show the level of HetR,

ERGSGR inhibitor, and fixed-nitrogen products concentrations, respectively. When a filament

is too long to fit in the width of the movie, it is continued in a row below. The last cell on the

right of a row is a neighbor of the first cell on the left of the row immediately below.

(GIF)

S8 Movie. Temporal evolution of gene expression in a filament for the ΔpatAΔpatS
mutant. Time counts hours after nitrogen deprivation. Heterocyst cells have a thicker white

membrane. The intensity of the green, purple and cyan colors show the level of HetR,

ERGSGR inhibitor, and fixed-nitrogen products concentrations, respectively. When a filament

is too long to fit in the width of the movie, it is continued in a row below. The last cell on the

right of a row is a neighbor of the first cell on the left of the row immediately below.

(GIF)
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