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1. Logical	modelling	framework	

1.1.  Basics 

 The logical formalism proved well adapted to model genetic networks for which 

no detailed quantitative date is available [1,2,3]. In this framework, a regulatory 

network is represented in terms of a directed graph. Each node (gene or regulatory 

product) is assigned a discrete variable with a maximal level, which defines the highest 

qualitative functional level of that node (this maximal level is 1 in the simplest Boolean 

case). Whenever distinct functional concentration of a regulatory product needs to be 

considered, multilevel variables are used. Each arc embodies a regulatory interaction 

and is assigned a threshold, which defines the smallest functional level of the regulator 

(source of the interaction) from which the interaction is operative. Logical functions 

qualitatively describe the effects of each interaction or combination of interactions 

controlling the states of the network nodes. The logical functions for the network model 

of Figure 1 are given in the Supplementary Table S1. 
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 A state of the network is represented by a vector, which encompasses the current 

(discrete) levels of the nodes. Given a state, one can determine which interactions are 

operative and the values of the logical functions indicate the nodes called to change 

their levels (i.e. those nodes whose current levels differ from the values of the logical 

functions). In general, for a given state, all possible elementary transitions (i.e. 

switching of a single node level to a neighbouring integer level) are considered, thus 

leading to as many outgoing transitions as updating calls (asynchronous updating); 

these transitions correspond to concurrent events. The dynamics is thus defined by the 

regulatory graph and associated logical functions, encompassing a finite number of, 

possibly concurrent, dynamical pathways. These are in turn represented in the form of a 

State Transition Graph (STG), in which the nodes represent the network states and the 

(directed) edges represent the transitions between states. Section 1.3 below provides 

further details on the updating schemes and the representation of the dynamics in terms 

of graphs.  

 The software tool GINsim [4] was used for the simulation and logical analysis of 

the model, which is provided as a Supplementary File, in SBML qual-format [5]. Model 

files are further available at http://ginsim.org/model/sex_determination_chicken, and 

the GINsim software can be freely downloaded at http://ginsim.org.  

1.2.  Simulation of genetic perturbations 

 Within the logical framework, simulation of genetic perturbations is 

straightforward. A loss-of-function mutation of a given gene implies that this gene 

produces a non-functional product (or no product at all), which amounts to assign the 

value zero to the corresponding variable and function. In contrast, the ectopic 

expression of a gene implies that this gene is expressed in an unregulated manner 

beyond its normal spatio-temporal expression domain. This can be accomplished by 

forcing the corresponding variable to take higher values (for detail of this formal 

treatment of mutations, see [6]).  

1.3. Updating schemes and Hierarchical Transition Graphs 

 Model dynamics are defined by specifying some initial state(s) and an updating 

scheme, which refers to how node levels are updated. As previously mentioned (Section 

1.1), the asynchronous update is generally chosen as it amounts to generate all possible 

trajectories from the specified initial conditions: e.g. when two node levels are changed, 
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these updates are done asynchronously, defining two concurrent transitions towards 

alternative successor states. The resulting STG may then include bifurcation states from 

which, depending on the choice of the successor state, the final stable state may differ; 

in other words, in the absence of any further constraint, two alternative phenotypes are 

reachable.  

 For our model of the genetic control of primary sex determination in chicken, 

constraints on concurrent updates (transitions) needed to be considered to get a unique 

stable state matching the expected phenotype (testis or ovary). Such constraints are 

expressed in terms of priority settings, i.e. temporal orders between node updates [7]. 

To uncover these priorities, we relied on a compact representation of the dynamics, 

called Hierarchical Transition Graphs (HTGs) (Figure S2).  

 We briefly introduce HTGs, which provide compact representations revealing 

attractors and their basins of attraction, as well as transient oscillatory behaviours [8].  

 Let us first recall that a Strongly Connected Component (SCC) is defined as a 

maximal strongly connected subgraph (i.e., a maximal subset of states in the STG, such 

that there is a path connecting each state to any other state). These SCCs are termed 

trivial when they are reduced to a unique state, complex otherwise. To construct a HTG, 

states of the STG are gathered into a single node if: 

• they belong to a transient complex SCC, or 

• they belong to an attractor i.e., a trivial or a complex SCCs with no outgoing 

transitions, or 

• they define trivial SCCs from which the same complex and terminal SCCs are 

reachable.  

Nodes of a HTG are thus defined as sets of states. The arcs between these nodes denote 

the existence of (at least) a transition between two states of the corresponding sets of 

states. They can be labelled by the associated updates (see Figure S2).  

2. Gene	network	controlling	primary	sex	determination	in	
chicken	

 The gene network that controls primary sex determination in chicken is shown in Figure 

S1. This network has been fundamentally constructed from data gathered from experiments on 
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chicken, which is the experimental model for avian sex determination. Similar to the analysis of 

the gene network controlling the sexual development of the bi-potential gonad in mammals [9], 

a set of reductions were performed that do not affect the main biological features of the 

regulatory network [10]. These reductions led to the sub-network shown in Figure 1, on which 

the analysis was carried out. In what follows, the justification of the genes and their interactions 

not included in the simplified version are presented: 

1. It is considered that SF1 does not interact with SOX9 as no SF1-binding sites have been 

identified in the chicken promoter of gene SOX9 [11]. 

2. The expression of AMH is induced in female ZW gonads after over-expression of DMRT1 

[12]. It is considered here that this positive effect of DMRT1 is indirect via SOX9. 

3. SF1 alone cannot activate AROMA in chicken ovaries, as expression of the former begins at 

day 3.5 and expression of the latter at day 6.5 of incubation [13]. The additional gene could be 

FOXL2 (its product binds to the AROMA promoter) whose expression precedes that of 

AROMA [14]. 

4. AMH is expressed in both male and female embryos —although at very low levels in female 

compared to male embryos— a full day before SOX9 expression is initiated in males [15-17]. 

Thus, it seems that SOX9 is not required for the initiation of AMH expression but for the up-

regulation observed in males. It has been proposed that SF1 would determine the initial 

expression of AMH in both sexes, whereas the male-specific up-regulation of AMH would 

depend on both SF1 and SOX9 [17]. This proposal was followed to construct Figure S1. 

5. The activation of SF1 by OESTROGEN was based on the observation that SF1 was up 

regulated in the gonads of male-to-female sex reversal ZZ embryos exposed to OESTROGEN 

during the period of sex determination [18]. 

6. AROMATASE activation by SF1 was based on the existence of a putative binding site for 

SF1 in AROMATASE promoter region [19,20]. SF1 is expressed in the male and female 

chicken undifferentiated gonad, and after the onset of gonadal sex differentiation SF1 and 

AROMATASE genes are up-regulated at the same time, between days 6 and 7 in the female 

gonads [15,16]. However, SF1 alone cannot activate AROMATASE in ovaries, as expression 

of the former starts at day 3.5 and expression of the latter at day 6.5 of incubation [21]. The 

additional gene could be FOXL2 whose expression precedes that of AROMATASE [14]. 
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7. The activation of AMH by SF1 was based on the existence of a putative binding site for SF1 

in the promoter region of AMH gene [17]. SF1 is expressed in the undifferentiated gonads of 

both sexes prior to AMH expression and remains expressed during gonadal sex differentiation 

when AMH expression increases in male gonads [15,21,22]. SF1 also remains expressed in 

gonads of sex-reversed females [23]. 

8. The Amh promoter contains a potential OESTROGEN response element [17]. Since 

OESTROGEN and AMH are antagonists, it is considered that the interaction of OESTROGEN 

upon AMH is negative. 

9. The expression of AMH is induced in female ZW gonads after over-expression of DMRT1 

[12]. Since the AMH promoter contains putative response elements for SOX9 [17], it is 

considered here that the positive effect of DMRT1 on AROMATASE is indirect via SOX9.  

10. Over-expression of AMH inhibits the expression of FOXL2 and AROMATASE [24]. Since 

FOXL2 is required for AROMATASE expression, it is considered that the effect of AMH upon 

AROMATASE is indirect through its effect on FOXL2. 

11. FGF9, which is initially expressed in the bi-potential gonad of both sexes, is differently 

expressed when the gonads start to develop sex-dependently: FGF9 expression is higher in 

male ZZ than in female ZW gonads [25]. Over-expression of FGF9 causes an expansion of the 

male and females gonads by increased cell proliferation, with DMRT1 and SOX9 expressed in 

the expanded region of male but not of females gonads [25]. Hence, it was considered here that 

FGF9 does not participate in SOX9 activation but in its maintenance like in mammals, where 

SRY activates SOX9 [26,27]. In the chicken, the activation of SOX9 would depend on the 

expression level of DMRT1. 

12. WNT4 is expressed in the bi-potential gonads of both sexes, and it is later up-regulated in 

female gonads [28]. That is, both WNT4 and FGF9 have a similar initial expression but show 

later opposite expressions: WNT4 is higher in female gonads, whereas FGF9 is higher in male 

gonads. Like in mammals, the chicken undifferentiated gonad can develop into either testis or 

ovary. The sexual developmental plasticity of the mammalian bi-potential gonad is caused by 

the antagonistic functions of the male-promoting FGF9 and female-promoting WNT4 

signalling pathways [9,29,30]. Due to the opposite sex-specific expression pattern shown by 

FGF9 and WNT4 in the chicken gonad, it is proposed here that the antagonistic relationship 
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between FGF9 and WNT4 observed in mammals is operating in the sexual development of the 

bi-potential chicken gonad. 

13. ß-CATENIN is the effector of the WNT4-signalling pathway [31]. 

 Finally, a comment regarding the reduction of the complete network shown in Figure S1 

is pertinent here. It has been reported that ZZ AMH loss-of-function mutant gonads develop 

normally, expression of key testis determining genes being not altered, but the growth of the 

chicken embryonic urogenital tract is affected, so that the gonads of both sexes are reduced in 

size [32]. 
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