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This file contains Supplementary Tables S1-S7 and Supplementary Text S1-S5. 

Supplementary Table S1. List of interactions and their causal logic implications pertaining 

to ABA induced stomatal closure. 

The published data in (1) reports 206 regulatory relationships with literature references for 

each of the relationships. We review the literature references to find the causal logic implication of 

each of the regulations. These causal logic implications fall into six types: sufficient (s), necessary 

(n), sufficient inhibitory (si), necessary inhibitory (ni), sufficient and necessary (sn), and sufficient 

and necessary inhibitory (sni). This table lists the regulatory relationship, the nature of the effect: 

promoting or inhibiting, the type of interaction: direct or not direct, the corresponding references 

and the causal logic implication. The logic implication marked with an asterisk (*) shows a lower 

confidence in the logic implication compared to the ones without an asterisk. The last column is 

relevant to indirect causal relationships only and indicates whether there is at least circumstantial 

evidence that this relationship is independent from (not mediated by) other regulators of the target 

node (node B). 

Node A 

(regulator) 

Node B (target) Effect Int. type  Ref logic Likely 

independent? 

8-Nitro-cGMP ADPRC Promotes Not direct (2) sn Yes 

ABA RCARs Promotes Direct (3–6)  sn N/A 

ABA PEPC Inhibits Not direct (7) si Yes 

ABA PI3P5K Promotes Not direct (8) s Yes 

ABA SPHK1/2 Promotes Not direct (9–12) s No 

ABA AtRAC1 Inhibits Not direct (13) ni Yes 

ABA Malate Inhibits Not direct (14) si No 

ABH1 CaIM Inhibits Not direct (15) ni Yes 

ABI AtRAC1 Promotes Not direct (13) s Yes 
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ABI SLAH3 Inhibits Direct (16) si N/A 

ABI1 SLAC1  Inhibits Direct (17) si N/A 

ABI1  OST1 Inhibits Direct (4,18,19) si N/A 

ABI2  OST1 Inhibits Direct (19) si N/A 

HAB1 OST1 Inhibits Direct (19) si N/A 

ABI2 GHR1 Inhibits Direct (20) si N/A 

ABI2 SLAC1 Inhibits Direct (17–21) si N/A 

Actin reor-

ganization 

CaIM Promotes Not direct (22) s Yes 

ADPRc cADPR Promotes Direct 
 

n N/A 

AGB1 AGG3 Binds Direct (23) sn N/A 

AnionEM Depolarization Promotes Direct (24) s N/A 

AnionEM Malate Inhibits Direct (25,26) si N/A 

AnionEM H2O Efflux Promotes Not direct 
 

n Yes 

ARP2/3 

complex 

Actin 

reorganization  

Promotes Direct (27,28) n N/A 

AtMPK9 

(MPK9/12 

node) 

AtMPK9 Promotes Direct (29) s N/A 

AtRAC1 Actin 

reorganization 

Inhibits Not direct (13) si Yes 

AtSPP1 S1P Inhibits Direct (30) si N/A 

Ca2+ pHc  Promotes Not direct (31) n* No 

Ca2+ TCTP  Promotes Direct (32) s N/A 

Ca2+ Ca2+ ATPase Promotes Direct (33) sn N/A 

Ca2+ KEV Promotes Not direct (34) s Yes 

Ca2+ H+ ATPase Inhibits Direct (35) si N/A 

Ca2+ Depolarization Promotes Direct (36) s N/A 

Ca2+ CPK3 and 

CPK21 

(CPK3/21 node) 

Promotes Direct (37) s N/A 

Ca2+ PLDα1 (PLDα 

node) 

Promotes Direct (38) n N/A 

Ca2+ PLC Promotes Direct (39) n N/A 

Ca2+ V-ATPase Promotes Not Direct (40) s Yes 

Ca2+ ATPase Ca2+ Inhibits Direct (33) si N/A 

cADPR CIS Promotes Not Direct (41,42) s Yes 

CaIM Ca2+
c Promotes Direct (43–46) s N/A 

cGMP 8-nitro-cGMP Promotes Direct (2) n N/A 

CIS Ca2+
c Promotes Direct (47,48) s* N/A 

CPK21  SLAC1 Promotes Direct (21) n* N/A 

CPK23 SLAC1 Promotes Direct (21) n* N/A 

CPK23 SLAH3 Promotes Direct (16,37) s* N/A 

CPK3/21 SLAC1 Promotes Direct (21,37,49) s N/A 

CPK3/21 SLAH3 Promotes Direct (16,37) s N/A 
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CPK3/21 CPK3/21 Promotes Direct (50) s N/A 

CPK6 SLAC1 Promotes Direct (37,49,51) s N/A 

CPK6 SLAH3 Promotes Direct (37) s N/A 

DAG PA Promotes Direct (52) n* N/A 

DAGK PA Promotes Direct (52) n* N/A 

Depolarization KOUT Promotes Direct (53) n N/A 

ERA1 ROP10 Promotes Not direct (54) n Yes 

ERA1 CaIM Inhibits Not direct (55) ni No 

GAPC1 and 

GAPC2 

(GAPC1/2) 

PLDδ Promotes Direct (56) n N/A 

GCR1 GPA1 Inhibits Direct (57) ni N/A 

GEF1, GEF4, 

GEF10 

(GEF1/4/10 

node) 

ROP11 Promotes Direct (58,59) s N/A 

GHR1 SLAC1 Promotes Direct (20) s* N/A 

GPA1 AGB1 Binds Direct, 

undirected 

(60) sn N/A 

GPA1 PLDα1 Promotes Direct (61) n* N/A 

GTP cGMP Promotes Direct (62) n N/A 

H+ ATPase Depolarization Inhibits Direct (63,64) si* N/A 

InsP3 CIS Promotes Not direct (48) s No 

InsP3 InsP6 Promotes Direct (65) sn N/A 

InsP6 CIS Promotes Not direct (47) s No 

K+ efflux H2O efflux Promotes Not direct (53) n Yes 

K+ efflux Depolarization Inhibits Direct (53) si* N/A 

KEV K+ efflux Promotes Direct (34) n N/A 

KEV Depolarization Promotes Direct (34) s* N/A 

KOUT K+ Efflux Promotes Direct (53) n N/A 

Malate H2O efflux Inhibits Not direct (14) si* No 

Microtubule 

depolymerizati

on 

Stomatal closure Promotes Not direct (66) n Yes 

Microtubule 

depolymerizati

on 

Microtubule 

depolymerization 

Promotes Direct (67) s N/A 

NAD+ cADPR Promotes Direct (68) n N/A 

NADPH ROS (H2O2) Promotes Direct 
 

n N/A 

NADPH NO Promotes Direct (69) n N/A 

NIA1/2 NO Promotes Direct (69) n N/A 

Nitrite NO Promotes Direct (69) n N/A 

NO  NOGC1 Promotes  Direct (62) s N/A 

NO 8-Nitro-cGMP Promotes Not direct (2) n No 

NO KOUT Inhibits Direct (70) si N/A 

NOGC1 cGMP Promotes Direct (62) n N/A 
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NtSyp121-Sp2 CaIM Inhibits Not direct (71) 
 

No 

OST1 SLAC1  Promotes Direct (17,72) n N/A 

OST1 QUAC1 Promotes Direct (26,73,74) n N/A 

OST1 RbohD/F 

(RBOH) 

Promotes Direct (46,75–77) n N/A 

OST1 PIP2;1 Promotes Direct (78) s N/A 

PA ABI1 Inhibits Direct (79,80) si N/A 

PA SPHK1 and 

SPHK2 

(SPHK1/2) 

Promotes Direct (12) s N/A 

PA RBOH Promotes Direct (81) n N/A 

PC PA Promotes Direct (38) n* N/A 

PEPC Malate Promotes Not direct (7) n Yes 

pHc increase KOUT Promotes Not direct (82) 
 

No 

pHc increase H+ ATPase Inhibits Not direct (83) si No 

pHc increase ABI1 Promotes Direct (84) n N/A 

pHc increase pHc Inhibits Not direct (63,85,86) 
 

No 

PI3P5K PtdIns(3,5)P2 Promotes Direct (8) sn N/A 

PIP2;1 H2O Efflux Promotes Direct (78) n N/A 

PLC DAG Promotes Direct 
 

n N/A 

PLC InsP3 Promotes Direct 
 

n N/A 

PLC PtdIns(4,5)P2 

(PI4P5P2) 

Promotes Direct  (87) s* N/A 

PLDα PA Promotes Direct (80) n* N/A 

PLDδ PA Promotes Direct (88) n* N/A 

PP2CA SLAC1 Inhibits Direct (89) si N/A 

PP2CA OST1 Inhibits Direct (89) si* N/A 

PtdIns(3,5)P2 V-PPase Promotes Direct (8) n N/A 

PtdIns(4,5)P2 DAG Promotes Direct 
 

n N/A 

PtdIns(4,5)P2 InsP3 Promotes Direct 
 

n N/A 

PtdInsP3  Actin 

reorganization  

Promotes Not direct (90) n No 

PtdInsP4 Actin 

reorganization  

Promotes Not direct (90) n No 

PtdInsP4 PtdIns(4,5)P2 Promotes Direct (87) sn N/A 

QUAC1 AnionEM Promotes Direct (25,26) n* N/A 

RBOH ROS Promotes Direct (91) n N/A 

RCARs ABI1/ABI2/HA

B1 

Inhibits Direct (3,4,6)  si N/A 

RCARs PP2CA Inhibits Direct  (92) si N/A 

ROP11 ABI2 Promotes Direct (58) s* N/A 

ROP11 ABI1 Promotes Direct (93,94) s* N/A 

ROS 8-Nitro-cGMP Promotes Not direct (2) n No 

ROS KOUT Inhibits Not direct (95) si No 
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ROS H+ ATPase Inhibits Not direct (96) si No 

ROS ABI1 Inhibits Direct (97) si N/A 

ROS HAB1 Inhibits Direct (98) si N/A 

ROS ABI2 Inhibits Direct (99) si N/A 

S1P/PhytoS1P S1P/PhytoS1P Inhibits Not direct (9,63,85) si* No 

SCAB1 Actin 

reorganization  

Promotes Direct (100) n* N/A 

SLAC1 AnionEM Promotes Direct (17,25) s N/A 

SLAH3 AnionEM Promotes Direct (16,25) n* N/A 

Sph S1P/phytoS1P Promotes Direct (9) n N/A 

SPHK1/2 S1P Promotes Direct (12,101) n N/A 

TCTP Microtubule 

depolymerization 

Promotes Direct (32) s N/A 

Vacuolar 

acidification  

pHc  Promotes Direct (8) n N/A 

V-ATPase Vacuolar 

acidification 

Promotes Direct (8,102,103) n N/A 

V-PPase Vacuolar 

acidification 

Promotes Direct (8) n N/A 

8-Nitro-cGMP Stomatal closure Promotes Not Direct  (2) s* No 

ABA Actin 

reorganization 

Promotes Not direct (13) 
 

No 

ABA 8-Nitro-cGMP Promotes Not direct (2) sn No 

ABA ROS Promotes Not direct (104) 
 

No 

ABA NO Promotes Not direct (105,106) 
 

No 

ABA K+ ion release 

from vacuole 

(KEV) 

Promotes Not direct (107,108) n* No 

ABA pHc increase Promotes Not direct (87) 
 

No 

ABA H+ ATPase Inhibits Not direct (96) 
 

No 

ABA Microtubule 

Depolymerizatio

n  

Promotes Not direct (109) s No 

ABA Vacuolar 

acidification 

Promotes Not direct (8) s* No 

Ca2+
c Stomatal closure Promotes Not direct (110) 

 
No 

Ca2+
c  SLAC1 Promotes Not direct (49,72,111,1

12) 

s No 

NO Closure Promotes Not direct (113) 
 

No 

NO cGMP Promotes Not direct (114) n* No 

 NOGC1 8-nitro-cGMP  Promotes Not direct (2) n* No 

NtSyp121-Sp2 Ca2+ transient Inhibits Not direct (71) si* No 

OST1 CaIM Promotes Not direct (46) s No 

pHc increase Vacuolar 

acidification 

Promotes Direct (8) n N/A 
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PP2CA Stomatal closure Inhibits Not direct (115) ni No 

 ROS NO Promotes Not direct  (106) s No 

ROS  Microtubule 

Depolymerizatio

n 

Promotes Not Direct (109) s* No 

ROS  Stomatal closure Promotes Not Direct (20,116,117) s No 

S1P Stomatal closure Promotes Not direct (9,118) n* No 

ABI1  ABA induced 

pHc increase  

Inhibits Not direct (31) si No 

ABI1 ABA activation 

of RBOH 

Inhibits Not direct (119) si No 

ABI1 SLAC1 Inhibits Direct (21) si N/A 

ABI1  CPK3 and CPK6 

activation of 

SLAC1 

Inhibits Direct (37,51) si N/A 

ABI2 ABA induced 

pHc increase 

Inhibits Not direct (31) si No 

ABI2 CPK6 and 

CPK23 

activation of 

SLAC1 

Inhibits Direct  (21,51) si N/A 

AtSPP1 ABA-induced 

stomatal closure 

Inhibits Not direct (30) ni No 

TCTP Ca2+-mediated 

stomatal closure 

Promotes Not Direct (32) s No 

TCTP ABA-mediated 

stomatal closure 

Promotes Not Direct (32) s No 

Ca2+ S1P activation of 

PLDα  

Promotes Not direct (101) n* No 

Ca2+ 8-nitro-cGMP-

mediated 

stomatal closure 

Promotes Not Direct  (2) n* No 

Ca2+ ABA induction 

of KEV  

Promotes Not direct (108,120) n No 

Ca2+ ABA-induced 

NO production 

Promotes Not direct (105) n* No 

cADPR 8-nitro-cGMP-

induced stomatal 

closure 

Promotes Unknown (2) n* No 

CIS ABA-induced 

stomatal closure 

Promotes Not direct (121) n* No 

GAPC1, 

GAPC2  

ROS activation 

of PLDδ 

Promotes Direct   (56) s* N/A 

GHR1 ROS activation 

of CaIM 

Promotes Not direct (20) n No 

GHR1 Activation of 

SLAC1 by ROS  

Promotes Not Direct (20) n Yes 

GPA1 ABA activation 

of RBOH 

Promotes Not direct (117) n No 
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GPA1 S1P – induced 

closure 

Promotes Not direct (9) n* No 

GPA1 ABA-induced 

CaIM 

Promotes Not direct (117) n No 

MPK9/12 ROS-mediated 

stomatal closure 

Promotes Not direct (122) n* No 

MPK9/12 Ca2+ induced 

activation of 

SLAC1 

Promotes Not direct (122) n Yes 

MRP5 ABA activation 

of CaIM 

Promotes Not direct (123) n No 

MRP5 Ca2+ activation 

of SLAC1 

Promotes Not direct (123) n No 

NIA1 and 

NIA2 (NIA1/2) 

ROS induced 

NO production 

Promotes Not direct (106) n* Yes 

NO NtSyp121-Sp2-

mediated 

inhibition of 

ABA-induced 

stomatal closure 

Inhibits Not Direct (71) si* No 

NOGC1 ABA-induced 

stomatal closure 

Promotes Not direct (2) n* No 

NOGC1 NO-induced 

stomatal closure 

Promotes Not direct (2) n* No 

NtSyp121-Sp2 

fragment 

(SNARE 

protein) 

ABA-induced 

stomatal closure 

Inhibits Not Direct (71) si* No 

OST1 ABA induced 

pHc increase  

Promotes Not direct (31) n* No 

H+ ATPase ABA-promotion 

of stomatal 

closure 

Inhibits Not direct (64) si* No 

pHc increase ABA activation 

of RBOH 

Promotes Not Direct (86) n No 

pHc increase ABA activation 

of SLAC1 

Promotes Not Direct (124) n No 

pHc increase ABA-promotion 

of NO 

production 

Promotes Not direct (105) n* No 

PLC NO-mediated 

stomatal closure 

Promotes Not direct  (113) n* No 

PLC NO-mediated PA 

production 

Promotes Not direct (113) n* No 

PLDδ NO induced 

stomatal closure 

Promotes Not direct (125) n No 

PLDδ  ROS induced 

stomatal closure 

Promotes Not direct (56,125) n* No 

PP2CA CPK6-mediated 

activation of 

SLAC1 activity 

Inhibits Direct (51) si N/A 
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PtdIns(3,5)P2 ABA-induced 

vacuolar 

acidification  

Promotes Not direct (8) n No 

PtdIns(3,5)P2 ABA-induced 

stomatal closure 

Promotes Not direct (8) n No 

PtdInsP3 ABA induced 

ROS production  

Promotes Not direct (90,126,127) n No 

QUAC1 Ca2+ induced 

closure 

Promotes Not direct (74) n No 

RBOH ABA induced 

NO production 

Promotes Not direct  (106) n No 

RCN1 ABA induced 

ROS production 

Promotes Not direct (91,128) n* No 

S1P ABA-induced 

Ca2+ increase 

Promotes Not direct (118) n* No 

 SLAC1 8-nitro-cGMP -

induced stomatal 

closure 

Promotes Not direct (2) n* No 

SPHK1/2 ABA-induced 

stomatal closure 

Promotes Not direct (10,11) n No 

SPHK1/2 ABA activation 

of PLDα 

Promotes Not direct  (12) n No 
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Supplementary Table S2. List of inferred edges in ABA induced closure 

We use the causal logic analysis result on co-pointing subgraph to infer an edge. This table lists all 

the regulations that can be inferred using co-pointing subgraphs. Some of these regulations were already 

reflected in the network from direct regulations, and hence we do not add a new edge in those cases. In the 

remaining cases, we infer a new edge and add it to the network. The first column lists the regulator of the 

inferred regulation, the second column gives the target node, the third column gives the logic. The logic 

implication is either of sufficient (s), necessary (n), sufficient inhibitory (si), necessary inhibitory (ni), 

sufficient and necessary (sn), sufficient and necessary inhibitory (sni). The fourth column gives the 

references for the regulation/interaction that led to the inference. The fifth column gives the regulation 

observed from the references that can be used in the format of co-pointing subgraphs. The sixth column 

lists whether a new edge was added or not. A new edge is not added when a logically equivalent path or 

subgraph already exists. In the cases where a new edge is not added, i.e., the sixth column entry is “no”, the 

seventh column lists the equivalent path. The last column indicates whether there is support for the inferred 

relationship being independent from other regulators of the target node. 

regulator target logic Ref original interaction 
new 

edge 
equivalent path 

Likely 

independent? 

ROS PLDδ n (56,125) 

PLDδ is necessary for 

ROS induced stomatal 

closure 

Yes  
No 

ROS GHR1 s (20) 

GHR1 is necessary for 

ROS activation of 

CaIM/SLAC1 

Yes  
No 

S1P GPA1 s (9) 
GPA1 is necessary for 

S1P-induced closure 
Yes  Yes 

Ca2+ MPK s (122) 

MPK is necessary for 

Ca2+ induced activation 

of SLAC1 

Yes  
No 

ROS NIA1/2 s (106) 

NIA1/2 is necessary for 

ROS induced NO 

production 

Yes  
Yes 

Ca2+ QUAC1 s (74) 
QUAC1 is necessary for 

Ca2+ induced closure 
Yes  

No 

ABA ABI1 si (31,119) 

ABI1 is a sufficient 

inhibitor of ABA-

induced pHc 

increase/RBOH 

activation 

No 
ABA -> RCARs 

-| ABI1 

No 

ABA ABI2 si (31) 

ABI2 is a sufficient 

inhibitor of ABA-

induced pHc 

increase/RBOH 

activation 

No 
ABA -> RCARs 

-| ABI2 

No 

ABA Ca2+ s (105,108,120) 

Ca2+ is necessary for 

ABA-induced KEV/NO 

production 

No 
ABA -> CIS -> 

Ca2+ 

No 
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8-nitro-

cGMP 
cADPR s (2) 

cADPR is necessary for 

8-nitro-cGMP-induced 

stomatal closure 

No 

8-nitro-cGMP -> 

ADPRc -> 

cADPR 

No 

ABA CIS s (122) 

CIS is necessary for 

ABA-induced stomatal 

closure 

Yes  
No 

ABA GPA1 s (117) 

GPA1 is necessary for 

ABA activation of 

RBOH/CaIM 

No 

ABA -> 

SPHK1/2 -> S1P 

-> GPA1 

No 

NO NOGC1 s (2) 

NOGC1 is necessary for 

NO induced stomatal 

closure 

No NO -> NOGC1 

Yes 

NO PLDδ s (125) 

PLDδ is necessary for 

NO induced stomatal 

closure 

Yes  
No 

ABA PtdIns(3,5)P2 s (8) 

PtdIns(3,5)P2 is 

necessary for ABA 

induced Vacuolar 

Acidification/ stomatal 

closure 

No 
ABA -> PI3P5K 

-> PtdIns(3,5)P2 

No 

ABA S1P s (118) 

S1P is necessary for 

ABA-induced Ca2+ 

increase 

No 
ABA -> 

SPHK1/2 -> S1P 

No 

ABA SPHK1/2 s (10–12) 

SPHK1/2 is necessary 

for ABA induced 

PLDδ/stomatal closure 

No 
ABA -> 

SPHK1/2 

No 

 

Supplementary Table S3. Truth table for the regulator function of PA 

Truth table extracted from Fig 1F of (88). The asterisk indicates that the confidence in this entry is less than 

in the others. The target node PA is underlined. 

ABA PLD PLD PC1 DAG DAGK2 PA 

0 0 0 1 0 1 0 

1 0 0 1 1 1 0 

1 0 1 1 1 1 0 

1 1 0 1 1 1 0* 

1 1 1 1 1 1 1 

 

Most likely rule: PA* = PLD and PLD and PC and DAG and DAGK 

Footnotes: 

1. Phosphatidylcholine is a substrate and assumed to always be present. 

2. DAGK is an enzyme, and there are no knockout experiments or regulators known for it. We assume it is 

always ON. 
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Supplementary Table S4. Truth table for AnionEM 

Table produced from information in (16, 17, 25). The target node AnionEM is underlined. 

 

ABI1 OST1 SLAH3 SLAC1 QUAC1 AnionEM 

0 0 0 0 0 0 

0 1 1 0 1 0 

1 0 0 0 0 0 

0 1 1 1 1 1 

0 1 0 1 1 1 

0 1 0 1 0 1 

 

ABI1 inhibits SLAH3 (acts as the only regulator when assuming that the CPKs are present); OST1 is the 

only regulator of QUAC1. This truth table covers almost half of the state combinations of SLAC1, SLAH3 

and QUAC1. There is no appropriate Boolean rule that perfectly fits the partial truth table. The Boolean 

rule with the best partial fit (namely, one error out of 6) for the above table is: 

AnionEM* = SLAC1 or (SLAH3 and QUAC1). 

Hence, our predicted Boolean rule is the same as the published rule. 

Supplementary Table S5. Truth table for OST1 

The recessive double knockout mutants of abi1-abi2 (136); abi1-hab1 (137); hab1-pp2ca1 (138); and abi1-

pp2ca1 (138) show higher stomatal responsiveness to ABA. Since we know that all these PP2Cs inhibit 

OST1 (4,18,19,89), we can assign the effect of any PP2C double mutant as the ON state of OST1. This 

gives the following incomplete truth table: 

ABI1 ABI2 HAB1 PP2CA OST1 

0 0 ? ? 1 

0 ? 0 ? 1 

? ? 0 0 1 

0 ? ? 0 1 

 

A parsimonious extension of this truth table where the ?’s are filled with all possible combinations of 0’s 

and 1’s yields the following Boolean rule: 

OST1*= (not ABI1 and not HAB1) or (not PP2CA and not ABI2) or (not ABI1 and not ABI2) or (not 

HAB1 and not PP2CA) or (not HABI1 and not ABI2) or (not ABI1 and not PP2CA) 

Please note that the parsimonious extension assumes that the recessive double knockout mutant of abi2-

hab1; and abi2-pp2ca1 will show higher stomatal responsiveness to ABA. 
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Supplementary Text S1. Inferred Boolean rules of the ABA network 

Here we list all the Boolean rules inferred using causal logic inference for the ABA network. The 

rules that are different compared to previously published data (1) are marked in bold. The rules in italics 

are equivalent to the published rules in (1) after considering causal logic reduction. 

8-nitro-cGMP* = cGMP 

ABI1* = ROP11 and pHc and not RCARs and not ROS and not PA 

ABI2* = ROP11 and not RCARs and not ROS 

ADPRc* = 8-nitro-cGMP 

AGB1* = GPA1 

AGG3* = AGB1 

Actin Reorganization* = SCAB1 and not AtRAC1 and PtdInsP3 and PtdInsP4 and ARP2/3 Complex 

AnionEM* = (SLAH3 and QUAC1) or SLAC1 

AtRAC1* = ABI1 or not ABA 

CIS* = InsP3 or cADPR or ABA or InsP6 

CPK3/21* = Ca2+ or CPK3/21 

Ca2+* = (CIS or CaIM) and not Ca2+ ATPase 

Ca2+ ATPase* = Ca2+ 

CaIM* = Actin Reorganization or (NtSyp121 and GHR1 and MRP5) or not ABH1 or not ERA1 or 

OST1 

DAG* = PLC and PtdIns(4,5)P2 

Depolarization* = (Ca2+ or KEV or AnionEM) and (not K+ Efflux or not H+ ATPase) 

GHR1* = not ABI2 and ROS 

GPA1* = S1P or not GCR1 

H+ ATPase* = not Ca2+ and not pHc and not ROS 

H2O Efflux* = PIP2;1 and K+ Efflux and AnionEM and not Malate 

HAB1* = not RCARs and not ROS 

InsP3* = PtdIns(4,5)P2 and PLC 

InsP6* = InsP3 

K+ Efflux* = KOUT and KEV 

KEV* = Ca2+  

KOUT* = Depolarization and not ROS and pHc and not NO 

MPK* = Ca2+ or MPK 

Malate* = PEPC and not ABA and not AnionEM 

Microtubule depolymerization* = TCTP or ROS or ABA or Microtubule depolymerization 

NIA1/2* = ROS 

NO* = NADPH and Nitrite and NIA1/2 

NOGC1* = NO 

NtSyp121* = ABA 

OST1* = (not ABI1 and not HAB1) or (not PP2CA and not ABI2) or (not ABI1 and not ABI2) or (not 

HAB1 and not PP2CA) or (not HABI1 and not ABI2) or (not ABI1 and not PP2CA) 

PA* = DAG and DAGK and PC and PLDa and PLDdel 

PEPC* = not ABA 
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PI3P5K* = ABA 

PIP2;1* = OST1 

PLC* = Ca2+ 

PLDa* = Ca2+ and GPA1 

PLDdel* = NO or (ROS and GAPC1/2) 

PP2CA* = not RCARs 

PtdIns(3,5)P2* = PI3P5K 

PtdIns(4,5)P2* = PtdInsP4 

QUAC1* = OST1 and Ca2+ 

RBOH* = PA and pHc and OST1 and GPA1 and not ABI1 

RCARs* = ABA 

ROP10* = ERA1 

ROP11* = GEF1/4/10 

ROS* = RBOH and NADPH and PtdInsP3 and RCN1 

S1P* = Sph and SPHK1/2 and not SPP1 

SLAC1* = (CPK23 or CKP6 or CPK3/21) and pHc and GHR1 and MRP5 and OST1 and not ABI1 

and not ABI2 and not PP2CA and MPK 

SLAH3* = (CPK23 or CKP6 or CPK3/21) and not ABI1 

SPHK1/2* = ABA or PA 

Stomatal closure* = cADPR and NtSyp121 and S1P and CIS and not H+ ATPase and Microtubule 

Depolymerization and H2O efflux 

TCTP* = Ca2+ 

V-ATPase* = Ca2+ 

V-Ppase* = PtdIns(3,5)P2 

Vacuolar acidification* = V-Ppase and V-ATPase 

cADPR* = ADPRc and NAD+ 

cGMP* = NOGC1 and GTP 

pHc* = Ca2+ and OST1 and Vacuolar acidification and not ABI1 and not ABI2 

Supplementary Text S2. Differences between the inferred Boolean functions and the published 

Boolean functions in the ABA network 

There are 13 nodes in the ABA network that have different Boolean rules obtained from the 

inference method as compared to published rules (1). Here, we divide these 13 cases in three groups. The 

first group contains the nodes for which both the inferred rules and the published rules have the same 

regulators, but they differ in the Boolean operators used. The second group contains the nodes for which 

the inferred rule has fewer regulators compared to the published rule. And the third group contains the 

nodes for which the inferred rule has more regulators compared to the published rule. For each node listed 

here, the inferred rule is in black, bold and italic font. The text under the rules in italics explains the rationale 

for the inferred rule. The published rule from (1) is below the explanation in black, bold font followed by 
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text that is a quote from Text S2 of (1) relevant for the reasoning for the published rule and to the 

discrepancy. The citation numbers in the quote refer to the references in this file. 

 

Group 1. The published and inferred functions contain the same regulators but there are differences in 

Boolean operators. The inferred function is equally or more consistent with the experimental information 

than the published function. 

 

Actin Reorganization* = PtdInsP3 and PtdInsP4 and not AtRAC1 and ARP2/3 Complex and SCAB1 

During the inference process the ARP complex is marked as necessary for Actin Reorganization; PtdInsP3 

and PtdInsP4 are necessary; AtRAC1 is a sufficient inhibitor for Actin Reorganization. If SCAB1 is 

assumed to be present in all these experiments (1), we get the resulting rule. There are no experiments that 

address whether PtdInsP3 and PtdInsP4 are redundant (as assumed in the published function) or not (as 

in the inferred function).   

Actin Reorganization*= (PtdInsP4 or PtdInsP3) and not AtRAC1 and ARP Complex and SCAB1 

“Expression of a dominant-positive mutant of AtRAC1 inhibits ABA-induced actin reorganization whereas 

expression of a dominant-negative mutant of AtRAC1 promotes actin reorganization in the absence of ABA 

(49). Inhibition of AtRAC1 is necessary for actin reorganization in response to ABA. ARP2 knockouts did 

not exhibit actin reorganization during ABA signaling. The arp2 phenotype was rescued upon application 

of an actin depolymerizing agent which illustrates that ARP2 is a positive regulator of the actin 

reorganization process (27). In this particular case, the behavior of one subunit is assumed to describe the 

behavior of the protein complex (27). In Arabidopsis, SCAB1 encodes a plant specific actin binding protein. 

The scab1 loss-of-function mutant shows a delayed ABA response that is associated with delayed actin 

reorganization (100). Both PtdInsP4 and PtdInsP3 are implicated as positive regulators of actin 

reorganization in response to ABA (90).” 

 

ABI1* = not PA and not RCARs and ROP11 and not ROS and pHc 

According to causal logic inference, pHc is necessary for ABI1, and each of RCARs, ROS, PA is a sufficient 

inhibitor of ABI1. The existing information on the effect of ROP11 on ABI1 (93) does not lead to a strong 

logic implication. To achieve compatibility, the Boolean “and” operator is extended to ROP11. 

ABI1*=not PA and (not RCARs or ROP11) and not ROS and pHc   

“RCARs inhibit ABI1 through physical binding (6). ROP11 interacts with ABI1 and protects it from 

inhibition by RCARs (93). Upon binding PA inhibits phosphatase activity of ABI1 (80). PA also tethers 

ABI1 to the plasma membrane, which in turn negatively regulates ABI1 function (79). ROS inhibit ABI1 

activity (97). Cytosolic pH increase activates enzyme activity of ABI1 (84).” 
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ABI2* = not RCARs and ROP11 and not ROS 

Each of RCARs and ROS is a sufficient inhibitor of ABI2. As in the function of ABI1, the Boolean “and” 

operator is extended to ROP11. 

ABI2*= (not RCARS or ROP11) and not ROS 

“ROP11 physically interacts with ABI2 and promotes its phosphatase activity (58). RCARs inhibit 

phosphatase activity of ABI2 by physical binding (6). ABI2 has been shown to be negatively regulated by 

ROS (98); we assume that the absence or low level of ROS is a necessary condition for ABI2 activity. In 

addition to this requirement, we assume that in order for ABI2 to be active, its positive regulator ROP11 

must be active or its other negative regulators, RCARs, must be off.” 

 

KOUT = not NO and not ROS and pHc and Depolarization 

During inference, we marked NO and ROS as sufficient inhibitors of KOUT, pHc as sufficient and 

Depolarization as necessary for KOUT. These logic implications are incompatible. The inferred function 

uses the assumption that the experiment addressing pHc involved the absence of ROS and NO and the 

presence of membrane depolarization. The published function involves the knowledge that is equivalent 

with assuming that the experiments addressing the role of pHc, ROS or NO involved membrane 

depolarization. 

KOUT*= (not NO or not ROS or pHc) and Depolarization 

“Membrane depolarization drives K+ efflux from the guard cell. Outwardly rectifying K+ channels are 

activated by cytosolic pH increase (82) and inhibited by ROS (95) and nitric oxide (70). K+ efflux through 

outwardly rectifying K+ channels requires membrane depolarization; thus we use an “and” function between 

“Depolarization” and other indicated positive or negative regulators of KOUT. In the absence of 

documented synergy, we use an “or” function between NO, ROS and pHc.” 

 

PA* = PC and PLD and PLD and DAG and DAGK 

The regulators of PA have logic implications with a lower confidence; hence we construct an incomplete 

truth table, see Table S5. The inferred function reproduces all the entries of the truth table. The published 

function contains the judgement call that activity of any of the three reactions that produce PA is sufficient 

for above-threshold PA concentration. This function does not reproduce three entries of the truth table (it 

yields 1 instead of 0). 

PA*= PC and (PLDδ or PLDα) or DAG and DAGK 

“PC is the substrate needed by PLDα or PLDδ for PA production. DAG, a product of PLC, can be converted 

into PA by DAGK-mediated phosphorylation (52,113).” 

 

pHc* = OST1 and not ABI2 and not ABI1 and Ca2+
c and Vacuolar acidification 

During inference, we marked ABI1 and ABI2 as sufficient inhibitors of pHc and OST1, Vacuolar 

Acidification, and Ca2+
c as necessary for pHc increase based on experiments done in the presence of ABA. 
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The published function also uses specific evidence from external calcium induced closure to group 

regulators whose effect can be overcome in this process. 

pHc*= (OST1 and not ABI2 and not ABI1 or Ca2+
c) and Vacuolar acidification 

“Guard cells of abi1-1 (dominant negative), abi2-1 (dominant negative), and ost1-2 loss of function mutants 

show impaired cytosolic alkalization in response to ABA (31). Exogenous calcium application is assumed 

to increase Ca2+
c concentration and can induce cytosolic alkalization in ost1-2 (loss-of-function), abi1-1 

(dominant negative), and abi2-1 (dominant negative) mutants (31), indicating that Ca2+
c-triggered pHc 

increase in guard cells does not require functional OST1 or the inactivation of ABI1 or ABI2; hence the 

OR relationship between Ca2
 c and these three proteins.  External application of a calcium chelator, EGTA, 

reduces ABA-induced cytosolic alkalization (pHc increase) (105), indicating that Ca2+
c
 is a positive 

regulator in ABA-induced cytosolic alkalization. Vacuolar acidification is a necessary condition for 

maintenance of ABA induced cytosolic alkalization state in guard cells (8). Thus, we use an “and” function 

between Vacuolar acidification and other indicated positive and negative regulators of pHc increase.” 

 

SLAH3* = (CKP6 or CPK23 or CPK3/21) and not ABI1 

The causal logic of regulatory relationships indicates that any of the CPKs are sufficient for SLAH3 activity 

and that ABI1 is a sufficient inhibitor of SLAH3. The evidence for the effect of ABI1 on SLAH3 is stronger, 

hence we use the dominant regulators method with ABI1 as a dominant regulator. The published function 

uses a relationship between ABA and CPK3/21 that was not in the data source used for inference. 

SLAH3*= (CPK6 or CPK23) and CPK3/21 and not ABI1 

“All listed CPKs activate SLAH3 by physical interaction (16,37). All indicated CPKs have an independent 

positive effect on SLAH3. ABI1 inhibits CPK21-mediated activation of SLAH3 in oocytes indicating that 

ABI1 is a negative regulator of SLAH3 (16). Since CPK6 and CPK23 are weakly dependent on ABA (130), 

we implement the dependence of SLAH3 activation on ABA (16,37) by assuming that only the 

simultaneous activity of CPK6 and CPK3/21, or CPK23 and CPK3/21, is sufficient for SLAH3 activation.” 

 

Group 2. The manually constructed regulatory function has more regulators. The inferred function is 

equally consistent with the experimental information as the published function. 

 

PP2CA* = not RCARs 

No regulatory relationship from ROS to PP2CA is in the data source used for inference. This relationship 

was assumed in the published version. 

PP2CA*= not RCARS and not ROS 

“In an in vitro study, it has been shown that soluble ABA receptors (RCARs, alternatively known as 

PYR/PYLs) PYR1, PYL1, PYL2, PYL4, PYL5, PYL6, PYL8 inhibit the phosphatase activity of PP2CA 

in the presence of ABA (92). ROS-mediated inhibition has been reported for three PP2C-type protein 

phosphatases that play negative regulatory roles in guard cell ABA signaling: ABI1, ABI2 and HAB1 (97–

99). We assume that ROS would similarly inhibit the phosphatase activity of PP2CA.” 

 



 17 

Vacuolar acidification* = V-Ppase and V-ATPase 

We marked both V-ATPase and V-Ppase as necessary for vacuolar acidification. The self-regulatory 

relationship of Vacuolar Acidification assumed in the published function is based on a context other than 

ABA-induced closure. We note that our recent work provides an alternative to making this assumption 

(131). 

Vacuolar Acidification*= V-Ppase or V-ATPase or Vacuolar Acidification 

“In yeast, the vacuolar proton ATPase (V-ATPase) proton pump plays an important role in vacuolar 

acidification (102,103). The proton pumping vacuolar pyrophosphatase (V-Ppase) uses the energy of PPi 

hydrolysis to acidify the vacuole (132). An Arabidopsis V-Ppase loss-of-function mutant, vhp1, shows 

delayed vacuolar acidification and slower stomatal closure in response to ABA (8,133). An Arabidopsis 

double knockout mutant of V-ATPase, vha1 vha2, exhibits a vacuolar pH of 6.4 rather than 5.9 (134).  The 

double knockout mutant of the V-ATPase also shows delayed stomatal closure in response to ABA (8). We 

used an “or” function between V-Ppase and V-ATPase as the V-Ppase and V-ATPase play independent 

roles in vacuolar acidification (8). We assume that the vacuolar acidification state is sustained for a longer 

period and implement this assumption as a positive self-regulation. This assumption is necessary in order 

to allow the possibility of closure in response to internal closure signals (e.g. supply of S1P or Ca2+ (135))” 

 

 

KEV* = Ca2+
c  

The published function contained a mistake in citing Vacuolar identification as a regulator of the K+ 

channel KEV. The experimental observation in Figure 6B of reference (34) indicates that the conductance 

of this channel decreases five-fold as cytosolic pH increases from 6.5 to 8. During ABA induced closure 

pHc changes by about 0.3 starting from the value of 7.3 (86); the conductance of the KEV channel changes 

very little in this range. 

KEV*: Vacuolar Acidification or Ca2+
 c  

Calcium induces K+ release through K+-permeable channels in the tonoplast (34). Vacuolar acidification 

also induces K+ efflux from the vacuole (34). 

  

Group 3. The inferred regulatory function has more regulators. The inferred function is equally 

consistent with the experimental information as the published function. 

 

SLAC1* = (CKP6 or CPK23 or CPK3/21) and MPK and OST1 and GHR1 and not ABI1 and not PP2CA 

and not ABI2 and pHc and MRP5   

MRP5 is necessary for Ca2+
c activation of SLAC1 (123). Because there isn’t a path or subgraph that can 

mediate this effect, MRP5 appears as necessary regulator in the inferred rule. MRP5 is not present as 

regulator in the published rule; instead, it is assumed to be a regulator of CaIM. 
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SLAC1*= (CPK6 or CPK23 or CPK3/21) and MPK9/12 and OST1 and GHR1 and not ABI1 and not 

PP2CA and not ABI2 and pHc  

 

CaIM* = Actin Reorganization or (NtSyp121 and GHR1 and MRP5) or not ABH1 or not ERA1 or OST1 

The inferred rule has the regulator OST1 which is not present in the published rule. The inference process 

finds that OST1 is sufficient for CaIM. The network has no sufficient path or subgraph from OST1 to CaIM 

(the path OST1→RBOH→ROS→GHR1→CaIM is not sufficient), hence we add this as an edge.  

CaIM*= Actin Reorganization or (NtSyp121 and GHR1 and MRP5) or not ABH1 or not ERA1 

 

Closure* = Microtubule Depolymerization and H2O efflux and cADPR and NtSyp121 and S1P and CIS 

and not H+ ATPase  

The list of regulatory relationships in the inference process has multiple regulators that are found to be 

necessary for closure. Some of the regulators are reduced if a necessary path or subgraph to closure 

already exists but several regulators are not reduced and hence appear in the Boolean rule for stomatal 

closure. The published function is based on the biological knowledge that two independent processes are 

responsible for the shape and volume changes of the guard cells needed for stomatal closure. 

Closure*= Microtubule Depolymerization and H2O efflux  

“Microtubule depolymerization and H2O efflux are both needed for stomatal closure (66).” 

Supplementary Table S6. Derived logic observations for the inference of the EMT network 

Each row lists a logic observation denoted by a regulator node, target node, the corresponding logic 

implication (s, n, si, ni, sn, or sni) and a Boolean marker (Y/N) for whether the edge is expected to be direct 

or indirect. Highlighted in blue are all the indirect edges. These are reduced by the code in the inference 

process. Each of them has a mediator between the regulator and the target, and for each, regulator → 

mediator as well as mediator → target inference information exists in this list. Highlighted in green are all 

the cases in which we infer the mediator node. The mediators for the three cases are: CDC42, CD44, and 

betaTrCP, respectively. Highlighted in pink is the case where an incomplete path from the regulator 

(TCF/LEF) to the target (SHH) is known to be transduced via a potential mediator node (GLI) helping us 

infer an edge between the regulator and mediator thus completing the indirect observation of regulator 

(TCF/LEF) effect on target (SHH). Highlighted in sea green is an example of the co-pointing theorem 

potentially being applied to this network. Assuming the presence of betacatenin_memb, RAS is sufficient 

inhibitory for E-cadherin but TWIST1 is necessary inhibitory for E-cadherin. Sufficient inhibitory and 
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necessary inhibitory are incompatible logic implications hence extending the co-pointing theorem, RAS 

must be sufficient for TWIST1. The rest of the list helps us infer that RAS is sufficient for TWIST1, and 

hence the co-pointing theorem application here just acts as supporting evidence. 

 

Regulator Target Logic 

implication 

Is edge 

direct? 

ILK AKT s Y 

PI3K AKT s Y 

GSK3beta Dest_compl n Y 

AXIN2 Dest_compl n Y 

betacatenin_nuc Dest_compl n Y 

GSK3beta Dest_compl s Y 

Dest_compl Dest_compl n Y 

AXIN2 AXIN2 s Y 

TCF/LEF AXIN2 s Y 

E-cadherin betacatenin_memb n Y 

betacatenin_nuc betacatenin_memb si Y 

Dest_compl betacatenin_nuc si Y 

betacatenin_memb betacatenin_nuc si Y 

SUFU betacatenin_nuc ni Y 

E-cadherin betacatenin_nuc ni Y 

CHD1L CDC42 s Y 

ERK c-fos sn Y 

HGF cMet s Y 

NOTCH_ic Csl sn Y 

NFkB Csn sn Y 

RAS DELTA sn Y 

Frizzled DSH sn Y 

betacatenin_memb E-cadherin n Y 

SNAI1 E-cadherin ni Y 

HEY1 E-cadherin ni Y 

ZEB1 E-cadherin ni Y 
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ZEB2 E-cadherin ni Y 

FOXC2 E-cadherin ni Y 

TWIST1 E-cadherin ni Y 

SNAI2 E-cadherin ni Y 

EGF EGFR sn Y 

c-fos EGR1 sn Y 

E-cadherin EMT ni Y 

EMT EMT s Y 

MEK ERK sn Y 

FGF FGFR sn Y 

Goosecoid FOXC2 s Y 

SNAI1 FOXC2 s Y 

TWIST1 FOXC2 s Y 

Wnt Frizzled sn Y 

SMO FUS sn Y 

TCF/LEF GLI s Y 

SUFU GLI ni Y 

DSH GSK3beta si Y 

AKT GSK3beta si Y 

Csn GSK3beta ni Y 

ERK GSK3beta ni Y 

Dest_compl GSK3beta ni Y 

Csl HEY1 s Y 

SMAD HEY1 s Y 

Hypoxia HIF1a sn Y 

IGF1 IGF1R sn Y 

AKT IKKa sn Y 

SMAD ILK sn Y 

TCF/LEF Jagged s Y 

SMAD Jagged s Y 

STAT LIV1 sn Y 

HIF1a LOXL23 sn Y 

RAF MEK s Y 
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RKIP MEK ni Y 

SNAI1 miR200 si Y 

ZEB1 miR200 si Y 

ZEB2 miR200 si Y 

IKKa NFKb sn Y 

DELTA NOTCH s Y 

NOTCH NOTCH_ic sn Y 

SHH Patched sni Y 

PDGF PDGFR sn Y 

RAS PI3K sn Y 

RAS RAF sn Y 

SOS/GRB2 RAS s Y 

SRC RAS s Y 

GSK3beta RAS ni Y 

TCF/LEF RAS s Y 

ERK RKIP ni Y 

SNAI1 RKIP ni Y 

SMAD SHH s Y 

ERK SNAI2 s Y 

betacatenin_nuc SNAI2 s Y 

SNAI2 SNAI2 s Y 

TWIST1 SNAI2 s Y 

ERK SMAD s Y 

TGFbR SMAD n Y 

ZEB1 SMAD n Y 

ZEB2 SMAD si Y 

Patched SMO sn Y 

GLI SNAI1 s  Y 

LOXL23 SNAI1 s Y 

SMAD SNAI1 s Y 

LIV1 SNAI1 s Y 

PAK1 SNAI1 s Y 

Csl SNAI1 s Y 
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EGR1 SNAI1 s Y 

Goosecoid SNAI1 s Y 

GSK3beta SNAI1 ni Y 

PDGFR SOS/GRB2 s  Y 

cMet SOS/GRB2 s Y 

Jagged NOTCH s Y 

TGFbR SOS/GRB2 s Y 

FGFR SOS/GRB2 s Y 

IGF1R SOS/GRB2 s Y 

EGFR SOS/GRB2 s Y 

ERK SOS/GRB2 si Y 

SRC STAT sn Y 

FUS SUFU sni Y 

betacatenin_nuc TCF/LEF sn Y 

Goosecoid TGFb s Y 

SNAI1 TGFb s Y 

TWIST1 TGFb s Y 

GLI1 TGFb s Y 

TGFb TGFbR sn Y 

NFkB TWIST1 s Y 

HIF1 TWIST1 s Y 

TCF/LEF TWIST1 s Y 

Goosecoid TWIST1 s Y 

SNAI1 TWIST1 s Y 

GLI Wnt sn Y 

HIF1a ZEB1 s Y 

SNAI1 ZEB1 s Y 

Goosecoid ZEB1 s Y 

miR200 ZEB1 si Y 

HIF1a ZEB2 s Y 

SNAI1 ZEB2 s Y 

Goosecoid ZEB2 s Y 

miR200 ZEB2 si Y 
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PI3K GSK3beta si N 

TGFbR PAK1 s N 

TCF/LEF SNAI1 s N 

TCF/LEF Wnt s N 

DSH RAS s N 

AKT RAS s N 

SMAD NOTCH s N 

TCF/LEF NOTCH s N 

RAF ERK s N 

IKKa TWIST1 s N 

DELTA NOTCH_ic s N 

RAS AKT s N 

Jagged NOTCH_ic s N 

TGFbR PAK1 s N 

TCF/LEF cMET s N 

Csn SNAI1 ni N 

TCF/LEF SHH s N 

RAS E-cadherin si N 

TWIST1 E-cadherin ni N 

RAS TWIST1 s  

 

Supplementary Text S3. Inferred Boolean functions for the EMT network 

Regulators of Dest_compl are incompatible. Rules as per the two templates are:  

1. (GSK3beta) and Dest_compl and betacatenin_nuc and AXIN2  

2. GSK3beta or (Dest_compl and betacatenin_nuc and AXIN2) 

Csl* = NOTCH_ic 

TGFbR* = TGFb 

Csn* = NFkB 

c-fos* = ERK 

GLI* = TCF/LEF or not SUFU 

miR200* = not SNAI1 and not ZEB1 and not ZEB2 
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Regulators of SMAD are incompatible. Rules as per the two templates are:  

1. (ERK) and TGFbR and not ZEB2 and ZEB1  

2. ERK or (TGFbR and not ZEB2 and ZEB1) 

EGFR* = EGF 

ILK* = SMAD 

AKT* = ILK or PI3K 

SMO* = Patched 

SNAI2* = SNAI2 or TWIST1 or betacatenin_nuc or ERK 

Patched* = not SHH 

PDGF is a source node 

IKKa* = AKT 

HIF1a* = Hypoxia 

STAT* = SRC 

NOTCH_ic* = NOTCH 

EGR1* = c-fos 

Frizzled* = Wnt 

EGF is a source node 

ERK* = MEK 

RAF* = RAS 

betaTrCP* = not Csn 

NOTCH* = Jagged or DELTA 

AXIN2* = TCF/LEF or AXIN2 

Regulators of GSK3beta are incompatible. Rules as per the two templates are:  

1. (not DSH and not AKT) or not Dest_compl or not Csn or not ERK  

2. not DSH and not AKT and (not Dest_compl or not Csn or not ERK) 

TWIST1* = HIF1 or NFkB or TCF/LEF or Goosecoid or SNAI1 

cMet* = HGF or CD44 

Regulators of E-cadherin are incompatible. Rules as per the two templates are:  

1. (betacatenin_memb) or not HEY1 or not TWIST1 or not SNAI2 or not SNAI1 or not ZEB1 or not FOXC2 

or not ZEB2  

2. betacatenin_memb and (not HEY1 or not TWIST1 or not SNAI2 or not SNAI1 or not ZEB1 or not 

FOXC2 or not ZEB2) 

Regulators of ZEB2 are incompatible. Rules as per the two templates are:  

1. (not miR200) or SNAI1 or Goosecoid or HIF1a  
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2. not miR200 and (SNAI1 or Goosecoid or HIF1a) 

Hypoxia is a source node 

RAS* = SRC or SOS/GRB2 or TCF/LEF or not GSK3beta 

Wnt* = GLI 

FGF is a source node 

HEY1* = Csl or SMAD 

FGFR* = FGF 

SRC is a source node 

IGF1R* = IGF1 

IGF1 is a source node 

TGFb* = TWIST1 or GLI1 or SNAI1 or Goosecoid 

LIV1* = STAT 

PI3K* = RAS 

Goosecoid is a source node 

CD44* = TCF/LEF 

NFkB is a source node 

betacatenin_memb* = not betacatenin_nuc and E-cadherin 

TCF/LEF* = betacatenin_nuc 

DSH* = Frizzled 

SUFU* = not FUS 

HGF is a source node 

LOXL23* = HIF1a 

SNAI1* = LOXL23 or GLI or Goosecoid or LIV1 or Csl or EGR1 or not betaTrCP or not GSK3beta or 

SMAD or PAK1 

Regulators of ZEB1 are incompatible. Rules as per the two templates are:  

1. (not miR200) or SNAI1 or Goosecoid or HIF1a  

2. not miR200 and (SNAI1 or Goosecoid or HIF1a) 

CHD1L is a source node 

GLI1 is a source node 

RKIP* = not SNAI1 or not ERK 

EMT* = EMT or not E-cadherin 

HIF1 is a source node 

SHH* = GLI or SMAD 

PDGFR* = PDGF 
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MEK* = RAF or not RKIP 

PAK1* = CDC42 

FUS* = SMO 

NFKb* = IKKa 

Regulators of SOS/GRB2 are incompatible. Rules as per the two templates are:  

1. (not ERK) or IGF1R or cMet or EGFR or TGFbR or PDGFR or FGFR  

2. not ERK and (IGF1R or cMet or EGFR or TGFbR or PDGFR or FGFR) 

DELTA* = RAS 

Jagged* = TCF/LEF or SMAD 

Regulators of betacatenin_nuc are incompatible. Rules as per the two templates are:  

1. (not E-cadherin or not SUFU) and not Dest_compl and not betacatenin_memb  

2. not E-cadherin or not SUFU or (not Dest_compl and not betacatenin_memb) 

FOXC2* = TWIST1 or SNAI1 or Goosecoid 

CDC42* = TGFbR or CHD1L  

 

 

 

Supplementary Table S7. Reduced input logic observations for modified EMT network inference 

 

Each row lists a logic observation denoted by a regulator node, target node, the corresponding logic 

implication (s, n, si, ni, sn, or sni) and a Boolean marker (Y/N) for whether the edge is expected to be 

direct or indirect. This table contains 118 rows that were randomly chosen from Table S8. The contents of 

this table are used as input to generate the output Boolean rules presented in Text S11. 

 

Regulator Target Logic 

implication 

Is edge 

direct? 

ILK AKT s Y 

PI3K AKT s Y 

AXIN2 Dest_compl n Y 

betacatenin_nuc Dest_compl n Y 

GSK3beta Dest_compl s Y 

Dest_compl Dest_compl n Y 

TCF/LEF AXIN2 s Y 
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E-cadherin betacatenin_memb n Y 

Dest_compl betacatenin_nuc si Y 

betacatenin_memb betacatenin_nuc si Y 

SUFU betacatenin_nuc ni Y 

E-cadherin betacatenin_nuc ni Y 

CHD1L CDC42 s Y 

ERK c-fos sn Y 

HGF cMet s Y 

NOTCH_ic Csl sn Y 

NFkB Csn sn Y 

RAS DELTA sn Y 

Frizzled DSH sn Y 

betacatenin_memb E-cadherin n Y 

SNAI1 E-cadherin ni Y 

HEY1 E-cadherin ni Y 

ZEB1 E-cadherin ni Y 

FOXC2 E-cadherin ni Y 

TWIST1 E-cadherin ni Y 

SNAI2 E-cadherin ni Y 

EGF EGFR sn Y 

E-cadherin EMT ni Y 

EMT EMT s Y 

MEK ERK sn Y 

FGF FGFR sn Y 

Goosecoid FOXC2 s Y 

SNAI1 FOXC2 s Y 

Wnt Frizzled sn Y 

SMO FUS sn Y 

TCF/LEF GLI s Y 

SUFU GLI ni Y 

DSH GSK3beta si Y 

AKT GSK3beta si Y 

ERK GSK3beta ni Y 
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Dest_compl GSK3beta ni Y 

Csl HEY1 s Y 

Hypoxia HIF1a sn Y 

IGF1 IGF1R sn Y 

AKT IKKa sn Y 

SMAD ILK sn Y 

TCF/LEF Jagged s Y 

SMAD Jagged s Y 

HIF1a LOXL23 sn Y 

RAF MEK s Y 

RKIP MEK ni Y 

ZEB1 miR200 si Y 

ZEB2 miR200 si Y 

IKKa NFKb sn Y 

DELTA NOTCH s Y 

NOTCH NOTCH_ic sn Y 

SHH Patched sni Y 

PDGF PDGFR sn Y 

RAS PI3K sn Y 

RAS RAF sn Y 

SOS/GRB2 RAS s Y 

SRC RAS s Y 

TCF/LEF RAS s Y 

ERK RKIP ni Y 

SNAI1 RKIP ni Y 

SMAD SHH s Y 

ERK SNAI2 s Y 

SNAI2 SNAI2 s Y 

TWIST1 SNAI2 s Y 

ERK SMAD s Y 

ZEB1 SMAD n Y 

ZEB2 SMAD si Y 

Patched SMO sn Y 
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GLI SNAI1 s  Y 

LOXL23 SNAI1 s Y 

SMAD SNAI1 s Y 

PAK1 SNAI1 s Y 

Csl SNAI1 s Y 

EGR1 SNAI1 s Y 

Goosecoid SNAI1 s Y 

GSK3beta SNAI1 ni Y 

PDGFR SOS/GRB2 s  Y 

cMet SOS/GRB2 s Y 

TGFbR SOS/GRB2 s Y 

FGFR SOS/GRB2 s Y 

EGFR SOS/GRB2 s Y 

ERK SOS/GRB2 si Y 

SRC STAT sn Y 

SNAI1 TGFb s Y 

TWIST1 TGFb s Y 

GLI1 TGFb s Y 

NFkB TWIST1 s Y 

HIF1 TWIST1 s Y 

TCF/LEF TWIST1 s Y 

SNAI1 TWIST1 s Y 

HIF1a ZEB1 s Y 

SNAI1 ZEB1 s Y 

Goosecoid ZEB1 s Y 

miR200 ZEB1 si Y 

HIF1a ZEB2 s Y 

Goosecoid ZEB2 s Y 

miR200 ZEB2 si Y 

PI3K GSK3beta si N 

TGFbR PAK1 s N 

AKT RAS s N 

SMAD NOTCH s N 



 30 

RAF ERK s N 

IKKa TWIST1 s N 

RAS AKT s N 

Jagged NOTCH_ic s N 

TGFbR PAK1 s N 

TCF/LEF cMET s N 

Csn SNAI1 ni N 

TCF/LEF SHH s N 

RAS E-cadherin si N 

TWIST1 E-cadherin ni N 

RAS TWIST1 s  

 

 

 

 

Supplementary Text S5. Inferred Boolean functions for the modified EMT network 

 

This text presents the inferred Boolean functions using our inference method for the reduced input 

information as provided in Table S10. The resulting Boolean functions are identical to the expected set of 

functions (see Text S9) except in the case of 18 nodes that are highlighted below in bold. The majority of 

cases of discrepancy (16) consist of missing a regulator; in 6 of these cases this omission creates a source 

node. There is one function (that of SNAI2) from which 2 regulators are missing. Indeed, in all of these 

cases the regulator-target relationship was missing from the input information. Finally, there is one 

function (that of RAS) in which one regulator is replaced (it contains “or AKT” instead of “or not 

GSK3beta”. 

 

The regulators of Dest_compl are incompatible. The rules as per the two templates are:  

1. (GSK3beta) and Dest_compl and betacatenin_nuc and AXIN2  

2. GSK3beta or (Dest_compl and betacatenin_nuc and AXIN2) 

Csl* = NOTCH_ic 

TGFbR is a source node 

Csn* = NFkB 

c-fos* = ERK 

GLI* = TCF/LEF or not SUFU 
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miR200* = not ZEB1 and not ZEB2 

Regulators of SMAD are incompatible. The rules as per the two templates are:  

1. (ERK) and not ZEB2 and ZEB1  

2. ERK or (not ZEB2 and ZEB1) 

EGFR* = EGF 

ILK* = SMAD 

AKT* = ILK or PI3K 

SMO* = Patched 

SNAI2* = SNAI2 or TWIST1 

Patched* = not SHH 

PDGF is a source node 

IKKa* = AKT 

RKIP* = not SNAI1 or not ERK 

STAT* = SRC 

NOTCH_ic* = NOTCH 

NOTCH* = Jagged or DELTA 

Frizzled* = Wnt 

EGF is a source node 

ERK* = MEK 

RAF* = RAS 

betaTrCP is a source node 

CHD1L is a source node 

The regulators of GSK3beta are incompatible. The rules as per the two templates are:  

1. (not PI3K and not DSH) or not Dest_compl or not ERK  

2. not PI3K and not DSH and (not Dest_compl or not ERK) 

TWIST1* = IKKa or HIF1 or NFkB or TCF/LEF or SNAI1 

The regulators of E-cadherin are incompatible. The rules as per the two templates are:  

1. (betacatenin_memb) or not TWIST1 or not SNAI2 or not SNAI1 or not ZEB1 or not FOXC2 or 

not HEY1  

2. betacatenin_memb and (not TWIST1 or not SNAI2 or not SNAI1 or not ZEB1 or not FOXC2 or 

not HEY1) 

HIF1a* = Hypoxia 

Hypoxia is a source node 

RAS* = SRC or SOS/GRB2 or TCF/LEF or AKT 
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Wnt is a source node 

FGF is a source node 

FGFR* = FGF 

The regulators of ZEB2 are incompatible. The rules as per the two templates are:  

1. (Goosecoid or HIF1a) and not miR200  

2. Goosecoid or HIF1a or (not miR200) 

SRC is a source node 

IGF1R* = IGF1 

IGF1 is a source node 

EGR1 is a source node 

PI3K* = RAS 

Goosecoid is a source node 

CD44* = TCF/LEF 

NFkB is a source node 

TCF/LEF is a source node 

TGFb* = TWIST1 or SNAI1 or GLI1 

DSH* = Frizzled 

SUFU is a source node 

HGF is a source node 

LOXL23* = HIF1a 

SNAI1* = LOXL23 or GLI or not GSK3beta or Csl or EGR1 or not betaTrCP or SMAD or PAK1 

The regulators of ZEB1 are incompatible. The rules as per the two templates are:  

1. (not miR200) or SNAI1 or Goosecoid  

2. not miR200 and (SNAI1 or Goosecoid) 

GLI1 is a source node 

EMT* = EMT or not E-cadherin 

HIF1 is a source node 

SHH* = GLI or SMAD 

PDGFR* = PDGF 

MEK* = RAF or not RKIP 

FUS* = SMO 

NFKb* = IKKa 

The regulators of SOS/GRB2 are incompatible. The rules as per the two templates are:  

1. (not ERK) or TGFbR or cMet or EGFR or PDGFR or FGFR  
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2. not ERK and (TGFbR or cMet or EGFR or PDGFR or FGFR) 

DELTA* = RAS 

Jagged* = TCF/LEF or SMAD 

The regulators of betacatenin_nuc are incompatible. The rules as per the two templates are:  

1. (not E-cadherin or not SUFU) and not Dest_compl and not betacatenin_memb  

2. not E-cadherin or not SUFU or (not Dest_compl and not betacatenin_memb) 

FOXC2* = SNAI1 or Goosecoid 

CDC42* = TGFbR or CHD1L 
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