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1 Transcriptional network

This section includes some specifications on the assemtalasicriptional regu-
latory network (TRN) and the quantification of its main atirtés (e.g., measure-
ment of auto-regulation in the network):

Heterodimers as single nodes.The IhfA and IhfB constituents of the het-
erodimer regulator IHF are encoded in two different operdahsS-infC-
rpml-rplT-pheMST-ihfAand cmk-rpsA-ihfB respectively. Because of their
similar genomic architecture and regulation (IhfA and Il#igays work as
heterodimer and are both under the same regulation), tipeserts are rep-
resented by a single node in the TRN. Similar reasoning apiaithe HupA
and HupB transcription factors (TFs), components of theroglimer HU.

Heterodimers as two nodes.The heterodimer RcsAB, whose corresponding
operons encode RcsA and RcsB, does not show the previous beliRoss
works independently as a homodimer activator (member dt4b@mponent
system RcsC/RcsB). Moreover, RcsAB regulaitsg\but notrcsB. We thus
consideredcsAas an autoregulated operon (AO), with the assistance of the
protein RcsB, and the operons encoding RcsA and RcsB as two notthes |
TRN.

gntRKU operon. We interpretedgntRKU as two separated operorgn(R and
gntKU). This prevents the pseudo-autoregulatiogaKU by a constitutive
GntR, in which GntR would not regulate itself. This also impeddnR
regulation ovegntKU (but not overgntR) to establish a “pseudo-loop” (or
non-dynamical loop) betweemtRKUandidnDOTR

Transcriptional feedback loops. A recent study documented four transcrip-
tional feedback loops —with more than one componenEsitherichia cols
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transcriptional network [1]. In our TRN only one of these Isaemains.
Why is this so? One missing loop is the previously mentionee cd non-
dynamical loop constituted bgntRKUidnDOTR The other two missing
loops appeared when regulations based only on microartayeere con-
sidered, and thus they did not occur in our TRN. The only logp e did
find was that constituted by thearRABandrob operon pair (Figure S 4).

Feed-forward loop motifs. We identified 232 feed-forward loops (FFLS) in the

TRN (Table S1, and Figure 3.A, main text) In this list there are two
instances that should be considered as “pseudo-FFLs”. Bywhirefer
to those motifs in which the gene encoding tHeTF is not part of any
transcription unit (TU) regulated by the-TF (recall thatin a FFLX — Y,

Y — Z,andX — 7). In both cases, althougircA andpdhR-aceEF-IpdA
are annotated as th€- andY -elements, respectively, ArcA only regulates
the TU constituted by thipdA gene, which is not including the TF acting
as putativel’-element of these FFLs, i.e., PdAR

Comparison between Shen-Orret al, and Camas and Poyatos transcrip-
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tional networks. We examined several features of our TRN (CP network)
and that assembled in [3] (SO network), where the concepetwiork mo-

tifs was originally introduced. This includes comparisams1) network
main properties (Table S6), 2) number of AOs (Table S7), 3)sHHable
S8), and 4) distribution of operons in the network multileee structure
(Table S9).

Main statistical procedures

Autoregulation. We asked two questions related to the distribution of agtore

ulation in the TRN. First, we examined the distribution of 6#eautoregu-
lated TFs (we did not consider the exclusive autoregulateith respect to
TF sensing specificity. We used a permutation test in whicmamtained
the number of TFs with and without upstream regulation botlcaized
the location of the autoregulated TFs. We then measureduh@er of

IFigures S1-S4 show the incoming and outgoing regulationsvefimedium regulon-sizé& -

operons. We showed also the additional links that conetFELs.

2A list with the 232 FFLs can be found in our website, http:/Awanb.csic.estjpoyatos. The

file all_FFL.txt contains theX-, Y- and Z-operons listed in the first three columns. We added a
fourth column with the FFL class as defined in [2].
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autoregulations located among those TFs without exteatal (i.e. the
first layer of the TRN) and compared to the observed value. Tésepce of
autoregulated TFs in this group is smaller than expegted (.03, 10000
randomizations). Second, we analyzed how autoregulatoelated with
response specificity, i.e., regulon size. We used a permonttst in which
we randomized de location of the autoregulations presgrmgioup size of
each specificity class (Fig. 1.B, main text). We repeatedghasocol in
the subsets of TFs with and without upstream control. Thaly, autoreg-
ulations inside each subset were randomized (Fig. 1.C-Dy. kubs with-
out upstream control showed a significant enrichment ofragtdated TFs
(p = 0.0086, 10000 permutations). Alternatively, low regulon-sizesTF
lacking upstream regulation exhibited a significant love rat autoregula-
tion (p = 0.02, 10000 permutations).

FFLness. We introduced in the main text FFLnesE)(as a measure applicable
only to TFs with upstream control and regulatirgl operon(s) —not in-
cluding autoregulation. For any of these TF5js the ratio of the number
of the FFLs in which the TF acts aselement, and the maximum number
of FFLs that could be potentially assembled with the numlb8iFs regu-
lating Y (n;,) and its regulon sizes,,; (Fig. 2.A, main text). To examine
the significance of the observed measure, we compared vatmganF
obtained in a network null model, controlling for specificitlass. Note
that i) FFLness is a normalized magnitude that highlighesstiatistical rel-
evance of the constituted FFLs, i.e., a few FFLs could bdyeassembled
in a random way by TFs with large regulons, ii) FFLness is anmdepen-
dent of regulon-size in the null model (Fig. 2.B-D, main teedntinuous
gray lines), which shows how this magnitude does not exkitécificity-
dependent biases, and iii) the small value of randBmeflects the small
number of FFLs that are constituted on average in the randstmonks
(~ 100 vs. 232 in the extant network).

When considering the total set of TFs with upstream reguigfiog 2.D),
and comparing with random networks, we found a significahtbh F
for all regulon-size classes (low and medium class TFs; 10~%; hubs,
p = 8 x 107%). FFLness also significantly decayed with regulon sjze-(
0.004, comparing FFLness of low and high regulon-size TFs, Witkox
rank sum test). The use of the alternative class definitisougised in Table
S1 showed similar qualitative results. The specific regujainteractions
associated to the computation Bffor low and medium regulon-size TFs
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are plotted in Figures S1-S4.

We applied the same protocol to the subsets of autoregihaie@dutoreg-
ulated TFs (Fig 2.B-C, main text). We found the same qualiggpiattern
as before. Although the slope of FFLness decay is largerdtaragulated
TFs, we did not found a significant difference (see main texniumerical
results and their comparison with those considering adfaegulation).

Significant coregulations by hubs.We counted how many coregulations were
established on average by each possible pair of hubs (23 B&Bgairs)
in 10000 randomized networks and compared it with those efetktant
network. We obtained in this way a set of 253 unadjugtadlues that
were corrected for multiple testing as described next.

FDR. We controlled the False Discovery Rate in situations of mldttesting,
i.e., when several-values are calculated simultaneously. We used the fol-
lowing procedure [4]: letp; < py < ... < p,, be a set of (ordered)
unadjusteq) -values, the correspondlng adjustzedalues are computed as

Significant SIMs. SIM motifs correspond to TFs exclusively regulating3
operons (under the same interaction type). There are 36 RdEscould
act potentially as master regulators of positive SIMs inrdean networks
(i.e., each of them regulating3 operons —exclusively or not— with positive
sign) and 35 TFs as master regulators of negative ones. Ebragdahese
TFs we counted how many operons they regulated in a exclusyen a
set of 10000 randomizations and compared this random sddrehe one
observed irE.coli (p-values of positive and negative SIMs were adjusted
independently).

3 Genomic features of the autoregulated operons

Orientation of genes adjacent to the TRN operons.Divergent architectures
can promote the coregulation of the flanking operons thrahghshared
regulatory region (Fig. 2.E, main text). In particular, wittbe regulation is
exerted by a TF encoded in one of these operons, neighbdateguand
autoregulation are readily associated [5]- [8]. To compmatrthe discus-
sions on this issue in the main text, we asked to what extentihergent
architecture has been selected.
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We analyzed the relative orientation of the upstream adjagene to each
of the 681 operons part of the network (Table S2). Note thelh suljacent
genes could not be constituents of the TRN. We compared thes/e with
a null score (randomizing operon orientationsErcoli's genome, 10000
times, while keeping fixed the number of operons encodeddh s&and).

Divergent orientations are particularly observed (Tali¥. SThis bias is

stronger in the subset of autoregulated operons and wa®seted among
non-autoregulated ones. We analyzed this significant ke observed
that it was only found (and further enhanced) in the subsatitdregulated
operons without upstream control (Table S27)). Note that the orientation
of adjacent andlownstreangenes did not show any special bias.

Operon structure. We examined the polycistronic/monocistronic architegtur
of those AOs that, being part of the low regulon-size clagbndt regulate
an adjacent operon. While there is no particular bias to etlesign in
those AOs without upstream regulation (3 monocistrons +Igqgirons,
Table S3), polycistronic AOs are considerable enrichedhasé under this
external regulatory control (3 monocistrons + 12 polyciss, Table S43 .
Thus, autoregulated TFs with low regulon-size and upstresulation are
linked both to the polycistronic design and to the assembRlFb.s. These
two architectures have in common a dual logic (global TF +cepeTF)
acting over a set of genes (Figure 3.B-C, main text).

4 Hierarchical FFLs

The “central unit” was defined in the main text as the set ¢tutst by the operon
encoding the TF acting a&s and, when applicable, by those of #soperons ad-
jacently located (which included adjacent but also secaighiorsj. This def-
inition applies to all low regulon-size TFs with upstreargutation (34 operons,
Figures S1-S2) and two additional operonadBACDandmalT) —both regulat-
ing one adjacent operon and four nonadjacent ones, see aumimé&able S1. 28
operons of this set are involved, Bslements, in the assembly of 74 FFLs (Fig.
3.A, main text). In addition, 53 different operons actaslements of these FFLs.

3Among polycistrons associated to TFs with upstream cottiage with low regulon size are
on average the simplest in terms of TUs, even when they age ({@ables S4-S5).
4An example of such central unit is the pair of divergent opsrplotted in Fig. 3.B, main text.



Approximately half of the previou¥-operons (15/28) regulate at least one non-
adjacentZ-operon (second neighbors excluded, see Table S10 and fenAx

of this supplement). There exist 30 of such nonadjaésr(hadss), involving 28
different operons (with two cases of shared #adjalETKMandmanXYZacting
asZ-operons of two different-operons). Finally, note that to identify homology,
we compared amino-acid sequences by Blast witivaralue threshold of0~1°
(other threshold values did not change qualitatively oaults).

Central unit - nad Zs homology. We searched for those nZglthat encode at
least one gene homolog to those of the central unit. We addarout of
30 nadzs with such relationship (Table S10 and Appendix). This nemnidk
bigger than expected by change< 0.0001 by randomly reassigning 10000
times the set of all nads to the set of central units with the restrictions that
i) the number of nads regulated by thé@ -operon of each central unit is
fixed, ii) an operon is never assigned to itsgléind iii) an operon is never
assigned twice to the same block because of the mentioneests).

X-Y homology. There are 15-operons regulating nas which constitute 42
different (X,Y) pairs with their respectiv& -operons. We analyzed the ho-
mology between genes encoding tieandY” TFs, respectively. We found
6 cases of homolog pairs (Table S10 and Appendix), larger ¢éxpected
by chance = 0.0003, by permuting 10000 times TFs and controlling the
cases where an operon is paired with its&lf).

FFLs without homologies. About two thirds (25/40) of the hierarchical FFLs
constituted with naéds cannot be explained by homology-based models
(Figure 3.A, main text). We observed that theseZsaare enriched by oper-
ons only encoding transport related proteins, and thataheeynder the con-
trol of CRP. These transporters are functionally relateddsetransporters
encoded in the corresponding central unit, yet they are moidhogs. Is the
transporter located in the central operon, and thus phjysiaaked to the
TF, anyway different to those placed nonadjacently? Hogiekacross
transporters associated to different FFLs groups —a gieaira unit and
its associated na@— allowed us to compare aspects of function and ge-
nomic location. Examples of these homologies are the MF&psyters or

5This could be possible because in the extant network theoopealT is both aY -operon
—with four differentZs— and aZ-operon of theY"-operondgsA
6gadWis found in bothX andY roles.



ABC-transporters of arabinose and galactose (Fig. 4, mat, {@xd also
the glucose and the (very related) N-acetyl-D-glucosarRii® uptake sys-
tems. We found equivalent functions encoded in adjacenboadjacent
locations. We reported in the main text the comparison betvwkee MFS-
and ABC-transporters in the arabinose and galactose systAddition-
ally, unlike the glucose uptake system located inZsane of the specific
components of a N-acetyl-D-glucosamine PTS transportangésded in the
central unit (see Appendix).

Hierarchical FFLs vs.polycistronic strategies. We proposed in the main text
how an adaptive model based on the establishment of a Hecaltogic on
a small set of genes acts as a unifying determinant leaditiggtoccurrence
of both hierarchical FFLs and low regulon-size polycisgevith upstream
control (Figs. 3.B-C —main text— and Tables S3-S4).

What aspects could influence the presence of either contaikgy in a
given context? Reasons for the separation in different epeod coregu-
lated genes than act together in a metabolic pathway hadimmrssed [9].
In brief, this separation allows differential regulatioheach operon (en-
abling temporal programs of gene expression). A polyamtrarchitecture
might not be considered, in this sense, an optimal solutsoit eould in-

duce the production of some proteins —encoded in the paotgais before
needed. However, this latter strategy can favor the tramstée of the en-
coded enzymatic tools across species by horizontal gensféra(HGT).

Neighbor regulation appears in this context as an interatedsolution,
combining differential control and capability for succesdateral trans-
fer’ . Indeed, a large frequency of these events have been receptirted

for neighbor regulators [10].

A prediction of the differential expression model [9] is tlggenes are ar-
ranged such that those encoded on the same operon do nousktmhal
steps in the pathway. This is precisely what we found for gehstributed
among the operons in the central unit and the4sa@ee Appendix). Note
however that this result could also be due to the mechanisipigiring
how bacterial metabolic networks grow, i.e., by HGT uptakgenes en-
coding products involved in peripheral reactions [11]. sTtorrelates with

"The architecture of divergently transcribed operons atslnices the cost of maintenance and
replication of an additional promoter region.



the enrichment of nads with genes associated to the first steps of periph-
eral metabolism§,

Genome distance between the central unit and the nd. For each central
unit, we computed the mean distance to its Zmdnd then averaged over
all units. We then randomized the full set of d&dand scored distances as
before. The average distance of aado the central unit was not particu-
larly small, even when including second neighbors as n@tadt operons
(p = 0.1, 10000 randomizations). We also calculated the “acrogarts”
between the coordinates of each central unit and its agedamad’s with
respect to theoriC region, as chromosomal periodicity of evolutionarily
conserved gene pairs has been also recently discussedliig]measure
did not show any significant pattern either.

Averaged co-conservation ofy- and Z-operons. We considered the phyloge-
netic conservation of genes involved in H&Z operons through 75 species
of v-proteobacteria. Conservation of a particular gene wagméeted by
reciprocal best-hit with arf’-value threshold of 0~1° (other threshold val-
ues did not change qualitatively our results). We quantd@donservation
of eachY-operon/Z-operon by first averaging the Jaccard indeof prox-
imity J for all the possible pairs of genés, z)/y € Y, z € Z. We then
determined the average value .bfover the set of 30 pairs constituted by
the nad/s with their respectivé -operons, and also for the 10 pairs with
adjacentZ-operons (ads, including here the second neighbors). The av-
erage co-conservation of the pa{rs, all associated’s —adjacent or nof-
was significantly larger than expected by randomly reassiptie set of’s
(p < 1073, 10000 permutationsy . Moreover, the difference on this aver-
aged co-conservation for n&sl (0.40) and ads (0.43) was not significant
under the permutation of the athad” labels p=0.32, 10000 times).

8The most unquestionable cases of non-neutral evolutiomgrhirarchical FFLs are those
constituted with nads and which could not be explained by homology-based mo&élsgses,
Fig. 3.A main text). 19 different operons act as #adn these FFLs, from which 12 only encode
transport related products —also associated to HGT evéet]s [

9This normalized index is a ratio of the number of species ifcivboth genes coexist divided
by the total number of species considered. As a refereneenéfan value of for pairs of genes
belonging to the same operon is 0.64 (for this seét-oAnd Z-operons).

10To avoid that the signal of large co-conservation were oalysed by the adjaceufs, we
applied the same randomization protocol only in the set afZea We obtained again that the
averaged co-conservation of the p&ii$, nadZs} was significantly large (p=0.02, 10000 permu-
tations).



Functional characterization. We examined in the Appendix the functional
properties of the proteins encoded in the group of 15 lowlmegsizeY -
operons regulating na® (second neighbors excluded, see also Table S10)
and all their associated-operons, using EcoCyc database [13]. In some
cases, the proteins are members of complexes whose addltmmstituents
are not encoded in this group. We nevertheless enclosethtbishation in
parentheses.

We included a simple cartoon showing the location of thes&eprs in their
associated metabolic pathways. We used arrows or ellipsaessed by ar-
rows, to denote enzymes and transporters, respectivelyn\&/lpeotein is
encoded in the central unit, we colored the correspondingosy in blue.
We used red for proteins encoded in #adand gray for proteins encoded
in other operons. Some protein complexes required two sa@bthe same
time.

We also described the previously discussed gene homoJogiethose be-
tween the central unit and n&sl and those between TFs acting.ésand
Y-elements of the FFL. Furthermore, we showed for adjacentlagons
the relative direction of transcription with respect tottb&the Y-operon:
(d), divergent; (u), unidirectional (convergent casesemsot found). We
also indicated when the adis a second neighbor. Abbreviationg:op,
Y-operon; nad, nonadjacenZ-operon; ad’, Z-operon adjacent to the-
operon (including second neighbors).
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1T

X-TF
LC MC HC

+0 PP | =0 =D | LSO AP -0 =P | O AD| 20 =D
15(16) 30 | 21(22) 13(14)| 5(4) 5 76)  4(3) 7 1 9 6 total
c —O0[om 3 0 1 (1000 2 | 1 1 [27B31) 0 | 2 9 | 47(1)
~p| 0 0 0 0 1 0| 0 0 1418 0 | 1 3 |19(23)
Lo —0| o 0 0 1 0 6 | 0 0 |139 0| 1 8 |29(25)
g | 0 0 0 0 0 0/ 0 0] 95 0| 5 0 |1410)
e —O | 1 0 0 0 0 ol 1 o 29 0| 20 10| 61
~p| 0 0 0 0 0 2| 0 o 53 0| 2 5 62
total 1(2) 3 | O 2 | 2(1) 10| 2 1 | 145 0 | 31 35 | 232

Table S1:Classification of the 232 FFLs in the network based on the regulon sizeioféispectiveX- andY-TFs. LC,

MC and HC for low-, medium- and high regulon-size classes, respecti8elygroups are based on the presence/absence of
upstream regulation and autoregulatief:, autoregulated TFs without upstream regulatigh), non-autoregulated TFs
without upstream regulation©, autoregulated TFs with upstream regulatien), non-autoregulated TFs with upstream
regulation. Small numbers denote number of instances in each subgrBem(ily regulating their own operon are not
consideredY -elements have upstream regulation by definition). The use of the “canttaassociation implies an alternative
classification of FFLs based on the numbenohadjacentegulated operons. Following this critericgxuR nagBACDand

malT, all regulating one adjacent operon and four nonadjacent onespasidered low regulon-size operons. The minor
differences introduced by this latter classification —which is the one usdd.i8./A, main text— are enclosed in parentheses.



set N \ =

—= |

=— =<
TRN 681 | 43.8 56.2| 51.0 49.0| 0.0015
O 76 | 36.8 63.2| 51.3 48.7| 0.02
) 59 | 475 525| 458 54.2| 0.39
—+Olow 18 | 16.7 83.3| 33.3 66.7| 0.004
—Olow 30 | 36.7 63.3| 50.0 50.0f 0.10
¢ low 43 | 48.8 51.2| 46,5 53.5| 0.50

Table S2:Relative orientation between upstream/downstream adjacent gef)esng

TRN operons £). Upstream divergent orientatior+=-) is particularly enriched.O,
operons encoding an autoregulated TF;operons encoding a non-autoregulated TF;
- O low, operons encoding an autoregulated low regulon-size TF without apsteg-
ulation; —© low, operons encoding an autoregulated low regulon-size TF with upstream
regulation; > low, operons encoding a non-autoregulated low regulon-size TF (with or
without upstream regulationp, p-value for enrichment of upstream divergent orientation

(«—=).
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Orientation of Number of Number of

set AO adj. regulated nonadjacent promoters in
operony regulated opi central unit§
acrR d 0 11
agaR d 1 1/1
s CUsRS d 0 1/1
2 CynR d 0 1/1
g evgAS d 1[1] 2/1
O gcvA d 1 11
€ hcaR d 0 1/1
g vy d 0 11
T mngR d 0 1/1
o ° pspF d 1 31
- SoxR d 1 1/1
torR d 1[2] 1/1
» ada-alkB - 2 2
_8_ emrRAB - 0 1
gseBC - 0[1] 2
o IrhA - 2 1
S putA - 0 1
€ tpR - 4 1
cysB - 6 [1] 1
exur u 4 1/1
g isScCRSUA - 6 1
tyrR - 7 1
phoBR - 9[1] 1
argR - 10 2
CpxRA d 20 1/1
crp d 161 [13] 1/1
Q frr - 85 [7] 1
lexA-dinF - 19[1] 1
Irp - 22 [10] 1
phoPQ - 19 2

Table S3:Autoregulated operons without upstream regulation. LC, MC and HC fox; lo
medium- and high regulon-size classes respectively. In LC without adjaegulation

we distinguish the cases of polycistronic and monocistronic A@sdivergent; u, unidi-
rectional.i Regulated second neighbors included. Calculations based only on mégroar
data enclosed in bracket§.In those cases with adjacent regulation, we showed number
of promoters corresponding to the autoregulated and the adjacenhopespectively.
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Orientation of Number of Number of

set AO adj. regulated nonadjacent promoters in
operont regulated opi central unit§
araC d 3 1/1
betIBA d 0 1/1
feclR u 0 1/1
gals u 2 1/1
& glcC d 0 1/1
335 hypABCDE-fhIA d 3 2/1
> idnDOTR d 1 1/1
= mall d 0 1/1
& melR d 0 1/1
8  metR d 2[1] 2/11
2 prpR d 0 1/1
rhaSR d,c 0 1/1
UXuR u 2 1/1
xyIFGHR d 0 2/1
zraSR d 0 1/1
chbBCARFG - 0 1
gadAX - 119] 2
hipBA - 0 1
hyfABCDEFGHIR-focB - 0 1
IctPRD (IldPRD) - 0 2
%1 mdtABCD-baeSR - 3 1
o mtlADR - 0 1
nikABCDER - 0 2
pdhR-aceEF-IpdA - 2 3
rbsDACBKR - 0 1
srIAEBD-gutM-srlR-gutQ - 0 2
tdcABCDEFG - 0 1
8‘ dgsA(mlc) - 4 2
6 iclR - 1 1
€ nac - 42] 1

Table S4:Autoregulated operons with upstream regulation and low regulon sizenWhe
there is not adjacent regulation we distinguish the cases of polycistrodiagramo-
cistronic AOs.t d, divergent; c, convergent; u, unidirectional. In thaSRcase there is
adjacent regulation over both the upstream and downstream neighili®egulated sec-
ond neighbors included. Calculations based only on microarray dateseddlobrackets.

§ In those cases with adjacent regulation, we showed number of promotezsmonding

to the autoregulated and the adjacent operon, respectively.
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Orientation of Number of Number of

set AO adj. regulated nonadjacent promoters in
operony regulated opi central unit§

cytR - 8 1
dnaAN-recF - 5 8

Q  gadE u 5[8] 3/1
glnALG - 5[7] 3
nagBACD d 4 3/1
oxyR - 8 [1] 1
rcsA - 6 [1] 1
dusB-fis - 54 [8] 1
fldA-fur - 31[4] 4
fliIAZY u 15 2/1
hns - 20[21] 1

O marRAB - 15[1] 1

T puR - 15[2] 1
rpoE-rseABC - 51 3
SOXS - 15[1] 1
cmk-rpsA-ihfBY 56 [7] 4
thrS-infC-rpml-rplT-pheMST-ihfA 7

Table S5:Autoregulated operons with upstream regulation and belonging to the medium-
(MC) and high regulon-size (HC) classe$.d, divergent; u, unidirectionalf Regu-
lated second neighbors included. Calculations based only on microataguiclosed in
brackets§ In those cases with adjacent regulation, we showed number of promoters co
responding to the autoregulated and the adjacent operon, respectivatyk-rpsA-ihfB
andthrS-infC-rpml-rpIT-pheMST-ihfAencoding the two components of the transcription
factor IHF, counted as a single node in the network (see the first sedtibis supple-
ment).
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SO CP
nodes 423 681
non-autoregulatory interactions 519 1109
TFs 116 135
-+ 81 66
— 35 69
O 59 (10) 76 (12)
+40 35(5) 30(3)
-0 24 (5) 46 (9)

Table S6:General features of SO and CP networks TFs without upstream regulation;
—, TFs with upstream regulation;, autoregulated TFs O, autoregulated TFs without
upstream regulation:~", autoregulated TFs with upstream regulation. For autoregula-
tors, we detailed the cases of operons encoding a TF that only regulatesitsperon

(in parentheses).

SO CP| cases| SO+ SO— | CP4 CP—
O O 50 29 21 20 30
O ) 6 3 3 0 2+(4)
O  Abs| 3 3 0 - -

O O 12 9 2+(1) | 3 9
Abs O 14 - - 7 7

Table S7: Comparison between autoregulated operons in SO and CP networks. An
autoregulated operon in the CP network can be autoregulafge@n-autoregulated/()

or absent (Abs) in the SO network, and conversely. We specified thps®ns with

(—) and without (4 upstream control. Operons appearing in the network only as target
operons in parentheses.
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0]
O

CcpP

Coh-1
Coh-2
Coh-3
Coh-4
Inc-1
Inc-2
Inc-3
Inc-4
Other
total

N
N

OOPFRP OO M~DN

N
N

66
16
6
9
24
8
2
14
87
232

Table S8:Coherent and incoherent FFLs in SO and CP networks (as definej).iCfh:

coherent FFLs; Inc: incoherent FFLs, Other:

(see also note 2).

FFLs with at leastiorad-type interaction

SO network CP network
layer | operons O | operons O D
1 81 35 46 66 30 33
2 233 17 8 177 20 10
3 87 5 3 113 4 3
4 10 2 0 88 6 1
5 12 0 O 65 7 3
6t 94 6 4
7 49 2 2
8 14 1 O
9 15 0O O

Table S9: Distribution of operons per layer in SO and CP networks. We showed ex-
plicitely the distribution of autoregulated>§ and non-autoregulated TFEp). T The two
components of thenarRAB-robloop are considered to be located both in the 6th layer.
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V-TE X-TEs central-unit nonadjacent Z-operons
products products
AraC CRP TF E 1:T;2.T;3: T
Chbl CysB TF 1: P[E, T]
DcuS-DcuR (2¢) Fnr, NarL 2c,E, T 1. NP[E]
DgsA CRP TF 1. TR, 2: T;3: T;4: T
CRP,GadWw, .

GadX GadE, RpoS TR E 1: RPE, T]
Gals CRP,GalrR TR T 1: T; 2: P[E]

1: RPE]; 2: T, PTAE;
GIpR CRP TFE E 3: NP[T, E]. E
HU CRP TF 1: P[E]

1: RP[TF, E, T]; 2: RPIE];
FhiA Fnr, IHF, RpoN  TF E, E 3: RPE, E]
l[dnR CRP,GntR TR E,E, T 1. RPE,T]
MalT CRP TF E 1,2: T, T,U; 3: PTAE
BaeS-BaeR2c) CpxA-CpxR (2c) 2c¢,T,T 1.T
NagC CRP TR E, T 1:T;2:NP[TF E, T];3: T
PdhR CRP, Fnr, ArcA  TF, E 1: NP[TF, E, T]; 2: NP[E]
UxuR CRP,ExuR TR E T 1: NP[E, T]

Table S10:Characterization of low regulon-si2é-TFs establishing FFLs with at least
one nadl. First and second columnsy” and X TFs —homolog pairs in bold (two-
component systems are also shown). Third and fourth columns: funictbaeacter-
ization of proteins in the central unit and correspondingAmthbeled with numbers.
This also shows the homology relationship —highlighted by same color— betyeses
in nadZs and those in the associated central unit. Abbreviations: TF, transceptam
tor; 2c, two-component system; E, Enzyme; T, transporter; PTAE, lpenpc transport-
associated enzyme; U, uncharacterized protein; NP, near pathwaycdts acting in re-
gions of the metabolic pathway near those of the central unit; RP: redupdtway,
including proteins which constitute multienzymatic complexes with those encoded in th
central unit; P: pathway, sometimes there is no pathway encoded in thel centréut

in the nad/s. See Appendix for further details.
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Figure S1: Regulatory links associated to operons with epsirregulation and
encoding a low regulon-size autoregulated TEQut-degree5). We showed in-
coming and outgoing regulations and also those additiomaes ¢o describe FFLs
(X-Z interactions). Edges color code: blue, activation; reg@yassion; gray,
dual regulation. Z-operons filling color code: black7- andY-operon are ad-
jacent; gray,Z andY are second neighbors; whit&, andY are not adjacent.
Dashed lines denote links where the TF encoded in the autlateg operon is
not affected by the regulation. This particularly appliesite regulation opdhR-
aceEF-IpdAby arcA, and leads to the constitution of two pseudo-FFLs. Abbrevia
tions: (rpoS), nlpD-rpoS (hyp), hypABCDE-fhlA(hyc), hycABCDEFGHj (hyf),
hyfABCDEFGHIJR-focB(rpoN), IptB-rpoN-yhbH-ptsN-yhbJ-npr(ihf ), cmk-
rpsA-ihfB (csiD), csiD-ygaF-gabDTP (bae, mdtABCD-baeSRpdhR), pdhR-
aceEF-IpdA (srl), srlAEBD-gutM-srIR-gutQ (tdcA), tdcABCDEFG Averaged
FFLness:(F) = 0.64 (see Fig. 2.B, main text).
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Figure S2: Regulatory links associated to operons with apsirregulation and
encoding a low regulon-size non-autoregulated T&€dut-degree:5). Abbrevi-
ations: (ompR, ompR-envZ(yiaK), yiaKLMNO-lyxK-sgbHUE rest of abbrevi-
ations as before. Color coding as in Figure $E) = 0.41 (see Fig. 2.C, main
text).

20



R\ \3*0 \-c
Cﬁ\ «\‘* \\‘\ QQ% W < @%&i& "“N\ 6“\ o \\\“Q 0&
c\\
o » &

£ > ¢ O W ¢ $ O
%8,9 W \-05\&&%&%@ i @ A io‘:" «% yf\ & =

8

L

¢ \V o

$

AQ Q‘Q W

\w %

(\0 '&Q,Q)QSQI O
o\‘\ (}v\\

R\
N
560

3 )
Q & x’Q&XO@Q QQ\Y‘
W

Figure S3: Regulatory links associated to operons with apsirregulation and
encoding a medium regulon-size autoregulated Tro{-degree:10). In the al-
ternative classification of TFs based on the number of nacadit requlated oper-
onsnagBACDis considered a low regulon-size operon. Maximal FFLnesss#
gInALGandcytRcorresponds to pairsx(,Y") in which the action of one TF totally
relies on the presence of its partner (RcsA on RcsB, RpoN on NinCoeed in
glnG- and CytR on CRP). Abbreviationgmraz), mraZW-ftsLI-murEF-mraY-
murD-ftsW-murGC-ddIB-ftsQAZ(wzg), wza-wzb-wzc-wcaAB(mutYj, mutY-
yggX-mltC-nupGrest of abbreviations as before. Color coding as in Figure S1

(F) = 0.38 (see Fig. 2.B, main text).
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Figure S4: Regulatory links associated to operons with apsirregulation and
encoding a medium regulon-size non-autoregulated Kro(f-degree:10).

the alternative classification of TFs based on the numbeohdjacent regulated
operongmalTis considered a low regulon-size operon. The type of trapsanal
interaction betweeomk-rpsA-ihfBandflnDC is not known (in black) . Abbrevi-
ations: (malK), malK-lamB-malM rest of abbreviations as before. Color coding
as in Figure S1{F) = 0.32 (see Fig. 2.C, main text).
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APPENDIX

Autoregulated Y-operon

Y-op: gadAX
-gadA: enzyme, glutamate dependent acid resistance
—-gadX: TF

nadZ: gadBC
—-gadB: enzyme, glutamate dependent acid resistance
—-gadC: APC-transporter (aminobutyrate antiporter)

Notes:
- gadA and gadB are homologs
- GadX is homolog of the TF encoded in one of its
four X-operons, gadW. These two operons are second
neighbors only separated by the small gene gadY

Y-op: mdtABCD-baeSR
- mdtABC (+ tolC): RND-transporter. (drug exporter)
- mdtD: MFS-transp. (uncharacterized, drug efflux?)
- baeSR: 2-component system

nadZ: acrD
- acrD (+ tolC and acrA): RND-transporter (drug
exporter)

Notes:
- mdtB, mdtC and acrD are homologs
- baeS and baeR are homologs of the two-component-
system genes cpxA and cpxR respectively; cpxRA is
the only X-operon for mdtABCD-baeSR
- tolC encodes the common outer membrane component
of several multidrug efflux systems

Y-op: pdhR-aceEF-lpd
- pdhR: TF
- aceEF-1lpd: pyruvate dehydrogenase

nadZ: 11dPRD
- 11dP: LCT-transporter (lactate)
- 11dR: TF
- 11dD: lactate dehydrogenase

nadZ: yfiD
- yfiD: alternative stress induced pyruvate-formate
lyase

Notes:
- pdhR and 11dR are homologs
- 11dPRD and yfiD are the respective Z-elements of
the two pseudo-FFLs (see Fig. S1)
- 11dPRD is an autoregulated operon

gadC

gadA ‘SZS’
—
° )

gadB

mdtD

mdtABC

acrD
acrA
tolC

aceEF-1pd

o————»o"”'.

%’ 11dD

yfiD
11dpP



Y-op: hypABCDE-fhlA
- hypABCDE: proteins for maturation of hydrogenase
- fhlA: TF

adz(d) : hycABCDEFGHI
- hycA: uncharacterized
- hycBCDEFG: hydrogenase
- hycHI: protein for maturation of hydrogenase

hycBCDEFG
nadZ: hyfABCDEFGHIJR-focB FdhF
- hyfABCDEFGHIJ: hydrogenase (putative)
- hyfR: TF ) °
- focB: FNT-transporter (formate utative)
: p r P FocB hyfABCDEFGHI
fdhF
nadz: fdhF
- fdhF (+ hycBCDEFG): formate-hydrogenlyase complex
- fdhF (+ hyfABCDEFGHIJ) : formate-hydrogenlyase
complex (putative)
nadZ: hydN-hypF
- hydN: formate-dehydrogenase (putative)
- hypF: protein for maturation of hydrogenase
Notes:
- There are multiple homologies between the hyc and
hyf genes
- fhlA and hyfR are homologs
- hydN, hycB and hyfA are homologs
- hyfABCDEFGHIJR-focB is an autoregulated operon
Y-op: araC
— araCy TF
adz(d) : araBAD araFGH :
- araBAD: enzymes in arabinose degradation pathway araD
L ——d

nadZ: arak aral —

- araE: MFS-transporter (arabinose)

nadZ: araFGH arak
- araFGH: ABC-transporter (arabinose)

nadZ: arad
- araJ: MFS-transporter (uncharacterized, sugar
efflux?)



Y-op: gals
- galS: TF

adZ (u) : mglBAC
- mglBAC: ABC-transporter (galactose)

nadZ: galP
- galP: MFS-transporter (galactose)

nadZ: galETKM
- galETK: enzymes for UDP-galactose biosynthesis
- galM: galactose-l-epimerase (enzyme that links
lactose and galactose metabolisms)

Notes:
- GalS is homolog of the TF encoded in one of its
two X-operons, galR. The additional X-operon is CRP

Y-op: uxuR
- uxuR: TF

adZ (u) : uxuAB
- uxuAB: enzymes in fructuronate degradation
pathway

adZ (2nd) : gntP
- gntP: GNT-transporter (fructuronate/gluconate)

nadZ: uidABC
- uidA: enzyme in glucuronide degradation pathway
- uidB: GPH-transporter (glucuronide)
- uidC: membrane protein associated to uidB

Notes:
- UxuR is homologue of the TF encoded in one of its
two X-operons, exuR. The additional X-operon is CRP
- uxuAB and gntP are divergent operons
- uxaC 1s regulated by ExuR. This gene is in the
genome neighborhood of exuR

Y-op: 1idnDOTR
- 1dnDO: enzymes in idonate degradation pathway
- 1indT: GNT-transporter (idonate/gluconate)
- idnR: TF

adz(d) : idnK
- 1idnK: enzyme in idonate degradation pathway

nadZ: gntKU
- gntK: enzyme in idonate degradation pathway
- gntU: GNT-transp. (gluconate)

Notes:
- There are multiple homologies between the idn and
gnt genes: idnT and gntU are homologs and so are
idnK and gntK. Moreover, idnR is homolog of the TF
encoded in one of its two X-operons, gntR, which is
located upstream of gntKU in the genome. The additi-
onal X-operon is CRP

galP

4

mglBAC

uidBC

B

gntpP

°
]galM galE

%’ galK galT

|
|

uidA

uxaC

— O e— @

%' uxuB UxuA



Y-op: nagBACD
- nagBA: enzymes in N-acetylglucosamine degradation

pathway
— nNagey TE
- nagD: ribonucleotide monophosphatase
adz(d) : nagE chbBCA manXYZ
- nagE (+ ptsHI): PTS-transp. (N-acetylglucosamine) ptsHI ptsHI

X

nadZ: manXYZ
- manXYZ (+ ptsHI) : PTS-transporter (hexoses as N-
acetylglucosamine) nagk
ptsHI

°
chbF manA

nadZ: chbBCARFG

[ ]

nagA nagB

RE X

- chbBCA + (ptsHI): PTS-transporter (chitobiose) — O c— O
- chbR: TF % %'
- chbF: enzyme in chitobiose degradation pathway

- chbG: uncharacterized manXYZ manXYZ manXYZ

ptsHI ptsHI ptsHI
nadZ: nanC-yjhT
- nanC: OmpG-channel (N-acetylneuraminic acid)
- yjhT: uncharacterized

Notes: pgi
- chbBCARFG is an autoregulated operon
- see Notes for dgsA system

Y-op: dgsA
- dgsA: TF
manXYZ
nadZ: malT ptsHI

- MmalTs TE

nadZ: manXYZ

R X

- manXYZ (+ ptsHI) : PTS-transporter (hexoses as o
glucose)

nadZ: ptsG ptsG
- ptsG (+ ptsHI-crr): PTS-transporter (glucose) ptsHI-crr

nadZ: ptsHI-crr
- ptsHI-crr: PTS-transporter (non-specific-sugar
components)

Notes:

- dgsA and nagBACD system (above) are very related:
nagC and dgsA are homologs, and so are nagE and
ptsG; pathways encoded in both systems are closely
located in the metabolism and they use the same
type of transporters (PTS)



Non-autoregulated Y-operon

Y-op: glpEGR
- glpE: thiosulfate sulfurtransferase
- glpG: intramembrane serine protease
- glpR: TF

adz(d) : glpD
- glpD: glycerol dehydrogenase (aerobic)

nadZ: glpABC
- glpABC: glycerol dehydrogenase (anaerobic)

nadZ: glpTQ
- glpT: MFS-transporter (glycerol-3-P)
- glpQ: periplasmic transport associated enzyme

nadzZ: glpFKX
- glpF: MIP-channel (glycerol)
- glpK: enzyme for glycerol degradation
- glpX: fructose 1,6-bisphosphatase (glycolisis
enzyme)

Notes:
- glpD and glpA are homologs

Y-op: dcuSR
- dcuSR: 2-component system (anaerobic fumarate
respiration)

adZ (u) : dcuB-fumB
- dcuB: DCU-transporter (dicarboxylates as
fumarate)
- fumB: fumarase (anaerobic respiration)

nadZ: frdABCD
- frdABCD: fumarate reductase (anaerobic
respiration)

Y-op: cbl
- cbl: TF

nadZ: tauABCD
- tauABC: ABC-transporter (taurine)
- tauD: taurine dehydrogenase

Notes:

- Cbl is homologue of the TF encoded in its only X-

operon, cysB
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Y-op: malT
- malT: TF

adz(d) : malPQ
- malPQ: enzymes for maltose and maltodextrins
metabolism

nadZ: malK-lamB-malM P
- malK (+ malEFG): ABC-transporter (maltose) amB °

- lamB: sugar porin (maltose and maltodextrins) &.x’
—T

malP °

- malM: periplasmic protein

o °
malQ
nadZ: malEFG (see malK-lamB-malM) %
nadZ: malsS malEFG
- malS: periplasmic maltohexaose transport malk

associated enzyme

Notes:
- malEFG and malK-lamB-malM are divergent operons:
the encoded ABC transporter and porin constitute
the maltose/maltodextrin transport system

Y-op: hupA
- hupA: TF ° °
galM galE
nadZ: galETKM
@ ) @ ) @

- galETK: enzymes for UDP-galactose biosynthesis
- galM: galactose-l-epimerase (enzyme that links galk
lactose and galactose metabolisms)

galT



