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Abstract

Time delays play important roles in genetic regulatory networks. In this paper, a gene
regulatory network model with time delays and mutual inhibition is considered, where
time delays are regarded as bifurcation parameters. In the first part of this paper, we
analyze the associated characteristic equations and obtain the conditions for the stabil-
ity of the system and the existence of Hopf bifurcations in five special cases. Explicit
formulas are given to determine the direction and stability of the Hopf bifurcation by
using the normal form method and the center manifold theorem. Numerical simula-
tions are then performed to illustrate the results we obtained. In the second part of
the paper, using time-delayed stochastic numerical simulations, we study the impact
of biological fluctuations on the system and observe that, in modest noise regimes,
unexpectedly, noise acts to stabilize the otherwise destabilized oscillatory system.

Keywords Time delays - Hopf bifurcation - Oscillation - Stability - Genetic
regulatory network model - Noise

1 Introduction

Genetic regulatory networks (GRNss) describe interactions between DNA, RNA, pro-
teins and small molecules in living cells and play fundamental roles in many life
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processes (Parmar et al. 2015; Ling et al. 2017). Because the processes of gene tran-
scription and messenger RNA translation are not co-located in space and consequently
not completed instantaneously, time delays are inevitable in GRNs. The effect of time
delay on the dynamic behavior of a GRN model has attracted extensive attention of
many scholars, and some research results have been obtained (Parmar et al. 2015;
Ling et al. 2017; Wu and Eshete 2011; Bodnar and Bartlomiejczyk 2012; Lewis 2003;
Wu 2011; Wang et al. 2010; Wu 2011; Zhang et al. 2017; Lai 2018; Monk 2003;
Verdugo and Rand 2008; Sun et al. 2018; Yue et al. 2017; Huang et al. 2016). In Wu
and Eshete (2011), the authors considered a model of gene express with two delays
and showed effect of time delays on the model. In Bodnar and Bartlomiejczyk (2012),
the Hes 1 genetic oscillator system was presented, and the authors showed that the
stability of the steady state depends on the sum of time delays. The conditions for
the occurrence of Hopf bifurcation and the stability of equilibrium point were proved.
Zhang et al. (2017) investigated oscillatory expression in Escherichia coli. The result
of their research indicates that the effects of transcriptional and translational delays
are two important factors for designing or controlling GRNs and that the effect of
diffusion must be taken into account. In Lai (2018), the stability and bifurcation of
delayed bidirectional GRNs with negative feedback loops were invested.

In recent years, the cyclic GRNs (CGRNs) have attracted the attention of schol-
ars, and many research results have been achieved (Lewis 2003; Wu 2011; Qiu 2010;
Bar-Or et al. 2000; Ling et al. 2015). CGRNs are a kind of GRNs. All the nodes
of CGRNs are arranged in a ring structure. In Lewis (2003), Lewis showed, using
mathematical simulation, that the direct auto-repression of a gene by its own product
could generate oscillations. The period of oscillation was found to be determined by
the transcriptional and translational delay. In Wu (2011), Wu first presented condi-
tions for delay-independent local stability of CGRNs and then proceeded to study
the bifurcation of ring-structured GRNs with time delays. In Ling et al. (2015), the
stability and bifurcation of CGRNs with mixed time delays were studied. Due to the
presence of time delays, even if the GRN model is simple, a positive equilibrium point
of the system will lose its stability. Sustainable periodic oscillation will occur through
a Hopf bifurcation (Parmar et al. 2015; Suzuki et al. 2016). Delay is not considered in
the CGRN models in Xi and Turcotte (2015). We consider the effect of time delay on
the canonical two-gene binary switch model (see Fig. 1), which is described by the
following delay differential equations.

’ _ Pl(t—1) s"
M](f) = —r1M1 (t)-i—a-alm +bb2]m
M5 (6) = —raMa (1) + a2 + b

s”+P2"(l—rz)
P'i(t)=—c1P1(t)+di M (t —11)
P'r(t) =—c2Pr (1) + oM (1 — 11)

SHPI(—12) (1)

Let T = max {11, 72} and then the initial conditions of the model are given by:

Mi(s) =¢1(s), Ma(s)=¢2(s), Pr(s)=¢3(s), Pr(s) =¢s(s),
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Fig. 1 Two-gene mutually repressive, self-promoting model (Xi and Turcotte 2015). The nodes are genes
X1 and X». Parameter asymmetry provider bcommon = by

where s € [—7,0],¢;() € C(—7,0],R)(i=1,2,3,4,¢;(s) >0). Here
C ([—7,0], R) is the Banach space. M; (t) (i = 1,2) and P; (¢) (i =1, 2) describe
the concentration of mRNA and protein of genes X and X», respectively.r; (i = 1, 2)
and¢; (i = 1, 2) are degradation rates of mRNA and protein, respectively. d; (i = 1, 2)
are translation rates. Parameters a and b are transcription rates, n is the Hill coefficient.
aj and bcommon are parameter asymmetry providers. All the parameters of the model
are positive real numbers.

The organization of the paper is as follows: In Sect. 2, we study the stability and
existence of Hopf bifurcation of system (1) in five cases. The explicit formula is
given to determine the direction and stability of bifurcating periodic solutions by
using the normal form method and the center manifold theorem in Sect. 3. In Sect. 4,
numerical simulations are presented that support the analytical results we obtained. In
Sect. 5, using time-delayed stochastic simulations, we study the impact of biological
fluctuations (noise) on the dynamics of the system. In Sect. 6, characterization of the
orbit is discussed. Finally, in Sect. 7, we discuss the significance of our results and
present our conclusions.

2 The Stability and Existence of Hopf Bifurcation

Let E, = E(M{, M3, P, Py) be the positive equilibrium of system (1), then

_ * . (Pl*)n . [
rnMi+a-a (P +b - b S 0,
— * (Pz*)n s" —
My ooy Ty = O

—Clpl*-l-dlMik =0,
—C2P2* +d2M; =0.

Thus, we can get E,, where P{, M{, P;, M3 are defined in Appendix.
By the linear transform,

up (1) = My (1) = My, ux(t) =M (t) — M5, u3(t)= P (t)— Py,
uy (1) = P (t) — Py
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We have
uy (t) = apuy (t) +apus (t — ) +ajgus (t — ) + F1,
up () = anpus (t) + axpuz (t — ) + axug (t — 12) + 2, )
u3 (t) = azuy (t — 71) + azzusz (t) + F3,
g (t) = apuy (t — 11) + asaug (t) + Fy,
where
Pl —t s”
fV=-rM+a ag———"— v b-by——0f———,
s+ Pl (1 — 1) "+ PP (t — 1)
Pl —rt s"
f@ =M +a—2 ( ) ] ,
S"+P2n(t—1'2) s+ Pl (t —12)
fO =—c1P (1) +di My (t — 1),
Y =P (1) + oMy (t — 11),
gititk £(1)
f‘lglk) l ] f k E) l’ j’ k > 0’
DM (1) P (t =TI P = 12) | (ype as e o)
gititk £ .
oM, (1) 0P (t —12)dP, (t — 1) (M3 M3, PF.PS)
git+i £0)
o= N EY)
oM (t —t1) 0P (1) (M3 M3, P PS)
giti £
g 2 N EL)
3M2 (t - T])aP (t) (M*,M*,P*,P*)
(€Y
F| = Z lw 'fl]kul(t)u3 (t —m)ul(t — ),
i+j+k>2
5 .
P= 3 T ,ff,guz O ul (t =)l (¢ — ),
i+j+k>2
3
Fs = Z |J|ft§ )u (t — rl)u3 (1),
t+/>2
" .
Fa= Y ,],f;) (t—T)ul (1),
l+j>2
aann(Pl*)"_ls” bbzln(Pz*)n_ls"
an=-ri, ap=0, a3=——-""—"5-, au=———""—+-,
(s" + (P)") (s" +(P3)")
bn(P)" s an(Px)" g
a1 =0, axn=-r, axp3= —%, az4 = %,
(s" + (Pf)") (s" + (P5)")
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a1 =di, azx =0, a33=-—c, azyu=0,
ag1 =0, ap=dy, a3 =0, ay=—cs.

Then the linear part of system (2) is

uy (t) = apuy (t) +apuz (t —2) +ajgug (t — 2),
o (1) = axpus (t) + axpuz (t — ) + axus (t — 12),

. 3)
uz (1) = aziuy (t — 1) + azzusz (1),
g (t) = agouo (t — 11) + asauq (t) .
Thus, the characteristic equation of system (3) is obtained:
A—ai 0 _alse—)»fz —ajpe 2
0 A—an —ane ™ —aye
det Y =0
—azre M 0 A —as3 0
0 —aneihl 0 A —aqq
which is equivalent to
A+ AR+ AR 4+ Ajh + Ag + (BaA? + Bid + By)e MR
+ Coe_D‘(”'HZ) =0 4)

where

Ao = a11a2a33a44,

Ay = — (a11a33a44 + axaszzaaq + ajjaxpass + a11a22a33) ,
Ay = agq (a1 + ax + asz) + ax (an + asz3) + anass,

Az = —(a11 +ax + a3z +aqa),

By = — (az1a13a22a44 + a11a42a24033) ,

B = asazsazs + azraiz (asq + ax) + arjasnas,

By = — (agpa24 + az1aiz) ,

Co = a31a42a13a24 — A31042014G23.

From the form of Eq. (4), it is explicitly clear that the system’s stability depends on
the sum of the delays. For Eq. (4), we consider the following five cases.

Casel t=11+170=0(@Ge., 71 =170 =0).
Equation (4) reduces to

A+ A+ (Ay+ B) AP+ (A1 + B A+ Ao+ Bo+Co=0 Q)
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By the Routh—Hurwitz criteria, all the roots of Eq. (5) have negative real parts if and
only if

Vi=A3>0, (6)
% 4s ! Ay (Ay+By)— A — B, >0 %)
2= =A3(A2+ B2) — A1 — B1 >0,
A1+B1 A2+ B
Az 1 0
V3= |A1+ B; Ar+ By A3 >0, ()
0 Ao+ Bo+Cy A1+ B
Aj 1 0 0
A1+ B Ar + By Az 1
Vi — 0. (9
0 Ao+ Bo+Co A1+ By Ay + B
0 0 0 Ap+ By + Cy

Then system (1) is stable at E.. If Ao+ Bo+ Co # 0, Eq. (5) has no zero roots. Hence,
the fold bifurcation does not occur.

Case2t =1 +1>0.
Equation (4) becomes
A+ AR 4+ AR+ A+ Ag
+ (BoA? + Bih + Bp)e T + Coe T = 0. (10)
We take the time delay © = 11 4 17 as bifurcation parameters and investigate dynamics

of system (1).
iw (w > 0) is the root of Eq. (10) if and only if i w satisfies

i (0* — Ar? + Ag + Cp) cos (wT) + (A30° — Ajw) sin (wT) = Brow? — Bo(ll)

(Ala) — A3a)3) cos (wt) + (a)4 — Ay + Ag — CO) sin (wt) = —Biw
By Eq. (11), we get

esa)6 + e6a)4 + E7a)2 + eg

cos (wt) = )
@8 + 100 + erw* + e30? + ey
. w(egw4+e10w2+611)
sin (wt) = 3 3 I 5 ,
w® 4+ e1w® + erw™ + ezw* + e4
where
e1 = A3 — 24,

er = A5 —2A1A3 + 2Ao,
e3 = AT —2A0A,,
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es = Ag® — Co?,

es = By,

e6 = B1A3 — Ay By — By,

e7 = A2Bo+ AoBy — A1B1 — CoBa,
es = CoBy — Ao Bo,

e9 = A3By — By,

elo = A2B1 — A3By — A1 By,

e11 = A1By — CoB1 — Ao B;.

Since cos? (wt) + sin? (wt) = 1, we obtain
'® + k7a)14 + k6w12 + ksa)lo + k4a)8 + k3a)6 + k2w4 + kla)2 +ko=0 (12)
where

ko = es® — eg?,

ki = 2e3eq4 — 2e7eg — 6112,

ky = e3? — 2e10e11 + 2ees — 2eges — €72,

ky = 2epe3 — 2e9e11 — 2ege7 — (3102 — 2eseg + 2ejeq,
ky = 622 + 2ej1e3 — 2ese7 — 2eg9eqo + 2e4 — 662,

ks = 2e3 + 2ejep — 2eseq — 692,

ke = 612 + 2ey — 652,

k7 = 2ey.

Denote z = w?, then Eq. (12) becomes
Btk + kel + ks’ + kazt + k3 +ko? +kiz+ ko =0 (13)
Let h(z) = 28 + k12’ + kez® + ksz® + kaz* + k3z® + koz? + k1z + ko, it is obvious

Eq. (13) has no positive root if k; > 0,7 = 0...7. It means that system (1) is stable
for all T > 0. On the other hand, since lim % (z) = +00, we know that Eq. (13) has at
7—>00

least one positive root if kg < 0. Without loss of generality, we assume that it has eight
positive real roots, defined by zx, k = 1, ... 8, respectively. From Eq. (11), we have

esa)g + eg,a)]i¥ + e7a)]% + eg

cos (wrTk) = 3 g I 5 .
w, + ejw, + erw, + ezw; + e4
k k k k
It follows that
1 6 4 2 2
i esw; + ecw, + e7w; + eg VEL
T, = — arccos + —
k 8 6 4 2 ’
Wi W, T ew) +erw; + e3w; +e4 wy
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wherek =1,...8;7=0,1....

Define
0
T = Tk = M1 8}{7:"}’ wo = Wk,
For convenience, let
8
i1 +oo
U {f;f} o ={uly (14)
j=0
k=1
such that
TH<T<T<-"<Tj<--- (15)

Multiplying e** on both sides of Eq. (10) and taking the derivative of A (z) with respect
to 7, we get

sgn |:Re <d)L (T)> :|
drt =10
-1
= sgn |:Re <d);,(r)> i| }
t =10

( ( (423 + 34302 + 2420 + A1) & + 2Byk + B z) )
=sgn | Re
=10

Core™T — (M + A3A3 + A2d2 + Ak + Ag) he'T A

PPs+ P2P4>
P?+pP? )

sgn

where

Py = 2Cqsin (wo1) — Bla)é,
Py = Bywy — Bzwa 4+ 2Cowq cos (wpT0) ,

P; = <A1 - 3A3a)(2)) cos (woTy) + (40)8 - 2A2w0> sin (woto) + Bi,

Py = <2A2w0 - 4wg) cos (w0 T0) + (A1 - 3A3w(2)) sin (woto) + 2Bawy.

-1
If condition (H3) P; P; + P> P4 # 0 holds, then Re (dz(;)) #£0.
=19

In order to obtain our main results, it is necessary to give the following conditions.

(H1) Formulas (6)—(9) hold;
(H2) Equation (13) has at least one positive real root;
(H3) PiP3+ PoPy #0.

In summary, we have the following results.
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Theorem 1 For system (1), the following results hold.

1) Ifki > 0,i =0...7,A0 + Bo + Co # 0 and (HI) hold, then the positive
equilibrium E, is asymptotically stable for all t© > 0. In other words, Hopf
bifurcation does not occur for all T > 0.

(ii) If conditions (HI), (H2) and (H3) hold, then the positive equilibrium E, of
System (1) is asymptotically stable when 0 < t < 19 and unstable when t > 1.
Furthermore, System (1) undergoes a Hopf bifurcation at E, whent =1, j =
0,1,2,...

Proof (i) When t = 0, characteristic Eq. (10) becomes
W4 A0 + (A2 + Bo) A% + (A1 + Bi) A+ Ao + By + Co = 0.

According to Routh—Hurwitz criterion, all the roots of above equation have neg-
ative real parts if and only if (H1) holds. Hence, all the roots of Eq. (10) have
negative real parts when v = 0.

On the other hand, from k; > 0,i = 0...7, we obtain & (0) = ko > 0 and
W' (z) = 82" + k728 + 6kez> + Sksz* + 4kyz> + 3kaz? + 2koz + ky. Thus, we
have Eq. (13) has no real root, and hence Eq. (10) has no purely imaginary root.
Since Ag + By + Co # 0, A = 0 is not a root of Eq. (10). To sum up, we can
obtain that Eq. (10) has no root with zero real part for all T > 0. Therefore, all the
roots of Eq. (10) have negative real parts for all t > 0. This completes the proof
of ().

(ii) The definition of 7o implies that all the roots of Eq. (10) have negative real parts
when 0 < t < 719. Hence, the positive equilibrium E, is asymptotically stable
for 0 < 7 < 79. If the condition (H2) holds, Eq. (13) has at least one real root,
which indicates that the positive equilibrium E, is unstable for T > 9. Moreover,
P P3 + P> Py # 0 implies that the transversality condition for Hopf bifurcations
is satisfied under the given assumption (H3). Therefore, System (1) undergoes a
Hopf bifurcation at Ey whent =7;,j=0,1,2,....

Case 3 1> 0,71 = 0. Equation (4) becomes

A+ AR+ AR 4+ A+ Ag + (BaA? + Bid + Bo)e M2 + Coe ™2 =0

It is same as the characteristic equation in case 2, and similar results can be obtained.
The difference is that case 2 takes the sum of time delays as the bifurcation parameter.
Here, only the time delay 7> is used as the bifurcation parameter. For the case t; >
0, 7o = 0, with 77 as the bifurcation parameter, the characteristic equation remains
unchanged, and similar results will be obtained.

Case 4 11 = 1) = t # 0. Equation (4) becomes

A+ AR+ AodZ 4+ Ald + Ag + (BoA? + Bid + Bo)e T + Coe T =0 (16)
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iw (w > 0) is the root of Eq. (16) if and only if i w satisfies

(0* — Asw? + Ag + Cp) cos Qo) + (A30® — Ajw) sin 2wt) = Bryw* — By
(A1w — A30°) cos Qut) + (0 — Asw? + Ag — Cp) sin Qot) = —Bjw

(17)
By Eq. (17), we get
e5a)6 + 66w4 + e7a)2 + ey
cos Qwt) = 3 3 7} 5 ,
w® 4+ e1w® + erw™ + e3w- + e4
4 2
wlegw™ + ejpw” + e
sin Qwt) = (e 10 1) (18)

w® + ela)6 + eza)4 + 63602 + e4'
Since cos? Qwt) + sin? Qwrt) =1, we get
0" + k70" + kew'? + kso'® + ky® + k30® + ko’ + kjw? + ko =0 (19)
Denote z = w?, then Eq. (19) becomes
B+ k2 +kez® + ksz® + kaz + k3 + kazt +kiz+ko =0 (20)
This equation is the same as the case two.

Similar to case 2, we know that Eq. (20) has at least one positive root if kg < O.
Without loss of generality, we assume that it has eight positive real roots, defined by

. k=1,2,...,8, respectively. From (18), we have
i 1 eswl + egwif + e700? + e j T
1 = —— arccos 85k66k47k28 +1T (21)
Wk W, telw) + erw; + e3w; +es )3

wherek =1,...8;j=0,1....

Define
T) = Ty = Mmin {ro} Wy = wg
O kefl.8y LR 0
For convenience, let
i +oo
U {f;i} = {ul 22)
j=0
k=1
such that
<7 <7< <Tj<-- (23)
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Multiplying ¢*** on both sides of Eq. (16) and taking the derivative of A (z) with
respect to T, we have

dx (1)
sgn |:Re< T )sz:|

)]
=sgnJ [ Re
dt
=10
(427 +3A302+2A20+ A1) €27 + 2By0+ B, T
=sgn |Re o 3 3 2 TRy
2Cohe™ 2T — 2 (A*+A303+ A2A2+ A A+ Ag) AePT A .
=70
— sen <Q1Q3 + Q2Q4>
012+ 0,?
where

x = cosRwo1p),
y = sin 2wo10) ,

01 = 2wy (Coy — a)gy — wSA3x — a)%Azy + wpAix + Aoy) ,
07 = 2wy (Cox - a)gx - a)(S)A3y + a)(Z)Azx + woAr1y — on) s

03 = 4a)8y — 3A3a)%x —2A2w0y + A1x + By,
Q4 = —460(3))6 — 3A3a)(%y + 2A2w0x + A1y 4+ 2Brwy.

dt
obtain the main results, we give the following assumption.

(H4) Q1034 0204 #0;

(H5) Equation (20) has at least one positive real root.

-1
If condition (H4) Q103 + Q204 # 0 holds, then Re (M) # 0. In order to
=10

Applying Hopf bifurcation theorem in Hassard et al. (1981), we have the following
result. O

Theorem 2 For System (1), suppose that (H1), (H4) and (HS5) hold, then the positive
equilibrium E, of System (1) is asymptotically stable for 0 < t < 19 and unstable
for T > 19. Furthermore, System(1) undergoes a Hopf bifurcation at E, when t =
7;,j=0,1,2,..., where T = 1 as defined in (23).

Case 5 13 > 0, 11 € [0, 110),and 71 # 3.

We consider Eq. (4) with 77 in its stable interval; 7> is regarded as a bifurcation
parameter, where 71¢ is the first bifurcation point when o = 0. iws (w2 > 0) is the
root of Eq. (4) if and only if i w; satisfies

(24)

Eqj cos (i) + Epsin(wp12) = Ejs,
E14cos (wp12) + Ejssin (wa12) = Eje,
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46 Page 12 of 30 G.Wang etal.

where

En = w* — Agan® 4+ Ao + Co,

Enn = Azwn® — Ay,

Ez = (Bzwzz — B()) cos (wa71) — Biapsin (w211) ,
Eiy = Ajwy — A3w23,

Eis = wn* — Ayan® 4+ Ag — Co,

Ei¢ = —Biwycos (wyt11) + (Bo — Bza)zz) sin (wyty) .

From Eq. (24), we get

EzEi6 — E3Es
EnEis— E4Ep’
E11E6 — E14E13
ENEis— EEDR

cos (mn1m) = —

sin (wr1m) = (25)

From (25), we obtain

wzl(’ + 11160214 + nzwzlz + n3w210 + n4w28 + n5w26 + n6w24 + n7w22 + ng

+ (mo + m2w22 + m4a)24 + m6a)26 + mga)zg) cos? (w211)

+ (mm)g + m3a)23 + m5a)25 + m7a)27) sin Qanty) =0, (26)

wheren; (i =1...8),m; (j =0...8) are defined in Appendix.
In order to get the main result, we give the following assumption.

(H6) Equation (26) has at least finite positive roots, defined by wg), wéz), .. .wgk).

For every fixed a)g) ,i =1,2...k,there exists a sequence rzj,. such that Eq. (26)
holds.

From (25), we have

i 1
Ty, = — arccos

<E13E15 - E12E16> 27 j
(i)
Wy

EnEs — EnuErp a)g)

wherei =1,2...k;j=0,1,2,....
Define

20 = min |f§,. li=1,2, 0k j=0,1,2, .. }
Therefore, Eq. (26) has a pair of purely imaginary roots £iwy9 when o = 1.
Multiplying ¢*™ on both sides of Eq. (4) and taking the derivative of A with respect

to 7o, we get
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(i)
sgn|Re | —
|: A2 ) 1y
dn\"!
=sgn i [ Re T
2 =120

< (Ezle)‘r2 + Esqe M — EqpTie —2C()‘L’167)‘(2t'+t2) ‘172) )
=sgn | Re - =
=120

Core2(2mrH12) — E)3) et A

<T1T3 + T2T4>
T12+T22

where
Ey =423 +3A30%2 + 2450 + Ay,
Ex =ByA* + BiA + By,

Exs =24 + A3)»3 + Az)nz + A1A + Ao,
Er4 =2ByA + By,

T1 =cos (t1wy0) (Bl — Byt + Bzrla)%o) ~+ cos (T1w20) (Al — 3A3w%0)
— 271Cp cos ((271 + 12) w20) + w20sin (T1w20) (2B2 — 71 B1)
+ sin (To0w20) (4(930 — 2A2a)20) R

Ty = (2Bawz — 1B1) cos (z1020) + (242020 — 403y ) c0s (200020)
+ (Borl — B —1 Bza)%o) sin (tiwyg) + (A1 — 3A3a)§0) sin (Taw20)
+ 271 Cosin ((211 + 12) w20)

Ty = (4103 — Asdy ) cos (ra020) + (Aowzg — Azl + w3y ) sin (z20020)
+ Cowposin (271 + 12) w20) ,

Ty = (Azw%o — Apwyo — wg()) cos (T20w20) + Cowao cos (271 + T2) w20)

+ (Alw%() - A3a)§0) sin (Toowao) .

-1
If condition (H7) T1 T3 + T T4 # 0 holds, then Re (dg_;g) £0.

T2=1720

By the discussion above, we get the following theorem.

Theorem 3 Forsystem (1), 7o > 0, 11 € [0, 110), and 1| # 12. If conditions (HI),(H6)
and (H7) hold, then the positive equilibrium E . of system (1) is locally asymptotically
stable when 0 < 15 < 19 and unstable when tp > ty. Furthermore, system (1)
undergoes a Hopf bifurcation at E, when 13 = 120.

For the case 711 > 0, 70 € [0, 120), and 71 # 12, we can obtain similar results as
those in Theorem 3.
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3 Direction and Stability of Hopf Bifurcation

In this section, we consider the direction and stability of Hopf bifurcation with respect
to 2 and 11 € [0, 710) by using the methods in Hassard et al. (1981). Without loss
of generality, we assume system (2) undergoes a Hopf bifurcation at 7o, = 129, 71 €
[0, t10). For convenience, letting u; () = u;(tt),i = 1,2,3, 70 = 190 + i, 4 € R
and dropping the bars, then system (2) becomes a functional differential equation in
C=C'([-1,0], R%:

w(t) = Lyug (0) + f (. ur (6))

where u(t) = (u1(1), ua(1), u3(r), ug())", u;(0) = u(r +6)(0 € [—7,0] for 6 €
[-7,0l,and L, : C — R, f: R x C — R are given, respectively, by

Lu(p) = (20 + W Ag (0) + (120 + 1) Bg (—;—L) + (t20 + 1)Co (—1)
and

F(u,ur 0) = (0 + 1 (f1, f2, )7,

here

0 0O 0 O
" 0 a 0 0 N
A= 22 b= 0 0 0 0 ’
0 0 ass 0 asy 0 0 0
0 0 0 au 0 ap 0 O
[0 0 a3 au
o 0 0 a
&= 23 a4 ,
0 0 0 0
00 0 0

9 0) = (91 (0),02(0), 930,040 € C,
fi = kg3 (=1 + kiog3 (—1) + k1393 (1) + ka3 (1),
o= k93 (—1) + kaogi (—1) + ko393 (= 1) + kaag} (—1),

f3=0,
fa=0,
aapn ((Pl*)zn Zgn n+1)+ (P )n 252 (1 - ))
kip = — . s
(" +(PY)")’
b (P 2sm @t 1)+ (PR)" 5™ (1 =)
12 = — n ’
(" +(P)")’
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an ((P;)Z” " (4 1)+ (PF)" 752 (1 — ))

ka1 = — - ,
(s + (P5)")’

b (P 2" 1)+ (PP) 252 (1 =)

koo = — . .
(s + (Pp)")’

By the Riesz representation theorem, there exists a matrix function n(@, n),0 €
[—1, 0], such that

Lyu(p) = /01 dn(®. we®). ¢ € C' ([-1,01 k).
Here, we choose
o+ (A+B+C),0€0,
(rzo+u)(1§+é) 6 e [ o, 0),

0, 6 =-1.

no, n) =

For ¢ € C' ([—1,0], R?), define

20 _1<6<0
Ap(p) ={ 619 ST ’
JZ1dn(@, we®), 6 =0,

and

_J(000)", —1<6 <0,
R"(‘”)_{fw,go),e:o.

For ¢ € c! ([O, 1], (R3)*), the adjoint operator A* of A is defined by

{ dl/(;(s), 0<s<l,
ATy = s
SO dn" (s, WY (—s), s = 0.

Next, we define a bilinear form:

0 r0
(W (s), 9(0)) = ¥ (0)¢(0) — / 1 fg_oxﬁ(é —0)dn©)p§)dE,
where n(6) = n(8, 0).
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Through the discussion in Sect. 2, we know =itygwyo are eigenvalues of A(0).
They are also eigenvalues of A*. In the following, we compute the eigenvectors of
A(0) and A* corresponding to i Togwy and —iTowsg, respectively. Assume ¢ (0) =
(1, a, B, y)Tel™09209 g e [—1, 0] is eigenvector of A(0). Then, we know

A(0)¢(0) = it20w204(0).

That is,
iwy — ar 0 —ap3e” 00 —qgye 000 0
0 iwrn —a —arae—iT0w0 4, o~ iT20020 0
0 ite 20 22 | 23 24 q(O) — 0
—azje” Y0 0 iwry — ass 0
0 —aype w20 0 Twro — Aq4 0

By calculation, we get

. . . T
(1(1)20—044)A1 asie 1T @20 agne l‘[|a)20A1>

Aj iwyo — as3 Aj

q0) = (1,

where

aras; e~ i@20(r20+71)

Ay = - » Ay = (iwpo — agq) (iwpo — ax) — axqaqze
iwy — ass

—iwp0(T20+71)

On the other hand, we assume g*(s) = D(1, a™, 8%, y*)eim“’”s, s € [0, 1] 1is
eigenvector of A*. Thus, we have:

—iwg — ai 0 —az; €iT1®0 0 0

. 0 —iwy — axn 0 —agpe M0 ( *(O))T |0
20 —a13€ 000 53l TP i — 33 4 10
_al4eifzow20 _az4eifzowzo 0 —iwn — daa 0

It is not hard to get

iwpo+ayy  (iwyo +axn) Az

* _ ® ok ky _
q () =D(,a", 7, y") = D(1, As, a3leir1w20 ’ a42eir1w20

)

where

Ay = 9B (iw2o +a11) (iwo + az3)

ans a23a3leiw2()(fl+t20)

Next, normalizing ¢ and ¢* by the condition (¢*, g) = 1, (¢*, g) = 0. In order to
obtain (g*(s), g(0)) = 1, it is necessary to compute the value of D.

(g* (), q ©®)
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0 0
=" (0) - ¢ (0) —/ / G* (& — 0)dn (0) q (£) dt
0=—1Je=0
=D(1L,a" B 7)) (L, B, )"
0 0
- / / D (L& B*, 7%)e " E-0mongy 0) (1, a, B, y)TeE ™o
—1Je=0
=D{l +aa*+ Bp* +y7y*
O .
- / (1%, B*, 7)™ dy 6) (1, o, . y)T)
—1
= D{l +aa@* + BB* + y7* + 71 (a318* + aasny*) e 10
+ 120 (B (a13 + a23@®) + y (a14 + axa®)) e 1000},

here, we choose

1

m+n

D =

such that (g* (s), ¢ (0)) =1, (g* (s), G (0)) = 0, where m = 14+aa*+pp*+yy*+
T1(a318* + aagy*)e' M0, n = 10 (B (a13 + a3a*) + y (ais + aua*)) €000,

Next, we employ a computation process similar to Wang et al. (2019), Deng et al.
(2014), Wang and Yang (2018) to compute the coefficients as follows,

820 =2120D (k11ﬁ2 +kiy? + o (k21ﬂ2 + k22V2)> e 200l
gn =200D (kn 1Bl +kialy P +a* (kat B + k2l ) )

202 =2120D (/’mﬁ2 + kppp? + o (kzu‘)_’z + k22)72)> 27200200

221 =120 Dlk11 My + kioMs + ki3M3 + kigMy
+ o (koy M| + koo Ma + ko3 M3 + kpaMy)

where

My = 28W (—1)e 0000 4 BW I (—1)em000i
My =2y WP (=D ™0000 1 5w (—1)em0e0!,
M = 3p° e,
My = 3y2)7€*t20w20i.

The coefficients g2, g11 and go2 can be computed when the parameters and delay
are determined in system (1), while the coefficient g»; cannot be obtained since there
are Wy1(6) and Wy (0) in g21. Next, we employ a calculation process similar to Wang
etal. (2019), Dengetal. (2014), Wang and Yang (2018) to compute W11 (6) and W (0)
as follows
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i . ig ) '
Wap(6) = —220g(0)elmoemd 4 TER g g)pmimnont 4 o2imoemd,

T20W20 3120w20
—1i R ig .
Wii(0) = —Lg0)elmoont 1 18I G g)—imoond 4
T20W20 T20W20
D 2@ 3 @\T D 0 0 @\T
where £/ = (B EP EP EY) B = (B EPESEY) can be

obtained by the following equations, respectively.

—aj3e T0P00 g 47200201

0

[ 2iwy0 — a1y R
0 2iw20 —an _a23e_720w201 _a24e_720w20’ R2
—a3j e T100i 0 2iwn — a3 0 S I
L 0 —a426_flw20i 0 2iwo0 — a44 0
fan 0 ai3 ais ki1lB1? + kialy 2
0 axn ax3 an Ey = —2| B> + knaly|?
az1 0 a3z 0 0
L O an 0 au 0

where Ry = (k1182 + kioy?) e 72720900 Ry = (kp B2 + koo y?) e~ 27200201,

Thus, we

2
EP =2
E
EP =2
2
EY ==
E
2
EP =2
E
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obtain

(k11 B? + kiay?) e~ 2r0e0i
(k21B? + kopy?) e=2r20e20i

0
0
2iwyg — ayy
0
—az e T1eN!
0
2iano —aiy
0
_a3le—f1wzoi
0
2iw — any
0
_,13]6*11!0201'
0

0 —aj3e” 200201
2iwr — ax —a2367120w20i

0 2iwyo — azs
—agpe” 10201 0

(k118> + kioy?) e~ 20000
(k21 B + kaoy?) e~ 20000

0
0
0
2iwyg — axn
0

—agpe” 100!

0
2iwy — axn
0

—aype T

_awe—fzowzoi
_a23e—f20w20i
2iwy0 — as3
0
(k118? + kiay?) e 200l
(ka1 % + koo y*) e~ 2m0e0i

0
0
—ay3e” 200201
—ap3e” 7200201
2iwn0 — a3
0

—ayge T200201

—apge T200201

0
2iwag — ass
_a14e—fzowzoi

—apye”T20020!
0

2iwp — ass

—ayge 200201
—apye”T200201
0

2iwp0 — a4

(k11B? + kizy?) e~ 2r000i
(k21B? + kapy?) e~ 2m20e0

0
0
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where
2w — ajyy 0 —ajze” 0001 g, e 7200201
0 2iwag — apy  —anze PN gy e 200201
E= —az e Mot 0 2iwo — azz 0
0 —agpe T1®N1 0 2iwr0 — agq
Similarly, we get
kBl +knlyl> 0 a3z au
Eél) _—2 kot B> +knly? axm ax am ’
0 0 a3z O
0 app 0 au
aiy kulBlP +kplyl? aiz an
Eéz) _ 0  kaulBl? +knlyl> an axu ’
asy 0 az 0
0 0 0  aus
air 0 kulBP +kply? au
g 22| 0 an kalplbknly e
F lay 0 0 0
0 ag 0 44
air 0 a3z knlBP +knlyl?
E§4) _—2 0 axn ay kulBl>+knlyl? ’
F las; 0 a3 0
0 agp O 0

where
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Hence, we can compute g71. Further, we have the following quantities:

. 2
c1(0) = 5o (gngzo —2lgnl* - —|g032| ) + 4

_ Re {c1(0)}
M2 = TRe W (m0))’
B2 =2Re{c1(0)},
T = —mla@}tusIm {3 (20)}
T20@20 :

In summary, we have the following results.

Theorem 4 For system (1), the following results hold.

(1) The sign of o determines the direction of Hopf bifurcation: Hopf bifurcation is
supercritical (subcritical)if 1o > 0(ur < 0);
(ii) The sign of B determines the stability of the bifurcating periodic solutions: The
periodic solutions are orbitally stable (unstable) if B> < 0 (B2 > 0);
(iii) The sign of T, determines the period of bifurcating periodic solutions: The period
increases (decreases) if T, > 0 (T» < 0).

4 Numerical Simulations

In this section, numerical simulations are given to illustrate the analytical results we
obtained. We chose parameterry = 1, =1,¢c1 =2,c0 =2,5s =0.5,a=0.5,b =
0.5,d1 =2,d, =2,n=3,a; =1, bp; = 1 Xi and Turcotte (2015); then, system (1)
becomes:

/ _ Ple-) 0.5
My @) =—-Mi () + 0'50.53+P,3(r—r2) + 0'50.53+P23(t—r2)’
, _ P} (1—12) 0.5°
M2 =-M @)+ 0'50.53+P23’(t—12) +05 0.5+P}(1-12) 27)

P/ (1) = =2P; (t) +2M, (t — 71),
Pr(t)==2P,(t) +2M2(t — 11) .

By computation, it can be concluded that system (27) has three positive equilib-
rium points Ej, E and E3, where Ep(0.931827, 0.068173,0.931827, 0.068173)
and E3 (0.068173,0.931827, 0.068173, 0.931827) are stable equilibrium points, and
E> (0.5,0.5,0.5,0.5) is asaddle point. System (27) will have bistable behavior. Which
stable point of system (27) tends to depend on the initial values. For r; = 70 = 7 # 0,
we obtain 79 & 9.5, the positive equilibrium points E3 lose stability and a Hopf
bifurcation occurs when the time delay t passes through the critical value ty. By The-
orem 2, we know system (27) is stable when 0 < t < 70, and unstable for t > 1.
The corresponding time cources diagram and phase portrait are depicted in Fig. 2.

When the initial value is selected near the saddle point E;,there is no periodic
solution. The stability of system (27) is maintained with time delay t increasing (see
Fig. 3).
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Fig.2 Time cources diagram of P; and 3D phase portrait of system (27) with t=10.at =0;bt=3;¢
7= 10; d the delayed track oscillates between fixed point 1 and 2 that, under no-delay conditions, would
be stable. Initial conditions: M7 (0) = 0.1, M»> (0) = 0.35, P; (0) = 0.4, P> (0) = 0.3

By computation, we can also obtain 1] = 1, = 19 & 11.5, and a Hopf bifurcation
occurs at the positive equilibrium point £ for T = t9. By Theorem 2, we know that
the positive equilibrium point E; of system (27) is stable when 0 < 7 < 79 and
undergoes a Hopf bifurcation at T = 79 & 11.5 (see Fig. 4).

Time delay can transform bistable behavior into oscillatory behavior and plays
important roles in this model. Through numerical simulation, we can also draw the
conclusion that the initial value and time delay both affect the dynamic behavior of
system (27). With different initial values, even if the time delay is the same (17 =
7, = 67), the trajectory of the solution of system (27) is different (see Fig. 5).
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Fig. 3 Time cources diagram of P; with different time delay t.a 7 = 0; b 7 = 10; ¢ 7 = 100. Initial
conditions: M1(0) = 0.4, M2(0) = 0.4, P{(0) = 0.4, P,(0) = 0.4

5 The Effect of Biological Noise

Biological systems are not purely deterministic as they comprise significant molecular
noise as an often not just present but, in fact, essential component to establishing
phenotype; see the general review Tsimring and Lev (2014) and Cagatay et al. (2009),
Xi et al. (2013), Xi et al. (2013) for specific examples in bacteria. Here, by molecular
noise, we understand biological random fluctuations of molecular components entirely
due to paucity in numbers of some (or all) key species that affect the overall behavior
of the system. Hence we were curious to see how our theoretical finding of the time
delay-induced bifurcation to oscillations could be affected by the presence of molecular
noise.

So, to this end, we used the well-traveled route provided by the Gillespie algo-
rithm (Gillespie 1976) to translate the delayed four-dimensional deterministic model
(equation #1) into a set of discrete event reactions. The detailed implementation of the
stochastic algorithm for the instantaneous (no-delay) version of this system is given
in Xi and Turcotte (2015). Briefly, the system was separated in a set of production and
degradation reactions; each reaction corresponds to the individual production terms
(positive terms) and degradation terms (negative terms) in the four differential equation
system. Thus, in all, the stochastic algorithm comprises four production reactions and
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Fig. 4 Time cources diagram of P with different time delay t.at = 0; bt = 5; ¢ v = 12. Initial

conditions: M1 (0) = 0.3, M>(0) = 0.35, P1(0) = 0.4, P,(0) =0.3

(a) 1

0.8

0.6

0.5

0.4 I I I I

0 1000 2000 3000 4000
Time

5000

(b) -

0.9
0.8
0.7

0.6

o
~

o
w

o
N

o

Il

I
1000

. .
2000 3000 4000 5000
Time

Fig. 5 Time cources diagram of P; with different initial conditions. a M1(0) = 1, M»(0) = 1, P1(0) =
1, P1(0) =1,b M1 (0) =0.1, M2(0) = 1, P1(0) =1, P,(0) = 1

@ Springer



46 Page 24 of 30 G.Wang etal.

four degradation reactions. Throughout the course of a stochastic simulation, reactions
are individually fired according to their time-evolving propensities using the Gillespie
algorithm. Stochastic simulations thus track the varying numbers of all species in the
system as a function of time as discrete event reactions individually fire. Finally, the
time delay is implemented by straightforward lookup into the running history of the
simulation.

Figure 6 shows the result of two extended time-delayed stochastic simulations (pur-
ple and red trajectories) overlapped onto the time-delayed integration of the 4 ODE,
or 4D deterministic system (cyan line). For guidance, we also show the instantaneous
2 D nullclines obtained from setting dmRNA1/df = dmRNA2/dr = 0 (solid red
and green lines), thus collapsing the four-dimensional system into a two-dimensional
system by setting the messenger RNA sub-manifold at rest. We also show the 4D
nullcline constructions (red and green circles overlapping the 2D nullclines). Actual
methods on how these are computed can be found in Xi and Turcotte (2015) and
would not be repeated here for brevity. The intersections of the two 2D nullclines
define the locus of the 2-dimensional instantaneous system being a rest on the phase
plane (dX;/dr = dX,/dt = 0). These three fixed points are labeled #1, #2 and #3.
From Xi and Turcotte (2015), points #1 and #3 are stable nodes, and point #2, the
middle point, is a saddle node. These fixed points are deterministic delay-free fixed
points of the dynamics that we use to pin and contrast the discussion of the delayed
stochastic system behavior.

First we notice that the deterministic time-delayed four-dimensional system track
projected on the X and X5 plane (the cyan line) roughly oscillates between points
#1 and #3. This is consistent with our earlier findings that time delay bifurcates an
otherwise bistable system into an oscillatory one. The direction of rotation is counter-
clockwise.

Turning our attention to stochastic effects, the purple stochastic track was started
at the same location on the phase plane where the deterministic track (cyan trajectory)
originates. We adjusted the level of noise in the system by setting the total number
of molecules per unit of concentration in the system to & = 10,000. 2 actually has
units of volume and is thus a convenient way to dial-in a desired noise level based on
how big the sample is, while maintaining the concentrations the same. An invariant
concentration is obtained by scaling both the number of molecules Nyglec and the
volume Vgysiem Of the system by the same factor, so the ratio Nmotec/ Vsystem does not
change. While concentrations are invariant under any €2, the random fluctuations on
these concentrations are expected to vary approximately as 1/sqrt(Npglec). For more
details the reader is referred to Tsimring and Lev (2014) and to the supplement of
Cagatay et al. (2009). So, for €2 increasing, the size of the fluctuations will decrease.
Because the number of molecules per unit concentration in the system is high, but not
overly high, the observed fluctuations are significant, but they not overwhelming the
dynamics; see Fig. 6.

The main points conveyed in Fig. 6 are twofold. Firstly, the stochastic simulation,
particularly in the early phase of the purple track where the number of molecules
is high, closely follows the deterministic track, even in regions of the phase space
where the shape of the deterministic parent trajectory is complex. But much more
importantly, secondly, in the neighborhood of point #1, we observe the purple track
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X1 ()

Fig. 6 Stochastic behavior. Green and red solid lines are nullclines of the instantaneous (no-delay) deter-
ministic system, as explained in the text. Points #1, #2 and #3 are fixed points of the instantaneous system:
stable, saddle and stable, respectively. The cyan line depicts the time-delayed four-dimensional system
integration. The direction of rotation is counterclockwise. The purple trajectory is a delayed stochastic sim-
ulation initiated at the same starting location as the deterministic simulation (cyan line). The red trajectory
is another delayed stochastic simulation, and this one initiated within the basin of attraction of point #3.
Initially the red trajectory moves in the direction from 3 to 1 (as seen on the upper branch of the coun-
terclockwise loop) but it soon hops to the lower branch, and progresses in the direction from 1 to 3. Both
stochastic trajectories become trapped in the vicinity of their respective destinations (point #1 and point #3)
despite the deterministic delayed systems being oscillatory (cyan line). Stochastic simulations are run with
€ = 10,000 imparting modest noise to the system (Color figure online)

dwelling indefinitely by essentially hopping back and forth from an inward going
direction to an outward going direction to point #1. We can understand how this
behavior is happening because, in this region of phase space near point #1, the inward
and outward flow directions are very close to each other (Fig. 6); in the pinching part
of the looping track. Effectively, in vicinity of point 1, the stochastic system hops back
and forth in direction inward and outward to point #1. In short, the noisy system is
dynamically and stochastically trapped to the neighborhood of point 1.

The second stochastic simulation, the red track, was started closer to and in the basin
of attraction of and above point #3. We see that initially this trajectory actually moves
away from point #3, settling onto the outbound flow of the oscillating trajectory (upper
branch of the loop). But, eventually and randomly, the stochastic system jumps back
over onto the deterministic flow (lower branch of the loop) that propel deterministic
tracks to move the system toward point #3. As the stochastic simulation progresses
further, the inward and outward flows become closer and closer to each other on the
phase plane, similar to the case of the neighborhood of point #1, described above.
Hence, again, the system essentially dwells in the neighborhood of the fixed point,
as it hops back and forth in direction inward and outward of point #3. Hence, the
noisy system is again dynamically and stochastically trapped, but this time, to the
neighborhood of point 3.
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Figure 6 thus demonstrates a key and unexpected behavior imparted by molecular
noise: Whereas the delayed deterministic system oscillates beyond the Hopf as shown
described earlier, the equivalent stochastic delayed system will nevertheless remain
bistable because noise effectively imparts a stabilizing effect through the mechanism
explained above. In short, interestingly, molecular noise actually stabilizes an other-
wise oscillating system. To our knowledge, the description of this behavior is original.

We have also numerically studied two limits: 2 = large(100,000) and Q2 =
small(100). In the small 2 limit, the system is quickly overwhelmed by noise (the
number of particles in the system is small) and much of the interesting dynamics is
blurred away. In the large €2 system, we have verified that the stochastic system’s behav-
ior, as it approaches the so-called thermodynamic limit (Gillespie 2007), as expected
more and more approximates that of the deterministic system. Large €2 simulations
require many thousands of hours to perform. Data are omitted for brevity.

6 Characterization of the Orbit

In this section, we briefly consider the effect of nonlinear terms in the normal form of
the orbit equation. Following the lead of Molndr et al. (2016), we see that the stability
and amplitude of a limit cycle born at the Hopf bifurcation depend on the cubic term in
the expansion, but further away from the bifurcation, the possibility that higher-order
terms (quintic,. ..) would modify the amplitude and/or would even contribute new
dynamical behavior such as a fold cannot be excluded; it depends on the details of the
problem (Molnér et al. 2016, Molnar 2020). Casting the problem into normal form is
beyond the scope of this paper. So in order to study this nonlinear dynamical aspect,
and in order to determine its potential impact on our analysis, we generated multiple
time curves of the oscillations for t just past the Hopf bifurcation and further away
from it, both for short and essentially extremely large time intervals. In all cases, the
attained amplitude of oscillations and frequency is the same. The data are not included
here, for the sake of saving space, but it is available for perusal if needed. We therefore
conclude that, for the problem we studied, such possible buildup of nonlinear effects
has no impact.

7 Discussion and Conclusions

In the first part of this paper, we study the effect of two time delays on a mutu-
ally inhibitory core gene regulation circuit. In the case of instantaneous regulation
(no-delay), we expect the dynamics to be bistable. Since delays are inherent to the
spatial and mechanistic regulation of cells, we focus on the influence of time delays
in five special cases and thus obtain the conditions for the stability and the bifurcation
of system (1) to oscillations. We derive a formula to determine the direction of the
Hopf bifurcation and the stability of the periodic solutions by applying the normal
form method and the center manifold theorem. In the absence of time delays, bistable
behavior occurs in system (1), so the selection of initial values is very important. A
separatrix passing through the middle saddle point divides the respective basins of
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attraction of the two stable fixed points on either side. By adding time delay to the
dynamics of the regulation, the bistable behavior can be transformed into oscillatory
behavior. Delay and initial values combine to affect the dynamic behavior of the sys-
tem. Thus, complex dynamic behavior appears. Numerical simulations are performed
to illustrate and confirm the analytical results.

In the second part of the paper, we turned out attention to the effect of biological
noise on the system. In many cases, noise could be naively expected to destabilize
an otherwise stable system. But our main point in the deterministic analysis was that
delays induce oscillations via Hopf bifurcation in an otherwise bistable system. The
delayed system is already “unstable” through oscillations. So, what then could the
effect of unavoidable biological noise on the now oscillatory system be? Somewhat
un-intuitively, our numerical simulations, based on the robust Gillespie algorithm
augmented to account for delays, showed that the fluctuations actually stabilize the
otherwise oscillatory system. By carefully studying the developing stochastic histo-
ries, we established the mechanism for this. In fact, near destabilized fixed points of the
dynamics, noise allows the delayed stochastic system to essentially hop from inward
going flow to outward flow and back. Thus, noise actually re-stabilizes a de-stabilized
point. Hence, while the delayed deterministic dynamics bifurcates to the present oscil-
latory behavior, the stochastic dynamics acts to recover bistability, in effect, negating
the effects of delays.

Delays are inherent to transport and other mechanisms in the cell and are thus not
only un-avoidable, but because they are part of how biological systems work, they
cannot reasonably be ignored. The same is also true about fluctuations in the con-
centrations of molecular regulators of living systems. In this work we chose perhaps
the simplest and best example there can be of a meaningful core biological con-
trol circuit—the “bistable switch”—to first demonstrate its inherent fragility to time
delays under a deterministic analysis. Bistability is a dynamic feature that enables
commitment to one of two possible states. But here, we explicitly show that time
delays impact the behavior of the system by breaking this commitment and permitting
switching back and forth between otherwise stable states. Further, and perhaps even
more importantly, we show that unavoidable biological noise somewhat unintuitively
restores the bistable behavior of the system.

In further work, we plan to study in more details the efficiency of the noise stabi-
lization process for it cannot be excluded that noise may allow, with some probability,
occasional exit from the re-stabilized point. And clearly the size of the noise will have
an impact. We also plan to explore the impact of the number of bifurcations and of
another unavoidable feature of realistic biological circuits, timescale separation, in
this and particularly in other progressively more complex systems. And of course,
propelled by the results we obtained in this analysis, we plan to continue the study of
how biological noise impacts dynamical behavior. We expect this work to continue
helping shedding light on how and particularly why Evolution selects certain gene
regulation circuit topologies over others.
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Compliance with ethical standards

Methods In numerical simulations, ODEs and DDEs were separately integrated by using ODE45 and
DDE23 in MATLAB R2014a.

Appendix

mo = 4B§AOC0,
mi; = 2Cy (ZB()A()B] — A]Bg) ,

ma = 4Co <2A1B1Bo —2A0ByBo — AgB? — A1B§> ,

ms =2Co (A3B} = 2828140 — 2BoB1 A + A1 B} +2B0BaAr )

my = 4Co (—2A3B1 Bo — 2A1B1 By +2A2B, By + 4B2 Ao + Ay B2 + Bg) ,
ms = 2Co <2A2B1B2 — A3B? — 2A3ByB, + 2B, By — A1B22> ,

me = 4Co <2A33132 + B2A, — B? — 23230) ,

m7 = 2Cy (B§A3 — 2BIBZ> )
mg = 4C0322,
ny =243 —4A,,
ny = A% +6A3 — BY —4A A5 — 4A2A3 + 4A,
ny =2A% — 12A0As — 4A3 +2B2 Ay — A3B2 + 2B2By + 4AgA3 + 8A A2 A3
+2A3A% — B} — 4434,
ny = 2B} Ay —8A0gA1 A3 — B — A3B} 4 1240A% — A3BS — 2C3 + 6AT A3
+A3 +643 — 282 (49 + Co — A3By — A143)
443 (A1A2A3 + BoBa + ApA} + A1),
ns = 44,C2 — 124, A% + 2432 <2A0 + A%) +242 (Ag - cg) — 4434,
— A2 <4A1A3 + 322)
+B? <2A2 - A%) + B? (2c0 — A2 - 240+ 2A1A3>
—4A3 (B1B2Co + BoB2A1)
+8A0A1A2A3 +4BoBs (Ao + Co) + 2A2B2 (B2Co + A2 By) ,
ne = 64343 - 2C} (240 - 43) — A1B} - B3 (A3 + C3)
—B? <2A0 +2C + A%)
+4B1Co (B2A1 + BoA3z) — 4B (A2BoAo + A2BoCo)
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+2ByBy AT +2A1 A3 B}
+2B2 A5 (Ag — Co) — 4A0Ar A% + 4A1 A3 (cg - A%) — 2A0Co B2
+4A3 + A,
n7 = 2B3A2Co + 243 A% +2C5BoBy — 4A1B1 BoCo — A? (Bg + 2c§)
+2B} Ao C
+4By AgByCo + A2 (23032 — B%) — 2 (312 - 4A0A2) —4A,A3
+2B3 ApAa,
ng = —2B2ACo — A2 (2C§ + Bg) — B3C+ AL+ Cl
My = c 1 Pf/d,,
P; (—bbmdl <s2" + s"(p;“)”) /
(—rlCl Pfs" —ricy (Pl*)nJrl + aa (Pl*)"d1> — s")(l/n) ,
M} = ey P} /ds.
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