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S1 | HEAT SHOCK RESPONSE NETWORK (HSRN)5

S1.1 | Mathematical description bymass action law of the HSRN6

Cell

Heat

HSP

HSF1

HSP

MFP

HSF1

Prot

MFPHSP

F IGURE S1 Cartoon of the Heat Stress Response Network (HSRN)model.

The description of the heat-shock response network (Fig. S1) involves the transcription factorHeat Shock Factor7

1 (HSF1), the chaperone proteins of theHeat-Shock Protein (HSP) family, the sequestration complex (HSF1:HSP), the8

Misfolded Protein (MFP) the chaperone complex (MFP:HSP) and the cellular pool of protein (P).9

Denaturation rate κd (T ), is approximated in the 37–45°C range from [1] by:10

κd (T ) = kd
(
1 − 0.4e37−T

)
1.4T −37 (S1)

whereT is the temperature in °C . The protein refolding process is described by aMichaelis–Menten kinetics to stand11

for limited energy resources. The denaturation rate is the only input pathway of temperature in the network.12

TheHSRN involves diverse regulatory processes of transcription, degradation, multimerization, denaturation and13

renaturation which can be formulated as a set of biochemical reactions (Tab. S1), which lead to a system of ordinary14

differential equations with 6 variables and 17 parameters (Tab. S2)15

In Tab. S1, the parameters δu are the linear degradation rates, K±u the kinetic constant for heterodimerization, µu16

the basal transcription rates (u refers to any chemical species). The parameter P0 defines the threshold of regulation17

and µH SP + λH SP is themaximal transcription rate ofH SP .18
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TABLE S1 List of chemical reactions and corresponding reaction rates

# Chemical reaction Reaction rate
R1 −→ P δP PT

R2 −→ HSF1 µH SF 1

R3 −→ mHSP µH SP + λH SP
[HSF1]3

P 3
0
+[HSF1]3

R4 mHSP −→ mHSP+HSP βH SP [mHSP]
R5 P −→ δP [P ]

R6 HSF1 −→ δH SF 1 [HSF1]
R7 mHSP −→ δmHSP [mHSP]
R8 HSP −→ δH SP [HSP]
R9 MFP −→ δMF P [MFP]
R10 MFP:HSP −→ δMF P :H SP [MFP : HSP]
R11 HSF1:HSP −→ δH SF 1:H SP [HSF1 : HSP]
R12 MFP +HSP −→ MFP:HSP K+

MF P :H SP [MFP] [HSP]
R13 HSF1 +HSP −→ HSF1:HSP K+

H SF 1:H SP [HSF1] [HSP]
R14 HSF1:HSP −→ HSF1 +HSP K−

H SF 1:H SP [HSF1 : HSP]
R15 MFP:HSP −→ P +HSP kr

[MFP:HSP]
KM +[MFP:HSP]

R16 P −→ MFP κd (T )
PT
[P ]

S1.2 | Cell populationmodel19

The hyperthermia impact on cellular viability is described via a populationmodel in which the variable N (t ) denotes the20

number of viable and proliferating cells at time t . In a normal cell culture condition,N is assumed to grow exponentially21

in time due to the proliferation rate γ. In a hyperthermia condition, these viable and proliferating cells can transit into a22

death or non-proliferating state with a rate κ:23

κ(t ) = α ([MFP](t ) + [MFP : HSP](t )) + β
(
1 − [P](t )Ptot

)
(S2)

Eq. S2 is identical to Eq. 4 in the main text as [P∗](t ) is equal to the total MFP concentration [P∗](t ) = [MFP](t ) +24

[MFP : HSP](t ). The balance between proliferation and stress-induced cell-cycle arrest and death leads to the following25

ordinary differential equation governing the time evolution of the the number of viable and proliferating cells:26

dN
dt = γ N (t ) − κ(t )N (t ) (S3)

The dynamical model of the survival response investigated in this paper consists of the population equation Eq. S327

and the HSRNmodel published in [2] and described in Tab. S1 with parameter values of Tab.S2. The survival probability28

due to hyperthermia is estimated by normalizing the number of viable and proliferating cells N to the value obtained in29

cell culture condition (without hyperthermia) leading to Eq. 5 in themain text.30
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TABLE S2 Estimated parameters for the HSRN
Parameter unit description value
ln(2)/δH SF 1 (h) HSF1 half–life 19.21
ln(2)/δmHSP (h) mHSP half–life 7.69
ln(2)/δH SP (h) HSP half–life 14.71
ln(2)/δH SF 1:H SP (h) HSF1:HSP half–life 17.54
ln(2)/δMF P :H SP (h) MFP:HSP half–life 11.02
ln(2)/δMF P (h) MFP half–life 3.694
µH SF 1 (µM.h.−1) HSF1 basal transcription rate 8.178E-05
µH SP (µM.h.−1) HSP basal transcription rate 5.859E-06
λH SP (µM.h.−1) HSP active transcription rate 214.4
P0 (µM) HSP transcription regulation threshold 17.59E-03
βH SP (h.−1) HSP translation rate 3.720
K+
H SF 1:H SP (µM.−1.h.−1) HSP:HSF1 binding affinity 60.07
K−
H SF 1:H SP (h.−1) HSP:HSF1 unbinding rate 24.80
K+
MF P :H SP (µM.−1.h.−1) MFP:HSP binding affinity 274.6

kd (µM.h.−1) denaturation rate 13.30
kr (µM.h.−1) maximal renaturation rate 101.8
KM (µM) renaturationMichaelis constant 0.9409
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S2 | CELL COUNTING AFTER A FAST–SLOW AND SLOW–FAST PROTOCOLS31

F IGURE S2 Results of cell counting after a hyperthermia protocol. Cells were counted under microscope using a
cell counting software, where viable cells (attached cells without PI and AV), PI cells, AV cells and PI+AV cells are
distinguished. Time 0 refers to themoment before applying the hyperthermia protocol. Experiments were run in
duplicates for three hyperthermia protocols: Control at 37°C (A), fast–rise/slow–decay hyperthermia protocol
displayed as a black line in Fig. 2A (B), and slow–rise/fast–decay hyperthermia protocol displayed as a blue line in Fig. 2A
(C).
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S3 | ANALYTICAL EXPRESSION OF CEM43 FOR A TRAPEZOIDAL TEMPERA-32

TURE TIME PROFILE33

We consider the following trapezoidal temperature profileT (t ) = Ai t + Bi , where i = 1, ..., 4 represent time intervals34

according to the following equation:35

T (t ) =



Tmax − 37
t1

t + 37 0 ≤ t < t1

Tmax t1 ≤ t < t2
37 −Tmax
τ − t2

t +
Tmaxτ − 37t2

τ − t2
t2 ≤ t < τ

37 otherwise

(S4)

0 <= t1 < t2 < τ are the times of the temperature signal that define intervals linearly increasing, being constant,36

and linearly decreasing, respectively.Tmax is themaximum temperature and it is determined such that the equivalent37

CEM43 thermal dose is fixed regardless of the values t1, t2, and τ . Additionally, we introduce parameters η and σ to38

transform t1 and t2.39

η =
t1 + t2
2τ

σ =
t2 − t1
τ

(S5)
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F IGURE S3 A general temperature profile
and CEM43 dose. Black lines represent the
temperature profile withmaximum
temperatureTmax, time duration τ , increase
time t1, and decrease time τ − t2. The gray
shaded area is a corresponding CEM43 dose.

The CEM43 thermal dose value, e.g. integral

CEM43 =

∫ t=final
t=0

RTc−T (t ) dt where

R = r1 T < Tc
R = r2 T > Tc,

is analytically solvable for the type of stress profile defined by S4:40

CEM43 =


r1

43−Tmax τ σ + τ (1−σ)
Tmax−37

(
r1

43−37−r143−Tmaxln r1
)
+ r1

43−37(t − τ) Tmax < 43

r2
43−Tmax τ σ + τ (1−σ)

Tmax−37
(
r1

43−37−1
ln r1 − r2

43−Tmax−1
ln r2

)
+ r1

43−37(t − τ) Tmax ≥ 43
(S6)

For a fixed CEM43 dose and a fixed exposure duration τ , the maximum temperature Tmax depends only on σ .41

Therefore, parameter σ is a measure of the maximum temperature for a given CEM43, whereas parameter η is a42

measure of the speed of a temperature change. The smaller the η, the faster the increase and the slower the decrease of43

the temperature.44
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S4 | DOSES–ASYMMETRY EFFECT DOES NOT SIGNIFICANTLY DEPEND ON45

α AND β PARAMETER VALUE46
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F IGURE S4 Dose-asymmetry effect does not significantly depend on α and β parameter value (A) RMLSE value
along the valley of the score landscape showed in Fig. 1C Fig. 2C of themain text as a function of α and β parameter,
RMLSE value is indicated by the color bar. (B)Model predicted survival ratio, defined as the ratio of survival response
between slow–fast (σ = 0, η = 1) and fast–slow (σ = 0, η = 0) thermal profile similar as Fig. 3C Fig. 4C (main text) along
the landscape down valley showed in Fig. 1C Fig. 2C (main text) computed for 3 hours exposure heat stress (τ = 3 h)
triangular time profile having an identical cumulative equivalent minute at 43°C value of 180 CEM43 τ = 3 h. Survival
ratio value is indicated by the color bar.
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S5 | REGULATED TRANSCRIPTION IN HSRN PLAYS NO ROLE47

IN DOSE-ASYMMETRY EFFECT48
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F IGURE S5 Regulated transcription in HSRN plays no role in dose-asymmetry effect The survival ratio in the
(CEM43,τ)–space computed numerically with the HSRNmodel where the active transcription process of HSP
µH SP + λH SP

[HSF1]3
P 3
0
+[HSF1]3 is fixed to its value in cell culture condition at 37°C . The active transcription process has no

significant influence on the dose-asymmetry effect as the results are similar to those displayed in Fig. 3C of themain
text.
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S6 | MODEL REDUCTION OF HEAT SHOCK RESPONSE NETWORK49

Starting fromHSRNmodel consisting of Tab. S1, we perform a model reduction by assuming in the first step that (i)50

all proteins species exceptMFP have similar degradation rate e.g. δP = δH SF 1 = δH SP = δH SF 1:H SP = /δMF P :H SP ; (ii)51

HSF1 andHSP total protein pools are constant, in fact HSF1 does not vary significantly upon heat stress [2] and the52

regulated transcription of HSP does not significantly influence the survival response; (iii) the variation of the native53

protein pool due to heat inducedmisfolded proteins is negligible [2]; (iv) the renaturation rate is in a linear regime e.g.54

KM � [MFP : HSP] . Doing so, one arises with the following dynamical model55

d
dt [MFP] = κd (T ) − K+MFP:HSP [HSP] · [MFP] − δMFP[MFP]

d
dt [MFP : HSP] = K+MFP:HSP[HSP] · [MFP] − kr [MFP : HSP]KM

− δ [MFP : HSP];
d
dt [HSF1] = µHSF1 − K+HSF1:HSP[HSF1] · [HSP] + K−HSF1:HSP[HSF1 : HSP] − δ [HSF1];

d
dt [HSF1 : HSP] = K+HSF1:HSP[HSF1] · [HSP] − K−HSF1:HSP[HSF1 : HSP] − δ [HSF1 : HSP];

d
dt [HSP] = kHSP − K+HSF1:HSP[HSF1] · [HSP] + K−HSF1:HSP[HSF1 : HSP]

−K+MFP:HSP [HSP] · [MFP] + kr [MFP : HSP]KM
− δ [HSP]. (S7)

where kHSP is the constant synthesis rate of HSP protein.56

The next step is to reduce the number of differential equations by assuming the conservation of the HSP andHSF157

number of copies. Let us denote by [H SF 1]T , [H SP ]T , and [MF P ]T the total concentration of HSF1, HSP, andMFP e.g.58

[HSF1]T = [HSF1] + [HSP : HSF1]
[MFP]T = [MFP] + [HSP : MFP]
[HSP]T = [HSP] + [HSP : MFP] + [HSP : HSF1].

then59

d
dt [MFP]T = κd (T ) − κd

(
T ∗

)
[MFP : HSP] − δMFP [MFP];

d
dt [HSF1]T = µHSF1 − δ [HSF1]T ; (S8)
d
dt [HSP]T = µ′HSP − δ [HSP]T .

For clarity, we introduce in Eq. S8 a new temperature parameterT ∗, defined such as κd (T ∗) = kr /Km . In model S8,60

[HSF1]T and [HSP]T converge to a constant value that can be taken as a new constant parameter.61

The last step is to derive analytical expressions of [MFP : HSP] and [MFP] asmathematical functions of [H SF 1]T ,62

[H SP ]T , and [MF P ]T in order to obtain a closed system. Adiabatic elimination of dimer assembly and dis-assembly as63

detailed in the next paragraphs performs the last step.64

Let A and B be two proteins, the equilibrium equation of reversible complex formation reaction A + B↔A : B is
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written [A : B] k0 = [A] × [B]where k0 is a balance concentration. Straightforwardly, one gets

[A : B] = − a + b − k0
2

[√
1 − 4 a b

(a + b + k0)2
− 1]

]
where a = [A] + [A : B] and b = [B] + [A : B] stand for the total concentration of proteins species A and B. If now the65

chemical species concentrations a and b dominate the equilibrium concentration k0 (a+b � k0), parameter free rational66

functions approximate the concentration at equilibrium:67

[A : B] ' ab

a + b

[A] ' a2

a + b

[B] ' b2

a + b

To reduce themathematical model of the cellular heat shock response network, we consider that the hetero-dimer68

assembly and disassembly follow the equilibrium relation at equilibrium for a given pool ofMFP, HSP, andHSF1, in an69

ordered reaction chain: firstly HSP bindsMFP and secondly HSF1 binds the remaining free HSP pool.70

Once applied to the dominant hetero dimer reactionH SP +MF P → MF P : H SP the adiabatic elimination gives71

[MFP] =
[MF P ]2T

[MF P ]T + [H SP ]T

[MFP : HSP] =
[MF P ]T [H SP ]T
[MF P ]T + [H SP ]T

[HSP] =
[H SP ]2T

[MF P ]T + [H SP ]T

for the concentration ofmisfolded proteins in the free from, the hetero dimerMFP:HSP, andHSP in the free form before72

HSF1 binding.73

Under those approximations, the HSRN is described by a single differential equation74

τd
dP∗
dt = f (T (t )) − P∗ P∗(t )

P∗(t ) + 1
− f (T ∗) P∗

P∗ + 1
(S9)

where P∗ ≡ [MFP]T/[HSP]T , and τd ≡ 1/δMFP. We also simplify the mathematical expression of the temperature75

dependant denaturation rate by taking f (T (t )) = kd 1.4
T (t )−37 that coincides up to a scale factor with Eq. S1 when76

temperature increases.77
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S7 | RESPONSE TO THE DAMAGE INDUCED BY DIFFERENT TRAPEZOIDAL78

STRESS PROFILES WITH THE SAME STRESS DOSE79

In this section, we investigate a simplifiedmodel of the survival response, based on the reduced dynamical model of the80

HSRN Eq. S9. The aim is to identify the keymechanism accounting for dose-asymmetry effect in the survival response.81

The simplifiedmodel S10 describes the dynamics of damage and damage accumulation, where damage stands for82

misfolded proteins, and damage accumulation leads to a cell death:83

τd Ûd = f (T (t )) − d 2(t )
d (t ) + R − f (T

∗) d (t )
d (t ) + R (S10)

Ûr = d (t ) (S11)

d represents a damage variable, and r accumulation of damage. In Eq. S10 the first term on the right hand side84

corresponds to the damage production, second term corresponds to the degradation of the damaged proteins due to85

repair, and the third term corresponds to the renaturation of damaged proteins. Parameter τd is the half life of the86

damage d andwill be considered as a referent time scale e.g. τd = 1, and parameter R determines the strength of the87

repair mechanism.88

To facilitate analytical computation, the denaturation rate Eq. (S1) is replaced in Eq. S10 by the approximation:89

f (T (t )) = kd 1.4T (t )−37 (S12)

whereT (t ) represents temperature profile. kd is a basal rate of damage production atT = 37°C ;T ∗ is a threshold90

temperature and it is set to 42.5 in ourmodel. kd is set to 100.0 and R to 1 unless specified differently.91

Themodel given by Eq.S10 includes two different fates for damage that come frommisfolded protein degradation92

( d2(t )
d (t )+R ) or misfolded protein renaturation (f (T ∗) d (t )

d (t )+R ). To evaluate the respective contribution of these two processes,93

we also consider amodel without a term forMFP degradation:94

τd Ûd = f (T (t )) − f (T ∗) d (t )
d (t ) + R

Ûr = d (t ) (S13)

In the following, all calculations are derived in the case of trapezoidal temperature profile (Eq S4). The accumulation of95

damages at time t : r (t ) = ∫ t
0
d (u)du is taken as ameasure of the lethal effect.96
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S7.1 | Dose–asymmetry effect in the reducedmodel97

The accumulation of damage that determines the probability of the cell survival can strongly depend on η and σ , see98

Fig. S6(A), which contradicts an assumption that the damage induced by stress is only dose dependent. In Figs. S6(A)99

and (B) we calculate r (t ) for different η and σ , fixed τ = 180min and 180CEM43. For each (η,σ)-pairTmax is calculated100

from analytical expression of CEM43.101

Figure S6(A) depicts numerical results of damage accumulation obtainedwith the complete reduced systemEq. S10,102

whereas Fig. S6(B) depicts numerical results of damage accumulation obtainedwithout the degradation term Eq. S13.103

Qualitatively, the two figures look similar, there is a maximum of r in the middle of the η = 2σ line with a gradual104

decrease toward the triangle corners. The values of damage accumulation are, expectedly, higher in the reduced system105

Eq. S13 than in the complete one Eq. S10 since there is no additional degradation.
A

B

C

F IGURE S6 Damage accumulation for different stress profiles in the (η,σ)-space. (A) ∫ d (t ) d t for τ = 180min,
CEM43 = 180min, and t ′ = 2weeks. (B) Same as (A) but for a reduced equation Eq. S13. Note the increased values of
the accumulated damage due to no degradation. (C)Maximum values of ∫ d (t ) d t different τ (points) and two different
CEM43 values, 180min (solid line) and 5min (dashed line). Black curves correspond to the complete system Eq. S10,
and red to Eq. S13. Stress durations for which themaximum is not at the (1/2, 1) point are between 74 (90) min and
3594.6min for 180 CEM43 complete system Eq. S10 ( Eq. S13), and between 7.8min and 99.0min for 5 CEM43 (both
models).

106

Figure S6(C) depicts the position of themaximum for two values of cem43, 180min (solid line) and 5min (dashed107

line). Black lines correspond to the complete system, and red to the reduced. The maximum follows a trajectory108

originating in (η,σ) = (1/2, 1) (top of the triangle, a square pulse) and travels always across a left plane of the (η,σ)-space.109

Once it approaches (η,σ) = (1/2, 0) it goes rapidly back to (1/2, 1) point. Theminimum is always on the σ = 2 − 2η line.110

The smaller the CEM43 the smaller the interval of τ is needed for themaximum to go from (1/2, 1) and back to (1/2, 1),111

and the shorter the trajectory is, i.e. it covers a shorter path in (η,σ)-space, compare solid and dashed lines in Fig. S6(C).112

Here again, we see similar behaviour of the complete Eq. S10 and degradation-free Eq. S13 systems. If we compare113

damage accumulation only for symmetric profiles, σ fixed and t1 = τ − t2), there will always bemore damage for faster114

increase of temperature.115
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In Fig. S7we see how the patterns evolve by varying τ for a black solid line of the Fig. S6(C). Note that the difference116

between maximum and minimum value of r depends on τ . If the difference is very small, the asymmetry will not be117

experimentally measurable, andmost likely biologically not relevant since even small noise or cell variability will make118

the asymmetry not visible. For small doses of CEM43, the difference inmaximum andminimum is very small for all τ ,119

see Fig. S8. For larger doses, the difference can be significant. Bothmaximum andminimum reach themaximum value120

for τ a couple of times larger than τ = 60min. These are the typical values taken in experiments. The larger the τ the121

smaller the difference. This is due to the time scales, the slower the change of the temperature profile the easier it is for122

the system to adapt and reach the temporary fixed point which corresponds to the current value of S , i.e. if S (t ) changes123

slowly enough, d follows the change exactly.
A B C D E

F IGURE S7 Change of maximum of the damage accumulation as a function of stress duration τ in (η,σ)-space for a
180 CEM43 doses. τ = 60, 168, 378, 1290, and 4410min, (A)-(E), respectively. This figures correspond to the solid black
line in Fig. S6(C).

124

Beside the reduced system without degradation, we also made the same analysis for the reduced system with125

degradation but without renaturation. We find undetectable dependence on the shape of the stress profile, the126

difference of themaximum andminimum values is of the order of magnitude 10−6.127
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T /Td
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CEM43 = 5 min CEM43 = 180 min

F IGURE S8 Maximum andminimum curves as a function of pulse duration τ for low (A) and high (B) dose CEM43
and system S10, and low (C) and high (D) dose CEM43 and system S13. Small difference in themaximum andminimum
of the damage accumulation will lead to an insignificant effect of asymmetry, only when the shaded aria is large we
expect an asymmetric effect that is measurable. The results indicate this is the case for τ up to two orders of magnitude
larger than τ and CEM43 larger than 100min.
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S7.2 | Impact of non-linearity type on dose-asymmetry effect128

As shown, the dose asymmetry effect is fully captured by the renaturationmechanism alone. The renaturationmecha-129

nism is here described as a non-linear saturation function to depict the finite number of chaperon protein copy. However,130

one canwonder whether the type of nonlinearity (saturation here) impacts or not the dose-asymmetry effect.131

To answer this question, we perform a similar analysis on an even simpler model for damage induced by stress,132

τd Ûd = T (t ) − d ε , (S14)

where we assumed for simplicity a production of damage that is proportional to the temperature and a degradation133

of damage of the form d ε . The system of Eq.S14 is nonlinear for ε , 1. In the case of a saturation–like nonlinearity134

(ε < 0.5), the accumulated damage is in general smaller in the case of a fast increase than in the case of a slow increase135

of temperature, and then leads to higher survivability in the case of slow increase.136

This is intuitively expected, if the time scales are of the same order of magnitude as τ , fast increase doesn’t allow137

the system to reach themaximum temporary fixed point, while if the increase is gradual, the possibility exists. With138

the simplest possible type of nonlinearity, the asymmetry is generated only by competing time scales of the dynamics139

of d and change of temperature S . To reproduce the asymmetry found in the detailedmodel and the experiments, it140

is necessary to have a special type of nonlinearity, a saturation function, commonly used in biological models, often141

derived fromMichaelis-Menten kinetics.142

However, using an exponential-like nonlinearity (ε > 1), one finds an asymmetry effect but in the opposite direction143

than the one found in the detailedmodel and the experiments, e.g. the fast increase in temperature being less lethal144

than the slow one.145
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S7.3 | Doses–asymmetry for constantTmax146

A B C D

Log(  /   ) T Td
Log(  /   ) T Td Log(  /   ) T Td

Log(  /   ) T Td

F IGURE S9 Ratio ρS for the complete and the reduced system as a function of CEM43 orTmax and τ . There is a
significant minimum for τ around τ andTmax > T ∗ . White lines in figures (A) and (C) represent constantTmax = 46 (solid)
and 43 (dashed), and in figures (B) and (D) constant 180 CEM43 (solid) and 30 CEM43 (dashed).

Thedose-asymmetry ratio ρS develops amaximumwhere the duration of the pulse is of the sameorder ofmagnitude147

as the timescale of d andTmax close and above threshold temperatureT ∗ (Fig. S9(B)). The (Tmax, τ)-space can be divided148

in area where dose-asymmetry exist (measurable) and doesn’t exist (nonmeasurable) (see Fig. S9(b)).149

IfTmax < T ∗ then the reducedmodel Eq. S13 catches the dynamics of the complete system (Eq. S10) unless τ values150

are very small (Figs. S10(D)-(F)). In this last case, the thermal stress perturbs the system slightly out of the stationary151

state, less than the difference between the two systems, so the difference in the fixed points of the complete and the152

reduced systems doesn’t allow a good agreement. IfTmax > T ∗, we don’t expect agreement between the two systems.153

For 41 . Tmax . 55, the degradation and renaturation terms compete, degradation is still not strong enough to cancel154

the influence of the renaturation so the asymmetry becomes significant, Fig. S10(B).155
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F IGURE S10 Time evolution of damage for the completemodel Eq. S10 (black) and the degradation-freemodel
model Eq. S13 (red) for three different τ value, τ = 10−5 � τd , τ = 1 = τd , and τ = 103 � τd . Top row corresponds to
themaximum temperatureTmax = 45 > T ∗ and bottom row toTmax = 39 < T ∗. Excellent agreement between the two
systems are obtained for smallTmax and large enough τ .



17

S7.4 | Analytical expression for damage d156

max
T

τ/τd

R1

R2

R5R4

R3

1001

T*

F IGURE S11 Diagram of the characteristic five regimes with respect to the dynamics of d in the (τ −Tmax)-space.
Regime R4 (grey shaded area) corresponds to the parameter space where dose-asymmetry happens (ρS significant
greater than 1). Approximative analytical expressions of d (t ) are available for regimes R1, R3, and R5.

We identify five different regimes (Fig. S11) according to the dynamics of d :157

• R1: Tmax � T ∗ and τ � τd, we separate the dynamics to the δ-like pulse during τ and the exponential decay158

after;159

• R2: Tmax 6� T ∗ and τ � τd, the dynamics after the pulse follows the exponential decay but the pulse is160

analytically overestimated and the asymmetry is present, but negligible;161

• R3:Tmax < T ∗ and τ ≥ τd, d adapts to the change in temperature and follows a time dependent "fixed point";162

• R4:Tmax > T ∗ and τ ∼ τd, strong asymmetry, dynamics can not be analytically derived;163

• R5:Tmax � T ∗ and τ � τd, the equations can be simplified by taking a d →∞ limit.164
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S7.4.1 | Regime R1:Tmax � T ∗, and τ � τd165

In the τ → 0 andTmax → ∞ limit we can assume that during the pulse the first term f (S (t )) dominates. Taking the166

integral of the f (S (t )) over the duration of the pulse τ we can derive the value of d at time τ . After that, d decays167

exponentially to the fixed point at S = 37. So the dynamics of d is168

d (t ) = τ kd
(Tmax − 37) ln(1.4)

(
1.4Tmax−37 − 1

)
e−λt + d ∗(S = 37) (S15)

where d ∗(S = 37) is the fixed point of d at S = 37 and λ its eigenvalue. Figure S12 shows excellent agreement of the169

numerical integration and analytically derived equation for d (t ). Both ramps are shown, but the dynamics is identical so170

the curves overlap.171

172
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F IGURE S12 Dynamics of the damage in the δ function–like regime for τ = 10−6 h andTmax = 60. Numerical
results are shown in black solid line and analytical, corresponding to the equation S15, are shown in dashed red.

S7.4.2 | Regime R3:Tmax < T ∗, and τ ≥ τd173

Below the threshold temperatureT ∗, the change in the temperature is slow enough, even if τ is of the same order of174

magnitude as τ , for d to adapt to the change, so for the two symmetrical stress profiles, the total accumulated damage is175

the same and the asymmetric effect is absent. For τ � 1, d always has enough time to adapt, regardless of the value of176

Tmax . This doesn’t hold for the reduced system since there is no degradation, forTmax > T ∗ the system diverges, there is177

no time dependent "fixed point" to which d can adapt.178

The analytical expression for d is derived such thatwe assume that for every S (t ) d reaches the valuewhich corresponds179

to the fixed point d ∗(S (t )):180

f (S (t )) − d

1 + d

(
d + f (T ∗)

)
= 0 (S16)

d 2 + d
[
T ∗ − f (S (t ))

]
− f (S (t )) = 0 (S17)

This gives181

d (t ) =
f (T ∗) − f (S (t )) +

√
[f (T ∗) − f (S (t ))]2 + 4f (S (t ))

2
(S18)

Agreement of the numerical and analytical results is presented in Fig. S13.182



19

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0.190

0.195

0.200

0.205

0.210

0.215

t[min]
d

F IGURE S13 Dynamics of the damage in the time dependent "fixed point" regime. Numerical results are shown in
black solid line and analytical, corresponding to the equation S18, are shown in dashed red. For largeTmax and large τ
the dynamics also agrees with a reduced equation S19.

183

S7.4.3 | Regime R5:Tmax � T ∗, and τ � τd184

In the limitTmax � T ∗, τ � 1 the dynamics can be described with the previous analytical expression, or we can simplify185

the differential equationS10 assuming that forTmax � T ∗ → d � 1. The simplified equation is186

Ûd = f (S (t )) − f (T ∗) − d (S19)

where we have taken the following limits187

d

1 + d

d�1−−−−→ 1 and d 2

1 + d

d�1−−−−→ d (S20)

For the decreasing ramp t1 = 0 the solution of the equation S20 is188

d (t ) = Ce−t − kD

(
1.4T

∗−37. − 1.4−
Tmax−37.

τ t+(Tmax−37.)

1 − Tmax−37.
τ ln(1.4)

)
, t ∈

(
0,
τ

2

)
. (S21)

Integration constantC is obtained from the initial conditions assuming d (0) = d ∗(Tmax).189

C = d ∗(Tmax) + f (T ∗) − f (Tmax)
1 − Tmax−37

τ ln(1.4) (S22)

Solution for the increasing ramp is found by the time transformation t → τ − t .190
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S8 | CUSTOM-BUILT INCUBATOR191

Petri dishes

Gas

Heating system

F IGURE S14 Custom-built incubator. The incubator contains four culture dishes, one of the dishes hosts a
thermistor immerged in culturemedium tomonitor the applied temperature. Inside the incubator humidity and
atmosphere are regulated.
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