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Abstract We analyze the asymptotic behavior of the periodically forced
light limited Droop model, representing microalgae growth. We consider general
monotone growth and uptake rate functions. Based on a conservation principle,
we reduce the model to a limiting planar periodic system of differential equa-
tions. The reduced system generates a monotone dynamical system. Combining
this fact with results on periodic Kolmogorov equations, we find conditions such
that any solution of the reduced model approaches to a positive periodic solu-
tion. Under these conditions, if the reduced system admits only one positive
periodic solution, using the theory of asymptotically periodic semiflows, we ex-
tend the results on the limiting system to the original model. Finally, based on
results of monotone sub-homogeneous dynamical systems, we give conditions to
determine the uniqueness of positive periodic solutions.

1 Introduction

Escherichia coli (E. coli) is a bacterium that is naturally found in the intestine
of humans and other mammals. This bacterium has been a preferred choice
for large-scale production of recombinant proteins® such as insulin, GFP (green
fluorescent protein), or the human growth hormone [3] [17]. For high density
cultivation of E. coli, glucose is generally the preferred and most common carbon
and energy source [6], since this is inexpensive and readily utilizable. To harvest
energy from glucose, E. coli combines two different metabolic strategies, aerobic
respiration, which needs oxygen, and fermentation, which does not need oxygen
[12]. Respiration is more energy-efficient than fermentation, nevertheless, in
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1Recombinant proteins are proteins that are artificially made through the recombinant
DNA technology.



fast growing cells, some energy is also obtained by fermentation. This seemingly
wasteful strategy in which cells use fermentation instead of respiration, even in
the presence of oxygen, is known as overflow metabolism [4]. This phenomenon
is not only limited to E. coli, but to a diverse range of microorganisms [30]. For
example, in yeasts, overflow metabolism is known as Crabtree effect [8], and in
cancer cells it is known as Warburg effect [18].

Overflow metabolism results in the secretion of fermentation by-products,
such as acetate in FE. coli cultures or ethanol in yeast cultures, which accu-
mulation can have an inhibitory effect on cells growth. For example, glucose
uptake is inhibited in E. coli and yeast cultures in presence of acetate [21] and
ethanol [20] respectively. Moreover, the formation of these by-products consti-
tutes a diversion of carbon that might have contributed to biomass or protein
synthesis. Thus, overflow metabolism can pose a major problem in large-scale
production of biomass or recombinant proteins [9] [15].

Cultivation of E. coli, yeasts, and other microorganisms can be done in a
chemostat. The chemostat, introduced in the 1950s independently by Monod
[23] and Novick and Szilard [25], is a perfectly mixed reactor, permanently fed
with a nutrient rich medium and simultaneously emptied so that the culture
volume is kept constant. Using the chemostat is a way to maintain indefinitely
a non-zero growth rate, and therefore to study the organisms under various
constant growth rates. The classical chemostat model describes the dynamics
of a single population with growth limited by a single nutrient. We refer the
reader to [28] and [1] for the theory of the chemostat and for different variations
of the classical chemostat model. In [33], [32], [16], and [14], the authors study
the dynamics of chemostat models with the production of a toxic by-product. In
[32], the production of the by-product is described as a consequence of overflow
metabolism. However, in all these works the authors assume that the secretion
of the by-product occurs at any growth rate while experimental evidence shows
that by-product secretion does not take place at low growth rates [4].

In this paper, we study the long-term behavior of a chemostat model ac-
counting for the following features of overflow metabolism:

e secretion of a by-product when the substrate uptake rate is above a thresh-
old;

e biomass loss due to secretion of the by-product;
e inhibition of substrate uptake in presence of the by-product.

The model is mainly inspired by the recently proposed model in [22] that de-
scribes the growth of an F. coli culture producing a recombinant protein. In
contrast to our model, the authors in [22] consider growth on the by-product
(acetate) and an additional variable describing the dynamics of a recombinant
protein concentration. E. coli consume acetate only after the glucose (substrate)
is totally consumed, phenomenon known as carbon catabolite repression [31].
Thus, given the continuous supply of substrate in chemostats, we neglect the
consumption of the by-product in our model. Note that carbon catabolite re-
pression is also observed in yeasts [11]. With respect to the recombinant protein
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Figure 1: A schematic diagram of a chemostat reactor. The chemostat is fed
at a rate I’ with a substrate concentration .S;,,. The reactor is emptied at the
rate F' keeping a constant volume V. The concentrations of microorganisms
(x), substrate (S), and by-product (R) are homogeneous in the medium.

concentration, in the discussion section we show that our results can be easily
extended when considering the dynamics of a recombinant protein.

The chemostat model with overflow metabolism is described by an au-
tonomous system of ordinary differential equations. Using a conservation princi-
ple, the model can be reduced to a planar system. Thus, we study the dynamics
of the planar system by finding appropriate invariant sets and using results on
cooperative systems [27]. To extend our results to the original model, we use the
well known Theorem of Butler-McGehee [28]. This technique requires the sta-
bility of equilibria, which may be difficult to obtain due to the non-smoothness
of the by-product excretion rate function (overflow metabolism). This situation
is treated with classical results of the theory of differential equations such as
the comparison method [7].

This paper is organized as follows. In Section 2, we describe the chemostat
model and the main hypotheses. Sections 3 and 4 are devoted to the mathe-
matical analysis of the model. In Section 3, we characterize the existence of
equilibria and their local stability. In Section 4, we present the results on the
global behavior of the model. The main result is given in this section (Teorem
4.6). In the last section, Section 5, we begin presenting a brief summary of
our mathematical results. Then, we finish the paper with a discussion on the
steady state production of biomass and recombinant proteins in chemostat-type
systems.

2 Chemostat model

We consider a chemostat (see Figure 1) with a single population of microorgan-
isms whose concentration is denoted by x. This population grows at a specific
growth rate u(-). The specific growth rate considers the carbon gain by substrate
uptake and the carbon loss due to metabolic overflow i.e.

p() =Ysrs(-) = Yaros(-), (1)
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Figure 2: By-product excretion rate (r,¢) as a function of the substrate uptake
rate (rg).

where rg is the substrate uptake rate, ro¢ is the metabolic overflow rate (or by-
product formation rate), and Yg, Yy are yield coefficients. Following [4], when
rg is higher than a threshold rate rgp, then the excretion of by-product occurs
at a rate proportional to the difference between rg and rgg i.e. 7o = f(rg)
with f defined as (see Figure 2):

_ | k(rs —rso) if rs>rso,
f(“)‘{ 0 if rs<rso.

with & > 0. The substrate uptake rate rg is a function of the substrate bulk con-
centration (S) and the overflow metabolism by-product (R) i.e. rg = rg(S, R).
We assume that rg is continuously differentiable for all S| R > 0 and that:

a’l“s 87‘5
ﬁ > O, and ﬁ < 0.

Thus, the by-product R has an inhibitory effect on the substrate uptake rate.
An example for rg is given by (see [22]):

TS(Oa R) = 07

S Kir

TS(S,R):TS’masz-FSK‘R—‘rR’ (2)

where 7gmqr is the maximal substrate uptake rate, Kg is a half saturation
constant, and K; g is an inhibition constant. The chemostat is fed at a rate
F > 0 with a substrate concentration S;,,. The dilution rate is defined as
D = F/V, with V the volume of the culture. Mass balance equations lead to:

dzr

- _ _D

i (1(S, R) — D),

% = D(Siy —S) —rs(S,R)x, (3)
% = —DR+ro (S, R)x.



Model (3) is that of a standard chemostat with a single species with growth
limited by a single substrate, with the added feature that a by-product is pro-
duced as a consequence of overflow metabolism.

Throughout the paper we assume:
Ys — kYR > 0. (4)

This assumption implies that the growth rate function p is strictly increasing
in S and strictly decreasing in R. This follows directly from noting that:

(Ys — kYR)rs(-) + kYrrso if rs(:) > rso,
“():{ Vars() T el < e

Assumption (4) is satisfied by the parameters given in [22]. We also assume
that
Ts(S,'n, 0) > Tso (Ze Tof(Sina 0) > O) (5)

In the long-term operation with presence of microorganisms, the substrate con-
centration in the medium cannot be higher than S;,. Then, if rg(S;,,0) < rgo,
overflow metabolism is not possible in the long-term, and the study of the dy-
namics of (3) is reduced to that of a classical chemostat model.
Recalling the definition of ;1 and combining (4) and (5), we have the following
inequality:
,u(Sm, 0) > Ysrso.

This inequality allows us to consider dilution rates between Ysrsg and p(Sin, 0).
As we will show in the next sections, in the long-term operation, only when
Ysrso < D < u(Sin,0) there is presence of the by-product in the culture.
As expected, the domain of biological interest, that is R := {(z,S,R) €
R3z, S, R > 0}, is positively invariant.
The conservation principle for chemostats is satisfied by the variable W =
r+YsS+ YrR i.e.
aw
—— =D(YsSin — W). (6)
dt
We can rapidly verify that
W(t) = W(0)e " + YsSin(1 — e 7). (7)
In view of the definition of W we have
0< x(t),YSS(t)v YRR(t) < W(t)

Since W (t) — YsSin as t — oo, we conclude that (3) is dissipative i.e. solutions
of (3) are attracted by the bounded set [0, Ys5Sin] X [0, Sin] X [0,YsSin/YR].



3 Existence of steady states and local stability

Equation (3) admits at most two equilibria. A trivial equilibrium corresponds
to the absence of microorganisms. It is given by

EO = (Oa Sina 0)7 (8)

and it always exists. The other possible equilibrium is characterized by the
presence of microorganisms. The presence of the by-product depends on the
dilution rate. The following proposition formally characterizes the existence of
this equilibrium.

Proposition 3.1 (Existence of the non-trivial equilibrium).
(a) If 11(Sin,0) > D, then (3) admits a unique equilibrium E* = (z*,S*, R*)
with presence of microorganisms (i.e. x* > 0). Moreover,
o IfYsrsg > D, then R* =0 and rg(S*,0) < rgo.
o IfYsrso = D, then R* =0 and rg(S*,0) = rgo.
o [fYsrsg < D, then R* > 0 and rg(S*, R*) > rso.

(b) If 1(Sin,0) < D, then (3) has no equilibrium with presence of microorgan-
18MS.

Proof. Assume that D < Ygrgo. In this case, any positive steady state of (3)
has no by-product. Indeed, by contradiction, if (z*, S*, R*) is a positive steady
state of (3) with R* > 0, then r,;(S*,R*) = DR*/z* > 0 (from the third
equation in (3)). Thus, from the first equation in (3) we obtain:

w(S*, R*) = D = (Ys — kYR) (rs(5", R*) —rso) + Ysrso — D > 0,

>0 >0

which contradicts the fact that (x*, S*, R*) is a positive steady state. Hence, any
positive steady state of (3) has the form (z*,5*,0). As in a classical chemostat
model (note that S —— p(5,0) is strictly increasing), (3) admits a unique
positive steady state if ©(S;,,0) > D, and has no positive steady states if
/Jf(Si’ruO) < D.

Now assume that D > Ygrge. In this case, the by-product is present in
any positive equilibrium of (3). Indeed, by contradiction, if (z*,5*,0) is a
positive steady state of (3), then r,z(5*,0) = 0. But we have Ygrg(S*,0) =
D > Ysrgo, which implies rg(S*,0) > rgo, and hence rqr(S*,0) > 0, which
is a contradiction. Then, we look for positive steady states (z*,S*, R*) with
R* > 0. If R* > 0, then rys(S*, R*) > 0. Thus, we study the following system
of equations:

0 = (YS — kYR)Ts(S, R) + kYgrrso — D,
0 = D(Sin—S)—rs(S,R)z, (9)
0 = —DR+k[rs(S,R)— rgolz.



From the two first equations in (9), we obtain that:

1 D —KkYgrrso

§ = Sin — Bsw, fs = g

> 0. (10)

Combining the three equations in (9), we obtain that = + Y¢S + YrR = YsSin
(conservation principle, see (6)). Combining this equation with (10), we obtain:

k D —Ysrso
D Yg — kYg

Combining (10) and (11) with the first equation in (9), we obtain the fol-
lowing equation for x:

R = Brz, Bri= > 0. (11)

(Ys — kYR)7rs(Sin — Bsz, Bre) + kYRrso — D = 0. (12)
f(z)

Since f is strictly decreasing, f(0) = u(Sin,0) — D and f(Sin/Bs) = kYrrso —
D < Ysrso — D < 0, we conclude that (12) admits a unique solution z* €
(0,8in/Bs) if u(Sin,0) > D, and has no positive solution if ((S;,,0) < D.
Taking S* = 5;, — Bsx™ and R* = frx™ we have the positive steady state.

It remains to prove the inequalities in (a). Assume that u(Si,,0) > D
and let (z*,S*, R*) be the unique positive steady state of (3). If D < Ygrgo,
then R* = 0, hence r,(5*,0) = 0 (from the third equation in (3)). This
implies that Ysrg(S*,0) = D. Thus, if D < Ygrge (resp. D = Ysrgg), then
rs(S*,0) < rgo (resp. rg(S*,0) = rgo). Now, if D > Ygrgo, then R* > 0,
hence ro7(S*, R*) > 0. This implies that rg(S*, R*) > rgo and the proof is
completed. O

The following result shows that the equilibrium with presence of microor-
ganisms is locally stable when D # Ygrgg.

Proposition 3.2 (Local stability of E*). Assume that D < p(Sin,0) and let
E* be the non-trivial equilibrium given by Proposition 3.1. If D # Ysrsg, then
E* is locally stable.

Proof. If D > Ygrgo, according to Proposition 3.1, R* > 0 and r,¢(S*, R*) > 0.
Thus, we can study the local stability of E* in the following system:

d

d—f = [(YS — kYR)TS(S, R) + kYRTSO - D]I,

% = D(Sin— S) —rs(S. Rz, (13)
% —  _DR+krs(S,R) — reolz.



Set a := Ys—kYR. The change of variables U = z+aS and W = x4+YsS+ YRR
leads (13) to:

d
= = lais(@,U W)+ kYarso - Dl,
au
E = D(OZSZ‘ — U) + k/‘YRTSQl‘, (14)
dw
— = DYsSin — W),
o (Ys )
with ) ) v )
. s
= - - — - T - . 1
fs(z, U, W) =rg (a(U x), o <W " U) + az) (15)
The Jacobian matrix associated with (14) and evaluated at E* is:
ar s g s s
Ty o= Oz ou oW
1= kYRrrso -D 0
0 0 -D

It is clear that one eigenvalue of J is —D. The other two eigenvalues are those
of the matrix:

LOFg LOfs
J{ — axr % axr W
k‘YR’l‘SO —-D
We note that: P 19 ko
TS rs rs
2o _ZXe  MES 0
0z 2os "aor =V
Ors _ 10rs  Ys Ors
oU  «adS aYrOR '

Thus, it is easy to verify that Tr(J;) < 0 and that det(J;) > arsom%LSS > 0.
This implies that both eigenvalues of J; have negative real part. Thus, E* is
locally stable.

If 0 < D < Ygrgo, according to Proposition 3.1, R* = 0 and r,#(5*,0) = 0.
Thus, we can study the local stability of E* in the following system:

dx

E = [Yer(S, R) — D]l‘,

% = D(Siyn —S) —rs(S,R)z, (16)
dR

— = —DR.

dt R



The Jacobian matrix associated with (16) and evaluated at E* is:

P P
) 0 x*Ys$ x*YS%
vi= | . _p_e0rs _ LOrs
s Yo U OR

0 0 -D

As in the previous case, one eigenvalue of Jy is —D. The other two eigenvalues
are those of the matrix:

T = [ 0 x*Ys%T% ] .
—rs —(D+2"%§)
It is clear that Tr(J5) < 0 and det(J}) > 0. Hence, both eigenvalues of Jj have
negative real part. Thus, E* is locally stable. O

4 Global behavior and main result

In this section, we aim to prove that if (3) admits an equilibrium with presence of
microorganisms, which is unique according to Proposition 3.1, then any solution
to (3) approaches it asymptotically, provided a positive initial population. The
first result in this section shows the existence of two positively invariant sets,
which will be repeatedly used in this section.

Lemma 4.1 (Positively invariant sets).

(a) The set Qy :={(z,S,R) € Ri s ¢+ YsS < YsSi,} is positively invariant.

(b) If D > Ysrso, the set Qo := QN {(z,S,R); rs(S,R) > rso} is positively
mvariant.

Proof. We have that the variable V' := x4 Ys.S satisfies the following differential
equation:
av
% = D(Yssm — V) - YRT‘Of(S, R).Z’ (17)
av
The proof of (a) follows from the fact that %~ |V:YS sin
invariant. For (b), let us consider the variable y = r5(S, R). Then we have:

< 0 and R is positively

dy aTS(Sa R) 87"5’ (S? R)
— = (D(S; — S) — —————~+(-D —_— 1
i (D(S; S) —yx) 95 +(=DR+r,f(S, R)x) R (18)
Since {2 is positively invariant, it is enough to show that % > 0 whenever
Y=rso
(2,5, R) € Q4. Indeed, we have
dy 6TS (Sa R) 87‘5’(5, R)
— = (D(Sin — 5) — zY, ————~ —DR—————.
at,_,. ~ Pt )~ #¥srs0) =55 R



Since 2r8(8) o 2s58) ) VoS 4o < YsSiy (inside Q1), and D > Ysrso,
we obtain

& > (Ysrso(Sin —S) — Tsom)iarsggg’m
Y=rso
= TSO(Yssin - T — YSS) 78TS§§’R)
> 0.
This completes the proof. O

The following result shows that if there is no equilibrium with presence of
microorganisms (i.e. (1(S;n,0) < D), then the population goes to extinction.

Proposition 4.2 (Extinction). Let Ey be given by (8). If 11(Sin,0) < D, then
any solution of (8) approaches Eqy asymptotically.

Proof. Let (&S, R) be a solution of (3), and let V = i 4 Y5S. We have that

v

E = D(Yssm — ‘7) — ’I“Of(g, R)JNU

We can easily verify that :
di - V-3 N
E < fl(.’E,V) = [,U/ <50> —D].’L',

v

— < f2(2,V) = D(YsS;n — V).

Now, let (2, V) be the unique solution of

d
% = fl(xvv)v
(19)
dv
E = fQ(QC,V),

satisfying #(0) = 2(0) and V(0) = V(0). We note that (19) is cooperative i.e.
x+— fo(z, V) and V — fi(x, V) are increasing [28]. Then, applying Theorem
B.1 from Appendix B in [28], we conclude that

E(t) < &(t) and V(t) < V(t) for all t > 0. (20)

Again, due to the cooperativity of (19) we conclude that (z, V) approaches an
equilibrium asymptotically. Since the unique equilibrium of (19) is (0, Y5.5:,),
we conclude that (&, V) approaches (0,YsS;,) asymptotically. From (20), Z
approaches 0 asymptotically. Now, noting that S(t) < V(t)/Ys for all t > 0, we
have that

%/ > g(t, V) i= D(YsSim — V) — Yiros (V) Y, 0)(1). (21)

10



Let V be the unique solution of:

av
Mgy, (22)
satisfying V(0) = ‘7(0) Thus, by a comparison theorem argument, we conclude
that V(t) < V(t) for all t > 0. Let us define go(V) := D(YsSi, — V). Since
lg(t, V) — go(V)| = Yrrof(V,0)Z(t) — 0 as t — oo, we can apply Theorem 1.2
in [29] and conclude that V. approaches Ys.S;,, asymptotically. Now, since V (t) <

V(t) < V(t) for all t > 0, we conclude that V approaches YsS;, asymptotically.
Finally, consider the variable W = &+ YgS + Yz R. In view of (6 (6), W converges

to YgSi,. Consequently, R = W V converges to 0, and the proof is complete.
O
In view of (6), the solutions of (3) approach the hyperplane:
Q:={(,8,R) €RY; x+YsS+YrR="YsS;,} (23)

The set ) is positively invariant with respect to (3). This implies that the
dynamics of solutions starting in 2 correspond to that of a two-dimensional

system. The following two results describe the dynamics of any solution starting
in Q.

Lemma 4.3. If u(Sin,0) > D and D > Ygsrso, for any solution (z, S, R) to (3)
starting on Q0 with x(0) > 0, there exists t' such that ro¢(S(t), R(t)) > 0 for all
t>t.

Proof. Let (&, S, R) be a solution of (3) with Z(0) > 0 and (£(0), S(0), R(0)) €
), and let 2 and €25 be the positively invariant sets defined in Lemma 4.1. Since
(#,5, R) starts in Q, we have that #(t) + YsS(t) = YsSin — YrR(t) < YsSi,
for all ¢ > 0. Hence, (i(t),g(tLR( t)) € 4 for all ¢ > 0. Now, we claim the
existence of ¢’ > 0 such that rg (S(t'), R(t')) > rgo. Indeed, by contradiction,
let us assume that Ts(S(t) R(t)) < rgo for all t > 0. Consider the variable
V =i+ YsS. Then (& V) is a solution of the following system:

dx L -
o = (Ysrs (VYS V) - D)z,
(24)
av
&~ DS, — V).
o (Ys )

The planar system (24) is cooperative, then (Z, ‘7) approaches a steady state
asymptotically. Let E* = (x*,S* R*) be given by Proposition 3.1. System
(24) admits two equilibria, F() = (0,YsSin) and F* = (2*,YsS;,). Thus,
rs(S(t), R(t)) approaches either rg(Sin,0) (> rso) or D/Ys (> 7s0). This
implies that (Z, S, R) enters () which contradicts our hypothesis. Then, there

is t' > 0 such that rg(S(t'), R(t')) > rso i-e. (E(t'),S(t'), R(t')) € Q. Since Oy
is positively invariant, the proof is complete. O

11



The following result describes the global behavior of solutions of (3) starting
on €.

Proposition 4.4. Assume that p(S;,,0) > D, and let E* and Ey be the equi-
libria given by Proposition 3.1 and (8) respectively. Then, for any solution
(z,S,R) to (3) starting on Q we have

(a) if x(0) > 0, then (z(¢t),S(t), R(t)) = E* ast — oo,

(b) if x(0) =0, then (z(t),S(t), R(t)) = Eo as t = oo.

Proof. Let (%, 5, R) be a solution of (3) with ((0), 5(0), R(0)) € 2. To prove

(a), let us assume that £(0) > 0. It is not difficult to see that (Z, R) is a solution
of the following system:

dx
= = (ules(z,R),R) = D)z,

(25)
% = —DR+T0f(L)OS(xaR)7R)m7

with ¢g(z,R) = Sin, — (YrR+ 2)/Ys. If D < Ygrgo, then (25) admits only
two equilbria, Fy = (0,0) and F* = (z*,0). Hence, (25) has no interior steady
states, and consequently (in a planar system) no limit cycles. The Jacobian
matrix of (25) evaluated at Fyp is:

0 -D |-

Since u(Sin,0) — D > 0, Fy is a saddle point which can only be reached if
Z(0) = 0. Consequently, by the Poincaré - Bendixson theorem (Theorem 2 in
Chapter 3.7 in [26]), (Z, R) approaches F* asymptotically, and hence (Z, S, R)
approaches E* asymptotically. Now, let us assume that D > Ygrgo. From

Lemma 4.3, we can assume that rs(S(t), R(t)) > rg0 for all + > 0. Thus,
(zZ,S, R) is a solution of:

d

ch = ((Ys — kYR)rs(S, R) + kYrrso — D)z,

%f = D(Sin—8) —rs(S, R)z, (26
0 = Ys(Sin—5S)—-YrR—u.

Set a := Yg — kY and consider the variable U = & + aS. Then (Z,0) is a
solution of the following system:

dx
n (ars(ps(x,U), pr(z,U)) + kYrrso — D)z,

(27)
% = D(OzSZ' - U) + k‘YRTSQSL‘,

12



with

U-—-=zx

1
ps(x,U) = and pr(z,U) = o (YSSm —

5 i/ k
S > x

«

Since (27) is a planar cooperative system, (&(t), U(t)) approaches either F* =
(z*,2*+aS*) or Fy = (0, aS;,). The Jacobian matrix of (27) evaluated at Fy is:

,u(Sm, 0) —D 0
kYR”’SO —-D ’

It is clear that Fj is a saddle point which can only be reached if #(0) = 0.
Consequently, as in the previous case, (Z, 5, R) approaches E* asymptotically.
This completes the proof of part (a). For (b), let us assume that #(0) = 0. Then,
Z(t) = 0 for all ¢t > 0. This implies that Ccll—f = D(S — Si,) and % = —DR.
Consequently (Z, S , R) approaches Fy asymptotically. O

According to Proposition 3.1, if D = Ygrgg, then the positive equilibrium
E* = (z*,5%,0) satisfies rg(S5*,0) = rgo and the function r,y is not differen-
tiable at (5*,0). This poses a problem for the study of the local stability of E*,
and consequently for the application of classical arguments (e.g. Butler-McGehe
Theorem) to extend Proposition 4.4 to any initial condition. The following re-
sult considers this particular case.

Proposition 4.5. Assume that ©(S;,,0) > D and let E* be given by Proposi-
tion 3.1. If D = Ygrgo, then E* is stable.

Proof. Let &(t) = (x(¢),S(t), R(t)) be a solution of (3) with x(0) > 0 and
S(0), R(0) > 0, and let Q7 and Qs be the sets defined in Lemma 4.1. Consider
the following sets:

o O :={(z,5,R) € R ; z+YsS >YsSi,},
o O :={(z,5,R) € R ;rg(S,R) <rgo}NQ.

Given sets A, B € {Q],Q5,Qs}, we will say that £ moves from A to B, if there
are t' > 0 and 7 > 0 such that £(¢t) € Afor all t € (¢ —7,t'), £(t') € AU B, and
&(t) e B—Aforallt e (¢,t + 7). This means that if £ moves from A to B,
then there is a time when £ is in A and then later is in B but not in A. Since
and Qy are positively invariant (see Lemma 4.1), £ can only move from Q) to
Q5 from Q) to Qo, or from Qf to Qs. Hence, £ has one of the following global
behaviors:

a) £(t) € A for all t > 0 with A € {Qf,Q5,Qs},
b) £ starts on ] and moves either to €} or to Qa,
c¢) & starts on Qf and moves to Qo,

)

d) £ starts on €2, then moves to 25, and then to Qs.
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Let € > 0 be given. We have to prove the existence of a § > 0 such that in
any situation listed above, if ||£(0) — E*|| < § then ||£(t) — E*|| < € for all
t > 0. We only give the proof in the situation d) because the proof in the other
situations is almost the same. Thus, let us assume the existence of t1,f5 > 0
such that ¢; < t3 and £(t) € Q] for allt € [0,¢1), £(t) € Q for all ¢ € [t1,t2), and
&(t) € Qg for all t > ty. For all t > ty, £(t) can be seen as a solution of (13). In
such a case, we can study the Jacobian matrix of (13) evaluated at E* (as done
in the proof of Proposition 3.2) to conclude the existence of d; > 0 such that
[|€(t) — E*|| < efor all t > to provided ||£(t2) — E*|| < 2. Now for all ¢ € [t1,t2),
&(t) can be seen as a solution of (16). In such a case, we can study the Jacobian
matrix of (16) evaluated at E* to conclude the existence of §; > 0 such that
[1€(t) — E*|| < 62/2 for all t € [t1,t2) provided ||£(t1) — E*|| < é1. Finally, for
all t € [0,¢1), consider the variables V =2 4+ YgS and W = 2 + Y55 + YrR. Tt
is clear that:

av
dt
Using the definition of 2} and (28) we obtain:

= D(YsSin — V) — Yrros(S, R)a < D(YsSi — V). (28)

0<V(t)—YsSin <V(0) — YsSin. (29)
Again, using the definition of 2} and (7), we obtain that

0 < W(t) - YsSin < W(0) — YsSin. (30)
Since S = (V —z)/Ys and R = (W — V)/Yg, we have that:

xh(W(0) — Y Sin, z) < % <2g(V(0) — YsSin, x),

with g(v, z) = u(Sin+v/Ys—2/Ys,0)— D and h(v,z) = p(Sin—2/Ys,v/YR)—
D. We note that g is strictly increasing in v and strictly decreasing in = and that
9(0,0) > 0. Moreover, for M(v) := v + YsS;, we have g(v, M(v)) = —D < 0.
Similarly, A is strictly decreasing in both, v and x. It is also clear that h(0,0) > 0
and h(v,YsSin) = —D < 0. Applying Lemmas 5.1 and 5.2 in the Appendix, for
any € > 0 there is ve such that |z(t) — 2*| < € provided |z(0) — z*| < €/2,
V(0) — YsSin < ve, and W(0) — YsS;, < ve. Thus, from (29) and (30), we
conclude that |z(t) — z*| < €, |V (t) — YsSin| < € and |W(t) — YsSin| < € for
all ¢t € [0, 1], provided

|2(0) — 2*| < €/'2, and |V (0) — Y5Sin|, W (0) — Y5 S| < min{ve,€'}.

Choosing an appropriate ¢/, and writing S and R in terms of xz, V, and W,
we can find 6(¢’) such that ||(t) — E*|| < §1/2 for all ¢ € [0,¢1) provided
[1€(t) — E*|| < 6(¢’). Since & is continuous, we conclude that [|{(¢) — E*|| < €
for all ¢ > 0 provided [|£(t) — E*|| < 6(¢). O

Theorem 4.6 (Main result). Let E* and Ey be the equilibria given by Propo-
sition 3.1 and (8) respectively. We have:
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a) If (Sin,0) > D, then E* is globally asymptotically stable on (0,00) x RZ..
b) If u(Sin,0) < D, then any solution to (3) approaches Eqy asymptotically.

Proof. Part (b) follows directly from Proposition 4.2. For (a), let (z, S, R) be a
solution of (3) with z(0) > 0, S(0), R(0) > 0. Let us write P = (x(0), S(0), R(0)).
In view of (7), we have that w(P) C €2, where w(P) denotes the w-limit set of P
and Q is defined in (23). From Proposition 4.4, the w-limit set of any trajectory
passing through € is either Ey or E*. Consequently,

w(P)N{FEy, E*} £ 0. (31)
The Jacobian matrix associated with (3) and evaluated at Ejy is:

1(Sin,0) =D 0 0
J = —Ts(Sm, 0) -D 0
Tof(Sin, 0) 0 -D

It is clear that J has two negative eigenvalues and one positive eigenvalue. Let
Qg be the two-dimensional subspace spanned by the eigenvectors corresponding
to the negative eigenvalues i.e. Qo := {0} x R3. It is clear that € is positively
invariant and that any solution starting on g approaches Ejy asymptotically.
Since €y is a manifold trivially tangent to Qg at 0, we conclude that g is the
stable (global) manifold of (3) at Ey (see Chapter 2.7 in [26]). Since P ¢ Qy,
we have that w(P) # {Ep}. Now, let us assume that Ey € w(P). According
to the Theorem of Butler-McGehee (see for example page 12 in [28]), w(P)
intersects g in a point other than Ey. The (whole) trajectory of that point,
say (0, So, Ro), is given by

Y(t) = (0, Soe™ P! + Y5 Sin (1 — e P"), Roe "), teR.

It is clear that + is unbounded (as ¢ — —o0). Consequently, w(P) contains an
unbounded trajectory. However, w(P) is a bounded set because the solutions to
(3) are ultimately bounded (see Lemma 3.1.2 in [13]). This contradiction implies
that Ey cannot be in w(P). Hence, from (31), we conclude that E* € w(P).
From Propositions 3.2 and 4.5 we have that E* is stable, hence w(P) = {E*}.
This completes the proof. O

5 Discussion

5.1 Summary of our mathematical results: Survival, ex-
tinction, and stability

The chemostat with overflow metabolism, described by (3), admits at most

two equilibria. An extinction equilibrium, denoted by Ey = (0,S;y,0), that

corresponds to the absence of microorganisms and always exists. The other

possible equilibrium, denoted by E* = (x*,S*, R*), is characterized by the
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Table 1: Kinetic parameters and yield coeflicients taken from [22]. DW stands
for dry weight.

Parameter Value Unit

P— 153  h !

Ks 0.09 g/L

Ki,R 0.52 g/L

k 0.17 —

TS0 0.7 h_l

Ys 044  gDW/gS
Yr 0.3 gDW/gR

presence of microorganism 7.e. * > 0. Our main result (Theorem 4.6), states
that if E* exists, then any solution to (3) with a positive initial population
approaches (asymptotically) E*. That is, given a solution (x(¢), S(t), R(t)) of
(3) with 2(0) > 0, we have that

lim z(t) =«*, lim S(¢t)=25% and lim R({) = R".

t—o0 t—o0 t—o0
On the other hand, the non-existence of E* implies that any solution to (3) ap-
proaches the extinction equilibrium asymptotically: meaning that lim;_, o () =
0. Proposition 3.1 in Section 3 gives necessary and sufficient conditions for the
existence of E*. Indeed, E* exists if and only if u(S;,,0) > D. The survival of
microorganisms (existence of E*) does not ensure the presence of the overflow
metabolism by-product in the medium. According to Proposition 3.1, R* > 0
if and only if Ysrgo < D < p(Sin,0).

Overflow metabolism, and the consequent presence of a by-product, does
not generate multistability. That is, if E* exists, there are no solutions with
positive initial population converging to Ey. In [32], the authors observed the
multiplicity of stable steady states. However, apart from taking rgg = 0, they
assume that excess of substrate inhibits the growth rate. Thus, the existence
of multiple steady states is due to substrate inhibition and not to overflow
metabolism.

5.2 Acetate formation and productivity in E. coli cultures

In E. coli cultures, the by-product corresponds to acetate. According to Propo-
sition 3.1, the presence of acetate in the non-trivial equilibrium E* depends
on the dilution rate. This is illustrated in Figure 3A. Indeed, in presence of
bacteria, R* > 0 if and only if D > rggYs. This relation between the acetate
steady state concentration and the dilution rate has been observed experimen-
tally in [10]. This may suggest an optimal operation of the chemostat at dilution
rates lower than Ygrgg to avoid the presence of acetate in the culture. Indeed,
different authors have shown that preventing acetate formation in fed-batch
leads to higher density cultures [19], [2].

To evaluate this strategy in chemostat cultures, let us consider the (steady state)
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Figure 3: Acetate concentration (A) and productivity (B) evaluated at steady
state for different dilution rates. The function rg is taken as in (2). The
continuous line is obtained with the parameters from Table 1. The dashed line
is obtained with the parameters from Table 1 after replacing the value of K;
by 0.052g/L.

productivity defined as P* = Dx*, with z* the steady state concentration of
bacteria at the dilution rate D. P* quantifies the biomass that is produced per
unit of time at steady state. To determine P* numerically, let us assume that
rg is given by (2), and consider the parameters estimated by Mauri and collab-
orators in [22] (see Table 1). Figure 3B shows that the steady state productivity
is maximal at a value of the dilution rate higher than Ysrgo (continuous line).
This suggest that preventing acetate formation is not a good strategy in chemo-
stat cultures, in contrast to fed-batch cultures. The veracity of this observation
depends on the choice of parameters. For instance, for low values of K; g (strong
inhibition), the maximal productivity is reached at D = Ysrgo (see dashed line
in Figure 3).

As shown in Figure 3B (continuous line), maximal productivity of the system
is accompanied by the secretion of acetate. A natural strategy to increase this
maximal productivity is removing acetate from the culture during fermentation.
This can be done with a dialysis reactor [24], or with macroporous ion-exchange
resins [17]. However, these methods tend to remove nutrients that are necessary
for cell growth. A promising alternative consists in introducing an additional
E. coli strain (a cleaner), which has been metabolically engineered to consume
acetate. Thus, two different E. coli populations coexist in the culture: one
producing biomass, and one reducing the presence of acetate. Experimental
results have shown an increase of the productivity with this strategy [5]. A few
mathematical works have studied the dynamics of such communities [16] [14].
However, as mentioned in the introduction, the authors assume that overflow
metabolism always occur (i.e. 750 = 0). Thus, our results give a basis to
understand the dynamics of such microbial communities when rgo > 0.
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5.3 Recombinant protein production

Following [22], and using the notation of this paper, the dynamics of a recom-
binant protein, which concentration is denoted by H, follows from:

dH
L~ Yuu(S,R)x — DH,
dt
dzr
o {0 Yiu(s. R)~ Dl
(32)
d
ds = D(Siy; —S)—rs(S,R)x,
dt
C;—I: = —DR+r,(S,R)z.

Here, Yy is the protein yield coefficient representing the carbon diversion to
protein production. Let (H,z,S,R) be a solution of (32) with z(0) > 0,
H(0),5(0),R(0) > 0. The dynamics of (z,S, R) is independent of H and can
be described by Theorem 4.6 2. Indeed, if (1 — Yz)u(Sin,0) > D, then there
is * > 0 such that lim;_, o 2(t) = z*. Now, it is easy to verify that the vari-

able y := 13’,Hx — H satisfies % = —Dy. Therefore, lim; o y(t) = 0, which
implies that lim; ,., H(t) = 13{,1{ x*. Thus, we define the steady state protein

productivity as:

Yo .,

v, x*. (33)
Note that the value of * depends on the values of Yy and D and that Pj
only exists if 0 < D < (1 — Yz)pu(Sin,0). These results allow to illustrate the
impact of Yy on the protein productivity. If Yy = 0, there is no production
of H, and consequently P;; = 0. On the other hand, if Yy approaches 1, it
can be shown that Pj; approaches 0. Indeed, using the restriction over D we
obtain Pj; < u(Sin,0)Yya*, where it is clear that limy, ,;z* = 0. 3 This
shows the existence of an intermediate value of Yy maximizing Pj;. Now, for
each value of Yy € [0,1) we compute the maximal productivity with respect
to the dilution rate i.e. max{P;0 < D < (1 — Yg)u(Sin,0)}. These results
are depicted in Figure 4. We observe that the optimal value of Yy is 0.505,
suggesting that protein productivity is maximal (0.373g L~!d~!) when 50% of
the absorbed substrate, that is not excreted in form of acetate, is diverted into
protein production.

P =D

28et p/(-) = (1— Yg)u(-), and note that p/(-) = Yirs(-) — Yiros(-) with Y4 = (1—Yg)Ys
and Y}, = (1-Yy)YRg. Thus, Theorem 4.6 applies directly to (32) when replacing (1—Yg)u(-)
by (.

3From (32), the intuition says that x* approaches 0 as Yz approaches 1. This can be
proved determining explicitly * when D < Yg(1 — Yg) and using the upper bound for z*
given in the proof of Proposition 3.1 when D > Yg(1 — Yy ) (last paragraph).
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Figure 4: Maximal (with respect to D) protein productivity as a function of
Y. The function rg is taken as in (2) and the parameters are taken from Table
1.
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Appendix

We present two results on differential inequalities. We only give the proof of the
first result since both proofs are very similar. Consider the following differential
equation:

o = f<y7 u>y7 (34)

with f(y,u) : R2 — R a continuous function such that (34) admits a unique
solution for all ¢,u € Ry and any initial condition y(0) = yo > 0.

Lemma 5.1. Consider (34) and let x : Ry — Ry be a function satisfying

dx(t)
dt

< fat), u)z(t), (35)

for all t,u € Ry. Assume that f(y,u) is strictly decreasing in y and strictly
increasing in u. Moreover, assume that f(0,0) > 0 and that for any u € Ry
there is M = M (u) > 0 such that f(M,u) < 0. Then there is a unique x* > 0
such that f(z*,0) = 0, and for any € > 0 there is u. such that z(t) —x* < € for
all t > 0 provided £(0) — z* < €/2 and u < Ue.

Proof. For any u > 0 we have f(0,u) > f(0,0) > 0 and f(M,u) < 0. Then, for
any u > 0 there is a positive real number a = a(u) such that f(a(u),u) = 0.
This proves the existence of z* := a(0). Now note that lim,_,o+ a(u) = z* and
that a(u) increases with respect to w. This implies that for a given € > 0, there
is u > 0 such that a(u.) < z* + €/2. Let 4(t) be the solution to

dy _

= T, (36)
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with §(0) = a(ue) + €/2. Since (36) is an autonomous differential equation,
a(u.) is the unique positive equilibrium of (36), and f(7(0), u.) < 0 we conclude
that §(t) < a(u¢) +€/2 < * + € for all t > 0. Now, if 2(0) < z* + €/2, then
z(0) < a(ue) +€/2 = z(0). In view of (37) Applying Theorem Bl in [28], we
conclude that z(t) < Z(t) < 2* + € for all ¢t > 0.

O
Lemma 5.2. Consider (34) and let x : Ry — Ry be a function -satisfying
dx(t
"0 ), wo) (37

for all t,u € Ry. Assume that f(y,u) is strictly decreasing in both, y and u.
Moreover, assume that f(0,0) > 0 and that for any u € Ry there is M =
M(u) > 0 such that f(M,u) < 0. Then there is a unique x* > 0 such that
f(z*,0) = 0 and for any € > 0 there is u. such that x* — x(t) < € for allt >0
provided * — x(0) < €/2 and u < ue.
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