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ARTICLE INFO ABSTRACT

Keywords: Anthropogenic activities such as mining and the metallurgical industry are the main sources of mercury
Desmodesmus armatus contamination. Mercury is one of the most serious environmental problems in the world. This study aimed to
Microalga investigate, using experimental kinetic data, the effect of different inorganic mercury (Hg2+) concentrations on

Structured model . the response of microalga Desmodesmus armatus stress. Cell growth, nutrients uptake and mercury ions from the
Tolerance mechanisms

Adsorption extracellular medium, and oxygen production were determined. A Compartment Structured Model allowed

Efflux elucidating the phenomena of transmembrane transport, including influx and efflux of nutrients, metal ions and
bioadsorption of metal ions on the cell wall, which are difficult to determine experimentally. This model was able
to explain two tolerance mechanisms against mercury, the first one was the adsorption of Hg?*ions onto the cell
wall and the second was the efflux of mercury ions. The model predicted a competition between internalization
and adsorption with a maximum tolerable concentration of 5.29 mg/L of HgCl,. The kinetic data and the model
showed that mercury causes physiological changes in the cell, which allow the microalga to adapt to these new
conditions to counteract the toxic effects. For this reason, D. armatus can be considered as a Hg-tolerant
microalga. This tolerance capacity is associated with the activation of the efflux as a detoxification mecha-
nism that facilitates the maintenance of the osmotic balance for all the modeled chemical species. Furthermore,
the accumulation of mercury in the cell membrane suggests the presence of thiol groups associated with its
internalization, leading to the conclusion that metabolically active tolerance mechanisms are dominant over
passive ones.

1. Introduction the primary producers (phytoplankton) in marine and freshwater eco-

systems therefore they play an important role (Pradhan et al., 2022), and

Mercury is one of the heavy metals that is discharged into the oceans
and generates one of the most serious environmental problems in the
world (Li et al., 2022). Worldwide release of Hg to the sea from rivers is
estimated to be 200-5500 mg y’1 (Liu et al., 2021). Recent environ-
mental studies has encouraged to elucidate the dynamics of effects of Hg
in marine systems (Beauvais-Fliick et al., 2018; Cossart et al., 2022). In
the environment, Hg can be found in three main forms:; divalent
elemental mercury (Hg®), inorganic mercury (Hg?"), and methylmer-
cury (MeHg) (Li et al., 2022). As a result, microalgae are frequently
exposed to mercury, which delays their development and reproduction
due to the physiological and metabolic irregularities (Pradhan et al.,
2022). This can endanger the aquatic system’s dynamics. Microalgae are
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when exposed to low concentrations of mercury, they are also the
starting point for Hg to enter into the food chain (Li et al., 2022).
Metal ions can be adsorbed on the cell walls of microalgae and enter
through the cell membrane via active transport by binding to thiols
groups such as cysteine (Pradhan et al., 2022). Microalgae might use
several types of biological responses against metal ions toxicity, classi-
fied as energetically passive or active. The first one is bioadsorption,
which can occur due to physicochemical interactions between metal
ions and the ionizable groups on the cell wall surface and relies on the
chemical composition of the cell wall (do Nascimento et al., 2017;
Fawzy et al., 2020; Spain et al., 2021); or extracellular chelation with
exoproteins and exopolysaccharides (Pradhan et al., 2022). The second
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one is bioaccumulation, which is when the cell can produce intracellular
chelating agents such as phytochelatins and polyphosphate bodies
(Pradhan et al., 2022); or can expulse ions from the cytoplasm to the
extracellular medium through transmembrane transporters (Ibuot et al.,
2020; Tripathi and Poluri, 2021). These efflux transporters can be
transmembrane proteins usually used for metal ion internalization such
as CDF types (Cation diffusion facilitators), ATPases, ABC transporters,
and metal transporters for Zn, or they can be multidrug efflux pumps
(Blaby-Haas and Merchant, 2012). This is the result of mechanisms of
tolerance occurring upon exposure to divalent heavy metals processes
that can be studied in the model microalga Desmodesmus armatus
(Pokora et al., 2014). The genre of Desmodesmus has been shown to
exhibit phenotypic plasticity and resilience, allowing survival in harsh
and variable environments (Chung et al., 2018). Microalgae have been
used as an essential means to assess the potential toxicity from heavy
metals as they act as bio-indicators in the aquatic ecosystem (Hussain
et al., 2020). For this reason, elucidating these mechanisms allow us to
understand the behavior of microalgae in aquatic environments
contaminated; since knowledge of the mechanisms of toxicity is essen-
tial for proper environmental risk assessment (Baron-Sola et al., 2021).
However, simultaneous analyzes from the omics sciences (Beauvais--
Fliick et al., 2017, 2016; Ibuot et al., 2020; Leén-Vaz et al., 2021; Tri-
pathi and Poluri, 2021; Vendruscolo et al., 2019) added to kinetic
studies that allow reaching important conclusions about these tolerance
mechanisms may not be sufficient; due to the robustness of the experi-
mental designs required, the time required, and the lack of data for
validation in microalgae. In addition, some variables are not easily
measurable or cannot be followed over time (Tramontin et al., 2018).
Therefore, mathematical modeling becomes a fundamental tool for
describing the mechanisms of metal tolerance because it allows pre-
dicting the behavior of intermediates in places such as the wall and
membrane cell, where it is not easy to take measurements. Using for this
purpose extracellular kinetic data are more easily measurable. Some
complex processes have been modeled such as the capture and inter-
nalization, excretion, transport, and intracellular chelation considering
the concentrations of metals in the cell surface and in the extracellular
medium; under cell growth-inhibiting conditions for bacteria (Duval,
2013; Duval et al., 2015; Duval and Rotureau, 2014; Galceran et al.,
2006; Hajdu et al., 2010; Présent et al., 2017; Rotureau et al., 2015). Few
of these studies consider that proposed models for bacteria can be
extrapolated to explain the tolerance mechanisms of microalgae under
heavy metal stress (Duval, 2013; Duval et al., 2015; Duval and Rotur-
eau, 2014; Hajdu et al., 2010; Rotureau et al., 2015). Although there are
few reports that address, through a mathematical model, the influence
of the heavy metals ions in microalgae (Duval et al., 2015), none of them
is related to the genus Desmodesmus. In addition, there is no information
about mathematical models explaining the effect of mercury on growth,
nutrient uptake, and metabolite production. Toxic metals such as Hg?*
represent a threat to photosynthetic microorganisms in contaminated
aquatic ecosystems (Baron-Sola et al., 2021).

To have a model that represents this type of effect, in this new study,
a Compartment Structured Model is presented to analyze the growth,
capture, and efflux of nutrients and mercury (Hg?"); transmembrane
transport for all species and bioadsorption of metal ions in the cell wall,
based on experimental data obtained from the culture of Desmodesmus
armatus grown in the presence of inorganic mercury at sublethal con-
centrations. This model includes 4 compartments, 15 ordinary differ-
ential equations and 49 parameters. An identifiability analysis is
coupled to the optimization routine given the overparameterization of
the model and the high correlations between parameters. To the best of
the authors’ knowledge, this is the first model of its kind reported in the
literature for microalgae.

2. Materials and methods

The microalgae Desmodesmus armatus belonging to the Bioprocess
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Table 1

Outputs variables (Y).
Symbol Description Units
x Biomass concentration mg/L
Cext Extracellular bicarbonate concentration mg/L
Neye Extracellular nitrates concentration mg/L
Peyt Extracellular phosphates concentration mg/L
Hgext Extracellular mercury concentration mg/L
(0] Dissolved oxygen concentration mg/L

Laboratory of the Universidad de Antioquia was used and cultivated in a
modified CHU-13 culture medium (Furuhashi et al., 2013). The micro-
algae were cultivated in 250 mL Erlenmeyer flasks. The working volume
was 30 L, at a temperature of 27 °C, 140 rpm in an orbital shaker
(Thermo Scientific MaxQ6000) under fluorescent light (20 umol m—2
s 1), and a photoperiod of 12:12 light/darkness.

The treatment solutions were supplemented or not (controls) with
5.0 mg/L de HgCl, as the threshold concentration (Capolino et al.,
1997). This experimental design ensured that the initial biomass con-
centration was 66.5 and 100 mg/L g L™}, The biomass was exposed to
Hg2+ and the growth kinetics of D. armatus were studied at 0, 24, 48, 72,
96, 120, 144, 168, and 192 h. These conditions were used for the cali-
bration and validation of the mathematical model for estimating all
necessary parameters under the presence of Hg?'. In addition, the
growth kinetics of D. armatus was examined at an initial biomass con-
centration of 75.2 mg/L y 145.9 mg/L without Hg. The following pa-
rameters on culture media during growth kinetics were characterized:
biomass production, total mercury, nitrite nitrogen (NO3- N), inorganic
phosphate (PO3 - P), and dissolved oxygen (DO). All experiments were
performed in triplicate.

Biomass concentration was measured using the direct dry weight
method (Umetani et al., 2021; Vendruscolo et al., 2019). Total mercury
was quantified by the cold vapor atomic absorption method (SM
3112-B) (Baird Roger and Laura Bridgewater, 2017). Bicarbonate was
determined using alkalinity measurements through potentiometric ti-
trations with 0.02 N H,SO4 (Merck) in an automatic titrator (Titron-
Line7000). Dissolved oxygen concentration was quantified using an
oximeter (SI Analytics Lab 745). Nitrate concentration was quantified
using the salicylic acid method (Palomino et al., 1997) at a wavelength
of 410 nm. The phosphate concentration was determined by the ascorbic
acid method (SM 4500-P E) at a wavelength of 880 nm (Baird Roger and
Laura Bridgewater, 2017). All measurements are reported in mg/L.

3. Model development

3.1. Compartment structured model for D. armatus in presence of Hg
The Compartment Structured Model proposed in this work is

described as a "first principles-based model" derived from material bal-

ances for each of the species involved in the process as presented in
equations Eqgs. (1)—(3) (Villegas et al., 2017):

Table 2
State variables (X).

Symbol Description Initial condition Units
Hgwan Mercury concentration in the cell wall 0.0 mg/g
Cinem Carbon concentration in the membrane 0.1 mg/g
Npem Nitrates concentration in the membrane 0.1 mg/g
Priem Phosphates concentration in the membrane 0.1 mg/g
Hgmem Mercury concentration in the membrane 0.01 mg/g
Coyt Carbon concentration in the cytoplasm 0.01 mg/g
Neye Nitrates concentration of in the cytoplasm 0.01 mg/g
Py, Phosphates concentration in the cytoplasm 0.01 mg/g
Hgeyt Mercury concentration in the cytoplasm 0.0 mg/g
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Table 3
Parameters.

Nomenclature Vinaxmzn Maximum rate reaction
nitrates to site 2 (mg N g~*
day~

Himax maximum growth rate Kma,n Nitrates to sites 2 affinity

(day’l) constant (mg N g’l)
e Absorption coeficient for Vi Maximum rate reaction
D. armatus (mg X~ ym ™! L) phosphates to sites 1 (mg P
g lday ")

Kcext Saturation constant for km1p Phosphates to sites 1 affinity

carbonate (mg C L™1) constant (mg P g~1)

Yx/e Carbonate to biomass yield Vinaxs, Maximum rate reaction

(mg X mg C1) phosphates to site 2 (mg P
g Vday )

KN ext Saturation constant for km2p Phosphates to sites 2 affinity

nitrates (mg N L") constant (mg P g %)

Yx/N Nitrates to biomass yield (mg  Vmax,,  Maximum rate reaction

Xmg N1 mercury to sites 1 (mg Hg
g ' day )
kp ext Saturation constant for km1 1g Mercury to sites 1 affinity
phosphates (mg P L™1) constant (mg Hg g~ 1)
Yx/p Phosphates to biomass yield Vinaxms g Maximum rate reaction
(mg Xmg P~ 1) mercury to site 2 (mg Hg g ™!
day’l)

k; Saturation constant for ko 1g Mercury to sites 2 affinity

luminous intensity (umol m~2 constant (mg Hg g~ 1)
s’l)

Krigext Biomass to mercury affinity King.c Influx constant for carbonate

constant (mg Hg L) (day™)

KinhHg Biomass inhibition constant Keft Efflux constant for carbonate

for mercury (mg Hg L (day’l)

379} Oxygen mass transfer Kinf.n Influx constant for nitrates

coefficient (day 1) (day™)

Osar Oxygen saturation kefrn Efflux constant for nitrates

concentration (mg O L™1) (day™ 1)
Yx/o Biomass to oxygenyield (mgX  Kkiyp Influx constant for
mgo 1) phosphates (day 1)

Vimax.cw Maximum adsorption rate in kegrp Efflux constant for

cell wall (mg Hg g~ ! day!) phosphates (day ')

Kew Cell wall to mercury affinity Kinf Hg Influx constant for mercury

constant (mg Hg g~ 1) (day™)

Vimax.rev Maximum desorption rate kefy 1g Efflux constant for mercury

from cell wall (mg Hg g~* (day™)
day™1)
Krey Cell wall desorption constant ke.eye Reaction constant for
(mg Hg g 1) intracellular carbonates
(day™)
Vimaxm « Maximum rate reaction kn.cye Reaction constant for
bicarbonate to sites 1 (mg C intracellular nitrates (day )
g 'day M
Kimi.c Bicarbonate to sites 1 affinity kp eyt Reaction constant for
constant (mg C g~ 1) intracellular phosphates
(day™
Vinaxnz.c Maximum rate reaction Krig eyt Reaction constant for
bicarbonate to site 2 (mg C intracellular mercury
g 'day ) (day™)
km2.c Bicarbonate to sites 2 affinity Vimax.C0» Maximum rate reaction
constant (mg C g™ 1) bicarbonate to CO; (mg C
L'day ™
Vinm n Maximum rate reaction keo, Bicarbonate to CO, reaction
nitrates to sites 1 (mg N g~ constant (mg C L™1)
day 1)
Km1n Nitrates to sites 1 affinity Heoz Maximum rate reaction
constant (mg N g’l) bicarbonate to CO%~ (mg C
L lday ™)
X
E:f(thve) 1)
X(fo) = Xy (2)
Y =g(X,t,0) 3

where X = [x1, Xa,...,X;] indicates the vector of state variables, t is time,
6 = [61, 62,...,0n] is the vector of model parameters, Xj is the vector of
initial conditions, and Y = [y1, y2,...,¥r] corresponds to the vector of
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model outputs with n < r. The nomenclature used for the model outputs
and the state variables is presented in Tables 1 and 2. The model pa-
rameters can be seen in Table 3.

A Compartment Structured Model (CSM) is defined for this work as
shown in Fig. 1. This model has four compartments for a single cell of
Desmodesmus armatus under Hg?" exposure: (1) extracellular compart-
ment, (2) cell wall, (3) cell membrane, and (4) cytoplasm. Moreover,
two tolerance mechanisms are included: (a) efflux that occurs at the cell
membrane for metal ions and nutrients ions (Tripathi and Poluri, 2021),
and; (b) bioadsorption that occurs at the cell surface (do Nascimento
etal., 2017; Fawzy et al., 2020; Spain et al., 2021). Microalgae have high
biosorption capacities for metals due to cell wall composition conferring
the ability to bind metals via functional groups (do Nascimento et al.,
2017; Fawzy et al., 2020; Spain et al., 2021). Probably the mechanism of
biosorption of Desmodesmus occurs on the cell surface on the Sitecyy and
depends on the compositions of the cell wall, the interactions between
the ionizable surface groups, and the Hg?" ion concentration (do Nas-
cimento et al., 2017). Ions that do not attach to the cell wall can reach
the cytoplasm through the Siteyy m1 y Sitens_mo. These sites are in the cell
membrane and allow the transport of metal ions from the extracellular
medium into the cytoplasm using a mechanism known as internalization
(Duval et al., 2015; Duval and Rotureau, 2014; Hajdu et al., 2010).
Internalization depends on the availability of Hg>" ion-bound trans-
membrane proteins (Beauvais-Fliick et al., 2017); thus, mercury being a
non-essential metal, the microalgae must employ essential metal trans-
porters such as ZIP, ABC, or NRAMP (Beauvais-Fliick et al., 2016). After
internalization, an accumulation of Hg" in the cytoplasm intoxicates
the microalgae, forcing the cell to employ active mechanisms such as the
expulsion of Hg ions into the extracellular medium to ensure its osmotic
balance and survival (Tripathi and Poluri, 2021). This excretion mech-
anism is referred to as efflux and can occur through internalization sites,
or efflux proteins (Tripathi and Poluri, 2021) in Sitegg_m3. These efflux
proteins can be Cation Diffusion Family (CDF), Metal Tolerance Protein
(MTP), or ABC transporters, among others (Tripathi and Poluri, 2021).

Due to the negative effect of mercury on nutrient capture and
transmembrane transport (Beauvais-Fliick et al., 2017, 2016), internal-
ization and efflux mechanisms for carbon, nitrogen, and phosphorus
sources are included in the model. These transport mechanisms, and the
transporters, used by the microalgae are diverse, and their nature de-
pends on the type of nutrient captured and the microalgae species
(Borowitzka et al., 2016). For this reason, it is assumed that the cell can
simultaneously employ two different transport sites: SiteHco; _m and
Siterco; _m2 for carbon, Siteno; _m and Siteno; _ma for nitrogen and,
Sitepoa-_m and Sitepor-_ma for phosphorus.

(1) Extracellular compartment: In this compartment the dynamics
of the extracellular nutrients Cex, Next, Pext, Hgext, O and x are modelled.
The dynamics of cell growth is presented in Eq. (4). In order to describe
the specific rate of cell growth y, in Eq. (5) an extended Monod-type
equation for multiple substrates is used, where the mercury concentra-
tion behaves as an inhibitor (Tijani et al., 2018). This assumption is
acceptable, considering that mercury is captured or internalized by the
microalgae through transmembrane transporters, in Sitegs m1 and
Siterg_m2, (Beauvais-Fliick et al., 2017; Tripathi and Poluri, 2021) and
therefore can directly affect the growth of Desmodesmus armatus.

dx

S @

2 Zi.e.rr 1 ngx!
H = i II( > ( ) : )
< i=1 ki.ex: +Zi.ex1 > kl +1 ng,”[ + Hg”! + Hg,y

Kinn,tg

where, x is the biomass concentration, y is the growth rate, y,,,, is the
maximum growth rate, Z. represents the concentration for each
nutrient in the culture medium Cey¢, Nexr and Py, kiex: is the saturation
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Fig. 1. Schematic representation of the Compartment Structured Model proposed for Desmodesmus armatus in the presence of mercury. Each subindex used cor-
responds to a compartment: ext (extracellular), wall (cell wall), mem (cell membrane) and cyt (cytoplasm).

constant for each nutrient, Hg,, is the extracellular mercury concen-
tration, k; is the saturation constant for luminous intensity, kygex: and
kinnng are the affinity and inhibition constant for mercury. The light
intensity I is considered as a substrate and is represented by Eq. (6), in an
expression derived from Beer’s Law (Tijani et al., 2018).

1

_ Y 1 7 epdx
1 7epdx(1 Le %) ©)

where, I, and d are constants and were determined experimentally with
values of 20 umol m 25! and 68.6 nm, respectively. And ep is the mean
absorption coefficient. The equations that represent the dynamics for the
nutrients are proposed from material balances in Eq. (7), considering the
consumption rate of each nutrient, and the rate of efflux that occurs in
internalization sites SiteHco;_m and SiteHcog_mz for bicarbonate,
Siteno, _m and Siteno; -m2 for nitrates, and Sitepoif _m1 and Sitepoif _mo for
phosphates (Beauvais-Fliick et al., 2016; Hajdu et al., 2010). These
proteins can be ion channels that allow passive transport by facilitated
diffusion, ATPases that favor primary active transport, or ion-dependent
transport proteins that are used for secondary active transport (Blaby--
Haas and Merchant, 2012).

dZ; e H

= ke [Zic' 7
o Yor© + kefri Zicy Q)

where, Y, 7, represents the biomass yield, k. ; is the efflux constant and
Zi ey is the cytoplasmatic concentration for each nutrient. The proposed
material balance for the bicarbonate source Eq. (8) includes the con-
sumption rate, the efflux rate, and two additional terms representing
possible changes in HCO; concentration caused by the shift of chemical
equilibrium due to variations in pH.

dCoi  p Cex

=— X+ kogrc Copr + Vinar.co,—————
dt Y/c e o % kcor + Cou

1

~ Heor- & (€)]

where, Yy ¢ is the carbonate to biomass yield, kz,, . is the efflux constant
for carbonate, C,y; is the carbonate cytoplasmatic concentration, Vmax.co,
is the maximum rate of the reaction from bicarbonate to CO2, k¢o, is the
bicarbonate to CO; reaction constant and yi¢c;- is the maximum rate of
reaction from bicarbonate to CO3~.

The balance for extracellular mercury is shown in Eq. (9). It is

governed by the rate of adsorption and the rate of desorption at the cell
wall surface in Site.,, the rate of internalization in Siteys m1 and
Siteyg_m2, and the rate of efflux in Siteyg_m1, Sitepg_m2 and Siteyg_ms3.

ngexi _ ngxf ngall
= Vmaxeny g T Va5
dt kcw.Hg + ngxt kt‘e\*,Hg + ngall
Hg ext Hg ext

Vit Vi e+ K Hgen (9)
"o+ Hen " g + Hege O

where, Viax,cw is the maximum adsorption rate on the cell wall, ke g is
the affinity of the cell wall for mercury, Vmgcry is the maximum
desorption rate from the cell wall, kx py is the cell wall desorption
constant, Hgyq is the mercury concentration in the cell wall, Vqx,, ,, and
Vimaxm, s, re the maximum reaction rate for mercury to sites Siteyg_m and
Siteyg_ma, respectively. kp1 pg and kpape are the mercury affinity con-
stant to sites Siteyg m1 and Siteyg_m2, respectively. kg g, is the efflux
constant for Hg and Hg,, is the cytoplasmatic concentration of Hg.
Dissolved oxygen production due to metabolism, shown in Eq. (10),
depends on cell growth and mass transfer of oxygen from the cells to the
culture medium.

do H

— = X at — 1
a Yoo + k100 (Osar — O) (10)

where, O is the dissolved oxygen concentration in the culture medium,
Y,/o is the biomass to oxygen yield, ki.0 is the oxygen mass transfer
coefficient, and Oy is the oxygen saturation concentration.

(2) Cell wall compartment: The Hg, dynamic in Eq. (11), is
described from a mass balance that includes mercury adsorption and
desorption as interaction mechanisms between metal ions and the cell
wall. This process is metabolically passive (do Nascimento et al., 2017).

ngwall _ ngxl

H 8wall
max,cw  Vmax,rev 11
dt Y ' ka.Hg + ngxz ! ’ k ( )

rev,Hg + ngall

(3) Cell membrane compartment: The Cpem, Nmem> Pmem and Hgmem
dynamics associates with the transport or internalization of nutrient ions
in Eq. (12) and mercury in Eq. (13) occurs in the cell membrane through
transported SiteHcog ~m1 and SiteHcog _m2 for bicarbonate, SiteNog ~m and
Siteno, _mz for nitrates, Sitepos-_m and Sitepoz-_ma for phosphates, and

Siteyg_m1 and Sitegg_ mo for mercury. The Michaelis-Menten equation is
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Fig. 2. Methodology for parameter estimation.

used to explain these mechanisms, assuming that transport is possible
simultaneously through both sites:

dZi,znem Zi,exr Zi Lext

=V + Vimaxpp i
i + Zi
m2,i i ext

max, 12
dt " mti + Ziext a2

ngmcm _ ngxl ng,\‘t

Vit T T Vmaman 13)
dt " Kot g+ HEext " o t1g + Hox

where, Z; mem is the concentration of each nutrient in the cell membrane,
Vmaxyy ; a0d Vmax,,; are the maximum rate of transport for each nutrient
through the sites 1 and 2, respectively. In addition, km ; and km; are the
affinity constants for each nutrient in the sites 1 and 2, respectively.
Hgmen is the concentration of mercury in the cell membrane, Vg, 4, and
Vimaxy, s, aT€ the maximum rate of transport for mercury through the sites
1 and 2, respectively. kn1 e and kmapg are the affinity constants for
mercury in the sites 1 and 2, respectively.

(4) Cytoplasm compartment: In this compartment, Eq. (14) is used
to describes the cytoplasmic concentrations of the nutrients Ccy, Ny and
Py, and Eq. (15) is used for mercury Hg.y,. These balances include mass
transfer from the cell membrane to the cytoplasm and from the cyto-
plasm to the extracellular medium, which are the influx and efflux rates,
and the biotransformation of all species due to cellular metabolism.

dZi,z-yr
dt

= kinf.i Zi.mem - keff,i Zi.z‘yr - ki.cyr icyt (14)

dHg eyt

dt (15)

= kinf.Hg Hgem — eff Hg ng:yl - kﬂg.(-)-ngcyz
where, kinr; and ki, represent the influx constants for each nutrient
and mercury, respectively. In addition, k;., and kyg,: are the reaction
constant for the intracellular nutrients and mercury.

3.2. Kinetic growth model without Hg

The kinetic parameters of the microalgae in the absence of Hg were
determined using a cell kinetic growth model (KGM) derived from the
CSM model. For this purpose, equations Eqs. (4)-(8) were selected. Eq.
(5), Eq. (7) and Eq. (8) were modified such that the effects of mercury
and nutrient efflux were not considered. KGM calibration was based on
experimental measurements in absence of the Hg. This model resulted in
5 ordinary differential equations and 12 parameters. The details of the
model KGM can be consulted in the supplemental material (Appendix
A).

4. Estimation of parameters of CSM and KGM

The methodology describes in Fig. 2 was used in the estimation of
parameters. For this, the objective function was given by Eq. (16), using
the least squares method, where Y,,; corresponds to the experimental
data points and Y; represented the predictions of the model. The initial
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Fig. 3. Experimental data () and parameter estimation (=) at initial biomass concentrations of (a) 75.2 mg/L y (b) 145.9 mg/L without mercury and (c) at initial

biomass and mercury concentrations of 100 mg/L and 5.0 mg/L, respectively.

parameters 6 to CSM were accordingly with experimental conditions,
while initial parameters to KGM were uptake from the final parameters
of CSM 6. The "Simulated Annealing" optimization algorithm was used
to determine the pseudo-optimal parameters ¢* from which the
parameter identifiability process is carried out. This allows solving the
difficulties associated with the overparameterization of the model, its
non-linear nature and the strong correlation between the effects of the
parameters, following the methodology proposed by Villegas et al.
(2017). For this analysis, the §* parameters were divided into two

subgroups: the identifiable parameters 6y that have high effects on the
objective function and low linear dependence, and the 0p;.q parameters
that are fixed at their initial values. Subsequently, the sensitivity matrix
shown in Eq. (17) was used to determine any exact linear relationship
between the parameters. This matrix was constructed by deriving the
state variables x; with respect to the identifiable parameters, according
to the orthogonal method proposed by Yao et al. (2003). Applying a new
optimization routine, the identifiable parameters ¢; was established,

and those was used to build the group of optimal parameters 0, which
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Table 4
Initial and optimal parameters in the proposed model.

Number Symbol value subset 6 value Final set 9
With Hg Without Hg
1 Himax 0.4514 0.3508 1.0092
2 e 0.0234 7.9927 x 107° 0.5207
3 ke 0.7197 1.2126 x 102 0.1741
4 Yx/e 0.6495 2.6604 x 1072 0.9493
5 kn 56.6700 48.8880 99.9816
6 YN 0.3003 0.2772 1.0931
7 kp 64.8600 53.8900 39.0566
8 Ve 45640 2.0660 4.7309
9 K 1.1050 6.6450 1.1113 x 1074
10 ke 0.3770 0.1483
11 Kinn 0.7711 0.2491
12 kiao 0.5629 0.5677
13 Ot 1.6810 3.9850
14 Yx/o 36.4300 67.8600
15 Vimazew 0.3631 0.4231
16 Kew 0.2464 0.1902
17 Vinaxrev 0.5991 0.8960
18 Krey 0.5380 0.3564
19 Vimaxmic 0.9996 0.5069
20 Kmic 0.0036738 0.4393
21 - 0.9997 1.5099 x 1074
22 Kmac 0.0029916 0.1138
23 Vimaxmin 0.3002 5.7499 x 1072
24 Kmin 0.8242 0.6911
25 Vimaxman 0.1708 0.5252
26 Kman 0.7751 0.2407
27 Vinaemip 0.2156 0.2157
28 Km1p 0.5255 0.5255
29 Vinaxmp 0.5761 0.9737
30 Kumzp 0.8242 0.8242
31 VinaxmiHg 0.2494 0.8832
32 Kom1rig 0.1633 0.5486
33 Vinaxm2Hg 0.7486 0.9992
34 Kumarg 0.8034 0.4671
35 Kinge 0.9994 0.5077
36 Kegre 0.9655 0.6067
37 Kinfn 0.00187 0.6738
38 Kegin 0.2115 1.0000
39 Kingp 0.3792 0.9273
40 kegip 0.1414 0.2013
41 Kingrig 0.2986 0.9402
42 Kegiig 0.2427 1.0000
43 kz, 0.0117 5.7024 x 1072
44 kzy 0.3810 0.5943
45 kz, 0.1136 1.7301 x 1072
46 Kz, 0.5215 0.1645
47 Vinax.CO 0.9842 0.9842 0.7540
48 kco, 0.2163 0.2155 0.5461
49 Heoz- 0.5400 0.8070 0.5306

was reoptimized to verify the fit of the model. If these parameters were
acceptable, the model was then validated with experimental data,
otherwise, these parameters will be used to start the process again, that
is, 6y = @ . The details of the identifiability analysis can be consulted in
the supplemental material (Appendix B). In the following section, the
results of the optimal parameters of the model are presented. All scripts
needed to mathematically solve the model were developed in matlab
R2020b software licensed for academic use by Universidad de Antioquia
UdeA and Universidad Cooperativa de Colombia UCC.

From the data obtained for the maximum cell growth rates in the
CSM and KGM models, the doubling time tq was calculated using the
following expression:

Ln2
Honax

ty =

(18)
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5. Results and discussion
5.1. Parameters fitting and validation

Fig. 3a and 3b show the experimental data and the results of the
optimal kinetic parameter fit for KGM. The kinetics at both initial
biomass concentrations present a good fit for biomass x, extracellular
nitrogen N,,; and phosphorus Pe,;. Fig. 3c show the experimental kinetic
data and the results of the parameters fitting using the optimal param-
eters 6 for CSM. The model presented a good fit for biomass x, extra-
cellular carbon C,y, nitrogen N, and phosphorus P,,;, oxygen O, and
total extracellular mercury Hg... The minimum square error MSEy
found for this data set was 0.0445 and 0.1219, respectively.

Table 4 show the values for initial and optimal parameters to models
CSM y KGM. D. armatus physiology responses to Hg exposure were
determined. All parameters, including maximum growth velocity (4,,q,),
cell division (t;), ability to absorb light (e,) and dry biomass concen-
tration (Fig. 3c), were altered in microalga.

The maximum growth velocity was 2.88-fold higher in control
(without Hg) than in microalgae under Hg treatment. In D. armatus, the
cell division was 1.98 day with Hg compared to the cell division of 0.69
day without Hg. The inhibition of growth and shorter life cycles have
been associated with microalgae cells under exposure to low concen-
trations of Hg (Ge et al., 2022). These variations cause changes in the
biomass production of D. armatus on the first two days of the kinetics of
growth, where the production biomass level was lowest at 1.24% with
respect to the initial concentration obtained (Fig. 3c). Possibly, the
inhibitory effects on the D. armatus in the early days of kinetics are due
to deterioration in the activity of antioxidant enzymes, which leads to an
increase in the concentrations of reactive oxygen species (Capolino
etal., 1997; Ge et al., 2022). Also, the ability to absorb light of the cell of
D. armatus grown in Hg was significantly lower (6515-fouls) than con-
trols. e, under cells without Hg exposure, indicating that the light ab-
sorption photosystem PSII had a sensitivity towards high Hg?'
concentrations on the first days of growth (Ge et al., 2022). Therefore, it
decreased its efficiency in the photosynthesis process due to the insta-
bility of chlorophyll to do out their energy interconversions by chemi-
osmotic mechanisms under abiotic stress (Ge et al., 2022).

The model CSM validation shows tendencies of model and experi-
mental data for biomass, nitrogen, and phosphorus (Fig. 4). The results
show that the model has a good predictive capacity. The minimum
square error MSEy found for this data set was 0.3983.

5.2. Adsorption on the cell wall

The model, through the variable Hg.,, predicts a rapid adsorption of
mercury in the cell wall and a complete and slower desorption that ends
on day three. Simultaneously mercury ions are internalized Hgpem, and
this capture of ions is dominant after day three when it is no longer
possible to find mercury in the wall as shown in Fig. 3. The results
indicate that the cell wall of the D. armatus has ionizable groups that
interact and binding with Hg?* ions as mechanisms of absorption (do
Nascimento et al., 2017; Spain et al., 2021). The absence of mercury in
the cell wall has been previously reported by do Nascimento et al. for
Chlamydomonas reinhardtii (do Nascimento et al., 2017), who attributed
this behavior to the fact that part of the mercury was internalized, and
the mercury adsorbed on the cell wall can only occupy a fraction of the
available binding sites. These observations allow us to infer that the
interactions of mercury with the ionizable wall groups of D. armatus are
not strong enough for this mechanism to be dominant in live cultures,
because neutral mercury species such as HgCly can be more easily
transported through the cell membrane than other species (Beauvais--
Fliick et al., 2018). In addition, it is possible that the metabolically active
mechanisms, subsequent to the internalization of mercury, may be more
relevant for the survival of the microalga than the passive mechanisms
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Fig. 4. Model validation (=) using experimental data (:) for biomass, and extracellular nitrogen and phosphorus, at initial biomass and mercury concentrations of
66.95 mg/L and 5.0 mg/L, respectively.
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such as adsorption, or it is also possible that the interactions with the cell
wall constitute the first step for the mechanism of bioaccumulation
(Tripathi and Poluri, 2021).

5.3. Transmembrane transport and efflux

The model showed the phenomena associated with the

transmembrane transport of nutrients and mercury, both the influx and
efflux rates (Fig. 5). To properly validate Compartment Structured
Model phenomena associated with the transmembrane internalization
were assumed two transporters to mercury, carbon, nitrogen, and
phosphorus.

The model shows that the influx and efflux rates for all nutrients tend
to reach a steady state after day 3. In addition, the efflux rate for
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nitrogen and phosphorus is lower than the influx rate, while for carbon
the rate of efflux is slightly greater at the end of the kinetics. A higher
rate of efflux for inorganic carbon may be associated with a reduction in
the energetic metabolism due to the negative influence of mercury on it,
causing a greater accumulation of carbon inside the cell and, therefore,
its expulsion from the cytoplasm to a higher rate (Beauvais-Fliick et al.,
2017). A similar behavior was observed for Baron-Sola et al. (2021) in
the microalga Chlamydomonas acidophila, where the microalga reflects
alterations in carbon metabolism in response to Cd and Hg stress.

For mercury, it is observed that the influx is greater until day five,
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and thereafter, the rates of influx and efflux are similar. These results are
consistent with the osmotic balance between the extracellular medium
and the cytoplasm, suggesting that the efflux mechanism used by the
microalgae is effective in guaranteeing their survival (Blaby-Haas and
Merchant, 2012). This resistance mechanism has been widely described
in bacteria capable of using it as a first line of defense through efflux
pump-type proteins to counteract the effect of different types of anti-
biotics (Priyadarshanee et al., 2022). These transporters can be used
against toxic heavy metals such as mercury by the action of resistance
genes such as the mer operon that confer antibiotic and heavy metal
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Fig. 6. Simulations at different initial culture conditions. (a) 110 mg/L biomass and 5.29 mg/L HgCl,. (b) 60 mg/L biomass and 2.54 mg/L HgCl,.
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resistance (Priyadarshanee et al., 2022). In turn, this mechanism can be
found in other organisms such as plants that can use metal transporters
classified into several families, such as ZIP, NRAMPs and MTPs (Yan
et al., 2020) for influx/efflux of metal ions and other toxic substances.
Algae, like plants, can allow efflux through transporters typically used
for ion capture under metal stress conditions or employ heavy metal
ATPases (HMA), Cation Efflux Proteins (CE) or cation diffusion family
(CDF) which are also called metal tolerance proteins (MTP) (Beau-
vais-Fliick et al., 2017, 2016; Ibuot et al., 2020; Tripathi and Poluri,
2021).

The rate of transport through the sites Siterico; m1, Siterco, m2;
SiteNOS—_ml, SiteNo;_mz, Sitepogf_ml, and Sit‘epogf_mz in remain constant.
The Siterco, m2 y Sitepos-_m showed zero rate suggesting that the ni-

trogen and phosphorus may have been internalized by one transporter.
On the other hand, the rates Sitex, 1 and Siteyg 2 in D. armatus may
indicate that the transport of mercury across the transmembrane pro-
teins is not a continuous process, as well the carrying of the divalent
mercury probably does different membrane proteins in the microalgae,
transport mechanism across the cell membrane has been associated with
binding to either ion carriers or low molecular weight thiols, allowing
metals to penetrate as mercury (Balzano et al., 2020; Pradhan et al.,
2022).

These transmembrane transporters for mercury may be the same ZIP
and ABC used for the transport of essential metal ions, since the genes
that regulate these proteins may be upregulated by the presence of
inorganic mercury and methylmercury, as reported by Beauvais et al.
(Beauvais-Fliick et al., 2016). This phenomenon can also be found in
plants, where ZIP transporters are used to capture divalent ions such as
Fe?", Mn?t y Cd?®* (Yan et al., 2020), which share the valence of the
Hg?* ion present in mercuric chloride.

5.4. Nutrients and metabolism

Nutrient consumption of nitrogen, phosphorus, and carbon exhibit
significant differences between D. armatus cells exposure to Hg and

10

control cells without mercury (Table 4). Mercury exposure reduced the
nitrogen consumption in D. armatus after 48 h was 2.81 - 3.37-fold least
in cell contact with Hg than cell control (75.2 mg/L initial inoculums
and 145.9 mg/L initial inoculum, respectively). After 24 h and 48 h Hg
exposure, the cell P consumption was reduced in D. armatus (Table 4).
Under control conditions, D. armatus cells were 2.48-fold (75.2 mg/L
initial inoculums) and 3.21-fold (145.9 mg/L initial inoculum) have
higher P concentrations than those of cells with Hg. Mercury exposure
resulted in a more significant reduction of the consumption of carbon in
D. armatus than in the control cell (2.23 and 2.41-fold higher than in
cells under Hg). This behavior is consistent with what was found by
Beauvais-Fliick et al. (2017, 2016) who report alterations in enzymatic
mechanisms such as CCMs (CO, concentrating mechanisms) which are
that allow the extracellular transformation of bicarbonate into CO, and
is linked to primary metabolism, energy reserves, biomass production
and the thermodynamic equilibrium of microalgae (Beauvais-Fliick
et al., 2016). This could have harmed the biomass concentration since
the Hg can be altering the energy metabolism and carbon acquisition
(Beauvais-Fliick et al., 2017). Hence, microalgae must thus change their
way of adapting to survive in such an environment activating a mech-
anism to respond to stress conditions (Pradhan et al., 2022). In this
study, microalga could recover the consumption of the nutrients at 72 h
the Hg-exposure. As in some plants, pattern response to abiotic stress
consists of an ion interacting with the cell, possibly involving may
specific receptor on the membrane plasma to induce the expression of
the mechanism’s tolerance (Ma et al., 2001).

On the other hand, Leon-Vaz et al. (2021), through a proteomic
analysis in Chlorella sorokiniana contaminated with cadmium, found
alterations in the regulation of enzymes associated with the synthesis of
amino acids such as cysteine, methionine, glycine and glutamate,
necessary for the synthesis of free thiol groups such as glutathione
(Piotrowska-Niczyporuk et al., 2017), and phytochelatins (Pio-
trowska-Niczyporuk et al., 2017; Pradhan et al., 2022), which allows us
to infer that the presence of heavy metals induces the detouring of
metabolism to the production of these chelating agents as detoxification
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mechanisms to the detriment of energy metabolism and biomass pro-
duction. In Chlamydomonas reinhardtii under different times and doses of
mercury, the microalga present metabolic alterations in carbohydrates,
proteins, and lipids. In addition, mercury triggers intracellular oxidative
stress and chloroplast damage (Baron-Sola et al., 2021).

From the metabolic point of view and under the proposed stress
conditions, oxygen is a metabolite of great importance and the effects of
mercury on its production account for the toxic effects suffered by the
microalgae (Capolino et al., 1997). In this regard, it can be observed in
Fig. 3 that the maximum concentration of cytoplasmic mercury Hg.; on
day three coincides with the minimum concentration of dissolved oxy-
gen O. This suggests that, during the first three days, the cells undergo
important metabolic alterations that limit oxygen production causing its
depletion (Beauvais-Fliick et al., 2016). However, after these three days,
a stabilization of dissolved oxygen is observed, possibly caused by the
biotransformation of mercury. These findings are comparable to those
reported by Capolino et al. (1997) who observed a decrease in the
evolution of oxygen for two microalgae of the Scenedesmaceae family.
Also, it has been observed that photosynthesis activity (O, release) is
drastically reduced as metal concentration increases, and is inhibited in
Chlamydomonas exposed to Hg, a toxic effect that may limit ATP avail-
ability, promote increased ATP demand to overcome toxicity and/or
hinder phosphate metabolism (Baron-Sola et al., 2021). Ssuggesting that
Desmodesmus armatus has an increased ability to adjust to mercury stress
conditions. This important effort of Desmodesmus armatus to counteract
the effect of mercury can be considered, which consequently produces
changes that allow adapted physiological parameters to new conditions
(Pradhan et al., 2022). Under these conditions and according to the
experimental results and models predictions, Desmodesmus armatus can
be classified as a mercury-tolerant microalga (Capolino et al., 1997).

5.5. Simulations

By simulating different scenarios for the initial concentrations of
biomass and mercury, the conditions under which the model satisfac-
torily predicts the behavior of D. armatus in the presence of mercury are
established. Fig. 6 shows two of these simulations, the first one using
values of 110 mg/L biomass and 5.29 mg/L HgCl, and the second one
using values of 60 mg/L biomass and 2.54 mg/L HgCly.

From these simulations (Fig. 6) it is predicted that biomass produc-
tion can reach between 27% and 32%, with a carbon consumption be-
tween 22% and 29%, a phosphorus capture in a range between 14% and
47% and a consumption of nitrogen more efficiently at high concen-
trations of biomass with 96%, while at low concentrations only 49% is
consumed. The percentage of mercury removal is greater than 98% with
a range of mercury adsorption in the cell wall between 2.36 x 10~2 mg/
g and 2.00 x 10~% mg/g. In all scenarios, a complete reduction of Hg on
cell wall is predicted. The behavior of Hg in the cell membrane depends
on the initial biomass and mercury concentrations (Fig. 7), reaching
maximum values between 2.73 x 10~ mg/g (110 mg/L biomass and
0.7 mg/L HgCly) y 0.1418 mg/g (60 mg/L biomass and 5.29 mg/L
HgCly). The cell membrane compartment presents an accumulation of
Hg, possibly associated with the structure and aminoacidic composition
of the transporter proteins (Beauvais-Fliick et al., 2016). The Hg con-
centration in the cytoplasm, for all scenarios, was lower than the con-
centration in the membrane (Fig. 7), due to the formation of chelating
complexes as an active tolerance mechanism (Cossart et al., 2022).
Simultaneously, at higher concentrations of Hg in the cell membrane
and cytoplasm, oxygen decays to values below 5 mg/L. This behavior is
indicative of metabolic damage is less severe at low concentrations. In
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addition, it is confirmed that internalization is predominant over
adsorption and that Desmosdesmus armatus is a mercury-tolerant
microalga with a sublethal concentration of 5.29 mg/L HgCl,, which
is higher than that reported by Capolino et al. (1997) for the acclimated
strain.

6. Conclusions

This work developed a new Compartment Structured Model (CSM)
for the cell growth of Desmodesmus armatus in mercury’s presence. The
model allows for explaining the mechanisms of adsorption on the cell
wall, internalization, and efflux for mercury and nutrients, using
extracellular kinetic data that can be easily measured. CSM relates these
tolerance mechanisms with experimental data for cell growth, mercury
uptake, nutrient uptake, and oxygen release. Calibration of the model
using these experimental data allows obtained kinetic parameter values
that contribute to the study of the tolerance mechanisms, kinetics, and
modeling of microalgae in heavy metals’ presence. In addition, the CSM
can predict the behavior of variables in the cell wall and cell membrane
that are difficult to measure, thus improving the understanding of the
mechanisms of heavy metal transport in microalgae and their effect on
nutrients. As this model is a first approximation to the modeling of
tolerance and detoxification mechanisms in microalgae coupled to cell
growth, it is recommended to carry out a more significant number of
experiments that permit improving the validation of the model and
increasing its robustness involving other tolerance mechanisms.
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Appendix A. Growth kinetic model for Desmodesmus armatus without mercury

The growth of Desmodesmus armatus under normal culture conditions is present in Eq. (A.1). The growth rate was expressed using a Multiple
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substrate Monods Equations Eq. (A.2).

dx_
dr

< Zi ext 1
= ! : A2
” ﬂmlu < ,1;1[ (k[.exl + Z[,exl) > (kl + I) ( )

where, x is the biomass concentration, 4 is the growth rate, 4., is the maximum growth rate, Z; ., represents the concentration for each nutrient in the
culture medium Ceyt, Nexr and Py, kiex: is the saturation constant for each nutrient, k; is the saturation constant for luminous intensity. The light
intensity I is considered as a substrate and is represented by Eq. (A.3), in an expression derived from Beer’s Law (Tijani et al., 2018).

— 1 —epdx
I= (Il ®) (A3)

e (A1)

where, I, and d are constants and were determined experimentally with values of 20 ymol m~2 s™! and 68.6 nm, respectively. And e, is the mean

absorption spectral coefficient.
dZi,mr H

- A4
dt Yx/Zl . ( )

where, Y,z represents the biomass yield, ky; is the efflux constant and Z;, is the cytoplasmatic concentration for each nutrient. The proposed
material balance for the bicarbonate source Eq. (A.5) includes the consumption rate and two additional terms representing possible changes in HCO3
concentration caused by the shift of chemical equilibrium due to variations in pH.

dC.y 14 Coxr Hegr—1

=— + Vmasc — fieor€ A5
dt Yx/Cx Y LOZkCO; + C(‘xt ”C03 ¢ ( )

where, Y, ¢ is the carbonate to biomass yield, Vmax co, is the maximum rate of the reaction from bicarbonate to CO», kco, is the bicarbonate to CO»
reaction constant and Heoz- s the maximum rate of reaction from bicarbonate to CO3~.

Appendix B. Identifiability analysis methodology

The initial values of the 6, parameters that are necessary to solve the optimization problem were calculated in some cases using the experimental
data, the other parameters were taken according to the nature of the phenomenon. One set of experimental data was used for parameter identification
and one set for model validation, while different conditions for initial biomass and mercury were used to set model prediction limits for initial biomass
and mercury concentrations. The “Simulated Annealing” optimization algorithm was used to solve the parameter estimation problem and obtain an
initial pseudo-optimal parameter set §*. This parameter set is presented in Table B.1.

The methodology proposed by Yao et al. (2003) is called the “orthogonal method”. In this method, the parameters can be estimated if the
sensitivity coefficients are not linearly dependent. These coefficients correspond to the derivatives of the state variables x; with respect to the
identifiable parameters ¢y evaluated for each time ty.

[ ox, 0x, 0x, b

001, 00|, T 00ul|_,

0x; 0x; 0x;

5 06|, 00:|_, T 00ul_, ®1)

0x, 0x, L0x

00|, 06|_, 00|,

0x; 0x, 0x;
Lo6i|, ., 96|, ~ 06ul._,

The number of selected 6, for this analysis cannot be less than the number of state variables x;. To compare parametric sensitivity coefficients, the
sensitivity matrix must be scaled to ensure dimensional consistency. For this, the following equation is used:
A6,

SC, (B.2)

S = zj

In equation 20, z; was evaluated at 6, the point in the parameter space where the sensitivity analysis is fulfilled, A is a scaling factor that reflects
the uncertainties associated with the measurements. The sensitivity matrix was scaled using A¢; = 0.5 according to Brun et al. (2001) and Villegas
et al. (2017) because the values used in the present work are the first reported for microalgae cultures. The value of SC; was defined as the mean value
of the output variables. Subsequently, the method applies sequential orthogonal projections to the column vectors of the standardized sensitivity
matrix to select one identifiable parameter at a time.

The final results of the parameter identifiability analysis indicate that the most sensitive and linearly independent parameter subgroup is a four-
parameter subgroup corresponding to parameters 3, 4, 8, and 14 according to the nomenclature presented in Table B.1.. The determinant DET and the
minimum error MSEy found for this subgroup are 3.63 x 10~®and 0.1186, respectively. Table B.2. shows the results of the optimal parameter set {5 =

9;; U Hﬁxed}.
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Table B1
Pseudo-optimal and initial parameters.
Parameter number Symbol Units Initial Parameter Value 6, Pseudo-optimal initial set 6"
1 Homax day ! 0.4514 0.333554
2 e mgX ' um 'L 0.0234 7.9948 x 107°
3 ke mgCL™! 0.7197 1.2126 x 102
4 Yxje mg X mg C~! 0.6495 3.8099 x 1072
5 kn mgNL! 56.6700 49.0045
6 Ya/N mg X mg N~! 0.3003 0.2793
7 kp mgPL! 64.8600 54.0097
8 Yx/p mg X mg P! 4.5640 2.0803
9 kr pumol m 2571 1.1050 6.6436
10 Kug mg Hg L™! 0.3770 0.1480
11 Kinn mg Hg L ™! 0.7711 0.2484
12 kiao day! 0.5629 0.5677
13 Osut mgOL! 1.6810 3.9933
14 Yx/0 mg X mg 0! 36.4300 67.7095
15 Vinax.cw mg Hg L~! day ! 0.3631 0.4238
16 kew mg Hg L™! 0.2464 0.1684
17 Viax.rev mg Hg L! day ! 0.5991 0.8950
18 Krev mg Hg L™? 0.5380 0.3560
19 Vimaxmic mg CL ! day ! 0.9996 0.5069
20 Km1c mg CL™? 0.0036738 0.4393
21 Vinaemze mg CL ! day ! 0.9997 1.4931 x 107
22 Kmac mg CL! 0.0029916 0.1138
23 Vimaxmin mg N L ! day ! 0.3002 5.7519 x 1072
24 Kmin mgNL! 0.8242 0.6911
25 Vimax.man mg N L~ ! day! 0.1708 0.5254
26 Kman mgNL! 0.7751 0.2407
27 Vimacmip mg P L7! day! 0.2156 0.2158
28 Kmip mgP Lt 0.5255 0.5255
29 Vinaxm2p mg P L~ day? 0.5761 0.9740
30 Km2p mgPL! 0.8242 0.8242
31 VinaxmiHg mg Hg L' day™* 0.2494 0.8834
32 Knnrg mg Hg L~} 0.1633 0.5452
33 Vinaxm2Hg mg Hg L' day ! 0.7486 0.9992
34 Kumarg mg Hg L™! 0.8034 0.4636
35 Kinge day ! 0.9994 0.5077
36 Kegre day™! 0.9655 0.6067
37 Kinfn day™! 0.00187 0.6737
38 Kegn day ! 0.2115 1.0000
39 Kingy day! 0.3792 0.9278
40 kegp day! 0.1414 0.2017
41 Kingrig day ! 0.2986 0.9797
42 Kegrg day! 0.2427 0.9325
43 kz, day! 0.0117 5.7024 x 1072
44 kzy day! 0.3810 0.5943
45 kz, day ! 0.1136 1.6891 x 1072
46 Kz, day ! 0.5215 0.0468
47 Vinax.os mg C L' day™? 0.9842 0.9842
48 kco, mgCL! 0.2163 0.2159
49 Heor- mg CL~! day~! 0.5400 0.8079
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Table B2
Identifiable parameters 6, fixed Opixea and optimal 0.

Aquatic Toxicology 258 (2023) 106496

Parameter number Symbol Parameters value subset 6 Parameters value subset Opixea Parameters value Final set &

1 Honax 0.3508 0.3508

2 e 7.9927 x 10°° 7.9927 x 10°°

3 ke 1.2126 x 102 1.2126 x 1072

4 Yaje 2.6604 x 1072 2.6604 x 1072

5 kn 48.8880 48.8880

6 Yx/N 0.2772 0.2772

7 kp 53.8900 53.8900

8 Yx/p 2.0660 2.0660

9 K 6.6450 6.6450

10 kg 0.1483 0.1483

11 Kinh 0.2491 0.2491

12 KLa0 0.5677 0.5677

13 Ogat 3.9850 3.9850

14 Yx/o 67.8600 67.8600

15 Vmax cw 0.4231 0.4231

16 Kew 0.1902 0.1902

17 Viax rev 0.8960 0.8960

18 Krev 0.3564 0.3564

19 Vmaxmac 0.5069 0.5069

20 Kmac 0.4393 0.4393

21 Vmaxmbc 1.5099 x 10~* 1.5099 x 10~*

22 Kmbe 0.1138 0.1138

23 Vmax,man 5.7499 x 1072 5.7499 x 1072

24 Kman 0.6911 0.6911

25 Vmax,mbn 0.5252 0.5252

26 Kmbn 0.2407 0.2407

27 Vimax,map 0.2157 0.2157

28 Kmap 0.5255 0.5255

29 Viax mbp 0.9737 0.9737

30 Kmbp 0.8242 0.8242

31 Vmax,maHg 0.8832 0.8832

32 Kmang 0.5486 0.5486

33 Viax mbHg 0.9992 0.9992

34 Kmbhg 0.4671 0.4671

35 Kinfe 0.5077 0.5077

36 Keffec 0.6067 0.6067

37 Kinfn 0.6738 0.6738

38 Keffn 1.0000 1.0000

39 Kintp 0.9273 0.9273

40 Keftp 0.2013 0.2013

41 Kinfig 0.9402 0.9402

42 Kefitig 1.0000 1.0000

43 Kz, 5.7024 x 1072 5.7024 x 1072

44 kz, 0.5943 0.5943

45 kz, 1.7301 x 1072 1.7301 x 1072

46 Kz, 0.1645 0.1645

47 Viax,CO, 0.9842 0.9842

48 kco, 0.2155 0.2155

49 Heoz- 0.8070 0.8070
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