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Summary

Amino acids had previously been characterized based on their ability to be assimilat-
ed as carbon sources by Penicillium camemberti and Geotrichum candidum. For each micro-
organism, three groups of amino acids have been characterized, leading to four different
metabolic behaviours. To describe those recorded during P. camemberti growth on an ami-
no acid and glucose, an unstructured model had previously been developed, based on the
sequential consumption of both carbon substrates; glucose first, followed after its exhaus-
tion by the selected amino acid. Only the part of the amino acid assimilated as a carbon
source for cellular biosynthesis was considered in the model, which had to be deduced
from the total amino acid consumption. To avoid the use of such an indirect parameter,
ammonium was considered in this work, which was produced after amino acid deamina-
tion and corresponded to the release of the excess nitrogen, since amino acids contain ex-
cess nitrogen in relation to their carbon content in fungi. The model, therefore, involved
substrate carbon consumption, ammonium production, as well as biomass yield on the
carbon substrate, Yx,s, and biomass yield on the produced ammonium, Yx,p. The model
proved to describe satisfactorily the various metabolic behaviours recorded during P. cam-
emberti and G. candidum growth on an amino acid and glucose.

Key words: batch culture, carbon substrates, Geotrichum candidum, Penicillium camemberti,

unstructured models, biomass yield

Introduction

Amino acids had previously been characterized based
on their ability to be assimilated as carbon sources by
Penicillium camemberti and Geotrichum candidum, both
fungi involved in the ripening of soft white cheese. This
characterization was carried out in the presence of glu-
cose (1,2), a primary carbon source which is not relevant
in terms of food microbiology. However, no clear re-

sponse can be expected from a more relevant system
like lactate/amino acid, owing to the simultaneous as-
similation of both substrates, lactate and the selected
amino acid, as carbon and energy sources by the fungi
(3,4).

Three groups of amino acids were characterized for
each microorganism (1,2,5), leading to four different
metabolic behaviours. The first group was only used as
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nitrogen sources by G. candidum, with glucose being the
carbon and energy source, while amino acids from the
second group were dissimilated by G. candidum and P.
camemberti; namely, they were used as energy supply by
oxidation into CO, during stationary phase after glucose
depletion, and the corresponding nitrogen was released
as ammonium. Both species exhibited diauxic behaviour
during growth on the third group of amino acids, since
they can be assimilated as carbon sources, in addition to
their assimilation as nitrogen sources, but only after glu-
cose depletion. P. camemberti showed a clear differentia-
tion between the assimilated and the dissimilated car-
bon from the last group of amino acids; the carbon from
the amino acid was assimilated, while the carbon from
glucose was dissimilated.

A simple unstructured model had previously been
developed to describe diauxic growth (6). The consump-
tion kinetics of both carbon substrates was described us-
ing a modified Verhulst model (7,8), without involving
the key enzyme responsible for the degradation of the
second carbon substrate, the selected amino acid (argi-
nine). Growth kinetics was deduced from the sequential
consumption of both carbon substrates, since biomass
yield on carbon substrate was found to be constant (6):

dx ds dz
E:— X/S'E_ X/zc'd_tC /1/
where s and z. are glucose concentration and amino acid
concentration, respectively, used as carbon source, Yy/s
and Yy, are the biomass yield on glucose and biomass
yield on amino acid used as carbon source, respectively.

The model was also previously improved to describe
the behaviour recorded during P. camemberti growth on
amino acids from other groups (9):

Y,
dx __[1_ P/Z,OJ'YX/S'dS v % /2

T el R ik e

where Yp,zo and Yp,z¢ are the initial and final ammo-
nium yield on the amino acid, respectively.

Glucose was therefore taken into consideration dur-
ing P. camemberti growth on amino acids used as nitro-
gen source, while amino acid consumption was consid-
ered during growth on acids used as carbon source with
only glucose being dissimilated for energy supply.

Only the part of the amino acid used as a carbon
source was considered in the model (6,9), and it was ob-
tained by subtracting the part of the amino acid used as
nitrogen source during the first growth phase in the case
of diauxic growth from the total amino acid consump-
tion. To avoid the use of such an indirect parameter, am-
monium was considered in this work, instead of the
part of the amino acid used as a carbon source. Indeed,
amino acids contain excess nitrogen in relation to their
carbon content in fungi in general, leading to the re-
lease of ammonium after amino acid deamination dur-
ing their metabolization as C and N sources, correspon-
ding to the excess nitrogen (10,11), which can increase
the pH (12).

From this, the growth model (Eq. 2) becomes:

Y,
dx :_(1_ p/Z'UJ'YX/S'E-l—YX/P'% /3/

dt Y26

where p is the ammonium concentration.

It can also be observed that the considered logistic
(Verhulst) function needed a negligible residual sub-
strate concentration to lead to a relevant solution from a
mathematical point of view (13). The involvement of a
metabolite (ammonium) in the model allowed to avoid
this problem.

Materials and Methods

Microorganisms

The commercial strains Geotrichum candidum Geol7
and Penicillium camemberti LV2 (Danisco, Dangé St Ro-
main, France) were used. Freeze-dried spores were stored
at 7 °C.

Media

The media used contained (in g/L): glucose (Merck,
Darmstadt, Germany); one of the following amino acids:
threonine 10.5 (TGlc medium), lysine 6.5 (KGlc medium),
glutamic acid 10.5 (EGIc), or arginine 4 or 9 (RGlc) (Acros
Organics, New Jersey, USA); inorganic phosphates (Pi)
KH,PO, 25 mmol/L and NaH,PO,-H,O 25 mmol/L (14);
and trace elements (in mg/L): Mg 25, Fe 20, Ca 18, Zn
45, Mo 2 and Cu 1.3 (14) chelated with a solution of
EDTA (ethylenediaminetetraacetic acid; 585 mg/L). The
pH of the medium was adjusted to 4.6 with 6 mol/L
HCl, before it was sterilised at 121 °C for 20 min.

Culture conditions

Batch fermentations were carried out in a 3-litre lab-
oratory-made glass-blown fermentor (15). The fermentor
was filled with 2 L of sterilized culture medium. Tem-
perature was maintained at 25 °C. The broth was contin-
uously aerated at constant airflow of 13.0 L/h (i.e. 6.5 L
of air per litre of medium per h). This rate was obtained
with the help of a mass flow controller GFC17 (Aalborg,
New York, NY, USA) and the broth was stirred magneti-
cally at 850 rpm. Inoculation of the culture medium was
carried out by an aseptic addition of spore suspension
(initial density of 4-10° spores/mL). Spores were left to
rehydrate approx. 1 h in the sterilized medium at room
temperature before inoculation.

The bioreactor was equipped with a sterilizable com-
bination pH glass electrode (Ingold, Paris, France). The
system contained also an aseptic recirculation loop al-
lowing an on-line measurement of turbidity at 1=650 nm
(15). Turbidity was calibrated from dry mass measure-
ment of biomass at the end of culture. Total biomass and
broth turbidity were linearly correlated up to a concen-
tration of 5 g/L (the correlation coefficient was 0.98 de-
termined in duplicate experiments) (15). Carbon diox-
ide in the off-gas was also monitored on-line by an IR
detector Rubis 3000 (Cosma, Igny, France) after desicca-
tion in a column of calcium chloride. In order to detect
any gas leak in the system, the flow rate at the outlet of
the IR detector was measured by a Pelton wheel flow-
meter S110-3 (McMillan Co., Georgetown, TX, USA).

Analyses

After centrifugation of the samples, the following
components were determined spectrophotometrically in
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the supernatants: glucose by the phenol-sulphuric acid
method for total sugars (16), ammonium by the Nessler
method (17) and the chosen amino acid was deduced
from the measurement of the primary a—amino groups
N,nn, by the trinitrobenzenesulphonic acid (TNBS) meth-
od (18).

Fitting procedure

Origin software v. 7.5 (Microcal Software Inc., North-
ampton, MA, USA) was used for the fitting of all pa-
rameters.

Model development

The well-known logistic or Verhulst relation, previ-
ously applied to describe lactic acid production (7,8), was
applied in this work to describe metabolite production:

p
p=——
Tdt
where p; is the final ammonium concentration and p, is

the ratio between its initial volumetric rate r,, and its
initial concentration p.

=pyp-(1-F) /4/
P

This logistic relation can be directly solved resulting
in the following solution:

Pops-er

= Pe—Potpo-en’

/5/
with p, being the initial product concentration, and e ex-
ponential function.

Ammonium production is directly linked to amino
acid assimilation as carbon and energy source, since it
corresponds to the release of the excess nitrogen. To ac-
count for the time lag before the beginning of the sec-
ond available carbon and energy source consumption
(amino acid), an additional parameter ¢, was added to
Eq. 5 (6):

Po Ps .ePo{t-tp)
Pi—Po+Po .ePb (t-tp)

p= /6/
Since substrate (glucose) consumption kinetics ex-
hibited similar shape as production kinetics, the logistic
or Verhulst model (7,8) can be applied to substrate con-

sumption, giving after integration the following (6):

S 'Sres'esé't
SO_SZO—,_sreS /7/
SO_Sres+Sres -esot

where s corresponds to the glucose concentration; s, and
5. are the initial and the residual glucose concentra-

tions, respectively; and s; is the ratio between its initial
volumetric rate rgy and its initial concentration s,.

To take into account a possible time lag before the
beginning of the substrate consumption, an additional
parameter ts was added to Eq. 7 (6):

SO 'Sres .es{] {t-ts)

Sp—8= . —Stes /8/
S0 Sres T Sres €% t=ts)

It should be observed that low fg values were ex-
pected from the fitting of the glucose consumption time
courses. Glucose consumption (Eq. 8) and ammonium

production (Eq. 6) were then introduced in the above
model (Eq. 3) to describe growth.

The use of the amino acids only as a nitrogen (and
energy) source (1) during growth led to the absence of
ammonium production, and therefore to a nil initial am-
monium yield on an amino acid yield, Yp,7o. The term

1— Yoz0
P/Zf

in Eq. 3 was therefore equal to one. Moreover,

since threonine and lysine were not used as carbon
sources for biosynthesis, no ammonium was produced
during growth, leading to a nil Yy, p yield. From this, Eq.
3 became:

dx ds
2y =2
dt -~ % dt /9/

Growth kinetics can be then easily derived by intro-
ducing the substrate consumption time course (Eq. 8)
into Eq. 9:

SO 'Sres .es[j (t—ts)

8o Srest Sres e (tts)

x=x,+Yys [ - sres] /10/

The values of the parameters sy, s, s, and t5 were

deduced from the fitting of the substrate consumption
time course (Eq. 8); while the biomass yield on carbon
substrate, Yy,s, corresponded to the linear regression of
experimental data of biomass concentration vs. substrate
carbon consumption.

In the case of diauxic growth, the use of the selected
amino acid only as a nitrogen source, with glucose be-
ing the carbon source, led to the absence of ammonium
production, and then a nil value for the Y3/, yield. Af-
ter glucose depletion, the use of the amino acid as a car-
bon (and nitrogen) source resulted in ammonium pro-
duction, and then a non-nil Yp,,; yield. The term

| Yoo
P/Zf

in Eq. 3 was therefore equal to one, leading to

the following expression:

SO .sres. esb {t=ts)

x=x+Yys" ‘
! S0~ Sres T Sres” €% tts)

po.pf.epb'(t*fp)
pf_p0+p0.epb'(t*tl’)
The use of amino acids as carbon (and nitrogen)

sources (with glucose being the energy source) led to the
production of ammonium and hence a constant Yy,

_sres]+
/11/

+ Y-

Y,
yield throughout the growth. The term [1—P/Z° was
P/Z§

therefore nil and Eq. 3 became:
dx dp
—=Yyp—— /12/
dt " dt
Growth kinetics can then be easily derived by intro-
ducing the substrate carbon consumption time course
(Eq. 6) into Eq. 11:
PoPs .eP6 {t-tp)
Pi—Potpy-er )

The values of the parameters p,, p;, py and tp were

/13/

x=Xo+Yxp

deduced from the fitting of ammonium production time
course (Eq. 6).
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Results and Discussion

Some representative amino acids from the different
groups previously characterized for P. camemberti and G.
candidum were chosen. Threonine was chosen among the
amino acids used only as nitrogen source by G. candi-
dum (5), and lysine was chosen among the amino acids
used as nitrogen source and also dissimilated by G. can-
didum (5) and P. camemberti (1), namely used for energy
supply by oxidation into CO, during stationary phase,
after glucose depletion.

Some amino acids lead to diauxic growth, since af-
ter glucose depletion they can be used as nitrogen and
carbon sources; arginine was chosen among them. A dif-
ference should however be noted between growth kinet-
ics recorded for G. candidum and P. camemberti. Indeed, a
continuous and sequential use of both carbon substrates,
glucose and a particular amino acid, was recorded dur-
ing P. camemberti growth (1); while after glucose deple-
tion, a clear stationary phase was recorded before the as-
similation of the chosen amino acid as both carbon and
nitrogen source by G. candidum (5). The higher level of
enzymatic activity of P. camemberti if compared to G. can-
didum (19,20) can account for this difference in behaviour.

P. camemberti exhibited a clear differentiation be-
tween the assimilated and the dissimilated carbon for
the last group of amino acids, including glutamic acid
().

Glucose and ammonium time courses are displayed
in Figs. la—e for the used amino acids, as well as the
corresponding fits using Eqgs. 8 and 6. As observed, the
model matched experimental glucose consumption and
ammonium production data. The corresponding param-
eter values are collected in Table 1. It can be noted that
ammonium production during P. camemberti growth on
lysine and glucose was not fitted, due to the total un-
coupling between growth and ammonium production
(Fig. 1b). Indeed, ammonium release during stationary
state resulted from lysine dissimilation for energy sup-
ply (D).

In the case of a clear differentiation between the as-
similated and the dissimilated carbon, as was the case
during P. camemberti growth on glutamate and glucose,
the latter was only dissimilated for energy supply and
was therefore not involved in the growth model (Eq.
12). Its consumption was therefore not fitted (Fig. le).
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Fig. 1. Experimental (symbols) and calculated (continuous lines)
time courses for carbon substrate (glucose) consumption, se—s (O)
and ammonium, p (M) concentrations recorded during growth of
G. candidum on threonine (a), P. camemberti on lysine (b), G. candi-
dum on arginine (c), P. camemberti on arginine (d) and P. camember-
ti on glutamate (e)

Biomass concentration was plotted vs. ammonium
production in Figs. 2a—e. This plot appears to be an
interesting tool to characterize amino acid metabolic
behaviour. Indeed, growth on amino acids used only as
nitrogen source was characterized by an absence of am-
monium production (Fig. 2a), or by a total uncoupling
with growth leading to a nil value of the Yy,p yield in
the case of amino acid dissimilation during stationary

Table 1. Optimised parameters given by the glucose consumption (Eq. 8), ammonium production (Eq. 6) and growth (Egs. 10, 11 and
13) models for batch cultures of G. candidum and P. camemberti growing on a given amino acid- and glucose-based media, as describ-
ed in the Materials and Methods section

So

Sres

Yx/s

Po

Po

Yx/p

P s _Po_ _Pr Po tr 2

Medium™ “op g/L h 8/8 g/L g/L h™ 8/8 X
Ge Thr 3.94 056 0065 9.9 0.31 - - - - 0.92
P Lys 425 0055  0.047 0 0.47 - - - - - 0.96
Ge Arg 443 020 0128 7.1 047 0008 150 0132 826 0.79 0.96
P Arg 3.70 0002 0.109 0001 075 00002 068 0071 403 0.98 0.99
Pe Glu - - - - - 00008 030  0.081 08 1105 0.96

*All media contained the selected amino acid and glucose
Pc=Penicillium camemberti
Ge=Geotrichum candidum
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phase (Fig. 2b). When the amino acid can be assimilated
as a carbon source in addition to being used as a nitro-
gen source, ammonium production during the second
phase of growth leads to low Yy,p yields during this
phase, 0.79 and 0.98 g/g (Table 1) for G. candidum (Fig.
2c) and P. camemberti (Fig. 2d), respectively. Contrarily,
high Yy,p yield (11.05 g/g; Table 1) was recorded in the
case of an assimilation of the carbon from the amino
acid by P. camemberti, with only the carbon from glucose
being dissimilated (Fig. 2e).

Biomass yield on glucose, Yy/g, is also displayed in
Fig. 2.

(s,-8)/(g/L)

[y
-

x/(g/L)

O
-

x/(g/L)

o
~

xI(g/L)

Q
—

x/(g/L)

2

x/(g/L)

pl(g/L)
Fig. 2. Experimental (symbols) and calculated (continuous lines)
biomass yield on carbon substrate Yx,s () and biomass yield on
ammonium Yx,p (M) recorded during growth of G. candidum on
threonine (a), P. camemberti on lysine (b), G. candidum on arginine (c),
P. camemberti on arginine (d) and P. camemberti on glutamate (e)

Considering the parameter values given by the fit-
ting of glucose consumption and ammonium production
time courses (Fig. 1), biomass data were calculated and
compared to experimental data in Figs. 3a—e. As ob-
served, the model matched experimental data until sta-
tionary phase. It should be observed that to optimize the
fitting (correlation coefficients always above 0.9), Yy
and Yy,p yields were optimized during growth fitting
and then displayed in Fig. 2 to be compared to experi-
mental data for validation.
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Fig. 3. Experimental (symbols) and calculated (continuous lines)
biomass concentration time courses recorded during growth of
G. candidum on threonine (a), P. camemberti on lysine (b), G. candi-
dum on arginine (c), P. camemberti on arginine (d) and P. camemberti
on glutamate (e)

In the absence of amino acid assimilation as a car-
bon source for biosynthesis leading to an absence of am-
monium production during growth, only the carbon
substrate was involved in the growth model (Eq. 10).
The low G. candidum growth recorded on threonine as a
nitrogen substrate (Fig. 3a) accounted for the low bio-
mass on glucose yield Yy, (0.31 g/g; Fig. 2a), if com-
pared with the growth recorded during P. camemberti
culture on lysine as a nitrogen source (Yy,s=0.47 g/g;
Fig. 2b). It can be noted that both species led to similar
Yy,s yield (about 0.5 g/g for G. candidum (5)) during
growth on amino acids from the second group, namely
dissimilated for energy supply during stationary phase,
as was the case for lysine. As expected, low values were
recorded for the parameter t5 (Table 1), which character-
ized the time lag before the beginning of the carbon sub-
strate consumption, since glucose was the sole 'usable’
carbon substrate for biosynthesis, viz. 0 and 9.9 h during
P. camemberti growth on lysine and G. candidum growth
on threonine, respectively.

Amino acid assimilation as carbon sources resulted
in ammonium production, which was therefore involved
in the growth model, leading to Eq. 11 in the case of
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diauxic growth and to Eq. 13 in the case of a clear differ-
entiation between the assimilated and the dissimilated
carbon, owing to the dissimilation of glucose for energy
supply.

The use of glutamate as a carbon source during P.
camemberti growth led to ammonium production from
the beginning of growth (Eq. 13), leading to a low value
of the time lag parameter f, (0.8 h; Table 1). Contrarily,
amino acid assimilation as a carbon source after glucose
depletion led to a concomitant production of ammo-
nium, and then high values of the time lag parameter t,
(Table 1), while the corresponding fg values were low
(7.1 and 0.001 h for G. candidum and P. camemberti re-
spectively; Table 1), owing to the assimilation of glucose
during the first phase of growth. In the case of diauxic
growth, examination of the parameter values can char-
acterize the difference in metabolic behaviour between
G. candidum and P. camemberti, since the clear stationary
phase between the two growth phases recorded during
G. candidum culture led to a clearly higher t, value (82.6
h) if compared to that recorded during P. camemberti
growth (40.3 h; Table 1). The clear second G. candidum
growth phase led also to a higher amount of amino acid
assimilated (1,5), resulting in a higher amount of ammo-
nium produced (1.5 g/L) if compared to P. camemberti
(0.7 g/L; Table 1).

Conclusion

The plot of biomass concentration vs. ammonium
production appeared to be an interesting tool to charac-
terize amino acid metabolic behaviour, since it varied
from an absence or a total uncoupling of growth in the
case of only nitrogen source amino acids to high bio-
mass yield on ammonium in the case of amino acid as-
similation with the carbon from glucose being only
dissimilated.

Ammonium production and substrate consumption
time courses were successfully described by means of a
Verhulst model modified by adding a parameter that ac-
counted for a possible time lag before the beginning of
carbon substrate consumption, namely the used amino
acid (leading to ammonium release) or glucose. Con-
sidering the parameter values given by the fitting of
glucose consumption and ammonium production time
courses, biomass data were calculated and were found
to match experimental data until stationary phase for
the four observed metabolic behaviours.

Nomenclature

Pp the metabolite, ammonium, and its
concentration (g/L)

Po the ratio between the initial ammonium
rate r,, and its initial concentration p,

r volumetric rate (g/(L-h))

S, s the carbon source, glucose, and its

concentration (g/L)

s, the ratio between the initial glucose
consumption rate r,, and its initial
concentration s,

t time (h)

tp tg time lag before the beginning of the
substrate consumption (h)
X, x biomass and its concentration (g/L)
Yx/s biomass on glucose yield (g/g)
Yy/p biomass on ammonium yield (g/g)
Y70 biomass on C source amino acid yield (g/g)
Z, z the nitrogen source, the considered amino
acid, and its concentration (g/L)
Subscripts C  carbon
0 initial
f final

P ammonium
max maximum
res residual

S glucose
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