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Abstract The study had the objective of examining the
aspects involved in the cultivation of ectomycorrhizal fun-
gi for the production of commercially sustainable inocu-
lant to attend the demands of the seedling nursery indus-
try. It focused on certain parameters, such as the oxygen
consumption levels, during the cultivation of the
ectomycorrhizal fungus Rhizopogon nigrescens CBMAI
1472, which was performed in a 5-L airlift bioreactor.
The dynamic method was employed to determine the vol-
umetric coefficient for the oxygen transfer (k a) and the
specific oxygen uptake rate (Qp,). The results indicate
that specific growth rates (uy) and oxygen consumption
decline rapidly with time, affected mainly by increases in
biomass concentration (X). Increases in X are obtained
primarily by increases in the size of pellets that are
formed, altering, consequently, the cultivation dynamics.
This is the result of natural increases in transferring resis-
tance that are observed in these environments. Therefore,
to avoid critical conditions that affect viability and the
productivity of the process, particular settings are
discussed.
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Introduction

Successful measures for a controlled mycorrhization of seed-
lings, intended mainly for the ever-demanding reforestation
programs, are dependent primarily on a constant and uniform
industrial supply of fungal inoculum. Studies on the effects of
ectomycorrhizal (ECM) fungi on seedling development are
plentiful. They aims are primarily at the fungi’s mechanisms
of action, the benefits of the symbiotic partnership, and the
physiology of both the plants and the associated fungi
(Garbaye 1984; Le Tacon et al. 1987; Malajczuck et al.
1990; Kuek et al. 1992; Burgess et al. 1993; Giachini et al.
2004; Gandini et al. 2015). However, when it comes to the
knowledge associated to the production of large volumes of
fungal inoculum, there are still considerable gaps to be re-
solved. Not much is understood about the cultivation process
of these microorganisms in an industrial scale. One of the
main reasons for this lack of knowledge is the difficulty to
grow these fungi in controlled culture conditions.

ECM fungi are generally slow growing (Pradella et al.
1991; Rossi et al. 2002, 2016), which may limit several appli-
cations, especially when traditional methods for cultivation
are used. This is perhaps the reason that kept this sector from
expanding. Nevertheless, studies have demonstrated that sub-
merged cultivation of ECM fungi in airlift bioreactors is an
excellent alternative for the production of large volumes of
fungal biomass (Rossi 2006). Airlift bioreactors present fluid
dynamics and shearing forces that affect fungal cells on a
much lesser extent than stirred tank bioreactors (Chisti
1987). However, to improve the technology for fungal
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biomass production in airlift bioreactors, it is necessary that
other parameters are tested and understood. Among them, the
oxygen transfer rate, listed by many as one of the most limit-
ing factors (Whitman 1923; Chisti 1989; Jin et al. 2001,
Schmidell 2001; Krahe 2003; Garcia-Ochoa and Gomez
2009), especially due to the low oxygen solubility. If the bio-
reactor cannot supply the demands of an actively growing
microbial population, critical levels of oxygen concentration
can be reached in only a few seconds during a particular batch
(Finn 1967), resulting in decreased yields and the possibility
of growth failure. To keep a constant production, the rate in
which oxygen is consumed must be equal to the rate it is
supplied.

Oxygen transfer studies will help to determine the proper
physical and biological conditions for the growth and devel-
opment of ECM fungi. Therefore, the objective of this study
was to evaluate the effects of consumption and transfer of
oxygen during the cultivation of an ECM fungus in an airlift
bioreactor to boost the technology for the production of large-
scale, commercially feasible fungal inoculum.

Material and methods
Ectomycorrhizal fungal isolate

This study employed the ECM fungal isolate UFSC-Rh90,
Rhizopogon nigrescens Coker & Couch, isolated from a man-
aged Pinus taeda forest located in the state of Santa Catarina,
Southern Brazil. The isolate is available from a publicly ac-
cessible culture collection (CBMAI WDCMS823—Brazilian
Collection of Microorganisms from the Environment and
Industry, strain CBMAI 1472). During the study, the isolate
was kept at 25 + 1 °C on modified Merlin-Norkrans (MMN)
solid medium (Marx 1969) with glucose as the sole source of
carbon.

Culture media and inoculum production

Mycelial pellets from a previous bioreactor cultivation
preserved under refrigeration (8 £ 2 °C) in a saline solu-
tion (0.85 % NaCl) for 3 days were utilized to prepare the
inoculum. Inoculum viability was confirmed by the place-
ment of 40 pellets in petri dishes containing MMN solid
medium, incubated at 25 + 1 °C for 48 h. To promote a
suitable homogeneous mycelial suspension for the biore-
actor, start-up, 50 g of biomass in the form of pellets (ca.
1.5 g dw) was fragmented in a blender (model LAR-15,
Metvisa, Brazil) for 20 s at 3600 rpm in 300 mL of MMN
liquid medium.

For bioreactor cultivation, we used a variation of the
PGK medium (Rossi and Oliveira 2011), containing the
following (g/L): glucose 14.0, soy peptone 3.0, malt
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extract 1.5, NH4NO; 1.0, KH,PO, 0.264, K,HPO,
0.628, MgS0O,4-7H,0 0.33, CuSO45H,0 0.0021, MnCl,-
4H,0 0.0006, ZnSO,47H,O0 0.0005, and FeSO4 7H,0
0.0004, with a C/N (g/g) of approximately 16. The initial
pH was adjusted to 5.8 with an equimolar solution of
citric acid and 0.15 mol/L sodium citrate prior to sterili-
zation. Additionally, we added 0.25 mL/L of polypropyl-
ene glycol to reduce foaming.

Bioreactor specifications and cultivation conditions

We used a 5-L stainless steel airlift bioreactor (Rossi et al.
2016) with external circulation (A4/A, = 0.11 and H/
D = 12.5; nomenclature in Table 1), fitted with an
InPro6000 polarographic probe (98 % of the response in
45 to 90 s) and a 4100e transmitter for the dissolved
oxygen (DO) readings (Mettler-Toledo AG, Greifensee,
Switzerland). The bioreactor was sterilized (121 °C and
30 min) using direct steam created by a 25-L autoclave
connected to the bioreactor through a derivation of the air
outlet.

Under a laminar flow, 350 mL of mycelial suspension was
inoculated into a Mariotte flask containing 4.7 L of culture
medium previously sterilized at 121 °C for 30 min.
Afterwards, 5 L of the inoculated medium was aseptically
transferred to the bioreactor using a sterilized connection.
The bioreactor was then set for operation at 25 £+ 1 °C in flow
rates of 0.2 and 0.52 vvm, determined with a gas bubble meter
tube. The injected air was purified with the aid of a PTFE
filtering hydrophobic membrane (Millipore Corporation,
Billerica, USA), with pores of 0.22 pum in diameter. The cul-
tivation was conducted until the final declining phases of
growth were reached.

Samples of approximately 40 mL were collected in
different time intervals, more spaced in the beginning of
the cultivation when the biomass concentration was lower.
The samples were subsequently filtered in no. 1 filter
paper (Whatman, Madison, UK), and the resulting bio-
mass was air dried at 75 + 1 °C until constant weight.
The filtered biomass pH was determined conventionally
and the residual glucose concentration determined by
spectrophotometry set at 505 nm, utilizing the GOD-
POD method (colorimetric enzymatic kit; Biodiagno
stica, Pinhais, Brazil).

Oxygen transfer and microbial respiration

Even though there are several resistances to the transport of
oxygen in microbial processes, the most important one is the
mass transfer that takes place in the gas-liquid interface (Chisti
1989). The most employed theorization for the equation that
estimates the oxygen transfer considers the existence of two
stagnated films in equilibrium between the gas-liquid
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Table 1 Nomenclature
Ay Downcomer cross-sectional area (cm?)
A, Riser cross-sectional area (cm?)

C Oxygen concentration in the liquid phase (mg O,/L)

Cs Oxygen concentration in equilibrium with gas phase (mg O,/L)
C., Critical oxygen concentration (mg O,/L)
Cy Oxygen concentration in the downcomer (mg O,/L)

C, Probe oxygen signal readings (mg O,/L)

D Internal diameter of the riser (m)

F; Liquid volumetric flow (L/h)

H Height of the riser (m)

kra Volumetric coefficient for oxygen transfer (1/s; 1/day)
k, Probe constant of delay (1/h)

Py Biomass productivity (g/L/day)

Qo>  Specific oxygen uptake rate (mg O,/gce/h)

Q02X Oxygen uptake rate by the cells (mg O,/L/h)

S Glucose concentration during cultivation (g/L)

t Time (min, day)

tq Time taken for the liquid to go through the riser (s)
|4 Volume (L)

Vy Volume of the downcomer (L)

V. Volume of the riser (L)
v, Volume of liquid in the downcomer (L)
\% Volume of liquid in the riser (L)

vvm  Specific airflow rate (air volume per liquid reactor volume
per minute) (1/min)

X Biomass concentration (g/L)
Yxs  Index for substrate (glucose) conversion into biomass (Zcenr/gsub)
Iy Cell specific growth rate (1/day)
Overall gas holdup
d Gas holdup in the downcomer (dimensionless)

- Gas holdup in the riser (dimensionless)

interface, as originally described by Whitman (1923). In syn-
thesis, the resistance imposed by the gaseous film is insignif-
icant compared to what happens in the liquid film. Therefore,
in the transient state, the oxygen transfer rate is given by the
following equation:

% =kpa(Cs—C) (1)
where C = oxygen concentration in the liquid phase (mg O,/L)
and Cg = oxygen concentration in equilibrium with the gas
phase. The k;a (1/f) serves as a volumetric coefficient for the
oxygen transfer since it is impossible to measure the surface
area of all existing interfaces between the liquid and the
formed bubbles. Although ordinary, the equation allows for
the comprehension of all possible forms to control the dis-
solved oxygen levels in the culture medium (Schmidell
2001). In order to deal with the oxygen consumption as a

function of microbial respiration, the specific oxygen uptake
rate is defined as

Qo = %% (2)
where dO,/dt = oxygen uptake rate (mg O,/L/h) and
X = biomass concentration (mg/L). The term O, represents
the biological component of the system, and it depends on the
microorganism, the composition of the medium, and the cul-
tivation conditions (pH, temperature, etc.). Its determination is

done together with the determination of 4, a.

Determination of k;a and Qg,

During the cultivation, the fungus simultaneously consumes

oxygen as the bioreactor transfers oxygen from the gas to the

liquid phase. Considering a complete mixing in the riser,

where air is injected, and a plug flow regime in the

downcomer, where the gas phase is not taken into account

(Rossi et al. 2016), the equation obtained through an oxygen

balance in the liquid (supplementary Fig. S1a) is

dcC kra(Cs—C)

7 m QX (3)
V,(1-¢)

in which

d
F; = ‘;—L, V¢ = V4(l—¢4) and Vi =V,.(l-¢,)
d

The cultivation kinetics is presented in Eq. (3), where X
varies with time and O, varies with the specific growth rate
(tx)- Since there is no gas phase in the downcomer for this
airlift bioreactor design, its volume, which represents ca. 7 %
of the bioreactor’s functional capacity, does not contribute to
the oxygen transfer. Therefore, the right-sided denominator
component of the equation represents this loss, due to the
smaller volume available for oxygen transfer. The value is
constant for a particular operation flow and, to simplify, will
be identified as “z.”

The volumetric coefficient for oxygen transfer (k;a) and
the specific oxygen uptake rate (Qp,) were determined by
the dynamic method (Schmidell 2001; Garcia-Ochoa and
Gomez 2009) utilizing the signal from the probe immersed
in the culture medium. For that purpose, in a particular mo-
ment during cultivation, aeration was interrupted to discontin-
ue the oxygen transfer. As illustrated in the schematics (sup-
plementary Fig. S1b), the concentration of dissolved oxygen
in the initial phase (C)) starts to decline, being the signal of the
probe continuously recorded. When a certain value of Cy; is
obtained, aeration is reestablished in the normal conditions
and the increases in dissolved oxygen concentration recorded
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until the original C, value is again reached. This procedure
took only a few minutes to be completed. It is important that
the concentration do not reach critical values, since that would
affect the metabolism of the fungus. In this short period, we
assume that there were no increases in X and that O, stayed
constant. For the period without aeration, the Eq. (3) results in

dc
o —O;mX (4)

Considering that Oy, is constant, Eq. (4) can be integrated
resulting in

C = Co=00pp X (t-19) (5)

Equation (5) foresees a linear variation with time during the
period when aeration is interrupted, producing the value of
Qo> via the angular coefficient Qp,X. The value of X was
determined during the development of the assay. Since in an
airlift bioreactor stopping aeration also stops stirring, special
consideration was made to treat the data, as described previ-
ously (Rossi et al. 2015).

The values obtained to determine the dissolved oxygen
concentration increments, related to the second portion pre-
sented in supplementary Fig. S1b, were also used to define
kra. Considering a steady state just prior to the interruption in
aeration and applying Eq. (3) integrally, we obtain

Co—C
In| —— | = —zkra(t—t 6
n(Co—Cm) Z La( 1) ( )

In this way, a linear response is obtained by computing
C = f(#), according to Eq. (6), from which the angular coeffi-
cient gives the value of k;a.

kza and Qg; taking into account the probe’s response
delay

For the same reasons discussed by Rossi et al. (2015), it may
be necessary to correct the values of k;a and Qp,. The only
difference is that now, the correction needs to be made during
the cultivation. Referring back to Eq. (5) and making 7, = 0
(time zero for the interruption in aeration), and adding the
value of C in the probe’s signal equation (C,) (Rossi et al.
2015), the following expression is obtained:

dc,

= ky(Co=0ppXt—C)) (7)

which, after integration, gives
C, =Co—0pX| t— ! ! 8
» = Co=0n Eer (8)

where Cy= C,9 = concentration of O, prior to the interruption in
aeration, corresponding to the probe’s signal and kp = the
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Fig. 1 Variation of dissolved oxygen concentration with time, as a
function of microbial consumption during interruption and posterior
reestablishment of aeration. An assay was performed with the fungal
species Rhizopogon nigrescens CBMAI 1472, set at growing
temperatures of 25 + 1 °C and airflow rate of 0.2 vvmm

constant delay of probe response. By adjusting Eq. (8) according
to the experimental values (C, = f(#)), we get the correct value of
0Oo>- Likewise, for the correction of k;a, we go back to Eq. (3),
remove the consumption term, and by integration from an instant
t, (delay) with C,, dissolved oxygen concentration get

C = Co—(Cy—Cpp e et 9)

The substitution of C (Eq. (9)) in the probe’s signal (C,)
equation and the integration of the resulting expression give

CI) = Cl’oz e_kpt + CO (l_e_kpt)

kp(CO_C02) —kyt 7k
pl__ =2 Lat 10
k,—kLa (eme) (10)
where C,0, = probe’s signal at instant 7, = 0 and Cp, = real
concentration of O, at instant ¢, = 0. The correct value of k;a
was obtained by adjusting Eq. (10) to the experimental data.

Critical concentration of oxygen for microbial respiration

The respiration rate of a cell, and consequently its growth, is
progressively limited when the dissolved oxygen concentra-
tion is set below a certain value, known as the critical level
(C). For this study, the C,,;; was determined by interrupting
aeration in a particular moment during cultivation and record-
ing the probe’s oxygen reading reduction (supplementary
Fig. S1b). During this short period during which the assay
was developed, the biomass is considered constant.
Correspondingly, as long as oxygen is available, the oxygen
uptake rate is also constant. In the exact moment the oxygen
concentration line drops, the respiration rate starts to reduce,
indicating the critical value.
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Table 2  Cultivation variables tested when determining C,,;,

Time Cp/ pH  Residual Biomass iy Qo>
(day) Cs glucose (g/L) (1/day) (mg
(%) (g/L) OZ/gcell/
h)
65 694 452 64 231 0.42 433

Assay performed half way through the cultivation
Specific growth rate

With increases in cellular concentration during simple
batches, instantaneous growth rate, which is related to cellular
concentration, is more accurate. Therefore, cell-specific
growth rate (y1y) profiles, defined by Eq. (11), were obtained
with the geometrical calculations from the derivatives (Leduy
and Zajic 1973), utilizing Microsoft Excel 12.0 (Microsoft
Corporation, Redmond, WA).

1 dX
_lax 11
Hx X dt ( )
Results

Critical oxygen concentration

Figure 1 shows the results of an assay to determine the critical
oxygen concentration during the cultivation of fungal species
R. nigrescens CBMAI 1472 in a bioreactor with an airflow
rate of 0.2 vvm. The reestablishment of aeration was done
approximately 9 min after its interruption. However, as spec-
ified in Fig. 1, critical levels of oxygen were reached even
when high relative DO concentrations were observed; once
half way through the interruption period, there was a reduction
in oxygen consumption. There was an abrupt drop in the

(a)
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Fig. 2 Percent variation values for dissolved oxygen concentration as a

function of time. Data obtained in the 8th (a) and 10th (b) days from a

dynamic assay during an airlift bioreactor cultivation of the fungal species

concentration of oxygen with the reestablishment of aeration,
with a posterior increase and stabilization after 10 min follow-
ing interruption. Table 2 shows the variables taken into ac-
count for this assay.

Determination of k;a and Q,,

Figure 2a, b shows the results typically observed during the
execution of a dynamic assay. These values were utilized to
determine the specific uptake rate (Qp») and the volumetric
coefficient for the oxygen transfer (k;a) during cultivation.
From these results, we can notice that in later developmental
stages, where the DO concentration is generally lower and the
demand is higher, the execution of the assay could bring the
DO to critical levels. Figure 2b shows that upon the reestab-
lishment of aeration, the DO concentration stabilizes in a
higher level than prior to the beginning of the assay (as ob-
served for the determination of C,,,;), indicating a lower oxy-
gen consumption compared to the levels prior to the interrup-
tion in aeration. This outcome indicates a harmful effect of the
assay in the cell’s development.

The reduction in the DO levels was detected only hours
after the beginning of the batch, being confused, therefore,
with the effects of cultivation. The levels of DO were close
to 40 % of saturation (3 mg O,/L), indicating that in the inner
layers of the pellets, these values could be even lower. With
the reestablishment of aeration, there was an abrupt decline in
the DO concentration (hatched ellipse from Fig. 2a, b) due to
the mixing of oxygen-poor medium from the bottom, where
biomass has been depositing, with the rest of the medium from
the upper part, reestablishing the system’s fluid dynamics.
These experimental points, determined by the time of mixture
(Rossi et al. 2015), were not taken into account when deter-
mining the k;a during these periods of instability.

”".,909000000

4.5 6.0 7.5 9.0 10.5 12.0
Time (min)

Rhizopogon nigrescens CBMAI 1472, at 25 £ 1 °C and airflow rate of
0.20 vvm
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Fig. 3 Data for the dynamic method obtained from a cultivation of the
fungal species Rhizopogon nigrescens CBMAI 1472. The curve
represents the theoretical values (Cteor); solid circles represent the
experimental C, values; open squares represent the values of C,
corrected for the delayed response time (C,corr). Shaded area
represents the transient state caused by mixing

kra and Qg; taking into account the probe’s response
delay

Figure 3 shows the experimental values for the DO concen-
tration during a dynamic assay in the fourth day of cultivation
for the fungal species R. nigrescens CBMAI 1472 on an air-
flow rate of 0.52 vvm. It also shows, in the first section of the
graph, the simulation of the theoretically estimated points
(Eq. (5)) and the experimental points corrected from the re-
sponse delay (Eq. (8)), utilizing the &, value obtained for static
liquids (106/h; Rossi et al. 2015). Likewise, the second section
of the graph also presents the simulation of the theoretically
estimated points (Eq. (6)) and the experimental points, but this
time corrected from the probe’s response delay (Eq. (10)),
utilizing the k&, value obtained for liquids under stirring (389/
h; Rossi et al. 2015).

The first interval of the graph indicates that Eq. (8) did not
adjust the experimental data properly. This effect is caused,
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probably, by the extremely low k,. Nonetheless, disregarding
the initial points from the transient state, due to the existence
of air bubbles in the initial moments after the interruption in
aeration (not predicted in Eq. (8)), both the experimental data
and the corrected data follow the theoretical values of C.
Considering the time extent for the assay, the term 1/(kpekp )
from Eq. (8) is therefore disregarded, creating a curve parallel
to the one represented by the theoretical points.

With the reestablishment of aeration (Fig. 3) after the tran-
sient state caused by mixing (between 1.8 and 2.4 min—shad-
ed area), it is noticed that both the experimental (C,) and the
corrected data (Cy,corr) follow the theoretical values predicted
in Eq. (6). For high values of C,corr, as is the case in stirred
tank bioreactors, the difference between the real value of C
and the value read by the probe (C,) is higher, as already
reported by Badino et al. (2000). Therefore, for this study,
the transient time, defined by the time of mixture, varied from
5010 60 s (Rossi et al. 2015), period in which the experimental

(a)

Fig. 5 Profiles for the specific

data have to be unaccounted for the determination of k;a.
During this period, the probe’s readings stabilize and follow
the real values. Consequently, the values of Op, and k;a did
not need adjustments due to the probe’s response delay. A
similar result was obtained for the airflow rate of 0.2 vvm.

Oxygen transfer and consumption

Figures 4, 5, and 6 present the results from the cultivation of
the fungal species R. nigrescens CBMAI 1472, maintained
under the aeration flow regimes of 0.2 and 0.52 vvm. As can
be seen, a total consumption of glucose, properly converted
into biomass, is initially detected, although happening in dif-
ferent stages. These results indicate that the values for the
kinetic variables decline with the cultivation time, being more
evident from about half the final cell concentration, where the
values of uy and Qo> reduce more rapidly (Fig. 5).
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Fig. 6 Conversion of glucose into biomass for an airlift bioreactor cultivation of the fungal species Rhizopogon nigrescens CBMAI 1472 at 25 + 1 °C,

with airflow rates of 0.2 (a) and 0.52 vvm (b)

Since the viscosity of the medium is practically constant
under the operational conditions (unpublished data), the small
reduction in the values of k;a, in average 5.3 % (Table 3), are
due, also, to the increase in biomass, which, in turn, favors the
coalescence of air bubbles. This outcome is produced by the
reduction in the volume available for such bubbles to be
formed and by the biomass that is formed over the air supplier,
altering, therefore, the pattern for the formation of the air bub-
bles. According to Jin et al. (2001), major variations for this
term are observed in viscous liquids. The shortest time for
cultivation, obtained with the maximum oxygen availability
when the unit was operated under the airflow rate of 0.52 vvm,
allowed for a 7.5 % higher conversion Yy,s (Fig. 6), certainly
due to the smaller energy supply required for the maintenance
of the cells.

Figure 7 shows some aspects of cultivation, highlight-
ing the evolution noticed in the pellet size between the
initial (a) and the final (b) phases. Differences observed in
the pellet’s pigmentation, due likely to the increase in the
metabolite concentrations, are underlined. Figure 7c¢ de-
picts the foam formed during cultivation, and Fig. 7d
shows the biomass adhered to the top of the bioreactor,
one of the main difficulties encountered when growing
filamentous fungi. Figure 8 shows pellets of biomass from
different sizes sectioned at different cultivation times (4,
7,9, and 11 days) and stained using triphenyl tetrazolium
chloride (TTC). The image shows clear internal regions,

illustrating loss of viability: The larger the pellet, the larg-
er the non-viable region. With TTC, viable cells produce
an intensely red coloration.

Discussion

To the best of our knowledge, no studies have been re-
ported in the literature about mass transfer during the cul-
tivation of ECM fungi. Furthermore, few are those that
present information on the growth rate of those microor-
ganisms. Moreover, this type of study exemplifies a few
particular difficulties. Among them are the slow growing
feature, which is intrinsic to these fungi, and the cultiva-
tion time, which is measured in days, rather than in hours.
One additional struggle is related to the type of bioreactor
employed for fungal growth. Airlift bioreactors are only
used in ca. 5 % of the bioprocesses known, indicating that
more research is needed to intensify their application on a
larger scale.

Rossi (2006) presented a stoichiometric evaluation relat-
ed to fungal development, pointing for the fact that the
gaseous balance method (Badino et al. 2000, 2001) cannot
be employed in studies aiming to determine the values for
oxygen transfer. He indicates that the difference in oxygen
concentration between the entrance and the exit is close to
the experimental error value, making it impossible to be

Table 3 Values obtained for the

variables analyzed during the Specific Xo Xy pHr  Cpr Hx Qo> (07724 kia Py
cultivation of fungal species airflow (gL) (gL (mg average  average maximum variation  (g/L/
Rhizopogon nigrescens CBMAI rate (vvm) OyL)  (l/day) (mg O,/ (mg Ox/L/h) (%) day)
1472 in an airlift bioreactor een/h)
0.20 029 660 3.6 344 0.31 3.78 22.0 7.0 0.60
0.52 047 640 35 432 0.62 7.78 28.0 3.6 1.13

The subscript “f” indicates the last experimental value
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Fig. 7 Images from a cultivation of the fungal species Rhizopogon
nigrescens CBMAI 1472 in an airlift bioreactor set at airflow rates of
0.2 vvm. a Four and b 10 days after cultivation, seen through the
central glass visor. Notice clear changes in color; ¢ formation of foam,

used. Therefore, in this study, the oxygen transfer values
were determined using the dynamic method taking into
account the considerations and corrections proposed else-
where (Rossi et al. 2015). One particular issue is the fact
that the biomass cannot be kept in suspension throughout
the development of the assay. Furthermore, for the oxygen
mass balance in the liquid phase, the composition of the
gaseous phase in the riser was considered constant, since
only a small fraction of oxygen from the air that enters the
bioreactor is transferred to the liquid (Chisti 1989).
Additionally, for large and for tall airlift bioreactors, a
special consideration must be made due to the existence
of an axially variable Cyg as a function of the hydrostatic
pressure variation.

Despite the studies pointing for the important effects
following the introduction of ECM fungi, the technology
available for the development of fungal inoculum is still
insipient. Among the few studies that aimed on producing
ECM inoculum, we can describe two developed in Brazil
for species of Pisolithus. The first, carried out by Pradella
et al. (1991), used a 3-L stirred tank bioreactor operated

Light colored
regions indicate
lower metabolic
activity

Fig. 8 Viability assay using a vital dye (TTC) that shows viable hyphae
intensely red. Biomass pellets of the fungal species Rhizopogon
nigrescens CBMAI 1472 with diameters from 1.6 to 4 mm, measured
previously transversal sectioning. From left to right pellets sampled at 4,
7,9, and 11 days of cultivation, with an airflow rate of 0.2 vvm

seen through the upper glass visor; d upper view of the bioreactor opened,
after the removal of biomass, showing remains of biomass trapped to the
body of the bioreactor

with an airflow rate of 0.27 vvm at 300 rpm. The system
was set to operate in repetitive batches: The biomass ob-
tained from the most productive phase was used to inoc-
ulate a second bioreactor, and from that a third, and so on.
For that study, the best results showed a maximum cell
concentration of 3.3 g/L and productivities of 0.15 g/L/
day. In the second study, Rossi et al. (2002), using a 2.3-L
airlift bioreactor with external circulation (prototype for
the bioreactor used in the present study) operating at air-
flow rates of 0.34 vvm, obtained maximum cell concen-
tration of 5.0 g/L and productivities of 0.48 g/L/day.

Besides the increase in biomass concentration and the
subsequent rise in DO consumption, presented earlier, the
enlargement and sturdiness of the fungal pellets, as a
function of time of cultivation (Rossi et al. 2002), also
imposes additional limitations to the transfer of oxygen
all the way to the interior of the compressed, agglomerat-
ed hyphae. These observations were fundamental for the
interpretation of the kinetics of the process. These condi-
tions limit the cultivation of such organisms for longer
periods. As suggested previously (Rossi 2006), the maxi-
mum concentration of carbon in the culture medium in
batch cultivation should be around 16 g/L. This value
can vary slightly as a function of the morphology of each
fungal isolate. Therefore, considering an acceptable bio-
logical quality, the largest practical cellular concentration
that can be obtained for ECM fungi cultivated in sub-
merged medium is 7.0 g/L.

According to Rossi (2006), the maintenance of the fungal
viability is one of the critical issues while developing a
microbial-based inoculant. Cell fragmentation is a neces-
sary step of the process, and independently of time of
fragmentation (unpublished data), substances released by
fragmented hyphae become toxic, which causes a fast and
irreversible cell viability loss. This effect is so significant
that the addition of activated charcoal is fundamental
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during the biomass production and inoculum manufactur-
ing. Although short periods of fragmentation (e.g., 10 s in
blender) do not solve the viability problem, well-
fragmented biomass is essential for the growing kinetics
of ECM fungi, especially when considering that the for-
mation of the pellets deteriorates the mass transferring
conditions. This is particularly important since critical ox-
ygen levels are observed in the inner portion of the pel-
lets, resulting in productivity cutbacks. Independent of the
microorganism, the amount of biomass that composes the
inoculum directly affects the time of cultivation, but not
the specific growth rate. Furthermore, for ECM fungi, it
also impacts the size of the pellets, which, as previously
discussed, affects the conditions for mass transfer and,
therefore, specific growth rate (see Table 3).

By looking at Qp, = f(t) (Fig. 5), we can notice the diffi-
culties for the interpretation of the data, since some variables,
such as pH, metabolite increment, and fluid dynamics, the
latter two can be clearly noticed by changes in color (Fig. 7),
flux pattern variation as a function of pellet size, etc., are
simultaneously involved. For the cultivation under 0.2 vvm,
the values of Qp, remain practically constant until the sixth/
seventh day of cultivation, starting to decrease from about that
moment. This reduction can be associated with the increase in
the pellets’ size, and the reduction of DO, which, from this
point, reaches values under 70 % of saturation (7.5 mg O,/L in
saturation) (Rossi et al. 2015). Furthermore, it can also be
associated with the pH values that seem to become limiting
below 4.5, since both cultivations showed a more noticeable
reduction when this pH value was reached. Surprisingly, for
the airflow rate of 0.52 vvm, this behavior was observed even
for very similar values of DO, even though noticed only be-
tween the third and the fourth days of cultivation (Figs. 4 and
5).

The constant variation for the specific oxygen uptake rate,
together with the specific growth rate, indicates an undefined
exponential phase for the study. The consumption of oxygen
increased throughout the cultivation, even when O, de-
creased, indicating a progressive increase in the cellular con-
centration (X). For this reason, in order to maintain the culti-
vation under non-limiting conditions, we must project the
transfer system to attend the highest value of Qp,X
(Schmidell 2001). For a better comparison, Table 3 shows
the values of different terms obtained in the two separate cul-
tivation settings. An interesting coherence is seen between the
duplication of the specific growth rate and the duplication of
the specific oxygen uptake rate, corroborating the data obtain-
ed in the special conditions necessary for their determination
(Rossi et al. 2015). In this analysis, the time of cultivation was
practically reduced in half, duplicating, therefore, productivi-
ty. The largest variation in the k;a value for the cultivation
under the smaller airflow rate could be justified by the losses
noticed in the fluid dynamic quality. This is a function of the
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biomass that was trapped to the body of the bioreactor (Fig. 7).
This adherence was more pronounced in cultivations done in
longer time spans.

Due to the limitations in the supply of oxygen, the
stationary state observed during the assay, where the bio-
mass concentration does not vary, was established at a
higher DO level than that detected in the beginning of
the experiment (Fig. 2). The reduction in the respiratory
metabolism is an indicative that the critical point was
reached. However, it is not possible to infer in which
oxygen concentration that happened. Due to the biomass
sedimentation, the initial reduction in the respiration rate
can be mistaken with the reduction in the biomass con-
centration in the zone where the probe is mounted. The
time elapsed for the determination of C, after the inter-
ruption in aeration, defined elsewhere (Rossi et al. 2015),
was 2 min, while the assay to determine C,,;; took over
8 min to be completed.

One possible solution for the determination of C.,,;,
would be to take a volume from the cultivation and re-
produce the assay using a magnetic stirring system fitted
with atmosphere and temperature controls. Nevertheless,
an increase in pellet size and density was detected during
cultivation, aggravating the conditions for mass transfer
(see Fig. 5). This phenomenon requires a higher dissolved
oxygen concentration to compensate for the ever-
increasing transport resistances, making C.., variable,
and, therefore, uncertain. This condition is expected for
any submerged cultivation of ECM, pellet-forming fungi.

Considering a critical oxygen concentration of 50 %
saturation value for fungal development at 0.52 vvm, if
interruption in aeration occurs, oxygen limitation to the
hyphae located in the pellet’s surface in the final moments
during cultivation would be seen in less than 80 s follow-
ing the event. This effect is even more pronounced in the
core of the pellet (see Fig. 8). Because of the higher
transferring resistances, oxygen limitation in the core of
the pellet may happen even at higher levels of DO.
During cultivation, biomass increases are generally a
function of pellet size: The bigger the pellet, the larger
the biomass. This, in turn, reduces the relation between
area and volume and therefore the contact with the stirred
liquid, which, consequently, increases mass transfer resis-
tance. To better illustrate this situation, consider the ex-
ample of a cultivation set at a flow rate of 0.2 vvm, where
the average oxygen consumption, in relation to the
amount that enters the bioreactor, is 0.28 % only. This
extremely low amount is a characteristic of pneumatic
reactors, in which airflows are big and the coefficients
of oxygen transfer (k;a) are small, being the opposite of
what is seen in stirred tank bioreactors.

The reduction of k;a contributes to a drop in the DO
levels. This reduction, associated with the increase in
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consumption caused by biomass increases, brings the DO
to limiting levels, reflecting the continuous drop of Qp»,
which is more accentuated from half way through the
cultivation process and, consequently, affects the specific
growth rate (uy). These results confirm that oxygen is one
of the main limiting factors affecting the growth of fungi
in submersed cultivation. The two airflow rates employed
in this study were established to understand these ques-
tions. However, assuming critical DO concentrations in
the order of 50 % saturation, this value can be settled as
the control set point so that the airflow may be automat-
ically increased as a function of increased demand, while
maintaining the concentration above the critical level.

Considering average conditions, the airlift bioreactor
utilized in this study can operate at airflow rates of up
to 1.4 vvm, creating k;a values in the order of 80/h,
which is 30 % higher than the observed for cultivations
set at 0.52 vvm. Acceptable operational conditions for this
type of bioreactor occur when low aerosol formation is
seen in the gas separator. Furthermore, in bioreactors op-
erating with internal pressure of 1.2 atm, ca. 0.19 above
the normal cultivation settings described earlier, it is pos-
sible to increase the oxygen availability to the fungi in
more than 18 %. Even though it is difficult to determine
the Qp, under such conditions since there is a large oxy-
gen loss upon depressurization, altering the consumption
measurements, this is the most simple way to supply more
oxygen and, therefore, assure oxygen concentrations
above critical. Although, in batch cultivations, it is normal
that the conditions deteriorate with time, such as the nu-
trient depletion and metabolite accumulation, the process
can be projected in a way as to allow for maximum yield
and biological quality, which are dependent on the
amount of available oxygen.

Our results indicate that successful inoculant produc-
tion for ECM fungi can be done in airlift bioreactors uti-
lizing at least 0.5 g/L of a well-fragmented fungal bio-
mass as initial inoculum. The results further indicate that
more diluted media will result in smaller pellets, amplify-
ing the mass transfer area. Considering the oxygen trans-
fer coefficients obtained in this study, large-scale produc-
tions must anticipate airflow rates that generate k;a values
above 55/h to avoid insufficient oxygen concentration for
the development of the fungal cell. Likewise, maintaining
the pH into a frame acceptable to the fungi is important.
For the values of kza typical of recirculating pneumatic
bioreactors, the real values for the dissolved oxygen con-
centration can be obtained directly from the probes, con-
sidering that they are reliable.
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