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Abstract

Thermobacillus xylanilyticus is a thermophilic and hemicellulolytic bacterium of interest for the production of thermostable
hemicellulases. Enzymes’ production by this bacterium is challenging, because the proliferation of a cheating subpopulation
of cells during exponential growth impairs the production of xylanase after serial cultivations. Accordingly, a strategy of
successive cultivations with cells transfers in stationary phase and the use of wheat bran and wheat straw as carbon sources
were tested. The ratio between subpopulations and their corresponding metabolic activities were studied by flow cytometry
and the resulting hemicellulases production (xylanase, acetyl esterase and p-xylosidase) followed. During serial cultiva-
tions, the results pointed out an increase of the enzymatic activities. On xylan, compared to the first cultivation, the xylanase
activity increases by 7.15-fold after only four cultivations. On the other hand, the debranching activities were increased by
5.88-fold and 57.2-fold on wheat straw and by 2.77-fold and 3.34-fold on wheat bran for B-xylosidase and acetyl esterase,
respectively. The different enzymatic activities then stabilized, reached a plateau and further decreased. Study of the stability
and reversibility of the enzyme production revealed cell-to-cell heterogeneities in metabolic activities which could be linked
to the reversibility of enzymatic activity changes. Thus, the strategy of successive transfers during the stationary phase of
growth, combined with the use of complex lignocellulosic substrates as carbon sources, is an efficient strategy to optimize
the hemicellulases production by 7. xylanilyticus, by preventing the selection of cheaters.

Keywords Xylanases - Thermobacillus xylanilyticus - Successive cultivations - Lignocellulosic substrates - Phenotypic
heterogeneity - Sporulation

Background

Hemicellulases, and notably xylanases, are widely used in
various industrial processes (bread-making, pulp bleaching
in paper process, fruit juice clarification, improvement of
digestibility for animal feeding, ...) [1, 2]. More recently, an
increase of interest for hemicellulases occurred in the con-
text of the development of lignocellulosic substrates biore-
fining for biofuels and biomolecules production [3-5]. In
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this context, Thermobacillus xylanilyticus is a Gram-positive
and thermophilic bacterium exhibiting interesting features
as a natural producer of hemicellulases [6, 7]. Its hemicel-
lulolytic enzymes’ arsenal includes two xylanases (from gly-
coside hydrolase families GH 10 and 11, EC 3.2.1.8), one
arabinofuranosidase (GH 51, EC 3.2.1.55) and one feruloyl
esterase (Carbohydrate esterase family CE1, EC 3.1.1.73)
[8-10]. Moreover, its genome sequence pointed out the pres-
ence of several GH3, GH43 GH51 and GH120 annotated
as P-xylosidases [11]. Previous studies indicated that the
xylanase GH11 is secreted by the strain during the micro-
bial growth whereas the other produced enzymatic activities
are intracellular. Interestingly, 7. xylanilyticus can adapt its
complex enzymatic arsenal according to the lignocellulosic
biomass used for its microbial growth. Debranching activi-
ties, such as xylosidases and esterases, are stimulated in
presence of complex substrates [12, 13]. Esterase activity
is promoted by growth with wheat straw and wheat bran
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as carbon source probably due to the high content in feru-
lic acid and acetate groups in xylans from these substrates,
respectively [12, 14]. The use of the enzymes produced by
this bacterium in various enzymatic processes is promising
due to their thermostability, their activity over a wide range
of pH values and their ability to release sugars and phenolic
compounds from complex lignocelluloses [9, 10, 15].

In a recent study, we identified a significant physiological
bottleneck impacting the production of hemicellulases by
Thermobacillus xylanilyticus [16]. Indeed, this bacterium
exhibited a decrease of xylanase production caused by phe-
notypic instabilities due to the presence of a phenotypically
distinct subpopulation made of cells displaying a cheater
phenotype, i.e., taking benefit from the monomers released
but not producing the associated enzymes. These differences
were easily observable since cheaters exhibited a different
morphology [16]. Accordingly, in exponential phase, two
subpopulations exhibiting different FSC properties and dif-
ferent levels of xylanase production were observed. More
precisely, we observed high population i.e., displaying a
high Forward Scatter Signal (FSC-A) in flow cytometry
(superior to 30,000) and a low population, displaying a low
FSC-A signal (inferior to 30,000). We hypothesized that,
for T. xylanilyticus, premature sporulation of the producing
cells can be induced because of the metabolic burden asso-
ciated with enzymes productions. The other subpopulation,
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composed of cheaters, can avoid this metabolic burden but
is taking benefit from the monomers released by the active
members of the population (Fig. 1) [16]. This phenomenon
was previously described and this kind of subpopulation can
be recognized as cheaters and can appear when microbial
population relies on an extracellular enzymatic production
for degrading complex substrates [17, 18]. In T xylanilyticus
cultivation, this diversification occurred during exponential
phase, allowing the selection of cheater cells over multiple
generations (Fig. 1). We also showed, based on cell sorting,
that the two subpopulations exhibited the same level of xyla-
nase activity in stationary phase, opening new possibilities
for the optimization of hemicellulases production based on
the mitigation of the phenotypic diversification mechanism
involved in the generation of cheaters.

With the aim to control the phenotypic population diver-
sity within 7. xylanilyticus during growth on xylan, we tried
to alternate between the utilization of glucose and xylan
as carbon source. By this way, it was possible to obtain an
improvement of xylanase activity until to ~ 15-fold by com-
parison with continuous cultivation on xylan only [16]. The
aim of this study was to further investigate the effect of phe-
notypic diversification on the production of hemicellulases
by T. xylanilyticus. More specifically, the goals were: 1) to
prevent the selection of cheaters by keeping the phenotypic
diversification process under control. Our strategy was based
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Fig. 1 Population dynamics during cultivation of 7. xylanilyticus with the hypothesis of cheaters selection along the successive cultivations on
exponential phase, which could be prevented by successive transfers during stationary phase (with advanced sporulating cells) adapted from [16]
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on successive cultivations with serial transfers in stationary
phase in presence of complex lignocellulosic biomasses; 2)
to study the reversibility of the phenotypic states obtained
during serial transfers experiments.

Materials and methods
Strains and media

Thermobacillus xylanilyticus XE9/11/91, isolated from
a farm soil under a manure heap in northern France, was
used in this study. The bacterium was cultivated on basal
medium composed by three different solutions, a macro-
mineral solution, a vitamin solution, and a metallic trace
solution complemented with NH,Cl1 (1 g/L), yeast extract
(2 g/) and KHCO; (5 g/L). The medium was supplemented
with 10% (v/v) CO, as previously described by [7]. Cultiva-
tion volumes are 10 mL of media in sealed contents (100 mL
bottles). Various carbon sources were used: glucose 5 g/L
(Sigma Aldrich), xylan from beechwood 5 g/L (Roth),
destarched wheat bran 10 g/L, and wheat straw 15 g/L,
(ground to 1-2 mm) (ARD Pomacle-Bazancourt, France)
(Table 1).

The complementation of xylan medium with glucose was
done by reducing the xylan concentration from 5 to 4 g/L.
(ratio 80/20) or 2.5 g/L (ratio 50/50) before completing
with glucose. The final glucose concentration was 1 g/L or
2.5 g/L for the ratios 80/20 and 50/50, respectively, to reach
the total carbon source concentration of 5 g/L.. The addition
of glucose was realized after sterilization of the medium.

Successive cultivations of Thermobacillus
xylanilyticus

The strain was regenerated from a glycerol stock and an
overnight non-sporulated preculture was prepared in glucose
basal medium at 50 °C and 150 RPM with Multitron shakers

Table 1 Chemical composition of destarched wheat bran and wheat
straw [12]

Wheat bran Wheat straw
Total sugar (% DM) 86 84
Glucose 22 44
Arabinose 21 4
Xylose 31 28
Phenolic compounds (mg/g DM)
p-Coumaric acids 0.2+0.0 5.7+0.3
Ferulic acids 6.8+0.1 3.2+0.1
Diferulic acid 0.9+0.0 0.3+0.0
Acetyl esters 8+0.9 31.0+0.1

(Infors). The xylan, wheat bran or wheat straw media were
inoculated (1% v/v) with the preculture diluted 100-fold. The
cultivation was done at 50 °C, 150 RPM for 15 h to reach
stationary phase. The transfers were then done after dilution
of 100-fold for xylan cultivations, whereas there was no dilu-
tion between each wheat bran and wheat straw cultivation.

For each cultivation, when the stationary phase was
reached (ODg,,, between 2.5-4, 0.75-1.6 and 2.2-3.2 for
xylan, wheat bran and wheat straw cultures, respectively),
the transfers of the cells in fresh media for starting new culti-
vations were done. For each new set of cultivations, a meas-
urement of the xylanase activity, B-xylosidase and esterase
activities were performed.

Each cultivation and measurements were performed in
triplicate.

Measurements of the enzymatic activities

To evaluate the xylanase activity secreted by 7. xylanilyticus,
for each cultivation, samples were centrifuged at 3354 x g
for 10 min (Sorvall ST 8R centrifuge, Thermo Fisher Sci-
entific) at 4 °C and the supernatants were recovered. The
xylanase activity was quantified by using the reducing end
sugars measurement according to the procedure described
by [19]. Briefly, 0.1 mL of the supernatants (diluted or not
with 50 mM sodium acetate buffer pH 5.8) were incubated
in 0.9 mL beechwood xylan (Roth) at 0.5% w/v homogene-
ously suspended in 50 mM sodium acetate buffer (pH of
5.8) at 60 °C for 10 min. Each 2 min, the hydrolysis reac-
tion was stopped by transferring 100 pL of the supernatant-
substrate mix in 1.5 mL of reagent composed of 0.3 g/L of
potassium ferricyanide and 10 g/L of sodium carbonate. The
ferricyanide was reduced by the liberated reducing sugars
which resulted in a discoloration which could be tracked
by a decrease of the absorbance. The reducing sugars were
then measured by following the evolution of absorbance at
420 nm on a Specord 200 Plus uv/vis spectrophotometer
(Analytik Jena) and by comparing the values with a stand-
ard curve done with varying concentrations of xylose. The
activity was expressed in [lU/mL. One international unit (IU)
of enzyme activity was defined as the quantity of enzyme
(xylanase) required to liberate one pmol of equivalent xylose
per minute at 60 °C.

For the evaluation of the intracellular enzymatic activi-
ties, cells were first concentrated fivefold by centrifugation
at 12,108 X g (Sorvall ST 8R centrifuge) and resuspended in
1 mL of a lysis buffer, TRIS HCI 25 mM (pH of 7). The cells
were then lysed with FastPrep-24™ 5G (MP Biomedicals™)
and 0.25 mL of lysis matrix beads (0.25 mm diameter). The
lysis program was four cycles of 30 s at 6.5 m/s with break
of 30 s between each cycle. The supernatant (intracellu-
lar fractions) was recovered after a centrifugation step at
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12,108%xg (Sorvall ST 8R centrifuge). The samples were
kept at 4 °C until analyses.

For the evaluation of the B-xylosidase and esterase activi-
ties, the rate of hydrolysis of p-nitrophenyl f-xylopyranoside
(Carbosynth) and p-nitrophenylacetate (Sigma) to p-nitro-
phenol was determined spectrophotometrically by measur-
ing the absorbance at 401 nm. The experiments were per-
formed in a volume of 1 mL containing 450 pL. of TRIS HCl
25 mM (pH 7), 450 pL of the substrates (final concentration
of 0.5 mM) and 100 pL of the intracellular protein fractions
for 10 min at 50 °C.

Study of strain stability

To study the stability and reversibility of the production
modifications during serial transfers in stationary phase, the
strain obtained after six and ten successive cultivations on
xylan medium, the conditioned strain C6 (corresponded to
the strain with stabilized xylanase production peak) and the
strain C10 (with decreased production of xylanase activity)
were kept at 4 °C for 2 months. Then, new successive cul-
tivations were started with serial transfers in the stationary
phase on xylan medium as described above. Measurements
of xylanase activity productions and the metabolic activities
of the populations were followed.

Population analyses by flow cytometry

Population analyses at the different cultivations during the
reversibility and stability study, were done by flow cytom-
etry with a BD Accuri™ C6 (BD Biosciences) using the
MOBICYTE core facilities (University of Reims Cham-
pagne Ardenne). The analytical parameters were flow rate
of 35 uL/min, core size of 16 pm and the threshold was down
to 30,000 in FSC-H. 20,000 cells were collected for each
sample as previously described in [16].

Samples were first filtered with 5 um cellulose syringe
filters and diluted with PBS 1 X to reach maximum 2500
detected events by second (and events/uL) to prevent doublet
reading. Samples were analyzed first unstained, and pop-
ulations were detected by the forward and scatter signals
(respectively, FSC-A and SSC-A) to determine cell percent-
age of each detected population with a gating at 30,000 in
FSC-A as previously described in [16]. The BD CSampler
Software was used to acquire and treat the cytometric data.

Samples were also analyzed after staining with Bac-
Light™ RedoxSensor™ Green (RSG, 1 uM) or propidium
iodide (PI, 10 mg/L) (Invitrogen) to detect the metabolic
activity and the membrane permeability, respectively [20,
21]. After 488 nm laser excitation, green fluorescence was
collected at 525 nm + 30 nm for RSG (FL1-A) and the red
fluorescence signal at 670LP (FL3-A) for PI. For the study
of metabolic activity, a gating at 50,000 in FL1-A was used
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to detect some subpopulations such as for the gating at
30,000 in FSC-A described above and in [16].

Statistical analyses

The data of enzymatic activities and metabolic activities
were acquired for each replicate of cultivation. FL1-A means
data of each replicate were used for metabolic activities. The
calculation of the means and standard deviations (STDEVA)
were performed for each cultivation from the data acquired
for each replicate. All the means and STDEVA were then
compared for each successive cultivation by statistical analy-
sis with Student’s test from MATLAB statistics and machine
learning toolbox. Differences were considered significant
for p value <0.05.

Results

Serial cultivations on xylan with transfer of cells collected
during stationary phase led to improved xylanase activity.

To avoid the selection of cheaters during successive culti-
vations, serial transfers in stationary phase have been consid-
ered, by systematically starting new cultivations with sporu-
lating cells (Fig. 1). In presence of xylan as the only carbon
source, xylanase production in the cultivation medium of 7.
xylanilyticus was increased over the successive cultivations
(Fig. 2). During the first cultivation, the enzymatic activ-
ity was found to be low (4.91+0.03 IU/mL). After only
four successive cultivations, it increased significantly and
reached 37.78 +£9.70 IU/mL (p value < 0.05). A stabilization
around this maximal activity was observed during five trans-
fers. The increasing factor between the first cultivation and
the stabilization phase was around 7.15-fold. After this sta-
bilization and until the end of the cultivations, the xylanase
activity significatively decreased to a value of 11.60+1.17
(p value <0.05). However, the activity remained 2.36-fold
higher, which was significatively higher (p value <0.01)
than for the beginning of the cultivation. When xylanase
enzymatic activity was normalized with the secreted pro-
tein concentrations (IU/mg), the peak of xylanase activity
was observed at the seventh cultivation. At this level, the
xylanase enzymatic activity reached 2820.81 +408.48 TU/
mg corresponding to a significant 20.11-fold increase of
xylanase activity by comparison with the first cultivation
on xylan (p value <0.01) (data not shown).

During the three first successive cultivations on xylan,
the optical densities (ODg,,) after the 15 h of cultiva-
tion were around 2.43 +0.10. When xylanase production
increased, the growth increased accordingly (mean value of
3.40+0.37). However, when xylanase production began to
decrease, the growth remained at the same level (mean value
of 3.21+0.34).
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Fig.2 Evolution of the xylanase activity over eleven successive cultivations during stationary phase on xylan or with different ratios of xylan

and glucose. Xylanase activity is expressed in [U/mL

During the experiment, the complementation of xylan
with glucose with various proportions (mixtures of xylan
and glucose with ratio 80/20 or 50/50) as carbon source was
also tested (Fig. 2). The complementation with glucose did
not improve the xylanase activity during serial transfers in
stationary phase. The successive cultivations with only xylan
as carbon source exhibited higher xylanase activity level.
Thus, after 4 transfers, the xylanase activity was 2.48-fold
higher on xylan alone compared to the activity on a mixture
of xylan:glucose 80/20. The increase of glucose proportion
(50/50) in the medium led to lower xylanase activity.

During the cultivations with the complementations, the
growths did not change significatively, and the measured
ODgonm values were close to the ones obtained with only
xylan. The mean values of ODg,,,, were 2.78 +0.56 and
2.88 +£0.71 for the successive cultivations performed with
mixtures of xylan and glucose with ratio 80/20 or 50/50,
respectively.

Study of strain stability for xylanase production

To evaluate the stability of the metabolic change related to
the xylanase production after successive cultivations with
xylan as carbon source, the strains obtained after six and ten
successive cultivations (strains C6 and C10) and kept at 4 °C
were further cultivated (Fig. 3). Six new successive cultiva-
tions were performed with the same cultivation parameters
as the ones used for the optimization of the xylanase produc-
tion with only xylan as a carbon source.

The strain C6, conditioned on xylan, exhibited origi-
nally a xylanase activity of 37.94 +0.54 IU/mL (or
1014.21 +137.48 IU/mg). When recultivated, the strain

exhibited firstly a low xylanase activity of 4.55 +0.03 TU/
mL (253.92 +90.58 IU/mg) before reaching a value of
38.11+7.06 IU/mL (707.46 +233.42 IU/mg) after four
successive cultivations (p value <0.01). Then, the xylanase
activity decreased to 16.82 +3.12 IU/mL (299.04 +95.91 IU/
mg) even if this decrease was not statistically significant
(Fig. 4). The results of xylanase activity after four successive
cultivations were statistically similar to the original level of
xylanase activities of the conditioned strain C6 (p value of
0.9829). It corresponded approximatively to the levels of
xylanase activity from the wild strain after four successive
cultivations on xylan. The maximum level of xylanase was
obtained after a lower number of cultivations i.e., four suc-
cessive cultivations instead of six during the first experiment
even if the activities after four cultivations of the wild strain
and C6 strain were not significantly different. However, at
the opposite of the wild strain, the xylanase activity of the
C6 strain remained stable after only two to three cultiva-
tions after the maximal activity production has been reached.
The same trend was observed for the strain C10 obtained
after ten cultivations, but with lower xylanase activity dur-
ing all successive cultures (data not shown). These results
indicated that T. xylanilyticus cells stored at 4 °C are still
able to produce xylanase but required a minimal of four cul-
tivations with transfers in stationary phase to recover the
maximal level of xylanase activities. As for the main serial
cultivation experiments, the growth of T. xylanilyticus did
not change during the study of reversibility. The mean values
of ODgg,m after 15 h of cultivation were 2.81 +0.81 for C6
and 2.18 +0.24 for C10.

To get more insights about the reversibility and stability
of the obtained phenotypes, flow cytometry analyses were
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Fig.3 Strategy for the study of T. xylanilyticus strain stability for xylanase production with xylan as carbone source. The blue lines correspond
to the starting of new cultivations from the conditioned strains C6 and C10 conserved at 4 °C for 2 months

performed in stationary phase of each successive cultivations
on xylan. The analysis of the forward scatter signal (FSC-A)
defined during our previous works allowed to discriminate
between two subpopulations of cells i.e., one exhibiting
FSC-A signals higher than 30,000 and one exhibiting signals
lower than 30,000. These subpopulations were labeled high
subpopulation and low subpopulation, respectively. The high
subpopulation contained cells in premature sporulation pro-
cess (cells in the high population) [16]. In the present work,
only one population with signals below 30,000 in FSC-A
(low population) was observed during the successive culti-
vations with transfers in stationary phase. We then analyzed
the metabolic activity based on the use of the RedoxSensor
Green (RSG) molecular marker and flow cytometry. After
the first cultivation, the cells exhibited a very high metabolic
activity according to RSG staining (with an average green
fluorescent level of 54,051 +3718, as recorded by the FL1-A
channel of the flow cytometer). Interestingly, xylanase activ-
ity was very low after the first cultivation (Fig. 4). During the
second and third cultivation rounds, the metabolic activities
of the cultures decreased (around 9626 +2559 in FL1-A),
by comparison with the first cultivation (p value <0.001).
After four cultivations, the metabolic activity increased (into
21,227+ 1352 in FL1-A), together with the xylanase activity
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that reached the maximal peak of production (Fig. 4). The
two last cultivations exhibited metabolic activities that tend
to increase, but not significatively different from the fourth
cultivation (29,794 + 18,088 and 40,610+ 27,136 in means
FL1-A, respectively). For fifth and sixth cultivations, the
standard deviations were very important. Several features
can explain these high standard deviations. Some differences
in cells metabolic activities (due to various physiological
states of the cells) between each replicate of the fifth and
sixth cultivations have probably high impact on the cytomet-
ric signals (FL1-A) and on the measurement of GFP positive
cells. Moreover, the presence of some traces (insoluble) in
the medium could have impacted the cytometric measure-
ments. Xylanase activities decreased significantly during
the last phase. Taken altogether, these data pointed out that,
upon serial cultivations, low xylanase production levels are
related to high metabolic activities.

To better highlight this relation, a gating procedure based
on a FL1-A threshold of 50,000 was applied in flow cytom-
etry. Based on this procedure, two subpopulations were
observed in terms of metabolic activities (Fig. 5). These two
subpopulations exhibited a high metabolic activity (with a
mean FL1-A signal above 50,000, i.e. corresponding to the
high metabolism subpopulation) or low metabolic activity
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Fig.4 Evolution of 7. xylanilyticus metabolic activity and xylanase
activity during successive cultivations in presence of xylans and with
transfers in stationary phase. The cultivations were done with C6. The
xylanase activity is expressed in IU/mL. The metabolic activities are
represented by the green fluorescence collected at 525 nm+30 nm
(FL1 detector). For each cultivation replicate, the mean fluorescence
was collected and used to obtain the global mean fluorescence of the
cultivation and the fluorescence standard deviations. The symbols *
and § represent the significatively different group of xylanase activ-
ity between each cultivation (* =significantly lower of each other
cultivation (p value <0.05); *’ =significantly different of each other
cultivation excepted cultivations 5 and 6 (p value <0.05); §=signifi-

(with a mean FL1-A signal below 50,000, considered as
the low metabolism subpopulation). Upon the first cultiva-
tion, the high metabolism subpopulation was predominant
(63.4+4.4%). During the second, third and fourth cultiva-
tions, an abrupt shift in the metabolic activity profile was
observed, the high metabolism population disappearing to
the benefit of the low metabolism subpopulation with ratio of
99.9 +0.06%, 99.8 +£0.06% and 98.2 +0.62%, respectively.
The low metabolism subpopulation was also predominant
after the fifth and sixth serial cultivation but with the pres-
ence of high metabolism subpopulation too (Fig. 5).

Evolution of enzymatic activities during serial
cultivation on wheat bran and wheat straw

To study the evolution of hemicellulases production by
T. xylanilyticus, the production levels of the extracellular
xylanase activity as well as the intracellular B-xylosidase
and acetyl esterase activities were measured during suc-
cessive cultivations in presence of two different complex
carbon sources i.e., wheat bran and wheat straw. Indeed,
these complex substrates are known to induce the produc-
tion of debranching enzymes by T. xylanilyticus (particularly
esterases). Bacterial growth was lower on these two carbon

cantly higher from cultivations 1 and 2 (p value <0.05) but not sig-
nificantly different from cultivations 3, 4, 5 and 6; §’ =significantly
higher from cultivations 1 (p value <0.05) but not significantly dif-
ferent from cultivations 2, 3, 4, 5 and 6). The alphabetical symbols
represent the significatively different group of metabolic activity
between each cultivation (a=significantly higher of each cultivations
(p value <0.001) excepted cultivations 5 and 6; b =significantly lower
of cultivations 1 and 4 (p value <0.01) but not significantly different
from cultivations 2, 3, 5 and 6; ¢ =significantly lower than cultivation
1 (p value <0.001), higher than cultivations 2 and 3 (p value <0.01)
but not significantly different from cultivations 5 and 6; d=not sig-
nificantly different of each cultivation)

sources. The mean ODg,,, was 1.10+0.25 on wheat bran
and 1.40+0.27 on wheat straw after 22 h of cultivation.

At the beginning of the experiments, in presence of wheat
bran, the extracellular xylanase activities quantified were
similar to the activities obtained with xylan (Fig. 6a). The
xylanase production firstly significatively decreased from
8.47+1.89 TU/mL to 0.54 +0.38 IU/mL (p value <0.05)
after three successive transfers. Then, it increased to a level
similar to the one obtained for the first cultivation round
(i.e., around 7.73 + 1.90 IU/mL), before stabilizing around
a value of 5.72 +1.76 IU/mL. In presence of wheat straw,
at the beginning of the experiments, the xylanase activ-
ity produced was 80.39 and 4.88-fold lower than activity
obtained on xylan and wheat bran, respectively. Xylanase
production significatively increased from 1.73+0.37 IU/mL
to 8.67 +0.42 IU/mL (p value <0.001) after four successive
cultivations. Then, the activity remained similar at this level
until the end of the transfers. For both complex substrates,
after stabilization at the maximal level, the xylanase activity
did not decrease until the end of the experiments.

In presence of xylan as carbon source, the acetyl ester-
ase activity level was around 187 +36 mIU/mL and did
not change significatively over six successive cultiva-
tions. This activity was significatively increased from
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Fig.5 Evolution of T. xylanilyticus metabolic activity and presence
of subpopulations during cultivations in presence of xylans and with
transfers in stationary phase. An example of cytograms correspond-
ing to the six successive cultivations of one replicate from the “con-

168.35+12.71 mIU/mL to 466.43 +16.32 mIU/mL (increase
of 2.77-fold, p value < 0.001) with wheat bran and increased
from 71.30+19.76 mIU/mL to 419.26 +26.59 mIU/mL
(significant increase of 5.88-fold, p value <0.001) in pres-
ence of wheat straw. These increased enzymatic activities
were observed for both substrates after four successive culti-
vations. If the esterase production values stabilized for wheat
straw until the end of the cultivation, for wheat bran, fluctua-
tions in activity are still observed (Fig. 6b).

The mean values of B-xylosidase activity were around
167 +23 mIU/mL with xylan and did not change signifi-
cantly over the six successive cultivations. During cultiva-
tion on wheat bran and wheat straw, the maximal level of this
activity was lower (between 11.8-fold and 4.9-fold, respec-
tively) than for xylan cultures. However, it significatively
increased from 4.15+3.56 mIU/mL to 13.87 +0.94 mIU/
mL (3.34-fold increase, p value <0.05) after four cultiva-
tions with wheat bran and increased to a maximal value of
31.23 £3.64 mIU/mL after four cultivations with wheat
straw. Taken altogether, the data point out that serial culti-
vations led to a significant, 57.2-fold increase, of enzymatic
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FSC-A

FSC-A

ditioned strain C6”. The green line corresponds to the gate of 50,000
in FL1-A for the detection of green fluorescence from RedoxSensor
Green (between 490 and 520 nm)

activities by comparison with the first cultivation round (p
value < 0.001) (Fig. 6¢).

Discussion

In microbial processes, most of the strategies used for
improving growth or metabolite productions by microorgan-
isms rely on strain modifications, metabolic engineering or
nutrient changes (or stress) [22, 23]. Strain optimization, also
can be done by successive cultivations [24, 25] even if the
phenotypes are not always stable [26]. For example, the lig-
nocellulolytic enzymes production of Aspergillus niger and a
thermophilic Geobacillus strain have already been enhanced
by this methodology [27, 28]. The cultivation conditions,
including the composition of the medium, the substrate dif-
fusion rate, the presence of inductor, ... can impact directly
the enzymatic production of various bacterial species [12,
29-31]. The basic principle behind the optimization of
enzyme production based on serial cultivation relies on the
genotypic diversification of the strain of interest. However,
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in our work, we point out that phenotypic diversification,
involving epigenetic mechanisms without changes in DNA
composition, are also involved. In our study, the application
of successive cultivations resulted in the management of
subpopulations and the improvement of hemicellulases pro-
duction by T. xylanilyticus. The strategy used in this study
is the transfer of cells after reaching the stationary phase,

Cultivation number

since transfer of exponentially growing cells has been shown
to lead to a progressive reduction in extracellular xylanase
activity due to cheaters’ selection [16]. During our previous
works, the xylanase activity was observed to be similar in
stationary phase for the different subpopulations (i.e. cheat-
ers and producing cells characterized upon cell sorting) [16].
Our hypothesis was that a transfer in stationary phase would
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allow to increase the xylanase production without selection
of cheaters over generations (Fig. 1). With all the cells in
advanced sporulation, there would be no selection of veg-
etative cheater cells when a new cultivation is started and
producing cells would be favored over the successive culti-
vations. The results obtained confirmed this hypothesis as
the maximal level of enzyme production was reached more
quickly under these conditions. After only four successive
cultivations on xylan and complex substrates, the extracel-
lular xylanase activity and intracellular enzymatic activi-
ties (esterase and xylosidase) reached their maximal levels.
Additionally, the loss of xylanase activity typically observed
during classical serial cultivation is delayed. The hemicel-
lulases production by Thermobacillus xylanilyticus was sta-
bilized and was maintained for a longer period of time. To
our knowledge, few studies focusing on the improvement
or stabilization of microbial populations rely on succes-
sive cultivations in stationary phase, except some studies
about the influence of the inoculum age on the frequency of
persistent subpopulation in E. coli [32, 33]. The impact of
growth phases on phenotypic diversification and the pres-
ence of cheaters is already known for some bacteria, such as
Pseudomonas aeruginosa or Escherichia coli [34-36]. For
both bacteria, the cheater invasion (due to quorum sensing
and cooperation for Pseudomonas aeruginosa and due to
growth arrest of ancestral population from E. coli) seems to
be a case of evolutionary cheating but affects the representa-
tion of the wild type in the following generations [34, 35].

The different diversification control strategies can also
rely on adaptation to carbon limitation and switching to
an alternative carbon source as previously studied [23, 34,
37, 38]. By the combinations of successive cultivations on
cellobiose or by switching carbon sources (cellobiose and
glucose) daily, two mutant strains (muC and muS) of Ther-
mobifida fusca with higher cellulase activities compared to
the wild-type strain were obtained [38]. In case of T. xyla-
nilyticus, the switch between glucose and xylan as carbon
source during successive cultivations allowed to improve
(~ 1.5-fold to ~ 15-fold in function of generations) and sta-
bilize the xylanase production compared to continuous cul-
tivation on xylan [16].

In this study, we tried to go further by testing the effect of
nutrient changes and combining glucose and xylan with vari-
ous ratios (80/20 or 50/50). However, this strategy did not
increase the xylanase activity upon serial transfers in station-
ary phase. An explanation could be that the strain efficiently
used all the glucose before switching to the consumption
of xylan due to the production of the xylanase. After this
switch, the strain was not in the same growth phase (or pro-
duction state) than during cultivation with only xylan. With
both carbon sources in medium, the cultivation time required
to reach the stationary phase (and the significant level of
xylanase activity production) is increased. Indeed, xylanase
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production is known to be higher at the end of exponen-
tial phase and the beginning of the stationary phase [12].
To improve the production of other hemicellulases (mainly
debranching enzymes), complex lignocellulosic substrates
were used as carbon sources during successive cultivations.
Previous studies indicated that T xylanilyticus can adapt its
enzymatic production, depending on the carbon sources used
for the microbial growth [12]. The results from this study
validated these observations, as the acetyl esterase activity
was higher on WS than on WB, probably due to a higher
content of acetyl ester into WS as seen in Table 1 [12]. As
for the cultures performed on xylan, the higher -xylosidase
activity obtained during cultivation on WS could be related
to an increased xylanase production with these carbon
sources leading to a higher accumulation of xylo-oligosac-
charides which are substrates for f-xylosidases. Xylan and
wheat straw can then be considered as complementary for
the improvement of hemicellulases production by 7. xyla-
niticus. An efficient hydrolysis of hemicelluloses requires an
optimal mixture of hemicellulolytic enzymes and is depend-
ent on the composition of the lignocellulosic substrate and
also on the physiological state of the producing cells [14].
Given an optimal production of xylanase (by successive
cultivations with xylan as carbon source) and induction of
p-xylosidase and acetyl esterase productions (by successive
cultivations with complex lignocellulosic biomass), specific
and adapted hemicellulasic cocktails containing xylanase
and debranching enzymes can be obtained. For this purpose,
the strategy of successive cultivations by playing on the age
of inoculum is efficient. It is preferable to transfer 7. xylani-
Iyticus cells in stationary phase to manage the presence of
cheater cells and to control phenotypic diversification.

Interestingly, our study pointed out that the phenotypic
changes of T. xylanilyticus were not irreversible, as most
of the changes in enzymatic activity were not stable over
time particularly for xylanase activity (Figs. 2, 4, 6). These
phenotypic changes could therefore not be considered as an
evolutionarily stable configuration as described by Wagner
and Schwenk, because the obtained changes were not stable
over short period of time [26].

Another possible explanation about this effect is that
enzyme production can be controlled by regulatory loops,
particularly phosphorelays and two-component systems [39,
40]. It is indeed observed that transcriptional regulators and
sensor proteins are present in the genome of T. xylanilyticus
and some of these components are found within gene clus-
ters coding for hemicellulolytic enzymes [11]. However, the
functional dynamics of the network is not yet known. To
verify the involvement of this type of regulation in popula-
tion stability and reversibility and to better improve enzyme
production, further studies are then needed. Our reversibility
study pointed out that the strains obtained during the first
successive cultivations (C6 and C10) exhibited higher level
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of xylanase activities. Additionally, this production occurred
more quickly when the isolates C6 and C10 were reculti-
vated but less stable over successive cultivations. One mech-
anism possibly explaining this effect is the microbial mem-
ory. Indeed, microbes are able to display memory based on
the accumulation of stable proteins to obtain fitness advan-
tages [41, 42]. Memory is mainly due to epigenetic mecha-
nisms, and can be diluted over successive generations if the
proteins involved are very stable [41, 43]. The phenotypic
memory is due to the transmission of stable cytoplasmic
proteins between the mother and daughter cell during cell
division as already proven for /ac proteins transmitted dur-
ing E. coli cultivations [43]. In the case of T. xylanilyticus,
the epigenetic mechanisms responsible for the memory to
recover higher levels of hemicellulases productions, as well
as the mechanisms leading to the emergence of the cheating
behavior and population heterogeneity, are not yet identified.
The possible memory effect observed in this study seems to
be closer to a phenotypic memory obtained by transmission
of cytoplasmic proteins under fluctuating conditions.

Further studies implicating other approaches, like
advanced single-cell technologies (microfluidics, automated
flow cytometry with feedback control) have to be considered
in order to refine the resolution about microbial population
dynamics of T. xylanilyticus and stabilize the obtained phe-
notypes. Omic analyses, such as proteomics or genomics
analyses, could also be used to better understand the diver-
sification process occurring in 7. xylanilyticus, as well as the
organization of regulation network over successive cultiva-
tions [44].

Conclusions

This study pointed out that epigenetic mechanisms, like phe-
notypic switching and memory, are involved in the long-term
production of enzymes by T. xylanilyticus. Accordingly, the
use of successive transfers in stationary phase with xylan
or complex lignocellulosic biomasses led to the effective
control of enzyme production by avoiding the generation
of cheaters and promoting the presence of actively produc-
ing cells. This strategy was successfully used and improved
the extracellular activity (xylanase) and some debranching
activities (acetyl esterase and p-xylosidase) from 7. xyla-
nilyticus in this study. However, this strategy was never
adopted before for the control of population dynamics for
the production of hemicellulases and open up new ways for
the effective management of microbial population during
long-term, serial, cultivations.
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