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Abstract

Background: The members of the genus Caldicellulosiruptor have the potential for future integration into a biore-
finery system due to their capacity to generate hydrogen close to the theoretical limit of 4 mol H,/mol hexose, use a
wide range of sugars and can grow on numerous lignocellulose hydrolysates. However, members of this genus are
unable to survive in high sugar concentrations, limiting their ability to grow on more concentrated hydrolysates, thus
impeding their industrial applicability. In this study five members of this genus, C. owensensis, C. kronotskyensis, C.
bescii, C. acetigenus and C. kristjanssonii, were developed to tolerate higher sugar concentrations through an adap-
tive laboratory evolution (ALE) process. The developed mixed population C. owensensis CO80 was further studied and
accompanied by the development of a kinetic model based on Monod kinetics to quantitatively compare it with the
parental strain.

Results: Mixed populations of Caldicellulosiruptor tolerant to higher glucose concentrations were obtained with C.
owensensis adapted to grow up to 80 g/L glucose; other strains in particular C. kristjanssonii demonstrated a greater
restriction to adaptation. The C. owensensis CO80 mixed population was further studied and demonstrated the ability
to grow in glucose concentrations up to 80 g/L glucose, but with reduced volumetric hydrogen productivities (Qn,)
and incomplete sugar conversion at elevated glucose concentrations. In addition, the carbon yield decreased with
elevated concentrations of glucose. The ability of the mixed population C. owensensis CO80 to grow in high glucose
concentrations was further described with a kinetic growth model, which revealed that the critical sugar concentra-
tion of the cells increased fourfold when cultivated at higher concentrations. When co-cultured with the adapted C.
saccharolyticus G5 mixed culture at a hydraulic retention time (HRT) of 20 h, C. owensensis constituted only 0.09-1.58%
of the population in suspension.

Conclusions: The adaptation of members of the Caldicellulosiruptor genus to higher sugar concentrations estab-
lished that the ability to develop improved strains via ALE is species dependent, with C. owensensis adapted to
grow on 80 g/L, whereas C. kristianssonii could only be adapted to 30 g/L glucose. Although C. owensensis CO80
was adapted to a higher sugar concentration, this mixed population demonstrated reduced Qy, with elevated
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glucose concentrations. This would indicate that while ALE permits adaptation to elevated sugar concentrations, this

approach does not result in improved fermentation performances at these higher sugar concentrations. Moreover,
the observation that planktonic mixed culture of CO80 was outcompeted by an adapted C. saccharolyticus, when co-
cultivated in continuous mode, indicates that the robustness of CO80 mixed culture should be improved for industrial

application.
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Background

The current reliance on fossil fuels as the main source
of global energy production is not sustainable. Biofu-
els derived from renewable sources are an extensively
researched alternative for the production of energy. It
is of great importance these fuels do not compete with
food production in terms of land usage [39]. Within the
European Union, current legislation restricts dedicated
biofuel production to 7% of total land use [14]. Ligno-
cellulose is an attractive substrate for biofuel produc-
tion due to its wide availability, with 1-5 billion tonnes
yielded annually [8]. Currently, over 40 million tonnes of
this material is generated as a by-product of agriculture
and forestry [37] As such, lignocellulose is ideally suited
as a substrate for biohydrogen production as lignocel-
lulose obtained from waste streams does not affect land
usage or food production.

Biologically derived hydrogen (biohydrogen) has the
potential to be an alternative energy carrier as it can
be produced from renewable sources such as lignocel-
lulose and only generates water vapor as a by-product
when used as a fuel [2]. However, obstacles that limited
bioproduction production include requirement of light
(photofermentation), lower hydrogen yield in mesophilic
bacteria and the presence of catabolite repression [19].
One potential candidate for biohydrogen production is
Caldicellulosiruptor and has been previously utilized to
generate hydrogen from a variety of lignocellulosic mate-
rial 5, 10, 28].

Caldicellulosiruptor is a genus of thermophilic hydro-
gen producing bacteria capable of yielding hydrogen
close to the maximum stoichiometric yield of 4 mol H,/
mol hexose when growing at their optimum temperature
of 70-80 °C [33, 38]. The species of this genus share a
genetic similarity of 93—95%, but originate from various
geothermal springs or lakes all over the globe. Notably,
most members of this genus can metabolize a wide range
of carbon sources including an array of mono-, oligo- and
polysaccharides [38]. Species such as C. saccharolyticus
and C. owensensis display the capacity to simultaneously
consume hexoses and pentoses without catabolite repres-
sion. It is therefore beneficial to an industrial process as
both the cellulose and hemicellulose fractions of lignocel-
lulose can be consumed together [4, 44, 46].

Although a promising candidate for industrial biohy-
drogen production, Caldicellulosiruptor experiences sev-
eral key limitations including the ability to grow in high
osmotic conditions, including high sugar concentrations
[5, 21, 28]. In its natural environment Caldicellulosirup-
tor does not experience a high degree of osmotic stress
and has thus adapted to low osmolarities, maximally
of 400-425 mMol, with a critical osmolarity of 270 to
290 mMol. This osmo-sensitivity limits the industrial
potential of Caldicellulosiruptor as it precludes culti-
vation in concentrated sugar mixtures, such as ligno-
cellulose hydrolysates. Concentrated hydrolysates are
essential for environmentally efficient production of ther-
mophilic H, as higher substrate concentrations reduce
the requirement for water addition and energy input for
heating [5, 16, 22].

However, one way to improve osmotolerance of
microorganisms is through targeting genes involved in
responses to increased osmotic pressure through meta-
bolic engineering and has become an intensive research
approach [23]. Recently, C. bescii was investigated to
identify its response mechanism to higher osmolarities,
which then can be targeted by directed engineering [36].
Alternatively, when genetic engineering tools are miss-
ing strain improvement can be accomplished through a
process known as adaptive laboratory evolution (ALE).
In this process, an organism is repeatedly sub-cultivated
under defined conditions enabling a controlled adapta-
tion to these conditions and hence a favorable phenotype
change can develop [13].

In this paper, we have attempted to overcome limita-
tion by making Caldicellulosiruptor more tolerant to
increased glucose concentrations. We have applied this
successively with C. saccharolyticus [27] and here we
describe the development of several adapted cultures of
other Caldicellulosiruptor species, i.e., C. owensensis, C.
kronotsyensis, C. bescii, C. acetigenus and C. kristjans-
sonii through sequential ALE at incrementally increas-
ing glucose levels. The adapted C. owensensis (CO80)
was cultivated in controlled batch and exposed to a
high concentration of glucose, up to 80 g/L (440 mMol).
Finally, C. owensensis CO80 was further analyzed in co-
cultures with the adapted C. saccharolyticus G5 [27] on
defined media and lignocellulosic hydrolysate of which
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the data have been published elsewhere Byrne et al. [5].
To quantify the success of adaptation development, this
process was mathematically modeled using a growth
kinetic equation based on Monod with a set of inhibition
equations.

We applied the powerful tool of mathematical modeling
to assess how the key physical and biological phenomena
in a process function. Inhibition arising from sensitiv-
ity to sugar concentration can be one such phenomenon
and is further addressed in this paper. This modeling of
quantitative description of substrate inhibition and inhi-
bition due to a high degree of osmotic stress have previ-
ously been studied using different types of growth kinetic
equations [1, 7, 12, 43]. A non-competitive equation was
applied to our dataset to describe growth inhibition due
to substrate or soluble end products [7, 43].

The results below demonstrate that adaptive laboratory
evolution can be implemented to facilitate the cultiva-
tion of Caldicellulosiruptor in media containing 80 g/L
glucose, but is highly species dependent. The adapted C.
owensensis CO80 culture was further studied, modeled
and implemented into a co-culture with lignocellulose
hydrolysates as substrates.

Results
Strain development
To assess the ability of different cultures of the Cal-
dicellulosiruptor genus to adapt to higher sugar con-
centrations and to select an adapted one for further
development, ALE was undertaken on five species of
Caldicellulosiruptor. The respective increase in viability
at higher sugar concentrations was determined during
sequential batches, whereby increased sugar concentra-
tion was used as a selective pressure.

The ALE design replicated a previous study that
achieved the selection of a C. saccharolyticus strain with
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the capacity to grow on 100 g/L glucose [27]. Out of the
five selected species, only C. owensensis was successfully
adapted to grow on a glucose concentration of 80 g/L
(Fig. 1) over the course of approximately 250 genera-
tions. The adaptation of C. kronotskyensis demonstrated
viability in solutions up to 60 g/L glucose but at 70 g/L it
did not reach the threshold value of ODg,, 0.4 and there-
fore was not selected for further analysis. In contrast, the
adaptation strategy of C. kristjanssonii, C. bescii and C.
acetigenus was quite restrictive. Even with repeated cul-
tivation at lower sugar concentrations a loss of viability
occurred. C. kristjanssonii was particularly sensitive to
adaptation and exhibited poor viability in glucose con-
centrations as low as 20 g/L. Overall, C. owensensis had
a greater ability to adapt to higher sugar concentrations
than any other strain. Adaptation of C. owensensis to
100 g/L glucose was attempted, however, strains adapted
to 90 and 100 g/L displayed poor growth and a loss of via-
bility after several rounds of cultivation. Therefore, the C.
owensensis culture adapted to 80 g/L glucose (CO80) was
selected for further analysis.

Adaptation to higher sugar concentrations must be
compensated for intracellularly. In general, adapta-
tion of bacterial cells to higher osmolarities is related
to intracellular accumulation of compatible solutes
and therefore a focused bioinformatics study was per-
formed [18]. However, similar to C. saccharolyticus
[45], C. owensensis lacks key metabolic pathways for the
synthesis of compatible solutes for high osmotic con-
ditions. C. owensensis lacks synthetic pathways for the
osmoprotectants glycine betaine, ectoine and trehalose.
C. owensensis also lacks pathways associated with the
synthesis of compatible solutes in thermophiles such
as the di-myo-inositol phosphate pathway [17, 24] and
the synthesis pathway for 2-O-(B)-mannosylglycerate
as found in Thermus thermophilus [25]. In addition,

owensensis
C.
- 4091 509/
acetigenus 9 g
m,, 30g/1l 40g/l 50/l

Fig. 1 Development of C. owensensis, C. kronotskyensis, C. bescii, C. acetigenus and C. kristianssonii adapted to higher sugar concentrations. Values in
green indicate adaptation steps were completed in flasks on stated concentrations of glucose. Values in yellow indicate the final adaptation step
and therefore the highest concentration of glucose that the species can be grown

90 gl 100 g/l

709/ - 80gl > 90g/l 100g/
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no homology between the C. owensensis genome and
2-(O-B-p-mannosyl)-di-myo-inositol-1,3’-phosphate
synthase (TMO0359) in Thermotoga maritima [34] could
be found. However, C. owensensis can produce gluta-
mate and has the full synthetic pathway of proline.
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Quantitative analysis of CO80 growth at higher sugar
concentrations

C. owensensis CO80 culture was successfully cultivated
on 10, 30 and 80 g/L using a controlled batch reactor
(Table 1). The trends of sugar consumption, growth and
product formation in these cultures on these different
sugar concentrations were monitored (Figs. 2, 3 and 4).

Table 1 Comparison of product yields and carbon and redox balances of C. owensensis DSM 13100 and CO80 batch cultivated in

various glucose concentrations

C. owensensis

C. owensensis CO80

C. owensensis CO80

C. owensensis CO80

DSM 13100?
Initial glucose concentration 10g/L 10g/L 30g/L 80 g/L
Yield H, (mol/mol glucose) 40+02 2904040 231+0.35 1.75£0.10
Yield CO, (mol/mol) glucose 23+£02 1424012 1.244+0.10 0.9140.05
Yield acetate (mol/mol glucose) 12401 141£0.19 1.30£0.21 0.88+0.04
Yield lactate (mol/mol glucose) 0.10+0.01 0.0340.01 0234+0.13 0.114+0.05
Residual glucose (g/L) Not reported 4.24+0.63 21254343 70.6142.08
Carbon balance (%) 102+4 846+20 777146 519436
Redox balance (%) 97+2 854435 750+£4.7 514437
2 Data from Zeidan and van Niel [46]
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Fig. 2 Experimental data (discrete points) and modeling results (lines) for the 10 g/L glucose batch cultures. Upper left: glucose consumption,
acetate and lactate production. Upper right: biomass production. Lower left: hydrogen productivity. Lower right: accumulated hydrogen production
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Although adaptation of C. owensensis to higher glu-
cose concentrations permits cultivation at higher glucose
concentrations, the adapted strain demonstrated a lower
yield of H, than the wild-type strain (Table 1). In addi-
tion, when COB80 was cultivated in higher concentrations
of glucose a lower carbon and redox balance occurred
indicating the production of a yet unknown metabolic
product, a reduction in cell mass due to the high rate of
cell death, a reduction of glucose concentrations due to
Maillard reactions or a combination of these factors.

The behavior of the CO80 culture at increasing glucose
concentrations was quantified using dynamic simula-
tions. In these simulations, the model and parameters
derived from the wild-type strain of C. saccharolyticus
were used as a benchmark [21]. However, using these
parameter values made it clear that the model was inad-
equate to describe the experimental data. Especially
OSM,,;p which include mainly the glucose, acetate and
lactate concentrations, and the rate of death (r.y) were
higher than the benchmark values. This indicated that
even if the tolerance to sugar concentrations was higher
for the CO80 culture, its cell death was more pronounced
than for the wild-type C. saccharolyticus. In addition, the
benchmark values for the maximum specific growth rate

(Mmay)» affinity constant for glucose (K;) required some
fine-tuning to fit the data points. The adjusted model
was calibrated with all data from the duplicates or tripli-
cates of the three batch experiments supplemented with
10 g/L, 30 g/L and 80 g/L glucose. The calibrated parame-
ters are summarized in Table 2. Comparison between the
model and the experimental results is graphically shown
in Figs. 2, 3 and 4.

The maximum hydrogen productivity from the
experimental data was 10.554+0.04, 11.45+0.00 and
3.35+0.00 mmol/L/h for 10, 30 and 80 g/L sugar, respec-
tively. This observation at 10 and 30 g/L is comparable
to, but slightly lower than, 15 mmol/L/h described in
wild-type C. owensensis grown on 10 g/L glucose supple-
mented with 1 g/L yeast extract [46]. The model underes-
timated the hydrogen productivity slightly in the case of
10 and 30 g/L, but overestimated productivity compared
to experimental data of 80 g/L cultures. Similar overesti-
mation was observed with respect to the cell growth on
80 g/L. Nevertheless, the model was able to predict the
experimental data adequately.

The accuracy of the model in describing experimen-
tal data was assessed (Table 3). The R? values describes
how well the model could predict the trend over time and
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Fig. 4 Experimental data (discrete points) and modeling results (lines) for the 80 g/L glucose batch cultures. Upper left: glucose consumption,
acetate and lactate production. Upper right: biomass production. Lower left: hydrogen productivity. Lower right: accumulated hydrogen production

Table 2 Parameters calibrated to experimental data of C. owensensis CO80 batch cultures in comparison to the benchmark parameter
values of C. saccharolyticus cultures from Ljunggren et al. [21]

Parameter Benchmark values 10g/L 30g/L? 30g/L° 809g/L
Ljunggren et al. [21]

Uinax (W71 0.28 033+£0 0.31+£0.082 0.31£0.082 0294002

K (mol/L) 48x107 48x107 98x 10724£15x10™ 48x107°¢ 04940.064

OSMy;, (Mol/L) 0.28 0.23£0.0002 0.39£0.002 0.3940.002 0.7840.024

g (h™h 0014 0.03140.0001 0.031£0.0065 0.02040.00015 0.031°

¥s 1, (Mol/mol) 4.77 354038 354012 354012 2.56°

Y5 (cmol/mol) 478 0.79¢ 0.80¢ 0.80¢ 0.72°

NH, 45 5.3740.00005 537¢ 537¢ 45°

Ny 468 468° 468° 468° 468°

Confidence interval 95% is given for those parameters which have been fitted numerically

2 First model for the 30 g/L cultures

b Second model for the 30 g/L cultures
¢ Graphically calibrated

9 Calculated from experimental data

€ Same value as in Ljunggren et al. [21]

the curve slope values of the linear regression (i.e., k in
y=k-x) are indicating over- or underestimations. For a
perfect fit they should both be 1. With respect to most
variables, the prediction error was less than 30% indicat-
ing good accuracy. The model was also able to accurately

predict the trend of the assessed variables with a R?
value close to 1 in all cases. However, analysis revealed
the overestimation of cell growth as well as acetate and
lactate production of the cultures on 30 g/L glucose

(Table 3).
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Table 3 R? values and curve slope values to describe the fit between average experimental data and simulated data from the models

at the same time points

R?values/curve slope 10 g/L 309/L 80g/L
values (k)
State variable Model Ks model Model 1 Model 2 Ks model Model Ks model
Glu 0.94/0.95 0.67/0.93 0.91/0.96 0.89/0.95 0.83/1.0 0.87/0.99 0.85/0.98
Biomass 0.82/0.96 0.77/1.0 0.50/6.0 0.28/6.8 0.82/4.2 0.96/0.43 0.94/043
Acetate 0.97/0.97 0.75/1.2 0.94/1.1 0.96/1.1 0.77/0.85 0.99/0.54 0.99/0.55
Lactate 0.95/1.4 0.60/1.5 0.97/2.0 0.92/2.1 0.83/14 0.97/0.54 0.98/0.54
H, accumulated 0.94/0.92 0.51/1.1 0.94/0.88 0.96/0.98 0.76/0.71 0.99/0.72 0.98/0.74
OSM 0.97/0.98 0.57/1.0 0.94/1.0 0.97/1.0 0.75/0.96 0.91/0.40° 0.92/0.40°
2The linear regression does not intersect (0,0)
09 where y is the specific growth rate (h™), y,,,, the maxi-
mum specific growth rate (h™!), Glu is the glucose
08 concentration (mol/L), I is the inhibition due to osmo-
o7 larity and In,, is the inhibition due to aqueous hydrogen
2 oc concentration. The simulation using the “Ks-model” is
% ' illustrated in Figs. 2, 3 and 4 as a thin dashed line. The
s 05 Kg-model was well able to describe the experimental data
S . ;’:(MM“)”‘(M) (Table 3) for 30 g/L and 80 g/L (Figs. 3, 4). However, for
-‘g 10 g/L, the K¢-model could not sufficiently describe the
= 03 data (Table 3). This may be due to the greater glucose
© 02 consumption at 10 g/L compared to the higher concen-
01 Ks=13178 610 00922 trations, thereby altering the Ki-model equation to a
greater extent than this model is dependent on the glu-
° 0 005 01 015 02 025 0.3 035 0.4 045 0.5 cose concentration.
mol/L sugar added The increase of OSM,,;, with the sugar concentration
0O 10 20 30 40 50 60 70 80 90 (Fig. 5) indicated that the CO80 culture adapted imme-
g/L sugaradded diately when confronted with a raise in the osmolarity
Fig. 5 Comparison of the calibrated parameters OSM;, (orange) and or sugar concentration in the medium. This behavior
K; (grey) became more apparent when the inhibition kinetics of

Inhibition kinetics

The glucose concentration portrayed a linear relation-
ship with the apparent half-saturation constant (K) and
critical osmolarity (OSM_;,) (Fig. 5). The apparent Kj
increased with the elevating glucose concentration reach-
ing a value four orders of magnitude higher in the 80 g/L
glucose culture. As Sivakumar et al. [40] demonstrated,
extraordinarily high Kg values can be an indicator that
the growth kinetics applied is insufficient in describ-
ing the process due to substrate inhibition, hence, an
extended model was constructed. In the constructed “K-
model’;, the Ky in the original model (Eq. 7 in “Material
and methods”) was replaced with the equation from the
linear regression in Fig. 5:

Glu
Glu + (1.32 - Glu — 0.09)

M = MUmax * - Iosm 'IHz,aq:

(1)

the fermentation was simulated in the different cases.
The model describes two different types of inhibition, i.e.,
inhibition by osmolarity (/) and dissolved hydrogen
concentration (IHz,aq) (Egs. 6 and 7), which were simu-
lated for all three glucose concentrations (Fig. 6). A value
around 1 means no inhibition and a lower value means
that the process is inhibited. Figure 6 clearly shows that
osmolarity is the crucial inhibition factor, i.e., an I,
value<1. Iy, is of less importance as the simulated val-
ues were 0.98 <Ip,, <1, which means almost no inhibi-
tion. Although, the Ky model for 10 g/L gave values of
0.11</n,,,<1, this rather indicates that the model is not
a good fit to the experimental data at this glucose concen-
tration, which confirms what is depicted in Fig. 2. Inter-
estingly, the simulation of I, illustrates that although
all fermentations were severely affected by osmolarity,
the CO80 culture grown on 80 g/L glucose reached com-
plete inhibition after 80 h, whereas the cultivation on
10 g/L reached complete inhibition after 20 h, although
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Table 4 Volumetric productivity of continuous co-cultures of C.
owensensis CO80 and C. saccharolyticus G5

Wheat straw Defined Defined medium
hydrolysate medium with modified DSM
with EB-1 EB-1 640
Qglucose 1.88+0.02 0.18+0.16 009+0.13
Quylose 2644039 1264007 1494025
Qurabinose 0.18£0.00 0204000  0.16-£0.00
Q,cetate 4.74+0.00 2374037 263+0.38
Qh, 6.71+£0.06 247 40.55 3.714£042
Carbon balance 96.8+14 101.4+£09 994454
Redox balance  97.8+3.2 100.7£0.0 966453

@ 1
3 ——IH2aq Model (10g/L)
E 0.8 IH2aq Ks Model (10g/L)
S
; losm Model (10g/L)
s 06
~ losm Ks Model (10g/L)
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5 04
£
& 02
0
0 20 40 60 80
Time (h)
- 1
wv
o
.*é‘ 0.8 ———1IH2aq Model 1 (30g/L)
2 IH2aq Model 2 (30g/L)
5 0.6 IH2aq Ks Model (30g/L)
T losm Model (30g/L)
- 04
o losm Model 2 (30g/L)
% 0.2 losm Ks Model (30g/L)
0
0 20 40 60 80
Time (h)
- 1
wv
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= losm Model (80g/L)
= 04
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§ 0.2
0
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Time (h)
Fig. 6 Simulated values of [, and I, , for the different models

the initial osmolarity in this condition was lower. This
indicates that although C. owensensis CO80 culture is
adapted to higher sugar concentrations, it does not mani-
fest the phenotype unless it is stressed in an environment
with a high sugar concentration.

It should be noted that at high levels of sugar (80 g/L),
significant browning of the media occurred likely due
to the presence of Maillard products. This observation
could not be quantified and described by the model.

Reproducibility of the CO80 culture

The model was also used to illustrate the reproducibility
of growth of the CO80 culture at increasing sugar con-
centrations. Three replicates were made for the 30 g/L
experiments, as compared to two replicates for the 10 g/L
and 80 g/L due to a high degree of variation in one of the
replicates. Several attempts at inoculating the CO80 cul-
ture to a medium containing 80 g/L glucose failed, as it

Data adapted from Byrne et al. [5]

did not grow when noticeable browning of the media due
to Maillard reactions occurred. As illustrated in Fig. 3,
one of the three replicates (30b) from the 30 g/L experi-
ments differed with respect to hydrogen productivity and
accumulation, but discrepancies could also be seen in the
biomass growth. For this reason, a second model (Model
2) with a slight difference in parameter values (Table 2)
was constructed for the 30 g/L experiments. However,
both Model 1 and Model 2 resulted in low R* values and
high curve slope values for the biomass (Table 3). One
of the three replicates could be simulated with respect
to OSM,,;; and apparent saturation constant (Kg; Fig. 3),
whereas the other two could be fitted better with the
model where the parameters were much closer to those
of the 10 g/L culture. This result might indicate that the
adaptation was incomplete, possibly due to the presence
of subpopulations possessing different degrees of adapta-
tion to higher sugar concentrations or osmolarity in total
[31].

Evaluation of CO80 in co-culture
The results of the batch cultivations indicated that C.
owensensis CO80 was adapted to increased substrate
concentrations, but did not grow optimally at these con-
ditions. A further attempt has been made to improve
the performance of this strain by co-cultivation with the
adapted C. saccharolyticus G5 culture in defined media
and wheat straw hydrolysate, of which the data were pub-
lished elsewhere [5]. Overall, the co-cultures on wheat
straw hydrolysate displayed better performance, such
as higher Qn, and sugar consumption rates, than on the
defined media that contained a sugar composition corre-
sponding to the wheat straw hydrolysate (Table 4).

The population dynamics of co-cultures were ana-
lyzed to determine the stability of the co-cultures. As
illustrated in Table 5, only a minute proportion of the
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co-culture consisted of C. owensensis CO80 in each case,
thus C. saccharolyticus G5 dominated. However, a brief
interruption of pH control during the co-culture on
modified DSM 640 resulted in the population of CO80
exceeding 85% of the total population before returning
to less than 1% after 2 volume changes. Although low
population numbers of planktonic CO80 were observed,
a large quantity of biofilm occurred in all continuous cul-
tivations particularly at the gas—liquid interface.

Discussion

In this study, we successfully implemented ALE as
development technique for improving the survival of C.
owensensis at higher sugar concentrations, next to C. sac-
charolyticus [27]. C. owensensis was successfully adapted
to survive in 80 g/L glucose. However, not all Caldicel-
lulosiruptor strains were as easily adaptable in our study.
There were significant restrictions in the adaptation of C.
bescii, C. acetigenus and C. kristjanssonii to higher sugar
concentrations. C. bescii has been previously demon-
strated to be completely inhibited by osmolarities above
250 mMol [15]. However, Basen et al. reported that C.
bescii is capable of growth in media containing 90 g/L
(550 mMol), albeit with a lag phase of 50 h [3]. C. krist-
janssonii displayed a particular resistance to adaptation
to higher glucose concentrations with a loss of viability
above 30 g/L. Previously, a transcriptional analysis dem-
onstrated that adaptation in C. saccharolyticus was a
result of increased transposon activity as well as upregu-
lation of proteins related to sugar transport [27]. How-
ever, there is no obvious link between the number of
active transposons and the extent of adaptation to higher
sugar concentrations. This is illustrated by the fact that
the best sugar concentration adapters, C. saccharolyti-
cus and C. owensensis have 92 and 32 functional trans-
posons, respectively, which is comparable with those of
the worst adapters, C. kristjansonii and C. bescii having
57 and 41 functional transposons, respectively. It can be
argued whether an adaptation to higher sugar concen-
tration might be related to possessing higher osmotol-
erance. In a recent study, Sander et al. [36] succeeded in
developing two C. bescii strains possessing higher osmo-
tolerance through genetic engineering. Analyses of their
phenotypes resulted in that enhanced tolerance was

Table 5 Population distribution of C. owensensis C80 and C
saccharolyticus G5 in continuous cultures

Proportion Strain G5 Strain C80

Wheat straw hydrolysate 99.76 +0.43% 0.244+0.43%
Defined medium EB-1 99.91£0.01% 0.09+£0.01%
Defined medium DSM 640 98.45 £ 3.06% 1.58£3.17%
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accomplished through deletion of the FapR, a negative
regulator of the fatty acid synthesis. Their analysis further
hinted that mutations in regions of the genome of as yet
unknown function, also increased osmotolerance, which
demands validation. In short, evolvement of higher toler-
ance to osmotic potential may depend on expression of
various (combinations of) genes and may even be species
or strain dependent.

Although ALE increased tolerance to higher sugar
concentrations, C. owensensis CO80 exhibited incom-
plete glucose consumption at elevated concentrations.
This phenomenon has been previously observed in wild-
type C. saccharolyticus [27]. In addition, when cultivated
on 80 g/L glucose, a significantly reduced volumetric
hydrogen productivity was obtained compared to 10 and
30 g/L. Additionally, glucose uptake capacity was nega-
tively affected, indicating that although C. owensensis is
capable of surviving at 80 g/L, a significant loss of perfor-
mance is observed.

The model was shown to be a useful tool to quantify
the performance and phenotype of the adapted cul-
tures. In contrast to what was observed with the same
model calibrated to data from wild-type C. saccharolyti-
cus batch cultivations, the sensitivity to osmolarity was
the dominating factor over hydrogen inhibition in this
condition. A high value of the OSM_,;, parameter in the
model for the CO80 culture indicated a higher tolerance
to osmolarity than for the wild-type C. saccharolyticus.
Obviously, during the fermentations it was especially the
sugar concentration that dictated the osmolarity. The
increase of this parameter was, however, accompanied
by a higher death rate in the CO80 phenotype than for
the benchmark values and an apparent substrate inhibi-
tion kinetics and lower OSM_,;, at conditions with higher
substrates concentrations. In accordance with these
results, it is possible that the phenotype of the adapted
culture shifted in unison with the osmotic pressure of the
environment, implicating the involvement of an active
physiological mechanism. Alternatively, since the CO80
culture was obtained through batch-mode cultures, it is
in fact not a pure strain but a consortium of strains each
adapted to the condition to varying degree. As a result,
different strains could have become dominant under the
different applied conditions, which led to a difference in
the estimations of the parameter values. This could also
explain the significantly different growth profiles dur-
ing repeating batches with 30 g/L. The apparent sub-
strate inhibition kinetics, mainly in cultures at 30 g/L and
80 g/L glucose, may complicate further kinetic analysis of
this phenomenon. Due to this inhibition, the apparent K
value of the culture with 80 g/L glucose appeared to be
four orders of magnitude higher than that of the cells in
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the culture of 10 g/L glucose (Eq. 7) and in previous stud-
ies [7, 21, 43].

The reduction in Qy, observed in batch fermentations
is consistent with the data derived from Byrne et al. [5]
establishing that utilizing adapted cultures facilitated
use of more concentrated hydrolysates albeit at the
expense of Qu,. In that study the Qu, of the co-culture
(6.71+£0.06 mmol/L/h) was lower than that observed in
pure culture of the wild-type C. saccharolyticus grown on
approximately threefold lower concentrated WSH con-
taining 11 g/L monosaccharides (8.69 mmol/L/h) [28].
However, the Qu, obtained with the defined DSM 640
medium was similar to that of wild-type C. saccharo-
lyticus (4.2 mmol/L/h) [11]. Furthermore, the co-culture
grown on WSH displayed a higher Qn, when cultivated
on wheat straw hydrolysate than on a defined medium.
This confirms previous observations that Caldicellulo-
siruptor possesses a higher Qn, when cultivated on wheat
straw hydrolysate than on pure sugar [28]. This may be
due to the presence of additional nutrients and/or oligo-
saccharides found in the wheat straw compared to that of
the defined medium. The reduction of Qu, compared to
the wild-type C. saccharolyticus could be due to the pres-
ence of higher concentrations of inhibitory compounds
that may reduce hydrogen productivity. C. saccharo-
lyticus is sensitive to HMF and furfural concentrations
above 1 and 2 g/L, respectively [10, 26]. Even though
higher hydrolysate concentrations were used in the pre-
sent study, only trace amounts of HMF and furfural were
detected. The presence of, yet unknown, compounds in
the hydrolysate could have resulted in the inhibition of
Caldicellulosiruptor. Furthermore, higher concentrations
of sugar intensified the occurrence of Maillard reactions,
to which Caldicellulosiruptor species are very sensitive. A
concentration of 80 g/L glucose led to significant brown-
ing of the cultivation media and resulted in failure of
growth when the coloring arose before inoculation and
was presumably also responsible for inconsistencies dur-
ing cultivation at 30 g/L. Maillard products are known to
inhibit the growth of other thermophilic bacterial species
such as Thermotoga and Thermoanaerobacter [10, 42].
Maillard reactions are quite often cited in studies with
thermophilic microorganisms and enzymes (e.g., [20,
41]). In addition, our experience and that of others is that
xylose more than glucose is prone to be involved in Mail-
lard reactions (e.g., [6]). The presence of Maillard-based
products will reduce the efficiency of any large-scale
fermentation. One obvious choice for mitigating such
reactions would be the omission of cysteine from the
cultivation medium or by maintaining a low background
sugar concentration in the culture through utilizing fed-
batch or continuous cultures as modes of operation.

Page 10 of 14

Additionally, the co-cultivation of C. owensensis CO80
and C. saccharolyticus G5 resulted in a predominantly
C. saccharolyticus G5 population, with detection of only
small quantities of C. owensensis CO80, although this
could indicate cell mass washout of planktonic C. owen-
sensis CO80. However, a large quantity of biofilm was
observed in the bioreactors after termination of each cul-
tivation. Due to that C. owensensis is known for its ability
to form biofilm [32] might point that C. owensensis CO80
remained significantly present in the fermentations in
immobilized form.

Conclusions

The adaptation of Caldicellulosiruptor to higher sugar
concentrations through ALE permitted survival at higher
sugar concentrations, however, at the cost of Q,. Fur-
ther, even with the ability to withstand higher sugar
concentrations, we have shown some phenotype instabil-
ity and that it is still the overall osmolarity and not the
hydrogen inhibition that is the inhibition mechanism that
should be addressed in future development of osmotoler-
ant strains. Implementation of co-cultures of C. owensen-
sis CO80 and C. saccharolyticus G5 facilitated cultivation
of this genus in higher hydrolysate concentrations than
previously reported, but even here reduced Qu, were
observed compared to wild-type C. saccharolyticus on
dilute hydrolysate. It stands to reason that ALE leads to
adaptation to the stress parameter to which it is exposed,
albeit at the expense of other desired traits. Therefore,
a combination of ALE and metabolic engineering as
applied in a Design, Build, Test and Learn cycle [35] is
a better strategy to construct the desired phenotype of
a hydrogen cell factory. The kinetic models developed
herein, were able to predict the behavior of growth of the
CO80 culture when exposed to 10 and 30 g/L of glucose.
The slight overestimation in the models and the growth
kinetics of cultures at 80 g/L glucose illustrates that this
is the critical boundary beyond which this culture pos-
sesses no further capacity for adaptation. The variation in
the parameters values at different conditions might pin-
point that CO80 is not a pure culture, but a consortium
of adapted strains with a variation in their phenotypes.

In contrast to C. saccharolyticus [28], C. owensensis
cannot be cultivated without cysteine, as this species
lacks the sulfur assimilation pathway [29]. Therefore,
co-cultivations of these two species in the absence of
cysteine, but with sulfate as the sole sulfur source, could
be of interest. In addition, co-cultivation of wild-type
strains of C. saccharolyticus and C. owensensis could
also stimulate biofilm formation [30]. However, this
study demonstrated that C. saccharolyticus G5 com-
pletely overtook C. owensensis CO80 in the co-culti-
vations. Although this observation can be considered
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discouraging, large quantities of biofilm occurred indi-
cating the presence of C. owensensis CO80. Therefore,
alternative reactor systems should be applied to enhance
biofilm formation, thereby improving cell mass reten-
tion that will contribute to higher Qp,. The co-culture
can possible be a strategy to increase the robustness of
the bioreactor performance since we observed that CO80
took over at conditions when the bioreactor was acidi-
fied. However, for industrial application, the properties
of the CO80 mixed population to reach higher hydrogen
productivities need to be significantly improved.

Material and methods

Strains and cultivation medium

The wild-type strains of Caldicellulosiruptor owensensis
DSM 13100, Caldicellulosiruptor kronotskyensis DSM
18902, Caldicellulosiruptor bescii DSM 6725, Caldicel-
lulosiruptor acetigenus DSM 7040 and Caldicellulo-
siruptor kristjanssonii DSM 12137 were obtained from
the Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSMZ; Braunschweig, Germany). Subcul-
tivations were conducted in 250-mL serum flasks with
50 mL modified DSM 640 media [45] with the addition
of 50 mM HEPES and 10 g/L glucose, unless otherwise
stated. A 1000x vitamin solution was prepared as per
Zeidan and van Niel [46] and a modified SL-10 solution
was prepared described previously [29].

Adaptation of species to higher osmolarity

Adaptation of C. owensensis, C. kronotsyensis, C. bescii,
C. acetigenus and C. kristjanssonii to higher sugar con-
centrations was performed through adaptive laboratory
evolution that initially involved repeated sub-cultivation
of each strain in a modified DSM 640 medium containing
10 g/L of glucose. Each flask was incubated to an initial
OD of 0.05 and incubated for at least 72 h. Subcultiva-
tions were conducted at late-exponential phase and the
glucose concentration was increased in 10 g/L incre-
ments when generation time for each strain was less than
0.3 h™! and OD was above 0.4. This sequential increase of
glucose concentration was continued until no growth in
higher glucose concentrations was observed [27].

Fermentor set-up

Batch cultivations were performed in a jacketed, 3-L
fermentor equipped with an ADI 1025 Bio-Console and
ADI 1010 Bio-Controller (Applikon, Schiedam, The
Netherlands). A working volume of 1 L was used in all
batch cultivations and the pH was maintained at 6.5+0.1
by automatic titration with 4 M NaOH. The temperature
was thermostatically kept at 70+ 1 °C. Stirring was main-
tained at 250 rpm and nitrogen was sparged through the
medium at a rate of 6 L/h. A water-cooled condenser was
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utilized (4 °C) to prevent the evaporation of the medium.
During each cultivation, samples were collected at regu-
lar intervals for HPLC and to monitor optical density.
The supernatant from each sample was collected and
stored at —20 °C for further quantification of sugars,
organic acids, and ethanol. Gas samples were collected
from the headspace of the fermentor to quantify H, and
CO,. Analysis of the adapted C. owensensis CO80 cul-
ture was performed using both batch cultivations with
the addition of 10, 30 and 80 g/L of glucose. Each of the
batch cultivation was conducted in duplicate except for
30 g/L which was performed in triplicate. Co-culturing
of C. owensensis C80 and C. saccharolyticus G5 in con-
tinuous cultures were performed in a previous study [5]
at a dilution rate of 0.05 h™!. Three different media were
used: defined media (modified DSM 640 and EB-1) and
wheat straw hydrolysate (for media compositions see
Byrne et al. [5]. Biomass samples were taken for popula-
tion dynamics during steady-state situations.

Analytical methods

Optical density was determined using an Ultraspec 2100
pro spectrophotometer (Amersham Biosciences) at
620 nm.

Sugars and organic acids were detected using HPLC
(Waters, Milford, MA, USA). For the quantification of
organic acids, and ethanol, a HPLC was used equipped
with an Aminex HPX-87H ion exchange column (Bio-
Rad, Hercules, USA) at 60 °C with 5 mM H,SO, as
mobile phase at a flow rate of 0.6 mL/min. Glucose,
xylose and arabinose quantification was conducted using
a HPLC with two Shodex SP-0810 Columns (Shodex,
Japan) in series with water as a mobile phase at a flow
rate of 0.6 mL/min.

H, and CO, concentrations were quantified with an
Agilent 7890B Series GC (Agilent GC 7890, Santa Clara,
CA) equipped with a TCD detector and a ShinCarbon ST
50/80 UM (2 m x 1/16” x 1 mm) column. Helium car-
rier gas was employed, at a flow rate of 10 mL/min. Dur-
ing operation, an initial oven temperature of 80 °C was
maintained for 1 min followed by a temperature ramp of
20 °C/min for 4 min with a subsequent 2 min hold time
at 160 °C.

Determination of population dynamics

DNA was extracted from 2 mL of frozen cell pellets—using
the GeneJet Genomic DNA purification kit (ThermoFisher,
Waltham, MA, USA). qPCR was carried out by amplifica-
tion of genomic DNA with primers (Table 6) targeting sin-
gle copy non-homologous regions of C. saccharolyticus and
C. owensensis.
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Table 6 PCR primers for C. saccharolyticus and C. owensensis
differentiation

Species Primer Seqeunce

C. owensensis Cowen_F1 5'-GGCAAGTGGGAAGAAGATGA-3'
C. owensensis Cowen_R1 5/-CTCCGCAAGACTTGAACACA-3/
C. saccharolyticus Csacc_F1 5/-TATTATGGGGATTGGGACGA-3/
C. saccharolyticus Csacc_R1 5/-CTGGCGCACCAAAGATAAAT-3/

Sequences were obtained through multiple genome
alignment using Mauve [9]. qPCR reactions were con-
ducted using DreamTaq DNA polymerase (ThermoFisher,
Waltham, MA, USA) and EvaGreen® Dye (Biotium, Fre-
mont, CA) in a BioRad CFX96 Realtime PCR (BioRad,
Hercules, CA, USA) machine. The Quantification cycle
(Cy) values and melting curve analysis were determined
using the CFX Manager'" software 3.1 (Bio-Rad, Hercules,
CA, USA). The copy numbers obtained in the software by
absolute quantification were in relation to defined standard
concentrations (0.02 to 20 ng/pL) obtained from known
quantities of genomic DNA obtained from pure cultures.
The sum of calculated copy number values was used to
determine the relative population of the different species.
The following PCR conditions were used: denaturation
95 °C 7 min; 32 cycles of 95 °C 30 s, 54 °C and 56 °C for
C. owensensis and C saccharolyticus, respectively, for 30 s,
70 °C 20 s; melting curve analysis: 65 °C 30 s hold time,
ramp to 95 °C with 0.05 °C/s. Each sample was analyzed in
biological duplicates.

Mathematical modeling

To quantify and evaluate the effect of the sugar concen-
tration, expressed as the osmolarity, on the parental and
adapted strains, a kinetic mathematical model was adapted
from Ljunggren et al. [21] and run in MATLAB R2017a
(Mathworks, USA). The model was set up on a molar basis
containing mathematical expressions for microbial growth,
substrate consumption, product formation and gas to lig-
uid mass transfer. The model was used with a few altera-
tions to the mass balance equations. The mass balances of
the gaseous compounds hydrogen and carbon dioxide are
expressed as a change in concentration (mol/L) over time
instead of a change in flow over time. This is similar to what
has been described in Bjorkmalm et al. [4] and given as the
following equations:

dHZ,g o Vliq
dt Vs

q
* PyH, + (_ng : Vgas >, 2)
gas

Page 12 of 14

dCOZ,g _ Vliq

qgas
—d —COyy - ,
dt Vgas * 0, * ( 28 Vgas> (3)

where Vj;, and Vj, are the liquid and the gas volumes
(L), respectively, Jgas 18 the total gas flow (L/h), H,, is
gaseous hydrogen (mol/L), CO, is gaseous carbon diox-
ide (mol/L), ptH, and p,co, are the mass transfer rate of
hydrogen and carbon dioxide, respectively (mol/L/h).

The osmolarity expression, Eq. 5, is calculated in the
same way as Ljunggren et al. [21], except that CO,,
i.e., the CO, ionic species (bicarbonate and carbonate), is
excluded since these were not measured experimentally.
This is further motivated by the fact that, according to
model calculations in the current study, CO, consti-
tuted to less than 2% of the total osmolarity:

OSM = Glu+2-Ac+2-Lac+ 0.08, (4)

where Glu, Ac and Lac are the concentrations of glu-
cose, acetate and lactate, respectively. 0.08 is the esti-
mated background osmolarity of the medium and it is
adjusted slightly in comparison to the benchmark value
from Ljunggren et al. [21]. The background osmolarity
has not been experimentally measured in this case. The
stoichiometric factor 2 implies that for each mole of acid
produced, one mole of NaOH is included that was added
to maintain the pH.

The inhibition due to osmolarity and dissolved hydro-
gen concentration is expressed as [21]:

o OSM. ™ -

osm — OSMcrit ’ ( )
H2 aq > Hy

Ly, =1— ( , 6

224 H2,aq,crit ( )

which are implemented in the growth kinetic equation:

S

M:Mmax'm

losm - IHz,aqx (7)
where 7, and ny, are exponential parameters describing
the degree of inhibition and OSM,;; (mol/L) and H, g c.i¢
(mol/L) are the critical osmolarity and critical dissolved
hydrogen concentration, respectively. OSM,,;, is central
in this context where a high value of OSM_;, indicates
a high tolerance for osmolarity. # (h™') is the specific
growth rate, g, .. (h™!) is the maximum specific growth
rate, Kg (mol/L) is the affinity constant for glucose and S
(mol/L) is the concentration of glucose. The mass balance
equation for the biomass X consists of the rate of glucose
consumption r, (cmol/L/h), with Y (cmol/mol) as the
yield of biomass from glucose, and the cell death rate, r4
(h™1), which is based on first-order kinetics.
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The model was evaluated against different batch
experimental data. To fit the model to experimental
data, a parameter calibration was conducted using the
function Isqcurvefit in MATLAB. This function solves
the nonlinear curve-fitting problem using the least-
square method. The parameters considered to be of
greatest importance were 4, .., OSM_.» 7eqr YsH, (Hy
yield coefficient, mol H,/mol glucose), n, and ny,. The
MATLAB function nlparci was used to calculate the
95% confidence interval for the calibrated parameters
to assess their uncertainties.

To assess the accuracy of the model in relation to the
experimental data, R* values and curve slope values were
calculated. This was done by plotting the simulated val-
ues against the experimental values followed by a linear
regression which gave the R” value as well as the linear
equation y=k-x, where k is the curve slope value.

When calibrating the parameters in the model to get a
good fit to the experimental data, an initial start value of
the parameter needs to be guesstimated. These values are
of great importance for the end result as a poorly cho-
sen initial value could result in a local minimum in the
parameter estimation procedure, leading to a bad fit of
the model to the experimental data and a faulty estimated
parameter. To counteract this, the start values were ini-
tially chosen in proximity to the benchmark values from
Ljunggren et al. [21]. When these values did not give the
right fit to the experimental data, several new initial start
values were tested as input in the Isgcurvefit function in
MATLAB.

The biomass yield coefficient Yy was calculated using
the experimental data, but altered in the 80 g/L model to
fit the experimental data. The yields for hydrogen, ace-
tate, lactate and carbon dioxide used in the model, Y5 u,,
Ysae Ysrac and Ysco, were based on stoichiometry
according to:

CeH1206 + 2H20 — 2CyH4O9 + 2CO7 + 4Hj, (8)
C6H1206 — 2C3H603~ (9)
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