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Abstract

lyst for producing SA from whey permeate.

Background: Succinic acid (SA), a valuable chemical compound with a broad range of industrial uses, has become a
subject of global interest in recent years. The bio-based production of SA by highly efficient microbial producers from
renewable feedstock is significantly important, regarding the current trend of sustainable development.

Results: In this study, a novel bacterial strain, LU2, was isolated from cow rumen and recognized as an efficient pro-
ducer of SA from lactose. Proteomic and genetic identifications as well as phylogenetic analysis were performed, and
strain LU2 was classified as an Enterobacter aerogenes species. The optimal conditions for SA production were 100 g/L
lactose, 10 g/L yeast extract, and 20% inoculum at pH 7.0 and 34 °C. Under these conditions, approximately 51.35 g/L
SA with a yield of 53% was produced when batch fermentation was conducted in a 3-L stirred bioreactor. When lac-
tose was replaced with whey permeate, the highest SA concentration of 57.7 g/L was achieved with a yield and total
productivity of 62% and 0.34 g/(L*h), respectively. The highest productivity of 0.67 g/(L*h) was observed from 48 to
72 h of batch fermentation, when E. aerogenes LU2 produced 16.23 g/L SA.

Conclusions: This study shows that the newly isolated strain £. aerogenes LU2 has great potential as a new biocata-
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Background

Succinic acid (SA) is recognized as one of the top 10 most
important C4-building blocks that can be produced from
by-products and waste feedstock and converted into
high-value commodities and specialty chemicals such as
1,4-butanediol (1,4-BDO), y-butyrolactone (GBL) and
tetrahydrofuran (THF) [1-3]. SA is also widely applied
as an additive to food, pharmaceuticals, surfactants,
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solvents and detergents as well as during biodegradable
polymer production [1, 4—6].

Until recently, succinate was commercially produced
from n-butane through maleic anhydrate by a chemical
process requiring the use of costly catalysts, and this pro-
cess contributed to environmental problems [7, 8]. There-
fore, because of pollution-reducing standards and global
trends towards rational waste biomass management, the
establishment of sustainable processes for the microbial
production of SA from renewable feedstock has become
a focal point of global interest [9-11].

At present, several biotech companies and joint ven-
tures that have appeared over the past few years, includ-
ing Bio-Amber/Mitsui, Myriant, Succinity (BASF/
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Corbion-Purac) and Reverdia (DSM/Roquette), have
already initiated the microbial production of SA, which
is considered one of the fastest-growing markets. The
expected market size for bio-based succinate is estimated
at 700,000 tons/year for 2020 [10-12].

Several renewable feedstocks are attractive for use as
substrates in the microbial production of valuable bio-
products. Among them, cheese whey, a waste product
of the dairy industry, is particularly interesting [13, 14].
Due to the high lactose content (>80%) of whey perme-
ate, which is recovered from cheese whey during the
production of whey protein concentrate, this by-product
can be an attractive, easy-to-use and low-cost substrate
for succinate production [5, 15]. The price of whey per-
meate ranged from 0.4 to 0.62 euro/kg in 2019 (https
://foodcom.pl/en/). Recently, a great deal of effort has
been devoted to establishing biotechnological processes
based on inexpensive, abundant and renewable raw sub-
strates, including diverse lignocellulosic biomasses [10,
11, 16]. However, as reported by Cimini et al. [11], the
biggest challenge is the extraction of fermentable sugars
from complex cellulosic and hemicellulose matrices with
high sugar yields. Szymanowska-Powalowska et al. [17]
also claimed that the pretreatment of cellulose biomass
is complex and costly. Importantly, the presence of toxic
compounds contained in hydrolysate, including furfural
and hydroxymethylfurfural (HMF), can affect the inhibi-
tion of cell growth and thus the production of succinate
as well [10]. Meanwhile, whey permeate is an economi-
cally attractive feedstock, and it contains approximately
80% lactose as well as a high amount of micro- and
macro-elements that lead to better cell growth [5,
15]. However, there is still little research on the effec-
tive use of this substrate as a sole carbon source for SA
production.

Many bacterial strains have been screened and inves-
tigated for succinic acid production, including Basfia
succiniciproducens [16)], Mannheimia succiniciproducens
[18], Actinobacillus succinogenes [7, 13, 19], Anaerobio-
spirillum succiniciproducens [20], Corynebacterium glu-
tamicum [21] and recombinant Escherichia coli strains
[22, 23]. These microorganisms are well studied and fre-
quently used to produce succinate under anaerobic con-
ditions [24]. Nevertheless, most of the identified strains
have complex nutritional requirements and the ability
to metabolize only simple carbon sources, primarily glu-
cose. Meanwhile, there is still a need to screen strains
that are able to use more complex carbon sources that are
usually contained in by-products and waste feedstock.
Thus, there are ongoing studies to find new succinate-
producing strains with the abovementioned traits.

Enterobacter aerogenes has a fast growth rate and the
ability to assimilate important carbon sources, including
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glucose, xylose, lactose, sucrose and glycerol. In addition
to these attractive traits, this bacterium has low nutri-
tional requirements and the ability to grow under both
aerobic and anaerobic conditions, making it an attrac-
tive platform for producing bulk chemicals. Currently,
E. aerogenes is being used to produce hydrogen, ethanol
and 2,3-butanediol [25-27]. However, to our knowledge,
studies on the use of this species for SA production from
whey permeate have not yet been performed.

In this paper, a screen to identify succinic acid-pro-
ducing bacteria from lactose was performed. Thorough
MALDI-TOE/MS identification supported by 16S rDNA
sequencing and phylogenetic analysis, the studied bac-
terium was classified as a strain of Enterobacter aero-
genes named LU2. The effects of all the fermentation
conditions, including the temperature, pH, yeast extract
concentrations, inoculum size and initial substrate con-
centrations, were investigated by batch processing in 3-L
fermenters. Finally, under optimal conditions, batch fer-
mentations were performed with high concentrations of
whey permeate. The results suggested that this new wild
strain can be an efficient succinate producer.

Results and discussion

Identification of SA-producing microorganisms

from lactose

To screen the succinate-producing microorganisms from
lactose under anaerobic conditions, 50 bacterial isolates
obtained from rumen samples were tested in bottle culti-
vation. Among these 50 isolates, 26 isolates were able to
grow on lactose as the sole carbon source, while only one
was able to secrete SA as the primary fermentation prod-
uct. The SA spectrum in the fermentation broth com-
pletely overlapped with the standard substance. On the
basis of the preliminary results, this strain was selected
for further study for its capacity to produce SA by using
whey permeate.

The morphology of the isolated strain was evaluated
by electron microscope observation (Additional file 1:
Fig. S1). Cells at the exponential growth phase were rod-
shaped and 1.5-1.9 pm x 0.6-0.8 um in size. The bacte-
rial colonies on plates containing MHI medium were
small, creamy, convex and shiny. The strain was Gram-
negative and facultatively anaerobic. It had the ability to
use various carbon sources, such as glucose, fructose,
galactose, lactose, sucrose, maltose, xylose, cellobiose,
sorbitol and glycerol, indicating its potential to produce
other important bio-based products (Additional file 1:
Table S1).

The identification of the selected strain based on
MALDI-TOEF/MS analysis showed that the strain was
most similar to Enterobacter aerogenes LMG 2970 LMG,
ATCC 13048T THL and 15282 _1 CHB, with one score
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(2.233) pointing to probable species identification and
three scores (2.369; 2.36; 2.349) pointing to highly prob-
able species identification. To confirm the protein pro-
files obtained in MALDI-TOF/MS analysis and to make
the identification more accurate, an additional approach
was used.

Molecular identification based on sequencing the
16S rRNA-encoding gene and BLAST alignment of the
sequences obtained against other DNA sequences depos-
ited in the NCBI GenBank database indicated 99.9%
shared similarity with Klebsiella aerogenes CAV1320
(NCBI accession number CP011574.1) and 99.86% shared
similarity with both Enterobacter aerogenes EA1509E
(NCBI accession number FO203355.1) and KCTC 2190
(NCBI accession number CP002824.1) [28, 29].

Additionally, the phylogenetic tree constructed using
the maximum parsimony method confirmed the prot-
eomic and molecular identification, showing the strong-
est relationship of the isolated strain with E. aerogenes
species, as depicted in the dendrogram in Fig. 1 [30, 31].
Considering the results, the newly isolated strain was
classified as belonging to the E. aerogenes species and was
named LU2.

Finally, strain E. aerogenes LU2 was deposited in the
International Culture Collection of Industrial Microor-
ganisms (CCIM) at the Institute of Agricultural and Food
Biotechnology under the accession number KKP 2071p
(Warsaw, Poland).

Effects of temperature on cell growth and SA production

Temperature plays a crucial role in microbial growth
and metabolism [32]. Podlesny et al. [33] indicated that
the optimal temperature for cell growth by Enterobacter
sp. LU1 was over the range of 27-34 °C, and the highest
concentration of SA was achieved at 34 °C. Tajima et al.
[34] also reported that 34 °C was the most suitable tem-
perature for SA production by E. aerogenes AJ110637.
Additionally, the temperature range of 30-33 °C was the
most favourable for Corynebacterium glutamicum strains
[21, 35]. Pinkian et al. [36] observed that 37 °C was the
optimal temperature for SA production by two newly
isolated strains, Enterococcus durans NS15-dAl and E.
hirae NS15-bA2. The same temperature was optimal for
SA production by Anaerobiospirillum succiniciproducens
[37], Mannheimia succiniciproducens [38] and Basfia
succiniciproducens [16]. In general, most studies on the
microbial production of SA have been conducted over
a range of 30-37 °C. Therefore, the temperature optimi-
zation for strain E. aerogenes LU2 was performed under
batch fermentation at 27 °C, 30 °C, 32 °C, 34 °C, 37 °C and
40 °C, with an initial lactose concentration of 20 g/L for
24 h in a 3-L bioreactor. The effects of different temper-
atures on the growth of strain E. aerogenes LU2 as well
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as SA production are shown in Fig. 2a and Additional
file 1: Fig. S2. Strain E. aerogenes LU2 could grow nor-
mally from 27 to 40 °C. At 32 °C, 34 °C and 37 °C, the cell
growth levels were largely comparable; however, the most
favourable temperature was found to be 37 °C. At these
temperatures, the strain reached the stationary growth
phase after approximately 16 h. At 27 °C and 30 °C, the
growth of strain E. aerogenes LU2 was slightly slower,
while at 40 °C, the growth was significantly slower.

The relationship between the temperature within
the range of 27-34 °C and the final SA concentration
was clearly demonstrated. When the temperature was
increased from 27 °C to 30 °C, 32 °C and 34 °C, the final
titre of SA in the fermentation medium also increased,
confirming the results obtained by Tajima et al. [34] and
Podlesny et al. [33]. In addition, the lowest titre of SA was
observed at 40 °C, probably due to the significantly lower
activity of key enzymes at this temperature. According to
statistical analysis, the mean final concentration of SA at
34 °C was significantly higher than the results obtained at
other temperatures. Hence, the temperature of 34 °C was
selected for further studies on strain E. aerogenes LU2.

Effects of different pH values on cell growth and SA
production

Environmental factors, particularly pH, can have a sig-
nificant impact on the intracellular enzyme activity,
substrate consumption rate and final titres of the target
bioproducts [39]. This relevant factor affects both cell
growth and the CO,/HCO;™ ratio during the fermenta-
tive production of SA [5]. Samuelov et al. [40] claimed
that low pH values stimulate the production of succi-
nate by increasing the activity of key enzymes engaged
in PEP carboxykinase pathways. However, higher pH
values result in better cell growth. Hence, identifying an
optimal pH value is essential for further control of pro-
duction as well as to ensure that the fermentation pro-
cess is economically attractive. The optimal pH values for
succinate production by anaerobic or facultative anaero-
bic bacterial strains were 6.7, 6.8, 6.5, 7.0, and 7.0 for
Actinobacillus succinogenes ZT-130 ATCC 55617 [41],
Corynebacterium crenatum J-2 [39], Basfia succinicipro-
ducens BPP7 [16], Enterococcus durans NS15-dA1, and E.
hirae NS15-bA2 [36], respectively.

To investigate the effect of pH on cell growth and SA
production by strain E. aerogenes LU2, five pH values
(6.0, 6.5, 7.0, 7.5, and 8.0) were maintained in the media
during batch fermentation using 10% (v/v) NaOH and
20% (v/v) Na,CO,, with an initial lactose concentra-
tion of 20 g/L for 24 h at 34 °C in a 3-L bioreactor, as
depicted in Fig. 2b and Additional file 1: Fig. S3. A
slight difference in the final SA titre was observed
at pH values of 7.0, 7.5 and 8.0; however, the highest
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Strain LU2

83

NR 114736.1 Raoultella ornithinolytica strain JCM6096 16S ribosomal RNA gene partial sequence
NR 044799.1 Raoultella ornithinolytica strain CIP 103364 16S ribosomal RNA gene partial sequence
NR 114502.1 Raoultella ornithinolytica strain ATCC 31898 16S ribosomal RNA gene partial sequence
NR 125461.1 Raoultella electrica strain 1GB 16S ribosomal RNA gene partial sequence

NR 119214.1 Raoultella planticola strain DSM 3069 16S ribosomal RNA partial sequence

NR 024996.1 Raoultella planticola strain ATCC 33531 16S ribosomal RNA gene partial sequence
NR 113701.1 Raoultella planticola strain NBRC 14939 16S ribosomal RNA gene partial sequence
NR 119279.1 Raoultella planticola strain ATCC 33531 16S ribosomal RNA gene partial sequence
NR 114737.1 Enterobacter aerogenes strain NCTC10006 16S ribosomal RNA gene partial sequence
NR 024643.1 Enterobacter aerogenes strain JCM1235 16S ribosomal RNA gene partial sequence
NR 024642.1 Lelliottia amnigena strain JCM1237 16S ribosomal RNA gene partial sequence

NR 114503.1 Raoultella terrigena strain ATCC 33257 16S ribosomal RNA gene partial sequence

NR 037085.1 Raoultella terrigena strain 84 16S ribosomal RNA gene partial sequence

NR 113703.1 Raoultella terrigena strain NBRC 14941 16S ribosomal RNA gene partial sequence

NR 114108.1 Kluyvera cryocrescens strain NBRC 102467 16S ribosomal RNA gene partial sequence
NR 028803.1 Kluyvera cryocrescens strain 12993 16S ribosomal RNA gene partial sequence

NR 114153.1 Kluyvera intermedia strain NBRC 102594 16S ribosomal RNA gene partial sequence
NR 028802.1 Kluyvera intermedia strain 256 16S ribosomal RNA gene partial sequence

NR 112007.1 Kluyvera intermedia strain JCM1238 16S ribosomal RNA gene partial sequence

NR 113614.1 Enterobacter aerogenes strain NBRC 13534 16S ribosomal RNA gene partial sequence
25 NR 102493.2 Klebsiella aerogenes strain KCTC 2190 16S ribosomal RNA complete sequence
27 NR 118556.1 Enterobacter aerogenes strain ATCC 13048 16S ribosomal RNA gene partial sequence
NR 117547.1 Enterobacter soli strain LF7 16S ribosomal RNA gene partial sequence
30 NR 113340.1 Citrobacter freundii strain JCM 1657 16S ribosomal RNA gene partial sequence
31 NR 113596.1 Citrobacter freundii strain NBRC 12681 16S ribosomal RNA gene partial sequence
NR 117752.1 Citrobacter freundii strain LMG 3246 16S ribosomal RNA gene partial sequence
NR 028687.1 Citrobacter braakii strain 167 16S ribosomal RNA gene partial sequence
NR 028894.1 Citrobacter freundii strain ATCC 8090 16S ribosomal RNA gene partial sequence
NR 028688.1 Citrobacter murliniae strain CDC 2970-59 16S ribosomal RNA gene partial sequence
NR 104934.1 Yokenella regensburgei strain CIP 105435 16S ribosomal RNA partial sequence
NR 114159.1 Yokenella regensburgei strain NBRC 102600 16S ribosomal RNA gene partial sequence
NR 112986.1 Yokenella regensburgei strain JCM 2403 16S ribosomal RNA gene partial sequence
NR 112010.1 Klebsiella oxytoca strain JCM1665 16S ribosomal RNA gene partial sequence
NR 159317.1 Klebsiella grimontii strain SB73 16S ribosomal RNA partial sequence
NR 148649.1 Enterobacter bugandensis strain 247BMC 16S ribosomal RNA partial sequence
NR 114080.1 Escherichia vulneris strain NBRC 102420 16S ribosomal RNA gene partial sequence
NR 044977.1 Enterobacter cancerogenus strain LMG 2693 16S ribosomal RNA gene partial sequence
NR 024640.1 Enterobacter asburiae strain JCM6051 16S ribosomal RNA gene partial sequence
NR 042349.1 Enterobacter ludwigii strain EN-119 16S ribosomal RNA partial sequence
NR 111998.1 Pantoea agglomerans strain JCM1236 16S ribosomal RNA gene partial sequence
NR 114154.1 Leclercia adecarboxylata strain NBRC 102595 16S ribosomal RNA gene partial sequence
NR 104933.1 Leclercia adecarboxylata strain CIP 82.92 16S ribosomal RNA partial sequence
NR 117405.1 Leclercia adecarboxylata strain LMG 2803 16S ribosomal RNA gene partial sequence
29 NR 041750.1 Klebsiella pneumoniae subsp. ozaenae strain ATCC 11296 16S ribosomal RNA gene partial sequence
NR 114507.1 Klebsiella pneumoniae subsp. rhinoscleromatis strain ATCC 13884 16S ribosomal RNA gene partial sequence
NR 134063.1 Klebsiella quasipneumoniae subsp. similipneumoniae strain 07A044 16S ribosomal RNA partial sequence
NR 037084.1 Klebsiella pneumoniae subsp. rhinoscleromatis strain R-70 16S ribosomal RNA gene partial sequence
NR 134062.1 Klebsiella quasipneumoniae subsp. quasipneumoniae strain 01A030 16S ribosomal RNA partial sequence
— NR 117683.1 Klebsiella pneumoniae strain DSM 30104 16S ribosomal RNA gene partial sequence
57— NR 112008.1 Serratia liquefaciens strain JCM1245 16S ribosomal RNA gene partial sequence
Fig. 1 Phylogenetic tree constructed based on the comparison of 165 rDNA sequences showing the relationships among Enterobacter aerogenes
LU2 and the other 50 strains belonging to the genera Raoultella, Enterobacter, Lelliottia, Kluyvera, Citrobacter, Yokenella, Klebsiella, Escherichia, Pantoea,
Leclercia and Serratia. The tree was constructed using the maximum parsimony method. Bootstrap values (expressed as percentages of 1000
replications) are given at the nodes. The sequence accession numbers used for the phylogenetic analysis are given before the species name

concentration was noted at pH 7.0. Notably, at pH 6.5
or lower, the SA concentration was negligible, and a
dramatic decrease in cell growth was observed, prob-
ably due to the innate inability of bacteria to assimilate
carbon sources effectively in an acidic environment
[42]. Based on statistical analysis, it has been shown

that the mean final concentration of SA at pH 7.0 was
statistically significantly higher than those obtained
at other pH values. Considering the cell growth and
the final SA concentration, the pH value of 7.0 was
chosen as the most suitable and was used in further
experiments.
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Effects of yeast extract concentration and inoculum size

on SA production

The N source has a significant impact on both cell growth
and succinate production [43]. Among the commonly
used organic and inorganic N sources, yeast extract (YE)
has been identified as one of the most favourable choices
[7]. Apart from acting as an N source, it also contains
trace metals and vitamins that have a positive effect on
cell vitality and SA production [36]. YE concentrations
(g/L) of 0, 2.5, 5.0, 7.5, 10.0, and 12.5 were investigated in
batch fermentation with an initial lactose concentration
of 20 g/L for 24 h at 34 °C and pH 7.0 in a 3-L bioreac-
tor, as presented in Fig. 2c and Additional file 1: Fig. S4.
When strain E. aerogenes LU2 was cultured in medium
without YE, both cell growth and succinate production
were negligible. When the YE concentration increased,
the cell growth and succinate titre also increased.
When the YE concentration reached 10 g/L, the high-
est cell growth as well as the highest succinate titre was
obtained. An additional increase in the YE concentration
led to slightly greater cell growth, but the succinate titre
dropped by almost 30%. The statistical analysis indicated
that the mean of the final concentration of SA obtained
in the medium with 10 g/L YE was statistically signifi-
cantly higher compared to the results obtained in the
medium with any other studied YE concentration. Thus,

a YE concentration of 10 g/L was chosen for further
experiments.

The inoculation size plays an important role in SA pro-
duction [32]. Hence, this factor was also investigated.
Inoculum concentrations of 5%, 10%, 15%, 20% and 25%
were tested in batch fermentation with an initial lactose
concentration of 50 g/L for 48 h at 34 °C and pH of 7.0
in a 3-L bioreactor, as depicted in Fig. 2d. SA produc-
tion was observed at all tested inoculum concentra-
tions. When 5% of the inoculation size was used, the SA
production was low. With an increased inoculum size,
the SA concentration increased. The statistical analysis
showed that the means of the final concentrations of SA
were the highest in the media using 20% and 25% inocu-
lum, and they were not significantly different. However,
the optimal inoculum size was chosen as 20%, at which
the highest titre of SA was obtained. Further increases in
the inoculum size did not affect the higher SA titre in the
fermentation medium.

Effects of initial lactose concentration on cell growth

and SA production

In many studies, the initial concentration of carbon
source could affect both cell growth and metabolite pro-
duction [5, 32, 43]. Thus, to increase the final concentra-
tion of SA, various initial lactose contents (60—140 g/L)
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were investigated for 96—-144 h at 34 °C and pH 7.0 in a
3-L bioreactor.

As shown in Fig. 3a, when the lactose concentra-
tion was below 100 g/L, SA production increased, along
with an increase in the lactose content. The highest SA
titre and yield of 51.35 g/L and 53%, respectively, were
obtained at an initial lactose content of 100 g/L. In con-
trast, the final titre and yield of SA decreased when the
lactose concentration was higher than 100 g/L. The low-
est yield was obtained at a lactose content of 140 g/L.

The rapid consumption of lactose was observed within
the first 24 h of batch fermentation at all the tested sub-
strate contents. The high lactose utilization rate during
this period was associated with an intensive increase in
biomass formation (Fig. 3b). Importantly, even high con-
centrations of lactose (100-140 g/L) did not significantly
affect the biomass within the first 24 h, indicating that E.
aerogenes LU2 is resistant to high osmotic pressure and
can tolerate high lactose contents during the fermenta-
tion process.

It is also worth noting that no glucose or galactose was
detected in the fermentation medium during the batch
process. This finding demonstrates that strain E. aero-
genes LU2 has the ability to use lactose directly, and the
lactose does not have to be broken down into simple sug-
ars first.

Batch fermentation with whey permeate

In the previous experiment, the highest concentration of
SA was obtained when the lactose content in the fermen-
tation medium was 100 g/L. To make the process more
cost-effective, the possibility of using whey permeate
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derived from the local dairy plant instead of pure lactose
was investigated.

As shown in Fig. 4, whey permeate had a positive effect
on the fermentation parameters. The highest SA concen-
tration and yield reached 57.7 g/L and 62%, respectively,
with a total productivity of 0.34 g/(L*h). To our knowl-
edge, this is the first report on such a high concentration
of SA being produced by a wild-type strain of Entero-
bacter in batch fermentation. A rapid increase in the SA
concentration was observed until 72 h when E. aerogenes
LU2 produced 41.48 g/L SA, with a total productivity of
0.58 g/(L*h). However, the highest productivity of 0.67 g/
(L*h) was noted between 48 and 72 h of batch fermenta-
tion, when 16.23 g/L SA was produced. After 72 h of fer-
mentation, the productivity of the process had dropped,
probably due to the accumulation of other by-products
(primarily acetic acid), which can inhibit succinate pro-
duction. However, it is worth noting that the final con-
centration of by-products decreased slightly compared to
their concentration when pure lactose was the primary
carbon source. Despite that concern, attempted genetic
modification of the strain should be performed to reduce
the concentration of by-products in the future. Guo et al.
[32] also indicated that a shortage of nutrients may result
in decreased production, although, as shown in Fig. 4,
E. aerogenes LU2 reached the logarithmic growth phase
in 72 h, and the OD600 value was almost constant until
the end of the fermentation process. Notably, when pure
lactose was applied, E. aerogenes LU2 reached the loga-
rithmic growth phase at the same time, but during the
later period of fermentation, a decreased OD600 was
observed. Better growth of E. aerogenes LU2 on whey
permeate is probably caused by the additional source
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Fig. 4 Production of succinic acid by Enterobacter aerogenes LU2 in batch fermentation. Lactose was replaced by whey permeate (which is
approximately 83% lactose). The initial lactose concentration was approximately 100 g/L. The fermentation was performed at 34 °C with stirring at
250 rpm in a 3-L bioreactor. The pH was maintained at 7.0 using MgCOs. The values are the means of three independent samples. Bars represent

of trace metals as well as mineral salts contained in this
feedstock, which can provide cells with vitality.
Compared to other well-known and high-level SA
bacterial producers, the highest titre of SA produced
from whey was obtained for E. aerogenes LU2 (Table 1).
In turn, the fermentation time for E. aerogenmes LU2
was longer compared to that for other strains shown in
Table 1. However, it is worth noting that this is the first
report presenting the initial optimization of the process,
which was to determine the predisposition of the strain

in terms of the highest daily SA production, the high-
est SA titre, and the possibility of adapting the strain for
continuous fermentation. The results obtained provide
hope for future optimization of this bioprocess, includ-
ing shortening the fermentation time while maintaining
a high SA titre and obtaining a much higher productivity.

Table 1 Production of succinic acid from whey in batch, fed-batch and continuous fermentations by different wild-type

bacterial strains

Strain Substrate Fermentation Fermentation Fermentation Finaltitre Yield Productivity References
conditions type time (h) (g/L) (9/9) (g/L*h)
Actinobacillus succinogenes 130Z Whey Anaerobic Batch 48 (£ 1) 279 043 058 [5]
Mannheimia succiniciproducens Whey Anaerobic Batch 11 (£ 134 0.71 1.18 [47]
MBELS5E Whey Anaerobic Continuous - 6.4 069 39
Anaerobiospirillum succiniciproducens ~ Whey Anaerobic Batch 65 (1) 15.5 093 024 [20]
ATCC 29305 Whey Anaerobic Fed-batch 34 (%3) 347 091 102 [40]
Whey Anaerobic Continuous - 19.8 064 3
Whey Anaerobic Continuous - 14.3 0.71 33 [48]
Enterobacter aerogenes LU2 Whey per-  Anaerobic Batch 168 (£ 1) 57.7 062 034 This study

meate
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Conclusions

In this study, a newly isolated SA-producing strain
named E. aerogenes LU2 was reported. E. aerogenes LU2
can effectively convert lactose into SA under anaerobic
conditions. The optimal temperature for succinate pro-
duction was found to be 34 °C, and the optimal pH was
7.0. The feasibility of using whey permeate as an econom-
ically attractive substitute for pure lactose has been dem-
onstrated. Through batch fermentation in a 3-L stirred
bioreactor, 57.7 g/L SA was produced, with a yield of
62%. The results obtained here suggest that E. aerogenes
LU2 has the potential to be a new and efficient platform
for producing SA.

Materials and methods

Chemicals

Lactose (>99.0% purity) and succinic acid (>99.0%
purity) were purchased from Sigma-Aldrich (Saint
Louis, Missouri, USA). The whey permeate used in
this study was kindly provided by Bempresa (Ostréw
Lubelski, Poland) and had the following composition:
lactose >83%, proteins 3-5%, fats<1%, water <4%,
ashes <8.5%. The other chemicals were of reagent grade
and were from Oxoid (Basingstoke, Hampshire, Eng-
land), BTL (Warszawa, Poland) or POCH (Gliwice,
Poland) unless otherwise specified.

Screening to identify bacteria capable of producing SA
from lactose

In our previous study, samples from the rumen of rumi-
nants were collected, and bacteria were isolated by bac-
terial enrichment and selective culture [33]. All the
resulting bacterial isolates were deposited in our labora-
tory’s collection.

In the present study, a screening procedure aimed at
selecting bacterial isolates that have the capacity to pro-
duce SA from lactose under anaerobic conditions was
performed as follows. The bacterial isolates were main-
tained frozen at — 80 °C with 20% (w/w) added glycerol.
The cells were grown under anaerobic conditions in 100-
mL bottles with gas-tight butyl rubber stoppers filled
halfway with brain heart infusion (BHI) medium (Oxoid,
Basingstoke, Hampshire, England) containing the fol-
lowing components (g/L): brain infusion solids (12.5),
beef heart infusion solids (5.0), protease peptone (10.0),
glucose (2.0), sodium chloride (5.0), and disodium phos-
phate (2.5), pH 7.4, and cultured for 22 h at 37 °C. The
bacterial cultures were then used to inoculate the fer-
mentation medium (5% (v/v)), which contained the fol-
lowing (g/L): lactose (100), yeast extract (10), K,HPO,
(1), MgSO, x 7H,0 (0.2), and CaCl, (0.5). Solid MgCO,
(60 g/L) was added to the media to provide indirect CO,
and serve as a pH buffer of the fermentation broth [7].
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The carbon (C) and nitrogen (N) sources were sterilized
separately for 20 min at 121 °C before use, and then they
were mixed together aseptically [44].

All screening cultivations were conducted in 100-
mL bottles with gas-tight butyl rubber stoppers (each
containing 50 mL of fermentation medium) in a rotary
shaker (150 rpm) (Minitron Incubator Shaker, Infors AG,
Switzerland) for 144 h at 34 °C. The experiments were
performed with at least three full biological repeats.

Analytical methods

After anaerobic bottle cultivation, the removal of MgCO4
from the fermentation broth was performed by dilut-
ing the sample 1:1 with 7% HCI (v/v) [15]. Cell growth
was monitored by measuring the absorbance at 600 nm
(OD600,,,,,) using a SmartSpec Plus Spectrophotometer
(Bio-Rad, Hercules, USA). Broth samples were prepared
by centrifugation at 10,000 x g for 10 min. After that,
the resulting supernatants were filtered with a 0.22 pm
membrane syringe filter (Millipore, Burlington, USA)
and diluted with deionized water (1:1). The samples were
analysed using a high-performance liquid chromatogra-
phy (HPLC) system (Gilson, Middleton, USA) equipped
with a UV-VIS DAD detector (Gilson, Middleton, USA),
refractive index detector (RI) (Knauer, Berlin, Germany)
and ion exchange column (Aminex HPX-87H) (Bio-Rad,
Hercules, USA) at 42 °C with 0.03 M sulfuric acid as the
mobile phase at a flow rate of 0.5 mL/min. The injection
volume was 10 pL, and the total runtime was 30 min.
An analysis of the chromatographic data was performed
using Gilson Unipoint 2.0 (Gilson, Middleton, USA) and
Chromax software (POL-LAB, Warszawa, Poland).

Proteomic identification of the isolated strain based

on MALDI-TOF/MS analysis

The screened bacterial isolate was grown anaerobi-
cally at 37 °C for 24 h on BHI medium (Oxoid, Basing-
stoke, Hampshire, England) with 2% agar (BTL, L4dz,
Poland). After that, four single colonies of the screened
isolate were harvested and prepared separately for anal-
ysis according to a standard procedure recommended
by the manufacturer (Bruker Daltonics, Bremen, Ger-
many) as described previously by Pasciak et al. [45]. A
sample of the extracted proteins was transferred onto
an MTP 384 ground steel target plate and overlaid with
a-cyano-4-hydroxycinnamic acid (HCCA) matrix solu-
tion suspended in acetonitrile (ACN) and trifluoroacetic
acid (TFA), as recommended by the manufacturer. All
measurements were performed with an UltrafleXtreme
MALDI-TOF mass spectrometer (Bruker Daltonics,
Bremen, Germany). The mass spectra were collected
in positive linear mode over a mass range of 2.000—
20.000 Da using FlexControl 3.1 (Bruker Daltonics,
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Bremen, Germany) software and were then compared
with the reference library by MALDI Biotyper 3.1
(Bruker Daltonics, Bremen, Germany) software. Prior to
the measurements, the mass spectrometer was calibrat-
ing using a Bruker Bacterial Test Standard (BTS) (Bruker
Daltonics, Bremen, Germany) containing an extract of E.
coli DH5-alpha (RNase A, myoglobin proteins). Accord-
ing to the manufacturer’s instructions, the identification
criteria were dependent on a confidence interval of the
obtained score value and were as follows: 0—-1.699 (not
reliable identification), 1.7-1.999 (probable genus iden-
tification), 2-2.299 (secure genus identification, probable
species identification), and 2.3-3 (highly probable species
identification).

Genetic identification of the isolated strain based on 165
rDNA sequencing

To confirm the MALDI-TOF/MS-based identification
results, 16S rDNA nucleotide sequencing of the screened
isolate was performed. For quality assurance, genomic
DNA was extracted from a pure culture of a single bac-
terial isolate that was previously passaged twice. Total
genomic DNA isolation was performed using a Genomic
Micro AX Bacteria+ Gravity kit (A&A Biotechnology,
Gdynia, Poland) according to the manufacturer’s instruc-
tions (2017). Genomic DNA was used to amplify the
16S rRNA-encoding gene enzymatically using the prim-
ers 27F (5'-AGA GTT TGA TCC TGG CTC AG-3') and
1492R (5'-TAC GGY TAC CTT GTT ACG ACT T-3/),
and an amplicon measuring approximately 1390 bp was
produced [28]. The reaction was performed in a total
volume of 25 pL using 2x PCR Master Mix (Thermo
Fisher Scientific, Waltham, USA) with 20 pmol of each
primer (Genomed, Warszawa, Poland) and 60 ng of DNA
template using a LabCycler (SensoQuest GmbH, Got-
tingen, Germany). The PCR thermal conditions were
as follows: denaturation at 95 °C for 3 min, 30 cycles of
15 s at 95 °C, 15 s at 58 °C, 2 min at 72 °C, and a final
extension at 72 °C for 8 min. The amplification products
were separated by electrophoresis on 2% (w/v) agarose
gels (EURx, Gdansk, Poland) stained with SimplySafe
(EURx, Gdarnsk, Poland) in 1x TBE for 1.5 h at 120 V.
The DNA bands were visualized and archived using a
GelDoc XR + Gel Documentation System (Bio-Rad, Her-
cules, USA) and Image Lab software (Bio-Rad, Hercu-
les, USA). The sizes of the amplicons were determined
with a GeneRuler 100 bp+ DNA ladder (Thermo Fisher
Scientific, Waltham, USA). The amplicon was puri-
fied using a Clean-Up kit (A&A Biotechnology, Gdynia,
Poland). DNA sequencing was performed using a BigDye
Terminator v. 3.1 Cycle Sequencing Kit (Thermo Fisher
Scientific, Waltham, Poland) and capillary sequencer
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system, namely, Applied Biosystems 3130XL (Applied
Biosystems, Foster City, USA). The 16S rDNA sequence
obtained was subjected to visual inspection and edit-
ing after sequencing. Finally, the resulting sequence was
compared against homologous sequences deposited in
the NCBI GenBank database using the NCBI BLAST
algorithm [29].

Phylogenetic analysis

The 16S rDNA sequences of strain LU2 and other strains
belonging to different genera within the Enterobacte-
riaceae family were used to perform multiple nucleotide
alignments with the ClustalW algorithm [46] imple-
mented in MEGA X [31]. The nucleotide sequences were
retrieved from the NCBI GenBank 16S ribosomal RNA
sequences database. The phylogenetic tree was inferred
with the maximum parsimony method using a max—mini
branch-and-bound algorithm in MEGA X software, with
bootstrap values based on 1000 replicates [30, 31].

Optimization of SA production by batch fermentation

in a stirred bioreactor

The SA production by E. aerogenes LU2 was optimized
as follows. The E. aerogenes LU2 strain was maintained
frozen at —80 °C with 20% (w/w) added glycerol. The
inoculated culture was grown semi-anaerobically for
19-22 h in BHI (Oxoid, Basingstoke, Hampshire, Eng-
land) medium in a rotary shaker (Minitron Incubator
Shaker, Infors AG, Switzerland) at 37 °C and 150 rpm.
The screened strain was then cultured in fermentation
medium whose composition was different, depending on
the fermentation conditions that have been studied.

The optimization of the temperature (27-40 °C) was
conducted in batch fermentation for 24 h with medium
containing (g/L) lactose (20), yeast extract (10), K,HPO,
(1), MgSO, x 7H,0 (0.2), CaCl, (0.5), and MgCO; (20).
Subsequently, the optimal pH value (6.0-8.0) was inves-
tigated in batch fermentation for 24 h at 34 °C with the
medium of the same composition. The medium used to
optimize the YE concentration contained (g/L) lactose
(20), yeast extract (0-12.5), K,HPO, (1), MgSO, x 7H,0O
(0.2), CaCl, (0.5), and MgCO; (20), and batch fermen-
tation was conducted for 24 h at 34 °C and pH 7.0. The
medium used for testing optimal inoculum concentra-
tions (5-25%) contained (g/L) lactose (50), yeast extract
(10), K,HPO, (1), MgSO, x 7H,O (0.2), CaCl, (0.5), and
MgCO; (20), and batch fermentation was conducted for
48 h at 34 °C and pH 7.0. Finally, for the optimization of
the optimal initial lactose concentration (60-140 g/L),
the medium contained (g/L) lactose (60-140), yeast
extract (10), K,HPO, (1), MgSO, x 7H,O (0.2), and
CaCl, (0.5), and batch fermentation was performed for
96-144 h at 34 °C and pH 7.0.
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All batch fermentations were conducted in a 3-L Sar-
torius Biostat A plus bioreactor with a working volume
of 2 L (Sartorius Stedim, Melsungen, Germany). To
investigate the optimal temperature, pH value and YE
concentration, the inoculum size was 5%, while for test-
ing the optimal lactose concentration, 20% inoculum
was used. For optimization of the pH value, YE con-
centration and inoculum size, the pH was maintained
using 10% (v/v) NaOH and 20% (v/v) Na,CO,, while to
investigate the optimal lactose concentration, the pH
was maintained using MgCQOj [7, 33]. When whey per-
meate was used, the added amount was based on the
corresponding lactose content. The C and N sources
were separately sterilized for 15 min at 121 °C. The stir-
rer rate was 250 rpm in all cultures. During cultivation,
10-40 mL samples were collected from the bioreactor
at regular time intervals to determine cell growth, lac-
tose consumption and metabolite production.

Fermentation parameters

The SA vyield (Ys,) was expressed as grammes of SA pro-
duced per gramme of lactose consumed, and the volu-
metric SA productivity (Qg,) was expressed as grammes
of SA produced per litre per hour. The Y, and Qg, were
calculated using Egs. (1) and (2), respectively, as follows:

Ysa (%) = @ x 100% (1)
SA ] ,
_[SA]
Qsa = R (2)

where “SA” is the succinate concentration in the fermen-
tation medium (g/L); “L” is the amount of lactose that
was consumed during fermentation (g/L); and “t” is fer-
mentation duration (h).

Statistical analyses

One-way ANOVA followed by Tukey’s post hoc test for
pairwise comparison of means (at p <0.05) was used to
assess the difference in SA production under different
fermentation conditions and on various fermentation
media. Statistical analysis was performed using the Sta-
tistica 13.1 statistical software package (StatSoft, Krakéw,
Polska).

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513068-020-01739-3.

Page 10 of 12

Additional file 1: Fig. S1. Scanning electron microscope micrograph of
Enterobacter aerogenes LU2. Fig. S2. Cell growth of Enterobacter aerogenes
LU2 at different temperatures. Fig. $3. Cell growth of Enterobacter aero-
genes LU2 at different pH of fermentation medium. Fig. S4. Cell growth
of Enterobacter aerogenes LU2 at different yeast extract concentrations.
Table S1. Cell growth of Enterobacter aerogenes LU2 on different carbon
sources.
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