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Abstract Crude glycerol is an ideal feedstock for
bioproduction of 1,3-propanediol (1,3-PDO) while pure cul-
ture always shows low substrate tolerance and limited produc-
tivity. In this study, an anaerobic microbial consortium for
conversion of crude glycerol was selected and its 1,3-PDO
production capacity was evaluated. The consortium was ob-
tained from anaerobic activated sludge by 19 serial transfers
and mainly consisted of 94.64% Clostridiaceae and 4.47%
Peptostreptococcaceae. The consortium adapted well with
high glycerol concentration of 120 g/L as well as wide sub-
strate concentration fluctuation from 15 to 80 g/L, producing
60.61 and 82.66 g/LL 1,3-PDO in the batch and fed-batch fer-
mentation, with the productivity of 3.79 and 3.06 g/(L-h),
respectively, which are among the best results published so
far. Furthermore, mini consortia isolated by serial dilution
exhibited similar microbial composition but gradually de-
creasing tolerance to crude glycerol. Four randomly selected
Clostridium butyricum displayed different substrate tolerance
and insufficient 1,3-PDO production capacity. This work
demonstrated that the high adaptation to crude glycerol of
the consortium was the collaborative effort of different
individuals.
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Introduction

Biodiesel, originated from biomass such as vegetable oils
and animals fats, is one of the most sustainable and envi-
ronmentally safe alternatives to petroleum diesel. As the
global production of biodiesel increases, the rational uti-
lization of crude glycerol, an inherent by-product of bio-
diesel (10% w/w), is becoming challenging (Dobson et al.
2012; Li et al. 2013). Glycerol could be used as the car-
bon source for numerous microbes to produce value-
added chemicals, but crude glycerol usually has a nega-
tive effect on microbial growth. Some studies showed that
a lot of impurities such as salts, methanol, free fatty acids,
heavy metals, colorants, and ash in crude glycerol could
cause the inhibitions on cell growth and metabolism
(Ayoub and Abdullah 2012). Generally, crude glycerol
in market consists of about 65 ~ 85% glycerol. As the
refining process to higher purity is more complex and less
cost effective, direct conversion of crude glycerol to
value-added chemicals by microorganisms has become
the tendency (Dobson et al. 2012; Yang et al. 2012).
1,3-Propanediol (1,3-PDO), one of the most promising
bulk biochemical from glycerol, is extensively used in med-
icine, food, cosmetics, and other industries. The demand for
1,3-PDO is constantly increasing as the monomer of
polytrimethylene terephthalate (PTT), which is expected
to have a strong application potential in textile industry
(Liu et al. 2010). So far, a few microorganisms, including
Enterobacteriaceae, Clostridiaceae, and Lactobacillaceae
have been used to convert glycerol to 1,3-PDO (Lee et al.
2015). Among these natural 1,3-PDO producers, Klebsiella
pneumoniae (Liu et al. 2007; Sun et al. 2008) and
Clostridium butyricum (Chatzifragkou et al. 2011a, b;
Wilkens et al. 2012) have been attracted much attention
owing to their competitive yield and productivity.
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K. pneumoniae, a facultative anaerobic bacterium, grows
fast and is easy to genetically manipulate, but it is classified
as opportunistic pathogen, which brings hidden trouble to
practical application (Celinska 2012). Non-pathogenic
C. butyricum, by contrast, is a better choice for industrial-
ized production. However, industrial 1,3-PDO production
by C. butyricum is limited due to the requirement of strictly
anaerobic culture conditions and relatively slow growth rate
(Willke and Vorlop 2008). Meanwhile, both of them show
relatively poor performances using crude glycerol as the
carbon source (Chatzifragkou et al. 2010; Mu et al. 2006).
Many efforts have been made to improve bacterial adapta-
tion to crude glycerol, such as substrate pretreatment (Zhu
etal. 2013), strain selection and domestication (Ringel et al.
2012), but the 1,3-PDO production and productivity are still
far away from that using pure glycerol as substrate (Samul
etal. 2014).

Microbial consortium, with characteristics of robustness
against environmental fluctuations and excellent perfor-
mances for complex tasks (Brenner et al. 2008), has been
widely used in traditional food and beverage fermentation
since thousands of years ago (Navarrete-Bolafios 2012).
Moreover, microbial consortium has occupied an important
position in biodegradation and bioremediation, for example,
wastewater treatment (Appels et al. 2008) and toxic com-
pounds degradation (Ghosh and Philip 2004). Recently, appli-
cation of microbial consortium on bioconversion of raw ma-
terials to biofuels and biochemicals, such as hydrogen, etha-
nol, and propionate has been paid much attention
(Kleerebezem and van Loosdrecht 2007; Sabra et al. 2010;
Jiang et al. 2016b). In view of utilization of crude glycerol,
only a few studies have used microbial consortium as inocu-
lum to produce 1,3-PDO (Dietz and Zeng 2014; Liu et al.
2013; Moscoviz et al. 2016; Selembo et al. 2009; Varrone
et al. 2015). Dietz and Zeng (2014) selected an anaerobic
consortium that could efficiently convert crude glycerol to
1,3-PDO under unsterile conditions with a simple medium,
in which the final 1,3-PDO concentration reached 70 g/L with
a productivity of 2.6 g/(L-h). However, the consortium could
only tolerate up to 65 g/L crude glycerol, and the change of
substrate concentration in fed-batch fermentations had a seri-
ous impact on the fermentation performance. Mixed culture
obtained by Moscoviz et al. (2016) achieved a high 1,3-PDO
yield of 0.56-0.64 mol/mol over the range of pH, but the 1,3-
PDO concentration could hardly satisfy the requirement of
industrial application.

The aim of this study was to select a microbial consortium
for efficient conversion of crude glycerol to 1,3-PDO. Then,
batch and fed-batch fermentations were carried out to evaluate
the consortium adaptation to crude glycerol. Furthermore, the
community structure was simplified by serial dilution and
pure culture isolation to investigate the individual contribution
of the microbial consortium to adaptation to crude glycerol.
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Material and methods
Inoculum

Activated sludge was obtained from an anaerobic digester for
co-digestion of waste activated sludge and kitchen garbage at
Dongtai Industrial Waste Treatment Co., Ltd., Dalian, China.
The digestion temperature ranged from 37 to 40 °C.

Culture media

The compositions of seed and fermentation media were
similar to those described by Jiang et al. (2016a), except
that in seed medium, crude glycerol was used as the car-
bon source to a final concentration of 22 g/L. with addi-
tion of 0.5 g/L L-cysteine-HCI, and in fermentation medi-
um, pure or crude glycerol was used as the carbon source
with different concentrations according to the require-
ments of the experiment. The solid medium had the same
components as seed medium with addition of 1.2% agar.
Crude glycerol used in this study was provided by
Sichuan Tianyu Oleochemical Co. Ltd., China. It
contained 78% glycerol, 0.87% ash, 15 ~ 17% moisture,
a little salt (the equivalent of electrical conductivity as
0.43% sodium chloride), and the pH value was 6.91.

Cultivation conditions

Seed cultures were performed in 250-mL serum bottles con-
taining 100 mL of the nitrogen-gassed sterilized seed medium,
and incubated at 37 °C with shaking at 200 rpm for 12 ~ 96 h.
Sterile syringes were used for inoculation and sampling.

Batch and fed-batch fermentations were performed in a 5-L
bioreactor (Baoxing Biotech, Shanghai, China) with 2 L
working volume. The seed culture was incubated for 15 h
before inoculation into the bioreactor with 10% inoculum vol-
ume. The temperature and agitation rate were maintained at
37 °C and 250 rpm. The medium pH was controlled at 7.0 by
automatic addition of 5 M NaOH. An anaerobic environment
in the bioreactor was produced by sparging with nitrogen gas
at 0.15 vvm for 1 h before and after inoculation.

In fed-batch fermentations, three feeding strategies
were adopted: continuous, two-pulse, and one-pulse feed-
ing. By continuous feeding strategy, glycerol concentra-
tion in fermenter was maintained 15 or 40 g/L during the
cultivation by manually controlling the substrate feeding
rate. By two-pulse feeding strategy, glycerol was added to
a preset value by twice when the substrate concentration
was below 15 or 40 g/L. By one-pulse feeding strategy,
glycerol was added instantaneously to 120 g/L at one time
when the substrate concentration was below 15 or 40 g/L.
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Isolation of mini consortia and single strains

Mini consortia were isolated by serial dilution of the original
consortium with sterile saline and then incubated in the seed
medium. Once substrates were totally consumed, the enriched
consortia were serially transferred to the fresh seed medium
with 2% inoculum size three times for the steady microbial
composition. Two replicates were used for each dilution.
Consortium with the highest dilution that could still convert
crude glycerol was defined as the minimal consortium. Single
strains from the consortium were isolated randomly and puri-
fied by streaking on solid medium. All operations were per-
formed in an anaerobic glove box.

Identification of microbial community of the consortia
and single strains

The genomic DNAs of the microbial consortium, mini con-
sortia, and single strains were extracted using a DNA
Extraction Kit (TaKaRa Bio).

For consortia, the quantity and quality of extracted DNA
were checked using the Qubit2.0 DNA Assay Kit (Sangon
Biotech, Shanghai, China). The V4-V5 region of the 16S
rRNA gene was amplified using the universal primers 515F:
5'- GTGCCAGCMGCCGCGGTAA-3'and 907R: 5'-CCGT
CAATTCMTTTRAGTTT-3" and sequenced on Illumina
Miseq sequencing platforms at Sangon Biotech (Shanghai,
China). To analyze the microbial community structure, the
sequences were compared with those in the SILVA 16S
rRNA gene database.

For isolated strains, the 16S rRNA genes were amplified
using primers 7F: 5- CAGAGTTTGATCCTGGCT-3' and
1540R: 5'-AGGAGGTGATCCAGCCGCA-3" and sequenced
at Sangon Biotech (Shanghai, China).

Analytics

Cell growth was monitored by measuring the optical density
at 650 nm. Glycerol was determined by titration of formate
produced quantitatively by oxidation of glycerol with excess
sodium periodate, in which the unreacted sodium periodate
was neutralized by ethylene glycol before the titration
(Wang et al. 2001). Concentrations of 1,3-PDO, lactate, ace-
tate, and butyrate were analyzed using HPLC as previously
described (Jiang et al. 2016a).

Nucleotide sequence accession numbers

16S rRNA gene sequences of the consortia have been submit-
ted to the NCBI Sequence Read Archive (SRA) under acces-
sion number SRP071045. 16S rRNA gene sequences of the
isolated strains have been deposited in GenBank under

accession numbers KY203639, KY203640, KY203641, and
KY?224082.

Results
Selection of microbial consortium

Activated sludge samples (2.0 g) were first inoculated into
the seed medium with crude glycerol as the sole carbon
source (22 g/L glycerol content). When the substrate was
nearly consumed, the seed broth was transferred to fresh
seed medium with a gradually smaller inoculation size. As
shown in Fig. la, b, microbial consortium broadly
underwent three phases during 19 serial transfers: enrich-
ment phase (1st—4th), fluctuating phase (5th—12th), and
stable phase (13th—19th). In the enrichment phase, micro-
organisms with high efficiency to utilize crude glycerol
were enriched rapidly, while other microorganisms that
could not grow or grew slowly on this substrate were
eliminated. During this stage, the incubation time was
shortened from 96 to 24 h, the ODgsy value increased
from 1.7 to 3.5, and the concentration of 1,3-PDO
achieved to 11.7 g/L. In the fluctuating phase, microbial
growth and metabolism were unstable. The incubation
time ranged from 24 to 36 h, and the 1,3-PDO production
ranged from 7.33 to 11.96 g/L. The concentrations of by-
products such as lactate, acetate, and butyrate also fluctu-
ated during this phase. After 12 serial transfers, the incu-
bation time, the microbial growth as well as the produc-
tion of 1,3-PDO, and all by-products changed little along
with the transfers, which indicated that the microbial con-
sortium became stable. After long-term domestication
with crude glycerol as the sole carbon source, a stable
functional microbial consortium with a high 1,3-PDO
yield of 0.69 mol/mol was selected and named as C2-
2M. Acetate and butyrate were the main by-products and
lactate production was ceased after tenth generation.

Analysis of microbial community

Microbial community analysis was conducted to identify the
composition of the selected consortium C2-2M. As shown in
Table 1, Clostridiaceae and Peptostreptococcaceae were the
predominant families of the consortium, which was closely
related to C. butyricum with 99% similarity and
Paraclostridium bifermentans with 97% similarity, and
accounted for 94.65 and 4.47%, respectively. In addition,
0.84% Lactobacillaceae was also identified in the consortium,
the dominant of which was closely related to Lactobacillus
equicursoris (99% similarity), representing 0.79% of the total
microbial community. Unclassified microorganisms
accounted for 0.04% in the consortium.

@ Springer



5988 Appl Microbiol Biotechnol (2017) 101:5985-5996

Fig. 1 Selection process of the W///A Inoculum size
microbial consortium. Each A —4a— |ncubation time
transfer was performed in —=— 0D
duplicate and the culture with 69 60 650 1120
higher ODgs value was chosen as 1 % —o— Residual g cherol
the inoculum source for the next ~51 504
transfer % 14 1100
S }’E_% = - S
o |40 . /L% ] P
Q -80
o |8 £
O 3= =
EN \ {3 8
S | g30- + a’l §
T 242 | O {60 -.3
S |3 8
S |820- Z 2 { 3
211 / \@ 5 42 2
— T,
(4 _A % 140 =
o4 107 % No—e” ]
/ %% %““““““““‘
al oL %% M Ararararararara |, 120
0 2 1 6 1 8 20
Generatlons
—=—1,3-PDO
B 16 —eo— Acetate
] —— Lactate
144 —>— Butyrate
12
—
o
c 10
2
it
5 8
R
: B
8 6
c
[}
O 4-
2 -
0
T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
Generations
Table 1 Microbial community
analysis of the original Taxonomy Most similar species Percentage (%)
consortium and each of the )
dilutions Original 1072 10~ 107 1076
Clostridiaceae C. butyricum 94.65 95.10 95.95 95.63 94.91
Peptostreptococcaceae P, bifermentans 447 4.85 4.01 435 5.07
Lactobacillaceae L. equicursoris 0.79 - - - -
L. zeae KCTC 3804 0.04 - - - -
Lactobacillis sp. ACD7 0.01 0.02 - -
Unclassified - 0.04 0.03 0.04 0.02 0.02
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Fermentation performance of microbial consortium
C2-2M

Batch fermentations were carried out with crude (40-140 g/L
glycerol content) and pure glycerol (140 g/L). As shown in
Fig. 2a—c, when using crude glycerol as substrate, microbial
consortium C2-2M could tolerate high concentration of glyc-
erol up to 120 g/L, producing 60.61 g/L 1,3-PDO with a
productivity of 3.79 g/(L-h) under anaerobic conditions.
When glycerol concentration was increased to 140 g/L, cell
growth was severely inhibited by using either crude or pure
glycerol as substrate, which indicated that the inhibitory effect
was mainly attributed to the high glycerol concentration. In
addition, when the glycerol concentration ranged from 40 to
120 g/L, the yield and productivity of 1,3-PDO remained con-
stant, with linear relationships between glycerol consumption
and 1,3-PDO production and between fermentation time and
1,3-PDO production (Fig. 2d).

As shown in batch fermentations, the consortium growth
was strongly inhibited when glycerol concentration exceeded
140 g/ (Fig. 2). To reduce substrate inhibition and further
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increase 1,3-PDO production, fed-batch fermentations were
conducted with an initial glycerol concentration of 80 g/L.
As predicted, in a fed-batch fermentation by continuous feed-
ing, the 1,3-PDO concentration increased 33.6% (80.96 vs
60.61 g/L) compared with that in batch fermentation
(Fig. 3a). At the same time, the change of residual glycerol
concentrations from 15 to 40 g/L during the cultivation did not
affect the consortium’s capacity for 1,3-PDO production de-
spite some differences on biomass production and by-
products distribution (Fig. 3b). In addition, similar 1,3-PDO
production of 83.71 g/L was obtained with pure glycerol
(Fig. 3c), which showed that microbial consortium C2-2M
had a good adaptability for crude glycerol.

As the initial substrate concentrations shifting from 40 to
120 g/L had little effect on batch fermentation performance of
the consortium (Fig. 2), it was assumed that a fluctuation of
crude glycerol concentration during the fed-batch fermenta-
tion could also be tolerated by the consortium. When glycerol
was fed by two-pulse strategy from 15 to 80 g/L (Fig. 3d) or
from 40 to 80 g/L (Fig. 3e), both 1,3-PDO concentrations and
productivities maintained the same levels as that in fed-batch
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Fig. 2 Batch fermentations of microbial consortium C2-2M using crude and pure (asterisk) glycerol. a Microbial growth. b Microbial growth. ¢ 1,3-
PDO production. d 1,3-PDO yield and productivity with crude glycerol. Values are means of two independent fermentations
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fermentation by continuous feeding (Fig. 3a, b), producing
82.66 and 80.97 g/L 1,3-PDO with productivities of 3.06
and 3.00 g/(L-h).

Fed-batch fermentations with one-pulse feeding were also
carried out, in which crude glycerol was added instantaneous-
ly to a final glycerol concentration of 120 g/L. when residual
substrate concentration was below 15 (Fig. 3f) or 40 g/L
(Fig. 3g). Unfortunately, the consortium could not fully adapt
to these dramatic changes in substrate concentration, resulting
in lower 1,3-PDO productions (59.83 and 72.27 g/L, respec-
tively) than that using continuous or two-pulse feeding. The
results indicated that there was a limited fluctuation range of
crude glycerol concentration that the consortium could adapt.

Determination of the mini consortium

To simplify the community structure of the consortium, serial
dilution in sterile saline was carried out under anaerobic con-
ditions. When incubated in seed medium, the mini consortia
from 10~% to 10~° dilution could completely utilize crude glyc-
erol (22 g/L glycerol content), but no glycerol was consumed
in the 1077 diluted consortium (Fig. 4a). After transferred three
times in fresh medium, the mini consortia showed little differ-
ences in bacterial growth and metabolism compared with the
original consortium (Fig. 4b). The 107° diluted consortium
was regarded as the minimal consortium. Bacterial communi-
ty analysis showed that Lactobacillaceae was eliminated after
10°% dilution while Clostridiaceae and
Peptostreptococcaceae preserved the original proportion dur-
ing the dilution processes (Table 1).

To evaluate tolerance of the mini consortia (1072, 1074, and
107 dilutions) to crude glycerol, batch fermentations were
carried out with high initial glycerol concentration of 120 g/
L (Fig. 4c). Unlike that in seed culture (Fig. 4b), the fermen-
tation time of the 10 % and 10~* diluted consortium was
prolonged by 3 and 7 h compared with that of the original
consortium, respectively. More serious inhibition was ob-
served in the minimal consortium (10 ¢ dilution), where the
consortium could not consume all the glycerol in 35 h. The
results showed that high tolerance to crude glycerol was the
unique feature of the original consortium, which was gradual-
ly lost with the dilution.

In addition, in a fed-batch fermentation at high crude glyc-
erol concentration, e.g., initial glycerol concentration of 80 g/
L and maintaining 40 g/L during the fermentation, the mini-
mal consortium produced only 47.94 g/LL 1,3-PDO in 36 h
(Fig. 4d) compared to 80.66 g/L 1,3-PDO in 27 h by the
original consortium C2-2M. Interestingly, the 1,3-PDO pro-
duction capacity of the minimal consortium recovered to a
normal level (80.22 g/L with a productivity of 2.97 g/(L-h))
at a low glycerol concentration, e.g., initial concentration of
40 g/L and maintaining 15 g/L during the fermentation
(Fig. 4e). The results further proved that crude glycerol
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Fig. 3 Fed-batch fermentations of microbial consortium C2-2M using P>
crude (a, b, d—g) and pure (¢) glycerol. Three feeding strategies were
adopted including continuous, two-pulse, and one-pulse feeding. a, b
Continuous feeding at the residual glycerol concentration of 15 and
40 g/L. ¢ Continuous feeding at the residual glycerol concentration of
15 g/L using pure glycerol as substrate. d, e Two-pulse feeding when the
crude glycerol concentration was below 15 and 40 g/L. f, g One-pulse
feeding when the crude glycerol concentration was below 15 and 40 g/L.
Values are means of two independent fermentations

inhibition was the only limiting factor for poor fermentation
performances of the mini consortium, excluding other possi-
bilities such as products inhibition.

Comparison of substrate tolerance among single strains

Four single colonies, S1-S4 were randomly isolated from the
original consortium. All strains were identified to be
C. butyricum and the 16S rRNA sequences of C. butyricum
S1-S4 showed a high similarity with gene of C. butyricum
JKT37 (100, 100, 99, and 99%, respectively).

The capability of crude glycerol utilization of the four
C. butyricum were evaluated with different substrate concen-
tration. In seed cultures (22 g/L glycerol content), all four
strains produced 1,3-PDO as the main product, but they had
obviously different growth rates, where the fastest growth was
obtained with C. butyricum S2, followed by S3, S4, and S1
(Fig. 5a). In batch fermentations with higher initial crude glyc-
erol concentration (80 g/L glycerol content), although all
strains showed similar 1,3-PDO vyields, C. butyricum S3 and
S4 grew much faster than S1 and especially than S2 (Fig. 5b).
Moreover, similar performance was achieved by C. butyricum
S3 compared with that by the original consortium at higher
initial glycerol concentration of 120 g/L (Fig. S1). In fed-batch
fermentations with a high substrate concentration, e.g., initial
glycerol concentration of 80 g/LL and maintaining 40 g/L dur-
ing the fermentation, however, none of the four strains could
compare with the consortium in 1,3-PDO production capacity
(Fig. 5¢). Even for C. butyricum S3 with similar substrate
tolerance in batch fermentation, lower 1,3-PDO production
(74.12 g/L) was observed after 38 h than that of the consor-
tium C2-2M (80.04 g/L) after 27 h. The disparity occurred in
the mid-to-late fermentation period in spite of similar micro-
bial growth. The results showed that the some of the single
strains (S3) had good tolerance to crude glycerol but insuffi-
cient capacity for 1,3-PDO production.

Discussion
Consortium selection and identification

Anaerobic activated sludge is characteristic of complex micro-
bial community structure with high substrate diversity, which
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grade complex substrates (Forney et al. 2001). During the  reduced and functional bacteria would be enriched (Jiménez
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et al. 2014). In this study, fermentation performances (micro-
bial growth and metabolism) of the consortium has undergone
two stages (enrichment and fluctuation) before reaching stable
state, whereas changes of the consortium population during
the selection process are unknown. It is assumed that the well-
defined three stages of the growth and metabolism are accom-
panying with the change of population composition of the
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Fig. 4 Fermentation performances of the diluted mini consortia using
crude glycerol. a Glycerol consumption during the dilution process in
seed medium. b ODgso and concentrations of substrate and products in
the end of third subculture. ¢ Batch fermentations with initial glycerol
concentration of 120 g/L. d Fed-batch fermentation of the minimal con-
sortium (107¢ dilution) using high substrate concentration (the initial
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consortium caused by microbial interactions such as collabo-
ration and competition. The stable consortium obtained by
sufficient serial transfer ensured the same inoculum for the
later fermentation experiments.

As for community structure analysis, only a few types of
bacteria were preserved after 19 generations with crude glyc-
erol as the sole carbon source. C. butyricum is a classical 1,3-
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40 g/L). e Fed-batch fermentation of the minimal consortium (107° dilu-
tion) using low substrate concentration (the initial glycerol concentration
of 40 g/L and the residual concentration of 15 g/L). Values are means of
two independent fermentations



Appl Microbiol Biotechnol (2017) 101:5985-5996

5993
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PDO producer, and its overwhelming superiority is consistent
with the distribution of products (Wilkens et al. 2012).
P, bifermentans (reclassification of Clostridium bifermentans
(Sasi Jyothsna et al. 2016)) is also identified as a 1,3-PDO
producer (Myszka et al. 2012) but the identified
Lactobacillaceae family including L. equicursoris and
Lactobacillus zeae is rarely reported.

High fermentation performance of microbial consortium
C2-2M

In batch and fed-batch fermentations with crude glycerol, the
highest 1,3-PDO concentrations of 60.61 and 82.66 g/L was
achieved by the consortium, with the productivity of 3.78 and
3.06 g/(L-h), respectively. To our knowledge, these are the
best results reported for 1,3-PDO production by crude glycer-
ol (Table 2).

In batch fermentation, natural 1,3-PDO producers were
generally unable to efficiently utilize high concentration of
crude glycerol. Besides substrate inhibition (Biebl 1991), ac-
cumulation of impurities in high concentration of crude glyc-
erol would cause significant inhibitory effects on microbial
growth, especially for C. butyricum (Moon et al. 2010).
Dietz and Zeng (2014) reported that a selected mixed culture
from biogas plants would tolerate 65 g/L initial crude glycerol.

T
40 50

When glycerol concentration increased, microbial growth was
entirely inhibited. C. butyricum CNCM 1211 reported by
Himmi et al. (1999) could completely convert crude glycerol
(120 g/L glycerol content) to 1,3-PDO, but the process took
over 80 h. However, in this study, consortium C2-2M could
efficiently convert crude glycerol with glycerol concentration
of 120 g/L to 1,3-PDO in only 16 h. Fermentation perfor-
mance of the consortium was hardly influenced by the glyc-
erol concentration ranging from 40 to 120 g/L with nearly
overlapping growth curves (Fig. 2b), stable 1,3-PDO yields
(mean value 0.53 g/g) and productivities (mean value 3.99 g/
(L'h)) (Fig. 2d), which is vastly different from that of pure
culture (Metsoviti et al. 2012).

In fed-batch fermentation, usually, a suitable feeding strat-
egy is crucial to guarantee a high production of bio-products
since microbial growth and product formation are susceptible
to substrate concentration (Lee et al. 1999). The feeding pro-
cess could be complicated and difficult to control precisely,
resulting in decline of production and increase of operation
costs (Johnson 1987). Many explorations have been made to
optimize feeding strategy in 1,3-PDO production (Hao et al.
2008; Reimann and Biebl 1996; Saint-Amans et al. 1994).
Howeyver, in our research, microbial consortium C2-2M main-
tained good robustness and stable and efficient 1,3-PDO pro-
duction capacity against glycerol concentration fluctuation
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Table 2 Classical 1,3-PDO

production in batch and fed-batch Process Strain 1,3-PDO Yisppo Mo/ Q3ppo References
fermentations from crude glycerol (€49 mol) (g/(L-h))
by Clostridium species
Batch C. butyricum E5 27.0 0.56 1.10 Petitdemange et al.
1995
C. butyricum VPI 419 0.63 0.81 Chatzifragkou et al.
1718 2011b
C. butyricum F2b 47.1 0.63 1.35 Papanikolaou et al.
2004
C. butyricum 26.0 0.63 1.85 Rehman et al. 2008
DSM5431
C. butyricum CNCM 65.4 0.66 - Himmi et al. 1999
1211
Mixed culture 15.2 0.76 1.27 Dietz and Zeng 2014
Microbial consortium  60.6 0.63 3.79 This work
C2-2M
Fed-batch  Clostridium sp. IK 80.1 0.68 1.80 Hirschmann et al.
124 2005
C. butyricum ES 58.4 0.65 1.22 Petitdemange et al.
1995
C. butyricum AKR 76.2 0.62 230 Wilkens et al. 2012
102a
C. butyricum VPI 70.8 0.67 0.71 Chatzifragkou et al.
1718 2011a
Mixed culture 70.0 0.56 2.60 Dietz and Zeng 2014
Microbial consortium ~ 82.7 0.66 3.06 This work

C2-2M

ranging from 15 to 80 g/L during the fermentation process,
which could make it possible to simplify the fermentation
process. The easy-to-control feeding process using the consor-
tium could reduce the risk for inappropriate feeding operation,
guarantee high and stable 1,3-PDO production, and decrease
the operation costs, which would be of benefit especially to
large-scale industrial production.

Furthermore, it was observed that the consortium could
tolerate high initial glycerol concentration until 120 g/L
(Fig. 2), but could not resist the substrate concentration fluc-
tuation to 120 g/L in one-pulse fed-batch fermentation
(Fig. 3f, g). This might be due to the changes in microbial
community during the fed-batch fermentations at initial sub-
strate concentration of 80 g/L, in which the bacteria resisting
high concentration of crude glycerol, e.g., 120 g/L, were no
longer predominant when the feeding started.

Fermentation performance degradation by serial dilution
and single strain isolation

Serial dilution is an easy and efficient approach to isolate the
microbial consortium with simplest community structure and
target function without isolating pure strains (Wang et al.
2010; Zhang et al. 2013). The success of this approach re-
quires that the functional strains should remain in the reactor
while the non-functional strains should be screened off by the

@ Springer

dilution (Adav et al. 2009). In our research, the tolerance to
crude glycerol was decreased gradually with increasing dilu-
tion level but the high 1,3-PDO production capacity was still
remained. Obviously, some functional strains contributed to
high substrate tolerance were eliminated during the dilution.
There are two hypotheses that could account for this phenom-
enon. One is that the different bacterial strains in the consor-
tium have different tolerances to crude glycerol. Functional
strains with high crude glycerol tolerance might have no
growth advantage in seed culture and be reduced or eliminated
during the dilution. The other possibility is that different bac-
teria have no significant difference in substrate tolerance but
interaction exists in the consortium, for example, microbial
communication. The consortium could grow in high concen-
tration of crude glycerol better together than any isolated mi-
croorganisms (Hays et al. 2015).

To verify the above hypotheses, four pure cultures were
selected randomly from the consortium. Both genetic and phe-
notypic diversity of the dominant species (C. butyricum)
existed in the consortium. The higher the initial crude glycerol
concentration, the bigger performance differences among sin-
gle stains. However, none of their fermentation capacities
could compare with that of the consortium. The results further
proved that the high adaptation to crude glycerol is the unique
feature of the consortium. In nature, division of labor is ubig-
uitous in a microbial community and crucial for expanded
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functional and metabolic capacities (Hays et al. 2015). This
kind of division might also exist in microbial consortium C2-
2M. Perhaps the strain S3 does not occupy a high proportion
in consortium C2-2M but plays an important role in high
substrate tolerance of the consortium. While the strain S2 with
high abundance and fast growth shows poor performance at
high crude glycerol concentration. All bacterial strains with
different abundances and different crude glycerol tolerances
live and work together in the consortium, make struggle
against the high crude glycerol concentration and do a better
job for 1,3-PDO production. During dilution or single strain
isolation, this collaborative relationship was weakened or bro-
ken, resulting in poor fermentation performance compared
with that of the original consortium.

In conclusion, a microbial consortium mainly containing
C. butyricum for conversion of crude glycerol to 1,3-PDO was
selected and its fermentation performance was explored. The
consortium achieved stable after 19 serial transfers using
crude glycerol as the sole carbon source. In batch and fed-
batch fermentations, the consortium showed good adaptability
with high initial crude glycerol concentration and strong ro-
bustness against substrate concentration fluctuation. The
highest 1,3-PDO production of 82.66 g/L with a productivity
of 3.06 g/(L-h) was obtained by an easy-to-control two-pulse
fed-batch fermentation. Then, fermentations by the diluted
mini consortia and the isolated single strains proved that high
adaptation to crude glycerol of the consortium was the collab-
orative effort of different individuals, where the bacterial
strains with different abundances showed different growth
rates and substrate tolerances. The intra- and inter-species in-
teractions in the microbial consortium need to be further in-
vestigated in the future. This work provides an alternative for
efficient bioconversion of crude glycerol to value-added
chemical 1,3-PDO.
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