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Abstract

Objectives To select a microbial consortium from

intertidal sludge and evaluate its ability to convert

crude glycerol from biodisel to high value-added

products such as 1,3-propanediol (1,3-PDO) and lactic

acid (LA).

Results A microbial consortium named CJD-S was

selected from intertidal sludge and exhibited excellent

performance for the conversion of crude glycerol to

1,3-PDO and LA. The composition of CJD-S was

determined to be 85.99% Enterobacteriaceae and

13.75% Enterococcaceae by 16S rRNA gene ampli-

con high-throughput sequencing. In fed-batch fermen-

tation with crude glycerol under nonsterile conditions,

the highest concentrations of 1,3-PDO and LA were

41.47 g/L and 45.86 g/L, respectively.

Conclusions The selected microbial consortium,

CJD-S, effectively converted crude glycerol to 1,3-

PDO and LA under nonsterile conditions and can
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contribute to the sustainable development of the

biodiesel industry.

Keywords Microbial consortium � Biodiesel � Crude

glycerol � 1,3-propanediol � Lactic acid

Abbreviations

1,3-PDO 1,3-Propanediol

LA Lactic acid

Introduction

An excess of crude glycerol, a byproduct from

biodiesel (10% w/w), has been produced with the

rapid development of the global biodiesel industry

(Zhou et al. 2018). Crude glycerol from biodiesel often

contains various impurities that limite its utilization,

such as residual methanol, fatty acids, catalysts and

heavy metals. At the same time, the cost of purifying

crude glycerol makes it unviable. The disposal of

crude glycerol greatly burdens both enterprises and the

environment. Hence, the direct conversion of crude

glycerol into value-added products is the key to

solving these problems, and the sustainable develop-

ment of the biodiesel industry (Monteiro et al. 2018).

Microbial fermentation with crude glycerol as a

carbon source to produce biochemicals, such as 1,3-

propanediol, 1,2-propanediol, lactic acid, and ethanol,

has received increasing attentation (Pradima et al.

2017).

1,3-Propanediol (1,3-PDO) can be widely used in

medicines, paints, cosmetics, adhesives, antifreezes

and lubricants. As a monomer of polymers (polyesters,

polyethers, and polyurethanes) with excellent proper-

ties, there is a growing demand for 1,3-PDO (Mitrea

et al. 2017). Lactic acid (LA) has extensive application

in the food, cosmetic and medical industries. It can

also be used as an important monomer to synthesize

biodegradable polymers such as polylactic acid (PLA)

(Eiteman and Ramalingam, 2015). The production of

1,3-PDO and LA from crude glycerol by microbial

fermentation has received increasing attention due to

environmental protection and sustainable social devel-

opment. Glycerol is metabolized by microorganisms

via reductive and oxidative pathways during the

production of 1,3-PDO and organic acids such as

LA. The coproduction of 1,3-PDO and LA is accept-

able because the conversion of crude glycerol can be

increased and the compounds are easily separated

from each other (Xin et al. 2017; Song et al. 2013).

The traditional microbial fermentation of 1,3-PDO

was based on pure cultures by organisms such as

Klebsiella and Clostridium (Chatzifragkou et al. 2011;

Metsoviti et al. 2012). However, there were some

disadvantages in pure cultures, such as requirements

for strict anaerobic or aseptic environments, difficul-

ties in the purification caused by byproducts, and low

tolerances to the impurities in crude glycerol (Xiu and

Zeng 2008; Yang et al. 2016). Compared to pure

cultures, fermentation with a microbial consortium,

which possesses properties such as the utilization of

complicated substrates, no sterility requirement, and

the use of regulatory metabolites, has been extensively

studied and proven to be viable in recent years (Dietz

and Zeng, 2014; Jiang et al. 2017a, b; Zhou et al.

2017, 2018; Wang et al. 2019). Microbial consortia are

complex systems, and further research on their

fermentation performance will be beneficial to their

application in industry.

In this study, a microbial consortium efficiently

producing 1,3-PDO was selected from intertidal

sludge, and its bacterial composition was analyzed.

Then, the conversion of crude glycerol from biodiesel

to 1,3-PDO and LA under unsterile conditions by the

selected microbial consortium was evaluated in batch

and fed-batch fermentations.

Methods

Inoculum and media

The inoculum was intertidal sludge obtained from

seashore, Liaoning, China. The seed and fermentation

media for 1,3-PDO and LA production were similar to

those previously described (Jiang et al. 2017a). Crude

glycerol was characterized as described by Zhou et al.

(2017).

Culture conditions

Approximately 2 g of the intertidal sludge was

inoculated into a 250 mL sealed flask with 100 mL

of seed medium at 37 �C, and shaken at 200 rpm for

24 h. Then, 1 mL of the culture broth was incubated in
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another flask with the same seed medium and condi-

tions for 24 h, and the subculturing was repeated one

more time.

After the subculture, 1 mL of the culture broth was

grown in a 250-mL sealed flask with 100 mL of seed

medium at 37 �C, and shaken at 200 rpm for 12 h.

Then, seed cells were prepared for batch and fed-batch

fermentations.

Batch and fed-batch fermentations were performed

in a 5 L bioreactor (Baoxing Biotech, Shanghai,

China) with a working volume of 2 L and an inoculum

volume of 10% (v/v). The pH was controlled at 7.0 by

automatic addition of 5 M NaOH. The temperature

was maintained at 37 �C with an agitation rate of

250 rpm. Nitrogen gas at 0.1 vvm was pumped into the

bioreactor to produce an anaerobic environment

during fermentations. In fed-batch fermentation, the

initial concentration of crude glycerol was 40 g/L, and

20 g/L glycerol was maintained by adding crude

glycerol during cultivation.

Analysis of microbial consortium composition

The bacterial composition of the selected microbial

consortium was analyzed by 16S rRNA gene amplicon

high-throughput sequencing according to Zhou et al.

(2017). The sequencing raw data of the microbial

consortium have been submitted to the sequence read

archive database of NCBI under accession number

SRR12496099.

Analytical procedures

Cell growth was measured at 650 nm and converted to

dry cell weight (DCW) as previously described (Mu

et al. 2006). Glycerol was assayed as described by

Wang et al. (2001). The concentrations of 1,3-PDO,

LA, ethanol, 2,3-butandiol, acetate, formate, and

succinate were determined by HPLC (Jiang et al.

2017a). The results were the averages of two exper-

iments under the same conditions. The carbon recov-

ery was calculated after fermentation according to

Wang et al. (2011).

Results and discussion

Selection and composition analysis

of the microbial consortium

After three subcultures, a microbial consortium named

CJD-S was obtained, and the diversity was analyzed

by 16S rRNA gene amplicon high-throughput

sequencing. The microbial consortium CJD-S,

obtained from the enrichment of intertidal sludge,

was mainly composed of Enterobacteriaceae and

Enterococcaceae, which accounted for 86.25% and

13.75% of the total family abundance, respectively.

The bacterial genera used in the production of 1,3-

PDO in nature, such as Klebsilla, Enterobacter and

Citrobacter, belong to Enterobacteriaceae (Sun et al.

2018). Enterococcus faecalis, from Enterococcaceae,

is commonly used for LA production (Murakami et al.

2016). Therefore, 1,3-PDO and LA were expected to

be the main products of the microbial consortium

CJD-S when it transformed glycerol.

Effect of seawater on batch fermentation

of the microbial consortium CJD-S

Batch fermentations with 40 g/L initial crude glycerol

were performed to investigate the effect of seawater on

metabolites produced by the microbial consortium

CJD-S under nonsterile conditions with no nitrogen.

The microaerobic environment was created by not

pumping nitrogen into the bioreactor during fermen-

tation. As shown in Table 1, 1,3-PDO was the main

product in the batch fermentations by microbial

consortium CJD-S, and there was obvious influence

on the consumption of glycerol, and the duration and

products of batch fermentations with seawater. Com-

pared to the control values, the concentration, yield

and productivity of 1,3-PDO were all decreased.

Because the duration of the fermentation process was

prolonged by seawater, the productivity of 1,3-PDO

was reduced significantly. The production levels of

products other than acetate, including lactate, ethanol

and formate, were higher than those of the control.

When the ionic concentration was reduced by a lack of

KH2PO4, MgCl2 or CaCl2 addition, the production of

lactate, ethanol and formate was somewhat decreased.

The inhibitory effect on glycerol assimilation was

attributed to high osmotic pressure caused by salts in

seawater. The effects of seawater on the microbial
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community in microbial consortium CJD-S might

contribute to the changes in the production of

metabolites during batch fermentation. Considering

that the lower productivity of bath fermentation with

seawater was not conducive to industrial production,

tap water was selected for subsequent experiments.

These experiments showed that the high diversity of

the microbial consortium CJD-S enabled it to adapt to

complex environments without a sterility requirement,

which was the same result as in the previous report by

Dietz and Zeng (2014).

Effect of nitrogen on batch fermentation

of the microbial consortium CJD-S

Batch fermentations with 40 g/L initial crude glycerol

were conducted to evaluate the effect of nitrogen on

metabolites from microbial consortium CJD-S under

nonsterile conditions. According to Table 2, compared

to the values obtained without nitrogen, the concen-

tration, yield and productivity of 1,3-PDO signifi-

cantly increased from 11.67 g/L, 0.33 mol/mol and

1.30 g/(L�h) to 15.70 g/L, 0.43 mol/mol and 1.96 g/

(L�h), respectively, at the end of batch fermentation

with 0.1 vvm nitrogen. At the same time, the

concentrations of other products also increased, and

the carbon recovery increased from 0.75 to 0.99.

Therefore, an anaerobic environment that was

conducive to the growth of facultative anaerobes in

the microbial consortium CJD-S was beneficial to the

production of 1,3-PDO and other metabolites from

glycerol. When no nitrogen was pumped, the dissolved

oxygen in the medium facilitated the growth of aerobic

bacteria in the microbial consortium at the beginning

of fermentation, which competed for substrate utiliza-

tion and reduced the conversion rate of glycerol. The

effect of nitrogen on batch fermentations was different

from that reported by Wang et al. (2019). The reason

may be that the main family of the microbial

consortium LS30 selected by Wang et al. (2019),

was Enterobacteriaceae, which accounted for 97.22%

of the total after 30 serial transfers under anaerobic

conditions and maintained steady fermentation per-

formance under anaerobic and aerobic conditions. In

contrast, the bacterial composition of consortium

CJD-S was more similar to that of the natural

consortium, and the microbial diversity was also more

varied, so that the growth of aerobic bacteria was

inhibited by nitrogen and more glycerol was converted

to value-added products by facultative anaerobes, such

Table 1 Effects of seawater on products in batch fermentations with the microbial consortium CJD-S

Type of fermentation Cs0 Cs Duration Concentration (g/L) Y1,3-PDO Q1,3-PDO

(g/L) (g/L) (h) 1,3-PDO Lactate Ethanol Formate Acetate (mol/mol) (g/(L�h))

Control 43.52 1.38 9 11.67 4.86 4.03 2.83 3.46 0.33 1.30

A 43.18 3.88 20 9.93 12.02 8.13 5.95 0.99 0.31 0.50

B 43.37 5.53 20 9.98 11.30 7.70 5.50 0.91 0.32 0.50

Control: fermentation medium with tap water

A, Fermentation medium with seawater

B, Fermentation medium with seawater, without the addtion of KH2PO4, MgCl2, CaCl2. Cs0, initial concentration of glycerol

Cs, residual concentration of glycerol

Table 2 Effects of nitrogen on products in batch fermentations with the microbial consortium CJD-S

N2 Cs0 Concentration (g/L) Y1,3-PDO Q1,3-PDO Carbon

(vvm) (g/L) 1,3-PDO Lactate Ethanol Formate Acetate (mol/mol) (g/(L�h)) Recovery

0.1 44.45 15.70 6.42 6.08 3.12 4.12 0.43 1.96 0.99

0 43.52 11.67 4.86 4.03 2.83 3.46 0.33 1.30 0.75

Cs0, initial concentration of glycerol
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as 1,3-PDO and LA. In addition, the continuous

sparging with N2 during fermentation also has a

significant influence on the spectrum of final products

produced by a single strain, such as found for the

production of 1,3-PDO (Metsoviti et al. 2012).

Therefore, the effect of nitrogen on final products

produced by microbial consortium CJD-S can be

regarded as the result of the comprehensive influence

on all microorganisms in the microbial community.

Due to the more satisfactory of batch fermentation

results (15.70 g/L 1,3-PDO, 6.42 g/L LA and carbon

recovery of 0.99), nonsterile and anaerobic culture

conditions were performed for further experiments.

Fed-batch fermentation of the microbial

consortium CJD-S with crude glycerol

Fed-batch fermentation was performed to evaluate the

ability of the microbial consortium CJD-S to convert

crude glycerol to 1,3-PDO and other products without

the inhibition by a high initial glycerol concentration

or toxic impurities. The fermentation results are shown

in Fig. 1. The dominant products of fed-batch fer-

mentation of microbial consortium CJD-S with crude

glycerol were 1,3-PDO (41.47 g/L) and LA (45.86 g/

L), followed by ethanol (17.98 g/L), acetate (11.26 g/

L) and succinate (4.96 g/L). Formate was

undetectable in the late stage of fermentation. The

yields of 1,3-PDO and LA were 0.34 mol/mol and

0.32 mol/mol, respectively, at the end of the fed-batch

fermentation by the microbial consortium CJD-S, and

147.65 g/L glycerol was consumed.

Although the production of 1,3-PDO was not as

high as that reported by Dietz and Zeng (2014), Zhou

et al. (2017) and Jiang et al. (2017a), these were the

best results reported for 1,3-PDO and LA coproduc-

tion by a microbial consortium from crude glycerol

under unsterile conditions (Table 3). Specifically,

Chatzifragkou et al. (2011) produced 67.9 g/L 1,3-

PDO and 1.9 g/L LA by Clostridium butyricum VPI

1718 in fed-batch fermentation with crude glycerol

under nonsterile conditions. Metsoviti et al. (2012)

produced 50.1 g/L 1,3-PDO and 16.8 g/L LA by

Klebsiella oxytoca FMCC-197 during fed-batch fer-

mentation. Metsoviti et al. (2013) also produced

66.3 g/L 1,3-PDO and 33.7 g/L LA by the Citrobacter

freundii strain [FMCC-B 294 (VK-19)] during a

nonsterilized fed-batch process. In our research, the

microbial consortium CJD-S exhibited good robust-

ness and efficient 1,3-PDO and LA production from

crude glycerol, which enabled it to simplify the

fermentation process and reduce the production costs

in industrial production. The different fermentation

performances with microbial consortia are mainly

Fig. 1 Time course of glycerol and metabolites abundances and microbial growth in fed-batch fermentation with microbial consortium

CJD-S and crude glycerol under unsterile conditions
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caused by the differences in microbial communities

among the microbial consortia selected.

In conclusion, the microbial consortium CJD-S,

consisting of 86.25% Enterobacteriaceae and 13.75%

Enterococcaceae, was selected from intertidal sludge

to convert crude glycerol to high-value products such

as 1,3-PDO and LA under unsterile conditions, and its

fermentation performance was evaluated. In fed-batch

fermentation, the highest concentration of 41.47 g/L

1,3-PDO and 45.86 g/L LA were the highest concen-

trations achieved from crude glycerol. As the micro-

bial community is constantly changing under the

influence of internal and external environmental

factors and has a decisive role in the conversion of

glycerol to high-value products, regulation strageties

will be investigated to synthesize products by a

microbial consortium in accordance with people’s

expectations in the future. This work provides an

alternative method for the production of value-added

chemicals from crude glycerol by microbial consortia.
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