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Abstract

In natural soil, many species of bacteria are actively involved in the degradation of
lignin, a complex biomolecular matrix that makes up a portion of plant cell walls. This
activity is of great interest to researchers in the biofuel industry who are attempting to
unlock the secret to a biologically-derived biofuel, in which no costly chemical processes
are necessary in order to produce biofuels like ethanol. However, the natural
degradation of lignin is a complicated process that has not yet been efficiently executed
in a controlled setting. In this study, | attempted to better understand the ability of three
bacterial strains, Pseudomonas sp. strain YS-1p, Alcaligenes sp. strain -3K, and
Arthrobacter sp. strain RT-1, to degrade lignin-derived monomers (ferulic acid and p-
hydroxy-transcinnamic acid) and a dimer (benzyl-phenyl ether). Cultures were prepared
with mineral salts medium and lignin-compounds as the sole carbon source and lignin
degradation was monitored indirectly by measuring growth in CFU/mls. Experimental
results indicated that both monomers inhibit growth of strain YS-1p and drastically
reduce growth of strain 3K. On the other hand, strain RT-1 grew well with benzyl-phenyl
ether as a carbon source. Further research with these bacteria on different lignin-
derived aromatic compounds could shed more light on their possible roles in lignin

degradation.



Introduction

Biofuels are combustible fuels that are created by fermenting plant biomass to
produce ethanol (Bugg et al., 2011). First-generation biofuels, such as those developed
from sugar cane, are created by amylase first breaking down sucrose into glucose and
fructose and then fermenting the produced glucose to produce usable fuels (Bugg et al.
2011). This type of biofuel production however, has disadvantages. The crops utilized in
this process are resource intensive and they also utilize fertile lands which could be
used for food production instead. On the other hand, second-generation biofuels can be
produced from a large variety of plants that do not necessarily require as much resource
investment and can be grown on less fertile land. Second-generation biofuels utilize
energy contained within molecules present in plant cell walls, specifically cellulose and
hemicellulose, rather than energy present within the cells themselves as in first-
generation biofuels (Bugg et al. 2011). Plant cell walls are made up of 3 major
biomolecules: cellulose, hemicellulose, and lignin. Cellulose and hemicellulose are plant
polysaccharides that are easily converted to sugar monomers by enzymes such as
cellulases and hemicellulases and thus these sugar monomers can be easily fermented
to bioethanol or biobutanol. The term lignin encompasses a large group of biomolecules
synthesized by plants through the oxidation and coupling of 4-hydroxyphenylpropanoids
in successive reactions to form large matrices (Vanholme et al. 2010). These lignin
matrices interfere with the process of biofuel production by cross-linking with cellulose
and hemicellulose in plant cell walls, making hydrolysis of plant polysaccharides and
fermentation of sugars by enzymes difficult (Zeng et al. 2014). In order to combat this
problematic biomolecule, second-generation biofuel production involves three main
steps. First, lignin is depolymerized or degraded to release cellulose and hemicellulose.
In the second step cellulose and hemicellulose are hydrolysed by cellulases and
hemicellulases to sugar monomers. In the third step, sugar monomers are fermented to
usable fuels such as ethanol and butanol (Bugg et al. 2011). Thus far in the biofuel
industry, mostly chemical or physical pretreatment methods of lignin degradation have
been utilized successfully, however, these methods are inefficient due to their high cost,
high requirements for energy input, and release of chemicals that can inhibit the

fermentation process (Huang et al. 2013; Feofilova et al. 2016; Yang and Wyman



2008). As lignin is regularly deposited in natural soil, one can conclude that there must
be a variety of fungal and bacterial organisms which might participate in the metabolism
of plant lignin. Recently, there is increasing interest in the isolation and characterization
of microorganisms from soil for their ability to degrade lignin or lignin-derived aromatic
compounds and how these organisms can be utilized for the pre-treatment of plant

biomass for biofuel production.

In this study, three bacterial strains previously isolated from decaying wood and
temite gut were used to study lignin degradation. In our studies we used two monomers
(ferulic acid and trans-4-hydroxycinnamic acid) and one dimer (benzyl phenyl ether) as
sole carbon sources (Fig. 1). Degradation of monomer trans-4-hydroxy-3-
methoxycinnamic acid (Ferulic acid) is of great interest due to its presence as an
intermediate in the degradation of coniferyl alcohol, a highly represented lignin
monomer (Andreoni et al. 1994). Trans-4-hydroxycinnamic acid also exists as an
intermediate in lignin degradation pathways (Katase & Bollag 1991). Bacterial growth on
benzyl-phenyl ether (BPE) is also of great interest since it contains an a-O-4 linkage
which is lowest bond dissociation energy of the common interunit linkages of lignin
degradation pathways (Zhu et al. 2017). Before bacteria became a major focus in
second-generation biofuel research, some fungi, like white-rot fungi, were shown to be
capable of breaking down lignin using secreted enzymes such as peroxidase and
laccase (Bugg et al. 2011). Recently, bacterial strains have become the focus of
developing biological techniques to degrade lignin because bacteria can grow in a
variety of environmental conditions including in extreme environments and they are

easier to genetically manipulate then fungi (Bugg, et al. 2011; Bandounas et al., 2011).



Figure 1. The three lignin-compounds studied, trans-4-hydroxy-3-

methoxycinnamic acid, trans-4-hydroxycinnamic acid, and benzyl-phenyl ether
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We selected three bacterial strains that were previously isolated in our laboratory on the
basis of their ability to degrade lignin monomers, dimers, and alkali lignin as the sole
carbon sources. Pseudomonas sp. strain YS-1p was isolated from a wood sample taken
from Yellowstone National Park which was then enriched through growth in media
which selected for organisms that grow on decaying plant matter (Jackson et al. 2017;
Prabhakaran et al. 2015). Alcaligenes sp. strain 3K was isolated from a petroleum
contaminated soil in Nigeria (Adetitun et al. 2019). Arthrobacter sp. strain RT-1 was
isolated from the termite gut and bovine rumen fluid (Couger et al. 2019. Unpublished
results). Previous studies have also shown that various species of the genera
Pseudomonas, Alcaligenes, and Arthrobacter have been shown to degrade single ring

aromatic compounds that are common as lignin intermediates (Singh et al. 2011). In this



study, | have selected the above mentioned organisms to further evaluate their ability to

degrade lignin monomers and dimers.

Methods

Biodegradation of lignin monomers by Pseudomonas sp. Strain YS-1p and
Alcaligenes sp. Strain 3k:

Culture flasks (250 ml) containing 100 ml of mineral salts medium with 0.02%
yeast-extract (MSM-YE) and supplemented with 0.02% ferulic acid or 0.02% trans 4-
hydroxycinnamic acid as a carbon source (other carbon sources were present due to
use of yeast extract) were prepared and sterilized by autoclaving. The various media
were then inoculated with approximately 103 CFU/ml of strain YS-1p or strain 3k. For
the inoculation, strain YS-1p and strain 3k were first grown in 1/10 strength LB broth for
1 -2 days at 30°C and plated on LB agar to determine the inoculum size. Un-inoculated
autoclaved control flasks were also prepared. All flasks were incubated at 37°C in a
shaking incubator at 60 rpm. Samples were then withdrawn at various time points and
plated on LB agar. The plates were then incubated at 37°C for 1-2 days before CFUs/ml
were determined. Detection of contamination was based on comparative colony

morphology during weekly CFU/ml assays.

Biodegradation of lignin dimer by Arthrobacter sp. Strain RT-1:

Experimental flasks were prepared as above except the MSM medium was
devoid of yeast extract. The medium was supplemented with 0.02% benzyl phenyl ether
as the sole carbon source and flasks were inoculated with approximately 10 CFU/ml of
strain RT-1. Un-inoculated autoclaved flask controls were also prepared. Cultures were
incubated at 37°C in a shaking incubator at 60 rpm and samples were withdrawn at
various time points and plated on LB agar. The plates were incubated at 37°C for 2
days and CFUs/ml was determined. Detection of contamination was based on

comparative colony morphology during weekly CFU/ml assays.



Results and Discussion

Results in Fig. 2 show that strain YS-1p grew rapidly initially by > 5 log units in
the first 7 days of incubation on all substrates and then growth entered stationary
phase. Overall, our results show that growth was superior when grown on MSM with
0.02% yeast extract (YE) compared to flasks containing YE + ferulic acid or YE+ 4-
hydroxy cinnamic acid. For example, strain YS-1p grew by 8.5 log CFUs/ml in the
presence of YE alone compared to 8.1 log CFUs/ml and 7.6 log CFUs/ml in the
presence of YE + ferulic and or YE + 4-hydroxy cinnamic acid, respectively at the end of
4 weeks. These results clearly show that addition of ferulic acid and trans-4-
hydroxycinnamic acid did not improve the growth of strain YS-1p. We hypothesize that
ferulic acid and 4-hydroxy cinnamic acid were perhaps slightly toxic to strain YS-1p
growth. These results are consistent with other studies that showed the toxic nature of
these monomers (Brink et al. 2019; Campillo et al. 2014; Zhu et al. 2017). Also, from
our studies, it is not clear whether strain YS-1p was able to metabolize lignin monomers
since growth was much higher when grown in the presence of YE alone compared to
the two lignin monomers. In our future studies, we will use GC-MS or HPLC to
determine the degradation of ferulic acid and 4-hydroxycinnamic acid.



Figure 2. Growth curves of Pseudomonas on ferulic acid, trans-4-hydroxycinnamic acid,
and standard MSM-YE.
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| also tested the ability of strain 3k to degrade ferulic acid and 4-hydroxycinnamic
acid and utilize them as carbon sources. Fig. 3 shows the growth of strain 3k in MSM
supplemented with YE, MSM + YE + ferulic acid or MSM + YE + 4-hydroxycinnamic
acid. Results show that strain 3k grew rapidly initially reaching a cell density of 4 to 4.5
log units in the first 7 days, after which cell numbers declined in a way that has been
noted as normal for the strain, however, strain 3k did show abnormal declination in
cultures containing ferulic and 4-hydroxycinnamic acid. We hypothesize that the carbon
sources available in YE allowed these two cultures to grow well during the first week,
but began to suffer from the toxic monomers during the following weeks. These results

also show the toxic effects of lignin monomers.



Figure 3. Growth curves of Alcaligenes on ferulic acid, trans-4-hydroxycinnamic acid,
and standard MSM-YE.
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| have also tested the ability of strain RT-1 to degrade a dimer, benzyl phenyl ether
(BPE) as the sole source of carbon. Fig. 4 shows the growth of strain RT-1 in MSM
supplanted with BPE as the sole source of carbon (no YE added). Results show that
after a lag phase of 2 weeks, the culture population grew from log CFU 3.5/ml to log
CFU 5.56 CFU/mI after the next three weeks suggesting an increase in cell density by 2
log units. These results clearly show the organism’s ability to degrade lignin dimers and

utilize them as carbon sources.



Figure 4. Growth curves of Arthrobacter on Benzyl Phenyl Ether
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Conclusion

Some of the results of this study are inconclusive, especially with respect to the
organisms’ (Strain YS-1p and Strain 3K) ability to degrade ferulic acid and 4-
hydroxycinnamic acid. In order to confirm that these compounds cannot be degraded by
strain YS-1p and strain 3k, we need to set up experiments without YE and see if the
cells grow on the monomers as the sole source of carbon. Also, analysis of culture

samples for the formation of degradation intermediates using GC-MS or HPLC is



necessary to confirm the degradation of monomers by our strains. On the other hand,
our studies have clearly demonstrated that strain RT-1 has the ability to degrade the
lignin dimer BPE. These are encouraging results since ether-bond containing lignin

dimers are harder to degrade and ether bonds are the dominant bond in native lignin.
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