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Abstract This chapter describes the basics for the development of future biotech-
nology processes for the production of platform chemicals. Microbial life on green
plants and harvested plants is very dynamic. Identified microorganisms on green
plants and in silage as described in literature are listed in tables. But almost weekly
new microorganisms are discovered, which constitute the site of a great variety of
so far unknown metabolic pathways. Some microorganisms and their metabolic
pathways to six organic acids used as platform chemicals and applications currently

and in future are described.
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Abbreviations

C Carbon
MOs Microorganisms

1 Introduction

All aerial parts of plants which perform photosynthesis and are usually in the
growth phase can be called green biomass. Green biomass contains mainly carbo-
hydrates, proteins, fibres, flavourings, colourings, vitamins, hormones, amino acids
and enzymes, but less starch and lignin. The primary production of photosynthesis
in green plants, such as C3 species in temperate climates, can yield up to 20 t dry
matter and 4 t of proteins per ha per year, while C4 species in tropical climates can
produce 80 t of dry matter and 6 t of proteins (Carlsson 1985). Economically,
interesting are mainly alfalfa, clover and grass from permanent grassland and
immature crops, but also green parts of plants, such as leaves as a by-product of
the harvest of ripe crops (Kamm et al. 2006).

The area of green cropland cultivation in Europe (basis: 15 member states
without new member states since a comprehensive European database on grassland
areas is not available) amounts to 45 million ha and therewith to 35 % of the
agricultural cropland. Based on an average yield of 10 t dry matter per hectare and
year, 450 million tons of dry matter is produced annually by the 15 EU member
states (FAO 2012). In Europe, the most important forage crop is alfalfa (Lucerne)
due to its ability to absorb nitrogen from air and to enrich it in the soil. Alfalfa is
cultivated on about 32 million hectares in the mentioned 15 EU member states. In
the USA, intensive research in the field of biorefineries has been going on over the
past 10 years. The Alfalfa New Products Initiative (ANPI), to which belong five of
the states, aims at the intensification of the cultivation and use of Alfalfa. Thereby,
known technologies, implemented at large scale only in France, like dehydration
and fractionation are utilised. The high protein content and the favourable amino
acid pattern make alfalfa exceptionally interesting for feedstuff production and
research and development efforts on water-soluble proteins that are about 15 % of
the average protein content (Lamsal 2004). The fraction of water-soluble carbohy-
drates form an important C-source among the nonstructural carbohydrates for
microbial use by plant-associated bacteria (Seyfarth and Miiller 1997). In harvested
green biomass, one can find all microorganisms which already colonised the plant
during growth and also those who ended up in the biomass during harvesting.
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2 Microorganisms on Green Plants

The aerial parts of plants like leaves, caulis, buds, blossoms and fruits which are a
habitat for microorganisms are called ‘phyllosphere’ (Whipps et al. 2008). Besides
the soil, they offer a large habitat for bacteria, yeasts, fungi and protists, called
‘epiphytic microorganisms’, whereas the bacteria form the biggest group of these
microorganisms (Lindow and Brandl 2003; Ruppel and Miiller 2012). The
phyllosphere is a very dynamic habitat because of strong fluctuating biotic and
abiotic conditions of space and time (Kinkel 1997). A very high selective pressure
exists because of the limited nutrient supply in many areas on the leaves, the
UV-radiation during day time and often a prevalent dryness during the main
growing period (in Central Europe) (Thompson et al. 1995; Andrews and Harris
2000). Additional population dynamics are generated during the ageing of the
plants because of different survival strategies of the epiphytic microorganisms
(Kinkel 1997). Bacteria like to live, for example, in cell agglomerations and are
therefore more resistant against dryness and UV-radiation (Lindow and Brandl
2003).

In an analysis about quantity and biodiversity on leaves in a studied area at night,
a higher individual number was determined, given that at night there is no
UV-radiation and moisture is increasing because of dew production (Thompson
et al. 1995). Also the point of time and the frequency of the harvest influence the
composition of microorganism populations (Kinkel 1997). Late cut grass has a
higher population concentration of heterotrophic bacteria as well as filamentous
fungi, while the frequency of yeast and bacteria in the family of Micrococcaceae
was always varying strongly (Behrendt et al. 2004).

Under lab conditions, only a few of the existing microorganism can be cultivated
(Whipps et al. 2008; Miiller and Ruppel 2014). With modern methods of the gene
sequencing, which are culture independent, a significantly higher number of micro-
organism species can be determined, which are mostly unknown so far (Yang
et al. 2001; Whipps et al. 2008). In Table 1, some of the identified microorganisms
in the phyllosphere are listed alphabetically.

3 Microorganisms and Chemical Compounds in Silage

The production of silage for conservation of green fodder for the feeding of
livestock during winter or biogas production has a long tradition in the agriculture
of many countries. Extensive knowledge exists about techniques which contribute
to a preferably optimal silage fermentation (Dogi et al. 2013). The requirements are
a moisture content of the harvested plants of approximately 35 %, a sufficient
content of fermentable sugars for lactic acid bacteria and solid compression for the
reduction of trapped air (Driehuis and Oude Elferink 2000; Duniére et al. 2013). A
good fodder quality can be obtained, if a strong pH-value reduction is achieved
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Table 1 Some of the identified MOs of the phyllosphere are listed alphabetically

Microorganism

Plants, parts of plants

References

Acidobacteria

Thlaspi geosingense

Idris et al. (2004)

Acinetobacter haemolyticus

Citrus Valencia leaf

Yang et al. (2001)

Acinetobacter sp.

Citrus Valencia leaves

Yang et al. (2001)

Acremonium Long-lived tropical leaves Thompson et al. (1993),
Inacio et al. (2002)
Actinobacteria Thlapsi geosingense, Idris et al. (2004), Lambais

Campomanesia xanthocarpa,
Capsicum annum, Solanum
tuberosum, Crocus albiflorus

et al. (2006), Rasche
et al. (20064, b), Reiter and
Sessitsch (2006)

Agrobacterium rubi

Sugar beet, short-term

Thompson et al. (1995)

dynamics
Alternaria Long-lived tropical leaves Thompson et al. (1993),
Inacio et al. (2002)
Alternaria Dormant spores, growth on Andrews et al. (1987), Dick-

healthy, intact, non-senescent
leaves is relatively rare

inson (1967, 1976), Wildman
and Parkinson (1979)

a-Proteobacteria

Thlapsi geosingense, Trichilia
catigua, Trichilia claussenii,
Campomanesia xanthocarpa,
Zea mays, Capsicum annum,
Solanum tuberosum, Crocus
albiflorus

Idris et al. (2004), Lambais
et al. (2006), Kadivar and
Stapleton (2003), Rasche
et al. (20064, b), Reiter and
Sessitsch (2006)

Arthrobacter atrocyaneus

Sugar beet, short-term
dynamics

Thompson et al. (1995)

Arthrobacter globiformis

Sugar beet, short-term
dynamics

Thompson et al. (1995)

Arthrobacter oxydans

Sugar beet, short-term
dynamics

Thompson et al. (1995)

Arthrobacter protophormiae

Sugar beet, short-term
dynamics

Thompson et al. (1995)

Aspergillus

Long-lived tropical leaves

Thompson et al. (1993),
Inacio et al. (2002)

Aureobacterium saperdae

Sugar beets, short-term
dynamics

Thompson et al. (1995)

Aureobasidium pullulans

Citrus Valencia leaf

Yang et al. (2001)

Aureobasidium

Dormant spores, growth on
healthy, intact, non-senescent
leaves is relatively rare

Andrews et al. (1987), Dick-
inson (1967, 1976), Wildman
and Parkinson (1979)

Aureobasidium pullulans

Acer platanoides, Hippophae
rhamnoides

Breeze and Dix (1981)

Bacillus

Heterotrophic

Wipat and Harwood (1999)

Bacillus pumilus

Valencia orange leaf, citrus
Valencia leaf

Yang et al. (2001)

Bacillus subtilis

Kong et al. (1997)

Bacillus thuringiensis

Leaves, grass foliage

Hansen et al. (1998),
Damgaard et al. (1998)

(continued)
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Table 1 (continued)

Microorganism

Plants, parts of plants

References

Bacterial groups

Thompson et al. (1993),
Inacio et al. (2002)

Bacteroidetes

Thlapsi geosingense, Trichilia
catigua, Trichilia claussenii,
Campomanesia xanthocarpa,
Zea mays, Solanum tuberosum

Idris et al. (2004), Lambais
et al. (2006), Kadivar and
Stapleton (2003), Rasche
et al. (2006a)

Burkholderia cepacia

Pathogen

Balandreau et al. (2001),
Govan et al. (1996)

Cladosporium Long-lived tropical leaves Thompson et al. (1993),
Inacio et al. (2002)
Cladosporium Dormant spores, growth on Andrews et al. (1987), Dick-
healthy, intact, non-senescent | inson (1967, 1976), Wildman
leaves is relatively rare and Parkinson (1979)
Clostridia Miscanthus sinensis Miyamoto et al. (2004)

Clostridium bifermentans

Citrus Valencia leaf

Yang et al. (2001)

Cryptococcus Active coloniser, growth on Thompson et al. (1993),
healthy, intact, non-senescent | Inacio et al. (2002),
leaves is relatively rare Glushakova and Chernov
(2004), Fokkema et al. (1979)
Cyanobacteria Campomanesia xanthocarpa, | Lambais et al. (2006), Reiter

Crocus albiflorus

and Sessitsch (2006)

Cyanobacteria Nostoc Autotrophic Andrews and Harris (2000)
Cytospora Dormant spores, growth on Andrews et al. (1987), Dick-
healthy, intact, non-senescent | inson (1967, 1976), Wildman
leaves is relatively rare and Parkinson (1979)
Dendrophoma Dormant spores, growth on Andrews et al. (1987), Dick-
healthy, intact, non-senescent | inson (1967, 1976), Wildman
leaves is relatively rare and Parkinson (1979)
Desulfurominas Citrus Valencia leaf Yang et al. (2001)
choroethenica

Enterobacter agglomerans

Citrus Valencia leaf

Yang et al. (2001)

Enterobacter asburiae

Citrus Valencia leaf

Yang et al. (2001)

Enterococcus faecalis
Ent. mundtii

Ent. casseliflavus
Ent. faecium

Ent. sulfureus

Bowel pathogen, bacteriocins
on grass

Ott et al. (2001)

Epicoccum

Dormant spores, growth on
healthy, intact, non-senescent
leaves is relatively rare

Andrews et al. (1987), Dick-
inson (1967, 1976), Wildman
and Parkinson (1979)

Erwinia (Pantoea) ssp.

Lindow and Brandl 2003

Erwinia amylovora

Flowers, causer of fire blight

Johnson and Stockwell
(1998), Lindow et al. (1996)

Erwinia amylovora

Citrus Valencia leaf

Yang et al. (2001)

Erwinia herbicola

Sugar beets, short-term
dynamics

Thompson et al. (1995)

(continued)
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Microorganism

Plants, parts of plants

References

Erwinia herbicola

Citrus Valencia leaf

Yang et al. (2001)

Erwinia rhapontici

Sugar beets, short-term
dynamics

Thompson et al. (1995)

Erwinia rhapontici

Citrus Valencia leaf

Yang et al. (2001)

Escherichia coli

Corn, beans, coriander

Brandl and Mandrell (2002),
O’Brien and Lindow (1989)

Firmicutes

Thlapsi geosingense,
Campomanesia xanthocarpa,
Zea mays, Capsicum annum,
Solanum tuberosum, Crocus
albiflorus

Idris et al. (2004), Lambais
et al. (2006), Kadivar and
Stapleton (2003), Rasche
et al. (20064, b), Reiter and
Sessitsch (2006)

Fluorescent pseudomonads

Heterotrophic

Andrews and Harris (2000)

y-Proteobacteria

Thlapsi geosingense, Trichilia
catigua, Trichilia claussenii,
Campomanesia xanthocarpa,
Zea mays, Capsicum annum,
Solanum tuberosum, Crocus
albiflorus

Idris et al. (2004), Lambais
et al. (2006), Kadivar and
Stapleton (2003), Rasche
et al. (2006a, b), Reiter and
Sessitsch (2006)

Hydrogenophaga pseudoflora

Sugar beet, short-term
dynamics

Thompson et al. (1995)

Lewia infectoria

Citrus Valencia leaf

Yang et al. (2001)

Marinobacter
hydrocarbonoclasticus

Citrus Valencia leaf

Yang et al. (2001)

Methylobacterium Lolium perenne Austin and Goodfellow

mesophilicum A47 (1979), Green and Bousfield
(1983)

Methylobacterium Oryza sativa ‘Donglin’ Madhaiyan et al. (2009)

phyllosphaerae CBMB27

Methylobacterium platani
PMB02

Platanus orientalis

Kang et al. (2007)

Methylobacterium spp. Cytokinins Holland et al. (2002)
Microbacterium lacticum Sugar beet, short-term Thompson et al. (1995)
dynamics

Micrococcus kristinae

Sugar beet, short-term
dynamics

Thompson et al. (1995)

Micrococcus roseus

Sugar beet, short-term
dynamics

Thompson et al. (1995)

Microsphaeropsis

Dormant spores, growth on
healthy, intact, non-senescent
leaves is relatively rare

Andrews et al. (1987), Dick-
inson (1967, 1976), Wildman
and Parkinson (1979)

Morchella esculenta

Citrus Valencia leaf

Yang et al. (2001)

Mucor

Long-lived tropical leaves

Thompson et al. (1993),
Inacio et al. (2002)

Pantoea agglomerans

Gypsophila paniculata

Manulis et al. (1998), Brandl
and Mandrell (2002)

(continued)
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Table 1 (continued)

Microorganism

Plants, parts of plants

References

Penicillium

Hippophae rhamnoides, long-
lived tropical leaves

Thompson et al. (1993),
Inacio et al. (2002)

Pseudomonas aeruginosa

Pathogen

Cho et al. (1975)

Pseudomonas chlororaphis

Cilantro (coriander)

Brandl and Mandrell (2002)

Pseudomonas fluorescens A,
B,C,F,G

Sugar beet, short-term
dynamics

Thompson et al. (1995)

Pseudomonas fluorescens

Presence of a functional type
IIT secretion pathway

Preston et al. (2001)

Pseudomonas oleovorans

Citrus Valencia leaf

Yang et al. (2001)

Pseudomonas putida

Sugar beet, presence of a
functional type III secretion
pathway

Preston et al. (2001), Thomp-
son et al. (1995)

Pseudomonas putida

Citrus Valencia leaf

Yang et al. (2001)

P. syringae pathovars
atrofaciens, glyciniae,
lachrymans, morsprunorum,
savastanoi fraxinus,
savastanoi oleae, syringae,
tabaci, targetes

Sugar beet, short-term
dynamics

Thompson et al. (1995)

Pseudomonas spp.

Surfactants (increase the wet-
tability of leaf surfaces)

Bunster et al. (1989)

Pseudomonas syringae

Bean leaves, sugar beet leaves,
alginate, ice activity

Brandl and Mandrell (2002),
O’Brien and Lindow (1989),
Kinkel (1997)

Pseudomonas syringae
pv. syringae

Snap bean, syringomycin
(toxin, cell lysis)

Hutchison et al. (1995), Uppe
et al. (2003), Quigley and
Gross (1994)

Pseudomonas tolaasii

Tolaasin

Hutchison and Johnstone
(1993)

Rhodosporidium Active coloniser, growth on Fokkema et al. (1979)
healthy, intact, non-senescent
leaves is relatively rare

Rhodotorula Thompson et al. (1993),

Inacio et al. (2002),
Glushakova and Chernov
(2004)

Salmonella enterica

Corn, beans, cilantro
(coriander)

Brandl and Mandrell (2002),
O’Brien and Lindow (1989)

Salmonella enterica serovars

Lettuce

Klerks et al. (2007)

Serratia plymuthica

Sugar beets, short-term
dynamics

Thompson et al. (1995)

Sphingomonas adhaesiva

Citrus Valencia leaf

Yang et al. (2001)

Sporobolomyces

Thompson et al. (1993),
Inacio et al. (2002),
Glushakova and Chernov
(2004)

(continued)
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Microorganism

Plants, parts of plants

References

Sporobolomyces

Fokkema et al. (1979)

Staphylococcus haemolyticus

Sugar beet, short-term
dynamics

Thompson et al. (1995)

Staphylococcus simulans

Sugar beet, short-term
dynamics

Thompson et al. (1995)

Unclassified organism

Citrus Valencia leaf

Yang et al. (2001)

Uncultured bacterium

Citrus Valencia leaf

Yang et al. (2001)

Uncultured delta
proteobacterium

Citrus Valencia leaf

Yang et al. (2001)

Unidentified Cytophagales

Valencia orange leaf, citrus
Valencia leaf

Yang et al. (2001)

Vibrio parahaemolyticus

Polar flagellum, which is sur-
face induced, acts as a sensory
tactile device for the microbe

McCarter et al. (1992),
McCarter and Silverman
(1989)

Xanthomonas campestris
pv. campestris

Brassica campestris leaves

Kuan et al. (1986)

Xanthomonas campestris
pv. undulosa

Wheat leaves

Duveiller (1994)

Xanthomonas maltophilia

Sugar beet, short-term
dynamics

Thompson et al. (1995)

Xanthomonas phaseoli

Bean leaves

Weller and Saettler (1980)

Xanthomonas phaseoli
fuscans

Bean leaves

Weller and Saettler (1980)

p-Proteobacteria

Thlapsi geosingense, Trichilia
catigua, Trichilia claussenii,
Campomanesia xanthocarpa,
Zea mays, Capsicum annum,
Solanum tuberosum, Crocus
albiflorus

Idris et al. (2004), Lambais
et al. (2006), Kadivar and
Stapleton (2003), Rasche
et al. (20064, b), Reiter and
Sessitsch (2006)

through fast lactic acid fermentation during the first 2 days of the ensilage and if the
silage also stays under complete air exclusion during further storing (Driehuis and
Oude Elferink 2000; Shao et al. 2005). In case the silage is produced without
inoculation, the ensiling is a natural fermentation process, in which competition
takes place between epiphytic microorganisms (Li and Nishino 2013).

A compilation of identified microorganisms in silage in alphabetical order is
included in Table 2.

The most famous microorganism groups in silage are lactic acid bacteria
Enterobacteria, Clostridia and some Bacillus species (Hafner et al. 2013) (see
also chapter Microorganisms for Production of Lactic Acid and Organic Lactates).
Pre-ensiled crop is an excellent start material for the production of lysine (see
chapter Microorganisms for Biorefining of Green Biomass).

Besides lactic acid in silages, other organic acids can be found, larger quantities
of acetic acid but also propionic acid, butyric acid, isobutyric acid and isovaleric
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Table 2 Identified MOs in silage are listed alphabetically

Microorganism Products and impacts References

Absidia Driehuis and Oude
Elferink (2000)

Acetobacter Duniére et al. (2013)

Acetobacter Wang et al. (2014)

pasterianus

Acinetobacter sp.

Pre-ensiled crop

Li and Nishino (2013)

Arthrinium Driehuis and Oude

Elferink (2000)
Aspergillus Driehuis and Oude

Elferink (2000)
Aspergillus Mycotoxin Driehuis and Oude
fumigatus Elferink (2000)
Aspergillus Ochratoxin A Duniére et al. (2013)
ochraceus

Aspergillus sp.

Duniére et al. (2013)

Bacillus cereus

Can lead to food poisoning

Duniére et al. (2013),
Driehuis and Oude

Elferink (2000)
Bacillus firmus Driehuis and Oude

Elferink (2000)
Bacillus lentus Driehuis and Oude

Elferink (2000)
Bacillus Driehuis and Oude
licheniformis Elferink (2000)
Bacillus Driehuis and Oude
polymyxa Elferink (2000)

Bacillus smithii

Wang et al. (2014)

Bacillus Driehuis and Oude
sphaericus Elferink (2000)
Byssochlamys Driehuis and Oude
Elferink (2000)
Byssochlamys Mycotoxin Driehuis and Oude
nivea Elferink (2000)
Candida Driehuis and Oude
Elferink (2000)
Cladosporium sp. Duniére et al. (2013)
Clostridium Wang et al. (2014)
acidisoli
Clostridium Highly proteolytic Driehuis and Oude
bifermentas Elferink (2000)
Clostridium Pathogenic toxin Duniére et al. (2013)
botulinum
Clostridium Weakly proteolytic Duniére et al. (2013),
butyricum Driehuis and Oude

Elferink (2000)

(continued)
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Microorganism Products and impacts References
Clostridium Highly proteolytic Driehuis and Oude
sporogenes Elferink (2000)
Clostridium Weakly proteolytic Duniére et al. (2013),
tyrobutyricum Driehuis and Oude

Elferink (2000)

E. coli (STEC)

Shiga toxin

Duniére et al. (2013)

E. coli 0157 Duniére et al. (2013)
E. coli O157:H7 Duniére et al. (2013)
E. coli 026 Duniére et al. (2013)
Enterobacter McGarvey et al. (2013)
aerogenes

Enterobacter Wang et al. (2014)
cloacae

Enterobacter McGarvey et al. (2013)
hormaechei

Enterobacter McGarvey et al. (2013)
ludwigii

Enterobacter sp.

2,3-butanediol, pre-ensiled crop

Li and Nishino (2013)

Enterobacter McGarvey et al. (2013)
sp. FMB-1

Enterobacter McGarvey et al. (2013)
sp. J33

Enterobacter McGarvey et al. (2013)
sp. MPR16

Enterobacteria 2,3-butanediol Li and Nishino (2013)
Enterococcus McGarvey et al. (2013)
durans

Epiphytic yeast CO,; alcohols Duniére et al. (2013)
Erwinia McGarvey et al. (2013)
amylovora

Erwinia Duniére et al. (2013)
herbicola

Erwinia persicina McGarvey et al. (2013)
Fusarium Driehuis and Oude

Elferink (2000)

Fusarium sp.

More than 20 mycotoxins, deoxynivalenol
(DON), zearalenone (ZEN), fumonisin (FB)

Duniére et al. (2013)

Geobacillus Wang et al. (2014)
pallidus
Geotrichum Driehuis and Oude

Elferink (2000)

Hafnia alvei

Duniére et al. (2013)

Hansenula Driehuis and Oude

Elferink (2000)
Klebsiella Duniére et al. (2013)
pneumoniae

(continued)
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Table 2 (continued)

Microorganism Products and impacts References

Klebsiella sp. 2,3-butanediol Li and Nishino (2013)
Kurthia sp. Wang et al. (2014)
Lactobacillus Wang et al. (2014)
acetotolerans

Lactobacillus Wang et al. (2014),
buchneri McGarvey et al. (2013)
Lactobacillus Wang et al. (2014)
diolivorans

Lactobacillus McGarvey et al. (2013)
diolivorans

Lactobacillus McGarvey et al. (2013)
lindneri

Lactobacillus McGarvey et al. (2013)
plantarum

Lactobacillus McGarvey et al. (2013)
sp. TS4

Lactococcus McGarvey et al. (2013)
garvieae

Listeria innocua

Cause animal disease

Duniére et al. (2013)

Listeria ivanovii

Cause animal disease

Duniére et al. (2013)

Listeria Listeriosis Duniére et al. (2013),
monocytogenes Driehuis and Oude
Elferink (2000)
Listeria sp. Pathogenic Duniére et al. (2013)
Monascus Driehuis and Oude
Elferink (2000)
Morganella 2,3-butanediol Li and Nishino (2013)
morganii
Mucor Driehuis and Oude
Elferink (2000)
Mpycobacterium Causes bovine tuberculosis Duniére et al. (2013)
bovis
Mycobacterium Causes human tuberculosis Duniére et al. (2013)
tuberculosis
Paenibacillus Wang et al. (2014)
barengoltzii

Pantoea brenneri

McGarvey et al. (2013)

Pantoea Pre-ensiled crop Li and Nishino (2013)
agglomerans

Pantoea sp. 2,3-butanediol, pre-ensiled crop Li and Nishino (2013)
Pediococcus McGarvey et al. (2013)
pentosaceus

Penicillium Driehuis and Oude

Elferink (2000)

(continued)
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Microorganism Products and impacts References
Penicillium Mycotoxin Driehuis and Oude
roqueforti Elferink (2000)

Penicillium
verrucosum

Ochratoxin A

Duniére et al. (2013)

Penicillium sp.

Duniére et al. (2013)

Pseudomonas McGarvey et al. (2013)
oleovorans
Pseudomonas McGarvey et al. (2013)

oryzihabitans

Pseudomonas sp.

Wang et al. (2014)

Pseudomonas Duniére et al. (2013)

syringae

Rahnella Duniére et al. (2013)

aquatilis

Rahnella Li and Nishino (2013)

aquatilis

Saccharomyces Driehuis and Oude
Elferink (2000)

Scopulariopsis Driehuis and Oude
Elferink (2000)

Serratia fonticola

Duniére et al. (2013)

Torulopsis Driehuis and Oude
Elferink (2000)

Trichoderma Driehuis and Oude
Elferink (2000)

Trichosporon sp.

Duniére et al. (2013)

Uncultured bac-
terium (band 1)

Pre-ensiled crop

Li and Nishino (2013)

Uncultured bac-
terium (band 3)

Pre-ensiled crop

Li and Nishino (2013)

Uncultured bac-
terium (band 31)

Li and Nishino (2013)

Uncultured bac-
terium (band 4)

Pre-ensiled crop

Li and Nishino (2013)

Weissella McGarvey et al. (2013)
kandleri
Yersinia Causes yersiniosis Duniére et al. (2013)

enterocolitica

acid. Alcohols (mainly methanol and ethanol), ketones, ester and aldehydes can be
determined as other volatile components in silages. While abiotic reactions can be
responsible for the production of methanol and esters, the most important acids,
alcohols and aldehydes, are caused by microbial activity (Hafner et al. 2013). Apart
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Table 3 Identified chemical compounds in silage (Hafner et al. 2013)

Functional

group Chemicals

Alcohol Methanol, ethanol, 1-propanol, 2-propanol, 2-propenol, 2-methyl-1-propanol,
1-butanol, 2-butanol, 3-methyl-1-butanol, 2-methyl-1-butanol, 1-pentanol,
1-hexanol, phenylmethanol, 2-phenylethanol

Ketone Acetone, 2-butanone, 3-hydroxy-2-butanone

Aldehyde Acetaldehyde, propionaldehyde, 2-methylpropanal, butyraldehyde,
2-methylbutanal, 3-methylbutanal, valeraldehyde, hexanal, heptanal

from lactic acid, 1,2-propanediol, propylene glycol and many esters, the following
volatile organic compounds from silage were measured (Table 3).

The utilisation of green biomass for the production of platform chemicals in
form of silage has two advantages. Firstly, green biomass as a feedstock would be
available throughout the whole year, and secondly, by the acid impact, a soft
pretreatment happens on the fibres. Simultaneously, the degradation of the proteins
to amino acids continues.

For the application in biorefineries, a part of the so far undesired microorganisms
from the food and forage production (e.g. silage) and their products can be newly
evaluated. It is the case when undesirable by-products become desirable products,
e.g. for the chemical industry. For that, the metabolic pathways are specifically
utilised for these products and will be modified at time. A few examples of organic
acids which could attain greater meaning and their microbial producers are
described in the following section.

4 Organic Acid-Forming Bacteria

4.1 Acetic Acid (C2)

The worldwide production of acetic acid exceeds 7 million metric tons per year
(Cheung et al. 2005) whereof approximately 2 million metric tons produced using
biotechnological processes and renewable resources. There are two different
big-scale production ways established. On the one hand, the chemical high-pressure
Monsanto process with the catalytic conversion of methanol and carbon monoxide
to acetic acid. On the other hand, a widely spread process is used which is known
since ancient times. This process contains the biotechnological conversion of
ethanol to acetic acid using aerobic acetic forming bacteria of the genus
Acetobacter.

Under anaerobic conditions, e.g. Clostridium aceticum is able to use the
homoacetic acid fermentation pathway to produce acetic acid at an optimum pH
value of 8.3 and 30 °C. This pathway is divided into two parts. First, the digestible
carbohydrates pass through the glycolysis and end up as pyruvate which is
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Table 4 Characteristics of Acetobacter aceti

Acetobacter aceti Gillis and de Ley (1980), Leisinger (1965)
Systematic classification Kingdom Bacteria

Phylum Proteobacteria

Class Alpha proteobacteria

Order Rhodospirillales

Family Acetobacteraceae

Genus Acetobacter

Species A. aceti
Synonyms ATCC 15973, Acetobacter aceti subsp. aceti
Source or first isolation From alcohol turned to vinegar
Characteristics Gram-negative, peritrichously flagellated, anaerobic
Morphology Rod shaped
Growth conditions 26 °C, medium 1: mannitol agar/broth, aerobic
Pathogenicity Class 1
DNA GC content 559

oxidatively decarboxylated. Acetyl-CoA is formed which will be further converted
to acetate and secreted. The released carbon dioxide is converted within the Wood—
Ljungdahl pathway (reductive-acetyl-CoA pathway) to acetate as well. This leads
to a high overall yield of three molecules acetate per molecule glucose.

Because of the fact that green biomass is used as raw material, a complete
conversion of the present carbohydrates should be intended. Especially, cellulose
has to be converted to fermentable sugars within the process setup. In the future, it
will be desirable to set up an economic process using acetogenic bacteria which are
able to utilise a wide variety of carbohydrates including cellulose (Table 4).

Because of the low substrate costs compared to the fossil fuel-based methanol
and the higher product yield compared to the ethanol oxidation, experts expect that
this approach will be more successful and economic. The increment of the pH
tolerance of the acetogenic bacteria will be an essential fact as well (Table 5).

4.2 Propionic Acid (C3)

Currently, propionic acid is produced by a petrochemical production way. The
process is called oxo process. Ethylene reacts with synthesis gas (CO/H,) to
propionaldehyde which reacts with oxygen to propionic acid. Because of the raising
oil price and the pursuit for oil independency and sustainable granting of industry
appreciable chemicals, the public demand for biotechnological production of
propionic acid is raised continuously for the last few years.

The worldwide annual production quantity in 2006 was estimated to 377,000
metric tons. BASF qualifies as the biggest manufacturer with 150,000 metric tons
per annum.
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Table 5 Characteristics of Clostridium aceticum

Clostridium aceticum Wieringa (1936), Gottschalk and Braun (1981), Skerman

et al. (1980), Braun and Gottschalk (1981), Karlsson et al. (1948)
Systematic Kingdom | Bacteria
classification

Phylum | Firmicutes

Class Clostridia
Order Clostridiales
Family Clostridiaceae
Genus Clostridium

Species C. aceticum

Synonyms ATCC 35044

Source of first Mud

isolation

Characteristics Gram-positive, peritrichously flagellated, anaerobic
Morphology Rod shaped

Growth 30 °C, medium 1612: acetobacterium medium, anaerobic
conditions

Pathogenicity Class 1
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Fig. 1 Dicarboxylic acid pathway

Various bacteria own the ability to produce propionic acid within their metabolic
pathways. Present-day research is focused on strains of Propionibacteriaceae and
Clostridiaceae. Propionibacteria are using the dicarboxylic acid pathway
(methylmalonyl coenzyme A-pathway) to produce the desired product. These
gram-positive, anaerobic bacteria are able to use glucose, sucrose, lactate, lactose
and glycerol as carbon source. The metabolic end products are propionate, succi-
nate, carbon dioxide and acetate. Professionals acknowledge Propionibacterium
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Fig. 2 Acrylic acid Acetyl-CoA ~<«———— Pyruvate<——— Alanine
pathway
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f NADH

Propionyl-CoA
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acidipropionici, P. shermanii and P. freudenreichii the highest potential to achieve
an economic, big-scale process. The optimal pH value is between 6.5 and 7.0, and
the best growth temperature lies at 30-32 °C (Fig. 1).

Another highly potential production species is the gram-positive bacteria Clos-
tridium propionicum. This microorganism is able to utilise lactate, glycerol and
alanine as substrate. Propionate, acetate, formate, n-propanol and succinate are
produced. The optimal pH value is 6.8 and the best temperature is 30 °C.
C. propionicum uses the acrylic acid pathway to produce the desired product
(Fig. 2).

Lactate is able to start both pathways. If three molecules of lactate enter the
pathway, two will be reduced to propionate and one will be oxidised to acetate and
carbon dioxide. Because of the fact that these microorganisms ferment the product
of an earlier fermentation process, they are called secondary fermenters (Tables 6
and 7).

The biotechnological production of propionic acid has never passed the pilot
plant level (Abbas and Adolfo 2000; Balamurugan et al. 1999). Feasible reasons are
the fastidious fermentation process, the long cultivation time, the end-product
inhibition, the low final titer, the product purity and especially the high costs of
fermentation and product recovery processes (Colomban et al. 1993; Liang
et al. 2012). In order to be competitive, the biotechnological production process
needs to have higher productivity and reduced production costs (Sabra et al. 2013)
(Table 8).

The most important step will be the decrease of substrate costs. Green biomass
depicts a common and cheap source of raw materials. Because of the broad
experiences within the silage process including the formation of high amounts of
lactic acids, green biomass would be highly suitable. Within a co-cultivation, there
are no costs of lactate recovery which is an advantage.
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Table 6 Characteristics of Propionibacterium acidipropionici

Propionibacterium acidipropionici Johnson and Cummins (1972), Skerman
et al. (1980)
Systematic Kingdom Bacteria
classification
Phylum Actinobacteria
Class Actinobacteria
Order Actinomycetales
Family Propionibacteriaceae
Genus Propionibacterium
Species P. acidipropionici
Synonyms Propionibacterium pentosaceum, P. arabinosum, P. acidipropionici,

Bacillus acidipropionici, ATCC 25562

Source of first isolation | Dairy products

Characteristics

Gram-positive, non-spore forming

Morphology

Rod shaped

Growth conditions

37 °C, medium 602: E medium for anaerobes, anaerobic

Pathogenicity Class 1

DNA GC content 68.8

Special characteristics | High GC
content

Table 7 Characteristics of Propionibacterium freudenreichii subsp. shermanii

Propionibacterium freudenreichii | van Niel (1928), Moore and Holdeman (1970), Skerman

subsp. Shermanii

et al. (1980)

Systematic Kingdom | Bacteria
classification Phylum Actinobacteria
Class Actinobacteria
Order Actinomycetales
Family Propionibacteriaceae
Genus Propionibacterium
Species Propionibacterium freudenreichii
Subspecies | P. freudenreichii subsp. shermanii
Synonyms Propionibacterium shermanii, Propionibacterium freudenreichii

shermanii, ATCC 9614

Source of first

Cheese, Weihenstephan, Germany

isolation
Characteristics Gram-positive, nonmotile, forming
Morphology Rod shaped

Growth conditions

30 °C, medium 593: chopped meat medium, anaerobic

Pathogenicity Class 1
DNA GC content 67.3
Special High GC content

characteristics
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Table 8 Characteristics of Clostridium propionicum

Clostridium propionicum Cardon and Barker (1946), Ludwig et al. (2009), Janssen
(1991)

Systematic Kingdom | Bacteria

classification

Phylum | Firmicutes

Class Clostridia
Order Clostridiales
Family Clostridiaceae
Genus Clostridium

Species C. propionicum

Synonyms ATCC 25522

Source of first Black mud, San Francisco Bay, USA

isolation

Characteristics Gram-positive, obligate anaerobic

Morphology Rod shaped

Growth conditions 37 °C, medium 2210: enriched anaerobe medium, anaerobic
Pathogenicity Class 1

DNA GC content

Special characteristics

4.3 n-Butyric Acid (C4)

Butyric acid can be conventionally produced by oxidation of butyraldehyde. A
variety of anaerobic bacteria are able to produce butyric acid as the major end
product during fermentation process. Nevertheless, Clostridium species have been
used preferentially for butyric acid production because of their plain medium
requirements and comparatively high product yields. The major focus in current
research is on C. butyricum with a pH range between 5.0 and 7.0. But optimisation
of C. tyrobutyricum within green biomass fermentation could be very worthwhile
because of the fact that C. tyrobutyricum is able to ferment lactate produced by
Lactobacteriaceae. Furthermore, C. tyrobutyricum tolerates low pH values down to
4.2 which could be an advantage in big-scale implementation.

The biochemical pathway used by Clostridia to produce butyric acid is shown in
Fig. 3. The pathway starts with the glycolytic cleavage of glucose to two molecules
of pyruvate. After that, pyruvate is oxidised into acetyl coenzyme A. The enzyme
which catalyses this step is called pyruvate-ferredoxin oxidoreductase. Two mole-
cules of carbon dioxide and two molecules of hydrogen are released. Starting at
acetyl coenzyme A, three possible end products can be formed: ethanol, acetate and
butyrate. With the aid of genetic engineering, the formation of side products can be
disabled by gene knockout or optimised process control (Tables 9 and 10).
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Table 9 Characteristics of Clostridium butyricum

Clostridium butyricum Schink and Zeikus (1980), Schink et al. (1981)
Systematic classification Kingdom Bacteria

Phylum Firmicutes

Class Clostridia

Order Clostridiales

Family Clostridiaceae

Genus Clostridium

Species C. butyricum
Synonyms ATCC 19398
Source of first isolation Intestine of pig
Characteristics Gram-positive, strictly anaerobic endospore-forming bacteria
Morphology Rods
Growth conditions 37 °C, medium 1053: reinforced clostridial medium, anaerobic
Pathogenicity Class 2
DNA GC content 28.8
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Table 10 Characteristics of Clostridium tyrobutyricum

Clostridium tyrobutyricum Skerman et al. (1980)
Systematic classification | Kingdom Bacteria
Phylum Firmicutes
Class Clostridia
Order Clostridiales
Family Clostridiaceae
Genus Clostridium
Species C. tyrobutyricum
Synonyms ATCC 25755
Source of first isolation | Raw milk, Germany
Characteristics Gram-positive, spore forming, anaerobe
Morphology Rod shaped
Growth conditions 37 °C, medium 2107: modified reinforced clostridial agar/broth
medium, anaerobic
Pathogenicity Class 1
DNA GC content 30.8
Special characteristics Heat-resistant spores

4.4 Isobutyric Acid (C4), Isovaleric Acid (CS5), Isocaproic
Acid (C6)

Isobutyric acid is used in the production of artificial fibres, plastics and herbicides.
It is also used as an intermediate in the production of cosmetics and food additives
and in the pharmaceutical industry. There are industrialised chemical syntheses to
produce isobutyric acid which does require fossil fuels and harmful chemicals. A
biotechnological process based on renewable feedstock is more environmentally
friendly and ensures in the long view a cost-effective supply of isobutyric acid.

Isovaleric acid is mainly used for perfumery production and within intensive-
care medicine. Valerian is a natural source of isovaleric acid which can be
extracted. Mainly, proteolytic bacteria can produce different carboxylic acids
during the protein degradation. Several members of the family Clostridiae are
proficient to wuse the Stickland fermentation, for example, Clostridium
bifermentans, C. sporogenes and C. acetobutylicum (Brooks and Epps 1958).

Clostridium bifermentans is able to produce a broad range of metabolites such as
butyric, acetic and formic acids (Wu and Yang 2003), ethanol, butanol, aceton
(Khanal 2003), carbon dioxide, hydrogen and nitrogen (Levin et al. 2006). How-
ever, the metabolic pathway of C. bifermentans has not been investigated in detail
so far (Leja et al. 2013).

C. sporogenes can produce acetic, propionic, butyric, isovaleric, isobutyric and
isocaproic acid, hydrogen and carbon dioxide. By the current state of scientific
knowledge, C. sporogenes produces the carboxylic acids applying the Stickland
reaction. This reaction is a particular kind of fermentation of amino acids which is
characterised by simultaneous oxidation of one amino acid and reduction of another
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Table 11 Characteristics of Clostridium sporogenes
Clostridium sporogenes Bradbury et al. (2012)
Systematic classification | Kingdom Bacteria
Phylum Firmicutes
Class Clostridia
Order Clostridiales
Family Clostridiaceae
Genus Clostridium
Species C. sporogenes
Synonyms ATCC 3584
Source of first isolation | Cotton, gas gangrene and silage
Characteristics Gram-positive, spore forming
Morphology Rod shaped
Growth conditions 37 °C, medium 2107: modified reinforced clostridial agar/broth
medium, anaerobic
Pathogenicity Class 2
DNA GC content 28

amino acid (Nisman 1954). The utilisation of just one amino acid is not possible
(Stickland 1935). Valine is the starting substance for isobutyric acid; leucine is
converted to isovaleric acid.
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Table 12 Characteristics of Clostridium bifermentans obligat anaerobes

Clostridium bifermentans Ludwig et al. (2009)
obligat anaerobes
Systematic classification | Kingdom Bacteria
Phylum Firmicutes
Class Clostridia
Order Clostridiales
Family Peptostreptococcaceae
Genus Clostridium
Species C. bifermentans
Synonyms Bacillus bifermentans sporogenes, Bacillus biferm., ATCC 638
Source or first isolation Silage, H.J. Kutzner, Darmstadt, Germany
Characteristics Gram-positive, spore forming, anaerobe
Morphology Rods, spores are cylindrical to oval, centrally to subterminally
located, which do not noticeably swell the rods
Growth conditions 37 °C, medium 2107: modified reinforced clostridial agar/broth
medium, anaerobic, microaerophilic
Pathogenicity Class 2
DNA GC content 28.4

Due to the fact that the initial concentration of valine and leucine is crucial for
the successful, high product yield fermentation, the engaged green biomass has to
be optimised in the future. This represents an important milestone on the way to
big-scale implementation (Fig. 4).

The biological high-yield production of isobutyric, isovaleric and isocaproic
acid is not commercially established yet (Tables 11 and 12).

S Sequence Chemical Products and Applications from
Organic Acids

The application of biotechnological methods will be highly important with the
development of biorefineries for the production of platform chemicals, intermediate
chemicals, speciality chemicals and polymers.

The two-carbon short-chain acetic acid is start material for the production of
vinyl acetate monomer (VAM). This application consumes one third of the world’s
production of acetic acid (Cheung et al. 2005). The product of the condensation of
two molecules of acetic acid is acetic anhydride. The worldwide production of
acetic anhydride is a further major application and uses approximately 25-30 % of
the global production of acetic acid. The main process involves dehydration of
acetic acid to give ketene at the temperature of 700-750 °C. Ketene is thereafter
reacted with acetic acid to obtain the anhydride (Held et al. 2005). Acetic anhydride
is an acetylation agent. As such, its major application is for cellulose acetate, a
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synthetic textile also used for photographic film. Acetic acid owns a wide field of
application. Also acetic acid and various corresponding salts are authorised food
additives and increasingly used as preservatives.

The tri-carbon short-chain propionic acid is an important building block chem-
ical and finds a variety of applications in organic synthesis for the production of
polymers, such as cellulose acetate propionate, plastic dispersions, textile and
rubber auxiliaries, dye intermediates as well as flavours and fragrances. This acid
can be used for the synthesis of propionic ether and benzyl propionate, which can be
used as additives in cosmetics. Furthermore, sodium 2,2-dichloropropionate is
applied as herbicide. Propionic acid anhydride serves as a pharmaceutical interme-
diate (Kumar and Babu 2006). Also, propionic acid is applied in animal feed and as
a grain preservative. The application possibilities cover the affordable preservation
of animal feed (especially in cattle husbandry) and foodstuffs for human consump-
tion. The US Food and Drug Administration (FDA) lists the acid and the Na*, Ca*
and K* salt of it as preservatives in their summary of generally recognised as safe
(GRAS) (Colomban et al. 1993).

The four-carbon short-chain n-butyric acid and its derivatives have numerous
potential applications in chemical, textile, plastic, food, beverage, dairy and phar-
maceutical industries. They are used as solvents, diluents, drugs, plasticisers,
perfumes, fibres and additives (Jha et al. 2014). The main field of application of
butyric acid is the food industry. The dairy industry is using the pure acids; the
esters are used as food additives to amplify the fragrance of tropic fruits (Centeno
et al. 2002; He et al. 2005; Watson 2002).

The four-carbon short-chain isobutyric acid is applied as esters for solvents,
polymers, flavour and fragrances. Isobutyric acid is suitable as polar solvent for
different chemical reactions. Two molecules of isobutyric acid form isobutyric
anhydride. The pyrolysis of isobutyric anhydride produces dimethylketene.
Dimethylketene is absorbed into certain carboxylate ester solvents which function
as process solvents for subsequent dimerisation of the dimethylketene to 2,2,4,4-
tetramethylcyclobutandione followed by the catalytic hydrogenation of the dione to
the diol products (Sumner et al. 1992). This four-ring diol is a valuable comonomer
for the production of a new family of copolyesters (Kelsey et al. 2000).

The five-carbon short-chain isovaleric acid is applied for the production of
flavours and perfumes. Also, this acid is broadly used as intermediate for synthesis
of insecticides, fungicides and depressants. The esters serve as plasticisers (Rompp
2005).

6 Future Perspectives

Currently, only few industrial products are produced from green biomass as carbon
source, such as lactic acid and ammonium lactates (see chapter Microorganisms for
Production of Lactic Acid and Organic Lactates), lysine (see chapter Microorgan
isms for Biorefining of Green Biomass) or 2,3 butanediol. The use of green biomass
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could have advantages, if more platform chemicals would be developed. These
advantages include using of a variety of microorganisms and potential use of
carbon, nitrogen and inorganics, which contain in green biomass. In the case of
the production of carboxylic acids, the fermentative use of organic nitrogen com-
pounds like amino acids from proteins by appropriate Clostridia would be a
rewarding approach.

By the conservation step silage, the green biomass would be available through-
out the whole year. Furthermore, by the acid impact, a soft pretreatment happens on
the celluloses. Simultaneously, the degradation of the proteins to amino acids
continues.

The utilisation of green biomass could open new perspectives for the develop-
ment of ecologically better adapted biorefineries. For this, it is necessary to work in
research and development in order to improve the following areas:

— Improvement of fractionation/hydrolysis/separation methods of green raw feed-
stock in order to increase the amount of useful and fermentable substances,
decrease the amount of inhibitors and lower process costs.

— DNA sequencing of microorganisms and their genome analysis—identify key
genes responsible for the expression of useful properties.

— Metabolic engineering of microorganisms in order to broaden their substrate
range, increase product tolerance/maximal concentration and increase yield and
product specificity. Alternatively, target genes can be transferred into well-
known, robust and user-friendly microorganisms (e.g. E. coli, S. cerevisiae).

— Large-scale screening of microbial genomes for genes or products with market
potential.

— Appropriate optimisation of fermentation processes according to the properties
of individual microorganisms and products.
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