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Abstract

Dyer’s woad (Isatis tinctoria L.) is a biannual plant cultivated mainly for its leaves, which are source of precursors of natural
blue pigment known as indigo. Pigment extraction and dyeing with indigo have traditionally been mediated by bacteria.
Specifically, indigo-reducing bacteria convert the pigment to its soluble form, which then drifts to the water-immersed textile
material in a vat dyeing process. Upscaling these microbial processes to an industrial scale, requires an understanding of how
the appropriate bacterial community is applied and maintained in an anoxic, alkaline and hot vat system. Bacteria enter the
system with leaf material and may originate from the soil. Therefore, bacterial communities, which have been extensively
studied in Japanese indigo dyeing baths usually differ from those derived from European woad. Currently, characterised
indigo-reducing bacterial isolates are available and recombinant microbes for indigo biosynthesis have been developed to
replace synthetic and often toxic chemicals in the blue dye industry. Woad is defending its place in crop rotation, breaking
monoculture as a functional allelopathic plant or as a nutrient scavenging catch crop, even in northern latitudes. High-yielding
cultivars can be introduced into crop sequences, and indigo can be extracted on the farm to generate additional income for

farmers’ cooperatives.

Introduction

Today, natural plant dyes are used in the textile industry to
improve the sustainability of products in environmentally
conscious markets [1]. One of the most desired colours in
textile dyeing is indigo blue. Traditional artisanal knowl-
edge of plant indigo pigment extraction and vat dyeing with
bacterial processes has driven research to improve the con-
trollability of bacterially implemented dyeing techniques,
especially in Japan, as reviewed by Aino et al. [2]. The
consumption of renewable, natural dyes may increase, as
their environmentally friendly production and application
techniques are further developed to reach modern industrial
scale. This review summarises original research and review
articles on microbes and processes specifically associated
with the plant Dyer’s woad (Isatis tinctoria L.), or woad for
short. Previously, the methods used to reduce and dissolve
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indigo for dyeing have been revied by Blackburn et al. [3],
and various recipes for woad fermentation vats have been
experimentally tested by Hartl et al. [4]. Previous review
articles about chemical and biological properties of indole
glucosinolates [5—7], brassicas chemicals for pest manage-
ment [8, 9], and the therapeutic potential of woad phyto-
chemistry [10] have been incorporated to this review, inso-
far as woad was mentioned, especially to supplement the
understanding of woad’s functionality in cultivation systems.
The motivation for the review stems from the need of farm-
ers and other practitioners to know what is required to run
and scale up woad cultivation and dye production and how
research could support low-input, low-technology and low-
cost traditional applications. Biocolourants can add value to
agricultural production. Production of natural alternatives
for synthetic dyes by small and medium sized enterprises
in rural areas could help to move towards a bio- and circu-
lar economy. Woad (Isatis tinctoria L.) is a biannual plant,
which can be successfully cultivated in northern latitudes,
while the other blue dye plants require warmer climates.
Woad and other cruciferous plants are also known for their
bioactive secondary metabolites, which can affect soil
microorganisms by acting antagonistically on ammonium-
oxidising bacteria and plant pest nematodes. As such, they
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can be used in crop rotations as functional plants, even if
they are not intended for food or feed production. A bet-
ter understanding of the microbial processes involved not
only in indigo extraction and dyeing, but also in woad cul-
tivation, could reduce the need for inputs and improve the
profitability of farming. As a result, natural processes can
replace toxic chemicals in farming and dyeing. These stud-
ies can also support the development of woad-derived dye
production in northern latitudes. The aim of this review is to
highlight microbially mediated processes associated to woad
cultivation and dye processing. However, the search strategy
for the review revealed that the bacteria associated with the
extraction and reduction of plant indigo have recently been
studied particularly in Japan, in the last decade, supporting
the traditional uses of the dye as part of peoples’ cultural
heritage. Emerging research focuses on the biotechnology of
indigo pigment production and non-toxic reductants which
are referred in separate paragraph. Publications for this
review were searched in Web of Science and Google Scholar
using the keywords: dyer’s woad, woad, Isatis tinctoria AND
bacteria, microbes. More specific searches were made for:
indigo-producing bacteria and for woad AND indigo reduc-
tion, nitrification inhibition, glucosinolates and arbuscular
mycorrhizal fungi.

Natural Plant Indigo

For thousands of years, dye plants have been collected from
nature and later introduced into cultivation in Asia and
Europe. Natural blue can be derived from the plants that
produce indigo pigment precursors in their leaves. There are
many indigo-bearing plants, such as the perennial Chinese
rainbell Strobilanthes cusia (Acanthaceae), but the main
sources are true indigo Indigofera tinctoria in the Fabaceae
family, Japanese indigo Persicaria tinctoria (also known
as Polygonum tinctorium) in the Polygonaceae family, and
woad in the Brassicaceae family. Woad has been success-
fully cultivated in temperate and northern parts of Europe,
including Finland. Woad is not an edible plant, and thus its
cultivation should not compete with food production if it is
grown in crop rotation and on marginal land.

Biotechnological Alternatives in the Blue Dye
Industry

The synthesis of the dye indigo from the by-products of
the petroleum and coal tar industries, requires the usage of
many environmentally hazardous chemicals [11]. At present,
the production or reduction of indigo by biotechnological
processes are well-established on experimental scale [12].
The production of indigo by bacterial strains with suitable
mono- and dioxygenase enzymes, has been investigated as
an alternative process, as the bacteria could use recycled raw
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materials in the production [13]. The bacteria are often aro-
matic hydrocarbon degraders, such as naphthalene- and tol-
uene-degrading Pseudomonas putida strains [14]. Recom-
binant Escherichia coli carrying the genes for naphthalene
degradation can produce indigo at high rates from media
containing naphthalene, tryptophan and even glucose [13].
In this process, bacterial redox enzymes oxidise indoles to
indoxyls, which then dimerise into indigo. As a step forward,
the chemoenzymatic production of indican and its photolytic
or enzymatic oxidation can eliminate the reduction step in
yarn dyeing [15].

Dyeing fabrics with indigo requires its reduction to water-
soluble leuco-form in a vat, and the industry uses large
quantities of toxic hydrosulphides in this process. Sodium
hydrosulphide causes various environmental problems due
to its toxic reactions in waterways [3]. Also, it cannot be
recycled from wastewater or reused in the reduction process
[16]. Patra et al. [17] have developed a method that works at
room temperature, using bacterial cell lysate of thermophilic
bacteria from hot springs and sodium hydrosulphite for vat
dye reduction. The main aim of recent research has been
to develop methods for reducing indigo with, for example,
glucose, electrochemical reaction or ferrous sulphate, which
are more environmentally friendly [18]. Bacteria can initiate
the reduction of indigo. The unreliability of spontaneously
occurring bacteria in vat dyeing has led to the isolation and
characterisation of indigo-reducing bacteria (Tables 1 and
2). Understanding the requirements of these bacteria may
allow the development of their application on an industrial
scale.

An Overview of Plant Indigo Formation
and Reduction

Indigo does not occur in plant leaves as such, but as its pre-
cursor molecules, indoles, which form indigo in controlled
steps. Indole is an intermediate common to the biosynthetic
pathways of both indigo precursors and L-tryptophan, which
in turn is a precursor of the plant hormone auxin (indole-
3-acetic acid, IAA). The formation of indoxyl is therefore a
secondary reaction in the plant [35]. It has been speculated
that the many secondary indolic compounds in the plant are
related to pest defence [36]. Indole-derived nitrogen-con-
taining indoxyls with sugar moieties, i.e. indican and isatans
A, B and C, are known precursors of indigo (Fig. 1). Isatan
B is the major precursor that accumulates in the vacuoles of
woad leaves [35, 37].

Woad’s indigo precursor amounts vary highly. The dif-
ferences in plant’s phenotype and cultivation conditions can
influence the production of these secondary metabolites [38,
39]. Freshly harvested young woad leaves contain higher
concentrations of indican and isatans than older leaves (24%
and 14% DW, respectively, [40]).



Microbes Associated to Dyer's woad (Isatis tinctoria L.): Pigment Extraction, Dyeing and...

Page3of 11 535

Table 1 Comparison of chemical and microbial reactions leading to indigo formation and reduction

Indigo formation

Chemical reactions at standard treatment Corresponding microbial reactions References
Immerse woad leaves to hot water (60-80 °C) at low pH 3.5to  Early-stage aerobic bacteria consume oxygen from the stagnant  [3, 18-22, ]
release isatan B molecules to solution. Cool the water quickly warm water where leaf material is immersed. Isatans are
(25 °C) and adjust pH> 10 by calcium hydroxide. Indoxyls enzymatically hydrolysed to glucose and indoxyl moieties:
now separate from the glucose moieties. Aerate for dimeriza- p-glucosidase enzymes in the P. tinctorium mesophyll cells
tion of indoxyls to form indigo, which now precipitates. Sedi- chloroplasts produce indoxyl and glucose through hydrolysis
ment the indigo with citric acid reaction. Paenibacillus sp., Bacillus megaterium glycoside
hydrolase can cleave indicant, Alcaligenes faecalis enhances
indigo production by utilising sugar from indole as a sole C
source. Indoxyls dimerize in oxic conditions to form indigo,
which precipitates
Indigo reduction in a vat
Chemical reduction Bacteria-induced reduction References
Reduction potential of —600 mV is required for indigo reduc-  Bacteria exhaust oxygen and fermentation produces low [3,17,18, 23]

tion. Added sodium hydrosulphide at 55 °C reduces indigo to
its soluble leuco state. Other reductants are glucose, electro-
chemical reaction and Fe-sulphate

Quinones interact with indigo particles and make them more
easily reduced (1:400 at 65 °C, [18])

reduction potential, — 600 mV needed for indigo reduction.
The bacteria need simple C-sources, which are produced by
fermenters. Bacteria (e.g. Clostridium isatidis, Virgibacil-
lus spp., V pantothenticus) reduce indigo to its colourless
soluble leuco form with the help of an intrinsic protein which

interacts with indigo particles (smaller particles are better).
Add Ca-hydroxide to pH > 10 to dissolve leuco indigo. Also,
bacterial cell lysate with sodium hydrosulphite have been
used as catalyst to reduce vat dyes to leuco form at room
temperature

Woad leaves cannot be dried as such for storage, as the
precursors become inaccessible as they react within the plant
tissues [37]. There are two methods for extracting indigo
from the harvested plant biomass: (1) hot water extraction
from fresh leaves and (2) the traditional slow processes
that preserve the leaves first (Table 1) [11]. The traditional
method is discussed later in Chapter 2. In the hot water
extraction, the indigo precursors, isatans, are released from
fresh, washed leaves into the hot water (60 °C), which melts
the surface wax of woad leaves. The precursor molecules
cannot be stored for long in this liquid as they are very sensi-
tive to oxygen and light. As an attempt at storage, isatan B
has been shown to be more stable at pH 3.5 [22]. In the next
step, free indoxyl is cleaved from the isatans by hydrolysis
of the sugar moieties at pH > 10 at room temperature. Oxi-
dation of the liquid leads to dimerisation of two indoxyl
molecules via acid leuco-indigo to indigotin, which then
precipitates as the blue dye indigo (Fig. 2). Dried dye flakes
can be stored indefinitely.

Newly formed woad indigo is susceptible to impurities
and contaminants originating from the plant material itself
and from the soil [41]. The purity of plant indigo is much
lower, 20-60% for woad indigo compared to the synthetic
dye (>90%), due to the different efficiency of the extraction
method (reviewed by [18]). Approximately 40% of the indoxyl
moieties may be lost to impurities during the extraction. An
undesirable side reaction in the process is the over-oxidation

of indoxyl to isatin, which condenses with indoxyl to form the
red pigment indirubin (Fig. 2).

For textile dyeing, insoluble indigo must be reduced to its
soluble leuco state by adding a reducing agent at pH 11 in
warm water at 50-55 °C in a process called vat dyeing (Fig. 3).
The reduction process changes the chromophore of the mol-
ecule to a pale yellow [3]. The high pH helps to keep the leuco
indigo in solution and thus able it to enter to the fibre matrix
immersed in water. Once the fabric is removed from the vat
and exposed to air, the leuco indigo molecules are oxidised
back to the original parent pigments, indigo, turning the fabric
blue.

Indigo flakes are a storable and tradable form of the dye [4].
The conditions for the extraction of indigo precursors from
leaves and their subsequent conversion to indigo have been
tested, optimised and standardised also for farm-scale produc-
tion [22]. Hot water extraction is simple and robust, but energy
intensive procedure. Methods based on traditional processing
of woad leaves, are similar to fermentation and their manage-
ment requires craftsmanship.
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Table 2 Bacteria that have been identified and/or characterised from woad vats and from Japanese indigo vats in dyeing processes

Microbes associated to woad vat Characteristics References
Clostridium isatidis, C. perfringens, Bacillus sp. Gram-positive, endospore forming, anaerobe, moderately ther- [23-25]
mophile
Geobacillus palidus, Ureibacillus thermosphaericus, Bacillus Aerobe thermotolerant, thermophilic 2, 3]
pallidus enrich in couching process, while Bacillus thermoa-
mylovorans enriches in the vat
DGGE (> 97% similarity to reference): Paenibacillus lactis, Aerobe, anaerobe, alkaliphiles, halophiles, thermophiles, photo-  [20]
Sporosarcina koreensis, Bacillus licheniformis, B. thermoa- synthetic, lactic acid bacteria, some degrade indigo (Bacillus
mylovorans, and (< 97% similarity to reference) B. thermo- pumilus, B. licheniformis)
lactis, B. pumilus, B. megaterium. Pyrosequencing results:
Clostridium ultunense, Tissierella spp., Alcaligenes faecalis,
Erysipelothrix spp., Enterococcus spp., Virgibacillus spp., V.
panthothenicus
Microbes associated to Japanese indigo vat Characteristics References
Transition of bacterial communities in genus-level from Facultatively anaerobes, alkaliphiles, thermophiles, lactic acid [26]
Halomonas-dominance to Amphibacillus, Clostridium and producing bacteria
Oceanobacillus in the early stage of the process, and to Alkali-
bacterium psychrotolerans, A. iburience, A. indicireducens in
the late-stage vat aged for ten months
Bacillus alkaliphilus, B. fermenti, Alkalibacterium psychrotoler- Gram-positive, alkaliphiles, facultative anaerobes, straight [20, 27-29]
ans, A. iburience, A. indireducens, Amphibacillus iburiensis, motile rods
Oceanobacillus indireducens, Fermentibacillus polygoni,
Polygonibacillus indicireducens, Paralkalibacillus indiciredu-
cens
Alkalibacterium, Pseudomonas Facultative alkaliphiles, thermophiles 50 °C, anaerobes in fer- [30]
mentation liquor aged 6 years
Bacillus cohnii, B. rigiliprofundi, B. pseudofirmus, Polygoni- Isolates recovered using wheat-bran and sukumo-based hydro-  [31]
bacillus indicireducens, Anaerobacillus arseniciselenatis, lysate media, pH 10
Alkalibacterium iburiense, Amphibacillus indicireducens, A.
xylanus, Oceanobacillus oncorhynchi
Alkalibacterium, Amphibacillus, Tissierellaceae, Proteini- Indigo-fermentation fluids aged 6, 9, 10, 11 and 14 months [2]
voraceae, Anaerobacillus, Polygonibacillus
Alkalibacterium, Amphibacillus, Polygonibacillus, Bacillaceae, High pH, obligate anaerobes, aerotolerants [32, 33]
Anaerobranca, Polygonibacillus
Firmicutes, Proteobacteria, Actinobacteria, Bacillaceae, Bacil- ~ Sukumo treated with Indigofera tinctoria leaf powder. Faculta-  [34]
lus cohnii, B. taeanensis, Alkaliphilus oremlandii, Mogibacte- tive anaerobes, oblicate anaerobes, aerotolerants
rium neglectum, Alkalihalobacillus alkalinitrilicus, Tissierel-
laceae, Polygonibacillus indicireducens, Erysipelotrichaceae
DGGE denaturing gradient gel electrophoresis
OH o OH o)
HO HO HO HO
OH OH OH OH
o} o]
0
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Fig. 1 Chemical structures of the main precursors from left to right: indican (C4H;;NOy), isatan B (C;,H,5NOy), isatan C (C;;H;(NOy), and

isatan A (C,;H,;NOy)

Origin and Role of Bacteria in Indigo
Reactions

Bacterial Reactions in Traditional Indigo Extraction
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and Dyeing

The traditional European woad leaf processing method

shares some common features with the Japanese indigo pro-

cessing, sukumo, such as ‘couching’, and they are sites for
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Fig.2 Chemical structures of
isatin (CgHs;NO,), indigotin

o 0] 0
(Cy4H,oN,0,) and indirubin / / / NH /
(C16H1oN0,) 0 — —
NH NH / / NH / / NH
(0]

o)

H H several microbially driven reactions [2]. Sukumo is a method
\ / of preserving Japanese indigo leaves by composting them for
O O fermentation [33]. The methods are not directly interchange-

able between Japanese indigo and woad due to differences
in the leaf material of polygonum and cruciferous plants.
Many historical woad processing and fermentation vat
methods have been tested and reviewed by Hartl et al. [4].
In these methods, the maintenance of a dynamic balance
between indigo formation and subsequent indigo reduction
NH NH in traditional vats containing leaf material is required. Two
somewhat separate microbially driven processes are used,

Fig.3 Chemical structure of leucoindigo

v) Dyed cloth turns blue in contact with oxygen

iv) Clostridium isatidis, Bacillus sp., etc. reduce indigo to its
soluble leuco state in anoxic conditions (redox -600 mV). pH
9-10,55C°

iii) Indoxyls dimerize spontaneously in oxic conditions and
form indigo

ii) Paenibacillus and Alcaligenes faecalis glucoside
hydrolases cleave indican and isatan B to glucose (C source)
and indoxyl moieties. pH >10

i) Bacteria enter with woad leaves and soil particles,
degrade leaf material, consume oxygen and fermentate (->
reduced state). Indigo precursors disengage. 60 C°

Fig.4 Schematic illustration of the bacterial processes involved in the ecules (iii) and turns the cloth blue when lifted from a vat (v). The
formation (i, ii) and reduction (iv) of indigo from woad leaf material. processes require controlling the oxygen gradient, high temperature
The blue arrows point to the steps where oxidation forms indigo mol- and alkaline pH
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one to extract indigo from the plant biomass and the other
to reduce indigo and dye with it (Fig. 4).

Harvesting woad leaves is a challenge because the leaves
cannot be stored as such. Therefore, indigo extraction may
begin with the formation of ‘woad balls’. Dried woad balls
can be stored for a long time and have been used in this
form in trade since the Middle Ages. In short, the freshly
collected woad leaves are crushed and squeezed into fist-
sized balls and left to dry. However, in this way it is dif-
ficult to control the formation of indigo from its precursors
[26]. The formation of indigo in the woad balls is reviewed
by Kokubun et al. [40]. Inside the ball, plant and bacterial
enzymes (oxygenases and hydroxygenases) hydrolyse isatan
B into glucose (energy source for bacteria) and the indoxyl
moiety. Inside the ball, bacterial respiration limits the entry
of oxygen, which drives the slow dimerization of indoxyls
to indigo. The question is, if acid-producing fermentation
occurs, can the low pH preserve the isatan B molecules?
In this way, indigo is formed within the leaf tissue from
where it is difficult to extract [22]. It is important to limit
the entry of oxygen into the system, as this would promote
the composting of the leaf material and ultimately the deg-
radation of indigo by bacteria such as Bacillus pumilus and
B. licheniformis in woad vats [20], and some bacteria of the
family Alcaligenaceae in the case of Japanese indigo [33].
The process may continue with couching, where the woad
balls are crushed and fermented in moist piles or immersed
in warm water (55 °C) for several days [4]. Couched woad
turns into a dark, tarry mass. The purpose of this process
may have been to break the leaf structure, which helps to
release indigo from the leaf tissue in a vat [40].

Woad dyeing begins by crushing the woad balls and
immersing them in warm water (> 50 °C), which then
releases the indigo molecules into the water. It is possible
that bacteria also contribute to the formation of indigo in
the early stages of the vat itself. For example, the glycoside
hydrolase enzyme from Paenibacillus sp. can cleave indican,
and Alcaligenes faecalis uses sugars from indole as its sole
carbon source [20]. Aerobic bacteria, such as Bacillaceae,
consume oxygen from the stagnant water and their activity
further increases the temperature of the vat. The woad vat
soon develops a foul odour of sulphides (dimethylsulphides
and methanediols), typical of bacteria degrading cruciferous
plant material under anoxic conditions. The traditional vat
can be maintained for several weeks or even months by feed-
ing it with woad leaf material or extracted indigo powder
and carbohydrates (such as bran) for the bacteria. Gradually,
fermentative bacteria convert complex substrates into simple
carbohydrates that can be used as food by indigo-reducing
bacteria. In anoxic vats, for example, Clostridium isatidis
can use indigo particles as electron acceptors and thus
reduce indigo to its water-soluble leuco form (Fig. 3). Fer-
mentation produces H* ions and thus lowers the pH value of
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the vat, which must be adjusted to> 9 with sodium hydrox-
ide [26]. The hot, anoxic and alkaline conditions in the vat
change the complex composition of the bacterial commu-
nity to select for thermophilic, fermentative, anaerobe and
alkali-tolerant species [2]. The balance between facultatively
anaerobic and obligately anaerobic bacterial communities
in Japanese sukumo vats is important for the staining result
[34]. Bacteria typical of the different developmental stages
of the vat have been identified and are presented in Table 2.

Biochemical Reactions for Indigo Reduction

Clostridium isatidis is one of the first characterised and most
studied bacterial species able to reduce indigo. C. isatidis
has even been recovered from archaeological material [4],
probably as spores. Bacteria reduce the natural amorphous
form of indigo more easily than the highly crystalline syn-
thetic form. Smaller particles are more easily reduced than
large particles [23]. Bacteria form a biofilm around particles
of indigo and when the bacteria have reduced the particles,
water-soluble leuco-indigo diffuses away. The bacteria,
which can reduce indigo, have in common the ability to use
insoluble electron acceptors and anaerobic metabolism of
simple carbohydrates [26]. These bacteria often interact
with solid particles through electrically conductive pilus-
like nanowires [42]. C. isatidis may possess exoenzymes
that interact with indigo particles to reduce their size, but
the indigo-reducing protein itself is still speculative [23].
However, an azoreductase that uses NADH as an electron
donor has been shown to reduce indigo [43].

The microbiome contains functional redundancy, which
means that there are many potential indigo-reducing bac-
terial species, even if they represent only a small fraction
of the microbial community of natural indigo dye vats
(Table 2).

Searching for the Origin of Indigo-Reducing
Bacteria in a Vat

Where and how to introduce the right bacteria into the vat
system remains a question. Microorganisms are naturally
associated with the phyllosphere of the woad. Thus, bacte-
ria in the traditional vat are introduced with the plant’s leaf
material, and many of the bacteria may ultimately originate
from the soil [34]. Bacteria and their spores can also enter
the vat with washed leaves [20]. In addition, the couching
of woad leaves introduces random bacteria into the material
[3].

The presence of the right bacteria depends on their natu-
ral occurrence, and their enrichment and growth depend on
proper maintenance of the system. For example, fermenta-
tive alkaliphilic bacteria are present in ubiquitous environ-
ments in Japan [29], but they must somehow be introduced
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into the vat with the leaf material. This highlights the impor-
tance of adequate pre-treatment of the original leaf material.
Induction of favourable microbiota development is chal-
lenging, as a very small proportion of the required bacteria
must be enriched in the original material [32]. Selection and
enrichment of slow-growing, low-abundance bacteria can
take months, as in sukumo, where an indigo-reducing bacte-
rial community develops in Japan [26, 32, 33]. The decrease
in redox potential required to initiate indigo reduction was
improved by adding Indigofera tinctoria leaf powder in
sukumo [34]. However, the authors conclude that the sub-
sequent transition of the sukumo bacterial community was
not influenced by the bacteria introduced with I. tinctoria
leaf powder per se.

In a traditional vat, indigo reduction is initiated after a
period when conditions become favourable [32]. Under
anoxic conditions, alkaliphilic fermenting bacteria produce
and maintain a reduction potential of — 600 mV, which is
low enough for indigo reduction. Aino et al. [26] concluded
that a change in oxidation-reduction potential triggers
indigo reduction after enrichment of the appropriate bacte-
rial community.

The functionality of the vat depends on the enrichment
of indigo-reducing bacteria under carefully controlled con-
ditions. However, the bacterial community in hot, anoxic
and alkaline conditions is not stable, but bacterial dynamics
change throughout the fermentation process and unfavour-
able bacteria can prevent the desired propagation of the
vat process [32, 33]. There are several possible bacterial
communities that can reduce indigo over long periods of
time (reviewed in [2]). Differences between plant species
and origin of leaf material, procedures and conditions (pH,
temperature) contribute to different microbiomes in the tra-
ditional European and Japanese fermentation vats [2]. To
date, more Japanese indigo-based sukumo vat bacteria have
been named than woad vat bacteria (Table 2). Tu et al. [32]
observed an increase in the proportion of Alcalibacterium,
Amphibacillus, Anaerobranca and Bacillaceae in 5-7 days
and Polygonibacillus in 4.5 months in Japanese-indigo vats.

Extracted indigo flakes lack sufficient bacteria population
to initiate fermentation and indigo reduction in a new vat.
Understanding the bacterial community transition associ-
ated with indigo formation and reduction helps to isolate
functional strains that can lead to an indigo reduction pro-
cess without harmful chemicals [20, 26]. Characterised
indigo-reducing bacteria, such as Clostridium isatidis, are
now available from culture collections [25]. However, the
application of a single strain to the fermentation vat may
be vulnerable to changing conditions and invasion of other
bacteria from outside [31].

New bacterial strains can be isolated and characterised
using different isolation media, pH and oxygen levels and
growth temperatures. Typically, complex high pH nutrient

media are inoculated with diluted samples from vats and
incubated anaerobically at 30 < 50 °C. Nutrient media may
be such as standard reinforced clostridium agar (RCA) and
contain peptones, yeast extract, sugars and salts. Sonicated
indigo powder is added to the medium as an electron accep-
tor, but because indigo is not water soluble, its synthetic
soluble derivative indigo carmine (Fig. 5) is often used
instead [23].

Slow-growing bacteria, even in low numbers, can be
outcompeted by facultative bacteria on nutrient agars.
Therefore, special media containing vat ingredients have
been developed to simulate environments such as indigo
fermentation fluid. Hydrolysed composted Japanese indigo,
sukumo, wheat bran and corn steep liquor have been used
with indigo carmine and indigo powder in culture media
[24, 31]. Indigo-reducing activity of isolated bacteria can be
observed as a bright halo on dark medium or as the staining
intensity of cotton fabric [26, 44].

Woad in Rotation and Mixed Cropping
Cultivation

Woad, Isatis tinctoria, is a member of the Brassicaceae
family, along with many other important crop genera such
as Brassica, Camelina, Raphanus and Sinapis. It is a bien-
nial herb that overwinters as a rosette of leaves and flowers
the following summer, after which it dies. Woad forms a
two-layered root system with lateral roots in the upper soil
and a deep taproot. Growing plants such as woad with deep
taproots can improve soil quality, as they increase soil macr-
oporosity and macropore diameter compared to fibrous roots
[45]. This increase in macroporosity and macropore size can
improve water infiltration, make the soil more permeable for
plant roots and improve soil aeration.

Woad is not grown for food or fodder, but for its indoxyl-
containing leaves and for seeds to ensure future generations
of the dye plant. Flowering in the first year is an undesir-
able trait as it is detrimental to rosette development. High
biomass production and rosette regrowth ability after leaf
harvest ensure indigo yield [39]. Leaves are harvested 10 cm
above the ground and allowed to regrow new ones before

NH O

0

/ Na
(4/ //S ~No

(e}

Fig.5 Indigotindisulfonate sodium (C;4HgN,Na,O4S,) is chemical
name of synthetic indigo carmine or shortly indigotine
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the next cut. The number of cuts depends on the length of
the growing season. Early winter sowing and optimal plant
density (10-20 plants m~2) influenced yield in south-eastern
Spain [38]. Leaf biomass production varied widely (50-105
t fresh weight ha™!) depending on the number of harvests
per season, and indigo yield also varied, ranging from 0.4 to
0.8 g kg~! fresh leaf weight [38]. Woad is not a high nitro-
gen or water demanding crop and grows opportunistically
on wasteland [10, 38]. Nitrogen fertilisation of 100 kg ha™"
before sowing and 50 kg ha™! after each harvest was used in
Spanish field trials [38]. Its growth requirements can also be
met in northern latitudes, except for early sowing. Sales et al.
[38] suggest transplanting as an alternative to early sowing.

Woad benefits from crop sequencing where it follows
legumes, but it can have allelopathic effects on germination
of other species, which may partly explain its success as an
invasive weed in the western USA [46, 47]. Woad has been
grown as part of in-row living mulch (mulch as an alterna-
tive to glyphosate) to control weeds in pear orchards in Slo-
venia [48]. Nevertheless, woad has been successfully grown
as an effective nitrate scavenging intercrop in rows between
leeks (Allium porrum [49]). Woad has good autumn growth
and deep rooting, which may explain its success as a nitrate
scavenging catch crop [50, 51]. Woad has been measured to
contain nitrogen at 23.5 mg g~! tissue and organic carbon at
410 mg g~! tissue, with a C/N ratio of 17.45 [52].

Woad'’s Lack of Mycorrhizal Symbiosis

Cruciferous plants do not form symbiotic relationships with
arbuscular mycorrhizal fungi (AMF), which normally help
most other plants to obtain mineral nutrients. Instead, woad
has been observed to form only rudimentary AMF [53, 54].
Therefore, two years of woad cultivation may result in lower
numbers of AMF propagules in the soil compared to the
cultivation of mycorrhizal plants [54]. It has been suggested
that antimicrobial products derived from glucosinolates pro-
duced by cruciferous plants explain their inability to form
AMF [55, 56]. However, normal growth of AMF has been
observed near the roots of crucifer plants when compatible
host plants are growing nearby. Therefore, a more likely
explanation may be that cruciferous plants lack the neces-
sary signalling molecules to communicate with the AMF
[53].

Functional Glucosinolates of Brassicaceae

In addition to indole derivatives, which may have potent
anti-inflammatory activities, woad contains many other bio-
logically active compounds as well, also in its roots [10,
37]. Characteristic group of compounds in cruciferous plant
tissues are glucosinolates, which are secondary metabolites
consisting of a glucose sugar moiety and nitrogen- and
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sulphur-containing aliphatic, aromatic or heterocyclic side
chains (aglycones) derived from certain amino acids, e.g.
tryptophan. Over 120 different glucosinolates have been
identified in plants [57]. Their content and concentrations
vary with plant species, developmental stage and plant tis-
sue. Roots contain relatively more and a greater diversity of
glucosinolates than shoots, and glucosinolate biosynthesis in
roots is often constant [7]. The vegetative parts of a plant in
the bud phase contain the most glucosinolates, and their bio-
synthesis is often induced, e.g. by aphid feeding [6, 7]. The
degradation products of glucosinolates in turn give many
Brassica crops their recognisable taste and smell, which are
also utilised in condiments like horseradish paste or mustard.
When plant tissues are damaged, glucosinolates encounter
the plant cell wall enzyme myrosinase, which hydrolyses the
molecules into glucose and several different S-containing
products, depending on the side chain. The degradation
products are often biologically active volatile compounds,
thiocyanates, isothiocyanates (ITC) and nitriles [6, 58].

Biofumigation Inhibits Nitrification and Repels
Pests in Soil

Agricultural soils are sources of nitrous oxide (N,O) because
they contain nitrogen (N) fertiliser or manure. Autotrophic
aerobic microbes carry out ammonia oxidation (nitrifica-
tion), whereas in poorly drained soils oxygen is depleted,
creating conditions favourable for anoxic denitrification.
Microbial ammonium oxidation or denitrification proceeds
step by step, producing an intermediate, N,O, which is a
potent greenhouse gas. Glucosinolate hydrolysis products,
such as ITCs, can inhibit ammonia oxidation and reduce the
number of nitrifying bacteria. Bending et al. [58] showed
that 0.5 pg 2-propenyl-ITC g~! soil dry weight inhibited
nitrification, which is about 1% of the potential amounts
formed after incorporation of Brassica crop residues or
green manures into the soil. They refer to Elliot and Stowe
[59] who measured woad releasing up to 4 ug of indole
glucosinolates per g~ fresh weight of root over 6 weeks.
Woad leaves can contain 1.49 umol g~! tissue ITC-form-
ing glucosinolates [52]. These analyses indicate the bioac-
tive potential of woad in soil. The ecological importance
of cruciferous crops is that within crop rotations, species
and cultivars can be selected for their glucosinolate profiles
and levels and used to manage N mineralisation from roots
or crop residues, thus improving synchronisation with the
needs of succeeding crops [58]. Elliot and Stowe [59] sug-
gest that in the long term, ITCs may promote soil N miner-
alisation through a fumigant effect, whereby ITCs kill some
of the biomass, which is subsequently degraded by surviving
organisms, resulting in mineralisation of N from the dead
cells.
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Woad fresh leaf extracts showed significant inhibitory
effects against bacteria [60], insects and the brown rot fun-
gus Coniophora puteana [61] under test conditions. Woad
may be one of the materials for biopesticides to replace syn-
thetic ones.

Conclusion

Due to rising input prices and interest in the environmental
impact of primary production, woad can be considered an
important alternative for farmers in crop rotation, as an inter-
crop or for revegetation of marginal and fallow land, if the
soil is not too compacted [62]. Genotypes with high indigo
yields have been identified for further breeding programmes
in southern Europe [63]. Selecting plants for their second-
ary metabolites offers a possibility of breeding woad for its
bioactive compounds, which further may reduce the need for
synthetic chemicals. The number of AMF propagules may
be reduced in woad field soils, but this has not been shown
to be detrimental to mycorrhizal fungi or arbuscule forma-
tion in compatible crops. An interesting research question is,
can woad root exudates even accelerate AMF formation or
N-fixing nodulation of compatible inter-row plants? These
biological processes could reduce the need for synthetic
fertilisers.

Fresh woad leaves need to be processed soon after the
harvest and pigment extraction requires containers, a lot of
water and equipment to control temperature and pH. Woad
harvesting and indigo extraction may therefore be most suc-
cessful in cooperative arrangements. Energy-efficient on-
farm extraction methods should also be developed further.
The textile industry generates large amounts of wastewater
and care must be taken to ensure that the production of plant
dyes does not cause environmental problems because waste-
water contaminated with indigo can be toxic to organisms in
water and sediment [64].

The long history of indigo fermentation vats has created
a cultural habitat that supports the enrichment of bacterial
communities associated with different stages of the fermen-
tation vat. The origin of the vat bacteria can be soil and plant
material, and the bacteria in woad and Japanese indigo vats
differ from each other. Many bacteria isolated from Japanese
indigo vats have been given the species name indireducens.
The name may reflect the rapid evolution of bacteria that
have lived in traditional vats for many generations. Not many
woad indigo reducers are as well-known as Clostridium isa-
tidis, but sequencing of microbial communities has revealed
greater diversity. The growth conditions of characterised
bacterial inoculants from local sources can be optimised
and the reduction process scaled up to at least medium- to
pilot-scale production ventures [12]. Although the consump-
tion of natural indigo is barely 1% of the total indigo used in

markets today, its production is expected to continue as an
alternative to synthetic indigo production and dyeing [3, 12].
Woad-derived indigo yields vary due to changes in precursor
levels in the leaves, extraction efficiency and is not as pure
as synthetic indigo. However, conscious consumers often
appreciate the unique hue of natural dyes.
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