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ABSTRACT Traditional indigo dyeing through anaerobic fermentation has recently gained
worldwide attention in efforts to address concerns regarding the sustainability of industrial
indigo dyeing and the impact of toxic reducing agents such as sodium dithionite (Na2S2O4)
on human health and the ecological environment. Intriguingly, changes in the microbiota
during indigo fermentation are known to potently affect the onset of indigo reduction, and
thus elucidation of the microbial community transitions could help develop methods to
control the initiation of indigo reduction. Here, we investigated the microbiota associated
with the traditional indigo dyeing practiced in Hunan, China. Specifically, we identified the
bacterial and fungal components of the microbiota at distinct stages in the indigo fermen-
tation process by analyzing 16S rRNA gene and internal transcribed spacer sequences. Our
analyses revealed two substantial changes in the microbiota during the traditional indigo
fermentation process. The first change, which was probably caused by the introduction of
Chinese liquor (featuring a high alcohol concentration), resulted in decreased bacterial diver-
sity and increased proportions of Pseudomonas, Stenotrophomonas, and Bacillaceae family
members. The second change, which could be attributed to the addition of specific plant
species, led to an increase in the abundance of Alkalibacterium, Amphibacillus, the obligate
anaerobe Turicibacter, the facultative anaerobe Enterococcus, and ZOR0006, as well as to a
decrease in the pH and redox potential values. Our results indicate that the specific plant
mixture included in the procedure here could be used as an effective additive to accelerate
the initiation of indigo reduction during the fermentation process. To the best of our
knowledge, this is the first report revealing the fungal diversity during the indigo fermenta-
tion process and, furthermore, showing that the fungal diversity has remained in transition
despite the relatively stable bacterial diversity in the proper indigo fermentation process.
Although traditional indigo fermentation in China is challenging to manage, we can benefit
from local knowledge of the fermentation process, and understanding the scientific bases
of traditional indigo fermentation will facilitate the development of environmentally friendly
procedures.

IMPORTANCE Chemical reducing agents included in modern indigo dyeing to initiate
indigo reduction can be harmful to both human health and the environment. Given
that traditional indigo dyeing involves natural fermentation in a dye vat using natu-
ral organic additives without the use of toxic chemicals and that changes in the
microbiota during traditional indigo fermentation potently affect the onset of indigo
reduction, elucidation of these microbial community transitions could help develop
methods to control the initiation of indigo reduction. This study on the microbiota
associated with the traditional indigo dyeing practiced in Hunan, China, has identi-
fied the bacterial and fungal communities at distinct stages of the indigo fermenta-
tion process. Notably, the addition of specific plant species might yield the desired
microbial communities and appropriate fermentation conditions, which could be
used as an effective additive to accelerate the initiation of indigo reduction. This
study has also revealed the fungal diversity during the indigo fermentation process
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for the first time and shown that the fungal diversity has remained in transition de-
spite the relatively stable bacterial diversity. Thus, this work provides new insights
into the traditional indigo fermentation process used in China and substantially
enhances current efforts devoted to designing environmentally friendly methods for
industrial indigo dyeing.

KEYWORDS traditional indigo fermentation, specific plant mixture, indigo reduction,
Pseudomonas, Alkalibacterium, fungal diversity

Fermentation has long been used in the production of diverse fermented products,
including rice wine, pickled vegetables, tea, and cheeses, and several of the fermen-

tation processes involved are performed under microaerobic or anaerobic conditions.
One of the oldest fermentation techniques is indigo fermentation, which reduces
indigo pigment to a water-soluble form (leuco-indigo) through natural anaerobic fer-
mentation for application in traditional indigo dyeing; archeological evidence has
recently been obtained of indigo-dyed textiles from at least 6,000 years ago (1).
Intriguingly, diverse recipes of indigo fermentation processes have been traditionally
used in various parts of the world for vat dyeing, such as the medieval woad vat in
Europe, sukumo vat in Japan, and sweet indigo vat in India, and many of these recipes
have been studied or described (2). However, because of the uncertainty regarding the
initiation of indigo reduction in the natural indigo fermentation process, chemical
reducing agents such as sodium dithionite (Na2S2O4) must be included in the modern
indigo dyeing (3). Consequently, elucidation of the mechanisms underlying the initia-
tion of indigo reduction is one of the crucial challenges associated with natural indigo
fermentation. Previous studies have addressed the diversity and dynamics of the bac-
terial community during the entire indigo fermentation process by using culture-inde-
pendent and culture-dependent methods in Japan, Korea, and Europe (3–9). Most of
these studies have shown that the initiation of indigo reduction is a complex process
in which the most aerobic bacteria and Pseudomonas are gradually replaced by a mi-
crobial community dominated by Alkalibacterium, Amphibacillus, and the most faculta-
tive or obligate anaerobes (3–5, 7–9). The indigo-reduction reaction occurs due to the
action of a group of bacteria collectively known as indigo-reducing bacteria, of which
;15 species have been identified and isolated from fermentation broths (10–23). The
aforementioned studies attempted to identify the bacterial community involved in the
indigo fermentation process, but the potential occurrence of fungi during the process
was not reported. Furthermore, distinct forms of indigo dye, such as couched woad,
sukumo, or indigo paste, have been used in the traditional dyeing process, and the
microbiota in indigo fermentation has been widely shown to be highly influenced by
the different forms of indigo dye and the fermentation methods used (3, 4, 24).

In contrast to other indigo fermentation processes, the traditional indigo fermenta-
tion process used in China has not been elucidated; the preparation procedure for this
fermentation involves adding specific plants that are extremely distinct from other rec-
ipes, and the role of the plants added in the fermentation process also remains unclear.
Moreover, the indigo paste used by the Dong people in China is produced using the
indigo dye extracted from Strobilanthes cusia and Polygonum tinctorium (the origin of
indigo in other traditional dyeing processes is either S. cusia or P. tinctorium, rather
than mixing them). The indigo extraction process used by the Dong people is as fol-
lows: (i) fresh leaves and stems are harvested from the indigo-producing plants (S.
cusia or P. tinctorium) and then soaked in the water for 2 to 3 days; (ii) the plant resi-
dues are removed when the stems and leaves are soft; (iii) lime is added to the liquid
and then the liquid is stirred vigorously for about half an hour; (iv) after stirring is com-
pleted, the suspension is left alone for several hours; and (v) after the indigo paste set-
tles to the bottom, the supernatant is discarded to finally obtain the indigo paste.
Consequently, the microbiota associated with the traditional indigo fermentation
method used by the Dong people in China could differ from that associated with the
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Japanese method employing sukumo or the European method employing couched
woad.

Thus, we aimed to reveal the microbial species that occur during the traditional in-
digo fermentation process used by the Dong people in China, because this could pro-
vide new insights into the core microbial community transitions associated with the
state of indigo reduction. Furthermore, understanding why specific plants are added in
the dyeing vat is critical, and we hypothesize, for example, that the plants could accel-
erate the fermentation process.

RESULTS
Environmental parameters. The changes in pH, redox potential, and temperature

were monitored during the traditional indigo fermentation process. Fig. 1 shows the
measured fluctuations in pH and redox potential. The changes of temperature are
shown in Fig. S3. After specific plant species were added on the 18th day, the pH of
the fermentation liquor dropped from 11.9 to 11.35, and the oxidation reduction
potential (ORP) dropped from 2404.5 to 2606.8 mV. Moreover, the pH continued to
decrease further until the last day of the fermentation, whereas the ORP remained sta-
ble until the 24th day, gradually decreased to 2645 mV by the 26th day, and then
increased to2608.7 mV by the last day.

FIG 1 Evolution of pH (A) and redox potential (B) during the traditional indigo vat dyeing process.
Arrows indicate time of addition of the specific plant species.
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Sequencing analysis. We obtained 3,488,336 and 4,205,676 raw reads from the
sequencing of the16S rRNA gene (V3 to V4 region) and internal transcribed spacer (ITS)
amplicon (ITS1 region), respectively. This resulted in 1,048,068 sequences, ranging
from 25,066 to 60,285 per sample (n = 26), representing 4,098 ASVs in the case of the
16S rRNA gene data; and in 1,705,524 sequences, ranging from 45,663 to 96,344 per
sample (n = 26) representing 3,361 ASVs in the case of the ITS data. In order to com-
plete downstream diversity and composition analyses, sequences were rarefied to the
lowest numbers, which were 12,492 and 45,663 sequences per sample for the 16S
rRNA gene and ITS, respectively. This resulted in the amplicon sequences clustering
into 3,659 and 3,342 ASVs for the 16S rRNA gene and ITS data, respectively.

Microbial community composition. To understand the succession of the microbial
communities during the traditional indigo fermentation process, the fermentation fluid was
collected from the 2nd day to the 27th day—from the initiation of fermentation until the ini-
tiation of reduction—and the samples were analyzed using next-generation sequencing. In
the collected samples, 859 bacterial genera from 37 phyla were detected, and the bacterial
community in the fermentation process was dominated at the phylum level by Firmicutes
(52.1%), Proteobacteria (29.5%), and Actinobacteria (15.8%); the total relative abundance of
the remaining 34 phyla combined was ,3%. Moreover, 581 fungal genera from 10 phyla
were detected in the samples, with the most abundant phyla being Ascomycota (67.3%)
and Basidiomycota (19.6%). The fungal community composition during the fermentation
process is shown in Fig. S4. Fig. 2 shows the temporal patterns of the bacterial community
structure during the fermentation process. The number of bacterial species decreased dra-
matically after the fermentation liquid was treated with Chinese liquor, going from 398 spe-
cies on day 2 to 117 species on day 7. Moreover, bacterial diversity was higher in the fluid
from the early stage of fermentation (days 2 to 6), with an average of 390 species detected
per sample; our sequence analysis revealed that the number of bacterial species at the be-
ginning of fermentation was ;10-fold higher than that at the initiation of reduction (the
dye liquid turned yellow-green in color and could be used to dye cloth). On the 7th day, the

FIG 2 Relative abundance of bacterial genera in indigo fermentation fluids over time. Bacterial genera detected at a relative abundance of #1% are
classified as “Others.”
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major constituents were Pseudomonas (81.0%), Stenotrophomonas (7.4%), and Bacillaceae
family members (6.5%); these were the predominant taxa after the introduction of Chinese
liquor and their dominance continued until the 18th day. On the 10th day, the proportion
of the genus Alkalibacterium was negligible (0.02%), but Clostridium_sensu_stricto_1
appeared on the 11th day (6.6%) and was followed by an abrupt increase in the proportion
of Alkalibacterium on the 12th day (12.6%). The number of bacterial species decreased from
106 on day 18 to 38 on day 19, which corresponded with the time at which the specific
plant species were added to the fermentation liquor. Erysipelotrichaceae appeared on the
19th day (Fig. S1). After the plant species were added, Pseudomonas, Stenotrophomonas,
and Bacillaceae family members tended to decrease in overall relative abundance or disap-
pear completely. Considering the indigo-reducing bacteria that have been reported previ-
ously, the most likely indigo-reducing population here includes Amphibacillus and
Alkalibacterium. Alkalibacterium increased in proportion from 43.5% on the 18th day to
70.5% on the 19th day and was the most numerous taxon thereafter. In the case of
Amphibacillus, the proportion was 1.4% on day 25 and then 2.6% on day 26, and the relative
abundance of this genus peaked on day 27 (5.1%). An upward trend was also observed
with the proportions of the obligate anaerobe Turicibacter, the facultative anaerobe
Enterococcus, and ZOR0006. The drastic changes measured in the microbiota coincided with
the time at which selective pressure was applied through the introduction of the specific
plant species in the fermentation. Furthermore, the relatively high differences in values
between days 18 and 19 also aligned with the changes in pH and ORP.

Next, principal coordinates analysis (PCoA) was used to compare the structure of
the bacterial community in the indigo fermentation process. The results are presented
in Fig. 3A, where the horizontal coordinate indicates one principal component, the ver-
tical coordinate indicates another principal component, and the percentages indicate
the respective contributions of each principal component to the sample variance. The
entire fermentation process could be divided into three stages: early stage (days 2 to
6), middle stage (days 7 to 18), and late stage (days 19 to 27), based on Bray-Curtis di-
versity metrics by using the Anosim statistical test (P = 0.001). Each point in the figure
represents one sample, and samples at the same stage are indicated by the same color.
Our results showed that the bacterial community structures differed significantly
between the early, middle, and late stages. The microbiota changed slowly from the
2nd day to the 6th day, but after Chinese liquor was added on the 6th day, the bacte-
rial composition changed rapidly. Subsequently, the bacterial composition changed
continuously from the 7th day to the 18th day. Moreover, after addition of the plant
species on the 18th day, the bacterial composition was considerably altered on the
19th day; however, the change in the microbiota from the 19th day to the 27th day
was relatively small, which implied that the microbiota had become highly stable.
These results indicated that adding Chinese liquor on the 6th day and the specific
plant species on the 18th day potently influenced the composition of the bacterial
community.

Previous studies have identified pH, redox potential, and temperature as critical
environmental parameters during the fermentation process. Therefore, we performed
canonical correlation analysis (CCA) to assess the potential relationships between these
environmental parameters and the bacterial community composition (Fig. 3B): all three
parameters (pH, ORP, and temperature) were significantly correlated with bacterial
community composition (P , 0.05). Our CCA results further confirmed that pH (r2 =
0.9336, P = 0.001) and ORP (r2 = 0.815, P = 0.001) play an important role in the bacterial
community composition during the indigo fermentation process; pH, redox potential,
and temperature were positively correlated with the bacterial community in samples
from the early and middle stages (P, 0.05) but negatively correlated with the bacterial
community in the late-stage samples.

Addition of the specific plant species on the 18th day strongly affected the bacterial
richness and composition of the indigo fermentation samples. Thus, we further investi-
gated and identified the taxa at the genus level before and after the addition of the
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plant species: whereas 161 genera overlapped between the two stages, 25 genera that
were present at the end of fermentation (day 19 to day 27) were not detected before
the plant species were added. Moreover, we performed a differential abundance analy-
sis by using Wilcoxon tests to identify the taxa whose abundance differed significantly
between the two groups (Fig. 4): before the specific plant species were added,
Pseudomonas, Bacillus, and Clostridium_sensu_stricto_1 were the genera that were sig-
nificantly more abundant; conversely, after the plant species were added, the propor-
tion of Alkalibacterium increased significantly.

Correlations between the bacteria and fungi in indigo fermentation process.
The first 6 days of the traditional fermentation process is failed to initiate indigo reduc-
tion, so that the correlation at this stage is not relevant to a proper indigo fermentation
process. We did not observe any significant correlations in a diversity based on
Spearman correlations (from days 7 to 27). Changes in a diversity of bacteria and fungi

FIG 3 (A) Principal coordinate analysis (PCoA) plot of bacterial community changes during the fermentation process.
Colored dots indicate bacterial microbiome in individual samples. (B) Canonical correlation analysis (CCA) of environmental
variables and bacterial community structures at the genus level. ORP, oxidation reduction potential.
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(based on observed richness and Shannon diversity index values) depending on the
fermentation time are shown in Fig. 5. The fungal diversity has remained in transition
despite the relatively stable bacterial diversity in the proper indigo fermentation pro-
cess (except the first 6 days).

We further assessed the correlations both within and between the fungal and bacterial
microbiomes for the 35 most abundant genera. Most of the bacterial microbiota showed
significant positive correlations (P , 0.05) (Fig. S2). Significant negative correlation was

FIG 5 a diversity changes of bacteria (a) (16S rRNA gene) and fungi (b) (internal transcribed spacer [ITS]) in indigo fermentation samples.

FIG 4 Graph showing that the relative abundances of bacterial genera in the indigo fermentation samples are related to the
addition of the specific plant species.
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observed between Alkalibacterium and Ralstonia (r =20.72), Amphibacillus and Bacillus (r =
20.54), and Turicibacter and Pseudomonas (r = 20.72), Stenotrophomonas (r = 20.68), and
Bacillus (r = 20.62), whereas positive correlation was observed between Turicibacter and
Enterococcus (r = 0.77). Unclassified_f_Enterobacteriaceae was negatively correlated with
Pseudomonas (r =20.60) and Stenotrophomonas (r =20.57).

We next assessed the Spearman’s correlation between the fungal and bacterial micro-
biota at the genus level. Comparison of relative abundances revealed both positive and
negative correlations between the fungal and bacterial genera (Fig. 6): Aspergillus was neg-
atively correlated with Alkalibacterium (r =20.77) and Turicibacter (r =20.59) but positively
correlated with Stenotrophomonas (r = 0.68), Pseudomonas (r = 0.64), and Ralstonia
(r = 0.61); Alkalibacterium was positively correlated with Penicillifer (r = 0.81), Nectricladiella
(r = 0.79), Hypochnicium (r = 0.77), Cyberlindnera (r = 0.76), Papiliotrema (r = 0.74),
Lophiostoma (r = 0.71), and Saitozyma (r = 0.67); Amphibacillus was positively correlated
with Hypochnicium (r = 0.47), Nectricladiella (r = 0.46), and Lasiodiplodia (r = 0.43);
Turicibacter was positively correlated with Nectricladiella (r = 0.70) and Hypochnicium
(r = 0.68); Enterococcus was positively correlated with Nectricladiella (r = 0.73) and

FIG 6 Spearman correlation listed by genus abundance (top 35). Only significant values (P , 0.05) are shown.
Orange and blue indicate significant negative and positive correlations; darker colors indicate stronger
correlations.
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Hypochnicium (r = 0.72) but negatively correlated with unclassified_f__Aspergillaceae (r =
20.66) and unclassified_f__Didymellaceae (r = 20.65); and Penicillifer was negatively corre-
lated with Pseudomonas (r =20.66) and Ralstonia (r =20.67).

DISCUSSION

In the current study, the characteristic transition of chemical parameter and microbial
composition during the indigo fermentation process demonstrated that the unstable na-
ture of traditional fermentation methods could be overcome by the addition of specific
plant species that generated the desired pH, redox potential, and microbiota in vat.
Previous studies have indicated that appropriate pretreatment during the preparation of
indigo fermentation fluids is critical for producing the desired microbial communities (3, 4).
However, local craftspeople prepare fermentation vats based on personal experience and
intuition, and this frequently leads to differences in microbial communities and quality
between distinct batches of indigo fermentation broths. The local craftsmen occasionally
fail to initiate indigo reduction through natural fermentation in a single step and thus must
constantly adjust the fermentation conditions according to their specialized knowledge in
order to improve the fermentation process. In this study, indigo reduction did not occur
until the 27th day after the initiation of fermentation.

During the first 6 days of fermentation, we observed considerable bacterial diversity,
potentially due to inappropriate pretreatment. High bacterial diversity can readily spoil the
fermentation broth, whereas low bacterial diversity contributes to indigo reduction (8).
Upon addition of Chinese liquor (high alcohol concentration), bacterial diversity was sub-
stantially lower than that before the addition, and Pseudomonas, Stenotrophomonas, and
Bacillaceae family members propagated rapidly. Previous work has shown that the higher
the alcohol concentration of the Chinese liquor added, the greater the inhibition of micro-
bial growth (25). Thus, Chinese liquor is hypothesized to decrease the bacterial diversity,
but the underlying mechanisms require further clarification.

Although adding Chinese liquor can reduce the abundance of certain microorganisms,
Pseudomonas, Stenotrophomonas, and Bacillaceae family members were found to increase
sharply. Previous work has indicated that the early stage of fermentation is characterized by
the appearance of aerobic and facultative anaerobic Bacillaceae that consume oxygen on
the 2nd day (9). However, the diversity of Gram-negative bacteria was higher than that of
Gram-positive bacteria in this study. The Gram-negative bacteria Pseudomonas (26) and
Alcaligenaceae have been reported as spoilage-associated bacteria during the fermentation
process (8). Therefore, we conclude that Pseudomonas and Stenotrophomonas might nega-
tively affect fermentation. Moreover, Gram-negative bacteria have been reported to antago-
nize facultative anaerobic and aerotolerant Bacillaceae (24). Clostridium_sensu_stricto_1
might contribute to the increased proportion of Alkalibacterium (including indigo-reducing
bacteria). Alkalibacterium, a facultative anaerobe, produces L-lactic acid and grows well
under both aerobic and anaerobic conditions (4), and Alkalibacterium might affect the
growth of other microorganisms similar to what has been observed with other acid-produc-
ing bacteria reported previously (27–30). This could explain the decrease in Pseudomonas
accompanying the appearance of Alkalibacterium. Our results also identified pH and ORP as
critical factors in indigo fermentation. A long period of high pH (.11) has been reported to
be detrimental to bacteria that favor indigo reduction (9), and an ORP of 2600 mV is
required for indigo reduction in industrial practices (31). Consequently, the pH and ORP val-
ues measured here from days 7 to 18 are not favored by this natural system. Oxygen con-
sumption by aerobic bacteria such as Bacillaceae and the extracellular reduction by certain
microorganisms have been shown to lead to ORP reduction, whereas by-products of anaer-
obic metabolism have been shown to cause pH change (4). However, in this study,
Bacillaceae family members and Alkalibacterium were unable to reduce the ORP and pH to
the desired level.

Notably, our findings suggest that the use of a specific plant mixture to adjust the fer-
mentation process plays a crucial role in inducing indigo reduction. Although the initiation
of indigo reduction varies considerably among distinct fermentation methods, the
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transitional changes in the microbiota necessary to initiate indigo reduction have previ-
ously been shown to require (i) a rapid decline in redox potential, (ii) lower abundance of
Gram-negative than Gram-positive bacteria (24), (iii) a marked decrease in the abundance
of aerobic microorganisms, (iv) dominance of aerotolerant and strict anaerobes, and (v) an
overall decrease in bacterial diversity (3, 4, 9, 32). The transitional changes required to initi-
ate the indigo reduction triggered by the addition of plant mixtures in this study are
almost identical to those reported previously. Our results showed that the addition of spe-
cific plant species could not only cause an abrupt decrease in the pH and ORP but could
also remove unfavorable microorganisms (such as Gram-negative or aerobic bacteria) and
amplify favorable bacteria (such as aerotolerant or obligate anaerobes). The ORP value
detected at the onset of indigo reduction agreed with that measured with the use of
Japanese methods (5, 8), although the pH was higher and the temperature was lower than
in previously reported methods (4, 6). The salt composition of plant (or wood) ash extracts
could select the suitable alkalophiles during indigo fermentation, and the potassium con-
tent of straw ash is reported to be 3-fold higher than that in bark/wood fuels (33). Thus,
the application of straw ash might also affect the bacterial community composition.
Amphibacillus has been reported to be an indigo-reducing taxon and is frequently detected
in various indigo fermentation fluids (3–5, 7). Amphibacillus appeared after the plant mix-
ture was added, and this is presumably because Amphibacillus can decompose plant-
derived macromolecules that cannot be readily decomposed by common bacteria (9).
Erysipelotrichaceae are aerobic or facultatively anaerobic bacteria and have also been iso-
lated from the fermentation broth used in Japanese methods, and these bacteria can
reduce indigo (32). Enterococcus is chemo-organotrophic facultative anaerobic bacteria
that produces lactic acid as the end product (34). Some Enterococcus species were first
found to be provided with indigo-reducing activities (35). The appearance of the obligate
anaerobe Turicibacter (36) might result from the decrease in the redox potential, but the
function of Turicibacter in indigo fermentation remains to be characterized. These results
suggest that previously unidentified indigo-reducing bacteria could exist in our traditional
preparation method.

Clarifying the mechanism of action of the specific plant species that were selected
by the local people for indigo fermentation is of considerable interest. We hypothesize
that the addition of the plant mixture is crucial because this provides not only plant-
associated microorganisms but also phytochemicals that act as reducing agents or
electron mediators/donors for indigo reduction. Plant materials were demonstrated to
contribute their attached microorganisms to the indigo fermentation fluid (24), and
the endophytes of Reynoutria japonica were shown to be abundant and unique (37,
38). R. japonica was also found to contain quinone-based compounds (39); we suggest
that these compounds play a key role in the dyeing process as electron mediators (40,
41) that can accelerate electron transfer. The decrease of oxygen-metabolizing or facul-
tative anaerobic bacteria has also been reported to be related to electron mediators
such as flavins or quinones (9). The chemical components of Neanotis hirsuta have not
been investigated to date, but this species belongs to Rubiaceae; because diverse qui-
none-based compounds have been isolated from members of the Rubiaceae family (42),
we assume that N. hirsuta also contains quinone-based compounds. Reducing sugars can
be used as reducing agents in the indigo dyeing process (43, 44), and thus ripe fruits of
Melastoma dodecandrum are added to the indigo dye vat, potentially for this reason.
Flavonoid compounds have been reported to present the structural characteristics of elec-
tron donors (45); therefore, the flavonoids present in M. dodecandrum (46) might exhibit
certain reducing capacities and transfer electrons to the indigo particles through an as-yet-
unknown mechanism. Furthermore, a previous study (32) revealed that flavonoids exhibit
strong antioxidant activity and reducing ability, which also help to reduce the content of
dissolved oxygen. However, the hypotheses we have proposed regarding the addition of
plants to dye vats warrant further verification in the future.

Anaerobic fungi can readily decompose crude plant biomass (47), and haloalkaliphilic
fungi can produce organic acids and macromolecules (such as cellulose-degrading enzymes)
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(48). Our results indicated that the fungal diversity has remained in transition despite the rela-
tively stable bacterial diversity in the proper indigo fermentation process. Anaerobic condi-
tions were reported to favor the growth of Aspergillaceae (49), but Aspergillaceae disap-
peared after the plant mixture was added, and most of the bacteria that favored indigo
fermentation were negatively correlated with Aspergillaceae. Moreover, Cyberlindnera was
detected only after the addition of the plant mixture and was positively correlated with in-
digo-reducing bacteria. In the proper fermentation process, the fungal diversity has remained
in transition while the bacterial diversity is relatively stable, which cannot be readily explained
currently; further investigation is required into the mechanisms of action and functions of
fungi during the indigo fermentation process.

Conclusion. Briefly, the microbial communities of the traditional indigo fermentation
in China varied markedly from those reported previously, which could be attributed to the
differences in the recipes or indigo dye types used for the fermentation processes, as well
as to the disparities in the process parameters for characterizing the dye vats. Our results
showed that the addition of specific plant species might yield the desired microbial com-
munities and appropriate fermentation conditions; however, further studies are required to
determine the functional mechanism of the plant mixture in the indigo fermentation pro-
cess. Moreover, pH, ORP, and temperature were found to be critical for a stable microbial
community. Although the bacterial diversity is relatively stable, the fungal diversity has
remained in transition, and the mechanisms of action and functions of fungi in the indigo
fermentation process remain unknown. Alkalibacterium and Amphibacillus were found to
be predominant in this study, and the obligate anaerobe Turicibacter, the facultative anae-
robe Enterococcus, and ZOR0006 were identified to be specific to this traditional method.
Lastly, we suggest that previously unreported indigo-reducing bacteria could also exist in
our traditional dye preparation method. We expect this study to offer an environmentally
friendly and economically viable alternative for industrial indigo reduction.

MATERIALS ANDMETHODS
Traditional indigo fermentation. The Dong communities in Gaobu Village, Tongdao County, Huaihua

City, Hunan Province, China, use the following traditional indigo fermentation procedure: (i) Ash lye is pro-
duced by immersing 8.75 kg of sticky rice straw ash in 49 liters of tap water and then filtering this through a
sack (Fig. 7A to D). (ii) The specific plant species (;1.5 kg), including the roots of R. japonica Houtt., fresh
leaves of Oryza sativa L., and entire plants ofM. dodecandrum Lour. and N. hirsuta (L.f.) W.H.Lewis, are crushed
and drenched in 1.665 liters of tap water (Fig. 7E to G). (iii) The dyeing vat is prepared by adding 2.5 kg of in-
digo paste (indigo extracted from S. cusia and P. tinctorium), 0.5 kg of rice wine (made by local people), 49 lit-
ers of ash lye, and the aforementioned plant immersion liquid (Fig. 7H). The fermentation vat is stirred with a
bar twice daily. The initial indigo reduction typically requires;7 to 14 days during traditional indigo fermen-
tation. However, successful fermentation relies on skilled craftspeople using their experience and intuition to
adjust the process when the fermentation conditions are not suitable. In this study, the craftspeople added
500 mL of Chinese liquor (high alcohol concentration) to the fermentation fluid on the 6th day because the
fluid was malodorous. Subsequently, 3 kg of the aforementioned specific plant immersion liquid was dis-
persed into the fermentation fluid on the 18th day, because visual inspection by the craftsmen indicated that
the fermentation liquor was on the verge of deteriorating. Here, 27 days were required to optimize the indigo
fermentation process in autumn (from 21 September 2020 to 17 October 2020) (Fig. 7J and K), and this was
verified by dyeing cloth during our field research (Fig. S5).

Sample collection.With the traditional indigo dyeing vat used here,;27 days were required for fer-
mentation until the dye liquid turned yellow-green in color; this liquid could be used to dye cloth after
the production was confirmed by the local people. In this study, we collected 26 indigo fermentation
samples from the dyeing vat for sequencing. The pH, redox potential (ORP), and temperature values
were measured once daily, after agitating the broth, by using an electrode sensor (InPro 3250i, Mettler-
Toledo Co., Switzerland) and a potentiometer (M300, Mettler-Toledo Co., Switzerland).

DNA extraction and PCR amplification. After agitating the broth, the fermentation fluid, including
the precipitated debris, was collected from the dyeing vat; 26 samples were collected from the 2nd day
to the 27th day (the initial day of reduction) and stored at 280°C for microbiota analysis. Aliquots of the
obtained indigo fermentation fluid samples were centrifuged at 15,000 � g for 10 min, and the superna-
tants were discarded. To isolate total microbial DNA, the cell pellets were extracted using a DNeasy
PowerSoil kit (MoBio Laboratories, Inc., Carlsbad, CA), according to the manufacturer’s instructions. In
the case of fungi, ITS region 1 (ITS1) sequences were amplified using the primers ITS1F (59-CTTGGTC
ATTTAGAGGAAGTAA-39) and ITS2R (59-GCTGCGTTCTTCATCGATGC-39); for bacteria, the variable region
including V3 to V4 sequences of the 16S rRNA gene were amplified using forward primer 341F (59-
CCTAYGGGRBGCASCAG-39) and reverse primer 806R (59-GGACTACNNGGGTATCTAAT-39). The 16S rRNA
gene and ITS region were PCR-amplified under the following conditions: initial denaturation at 95°C for
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3 min, followed by 29 and 35 cycles of 30 s at 95°C, 30 s at 55°C, and 45 s at 72°C, and then a single
extension at 72°C for 10 min; the cycle was halted at 10°C.

Sequencing. For each sample, purified amplicons were pooled in equimolar concentrations and an-
alyzed by means of paired-end sequencing (2 � 300) performed on an Illumina MiSeq platform
(Illumina, San Diego, CA), according to the standard protocols of Majorbio Bio-Pharm Technology Co.
Ltd. (Shanghai, China). After demultiplexing, the resulting sequences were quality filtered using fastp
version 0.19.6 and merged using FLASH version 1.2.7. Next, the high-quality sequencing reads obtained
were denoised by using the DADA2 plugin in the QIIME2 version 2020.2 pipeline with recommended
parameters; this yields single-nucleotide resolution based on error profiles within samples. The DADA2-
denoised sequences are typically called amplicon sequence variants (ASVs). For 16S rRNA gene sequenc-
ing, taxonomic analysis was done using a naive Bayes classifier trained on the SILVA 16S rRNA database
(version 138), and for ITS sequencing, UNITE 8.0 database.

Statistical analysis. Statistics and plotting were performed using R (version 4.1.1). Relative abundan-
ces of specific samples were computed using the “arrange” function from dplyr package and visualized
using ggplot2 package (50), and the a-diversity index was calculated using the diversity function of the
vegan package (51). The Bray-Curtis distances were computed for PCoA by using the “vegdist” function
in vegan package and the “pcoa” function in ape package and then plotted using ggplot2 package (52).
Venn diagrams were generated, using R package “venn,” to visualize the shared and unique genera
before and after the specific plant species were added to the dye vat. For CCA, the sorting analysis was
performed using the “cca” function from vegan package. The r2 and P values of the impact of each envi-
ronmental factor on sample distribution were calculated using the “envfit” function in vegan package,
after which the significant environmental factors were screened for by using CCA (53). The results of lin-
ear-regression analysis were visualized using the “ggscatter” function of the ggpubr package (50).
Correlation analyses were performed on the 35 most abundant genera of bacteria and fungi. Association
both between and within the fungal and bacterial species at the genus level was calculated using the
built-in Spearman correlation analysis in the “rcorr” function of the Hmisc package (54). Furthermore,
the correlation matrix of genera was visualized using the “corrplot” function of corrplot package (55).

FIG 7 Traditional indigo vat dyeing processes used by Dong people in Hunan, China. (A) Burning sticky rice straw for obtaining alkaline ash. (B) Soaking
sticky rice ash in buckets of water to produce “ash water.” (C) Filtering water through a sack filled with ash from sticky rice straw. (D) Settling the sack on a
dyeing vat, which is later used to prepare a high-pH dye vat. (E) Several plant species are selected for fermentation in the traditional dyeing vat. (F)
Crushing the selected plant species by using a hammer. (G) The crushed plant species to be added are soaked in the tap water. (H) The traditional dyeing
vat is wrapped with plastic cloth to keep it warm. (I) The rice straw is folded up and placed on the surface of the dyeing liquid to protect the dye vat. (J)
Indigo fermentation fluid is characterized by the formation of a thin film with a metallic luster on the surface of the liquid after the initial reduction. (K)
The dyeing liquor in a reduced state.
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Data availability. The sequence data associated with this project have been deposited in the NCBI
Sequence Read Archive (SRA) database under the accession number PRJNA835230.
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